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Preface

In the past decade, tremendous progress in the science of magnetism at the
nanoscale down to the single-atom limit has been made leading to fundamental
insight into spin-dependent phenomena at the atomic level and resulting in
numerous unexpected discoveries. These recent fascinating developments in
atomic- and nanoscale magnetism have become possible, thanks to novel experi-
mental and theoretical tools which allow for unprecedented insight into static and
dynamic spin states from the level of individual spins up to complex spin textures.
Novel exciting fields emerged such as the physics of individual magnetic adatoms
and single spins, the on-surface synthesis of molecular magnets for spintronic
applications, as well as non-collinear spin textures, such as magnetic vortices, chiral
domain walls, chiral spin spirals and magnetic skyrmions in ultrathin films and
nanostructures.

In this book, we focus on these recent exciting developments in the physics of
magnetism from single atoms up to nanoscale structures based on novel experi-
mental and theoretical tools allowing deep insight into spin-dependent phenomena
at ultimate spatial and temporal resolution. This includes atomic-resolution imaging
of complex spin states by spin-polarized scanning tunnelling microscopy (SPSTM)
and magnetic exchange force microscopy, the quantitative determination of mag-
netic moments and magnetic anisotropies of individual magnetic adatoms by
SPSTM-based single-atom magnetometry, as well as studies of dynamic spin states
by time-resolved SPSTM, electron microscopy with polarization analysis and X-ray
microscopy-based techniques. Moreover, the fundamental magnetic interactions
including the Heisenberg exchange interaction, the indirect magnetic exchange
interaction as well as the Dzyaloshinskii-Moriya interaction can nowadays be
revealed in real space with atomic-scale spatial resolution. Their competition can
lead to complex spin textures, such as magnetic skyrmions, which form the basis for
novel spintronic devices. The progress in experimental insight into magnetic
properties and interactions down to the atomic level is complemented by advances
in the theoretical treatment of magnetic ordering at the nanoscale as well as
non-equilibrium spin-dependent phenomena.
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A significant part of the research reviewed in this book has been conducted in
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Part I
From Single Spins to Complex
Spin Textures



Chapter 1 ®)
Magnetic Spectroscopy of Individual oo
Atoms, Chains and Nanostructures

Jens Wiebe, Alexander A. Khajetoorians and Roland Wiesendanger

Abstract We review the magnetism of tailored bottom-up nanostructures which
have been assembled of 3d-transition metal atoms on nonmagnetic metallic sub-
strates. We introduce the newly developed methodology of single atom magne-
tometry which combines spin-resolved scanning tunneling spectroscopy (SPSTS)
and inelastic STS (ISTS) pushed to the limit of an individual atom. We describe
how it can be used to measure the magnetic moment, magnetic anisotropy, and
g-factor of individual atoms, as well as their pair-wise Ruderman-Kittel-Kasuya-
Yosida (RKKY)-interaction. Finally, we will show that, using these measured quan-
tities in combination with STM-tip induced manipulation of the atoms, nanostruc-
tures ranging from antiferromagnetic chains and two-dimensional arrays over all-spin
based logic gates to magnetic memories composed of only few atoms can be realized
and their magnetic properties characterized.

1.1 Introduction

Magnetic nanostructures which are composed of atom-by-atom assembled arrays of
atomic spins on nonmagnetic substrates have attracted a lot of attention in the last
ten years as model systems to understand atomic-scale magnetism in the transition
region between few interacting spins and macroscopic materials, as well as a platform
for the proof of principle of nanospintronic technologies. The pathway into this
field was paved by the ability of the scanning tunneling microscope (STM) tip to
move individual atoms on a surface [1] and to measure the magnetic properties of
single atoms [2, 3]. These advances enabled the study of the magnetic moment [3],
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g-factor [4-6], and magnetic anisotropy [4, 7-9] of individual atoms, the exchange
interaction in pairs [10, 11], the properties of bottom-up chains [12-16] and two-
dimensional arrays [14], as well as logic gates [17] and magnetic memories [18-20].

The magnetism of such nanostructures not only depends on the atom type used,
but also crucially on the interaction of the atomic spin with the substrate conduction
electrons which can dramatically modify the magnetic moment and the delocalization
of the atomic spin. One strategy has been focused on the use of thin decoupling layers
in order to strongly reduce the overlap of the electronic orbitals responsible for the
atomic spin from the orbitals of the substrate conduction electrons [2, 7, 12, 15,
19], which typically enhances the “quantumness” of the nanostructures [20]. In this
review, we will focus on the other extreme, i.e. in which the atomic spins are adsorbed
directly onto a metallic substrate. As we will show, this enables to make use of a large
range of substrate-conduction electron mediated Ruderman-Kittel-Kasuya-Yosida
(RKKY)-interactions for the coupling between the atomic spins, which offers huge
flexibility and tunability.

The review is organized as follows. Section 1.2 introduces the development of the
experimental methodology towards characterizing the magnetic properties of single
atoms on metallic surfaces. In Sect. 1.3 we review the application of these methods
to atoms which are RKKY-coupled to magnetic layers. Furthermore, we consider
the RKKY-coupling in pairs of atoms with a particular focus on the non-collinear
contribution to the RKKY interaction. Section 1.4 deals with the investigation of
tailored dilute chains and two-dimensional arrays of different numbers of atoms.
Finally, we show the experimental realization of model systems of logic gates and
magnetic memories made from only few atoms in Sect. 1.5.

1.2 Single Atom Magnetometry

For the investigation of the magnetic properties of individual atoms, two complemen-
tary scanning tunneling spectroscopy (STS) based techniques have been developed.
The first is the spin-resolved STS (SPSTS) based measurement of the magnetization
of an atom as a function of an externally applied magnetic field, which is introduced
in Sects. 1.2.1 and 1.2.2. The second method is the inelastic STS (ISTS) based mea-
surement of the excitations of the magnetization of an atom, which will be introduced
in Sect. 1.2.3.

1.2.1 SPSTS on Individual Atoms

For the application of the technique of SPSTS to individual atoms, we first chose
the sample system of cobalt atoms adsorbed on the (111) surface of platinum. This
sample system had the following advantages: (i) it was extensively characterized by
spatially averaging techniques, (ii) the magnetic moment of the Co atom is large
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Fig. 1.1 Large-scale 3D rendering of a constant-current SP-STM image of single Co atoms and
monolayer (ML) stripes on Pt(111), the first system utilized for the development of single atom
magnetometry. The image was acquired with a chromium coated STM tip, magnetized antiparallel
to the surface normal. An external magnetic field B can be applied perpendicular to the sample
surface to change the magnetization of atoms M s, ML stripes My, or tip Mt. The ML appears
red (yellow) when My, is parallel (antiparallel) to M. Figure reprinted with permission from [3].
Copyright (2008) by AAAS

(m ~ 5up) and (iii) it has a large uniaxial magnetic anisotropy of L ~ —9 meV
which forces the atomic spin of the Co to point perpendicular to the (111) surface
(out-of-plane) [21].

Figure 1.1 shows an overview of the used sample. It consists of individual cobalt
atoms on the (111) surface of platinum (blue) and cobalt monolayer (ML) stripes
(red and yellow) which are attached to the step edges. The statistical distribution of
the Co atoms on this surface results in a variety of different adsorption sites. Isolated
Co atoms on Pt(111) can sit either on an fcc or on an hcp hollow site. Co atoms
are adsorbed on the hcp or fec areas of the Co ML. We also find closed-packed Co
dimers, as well as pairs, triples or even larger ensembles with different inter-atomic
distances (cf. Sect. 1.3.2). The advantage of the additional Co ML stripes is twofold.
As will be shown in Sect.1.3.1 it allows us to measure the magnetic interaction
between the stripes and the individual Co atoms. Furthermore, the ML stripes which
have a magnetization My perpendicular to the surface serve for the calibration of
the orientation of the magnetization of the SPSTM tip. Using out-of-plane oriented
(chromium coated) tips the up and down domains exhibit a different spin-resolved
dI/dV signal as visible in Fig. 1.1. Thereby, it is possible to characterize the spin
polarization and magnetization Mt of the foremost tip atom acting as a detector
for the magnetization of the atom on the surface M, as will be described in the
following.

In an SPSTS experiment, the spin-resolved differential tunneling conductance
dI/dV as a function of the applied sample bias voltage V, as long as V is not too
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Fig. 1.2 SPSTS curves d/1"/dV (V) and dI™ /dV (V) for parallel (red) and antiparallel (blue)
orientations of sample and tip magnetization, respectively, taken on a an hcp area of the Co ML, b a
single atom on an fcc region of a ML (see inset), ¢ single atoms sitting on fcc and hcp lattice sites on
a Pt terrace (see inset), and d on the center of a dimer with both atoms sitting on nearest neighboring
fce sites on a Pt terrace (see inset). Figure reprinted with permission from [33]. Copyright (2010)
by the American Physical Society

large, is given by

dl/dV(x,y,V) « pr(EF) - ps(Er +¢€V, Rr)
-(1 4+ Pr(Eg) - Ps(Er + €V, Rt)cos0). (1.1)

Here ps(E, Ry) is the local electron density of states (LDOS) above the sample,
por(Eg) is the LDOS of the tip, Ps and Pr are their spin polarizations given by the
difference between the majority and minority LDOSs normalized by their sum, i.e.
P =(p"—pY)/(p" + pY), Ry is the position of the foremost tip atom and 6 is the
angle between its magnetization Mt and that of the sample M s. If the tip material has a
much larger coercivity than the sample, as e.g. Cr, an appropriate external magnetic
field B can align tip and sample magnetization parallel (11) or antiparallel (1).
This results in the spin-resolved differential tunneling conductances dI1/dV (V)
and dI™/dV (V). Thereby, the product of tip and sample spin-polarizations can
be deduced from the measured magnetic asymmetry, assuming a constant distance
between the tip and sample for the two cases (11, 1), i.e.

Amag(V) = (A1 /dV —d1™/av) /(a1 /dv +d1tt/dv)
= Pr(Eg) - Ps(Ex + eV, Ry). (1.2)

Thus, Pt has to be known in order to extract Ps.
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Figure 1.2 illustrates how the sign of the spin-polarization of an atom was deter-
mined by measuring d/'/dV (V) and dI'V/dV (V) on the Co ML which has a
well-known Ps(Ef + eV, Rt) [22]. Exactly the same tip was then used to charac-
terize the Co atoms with unknown Ps(Efr + eV, Rt) (Fig.1.2b, c¢). As seen from
Fig.1.2a, the magnetic asymmetry A, defined in (1.2) is positive around Ef, i.e.
Pr(Eg) - PY(Eg, Rt) > 0. On the other hand, first-principles calculations of the
spin-resolved LDOS above the Co ML on Pt(111) yield PSML(EF,RT) < 0 [22].
Therefore, the tip must have a negative spin polarization at Ef, i.e. Pr(Er) < O.
By comparison to the spectra measured with the same tip on a Co atom on the ML
(Fig. 1.2b) and on a Co atom on the Pt substrate (Fig. 1.2c) we see that the strengths
of the d//dV (V) signals at Ey for the parallel and antiparallel alignment of tip and
sample (order of red and blue curves) is reversed with respect to the ML. This leads
to the conclusion, that the sign of the vacuum spin polarization above the atoms
around Ef is reversed with respect to that of the ML. Interestingly, this effect is
already reversed back to the normal situation of the ML for a Co dimer, as visible in
Fig.1.2d.

1.2.2 Single-Atom Magnetization Curves

The magnetization of the atoms on Pt(111) in Fig. 1.2c was aligned parallel or antipar-
allel relative to the tip magnetization by changing the orientation of the external mag-
netic field B. As a consequence, the intensity of the measured d//dV signal changes
in a large energy interval around the Fermi energy. This signal change can be used
to record the magnetization curves of single atoms as described in the following.

To this end, we use an anti-ferromagnetically coated tip, typically with Cr, whose
magnetic moment orientation is not affected by B. Then, d//dV at a particular voltage
is measured as a function of B on the same atom at the same tip-sample distance (see
Fig.1.3a,b). The time resolution of SPSTS is typically much worse than the time scale
of the magnetization switching of an atom which is adsorbed on a metal substrate.
Therefore, Pr(Eg) - Ps(Er + eV, Rr) cos 6 is proportional to the scalar product of
the tip magnetization vector with the time average of the atom magnetization vector
({(M »)), and the measured dZ/dV is given by (cf. 1.1)

d1/dV o (dI/dV)o + (dI/dV)spMr - (MA) (B) . (1.3)

In words, recording of d//dV as a function of the external magnetic field results
in the measurement of the projection of the time-average of the atom magnetization
onto the tip magnetization direction.

In practice, a series of dI/dV maps is recorded as a function of an external mag-
netic field B on an area with several atoms as shown in Fig. 1.3a, b. From this data
set, the magnetization curve of each atom in this area is received by plotting the
corresponding d//dV value averaged on top of each individual atom as a function of
B. This is shown in Fig. 1.3c, d for several different atoms (on fcc and hep stacking
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Fig. 1.3 a, b Spin-polarized d//dV maps of 12 Co atoms on Pt(111) at B = —0.5T parallel to
the tip magnetization Mt (a) and B = +0.5 T antiparallel to Mt (c¢). The maps have been recorded
using a Cr-coated tip that is magnetized perpendicular to the surface. ¢ Magnetization curves from
one of the atoms taken at different temperatures as indicated (dots). The solid lines are fits to the
data (see text). The insets show the resulting histograms of the fitted magnetic moments (in p ) for
11 atoms at T = 4.2 K (black) and at 0.3 K (red) (upper histogram), and for 38 hcp (orange) and 46
fcc (blue) atoms at 0.3 K (lower histogram, fcc bars stacked on hep). d Magnetization curves of four
atoms at 0.3 K with fit curves and resulting Bgy; of 99% saturation. The inset shows the histogram
of Bgy (in Tesla) for the same atoms used in the lower histogram in ¢ (fcc bars stacked on hep).
Figure reprinted with permission from [3]. Copyright (2008) by AAAS

position) and at two different temperatures 7 = 4K and 7 = 0.3 K. The resulting
s-shaped curves resemble the magnetization curves of paramagnetic atoms.

Such single-atom magnetization curves can be used to determine the magnetic
moment of the particular atom, as shown in Fig. 1.3c, d. For this purpose, the curves
were fitted to the following classical model:

E @, B) = —mBcosf + K(cos 0)2 (1.4)
[ do sin e TaT
(Ma) o Tao o (1.5)
e ‘*BT

Here, m is the effective magnetic moment of the atom, and K is its uniaxial
magnetic anisotropy energy in the direction of B. Please note that usually, m and XC can
only be determined independently from magnetization curves in two perpendicular
magnetic field directions. Here, we considered the IC-value known from XMCD
measurements [21]. The fitted curves which are shown in Fig. 1.3c, d on top of the
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Table 1.1 Values of magnetic moments m determined from single atom magnetization curves for
different sample systems [3, 5]. The given errors are reflecting the variation from the fitting of the
magnetization curves of different atoms on the surface

System m in up

fcc Coon Pt(111) 35+1.5
hep Co on Pt(111) 39+1.5
Fe on Cu(111) 35+1.5

measured curves nicely reproduce the data. The resulting magnetic moments are
given in the insets of Fig. 1.3c.

A similar measurement and analysis has been done for Fe atoms on Cu(111) and
the determined magnetic moments are summarized in Table 1.1. While the values for
Co on Pt(111) are considerably smaller than the ones which have been determined
by XMCD measurements [21], the values for Fe on Cu(111) fit with values from
XMCD [23].

Most importantly, even though the atom has a strong magnetic anisotropy, its
magnetization is not stable but switches on a time scale which is much faster than
the detection limit of conventional SPSTM. However, we will see in Sect. 1.5 that
direct exchange coupling of only three Fe atoms already increases the lifetime of the
magnetization to hours. Moreover, there is a strong scattering of m which is a result
of the residual RKKY interaction from the background of statistically distributed
atoms. We will later see, how the single-atom magnetization curves can be used
in order to measure this RKKY interaction in pairs of atoms as a function of their
distance (see Sect. 1.3.2).

1.2.3 Magnetic Field Dependent Inelastic STS

A complementary STS based method for the detection of the spin excitations of single
atoms is inelastic STS (ISTS). The method was originally applied to magnetic atoms
whose spin is decoupled from the conduction electrons of a metal substrate by using
thin decoupling layers [2]. Later it was also adapted to the investigation of magnetic
atoms adsorbed directly on the surface of a metal [4—-6, 8]. The method is illustrated in
Fig. 1.4a for an fcc Fe atom on Pt(111). It is based on magnetic field dependent ISTS
which reveals steps at positive and negative bias voltages V (symmetrically around
zero bias) shifting as a function of B. The steps are located at the energies Eox =
|£eV| of the spin excitations of the atom (in this case only one). Typically, effective
spin Hamiltonians of the form H=K- 3’12 — guBS - B have been considered for
the analysis of such ISTS data. Within this model, the zero field E reflects the
magnetic anisotropy parameter K of the atomic spin via K = E¢/(2S — 1). E is
shifting with B due to the Zeeman splitting and the corresponding slope is directly
proportional to the g-factor of the atom.

For a transition metal atom which is adsorbed directly on a metal substrate, there
are typically strong charge fluctuations within the d-orbitals, such that the spin quan-
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Fig. 1.4 a ISTS taken at various out-of-plane magnetic fields, as indicated, on an fcc Fe atom
adsorbed on Pt(111) [4]. b ISTS taken at zero magnetic field for Fe atoms on various substrates as
indicated (second derivative, the corresponding differential conductance data is given in the inset).
¢ Spin-excitation energy extracted from the magnetic field dependent ISTS of the various systems
as indicated. The data has been taken from [4-6]

Table 1.2 Values of magnetic anisotropy parameter K from the effective spin model and g-factor of
Fe on three different substrates determined from magnetic field dependent ISTS [4—6]. The indicated
spin quantum numbers S are estimated via m = gup S from the magnetic moment m measured by
single-atom magnetization curves for Cu(111) [5] or calculated from DFT for Pt(111) [4] and
Ag(111) (here the calculated spin moment is 3.5 up)

System S K in meV g
hep Fe on Pt(111) 5/2 0.08 2
fcc Fe on Pt(111) 52 -0.19 2.4
Fe on Cu(111) 3/2 —0.5 2.1
Fe on Ag(111) 1 2.7 3.13

tum number S is no longer well-defined [5, 24]. Surprisingly, even in this case, the
excitations can be reasonably reproduced by the effective spin model assuming the
magnetic anisotropy and an exchange mechanism for the spin-flip probability, by
using an S closest to the magnetic moment of the atom [24]. The latter can be
either extracted experimentally from single-atom magnetization curves (Sect. 1.2.2)
or determined from DFT calculations.

Figure 1.4b, c illustrate a comparison of magnetic-field dependent ISTS taken on
Fe atoms adsorbed on three different substrates. The extracted parameters are shown
in Table 1.2. Obviously both, K and g, vary for the different systems, and K even
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changes from out-of-plane to easy-plane magnetic anisotropy from fcc to hep for Fe
on Pt(111) (see the sign change). Thus, K and g crucially depend on the interaction
of the Fe atom with the substrate. Single-atom magnetization curves and ISTS not
only were used to reveal the magnetic moment of individual atoms, but also to study
their magnetic interactions as will be shown in the following.

1.3 Measurement of the RKKY Interaction

1.3.1 RKKY Interaction Between a Magnetic Layer
and an Atom

Figure 1.5a—c illustrate out-of-plane magnetization curves that have been recorded
on one of the Co monolayer stripes of the sample of Fig. 1.1 and on three Co atoms
with different separations to the stripe. As visible from the square shaped hysteresis,
the coercive field of the monolayer stripe is 0.5 T. In stark contrast to the s-shaped
magnetization curves of the uncoupled Co atoms (see Fig.1.3), the curves mea-
sured on the three atoms close to the monolayer show hysteresis. This effect can
be traced back to the RKKY interaction between the atom and the monolayer. The
corresponding exchange bias fields By (see arrows in Fig. 1.5a—c) which are given
by the magnetic fields at which the RKKY interaction energy J is compensated by
the Zeeman energy of the atom can be used to extract the absolute value of J via
| J| = m B using the magnetic moment of the Co atom of m & 3.7p 5. On the other
hand, the sign of J is given by the symmetry of the magnetization curve in Fig. 1.5 [3,
32]. The extracted values are plotted in Fig. 1.5d as a function of distance d of the
atom from the monolayer stripe. It shows the typical oscillatory damped behavior
of the RKKY interaction. Fits to isotropic models of the asymptotic RKKY interac-
tion J(d) = Jy - cos (2krd)/(2krd)P with the Fermi wavevector kr and different
assumed dimensionalities D are shown in Fig. 1.5d. D is determined by the dimen-
sionality of the electron system that induces the interaction, which is not known
a priori, since it depends on the localization character of the underlying substrate-
electron states that induce the interaction. The best fit is found for D = 1 which leads
to the conclusion that the responsible substrate-electron states are strongly localized
in the surface and have a Fermi wavelength of A = 2-3nm.

1.3.2 RKKY Interaction Between two Atoms

The RKKY interaction also leads to a measurable coupling between single Co
atoms as illustrated in Fig. 1.6. The figure shows single-atom magnetization curves,
that have been measured on the two atoms of Co pairs with decreasing separa-
tions between 2 and 5 lattice constants. Again, the magnetization curves show clear
deviations from the s-shaped magnetization curves of the uncoupled Co atoms (see
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Fig. 1.5 a, b, ¢ Out-of-plane magnetization curves measured on the monolayer (straight lines) and
on three atoms (dots) A, B and C with different distances from the monolayer (see inset in (d), blue
(red) color indicates down (up) sweep). The vertical arrows indicate the magnetic field Bex at which
the RKKY interaction between the Co atom and monolayer is compensated by the Zeeman energy.
d Dots: Extracted RKKY exchange energy as a function of distance between atom and monolayer.
The black line is the dipolar interaction. The red, blue and green lines are fits assuming 1D, 2D
and 3D itinerant electron systems. Figure reprinted with permission from [3]. Copyright (2008) by
AAAS

Fig. 1.3). While for some pairs, the two magnetization curves are still s-shaped, but
with a steeper slope around zero magnetic field (Fig. 1.6f, k), other pairs reveal an
additional oscillation or a plateau around zero magnetic field (Fig. 1.6g—j). While
the former indicates ferromagnetic coupling, the latter is a result of an antiferromag-
netic interaction between the two atoms. Note, that there is no hysteresis, indicating
that the atoms are coupled, but still fluctuate on a time scale much faster than our
measurement. This conclusion is substantiated and quantitatively analysed within
the following Ising model:

H:_E,Z Jij (rij) Si - S; st ‘B (1.6)
LjE#))

where i(j) labels the atoms 1 and 2 in the pair, S; = +e, with the unit vector e,
along the surface normal z, and the absolute values of the magnetic moments m;
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Fig. 1.6 Out-of-plane single-atom magnetization curves of Co pairs on Pt(111) with different
distances shown in the STM images in a—e, and corresponding ball models of the positions of the
two atoms in the pair on the substrate lattice in I-p. f—k shows the single-atom magnetization curves
measured on the left atom (black dots) and on the right atom (blue dots) of each pair. The straight
lines are calculated from the Ising model assuming magnetic moments m given in each curve and
RKKY interaction energies given in l-p. Figure reprinted with permission from [11]. Copyright
(2010) by Springer Nature

(in wp). While the first term describes the distance dependent exchange interaction,
the second term is the Zeeman energy. Note that the Ising limit is justified by the
large out-of-plane magnetic anisotropy of L = —9.3 meV of the system of Co atoms
on Pt(111) [21]. The results of the fits of the model to the measured single atom
magnetization curves by variation of m, m, and J;, are shown in Fig. 1.6f=k as
straight lines. They demonstrate an excellent reproduction of the measured data.
The corresponding values of the RKKY interaction energy for about 10 pairs with
different distances d placed at different locations on the bare Pt(111) substrate are
shown in Fig.1.7a. It reveals the typical oscillation between ferromagnetic (J >
0) and antiferromagnetic (J < 0) interaction which is reminiscent of the RKKY
interaction.
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Fig. 1.7 a Measured RKKY interaction energy Jexp extracted from the single-atom magnetization
curves of Co pairs on Pt(111) as a function of the distance d of the two atoms in the pair. b shows
the corresponding values Jeqic from the first-principles calculation. The data points are colored
corresponding to the lattice positions of the atoms in the pairs shown in ¢ where the first atom
stays on the position of the black sphere. d Map of the calculated J’s in the (111) plane where
each hexagon corresponds to the lattice site of the second atom in a specific pair with the first atom
fixed in the center. e Same as d, but with J’s from the 2D isotropic RKKY model evaluated on the
discrete lattice. Figure reprinted with permission from [11]. Copyright (2010) by Springer Nature

The experimental data of J was compared to ab initio calculated values from
density functional theory utilizing the KKR method [11] (Fig.1.6b). While the
qualitative behavior of the experimental data is nicely reproduced by the calculation,
the calculated values are a factor of about three times larger than the experimental
ones. Most interestingly, the RKKY interaction shows a strong directionality, which
is revealed by a 3D plot of the calculated J’s in Fig. 1.7d in comparison to a similar
plot of a 2D isotropic RKKY model given in Fig. 1.7e.

1.3.3 Dzyaloshinskii—-Moriya Contribution to the RKKY
Interaction

As shown in the preceding section, single-atom magnetization curves of the out-of-
plane magnetization of interacting Co atoms on Pt(111) are approximately described
within the Ising limit due to their large uniaxial out-of-plane anisotropy. We therefore
so far only considered the usual Heisenberg contribution J to the RKKY interaction.
However, as theoretically shown by Smith [25] and Fert [26] there is an additional
Dzyaloshinskii—-Moriya (DM) contribution to the RKKY interaction if the interaction
is mediated by a heavy-element substrate featuring strong spin-orbit coupling. The
magnetization of the coupled pair of quantum spins with spin operators S, and S,
can then be quantified by the following spin Hamiltonian:
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Fig. 1.8 ISTS of FepcpHa (green) and Feyp (red) within selected pairs of different distance as
shown in the topographs in the insets. In comparison, the spectra measured on the corresponding
isolated atoms are shown in gray. Figure reprinted with permission from [27]. Copyright (2016) by
Springer Nature

H=—Jn (SI Sz) — D8 xS + ZKi (ﬁlz)z - ZQ:‘MBSi ‘B (1.7)

where g; are the g-factors of the two atoms. In comparison to (1.7) the additional
term with the so called DM-vector D = (Dy, Dy, D.) (see the definition of the
components in Fig. 1.9d) favors a perpendicular orientation of the two spins.

In order to investigate the non-collinear behavior of the RKKY interaction, we
studied pairs of Fe atoms and Fe-hydrogen complexes on Pt(111). Unlike Co atoms,
the Fe atoms and complexes can exhibit very small values of magnetic anisotropy,
both in-plane and out-of-plane, and Kondo behavior. Atoms with weak easy-plane
magnetic anisotropy are no longer correctly described by Ising-like spins and non-
collinear interactions need to be considered [24]. By investigating pairs of an Fe-
hydrogen complex and an Fe atom on Pt(111) using the method of magnetic-field
dependent ISTS in comparison to simulations within a Kondo model based on
(1.7) [27], we were indeed able to reveal the DM contribution to the RKKY inter-
action. Figure 1.8 shows ISTS curves of the two atoms in such pairs of increasing
distances. The Fe atom Fep, adsorbed on the hep lattice site has the usual spin-
excitation (cf. Fig. 1.4b). The Fe-hydrogen complex Fey.,H, consisting of two H
atoms and an Fey, atom reveals a resonance at zero bias voltage (see the gray curve
of the isolated FeycpHy) which is due to a multi-orbital Kondo effect. When these
two adsorbates are coupled, the interplay of J and D induces a splitting of the Kondo
resonance of Fepp,Hy and a modification of the magnetic excitation of Fepp as com-
pared with the isolated atoms, which is oscillating as a function of distance. By



16

Fig. 1.9 a,b
Experimentally determined
values of the Heisenberg (J)
and the DM interaction (D,
colored circles) between two
Fe impurities on Pt(111)
compared with the
theoretical ab initio
calculation of J and the
different components of the
DM vector (gray and white
circles and triangles). ¢
Calculated perpendicular
component of the DM vector
resulting in a different
rotational sense of the
magnetizations of the two
impurities for positive and
negative sign as indicated by
the arrows. d Cartoon
diagram of the J and DM
contributions to indirect
conduction
electron-mediated exchange
interactions between two
magnetic atoms with spins
S1 and S», and magnetic
anisotropies K| and K;. The
interaction is mediated by
scattering of conduction
electrons at a substrate atom
(gray) with strong spin-orbit
coupling (SOC). The arrows
show the orientation of the
experimental magnetic field
B and components of the
DM vector [27]
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fitting according magnetic field dependent spectra with simulations, we were able
to extract both, J and the largest component of the DM-vector D, as a function of
separation d of the two magnetic impurities (Fig. 1.9a, b). For most of the distances,
the experimentally determined values are nicely reproduced by a theoretical ab initio
calculation. Most interestingly, the resulting oscillatory behavior of the sign of D
with increasing distance shown in Fig. 1.9c induces a distance dependent chirality
of the non-collinear magnetization in the pair as shown in the inset of Fig. 1.9c. The
same interaction, which is determined here for pairs of atoms, is also responsible for
the formation of complex non-collinear magnetization states as skyrmions in layers

of magnetic materials.
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1.4 Dilute Magnetic Chains and Arrays

In Sect. 1.3, it has been shown how the experimental techniques SPSTS and ISTS
can be used to measure maps of the distance dependent RKKY interaction in pairs of
atoms adsorbed to metallic substrates. Using such maps it is possible to design arti-
ficial nanostructures of a larger number of atoms with tailored interatomic couplings
and different topology, e.g. chains or two-dimensional arrays, which can then be
built via STM-tip induced atom manipulation. Afterwards, the magnetization curve
of each atom within such arrays can be measured by SPSTS and compared to sim-
ulations. This methodology has been applied to the system of Fe atoms on Cu(111)
as will be shown in the following.

Due to the relatively small spin-orbit interaction of Cu as compared to Pt [28],
and the large uniaxial out-of-plane magnetic anisotropy of Fe on Cu(111) of K =
—0.5meV the DM contribution to the RKKY interaction can be neglected in this
case [29]. The measured distance dependence of the Heisenberg part J of the RKKY
interaction is shown in Fig. 1.10. Note, that there is a pronounced minimum at a
distance of d &~ 1 nm, where the RKKY interaction is antiferromagnetic with a large
strength of J =~ —0.1 meV.

Dilute magnetic nanostructures of different topology and number of atoms (chains,
2D arrays) with nearest neighbor distances in the range of this minimum of strongest
antiferromagnetic coupling have been assembled using STM-tip induced manipu-
lation as displayed in Fig. 1.11a. Indeed, in the spin-resolved STM image taken in
a small magnetic field of B &~ —0.7T they typically show a spin-contrast alternat-
ing between dark and bright revealing the trend of an antiferromagnetic alignment
of neighboring atoms. The detailed investigation of the underlying magnetization
states of all nanostructures is described in [14]. As an example, Fig. 1.11b—m show
the investigation of the Fe chains of six and seven atoms, and of a Kagomé of 12 Fe
atoms.
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Fig.1.11 aSPSTS image takenat B &~ —0.7 T of different manipulated magnetic arrays consisting
of RKKY coupled Fe atoms with a neighbor distance of d &~ 1 nm on Cu(111) (hillocks). b, ¢ Top
panels: magnetization states from the Ising model (left, partly degenerate) and SPSTS images (right)
of chains of anti-ferromagnetically coupled Fe atoms with a length of six (b) and seven (c) atoms.
Bottom panels: magnetization curves measured (circles) on each atom of the chains. The magnetic
images have been taken at B indicated by the dashed vertical line. d—f degenerate magnetization
states of an Ising model for an array of 12 anti-ferromagnetically coupled atoms forming a Kagomé
at B as indicated by the arrows in (I, m). g-k, SPSTS images of the Kagomé recorded at B as
indicated by the dashed lines in (I, m). I, m magnetization curves measured on the Kagomé atoms
(circles). Thick colored and thin gray lines in the magnetization plots show magnetization curves as
calculated from different Ising models (see text). The gray shaded areas show the B range, where
the experimental magnetization curve deviates from the Ising model. Images partly taken from [14]
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The single-atom magnetization curves taken on each atom of the six (Fig. 1.11b)
and seven (Fig. 1.11c) atom chains reveal striking differences between the even and
odd number chains. For the odd number chain, the magnetization of nearest neighbors
alternates between up and down in a magnetic field of B ~ £0.5T indicating the
stabilization of an antiferromagnetic Néel state (top part of Fig. 1.11c¢). In contrast,
for the even number chain (Fig. 1.11b), this is not the case for all neighbors (see
atom 3 and 4). As shown by simulations within the Ising model (1.7) using the
RKKY couplings from the pairs (Fig. 1.10), this can be ascribed to the superposition
of multiple degenerate magnetization states for the even number chains (top part
of Fig. 1.11b). Interestingly, for the best possible simulation of the magnetization
curves within the Ising model, the next-nearest neighbor interaction is crucial. This
is shown by a comparison of the simulated curves using the same nearest neighbor
J but different next-nearest neighbor interactions with the experimental data (see
colored and gray lines in Fig. 1.11b, c). The best agreement was found (gray curves)
when the next-nearest neighbor J’s from an ab initio calculation of the full chain
were used [14].

The investigation of the Kagomé using SPSTS revealed a superposition of four
degenerate magnetization states in zero magnetic field (Fig. 1.11d, i). This degener-
ation is first partly lifted in a small magnetic field where only two degenerate states
are remaining (Fig. 1.11e, h, j), and finally all atoms are aligned in a strong magnetic
field (Fig. 1.11f, g, k). Surprisingly, there is a strong discrepancy between the mea-
sured and calculated magnetization curves for the inner six atoms of the Kagomé in
a large magnetic field range between B = £1.5T (Fig. 1.11m). Similarly, there are
deviations for some atoms in the chains in a small field window around zero magnetic
field (see gray shaded areas). These discrepancies are either due to hidden magnetic
moments [14] or effects of a rather slow magnetization dynamics of the arrays.

1.5 Logic Gates and Magnetic Memories

Model systems of magnetic memories and logic gates can be realized using STM-tip
induced atom manipulation of the investigated systems of atoms and their interac-
tions.

As shown in the preceding section Sect. 1.4, the antiferromagnetic state of an
RKKY coupled chain can be stabilized using a small magnetic field. Moreover, it was
shown in Sect. 1.3.1 that the magnetization of an individual atom can be stabilized
by RKKY interaction to patches of ferromagnetic monolayers. It is therefore an
obvious question to ask, whether the antiferromagnetic state of an RKKY coupled
chain could as well be stabilized by RKKY coupling to a ferromagnetic island. Such a
stabilization would enable device concepts as illustrated in Fig. 1.12a. Here, the ends
of two chains of anti-ferromagnetically coupled atoms are each strongly coupled to
a ferromagnetic island (input islands 1 and 2). The chains are intended to transfer
the information of the magnetization state of the two input islands towards the actual
gate region. The latter consists of the other two end atoms of the two chains (input
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Fig. 1.12 a Concept of a logic gate made of two chains of anti-ferromagnetically RKKY coupled
magnetic atoms (yellow spheres), which are exchange-coupled to two “input islands” (1, 2) of
different size, consisting of patches of ferromagnetic layers. The “input atom” (1, 2) of each spin
lead and the final “output atom” form a magnetically frustrated triple with an anti-ferromagnetic
coupling which constitutes the logic gate. The field pulse Bpyse is used to switch the inputs. The
magnetic tip of an STM is used to construct and characterize the device. b—e Side view 3D topographs
colored with the simultaneously measured SPSTS image of the constructed OR gate for all four
possible input permutations (bright and dark contrasts correspond to states (1) and (0), respectively).
By applying out-of-plane magnetic field pulses of different strength and direction, each input island
can be controllably switched and the two spin leads transmit the information to their end atoms. The
output atom in the gate triple reflects the logical operation of the inputs according to the indicated
numbers reflecting the truth table [17]
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atoms 1 and 2) and an additional output atom, which together form an equilateral
antiferromagnetic triple with a smaller RKKY interaction as inside the chains. Using
this equilateral configuration, the output atom will align antiparallel to the two input
atoms if these are in the same magnetization state. However, if the two input atoms
are in a different magnetization state, the output atom will be in a frustrated state, i.e.
the two orientations perpendicular to the surface are degenerate. By using a small bias
magnetic field, one of the two orientations will be preferred, which finally determines
the logical operation of the gate as a function of the states of the two inputs.

The experimental realization of such alogic gate is shown in Fig. 1.12b. Two chains
of 5 Fe atoms with an interatomic distance of d = 0.923 nm have been assembled
on Cu(111) resulting in strong antiferromagnetic coupling (Fig.1.10). The chains
were assembled in such a way that the atoms on one of the ends of each chain were
positioned close to the corner of a ferromagnetic Co island, while the two atoms on
the other end of each chain have a mutual distance of d = 1.35 nm. Thereby, both
chain ends are strongly antiferromagnetically coupled to the islands, but the mutual
interaction between the two chains is kept smaller as the interaction within each
chain. Finally, the output atom is positioned at the same distance of d = 1.35 nm to
both chain ends.

The operation of the gate is shown in the spin-resolved images in Fig.1.12b—e.
By using magnetic field pulses of appropriate strength, the two Co islands, which
have different size and therefore different coercivity, were put into the four different
states (11), (10), (01), (00) as revealed by the spin-resolved images. Obviously, the
magnetization states of both chains are following the states of their respective input
island thereby transmitting the input to the gate region. Here, the output atom is
forced into the state (0) if and only if the inputs are in the state (00), which proves
the operation of the gate as an OR gate.

An interesting question concerning the down scaling of such logic elements is
how small the input islands can be made and still remain stable in either of their
magnetization states. This relates to the very fundamental question of how many
atoms such an island has to contain in order to behave like a permanent magnet
showing remanence [30]. In order to answer these questions, clusters of a small
number of direct-exchange coupled Fe atoms have been assembled on Cu(111) and
Pt(111), and were investigated by time-resolved SPSTS of the telegraph signal of
such clusters.

On the substrate Cu(111), a cluster of five Fe atoms constitutes a stable mag-
net [31]. An even smaller permanent Fe magnet can be made on the substrate Pt(111)
as illustrated in Fig.1.13 [18]. It consists of only three Fe atoms that have been
assembled onto neighboring fcc lattice sites using STM-tip induced atom manipu-
lation (Fig. 1.13e). Figure 1.13a—d show spin-resolved STM images of two of such
Fes clusters assembled with a separation of only 2.5 nm. In these images a larger
or smaller apparent height of the cluster indicates its spin state up (1) or down (0),
respectively. By feeding spin-polarized electrons with sufficient energy from the
magnetic STM tip through one of the clusters, which was done between the acqui-
sition of the images, it was possible to write its spin state. Thereby, all four possible
spin states (01), (11), (10), and (00) of the two-Fe3 cluster memory were prepared.
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Fig. 1.13 a—d Spin-resolved STM images of the four possible spin states (01), (11), (10), and
(00) of two Fes clusters (0 and 1 correspond to downwards and upwards pointing magnetization,
respectively). An additional Fe atom in the back serves as a marker for the apparent height. The
scale bar has a length of 1 nm. e ab initio (KKR) calculation of the magnetic moments (arrows)
in the Fe3 cluster and the induced magnetization (color) in the substrate indicating their strong
non-collinearity [18]

At the measurement temperature of 0.3 K these spin states were stable for at least
10h.

The system of Fe; on Pt(111) is additionally interesting, as the heavy element Pt
supports strong spin-orbit coupling and thereby a considerable DM contribution to the
RKKY interaction (see Sect. 1.3.3). Consequently, the induced magnetization in the
Pt underneath the cluster is highly non-collinear, as proven by ab initio calculations
(Fig. 1.13e). Due to the resulting non-collinear RKKY interaction to neighboring
magnetic atoms, the use of such a material combination in spintronic elements as the
one shown in Fig. 1.12 might have advantages with respect to other materials, that
feature only collinear states.

1.6 Conclusions

As we have shown in this review, the combination of SP()STS with STM-tip
induced atom manipulation is a powerful experimental methodology to study the
magnetic properties of artificial atomic-scale nanostructures. In particular, the mag-
netic moments, anisotropies, and g-factors of different atom/substrate systems, and
the RKKY interaction in pairs have been measured directly. It was shown that the
RKKY interaction offers a huge flexibility for tailoring the magnetic couplings in
assembled nanostructures, ranging from ferromagnetic, over antiferromagnetic to
non-collinear interactions. Due to this ultimate control of the atomic composition,
positions and magnetic couplings, the results can be directly compared to model and
ab initio calculations, in principle without the need to guess any unknown parame-
ters. Finally, the knowledge was applied to build model systems for future atomic
spintronic and information storage elements and we have shown that for all-metallic
systems, a stable magnet requires only three Fe atoms on a Pt substrate.
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Abstract The Kondo effect of adatoms on surfaces may to some extent be con-
trolled by manipulating their electronic and geometric environment. Results are pre-
sented from artificial structures like quantum well systems, from arrangements of
single atoms made with a scanning tunneling microscope, and from custom-made
molecules. Spin-orbit coupling at single adatoms is probed via measurements of the
anisotropic magnetoresistance, in particular in single atom contacts. Such junctions
are also investigated with respect to the current shot noise, which is influenced by
the electron spin.

The Kondo effect is one of the key correlation effects in condensed matter physics.
Originally it was observed as an increase of the resistivity of metals with dilute
magnetic impurities below a characteristic temperature [1]. Kondo explained these
observations in terms of conduction electron scattering off the impurity magnetic
moment [2]. The scattering processes involve spin flips of the conduction electrons
and of the magnetic impurity, which leads to an efficient screening of the mag-
netic moment. The spectroscopic signature of the resulting many-body nonmagnetic
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singlet ground state is the Abrikosov-Suhl [3-5] or Kondo resonance at the Fermi
energy, Er [6, 7]. The resonance width reflects the Kondo energy scale, kg Tk (kp:
Boltzmann constant, 7k : Kondo temperature), where T is characteristic of the mag-
netic impurity and the substrate host. Since the first observation of the Kondo effect
in scanning tunneling microscope (STM) experiments [8, 9] a wealth of scanning
tunneling spectroscopy (STS) data has been published for a variety of adatoms on
metal surfaces [10].

Here we focus on experiments that aim at controlling the Kondo effect of adatoms
by manipulating their electronic and geometric environment. A number of approaches
have been used so far. Electronic quantum well states affect the electronic density of
states but have little impact on the adsorption geometry of an adatom. In Sect.2.1.1
we show that they effectively modulate the Kondo temperature Tx of Co atoms.
The addition of adatoms to a magnetic impurity also modifies 7x as demonstrated
by experiments on heterogeneous clusters comprised of Co and non-magnetic Cu
atoms (Sect.2.1.2). Chains of Cu atoms may also be used to mediate interactions
between two Co atoms (Sect.2.1.3). Next, the apex atom of an STM tip may be
brought closer to a magnetic impurity to controllably increase the interaction with an
additional neighbor atom (Sect.2.1.4). Natural extensions of the approach outlined
so far are to use organic molecules to obtain interconnected magnetic impurities
(Sect.2.2) or to tune the substrate-impurity interaction by an interlayer of graphene
(Sect.2.3). The role of spin-orbit coupling (SOC) in transport phenomena is another
research frontier in spintronics [11-16]. One of its intriguing consequences is the
occurence of anisotropic magnetoresistance (AMR). Section 2.4 focuses on AMR in
single-atom contacts, for which particularly large effects have been predicted. Finally,
Sect.2.5 presents measurements of the current shot noise in single atom junctions.
Electron correlation tends to reduce the shot noise and noise data consequently are
an additional tool to investigate spin physics in nanoscale junctions.

2.1 Tuning the Kondo Effect on the Single-Atom Scale

2.1.1 Co Atoms on a Quantum Well System

A model system was used for tuning the Kondo temperature by the local density of
states (LDOS) at Er [17]. Co atoms adsorbed on layers of Cu and Co on a Cu(100)
substrate [Fig. 2.1a] were investigated by spectroscopy of the differential conductance
(d1/dV). An excellent lattice match enables epitaxial growth of face-centered cubic
Co(100) on Cu(100) [Fig.2.1b] and subsequently of Cu(100) on Co(100) [Fig.2.1c].
This layered system is an ideal platform for acquiring spectra of single Co atoms on
Cu layers [Fig.2.1d] of various thicknesses without changing the imaging area. The
local thickness of Cu layers (dc,) was determined from the energies of quantum well
states (QWS) vertically confined to the Cu layers by reflection at the vacuum—Cu
and Cu—Co interfaces [18-24].
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(a) Co adatom  (b)

Fig. 2.1 a Sketch of Cu/Co/Cu(100) multilayer with adsorbed single Co atoms. STM images
of b a 10-ML-thick Co overlayer grown on a Cu(100) substrate (current / = 100 pA, bias voltage
V =200mV), ¢ a 15-ML-thick Cu overlayer grown on a Co/Cu(100) multilayer (100 pA, 200 mV),
and d of Co atoms deposited on a Cu/Co/Cu(100) multilayer (100 pA, 300mV). Reprinted with
permission from T. Uchihashi et al., Phys. Rev. B 78, 033402 (2008) [17]. Copyright 2008 by the
American Physical Society

Figure2.2a shows d /dV spectra of Co atoms on a pristine Cu(100) surface (bot-
tom) and on Cu layers above Co(100) on Cu(100) with thicknesses of 11 (middle) and
14 monolayers (top). The Kondo resonance of Co leads to characteristic asymmetric
features around zero bias voltage. In STS the Kondo resonance generally appears
with a Fano line shape, which may adopt diplike, peaklike or asymmetric profiles
[25, 26]. To quantitatively analyze the d//dV data, the experimental spectra were
fit by

ar_ V)+b Vv 2.1
gy =M +b+e 2.1
with -

1+¢e(V)?2
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Fig. 2.2 a d//dVspectra measured above Co atoms on Cu/Co/Cu(100) multilayers. Top: 14 ML
Cu. Middle: 11 ML Cu. Bottom: bare Cu(100). Spectra are offset for clarity. Fits according to
(2.1) are shown as dashed lines. b Mean Kondo temperature 7k of Co atoms on Cu/Co/Cu(100)
multilayers versus Cu overlayer thickness dcy (circles). Half the error bar indicates the standard
error of Tk for each dcy. A solid line shows calculated Tk values. The used fit parameters are
Ap = 0.046eV-I ML, &), = 0.267, A, = 0.011eV~! ML, ®,, = —0.037. A dotted line indicates
the mean 7x = 94 K of Co atoms on pure Cu(100). Reprinted with permission from T. Uchihashi
et al., Phys. Rev. B 78, 033402 (2008) [17]. Copyright 2008 by the American Physical Society

the Fano function, e(V) = (eV — ex)/(kgTx) (e: elementary charge, g : resonance
shift from Er), ¢ the asymmetry parameter of the Fano theory, a the resonance ampli-
tude, and b + ¢V alinear background. For the spectra shown in Fig. 2.2a the extracted
Kondo temperatures are 7x = 67 K (14 monolayers) and Tx = 139 K (11 monolay-
ers), which significantly deviate from Tx o = 94 £ 5 K for Co on clean Cu(100) [27,
28]. Figure 2.2b shows Tk for Co atoms adsorbed on Cu layers with all investigated
thicknesses. The obvious modulation of Tx with dc, reflects the variation of the
LDOS at Ef, gp, caused by the QWS confined to the Cu slab. Using

1
Tx = Ty exp (— %9 J> (2.3)
F

with T a prefactor, J the exchange coupling constant between conduction electrons
and impurity states together with
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Fig. 2.3 Top: Ball-and-stick models of fully relaxed adsorption structures of CoCu,, (0 < n < 4)on
Cu(111). a STM constant current topograph of Cu and Co atoms on Cu(111) prior to the fabrication
of CoCu,, clusters. b STM topographs showing different CoCu,, clusters. Images were acquired
with V =100 mV and / = 0.1 nA. Reprinted with permission from N. Néel et al., Phys. Rev. Lett.
101, 266803 (2008) [32]. Copyright 2008 by the American Physical Society

ZWdCu
— @; 2.4
OF = 0F,0 + Z o © ( ~ T ) 2.4

i=b,n !

[A;, A;, ®;: amplitude, spatial periodicity, phase of the quantum oscillation at the
belly (i = b) and the neck (i = n) of the Cu Fermi surface] leads to a reasonable
fit [full line in Fig.2.2b] of the experimentally observed Tk variation. The fit was
performed for fixed A, = 5.88 ML, A,, = 2.67 ML [18, 21, 29], and free parameters
A;, ®@;. For Co on pristine Cu(100) the free-electron estimate g o = 0.11 eV~! was
used together with J ~ 1eV [25, 28, 30], Tx = 94 K.

It is worth mentioning that the exchange interaction between a Co atom and the Co
layer through the Cu layers, J., is too weak to account for the observed changes in
Tx. Indeed, Jox = 1.5meV for dc, = SML [31] decreases rapidly with increasing
dcy. Only for dey < 4ML, Jox was found to become comparable and larger than
the Kondo energy scale, kg Tx =~ 8 meV. In summary, by changing or through QWS
confined to thin metal films the Kondo effect of single adsorbed atoms may be altered.

2.1.2 Kondo Effect in CoCu,, Clusters

The key result of this section is the important role of the local and anisotropic elec-
tronic structure at the magnetic-impurity site for the Kondo effect [32]. The local
environment of a Co atom on Cu(111) was modified by changing its coordination
to successively attached Cu atoms. Sketches of the resulting CoCu,, (0 <n <4)
clusters are shown in the top row of Fig.2.3, accompanied by corresponding STM
images in Fig.2.3a, b.
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Fig. 2.4 a d//dVspectroscopy of CoCu, clusters. The spectroscopic feature around zero bias is
caused by the Kondo effect. Fano line shapes (2.1) were fit to the experimental data and are indicated
as lines. Prior to spectroscopy tunneling parameters of V = 30 mV and / = 1 nA were used. Spectra
with n =1, ..., 4 are vertically offset by 5, 10, 20, 25 nS, respectively. Kondo temperatures (b)
and line shape parameters (c) versus cluster size obtained from calculations (dots) and experiments
(squares). Reprinted with permission from N. Néel et al., Phys. Rev. Lett. 101, 266803 (2008) [32].
Copyright 2008 by the American Physical Society

Next, d//dVspectra were acquired on top of single Co atoms and of CoCu,
clusters. A representative data set is shown in Fig.2.4a. For the single Co atom the
Kondo resonance appears as a sharp indentation around zero bias voltage. Upon
adding Cu atoms, the df/dVsignature of the Kondo resonance strongly broadens
and sharpens again after attaching a third and fourth Cu atom to Co. In contrast, the
energies of the p, states of the clusters decrease monotonically [32].

To see the changes clearly, the Kondo temperature and the asymmetry parameter
were obtained by fitting (2.1) to dI /dV data and plotted as a function of the number
of Cu atoms in Fig.2.4b. The nonmonotonic behavior is readily visible. This pecu-
liar variation of the Kondo resonance with the cluster size is at variance with the
monotonic behavior of Tx with the average hybridization strength expected from
bulk models of the Kondo effect.

Calculations of the local electronic structure of the CoCu,, clusters on Cu(111)
reproduce the experimental data [32]. Calculated Tx and g are shown as dots in
Fig.2.4b and are summarized in Table2.1 along with experimental data. Tx may be
estimated as

1
kK ~ Wy/lorJ| exp <——> (2.5)
orJ
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Table 2.1 Experimental and calculated Kondo temperatures (7k ) and line shape parameters (g) of
CoCu, extracted from fits of Fano lines (2.1) to the spectra of Fig.2.4a. Experimental uncertainty
margins correspond to standard deviations obtained by a statistical analysis of a variety of fits.
Calculated Tx and g are the arithmetic mean of values obtained by a Gaussian broadening of the
sp LDOS by 100 meV and 50 meV. The uncertainty margins reflect the deviations of the arithmetic
mean from data obtained using 100 meV and 50 meV broadening

Experiment Calculation
n Tk (K) q Tk (K) q
0 61+4 0.09 £0.03 52+4 0.12£0.01
1 142 £ 10 0.12+£0.03 204+ 12 0.03 £0.01
2 326+ 30 0.07 £0.03 288+ 3 0.01 £0.01
3 200 £ 15 0.22+0.04 221+18 0.13£0.01
4 43+ 6 0.22 +0.04 79+3 0.33 £0.01

(W: width of the sp conduction band, J: sp—d exchange interaction energy, gg:
LDOS at Ef at the impurity site). Moreover, the asymmetry parameter reads

_ 7 +ReG(Ep)

Im G(EF) 2:6)

with G the local Green function of the conduction electrons. v measures the ratio
of the coupling of the STM tip to conduction electrons of the substrate and to local-
ized Co d states [33]. Details of the calculations may be found elsewhere [32].
The simulations (W = 20eV, J = 1.3eV, v = 0.22eV~!) show that g varies non-
monotonically with the cluster size and thus leads to the variation of 7Tx and g
observed in the experiments.

The evolution of gr can qualitatively be understood as follows. Co p orbitals have
their main spectral weight above Ey, whereas s orbitals are mainly occupied. With
increasing cluster size all orbitals shift to lower energies and the p (s) orbital weight
increases (decreases) at Ep. These variations do not perfectly cancel and thus lead
to a nonmonotonic change of gr. In summary, atom-by-atom manipulation of the
electronic structure at the Kondo impurity site induces a nonmonotonic variation
of og, the Kondo temperature, and the asymmetry factor. Simple scaling rules that
predict a monotonous increase of Tx with the coordination number do not hold.

2.1.3 Two-Site Kondo Effect in Atomic Chains

Next, linear atomic chains are considered that host two Kondo atoms at their ends
[34]. CoCu,Co (1 < n < 6) clusters on Cu(111) are a model system for studying
correlation effects. Local correlations are caused by Coulomb interaction at a par-
ticular site i. Nonlocal correlations are due to electrons propagating from site i
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Fig. 2.5 Left: d//dVspectra
acquired above Co atoms of
CoCu,, Co chains (red dots).
Solid lines indicate Fano line
shapes fit to the experimental
data. The dashed lines are
Fano lines for Tx = 110K,
which correspond to a Co
adatom attached to a Cuy
chain. Right:
Pseudo-three-dimensional
representations of STM
topographs (38 Ax21 A) of
linear CoCu,, Co clusters

(n =1...6). Reprinted with
permission from N. Néel et
al., Phys. Rev. Lett. 107,
106804 (2011) [34].
Copyright 2011 by the
American Physical Society
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to another site j with Coulomb scattering at both sites. Therefore, the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction [35-37] can cause magnetic correlations
between distant atoms. When a Kondo effect is involved, the nonlocal interaction
may alter the characteristic Kondo energy scale, kg 7k, and may lead to new regimes
including ferromagnetically locked spins or an interimpurity singlet [38—40]. Indeed,
our model system covers the range from weakly coupled Kondo atoms to interimpu-
rity exchange coupling that is comparable to the Kondo energy scale.

Figure2.5 presents the main experimental findings [34]. It shows the d//dV
signature of the Kondo resonance of one of the Co atoms in CoCu,Co (1 <n < 6)
chains on Cu(111) together with STM images of the assemblies. d//dV data were
fit using (2.1) (black line in Fig.2.5). The extracted Kondo temperatures exhibit
a remarkable variation with the number of Cu atoms connecting the Co atoms.
Tx nearly doubles from n = 1 (Tx ®#46K) to n = 2 (=79 K), increases further to
~108 K for CoCu;Co, and then oscillates (x93, 110, and 91 K for n =4-6, respec-
tively). For clarity these results are summarized in Fig. 2.6. The maxima of the oscil-
lation match the Kondo temperature of a Co atom at the end of Cus and Cuy chains
(TK = 110 K), which approximate a CoCu,, chain (dashed line in Fig.2.6).

The calculations of [34] first showed that single-impurity Kondo physics cannot
reproduce the experimentally observed variation of Tk. In the absence of magnetic
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Fig.2.6 Tk of CoCu,Co chains versus 7 (squares). The Kondo temperature 7x = 110 K of a single
Co adatom at the end of a Cuy4 chain is indicated by a dashed line. Calculated single-impurity Kondo
temperature, that would be expected in the absence of magnetic Co—Co interactions, are indicated
as circles. The calculated periodicity in the RKKY interaction regime is shown as a sinusoidal line.
Reprinted with permission from N. Néel et al., Phys. Rev. Lett. 107, 106804 (2011) [34]. Copyright
2011 by the American Physical Society

Co—Co interactions in CoCu,Co chains the calculated variation of Tk (circles in
Fig.2.6) is much smaller than in the experiments and does not even follow the trend
of the experimental data.

In a second step magnetic coupling between the Co atoms was introduced. For
the relaxed CoCuCo chain an exchange interaction energy Eex = E4) — Epy =
14 £ 6 meV was found giving rise to ferromagnetic (11) coupling of the Co atoms.
An antiferromagnetic (1) interaction with E.x = —17 =3 meV couples the Co
atoms in CoCu,Co linear chains. Despite the ferromagnetic Co—Co interaction in
CoCuCo chains, a Kondo resonance with 7x = 46 K is observed. The interplay of
the coupling between the impurities, H = —JS; - S, and Kondo screening was
addressed theoretically in terms of two-site spin-1/2 Kondo models [38-40]. If
the exchange interaction is ferromagnetic (J > 0) and dominates over the Kondo
energy scale of the single-impurity (kgTx < J), the two spins lock to a total
spin, S + S» = 1, and give rise to a spin-1 Kondo effect [38]. This results in a
reduced Kondo temperature, Tx =~ kg TI% /J, which with Tx = 46K, TK = 110K,
E = 14 = 6 meV is compatible with the experiments. Consequently, Co atoms in
the CoCuCo linear chains are in a crossover regime between two independent and
two ferromagnetically locked Kondo atoms, for which a narrower rather than a com-
pletely suppressed Kondo resonance is found.

For CoCu,Co the calculations revealed | Eex| =~ 2 kg TK [34], which is close to the
quantum critical point at J ~ 2.2 kg Tk predicted for two-site spin-1/2 Kondo impu-
rities in the particle-hole-symmetric case. At this critical point a ground state with an
antiferromagnetically locked interimpurity singlet is separated from a ground state
of two individually screened Kondo impurities [39, 40]. If particle-hole symmetry
is lost, a crossover region replaces the quantum critical point, and the Kondo reso-
nance continuously evolves into a pseudogap feature [41-46]. This crossover region
has two characteristic energy scales T; < Ty which represent spin fluctuations and
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quasiparticle excitations [41-44, 46]. The lower energy scale, Ty, gives rise to the
sharper and more pronounced feature in the spectral function at Er [44] and charac-
terizes the onset of local Fermi liquid behavior [46]. Hence, kg 7}, should correspond
to the experimentally observed width of the Kondo resonance with 7, = Tx. As
T; < Tx [41-44, 46], a narrowed Kondo resonance is consistent with the crossover
regime and in agreement with the experimental observation. As an important result
we obtained that ferromagnetic and antiferromagnetic interactions lead to Tx < Tk
[47, 48].

The oscillations of Tk for n > 3 result from the RKKY interaction between the
Co atoms. To show this, the Fermi wave vector, kg, was determined for Cuy, chains
on Cu(l11) as kg &~ 0.37 - 27/a) with a = 2.57A the Cu(111) lattice constant.
Therefore, Co—-Co RKKY interactions oscillate with 2 kg & 0.74 - (27 /a), which
by subtracting a reciprocal lattice vector is identical with —0.26 - (27/a) and cor-
responds to a direct-space periodicity of ~3.8 a. While this spatial periodicity can
be seen in the oscillatory magnetization density along CoCu,Co (n > 3) chains
[34], it differs from the periodicity observed for Tx. For weak RKKY interactions,
T2 — T ~ E2 /K2 [34, 47, 48], with E2, o [sin(2 kgna)]?. Therefore, the spatial
periodicity is reduced to ~1.9 a, which corresponds to the even-odd oscillations of
Tx in the experiments. In conclusion, the two-site Kondo effect has been addressed
by CoCu,Co atomic chains. Co—Co magnetic interactions ranging from ferromag-
netic coupling (n = 1) via an antiferromagnetic singlet (n = 2) to RKKY interaction
(n > 3) have been probed using line shape variations of the Kondo resonance.

2.1.4 Spectroscopy of the Kondo Resonance at Contact

Deviating from the preceding paragraphs where the Kondo resonance was probed by
dI/dV spectroscopy in the tunneling range, spectroscopies are now performed close
to and at contact between the STM tip and the magnetic impurity. In particular, single-
atom junctions will be considered where currents on the order of 1 pA flow across
the Kondo atom, which corresponds to a junction conductance on the order of the
quantum of conductance, Gy = 2e?/h (e: elementary charge, h: Planck constant). The
break junction technique, in which thin metal wires are ruptured, was used to measure
the conductances of metallic nanowires [49]. STM experiments enable imaging of the
contact region prior to and after contacting the atom of interest. Modifications of the
junction, such as atom transfer [50-52], that could change the electronic properties
may be identified and avoided. Moreover, the electrodes and the contacted atom may
be chosen independently as different materials, which is particularly appealing for
Kondo atoms on nonmagnetic substrate surfaces.

Figure 2.7a shows a typical conductance trace acquired simultaneously with a tip
approach towards a single Co atom on Cu(100) [inset to Fig.2.7a] [27]. As detailed
in [53, 54] the exponential part of the conductance curve reflects the tunneling range
(region l), which is followed by region Il reflecting the transition to the contact range
(IlI). The latter is reached at a junction conductance of ~1 Gy.
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In Fig.2.7b dI /dV spectra in the tunneling (1, 2, 3) and the contact range (4, 5)
are presented together with a tunneling d/ /dV spectrum on clean Cu(100) for com-
parison. The Kondo resonance appears with an asymmetric line shape around zero
bias voltage, in agreement with a previous report [55]. Intriguingly, this resonance
is likewise observed in the contact range, albeit broadened.

Figure2.8 summarizes the experimentally obtained Kondo temperatures (trian-
gles) as extracted from fits of (2.1) to d//dVdata together with calculated data
(circles). Both data sets exhibit an abrupt change of T at Az ~ —4.1A. For
Az > —4.1 A experimental and calculated Tx vary between 70 and 100K. In the
contact range, Az < —4.1 A, experimental values for Tk vary between 140 K and
160 K while calculated data scatter within 200-290 K. The sudden broadening of the
Kondo resonance upon contact can thus be related to an abrupt increase of Tx.

For the calculation of the Kondo temperature the single-impurity Anderson model
[6, 25, 56] was used. In this model Tk reads

1
€d

Tk —exp|——

_ 1 AU T
_kB s A

1 —1
ey D 2.7)
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Fig. 2.8 Kondo temperature Tk versus tip displacement Az. Experimental data are depicted by
triangles, theoretical data are presented by circles. The dashed line separates tunneling and contact
ranges. Reprinted with permission from N. Néel et al., Phys. Rev. Lett. 98, 016801 (2007) [27].
Copyright 2007 by the American Physical Society

(A: width of the impurity state, £,: energy of occupied d band center with respect to
Er, U: on-site Coulomb interaction energy between spin-up and spin-down states). In
the case of several impurity levels, as for the Co d states, A reflects the broadening due
to the crystal field splitting between these states. Using density functional theory A,
€q4, U are accessible from ground state calculations. We found that the main changes
during tip approach occur in the spin-up states of the Co atom [27]. The closer
proximity of the tip induces a shift of these states towards Er—thus reducing the
exchange splitting—and a broadening of the individual peaks. This behavior reflects
the additional hybridization of the adsorbed Co atom with the tip. Indeed, the crystal
field splitting increases from A = 0.24 eV in the tunneling range to A = 0.40¢eV in
the contact range.

While the increase of Tk upon contact is well reproduced by the calculations, the
actual values for Tk deviate from experimental data. These deviations may in part
be due to the rather simple model that does not do justice to the complex junction. In
addition, the surface-atom-tip system considered in the simulations is very rigid due
to the limited number of layers on either side of the contacted atom. An increased
Tk has likewise been observed in more recent experiments on Co-covered Cu(100)
[57].

The above experiments were extended by using a Cu(111) substrate and different
tip materials, nonmagnetic Cu-coated W and ferromagnetic bulk Fe tips [58]. The
observed broadening of the Kondo resonance is not due to a voltage drop at the
transimpedance amplifier, nor do local heating effects play a significant role [52].
However, to some extent, the broadening may be due to a change of the adatom’s elec-
trostatic potential. While it is pinned to the sample potential in the tunneling range,
this may change at contact [59]. In contrast to results obtained for Co on Cu(100) [27]
the width of the Kondo resonance does not increase upon contact with Cu-coated
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Fig. 2.9 a Conductance curves of a Co atom on Cu(111) versus displacement of a Fe tip. Tunneling,
transition and contact ranges are indicated. The conductance trace between 0 and ~ —2A is
an exponential extrapolation of tunneling conductance in the displacement range from ~ — 2 to
—2.5 A. The contact conductance, G, is defined by the intersection of linear fits (dashed lines) to
conductance data in the contact and transition ranges. Zero displacement is defined by the parameters
of the feedback loop (33 mV and 1nA). Inset: STM topograph of a single Co atom on Cu (111)
8A x8A, 33mV, 1nA). b dI /dVspectra acquired at conductances, that are indicated on the
conductance trace by dots (a). Fits of Fano resonance to the experimental spectra are shown as
solid lines. Reprinted with permission from N. Néel et al., Phys. Rev. B 82, 233401 (2010) [58].
Copyright 2010 by the American Physical Society

W tips, which is in agreement with a previous report [60]. However, hybridization
with Fe tips leads to a significant broadening. Figure 2.9a shows the evolution of the
single-Co junction conductance depending on the Fe tip displacement. While the
transition between tunneling and contact ranges is gradual as observed in contact
experiments for Co on Cu(100) with a Cu-coated W tip, the contact conductance
is slightly lower, G~ 0.7 Gy. In Fig.2.9b the evolution of the d//dV signature of
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the single-Co Kondo resonance obtained with a Fe tip from tunneling to contact is
presented.

Fits to d/ /dV data according to (2.1) appear as solid lines and lead to Tk, ¢, €k
as a function of the tip displacement Az (Fig.2.10). In the tunneling range (Az >
—2.65A) these parameters are almost equal and constant for both tip materials,
which reflects that the interaction between the tip and the sample is negligible in this
conductance range. Starting from the transition range, however, Fe and Cu-coated
W tips lead to strikingly different results. For Fe tips all parameters start to deviate
from their tunneling range values. Tk [Fig.2.10a] increases from ~60 to ~130K,
the ex [Fig.2.10b] drops from ~0 to —3meV, and ¢ [Fig.2.10c] increases from
~0.05 to 0.25. At contact this trend is continued with Tx 200K, ex ~ —6meV,
q ~ 0.3-0.4. For Cu-coated W tips all parameters are essentially constant throughout
tunneling, transition and contact ranges.

The hybridization seems to be determined by chemical identity of the atom at the
tip apex. A splitting of the Kondo resonance due to a magnetic stray field from the
Fe tip at the adatom site would be too low to explain the observed broadening. The
dipole field can be estimated to be H ~ 1 T at contact [61], which would result in a
splitting of *2gug H ~ 0.2 meV (g: Landé factor, up: Bohr magneton) [62]. This is
more than one order of magnitude lower than kg 7Tx with Tx ~ 60 K.
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The line shape parameter g increases significantly upon contact formation between
the Co adatom and the Fe tip, which reflects the additional hybridization of Co d levels
with Fe states. The d bands of ferromagnetic Fe are located around at E [63, 64] and
may hybridize with the Co d states. In contrast, the copper d bands are well below
Er [65], which hampers effective hybridization and results in an almost constant q.
In the tunneling range, d states decay much faster into the vacuum compared to s
states [66], so that s states dominate the hybridization, which results in similar g
values for Cu-coated W and Fe tips. The different hybridization results in a change
of the Co d state occupation number, n,4, which is related to ex and Tx via [6, 25]:

2
ng=1—"tan! [ =X 2.8)
™ kBTK

and may be extracted from the fit parameters. For this, we assume that only a single Co
d level hybridizes with the tip. This assumption can be justified by a theoretical study
of a Co adatom on Au(111) [25] which showed that due to sp—d hybridization four
Co d orbitals are completely filled while one partially occupied orbital (n; = 0.8) is
responsible for the Kondo effect. Empty, half-filled, and filled d levels correspond
to ngy =0, 1, and 2, respectively. Figure2.10d displays n, obtained from (2.8) as
a function of Az for Fe and Cu-coated W tips. Clearly, n; changes upon contact
from ~0.98 (average value in the tunneling range) to ~1.2 (contact) while it remains
almost constant for the Cu-coated W tip (=0.98). A value of n; & 0.98 is in good
agreement with n, obtained for Co atoms on Cu(111), while n; ~ 1.2 comes close
to the value of a Co atom on Cu(100) [30]. Recent work using Ni tips [67] showed
that a splitting of the Kondo resonance due to the exchange field is possible and
may contribute to the broadened feature observed here for Fe tips. In summary, the
hybridization with the tip apex atom changes in the crystal field splitting and the d
level occupation, which affects Tx.

2.2 Magnetic Molecules

Magnetic sandwich complexes are of particular interest for investigating interactions
between molecular spin centers. Localized magnetic moments also interact with
the conduction electrons of non-magnetic substrates, which may lead to a Kondo
resonance that serves as a convenient read-out channel.

Benzene-Bridged Cobaltocene-Like Complexes

To explore the above approach, a trinuclear sandwich complex interconnected
by benzene linkers (1,3,5-tris-(m®-borabenzene-n’-cyclopentadienylcobalt), TCBB,
Fig.2.11a) was synthesized following [68] and [69]. TCBB was deposited on Cu(111)
using an electrospray ionization (ESI) setup with mass selection [70].

During the deposition process some fragmentation of TCBB occurs. However,
besides 1°-borabenzene-1’-cyclopentadienylcobalt monomers and dimers intact
TCBB molecules are frequently observed. Figure2.11b displays a typical topograph,
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Fig. 2.11 a Top and side views of the calculated gas-phase structure of TCBB. b Constant-height
image (V = 0.1 V) of TCBB on Cu(111). Markers indicate positions where d//dV spectra were
recorded. ¢ Spectra, vertically shifted for clarity. STM images have been processed with WSxM
[71]. Reprinted with permission from T. Knaak et al., Nano Lett. 17, 7146 (2017) [72]. Copyright
2017 American Chemical Society

which clearly shows the clover-like shape of TCBB lying flat on the substrate. Owing
to a tilt of the CBB units towards the center of the molecule, the depressions (dark
spots) corresponding to the centers of the Cp rings are slightly displaced from the
center of the surrounding protrusions [73, 74].

Spectra of the differential conductance acquired at several positions above a TCBB
molecule (Fig. 2.11c) show aclear peak close to the Fermi level Er, which we attribute
to a Kondo resonance. Interestingly, the resonance energy and lineshape vary in a
systematic fashion between these positions. In particular, the shift of the resonance
peak from Ef is ex = 5.1 meV at positions I-III, while ex = 22.2 meV at positions
IV-VI. However, this variation does not reflect the interaction of the Co centers,
because identical spectroscopic features are found on CBB monomers and dimers
as well. Mapping of the position of the Kondo resonance on monomers showed that
the areas with ex = 5.1 meV match the calculated spatial distributions of the singly
occupied molecular orbital (SOMO, mainly d,, character) whereas the areas with
ek = 22.2 meV match the lowest unoccupied molecular orbital (LUMO, mainly d).
A Kondo resonance occurs for partially filled orbitals, a condition that is obviously
met by the SOMO. The d,,, which is empty in the gas-phase molecules, is broadened
by the interaction with the substrate giving rise to a possible charge transfer. The
occupation number n, of a localized state involved in the Kondo resonance may
be estimated from (2.8). Fits to the experimental spectra yield ny = 0.9 and 0.5,
which is consistent with the above interpretation. So far, experimental results on
multiple Kondo resonances from a single molecule had been rather scarce [75, 76].
In contrast to magnetic adatoms, where the orbitals at the origin of Kondo resonances
may be degenerate and spatially overlap, the ligand field in molecular systems can
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Fig. 2.12 a Benzene-bridged triscobaltocene (BTC). b Naphthalene-bridged biscobaltocene
(NBC). ¢ Naphthalene-bridged triscobaltocene (NTC). d STM topograph of a NBC chain on
Au(111). I =30 pA, V = 0.2 V. Scaled models of NBC are superimposed. Reprinted with per-
mission from T. Knaak et al., J. Phys. Chem. C 121, 26777 (2017) [77]. Copyright 2017 American
Chemical Society

strongly influence the degeneracy and the extent of the orbitals relevant for the Kondo
resonances.

Benzene- and Naphthalene Bridged Cobaltocenes

Benzene-bridged triscobaltocene (Fig.2.12a, BTC) seems rather similar to TCBB
and other metallocenes [72, 73, 78]. The cobaltocene (CoCp,) subunits should carry
a spin % However, we did not observe any zero-bias feature reminiscent of a Kondo
effect from BTC on Au(111). Topographs of BTC, however, suggest that the CoCp,
subunits are significantly tilted whereas the magnetic units of the TCBB molecules
are nearly perpendicular on the substrate. We tentatively suggest that the large tilt
reduces the coupling of the localized spins to the substrate, which effectively prevents
a Kondo effect.
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For further comparison, we investigated naphthalene-bridged bis- and triscobal-
tocene (Fig.2.12b and ¢, NBC and NTC). It turned out that both compounds adsorb
with the CoCp;, subunits oriented parallel to the surface. Figure 2.12d shows a topo-
graph of NBC with the proposed adsorption geometry indicated by an overlaid model
of the molecules. This geometry is motivated by the fact that a perpendicular ori-
entation is sterically hindered. This leads to an angle between the naphthalene and
the Cp-ring planes of ~47° in the gas phase. On the substrate, a gain in interac-
tion energy is expected as the angle is further reduced. Moreover, spatially resolved
dIl/dV spectroscopy reveals Kondo resonances at the positions of the Co atoms in
the model. The resonance amplitudes of the two subunits are different, presumably
because the Co positions imposed by the naphthalene linker are incommensurate
with the Au(111) lattice. No Kondo effect was found from NTC. We speculate that
the additional geometrical constraints imposed by the two naphthalene linkers lead
to insufficient Co-Au(111) coupling.

2.3 Graphene on Ir(111)

The direct interaction between a magnetic molecule or atom with a metallic substrate
often has a drastic effect on the molecular or atomic properties. As a result, various
approaches of tuning the degree of interaction with a substrate have been proposed.
They include self-decoupling molecules like cyclophanes [79] or spacer layers of
the relevant molecules themselves [80] or inorganic insulators [81, 82]. Graphene is
particularly appealing, both for its excellent growth properties on various substrates
and its unique electronic properties. As a substrate, Ir(111) is remarkable because
an almost unchanged graphene band structure has been found [83]. The effect of the
graphene layer on the electronic states of the Ir substrate has hardly been explored.

Graphene Islands

To characterize the electronic structure of graphene on Ir(111) close to the Fermi
level in nanoscale structures, we prepared nearly circular graphene islands with
characteristic diameters of ~5... 10 nm [84]. Maps of the differential conductance
dI/dV recorded above these islands (Fig.2.13) reveal confined electronic states. In
contrast to earlier reports, that interpreted similar data in terms of Dirac states of
graphene, we attribute these states to confinement of the occupied electronic surface
resonance of the Ir(111) substrate. As demonstrated by further STS data and DFT
calculations, the interaction with the graphene layer shifts this state closer to the
Fermi level. In other words, the islands effectively gate the Ir surface resonance.
Confinement of the graphene states may also occur, but compared to the Ir resonance,
which is located around the T point of the surface Brillouin zone, their contribution
to the tunneling current is minor, because they are centered around K points. Their
high in-plane momentum drastically reduces the tunneling probability.

W-H Complexes on Graphene
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Fig.2.13 a Grapheneisland onIr(111) imaged at —220 mV and 1 nA. The effective island diameter
of 8.3nm used in modelling its electronic states is indicated by a light gray circle. b—d Normalized
d7/dV maps of this island reveal LDOS oscillations as expected for the confinement of an electron
gas in a quantum dot. e Data from various graphene islands show the energies of confined states
with a principal quantum number (n = 0). States with / = 1 (circles) and / = 2 (dots) are resolved.
Lines show a fit involving the binding energy (160 meV) and the effective mass (0.18 m,) of an
occupied Ir surface resonance. Reprinted with permission from S. Altenburg et al., Phys. Rev. Lett.
108, 206805 (2012) [84]. Copyright 2012 by the American Physical Society

Single transition metal atoms on graphene may exhibit unusual properties such as
large magnetic moments, which are often quenched on metallic substrates [85, 86],
and may also exhibit an orbital Kondo effect [87]. We therefore prepared W adatoms
on graphene on Ir(111) by sublimation [88]. It turned out that most of the W atoms
reacted with hydrogen from the residual gas of the ultra-high vacuum system. These
complexes may be dehydrogenated using the electric field of the STM tip and exhibit
a number of peculiar effects, such as electric field induced shifts of spectroscopic
features as well as reversible switching and charging effects. These observations
for W are related to earlier reports of hydrogen-induced spectroscopic features of
transition metal-hydrogen complexes [89, 90].

2.4 Ballistic Anisotropic Magnetoresistance of Single Atom
Contacts

A fundamental consequence of spin-orbit coupling (SOC) is anisotropic magnetore-
sistance (AMR), i.e. the dependence of the electrical resistance on the direction of
magnetization, which was predicted to be enhanced in ballistic electron transport
through atomic scale junctions [91-95]. Although some experimental results [96,
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Fig. 2.14 a Left: The STM tip (black) is positioned close to a single atom (green) on a substrate
(gray). Right: The overlap between the orbitals of tip (black) and adatom (blue and orange) deter-
mines the current. The extent of the orange orbital (indicated as an isosurface of spectral electron
density) changes with magnetization direction M due to SOC. This orbital does not significantly
contribute to the current at large tip-sample separations but becomes relevant in the contact regime.
b simplified tight-binding scheme. Two localized states representing tip apex atom and adatom
are coupled to metallic contacts using self-energy terms —i~y; and mutually via hopping matrix ele-
ments #;(As) that depend on the tip displacement A s (defined relative to the distance in the tunneling
regime). s (blue) and dy,,,, (orange) states have a different spatial decay of the wavefunctions into
the vacuum which affects #;(As). The change of the magnetization direction M affects the splitting of
dy,y, orbitals via SOC. ¢ Conductance of different transport channels calculated versus separation
As. d total conductance and resulting AMR. Reprinted with permission from J. Schoneberg et al.,
Nano Lett. 16, 1450 (2016) [102]. Copyright 2016 American Chemical Society

97] were interpreted as ballistic AMR (BAMR), unambiguous experimental evidence
of this effect is difficult to achieve. Large variations of its magnitude, likely due to the
unknown atomic geometry of the junction [96, 98], suggested alternative interpreta-
tions such as telegraph noise [99], quantum fluctuations [100] and magnetostriction
[101]. Here, we study BAMR without the need of an external magnetic field and thus
eliminate magnetostriction, which could lead to artifacts by changing the junction
geometry. We deposited single Co and Ir adatoms on the ferromagnetic Fe double
layer on W(110), which provides different orientations of the magnetization direction
due to its domain structure. By exchange interaction with the substrate, the magnetic
moments of the adatoms can be oriented out-of-plane and in-plane when positioned
on domains and domain walls, respectively. Nonmagnetic STM tips were brought
into contact with these adatoms to determine the junction conductances on domains
(Gy) and domain walls (Gy,). These quantities were measured versus tip-sample dis-
placement from the tunneling to the contact regime, yielding the AMR defined as
AMR = (G4 — Gy)/Gy.
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A distance-dependent AMR is essentially caused by multiple transport channels
that contribute differently in the tunnelling and in the contact regimes and that are
differently affected by SOC. This may be demonstrated with a simplified microscopic
model (Fig.2.14) comprising a local SOC of the adatom’s d-states and a different
distance dependence of the tunnelling matrix element across the junction for different
orbitals. Figure2.14a sketches a model of the experimental situation and the orbitals
that contribute to the current depending on their spatial overlap for two different
tip sample separations and two different magnetization directions M. For larger
distances, a relevant overlap exists only between the tip and the adatom orbital that
extends the furthest into the vacuum and as a consequence the AMR is only sensitive
to SOC induced effects of the extended orbital and is not influenced by SOC related
effects on alocalized state. The latter, however, increasingly contributes to the current
and also potentially to the AMR when the tip-sample distance is reduced.

The conductance as a function of tip-adatom separation can be modeled using a
tight-binding description (Fig.2.14b). Two atoms are coupled via hopping terms and
attached to contacts via self-energy terms causing a broadening of the atomic states.
The adatom is modeled with three orbitals s, d,, and d,., that each have a different
decay length while both d states are assumed to be degenerate without SOC. The
effect of SOC is included by a term Hsoc = £1s (I: orbital momentum operator, s:
spin momentum operator, &: the SOC strength) in the Hamiltonian (details see [102]).
The current is dominated by the weakly decaying s orbital in the tunnelling regime,
while for smaller separations (As < —1.5A), the dy.,y, orbitals increasingly con-
tribute (Fig. 2.14c). Their transmissions change under rotation of the magnetization,
which can also be observed in the total conductance at small separations (Fig. 2.14d).
The resulting AMR is negligible for large separations and becomes negative at con-
tact.

To experimentally check this expectation, we prepared W(110) surfaces by
repeated heating cycles in O, atmosphere and intermediate short annealing up to
a temperature of 2200 K. Fe double layers were grown by Fe evaporation from an
electron beam evaporator or a filament at elevated substrate temperatures 500 K. Sin-
gle Co and Ir atoms were adsorbed on the Fe double layer at sample temperatures of
10K.

The Fe bilayer on W(110) has ferromagnetic domains with a magnetization direc-
tion pointing out-of-plane and an in-plane magnetization within the domain walls.
Due to SOC the magnetization direction affects the LDOS and leads to contrast in
dl/dV maps with non-magnetic tips [103] (Fig.2.15a). Thus, the position of single
atoms on the domain structure may be determined. According to DFT calculations,
the magnetic moments of Co and Ir adatoms align parallel to the Fe magnetization
due to exchange interaction [104, 105].

The conductance G was measured versus vertical tip displacement Az. Here
Az = 0pm is defined by the tip-sample separation at which the feedback loop was
opened. As the feedback parameters (Co: V = 50mV, I = 1.1 pA;Ir: V = 100 mV,
I = 0.5 uA) were identical for adatoms on domains and domain walls, this results
in AMR = 0% for Az = 0 pm.
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Fig. 2.15 adl/dV map (52 x 42nm?, V = 70mV, I = 0.5nA) recorded on the double layer Fe
on W(110) with single adsorbed Ir atoms. Domains and domain walls can be identified and marked
by dashed lines. In the inset a constant current topograph (10 x 10nm?, V = 100mV, I = 50 pA)
is shown, which was recorded in the area marked by a white square. From the comparison of d//dV
map and topograph, the atom in the middle can be identified to be positioned on a domain wall.
b Conductance G versus tip displacement Az recorded at V = 50mV (Co) and V = 100 mV (Ir),
respectively. Dashed (solid) curves correspond to data recorded on a domain Gg(domain wall Gy).
d and e show the AMR of Co and Ir adatoms. Reprinted with permission from J. Schoneberg et
al., Nano Lett. 16, 1450 (2016) [102]. Copyright 2016 American Chemical Society

The conductance versus displacement curves of both atoms show smooth transi-
tions form the tunnelling regime to contact (Fig.2.15b, c). At contact (Az < —1 A)
Co adatoms display a larger conductance on domains than on domain walls, in con-
trast to Ir atoms, for which Gy is smaller than G,, in the contact regime. This directly
influences the AMR, which becomes negative for Ir and positive for Co at contact
(black curves in Fig.2.15d, e).

The above results demonstrate a BAMR of single-atom junctions containing either
Co or Ir. The magnetoresistance at contact is ~10% but different in sign for Co and
Ir. This demonstrates that sign and magnitude of BAMR can be tuned by choosing
suitable adatoms.

2.5 Shot Noise Spectroscopy on Single Magnetic
Atoms on Au(111)

Compared with magnetoresistance, a less common approach to probe the influence
of the electron spin on the electrical current through nanostructures is the analysis
of current fluctuations [106—111]. Shot noise results from charge quantization and
its power spectral density was derived by Schottky for vacuum diodes as Sy = 2el,
[112]. In a quantum mechanical systems the Pauli principle causes anticorrelations
between the electrons with identical spins [113] and decreases the shot noise. By
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Fig.2.16 Conductance versus displacement of the tip towards the sample for contacts to single (a)
Au, (b) Co, and (c) Fe atoms (V = 128 mV). Reprinted with permission from A. Burtzlaff et al.,
Phys. Rev. Lett. 114, 016602 (2015) [115]. Copyright 2015 by the American Physical Society

this, spin-polarized electron transport may be identified and a lower boundary of
the spin polarization can be extracted from the measurement. We implemented noise
spectroscopy in a low temperature STM to probe spin effects in the transport through
single atoms and molecules without requiring a magnetic tip, as used in SPSTM
[114]. Single Au, Co and Fe atoms were evaporated onto a Au(111) surface and
contacted with a Au covered W tip. While single Au atoms show a noise that is
comparable to previous studies on mechanically controlled break junctions [109,
110], a significant reduction of current fluctuations below the minimum value for
spin-degenerate transport can be observed on both, Fe and Co atoms.

Figure2.16 shows current versus displacement curves, I (Az), of contacts to Au,
Fe and Co atoms. The conductances at contact (V = 128 mV) were 0.9-1.0 Gy for
Au (Fig.2.1a), 0.8 Gy for Co (Fig. 2.1b) while for Fe a considerably broader range
of conductances between 0.47 and 0.68 G (Fig.2.16c) was observed.

To measure the noise, we used relays to switch the junction between the STM
electronics and a low-noise battery driven power supply, that provides a constant
bias current. Two home-built amplifiers measured the voltage fluctuations of the
junction in parallel. These signals were cross-correlated to suppress the uncorrelated
amplifier noise [116]. The low pass behavior ( f_3g5 = 60kHzat G = 0.5 Gy) caused
by finite contact impedance and cabling capacitance was numerically compensated
and the DC current was recorded by switching a current to voltage converter into the
circuit before and after each noise measurement. We recorded STM images before
and after each noise measurement, which occasionally showed atom movements,
material transfer from tip to sample or a change of the imaging properties of the tip.
In these cases the data were discarded and only data recorded on stable contacts were
used for further analysis.

Figure2.17 shows the spectral noise densities of Au (0.96 Gy) and Fe contacts
(0.66 Gy) that were biased using identical currents. White noise is observed for
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Fig. 2.17 Current noise density of Au and Fe adatoms. The bias currents were 0 (lowest spectra),
0.17 and 0.34 pA. The current noise increases significantly stronger with current for Fe com-
pared with Au. The data has been smoothed using a moving average filter to simplify comparison.
Reprinted with permission from A. Burtzlaff et al., Phys. Rev. Lett. 114, 016602 (2015) [115].
Copyright 2015 by the American Physical Society
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Fig. 2.18 Excess noise power as a function of bias current. Fits of (2.10) to the experimental data
(circles) from Fe, Au, and three Co atoms are shown in dashed, dash dotted, and solid lines. The
Co data were measured using different tips and on different atoms. Slopes corresponding to Fano
factors of F =1 and 0.1 are indicated as dotted lines. Reprinted with permission from A. Burtzlaff
etal., Phys. Rev. Lett. 114, 016602 (2015) [115]. Copyright 2015 by the American Physical Society

I = 0, which is caused by thermal current fluctuations. This Johnson-Nyquist noise
Se = 4kgT G is larger for Au compared due to the higher conductance G.For I > 0
additional noise contributions appear that increase significantly faster with bias cur-
rent for Fe than for Au.
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For further analysis the excess noise AS was calculated by subtracting the I = 0
spectrum, which contains Sg and correlated amplifier noise (input current noise). The
spectral density was averaged within a frequency interval (110-120kHz) in which
white noise was present and displayed as a function of bias current (Fig.2.18).

In ballistic transport through nanostructures, the current is distributed over a finite
number of conduction channels that are characterized by transmission probabilities
7; giving a total conductance G = Gy )_; 7; [49]. Without spin degeneracy, each
of these channels contains two spin channels j = (i, o) (¢ =1, |) with potentially
different transmission probability 7;. The degree of shot noise reduction due to
electron correlations compared to the uncorrelated Poissonian noise Sy is quantified
by the Fano factor, which is a function of 7;:

ZjTj .

Thus the Fano factor contains information on the transparencies 7; of the individual
channels and their spin polarizations.

The excess noise as a function of bias current and at finite temperature can be
written by the Lesovik expression [117]:

F = (2.9)

S
AS=S—Se=F |:So coth <—0> - S@] (2.10)
(€]

This equation was fitted to the experimental excess noise versus current curves of
Fig.2.18 with the temperature 7 and the Fano factor F as parameters.

Figure2.19 shows Fano factors and conductances measured on different stable
contacts to Fe, Co, and Au atoms. The lower boundary of the Fano factor in a spin-
polarized (spin-degenerate) situation is indicated by a solid (dashed) line (cf. 2.9). The
data for Au atoms reproduce prior results [109, 110]. Data from noise measurements
on Co and Fe atoms lie between the solid and dashed lines indicating spin-polarized
transmission. We observed this behavior in all valid measurements on Fe atoms and
in all except one measurement on Co atoms.

Although one would expect that the high valency of Co and Fe atoms makes single-
channel transport unlikely [118], DFT calculations (details see [115]) confirmed the
presence of one dominating transport channel for both Fe and Co. This channel has
I'; symmetry (invariant under rotations around the tip axis) as is the case for the s, p,,
and d,> orbitals. The transmission probabilities of all others channels are lower by
at least two orders of magnitude. This is due to the s-symmetry of the Au tip atom,
which acts as an orbital filter, as the hybridization of other d- and p-orbitals of the
adatom to the s-orbital of the tip is suppressed because of symmetry mismatch.

As the DFT calculations of our systems confirmed transport through one relevant
channel (per spin), the spin polarization P = (74 — 7,)/(74 + 7) can be extracted
from the Fano factor. Dotted lines in Fig.2.19 represent the Fano factors resulting
from different degrees of spin polarization. The Fano factors measured on Co and Fe
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Fig. 2.19 Fano factors F and conductances G of Au, Fe, and Co adatom contacts. The smallest
possible Fano factors consistent with spin-polarized (P = 100% up to 0.5 Go) and spin degenerate
(P = 0% up to 1 Gp) transport are indicated as solid and dashed lines. For finite spin-polarizations,
the Fano factors in a single channel scenario are plotted in gray dotted lines. Uncertainty margins
are marked by gray areas. For Au the measured data are consistent with one single spin-unpolarized
channel. For Co atoms 4 out of 5 data sets (recorded on different atoms with different tips) indicate
a spin-polarized transmission involving a single channel. For Fe all data suggest single channel,
spin-polarized transmission. Higher spin polarizations were observed on 5 data sets around 0.38 Gy,
that were all measured with the identical tip on different atoms in close vicinity to each other and
to a step edge. Theoretical data was calculated for tip-adatom distances (left to right) of 4.10, 4.00,
3.95, 3.85, 3.70 A (Fe) and 4.25, 4.20, 4.10, 4.05, 3.85A (Co). Reprinted with permission from
A. Burtzlaff et al., Phys. Rev. Lett. 114, 016602 (2015) [115]. Copyright 2015 by the American
Physical Society

atoms around 0.6-0.7 Gy correspond to spin-polarizations around 30-50%. Larger
values of P (~60% for data around 0.38 Gy) were measured with a single tip on
different Fe adatoms that were placed in close proximity to each other and to a
nearby step edge. The role of the tip, a possible inter-atomic magnetic coupling and
the electronic structure will be investigated in future experiments.
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Chapter 3 ®)
Electronic Structure and Magnetism oo
of Correlated Nanosystems

Alexander Lichtenstein, Maria Valentyuk, Roberto Mozara
and Michael Karolak

Abstract Magnetic nanostructures based on transition metals represent a main
building block of standard memory devices. Their unique electronic properties are
related to a complex multiplet structure of the partially filled d-shell with strong
Coulomb interactions. Starting from a general formulation of the effective multi-
orbital impurity problem for a transition metal atom in a fermionic bath of conduc-
tion electrons, the exact Quantum Monte Carlo solution is discussed. The concept
of Hund’s impurities to describe the electronic structure and magnetism of transition
metal adatoms becomes very useful for the interpretation of numerous experimental
data.

3.1 Electron Correlations in Magnetic Nanosystems

Transition metal atoms and small clusters on metallic substrates represent unique
quantum systems to study complex many-body physics beyond standard mean-field
electronic theories [1]. Recent progress in solid state theory allows for the analysis of
the electronic structure and magnetic properties of correlated systems, while taking
into account realistic dynamical many-body effects. These new approaches unify the
Stoner theory of itinerant electron magnetism with the Heisenberg model for local
spin systems into a unique spin-fluctuation Hubbard approach for real multi-orbital
complex materials (see Fig.3.1). Using the calculated electronic structure of dif-
ferent materials enables one to analyse magnetic properties and effective exchange
interactions [2]. Understanding the properties of transition metal ions in different
environments is a key ingredient and starting point for the modern theory of mag-
netism. The tremendous progress over the last years in experimental fabrication of
new classes of materials, such as iron-based superconductors, magnetoresistance
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Fig. 3.1 Outline of classical magnetic models for different temperatures: Stoner theory of weakly
correlated itinerant electrons, Heisenberg theory of local spin systems and Hubbard theory of spin
and charge fluctuations in transition metal systems

systems, and two-dimensional artificial super-lattices put forward new challenges
to the theory of transition metal systems. It is well known that the ground-state
properties of antiferromagnetic insulators or compounds with orbital ordering can-
not be obtained within the standard density functional theory (DFT) [2]. Recent
angle-resolved photoemission studies of different cuprate materials [3] pointed out
the existence of so-called incoherent peaks in the spectral density, which signals the
strong inter-electron correlations in transition metal compounds.

The origin of such complicated features in the spectral properties of correlated
materials is connected with the strong excitations to various low-energy electronic
configurations, which are represented as a general pattern in Fig. 3.2. Let us discuss
one common situation in which the free energy of correlated materials has one well-
separated non-magnetic ground state. In this case, it is clear that electron fluctuations
will be very small at low temperatures which results in the standard nonmagnetic
quasiparticle structure. In opposing situations, when there are few closed local min-
ima corresponding to different spin and orbital structures, as depicted in Fig.3.2,
we can be sure that strong many-body fluctuations will result in a non-quasiparticle
structure of the spectral density, originating from Hund’s rule behavior [4]. In or-
der to describe systems with such a complicated energy spectrum, one has to use
general quantum path-integral methods [5] and investigate different correlation func-
tions using the recently developed continuous-time quantum Monte Carlo schemes
[6], which efficiently describe different local minima of the free-energy functional
(Fig.3.2).

The complicated example of ferromagnetic iron with long-range exchange in-
teractions [8] shows important quantum magnetic fluctuations at high temperature
and high pressure [7]. So-called half-metallic ferromagnets [9] can be a playground
for interesting magnetic correlation effects related to non-quasiparticle states in the
minority-spin gap [10] which in principle can be detected in tunneling experiments
[11]. Ultrafast dynamics of spin systems [12] and spin-spin correlations in magnetic
systems [13] represent future directions of research.
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Fig.3.2 Left: Simple view of the projection technique from itinerant Bloch states | K') to a localised
Wannier basis | L) of a correlated subset. Right: Scheme of multiple local minima for nonmagnetic,
magnetic and orbital states for strongly interacting electron materials

3.2 Realistic Impurity Models for Correlated Electron
Systems

We developed a general scheme for partitioning the local orbital degrees of freedom,
which provides practical tools for the investigation of different magnetic adatoms on
metallic substrates. In the case of classical Kondo systems, based on cobalt adatoms
on the gold surface, these local orbitals are related to the 3d electrons of the Co atom.
Only a few electronic states from the total basis are needed to be taken into account
in the many-body treatment. One of the most useful electronic structure approaches
was thus related to the projector scheme which separates the total basis into the
subset of Bloch states describing the standard itinerant electrons | K ), and these local
correlated d orbitals |L) represented by a numerical Wannier basis (see Fig.3.2 for
simple illustration).

In order to use the Monte-Carlo method for correlated subsystems one first needs
to calculate the local Green functions and hybridization functions for the five local d
orbitals. Standard density functional computer codes use a plane-wave basis set | K ).
In this case the transformation of the basis set is straightforward, and the convergence
properties are easy to control. One of the most precise and efficient plane-wave based
approaches is related to the projector augmented wave (PAW) method [14] and was
successfully used in the general projection scheme from the Bloch itinerant basis to
the local orbital states, seen in Fig. 3.2, using the overlap matrix (K|L).

Our universal projection scheme is based on the implementation of a projection
operator P = ), |L) (L| within a DFT+DMFT method which is described in detail
in [15-17]. Using this projector it is easy to transform the full Kohn—Sham Green
function GX (w) into a set of five d orbitals {|L)}:

Gt (w) = PGK(w). (3.1)

The subspace {|L)} will represent the local correlated d-orbitals. Only these five d
orbitals will be used in the many-body investigations which produce the important
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corrections to the DFT spectrum due to electronic fluctuations. Within the plane-
wave scheme, the Bloch Green’s function GX (w) with the Matsubara frequencies
iw can be calculated in terms of the complete basis of Bloch states |K). The Bloch
states represent the solution of the general Kohn—Sham eigenvalue problem for an
effective Hamiltonian Hg, with

Hg |K) = ek |K) . (3.2)

Using (3.1) and (3.2), and the definition of projections overlap (L|K), one can
easily evaluate the Green’s function in the local basis |L) with a given chemical
potential y as

Gliw) = Z M (3.3)

— iw+p—ex

For magnetic transition metal adatoms on different surfaces the set of correlated
states are represented by five d orbitals. These correlated orbitals are located mostly
inside PAW augmentation spheres (Fig.3.2) which allowed us to use the standard
representation of a Bloch state |K) projection onto local five d orbitals [14]. If we
use only a small number of bands near the Fermi energy for projection onto the local
impurity orbitals, it is important to properly orthogonalize the local basis functions
[15, 16].

We can define the effective hybridization matrix A (iw) for the d orbitals impurity
model using the following equation for the local Green’s function

G (iw) = iw— ¢ — Aliw). (3.4)

The impurity energy e, describes the crystal field effects from substrates. In general,
(3.4) represents a L x L matrix equation for A. In order to separate the static DFT
crystal field energy €, from the frequency dependent hybridization function A, one
normally evaluates the limit w — oo, where A(iw) — 0, and therefore G ! (iw) —
iw—€4.

3.3 Multiorbital Quantum Impurity Solvers

The formulation of a numerical solution to the multi-orbital impurity model was a
challenge for the quantum many-body problems. During the last decade we devel-
oped the novel continuous-time quantum Monte-Carlo (CT-QMC) solver [6] for the
general multi-orbital impurity problem. The CT-QMC scheme is based on stochastic
Monte-Carlo sampling and consists of two complementary approaches: the interac-
tion and the hybridization expansion. We describe here the most efficient approach
for the strongly correlated case, which is the hybridization algorithm (CT-HYB).
For simplicity, we discuss the so-called segment scheme, which allows for a fast
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Rl

1) ] |
0 B

Fig.3.3 Example of a single-orbital CT-HYB expansion in the segment formalism: The annihilation
operators are represented by the blue dots and the creation operators by red ones. The black lines
describe hybridization functions A (7; — T}) for two spin projections. The time interval in which two
electrons are present on the impurity is marked by a green region with total time /4, and consequently
an energy penalty of U has to be payed here

analytical evaluation of the path-integral trace for d-electrons in the case of diagonal-
density types of Coulomb interaction.
The quantum impurity problem at temperature 3~' can be represented by the
action
Simp = Sa + Sa (3.9

with the atomic component
B B
Su=Y / drct [0, — pleyr + / drUny,ny, (3.6)
—Jo 0

where ¢, ¢, are Grassmann variables which depend on spin o, and 7 is the imag-
inary time space. For simplicity we skip orbital indices and n,, = ¢} _c,-. The hy-
bridization action S, contains the term A(7), and can be written as

8 B
Sa=Y_ drdr'ct A(T — )cor (3.7)
- 0 O oT

and is the Fourier transform of the A (iw) matrix.

To simplify the notation, we suppress the spin indices and view the proceeding
expressions as diagonal matrices in spin and orbital space. We expand the impurity
action (3.5) in the hybridization part (3.7) around the atomic limit (3.6). It can then
be found, that at a given perturbation order k of the hybridization expansion of
the impurity action Sin, in power of S, different terms can be combined into a
determinant of hybridization functions. Therefore, the impurity partition function
may be written in the following form:

B B .
Z)Zy = Z[ dry .. / dre(cs .. e dadet AW (3.8)
A Tk—1
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The average trace (cj‘_1 ...Cq)a in this expression should be calculated over exact
states of the atomic action Sy. In principle, this can be done numerically for an
arbitrarily complicated multi-orbital interaction matrix U [6].

The hybridization matrix determinant det A® consists of a k x k matrix in imag-
inary time space A; i = A(7; — 7;). Assembling the k! different terms into a single
hybridization determinant is crucial for the suppression of the so-called fermionic
sign problem in CT-QMC [6]. One should point out that the time interval in imaginary
space of equation (3.8) can be considered as a circle with antiperiodic (fermionic)
boundary conditions.

In the simplest case of a single-orbital impurity model with Hubbard interaction
(3.6), the segment formalism gives a very intuitive picture of CT-QMC insertion in
imaginary 7-space in the interval [0, 5], which is shown in Fig.3.3. An arbitrary
configuration can be represented by two separate world-lines for different spins. In
this scheme one can exactly calculate the impurity trace which is related to con-
tributions from the chemical potential p and the Hubbard-U interaction term for
time-intervals of double occupancy on the impurity, and resulting in the simple ex-
pression e~Vlat1i+1) where [, represents the time spent by a spin-o electron on
the impurity, and /; corresponds to the total time of a doubly occupied impurity state

[6].

3.4 Transition Metal Impurities on Metallic Substrates

Using the continuous-time quantum Monte Carlo methods within the interaction (CT-
INT) [18] or hybridization (CT-HYB) expansion [19], we investigated accurate low-
temperature spectral functions of transition metal impurities on metallic substrates.
As an example, we present the electronic structure of cobalt atoms on the Cu(111)
surface based on realistic DFT supercell calculations, in combination with the many-
body CT-QMC investigation of the multi-orbital local impurity problem [19].

The electronic structure of the cobalt adatom on the Cu(111) surface was first
analyzed within a large supercell scheme of twelve atoms in a plane with a thickness
of five atomic layers, using the PAW scheme [ 14] (see Fig. 3.4). Using (3.4) and results
of DFT calculations we obtained the hybridization functions shown in Fig. 3.4 for
orbitals within the local C3, point group symmetry. The five Co d orbitals split into
three subblocks of two doubly degenerate and one non-degenerate representations
with corresponding orbitals d,, d,, for the E| representation, d,>_,2, d,, for Ej,
and d,: for Ay, respectively. A full four-index Coulomb correlation vertex U for
the five d orbitals [2] was obtained via screened Slater parameters F°, F2, and F*
corresponding to an effective Hubbard parameter U =4 eV and to a Hund interaction
J =09eV.

Since the hybridization of a cobalt atom with the substrate Cu(111) is rather
weak (Fig.3.4), the correlation effects will be strong. The results of the many-body
CT-QMC calculations for the density of states (DOS) shows the corresponding new
features. There is strong renormalization of the DFT quasiparticle structure near EF,
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Fig. 3.4 Left: Sketch of cobalt impurities on top of a copper surface and in the bulk. Right: the
imaginary parts of the hybridization functions Im A for different orbital symmetries

producing sharp Kondo-like peaks, and at higher energies the formation of lower
and upper Hubbard bands is clearly visible (Fig.3.5). One can also see the strong
anisotropy of the local DOS of Co on Cu(111) for the different orbitals belonging to
the E|, E,, and A| representations. The smallest hybridization function corresponds
to orbitals of E, symmetry located in the x-y plane and therefore atomic-like Hubbard
bands are well pronounced with the strong suppression of the quasiparticle peak at
Er. We noted that the low-energy quasi-particle peaks appear in all five Co d orbitals,
which was not expected within the model for the two-channel Kondo problem for
spin S = 1, which was assumed to apply for the Co adatom, and where the resonance
at Er would appear within two orbitals only.

The formation of a local Fermi-liquid state of Co on Cu for all five d orbitals
at low-temperature indicate a strong hybridization with the metallic substrate. For
the estimation of the Kondo temperature Tx one can use the quasiparticle renor-
malization factor Z calculated from the CT-QMC scheme and a general result from
the single impurity Anderson model [20]: Tx = —7 Z Im A(0). The corresponding
Kondo temperatures within the irreducible representations are: Tx = 60K in E;,
Tk = 310K in E;, and Tx = 180K in A, and the agreement with the experimental
result Tx ~ (54 £ 5) K is reasonable [21]. We were also able to reproduce the large
difference of the Kondo scale for the impurity in the bulk and the adatom on the
surface [19]. To our knowledge, this is the first successful calculation of the Kondo
temperature for a realistic correlated impurity with five orbitals.

3.5 Hund’s Impurities on Substrates

The magnetic behavior and electronic structure of d-metal impurities in the fermionic
bath of the substrate crucially depends on the multiplet structures and Hund’s rule
physics [4]. In order to show such Hund’s effects we investigated single Mn, Fe,
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Fig. 3.5 Left: Orbitally resolved DOS of the Co impurities on Cu obtained by analytical continu-
ation of the CT-QMC imaginary time Green’s function for § = 40 eV~!. Right: a corresponding
orbitally resolved self-energies on the Matsubara axis

Co and Ni adatoms on the metallic Ag(100) surface [22]. The experimental pho-
toemission spectra for the 3d series shows a monotonous reduction of high-energy
splittings together with non-monotonous features at low-energy peaks. We can now
explain this behavior by means of Hund’s physics. On the one hand, the high-energy
peaks are related to splitting of the ground state energy into multiplets with different
spin quantum numbers, to a monotonous decrease of the local magnetic moment m,
and to the Hund’s splittings Jm which monotonously decrease to the end of the 3d
series due to filling of the d band. On the other hand, the effective Hubbard energies
U=E,.+E,1 —2E,[2, 4], (where E, is the impurity ground state energy with
n particles) has strongly non-monotonous variation in the 3d series related to Hund’s
rules physics.

Using arotationally invariant Coulomb interaction matrix [2] one can find a strong
dependence of the effective Hubbard parameter U as a function of 3d -occupation n:

) U+4] (=5
U~lU-3J/2 (n=6,9) (3.9)
U—-J/2 (n=1,8).

From these results we were able to make a conclusion about the non-monotonous
behavior of the charge fluctuations and the renormalization of the DOS at Er which
depends on the effective Hubbard parameter U in the 3d series. Our results show
strong charge fluctuations for Fe (n = 6) and Ni (n = 9) related to the almost mixed-
valence regime due to the small value of U . For the case of Mn (n=5andCo(n =7)
the Hubbard parameter U is much larger, which suppresses the charge fluctuations
and promotes the multi-orbital Kondo behavior.

Figure 3.6 shows the valence photoemission spectrum for Mn, Fe, Co and Ni
adatoms on the silver surface together with theoretical QMC results of the corre-
sponding impurity problem containing first-principle hybridization functions [22].
The Mn (n = 5) impurity has the largest effective interaction U (3.9), and the single
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Fig.3.6 aExperimental valence electron photoemission spectra of 3d adatoms on Ag(100) surface.
b Theoretical spectral function from QMC results at 3 = 20eV~!

multiplet spectrum for the maximum-spin ground state S = 5/2 can explain the sin-
gle high-energy peak at —3.5eV in the spectral function. For the Fe (n = 6) impurity,
the calculations show a broad lower-Hubbard band at —3 eV and a sharp quasiparticle
resonance below Ef, and can be well compared with the experimental peaks 1 and 2
(Fig.3.6a). This broad Hubbard band at —3 eV is formed by all 3d orbitals and can be
found in simple atomic exact diagonalization (ED) results, and is related to d® — d°
excitations (Fig. 3.6b). From the orbitally resolved DOS in Fig. 3.6b one can identify
the d,>_,» orbital which is responsible for the experimental peak 2 (Fig. 3.6a). The
occupation of the d,2_,» orbital is equal to n = 0.8 due to strong charge fluctuations
in the Fe 3d shell and indicates that this peak is not related to a spin-Kondo reso-
nance. If one inspects the atomic ED calculations for the Fe impurity with crystal
field splitting from the surface hybridization (Fig. 3.6b), this peak also results from
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Fig. 3.7 DOS for Mn a, Fe b, Co ¢ and Ni d impurities from QMC calculations (thick black lines)
and from exact diagonalization (dashed lines) for different occupations of the d shell

multiplet d® — d° excitations. The energy difference between photoemission peaks
1 and 2 can be understood from the ED results as splitting of the final > multiplets:
low-energy peak 2 is related to the S = 5/2, L = 0 state and high-energy peak 1
with the S = 3/2, L > 0 states. Moreover, we can estimate this energy difference as
Jm, which relates to Hund’s rule exchange.

Our theoretical QMC calculations for the Co adatom on Ag(100) with occupation
n = 7.8 describe well the three-peak structure of the experimental photoemission
spectrum (Fig. 3.6). The orbital character of the DOS from ED calculations (Fig. 3.7c)
shows that the experimental peak 2 at —1 eV comes from excitations within the d,,
dy; and d,>_,> orbitals. Moreover, the high-energy experimental peak 1 is related
to multi-orbital transitions between d® — @’ multiplets. Similar to the Fe case, the
energy difference between peaks 1 and 2 is related to Hund’s rule exchange and
becomes smaller by J due to the different magnetic moment of Co.

The experimental and theoretical photoemission spectrum of the Ni adatom with
only one broad peak below EF is very different from other 3d impurities (Fig. 3.6). We
can understand such a featureless spectrum from the Hund’s rule physics related to a
strong reduction of exchange splitting in Ni and very small splitting between atomic
multiplets (Fig.3.7d) which are washed out by hybridization with the substrate.
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Fig. 3.8 Schematic view of a magnetic transition metal adatom (red) with additional hydrogens on
a substrate. Top-left panel: The electronic spectrum with spin-up (red arrows) and spin-down (blue
arrows) states of the five adatom 3d orbitals is filled up. The Hubbard energy U has to be paid if an
additional electron is put into an orbital where there is already one, and Hund’s rule energy J is paid
if electron spins are flipped. Top-middle panel: Optimal electronic structure for the five orbitals in
valance configurations with crystal field splitting Acg and spin-orbit coupling £/s. Top-right panel:
Hybridization parameter Vi of the adatom orbitals with the substrate DOS pgubstrate Which results
in the broadening of impurity states

To understand why the experimental peak 2 for Fe, the peak 3 for Co and the
broad peak for Ni are quite close to Eg, we investigate effects of valence fluctuations
and formation of the Kondo resonance in 3d adatoms. One can see from Fig. 3.7b
that for the d,> state of Fe there is only one peak in the DOS, just above the Fermi
energy, without any signature of Hubbard bands. Moreover, the occupation of the
Fe 3d shell of about n = 6.4 indicate strong charge fluctuations with mixed valence
behavior. The similar situation applies for the Ni impurity where QMC calculations
show broad spectra with strong renormalization of the quasiparticle peak towards
Er. Opposite to Fe and Ni, for the Co adatom on Ag(100) our results show much
smaller charge fluctuations and the formation of Hubbard bands together with a
sharp resonance at Er which can be related to the multi-orbital Kondo effect. This
conclusion is supported by STM spectroscopy of the Kondo resonance for a Co
adatom on Ag(100) [21]. Similar correlation effects can be found for adatoms on
insulating surfaces [23-28] and in f electron systems [29, 30].
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Fig. 3.9 Coulomb matrix for the d orbitals of the Co adatom obtained with the cRPA method
(left) and subsequently rotationally averaged by the Slater approximation (right). The order of the
orbitals is given by Ujk,. The outlined element Uj2;1 corresponds to the term Uj2n 1cﬁ c2+ 1€20C14,
the index notation 1-5 refers to the orbital ordering (dyy, dy;, d3,2_,2, dxz, d2_2)

We can now discuss the concept of Hund’s impurities [31] for the case of a 3d metal
adatom on different substrates (Fig. 3.8). An isolated 3d atom corresponds to integer
electronic configurations with occupation of different orbitals in accordance with the
first Hund’s rule. The different 3d states first are filled with spin-up electrons, and
finally with spin-down electrons (Fig. 3.8). The reason for such configurations with
maximal total spin is related with Hund’s rule exchange energy J, which prevents a
spin-flip process to a non-magnetic local configuration. For the case of a 3d transition
metal adatom on a metallic substrate, electrons hybridize with the bath of conduction
electrons with DOS pgypstrate- This hybridization leads to fluctuations of the charge on
the adatom. The strength of hybridization Vg between the 34 adatom and itinerant k
bands [32], and degree of valence fluctuations [22], will define whether the electronic
state of the adatom can be described by atomic multiplets, itinerant bands, or both with
specific correlation effects. In the case of weak hybridization Vg ~ 0, the adatom
electronic structure can be analyzed in terms of atomic multiplets with crystal field
splittings Acg and spin-orbit coupling &/s with integer valence occupations. For small
hybridization the adatom still has the integer valency, but the Coulomb correlations
lead to the formation of a Kondo singlet.

For large hybridization and the case of a single magnetic orbital, the adatom
spin moment would be simply quenched by the conduction electrons. Nevertheless,
for the case of multi-orbital 3d adatoms with relatively strong hybridization but
smaller effects of J, profound charge fluctuations can coexist with large local mag-
netic moments, which are strongly coupled to the substrate. This situation may be
referred to the Hund’s impurity regime [4, 31]. It is characterized by a complex inter-
play of charge fluctuations, crystal field splitting, spin-orbit coupling, and electron
correlations. The investigation of this regime was a challenge for the newly devel-
oped theoretical methods which we have explained [6]. Moreover, the experimental
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Fig.3.10 Comparison between the representation-resolved imaginary-time Green’s functions G (7)
for five d orbitals of the Co impurity calculated with the cRPA and the Slater Coulomb matrix. Total
impurity occupations are given in squared brackets, orbital ones in round boxes. The upper row
contains the full QMC Green’s functions at lower filling together with the atomic solution in the
insets (orbital occupations in brackets), and the lower row contains the corresponding Green’s
functions at higher filling. The filling can be adjusted by the double-counting chemical potential.
The calculations were performed at 3 = 20eV~!, with the Matsubara self-energy X (iw,) (last
column) for the different symmetry representations calculated with the cRPA (upper) and the Slater
Coulomb matrix (lower), both at higher co filling

realization of a Hund’s impurity, and, more importantly, the full control over all the
relevant parameters, i.e. magnetic anisotropy, hybridization, temperature and mag-
netic field, had remained incomplete so far.

An important theoretical problem for correlated adatoms on substrates is related to
the realistic representation for the Coulomb interaction vertex. The effective Coulomb
interaction matrix screened by conduction electrons can be calculated using the so-
called cRPA method [33]. All 625 elements of the cRPA Coulomb matrix U, i,
constructed in this way are shown in Fig. 3.9 for the case of the 3d orbitals of cobalt
adatoms on the graphene surface. If we compare the full U-matrix with the atomic-
like Slater parametrisation based on the U — J average interactions, one can clearly
see the lower symmetry of the Coulomb vertex obtained from cRPA calculations.

Moreover, we can still find the numerically exact solution of the multi-orbital
quantum impurity problem with anisotropic hybridization functions and the full
Coulomb U-matrix using the CT-QMC scheme [6]. The imaginary-time of multi-
orbital Green’s functions obtained by the CT-QMC impurity solver are shown in
Fig. 3.10. Let us compare results obtained with the cRPA and the Slater Coulomb ma-
trix. Rotationally averaging the Coulomb matrix by the Slater approximation slightly
reduces and redistributes the overall weight of the interaction strength (Fig. 3.9). The
most pronounced differences occur for the higher filling considered, ny,, = 8.48, es-
pecially in the A; representation. The hybridization in A is small, thus the effect



68 A. Lichtenstein et al.

entirely comes from the Coulomb interaction and its reduction in the spherical case.
Lowering the Co filling by adjusting the chemical potential shows that the orbitals
of E; symmetry change their occupation, and its main weight crosses the Fermi
level. This is a consequence of the orbitals within this representation being the most
hybridized as well as having the strongest partial screening of the Coulomb interac-
tion. The self-energies show a characteristic Hund’s impurity low-frequency metallic
behaviour. As Co on graphene at higher Co filling of 8.48 is a Fermi-liquid, the self-
energies should tend to zero at very low energies. This property is better resolved
with the calculations using the cRPA matrix (Fig. 3.10). There is also a change of the
order of the self-energy strengths between the orbitals of £ and E, symmetry, and
they intersect in the cRPA case.

Finally, we mention that non-local generalizations of effective impurity models
in the path-integral formalism [34—41] open up new directions for investigations of
magnetic correlations and Kondo fluctuations [42—44]. The effects of long-range
interactions are very important in graphene-based systems [45-53] and can be com-
pared with different experimental data [54—58].
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Chapter 4 ®)
Local Physical Properties of Magnetic oo
Molecules

Alexander Schwarz

Abstract Advanced atomic force microscopy based techniques were developed to
investigate local properties of individual well-separated adsorbed molecules, which
can be applied to all kinds of supporting substrates independent of their conductiv-
ity. First, we find that due to the Smoluchowski effect a localized electrostatic dipole
moment is present at the end of metallic tips. Since its positive pole points towards
the surface, we are able to identify the chemical species in atomically resolved
images on polar surfaces. We employed such tips to determine the exact adsorp-
tion geometry of single molecules on ionic bulk insulators. Moreover, we were able
to detect magnitude and direction of the electrostatic dipole moment of adsorbed
molecules. Secondly, if the tip is magnetic, we are even able to probe the short-range
electron-mediated magnetic exchange interaction between the foremost tip apex atom
and the sample atom directly below and thus established magnetic exchange force
microscopy as a novel method to study magnetic sample systems with atomic res-
olution. By applying this new kind of magnetically sensitive force microscopy to a
paramagnetic organo-metallic complex adsorbed on an antiferromagnetic bulk insu-
lator, we find indications for a superexchange-mediated coupling between molecule
and substrate.

4.1 High-Resolution Atomic Force Microscopy

Atomic force microscopy (AFM) is sensitive to all kinds of long- and short-ranged
electromagnetic interactions between a sample surface and a sharp tip that is attached
to aflexible cantilever. These are, e.g., van der Waals interactions, magnetostatic inter-
actions, electrostatic interactions, magnetic exchange interactions, chemical interac-
tions, Pauli repulsion, elastic interactions, etc. Various modes of operation exist to
sense these interactions by measuring the mechanical response of the cantilever, e.g.,
by detecting the static deflection, or, for an oscillating cantilever, the change of its
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amplitude, frequency or phase [1]. As a near field technique, tip-sample distance
and effective size of the probing tip limit the lateral resolution.! Thus, it is easy to
imagine that with an atomically sharp tip, atomic resolution can be obtained. How-
ever, a tip apex only stays atomically sharp, as long as strong repulsive forces do not
rearrange the foremost atoms close to the sample surface. Therefore, operation at
small tip-sample separations while still being in the non-contact or weak repulsive
regime is mandatory.? Since for a given spring constant k the minimal detectable
force is fundamentally limited by the temperature T (it scales with /T [2]), per-
forming experiments at low temperatures provides higher force sensitivity. Moreover,
imaging conditions are generally more stable than at room temperature, because all
thermally activated processes, e.g., spontaneous rearrangements of atoms at the tip
apex or thermal drift of the relative position between tip and sample, are inhibited.
The following experiments were performed with home-built microscopes, oper-
ated in dedicated ultra-high vacuum (UHV) compatible cryostat systems that are
equipped with superconducting magnets for field-dependent studies [3-5]. In addi-
tion to the lower thermal noise of the cantilever, all molecules (as well as single
adatoms) become immobile at low temperatures and hence do not aggregate—a pre-
requisite to probe local properties of individual well-separated molecules and atoms.
Figure 4.1 shows (a) a cryostat with 3He insert, (b) the microscope body, (c) atom-
ically resolved NaCl(001), and (d) a Mn monolayer pseudomorphically grown on
W(110) with single well-separated Co adatoms and one CO molecule. The image in
(c) was recorded at a temperature of 548 mK. Note that the *He stage alone achieves a
minimal temperature of about 300 mK. The higher temperature during measurements
stems from the additional thermal load due to light absorption of the interferometric
detection system inside the cryostat. To prepare single well-separated adatoms on
Mn/W(110) as imaged in Fig. 4.1d, the substrate was loaded into the microscope and
precooled to about 5 K with the insert located inside the cryostat. Thereafter, the insert
was moved downwards into the chamber below the cryostat. From an evaporator unit
attached to the cryostat chamber a small amount of Co atoms was thermally evapo-
rated onto the substrate. During this procedure, the substrate temperature rises, but
stays below 30K, which is cold enough to prevent aggregation. The CO molecules
originate from the residual gas. Their peculiar donut-shape is explained in Sect.4.2.
For high resolution imaging in the non-contact regime, cf. Fig.4.1c, d, the fre-
quency modulation technique is employed [2]. In this mode of operation, the can-
tilever always oscillates self-excited at a constant amplitude A with its resonance
frequency f. This frequency deviates from the unperturbed eigenfrequency fy of
the cantilever in the presence of a tip-sample interaction Fis by Af = f — fy. For
negative frequency shifts Af < 0 the total tip-sample interaction is attractive. If Af

I'The effective size of a tip is always related but not necessarily identical to its geometric size. For
example, the lateral resolution of magnetic force microscopy (MFM) is related to the spreading of
the magnetic field that emanates from the tip, which is much larger than its geometric size. However,
sharp tips generally produce a more localized field.

2True atomic resolution in the non-contact mode or in the weakly repulsive regime allows to detect
point defects. AFM in contact mode only resolves the periodicity of a surface, because many atoms
are in contact with the surface.
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Fig. 4.1 a Cryostat with a movable >He evaporation insert. b Microscopy body that is attached to
the *He pot. In-situ tip and sample exchange is possible by lowering the insert into the chamber
located below the cryostat. ¢ Atomically resolved NaCl(001) recorded at 548 mK. d Co adatoms
and one CO molecule on a Mn monolayer on W(110)

is kept constant (constant A f imaging), the surface topography z(x, y) is obtained.
Meanwhile, the tip apex stays in the so-called non-contact regime, implying that
even in the lower turnaround point of each oscillation cycle the tip does not touch
the sample surface. On the atomic or molecular scale the z-corrugation reflects the
magnitude of the short-range forces between the foremost tip apex atoms and the
surface atoms underneath. Its magnitude is distance- as well as tip-dependent. If the
z-feedback is not active during atomic resolution imaging (constant height imaging)
the variation A f (x, y) is recorded instead. In this imaging mode, atomic resolution is
also possible in the weak repulsive regime, where the foremost tip apex atom slightly
contacts the sample surface at the lower turnaround point of each oscillating cycle but
the tip apex remains structurally stable.® The distance dependence of the tip-sample
interaction can be obtained quantitatively in the so-called spectroscopy mode, by
recording a Af(z)-curve at a predefined (x, y)-position. With our typical ampli-
tudes of A &~ 1 nm we usually operate in the so-called large amplitude regime, i.e.,
A is larger than the characteristic decay length of the tip-sample interaction, which
is on the order of 0.1 nm for electron-mediated interactions. Therefore, we cannot
simply use the small amplitude approximation Af(z) = — fy/2k - d Fs/9z to calcu-
late the tip-sample force gradient d Fis(z)/dz and obtain the tip-sample force Fis(z)
and the tip-sample interaction energy E(z) by subsequent integration. However,

3The repulsive regime is not accessible in a controllable manner employing constant A f imaging,
because the working curve of the z-feedback loop, i.e., Af(z), is not monotonous, but follows the
general form of a Lennard—Jones potential.
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employing well-established numerical algorithms [6-9] experimental A f(z)-curves
can anyway be converted into Fis(z) force curves and E(z) energy curves.

Silicon cantilevers with eigenfrequencies fy &~ 180kHz and spring constants
~160 N/m were coated in-situ with a few nm of titanium, chromium or iron. Such a
metallic top layer prevents charging problems, which are prevalent in the native oxide
layer that covers as-purchased silicon cantilevers. As described in Sect. 4.2, metallic
tip apices possess an electrostatic dipole moment with a well-defined direction: The
dipole moment is oriented along the tip axis, i.e., perpendicular to the surface, and
the positive pole points towards the surface.* Iron and chromium coated tips are also
magnetically sensitive and, as we demonstrate in Sect. 4.3, allow for a mapping of
the magnetic structure of a surface with atomic resolution.

To characterize AFM tips and to determine the contact potential difference
between tip and sample, A f (U )-curves should be recorded. The voltage Ucpp at the
apex of the parabola corresponds to the average contact potential difference, which is
then applied between tip and sample to minimize disturbing long-range electrostatic
interactions. Jumps in the curves indicate the presence of localized states at the tip
apex, which are charged and discharged, depending on the applied voltage [10]. Such
imperfections could stem, e.g., from tip-crashes. To further characterize AFM tips,
the dissipated energy should be analyzed, which can be calculated from the excita-
tion amplitude ac [11], that is required to keep Ao constant. Apart from intrinsic
dissipation, non-conservative tip-sample interactions cause energy dissipation [12].
If the dissipated energy varies on the atomic scale, adhesion hysteresis is the most
likely cause [13] and hints towards a structurally unstable tip apex. As we could
show, adhesion hysteresis can also be spin-dependent [14]. If it varies on the atomic
scale, distance dependent A f (z) spectroscopy data recorded with such structurally
unstable tips have to be analyzed very cautiously [15].

4.2 Utilizing the Smoluchowski Effect to Probe Surface
Charges and Dipole Moments of Molecules
with Metallic Tips

Functionalized tips are very beneficial to disentangle a specific tip-sample interaction
from the plethora of all interactions that are present. For example magnetic coatings
are used to sense magnetostatic forces or magnetic exchange forces [16]. Recently,
non-reactive tips were prepared by functionalizing them with noble gas atoms like
xenon or inert molecules like carbon monoxide. Due to their inertness, no chemical
bonds are formed between tip apex and sample surface. Therefore, such tips are able
to obtain intramolecular atomic resolution by only probing the short-range Pauli

“The situation can be more complex, if the tip apex atoms are not close-packed (usually a justified
assumption for stable tip apices) or if more than one chemical species are present at the tip apex.



4 Local Physical Properties of Magnetic Molecules 75

(a) (b)
o ot o

88 s [le

Fig. 4.2 Development of a localized electrostatic dipole moment at a a step edge, b a single adatom
on a surface, and ¢ a close-packed pyramidal nanotip

repulsion between tip apex and sample surface [17].> Here, we show that metallic
tips, due to the Smoluchowski effect [18], exhibit an electrostatic dipole moment
that is oriented with its positive pole towards the surface. On polar surfaces it can
be utilized to identify the chemical species that exhibit an attractive and repulsive
electrostatic interaction with the tip, respectively [10]. As we will show in Sect. 4.4,
this feature is very useful to determine the exact adsorption geometry of a molecule
on ionic surfaces [19, 20]. Moreover, it is possible to probe the dipole moment of
adsorbed molecules with such tips [21, 22].

We start with explaining the Smoluchowski effect at step edges. In a simplified
picture the sudden change of the potential at a step edge cannot be perfectly screened
by the electrons. Their density changes more smoothly, as depicted in Fig.4.2a. As
a result, electrons accumulate on the lower terrace, while they are depleted on the
upper terrace. This charge rearrangement can be represented by an electrostatic dipole
moment p at the step edge, which is oriented normal to the surface and points with
its positive pole away from the surface. The same phenomenon occurs for adatoms
and at the end of atomically sharp tips, as sketched in Fig.4.2b, c, respectively.

Density functional theory (DFT) based calculations support this qualitative pic-
ture. For pyramidal close-packed Cr nano-tips this is shown in Fig. 4.3a. Each layer of
the pyramid contributes about 1 Debye (D) to the total electrostatic dipole moment.
Its magnitude can be several Debye and thus be quite large. However, as expected,
it saturates for large pyramid heights. In (b) the calculated electrostatic potential
emanating from a three-layer pyramid is displayed. The plot in (c) demonstrates that
the electrostatic potential calculated from DFT (red) can be very well represented by
a classical dipole moment. This general behavior is very helpful to interpret qualita-
tively atomically resolved images on polar surfaces.

Since on close-packed chemically homogeneous metallic tips the dipole moment
always points with its positive pole towards the sample, such tips can be used on
ionic surfaces to identify the anion and cation sublattices, which exhibit either an
attractive or a repulsive electrostatic interaction with the tip [10]. In Sect.4.4 we
use this feature to determine the adsorption geometry of Co-Salen on NaCl(001)
and NiO(001). Moreover, we could show that atomically resolved data obtained

3 Apparently, the formation of a chemical bond disturbs the mechanism that leads to intramolecular
atomic resolution, because reactive tips, e.g., pure metal tips, are seemingly unable to achieve a
similar resolution. If approached too close, the strong chemical interaction probably induces tip
changes or sample modifications.
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Fig. 4.3 The electrostatic dipole moment of close-packed Cr nanotips. a Size dependence of the
magnitude of the dipole moment obtained from first principles using density functional theory.
b Electrostatic potential emanating from the three layer pyramid displayed in a. Comparison of
the calculated distance dependence of the electrostatic potential of the three-layer pyramid and a
simulation using a simple dipole of 3 D located at the foremost tip apex atom

experimentally on ionic surfaces can be used to quantify and calibrate the dipole
moment at the tip apex [21].

The procedure is shown in Fig. 4.4 for a metallic tip. In (a) an atomically resolved
image of NiO(001) obtained with a metallitzed tip is show. The same tip is used
to scan the larger scale image in (b) with a low coverage of CO molecules. They
exhibit a characteristic donutr shape. As demonstrated in (c) the atomic corrugation
can be well simulated by a dipole of 7 D. Note that the experimental curve is the
average of 23 profiles taken across maxima and minima of image (a) along the [100]-
direction, representing the oxygen and nickel sites, respectively. The simulated curve
was obtained using the virtual AFM code (VAFM) [23], which includes the whole
data acquisition process and thus exhibits noise as the experimental data does. We
also consider the long-range van der Waals interaction, which we obtained from a
fit to an experimental Af(z)-curve recorded with the same tip up to 10nm away
from the surface. Using the same dipole moment of 7 D, we could also fit the line
profile across the CO molecules as demonstrated in Fig. 4.4d. The characteristic line
shape, indicating a locally repulsive interaction directly above the CO molecule and
an attractive interaction further outside, is very well reproduced.

CO adsorbs on top of the surface oxygen atoms and possesses a dipole moment
of 0.4 D that points with its positive pole towards the tip. For large tip-sample
distances the attractive van der Waals interaction dominates [22]. However, at smaller
separations as in (a) the interaction between the positive poles of the metallic tip and
the CO molecule results in a repulsion on top of the molecule. Due to the angular
dependence of the dipole—dipole interaction, i.e., Eqip—dip = %ﬁ;“p Wﬂ, with
6 being the angle of the connecting line between two collinear dipole moments pq
and py;;, respectively, an attractive ring is present around the center resulting in the
characteristic donut shape visible in (b). This situation is displayed in the insets
in Fig.4.4d. Note that in the most general case of non-collinear and non-coplanar
dipole moments their tilting angles ¢ and ¢, relative to the connecting line as well
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Fig. 4.4 a Atomically resolved image of NiO(001) obtained with a metalized tip. b Large scale
overview image recorded with the same tip showing CO molecules with their characteristic donut-
shaped appearance. ¢ Averaged scan line (red) obtained from image a along the [100]-direction.
Blue shows the simulated data using a tip dipole moment of 7 D. d Profile across a CO molecule
with blue being the average of 60 experimental scan lines, while red is a simulated scan line using
the same dipole moment of 7 D as in b. The green curve additionally considers local van der Waals
interactions, resulting in an even better agreement

as their relative rotational angle ¢ have to be considered. The average of scan lines
across 60 different CO molecules is displayed as blue curve in (d). The red curve
was obtained by assuming the same dipole moment of 7 D, which was determined
from the simulation in (c). We obtained an even better agreement (green curve) by
taking the local van der Waals interaction between the CO molecule and the metallic
tip apex into account.

Our results demonstrate that the well-defined direction of the dipole moment of
an atomically sharp metallic tip is very beneficial to determine the sign of localized
charges at the surface. On polar surfaces, this feature allows ion identification and on
molecules the presence, direction, and even the magnitude of an electrostatic dipole
moment can be determined reliably.
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4.3 Magnetic Exchange Force Microscopy
and Spectroscopy

In a somewhat simplified but very useful picture, achieving atomic resolution with
force microscopy requires tip-sample separations, for which the orbital of the fore-
most tip apex atom and the orbital of the surface atom underneath overlap signif-
icantly. Only then the electron mediated short-range chemical interaction can be
detected. If both, tip and sample, are magnetic, the spins of the interacting electrons
also contribute to the total interaction. This short-ranged magnetic exchange interac-
tion is very different in nature from the long-range magnetostatic interaction, which
is used for magnetic force microscopy (MFM). Therefore, the new method is named
magnetic exchange force microscopy (MEXFM) [16, 24]. The spectroscopic mode
of operation, i.e., magnetic exchange force spectroscopy (MExXFS), allows to quan-
tify magnitude and distance dependence of the exchange interaction [15]. Unlike
spin-polarized scanning tunneling microscopy (SP-STM)), this new technique can be
applied to insulating samples as well. Moreover, chemical and magnetic structure
can be readily correlated.

Figure4.5 shows three examples, i.e., (a) the antiferromagnetic bulk insulator
NiO(001) [24], (b) the itinerant antiferromagnetic Fe monolayer on W(001) [25]
and (c) the nanoskyrmion lattice on the Fe monolayer on Ir(111) [26]. For all three
cases, the AFM images display the atomic structure alone, while the MEXFM images
contain both, the magnetic information as well as the structural (and chemical) infor-
mation. This is evident in the corresponding two-dimensional Fourier transformation
(2D-FT), in which all periodicities are revealed that are above the noise level. In all
three examples, peaks that belong to the magnetic as well as to the structural unit
cell are present. Thus, it is easily possible to correlate atomic and magnetic structure
with each other.

Without a magnetically sensitive tip the atomic scale pattern on NiO(001) reflects
the quadratic arrangement of nickel and oxygen atoms on the surface visible in the
second row of Fig.4.5a. Since the tip was metallized, the protrusion and depressions
canbeidentified as oxygen and nickel ions, respectively; cf. Sect. 4.2. With amagnetic
tip, all protrusions, i.e., oxygen atoms, still have the same corrugation amplitude. On
the other hand, the corrugation amplitude of the depressions, representing the nickel
atoms at which the spins are localized, exhibit a row-wise modulation that reflects
the antiferromagnetic order at the surface. The chemical corrugation amplitude in
the MExFM image is about 4 pm with an additional magnetic corrugation amplitude
of 1.5 pm between neighboring nickel rows. In the 2D-FT the four outer spots and
the two inner spots represent the (1 x 1) surface unit cell and the (2 x 1) magnetic
unit cell, respectively. Note that the MEXFM image is unit-cell averaged to enhance
the small magnetic contrast. The small magnetic corrugation is related to the strong
localization of the spin-carrying d-electrons, which do not reach far into the vacuum.
Therefore, the overlap with the spin carrying d-states of the magnetic tip is small.
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(a) NiO(001) (b)  Fe-ML/W(001) (c) Fe-ML/Ir(111)

Fig. 4.5 Magnetic structure (first row), AFM data (second row), MEXFM data (third row), and
corresponding two-dimensional Fourier transformation (2D-FT) of the MEXFM data (forth row) of
a the row-wise antiferromagnetic order of the bulk insulator NiO(001), b the itinerant Fe monolayer
on W(001) with its antiferromagnetic checkerboard structure, and ¢ the Fe monolayer on Ir(111)
with its complex non-collinear skyrmionic spin texture. The structural and magnetic unit cells are
outlined in the images and the corresponding peaks representing the atomic (arrows) and magnetic
(circles) periodicities are indicated in the 2D-FT
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Iron is eponymous to describe ferromagnetic ordering of atomic magnetic
moments.® However, as a monolayer on W(001) strong spin-orbit coupling with the
substrates drives it into an antiferromagnetic checkerboard configuration sketched
in the upper row of Fig.4.5b [27]. While with a non-magnetic tip every iron atom
is imaged as protrusion, a magnetic tip reveals the characteristic c(2 x 2) pattern.
The typical corrugation amplitude of about 10 pm is much larger than on NiO(001),
because the itinerant spin carrying d-states reach far into the vacuum and are there-
fore better accessible than the localized d-states of NiO(001). Apparently, only every
second atom is visible in the MEXFM image. This is surprising because chemical
and magnetic exchange interaction are both electron mediated and thus appear in a
similar distance regime. Note that it is impossible to switch off the chemical inter-
action, so it should be there. Indeed, the 2D-FT reveals the peaks that are related to
the atomic p(1 x 1) surface unit cell, though they are significantly weaker than the
magnetic peaks. DFT based simulations explain this phenomenum. They show that
for a certain distance regime the chemical interactions on the hollow sites and on Fe
atoms with parallel orientation between tip and sample spins are very similar [25].
In fact, a cross over exists and near this crossover both sites are hard to distinguish
in images, but are still visible in the 2D-FT.

The non-collinear spin texture of the Fe monolayer on Ir(111) is more com-
plex than the previous two collinear magnetic structures. It originates from the
Dzyaloshinskii—Moriya interaction as well as higher order magnetic exchange mech-
anisms, which are, for this system, on the same energy scale as the Heisenberg
exchange [29]. As for the Fe monolayer on W(001) a normal tip images every iron
atom as protrusion; cf. second row in Fig.4.5c. Interestingly, the pseudomorphic
growth induces a hexagonal structure in the Fe monolayer, which is unusual for a
material that crystallizes in the body centered cubic structure. In the MEXFM image a
modulation on top of the atomic lattice is visible. This quadratic superstructure repre-
sents a skyrmionic spin texture. The diagonal of the square lattice with a periodicity
of about 1nm is oriented along one of the close-packed directions. Hence, three
energetically equivalent rotational domains exist. Peculiarly, the magnetic structure
is incommensurate, which can be straightforwardly obtained by analyzing the 2D-FT
[26, 29]. Hence, the spin texture is decoupled from the atomic positions [28, 29].

These three examples demonstrate the imaging capabilities of MEXFM and that
chemical and magnetic signals are detected simultaneously. In the following, we
show how the chemical interaction (and all other non-magnetic interactions) can be
separated from the magnetic contribution and how the latter can be quantified.

To quantify the distance dependence of the magnetic contribution to the total
interaction for parallel and antiparallel tip-sample spins, we recorded Af(z) on Fe
atoms with opposite spins [15]. The corresponding sites can be easily identified
on images as displayed in Fig.4.5b. Figure4.6a shows two such curves A fiin(z)
(blue) and A fiax (z) (red). The difference A fox (z) = Afimax(2) — A fmin(z) (black) is
displayed as well. Since all other non-magnetic long- and short-ranged contributions
to the total interaction are identical, they cancel each other out. In (b) we converted

6Ferrum in Latin.
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Fig. 4.6 Magnetic exchange force spectroscopy data on the Fe-monolayer on W(001). a Experi-
mental Af(z) curves recorded on Fe atoms with opposite spin directions (blue and red, see inset).
Both curves reflect the total tip-sample interaction. The difference (black) reflects the magnetic
contribution Afex(z) alone. b Magnetic exchange energy (black), obtained after converting the
Afex(z) curve into the magnetic exchange interaction Ec(z), and the corresponding calculated
curve (green) using density functional theory (DFT), respectively. The agreement is excellent

the experimental A f.x (z)-curve into the exchange interaction energy Eex(z) (black).
The green data points represent the result of a DFT calculation using a close-packed
tip pyramid made of 14 Fe atoms. The procedure to obtain the theoretical curve was
analogous to the experimental approach: Between 500 and 300 pm away from the
surface the tip-sample distance was reduced in steps of 25 pm. For each distance,
the tip-sample system was fully relaxed and the interaction energies were calculated
above Fe atoms of opposite spins. From the difference the theoretical Ee(z) was
obtained. Since the absolute distance is only known in the theory, we shifted the
experimental curve to obtain the best overlap. The agreement regarding the magnitude
of the interaction energy and its distance dependence is excellent. Note that we
did not record experimental data for very small tip-sample separations to avoid tip
changes. Knowing the distance dependence and magnitude of the magnetic exchange
interaction enables us to use this interaction in a controlled manner, e.g., to switch
between imaging and manipulation on a sample under investigation.

4.4 Adsorption Geometry of Co-Salen

An individual molecule in its adsorbed state will generally possess different proper-
ties compared to a free molecule it the gas phase. How these properties are modified
will depend critically on how exactly the molecule is adsorbed to the surface. For
example, the spin of a paramagnetic molecule could become aligned via interac-
tion with a magnetic surface. The details of the magnetic coupling will certainly
depend on the adsorption site and the adsorption geometry, cf. Sect.4.5. Local probe
techniques are ideal tools to determine the exact adsorption geometry of individual
molecules with atomic resolution and atomic force microscopy is the only method
that is able to do that on insulating surfaces.
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Fig. 4.7 Structure of Co-Salen in top and side view and the charge distribution with the orientation
of the electrostatic dipole moment along the principal C; axis of the molecule. Note that the molecule
is chiral due to the tilted CoH4 bridge

To demonstrate how the adsorption geometry of a molecule can be determined, we
selected Co-Salen, a paramagnetic S = 1/2 organo-metallic complex. Its structure
is depicted in Fig.4.7. Two O- and two N-atoms surround the central Co atom in a
planar-quadratic arrangement. Two six-membered carbon rings are attached to the
side and the C,Hy-bridge resulting in a banana-shape appearance. The molecule
possesses an electrostatic dipole moment of 6D oriented along the principal C; axis.
As substrates for our studies we selected bulk single crystals of NaCl(001), the
prototypical wide band gap ionic insulator, and bulk single crystals of NiO(001), an
isostructural but antiferromagnetic insulator.

To investigate the growth in the monolayer regime we deposited Co-Salen onto a
substrate kept at room temperature. On NaCl(001), for example, Co-Salen exhibits
a peculiar bimodal growth [30]. The island growth indicates that the molecule-
molecule interaction is stronger than the molecule substrate interaction. On NiO(001)
we find a layer-by-layer growth [20], which suggests a stronger molecule-substrate
interaction than on NaCl(001). In the following, we concentrate on the adsorption of
single well-separated molecules. To prepare such samples, we designed a dedicated
miniaturized crucible that fits into the cantilever stage of our microscope [31]. In this
manner we could deposit molecules onto a cold substrate (Tgypsiraee = 30K), which
immobilizes the molecules and thus prevents aggregation. Thereafter, we performed
the experiments at 8 K, the base temperature of the microscope used.

Figures4.8 and 4.9 summarize our experimental findings and the corresponding
DFT calculations for both substrates. In the overview images, i.e., Figs.4.8a and 4.9a,
respectively, the banana-shaped molecules can be easily identified. To determine the
orientation of their principal C, axis relative to the crystallographic directions of
the substrates, we recorded atomically resolved images of the bare substrate and
retrieved the orientation of the substrate with respect to the x- and y-scan directions.
Combining this information, we find on NaCI(001) that the molecular axis is either
rotated £5° away from the (110) directions (71%) or +5° away from the (100)
directions (29%). DFT calculations that include van der Waals interactions reproduce
the two experimentally observed orientations, cf. Fig.4.8c, d. They, also explain
their unequal distribution: For the (110) orientation the calculated adsorption energy
(0.68¢eV) is larger than for the (100) orientation (0.60eV), meaning that the former
is only a metastable configuration [19]. Interestingly, on NiO(001) only orientations
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(a)

Fig. 4.8 a Overview image of randomly distributed Co-Salen molecules on NaCl(001). b Atomic
resolution image of NaCl(001) together with a single molecule. ¢ and d Calculated adsorption
geometries of Co-Salen on NaCl(001). In agreement with the experimental data the principal C;
axis is tilted away by +5° either from the (110) directions (c) or the (100) directions (d)

[*] NaCl(001)

Fig. 4.9 a Overview image of randomly distributed Co-Salen molecules on NiO(001). b Atomic
resolution image of NiO(001) together with a single molecule. ¢ Visualization of the three cova-
lent bonds between the central part of the molecule and the NiO(001) surface, which leads to an
up-bending of the outer carbon rings. d For comparison: On NaCl(001) the mostly electrostatic
attraction is much weaker. Thus, the molecule remains more planar

rotated about £5° away from the (110) directions are present. DFT calculations
corroborate this finding and certify that no other metastable orientation exists on this
substrate. The adsorption energy (1.31eV) is much larger than on NaCI(001), which
also agrees with the different growth mode observed for larger coverage [20].

To determine the adsorption site we imaged individual molecules while obtain-
ing atomic resolution on the substrate as shown in Fig.4.8b on NaCl(001) and in
Fig.4.9b on NiO(001). Since we used metal-coated tips the maxima in these con-
stant A f images can be identified with the anion sublattice, as explained in Sect.4.2.
In agreement with the DFT results on both substrates, the central Co atom adsorbs on
the anion, i.e., chlorine and oxygen, respectively. However, as mentioned above the
adsorption energy on NiO(001) is about twice as large as on NaCl(001). While on
NaCl(001) the binding is mostly of electrostatic origin, on NiO(001) the Co-Salen
forms three covalent bonds with the substrate: surface oxygen with the central Co
atom and the two molecular oxygen atoms with the corresponding surface nickel
atoms below, cf. Fig.4.9c. The calculations also show that the central part of the



84 A. Schwarz

molecule is much closer to the surface than the outer carbon rings, leading to a sig-
nificant distortion of the molecules on NiO(001). For comparison, the more planar
configuration on NaCl(1001) is displayed in Fig.4.9c. The up-bending of the outer
carbon rings is much less pronounced.

As we will show in the following final section, the adsorption geometry of a mag-
netic molecule and the type of bonding is crucial to understand a possible magnetic
coupling between molecule and substrate.

4.5 Evidence for a Magnetic Coupling Between Co-Salen
and NiO(001)

On NiO(001) we found indications for a magnetic coupling between the central metal
atom of the Co-Salen molecule and the antiferromagnetically ordered nickel ions in
the subsurface layer via superexchange across surface oxygen atoms. Figure4.10a
shows atomically resolved NiO(001) with ten Co-Salen molecules, imaged with a
chromium coated tip. Note that no magnetic resolution as shown in Sect.4.3 (a)
is achieved on the substrate. In agreement with our findings discussed in Sect.4.4
Co-Salen molecules adsorb with their central Co atom on protrusions, i.e., on oxy-
gen, and are oriented +5° away from (110)-directions. In (b) line sections across all
ten molecules are shown and sorted in two categories: four low appearing molecules
(central height about 110 pm =+ 6%) and six high appearing molecules (central height
about 150pm =+ 16%). Since due to symmetry arguments all eight possible orienta-
tions of Co-Salen on NiO(001) are structurally equivalent, this hints to the presence
of a possible additional magnetic signal. Such a magnetic signal would depend on
the relative orientation between the magnetic moments of tip and molecule. To sup-
port our assumption that the height difference is related to a magnetic contribution
to the total tip-sample interaction, we analyzed the height distribution of Co-Salen
molecules adsorbed on non-magnetic NaCl(001). We find that within a typical stan-
dard deviation of 10% they all exhibit the same height level for a given tip and
identical scanning parameters. In fact, there is even no significant height difference
between molecules adsorbed along the (110)- and (100)-directions, respectively.

Since the central Co atom adsorbs on top of surface oxygen, the magnetic coupling
has to be achieved via a superexchange mechanism to a subsurface nickel atom below
the surface oxygen. Considering that the antiferromagnetic coupling between nickel
sites in nickel oxide itself takes place via a superexchange mechanism across bridging
oxygen atoms, such a presumption is certainly justified. In the following we discuss
how the magnetic interaction between Co-Salen and NiO(001) could take place and
how it is conceivable that a magnetic signal is detected from the molecule, but not
from the substrate.

In the gas phase, Co-Salen is paramagnetic with the spin located in the Co dyy-
orbital, cf. Fig. 4.10c. On a magnetic substrate, the previously para-magnetic spin can
couple to the ordered sample spins. Such a substrate induced alignment of the spin
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Fig. 4.10 a Atomically resolved NiO(001) with ten Co-Salen molecules. Dotted lines mark every
second oxygen row along the [110]-direction. The inset displays the 2D-FT showing that atomic
resolution is achieved but without magnetic contrast. b Line sections along the C; axis of the ten Co-
Salen molecules. They are sorted into low and large height molecules according to their maximum
height in their center, i.e., at the position of the Co atom. ¢ Energy level order in the square planar
configuration and symmetry of the single occupied dxy orbital. d Energy level order in the square
pyramidal configuration and symmetry of the single occupied d,> orbital

of paramagnetic molecules has been observed on metallic magnetic substrates [32—
34]. Note that a charge transfer, which could render the paramagnetic S = 1/2 to a
diamagnetic S = 0 molecule, as e.g., observed for Co-Pthalocyanine on the itinerant
metallic ferromagnetic Fe double-layer on W(110) [35], does not take place on bulk
insulators like NiO(001). However, the presence of a surface changes the crystal field
from square planar to square pyramidal, which changes the order of the d-levels, cf.
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Fig.4.10c, d. Now the d,»-orbital is singly occupied, which, unlike the planar dyy-
orbital, points into the vacuum region, i.e., in the direction of the magnetic tip. In this
configuration, an orbital overlap between the spin carrying states of the tip apex and
the molecule, which is required to detect a magnetic signal, is easily possible. On the
other hand, as already pointed out in Sect. 4.3, nickel oxide is an insulator, because
the d-states do not form a conduction band. Instead, they are localized at the nickel
sites and do not reach far into the vacuum region. Very likely, a magnetic interaction
with the tip requires a smaller tip-sample separation on NiO(001) than on Co-Salen,
which could explain why in Fig.4.10a a magnetic signal can be detected above the
molecule, but not on the substrate.

If the occurrence of two different height levels is related to a magnetic tip-sample
interaction, the positions of the molecules with identical height levels must reflect
the row-wise antiferromagnetic order of NiO(001). Therefore, all high appearing
molecules must either be located on the same oxygen row or on oxygen rows that
are an even number of rows away. In addition, all low appearing molecules must be
an uneven number of rows away from high appearing molecules. Since we do not
see any magnetic contrast on the substrate, we have to consider both cases, i.e., row-
wise antiferromagnetic order along the [110]- or the [1 10]-direction. If we assume
that the row-wise antiferromagnetic order propagates along the [110]-direction, the
before-mentioned conditions are full-filled consistently, while for the other direction
the distribution of molecules with low and large heights is random.

Our analysis shows that the appearance of low and high Co-Salen molecules
on structurally equivalent adsorption sites is consistent with the assumption of a
magnetic coupling to the antiferromagnetic NiO(001) substrate. According to the
Goodenough—Kanamori rules, a 180° superexchange type of coupling via surface
oxygen should result in an antiferromagnetic alignment between subsurface Ni and
the molecular Co metal center. In principal, a 90° superexchange magnetic coupling
path via surface Ni and molecular oxygen to the Co atom is possible as well, because
they are also connected via covalent bonds, cf. Fig.4.9c. In this case, systematic
height variations due to a 90° ferromagnetic coupling, which would depend on the
spin directions of the surface Ni sites below the two molecular oxygen atoms would
occur. Our statistics is not sufficient to conclude about the existence of such an effect.
Furthermore, the height variations can be expected to be much smaller because a 90°
ferromagnetic coupling is much weaker than for a 180° antiferromagnetic coupling.
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Chapter 5 ®
Magnetic Properties of One-Dimensional | oo
Stacked Metal Complexes

Tabea Buban, Sarah Puhl, Peter Burger, Marc H. Prosenc
and Jiirgen Heck

Abstract Cooperative effects such as ferro- or antiferromagnetic interactions are
accessible through tailor-made molecular structures of linearly arranged paramag-
netic complexes. Since it is well-known that subtle changes in the molecular structure
can cause distinct changes in the magnetic interaction, the inter-metal distances were
varied as well as the number of stacked complexes. In addition the metal centers
were changed in order to vary the numbers of interacting unpaired electrons. The
final target was an investigation of the properties of stacked magnetic molecules on
a substrate.

5.1 Introduction

The study of molecular magnetic materials is an important issue in view of spintronic
applications. In particular the following molecular materials were investigated and
showed promising characteristics [ 1, 2]: Prussian Blue [3-5], spin-crossover systems
[6, 7], tetracyanoethylene (TCNE) salts [8—10], single-molecular magnets [11-13]
and single-chain magnets [14, 15]. Contributions to the research field of coupling
mechanisms between paramagnetic sandwich compounds were made for various
types of complexes [16]. Examples are metallocene and oligometallocene complexes
[17, 18], decorated with a different number of unpaired electrons and which are
directly linked [19-21] through a saturated [22, 23] or unsaturated [24, 25] bridge,
or are part of a cyclophane entity [26-29].
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Fig. 5.1 Stacking of paramagnetic complexes a salen, salophen, pyridine-diimine complexes and
b metallocenes; 7, : magnetic moment of the subunit

Spin filters and spin-based logic devices open the door to exciting new appli-
cations and are based on magnetic rather than electric interactions. Currently, such
logic devices are realized with individually arranged atoms on surfaces and require
low temperatures due to their small magnetic coupling [30]. Here molecules come
into play, which allow to access significantly larger magnetic interactions of the
spin centers. Furthermore, they offer the opportunity to adjust the size and sign, i.e.
antiferro- versus ferromagnetic coupling by tailor-made design of synthetic struc-
tures. In this regard one-dimensional stacked complexes are promising candidates
[31-33]. We investigated two different types of paramagnetic 3d transition metal
systems, which will be discussed in separate sections. In the first part of this chapter,
paramagnetic Schiff-base complexes with salene and pyridine-diimine (PDI) lig-
ands are discussed, in which the metal centers are placed in the plane of the ligand’s
m-bonds (Fig.5.1a). A particular focus is placed on the magnetic coupling pathways
of the individual molecules and in the bulk, in solution as well as in the solid state.
Their surface deposition, orientation and magnetic interaction, e.g. surface-mediated
Ruderman—Kittel-Kasuya—Yoshida (RKKY) coupling, will also be discussed. In the
second section, di-, tri- and tetranuclear cofacially stacked sandwich complexes are
reported, in which the metal centers are located perpendicular to the 7-plane of the
ligand (Fig.5.1b).

5.2 Towards Molecular Spintronics

Recent advances in atom manipulation led to structures and devices suitable for
storage and processing of spin information [34]. However, these structures require
single atom manipulation techniques as well as very low temperatures.
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If laterally linked molecular complexes were used, they need to be robust, para-
magnetic and depositable on a surface. With this goal in mind, we screened suitable
complexes and ligand strategies [35, 36]. While molecular cobalt salen complexes
appear to be mobile on a Cu(111) surface, chlorinated derivatives arrange via self-
assembly forming small six-membered aggregates to extended domains on surfaces
(Fig.5.2¢).

Deposition of salen complexes on Cu yielded slightly mobile complexes for salen
and methylsalen derivatives. Thus, further studies were performed using salophen
complexes with a phenylendiamine bridge, which was deemed to yield more rigid
complexes.

Deposition of dibromo salophen complexes on Au(111) revealed more stable com-
plexes, which arrange in four-membered aggregates forming long bands on Au(111)
(Fig.5.3). Upon heating they initially loose bromine atoms and convert to small to
long chemically bonded chains by C—C bond formation (Fig. 5.4) [37]. The lengths
of the chains can be controlled by surface occupancy and temperature [38]. If in addi-

Fig. 5.2 Cobalt salen complexes on a Cu(111) surface. a cobalt salen, b 4,4" dimethyl cobalt
salen and ¢ 4,4 dichloro cobalt salen complexes. For all complexes 12 orientations were found
representing the six-fold symmetry of the surface together with the delta and lambda configuration.
On the bottom one optimized structure of the cobalt salen complex is depicted exhibiting weak
CH...Cu interactions. Calculation of the charge distribution resulted in the accumulation of negative
charges on the salen oxygen atoms while the a- and (-hydrogen atoms exhibit positive charges
important for self-assembly of the chloro complexes
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Fig. 5.3 Dibromo salophen cobalt complex (upper left), self assembled to form four-membered
rings (upper right), and their observation on Au(111) surfaces by STM techniques [37] (bottom)

=N__ N= Auf111) =N
m—doﬁo —\C\)— Br ——{_}—o

Fig. 5.4 On surface oligomerization of dibromo cobalt salophen. Small to long chains can be
achieved depending on the amount of the monobromo cobalt salophen, which terminates the chains
(top). On the bottom one selected chain and Kondo-measurements revealing the antiferromagnetic
structure are depicted
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Scheme 5.1 Synthesis of disalophen complexes according to [39]

tion monobromo salophen complexes were deposited, more defined chains formed
up to about 100+ Co-salophen units [38]. These cobalt complex chains consist of
chemically connected paramagnetic Co(II) complexes. This raises the question about
the strength and type of magnetic coupling between the Co(II) centers.

Kondo measurements of the cobalt salophen chains on surfaces revealed a depen-
dency of the Kondo temperature on the parity of the chain length and consequently an
antiferromagnetic coupling among the metal centers [37]. In order to obtain informa-
tion about the magnetic coupling in the bulk material, we synthesized dicobalt- and
dicopper-disalen complexes (Scheme 5.1) and investigated their magnetic properties
[39, 40].

Magnetic measurements by the SQUID-methods revealed strong (Co) and weak
(Cu) antiferromagnetic couplings between the metal centers [39, 40]. These results
are in agreement with measurements of the magnetic properties of the chains
deposited on Au(111) surfaces [37].

From X-ray crystal structure data as well as density function theory (DFT) calcu-
lations, the rotation angle around the central C—C bond linking the two salophen units
is close to 0°. DFT calculations of the spin density of a dicobalt complex revealed
that the two unpaired electrons are distributed in the m-electron system of the com-
plex (Fig.5.5). A rotation around the central C—C bond would reduce the overlap
between the orbitals at the bridgehead carbon atoms and thus the coupling between
the unpaired electrons at the metal spin centers.

A maximum magnitude of J was found in a coplanar arrangement, which was
also found for Co-salophen complexes deposited on Au(111) [37-39, 41, 42]. From
XAS-, STM-measurements and DFT calculations it became evident that the coupling
between the complexes on the surface is dominated by the coupling between the
the Co(Il) spin centers through the ligand’s 7-system rather than surface mediated
by RKKY interactions. The observed antiferromagnetic coupling together with the
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Fig. 5.5 DFT calculated spin-density of a dibromo dicobalt salophen complex. The spin density is
located in 7-orbitals perpendicular to the molecular plane

formation of long one-dimensional chains raises the question whether these systems
could be employed in spintronic devices [41].

A simple spintronic device could be a logic gate, which transfers the information
from two leads to an exit gate [41]. To build such a device, we synthesized a tri-
cobalt-triplesalophen complex [41, 43] with three bromine atom substituents to be
copolymerized with mono- and dibromocobaltsalophen complexes on a metal surface
[38, 41]. Such a spintronic device is depicted in Fig.5.6.

In conclusion, we were able to develop new spin devices from salophen complexes.
Initial studies on salen complexes revealed the high thermal and chemical stability
of cobalt complexes on Cu(111) and Au(111) surfaces. Self-assembly of halogen
terminated complexes and further chemical transformation of the bromo derivative
into complex chains with antiferromagnetically coupled unpaired electrons revealed
the first molecular based spin-chains on metal surfaces with high Kondo tempera-
tures depending on the chain length. Triple-cobaltsalophen complexes were used in
addition to mono- and dibromosalophen cobalt complexes and resulted in structures
suitable for a model of a molecular based spintronic device.

Fig.5.6 STM-representation of the synthesized spintronic device. The central triple-cobaltsalophen
complex is chemically connected to cobalt salophen complex-chains
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5.3 Paramagnetic 3d-Transition-Metal Complexes
with Terdentate Pyridine-Diimine Ligands

Pyridine-Diimine (PDI) ligands are classified as non-innocent” ligands whose
complexes can feature interesting electronic and magnetic properties [44—48].
Spacer-connected PDI ligands provide access to dinuclear complexes with adjustable
metal-metal distances (Fig.5.7).

Due to the perpendicular alignment of the planes of the PDI systems and the
bonded aromatic spacer, a magnetic coupling of the metal centers via super-exchange
is likely to be prevented. DFT-calculated spin densities of the anthracenyl-bridged
complex support this assumption [49]. It was therefore anticipated that the systems
presented in Fig. 5.7 would allow the investigation of the dependence of the dipolar
coupling on the metal-metal distances.

5.3.1 Synthesis of Novel Mono-, Di- and Trinuclear Iron(1l)
Complexes

The key building blocks for the desired novel ligand systems are the borylated
pyridine-diimine precursors TB1 and TB2. These compounds were obtained by
direct regioselective borylation with an iridium catalyst and were subjected to a
consecutive Suzuki—-Miyaura [50, 51] cross-coupling reaction (Scheme 5.2).
Complexation to the iron(Il)-compounds was successfully accomplished using a
synthetic protocol of Campora et al. (Scheme 5.3) [52]. For ligands TB3 and TB4

Fig. 5.7 Novel complexes
with different metal-metal
distances

82A

M = Fe, Co, Ni
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Scheme 5.2 Synthesis of ligands TB5-TB7
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Scheme 5.3 Complexation of FeCl, by ligands TB3, TB4 and TBS to form mono-, di- and trinu-
clear complexes

the reaction led to the expected mono- and dinuclear complexes TB6 and TB7. In
the case of the ligand TBS, a trinuclear complex with a bridging FeCl,-group was
obtained.

The molecular structures of the iron(IT) complexes (Fig. 5.8) could be unambigu-
ously established through X-ray crystal structure analyses. Selected bond distances
and angles are listed in Table 5.1. In all complexes the iron atoms exhibit a slightly
distorted square-pyramidal geometry with values for Addison’s parameter 75 < 0.15.
The Fe—Cl bond length is in the typical range of 2.25-2.28 A for iron(IT) complexes
[53, 54]. The observed bond distances and angles of the PDI ligand compare well
with structural data in the literature [55-57]. The C-N and C-C distances of the
diimine groups and the exocyclic C—C bonds of the pyridine group clearly speak in
favour of a neutral, i.e. innocent pyridine-diimine ligand [48, 58, 59]. The observed
inter-metal distance of the dinuclear compound (Fel-Fe2 = 7.235A) is larger
than the DFT derived value (6.2 1&), whereas the distance in the trinuclear com-
plex (Fel-Fe3 = 7.804 A) differs slightly from the calculated distance of a related
dinuclear complex (8.2 10\), due to the interlinked iron(II) chlorido group.
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Fig. 5.8 X-ray crystal structures of TB6-TBS; co-crystallized solvent molecules and hydrogen
atoms are partially omitted for clarity

Table 5.1 Selected distances (A) and angles (°) for TB6, TB7 and TB8 with estimated standard
deviation (esd) in parentheses

TB6 TB7 TBS
Fel-Cl1 2.2882(11) 2.270(2) 2.2513(1)
Fel-CI2 2.2876(10) 2.3103) 2.3943(1)
Fel-N1 2.103(3) 2.099(7) 2.110(3)
Fel-N2 2.272(3) 2.258(7) 2.221(3)
Fel-N3 2.254(3) 2.229(7) 2.195(3)
N3-C6 1.280(5) 1.295(11) 1.288(5)
N2-C8 1.284(4) 1.276(11) 1.279(5)
C1-C8 1.494(5) 1.498(11) 1.479(6)
C5-C6 1.491(5) 1.497(11) 1.485(6)
N2-Fel-N3 145.40(10) 73.3(2) 144.60(1)
N1-Fel-Cll 125.39(9) 148.6(2) 149.45(9)
N1-Fel-CI2 125.80(9) 95.9(2) 101.70(9)
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5.3.2 Electronic and Magnetic Properties

First insight into the magnetic properties was obtained by variable temperature
'"H NMR measurements. In the accessible temperature range of 225-300K, only
the trinuclear compound TB8 shows Curie behavior (Fig.5.9). While the 'H NMR
resonances of the mono- and dinuclear complexes display a linear dependence on
the reciprocal temperature, the corresponding intercepts deviate significantly from
zero.

This is particularly pronounced for the mononuclear complex TB6 and might be
attributed to large zero field splitting (ZFS) parameters and/or low-lying excited states
mixed into the ground state. For iron PDI complexes magnetic moments ranging from
Left = 5.0 ug to 5.8 ug and ZFS parameters in the range from D = —10-20 cm™!
with d°-configured iron centers with a S = 2 spin state were previously reported in
the literature [52, 60, 61].

To establish the electronic ground (and potential excited) states of the iron
complexes, Mossbauer spectroscopy was employed for the novel complex TB6
(Fig.5.10). The derived parameters are listed in Table5.2. At 80K, the spectrum
displays the expected doublet as reported in the literature [48, 62] with an isomeric

R*>0.976
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Fig. 5.9 'H NMR shifts from TBS (left), TB9 (middle) and TB10 (right)
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Fig. 5.10 Mossbauer spectra of complex TB6 at 80, 250, and 300K

Table 5.2 Parameters of the Mdssbauer spectra at different temperatures

T (K) dis (mms~!) AEq (mms~1) Assignment Population (%)
80 1.06 2.68 Fe(IT) 100
250 0.92 2.03 Fe(1D) 80.3
250 0.43 0.44 Fe(I1D) 19.7
300 0.88 1.80 Fe(IT) 52.8
300 0.17 0.60 Fe(IID) 47.2

shift of djs = 1.06 mms~! and a quadrupole splitting of AEq = 2.68 mms ™~ typical
for high-spin iron(II) center with S = 2 [63, 64].

With increasing temperature, a second doublet emerges, indicating two different
states of the complex. The isomeric shift of ;s = 0.037 mms ™' of the second dou-
blet is typical for d>-configured iron high-spin complexes [62], while the quadrupole
splitting value of AgQ = 2.68 mms~! is significantly smaller than values previously
reported for real iron(IIT) PDI-complexes [62]. The quadrupole splitting of the afore-
mentioned quintet decays at higher temperatures indicating a small change of the
coordination geometry [65]. The observed temperature dependence of the isomeric
shift is not consistent with the expected influence of a second-order Doppler effect
[66] and is instead accounted for by dynamic processes between the two states.

Iron(II) PDI complexes with a reduced, i.e. non-innocent ligand are known to
exhibit smaller quadrupole splittings [48]. Therefore, it is suggested that at higher
temperatures an iron(III) complex bearing an anionic non-innocent ligand is popu-
lated. This indicates a case of valence tautomerism as shown in Scheme 5.4 [67].
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Scheme 5.4 Assumed temperature dependent valence tautomerism in complex TB6

Fig.5.11 Calculated molecular structures of Fe(II)-complex (left) and Fe(III)-complex (right) with
selected bond-distances in A

Starting from our DFT calculations, Granovsky carried out multi-reference cal-
culations for both iron(Il) and iron(IIl) centers with S = 2 and S = 3 spin states at
the XMCQDPT2/SAS-CASSCEF [13e, 110] level [68] for the model system shown
in Fig.5.11. The energy difference between the S = 2 ground state and the S = 3
excited state is calculated to be AE = 7.3kcalmol~!. Preliminary results for cal-
culations with larger basis sets and the full ligand system suggest that the energy
difference is even smaller for the substituted real complex. Therefore, it is antici-
pated that the S = 3 excited state is populated to a significant extent above 300 K.

The calculations predicted an alteration in the bond length of the ligand, i.e. the C-
N distances of the imine groups are elongated by 0.03 A and the exocyclic C—C bonds
of the pyridine group is shortened by 0.04 A. These theoretically derived changes
are smaller than for reported non-innocent” PDI ligands [58]. It was therefore not
surprising that we were not able to detect changes in the bond lengths in temperature
dependent single crystal structure measurements.

Figure 5.12 displays the temperature dependence of the effective magnetic moment
Lt for compounds TB6, TB7 and TBS8. The results of the Curie-Weiss analysis
and fitting parameters of the variable temperature (vt) magnetic susceptibility data
obtained with the JulX [69] program are given in Table 5.3. For all three complexes
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Table 5.3 Parameters obtained from fitting the magnetic data of TB6, TB7 and TB8

Compound | § g-Value D(em™) |J(m™) |6w K) ett (UB)
TB6 2 2.052 —8.414 - 1.400 4.90
TB7 2 1.954 —0.209 0.001 —1.949 6.77
TBS 2 2.180 —24.435 | —0.390 7.98 9.17

the magnetic moment increases with higher temperatures until it reaches saturation
at 70K for TB6, 27K for TB7 and 140K for TBS.

The magnetic moment of iy = 4.9 ug for the mononuclear complex TB6 at
RT is in the range for iron(Il) high-spin complexes and corresponds to the calcu-
lated spin-only value. For systems displaying valence tautomerism, a change of the
magnetic moment is typically observed above 250K [70-72]. This was, however,
not observed for compound TB6 and may be attributed to strong antiferromag-
netic coupling between the iron S = 3 centre and the ligand radical. This could
quench the additional magnetic moment as was previously reported for an iron com-
plex by Banerjee et al. [73]. Simulations proposed a strong coupling constant of
J ~ —250cm™! thus preserving the magnetic moment.

The determined ZFS parameter of D = —8.4cm™! matches the established val-
ues reported in the literature for related PDI iron complexes [62]. At room tem-
perature a magnetic moment of ue = 6.77 pug is observed for the dinuclear com-
plex TB7. This value indicates an uncoupled system with a § =2 ground state
for the independent iron centres and is in full agreement with the theoretical value
of pmeo = 6.93 pup. This is consistent with the fit of the magnetic susceptibility
data, which revealed a negligible antiferromagnetic coupling between the iron cen-
ters (J = —0.001 cm™"). The ZFS parameter (D = —0.209cm™") is exceptionally
small compared to the mononuclear compounds and could not be explained up to
now. The magnetic moment of pei = 9.17 ug for the trinuclear compound TB8
is comparable to the spin-only value for an uncoupled system containing three
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FeCl,

TB 8: R = CH; TB9: R=CH3, 73 %

Scheme 5.5 Reaction to oxo-complex TB9 from TBS8

high-spin iron(Il) centers (iimeo = 8.40 ug'). For the data fit a spin state of S| =
S, = §3 = 2 was assumed in agreement with the Mossbauer measurements. Based
on symmetry arguments, equal parameters were assigned to the outer iron atoms.
The derived ZFS parameter of D = —48.0cm™! compares well with the expected
value of (ideal) square-pyramidal coordination geometry (75 = 0.08) [77]. The fit
also shows an antiferromagnetic coupling between the outer and inner metal centres
by super-exchange via the p-chlorido bridges.

5.3.3 Molecules on Surfaces

The MALDI mass spectra of the di- and trinuclear complexes display only peaks
for the mononuclear fragments with m/z = 599.1 for TB6, m/z = 1238.7 for TB7
and m/z = 1059.45 for TB8. Complex TB8 was also examined via ESI mass spec-
trometry to check its accessibility for electro-spray deposition on surfaces. Rather
than the expected mother iron peak, however, the recorded spectra and the isotropic
pattern of the observed signal at m/z = 1311.22 hinted at an oxidized fragment.

The control reaction of compound TB8 with oxygen led indeed and instanta-
neously to the p-oxo-bridged iron(IIl) cationic complex TB9 (Scheme5.5), which
was unambiguously confirmed by X-ray single crystal structure analysis. The spin
state of S = 5/2 for all three iron centres could be established by Mossbauer spec-
troscopy.

Due to its inherent stability, the oxidized complex TB9 was deposited on a
Au(111)-surface by the electro-spray-deposition method [41, 78, 79]. Figure5.13
shows topographical images of the measurements. Based on the crystal structure an
intact molecule possesses a diameter of 1 nm. Most of the observed conformations

ICalculated with pi2, = Y pi2[74-76].
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Fig. 5.13 Scanning tunnelling microscope images of the molecules deposited onto a Au(111)
surface

are not robust and exist in many variants on the surface. Many of the objects agglom-
erate into pairs or trimers adsorbed at the elbows of the herringbone reconstruction
of the Au(111) surface.

Theoretical calculations to determine the favored orientation of the molecules on
the surface were performed by Hermanowicz [80] with the SIESTA DFT program
package employing the PBE functional. These calculations revealed an energetic
preference for the side-on orientation of 121 kcal/mol over the upside-down orienta-
tion (Fig.5.14).

The STM measurements clearly revealed that the molecule lands in all possible
rotational orientations on the surface. Similar results were obtained for a Fe, com-
plex by Burgess [81], where an assignment of the DFT calculated structure to a
topographical image was possible due to characteristic spin excitation energies. In
our case a comparison of the measured topography images to the ones predicted by
DFT calculations was not yet possible.

5.4 One-Dimensional Stacked Metallocenes

One final target was to stack paramagnetic metallocenes head-to-head and fix
them in peri-position of a naphthalene unit. Herein, we present the synthesis,
molecular structure, magnetic properties and theoretical calculations of bis- and
oligo(metallocenyl)naphthalene complexes displaying different ground states.
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CONFIG_1
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Fig. 5.14 Calculated maps as Tersoff-Hamann [82] style STM images (a—d) with corresponding
3D distributions (side views). Side on and upside orientation

5.4.1 Different Metal Centers

Depending on the metal used, the number of unpaired electrons per metallocenyl
unit is predefined. Therefore the synthesized naphthalene-bridged biscobaltocenyl
complex [Co], [83], the bisvanadocenyl complex [V], [84] as well as the decamethyl
biscobaltocenyl [Co*], [83] and bisnickelocenyl compounds [Ni*], [85] (Fig.5.15)
exhibit different ground states. As a consequence, different magnetic responses
should be expected by the combination of different metals.

Synthesis

The dinuclear cobaltocene complex [Col, was prepared in a three-step synthe-
sis (Scheme 5.6) using 1,8-diiodonaphthalene as starting material [86]. A two-fold
iodine-lithium exchange followed by a nucleophilic attack at cobaltocenium iodide
led to a naphthalene-bridged dinuclear cobalt(I) complex. Hydride abstraction using
a tritylium salt yielded the dinuclear cobaltocenium complex, which was readily
reduced to the desired biscobaltocenyl complex using decamethylcobaltocene [83].

For the synthesis of the corresponding decamethyl biscobaltocenyl complex
[Co*], [83] the disodium salt of a cyclopentadienyl functionalized naphthalene

Fig. 5.15 Naphthalene- Rs (\ Rs
bridged bismetallocenyl \LG/—M- © O—M- @/
complexes [M]2 (M = Co,

V; R = H) and [M*], M =

Co, Ni: R = Me) OO
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Scheme 5.6 Synthesis of the naphthalene-bridged biscobaltocenyl complex [Co]z [83, 86]; reac-
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Scheme 5.7 Synthesis of the naphthalene-bridged bismetallocenyl complexes [Co*]2 [83], [Ni*]»
[85] and [V]> [84]

was used as starting material (Scheme5.7). Reaction with a Cp*Co transfer reagent
yielded the desired dinuclear compound via salt metathesis. In analogous manner,
the related decamethyl nickel complex [Ni*], [85] and the bisvanadocenyl complex
[V], [84] were accessible.

Molecular Structures

The molecular structures of the naphthalene-bridged bismetallocenyl complexes
(Fig.5.16) are dominated by a distortion (Table5.4) due to the steric demand of
the two metallocenyl entities in the peri-positions of the naphthalene linker.

The repulsion of the metallocenyl substituents is reflected in the angle between the
linked cyclopentadienyl (Cp) ligands (£Cp—Cp) and the torsional angle (Fig.5.17).
The rotational angle of the adjacent Cp ring and the corresponding six-membered
subunit of the naphthalene linker (£/Cp-Ar) displays a deviation from the expected
ideal head-to-head arrangement of the metallocenes. This might strongly influence
the coupling pathway [83—-85] that is either through space and/or through bond.
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Table 5.4 Selected distances [A] and angles [°] determined by X-ray crystal structure analysis of

[Colz [83], [Co*12 [83], [Ni*]2 [85] and [V]; [84] with esd
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[Col> [Co*]2 [Ni*], [V]2
M1-M2 6.7392(4) 6.7244(7) 6.9705(3) 7.1212(3)
ipso—ipso 2.940(2) 3.018(4) 2.987(2) 2.974(1)
peri-peri 2.559(2) 2.563(5) 2.562(3) 2.565(1)
torsion 29.7(1) 36.8(2) 27.6(1) 27.19(8)
/Cp-Cp 28.46(6) 33.7(1) 31.48(7) 26.68(4)
Z/Cp-Ar 40.28(5) 28.0(1) 42.40(6) 47.93(4)

For the definition of the angle between the best-fit planes [87] of the corresponding atoms (£) and
the torsional angle see Fig.5.17

Magnetic Properties

The magnetic behavior of the bismetallocenyl complexes in solution was studied
by temperature dependent 'H NMR spectroscopy. All naphthalene-bridged bismet-
allocenyl complexes displayed Curie behavior in the observed temperature range
[83-85]. However, unusual diamagnetic chemicals shifts dq;, were obtained from a
linear fit of the experimental chemical shift (5.1) possibly indicating small exchange
interactions.

In the solid state all compounds displayed antiferromagnetic behavior. The simu-
lation [69] of the magnetic data revealed a strong influence of the metal center on the
exchange interaction between the two spin centers (Table 5.5). While for [Co], [83]
and [Ni*], [85] similar weak antiferromagnetic exchange interactions were deter-
mined (—28.1 and —31.5cm™") only a very weak coupling was found for [Co*],
[83] and [V]; [84]. While the decreased interaction in [Co*], compared to [Co], was
attributed to geometric changes of the complexes in the solid state [83], the very weak
interaction in [V], can be attributed to electronic effects [84]. In cobaltocene and

Fig. 5.16 Molecular structures of [Col2 [83], [Co*]2 [83], [Ni*]2 [85] and [V]2 [84] (left to right);
hydrogen atoms are omitted for clarity

Fig. 5.17 Schematic £Cp-Cp
representation of the
molecular structure of [M],

ipso

ZCp—Ar \|torsion

peri
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Table 5.5 Experimental and calculated DFT parameters obtained from fitting of the magnetic data
of [Co]g [83, 88], [Co*]2 [83], [Ni*]2 [85] and [V]: [84] in the solid state using the Heisenberg
model H = —2J1251 52 and coupling constants calculated with the TPSSH functional (def2-TZVP
basis set)

[Col> [Co*]2 [Ni*], [V]
S1 =5 172 1/2 1 32
Ji2 (em™1) (DFT) —28.1 -5.9 -31.5 —2.00(—057—04%
g =g 1.85 2.04 1.81 1.96
Ow (K) —-1.6 —4.9 1.40 —3.94
T~ (K) ~48 ~4 ~101 ~8
Dy = D> (cm™) - - n/a 2.83
peit (B) (300K) 2.15 247 3.20 5.28 (270K)

TObtained from the Greens-function approach [89, 90]; *obtained from the broken-symmetry
approach [91]; ®w: Weiss constant; T : Néel temperature; D: zero-field splitting parameter

VCp, CoCp;, NiCp,
—d.

d, —d d d,
i ==
4 dp _1+ dy # dy M y
dxy—f— —1— dya.y2 dxyﬂ— —H dxoy2 dxy—1+ —H dyaya @

Fig. 5.18 Occupation of the d-orbitals in archetype mononuclear metallocenes

dxz

nickelocene the unpaired electrons are located in the d,; and d,, orbitals (Fig.5.18),
which have sufficient overlap with the orbitals of the Cp ligands allowing a distri-
bution of the spin density throughout the ligands and the aromatic linker [83-85].
In vanadocene the unpaired electrons occupy the d,, dy>_,2 and d;> orbitals. Due to
the missing overlap of these orbitals with the orbitals of the Cp ligands hardly any
spin transfer occurs to the ligands or the aromatic linker and an exchange interaction
is strongly reduced [84].

The clear distinction between intra- and intermolecular exchange interactions
of bismetallocenyl complexes is challenging considering the crystal packing in the
solid state. For the decamethyl bisnickelocenyl complex [Ni*], the molecules form
chains in the crystalline state, resulting in similar inter- and intramolecular Ni—-Ni
distances (Fig.5.19) [85]. The analysis of diamagnetically diluted samples as well
as DFT calculations revealed that the magnetic behavior in the solid state of the
naphthalene-bridged bismetallocenyl complexes is dominated by an intramolecular
exchange interaction [83-85].
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Fig. 5.19 Intra- versus intermolecular Ni-Ni distance in the crystal packing of [Ni*]» [85]

5.4.2 More Stacking

The increase of the number of stacked metallocenes in a spin chain might also
have a strong influence on the intramolecular exchange interactions. Therefore, the
naphthalene-bridged tri- and tetranuclear cobaltocenyl complexes served as model
compounds, bearing three and four § = 1/2 spin centers, respectively.

Synthesis

In order to increase the number of naphthalene-bridged cobaltocenes stacked in one
direction, the asymmetrically functionalized key compound 2 was synthesized using
1,8-diiodonaphthalene (1) as starting material. It was then subjected to a mono iodine-
lithium exchange reaction followed by a nucleophilic attack of the in situ formed
lithium organyl at cobaltocenium iodide [92] (Scheme 5.8(i)).

The remaining iodo substituent was replaced with a cyclopentadiene substituent
in a cross coupling reaction with cyclopentadienyl zinc chloride in the presence of
copper(I) iodide. The resulting mixture of 3 was transferred to the cationic trinuclear
cobaltocenium complex [Co]3(PF¢); by deprotonation of the CpH substituent and
addition of cobalt(IT) chloride.

The oxidation of the formed cobaltocene complex was followed by a two-fold
hydride abstraction. Finally, the reduction with decamethylcobaltocene yields the
trinuclear air- and moisture sensitive target compound [Co]3 [92] (Scheme 5.8(ii),
(iv).

In order to synthesize the tetranuclear cobaltocene complex, the key compound 2
was transferred into a nucleophile via an iodine-lithium exchange and was allowed
to attack the biscobaltocenium complex [Co],(BF,), leading to the tetranuclear
cobalt(I) complex 4. A four-fold hydride abstraction yields the tetranuclear cobal-
tocenium complex [Col4(BF4)4, which can be reduced to the desired air- and mois-
ture sensitive tetranuclear cobaltocene complex [Coly4 using decamethylcobaltocene
(Scheme 5.8(v)).

Molecular Structures

X-ray crystal structure determination revealed small structural variations of the
stacked cobaltocenium complexes with increasing number of stacked cobaltocenium
moieties [Cola(BF;)2[86], [Col3(PFs); and [Colq(BF4)4 (Fig.5.20). The distance
between cobalt atoms in close proximity varies between 6.37A in [Co]3(PFg); and
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Scheme 5.8 Synthesis of the tri- and tetranuclear cobaltocenyl complexes [Co]s [92] and [Coly;
reaction conditions: (i): (1) n-BuLi, Et;0, (2) [CoCp2]I, Et;O; (ii): CpZnCl, Cul, thf; (iii): (1)
n-BuLi, thf, (2) CoCly, thf, (3) H,O, NH4PFg, O, (4) Ph3CTPFg~, dem; (iv): CoCp;, thf; (v): (1)
n-BuLi, thf, (2) [Col2(BF4)2; (vi): Ph3CTBF,4~
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Fig. 5.20 Molecular structures of [Co]2(BF4), (Col-Co2 6.38 A) [86], [Co]3(PFg)3 (Col-Co2
6.37 A, Co1-Co3 12.72 A), [Co]4(BF4)4 (Col—Co2 6.44 A, Co1-Co3 12.66 A, Col-Co4 18.39 A)
and [Col4(BPhy)4 (Co1-Co2 6.7 A, Col-Co3 13.41 A, Col-Co4 20.11 A); hydrogen atoms, coun-
terions and co-crystallized solvent molecules are omitted for clarity

6.44A in [Co]4(BF,)4. The Col-Co3 distance of 12.72A in [Col3(PFg)3 drops to
12.66 A in [Co]4(BF,4)4. The remarkable bent structure of [Col4(BF,)4 is attributed
to the fact that the three naphthalene linkers are placed on the same side of the
cobaltocenium chain. An X-ray crystal structure analysis of the tetranuclear cobal-
tocenium complex with a different counterion [Co]4(BPhy)4 revealed an alternat-
ing placement of the naphthalene linkers with an increased Col-Co2 distance of
6.70 A (Fig.5.20). Correspondingly, the distance of the outer cobalt atoms Col1—Co4
(20.11 A) is increased compared to the value in [Co]4(BF4)4 (18.39 A).

Redox Properties

The redox properties of the di-, tri- and tetranuclear cobaltocenyl complexes were
studied by means of square wave voltammetry (SWV). The measurements of
[Col2(BF,),, [Col3(PFs); and [Cols(BF4)4 revealed two, three and four separated,
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Fig. 5.21 SWYV of ]
[Co]2(BF4)2, [Co]3(PFe)3 61
and [Col4(BF4)4 (top to 34
bottom); MeCN, RT, 0] ; . ;
["BugN][B(CsFs)4] (0.1 M), ;
versus Fc/Fet, v = 4
100mV/s < 7
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=
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Table 5.6 SVW data of [Co]2(BF4)2, [Co]3(PF¢)3 and [Cols(BF4)4
[Col2(BF4), [Col3(PFe)3 [Cola(BF4)4
Eip (1) —1.160 —1.064 —1.044
Ei2(2) —1.382 —1.296 —1.195
Ei2 (3) —1.419 —1.342
Eipp (4) —1.430
AEq (1/2); (Ko) 0.222 (5.65 x 10%)  |0.232(8.35 x 10%) | 0.151 (3.57 x 10%)
AEy)y 213); (K) 0.123 (1.20 x 10%) | 0.171 (7.77 x 10%)
AE1) (3/4); (Ke) 0.050 (7.00)
AEpp (1) 0.102 0.105 0.116
AEy; (2) 0.101 0.099 0.104
AEp; (3) 0.113 0.097
AEp);, (4) 0.103
AE,)> (Fc/Fe+) 0.104 0.102 0.110

MeCN, RT, ["Bu4N][B(C¢Fs)4] (0.1 M), working electrode: Pt-disk, counter electrode: Pt-rod,
reference electrode: Pt-wire, versus Fc/Fc+, v = 100mV/s, frequency 10Hz, step potential SmV,
potentials in (V) & 0.005V, K. = exp(m FAE/2/(RT))

reversible redox events (Fig.5.21) in the typical range of the cobaltocene/cobalto-
cenium redox couple [93] (Table 5.6), indicating electronic communication between
the cobalt centers [92].

Magnetic Behavior

The magnetic behavior of the di -, tri- and tetranuclear cobaltocene complexes in
solution was studied by '"H NMR spectroscopy at variable temperature (Fig.5.22).
[Col, [83], [Col3 and [Col4 revealed a linear correlation between the experimental
chemical shift and the reciprocal temperature in the observed temperature range
according to (5.1) [94].
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Fig. 5.22 Curie plot of the H NMR measurements of [Co]z R2 = 0.994-1.000 (left) and [Col4
R? = 0.984-0.999 (right); toluene-dg, 400 MHz (213-333K)

AgepsS(S + 1)
338 kT
A : hyperfine coupling constant,

Sexp = + ddia

g : gyromagnetic ratio of the proton (5.1)

The unusual intercepts, representing the diamagnetic shift dq;,, might be attributed
to the cobaltocene anomaly [94] or even to a small intramolecular exchange inter-
action between the spins, which cannot be simulated for the spin systems due to the
small temperature range of measurement.

In the solid state the magnetic susceptibility of [Co]s and [Co]4 was measured
by a vibrating sample magnetometer (VSM) between 3 and 300 K. For both com-
plexes the temperature dependence of the effective magnetic moment indicate an
antiferromagnetic exchange interaction (Fig.5.23).

For both complexes the temperature dependence of the effective magnetic moment
indicate an antiferromagnetic exchange interaction

The magnetic data of the trinuclear complex could neither be simulated for a
simple §; = S, = S3 = 1/2 spin system with g; = g3 nor treated as a Heisenberg
chain, indicating a more complex intermolecular exchange interaction. In the case
of the tetranuclear complex, the data can be satisfactorily fitted [69] for a S| =
S, = 83 = Sy = 1/2 spin system with g; = g4 and g, = g3 under the assumption
that there is only an antiferromagnetic exchange interaction between adjacent spin
centers (Fig.5.24).

The exchange interactions obtained from the fit indicate an increased intramolecu-
lar coupling of —58.7 and —103.2cm™! (Table 5.7) compared to the dinuclear com-
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Fig. 5.23 VSM measurements of [Co]3 (left) and [Coly (right) in the solid state (field-cooled, 1 T)

Fig. 5.24 The spin system S1 =8 =S8 = S,=1,
of [Cols
J1a
[ T !
Ji3 { \
I 1
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Table 5.7 Parameters obtained from fitting [69] of the magnetic data of [Co]y in the solid state

g1 = g4 92 = g3 Jio = J3 Joz (cm™1) Ow (K) et (1B) (300 K)
(em™)
2.002 2.34 —58.7 —103.2 —11.6 3.04, 3.467

TExpected value for a non-interacting §; = S, = S3 = S4 = 1/2 spin system according to the spin-
only formula [9]

pound [Co], (—28.1cm™!). The antiferromagnetic exchange interaction was also
confirmed by DFT calculations [88]. Since no exchange interaction for the isolated
molecules in solution was observed, it is likely that the increased antiferromagnetic
coupling is influenced by intermolecular interaction in the solid state.

Molecules on Surfaces

The di- and trinuclear complexes can be successfully deposited on surfaces by
using the air- and moisture stable related cobaltocenium complexes [92] (Fig.5.25).
The identification of the oligonuclear complexes on the surface is, however, chal-
lenging considering that different conformers are possible. This is best illustrated
for the molecular structure of the corresponding cobaltocenium complex of [Colys
(Fig.5.20).
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Fig. 5.25 Scanning tunnelling microscope images of [Co], on a Au(111) surface (left) and [Co]3
on a Cu(111) surface
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Chapter 6
Designing and Understanding Building ez
Blocks for Molecular Spintronics

Carmen Herrmann, Lynn Grof, Bodo Alexander Voigt,
Suranjan Shil and Torben Steenbock

Abstract Designing and understanding spin coupling within and between molecules
is important for, e.g., nanoscale spintronics, magnetic materials, catalysis, and bio-
chemistry. We review a recently developed approach to analyzing spin coupling in
terms of local pathways, which allows to evaluate how much each part of a struc-
ture contributes to coupling, and present examples of how first-principles electronic
structure theory can help to understand spin coupling in molecular systems which
show the potential for photo- or redoxswitching, or where the ground state is stabi-
lized with respect to spin flips by adding unpaired spins on a bridge connecting two
spin centers. Finally, we make a connection between spin coupling and conductance
through molecular bridges.

6.1 Introduction

In electronics on a very small scale, heating due to electron currents flowing through
thin wires has become a major problem [1]. In spintronics, information is stored,
transferred and processed employing the spin rather than the charge degree of free-
dom. Spintronics offers, in principle, a solution to the heating challenge: By building
up chains of spins which are coupled to their neighbors by (super-)exchange or by
Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions (when adsorbed on a metal
surface), the flip of a spin on one end of the chain can be passed on along the chain,
thus transferring information but not charge. This has been exploited in an experiment
by Khajetoorians et al. [2], in which it was demonstrated that chains of iron atoms
deposited on a copper substrate can be used to build a spin logic gate. The inputs are
controlled by cobalt clusters of different size whose magnetization can be individ-
ually switched by an external magnetic field due to their different coercivities, and
the output is read out by the tip of a spin-polarized scanning tunneling microscope

C. Herrmann (X)) - L. Grof3 - B. A. Voigt - S. Shil - T. Steenbock
Institute for Inorganic and Applied Chemistry, University of Hamburg,
Martin-Luther-King-Platz 6, 20146 Hamburg, Germany

e-mail: carmen.herrmann @chemie.uni-hamburg.de

© Springer Nature Switzerland AG 2018 117
R. Wiesendanger (ed.), Atomic- and Nanoscale Magnetism, NanoScience
and Technology, https://doi.org/10.1007/978-3-319-99558-8_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99558-8_6&domain=pdf

118 C. Herrmann et al.
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(STM). The atoms are coupled antiferromagnetically by RKKY interactions medi-
ated by the conduction electrons. Controlling this interaction requires controlling the
distance between the atoms on the surface, which is achieved by manipulating them
with the STM tip. A simpler approach to constructing spin chains is provided by
molecular self-assembly on surfaces. Molecules consisting of spin-polarized metal
ions and organic ligands can be covalently linked into antiferromagnetically coupled
chains and branched structures by thermally activated surface-mediated debromina-
tion [3-5]. Chain lengths of up to 81 nm could be achieved [5]. Linking metal atoms
via ligands in this way introduces two competing pathways for spin coupling: one is
through the surface (RKKY) and one through the bridging ligand(s) (see Fig.6.1).
To find out which of these two dominates, one usually resorts to density functional
theory (DFT) calculations, comparing spin coupling for pairs of molecules on the
substrate with pairs of molecules in the vacuum. In the covalently linked molecu-
lar chains discussed above, this procedure suggested that spin coupling is mediated
solely through the ligands [3]. For a checkerboard structure of molecular spin cen-
ters whose ligands were not covalently linked to each other, the same approach
suggested that only RKKY interactions are responsible for spin coupling [6]. For
similarly non-linked charged tetracyano-p-quinonedimethane molecules adsorbed
on graphene/Ru(0001), in contrast, interactions between the molecules rather than
the substrate were suggested as being responsible for spin interactions [7].

Taking away the substrate will not strongly modify the electronic structure of
the adsorbed molecule if molecule—substrate interactions are sufficiently weak. For
cases where these interactions affect the electronic structure of the adsorbate and
for the sake of efficiency, it is desirable to have a computational scheme which
allows to evaluate the dominant coupling pathway more directly. Such a scheme is
also helpful for disentangling the different contributions to spin coupling that may
arise within a given molecule (e.g., because different bridging ligands are present).
In Sect.6.2.2, such a local decomposition scheme is presented [8]. It is based on a
Green’s function approach to evaluating spin coupling from the electronic structure
of one spin state only (rather than from energy differences between two spin states)
which has been established in solid-state science [9] and only occasionally been
applied to molecules [10—12] (with spin densities clearly localized on the metal atoms
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rather than partially delocalized onto ligands). Therefore, it had to be ensured that the
approach works generally well for molecules [13]. For this purpose, it was brought
into a form suitable for interfacing with quantum chemical electronic structure codes
[13] based on previous work by Han, Ozaki and coworkers [12]. Both is summarized
in Sect.6.2.1.

As an additional advantage, spin coupling between or within molecules can be
controlled chemically to a large degree. The term “chemical control” can refer to
optimizing molecular bridges and/or spin centers in terms of chemical constitu-
tion, substituents and molecular topology, and to constructing structures that can be
switched by external stimuli, thus modifying spin coupling by, e.g., illumination with
visible or ultraviolet light [14—19]. We discuss a candidate for such photoswitching
of spin coupling in Sect. 6.3.1, and elucidate, with the help of DFT calculations, pos-
sible reasons for the unfavorable switching behavior of the complex. In Sect. 6.3.2, an
alternative switching mechanism is discussed: a ferrocene unit bridging two organic
radicals is oxidized, so that an additional unpaired spin on the bridge is introduced.
As for the photoswitching in the example above, this does not affect the type of spin
coupling (i.e., there is no change between ferro- and antiferromagnetic coupling),
but it strongly changes its magnitude (i.e., the energy difference between the ferro-
and antiferromagnetically coupled states). Such oxidation switching of spin coupling
has also been studied experimentally and theoretically for different types of bridges
[20-22]. The effect of oxidation may also be relevant, for example, when comparing
isolated molecules with molecules adsorbed on surfaces, as the interaction with a
metal substrate may lead to charge transfer between molecule and surface. To isolate
the effect of an additional spin on the bridge from the effect of charging, a compar-
ative study on neutral bridges with and without unpaired spin is finally presented
in Sect. 6.3.3, which points to achieving delocalization of the spin density onto the
bridge as a major goal for synthetic efforts towards molecules or molecular chains
with large spin coupling. Introducing spin on the bridge as a means to achieve larger
spin coupling has gained increase interest in recent years [23].

The logic gate described above operates at a temperature of 0.3 K. Employing
molecules and optimizing their interactions may lead to devices with higher operat-
ing temperatures. At the same time, these potential technological applications are by
far not the only reason why we are interested in understanding and designing spin
interactions within and between molecules. Such spin interactions are important,
e.g., for catalysts and biological systems, and ligands mediating them may be under-
stood as a specific example of communication through molecular bridges, which is
also relevant for, e.g., electron transfer and transport through such bridges [24-30].
Section 6.4 summarizes several examples of how first-principles electronic structure
calculations can help to draw analogies between spin coupling and conductance, and
to understand conductance in cases where spin plays an important role.
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6.2 Local Pathways in Exchange Spin Coupling

In contrast to various properties such as charge [31, 32], spin [33-35], electric dipole
moments [36-38], electron transport and transfer properties [39—46], Raman or vibra-
tional Raman optical activity intensities [47, 48], and X-ray absorption intensities
[49, 50], there is no straightforward scheme available for analyzing which parts of
a molecular structure contribute to coupling between local spins. We present here
such a scheme, based on a Green’s function approach from solid-state physics [9].

6.2.1 Transferring a Green’s Function Approach to
Heisenberg Coupling Constants J from Solid State
Physics to Quantum Chemistry

In quantum chemistry, the coupling between spin centers is usually evaluated from
the energy difference between a ferromagnetically coupled and an antiferromag-
netically coupled state (see Fig.6.2). If one assumes a cosine dependence of the
electronic energy on the angle between the two spin vectors located at the spin cen-
ters (see Fig. 6.2), one can estimate this energy difference by looking at the electronic
structure of one spin state only: as illustrated in Fig. 6.2, the larger the energy differ-
ence, the larger the curvature of the energy at one of the extrema corresponding to
ferro- or antiferromagnetic coupling. This was the basis for the approach developed
for solid-state structures [9]. We have checked whether the energy does indeed show
such a cosine behavior and found that as long as the spin does not strongly delocalize
onto the bridge, with bridge atoms sharing delocalized spin from different spin cen-
ters, this is usually the case [13]. Of course, differences in molecular orbitals (MOs)
and molecular structures in different spin states are neglected by such an approach.
Nonetheless, it was found to give reliable spin couplings for a wide range of struc-
tures. Compared to an approach by Peralta and coworkers [51, 52], in which orbital
relaxation upon spin rotation is taken into account by solving the coupled perturbed
Kohn—-Sham equations, the Green’s function approach sacrifices some accuracy for
the advantage of being a straightforward postprocessing scheme.

If magnetic anisotropy is low, spin coupling is usually well described by a Heisen-
berg Hamiltonian

H=-2J) 8,8z (6.1)

A>B

where J refers to the spin coupling constant (which is positive for ferromagnetic and
negative for antiferromagnetic coupling), and S, and S to the local spin operators
for spin centers A and B. By comparing the energy change due to a small spin
rotation between a Greens-function energy expression and the Heisenberg model,
using the local force theorem, and introducing local projection operators onto the spin
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Fig. 6.2 The standard approach to evaluating spin coupling in quantum chemistry is based on
evaluating energy differences between ferromagnetically (F) and antiferromagnetically (AF) cou-
pled states (a), where the AF state is typically modeled by a Broken-Symmetry (BS) determinant
in Kohn—Sham DFT (b). In the approach from solid-state physics adopted here, spin coupling is
rather evaluated from the curvature of the potential energy as a function of the angle 6 between
two local spin vectors (¢). The larger the energy difference, the larger the curvature. The resulting
expression involves sums over pairs d of occupied spin-up or « orbitals and unoccupied spin-down
or [3 orbitals, or vice versa (“spin-flip excitations”; compare (6.2)).

centers to define so-called on-site potentials, we arrive at the following equation for
J (evaluated by processing the electronic structure of the ferromagnetically coupled

state),
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For a detailed derivation, see [9, 13]. The sums run over pairs of occupied and unoc-
cupied (“virtual”) orbitals of opposite spin and over single-particle basis functions
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p, v located on the spin centers A and B. F,, refers to the elements of the Fock
matrices for electrons of spin o € {«, 3}, where « refers to spin-up or majority spins
and ( refers to spin-down or minority spins, in a basis of Lowdin-orthogonalized
atom-centered single-particle basis functions. In other words, this is a matrix repre-
sentation of the effective single-particle operators in Kohn—Sham DFT. C;; denotes
the molecular orbital coefficients for a given spin ¢ in the same basis. S4 and Sp refer
to the local spin quantum numbers on the spin centers A and B. So far, we have used
ideal local spin quantum numbers rather than the local spins (Sz A) = %(N 4—N f ),
where N is the number of electrons with spin o on atom A.!

In our case, Lowdin projectors were used [31, 53, 54], but other choices, may have
their benefits as well (e.g., local partitioning schemes based on three-dimensional
Cartesian space rather than on single-particle basis functions)—compare the long list
of methods for analyzing partial atomic charges (population analysis). It should also
be noted that there is a certain ambiguity in defining the on-site potentials (which
reflect the difference in potential a spin-up electron experiences on an atom compared
with a spin-down electron) in terms of local projection operators. This is discussed in
more detail in [13] and shown to not strongly affect the resulting coupling constants.
In all cases considered here, the two spin centers were chosen as the two atoms on
which the unpaired spins are formally located (i.e., the metal atoms). In particular in
strongly delocalized systems such as organic radicals, including more atoms can be
advisable.

If the electronic structure of the antiferromagnetically coupled state was employed,
an expression equivalent to (6.2) would be obtained, except for a sign change
(J(AF) = —J (F)). In Kohn—Sham DFT, the wave function of the noninteracting
reference system in the antiferromagnetically coupled state is usually modeled by a
so-called Broken-Symmetry determinant [55], which breaks spin symmetry. There
is some debate in the literature on whether this is formally correct [56-59], in par-
ticular since it is not clear how to evaluate the total spin in Kohn—Sham DFT [60,
61]. In practice, the Broken-Symmetry approach has been very successful in mod-
eling molecular structures and energetics of antiferromagnetically coupled systems
[56, 62], and whether spin projection is considered necessary or not typically has a
much smaller effect on the resulting J than the choice of approximate exchange—
correlation functional. We found that when applied to a Broken-Symmetry determi-
nant in Kohn—Sham DFT, the Green’s function approach ((6.2) with a sign change)
does not even consistently produce qualitatively reliable coupling constants (see
Fig.6.3). Figure 6.3 shows data for two transition metal complexes which are partic-
ularly challenging, as the unpaired spin is partially delocalized from the metal atoms
onto the ligands.

The lower panels of Fig. 6.3 also illustrate the challenge resulting from structural
differences in the minimum-energy structures in the two spin states: depending on
which molecular structure is chosen, the sign of the predicted coupling constant

ITdeal local spin quantum numbers would be Sy = % for a spin center with formally one unpaired
electron, while local spins reflect the decrease of this number that results from delocalization of
unpaired spin density onto neighboring atoms such as ligands.
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Fig. 6.3 Exchange coupling constants J for a [Cu;] (top) and a bis-cobaltocene complex (bottom),
which show non-negligible delocalization of spin density from the metal atoms onto the ligands
[13]. J is evaluated employing either the “traditional” energy-difference method between a ferro-
magnetically coupled and a Broken-Symmetry (BS) determinant with or without spin projection, or
from (6.2) based on a ferromagnetically (F) or antiferromagnetically coupled (AF) electronic struc-
ture. The molecular structures were optimized either in the F state (left) or in the AF state (right).
Different approximate exchange—correlation functionals were used (see x axis) in combination with
a def-TZVP basis set. The experimental data are / = —1.54 kJ/mol for [Cuy] [63] and J = —0.33
kJ/mol for bis-cobaltocene [64]. In other words, for the bis-cobaltocene a prediction of the spin
multiplicity of the ground state is not possible with the Green’s function approach employing the
chosen DFT settings. This is, however, the only case we have encountered so far in which J was
this sensitive to the electronic structure

changes. This was the only case observed in our studies so far, but it would clearly
be valuable for future work to establish a reliable measure or rule for when such
structural differences play a role.

6.2.2 Decomposing J into Local Contributions

Equation (6.2) consists of sums over pairs of occupied spin-up (or ) and unoccupied
spin-down (or [3) orbitals, or vice versa (see Fig.6.2d). These may be considered as
“spin-flip excitations” j (i, k),
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where i refers to the index of an « orbital and k to the index of a 3 orbital. The factor
q is equal to 1 if i is occupied and k unoccupied, and —1 if i is unoccupied and k
occupied. For pairs of occupied or unoccupied orbitals, g is zero. These molecular
orbitals are often predominantly localized on a certain part of a molecular structure,
for example on a certain bridging ligand or on one or several spin centers. This
suggests to employ these spin-flip excitations directly for the analysis of local con-
tributions to spin coupling pathways. This is not straightforward, since the individual
Jj (i, k) make large contributions of opposite signs, which then barely cancel to result
in the total coupling constant. This is analyzed in detail for the H, molecule in [8].

As an alternative, one can focus on, e.g., the occupied MOs, and sum over all
spin-flip excitations from each occupied MO,

o =Y jlk (6.4)
kep,virt
Jo®) = > ji.k (6.5)
i€a,virt
so that
TE =Y fod+ Y. juo. (6.6)
icocc,a keoce,3

Other choices such as focusing on, e.g., all « orbitals (occupied or unoccupied)
would be equally valid in principle. One argument for selecting occupied MOs of
both spins would be that these are variationally optimized, while the virtual orbitals
are not (except for being orthogonal to the occupied ones). These MO contributions
are typically much smaller in absolute value than the (nearly canceling) spin-flip
excitations they are constructed from, so that they appear to be a more reasonable
choice for further analysis.

One can then proceed as follows: First, the mostimportant contributions jy;, from
occupied orbitals are selected (with a cutoff chosen either as a certain percentage
of J, or as an absolute value). Then, the largest spin-flip excitations contributing to
those can be analyzed further. The advantage of such an orbital-based approach is
that it can generate insight in terms of orbital symmetry. There is often some ambi-
guity in deciding which orbital resides on which part of the structure, so that this
scheme is not ideally suited for an automated decomposition. Also, if one is predom-
inantly interested in contributions from different atom-centered basis functions on
the spin centers (in particular those corresponding to d orbitals on the metal atoms),
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an alternative scheme in which the individual terms resulting from the double sum
over the basis functions located on the spin centers in (6.2) are analyzed may be more
promising [65, 66].

A more straightforward scheme for analyzing the contributions of different regions
of space to spin coupling is an atomic decomposition, which can be based on defining
weights of each molecular orbital i of spin o on an atom or molecular fragment A,

2

ZueA ’C,Zi
a2’
ZI/ CVI'|
Swim =1, (6.8)
A

W3 (i) = 6.7)

(where Cy; again refers to MO coefficients w.r.t. a Lowdin-transformed basis) and
then defining a fragment contribution to J such that the spin-flip excitations are
weighted according to the average weight of the two orbitals involved on the fragment
under consideration,

a (; B k
Jrrg (D) =Y (M) j o, (6.9)
ik
J(F) =) jerg (A). (6.10)
A

Again, there is some degree of arbitrariness in this approach, and one might,
for example, consider a density-based weighting scheme in future work, or taking
the geometric rather than the arithmetic average between the two fragment weights.
From our experience so far, the approach described above works well for the purpose
of qualitative analysis we have in mind (see below and [8]).

The calculation and local decomposition of exchange coupling constants J was
implemented in our program package ARTAIOS [67] (see Fig.6.4), which can post-
process output from various electronic-structure codes.

6.2.3 Application to Bismetallocenes: Through-Space
Versus Through-Bond Pathways

Asanillustrative example, we show here the analysis of through-bond versus through-
space coupling pathways for naphthalene-bridged bis-metallocenes synthesized by
Heck and coworkers [68, 69] (see Fig.6.5).

We compare the fragment decomposition scheme according to (6.7)—(6.10) with
an alternative approach, in which the bridge is removed to evaluate the pure through-
space contribution (see Table6.1). As discussed in the introduction, this has the
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Fig. 6.4 Schematic
workflow in our program Program development: ARTAIOS
package ARTAIOS [67]

(Local) J local
from spin,
Green’s diradical
functions character

(Local)
Conduct
ance

Extract (effective) Hamiltonian matrices,
overlap matrices, total and orbital energies,
orbital coefficients, ...

Electronic structure calculation (DFT, ...):
ADF, Gaussian, NWChem, Turbomole, ...

Fig. 6.5 Illustration of two
spin coupling pathways in
bis-metallocenes (top:
through-space, bottom:
through-bond)

disadvantage of modifying the electronic structure of the spin centers somewhat, so
that removing the bridge may also modify the through-space interactions to some
extent. Qualitatively, both approaches result in the same picture: For vanadocene,
the overall coupling is weak because both pathways contribute little (which can be
attributed to the small delocalization of unpaired spin from the spin centers onto the
ligands [69]), while for nickelocene, the antiferromagnetic coupling is dominated
by the through-space interaction (with the bridging contributing a smaller equally
antiferromagnetic term).
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Table 6.1 Through-space (TS) and through-bond (TB) contributions to the Heisenberg spin cou-
pling constant J (in cm~") for naphthalene (NP)-bridged bis-cobaltocenes. The values in the second
column were obtained by evaluating H for amolecule in which the bridge was taken out and replaced
by two hydrogen atoms to saturate the dangling bonds (but all other nuclear coordinates were the
same as in the molecule including the bridge; see Fig. 6.6). For the values in the third column, the
resulting J was subtracted from J for the full molecule (including the bridge). In all calculations
TPSSH / def2-TZVP was used

System TS (no bridge) TB (total — no TS (6.9) TB (6.9)
bridge)

V-NP-V -0.2 —-0.2 —-1.2 +0.7

Ni-NP-Ni —24.3 —1.3 —17.3 —-83

Fig. 6.6 Ball-and-stick representation of a bis-metallocene with and without a naphthalene bridge
(in the structure without the bridge, the dangling bonds are saturated with hydrogen atoms)

6.3 Chemically Controlling Spin Coupling

In the ideal case, chemical control can be exerted by external stimuli, e.g., by modi-
fying the chemical structure of a bridge between two spin centers through photo- or
redoxswitching. Nonetheless, comparing different bridges that are not directly inter-
convertible, as presented in the last part of this section, is very helpful for establishing
structure—property relationships.

6.3.1 Photoswitchable Spin Coupling:
Dithienylethene-Linked Biscobaltocenes

Bismetallocenes with dithienylethene (DTE) linkers promise a combination of photo-
and redox-switching, and for metallocenes with unpaired electrons, photoswitch-
able spin coupling. This has been demonstrated for DTE-linked organic radical spin
centers, and occasionally also between metal centers [70]. Attempts at bringing a
cobaltocene—DTE-cobaltocene molecule (see Fig. 6.8, top right), where each cobal-
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- UV light

Vis light

R S 5 R

Fig. 6.7 Photoswitching a dithienylethene bridge with different substituents R. m-conjugation is
indicated by the thick lines. The dotted line indicates one or two methylene units, resulting in five-
membered and six-membered rings, respectively, which were both studied without showing much
difference in their switching behavior

tocene carries one unpaired spin, to photoswitch between an uncoupled “open” and
a coupled closed form were not successful [19]. By studying a sequence of disubsti-
tuted dithienylethene bridges and comparing their switching behavior with ground-
and excited-state potential energy (PES) scans along the reaction coordinate, we
could shed some light on why this is so.

For chlorine-substituted DTE, photoswitching is possible, and this is true for both
a five-membered and a six-membered ring [71]. The advantage of a six-membered
ring is its potential for chiral functionalization. When attaching (diamagnetic) fer-
rocene substituents for R in Fig. 6.7, the switching behavior was considerably poorer
than for the chlorine-substituted compound. This could be attributed to an increased
number of accessible excited electronic states, only one of which results in the desired
photoreaction [72]. This increased number of excited-state pathways not leading to
ring closure or opening is even more pronounced when moving to a DTE bridge with
two attached paramagnetic cobaltocene units. This is in contrast to the case where the
7 systems of substituents and bridge are disconnected by a sp>-hybridized carbon
atom (see Fig.6.8). Accordingly, while the latter system can be photoswitched, it
was not possible to switch the corresponding bis-cobaltocene [19].

6.3.2 Redox-Switchable Spin Coupling: Ferrocene
as Bridging Ligand

Ferrocene was mentioned above as a substituent on a photoswitchable bridge. Here,
we exploit its redox properties and employ it as a bridge between two radical sub-
stituents (see Fig.6.9). In the neutral state, ferrocene is diamagnetic, while in the
oxidized state, it has one unpaired electron. This unpaired electron can interact with
the unpaired electrons on the two radical substituents, so that one would expect
an increase in overall spin coupling (i.e., energy difference between the electronic
ground state and excited states obtained by spin flips). This is indeed the case: In
the neutral form, the spins on the radical substituents are weakly ferromagnetically
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Fig. 6.8 Top: Lewis structures of DTE-linked complexes with diamagnetic Co(I) centers attached
via sp3-hybridized carbon atoms (left) and with paramagnetic cobaltocene (Co(II) centers attached
via sp?-hybridized carbon atoms, resulting in 7 conjugation between DTE and the cyclopentadienyl
ligands (right). The dotted line indicates one or two methylene units, which were both studied
without showing much difference in their switching behavior. The data shown below are for the
five-membered ring resulting from one methylene unit. Middle: Total energy as a function of the
distance between the reactive carbon atoms involved in ring closure / opening (indicated by the blue
arrows in the top panels), for the ground state and for those excited states which were considered as
potentially contributing to the photoreaction due to their relatively large transition dipole moment
from the electronic ground state (see [19] for more details). Bottom: The same plots including all
excited states under consideration. In the molecular structure optimizations, all nuclear coordinates
were allowed to relax except for the distance between the reactive carbon atoms, which was held
fixed at the values indicated on the x axis (B3LYP-D3/ def-TZVP)
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Fig. 6.9 Illustration of redox switching a bridging ferrocene unit linking two nitronyl nitroxide
radicals to achieve an overall energetic stabilization of the ground state with respect to spin flips

coupled according to Kohn—Sham DFT. When oxidizing the bridge, the coupling
between the spins on the radicals and on the bridge is antiferromagnetic, so that over-
all the relative orientation between the spins on the two radicals remains unchanged
(i.e., aligned parallel). The resulting stabilization of the electronic ground state with
respect to spin flips is at least by a factor of three (with some exchange—correlation
functionals suggesting up to 300).

All these results were obtained from Kohn—-Sham DFT (where it was verified
that conclusions do not depend on the choice of a particular approximate exchange—
correlation functional). It would be interesting to see whether this switching behavior
can also be verified experimentally, and whether the stronger coupling in the oxidized
state plays arole for adsorbates on surfaces (where oxidation may be caused by charge
transfer form the molecule to the surface).

6.3.3 Introducing Spins on the Bridge: A Systematic Study

To study more systematically the effect of introducing a spin center on the bridge,
we investigated a series of nitronyl nitroxide (NNO)-bridge—semiquinone (SQ) com-
pounds, where the bridge is a meta-phenylene with different closed-shell and radical
substituents (see Fig.6.10) [73]. Again, introducing a spin on the bridge leads to an
energetic stabilization of the ground state with respect to spin flips by a factor of
three to six. There is a clear correlation between the amount of spin density that gets
delocalized from the radical substituent onto the bridge and the amount of spin-state
stabilization. Since in the potential synthetic target system (bottom right in Fig. 6.10),
this delocalization is much smaller than in the model systems under study (the other
panels in the figure), this points to controlling spin delocalization in synthetically
accessible molecules as an important goal when aiming at a stabilization of coupled
spin systems with respect to spin flips.
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Fig. 6.10 (Top) Relative spin state energies of meta-connected ethynyl-bridged model radicals for
different exchange—correlation functionals (legend: bottom right plot). (Bottom) Relative spin state
energies of a potential synthetic target system. The Lewis structure shows structures with a radical
substituent on the bridge, resulting in triradicals; these are compared with the spin-state energetics
of analogous compounds with an added hydrogen atom changing the substituent into a closed-shell
one, resulting in diradicals (compare the text below/above the Lewis structures). For both diradicals
and triradicals, energies are given with respect to the ferromagnetically coupled state (11 or 111).
B2PLYP* refers to the B2PLYP functional employing 100% DFT correlation rather than the original
27% admixture of MP2 correlation

6.4 From Spin Coupling to Conductance

The relation between spin coupling and electron transfer or transport has been studied
for some time [24, 26-30]. Recently, it was also pointed out that there is a connection
between the existence of diradicals and the occurrence of quantum interference in
molecular wires [74]. We showed that comparing conductance and spin coupling from
a molecular-orbital point of view results in the common trends reported before (with
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large conductance corresponding to large antiferromagnetic coupling), but this is due
to pairs of frontier orbitals showing opposite trends (see Fig. 6.11): Antiferromagnetic
coupling gets larger as orbital energy splittings increase, while conductance gets
smaller in that case (provided the electronic coupling to the electrodes remains the
same). This apparent contradiction is explained by the fact that in a typical thiolate—
bridge—thiolate molecular wire, there are two relevant electrons more than for a
typical spin—bridge—spin system, so the relevant frontier orbitals are different [25].
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We also studied radical and closed-shell adsorbates on carbon nanotubes, where
they may affect conductance [76]. This effect is often called chemical gating, and
it is attributed to charge transfer between adsorbates and nanotube, the effect of the
adsorbate dipole moments on the nanotube electronic structure, or a combination of
both. Therefore, this study required the derivation and implementation of a general-
ized origin-independent approach to evaluating local dipole moments [36, 37] (see
Fig.6.12).

When considering the relation between conductance and spin-dependent proper-
ties, other exciting phenomena are magnetoresistance [77] and effects resulting from
spin—orbit coupling, such as the Rashba effect which in colloidal PbS nanosheets
leads to a circularity dependent photo-galvanic effect [78]. For the magnetoresis-
tance measured for a TEMPO-radical-substituted oligophenylene-ethynylene (OPE)
molecular wire in a mechanically controlled break junction, electron transport does
not go through the radical substituent (see Fig.6.13), but yet the presence of the
radical strongly increases magnetoresistance compared with the unsubstituted OPE
molecule. This leaves several open questions for future work.

Fig. 6.12 Optimized structure of a spin-polarized NO, adsorbate on a (8,0) carbon nanotube
(periodic boundary conditions, PBE-D2) [76]

Fig. 6.13 Schematic illustration of local contributions to electron transmission in two nearly degen-
erate conformations of a TEMPO-substituted oligophenylene-ethynylene molecular wire [39, 77]
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6.5 Conclusion

We have reviewed methodological and computational efforts towards understanding
and designing spin interactions in molecular systems, which may be important for
functional units in nanoscale spintronics. In particular, our focus was on analyzing
local contributions to spin coupling (i.e., coupling pathways), on photoswitching and
redoxswitching spin coupling, on quantifying the effect of unpaired spins located on
bridging units, on the stabilization of the ground state with respect to spin flips, and on
pointing out common aspects of spin coupling and conductance through molecular
bridges. In the future, it would be valuable to employ the concepts and methods
suggested here to specifically design (switchable) spin coupling in molecules and
molecular chains, both isolated and on surfaces or in other environments that may
facilitate their use for nanospintronics applications.
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Chapter 7 ®
Magnetic Properties of Small, Deposited oo
3d Transition Metal and Alloy Clusters

Michael Martins, Ivan Baev, Fridtjof Kielgast, Torben Beeck, Leif Glaser,
Kai Chen and Wilfried Wurth

Abstract Clusters are structures in the nano- or sub-nanometer regime ranging from
a few atoms up to several thousand atoms per cluster. Supported metal clusters and
adatoms are interesting systems for magnetic studies as their magnetic properties
can strongly depend on the size, composition and the substrate due to quantum size
effects. This offers rich possibilities to tailor systems to specific applications by
choosing the proper size and composition of the cluster. In this article the magnetic
properties of small 3d metal and alloy clusters in the few atom limit measured by
X-ray magnetic circular dichroism and how their spin and orbital moments depend
on size and composition are discussed. Special emphasis is put on the non-collinear
magnetic coupling in the clusters resulting in complex spin structures and the influ-
ence of oxidation on the magnetic properties of the clusters.

7.1 Introduction

When thinking about magnetism usually ferromagnetic coupling is considered, a
phenomenon known for a long time. Since its discovery it plays an important role in
various areas of technology, e.g., navigation or nowadays to store information. In a
ferromagnetically coupled material the magnetic moments of the individual atoms
within a domain are all oriented parallel to each other. However, there is also anti-
ferromagnetism, with antiparallel orientation of the magnetic moments and more
complicated magnetic structures, for example spin spirals [1, 2]. The coupling of
a ferromagnet and an antiferromagnet can result in new effects such as the giant
magneto-resistance observed in Cr-Fe multilayers [3—5]. Nevertheless, even more
complex magnetic ordering exists, which is known from domain walls, showing
a non-collinear coupling of the magnetic moments. Furthermore, in recent years
another very complex type of non-collinear magnetic ordering has been observed,
namely nano-scale magnetic skyrmions. These structures are topologically stabi-
lized and may lead to new approaches for storing digital information [6]. As these
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skyrmions can have very small sizes in the nm or even sub-nm regime, they may
have potential as ultra-high density storage devices.

Nowadays, storing huge amounts of digital information in magnetic storage
devices is still performed using small ferromagnetic domains. By decreasing the size
of the magnetic particles storing the information enormous progress has been made
in the last decades in increasing the available magnetic storage density. However,
by decreasing the size of the particles further they will become superparamagnetic,
i.e., the magnetic moments of the individual atoms in the particle are still ferromag-
netically coupled, but the resulting total magnetic moment of the particle can rotate
freely. The energy barrier which has to be overcome to rotate the magnetisation from
the easy axis to another direction, e.g., switching from zero to one, is given by the
anisotropy energy.

If information is stored in ferromagnetic particles the natural size limit is a single
atom. Several studies have been performed on the magnetic properties of adatoms
on different surfaces [7-15] and large anisotropy energies per atom have been found
for some adatoms. However, a stable magnetisation of adatoms might have been
observed recently for a single Holmium atom at cryogenic temperatures [8].

Magnetic particles with large magnetic moments and a sufficient anisotropy
energy to store information at room temperature might be tailored by selecting a
special number of atoms in the particle, e.g., using clusters with only a few atoms or
magnetic molecules. As the physical and chemical properties of small clusters are
strongly affected by quantum size effects these properties can strongly vary with the
size even by removing or adding only a single atom (“each atom counts”) [16], which
has been shown for chemical [16, 17] as well as magnetic properties [18, 19] and
opens a way to tailor the magnetic anisotropy. For this, the microscopic origin of the
magnetic anisotropy in small clusters needs to be understood. In Fig.7.1 the mech-
anism how the spin moment is coupled to the geometry via the spin-orbit coupling
and the ligand field is sketched. The total magnetic moment of a cluster is mostly
given by the spin moment of the atoms. As the spin has no direct coupling to the
geometry of the cluster, the coupling of the magnetic moments must be mediated
via the magnetic orbital moment of the atoms. The coupling to the spin is caused
by the spin-orbit interaction. The orbital moment is coupled to the geometry of the
cluster via the ligand or crystal field. As the ligand field is in general asymmetric,
this asymmetry is transferred via the orbital moment to the magnetic spin moment,
resulting in the magnetic asymmetry energy [20, 21]. Thus, the asymmetry might
be enhanced by an increased spin-orbit coupling, a larger magnetic orbital moment or
by a stronger ligand field. This mechanism has been demonstrated by
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Gambardella et al. [7] for small Co adatoms and non size selected Co clusters on
a Pt(111) surface. They found a clear correlation between the magnetic anisotropy
energy per atom and the orbital magnetic moments of the Co atoms within the cluster.

Hence, experiments are mandatory which can measure both the spin and orbital
magnetic moments of the supported clusters. Furthermore, experiments on such clus-
ters have to be performed on mass selected clusters, as the magnetic properties can
depend strongly on the exact number and geometry of atoms. Such experiments can
be realised by X-ray spectroscopic methods like X-ray absorption (XAS) and espe-
cially X-ray magnetic circular dichroism (XMCD) spectroscopy [22]. Therefore, in
this chapter the magnetic properties of mass selected, supported 3d transition metal
and alloy clusters in the size range from the adatom up to a dozen atoms per cluster
studied by X-ray magnetic circular dichroism will be discussed. A special emphasis
is put on the non-collinear ordering in the small cluster and how non-collinear order-
ing is emerging or changing in small systems in the few atom limit. Furthermore,
hybridization effects due to alloying of the clusters to tailor the orbital moments and
the magnetic anisotropy will be discussed.

Small clusters are also interesting from a theoretical point of view, as they are
large enough to show complex physical properties and small enough to use highly
sophisticated theoretical methods. For a detailed understanding of their magnetic
properties including the interaction within particles as well as with the substrate the
systems should be studied also theoretically.

This chapter is structured as following. We will first discuss the experimental
methods to produce and deposit mass selected clusters and will give a brief intro-
duction on how to measure their magnetic properties using X-ray spectroscopy. As
examples the magnetic properties of small Cr and Co clusters will be discussed.
The influence of alloying Co clusters with 4d and 5d metals will be presented in the
following section. Finally the influence of oxygen on the magnetic properties of Co
and Co alloy clusters will be discussed.

7.2 Experiments

7.2.1 Cluster Sample Preparation

To perform X-ray spectroscopy on mass selected, supported metal clusters three steps
are mandatory. The clusters have to be produced and subsequently mass selected,
hence, the clusters should be produced as ions for an easy mass selection. Finally, the
clusters have to be deposited on a substrate. In Fig. 7.2 the setup used in our experi-
ment is sketched, consisting of cluster production, mass selection and deposition as
well as spectroscopic investigation.

Within our setup [23], Xe ions with up to 30 keV kinetic energy are used to sputter a
target with the cluster material put on high voltage. Atomic and cluster ions produced
due to the sputtering process are accelerated typically to 500eV kinetic energy and
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Fig. 7.3 Mass separated ion yield from a CoRh target produced by the ICARUS cluster source
[23]. Creative Common Attribution 3.0 License in New J. Phys. 18, 113007 (2016)

are collimated by an electrostatic lens system. As the source is operated at a Xe
background pressure around 1 - 10~7 mbar with a base pressure of =1-10~% mbar or
better the contamination of the often highly reactive small cluster ions with oxygen
can be largely avoided. A typical example for the clusters which can be produced
by the source is depicted in Fig.7.3 for a CoRh alloy target. With increasing cluster
size the yield is strongly decreasing. However, special size effects for some specific
cluster sizes can increase the yield.

The mass selection of the clusters is achieved using a dipole magnet field. In
particular for bimetallic alloy clusters a good mass resolution is required to select
a specific size and composition. Here also the natural isotope distribution of the
elements has to be taken into account, as this can strongly reduce the achievable



7 Magnetic Properties of Small, Deposited 3d Transition ... 141

2 Preparation of 3 Magnetization
a thin film of the film

1 Sputtering
and Annealing

4 Argon Adsorption

6 Spectroscopy at 20-30K

5 Cluster Deposition

Fig.7.4 Preparation of samples with mass selected clusters using the soft landing scheme described
in the text. Creative Common Attribution 3.0 License in J. Phys. C 28, 503002 (2016)

mass resolution. From the measured ion current the density of the clusters on the
surface can directly be calculated, if the size of the cluster spot is known.

To investigate the size dependency of the cluster properties, the coalescence or the
interaction of the mass selected supported clusters have to be avoided. This can be
realised by depositing only a small amount of clusters in the order of a few percent
of a monolayer on the surface. However, to achieve a sufficient count rate in X-ray
spectroscopy, a reasonable number of particles is required. The typical coverage
given by the atom density in our experiments is on the order of 3% of a monolayer.

To deposit the metal clusters on a surface without fragmentation or changing the
surface a soft landing scheme is used. Within this soft landing scheme the mass
selected cluster ions are decelerated to a kinetic energy around 1 eV per atom. By
using a rare gas buffer layer on the substrate of typically 5—10 monolayers the remain-
ing kinetic energy of the clusters can be efficiently transferred to this buffer layer
which is partially desorbed. Finally the rare gas layers are desorbed by flash heating
the sample and the deposited clusters are in contact with the surface. Using molec-
ular dynamics simulations Cheng and Landman [24, 25] have shown, that by this
procedure, metal clusters can be landed on a surface without destruction.

The scheme to prepare the cluster samples in situ is depicted in Fig. 7.4. A Cu(100)
single crystal is cleaned and prepared by sputter and anneal cycles (1). The clusters are
deposited on thin magnetic films to align the cluster moments, prepared in the second
step (2). In a third step (3) the films are out-of-plane magnetised to remanence. The
clusters are deposited in the soft landing scheme in a thin noble gas layer of typical
5-10 monolayers (ML) (4) and the clusters are landing in the noble gas matrix with
a kinetic energy less than 1eV per atom (5). With typical retarded cluster currents
between 10pA up to 1nA for the different cluster sizes the deposition process takes
5-60min for a cluster coverage around 3% of a monolayer.
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In a last step (6) the clusters are brought in contact with the surface by desorbing
the noble gas layer by flash heating the sample to 80—-100K. The typical size of the
cluster spot on the surface is in the order of 1-2mm?, which has then to be aligned
to the synchrotron radiation beam.

7.2.2 X-Ray Absorption and Magnetic X-Ray Spectroscopy

Near edge X-ray absorption spectroscopy (NEXAFS) has been shown to be very
sensitive to the electronic structure and by using circular polarised light also to the
magnetic structure of the excited atoms [22, 26, 27].

Due toits element specificity X-ray absorption spectroscopy is well suited to study
the electronic and magnetic properties of small, deposited clusters. The localised
core electrons are excited into the unoccupied valence states and due to the dipole
transition selection rules are excited to first order valence states with a specific angular
moment. In Fig.7.5b this excitation is sketched for the 3d metals, where the spin-
orbit split 2p3,» and 2py, core electrons are excited into exchange split unoccupied
3d states.

To study dilute systems, such as submonolayer systems, a high intensity, stable
and tunable X-ray source is required which can be produced by using undulators at
third generation storage ring facilities [28]. Especially APPLE II [29] like undulator
sources have been proven to be excellent sources for circular polarised synchrotron
radiation over a wide energy range covering in particular L,3-edges of the 3d transi-
tion metals. In Fig.7.5a the principle measurement scheme used in our experiments
is depicted. The sample with the deposited clusters is magnetised out-of-plane and
X-ray spectroscopy is carried out at normal incidence. The X-ray absorption is mea-
sured by recording the total electron yield via the sample current.

(b)
(a) - - E.
ﬁw M > Detector
9/' Sample
current
‘%/ 2p 3
2p 4

Fig. 7.5 Principle of X-ray and magnetic X-ray absorption spectroscopy. Exciting the spin-orbit
split 2p electrons of a 3d metal atom of a magnetised sample with left and right polarised light (a)
will create spin-polarised electrons, which probe the exchange coupling split empty d states (b).
Creative Common Attribution 3.0 License in J. Phys. C 28, 503002 (2016)
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Magnetic X-ray spectroscopy using circular polarised synchrotron radiation
(XMCD) is especially useful to measure the spin and orbital magnetic moments
which can be estimated using the sum rules [30, 31] given in (7.1) and (7.2) for
2p — 3d transitions.

off A—2B
KUs = —2pp - ny c +T; (7.1)
4 A+B a2
= —— -n .
Me 3MB h C
with
C=Ci3+Cp (7.3)

A and B are the integrated dichroism signals at the L3 and L, edge marked in Fig. 7.6,
respectively. The normalizing factor C is the integrated intensity C;3 and Cp, over
the L, and L3 white lines, respectively. ny, is the number of d holes. For bulk materials
this number is usually quite well known, however, it is not known for small clusters,
where ny, might also change with the size of the cluster. Hence, all magnetic moments
given are divided by ny. The effective spin moment & includes the term T, which is
a magnetic dipole term and is a measure of the asphericity of the spin magnetisation
[22]. In a system with cubic symmetry this term is in general negligible, but this does
not hold for clusters and adatoms deposited on surfaces [7, 22, 32, 33] and the given
spin moments ugﬁ always include this usually unknown contribution.

The absolute spin and orbital magnetic moments can be estimated for the later
3d elements (Fe, Co, Ni) with an error around 10% [34]. For the other 3d elements,
the error for the absolute value can be 50% or above, as the 2p spin-orbit splitting
is decreasing and the L3 and L, white lines start to overlap [35-37]. However, rela-
tive changes between different systems, e.g., different cluster sizes, of the magnetic
moments can still be obtained.

In X-ray absorption spectra also the direct, non-resonant excitation into s-like
states is included. This does not contribute to the magnetic properties, shows no
resonant feature and can be described by a step function. In Fig. 7.6 X-ray absorption
spectra of Fe; clusters deposited on a magnetised Ni/Cu(100) substrate are shown
as an example. The L3 and L, white lines at 708 and 720eV due to the excitation
of 2p3/> and 2y, electrons into unoccupied states are situated on a slowly varying
background from the Ni/Cu substrate.

7.3 3d Metal Cluster

In the following section the magnetic properties of small chromium and cobalt clus-
ters deposited on thin magnetised films will be discussed. Cr and Co have been
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Fig. 7.6 X-ray absorption and magnetic circular dichroism (XMCD) spectrum of Fe7 clusters
deposited on an out-of-plane magnetised Ni/Cu(100) substrate. The red and blues curves are the X-
ray absorption spectra recorded with the two light helicities. The upper (black) trace is the average
absorption spectrum corresponding to the absorption of unpolarised or linear polarised light. The
low (green) trace is the difference spectrum of both helicities, e.g., the XMCD spectrum. The shaded
areas A, B and C are the areas used in the sum rules in (7.1) and (7.2). Creative Common Attribution
3.0 License in J. Phys. C 28, 503002 (2016)

chosen as examples for materials showing an antiferromagnetic and ferromagnetic
coupling in the bulk, respectively.

7.3.1 Chromium Clusters

The clusters discussed in this chapter are in general too small for complex spin
structures like skrymions, however, already a dimer on a magnetised surface might
show a complex non-collinear magnetic coupling, if the magnetic coupling relative
to the surface and within the dimer is antiferromagnetic. In Fig.7.7 the possible
magnetic structure for such adatoms and dimers deposited on a magnetised surface
are depicted. For the dimer a ferromagnetic, an antiferromagnetic as well as a non-
collinear coupling might be realised depending on the coupling strength between the
adatoms J,, and an adatom and the surface J,.

Such ultra small non-collinear spin structures can be realised with chromium
clusters, as chromium is a prototype system for an antiferromagnetic coupling in the
bulk.
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(a)

/

Fig. 7.7 Schematic illustration of the possible non-collinear coupling of a dimer on a magnetised
surface. a antiferromagnetic coupling to the substrate of the adatom, b ferromagnetic coupling of
the dimer, ¢ antiferromagnetic coupling of the dimer, d non-collinear coupling of the dimer with
angles 91 > and exchange coupling constants Jao_a and Ja_g

In Fig.7.8 the XMCD spectra of Cr adatoms and Cr, clusters for n = 3,4
deposited on a magnetised three monolayer Fe film, deposited on Cu(100) are
depicted [38]. A strong XMCD signal is found, which shows a double peak structure
at the L3 edge. As the positive part is much stronger in total this XMCD signal cor-
responds to the expected antiferromagnetic coupling. This double peak structure is
identical to the structure found for polarised Cr atoms in the gas phase by Priimper
et al. [39]. In the gas phase the two peaks with opposite sign can be assigned to two
different spin configurations of the 3d electrons, e.g., a ’P and a >P multiplet [40].

The spin and orbital magnetic moments in the size range from the Cr adatom up to
13 Cr atoms per cluster deposited on a magnetised Fe film are depicted in Fig.7.9.
The orbital moment is close to zero and the spin moment is strongly decreasing
from 0.4 g for the Cr adatom down to 0.10-0.15 g for Cr,, with n > 8. This strong
decrease is a result of the increasing antiferromagnetic ordering of the Cr cluster with
increasing size. The almost vanishing orbital moment for chromium can be attributed
to the d° high spin configuration, which will have a total angular momentum L = 0
according to the Pauli principle.

From Fig.7.7 for a Cr dimer on a magnetic surface already a non-collinear spin
structure is expected, which would result in a strongly reduced magnetic moment.
However, the magnetic moment is only slightly reduced compared to the Cr adatom
suggesting a ferromagnetic coupling of the Cr atoms in the dimer coupled antiferro-
magnetically to the substrate shown in Fig.7.7b.

The exchange coupling J between the Cr adatoms Ja_a and the Cr atoms and the
Fe substrate Jo_g has been calculated in [38] using the SPR-KKR (spin-polarised
relativistic Korringa—Kohn—Rostoker) method. The classical spin Hamiltonian is
given by
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Fig. 7.8 X-ray absorption and XMCD spectra for different Crj 34 clusters deposited on a

Fe/Cu(100) surface. The arrows in the Cry graph depict the spin of the 2p core hole (red) and

the 3d electrons (blue). The dashed line is the zero line for the XMCD as well as the left and right

polarised XAS spectra. The unpolarised spectrum is shifted up for convenience. Creative Common
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1
H:—zgj:J,-je,-ej, (7.4)

where ¢; ; is a unit vector defining the direction of the magnetic moment and i and
Jj indicate the Cr cluster atoms and their first Fe neighbors. Taking into account only
first-neighbor interactions and neglecting the rotation of Fe moments the Hamiltonian
for the Cr dimer can be described by

H = —Ja_acos( + ) —4J4_g(cos ¥ + cos ), (7.5)

with ¥} » the angle of the Cr magnetic moments relative to the magnetisation of
the Fe substrate (see Fig.7.7). The angle defining the non-collinear solution can be
obtained by minimizing (7.5) as

COS(I?]) = COS(Z?Q) = —ZJA_S/JA_A. (76)

If2]Ja—s| > |Ja-al, the angle is not defined and the non-collinear solution does not
exist. For Cr, on the Fe substrate this is realised, as 2|Jcr_ge| = 2 x 80.8 meV >
|Jer—cr| = 77.6 meV.

Hence, the exchange coupling of the individual Cr atoms to the Fe substrate is
much stronger in comparison to the Cr—Cr coupling. This results in a ferromagnetic
coupling of the two Cr spins which are then coupled antiferromagnetically to the Fe
surface as depicted in Fig.7.7d.

InFig. 7.10 the calculated spin orientations for a Cr trimer and two possible geome-
tries of Cr tetramers are depicted. A non-collinear coupling is found for all clusters.
However, for the structure of Cr,4 the non-collinear coupling is less pronounced. Start-
ing from Crs a transition to an antiferromagnetically coupled Cr cluster is continuing
decreasing the non-collinear contributions.

In Fig.7.9 the results for the experimental and calculated magnetic moments of
Cr,, clusters on a 3 ML Fe/Cu(100) are compared. In the calculations a Fe(100) fcc
surface has been used, as the 3 ML thick Fe film is growing pseudomorphically on a
fcc Cu(100) surface. Only if a non-collinear coupling due to a spin frustration within
the clusters is taken into account in the calculations the principle behaviour of the
experimental data can be described. For the direct comparison of the experimental
and theoretical total magnetic moment per atom the number of d-holes n4 is required
in (7.1). Furthermore, for Cr the XMCD sum rules might be wrong by 50% for the
absolute values [35-37]. Hence, in Fig. 7.9 the experimental spin moments and the
theoretical total moments are compared on a relative scale.

The calculations of Robles and Nordstrom [41] in Fig. 7.9 are using a tight-binding
model for the s, p and d valence electrons in a mean-field approximation. They
have calculated the magnetic coupling and the total moments from the Cr dimer
up to Cry clusters taking into account a collinear and a non-collinear coupling of
the individual magnetic moments. The calculated total moment of the clusters is
always antiferromagnetically coupled to the fcc Fe(100) surface and the non-collinear
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Fig. 7.10 Non-collinear coupling in small chromium clusters. Left: Cr trimer, middle: Compact
Cr tetramer, right: Cr pentamer (from [38])

coupling results in a strong reduction of the magnetic moments with increasing
cluster size similar to the experimental data and the SPR-KKR calculations. Robles
and Nordstrom have also calculated the magnetic properties of Cr clusters on a
bee Fe(100) surface. The total moment of the clusters is also antiferromagnetically
coupled to bce Fe surfaces, however, with much larger magnetic moments.

Hence, the surface has a tremendous effect on the magnetic properties of the
clusters, and further experiments of Cr adatoms, dimers and trimers deposited on a
magnetised Ni/Cu(100) film have been performed. Only very small XMCD signals
are found for all samples [42, 43], indicating an antiferromagnetic ordering relative
to the magnetisation of the Ni substrate. Assuming as a first approximation a similar
exchange coupling Jc;—c; for the Cr atoms in the dimer and a much smaller coupling
of the Cr atoms to the Ni surface Jer_n; compared to Jer—pe above, (7.6) will give
cos(¥x) ~ 0 and the magnetic moments in the Cr dimer on the Ni surface will be ori-
ented almost perpendicular to the Ni magnetisation resulting in an almost vanishing
dichroism signal measured perpendicular to the surface.

The magnetic structure of small Cr clusters on a magnetised Ni surface has been
studied theoretically by Lounis et. al [44] using the SPR-KKR method. For the
Cr dimer they find a large Jor—cr = —200meV exchange coupling compared to
Jor—cr = —77meV for Cr on the Fe surface and a much weaker Jo,_ni = —5meV
exchange coupling to the surface. From that they calculate an antiferromagnetic
ordering of the Cr spins with the collinear configuration as the ground state and
the non-collinear state as a local minimum. Also for the Cr trimer on Ni/Cu(100)
a collinear spin configuration parallel to the Ni magnetisation is predicted, which
should show an XMCD signal in the experimental geometry. Here also a non-collinear
solution perpendicular to the Ni magnetisation similar to the Cr dimer would explain
the experimental result [43].

Using the orbital sumrule (7.2), the orbital moments j, of the Cr clusters deposited
on the Fe/Cu(100) substrate have been evaluated and are shown in the lower part
of Fig.7.9. Due to the half filled d shell the ground state of free Cr atoms is ’S;
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and thus the orbital moment u, = 0. As expected, for the deposited Cr clusters
very small orbital moments p, close to zero are observed. The sign of the orbital
moment represents the orientation relative to the spin moments, indicating a trend
to a parallel coupling of the orbital and spin moments for larger clusters. This is
in contrast to the data of Scherz et al. [36, 37], who found a very small orbital
moment [¢ fim = —0.011 pp coupled anti-parallel to the spin moment for ultra-thin
chromium films.

Aninteresting behavior is found for the Cr3 and Cr4 clusters. Crs has a small orbital
moment (3 = 0.025(15) wp parallel to the spin moment ps, whereas Cry shows
an orbital moment p, 4 = —0.044(13) wp with an anti-parallel coupling relative to
the spin. This finding is already evident from the XMCD spectra of these clusters
depicted in Fig. 7.8. Cr4 shows a much weaker positive XMCD signal at the L3 edge
compared to Cr; and Crs3, whereas the negative part at the L3 edge and the XMCD
signal at the L, edge is less affected. This change in the relative orientation of the
spin and orbital moment with the cluster size can be explained by a small change of
the number of d-holes n4 [43]. According to Hund’s rule for a more than half filled
shell the ground state of an atom has the maximum possible angular momentum J
corresponding to a parallel coupling of the orbital and spin moment. However, for
a less than half filled shell the situation changes and an anti-parallel orientation of
orbital and spin moment is favored. The Cr atom with 34> has a half filled shell and
the number of d-holes n4 of the Cr atoms in the clusters should be close to 5. However,
a small deviation from 5 will result either in a parallel or anti-parallel coupling of
the spin and orbital moments. Hence, within this simple model an increase of the
number of d-holes would favor the observed anti-parallel coupling of orbital and spin
moment in the Cry cluster [43].

7.3.2 Cobalt Clusters

In Fig.7.11 the magnetic spin and orbital moments for Co clusters deposited on a
Ni/Cu(100) [45] and a Pt(111) [7] surface in the few atom limit are depicted. Size
selected Co, cluster withn = 1 — 3 have been studied on the remanently magnetised
Ni/Cu(100) surface, whereas on the Pt(111) surface size averaged Coy,) in a strong
magnetic field has been investigated.

Spin and orbital magnetic moments are found to be larger on the Pt(111) surface
compared to the Ni/Cu(100) surface. In particular for the Co adatom on Pt(111) a
giant orbital moment is found, which is decreasing with increasing size (s). On the
Ni/Cu(100) surface the smaller orbital moments show a non-monotonic behavior.
They are decreasing from the adatom to the dimer, however, for the Co trimer the
largest orbital moment is found. Hence, Co clusters show larger magnetic moments
on the more weakly coupling Pt(111) surface. This might be attributed to the effect
of hybridisation of the 3d orbitals with the substrate, which is in this case smaller
with the filled Pt 5d band.
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Co adatoms and dimers on a Ni surface show a similar size dependency as the
corresponding Fe adatoms and dimers with a small increase of the spin moments
[18, 19, 46]. The orbital moment is slightly decreasing from Co; to Co, and is
almost equal for Fe; and Fe,. Adding a further Co atom to dimer increases the
orbital moment strongly by 50% while the spin moment for the Co, and Cojz are
rather similar. In contrast to this, adding an Fe atom to the Fe, the orbital and spin
moment drops by 50 and 25%, respectively.

7.4 Alloy Clusters

Already for clusters with only one element a strong size dependency of the mag-
netic moments is found. However, to enhance or tailor the orbital and spin magnetic
moments or tuning the magnetic anisotropy not only clusters consisting of one ele-
ment should be taken into account. 3d metal atoms have a large spin moment, how-
ever, the spin-orbit interaction is rather small. In contrast to that the corresponding
4d and 5d elements as Rh or Pt have a larger spin-orbit interaction, but in the bulk
are non-ferromagnetic. However, they can be polarised and small Rh clusters show
a superparamagnetic behaviour in the gas phase [47]. Also for small Ru clusters on
the Fe/Ni(100) substrate a magnetic ordering has been measured [48], whereas for
Ru and Rh impurities on Ag(100) and Pt(997) no magnetic moments could be found
[49].
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3d/4d or 3d/5d metal alloys, as e.g. Co-Cr-Pt, FePt, CoPt are often planned or
already used in modern magnetic storage devices [50-52]. These alloys are interest-
ing for applications as the anisotropy energy might be enhanced by combining the
large magnetic moments of the 3d metals and the large spin-orbit interaction of the
4d/5d metals. Therefore, the magnetic spin and orbital moments have been studied
on size-selected alloy clusters depending on the exact size and composition.

For all deposited clusters the exact structure is in general not known and could not
be easily measured, even if the clusters are produced by atom manipulation [53]. This
becomes even more critical for alloy clusters, as the number of possible geometric
configurations is further increased [43]. As the typical spot size of soft X-rays is
in the order of some 10 wm only an average of these different structures will be
measured. For the case of Cry it has already been discussed above that different
geometric configurations can show different magnetic properties.

7.4.1 Co Alloy Clusters

For Co clusters three different alloy systems, CoPt [45], CoPd [54] and CoRh [55],
have been studied. In Fig.7.12 the spin and orbital magnetic moments as well as
the ratio of these quantities are depicted for some Co,M,, alloy clusters together
with Co,, (n = 1 — 3) clusters deposited on an out-of-plane magnetised Ni/Cu(100)
substrate as described above. For both alloy clusters an increase of the orbital moment
with increasing number m of 4d/5d atoms is found. For Co,Pt also the spin moment
is increasing, whereas for CoPd the spin moment is decreasing, which results in a
strongly enhanced orbital to spin ratio for both systems.

Comparing the results for the Co and CoPt clusters to corresponding Co
[56-58] and CoPt [59] nanoparticles as well as CoPt thin films [60, 61] slightly
smaller spin moments within the small cluster are found. However, the orbital
moments are strongly enhanced. Hence, the aim to increase the orbital moments
anticipated by alloying 3d and 4d/5d can be achieved. Essential for this effect is the
hybridisation of the 3d and the 4d or 5d electrons in an alloy cluster.

One should already note here that also the chemical reactivity of the Co clusters is
strongly enhanced by alloying with the 4d and 5d metals atoms inhibiting experiments
on other Co alloy clusters. This will be discussed further in Sect. 7.5.

7.4.2 FePt

To study the effect of the hybridisation of the 3d and 5d elements in more detail
a study on Fe, Pt,, clusters has been performed by Chen et al. [46]. An important
quantity to understand the magnetic coupling is the spin-orbit (SO) interaction of
the 3d electrons as sketched in Fig.7.1. The SO should be increased to potentially
increase the orbital moments and, in turn, maybe the anisotropy energies per atom.
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As has been shown by Thole and van der Laan [62, 63], the 3d spin-orbit interaction
can be obtained from X-ray absorption spectroscopy by evaluating the branching

ratio
Cr3

B = 2 (1.7)
Cr3+Cra

of the L3 and L, white line intensities Cyx defined in (7.3) and depicted in Fig.7.6.
The branching ratio B, depicted in Fig.7.13 is increasing with increasing Pt content,
which is attributed to an increased 3d spin-orbit interaction of the Fe 3d electrons by
hybridisation with the Pt 5d electrons.

In Fig.7.14 the XMCD spectra, normalised to the same intensity at the L, edge, of
Fe,Pt,, clusters are shown. The L3 XMCD lines have a similar height, however, with
increasing number of Pt atoms in the cluster the L3 XMCD line is getting narrower.
This corresponds to a change of the unoccupied density of states of the clusters and
is a result of the change in hybridisation. The spin and orbital moments calculated by
the sum rules from (7.1) are shown in the left panel of Fig. 7.13. The orbital moment
(O) of Fe,Pt,, is decreasing with increasing number m of Pt atoms and the spin
moment () has a maximum for m = 1 and is decreasing, if a second Pt atom is
added. From this one can conclude, that there is an optimal number of Pt atoms in
the Fe cluster to create the maximum spin moment. This is in contrast to FePt bulk,
thin films and nanoparticles [64—66], where the effective spin moment is increasing
with the Pt content up to about 50 at% Pt and is rather constant for larger Pt content
[64].

From Fig.7.13 an increase of the Fe 3d spin-orbit interaction with increasing Pt
content has been concluded by Chen et al. [46]. However, this increase for the Fe,, Pt,,
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Fig. 7.12 Measured spin (e) and orbital () magnetic moments of Co,M,, (n = 1 — 3) 3d metal
alloy clusters depending on the size and composition of the cluster. Note, that the CooRh; cluster
has a ~10% contribution from the oxidised cluster
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clusters does result in a decrease of the orbital moment and an increase of the spin
moment.

7.5 Magnetism and Chemical Reactivity

A critical point in the preparation of cluster samples is their possibly high chemical
reactivity. In this section the chemical reactivity in terms of oxidation and its effect
on the magnetic properties of the clusters will be discussed.

Using the setup described in Sect.7.2.1 pure metallic alloy clusters with various
compositions and sizes can be created. However, when the clusters are deposited
in the noble gas matrix they might change their chemical state. The advantage of
X-ray absorption spectroscopy in studying deposited clusters is its capability to get
information about the chemical state of a 3d metal due to the varying multiplet
structure.
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Fig. 7.13 (Left panel) Spin (e) and orbital () moments of Fe, Pt,, clusters deposited on a magne-
tised Ni/Cu(100) substrate; (right panel) Branching ratio B of the intensity of the L3 and Ly white
lines for Fe adatoms, dimers and Fe, Pt,, clusters
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7.5.1 CoO

As discussed in Sect. 7.3.2 Co clusters and Co metal show a ferromagnetic ordering.
In contrast oxides such as CoO or NiO show an antiferromagnetic ordering. Hence,
as a first system oxidised Co adatoms on a Ni/Cu(100) substrate will be discussed.

The pure Co metal clusters are not sensitive to oxidation and the X-ray absorption
spectra of deposited clusters are usually varying only slightly with the cluster size.
Usually the L3 white line is shifting in energy but the shape is unchanged as has been
shown, for the example, for Cr clusters in the size range from the adatom up to 13
atoms per cluster [67].

CoO was prepared by depositing Co cations in a noble gas matrix with a small
amount of oxygen as described in [54]. A change in the oxidation state of a 3d metal
can be monitored by the NEXAFS spectra at the L3 edge, as depicted in Fig.7.15.
CoO shows a multiplet structure whereas non-oxidised Co adatoms and clusters show
a metallic-like resonance. With this knowledge the oxidation state of the deposited
clusters can be estimated [54]. In the right panel of Fig. 7.15 the X-ray absorption and
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Fig.7.15 (Left) L3 XAS spectra of Coj, CojPt; —O and bulk CoO; (right) XMCD and XAS spectra
of Co; and CoO on Ni/Cu(100). The lower curve is the result of a multiplet calculation for Co?*

XMCD spectra of CoO and the result of a multiplet calculation are depicted. The XAS
spectrum clearly shows a multiplet structure similar to that of CoO. Compared to Co
adatoms the XMCD signal is strongly suppressed and shows an antiferromagnetic
ordering of the Co magnetic moment relative to the Ni substrate.

7.5.2 CoPd Dimers

InFig.7.16 the X-ray absorption and XMCD spectra of CoPd dimers on a magnetised
Ni/Cu(100) film for different amounts of oxidation are depicted. From this data the
XMCD spectrum of a pure oxidised CoPd-O cluster can be calculated as described in
Chen et al. [54]. Similar as for CoO and for CoPdO an antiferromagnetic coupling is
found, however with a magnetic spin moment uf = —0.29(9) . For example, the

spin moment in CoPd-O is only 30% compared to CoPd, but its orientation relative
to the Ni magnetisation has changed.

7.5.3 CoRh Oxidised Clusters

The rather large number of stable Pd isotopes results in broad mass distributions of
the different Co, Pd,, clusters which complicates the mass selection of clusters with a
specific size and composition. Hence, Co,Rh,, clusters have been studied, as Co and
Rh have only one natural stable isotope and a large number of specific compositions
can be selected from the mass spectrum depicted in Fig. 7.3. Similar to the other Co,
4d/5d alloy clusters also Co,Rh,, shows a strongly enhanced chemical reactivity.
For Co;Rh,, (m =0, 1, 2) an increase of the chemical reactivity with the number
of Rh atoms in the cluster is found, as the amount of oxidised clusters on the surface
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is increasing up to 80% for Co;Rh;. In parallel the magnetic moment is decreasing
almost linearly as depicted in Fig.7.17 and for Co;Rh;—O similar to CoPd—O an
antiferromagnetic coupling is observed [55].

The situation is more complicated for Co,Rhy,. In general an increased chemical
reactivity is found for these alloy clusters, however, in a non-monotonic way. Adding
aRh atom to the Co dimer results in an oxidation rate of 30% and a decreased magnetic
moment, whereas a second Rh atom reduces oxidation to 13% and a third Rh atom
increases it again up to 48%. The increased oxidation rate is correlated to a reduction
of the magnetic moment of the Co atoms and a transition from a ferromagnetic to an
antiferromagnetic alignment of the Co magnetic moments.
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Table 7.1 Magnetic moment of Co, X;—O clusters on Ni/Cu(100)

Cluster Oxide s e e/ s
Co1Rh; 50 0.11 0.04 0.32
Co;Pd; 40 0.12 0.05 0.37
Co, Pt; 50 0.21 0.04 0.17
CoyRhj 33 0.26 0.08 0.30
Co, Pt =50 0.24 0.09 0.38

For Rh atoms XMCD spectra can be recorded at the Rh M, 3 edges similar to the
3d metal L, 3 edges. However, as the Auger rates of the Rh 3p core holes are much
larger due to the possible super-Coster-Kronig decay and the 3p-4d dipole matrix
element is smaller, the measurement of the corresponding XAS and XMCD spectra
of the diluted cluster samples is challenging [48]. Hence, only for the Rh rich cluster
samples Co;Rh; and Co,Rh; XMCD spectra have been recorded [55].

CoiRh; clusters do not show any dichroism, whereas for Co,Rh3; an XMCD
signal is found. From the negative sign of the XMCD at the Rh M3 edge it can be
concluded, that the Rh magnetic moment is ferromagnetically oriented relative to
the Ni substrate and antiferromagnetically to the Co adatoms. This may result in a
complex non-collinear coupling within the cluster which would explain the small
magnetic moments found for the Co atoms (Fig.7.18).

In Table 7.1 the magnetic moments of some oxidised Co clusters are summarised.
Comparing the spin moments to the unoxidised alloy clusters or the Co,, clusters only
a reduction of the spin moment is found. Co;X;—O clusters for Rh and Pd show
very similar values for the spin and orbital moments of ps = 0.1 and u, = 0.04.
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For Pt the orbital moment has the same value, but the spin moment is twice as
large for the same amount of oxidation in the order of 50%. For Co;Pd;—O an
antiferromagnetic alignment of the Co moment relative to the Ni surface is found
and for Co,Rh3—O clusters a non-collinear coupling is proposed, as the Co and Rh
is coupled antiferromagnetically.

Comparing the results of the magnetic properties for the differently oxidised Co
alloy clusters one can conclude, that the oxidation of the Co cluster results in a
reorientation of the magnetic moment of the Co atoms within the cluster relative to
the magnetised surface. For the Rh atoms in Co,Rh3—0O a ferromagnetic orientation
of the magnetic moments is found, whereas the Co moments are strongly suppressed.
Hence, oxygen mainly influences the Co atoms, whereas Rh and possibly also Pd
atoms are less affected. The observation of a ferromagnetic ordering of small Ru
clusters, which can also be expected for Rh clusters and is observed for Co,Rh3;—O,
supports this conclusion.

7.6 Summary

To summarise, the magnetic properties of adatoms and small mass selected 3d metal
and alloy clusters have been studied using soft X-rays. By using the unique possibility
of magnetic circular dichroism to measure the orbital and spin magnetic moments
detailed information on the magnetic properties have been obtained on the very small
particles in the few atom limit.

The magnetic moments show a strong dependency on the size and composition of
the deposited clusters, which proves that size selection is important and each atom
counts.

A non-collinear coupling is found for small Cr, clusters with the help of calcu-
lations based on the SPR-KKR method. The magnetic coupling depends strongly
on the size and the chosen magnetised surface which can be understood by the spin
frustration of the magnetic moments and the variation of the exchange coupling
constants J.

For Co clusters with up to three atoms per cluster a ferromagnetic coupling relative
to the magnetised surface and also within the cluster is found, which is the case if
the cluster is alloyed with a 4d or 5d metal. The alloying has a strong effect on the
magnetic moments of the Co atoms, however, there is also a very strong increase of
the chemical reactivity of the alloy cluster against oxidation.

The oxidation results in general in a strong decrease of spin and orbital moments
of the Co atoms within the cluster and for CoO a switch to an antiferromagnetic
coupling of the Co atom relative to the surface is found with very small magnetic
moments. This antiferromagnetic coupling is also found for oxidised Co;Pd; and
Co;Rh; clusters with much larger magnetic moments compared to CoO.

For some CoRh clusters the magnetic properties could be measured for both,
the Co and Rh atoms. Rh shows a much weaker X-ray magnetic circular dichroism
effect, nevertheless, again a strong size and composition dependency is found. In
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particular, for Co,Rhj3 an antiferromagnetic orientation of the Rh magnetic moments
relative to the surface and small Co magnetic moments are found, which is a hint to
a non-collinear coupling also within these alloy clusters.

The studied 3d metal and alloy clusters with only a few atoms do not show any
remanent magnetisation, but some clusters show a complex non-collinear magnetic
coupling. This non-collinear coupling can be tailored by choosing the right size,
composition and substrate material. Hence, these clusters can serve maybe as the
smallest model systems for large complex spin structures which are considered for
magnetic storage devices.
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Chapter 8 ®)
Non-collinear Magnetism Studied oo
with Spin-Polarized Scanning

Tunneling Microscopy

Kirsten von Bergmann, André Kubetzka, Oswald Pietzsch
and Roland Wiesendanger

Abstract Non-collinear magnetic states in nanostructures and ultra thin films have
moved into the focus of research upon the experimental discovery that the interface-
induced Dzyaloshinskii—-Moriya interaction (DMI) can play a crucial role for the
magnetic ground state. In particular, DMI-induced magnetic skyrmions, which are
particle-like knots in the magnetization of two-dimensional systems, have attracted
significant attention due to their potential use in future spintronic devices. Since
then, research has focused both on tailoring thin-films and multilayers hosting mag-
netic skyrmions, and investigating specific processes such as controlled lateral move-
ment, detection, as well as writing and deleting of single magnetic skyrmions. This
chapter reviews the fundamental interactions and mechanisms for the formation of
non-collinear spin textures and then introduces how scanning tunneling microscopy
(STM) can be exploited to investigate such magnetic states. Next, examples of (one-
dimensional) spin spirals will be discussed before the emergence of two-dimensional
non-collinear spin textures is studied and characterized in detail. Finally, different
mechanisms for the controlled writing and deleting of magnetic skyrmions with the
STM tip are explored.

8.1 Introduction

Non-collinear magnetism [1-3] is at the heart of current spintronics research [3, 4].
Particle-like magnetic skyrmions are non-collinear entities which are topologically
distinct from the surrounding ferromagnet. Non-collinear magnetic textures interact
efficiently with spin(-polarized) currents and it has been shown that skyrmions can be
moved by lateral currents either via spin-polarized currents within the material [5] or
via spin-orbit torques from a lateral current in an adjacent metallic film [6]. This opens
the opportunity to encode information in the form of skyrmions and to move a train
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of such “bits” within a magnetic track to a stationary read and write head. In such a
racetrack device, mechanically moving parts are avoided and the third dimension can
be used by undulating tracks to increase storage density [7]. Other concepts, such as
reservoir computing, make direct use of one more material dimension and the particle
character of skyrmions. In any case, key aspects of skyrmion-based spintronic devices
are skyrmion mobility, i.e. material design with minimized skyrmion pinning, as well
as reliable creation, annihilation and detection mechanisms, to mention just the most
obvious requirements. This chapter exemplifies how fundamental research at the
nanometer scale can contribute to advance the rapidly evolving field of skyrmion-
based spintronics.

8.2 Magnetic Interactions

Non-collinear spin textures arise due to the competition of different magnetic inter-
actions. Often the leading energy term is the pair-wise Heisenberg exchange

Ey=-) J;Si-S; (8.1)
ij

between adjacent atomic spins S, which prefers ferromagnetic (FM) or antiferromag-
netic (AFM) alignment depending on the sign of the interaction constant J. However,
also longer range Heisenberg interactions, i.e. between more distant neighbors ij,
can play a role and can lead to non-collinear magnetic order, such as spin spirals. In
a spin spiral the magnetic moments rotate stepwise along the propagation direction
and a 360° rotation is completed after a characteristic wavelength . A spin spiral
due to Heisenberg exchange frustration can arise, e.g. when the nearest neighbor
coupling is FM and the next-nearest neighbor coupling is AFM, or when the nearest
neighbor coupling is AFM and the next-nearest neighbor coupling is also AFM.

The Dzyaloshinskii—Moriya interaction (DMI) arises due to spin-orbit interaction
and is described by

Epy=—Y Dy(Si xS)). (8.2)

L

where the direction of D determines which orthogonal alignment between adjacent
spins is preferred, i.e. the type and the direction of relative spin alignment. Also a
competition between (nearest neighbor) Heisenberg exchange and DMI can lead to
spin spiral states, however, in contrast to spin spirals due to frustration of exchange
interactions, such spin textures exhibit a unique rotational sense[l1, 2, 8, 9]. DMI
can arise in bulk systems with broken inversion symmetry such as chiral crystal
structures (e.g. B20) or it can be induced by a symmetry breaking due to the presence
of interfaces. Interface-DMI systems typically exhibit cycloidal rotation because of
the symmetry selection rules[2, 4, 10].



8 Non-collinear Magnetism ... 165

A uniaxial anisotropy energy is described by

Ewi= ) Ki(S) (8.3)

and a sizable K can lead to a distortion of a given spin spiral. In such an inhomoge-
neous spin spiral the angle between nearest neighbors varies and depends on the local
quantization axis. For large K the system forms magnetic domains that are separated
by domain walls. When DMI plays a role the domain walls exhibit a unique rota-
tional sense and often they are called chiral domain walls [11-14], although when
cycloidal, they are identical with their mirror image.

When the non-collinearity extends to two dimensions, the spin texture can acquire
a topological winding number

1 on  0On
0 E/“‘ <a_x « @) dxdy, (8.4)

where n is the normalized magnetic vector field and x, y are the spatial coordinates.
One prominent example is a magnetic skyrmion, which is characterized by a quasi-
continuous spin rotation of 180° with unique rotational sense from its center to the
ferromagnetic surrounding, see sketches in Fig. 8.1(left). Different mechanisms can
lead to the formation of skyrmion lattices [2, 3, 15], i.e. they can arise from higher-
order interactions in zero magnetic field[16, 17] or they can be induced from a
spin spiral phase by an external magnetic field [18-20]; however, the DMI is always
necessary to impose the unique rotational sense.

8.3 Spin-Polarized Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) exploits the distance and bias voltage depen-
dence of the tunnel current between two electrodes[25]. When one or both of the
electrodes are magnetic several magnetoresistive effects contribute to the transport,
see Fig. 8.1(top). The tunnel magnetoresistance (TMR) effect occurs when both the
sample and the tip of the STM are magnetic and leads to a cosine-dependence of
the tunnel current for the relative magnetization directions of the two magnetic elec-
trodes [26, 27]. This spin-polarized (SP) tunnel current Igp at lateral position r and
bias voltage U can be expressed by

Isp(r,U) = I[1 + Ps - P - cos(Ms, My)], 8.5

where I is the spin-averaged contribution to the current, and P and M are the spin-
polarization and the magnetization of the sample (s) and the tip (t). When SP-STM is
operated in constant-current mode, i.e. a feedback loop adjusts the tip-sample distance
to keep the tunnel current at a given setpoint, the corrugation of a homogeneous flat
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Fig. 8.1 Magnetoresistance (MR) effects of tunnel junctions. Top: sketches for a planar tunnel
junction exhibiting the tunnel MR effect (TMR) between two magnetic electrodes, the (tunnel)
anisotropic MR (TAMR), and the non-collinear MR (NCMR); in the latter two cases the MR occurs
between a non-magnetic and a magnetic electrode. Below (left) are sketches of atomic magnetic
moments of individual magnetic skyrmions in Pd/Fe on Ir(111) at the indicated magnetic field
values. Next to them are simulated STM images taking the respective MR effects for the two
different skyrmion sizes into account separately [21-24]. (Figure adapted from [23])

magnetic film can be interpreted as the spin-polarized contribution to the tunnel
current. This kind of measurement mode is useful for studying atomic scale spin
textures [1, 28, 29].

When the tip is non-magnetic, the tunnel current can still be sensitive to the local
spin configuration of a magnetic sample. Due to the tunnel anisotropic magnetore-
sistance (TAMR) originating from spin-orbit coupling the local electronic struc-
ture of out-of-plane and in-plane magnetized sample areas of the same material
is different, which is reflected in a different (spin-averaged) STM signal [22, 30].
The non-collinear magnetoresistance (NCMR) effect is due to spin mixing between
canted magnetic moments compared to parallel magnetic moments and leads to a
modification of the electronic states depending on the degree of non-collinearity
[23, 24, 31].

Figure 8.1 shows how these different magnetoresistive effects influence the
appearance of magnetic skyrmions at two different magnetic field values in the sys-
tem of Pd/Fe/Ir(111). Whereas the TMR shows maximum contrast between center
and surrounding of the skyrmion when M; is normal to the magnetic film, the TAMR
has the same signal in the center and the ferromagnetic background with a ring at the
position of the in-plane spins. The appearance of the NCMR is more complex and
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when modeled as proportional to the local mean angle between adjacent magnetic
moments, there is a transition from ring- to dot-like shape with increasing magnetic
field, reflecting the position where the spin canting is maximal [23, 24]. In an STM
measurement the different effects are bias-dependent and may occur simultaneously.
A disentanglement is not always straightforward: whereas the TMR can be “switched
off” by using a non-spin-polarized tip, the remaining TAMR and NCMR can give
rise to similar images, see Fig.8.1[23, 24].

8.4 Spin Spirals with Unique Rotational Sense

8.4.1 A Manganese Monolayer on W(110) and W(001)

Mn monolayers on W(110) have been investigated at the atomic scale with SP-STM
as well as ab-initio calculations and local antiferromagnetic order was found [32].
Measurements on a larger scale are shown in Fig. 8.2 [1]: while the vertical stripes in
the spin-resolved images (left) are clear indications for the antiferromagnetic order,
they nearly vanish periodically about every 5nm. Measurements with differently
magnetized tips at the same sample position reveal the origin of this effect: while
in (a) the Fe coated W-tip is sensitive to the in-plane components of the sample

A
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Fig. 8.2 Field-dependent SP-STM measurements. Magnetically sensitive constant-current images
of the Mn monolayer on W(110) (left panels) and corresponding line sections (right panels) taken
with a ferromagnetic Fe-coated tip at external fields of OT (a), 1T (b) and 2T (c). As sketched
in the insets, the external field rotates the tip magnetization from in-plane (a) to out-of-plane (c),
shifting the position of maximum spin contrast (/ = 2nA, U = 30mV). (Figure adapted from[1])
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magnetization, in (c) the tip is magnetized perpendicular to the surface and is there-
fore sensitive to the out-of-plane components. In (b) the tip magnetization has an
intermediate angle. The apparent shift of the magnetic superstructure to the left with
increasing external field directly shows that the Mn monolayer on W(110) is only
locally close to an antiferromagnet, but the spins in fact rotate by about 173° between
atomic rows, giving rise to a spin spiral along the [110] direction.

Two possible mechanisms for the formation of a spin spiral have been discussed
in Sect. 8.2: first, a competition of different Heisenberg exchange contributions (e.g.
nearest vs next-nearest neighbor coupling), or a twist between adjacent magnetic
moments due to the Dzyaloshinskii—-Moriya interaction (DMI), which is a result
of spin-orbit interaction in an environment lacking inversion symmetry. While a
purely exchange driven spin spiral is energetically degenerate with respect to the
rotational sense, the DMI can lift this degeneracy, favoring one rotational sense over
the other. The SP-STM signal shape of six independent Mn islands measured with
the same spin-polarized tip with canted magnetization (as in Fig.8.2b) shows the
same asymmetry, i.e. position of the maximum of the magnetic contrast amplitude
relative to the position of electronic contrast maximum. This directly shows that all
of these investigated islands exhibit the same rotational sense imposed by the DMI
as confirmed by density functional theory calculations[1].

To study the influence of the symmetry of the atomic lattice on spin spiral states
the pseudomorphic Mn monolayer on W(001), which has a four-fold symmetry, was
investigated. Again a spin spiral is observed in spin-resolved measurements, see
Fig. 8.3, which has atoms with magnetization components in the surface plane (a)
and normal to the surface (b) [8]. On a larger sized image (c) one can see a labyrinth
pattern due to spin spirals propagating along the two equivalent <110> directions
of the surface. This gives rise to four spots in the Fourier transform of this image (d).
Note that in addition to the magnetic signal also atomic resolution is obtained for
this sample system. The experimental line profile indicated by the white line in (a) is
shown in (e) as open circles. The magnetic periodicity amounts to roughly 5.5 atomic
distances and Fig. 8.3f shows a simulated SP-STM image of the spin spiral ground
state as sketched in (g) and (h). Ab-initio calculations show that without spin-orbit
coupling, i.e. without DMI, this system would already exhibit a spin spiral due to
Heisenberg exchange frustration and that a unique rotational sense is favored by the
DMI when spin-orbit coupling is switched on[8].

8.4.2 Fe and Co Chains on Ir(001): Magnetism
in One Dimension

The magnetic ground state of biatomic Fe chains on the reconstructed Ir(001) surface
is a spin spiral, where adjacent magnetic moments have an angle of about 120°,
see sketch in Fig.8.4a[9]. Whereas this magnetic state fluctuates due to thermal
excitations at 7 = 8K (see Fig. 8.4b left), it can be stabilized by direct exchange
coupling to a ferromagnetic Co chain (see Fig. 8.4b center). Combined SP-STM and
DFT studies have demonstrated that the magnetocrystalline anisotropy axis of one
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Fig. 8.3 Spin-resolved STM measurements of 1 ML Mn/W(001). Constant-current image with
magnetic tip sensitive to a the in-plane and b, ¢ the out-of-plane component of the sample magne-
tization (the black circle acts as position marker); d Fourier transform of a d//dU map (not shown)
of a sample area with both rotational domains; e experimental (circles) and simulated (solid line)
profile along the lines indicated in a and f, respectively; f simulated SP-STM image, g side, and h
top view of the corresponding model of the spin spiral. The following values of bias voltage U and
current / wereused: aand b U = —0.1V, I = 1nA;c U = —0.1V, I = 0.1nA. (Figure adapted
from [8])
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structural type of these biatomic ferromagnetic Co chains is canted by about 30°
with respect to the surface normal, compare sketch in Fig. 8.4c[34]. This unusual
behavior originates from the asymmetric adsorption sites of the two strands of the
Co chain in combination with the spin-orbit coupling of the Ir substrate, as revealed
by a detailed analysis of the DFT calculations [34].
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Fig. 8.4 Magnetism in biatomic Fe and Co chains on the reconstructed Ir(001) surface. a Sketch
of the spin spiral state of an Fe chain. b The magnetic state of Fe chains fluctuates at a temperature
of about 8K (left) but can be stabilized by an adjacent ferromagnetic Co chain (center). ¢ Sketch
of the four degenerate magnetization directions of ferromagnetic biatomic Co chains with canted
magnetocrystalline anisotropy. d Effective anisotropy energies shown for three exemplary biatomic
Fe chains as obtained from micromagnetic simulations. e, f, g Sample area with biatomic Fe chains
of different lengths at three different values of the external magnetic field as indicated. h Mean
angle between adjacent atom pairs as a function of chain length, the three chain types categorized
by their effective anisotropy are indicated. (Figure adapted from[9, 33, 34])
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The effective magnetocrystalline anisotropy of Fe chains on the other hand was
found to depend on the exact length of the chain[33], as demonstrated for three
examples in Fig.8.4d: micromagnetic simulations using the magnetic interaction
parameters as determined by DFT show that 30-atom long chains possess an effective
out-of-plane anisotropy, in contrast to the effective in-plane anisotropy of 31-atom
long chains; chains with 32 atom pairs along their axis have a negligible magnetocrys-
talline anisotropy. This parity effect arises from the 120° spin spiral interacting with
the finite chain lengths. Also in spin-resolved STM measurements a variation in the
behavior is observed for different chain lengths [33]: whereas in the absence of an
external magnetic field no magnetic signal is detected due to rapid thermal fluctua-
tions of the spin spiral state, see Fig. 8.4e, with increasing magnetic field more and
more chains exhibit the typical magnetic period of three atomic distances (Fig. 8.4f
and g at 1T and 2T, respectively). The simulations predict an oscillatory behavior
of the mean angle between neighboring magnetic moments as a function of chain
length, Fig.8.4h, resulting from a compromise between the chain type, i.e. char-
acterized by the effective magnetocrystalline anisotropy, and a preferential nearest
neighbor moment angle.

8.5 Nanoskyrmion Lattices in Fe on Ir(111)

A hexagonally ordered atomic Fe layer can be stabilized on the surface of an Ir(111)
substrate due to pseudomorphic growth. Using a magnetic tip, which is sensitive
to the out-of-plane magnetization component of the sample, a roughly square mag-
netic superstructure with a period of 1 nm is found for the fcc-stacked Fe monolayer
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Fig. 8.5 Monolayer fcc Fe on Ir(111). a, b SP-STM measurements of all possible rotational mag-
netic domains imaged with an in-plane sensitive tip. ¢ Sketch of the derived magnetic structure in
the commensurate approximation: the nanoskyrmion lattice is nearly square with a periodicity of
about 1 nm. (Figure adapted from[16])
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[29, 35]. Due to the roughly square symmetry of the magnetic state on the hexagonal
atom arrangement, three rotational magnetic domains are possible. SP-STM mea-
surements with an in-plane magnetized tip on all three possible rotational domains of
the two-dimensional magnetic state, Fig. 8.5a,b, reveal a square nanoskyrmion lattice
as the ground state in zero magnetic field, see sketch in Fig. 8.5¢. Density functional
theory calculations show that the length scale of the magnetic order is governed by
the interplay of magnetic exchange interactions and the DMI. In addition, the DMI
imposes a unique rotational sense on the spin texture. The question arises why here,
in contrast to the uniaxial spirals of the Mn monolayers on W surfaces (Sect. 8.4.1),
a two-dimensional magnetic state is realized. To answer this question simulations
within an extended Heisenberg model were performed and it has been shown, that
the sizable higher-order four-spin interaction is responsible for the coupling of spin
spiral states to form this exotic two-dimensional spin texture [16].

The fcc stacking can be grown either as stripes at the step edges at elevated deposi-
tion temperature or, when deposited at room temperature, in addition as free-standing
triangular islands pointing in a specific direction, see Fig. 8.6a[29, 35, 36]. The three
rotational magnetic domains are denoted by A, B, and C and a correlation between
rotational domain and close-packed Fe step edges is observed, such that the diago-
nal of a magnetic unit cell couples to a given Fe-to-vacuum interface. In triangular
islands this leads to the coexistence of the three possible rotational magnetic domains
and frustration at positions where they merge, see magnified view of the lower
central triangular Fe monolayer island in Fig.8.6a[36]. When the nanoskyrmion

nm i
B= +‘1T- B=+15T (d —-15T- B=0

X LY LY L

Fig. 8.6 Rotation of the nanoskyrmion lattice in the fcc-Fe monolayer on Ir(111). a Overview SP-
STM current image of fcc Fe monolayer stripes and islands. The three possible rotational magnetic
domains are labeled as A, B, C. The coupling of the skyrmion lattice to the edges of triangular
islands leads to frustration and multi-domain states. b—e Ni islands on the fcc Fe monolayer at
different external magnetic fields as indicated; near the ferromagnetic Ni/Fe bilayer patches the
nanoskyrmion lattice is rotated away from its preferred state. (Figure adapted from [36])
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Fig. 8.7 The nanoskyrmion lattice in the hcp Fe monolayer on Ir(111). a, b hcp Fe monolayer
island without and with applied magnetic field, demonstrating the susceptibility of the hexagonal
nanoskyrmion lattice ground state to thermal fluctuations and external magnetic fields. ¢ Larger
hep Fe island, which is magnetically stable also in zero magnetic field. d Sketch of the hexagonal
magnetic nanoskyrmion lattice with 12 atoms in the unit cell. (Figure adapted from[17])

lattice is in direct vicinity of a ferromagnet, such as a Ni/Fe bilayer island, see
Fig. 8.6b—e[37], the coupling of the diagonal of the magnetic unit cell to a close-
packed row can be destroyed in favor of a coupling of the edge of the magnetic unit
cell to the ferromagnet [36].

The vast majority of Fe islands, however, grow in the hcp stacking. Typically
triangular islands are observed, see Fig. 8.7a and b [17]. Whereas thermal fluctuations
atzero magnetic field can lead to vanishing magnetic contrast in small islands (a), with
SP-STM a hexagonal superstructure is observed in external magnetic field (b) or for
larger islands also at zero magnetic field (c). This hexagonal magnetic superstructure
is interpreted as a commensurate hexagonal nanoskyrmion lattice, see sketch with
12 atoms per magnetic unit cell in Fig.8.7d. Because of this symmetry there is
only one rotational domain, which, in contrast to the square nanoskyrmion lattice
in fcc-Fe, exhibits a remaining net magnetic moment and can thus be aligned in an
external magnetic field[17]. The Fe atom stacking alone thus has a major effect on
the symmetry and field dependence of the observed spin texture.

8.6 Magnetic Skyrmions in Pd/Fe on Ir(111)

8.6.1 Pd/Fe/lr(111): Magnetic Phases

It has been shown that the choice of the substrate plays a major role for the magnetic
properties of adsorbed atomic layers: completely different magnetic ground states
have been found in the past for e.g. ultrathin Fe layers on different substrates, where
the element, the symmetry, or the lattice constant is varied. To only slightly tune
magnetic properties an alternative and more practical way is to cover a specific
magnetic system with a layer of non-magnetic material.
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Fig. 8.8 SP-STM measurements of an Pd/Fe bilayer on Ir(111) in external magnetic fields at
T =8K. a B=0T: spin spiral state, b B = 1 T: coexistence of spin spiral and skyrmions, ¢
B = 1.4T: hexagonal skyrmion lattice, d B = 2T: ferromagnetic phase. e Sketch of a magnetic
skyrmion. (Figure adapted from [20])

When Pd is deposited onto the nanoskyrmion lattice of the Fe-ML on Ir(111) this
leads to a change of the magnetic ground state: the Pd/Fe bilayer exhibits a spin
spiral ground state with an approximately seven times larger period than the two-
dimensional ground state of the uncovered Fe/Ir(111), see Fig. 8.8a. Upon application
of an external magnetic field other magnetic phases can be observed: at intermediate
fields a transition to a hexagonal lattice of magnetic skyrmions is found (b, c¢), and
higher magnetic fields lead to a nearly saturated ferromagnetic state (d). This is the
firstexample of an interface-DMI driven magnetic field induced skyrmion lattice [20],
displaying the different magnetic phases which are similarly observed in typical bulk-
DMI materials[18, 19].

8.6.2 Isolated Skyrmions: Material Parameters
and Switching

Single magnetic skyrmions in the Pd/Fe bilayer on Ir(111) can be imaged with SP-
STM [20, 38]: for out-of-plane sensitive magnetic tips, see sketch in Fig. 8.9a, they
appear rotationally symmetric as in the measurement shown in (b), whereas a two-
lobe structure is observed when the tip is sensitive to the in-plane magnetization of
the sample as in (c), (d). The fact that all skyrmions in a Pd/Fe film imaged with
the same in-plane tip show the same appearance demonstrates their unique rotational
sense, which is imposed by the DMI. When the external magnetic field is inverted the
rotational sense is preserved: Fig. 8.9c and d show that the magnetic contrast inverts
when this measurement is performed with a Cr tip that is insensitive to applied mag-
netic fields. The spin structure across a skyrmion was found to nicely follow the spin
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Fig.8.9 Magnetic skyrmions in the Pd/Fe bilayer on Ir(111): magnetic field-dependence of size and
shape. a Sketch of a magnetic skyrmion, colorized according to the observed SP-STM signal with
out-of-plane magnetized magnetic tip. b SP-STM measurement with out-of-plane magnetic tip. c,
d Two magnetic skyrmions in opposite external magnetic out-of-plane fields imaged with the same
in-plane magnetized Cr tip. e Experimental line profile along the black rectangle in d together with
a fit to a 360° domain wall and the extracted out-of-plane magnetization component m . f Magnetic
field-dependent SP-STM measurements (top) and simulations (bottom) of a magnetic skyrmion in
Pd/Fe/Ir(111). (Figure adapted from [38])
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Fig. 8.10 SP-STM measurements of a group of artificially created isolated skyrmions in the fcc
Pd/Fe bilayer on Ir(111) at T = 4K, B = 3.25T. Constant-current images (gray-scale) with a and
without f skyrmions pinned at the four defects. The difference images (color-scale, with respect to
f) show how the skyrmions can be deleted and written independently. The central image depicts the
magnetization direction within a skyrmion. (Figure adapted from [20])

structure of two overlapping 180° domain walls [38]. A fit of such profiles to field-
dependent measurements of an individual skyrmion, see Fig.8.9e, and comparison
with the energy functional for magnetic skyrmions, yields the material parameters
for the Pd/Fe bilayer on Ir(111) such as exchange stiffness, DMI, and magnetocrys-
talline anisotropy. Micromagnetic simulations using these experimentally derived
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values as input parameters show very good agreement with the real-space images,
compare Fig. 8.9f top and bottom.

At low temperature (7' <8 K) the system of the Pd/Fe bilayer on Ir(111) can be
trapped in metastable states. Then, isolated skyrmions pinned at defects [39] can be
locally addressed and created or annihilated, see Fig. 8.10. A systematic study of the
switching behavior indicates that spin transfer torque can be utilized for a directional
switching [20].

8.6.3 Non-collinear Magnetoresistance

Figure8.11a displays a dI/dU map taken at U = 40.7V with a non-magnetic tip
where the magnetic skyrmions in Pd/Fe/Ir(111) show a lower signal. To investigate
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Fig. 8.11 Magnetic skyrmions in the Pd/Fe bilayer on Ir(111) measured with a non-magnetic
tip. a Perspective view of an STM constant-current image, colorized with the d//dU map (U =
4+0.7V, I = 1nA, B = 1.8T, T = 8K) b Spectra of differential conductance taken in the center of
a skyrmion and outside at different magnetic fields. ¢ Experimentally determined magnetic field-
dependent size and shape of a magnetic skyrmion in Pd/Fe/Ir(111). (Figure adapted from[23])
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the origin of this magnetoresistance effect, occurring with just one magnetic elec-
trode, namely the sample, spatially resolved scanning tunneling spectroscopy was
performed, see Fig.8.11b. A significant difference between the electronic states in
the center of a skyrmion and the ferromagnetic surrounding is found [23]: the posi-
tion of the peak at roughly 4-0.7V in the differential tunneling conductance d//dU
shifts towards higher energies as the non-collinearity is increased from the ferromag-
netic state to a large skyrmion at 1T and further when the skyrmion is compressed
as the magnetic field is increased. By comparison of the local tunnel spectra[23]
and the experimentally determined magnetic field-dependent size and shape of indi-
vidual skyrmions [38], Fig.8.11b and c, it can be shown that the non-collinearity
has a significant contribution to the total magnetoresistance (see also sketches in
Fig.8.1). This non-collinear magnetoresistance (NCMR) originates from the mixing
of spin-up and spin-down states due to non-collinearity [23] and the peak intensity
is correlated with the local mean angle between neighboring spins [24]. Skyrmions
are thus electronically distinct from their ferromagnetic surrounding, allowing new
all-electrical skyrmion detection schemes.

8.7 (SP-)STM of Higher Layers of Fe on Ir(111)

8.7.1 Influence of Strain Relief and Temperature

While the Fe monolayer grows pseudomorphically on Ir(111) and hosts two-
dimensional magnetic states with a period of 1nm, the addition of more Fe layers
leads to strain relief and dislocation line formation and the magnetic states become
one-dimensional. The magnetic state of the Fe double layer is a spin spiral with
a period of about 1.5nm, which exhibits a zigzag wavefront and propagates along
the dislocation lines in the three symmetry-equivalent (112) directions, see Fe-DL
labeled area at the top of Fig. 8.12a; the origin of the zigzag shape of the cycloidal
spin spiral wavefront is the underlying atomic structure [42]. The triple layer of Fe on
Ir(111) also shows dislocation lines and a spin spiral, however, two different recon-
structions are found and the magnetic period increases to 4-9 nm, see Fig. 8.12a[43].
In accordance with their atomic structure models one of the reconstruction types has
a straight wavefront, which is canted with respect to the dislocation lines, whereas
the other one exhibits a zigzag wavefront [40]. The fact that the spin spiral period
decreases with increasing line spacing, see Fig.8.12b, is attributed to a change of
the effective exchange stiffness with varying degrees of strain relief within the Fe-
film [40].

The fourth layer of Fe on Ir does not exhibit a periodic magnetic state but appears
to be ferromagnetic, with a locally changing quantization axis on the order of some
tens of nanometers, see Fig. 8.12c. A strong temperature dependence of the magnetic
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Fig. 8.12 The magnetic states of higher Fe layers on Ir(111). a The SP-STM measurement
(d1/dU map) shows all three rotational domains of the canted and the zigzag spin spiral in the
single line (sl) and double line (dl) reconstruction in the Fe triple layer (TL). b The spin spiral
period decreases with increasing line spacing of the reconstruction, which is attributed to a concur-
rent change in effective exchange stiffness A. ¢ SP-STM measurement (d//dU map) of a sample
with locally 2, 3 and 4 layers of Fe on Ir(111) measured at 7 = 4K. d Similar sample as in ¢ but
measured at room temperature. (Figure adapted from [40, 41])

states of the triple layer and the fourth layer of Fe is observed, as evident from the
comparison of the low temperature measurement in Fig. 8.12¢ and the room temper-
ature data in (d): the magnetic period of the triple layer spin spiral has increased by
nearly an order of magnitude and the fourth layer now shows roughly the same mag-
netic state as the triple layer [41]. To explain this increase of the magnetic period with
temperature layer-dependent magnetic interaction parameters are necessary [41].
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8.7.2 Influence of Magnetic and Electric Field

The spin spiral in the Fe-TL shown in Fig.8.13a is modified in an external out-
of-plane magnetic field and breaks up into small bean-shaped magnetic objects, see
Fig. 8.13b. Here, the typical hexagonal skyrmion lattice is suppressed and instead the
dislocation lines function as skyrmion tracks. An evaluation of measurements with a
tip sensitive to the in-plane component of the sample magnetization, see Fig. 8.13c—e,
demonstrates that these magnetic objects are indeed topologically distinct skyrmions;
a model of the spin state is shown in Fig.8.13f and SP-STM simulations thereof
are in good agreement with the experimental data, compare Fig.8.13c—e top and
bottom [43].

Writing and deleting of these magnetic skyrmions was realized with local volt-
age pulses between tip and sample, see Fig.8.13g. Measurements with a non-spin-
polarized W-tip directly ruled out spin-transfer torque as dominant switching mech-
anism. An investigation of the threshold voltages for creation and annihilation at
different tip-sample distances demonstrated the leading role of the electric field for
the switching between these topologically distinct states, Fig. 8.13h. Thus, simulta-
neously to a global control of the energy levels of skyrmion and ferromagnet in an
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Fig. 8.13 Magnetic skyrmions in the triple-layer Fe on Ir(111) and switching with electric fields.
a The zero magnetic field spin spiral ground state. b At 2.5 T single magnetic objects are formed.
¢, d, e Three rotated magnetic skyrmions were imaged with the same in-plane magnetic tip (top).
The bottom row displays SP-STM simulations of the spin structure sketched in f. g Electric field in
an STM setup. h Critical electric fields derived from distance-dependent measurements of writing
and deleting of individual skyrmions with a W-tip. i Sketch of the modification of the double-well
potential of skyrmion and ferromagnet by global magnetic or local electric fields. (Figure adapted
from[43])
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external magnetic field, a local tuning of the relative energy levels is possible via the
local electric field of an STM tip, Fig. 8.131[43]. For this mechanism, it is essential
that the two states are inequivalent; an electric field cannot lift the degeneracy of,
e.g. a mere up and down magnetization. Different mechanisms are possible for this
magneto-electric coupling, e.g. a change of the electronic states in the near surface
region accompanied by a change of inter-layer distances. As electric fields decay
fast in metallic films and both the DM interaction and the crystalline anisotropy stem
from the buried Fe-Ir interface, a likely scenario is that the electric field is effectively
changing the local exchange interaction within the film.

8.8 Conclusion

Magnetic field-dependent SP-STM is an effective and versatile method to reveal
and manipulate complex spin textures down to the atomic scale. The discovery of
interface-DMI was the first step toward a novel research field, which now explores
chiral domain walls, skyrmionic bubble domains and skyrmions for spintronic appli-
cations. Interface-DMI allows to tailor skyrmion properties by, e.g. designing mul-
tilayer structures of magnetic 3d layers and heavy 5d elements with large spin-orbit
interaction. Atomic-scale SP-STM measurements of skyrmionic systems, e.g. the
field-dependent size and shape of magnetic skyrmions, allows to test present theo-
ries and can yield the relevant material parameters, like the DMI value. The discovery
of the NCMR effect shows that skyrmions are (quasi-)particles with distinct electric
properties, allowing a novel all-electrical mechanism for skyrmion detection. The
controlled writing and deleting of skyrmions by local electric fields establishes a
new magneto-electric coupling scheme with potential for future spintronic devices.
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Chapter 9 ®)
Theory of Magnetic Ordering oo
at the Nanoscale

Elena Vedmedenko

Abstract Complex spin structures feature a periodic variation of the local alignment
of non-collinear magnetic moments. The number of systems showing non-trivial
magnetic structuring steadily increases. Particularly, several uniaxial as well as two-
dimensionally modulated magnetic states were found with unique rotational sense
due to the spin-orbit based Dzyaloshinskii-Moriya-interaction. Another source for the
modulated magnetic configurations is given by the frustration and competing higher-
order exchange interactions arising due to the itinerant nature of electrons. One of the
most exciting recent developments with respect to these non-trivial configurations is
the emergence of magnetic quasiparticles, which are characterized by their enhanced
temporal and thermal stability. In this review several aspects of the static and dynamic
properties of the quasiparticles and other interfacial non-collinear magnetic structures
will be addressed.

9.1 Stability of Magnetic Quasiparticles

Exotic phases of condensed matter recently became a central topic of scientific ac-
tivity [1]. Non-trivial phases encompass a large variety of phenomena in different
areas of physics from very specific band structures to noncollinear magnetic states.
Often these phases correspond to non-trivial metastable magnetic configurations.
Excited magnetic configurations, which possess properties of quasiparticles, play
a particularly important role among the complex magnetic structures. To the class
of quasiparticle states belong three- or two-dimensional magnetic skyrmions, one-
dimensional chiral magnetic domain walls, one-dimensional topological solitons or
helices and zero-dimensional magnetic excitations known as “monopoles”, which
can also be bound by one-dimensional Dirac strings. Once created, these magnetic
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objects can only be erased with effort from a surface. This makes them valuable for
the application in future data storage devices but also poses fundamental questions
on the microscopic reasons for the stability. During the past decade we addressed
several aspects of the stability of non-trivial magnetic states by means of analyt-
ical and numerical analysis. The work on this exciting topic has permitted us to
find answers to such important questions like: Which metastable topological con-
figurations can be achieved in ultrathin magnets or arrays of structured films? What
are the lifetimes of those metastable states? How can the complex magnetic states
be manipulated? This review addresses several important aspects of the phase dia-
grams, statics and dynamics of magnetic quasiparticles of different dimensions. Due
to these investigations we were able to show that energy can be stored in metastable
states of nontrivial topological matter. The review starts with a general description
of magnetic structuring at the nanoscale due to exotic, higher-order magnetic inter-
actions. Later, the emphasis will be put on two-dimensional quasiparticles, that are
interfacial skyrmions, continued by the discussion of the stability and manipulation
of one-dimensional quasiparticles, that are helices and domain walls, and finished
by the description of curious properties of zero-dimensional excitations in magnetic
arrays. The last section will be devoted to the manipulation of zero-dimensional
magnetic objects with the tip of an atomic force microscope.

9.2 Higher-Order Complex Magnetic Interactions

Nanostructured 3d and 4d metallic films on different substrates often belong to the
class of itinerant magnetic systems with delocalized electrons. The thermodynamic
properties and magnetic ordering of itinerant systems are very important for any
study of their macroscopic behaviour. It is often not possible to study the micro-
scopic magnetic structuring of these systems by standard density-functional theory
(DFT) methods because of the extremely large unit cell of the magnetic ground
states. To be able to describe those nontrivial states we have used a multiscale ap-
proach, where the classical exchange Hamiltonian has been extended by higher-order
terms to account for the itinerant nature of magnetic interactions. We have studied
phase diagrams as well as specific experimental situations using parameters of the
higher-order terms extracted from DFT calculations. The terms beyond the nearest
neighboring Heisenberg exchange interaction can be derived by means of the fourth
order perturbation expansion of the Hubbard model [2] when the spin-orbit inter-
action is not included [3]. In addition to these longer-range exchange terms, further
higher order contributions are represented by the biquadratic and the four-spin ex-
change interaction resulting from the hopping of electrons over several neighboring
atoms. An important role is also played by the antisymmetric part of the exchange
tensor; that is, by the Dzyaloshinskii-Moriya (DM) interaction. Although the mathe-
matical form of those terms was known, a general study of the magnetic structuring
in the itinerant magnets remained obscure until recently. The magnetic structures due
to these non-trivial interactions, however, appear to be very interesting. An example
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of such a magnetic configuration based on the four-particle exchange interactions
and DM interactions will be described in the following.

Model

A classical atomistic spin model described by the following Hamiltonian has been
considered:

=/ (i)
+ D, Z (S.)? — “’Z 3(S; - €;;) (e -3sj) ~S:-S;
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i i<j ij
+ Jacgpin D [(Si+8;) (S -S1) + (Si - S0) (S, - 1)
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i<j

with S; = p;/ps the three-dimensional magnetic moments of unit length on a tri-
angular lattice with open boundary conditions and i the strength of the magnetic
moment in Bohr magneton yip.

The summation in the exchange interactions goes up to 3rd nearest neighbors.
Jij < 0 means a ferromagnetic and J;; > 0 antiferromagnetic exchange coupling.
The biquadratic exchange between two nearest neighboring spins is given by the
second term, while the third sum describes a crystalline anisotropy favoring the ver-
tical z orientation of magnetization for negative D, and an easy-plane anisotropy
if the parameter D, is positive. The fourth sum is the long-range dipolar interaction
with the coupling constant w = p2 g /47ma?, the interatomic distances 7;; in units of
the lattice constant a, and the unit vectors e;; in the direction of r;;. To calculate
the long-range manner of the dipolar interaction we use a Fast Fourier Transforma-
tion technique for decreasing the required CPU time [5]. The last two terms of the
Hamilton operator represent the many-spin interaction and the DM coupling D;; re-
spectively. In the case of the nearest neighbor four-spin coupling, the four sites i, j,
k and [ involved form a minimal parallelogram, where each side is a line connecting
two nearest neighbors [4].

Phase diagrams and the ground states of a system with pure biquadratic exchange
interaction and the 4-spin interaction are shown in Figs.9.1 and 9.2. The ground
state of a system with pure DM interaction corresponds to a spin spiral with angle of
/2 between nearest-neighboring spins. As one can see from the presented data all
higher order interactions lead to complex, non-collinear magnetic states. However,
only the DM interaction breaks the rotational symmetry. Therefore, a combination of
the DM interaction with ferro- or antiferromagnetic exchange interaction and other
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Fig.9.1 Energy of a spin system coupled by a pure biquadratic exchange interaction (a) and a four-
spin exchange interaction (b) as a function of the strength of the corresponding energy constants [4].
The solid lines correspond to the ground state energies, the dashed lines show the highest possible
energy states, while insets exemplify low energy states
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Fig. 9.2 Top view of the ground states of a system with (a) pure biquadratic exchange interaction
(Jpi > 0) and (b) positive four spin exchange coupling (J4,spin > 0). The inset shows a frequency
distribution of angles between nearest-neighboring spins. The color scheme denotes the spatial
orientation of the sublattices

higher-order terms lead to the formation of complex magnetic structures with unique
rotational sense as we have shown in several publications [6-9] (Fig.9.3).

9.3 Two-Dimensional Quasiparticles: Interfacial
Skyrmions

One of the most prominent complex magnetic structures with unique rotational sense
are skyrmions [10-12]. There are several different mechanisms for the formation of
skyrmionic phases at interfaces. They can be classified on the basis of the involved
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Fig. 9.3 An SP-STM image derived theoretically from the MC calculations for a Mn monolayer
on W(001) at 25K (a) and 13K (b). The inset shows the calculated Fourier transform. c—d Three-
dimensional representation of the area indicated in (a—b). The spins are shown by cones colored
accordingly to their vertical magnetization, ranging from red (up) to dark blue (down)

sets of interactions [13]. The first and simplest Skyrmion Class (SC-I) results from a
competition between the exchange, the DM, and the Zeeman interactions only [10]

H=-Y"J;m88; - Y Dy (S; xS;) = » [B-S]+0 (9.2

i<j i<j i

Skyrmions of this class appear in different kinds of interfacial systems like sputtered
[14, 15] or epitaxial [16, 17] thin magnetic films. The class SC-II contains systems
involving higher-order interactions described by (9.1) [12]. Magnetic skyrmions of
the second class can appear spontaneously. They do not need any magnetic field for
their formation. The size of SC-II skyrmions is very small: several atomic distances
only [18]. The third class of skyrmionic interfacial systems SC-III is presented by
the systems without DM interactions, but with competing exchange interactions of
different range [19], while the last class SC-IV concerns the so-called skyrmionic
bubbles, which appear in systems with strong dipolar coupling. In combination with
the DM interaction the bubble domains acquire unique chirality and become more
stable [20]. In the following, we will mainly concentrate on skyrmion classes I and II.
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Phase Diagrams

Phase diagrams showing conditions under which multiple phases co/exist in equi-
librium are indispensable for a systematic description of any physical system. For
topological magnets they are particularly important because this exotic phase of
matter appears in a rather narrow range of thermodynamic parameters. Typically, the
skyrmion lattice (SkX) occupies a tiny pocket between much larger spin spiral (SS)
and ferromagnetic (FM) phases, i.e. for very specific temperature (T) and magnetic
field (B) values. While all phase diagrams of skyrmionic matter distinguish between
SS, SkX and FM states, there is a large diversity in the coordinates of those phases
[21]. There are three main reasons for this strong diversity. One of the reasons is that
phase boundaries in one and the same skyrmionic system are multi-dimensional.
They might be driven by temperature, strength of DM interaction, strength of ap-
plied magnetic field, pressure etc. There are also differences of the thermodynamic
behavior for different lattice symmetries, thereby making the diversity of phases
even larger. Hence, to investigate the stability of those non-collinear configurations
systematic studies of phase diagrams are extremely important and are the subject of
ongoing scientific work.

For skyrmionic systems the B-D diagram (field versus strength of the DM interac-
tion) plays a central role, because it permits to characterize the skyrmion formation
in different materials. Each material class has a characteristic value of the D/J ratio.
In [17] we have calculated a B-D diagram for ultrathin films with interfacial DM
interaction. This diagram is shown in Fig. 9.4. Its originality lies in the order param-
eters used: Additionally to the commonly considered winding number Q, we have
defined a density order parameter p [17] by the ratio between a surface area occupied
of skyrmions obtained in simulations for given parameters and the area occupied
by an ideal, close packed lattice of skyrmions of identical radius R. For the phase
diagrams, large samples (10° atomic sites) of rectangular shape, with a D/J gradient
along the x-axis, have been equilibrated at various magnetic fields B. The advantage
of the method of gradients is the possibility of a direct representation of the magnetic
microstates in dependence of the interaction strength.

Due to the novel order parameter and the gradient method we were able not only
to distinguish between the skymionic, ferromagnetic, and the spiral phases, but also
define the transition from the phase of the isolated skyrmions to the skyrmion lattice
phase. Particularly, a drastic change in the behavior of the skyrmion radius as a
function of the D/J ratio was observed. Interestingly, R increases with the strength
of the DM interaction if the D/ J ratio is less than 1.05; that is, in the single skyrmion
regime, while it decreases with the DM interaction for higher D/J; that is, for the
skyrmion lattices.

Minimal Size and Shape of Skyrmions

The detailed investigations of the phase diagrams [17] showed that skyrmions with a
radius less than a certain critical value R, do not exist in discrete atomistic systems.
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Fig. 9.4 a Magnetic ground states derived from extended MC calculations at B/J = 0.7 and
kgT/J =8.5-1073 J. There is a gradient of the strength of DM interaction along the x-axis;
b Skyrmion radii as a function of the gradient described above. Points correspond to the numerical
data, solid lines give the averaged R values; ¢, e B — D phase diagrams using the density p and the
radius of the skyrmions as an order parameter; d, e Parameter ;«BJ/D? and the skyrmion radii as
a function of the position in phase space

At this specific skyrmion size the system overcomes the separating energy barrier
and inevitably relaxes into the ferromagnetic state. With increasing strength of DM
interaction R, decreases and eventually reaches its ultimate limit. For interfacial
magnetic systems like 1 ML Pd/1 ML Fe/Ir(111) the minimal skyrmion radii are very
small and lie in the region of (0.7-1) lattice constants; that is, a minimal skyrmion
consists of four (if the skyrmion center is between the atomic sites) or seven spins
(if the skyrmion center coincides with one of the atomic sites) only. These data are
in very good agreement with a recent experimental study [22].

Until now spherically symmetric skyrmions have mainly been addressed as only
in this case the skyrmion radius unambiguously defines its geometrical properties.
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However, various experimentally feasible material systems naturally exhibit spatially
anisotropic behaviour. This phenomenon is particularly strong at interfaces [23]. An
example relevant for interfacial anisotropic skyrmionic systems is given by the double
and triple atomic layers of Fe on the Ir(111) substrate [24]. A systematic theoretical
investigation of the skyrmion formation in systems with anisotropic environment is
presented in [16]. This investigation shows that spatial modulations of the exchange
interaction and the anisotropy energy in combination with an isotropic DM interaction
lead to the formation of deformed skyrmionic objects.

The shape and the size of deformed skyrmions strongly depend on the particular
energy landscape. An example of a non-trivial deformed skyrmion obtained with the
help of Monte-Carlo simulations is analyzed in Fig. 9.5. In this case a spatial modula-
tion of magnetocrystalline anisotropy between in-plane and out-of-plane orientation
has been considered to account for the skyrmion deformation (see Fig.9.5a). Such a
modulation might occur, for instance, due to stress induced surface reconstructions.
Additionally, it is known that the exchange interaction parameters J;; might be mod-
ulated as a function of the orientation of the respective bond and also of the bond
position in the lattice. Figure 9.5b—c show the skyrmionic structures for two differ-
ent magnetic fields with such a spatial modulation of the exchange parameters, but
without any anisotropy modulation. One observes ordered bent non-collinear spin
states with a non-vanishing topological charge. Figure 9.5d—e show the correspond-
ing equilibrium structure if a spatial modulation of anisotropy has been taken into
account. The distorted skyrmionic objects remain but become ordered along linear
tracks. The detailed spin structure of the deformed skyrmions is shown in Fig. 9.5f.

Lifetimes of Skyrmions

In many cases isolated magnetic skyrmions correspond to metastable states, which
can be deleted or created by fields or currents. This metastability permits the use
of topologically distinct skyrmionic and ferromagnetic states as information bits.
The critical parameter for any bit of information is its stability. The stability of
any state can be quantified by measuring its lifetime. The lifetimes of metastable
states in turn depend on temperature, external magnetic field, and other intrinsic
or extrinsic parameters. At zero temperature a skyrmion might possess an infinite
lifetime. At higher temperatures the thermal energy has to be compared with the
height of the energy barrier between the two states. Therefore, the interesting question
is how the lifetimes of the skyrmionic and ferromagnetic states depend on the field
and temperature. We addressed this important issue in [15]. In these investigations
the lifetimes of the skyrmionic states have been studied by means of Monte-Carlo
simulations. It has been found that the skyrmion lifetime follows an Arrhenius-like
law. This conclusion is in good agreement with other investigations of this subject
[25]. The success of our approach was two-fold. First, we were able to determine the
energy barriers between the skyrmionic and the ferromagnetic states. By that means
we were able to quantify the attempt frequencies and the lifetimes of skyrmionic (Sk)
and ferromagnetic (FM) states. The ratio of the corresponding attempt frequencies
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Fig. 9.5 a Schematic representation of the atomic lattice indicating the spatial changes of the
anisotropy axis orientation. b, ¢ Maps of the vertical component of the magnetization of equilibrium
skyrmionic states for different strengths of magnetic field and spatial modulation of the exchange
interaction corresponding to 3 ML Fe on Ir(111). d, e The same as in (b, ¢) with an additional
modulation of the anisotropy according to the scheme outlined in panel (a). f Spin structure and
local density of the topological charge for a deformed magnetic skyrmion

obtained from the Arrhenius fit is on the order of inverse time units (Monte Carlo
steps) in the complete range of studied fields and temperatures.

Secondly, we were able to demonstrate that this large difference results from the
higher entropy of the skyrmionic state. This leads us to the conclusion that the simple
Arrhenius behavior would not explain the high skyrmion stability. To understand
why the increased entropy leads to higher attempt frequencies one has to consider
the Eyring equation, as a more general form of the Arrhenius law:

AS/kp . eAE/kBT = Tofr - eAE/kBT (93)

T=Tp-¢€
Thirdly, by mapping our numerical results to experimental data we were able to
quantify the exchange and DM parameters (7 and 2.2 meV respectively) and lifetimes
for Pd/Fe/Ir(111) biatomic layers. Additionally, we were able to identify critical fields
B, for which the skyrmionic and ferromagnetic states have the same stability.
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Skyrmion’s Confinement

In view of the application aspects of skyrmionic systems, theoretical investigations
exploring the effect of boundaries and confinement become more and more important,
as can be seen from the contemporary literature [26, 27]. Particularly, it has recently
been shown that the confinement of a skyrmion in a circular nanoisland may lead to its
isolation because of the specific boundary conditions induced by the DM interactions.
This aspectis particularly important for the skyrmion lattices in systems of type SC-1I,
because the skyrmions in SC-II systems are very small and can significantly increase
the density of stored information.

A first investigation of the interplay between the geometry of a skyrmion lat-
tice and that of nanoscale Fe/Ir(111) islands has recently been reported in [18].
In this publication, interaction between one diagonal of the magnetic unit cell and
the edges along the principal crystallographic directions of Fe nanostructures has
been observed experimentally by means of Spin-Polarized Scanning Tunneling Mi-
croscopy and theoretically by means of Monte-Carlo simulations [18]. The details
of the theoretically calculated micromagnetic structure are presented in Fig. 9.6. A
clear trend of close-packed edges favouring one of the three rotational domains of
the skyrmionic lattice can be seen in Fig. 9.6a, c. However, in an island of triangular
shape it is impossible to orient the diagonal of a square nanoskyrmion lattice along
all three edges of the island simultaneously. The mismatch of the symmetries of the
skyrmionic lattice and the shape of the island leads to frustration and triple-domain
states as visualized in Fig. 9.6a. On the other hand, the formation of domain walls
(Fig. 9.6a) is accompanied by an energy increase with respect to a monodomain state
(Fig. 9.6b).

For the identification of the energy at the rim of the sample and within the domain
walls, and for the definition of the different energy contributions to the total energy
of the system, spatially resolved energy maps of the triangular islands have been
analyzed in Fig. 9.6d, where the average energy cost per atom with respect to the
corresponding value in the interior of a very large sample in the nth atomic row being
parallel to a favorable or an unfavorable edge is plotted. In total, the monodomain
state has lower internal energy than the triple domain state. However, despite the
lower energy of the single-domain state, multi-domain configurations show up in
experiments and numerical simulations. This interesting result emerges because of
the superposition of the effects of entropy and a pinning of the chiral domain walls.

9.4 One-Dimensional Quasiparticles

In addition to ultrathin magnetic films discussed in the previous section a variety of
one-dimensional magnetic chains with open ends or closed chains on a variety of
substrates can be experimentally addressed [28—31]. Atomic spin ensembles, mag-
netic and molecular nanoarrays as well as other metamaterials belong to this class of
systems. Some experimental data are partially still not understood. Particularly, the
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Fig. 9.6 a An excerpt of the spin structure of the nanoskyrmion lattice at T = 1K as obtained
by MC calculations. b, ¢ Islands with triangular boundary shape and open boundaries exhibiting
multi-domain and single domain nanoskyrmion lattice states. d Mean energy cost in units of the
bulk value per atom which belongs to the n-th atomic row parallel to the boundary. The energetically
(un)favorable border is marked in (red) black in (¢)

hysteresis curve measured on open and closed atomic magnetic chains show much
higher disorder than predicted by the Ising model. Hence, the question arises whether
topological magnetism can be achieved in closed linear structures with periodic or
non-periodic boundaries and whether it can be responsible for the deviations of ex-
perimental results from the prediction by standard models [32]. Another important
question is what is the role of the free energy for the formation of topological states?

Stability of One-Dimensional Magnetic Helices and Solitons

As reported in [30, 31, 33, 34] we have performed analytical and numerical analy-
sis of the physical properties of one-dimensional magnetic structures that are cou-
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Fig.9.7 a,bEquilibrium MC configuration at T = 0.2 K of a ring made of N = 100 spins coupled by
D =0,K =0meV, J = —40 meV: a AFM configuration for a closed chain (ring structure) and b
the same structure shown with open ends for clarity. ¢ Local energy minima of an antiferromagnetic
chain with strong uniaxial anisotropy perpendicular to the chain axis at zero temperature. The energy
minima depths are measured in units of the anisotropy constant K

pled via long-range interactions including exchange, dipolar or Ruderman-Kittel-
Kasuya-Yosida coupling. These calculations have shown that in linear as well as
nonlinear chains there are metastable magnetic configurations with long lifetimes
for certain boundary conditions. They correspond to helices with integer num-
ber of w-twists, or, in other words, with integer or half-integer topological charge

0= ﬁ i (‘(‘1—’;‘ X %—‘;‘) -mdxdy. In some cases, for example for antiferromagnetic in-

teractions or dipolar coupling with easy-plane anisotropy topologically stable double-
helices are observed. Two examples of such double-helices for closed and open chains
are given in Fig.9.7a, b.

Similarly to skyrmions and domain walls the double-helices are topologically
non-trivial objects (Q # 0). In continuous matter, once created they would be stable
for infinite times. In discrete systems their lifetimes are finite. The life-times of these
metastable magnetic configurations are defined via the energy barriers between the
two subsequent states with different Q numbers. The internal energy of a short
chain consisting of four classical Heisenberg spins coupled via an antiferromagnetic
exchange interaction J < 0 and subject to a strong uniaxial anisotropy K >> |J| is
plotted in Fig. 9.7c. The angle Af denotes the angle between neighboring spins, while
the angle 6, gives the polar orientation of the first spin in a chain. The straight lines
show the band of saddle points at A@ = 7/2, and the band of local energy minima
at A@ = 27 /3. The entire number of local energy minima has direct proportionality
with the number of sites in a chain. Interestingly, the minima correspond to the angles
AO =2mm /(N — 1) with m integer and N the number of magnetic moments.

In contrast to two-dimensional skyrmions topological helices are one-dimensional
objects. In [33] we proposed to use the metastable helix configurations with integer
number of revolutions for an energy storing element that uses spins only. In order to
keep the energy over time one has to twist one of the chain ends until it reaches a
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local energy minimum and fix the ends by local fields or other means. At a later time
the magnet may be released to deliver the energy on demand. It is sufficient to let the
end spins free; the introduced revolutions can be gained back. The longer a chain is,
the larger number of twists can be stored. These stable chiral configurations can also
be used to transfer the information. For that purpose, a knot, created at one end of the
chain has to be transfered to the other end and then read out. The proposed concept
can be scaled from the atomic scale to the scale of nanoscopic metamaterial or even
to macroscopic objects. It might be applicable to the large diversity of systems like,
e.g., magnetic multilayers, nanoarrays, colloidal films, Bose-Einstein condensates
or atomic ensembles.

9.5 Zero-Dimensional Magnetic Objects

Zero-dimensional magnetic objects include quasiparticles like emerging magnetic
monopoles or just single atomic spins or individual molecules on surfaces. In the
following several examples of this class of magnetic structures will be reviewed.

Energy Storage in Emerging Magnetic Monopoles

Zero-dimensional quasiparticles known as “emerging magnetic monopoles” appear
in spin-ices, which can be routinely created in nanomagnetic arrays [35-37]. The
study of two-dimensional dipolar spin ices (2D-DSI), artificial counterparts of three-
dimensional spin ices in magnetic arrays on lattices of different symmetry including
quasicrystals [38, 39], is a very active and innovative field of science. One of the
most popular research topics on 2D-DSI concerns the metastable defects, also known
as emerging magnetic monopoles? arising at the ends of a line of reversed magnetic
dipoles, the so-called Dirac string. The ultimate goal of investigations on 2D-DSI is
the creation of the magnetic analog of spintronic devices utilizing these defects.
From the point of view of physics, the majority of investigations on 2D-DSI is
concentrated on the behavior of unbound magnetic monopoles with vanishing tension
of Dirac strings. In our recent investigation [40], the complete phase space defined by
the Dirac string’s tension has been investigated. In this investigation, we were able to
show that in the regime of bound monopoles (BM) the effective degrees of freedom
are Dirac strings rather than the monopoles. Particularly, in contrast to the common
believe, the BMs do not obey the Coulomb law. For example, in contrast to standard
electric Coulomb charges, the magnetic charges of opposite sign can be attracted or
repulsed. The behaviour of the BM is defined by the specific quantity: the tension-
to-mass ratio of the Dirac string. This ratio is found to be a fundamental quantity in
strongly coupled 2D-DSI. It can be shown that the tension-to-mass ratio is defined
by the fine-structure constant and lattice specific parameters of the magnetic array
under consideration. Hence, it can be scaled by the geometry of a nanoarray. The
path-time dependence of the kinetics of emerging magnetic monopoles at the ends



196 E. Vedmedenko

of stretched and then released Dirac strings in 2D-DSI has been made and verified
in computer simulations and with the help of a macroscopic experimental model. It
has been shown that this string/monopole kinetics can be used to achieve avalanche-
like currents of confined monopoles. This is important, because until now only field
driven currents have been reported and because spontaneous currents can be used to
store energy in Dirac strings. The duration of the avalanche monopole motion can
be increased by geometrical means, e.g. increasing the length of a sample. Similarly
to the example of topological helices, this effect can be used to store energy in Dirac
strings.

Manipulation of the Zero-Dimensional Magnetic Objects

While the two- and one-dimensional magnetic objects can be successfully manipu-
lated by external magnetic fields or currents, one has to find new ways of manipula-
tion of zero-dimensional objects like emerging monopoles or even single magnetic
spins. One of the possible ways of manipulation of these microscopic objects is the
application of spin-sensitive local probe methods. Recent magnetic exchange force
microscopy (MExFM) experiments demonstrated that apart from SP-STM measure-
ments, also an atomic force microscopy (AFM) based setup can be utilized for spin
mapping with atomic resolution. The MExFM brings several advantages with respect
to scanning tunneling microscopy and spectroscopy. Until now the MExFM-based
experiments are utilized for magnetic imaging only. Recently, however, we have de-
veloped a realistic theoretical concept for the manipulation of individual spins or
other zero-dimensional magnetic objects with the tip in non-contact MExFM exper-
iments [41-43].

In the quest for smaller magnetic data storage devices, single magnetic atoms,
magnetic molecules or magnetic quasiparticles are vividly discussed in the literature
as candidates for information bits. Experimentally, one needs to fix these objects
onto a substrate, to stabilize the magnetic moment against fluctuations of different
kind, and to read or write magnetic states. Here, we review theoretical concepts
for the writing of magnetic states being based on a combination of first-principles
calculations and spin dynamics simulations. The main idea hereby is to investigate
the feasibility of spin switching using the tip of a MExFM.

A simple model system consisting of a MEXFM probe made of a few Fe atoms and
magnetic vanadium-, niobium- or tantalum-benzene complexes has been investigated
in [41, 42]. This class of half-sandwiched transition-metal-benzene molecules was
investigated previously and can be routinely synthesized [44]. In [42] the influence
of the substrate on the molecule was neglected and the magnetic exchange coupling
between the probe and the molecule has been investigated. The forces calculated
within density functional theory for the Fe probe / V-benzene system with a ferro-
(FM) and antiferromagnetic (AFM) ordering between Fe and V magnetic moments
are displayed in Fig. 9.8a. A remarkable difference between the forces and interaction
energies obtained for the two configurations in the range of 3.2-3.5 A is seen in this
plot. At a distance of 3 10%, however, the two force-distance functions become almost
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Fig. 9.8 Vertical component of the force between a vanadium-benzene molecule and a Fe probe
(a) and the effective magnetic moments (b) as a function of tip-samle distance for two initial
states (ferromagnetic and antiferromagnetic). In the simulations the probe-molecule separation has
been relaxed numerically. When the tip is approaching, the orientation of the magnetic moment
of the V molecules switches. Therefore, in (¢) the direction of the magnetic moment of V atoms
switches when approached by the tip. d Force and energy differences obtained for AFM and FM
configuration at d > 3.8 A, where an FM configuration corresponds to the ground-state, while
at d < 3.8A an AFM one is energetically more stable. e Distance dependence of the exchange
parameter J coupling tip and sample. The critical separation d. denotes the distance at which J
changes its sign and becomes AFM or FM

the same. This unexpected vanishing of the attractive force, being the difference
between the forces for the two alignments, can be clarified if one analyzes magnetic
moments at the MEXFM tip and molecular atoms. If the spins of the Fe and V
molecules are in the AFM state (Fig.9.8b), this state remains stable when the tip
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is approaching. If, however, the spins are ferromagnetically aligned, a sudden jump
from the FM state, Fig.9.8c, to an AFM alignment appears. This sudden jump of
magnetization emerges because of the strong direct exchange interaction between
the Fe probe and the molecule making the mutual FM order unstable. For that reason,
the more stable AFM solution is found in the DFT calculations.

According to the first-principles calculations of [42] the switching of the mag-
netic molecular state is possible by the adiabatic change of the distance between
the MExFM tip and a molecule (see Fig. 9.8e), because the exchange forces between
these two entities are large enough to overcome the barrier corresponding to the mag-
netic anisotropy. The query whether a switching event can be observed in a dynamic
MEXFM experiment requires investigations by atomistic spin dynamics. To apply
the dynamical methods to the TM-benzene molecule disturbed by a magnetic tip
the quantum mechanical Heisenberg model [42] has been adapted to the parameters
from the DFT calculations and the time dependent Schrodinger equation has been
solved numerically.

Depending on the tip polarization and the strength of the anisotropies six possible
scenarios of the dynamical behaviour have been identified. They are defined by the
combination of quantum tunneling and relaxation, and depend on the geometry of the
tip-sample potential. In Fig. 9.8f—g the third scenario is exemplified. This scenario
appears if D¥ and / or D; are nonzero and the minimal tip-sample distance doesn’t
exceed a critical distance shown in Fig. 9.8e dyin > d.. In this specific case both states
[1) and || ) have the same energy. The wave-like oscillation of (3‘5} between +1 and
—1 (black area) corresponds to the quantum-mechanical tunneling between |1) and
|{) states at the crossing points of field dependent energy levels. With decreasing
tip-sample distance d the degeneracy between |1) and || ) lifts up and the state |1))
transforms to |¢) = a |1) + b || ) with arbitrary a and b coefficients. After this, the
system relaxes towards the equilibrium and the initial state (Sj) transforms into —1.
AtJ(d) =0, (.§‘§) vanishes, because |¢) = % (11 + 14))- Hence, the leading pro-
cess is the interlay between the relaxation and periodic quantum tunneling between
the two stable configurations. Hereby, the |0) state does not play any important role
as this superposition possesses higher internal energy.

Hence, the MEXFM technique can be utilized to switch the magnetization of
single magnetic molecules. In a classical regime; i.e., when the tip-sample distance
is larger than a specific critical separation d,, a reproducible magnetization reversal
between AFM and FM alignment of spins in the MEXFM probe and the molecule
can be realized. In a quantum-mechanical regime; i.e., when the tip-sample distance
is smaller than d., the magnetization switching of individual molecules under the
action of the MEXFM probe becomes more complex [45, 46]. Particularly, wave-
like oscillations of the magnetization due to quantum-mechanical magnetization
tunneling can appear.
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Magnetism of Nanostructures e
on Metallic Substrates

Michael Potthoff, Maximilian W. Aulbach, Matthias Balzer,
Mirek Hinsel, Matthias Peschke, Andrej Schwabe
and Irakli Titvinidze

Abstract Various novel effects in nanostructures of magnetic atoms exchange-
coupled to a metallic system of conduction electrons are reviewed. To this end we
discuss analytical results and numerical data obtained by the density-matrix renor-
malization group and the real-space dynamical mean-field theory for the multi-
impurity Kondo model. This model hosts complex physics resulting from the compe-
tition or cooperation of different mechanisms, such as the Kondo effect, the RKKY
indirect magnetic exchange, finite-size gaps and symmetry-induced degeneracies
in the electronic structure of finite metallic systems, quantum confinement in the
strong-coupling limit, and geometrical frustration.

10.1 Introduction

Collective phenomena of a macroscopic physical system, resulting from strong
interactions of its microscopic constituents, represent a central theme in theoreti-
cal physics, and collective magnetism is one of the most appealing examples in this
context. There are uncountably many concrete realizations of spontaneous magnetic
order, of related fundamental theoretical problems, of concrete realizations in differ-
ent materials classes, of computational techniques, and of fascinating applications
in modern technology[1, 2]. From a fundamental theoretical perspective, collective
magnetic order requires at least three important ingredients: (i) The formation of
local magnetic moments must be understood from the strong (Coulomb) interactions
of electrons in a solid. (ii) Those moments must communicate to each other, i.e.,
the magnetic coupling mechanisms have to be identified to explain magnetic order
on the level of an effective low-energy theory, and (iii) the magnetic coupling has
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to compete successfully with the omnipresent thermal and quantum fluctuations of
the system, such that a ground state or a thermal state is realized that has a lower
symmetry than the spin-rotation invariant Hamiltonian.

This highly general and challenging agenda for theory is somewhat concretized
and also simplified for the case of nanostructured systems. Typically, correlated
many-body problems are most complex in two spatial dimensions while one-
dimensional systems or systems with a finite or even a few number of degrees of
freedom are amenable to an exact solution or at least to a reliable numerical treat-
ment, thanks to the progress that could be made in the recent decades or even years
on computational techniques [3-7].

Here, we review some progress in our understanding of nanosystems which are
composed of “magnetic” (3d-transition-metal) atoms on a nonmagnetic metallic sur-
face — a topic that is driven by the progress achieved on the experimental side with
the development of modern spin-resolved scanning-tunnelling-microscopy (STM)
techniques and the novel abilities to manipulate magnetic systems and to detect their
magnetic properties on the atomic scale [§—11]. The nano character of the theoretical
systems studied here can be due to the finiteness of one or both of these two subsys-
tems, i.e., either due to the small number of magnetic atoms, ranging, for instance,
from one to several tens of atoms, and possibly due to the large but finite nonmagnetic
host which the magnetic atoms are coupled to. In the context of surface physics, the
realization of a finite metallic host requires that this is electronically isolated, e.g.,
by an insulating spacer from the supporting surface. Other realizations are conceiv-
able as well, including individual grains[12, 13], single metallocene molecules [14],
coupled quantum dots[15] or carbon nanotube pieces[16, 17]. Simulations of the
systems studied will also be possible using ultra cold atoms trapped in optical lat-
tices[18, 19].

The theoretical studies comprise various many-body model systems, including
the famous Hubbard [20-24], the Ising and the Heisenberg model [25], but here we
will concentrate on the multi-impurity Kondo model:

M
Hgondo = =t Y ¢} i+ T 8i,Sm . (10.1)
( m=1

i,j)o

The Hamiltonian describes M spins S,,, with spin-quantum number 1/2, which are
coupled locally via an antiferromagnetic exchange J> 0 to the local spins s; of
a system of N itinerant and non-interacting conduction electrons. The conduction
electrons hop with amplitude ¢+ = 1 between non-degenerate orbitals on neighboring
sites of a lattice with L sites. Furthermore, c;, annihilates an electron at site i =
1, ..., L with spin projection o =1, |, and the local conduction-electron spin §; =
% Y oo cjgam,/c,-(,r at i is given in terms of the vector of Pauli matrices o. The sites
at which the impurity spins couple to the electron system are denoted by i,,, where
m=1,..., M. Unless stated differently, we will study the system at half-filling
N =L.
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This model, in a nutshell, describes the physics of magnetic atoms (with local
spins S,,) coupled to the metallic substrate. It also represents an effective low-
energy theory[26, 27] of the more fundamental Anderson model Hang, Where
the Kondo interaction part o J is replaced by Y., e £l fouo + U Y, n. T) n'! f +
VY fl cio+Hec. Here, V is the hybridization strength between the adatom
and the metal surface, €, the one-particle energy of the adatom orbital and U the
local Hubbard-type Coulomb repulsion. The Kondo model with Kondo coupling
J = 8V?/U is found for half-filled impurity orbitals in the U — oo limit.

Among the various aspects of the intricate physics covered by the model, we will
discuss (i) modern numerical techniques addressing the indirect magnetic exchange
(Sect. 10.2), (ii) the competition of indirect exchange with the Kondo screening of the
moments in a quantum box and modifications of the famous Doniach diagram [28]
(Sect. 10.3), (iii) a theory of Kondo underscreening and overscreening in nanosys-
tems (Sect. 10.4), (iv) a novel type of indirect magnetic exchange in the strong-
coupling limit (Sect. 10.5), and (v) the competition between magnetic coupling,
Kondo screening and geometrical frustration (Sect. 10.6), before the conclusions
are given (Sect. 10.7).

10.2 Indirect Magnetic Exchange

Inmost cases, we choose the underlying lattice of the multi-impurity Kondo or Ander-
son model as one-dimensional (D = 1). This is sufficient to work out the main quali-
tative physics for the cases studied here and is convenient, since the one-dimensional
model is amenable to a numerically exact solution by means of the density-matrix
renormalization-group (DMRG) technique [29, 30]. On the other hand, due to the
famous area law, DMRG is restricted to the D = 1 case or, for higher D, to a few
impurities only. Therefore, from the very beginning it is clear that, e.g., for real-
istic applications and addressing concrete materials, the DMRG approach must be
replaced by a more versatile method eventually.

Unfortunately, even the actually already oversimplified model, (10.1), is by far
too complicated in D = 3 or D = 2 dimensions and can be rigorously treated only
in the unphysical infinite-dimensional limit where the dynamical mean-field theory
(DMFT) [4] applies. A formal generalization of the DMFT to systems of arbitrary
dimension and geometry, and to nanosystems in particular, namely the real-space
DMFT (R-DMFT) [31], is well-known and can be used to study magnetic properties.
R-DMFT is a comprehensive, thermodynamically consistent and nonperturbative
theory. However, it provides mean-field-type approximations only, and essentially
this also holds true for the various cluster and other extensions of DMFT [5-7]. As a
rule of thumb, the lower the dimension, the less applicable is DMFT, such that one
would expect unacceptable results in D = 1 where a comparison with the DMRG is
possible. Right for the case of magnetic atoms on metallic surfaces, however, this is
not necessarily the case as the DMFT also treats the single-impurity case (M = 1)
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Fig. 10.1 (adapted SIAM SIAM
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exactly. The interesting case is therefore the two-impurity (M = 2) Anderson model
(TTAM), and the distance d between the two impurities is the interesting control
parameter as this bridges between the essentially single-impurity case for d — oo
and the “dense” case for neighboring impurities d = 1. Comparison of approximate
R-DMFT with exact DMRG results as a function of d, and also as a function of the
effective Kondo coupling J = 8V?/U, provides us with an estimate of the reliability
of the mean-field approach which will serve as a guide for systems with M>2
magnetic atoms in higher dimensions as well.

Figure 10.1 illustrates how to apply the R-DMFT to the TIAM (box). The TIAM is
self-consistently mapped onto two single-impurity Anderson models (STAM) which
are independently solved by means of exact diagonalization (ED) [32] to get the local
self-energies X, (w) with m = 1, 2. These are used in the TITAM Dyson equation,
the solution of which gives the local impurity Green’s functions G, (w) which
then define via the R-DMFT self-consistency conditions [31] the parameters of the
impurity models. The procedure is iterated until self-consistency is achieved.

Figure 10.2 shows results for the static local (aw = ) and nonlocal (« # [3)
adatom-adatom susceptibilities defined as

Xaf = — /mdﬂS({,z(T)S{QZ(O» . (10.2)
0

with o = 1, 2, which provide information on the indirect magnetic coupling. Here,
Sl = %(n‘(’;T - ng |) are magnetic moments on the adatom site . We find almost
perfect agreement with the exact DMRG data for large distances (left panel). Only for
d < 5 do we see some significant deviations. For d = 1 (right panel) R-DMFT pro-
vides reasonable results for strong effective Kondo coupling J = 8V?/ U it breaks
down, however, for weak V2/U < 0.2 and fails to maintain a Fermi-liquid ground
state: Here, the screening of the magnetic moments is too weak to compensate for the
ordering tendencies induced by a comparatively strong inter-adatom RKKY inter-
action [35-37]. We observe an artificial spontaneous symmetry breaking induced by
the mean-field approximation, i.e., the adatoms’ nonlocal SU(2) invariant singlet
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Fig. 10.2 (adapted from [33]). Left: x11 and x12, see (10.2), as functions of the distance d (left) as
obtained by R-DMFT and compared to DMRG for L = 50. R-DMFT computation with different
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coupling V2/U atd = 1 and L = 50. Results of R-DMFT and a simplified two-site DMFT (2S-
DMFT) [34] compared to DMRG. ¢ =1 fixes the energy scale. Inset: The same on a log scale

state (| 1)) — | 41))/~/2 for J — 0 is replaced in mean-field theory by an incoher-
ent mixture of degenerate ordered states | 1) and | | 1). This qualitative failure is
indicated by divergencies of x; and x»;.

For complex magnetic nanostructures with several magnetic adatoms in different
chain or cluster geometries on semi-infinite three-dimensional metallic surfaces,
a mean-field approach is inevitable. As in ab-initio studies, the accessible system
size strongly depends on the remaining, e.g., lateral spatial symmetries, and the
computational effort scales nearly linearly with the number of inequivalent correlated
sites only. The TIAM represents a model that is rather unfavorable to a single-
site R-DMFT approach. Even for this case, however, R-DMFT can in fact almost
quantitatively predict the effects of indirect magnetic exchange in competition with
the Kondo screening and with geometrical effects—as long as the approximation
predicts a Fermi-liquid ground state.

10.3 The Kondo-Versus-RKKY Quantum Box

A study of the competition between Kondo screening and RKKY coupling cannot
be performed in a mean-field picture. What is missing here is the feedback of the
nonlocal magnetic correlations on the one-particle quantities. An numerically exact
treatment of this problem is interesting since one may expect that the generic phase
diagram proposed by Doniach already in 1977 [28] must be revised for the case of
a nanostructure. Here the finite-size gap A represents a third energy scale compet-
ing with the Kondo scale Tx~e~!/ [38] and with the RKKY scale Jrxxy~J?> (for
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weak J)[35-37]. The unconventional physics in this situation has been worked out
recently [39] and is briefly sketched here.

Already for a single magnetic impurity, i.e. for the “Kondo-box” problem [40],
there is a A-vs.-Tx competition: If J = J,, defined as the coupling strength where
A~Tx, logarithmic Kondo correlations are cut, and the extension of the Kondo
screening cloud ~Ty !is actually given by the system size. There is eventually only
asingle conduction-electron state within the Kondo scale Tk around the Fermi energy
which is available to form the “Kondo” singlet. Estimating A and comparing with
typical Kondo temperatures, one finds that this type of physics takes place for systems
with extensions on the nanometer scale.

The problem is even more interesting for the multi-impurity case where there is
a spatially dependent competition of the above-described Kondo singlet with the
RKKY interaction. We consider the model, (10.1), for an even total number N + M
of electrons and spins such that a Fermi-liquid state with a total spin singlet can be
reached for L — oo. For two impurity spins and even N, the Fermi energy g then
lies in a finite-size gap of the single-conduction-electron spectrum & (“off-resonant
case”) since all spin-degenerate ¢; are doubly occupied. There is a crossover from
local Kondo-singlet formation at strong J to nonlocal RKKY coupling at J = Jp,
defined by Tx ~ Jrkky- The Kondo effect, however, is absent for / — 0 (for Tx < A):
The spins cannot dynamically couple to the electron system as the Fermi sea is non-
degenerate and thus a finite energy ~ A would be necessary for screening. Hence, the
low-energy sector is covered by the RKKY two-spin model Hrgxy = —Jrxky S152
with Jrxky o (—1)‘i'_i2‘J2/|i| — .

The quantum box with three impurities is qualitatively different: As N is odd, the
highest one-particle eigenenergy ¢y, is singly occupied. Hence, the ground state of the
conduction-electron system is two-fold Kramers degenerate (‘“resonant case”), and
screening of a spin is possible for J/ — 0 but competes with the RKKY exchange. Per-
turbation theory for the Kondo problem is regularized due to the finite-size gap A > 0
and predicts that, if an impurity spin dynamically couples to the conduction-electron
system this happens on a linear-in-J scale. For sufficiently weak but finite J, this is
larger than the RKKY scale o J? and we thus expect formation of a “Kondo” spin
singlet involving the conduction-electron spins. Whether or not there is a perturbative
coupling of the impurity spin S,,, depends on the one-particle Fermi wave function
Ui, atsite i = i,,. Here, at kp = 7/2, we have Uy, = /2/(L + 1)sin(i kr) # 0
fori =1,3,..., L —2, L. These sites are denoted as “good”, while Uj;, = 0 for
“bad”sitesi =2,4,..., L — 1.

Consider a chain with L = 4n + 1 and integer n. Two spins S; and S3 couple to
bad sites neighboring the central site. The central site is good. Therefore, for small J
and small L we have T,?’“‘k) < A, the perturbative arguments given above apply, the
Kondo scale is linear in J, and §; is screened. The weaker (ferromagnetic) RKKY
interaction then couples S| and S3 to a nonlocal spin triplet, and thus Sy, = 1.

What happens for finite A as J increases? This is nicely reflected in the
different ground-state spin-correlation functions obtained by DMRG shown in
Fig.10.3 (right): For L =9 at J — 0, we find (S$153) — 1/4 while (§$;$,) - 0
and (S,S3) — 0 as well. The local correlations vanish (S;s; ) — 0 at the bad sites
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Fig. 10.3 (adapted from [39]). Left: Revised Doniach diagram for a nanosystem with competition
between Kondo screening and RKKY interaction. Right: DMRG results for the inter-impurity and
local spin correlations of the M = 3 model (“bad-good-bad”) with increasing (see arrows) system
size up to L = 201 sites. With decreasing J, the different regimes (1—4) marked in the Doniach
diagram are found

but for the good one (S3s;,) remains finite as J — 0. The strong-J limit is also
easily understood: The distinction between good and bad sites becomes irrelevant
for J>J,, and as J — oo all local spin correlations approach —3/4. This local
Kondo-singlet formation is basically independent of L.

At intermediate J, i.e. Jo<J <Jp, the conventional Kondo-vs.-RKKY competi-
tion should be recovered (since J4 <J), and the RKKY interaction should win (since
J <Jp). However, this decisively depends on the system size: For small systems, we
rather have J,>Jp, implying that there is no intermediate-J regime. This can be
seen in (S195,) for L =9 or L = 21, for example. Here, the spin correlation stays
close to zero in the entire J regime, and there is a shallow minimum around J = 1
only.

Only if the system is sufficiently large, namely if Jy<Jp (i.e. A<Jrkky), do
RKKY correlations develop among the impurity spins. In fact, as is seen in Fig. 10.3
(right) for L = 201, the correlation (S;S,) approaches —1/2 in the intermediate-J
regime and (S1953) is close to 1/4. Note that these are exactly the correlations of a
three-spin system with ferromagnetic coupling between S, and S3 and antiferromag-
netic ones between S, and S, S3. With decreasing J, the system eventually crosses
over to the perturbative regime at a crossover coupling strength J,. This strongly
decreases with increasing L.

The physics is summarized with the “revised Doniach diagram” in Fig. 10.3 (left).
Local Kondo singlets (LKS) are formed for extremely strong J (regime 4). With
decreasing J, the energy to break up a Kondo singlet becomes exponentially small
(regime 3), and below Jp, RKKY coupling is dominant (regime 2). Finite-size effects
setin for J <J 5, and if the system is sufficiently large, we have J, <Jp. The singlet-
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formation energy is linear in J for “good” and vanishes for “bad” sites (regime 1).
This implies that for sites where the kr conduction-electron wave function has a
finite (vanishing) weight, the Kondo effect “wins” (RKKY wins). The remaining
unscreened moments are subjected to nonlocal RKKY exchange subsequently. At
a still lower energy scale d, determined by the residual coupling of the box to the
environment, the Kondo scale becomes exponentially small again with a screening
cloud leaking out into the environment (regime 0) [41]. Here, for J <Js, the RKKY
coupling is dominant again [42, 43].

Concluding, for nanosystems there is a subtle competition between Kondo screen-
ing and RKKY interaction even in the limit / — 0. The symmetry of the ground state
decisively depends on the geometrical positions of the impurities. It is predictable by
perturbative techniques and is accessible experimentally by studies of field depen-
dencies [11]. For possible applications, e.g., construction of nano-spintronic devices
bottom-up [10], confinement normal to the surface could be achieved by insulating
spacers [44], and lateral confinement will lead to strong variations in the local den-
sity of states as is known from quantum corrals [45], for example, but also from
nonmagnetic adatoms, step edges etc. In cases where the confinement is not perfect
but where there is a strong spatial dependence of the Kondo temperature, one can
still utilize the Kondo-vs.-RKKY quantum-box physics.

A serious treatment of small residual couplings to the environment, however, rep-
resents the main challenge as concerns the further development of the theory. In this
case, perturbative approaches are no longer applicable. Furthermore, generalizations
to more impurities, systems off half-filling and multi-orbital systems are worth being
explored.

10.4 Underscreening and Overscreening

One of the several interesting routes along which the quantum-box physics can be
extended, is to consider systems with (i) a symmetry-induced degeneracy of one-
particle energies at the Fermi level and (ii) localized spins with nonlocal couplings to
the local conduction-electron spins in addition to the local one via J. This allows us to
study the physics of (i) underscreening and (ii) overscreening in a finite (nano) system
and, addressing the L — oo limit, provides a new theoretical approach towards the
very complex field of non-Fermi-liquid Kondo systems [46, 47]. To give an impres-
sion, we concentrate on the case of underscreening here and briefly highlight one
example. A detailed overview and in fact a comprehensive theory of underscreening
in a nanosystem has been presented in [48].

We apply degenerate perturbation theory of first order in J to the model, (10.1),
for a lattice geometry where the N-electron ground state |FS, «y) (the Fermi sea) of
the noninteracting tight-binding part of H, obtained by occupying all one-particle
levels below the Fermi energy, € <ef, is I'-fold degenerate (y = 1,...,I"). At
weak coupling J — 0, the finite-size Kondo effect (see previous section) always
wins against RKKY coupling in the on-resonance case. But if several local spins are
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present (M >1), can they all be screened by finite-size Kondo effects? If not, does
underscreening lead to degenerate ground states? How many screening channels
are available and what defines a “channel”? Those (and more) questions can be
answered convincingly by the effective generalized central-spin model emerging at
weak coupling [48, 49].

All spins at the different sites in real space couple to the same small number
of conduction-electron states at ep. Several scenarios can arise, depending on the
nanostructure geometry and its electronic structure. It turns out that it is entirely
possible for each spin §,, to be coupled to its own Fermi orbital, |F, i,,, o), allowing
exact finite-size-Kondo screening of all spins, and an overall spin-singlet ground state.
In other situations, there are insufficient degrees of freedom at € to screen all of the
spins. The remaining unscreened spins are then coupled together via their mutual
RKKY interaction. Depending on details, this could either lead to a degenerate ground
state or a singlet ground state, with both finite-size-Kondo and RKKY mechanisms
acting simultaneously on different spins.

A complete classification is possible. Figure 10.4 gives an example for M = 3.
Here, L., is the dimension of the subspace spanned by the three coupling orbitals
|F, iy, o), wherem = 1,2, 3. For L., = 1, we have three identical coupling Fermi
orbitals. Similarly, double circles with solid lines in scenarios 2a and 2d stand for
two identical coupling Fermi orbitals. Dashed circles, see cases 2b and 2c, represent
a single coupling Fermi orbital, which is a linear combination of the other two cou-
pling Fermi orbitals, contrary to case 3b, where none of the coupling Fermi orbitals
can be written as a linear combination of the others. The tensor product symbol indi-
cates orthogonality between Fermi orbitals. Which ground state is realized crucially
depends on the electron filling of the orbitals and can easily be determined following
simple rules [49].

The theory can easily be applied to large nanostructures. As an example, Fig. 10.5
shows results for an 8 x § lattice (open boundaries), N = 57 electrons and an eight-
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Fig. 10.5 Realization of the scenarios for 3 local spins on an 8 x 8 nanostructure, see text for
discussion

fold degenerate highest occupied one-particle state. For (a)—(d), two spins are fixed
at different sites (red circles with arrows), while the third is placed on one of the
remaining sites. The resulting scenario is indicated. For example, in (a) two spins are
located at positions (2, 4) and (4, 2). If the third one is placed at (1, 7) we find case
(2a) of Fig. 10.4. Green circles around lattice sites represent cases where all three
coupling strengths in the effective central-spin model are equal, while purple borders
indicate that at least one effective coupling strength differs from the others.

10.5 Inverse Indirect Magnetic Exchange

So far, we have mainly discussed the weak-J regime. In special cases, however, the
strong-J limit is particularly interesting, namely if there is confinement of conduction
electrons due to scattering at almost local Kondo singlets. This may lead to local-
moment formation at a priori uncorrelated sites and to couplings of these moments via
virtual excitations of the Kondo singlets, a situation, which is “inverse” compared to
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DMRG. Lines: DMFT. Right: A typical fourth-order process mediating the IME

the conventional RKKY coupling at weak J, and which is called an “inverse indirect
magnetic exchange” (IIME) mechanism [50-53].

Figure 10.6 (left) demonstrates the effect of the IIME for a one-dimensional system
with M = L/2 spins at distances d = 2, see inset. DMRG and DMFT calculations
for the Kondo and the related Anderson model show a clear crossover: In the weak-J
limit there is ferromagnetic long-range order of the local spins in the ground state due
to the RKKY coupling. With increasing J, however, the local moments are screened
by electrons on the B sites, while the confinement of electrons on A sites leads to
A-site local-moment formation.

The IIME mechanism favors ferromagnetic alignment of the A-site moments
and, eventually, ferromagnetic order. Figure 10.6 (right) displays a typical fourth-
order process where (1) a Kondo singlet at a B site is broken by excitation to a state
where the site is either empty or doubly occupied, followed (2) by further excitation
to a local triplet state at the same site, until (3) the system returns to a broken Kondo
singlet state and (4) the local Kondo singlet is restored. Fourth-order perturbation
theory results in an effective IIME model:

HHME - ——Oé Z Z Sz ,bonding * (103)

m=1ieB,

where a = 64t*/3J3 is the IIME coupling constant. Z is the number of sub-
sublattices, see Fig.10.7, right, for the case of a square lattice. Here, S; ponding 18
the spin of the symmetric bonding orbital on a plaquette.

With Fig. 10.7, left, we demonstrate the effects of the IIME for strongly coupled
magnetic adatoms in an artificial geometry on a two-dimensional conduction-electron
system. Electrons in the chain of A-sites 1, 2, ..., 8 (see labels in the figure) with
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Fig. 10.7 (adapted from[50, 52]). Left: Magnetic structure of an IIME-coupled system in an
artificial two-dimensional geometry. M = 57 local spins (filled and open dots) are locally strongly
coupled (J = 5) to the electrons on an L = 22 x 18 array of uncorrelated sites. R-DMFT results
for the ordered magnetic moments (color code) at sites in the layer. Labels: see text. Right: Hegr for
a square lattice. Small black circles: A-sublattice sites. Large circles: B-sublattice sites. For each
B-sublattice site i, the spin S; ponding Operates on basis states on the plaquette of neighboring A
sites. The B-sublattice is thus subdivided into Z = 4 different and non-overlapping sub-sublattices
represented by four different colors/patterns. Each sub-sublattice group fully covers the A-sublattice.
Spins at neighboring B sites do not commute. Spins belonging to the same group do commute

relative distance § = 2 are confined and their moments couple ferromagnetically via
IIME. The IIME, similar to RKKY, is oscillatory and is decreasing with distance,
see A-site 9 (distance § = 4, ferromagnetic) and sites 10 and 11 (6 =3 and § = 5,
antiferromagnetic coupling to the chain). Local moments at 10 and 11 are formed
by confinement due to surrounding local Kondo singlets. The weak coupling to
the rest of the system makes them extremely susceptible, such that |mp| increases
with increasing distance from the chain. Neighboring A-sites with higher effective
coordination mutually support magnetic polarization, see the slightly enhanced ma
at and around A-site 12. Confinement of an odd number of electrons is important, see
13 and 14 (almost no moment) and 15, 16, 17 (polarized). Electrons at 18 or 19 are
not confined, and no polarization is found. Furthermore, there is a proximity effect
(20, 21, or 22) and interference patterns from spin-dependent multiple scattering of
conduction electrons at the magnetic structures (23, 24) are visible. Summing up, in
the strong-J regime, the [IME, similar to RKKY [9—11], can be utilized to construct
nanostructures with tailored magnetic properties.

10.6 Frustrated Quantum Magnetism

In many situations, in particular for non-bipartite lattices, the indirect (RKKY) mag-
netic exchange is frustrated. For the model (10.1) on the two-dimensional triangular
lattice, a mechanism of partial Kondo screening (PKS) [54] has been suggested and
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periodic Anderson model on the triangular lattice. Right: R-DMFT phase diagram, obtained with
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has been studied with various approximate methods [54-56]: Starting from strong
J in a spin-liquid state with dominating local Kondo correlations, the transition to
an RKKY-induced magnetic state at weaker J is preempted by a PKS phase, where
frustration is avoided via a site-selective Kondo-singlet formation on one of the three
sites in the (conventional) unit cell such that the remnant local spins can order mag-
netically via the RKKY coupling. It would be highly interesting to check if this PKS
state is realized in a magnetic nanostructure where one can profit from the much
higher control over the geometrical degrees of freedom offered by STM techniques.

As afirst orientation, we have recently employed “site-selective DMFT” to study
the system (the Anderson lattice variant) as function of the fillingn = N /L [57]. This
is equivalent with R-DMFT but assuming only the three orbitals in the conventional
unit cell as inequivalent. The resulting rather complex magnetic phase diagram in
the J-n plane (see Fig. 10.8) comprises the paramagnetic Kondo insulator (KI) at
n = 1, a paramagnetic heavy-fermion metallic state (KS) and antiferro- (AFM) and
ferromagnetic phases (not shown), and in fact an extended parameter region with
PKS. As expected, this phase is located at the border between the nonmagnetic
and the magnetically ordered phase. However, the insight gained by DMFT and
also by the previous approaches must be questioned seriously, since the competition
between magnetic coupling, Kondo screening and geometrical frustration in a two-
dimensional strongly correlated system is one of the most complex problems one
can think of.

We have therefore proceeded along a different route [58]. For the Kondo lattice
on the zig-zag ladder, i.e., for an essentially one-dimensional model, numerically
exact results are in reach so that the PKS hypothesis can be tested. Figure 10.9
(right) displays the lattice geometry and the model parameters. Opposed to the one-
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Fig. 10.9 (adapted from[58]). J-dependence of the spin-structure factor S(g) for the half-filled
Kondo model on the zig-zag ladder, as obtained by DMRG

dimensional Kondo model on a conventional chain [59], the Kondo lattice on the zig-
zag ladder, with equal hopping on the legs and rungs, does show a magnetic phase at
weak J already at half-filling n = 1[58]. This is reminiscent of the quantum-critical
point of the model on the (bipartite) square lattice [60].

Figure 10.9 (left) displays the J-dependence of the spin-structure factor S(g) =
L7'Y, 4 RmRI(S; 8 ;) as obtained by DMRG. We find a logarithmic-in-L diver-
gence of S(g) atq = Q = 7/2 for J < Jy, &~ 0.84 which indicates magnetic quasi-
long-range order with algebraically decaying correlations, (S;S;) o< e "9~ /|i —
Jjl,i.e., amagnetic 90°-spin-spiral phase resulting as a compromise between predom-
inantly antiferromagnetic indirect interactions and the non-bipartite lattice geometry.

Interestingly, the transition to the magnetic state is again preempted, at J =
Ja =~ 0.90, by a phase, similar to but different from PKS, where the frustration
is alleviated due to a spontaneous breaking of the translational symmetries of
the lattice. Namely, for J < Jy we find a non-zero order parameter Oy, defined
as the asymmetry of spin correlations on geometrically equivalent rungs: O4 =
(SiS;)i. = — (SiS;)i )= - Given the strong ferromagnetic short-range corre-
lations, for J < Jg, on one of the two sets of rungs, the remaining antiferromagnetic
correlations are no longer frustrated. This means that spin dimerization helps to make
the system “more bipartite” — on the level of the electronic rather than the geometri-
cal structure. Like PKS, dimerization could play an important role for geometrically
frustrated nanostructures. One should note that the quasi-long-range 90° spin spiral
with dimerized short-range correlations represents a quantum state with no classical
analog. An extended discussion of spin dimerization, of the detailed phase diagram
and the underlying physical mechanisms is given in [58].
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10.7 Conclusions

The multi-impurity Kondo model can provide a sketch of the complicated physics of
magnetic nanostructures on metallic surfaces only. Due to its many-body character,
however, already the model itself contains highly interesting physics which, in most
cases, results from the competition of different interactions or mechanisms on the
same energy scale. The uniqueness of nanostructures consists in the low dimension-
ality of the systems and the correspondingly strong role played by correlations, the
additional energy scale given by the finite-size gap, which substantially modifies
the theoretical description, and the extremely high degree of control of the system
parameters on the experimental side.

A couple of predictions made in the recent past and reviewed here, at least partially,
still await a verification or test. This may trigger further activities on the experimental
side. On the other hand, there are also theoretical challenges. Theoretical modeling
must get more refined as there are important aspects that have not been considered so
far, such as all questions related to orbital physics, effects of magnetic anisotropies
which, just for nanostructures, are expected to be particularly strong, or the explicit
consideration of the coupling to the environment, i.e., to the bulk electronic structure
of the substrate, to give some examples. For some of these topics one must proceed in
adirection where many-body and conventional band theory are merging, i.e., towards
abig LDA+DMFT-like machinery [61, 62]. For others, the phenomenological side is
more pressing, and one thus has to adopt a more coarse-grained point of view which,
however, is able to tackle larger and more inhomogeneous systems and to include
more and longer-ranged interactions, for example. Both approaches are necessary
and important complements of the quantum many-body approach presented here.
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Chapter 11 ®)
Magnetization Dynamics on the Atomic e
Scale

Stefan Krause and Roland Wiesendanger

Abstract Spin-polarized scanning tunneling microscopy is used to study the mag-
netization reversal of individual quasiclassical and quantum atomic-scale magnets.
Modifications of the dynamics arising from the presence of the biased magnetic
probe tip are identified in terms of spin-transfer torque, Joule heating, Oersted field,
magneto-electric coupling and spin-polarized field emission. Observing the switch-
ing behavior over a wide temperature range allows for a detailed study of nucleation,
propagation and annihilation of domain walls in quasi-classical nanomagnets. Quan-
tum magnets are found to be intrinsically stable at ultra-low temperature, and mag-
netization dynamics can be controlled by the spin-polarized tunnel current injection
from the magnetic tip.

Our today’s world is taking advantage of digital information that is processed, trans-
ferred and stored at high speed and reliability. Understanding the microscopic pro-
cesses of magnetization dynamics plays a crucial role for the development of future
spintronic applications. Especially, the miniaturization of magnetic bit size is a pre-
requisite for the vast growth of storage density in magnetic media. However, ther-
mal agitation leads to a magnetization reversal of the grains that represent a binary
information unit (bit) below a critical size, thereby destroying stored information.
Understanding the underlying physical processes that favor or hinder magnetization
reversal inside small magnets is therefore highly relevant. Especially, for magnets
consisting of only a few atoms the classical models for magnetization dynamics have
to be adjusted to the quantum world.

Spin-polarized scanning tunneling microscopy (SP-STM) is an established and
powerful tool for the investigation of magnetic nanostructures and the imaging of
spin structures on magnetic surfaces with atomic resolution. Here, a biased mag-
netic probe tip is moved at atomic distance above the surface of a sample, and
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information about the local magnetization configuration on the sample is extracted
from the spin-polarized tunnel current. In contrast to lithographically fabricated
devices, the atomically sharp magnetic probe tip of an SP-STM realizes a point-
like spin-polarized tunneling contact. Imperfections and leakage channels, that are
typical for planar devices, do not occur in the vacuum separating both electrodes.
Whereas SP-STM is conventionally used to read magnetic information, the very
same magnetic probe tip can be used to modify the magnetic state of a nanomag-
net and thereby wrife magnetic information on the atomic scale. For nanomagnets
exhibiting a stable magnetization, an energy barrier hinders magnetization reversals.
To write magnetic information a reversal event has to be triggered, either by a spin-
polarized tunnel current or by an external electric or magnetic field. Here, a threshold
has to be overcome, otherwise the nanomagnet remains in its magnetic state. Nano-
magnets that intrinsically reverse their magnetization frequently are perfect detectors
for manyfold interactions with their environment. Here, no threshold has to be over-
come, and tiny changes in terms of electro-magnetic fields, spin-polarized tunnel
currents or temperature already drastically change their switching behavior.

Positioning the probe tip of an SP-STM above a nanomagnet allows for the obser-
vation and manipulation of the magnetization dynamics by means of telegraphic noise
experiments and pump-probe techniques. With SP-STM, various parameters of the
magneto-tunnel junction, like the current amplitude, the electro-magnetic field, the
electron energy and the point of current injection can precisely be controlled. These
unique capabilities are used to study the intrinsic dynamics of atomic-scale mag-
nets as well as their interactions with spin-polarized electrons and electro-magnetic
fields. Moreover, SP-STM can be combined with atomic manipulation by moving
individual atoms, allowing for the tailoring and investigation of smallest magnets
that are constructed atom by atom.

In the following, the basic concepts of time-resolved telegraphic noise experi-
ments using SP-STM are presented (Sect. 11.1). High spin-polarized tunnel currents
result in current-induced magnetization switching effects (Sect. 11.2). The combined
action of Joule heating and spin-transfer torque is used to develop a spin-based
pump-probe scheme that increases the temporal resolution to the nanosecond regime
(Sect. 11.3). Various interactions between a high spin-polarized tunnel current and a
quasiclassical nanomagnet are investigated in detail, namely in terms of Oersted field
(Sect. 11.4), electric field (Sect. 11.5) and spin-polarized field emission (Sect. 11.6).
In the second part of this chapter, time-resolved SP-STM experiments on the mag-
netization dynamics are performed in the quasiclassical as well as in the quantum
regime. For quasiclassical magnets, an Arrhenius switching behavior is observed
when changing the temperature (Sect. 11.7). Building magnetic clusters from only
five individual iron atoms results in quantum magnets that are found to be intrinsi-
cally stable at ultra-low temperature, and magnetization dynamics is purely driven
by the spin-polarized current generated by the magnetic SP-STM tip (Sect. 11.8).
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Fig.11.1 a Topography (left) and simultaneously recorded magnetic map (right) of iron nanomag-
nets on W(110). The magnetic signal on the nanomagnets reveals frequent magnetization reversal
events, as indicated by the striped or sprinkled pattern. b Schematics of point-mode SP-STM on
an individual nanomagnet that thermally reverses magnetization. The spin-polarized tunnel current
and the differential conductance changes according to the change of magneto-tunnel resistance,
resulting in a telegraphic noise signal (TIA: transimpedance amplifier)

11.1 Telegraphic Noise Experiments on Nanomagnets

SP-STM is not only a powerful tool to investigate static magnetic surface structures
on the atomic scale, it also provides resolution in the time domain. In Fig. 11.1a,
an SP-STM image of a stepped W(110) surface decorated with atomic-scale iron
magnets is shown. Whereas the z channel at closed feedback loop shows the topog-
raphy, the magnetic map reveals that the nanomagnets exhibit a striped or sprinkled
pattern that changes from image to image. It is known that the magnetic signal scales
with cos a, where « is the angle between the magnetization directions of the tip
and sample [1]. As the monolayer of Fe/W(110) is known to be ferromagnetic [2,
3], the nanomagnets are expected to be in a ferromagnetic monodomain state at
low temperature. Consequently, they are expected to exhibit a homogeneous high
or low magnetic signal, depending on the relative orientation of the magnetization
between each nanomagnet and the tip. However, a two-state noise is observed. It is the
manifestation of thermally induced switching events, thereby changing the magneto-
tunneling configuration between each individual nanomagnet and the tip with fixed
magnetization. As a consequence, the magnetic signal varies on a time scale that is
given by the lifetime of the ferromagnetic ground state of each nanomagnet.

In this frame mode of SP-STM, many nanomagnets are imaged, but the magnetic
signal on an individual nanomagnet is recorded only when the tip scans over it. Con-
sequently, the temporal resolution in this mode is limited due to the waiting time until
the same nanomagnet is imaged again. In order to increase the temporal resolution,
the SP-STM tip is positioned stationary above a nanomagnet under investigation, and
the evolution of the magnetic signal is recorded. Now the tunnel magneto-resistance
between tip and sample changes as function of time, resulting in a frequent variation
of the spin-polarized tunnel current and conductance, although a fixed bias voltage is
applied. The signal is scaled by a transimpedance amplifier, resulting in a two-state
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Fig. 11.2 a Telegraphic noise signal (top) and temperature dependent lifetime (bottom) for the
nanomagnet shown in the inset. An Arrhenius law can be fitted to the data, yielding the effective
activation energy barrier and the attempt frequency. b Schematics of the macrospin model for a
nanomagnet with uniaxial magnetic anisotropy. For magnetization reversal, an activation energy
barrier has to be overcome

telegraphic noise, as depicted in Fig. 11.1b. Note that this technique allows for the
determination of lifetimes between consecutive switching events only. The details of
the spin dynamics during individual magnetization reversal events are not resolved
due to the limited temporal resolution of conventional transimpedance amplifiers.

Variable-temperature SP-STM allows for the investigation of the switching behav-
ior of the same individual nanomagnet at different temperature [4]. Here, the tele-
graphic noise is recorded for every temperature setpoint and analysed for the mean
lifetime between two consecutive switching events. The experiments reveal that the
Fe/W(110) nanomagnets can be modelled as individual macrospins which have to
overcome an effective activation energy barrier for reversal, resulting in an Arrhenius
law for the switching behavior.

The switching probability for monodomain particles of uniaxial anisotropy has
been calculated by Néel [5] and Brown [6] in early theoretical approaches. The
mean lifetime 7 between consecutive magnetic switching events as a function of
temperature 7 is characterized by its activation barrier E}, and attempt frequency vy,

- -1 Eb
T=1, exp|——=]), (11.1)

with kg being the Boltzmann constant. In this model, a coherent rotation of all
magnetic moments inside the particle is considered for the magnetization reversal,
with E}, given by the total magnetic anisotropy of the particle. The prefactor 1
is commonly related to Larmor precession, with vy ~ 10'°Hz [6]. A systematic
lifetime study is exemplarily shown in Fig. 11.2a. At a given temperature setpoint, the
telegraphic noise has been recorded on the nanomagnet shown in the inset, revealing
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over 1000 switching events and yielding the mean lifetime 7. This procedure has been
repeated for numerous temperature setpoints. As can be seen from the Arrhenius plot,
the data perfectly agrees with the model given by (11.1), and fitting yields E}, and
vy for the given nanomagnet. Consequently, the magnetization switching behavior
can be described by a macrospin model as depicted in Fig. 11.2b. The nanomagnet
can be either found in one of the two monodomain ground states. Since the mean
lifetime exponentially depends on the temperature 7, small changes in temperature
already result in a considerable change of the switching rate.

The dynamic system of a thermally switching nanomagnet can be used to study
a huge variety of interactions of tiny magnets with the environment or passing elec-
trons. Only in the undisturbed case the switching rate is given by the intrinsic activa-
tion energy barrier and attempt frequency of the nanomagnet. These parameters may
strongly depend on the actual size and shape of the nanomagnet, as will be shown in
Sect. 11.7. In a system of uniaxial magneto-anisotropy, a perfect symmetric bistable
system is realized, since there is no preferred switching direction into one of the two
ground states. However, tiny interactions can have a drastic influence on the switch-
ing behavior by lifting the activation barrier degeneracy or effectively increasing the
temperature of the nanomagnet.

The detailed state-resolved lifetime analysis of telegraphic noise experiments pro-
vides a unique opportunity to study various interactions with (spin-polarized) elec-
trons generated by a magnetic SP-STM tip or hosted by the substrate. Here, changes
of Ey, 1y and of the effective temperature of the nanomagnet can be quantified on
individual nanomagnets, yielding new insights into various microscopic interactions.

11.2 Current-Induced Magnetization Switching

As has been shown in the previous section, SP-STM is a powerful tool to investigate
the magnetization dynamics with a spatial resolution down to the atomic scale. The
same SP-STM tip that is used to read out the magnetization information at low
tunneling currents may also serve as a highly localized source or drain of spin-
polarized electrons at high tunneling currents, thereby manipulating magnetism and
triggering magnetization dynamics on the atomic scale. [7]. Here, the magnitude
of the spin-polarized tunneling current is tuned by distance variations between the
magnetic probe tip and an individual nanomagnet.

In Fig. 11.3a, three traces of the magnetic signal at different setpoints for the
spin-polarized tunneling current I are shown. They have been recorded with the tip
positioned above the central region of a small Fe nanomagnet consisting of about
100Fe atoms on a W(110) surface. At low tunneling current, the typical telegraphic
noise is visible, with the signal statistically switching between two discrete levels.
The histogram of the full traces, each containing more than 1000 switching events, is
shown in Fig. 11.3b. For low tunnel current, both states occur with the same probabil-
ity, as it is expected for the intrinsic superparamagnetic switching of a nanomagnet
with two degenerate magnetic ground states. As the tunneling current increases, an
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Fig.11.3 aTrace section of the time-dependent magnetic d//dU signal of one particular nanoisland
(area: 5.7 nm?) recorded with a Cr-coated probe tip at different tunneling currents / (T = 48.4K,
U = —200mV). b Histogram of the overall magnetic signal normalized with respect to the state
“0” level at different tunneling currents. While state “1” and state“0” are equally populated at low
currents a significant asymmetry towards state “0” can be recognized at high currents. ¢ Histogram
of the normalized magnetic signal for / = 600nA, recorded on a different nanomagnet. Inversion
of U results in an inversion of the state population asymmetry. Figure adapted from [7]

imbalance between the two states builds up until one state clearly dominates. For
I = 2000nA, the magnetic signal is for most of the time on the lower level, indi-
cating the nanomagnet being in the state “0”, and magnetization reversals into the
state“1”” are immeadiately followed by another reversal back into state “0”. A tunnel-
ing current flowing in the opposite direction results in an inversion of the asymmetry,
as shown in Fig. 11.3c. Consequently, the interaction of the spin-polarized tunnel-
ing current with the nanomagnet leads to a directed switching. The scaling with the
tunneling current is the first experimental demonstration of the spin-transfer torque
generated by spin-polarized electrons that are tunneling through a vacuum barrier.

Quantification of Joule Heating and Spin-Transfer Torque

In order to elaborate the detailed influence of a high spin-polarized tunneling current
on the magnetization dynamics, a systematic state-resolved lifetime analysis has
been performed as a function of / on the nanomagnet shown in Fig. 11.4a. For each
tunneling current setpoint / the telegraphic noise signal has been recorded, resulting
in the respective state-resolved mean lifetimes 7y and 7; shown in Fig. 11.4b. At low
tunneling current, 7y and 7; are very similar. At high tunneling currents the mean
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Fig. 11.4 a Topography image of an individual iron nanomagnet on W(110), with the effective
energy barrier E}, and system temperature 7' indicated. b Telegraphic noise signal recorded when
parking the SP-STM probe tip stationary above the nanomagnet at the position indicated by a circle
in (a) (top) and state-resolved mean lifetime as a function of spin-polarized tunnel current (bottom).
c Effective increase of the temperature of the nanomagnet due to Joule heating, AT, and d effective
modification of E}, due to spin-transfer torque switching, A E, as function of spin-polarized tunnel
current. A linear dependence is observed for both processes

lifetime strongly depends on the relative magnetization direction between the tip and
the sample. Whereas the lifetimes are equal at low currents, a significant imbalance
at high currents can clearly be recognized. Moreover, the mean lifetime of both states
decreases with increasing current. This effect is attributed to Joule’s heating of the
high tunneling current. Hence, two mechanisms affect the switching behavior of
the Fe/W(110) nanomagnets: Joule heating effectively increases the temperature by
AT [8], and the spin-transfer torque modifies the activation energy barrier Ey by
+AE [9], resulting in an asymmetry of the state lifetimes. To account for both, Joule
heating and spin-transfer torque, the macrospin model is expanded to

(11.2)

i B Ey + AE(I)
70,1(1)=yolexp< . >,

ks[T + AT (1)]

where 7o(1) and 7, (I) are the mean lifetimes of state 0 and state 1, respectively. Both
contributions, AT and A E can be calculated from the state-resolved mean lifetimes
[10]. The results as function of tunnel current setpoint I are shown in Fig. 11.4b,
¢, respectively. A linear increase of the effective temperature of the nanomagnet is
observed, which is consistent with experimental studies of heat generation between
an STM tip and a metallic sample [8]. For the nanomagnet an increase of the effective
temperature by 1.6 K is found for 1 pA. Consequently, its thermal energy is increased
by up to 3% of kg T . This tiny temperature increase already considerably reduces the
mean lifetimes by a factor of two due to the Arrhenius-like switching behavior. The
Fe nanomagnet has a base area of about 5.5 nm?, resulting in a temperature increase of
44 K/(mWpm~2). This value is in accordance with STM experiments performed on
Co/Cu(111) nanoislands, where the temperature increase has been roughly estimated
to be 30-300 K/((mWum~2) [11].
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The results for the spin-transfer torque contribution AE(I) are plotted in
Fig.11.4d. A linear scaling behavior with [ is again observed. This finding is
in accordance with theoretical studies on the thermally assisted magnetization
reversal in the presence of a spin-transfer torque [9]. Fitting the data results in
(%AE = 1.5meV/pA. Again, this value is tiny when compared to E, = 133 meV.
However, a high spin-polarized tunnel current of several hundred nA has a significant
influence on the nanomagnet due to the Arrhenius switching behavior, clearly lifting
the degeneracy of the ground states and resulting in a significant lifetime asymmetry.

Current-Induced Switching of Quasistable Nanomagnets

The combined action of Joule heating and spin-transfer torque generated by a high
spin-polarized tunnel current can not only be used to modify the switching behavior
of individual nanomagnets. It can also trigger a directed magnetization switching
event for nanomagnets that exhibit a stable magnetization over more than half an
hour [12]. At low temperature, the nanomagnets remain in one of their two degen-
erate magnetic ground states. In our experiments we increase the spin-polarized
tunnel current by slowly approaching the magnetic tip to an individual nanomagnet
while simultaneously recording the magnetic signal, as shown in Fig. 11.5a. When
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Fig. 11.5 a Switching a Fe/W(110) nanomagnet by increasing the spin-polarized tunnel current
(U = £180mV). Ramping the spin-polarized tunnel current results in a directed switching when
exceeding the threshold. Decreasing the current from high values back to zero leads to no reversal
(gray line). b Current pulse experiments on a Fe nanomagnet. Applying short high spin-polarized
tunnel current pulses initiates magnetization reversal. Depending on the bias polarity, the nanomag-
net can be switched into the desired state. Lower panel: Counter experiment without changing the
bias polarity. Just the first pulse results in a magnetization reversal, but no back-switching events
are observed. ¢ Magnetic map of the nanomagnet. During scanning high current pulses have been
applied to the center of the nanomagnet to reverse the magnetization, resulting in an artificially
created stripe pattern. Figure adapted from [12]
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exceeding a certain threshold current the nanomagnet switches, as indicated by a
sudden jump of the magnetic signal. Depending on the bias polarity, the magneti-
zation is switched into the parallel or antiparallel configuration with respect to the
fixed tip magnetization and remains in this state even for higher currents. This find-
ing clearly shows that the nanomagnet is not only destabilized by the Joule heating
resulting from the high current. If that would be the case the nanomagnet is expected
to undergo numerous additional switching events when further increasing the tunnel
current. However, only one event is observed. The spin-transfer torque induces a
directed switching and stabilizes the nanomagnet after switching, as depicted by the
energy schematics in Fig. 11.5a. When decreasing the current back to low values, no
further switching event is observed. Consequently, ramping the spin-polarized tunnel
current can be used to selectively switch the magnetization of a single atomic-scale
magnet into one of its two ground states.

An alternative approach to selectively switch the magnetization of a quasistable
nanomagnet is the application of short high spin-polarized tunnel current pulses. In
Fig. 11.5b the magnetic maps (taken at a low tunnel current setpoint) of the nanomag-
net in a) are shown before and after application of high spin-polarized tunnel current
pulses. As can be seen from the series, alternating the bias polarity (U = £180mV)
results in a reversal event triggered by the pulse (length of 200 ms). For positive bias
(green), the nanomagnet switches into the high conductance state, whereas it switches
into the low conductance state for negative bias (red). In the lower panel, a series
of magnetic maps is shown for applying high current pulses of fixed bias polarity.
Here, only the first pulse results in a reversal, whereas the nanomagnet remains in the
state of high conductance for the other pulses. This finding shows that the nanomag-
net undergoes a directed switching during the application of the pulses, which is a
consequence of the spin-transfer torque exerted by the spin-polarized tunnel current.
In Fig. 11.5¢ the same nanomagnet is imaged using conventional SP-STM at low
spin-polarized tunnel current. The scanning process has been interrupted every 20
lines for the injection of a short spin-polarized tunnel current pulse right at the center
of the nanomagnet. As a result, the magnetic map exhibits an artificial stripe pattern
perpendicular to the fast scanning direction. These stripes are the manifestation of
the frequent magnetization reversals triggered by the pulse applications.

Vision for Future Data Storage Devices

As the same magnetic tip of an SP-STM can be used to read out and write magnetic
information into individual nanomagnets, it is straightforward to envision a future
data storage device that allows for a much higher data density than in today’s hard disk
drives. Conventionally, reading and writing information is realized by local magnetic
fields that are sensed or generated by a combined read/write head with an integrated
electric circuit. In the vision, this complex read/write head design is replaced by a
single magnetic needle, as illustrated in Fig. 11.6. It is electrically connected to a
pulse generator that has not to be part of the moving probe. The needle scans above
atomic-scale magnets with uniaxial anisotropy, and the digital information stored in
an individual nanomagnet is read out by applying a short low bias pulse, resulting
in a spin-polarized tunnel current that depends on the magnetic orientation of the
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Fig.11.6 Artificial illustration: Vision of a hard disk drive with data readout and writing realized by
alow or high spin-polarized tunnel current between a magnetic needle and individual nanomagnets.
Each of the nanomagnets represents a magnetic bit, either being in state “0” or“1”

nanomagnet in terms of magneto-resistance. For writing, a high bias pulse of match-
ing polarity is applied to the magnetic needle, thereby switching the nanomagnet
into the desired magnetic state. Simultaneously, the success of writing is verified
by measuring the magneto-resistance. As SP-STM allows for atomic resolution, this
concept is scalable down to the single-atom limit, thereby realizing the ultimate data
storage density of one bit per atom.

11.3 Spin Transfer-Torque Based Pump-Probe
Experiments

The current-induced magnetization reversal triggered by SP-STM is a powerful
method to control the magnetic state of an individual nanomagnet. The application
of high spin-polarized tunnel current pulses forces the magnetization of individ-
ual nanomagnets into one preferred state. This concept can be used for controlled
spin-pumping to drastically increase the temporal resolution of SP-STM [13]. Here,
pump-probe schemes are applied, with a pump pulse driving the nanomagnet into
one of its two degenerate ground states and afterwards probing its mean magnetic
state by a low-current probe pulse as a function of pump-probe delay.
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Fig. 11.7 a Top: Periodical sequence of high and low tunnel bias. Bottom: Resulting telegraphic
noise on a thermally switching nanomagnet at constant tip-sample distance. b Averaged noise signal
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experiments using SP-STM. d Results of the pump-probe experiment on the nanomagnet shown
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Real-Time Observations During Pump-Probe Experiments

The concept of spin-transfer torque based pump-probe SP-STM studies is illustrated
in an experiment, where the evolution of the magnetic signal is recorded during
and after pumping a nanomagnet with a high spin-polarized tunnel current pulse. A
periodically modulated bias voltage U (with period T,) is applied between the nano-
magnet and the magnetic SP-STM tip being held at constant distance to record the
telegraphic noise during and after the injection of a high spin-polarized tunnel current.
Consequently, the spin-polarized tunnel current periodically changes between low
and high values. The results of such an experiment are shown in Fig. 11.7a. Within
the low-current and high-current sequences, a telegraphic noise is observed in the
spin-polarized tunnel current, reflecting the switching behavior of the nanomagnet.

Averaging I (t) over numerous cycles results in e (#) shown in Fig. 11.7b. The
telegraphic noise is not present any more, and an exponential decay is found in e (¢)
after every change in U for pumping and probing. In each cycle, the magnetization
is aligned when changing from the low to the high / regime, and it thermally relaxes
when switching back into the low I regime. Initially (+ = 0), the nanomagnet is
in thermal equilibrium (state !/2). During the high spin-polarized current pulse it is
driven into the magnetic state 0, as indicated by the significant decrease of /,y, during
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the pulse. When the pulse ends, the nanomagnet thermally relaxes back into the state
1/2, as can be seen from the temporal evolution of /,,. Consequently, the nanomagnet
is pumped into one preferred state during the high / pulse, and its relaxation back
into its thermal equilibrium state is probed after the pulse at low /. The decay time
during pumping is much smaller than for probing. This is explained by the higher
switching rate of the nanomagnet at high I due to significant spin-transfer torque and
Joule heating. After pumping, the characteristic magnetic decay time is given by the
intrinsic mean lifetime of the nanomagnet, divided by two. Hence, the mean lifetime
can directly be determined by measuring the evolution of the magnetic probe signal.

Probing Fast Magnetization Dynamics with Pump-Probe SP-STM Experiments

The setup for a pump-probe experiment with spin-polarized tunnel current pulses is
depicted in Fig. 11.7c. The feedback loop is switched off and U is set to zero after
adjusting the distance between tip and sample. Consecutively, a sequence of a pump
pulse followed by a probe pulse of low / ata given delay time At is generated, and this
pump-probe cycle is repeatedly applied to the tunnel junction. As the bandwidth of the
transimpedance amplifier is limited, the short spin-polarized tunnel current pulses
are not resolved individually, and the average during the cycle is measured. This
averaged spin-polarized tunnel current during the probe pulse provides a measure
of the alignment between tip and sample magnetization, averaged over the (fixed)
probe pulse length. The experiment is repeated for different Az, thereby mapping
the evolution of the magnetic state after pumping.

An exemplary pump-probe measurement on a nanomagnet is shown in Fig. 11.7d.
The variation in / was recorded as a function of At between pump and probe spin-
polarized tunnel current pulses that were injected into the nanomagnet. A character-
istic triangular-shaped feature is observed for overlapping pump and probe pulses,
resulting from the non-linearity in the 7 (U) curve of the tunnel junction [14, 15].
For At > 0, no overlap is detected, and the tunnel current variation is given by the
average current during the probe pulse. After the pump pulse, an exponential decay
is observed. Obviously, the nanomagnet decays back into thermal equilibrium (mean
state 1/2) for At > 0. This is a consequence of the combined action of spin-transfer
torque and Joule heating during the pump pulse that forces the nanomagnet into
the state 0. For the given nanomagnet, fitting the data with an exponential reveals
7 = 185 ns. Such short lifetimes cannot be resolved in conventional telegraphic noise
experiments. Consequently, pump-probe schemes allow for a considerable extension
of the temporal resolution in SP-STM experiments. The limit for the shortest resolv-
able lifetimes is only given by the rise time of the bias pulses and the high frequency
capabilities of the cabling to the SP-STM probe tip.

In contrast to conventional pump-probe experiments where a system is pumped
into an excited state and the relaxation back into the ground state is probed, in our
experiments the ground state dynamics is observed without excitation into higher-
energy states. Instead, the system is pumped into a state of lower entropy, and the
relaxation back into the high entropy state is observed. Hence, using the spin-transfer
torque based pump-probe technique allows for the quantification of state-resolved
lifetimes for nanomagnets exhibiting magnetization dynamics between degenerate
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ground states. A lifting of the energy degeneracy of the ground states by an external
magnetic field is not needed in this approach.

11.4 The Oersted Field Induced by a Tunnel Current

Using an SP-STM tip as the source/drain for spin-polarized electrons allows spa-
tially resolved current-induced magnetization switching experiments to be performed
by moving the tip to different sites of one particular nanomagnet while observing
its magnetization dynamics. Thereby, information of site-specific properties can be
gained which cannot be obtained in spatially averaging experiments performed with
nanopillars [7].

While scanning a Fe nanomagnet consisting of about 100 atoms on W(110) the
magnetic telegraphic noise is recorded for a duration of 12s on each of the pixels.
From the noise the site-specific lifetime asymmetry ay is calculated on the basis of
the corresponding datapoint histograms. The results are shown in a grayscale-coded
representation in Fig. 11.8a. The datareveal a clear gradient along the [001] direction.
For a quantitative analysis ay is averaged column- and row-wise on the nanomagnet.
When moving the tip along the [110] direction, ay is constant within the error, but it
clearly reduces from the left to the right side of the nanomagnet.

The electrons will pass to the substrate, forming a conventional electric current
after tunneling into the nanomagnet. This current gives rise to an Oersted field that
surrounds the axis of current flow on a plane parallel to the sample surface. As
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Fig. 11.8 a Map of the current-induced lifetime asymmetry ay as measured with a Cr-coated probe
tipat / = 600nA (T = 55.0K). The plots show ay averaged in rows and columns. b The schematic
top view drawings illustrate the influence of the Oersted field with the tip positioned in the center
and at the charge-free sides of the nanomagnet. In the latter case, the Oersted field results in a
directed switching of the magnetization. Figure adapted from [7]
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the experiments indicate, this Oersted field influences the switching behavior of a
nanomagnet, depending on the site of current injection by the magnetic probe tip.
In Fig. 11.8Db, this influence of the lateral tip position on the magnetization dynam-
ics is sketched schematically. The influence of the Oersted field cancels if the tip
is positioned above a high symmetry point, and the nanomagnet experiences pure
spin-current induced switching. When moving the tip from the center along the [001]
direction one magnetic state is favoured over the other by the Oersted field. In this
case the tip position affects the magnetic switching behavior by means of the Oersted
field. As detailed analysis of the data shows, the Oersted field modifies the activation
energy barrier of up to £0.7 meV when moving along the [001] direction, whereas
the pure spin-transfer torque results in a modification of the barrier by —2.4meV at
the center of the nanomagnet. This finding indicates that the magnetization switch-
ing is dominated by the spin-transfer torque induced by the spin-polarized current.
The influence of the Oersted field remains small, but is clearly detectable in the

experiments.

11.5 Electric Field-Induced Magnetoelectric Coupling

In conventional STM experiments, a biased tip is approached into tunnel contact
with the sample under investigation. Naturally, this is accompanied by an electric
field that builds up between the tip and the sample, as depicted by Fig. 11.9a. As the
distance between tip and sample in STM experiments is very small, a considerable
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Fig. 11.9 a Sketch of the electric field generated by a biased STM tip in tunneling contact to a
nanomagnet. Switching rate and relative change of the activation energy barrier as function of the
electric field for a b Fe/W(110) and a ¢ Fe/Mo(110) nanomagnet. d Picture of electric field-induced
change of magnetic anisotropy. Depending on the polarity, an out-of plane or in-plane magnetic
anisotropy is generated due to magneto-electric coupling. Figure adapted from [19]
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electric field on the order of GV/m is expected to be present during the experiment.
However, effects of the electric field on the properties of the sample are generally
neglected in STM experiments. On the other hand manipulating magnetic properties
with an electric field is in the focus of numerous ongoing research activities in the
field of spintronics. A promising approach to solve the fundamental dilemma in data
storage applications is tuning the magnetic anisotropy by an electric field: Whereas
a large anisotropy helps to stabilize a magnetic bit against thermal agitation, a low
anisotropy is desired during magnetization reversal when writing information. The
magnetic anisotropy can be maximized or decreased by an electric field [16—18]
for stabilizing a magnetic bit for long-term storage or facilitating magnetization
reversal when writing information. Such devices could benefit from smaller power
consumption compared to conventional magnetic field or spin-transfer torque based
devices, as virtually no current is needed for this electric-field based scheme. In SP-
STM experiments a well-defined, atomically sharp magnet-to-vacuum interface is
realized to address single, defect-free magnets on the atomic scale. It can be used
for a systematic study of electric field induced manipulation of magnetic properties
[19].

Depositing iron onto W(110) and Mo(110) substrates leads to the pseudomorphic
growth of atomic-scale monolayer nanomagnets. On W(110) they exhibit an in-plane
uniaxial magnetic anisotropy with the easy axis of magnetization lying in the [110]
direction [20, 21]. In contrast, when prepared on Mo(110), the easy axis is pointing
out of the surface plane [22].

The switching behavior of individual Fe nanomagnets grown on W(110) and
Mo(110) substrates as a function of applied bias has been recorded using time-
resolved SP-STM. Using the simple model of a parallel plate capacitor, the electric
field E is calculated to E(U) = U/d(U), where U is the bias voltage and d(U) is the
(bias-dependent) distance between the tip and the sample at a constant tunnel current.
As d only slightly changes with U, the electric field already changes dramatically
up to E = £6GV/m at U = £5V. From the telegraphic noise the mean lifetime 7
is extracted for every value of U (and respective E). The results are shown in the
upper panels of Fig. 11.9b and c for a nanomagnet placed on W(110) and Mo(110),
respectively.

Surprisingly, the switching rate increases for positive electric fields for the nano-
magnet on W(110), but decreases for Mo(110). This finding is not in agreement with
current-induced effects since the applied spin-polarized tunnel current is low. Hence,
spin-transfer torque and Joule heating are negligible. Consequently, the observed
modification of the switching rate is attributed to the coupling of the nanomagnet to
the electric field E [19]. From the E-dependent mean lifetime the respective relative
change AE/E, of the activation energy barrier can be calculated. It is shown in
the lower panels of Fig. 11.9b, c. Obviously, the energy barrier is decreased at posi-
tive electric fields for the in-plane system, but increases for the out-of-plane system.
The electric field results in a charge redistribution at the surface of the nanomagnet.
Whereas positive fields lead to a depletion, negative fields result in an accumulation
of electrons. This in turn causes a shift of the Fermi level and a modification of
the occupation of the 3d bands which are responsible for magnetism [23]. In the
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SP-STM experiment the electric field modifies the effective activation energy barrier
E}, for magnetization reversal. An additional magnetic anisotropy is induced by the
electric field, thereby changing Ey. In a simple model it superimposes onto the intrin-
sic anisotropy of the nanomagnet. It is reasonable to assume that the mechanism of
magneto-electric coupling is the same on Fe/W(110) and Fe/Mo(110), as the lattice
constant, chemical properties and thus the electronic structure of molybdenum are
similar compared to tungsten. The magnetoelectric coupling favors in-plane magne-
tization for E < 0, whereas an out-of-plane magnetization is preferred for E > 0, as
illustrated in Fig. 11.9d. Consequently, a distinct electric-field induced modification
of the switching behavior is observed when changing between the two systems.
The experiments show that the electric field generated by a biased STM probe tip
influences the magnetic properties of nanomagnets due to magneto-electric coupling,
and magnetization dynamics can change significantly. Only at vanishing electric field
the intrinsic magnetic properties of the system under investigation are observable.

11.6 Spin-Polarized Field Emission

Numerous spin-electronic applications rely on the interaction of nonequilibrium hot-
electron spins with magnetic solids [24-26]. A magnetic SP-STM probe tip can be
used to generate spin-polarized field emission for the imaging of the magnetic surface
of bulk-like samples via their spin-split field-emission resonance (FER) states [27].
The question arises whether magnetic structures ultimately being only one atomic
layer in height can be imaged as well and how they will be affected by the spin-
polarized field emission current.

The basic idea of resonantly tunneling from a scanning probe tip into a FER of
a nanomagnet is illustrated in Fig. 11.10a. The FER is located outside the magnet
in vacuo, being up to several nanometers away from the surface. Consequently,
electrons that are emitted from the tip are not directly injected into the sample but
tunnel resonantly into the FER and consecutively relax into the sample. The FER
of a nanomagnet is spin-split, as shown in the energy schematics in Fig. 11.10b.
The resonance condition for spin-up electrons is fulfilled at an energy that differs
from that for spin-down electrons. Depending on the relative orientation between
the tip and sample magnetization, this lifting of the energy degeneracy of the spin-
up and spin-down channel results in a variation of the spin-polarized field emission
current. In Fig. 11.10c, a typical field emission spectrum is shown for a Fe/W(110)
nanomagnet [28]. Here, the emission current feedback loop is closed in order to
realize an almost constant electric field between tip and sample. As can be seen
from the data, the tip is retracted by more than 3nm when increasing the bias from
0 to 10V. Steps are observed whenever a peak is detected in the simultaneously
obtained channel of differential conductance d//dU. These features are attributed
to the FER above the nanomagnet: It adds a channel of conductance to the junction
at distinct energy levels, whenever the resonance condition is fulfilled. A close-up
of the first FER is shown in Fig.11.10d. Numerous spectra are plotted on top of
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Fig. 11.10 a Sketch of spin-polarized field emission of a magnetic probe tip into field emission
resonances located above a nanomagnet. b Physical picture of resonantly injecting spin-polarized
field-emitted electrons for parallel (left) and antiparallel (right) alignment of tip and sample magne-
tization. ¢ Spectroscopy data on a Fe nanomagnet, revealing the first six field emission resonances.
d First FER peak. It changes as the nanomagnet switches its magnetization. Figure adapted from
[28]

each other, revealing a frequent switching between two curves that are shifted by
about 14 meV with respect to each other. This finding is attributed to the thermally
switching nanomagnet, resulting in an inversion of the FER spin channels with every
reversal event. Consequently, the magnetic state of the nanomagnet can directly
be read out by measuring the differential conductance of the spin-polarized field
emission from the tip to the nanomagnet at enlarged tip-sample distances compared
to the tunneling regime. Note that the spin-up and spin-down FER states overlap due
to their considerable width, resulting in a non-zero conductance for both the spin-up
and spin-down electrons even at energies that are off-resonant to the FER states.

In Fig. 11.11a, an ensemble of thermally switching Fe/W(110) nanomagnets is
observed using spin-polarized field-emitted electrons at U = 4.6 V. The topography
is textured with the simultaneously recorded magnetic map of differential emission
conductance. On the nanomagnets, a telegraphic noise is observed due to the ther-
mally induced magnetization reversals, resulting in a characteristic stripe pattern.
Parking the magnetic probe tip above one individual nanomagnet, the mean life-
time of each magnetic state can be determined from the telegraphic noise [28]. In
Fig. 11.11b, the results are shown for different values of the emission current. When
increasing I from 2 to 140nA, the mean lifetime drops by about three orders of mag-
nitude. Obviously, this experimental finding indicates a considerable Joule heating
generated by the field-emitted electrons. Additionally, an increasing lifetime asym-
metry a,(I) = (71 — 79) /(71 + 7o) of up to 40 % is observed with increasing current.
Consequently, one magnetic orientation of the nanomagnet is favored at the cost of
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Fig. 11.11 Spin-polarized scanning field emission microscopy of nanomagnets: a Topography
textured with the magnetic map. b State-resolved mean lifetime of an individual nanomagnet affected
by a spin-polarized field emission current (top) and evolving lifetime asymmetry (bottom). ¢ Inelastic
spin-flip processes of a spin-polarized electron. Top: When flipping spin within a FER, a low energy
magnon is excited in the magnet. Bottom: When flipping spin while relaxing into the sample, a high
energy Stoner excitation is generated. d Switching the magnetization of a nanomagnet using a
spin-polarized field emission current. SP-STM images before (left) and after (right) ramping the
emission current reveal the switching event of the nanomagnet under investigation (circle). Figure
adapted from [28]

the other. This purely magnetic feature is a result of the spin-transfer torque gener-
ated by spin-polarized field emission. The microscopic processes of the spin-transfer
torque observed in field emission differ from those in the tunneling regime, the latter
predominantly creating magnons [29]. For field-emitted spin-polarized electrons a
two-step process is expected. First they are injected into the spin-split FER and subse-
quently relax into the sample. Consequently, for a simple model with an assumed spin
polarization of one, the electron has to flip its spin in order to relax into the sample
when the magnetizations of the tip and the sample are in the antiparallel configura-
tion. This is accomplished by interactions with the sample, either by relaxing within
the FER spin states and generating low-energy spin waves (magnons) [30], or when
relaxing from the FER state into the sample, resulting in higher-energetic single-site
spin flips (Stoner excitations) [31], as shown in the schematics of Fig. 11.11c. The
sample magnetization is destabilized by both processes, and ultimately a reversal
is triggered, resulting in a directed switching accompanied by an asymmetry of the
lifetimes.
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The high impact of field-emitted electrons onto the switching behavior of nano-
magnets can be used to trigger magnetization reversal of nanomagnets that are oth-
erwise thermally stable, as shown in Fig. 11.11d. The SP-STM image shows four
nanomagnets, with three of them exhibiting a stable magnetization. The tip is posi-
tioned above a nanomagnet being in the magnetic state 1. From a long-term obser-
vation with low-energy tunneling electrons the intrinsic lifetime on this nanomagnet
is found to be on the order of an hour. The spin-polarized field emission current is
then ramped up and down at moderate values between 2 and 70nA while simultane-
ously recording the magnetic signal. As can be seen from the data, with increasing
emission current the magnetic signal increases, reflecting the enhancement of con-
ductance when decreasing the tip-sample distance. Within the curve, a sudden jump
is observed, indicating a magnetic switching event of the nanomagnet. A subse-
quently taken SP-STM image on the same area reveals that the nanomagnet in fact
has switched to the magnetic state (0, whereas the surrounding remained unchanged
[28]. Consequently, spin-polarized field emission severely decreases the state life-
time of the nanomagnet, ultimately resulting in the magnetization becoming unstable
and flipping its orientation.

11.7 Magnetization Dynamics of Quasiclassical Magnets

Spin-polarized scanning tunneling microscopy is a powerful tool to investigate the
magnetization dynamics on the very local, atomic scale. Especially, it can be used to
observe the switching behavior of individual nanomagnets over a very wide temper-
ature and switching rate regime. For the system of Fe/W(110) nanomagnets, variable
temperature SP-STM is applied to gain a detailed understanding of the microscopic
processes involved in the magnetization reversal on the atomic scale [4, 13].
Evaporating 0.14 atomic layers of iron onto a W(110) substrate held at room tem-
perature leads to the formation of pseudomorphically grown nanomagnets which have
atypical diameter between 2 nm and 6 nm, thereby consisting of about 30-150 atoms.
In Fig. 11.12a, a topography patchwork of eleven nanomagnets of different size and
shape is shown. Positioning the magnetic probe tip on top of each nanomagnet
results in a characteristic telegraphic noise. Recording more than a thousand switch-
ing events allows the determination of the mean lifetime. As discussed in Sect. 11.1,
a temperature dependent study of the telegraphic noise yields the effective activation
energy barrier Ey, and prefactor 1. These parameters have been determined for each
individual nanomagnet. They are summarized in Fig. 11.12b. Apparently, there is a
huge variation both in E}, and vy with no obvious scaling behavior. However, when
plotting E}, as a function of the nanomagnet length along the [110] direction Npiops
a clear linear dependence is visible, as shown in Fig. 11.12c. This scaling behavior
indicates that reversal takes place via the nucleation and propagation of a domain wall
rather than via a collinear rotation of all spins. The domain wall aligns along the [110]
direction and consequently moves along the [001] direction. As N[, increases, the
respective length of the domain wall (and therefore its energy) increases accordingly.
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Fig. 11.12 a Topography maps of eleven Fe/W(110) nanomagnets. On each nanomagnet, a tele-
graphic magnetic noise is observed. b Effective activation energy barrier Ey, and attempt frequency
1, resulting from a temperature-dependent study. ¢ Ey, as function of the nanomagnet length along
the [110] direction, in atomic rows (AR). d Monte Carlo simulation results: Evolution of magneti-
zation during a switching event. Right panel: Snapshot of the spin configuration during the reversal.
e Model of magnetization reversal in a nanomagnet, realized via nucleation and propagation of a
domain wall. Figure adapted from [4]

As the magnetization reversal process is much faster than it can be resolved by
SP-STM, the microscopic details of the spin dynamics during a switching event are
not experimentally resolved. However, Monte Carlo simulations of the thermally
activated magnetization reversal in Fe/W(110) nanomagnets have been performed,
thereby resolving the detailed magnetization reversal processes at any given simu-
lation time, as shown in Fig. 11.12d. The snapshot in the right panel of Fig. 11.12d
shows the magnetic configuration of the simulated nanomagnet during reversal. Here,
a domain wall separates a spin-up domain from a spin-down domain. Composing
a movie from many consecutive snapshots reveals that the domain wall propagates
from one end of the nanomagnet to the other, thereby resulting in a reversal of the
magnetization [4].

In Fig. 11.12e, the microscopic processes for magnetization reversal in a nano-
magnet are depicted. The nanomagnet is in a monodomain state initially, and the
reversal is triggered by the coherent rotation of several magnetic moments within a
small nucleus. This nucleus is separated from the monodomain by a domain wall. It
can propagate along the [001] direction through the whole nanomagnet, following
Boltzmann probability. A domain wall propagation from one end of the nanomagnet
to the other leads to a net magnetization reversal of the nanomagnet. Likewise, for a
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inset for nanomagnet correlation. (AR: atomic rows). Physical picture of the prefactor scaling. b The
longer the distance between nucleation and annihilation site, the lower the prefactor. ¢ The wider
the ends of the nanomagnet, the higher the number of nucleation sites, resulting in an increase of
the prefactor. Figure adapted from [4]

domain wall that annihilates at the nucleation site the initial magnetic configuration
is restored, resulting in no reversal.

In Fig.11.13a, the experimentally determined prefactor is plotted as function
of the nanomagnet dimensions. Obviously, the prefactor decreases with increasing
dimension along the [110] direction, but increases with increasing dimension along
the [001] direction Njgoq;. In accordance to Monte Carlo simulations the following
physical model is developed: The domain wall can be described as a quasiparticle
propagating through the nanoisland. In the experiments no external magnetic field is
applied. The absence of external forces implies that moving forward and backward is
energetically degenerate. Random walk theory for a particle moving along a line with
absorbing ends [32] is applied, yielding the probability for a successful propagation
of a domain wall from one end of the nanomagnet to the other. It decreases with
increasing Nyo1}, as depicted in Fig. 11.13b. For very elongated nanomagnets it is
likely that the domain wall returns to its nucleation site and annihilates there, with no
net magnetization reversal. The number of nucleation sites for magnetization reversal
increases with increasing N;1y;, and every additional nucleation center increases the
probability for a magnetization reversal. In summary, the prefactor 1 is determined
by both, the probability of a domain wall to diffuse through the whole nanomagnet
and the number of nucleation sites [4].

The temporal resolution of SP-STM can be drastically increased with pump-
probe schemes, as described in Sect. 11.1. On the system of Fe/W(110) nanomag-
nets, nanosecond time resolution is easily achieved without any HF optimization of
the STM cabling. The magnetic switching behavior can be investigated over a wide
temperature and switching rate regime when combining telegraphic noise experi-
ments and pump-probe schemes [13]. In Fig. 11.14a, the result of such an extensive
study on three individual nanomagnets is shown in an Arrhenius plot. Here, for the
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Fig. 11.14 a Switching rates of the three nanomagnets (left), as experimentally determined by SP-
STM over a wide temperature and switching rate regime. At high temperatures, the switching rates
are found to be by orders of magnitude lower than expected (indicated by arrows). b Four-state hop-
ping model: Energy landscape (top) and hopping rates (bottom), modelling nucleation, annihilation
and propagation of a domain wall in a nanomagnet. ¢ Fitting the model to the experimental data:
The effective switching rate is given by the temperature dependent rates for nucleation, annihilation
and propagation. Figure adapted from [13]

low switching rate regime below 10°s~! the telegraphic noise has been analyzed,
whereas for the high switching rate regime up to 108 s~! pump-probe schemes have
been applied. As can be seen from the data, each of the nanomagnets exhibits a char-
acteristic switching behavior, following two distinct Arrhenius laws for the low and
high switching rate regimes. The effective activation energy barrier Ey, for magneti-
zation reversal is given by the slope of the lines in the Arrhenius plot. Consequently,
the data indicate that E}, of every nanomagnet is constant within the low and the high
T range, respectively. Between both ranges, a transition regime within a 7 window
of about 10K is observed. Interestingly, when extrapolating the Arrhenius behavior
at low T to high T, v is generally found to be by orders of magnitude lower than
expected.

The microscopic processes which are involved in the magnetization reversal inside
the nanomagnets are given by nucleation, annihilation and propagation [13]. An
analytical four-state hopping model is developed that accounts for these processes.
Its scheme is depicted in Fig. 11.14b. At any time, the nanomagnet can be found in
one of four magnetic states: 0, 01, 10 and 1. Here, 0 and 1 are the two monodomain
ground states, and metastable states 01 and 10 correspond to situations with the
magnetization within a nucleus volume being reversed with respect to the rest of
the nanomagnet. Hopping between the states at intrinsic rates v, v, and v, models
the microscopic processes of nucleation, annihilation and propagation, respectively.
Each hopping rate follows an Arrhenius law:

E;
Vi = 1), EXp (_ﬁ) i =n,a,p. (11.3)
B
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Here, 19,1, 10,p, V0,0, En, Ep and E,, are the prefactors and effective activation energy
barriers. The effective switching rate 5 between the two ground states 0 and 1 is
calculated by solving the rate equations, yielding

Vy -
ve= 2+ — Va. (11.4)

Hence, vs is given by v, reduced by a factor that depends on the ratio v, /1. In the
asymptotic limits, a distinct Arrhenius behavior is found for the low and high T
regime, in agreement with the experimental results. The experimental data obtained
on an individual nanomagnet and the corresponding model fit results are shown in
Fig. 11.14c for illustration. At high T, v, > v,. Here, a nucleation event is imme-
diately followed by the propagation of a domain wall. The domain wall undergoes
numerous backscattering events, because annihilation is hindered. Due to the uncer-
tainty of the annihilation site, the probabilities for one or no net magnetization reversal
after nucleation is one half, resulting in the effective switching rate v = v, /2. Atlow
T, v, < v,. As propagation is hindered, the annihilation of the nucleus at its nucle-
ation site is very likely. Only in very rare events the domain wall propagates through
the nanomagnet, resulting in a magnetization reversal. Consequently, vs < vy, but
again vg follows an Arrhenius law, as can be seen from Fig. 11.14c.

The experiments reveal that nanomagnets consisting of less than a hundred atoms
exhibit a very rich temperature-driven magnetization dynamics. Although the nano-
magnets are ferromagnetic, a magnetization reversal is realized via nucleation, prop-
agation and annihilation. Each of these microscopic processes is found to have a
distinct Arrhenius behavior, resulting in an effective switching rate of the nanomag-
net that is governed by their complex interplay.

11.8 Magnetization Dynamics of Quantum Magnets

When approaching the atomic size limit of magnets, classical approaches for the
description of the magnetization dynamics may fail due to their emerging quantum
nature. As long as small magnets are sufficiently decoupled from an electron bath, an
adequate description of the spin dynamics is given by a generalized Anderson model
taking into account the coupling of the electron bath to the quantum spin [33-36].
However, if a small magnet is directly adsorbed on a metallic substrate with a strong
coupling of the moment to the substrate conduction electrons [37, 38], the exact
role of the substrate conduction electrons on the spin dynamics of the magnet is not
obvious [39].

In Fig.11.15a, STM topography images of single Fe atoms on a Cu(111) sur-
face and a five-atom Fe magnet are shown. Note that the five-atom magnet has been
assembled from the individual Fe atoms by atom manipulation using the SP-STM
probe tip, literally moving together the atoms [40]. Positioning the tip above the
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Fig. 11.15 a Topographic maps of six individual Fe atoms on Cu(111) (top). By using STM atom
manipulation, five of them have been assembled to an iron cluster (bottom). b Magnetic telegraph
noise, recorded on top of the cluster shown in a). ¢ Histogram of the telegraphic noise, revealing a
magnetic state asymmetry that changes sign with bias. d Tunnel current dependent switching rate of
atomic clusters, consisting of five and six iron atoms, respectively. A constant number ¢ of electrons
have to be injected to trigger magnetization reversal (bottom). e Current dependent magnetic state
asymmetry. A constant asymmetry is observed. f Quantum model for the cluster. Only discrete
magnetic states are allowed, and direct ground state quantum tunneling of the magnetization is
prohibited due to a non-vanishing magnetic anisotropy component parallel to the sample surface.
Figure adapted from [40]

cluster at closed feedback results in a telegraphic noise in the z channel, as shown in
Fig. 11.15b. Consequently, the cluster frequently switches between two ground states
and exhibits a magnetization that is stable over several seconds (at 7 = 300 mK).
The determination of the state-dependent lifetimes results in the histograms that are
shown in Fig. 11.15c. Here, a considerable asymmetry is observed, indicating a pref-
erential state. A considerable spin-transfer torque is induced by the spin-polarized
tunneling electrons, as indicated by the reversal of the asymmetry when reversing
the bias-polarity. The results of a current-dependent study of the mean switching rate
are shown in Fig. 11.15d for clusters consisting of five and six iron atoms, respec-
tively. In contrast to SP-STM studies on quasiclassical magnets that are thermally
switching, the switching rate scales linearly with the tunnel current. Moreover, the
experiments indicate no switching events at vanishing tunnel current. Obviously, the
reversals are purely triggered by a constant charge that has to be injected into the
cluster to initiate a switching event. For a five-atom magnet, approximately 5 x 10°
electrons tunneling into the cluster are needed to switch the magnetization. This find-
ing is a hallmark of inelastic spin excitations, with each tunneling electron having
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Fig. 11.16 a Experimentally determined magnetic lifetime as a function of applied bias voltage
for selected five-atom magnets. With decreasing bias, the lifetime rapidly increases to very high
values, and below a certain threshold (arrows) the quantum magnet exhibits a stable magnetic state.
b Temperature dependence of the charge needed to reverse a five-atom magnet. A transition from
an Arrhenius behavior (grey) to a quantum tunneling regime is observed. ¢ Evolution of the spin-
dependent telegraphic noise recorded on a five-atom magnet under the influence of an external
magnetic field B. d State-resolved lifetime of a five-atom magnet for negative and positive bias
polarity. The bias is indicated by the empty and filled triangles. The vertical lines indicate the
strength of the magnetic field Bstt needed to compensate the spin-transfer torque effect. Figure
adapted from [40]

a fixed probability of exciting the spin eigenstates of the magnet [41]. As shown in
Fig. 11.15e, the observed asymmetry between the state-dependent lifetimes, result-
ing from spin-transfer torque, does not depend on the magnitude of the tunnel current
I. It has been demonstrated on larger scale Fe islands that increasing I reduces the
spin-transfer torque induced asymmetry, which is a consequence of significant Joule
heating that symmetrically reverses the magnetization [7]. For the small Fe clusters,
Joule heating can be ignored in the chosen range of both / and U in the experi-
ment. The comparatively small bias voltage U is too small for a strong spin-phonon
coupling [42].

From density functional theory a total magnetic moment of &3 pp per atom was
found for such five-atom Fe magnets on a copper surface, which is close to the
magnetic moment of a single Fe adatom (=3.5 up) [37, 43]. This results from a
strong ferromagnetic exchange coupling between the constituent Fe atoms to the total
angular momentum [44]. Consequently, the magnet is treated as a single total angular
momentum, J [38], which is related to the total magnetic moment viam; = gugJ.
In the following the total angular momentum will be referred to the spin for short. A
schematic level diagram of the spin states is shown in Fig. 11.15f.

In Fig. 11.16a, the dependence of the lifetime 7 on the applied bias U is shown
for several selected five-atom magnets. They exhibit a stronger than exponential
increase in 7 when lowering the energy of the tunneling electrons. In the absence of
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current or for very small tunneling electron energy, these magnets remain stable for
extremely long times, as indicated by both, current and voltage dependent studies
of 7. The magnetic anisotropy and the total spin of the system determine the exact
current and energy dependence of 7, as it intricately depends on the spin-dependent
energy landscape of the magnet. The calculated first transition energy for a given
magnet, Agy, is indicated in Fig. 11.16a by the dashed lines. The divergent behavior
of 7 is seen when the energy approaches Ag;. Below |U| < 2mV, no switching was
observed up to maximum observation times of two hours.

The system temperature is varied in order to further investigate the role of quan-
tum tunneling and spin-flip scattering electrons on the dynamics of the magnet. In
Fig. 11.16b, the switching charge g (T') is plotted rather than the lifetime to remove
the current dependency. The required charge g to switch the magnet decreases as
the temperature increases, reflecting the decrease of the lifetime. From the log plot
in Fig. 11.16b the Arrhenius behavior for T > 2K is evident, whereas a plateau-like
regime is observed for 7 < 1.5K. Such plateaus are attributed to quantum tunnel-
ing of the magnetization through the anisotropy barrier [36]. However, a significant
deviation from a constant transition rate in the low temperature regime is observed,
indicating that quantum tunneling alone cannot account for the temperature depen-
dence of 7 in the experiment [40].

A quantum impurity model with axial and transverse magnetic anisotropy is used
to link the temperature dependence of g (7') to the different spin transition processes.
The model reveals that the temperature dependence results from two spin transi-
tion mechanisms which contribute to the switching of the magnet in addition to
sequential transitions driven by tunneling electrons. At higher T, sequential tran-
sitions of the magnet induced by spin-flip scattering of thermally excited substrate
electron-hole pairs generated by the broadening of the Fermi function dominate
the switching behavior. Additionally, a non-vanishing transverse anisotropy results
in non-equilibrium quantum tunneling. The equilibrium quantum tunneling, which
fully reverses the magnetic state from one ground state to the other, without additional
spin-flip processes [45], is blocked: for a half-integer spin the states across the bar-
rier, which have the same | J, |, have zero overlap. However, a two-step process where
an electron changes J, can lead to quantum tunneling in non-equilibrium, resulting
from a finite overlap of states across the barrier for particular values of AJ, # 0, as
indicated by the arrows in Fig. 11.15f. The T-dependent interplay between the two
transition effects creates a shoulder in ¢(7) (not shown here) [40]. Its shape of the
shoulder depends on the size of the transverse anisotropy E. With increasing T, the
Arrhenius behavior is recovered. The underlying mechanism of how the magnetiza-
tion is fully reversed is revealed within the quantum impurity model when accounting
for both, the substrate conduction electrons and non-equilibrium induced quantum
tunneling [40].

The asymmetry in the spin noise increases when an external out-of-plane magnetic
field B is applied, as shown in Fig. 11.16c¢. This effect is a result of the Zeeman energy
that favors the ground state of the magnet which has a magnetization pointing parallel
to B. As shown in Fig. 11.16d, the respective lifetimes show a monotonic increase
or decrease with increasing B. Note that the balance of lifetimes occurs at a nonzero
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magnetic field, |Bstr| & 0.1 T. At B = 0T, the observed asymmetry is a result of
the spin-polarization of the tunneling current generated by the magnetic tip. The
value of Bsrr changes sign when reversing the direction of tunneling by changing
the bias polarity. This finding is a proof of the spin-transfer torque effect of the spin-
polarized current acting on the cluster magnet. It favors transitions over the barrier
in one particular direction as opposed to the other [34].

The relaxation of the Fe/Cu(111) cluster magnets is far from purely quantum
because the quantum phase is destroyed. However, despite the strong hybridized
spin coupling to an electron bath, quantum effects are important to fully describe the
magnetization dynamics of the system.
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Chapter 12 ®)
Magnetic Behavior of Single e
Nanostructures and Their Mutual

Interactions in Small Ensembles

Stefan Freercks, Simon Hesse, Alexander Neumann, Philipp Staeck,
Carsten Thonnissen, Eva-Sophie Wilhelm and Hans Peter Oepen

Abstract A method is introduced that allows for the investigation of the magnetic
behavior of single nanostructures in a wide range of temperatures and external mag-
netic fields. The technique is based on the anomalous Hall Effect utilizing nano-scaled
Hall crosses. The nano-devices as well as the nanostructures are created out of sand-
wich films made from Pt/Co/Pt via ion milling. For the single nanostructures we
identify a much too large attempt frequency which is shown to be partially caused by
a temperature dependence of the magnetic anisotropy. It is shown that the magnetic
behavior of and the mutual interaction in small numbers of nanostructures can be
resolved. The interactions cause a strong change of the magnetic behavior of the
individual particle particularly in case the system is affected by thermal energy. The
latter happens even on a reasonable large scale of particle separation.

12.1 Introduction

The physics of systems of reduced dimensions is a fascinating research field as it
addresses, on the one hand, questions of the impact of limited size on material prop-
erties and/or the bridging between atomic and solid state behavior. On the other
hand, it gains more and more importance in technology as the trend in many device
architectures goes towards the nanoscale [1, 2]. In magnetic storage technology for
example a promising concept, which makes highest storage densities possible, is the
Bit Patterned Media (BPM) in which single-domain ferromagnetic nanostructures
are used as bits [3, 4]. The main reason for proceeding towards single-domain mag-
netic nanostructures is to prevent the continuous transition of magnetization between
oppositely magnetized bits. The so called domain walls limit the storage density due
to their spatial extent and act as a nucleation center for easier reversal via wall
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movement. In the research and development of BPM a key issue is the switching
fields which have for technical reasons to be very similar for every nanostructure in a
large array [5]. To get hands on the switching much effort is put into determining the
internal switching field and separate the latter from external effects (like magneto-
static coupling) [4]. The second challenge in the field of BPM is the lower limit of
sizes, which is given by thermal excitations and called the superparamagnetic limit
[6].

Investigations of single particle behavior and the interaction of individual nanos-
tructures can help to sort out the influence of the different parameters. In basic
research there is a fundamental interest in the understanding of the impact of reduced
dimension on the properties of nanostructures. Thus, there is an overlap of inter-
ests from both of the sides the research on and development of nanoscale magnets.
A long-standing research field is that of the superparamagnetic behavior of large
ensembles of nanoparticles. Nowadays, the very successful research merges into
the inherent problem of ensemble research where statements can be made only on
averaged quantities with a certain spread of quantities, like distribution of sizes, of
separations and of magnetic properties [7, 8]. Although theoretical models for the
behavior of a particle ensemble are elaborated, it is difficult to extract the correct sin-
gle particle properties. Many parameters, more or less justified, are introduced to get
the appropriate quality of fitting. From that respect the investigation of the behavior
of the single nanostructure is a very important back up for the interpretation of the
ensemble behavior. Moreover, understanding the mutual interactions of individual
nanostructures would be even more desirable. In recent times the investigation of
single nanostructures has been successfully tackled. In principle two approaches are
used. The first is the technique based on nano-scaled SQUIDs [9, 10] which is limited
to low-temperature applications. The second is based on scanning probe techniques
where the spin-polarized scanning tunneling microscope has been demonstrated to
be best suited for that purpose [11, 12].

Here, the development of a new technique with sufficient sensitivity for investi-
gating single nanostructures is presented which has the promise for a high flexibility
regarding the experimental parameter range. The method is based on the anomalous
Hall effect and gives the possibility to perform experiments in a large temperature
range from very low up to room temperature with no limits concerning the applied
magnetic field strength. Although the main idea sounds intriguingly simple and easy
to realize, much effort had to be put into the fine tuning of sensitivity. The successful
approach and realization is explained in the first part of the paper. The method also
allows for the investigation of small ensembles of nanostructures and in particular to
study their mutual interactions. Most importantly, it has to be noted that fingerprints
of interactions are frequently found and has sometimes strong impact on the mag-
netic behavior of the nanostructures. A brief survey of published results and some
examples of new, recent findings are given in the second paragraph.
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12.2 Experimental Details

(a) Preparation and Fabrication

The nanostructures are carved out of a Pt/Co/Pt sandwich that exhibits perpendicular
magnetic anisotropy in a reasonable wide range of Co thicknesses. A seed layer of
platinum (thickness of at least 4nm) is fabricated on SiO, substrate via ion beam
sputtering utilizing an electron cyclotron source. The ion beam sputtering has been
shown to yield a polycrystalline film with a smooth seed layer surface and high texture
independent of the substrate [13, 14]. Via DC magnetron sputtering another 1 nm Pt
layer is deposited followed by Co and covered with a 3 nm Pt cap layer. The thickness,
roughness and texture are controlled via X-ray reflectometry and —diffraction [14].
The X-ray analysis reveals a preferential [111] orientation of the fcc Pt crystallites.
The Co film has no influence on the texture at small Co thicknesses. On the Pt(111)
the Co grows in the fcc modification which is deduced from the thickness dependence
of the anisotropy values. (X-ray analysis does not allow for distinguishing between
fce and hep for small Co thicknesses [14]). The Co films show a thickness dependent
change of lattice constant that merges into the Co bulk value at a Co thickness of about
5nm [15]. It is found that the interfaces are very smooth with a roughness of about
one monolayer (~ (0.2 nm) and a zone of intermixing on the average of 2 atomic layers
(~0.4nm). Due to the high interface quality the multilayers exhibit a perpendicular
magnetic anisotropy with a spin reorientation transition at about tc, ~ 1.3nm. The
lateral grain size is not depending on Co thickness and was determined via high
resolution scanning electron microscopy. The lateral grain diameter is & ~11nm
[16]. The grains show a Gaussian distribution of crystal orientations around the [111]
direction with a full width at half maximum of ~23°.

The nanostructures are fabricated via ion milling with nano-sized etching masks
on the surface of the sandwich. Two different approaches are utilized. (A) The first
approach is based on diblock copolymer micelles filled with porous SiO,. The
micelles are deposited via dip or spin coating. They form a close packed mono-
micellar layer on the multilayer film [17]. In the next step the polymer shell of the
micelles is removed in oxygen plasma. The SiO, cores remain on top of the film
[18]. The structure of the particle array is transferred into the magnetic film via Ar
ion milling <500eV. The sputtering takes off the film material between the parti-
cles while the SiO; cores protect the underlying film from being removed. The ion
dose determines the amount of material which is taken off. The milling has to be
stopped when the magnetic material is totally removed and before the material below
the SiO, cores is affected. The net outcome is an array of nanostructures with dot
sizes that is determined by the core dimensions and dot separation that is determined
by the diameter of the micelles [19]. Perpendicular magnetized nanostructures with
diameters in the range of ® ~ 10-30nm can be created via the micelle route [20, 21].
(B) The second approach uses electron beam lithography to create the nano-sized
etching mask utilizing a negative resist. The smallest achievable sizes of particle
diameter are in the range of ® ~20nm. The advantage here is that the location of the
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nanostructure and geometrical arrangement of a limited number of nanostructures is
at the hand of the researcher.

In any of the preparation methods it is important that the sputtering is stopped
within the Pt seed layer. The arrangement of nanostructures in a matrix of conducting
material is essential for the creation of the in-situ measuring device.

(b) Measuring Procedure

The magnetic states of nanostructures are investigated via the anomalous Hall effect
(AHE). A Hall cross is structured via e-beam lithography into the remaining seed
layer that contains the nanostructures (on top). A SEM micrograph of such a Hall
structure with three nanostructures in the center of the cross is shown in Fig. 12.1.
The measurement goes as follows: A current is applied between opposite leads and
the transverse voltage is measured. Due to the AHE the voltage is proportional
to the component of magnetization that is normal to the Hall cross. In Fig. 12.2
the Hall voltage (transverse voltage) is plotted versus the magnetic field applied
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perpendicularly to the Hall cross that contains a single nanostructure. The dot
switches between two stable perpendicular orientations of magnetization causing
the sign change of voltage. AHE has been used before to study large arrays of small
nanostructures or small ensembles of structures of considerable larger size [22-25].
‘We have been successful to demonstrate the single particle sensitivity by appropriate
design of a nano-scaled Hall cross as measuring tool. The sensitivity was estimated
to be equivalent to detecting the switching of a Co sphere of radius » =3.3nm [21]. A
further improvement of sensitivity was set aside as sensitivity was sufficient to tackle
the first fundamental questions/problems. The critical ingredient to obtain the high
sensitivity is to tune the size of Hall bar and the nanostructure to achieve an as high as
possible filling of the cross with the magnetic structure [23, 26]. The second tuning
knob is the balance of the resistances of the ferromagnetic material and the leads
while the quality of the interface should be as good as possible. The ferromagnet
should have a lower resistivity than the lead so that the electrons will penetrate the
ferromagnetic material while passing through the non-magnetic material beneath the
nanostructure. In the present design this criterion is fulfilled as Pt has a roughly three
times higher resistance than Co [26]. Any interface pollution is prevented as the dif-
ferent layers are grown in the same chamber under UHV conditions. The resistance
of the leads, however, should not be too high as they will easily be destroyed due to
Ohm heating.

An important question appears when an ensemble of a few nanostructures on the
Hall cross (see Fig. 12.1) is investigated. It is the question about the allocation of a
measured magnetic response to an individual dot and, correlated, the question about
the dependence of signal height on position. Within the framework of our research
project the latter problem was attacked via simulations utilizing the COMSOL soft-
ware package [27]. The results reveal that the sensitivity is almost constant within the
crossing range independent of the actual lateral scale [26]. A similar result was also
obtained for systems which were much larger [28]. Hence, the signal height is not a
good quantity for the identification of nanostructures. For the allocation of different
magnetic signals to individual nanostructures a new procedure was developed. Start-
ing from the simulation it was found that when using the Hall cross in an unusual
way (applying the current between adjacent leads) a position sensitive sign signature
appears [21, 26]. This idea was checked and experimentally elaborated which is now
routinely used to distinguish the magnetic behavior of different nanostructures [21].

As our method to investigate the magnetic states of nanostructures via a nano-sized
Hall bar is not limited in temperature and magnetic field strength (apart from a small
ordinary Hall effect signal, which can be eliminated) it is well suited to investigate
the two phases, i.e. blocked and superparamagnetic state, of the same nanostructure
and particularly to study the influence of the magnetic environment on the transition.

(c) Magnetic Properties

The general idea of our approach was to separate tuning of magnetic properties and
dimensions of the nanostructures. Magnetic sandwich systems have been chosen as
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they allow for manipulating the magnetic anisotropy and magnetization easily via
the thickness of the Co film. In principle that means that at least in a certain range the
size dependence of magnetic properties can be decoupled from the pure magnetic
properties. The reality turned out to be more complex. At first, experiments reveal that
the magnetic properties of film and nanostructure vary considerably in many cases.
The reason is that a film property, particular the magnetic anisotropy, is a quantity
that is obtained as an average over a large area. In other words the averaging includes
a large number of grains which results in an extraordinary axis that is perpendicular
to the film for symmetry reasons (textured film). When a small fraction of the film,
however, is dissected only a few grains contribute and the mean over all orientations
of the (111) grains is no longer necessarily vertical. The latter is the good and the bad
news for the measurement on very small ensembles. On the one hand it allows for
separating apparently identical nanostructures via the AHE signal due to different
coercive fields. On the other hand the analysis of data becomes difficult because
some angle uncertainties enter in an unknown magnitude, which even changes with
strength of external magnetic fields. The canted easy axis is also responsible for
the strong deviations from an ideal Stoner—Wohlfarth asteroid that we find in our
nanostructures [29]. The unpredictable direction of the dots’ easy axis is the first
effect of the reduced size. A further consequence of the lateral limitation of size
is a considerable change of the effective magnetic anisotropy via shape anisotropy.
Erroneously, it was expected to have not a strong impact as the lateral dimensions
are still large compared to the thickness (height of the nanostructure). Although the
change of shape anisotropy is small it is in many cases comparable to the contributions
of interface and magneto-crystalline anisotropy. The shape anisotropy is included in
all of the following measurements and analysis if necessary. Fortunately, an exact
calculation of the shape anisotropies of cylinders is possible which has been derived
some years ago [30].

A third effect of the lateral confinement is a more efficient strain relief and an addi-
tional surface tension caused by the new cylindrical surface. It has been demonstrated
that the structuring causes changes of the magnetic anisotropy with regard to the film
values, after correcting for shape effects. At low Co thicknesses the anisotropy is
reduced in the nanostructures, which is due to an efficient strain relief in the struc-
tures of small extent. For nanostructures with larger Co thickness a strong increase
of the shape-corrected anisotropy is attributed to a diffusionless transformation from
fcc to hep within the Co nanostructures. The martensitic transformation is driven
by additional surface stress that changes the overall energy balance in the magnetic
system of limited dimensions [31].

It has to be mentioned that the ion milling might also give small changes of the
anisotropy which is assumed to be small and which has not been further investigated
systematically. The milling, however, causes a redeposition of sputtered material
which can be resolved in SEM micrographs (Fig. 12.3). The size distribution of
nanomasks, which are used for the creation of nanostructures, and the size distribution
of the resulting nanostructures are shown. The cloning of nanostructures via ion
milling results in a larger diameter of the metallic structures which is caused by
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redeposited material. The composition of the redeposited material is magnetically
not active which has been experimentally verified.

12.3 The Physics of Single Nanostructures and Small
Ensembles of Nanostructures

(a) Interactions

The big advantage of the new method is that it gives direct access to the investiga-
tion of coupling phenomena in comparison to the isolated single particle behavior. To
demonstrate the latter option we aimed at investigating an arrangement of nanostruc-
tures in a so-called frustrated geometry (three particles on an equilateral triangle).
Figure 12.4 depicts the switching of the three particles in a magnetic field that is
applied perpendicular to the plane of the Hall cross. Each loop is a single loop, i.e.
obtained in one magnetic field cycle. In the plot the magnetization behavior is shown
for sweeps with different scan width (full loop and minor loops). At first one can
recognize that the particles switch at different fields and that the signal height is not
the same although the particles appear to be very similar. As mentioned above, this
is most likely due to the grain distribution and composition of the individual nanos-
tructures. Hence, effects of frustration cannot be investigated as the particles differ
too much in their magnetic properties. On the other hand, the varying coercive fields
and Hall voltages come as an advantage because they give the chance to identify all
the different particles in their magnetic behavior. The major loop reveals only two
switching events which apparently seem to indicate that one particle is not effective.
In the minor loops (bright and greyish), however, it turns out that the first large step
comes from two nanostructures switching at the same time, the candidates are parti-
cle A and C. By means of the minor loop one can recognize that the particle A is the
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Fig. 12.4 Hysteresis loops of three nanoparticles. The hysteresis loops are all single field sweeps.
The dark dots give a full field scan while the bright and greyish dots are obtained by partially
sweeping the field which are so called minor loops. The switching events are indicated by letters
which represent the dots shown in the micrograph (inset). The large arrows represent the orientation
of magnetization of the individual nanostructures (from left toright, A, B, C). The minor loops reveal
that the large step about 10 mT comes from two nanostructures that switch almost simultaneously

one that has the smallest switching field. In the major loop the two particles switch
simultaneously because of magneto-static coupling. Apparently this is a dynamic
process in which the change of total energy landscape opens up a certain pathway
for the second particle. Or in other words the total energy landscape has a small bar-
rier for the simultaneously switching of particle A and C. The loop does not reveal
how strong the switching fields of the two particles differ because the switching field
distribution is broad, due to the stochastic origin of the switching. In Fig. 12.4, for
example, the different switching events at about —10mT are due to the spread of
switching fields. A decent investigation of the switching field distribution gives a
typical width of about &5 mT for the nanostructures shown in Fig. 12.4 [29]. The
coercive field and the width of the switching field distribution changes drastically
when the surrounding particles change their orientation of magnetization [29]. Note
that the non-symmetric appearance of the total hysteresis is due to the same effect.
Concluding, it turns out that effects of coupling can have dramatic impact on the
magnetic behavior even on scales where it is usually considered as a minor effect
[32]. To make the point: For the use of bit patterned media (BPM) the results mean
that the local symmetry around a bit can have strong impact on the switching field.
Investigations to determine SFD, as found in literature [33, 34], where a whole
array is switched cannot reveal a correct picture of the interactions that appear if
individual particles have to be switched with arbitrary orientations of surrounding
magnetic moments. In experimental approaches, where the behavior of only one
particle is studied and the interference with others is not detectable [35, 36], a large
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spread of switching fields for particle A and/or C will be found apparently depending
erratically on magnetic field treatment.

The investigation of coupling was continued utilizing another ensemble with
three particles on an equilateral triangle (Fig. 12.5). This time three well separated
switching events are found for the particles. The nanostructure B has a low coercive
field (smaller barrier height) which makes it susceptible to thermal excitations. The
temporal behavior of nanostructure B has been investigated via the fluctuations of
the AHE voltage [37, 38]. The inset of Fig. 12.6 depicts the telegraph noise that has
been obtained at the same temperature while residual external fields were compen-
sated (residual field < 1w T). Two voltage levels are found while each level itself
reveals a broad distribution of random (white) noise. In Fig. 12.6 the analysis of
the telegraph noise is depicted as a plot of the frequency that a state is occupied
for a given time (dwell time) versus the time of occupation. Fitting an exponential
behavior [39] one obtains the averaged dwell time for staying in the one or other
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magnetization orientation, i.e. T = 11.28 s. The dwell time is large compared to
the rate of field change in the field loop measurement, so that the switching level
appears stable in the hysteresis loop. Next, when applying a field along the easy axis
an uneven population of the two states is generated. The occupation of the energy
state with orientation of magnetization parallel to the field direction increases while
the opposite is less frequent occupied. In Fig. 12.7 the normalized occupation differ-
ence Ty = ;L_rz: is plotted versus the external field [38] which is equivalent to the
average magnetization of a large ensemble of such identical particles or the expec-
tation value for the magnetic moment of one particle (averaged over a long time).
The intriguing result is that the even population (zg = 0) does not happen to appear
at zero field. An offset of 1.1 mT is found which is caused by the stray field of the
two other nanostructures. Hence, the experiment gives access to the magnetic field
that is caused by the adjacent particles. The latter analysis (zgif) is correct only in
case the attempt frequency is identical for the particle in states with orientation of
magnetization parallel (+) and antiparallel (—) to the external field. The data points
fit well to a hyperbolic tangent-function. The distribution function of a two-state
system is a quite good approximation here. The description of the reversal utiliz-
ing Brown’s expression [40] for the attempt frequency gives a relative deviation of
<2.6% while for the most exact description of Coffey and Kalmykov [41] a devi-
ation of <3.4% is found [29]. Hence it is reasonably accurate to use the Ising like
approximation here. The fit gives a value of 7.64-10~' Am? for the total magnetic
moment of the particle. The magnetic moment can be used to cross-check the mag-
netically effective size of the particle. Taking for the saturation magnetization Mg =
1.44 MA/m [42] a diameter & = 26 nm results for the nanostructure. The value is
drastically smaller than determined via SEM (Fig. 12.5) and closer to the size of
the etching mask (& ~40nm). A reduced “activation” volume has also been found
in previous investigations of particle ensembles [24, 43, 44] and in studies on sin-
gle particles [36, 37]. It is important to note that the activation volume found here is
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Table 12.1 Measured effective field at the position of nanostructure B as a function of different
magnetic configurations of the nanostructures A and C. The arrows give the orientation of magne-
tization of nanostructure A and C

A C Resulting field (mT)
b 4 —0.68 + 0.44

4 N —0.65 +0.29

J 4 1.26 + 0.26

N J 1.15 £ 0.36

larger than the grain size in the Pt/Co/Pt film. The grain size is sometimes considered
as nucleation/activation volume.

By means of the same procedure it is possible to determine the stray fields for
various magnetization arrangements of the nanostructures in the vicinity. The tele-
graph noise of particle B is always investigated, while in a pre-step a minor loop is
run to switch one of the other particles. The result is listed in Table. 12.1. What is
essential is the fact that upon total reversal of the two particles A and C the effective
field along the easy axis of particle B is not just opposite. Similarly, the statement
is also true for every reversal of a single particle. From symmetry consideration the
latter result is only understandable if the easy axis of particle B is tilted against the
vertical direction. In the framework of a simple model, i.e. three spins on an equilat-
eral triangle, it follows for symmetry reasons that at least one of the two particles that
cause the field (at nanostructure B) has to have a tilted easy axis as well. Obviously,
the orientation of the easy axis of magnetization differ which has an impact on the
occupation (field along the easy axis) as well as on the effective barrier height (field
component perpendicular to the easy axis) of the individual nanostructure. Besides
the impact of the possible variation of the [111] axis of the grains, their number and
particularly the number of grains at the rim, which might be more or less affected
by the ion milling, can considerably vary. An important but still open question con-
cerning the influence of the grain composition is that of the strength of exchange
coupling between the grains. If the inter-grain coupling is small the grains at the rim
can become (super)paramagnetic depending on the extent of size reduction by ion
milling. The latter can be responsible for the reduction of the active magnetic volume
and thus the signal change.

Although the magnetic field that is caused by the nanostructure in the surrounding
is apparently not very large, the magneto-static interactions have a big influence
on the dynamical behavior when the particles are susceptible to thermal excitation
[45]. The investigations have been made by artificially destabilizing particles of an
array of four nanostructures via magnetic fields that are applied close to the hard
axis of the particles (here parallel to the plane of the Hall cross). The particles had
diameters & ~40nm and separations (center to center) of about 100nm [45]. At
room temperature one of the particles is superparamagnetic while three particles are
blocked. When applying a field along the hard axis one of the three blocked particles
started switching and telegraph noise can be measured. At 150K all particles are
blocked. The telegraph noise, however, turns out to be drastically changed. On field
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increase to destabilize the particle that was superparamagnetic at room temperature
(lowest coercive field), multiple level switching appears. Three of the particles show
correlated switching, which means that the switching of particles does not happen
independently as before. After the event of simultaneous switching of the three
particles a frequent simultaneous switching of two of the three particles is initiated.
Obviously, in the latter situation the antiparallel orientation of the two particles is
energetically degenerated with a small barrier in between and the two particle switch
back and forth between the two states of anti-parallel alignment. The third particle
is only switchable in one of the degenerate states of the other two particles. When
comparing the measured frequencies with the calculated ones (from independently
measured magnetic anisotropies) drastic changes of the time scales are found. The
two particles that switch simultaneously between the two antiparallel arrangements
should behave almost superparamagnetic (f; » = 10°/10'! Hz) while the third particle
should not switch within 27h under the given conditions. Apparently the single
particle switching cannot describe the dynamics of the experiment that appear on the
time scale of seconds to minutes. The explanation is that the dynamics are determined
by multiple particle behavior. The fluctuations of the total energy landscape allows
for different pathways with different transition times for correlated switching in
comparison to the single particle behavior. In [45] the dynamical correlation function

[o.¢]
Cayn = l/T/ dr S,;(#)S. ;(t+s)

]

between pairs of magnetic moments i and j is defined, where S, is the z-component
of magnetization of moment i and j at times ¢ and ¢ + s, respectively. This function
gives the information whether a given state is still correlated after a delay time s.
Hence, Cqyn — 1 corresponds to the correlated, in-phase switching, while Cgy, —
0 to stochastic noise.

It has been shown that the dynamic correlations have a larger range of impact than
the dipolar interaction which is the physical effect behind the correlations.

The main message of our studies on interactions is that the surrounding of a
particle has a strong influence on the single particle behavior. In the quasi static mode
it was demonstrated that the field at the position of the particle can be measured for
varying magnetic configurations in the surrounding. While it was demonstrated that
the fields cause a change of switching fields it can be more generally be expected
that also the barrier height and thus the switching frequency of the particle can be
changed. When the particles are susceptible to thermal energies the influence on the
switching behavior and frequency can be even more dramatic. In the latter case the
fluctuations give a dynamic variation of the total energy landscape which causes
correlated events to take place.

(b) Attempt Frequency

As already mentioned above, our method allows for the investigations of nanopar-
ticles in a large temperature range. This feature is used to study the properties and
behavior in the superparamagnetic and the blocked regime and compare the num-
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bers. One example is the following: In the superparamagnetic state the dependence
of switching rate on temperature is evaluated (Fig. 12.8). The data can be perfectly
fitted by a Néel-Arrhenius law. In a semi-log plot versus 1/T a straight line is obtained
which gives a number for the total magnetic anisotropy and from the intercept with
the ordinate a number for the attempt frequency f,. The values are KV = 1.12eV
and fy is in the range of 10'°~10?3 Hz. The range of f; is incredibly high and in
no accordance with any expectable value that fits into the span 10°~10'3 Hz [40, 41,
47]. To make an independent proof the dependence of switching field on temperature
was measured for the same nanoparticle in the blocked state (Fig. 12.9). The data
have been fitted utilizing the formula by Garg and the anisotropy determined from
the former analysis [46]. Again a high value for the attempt frequency f, = 10'® Hz
(for the second particle in Fig. 12.9, f, = 10'8-10'9Hz) is obtained [48]. Similarly,
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extremely high attempt frequencies are also reported for other systems in literature
[35, 49]. Despite existing theories that have considered domain wall nucleation and
propagation [35], spin wave excitations [50] or laterally varying anisotropies [51, 52]
as explanation for the large pre-factor our results give some hints to other effects that
can partially explain the finding. The main idea becomes evident when re-writing

the Néel-Arrhenius law
KV = —kgT In (i> ,
Jo

with f the measured frequency and kg the Boltzmann constant, and plotting KV
versus temperature for assumed fj in the expected range (Fig. 12.10). The plot gives
for all attempt frequencies a linear decrease. As the volume is constant it follows
that apparently the anisotropy is temperature dependent and not constant as usually
conjectured. As the plots in Fig.12.10 show a linear temperature dependence the
anisotropy can be written as

K (T) = Ko+ KiT,

with K7 as the change of anisotropy per Kelvin and the Néel-Arrhenius law can be

reformulated to
7 P K3V KoV
= €X €X —_ .
0eXp ks p ksT

As K73 enters the formula in the exponent a strong offset of the actual value of f; can
be the consequence. Effects of a changing magnetic anisotropy with temperature on
the superparamagnetic behavior have been mentioned before [53, 54].

Note: The linearity of the temperature dependence is only proven in the small
range of temperatures that is investigated (which is determined by the lower time
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limit needed to accurately detect the AHE voltage of a switching and the upper time
limit needed to capture a statistically relevant number of switches).

Currently that ansatz is tested quantitatively. The aim of the investigation is to
determine independently the anisotropy of the nanostructures in the superparamag-
netic and blocked state. To determine the magnetic anisotropy of a nanostructure is a
formidable task and time consuming. Hopefully, exact temperature dependences of
K(T)V can be determined that can be put into the modified Néel-Arrhenius formula.
It is our goal to quantify the impact of the conjectured mechanism on the attempt
frequency.

The focus of the corresponding theoretical investigation [55] is on the general
impact of temperature dependent magnetic anisotropies on the analysis of the super-
paramagnetic behavior via its switching characteristics. It is demonstrated that the
temperature interval (which is usually somewhat limited in experiments) in which
a finite number of data points are fitted to an Arrhenius law has to be selected with
care. It may determine very sensitively the resulting parameters of the Arrhenius
plot, being the slope (anisotropy) and the intercept (attempt frequency). In general,
besides the blocking temperature Ty in superparamagnetism, a second temperature
scale becomes relevant in the macrospin description, i.e., the Curie temperature T,
being decisive for the magnetic ordering and the variation of the magnetic anisotropy
in the vicinity of T¢. Thus, experimentally determined pre-factors have to be care-
fully interpreted, particularly, but not exclusively, when the temperature range, in
which the switching measurements are performed, is comparable to the magnetic
ordering temperature. The mere numbers that come out of such an analysis via a
Néel-Arrhenius fit are correct on their own, but the assignment to specific material
properties has to be done with care. In particular, precise knowledge of the tempera-
ture dependence of the exponent in the Néel-Arrhenius law is necessary for reliable
extractions of material parameters. Likewise, a straightforward extrapolation of the
Arrhenius plot to T = 0 in order to derive the pre-factor Fy as a constant “attempt
frequency” has to be done with caution [55]. The consideration of our qualitative
treatment has the bigger impact the smaller the nanoparticle is, as finite size effects
can dramatically reduce the Curie temperature even for materials which are known
to have high T¢ values. As the latter condition is often fulfilled in experiments on
superparamagnetism, our qualitative contribution is of high importance in that field.

12.4 Conclusions

A method for the investigation of the magnetic behavior of single nanostructures
has been successfully developed. Much effort has been put into the fabrication of
well characterized nanostructures and the nano-scale measuring device based on the
anomalous Hall effect. It could be demonstrated that the magnetic behavior of a small
number of nanostructures is simultaneously accessible in our approach. In the latter
studies mutual interactions between individual nanostructures have been identified
and separated. It turns out that particularly in the regime where the nanostructures are
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susceptible to thermal excitations the interactions gain a strong impact and can even
determine the behavior at large. The studies on single particles reveal that the attempt
frequencies obtained via a Néel-Arrhenius plot have to be considered with care. It
could be demonstrated that even small temperature variations of the anisotropy can
cause a change of the apparent attempt frequency by orders of magnitude.
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Chapter 13 ®)
Fluctuations and Dynamics of Magnetic oo
Nanoparticles

Elena Vedmedenko and Michael Potthoff

Abstract The stability of magnetic moments in a nanostructure against thermal and
quantum fluctuations and the real-time dynamics of strongly excited nanosystems
on metallic surfaces are studied theoretically on the basis of microscopic models
addressing the degrees of freedom on the atomic level. To this end, different the-
oretical approaches and computational tools are employed and developed, such as
classical Monte-Carlo simulations, quantum-classical hybrid dynamics and time-
dependent density-matrix renormalization group.

13.1 Introduction

Fluctuations and real-time dynamics of a magnetic moment in an infinite magnetic
film, in an isolated nanostructure or in a nanostructure coupled to a nonmagnetic
metallic surface can be very different from fluctuations of the spin degrees of freedom
in a magnetic bulk system. In addition, the magnetic properties of real nanomagnetic
samples are measured during a finite observation time [1]. This fact and the strong
influence of the substrate electrons may give rise to a couple of sometimes rather
fundamental questions. For magnetic nanoparticles and atomic clusters it also has
considerable physical and technical consequences. Namely, the recent investigations
on magnetic properties of nanoislands [2] very much rely on the fact that information,
encoded in the magnetic state of a small unit representing a single bit, is sufficiently
stable over the respective observation time. This stability is important for applications
in magnetic data storage technology [3] and intimately related to the above-mentioned
dynamical properties.
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The purpose of this review is threefold: (i) We first discuss, on arather fundamental
level, different theoretical approaches to the real-time dynamics of a single spin
coupled to a metallic substrate or host. In particular, this discussion serves to place
the famous Landau-Lifschitz—Gilbert (LLG) equation in a broader context. This is
important as the LLG equation serves as the basis for extended and very successful
simulations of dynamical properties of magnetic systems when formulated for several
spins and when including various magnetic interactions and anisotropies.

(i1) In a second step, we move from dynamics to thermodynamics and consider the
equilibrium thermal properties of a magnetic nanoparticle. In particular, we discuss
the role of finite lateral dimensions of magnetic nanoobjects for the definition of
various crossover and critical temperatures.

(iii) In the third part we finally address a couple of highlights of the application
of the spin-dynamics theory and review the study of life-times of polarizations of
magnetic adatoms placed on semiconducting and metallic substrates and perturbed
by the tip of a spin-polarized scanning tunneling microscope (SP-STM) and discuss
a theoretical proposal of the manipulation of magnetic domain walls by the SP-STM
tip.

The chapter is organized as follows: Sect. 13.2 gives an introduction and some
overview of the dynamics of spins coupled to conduction electrons. Spin dynamics in
the prototypical Kondo-impurity model is discussed in Sect. 13.3, followed by linear-
response theory in Sect. 13.4. Effects of electron correlations on the spin dynamics
are addressed in Sect. 13.5. Section 13.6 is devoted to the theoretical description of
static and dynamic correlation functions in nanomagnets of finite lateral extensions,
while theoretical concepts of microscopic manipulation of magnetic domain walls
at the nanoscale are reviewed in the last Sect. 13.7.

13.2 Dynamics of Spins Coupled to Conduction Electrons

The real-time dynamics of a classical spin S in an external magnetic field is deter-
mined by the Laudau—Lifschitz (LL) [4] equation

S=SxB, (13.1)

where we have absorbed constants, such as the g-factor, Bohr’s magneton pp and
Planck’s constant A in the definition of the field B. Considering as a prototypical
system a magnetic atom on a metallic surface, the LL equation does not realistically
model the dynamics of the magnetic moment since there is a coupling to the substrate.
This coupling will result in a damping of the spin dynamics. If, for example, the field
direction is suddenly flipped from —z to +z-direction, the spin will align to the new
field direction, i.e., the system will reach its ground state in the course of time. This
is well described by the Landau-Lifschitz-Gilbert (LLG) equation [4, 5],

S=SxB—aSx8§, (13.2)
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where « is the famous Gilbert-damping constant.

There is a huge number of studies on spin-dynamics based on the LLG equation
and of its various extensions [6, 7] covering many-spin systems, direct and indirect
magnetic couplings between the spins, nonlocal Gilbert damping, and anisotropic
interactions of different kind. Furthermore, the LLG approach is extremely success-
ful in practice, even on an atomistic level [8]. On the other hand, from a fundamen-
tal perspective, the LLG equation (13.2) has been introduced phenomenologically.
Apparently, it also violates energy and spin conservation. We will therefore consider
a different theoretical route here and study the dynamics of a classical spin in contact
with a large Fermi sea of conduction electrons by treating the electron degrees of
freedom explicitly.

Figure 13.1 gives an overview: The paradigmatic model for a single spin coupled
to a Fermi sea is the Kondo-impurity model. In case of a classical spin, the model
is easily amenable to an exact numerical solution which is reminiscent of Ehrenfest
dynamics in the context of molecular dynamics (see, e.g., [9] for an overview), where
one also treats the nuclear degrees of freedom classically while the electron system is
(effectively) noninteracting, i.e., moves in an effective single-electron potential. An
important simplification is linear-response theory which applies to the weak-coupling
limit. This approach is quite attractive since it represents a spin-only theory and, as
the spin dynamics is typically much slower than the electron dynamics, allows us
to access long time scales. The linear-response approach still keeps the full mem-
ory effects. This is not always necessary, and exploiting the largely different time
scales of spins and electrons explicitly, one can re-derive the LLG theory with the
help of a Markov approximation. The physics of the classical-spin Kondo model is
very rich and has been studied in various ways and with various model extensions in
recent years [10—13]. To some extent it will be reviewed here. Beyond that, there are
quantum-spin effects, either on the exact level of the quantum-spin Kondo model or
within a time-dependent hybridization mean-field theory [14], which become impor-
tant for antiferromagnetic coupling, small spin quantum numbers and at extremely
low temperatures. Below the Kondo temperature, time-dependent screening effects
are worth being explored, see [12, 15, 16].

13.3 Tight-Binding Spin Dynamics

The prototypical model is the Kondo-impurity model of a classical spin coupled to
a Fermi sea of conduction electrons:

H =Y Tjcl,cjs+ Js;,S— BS. (13.3)
ijo

The inset of Fig.13.2 gives a sketch of the Hamiltonian. Here, a classical spin S
with fixed length S is antiferromagnetically (J > 0) exchange-coupled to a system
of conduction electrons hopping with an amplitude 7;; over the sites i, j of a lattice.
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Fig. 13.1 Various approaches to real-time spin dynamics. See text for discussion

For simplicity, we assume 7;; = —T for nearest neighbors on a one-dimensional
chain of length L. Setting T = 1 fixes the energy and (with A = 1) the time scale.
We further consider a half-filled system, i.e., if N is the total electron number, the
electrondensityn = Zg=¢, i (c;racig) isfixedton = N/L = 1.Real-time dynamicsis
initiated by suddenly flipping the field direction from —z to z-direction at time ¢ = 0,
while the spin initially points in the —z-direction (with a slight distortion to break
the symmetry).

We will start the discussion with the classical-spin Kondo (or s-d) model, i.e.,
with the numerically exact solution of the model (13.3). The equation of motion for
S derives from the classical Hamilton function Hg,s = (W (2)| H |V (¢)) and is of the
LL form but with an additional Weiss field produced by the magnetic moment (s;,) of
conduction electrons at the site iy where the classical spin couples to. With the help
of the Pauli matrices 7, this can be expressed in terms of the one-particle reduced
density matrix p = (c'c) as (siy) = (1/2) D", Pigo.iyo To'o- The equation of motion
for p is of the von Neumann type and, besides the hopping matrix 7', involves a
contribution from the Weiss field produced by S. Therewith, one obtains a closed
nonlinear system of coupled ordinary differential equations which can be solved by
means of a high-order Runge-Kutta method, for example. System sizes of L = 10°
are easily accessible in this way.

Figure 13.2 shows a typical result. After the sudden flip of the field, the x- and
y-components of S show oscillations reflecting the precessional motion with Larmor
frequency w = B.In addition, visible in the z-component, there is spin damping. The
spin aligns to the new field direction in a few hundred inverse hoppings. This behavior
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Fig. 13.2 (Adapted from [10]). Real-time dynamics of a classical spin (x and z components)
within the model (13.3). Parameters: S = 1, J = 1, L = 1001, iy = 501, chain geometry with open
boundaries. Energy and time units are chosen by fixing the nearest-neighbor hopping to 7 = 1. At
time ¢ = 0, the field direction is suddenly flipped from the —z to the z direction. The inset provides
a sketch of the system studied

is very much like the spin dynamics that could have been derived within the LLG
framework, and one could easily extract a value of the Gilbert damping by fitting the
numerical results. However, the spin dynamics shown in the figure emerges from a
non-phenomenological, microscopic setup where, e.g., all macroscopic conservation
laws resulting from the symmetries of H are fully satisfied. One should note that the
energy of the local excitation of the system, 2B, is dissipated into the bulk such
that locally, at iy, the system approaches its ground state. The calculation stops at a
maximum propagation time beyond which one would get (unphysical) distortions of
the spin due to reflections from the open boundaries of the system. This also implies
that the accessible time scale is approximately given by twice the half length of the
chain divided by the Fermi velocity vg = 2T . In our example, this amounts to about
500 inverse hoppings. Also the spin changes locally and thus, besides the energy,
also spin must be transported into the bulk of the system. A detailed analysis [10]
shows that this takes place in form of a spinful wave packet that is emitted from the
core region, propagating with vg and broadening slightly due to dispersion.

13.4 Linear-Response Theory

Typically, local exchange couplings are weak as compared to the energy scale set
by the electron hopping and, therefore, a perturbative approach for the weak-J
limit is reasonable (see “linear-response theory” in Fig.13.1). Via standard time-
dependent first-order perturbation theory in J, namely via the Kubo formula,
(sighr = J fol dt'x10c(t — t')S ('), the response of the conduction-electron magnetic
moment at iy due to the spin that stirs in the Fermi sea can be expressed in terms of
the local retarded magnetic susceptibility xioc(¢) at ip. The latter is an equilibrium
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Fig. 13.3 (Adapted from [10]). Spin dynamics after a sudden flip of the field from x- to z-direction,
as obtained by linear-response theory, see (13.4), for two different coupling constants J (solid lines).
Dashed lines: results of the full tight-binding spin dynamics for comparison

quantity which can easily be calculated for a system of noninteracting electrons.
Using this result for (s;,), the classical-spin equation of motion yields an effective
spin-only theory, i.e., an equation of motion for an open quantum system with the
full memory effect [10, 17, 18]:

S(t) = S(t) x B — J*S(t) x / dt' X1t —1)S(t) . (13.4)
0

Figure 13.3 shows corresponding results for / = 1 and J = 3. The linear-response
theory provides extremely accurate results for rather strong couplings up to J =1
as can be seen in the figure by comparing with the exact nonperturbative result,
and only at J = 3 do we find significant deviations. This may appear surprising as
the relevant dimensionless parameter ¢J is not “small”; one should note, however,
that its effects are rather moderate as only the non-adiabatic terms ~ S(¢) x S(¢')
with ¢ # ¢’ contribute, see (13.4). For J = 3 (see figure), visible artifacts of the
linear-response theory already appear on a time scale which is smaller by almost two
orders of magnitude as compared to the J = 1 case. This is attributed to the strong
enhancement of retardation effects with increasing J, which lead to a much more
effective perturbation.

The LLG equation (13.2) can be derived from (13.4) as a Redfield equation
[19] using a Markov-type approximation [18, 20] which assumes that the elec-
tron dynamics is much faster than the spin dynamics. Formally, we exploit that
the memory kernel xio.(f — t’) in (13.4) is peaked at t' &~ ¢ and cut the expansion
Sy~ S@)+ @ — t)S(t) + - - - at first order under the integral in (13.4). Further-
more, the upper bound of the integral must be set to infinity to get a constant. This
is usually again justified by the peak structure of the kernel. With this we arrive at
S(1) = S(t) x B — a(t)S(t) x S(r) where the damping constant is given by

o0
a= —J2/ AT T Xioe (T) . (13.5)
0
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Interestingly, for a one-dimensional system, this quantity is ill-defined as the integral
diverges at the upper bound # — oo due to the slow long-time decay o< 1/¢ of
the kernel (see [10] for a detailed discussion of this point). This implies that the
LLG approach becomes questionable in one dimension. A pragmatic way out is
to supplement the theory with an artificial cut-off for long times or by an ad hoc
damping of van Hove singularities on the frequency axis. A physical regularization
of the theory comes, for example, with the additional inclusion of electron-correlation
effects.

13.5 Correlated Conduction Electrons

Electron correlations among the conduction electrons are expected to have a sub-
stantial impact on the spin dynamics. Within different models and using various
approximations, this has been addressed in a few pioneering studies [21-23] but
only via the effect of the Coulomb interaction on the Gilbert damping, i.e., in an
indirect way. The emergence of new energy (and time) scales, however, is a hallmark
of strongly correlated systems, and here the entire LLG concept is expected to break
down. Studying these effects is important, e.g., for a microscopic understanding of
the relaxation time scales emerging in modern nano-spintronics devices [24-26].
Here, we review our recent theoretical work [11] where the breakdown of the LLG
theory is demonstrated by referring to the correlation-induced Mott insulator as a
paradigmatic example [27].

We start from (13.4) assuming a weak (or moderate) coupling of the spin to
the system of conduction electrons but replace the noninteracting Fermi sea by
a one-dimensional Hubbard model with local Coulomb interaction U [28]. The
time-dependent density-matrix renormalization-group approach (t-DMRG) [29-31]
is used to compute the retarded local magnetic susceptibility of the Hubbard model,
and the numerical solution of (13.4) provides us with the full memory and correlation
effects. Results for different U are shown in Fig. 13.4.

At half-filling, the Hubbard model is a correlation-induced Mott insulator. For
strong U, it perturbatively maps onto an antiferromagnetic Heisenberg model with
Heisenberg coupling Jy = —4T2/U, i.e., there is a single energy scale only. Con-
sequently, the susceptibility must show a scaling behavior according to X, (¢) =
F(tJy) with some function F. Inserting this into the expression for the Gilbert
damping, (13.5), we find

JZ o0 J2 J2 U2
a=— dxx F(x) = —ap=——7 0, (13.6)
Ji Jo J5 1674
where o is a universal dimensionless Gilbert damping constant of a Mott insulator.
From the numerical data we find oy & 4.8. Thus, for fixed J, T, we have o x U?
implying that increasing interactions lead to a shorter spin relaxation time.
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Fig. 13.4 (Adapted from [11]). Upper panel: Time dependence of the local spin susceptibility
Xloc(?) atig = 1 for an open Hubbard chain with L = 60 sites. t-DMRG for half-filling and different
U as indicated. The nearest-neighbor hopping 7" = 1 fixes energy and time scales. Lower panel:
Resulting real-time dynamics of a classical spin S(¢t) with [S(#)| = % coupled at ip = 1 (main
plot: S, (¢), inset S (¢)). Calculations using (13.4) for J = 1 and different U. The spin dynamics
is initiated by switching the field direction at = 0 from x to z where Bfp,y = 1. Thin black lines:

Heisenberg model with Jy = % (L = 400) and, for improved accuracy at U = 8, with n.n. and

n.n.n. couplings Ji = 40 — 1672 and Jyp = 477 [321 (L = 300)

The actual physics, however, is completely different: Fig. 13.4 (top panel) demon-
strates that magnetic excitations which provide the dissipation of energy and spin to
the bulk of the system get more and more weight with increasing U. However, they
also become active on a later and later time scale. For U — oo this means that they
will actually never be activated and, since these magnetic excitations are the only
ones available for a Mott insulator, this implies that there is no spin damping at all
in this limit.

This expectation is indeed verified by the spin-dynamics results (see lower panel).
In the weak-U regime, there is a fast relaxation of the spin to the field direction with
a relaxation time which decreases with increasing U, see results for U = 0 up to
U = 2. This regime is followed by some intermediate-coupling regime with a less
regular behavior of S. For an interaction strength of U = 8 or stronger, however, the
relaxation time appears to diverge; the spin, after some initial dynamics, does not
fully relax at all. It is easily shown, however, that a constant z-component of the spin
and an undamped oscillation of the x- and y-component (see inset) is not a solution
of the equation of motion (13.4). In the extreme long-time limit, we therefore expect
that the spin finally undergoes a full relaxation.
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The incomplete relaxation of the spin should be understood as a “pre-relaxation”,
i.e., analogously to the concept of prethermalization which is well known for purely
electronic systems [33-36]. In cases of close parametric distance to points or limits
of integrability, those systems are trapped, during a substantial period of time, in
a prethermalized state and do not thermalize directly. For the present quantum-
classical hybrid system and referring to relaxation rather than thermalization, the
analog of the integrable point is given by the limit U — oo. Namely, for every finite
time ¢, the memory kernel yjo.(#) = 0 in this limit, and thus (13.4) simplifies to
the linear Landau-Lifschitz equation [4]. The situation is also similar to the case of
quantum excitations which are metastable on a long time scale due to a very small
phase space for decay. A prominent example is given by doublon excitations in the
Hubbard model for interactions U much larger than the bandwidth [37-40]. Energy
conservation requires the decay via a high-order process, such that the relaxation
time diverges for U — oo.

13.6 Ciritical Properties and Magnetization Reversal
in Nanosystems

Physical characteristics of the magnetization reversal are closely related to the critical
properties of the object. While the critical properties of infinitely large magnets are
well known, they have to be reconsidered for nanoparticles. One of the most important
critical parameters is the Curie temperature. In the following, we describe some
aspects of this critical temperature at the nanoscale and describe the magnetization
switching in nanomagnetic ensembles.

13.6.1 Crossover Temperatures of Finite Magnets

From the experimental point of view, the critical temperature is a well defined quan-
tity which can be measured. From the theoretical point of view, there is no Curie
temperature as there is no phase transition in a system with a finite number of degrees
of freedom and magnetic susceptibilities stay finite in the entire temperature regime.
Nevertheless, they show enhancements at T = T¢(L), which defines a “reduced
Curie temperature”. Typically, one finds 7c(L) < T¢(oo) for open boundaries.
Above Tc (L), the magnetic state of the system is not stable temporally, but rather
shows a superparamagnetic (SPM) behavior at temperatures T,(L) < T < Tc(L),
which is neglected in finite-size scaling. For storage technology the blocking temper-
ature T, (L) is even more relevant than 7¢(L) because it characterizes the crossover
from the ferromagnetic (FM) state at low T to the SPM state, where the system
changes its magnetization orientation between several energy minima determined
by magnetic anisotropies. The Ty, (L) is not a pure property of the system, but rather a
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relative value, which depends on the observation time 7. For infinitely large 7, there
is no temporal blocking of the magnetization because of quantum tunneling and
thermal excitations, and thus 7Ty,(L) — 0. For 7 — 0 (referring to e.g. laser-probe
methods), T, (L) — Tc (L) while for intermediate 7 (like in spin-polarized scanning
tunneling microscopy) 0 < Ty, (L) < Tc(L). This discussion shows that theoretical
studies based on a microscopic spin model have to be refined when dealing with
the superparamagnetic regime. A recent publication [41] shows that additional to a
Monte-Carlo (MC) approach, where with an increasing number of MC steps per tem-
perature, the blocking temperature 7;,(L) decreases, a simple but reliable effective
theory can cover the phenomenology of magnetic nanoparticles. A central quantity
of this phenomenological theory is a two-point order-parameter correlation function
defined between two spins S; and S; at sites r; and r; by

Gry=— Y (S8:)). (13.7)

and a connected correlation function

50 = G(r) — M? = SV
G(r) =G =M = oo ZJ: (8:8;) — M2, (13.8)
[ri—rjl=r

which explicitly takes account of the finite system size. Here, the sum in the first
term runs over all n(r) pairs separated by the distance r. The second term involves
the magnetization M = | >, (S;)|/N with N being the number of sites. It turns out
that the quantities defined above can be used for unambiguous definitions of T¢(L)
and Ty(L), and moreover, lead to a new method to determine critical temperatures
for infinite systems.

To get insight into the new method of determining the critical temperatures the
above-defined correlation function G (r) is evaluated and presented in Fig. 13.5 for
a linear chain of Ising spins (see Fig. 13.5a) and for a 5 x 5 Ising system on a square
lattice (Fig. 13.5b). Analyzing the data of Fig. 13.5 in detail we identify three specific
temperatures: (i) For any finite 7', the magnetization is M = 0, while for 7} =0
the magnetization jumps to M = 1. Therefore, the function G (r) jumps from unity
to zero as the temperature approaches 7' = 0 as seen in Fig. 13.5a, b. (ii) At the
temperature 7, (1.7J in Fig. 13.5b) the curvature of G(r) and G (r) changes its sign.
(iii) At the temperature 75 = 2.3J the trend of G(r) changes from algebraic convex
to exponential.

The first characteristic temperature 7 is evidently equivalent to 7, (L). The mostly
remarkable feature, however, is the change in the curvature of G(r) from concave
to convex at some temperature which cannot be expected from previously published
results.
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Fig.13.5 (Adapted from [41]). a Two-point correlation functions G (r) (symbols) calculated for an
Ising chain with open ends and consisting of 10 atomic sites; b Two-point correlation functions for
a5 x 5 square lattice of Ising spins at 7 = 0.5J < Tc(o0). The lines in (a) and (b) are fits of the
numerical data by the model correlation function given in (13.9). Three thick lines correspond to
three critical temperatures: 7},(L) - the blocking temperature, 7c (L) the reduced Curie temperature,
and T¢(co) the Curie temperature of an infinite sample

To identify the physical meaning of 7, and 73, a model function G () has been
constructed.
G(r)=G(r,T)~ B(T)e "/*D 4+ y(T), (13.9)

The form of G (r) is reminiscent of the Ornstein-Zernicke theory. Note, however, that
(13.9) refers to a finite system and that it applies to all distances r up to the system
boundary. In particular, there are no constraints on the sign of the r-independent
constants €(7T), B(T) and y(T).

Using the above mentioned model, the numerically exact expectation values for
the 1D, 2D and 3D finite Ising systems (Fig. 13.5) can be used to fit the parameters
e(T), B(T) and y(T). It has been found that the quality of the fit is very good, see
lines in (a) and (b) and it excellently describes the data in the entire temperature
range. From this fit (see details in [41]) the temperature 73 can be interpreted as the
Curie temperature at a thermodynamic limit (infinite samples): T3 ~ Tc(00), and
the temperature 7> = Tc(L) corresponding to the change in the curvature of G (r)
gives the reduced Curie temperature of a finite magnet. Thus, the described method
yields a good estimate of 7¢(00), T (L) and Th, (L) from a single calculation without
finite-size scaling. Analysis presented in [41] shows that Tc(L) as well as T, (L)
satisfy the finite-size scaling law (T (00) — T (L))/Tc(o0) = (L/LO)’I/” [42].

Hence, a simple analytical form for the two-point magnetic correlation function
suggested in [41] for magnetic nanoparticles leads to an excellent numerical agree-
ment with exact Ising, Heisenberg and Monte-Carlo data of finite anisotropic spin
models and gives accurate definitions of crossover temperatures for finite systems.
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Fig.13.6 Dynamical correlation-function Cgyy (spheres) and normalized dipolar energy C (circles)

as a function of 1/ rf normalized to 100nm. It can be seen that Cqyn decreases more slowly than
the C, which is responsible for the antiparallel correlation. The damping parameter o = 0.2 has
been considered in the calculations. The form of Cgyn(1/ r?j), however, is independent of «

13.6.2 Switching of Nanoparticles in Systems with
Long-Range Interactions

While the described spin-spin correlations define averaged, time independent prop-
erties of nanosystems, the understanding of time-dependent correlations in nano-
magnetic systems is also of great interest for fundamental science as well as for
applications. Particularly crucial is the dynamical spin-spin correlation function for
certain magnetic states used as bits of information, because the ultimate goal for any
storage media is to create a highest possible packing density. This requires a small
distance between islands or grains and, at the same time, one needs to switch the
bits individually. So the question arises whether the spin-spin correlations remain
the same in static (non-switching) and dynamical (switching) systems of identical
geometry?

To investigate this exciting question theoretical and experimental investigations
of magnetization reversal of ferromagnetic nanodots and their switching field distri-
butions have recently been performed in [43—45]. In these investigations the dynam-
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ical correlation function Cqy, = f_oooo dtS. ;(t)S., ;(t + s) between pairs of magnetic
moments i and j has been considered. Hereby, S, is the vertical component of moment
i or j attimes f and ¢ + s, respectively. The proposed expression gives information
on time correlations in a given state. For Cgqyq — 1 the switching is correlated, while
Cgyn — 0 corresponds to stochastic noise. The dynamical correlation function was
calculated numerically for s = 0 and variable distances 7;; to check for the degree
of correlation during the switching of different ensembles of dipolar nanoparticles
coupled by the dipolar interaction [43]. The dependence of the correlation function
on the interdot distance is shown in Fig. 13.6.

Figure 13.6 demonstrates that the time-dependent correlations decrease slower
than the dipolar coupling itself. Even the dots at rather large separations (r;; > 140
nm) show strong correlations (see Fig. 13.6), which are responsible for the in-phase
switching of magnetization, although the dipolar energy is very weak at these large
distances. The physical essence of this dynamical phenomenon is the time-averaged
minimization of the potential energy of the ensemble of dots, which manifests itself
in the many-body long-range correlations and prohibits dephasing of individual mag-
netic moments. Hence, the many-body dynamical effects described here, correspond
to a minimization of a spin dynamical version of the action, rather than to a mere
minimization of static dipolar energy. The most intriguing outcome of presented
investigation is the long-ranged order of dynamical correlations and, thus, their influ-
ence on the collective states close to the thermal instability. The importance of these
long-range order interactions and correlations for thermally assisted switching is
supported by experiments described in [43].

13.7 Control of Ferro- and Antiferromagnetic Domain
Walls with Spin Currents

There are two main concepts of the magnetic data storage: the first one relies on
magnetic domains or other two-dimensional magnetic objects as bits of information;
the second one uses one-dimensional transition regions between two domains; that is
domain walls, as bits of information. Previous chapters were devoted to the switching
of magnetic domains between two binary states corresponding to the first concept.
Within the second concept towards new storage and logic devices the information
is written or deleted by the current- and field-driven motion of magnetic domain
walls (DWs) [46—48]. There are several proposals for reading or writing devices.
Generally, an object corresponding to a bit of information has to be moved to the
reading or writing device or the device has to be moved towards the bit. Nevertheless,
it is difficult to address each DW individually in both cases, because a current often
moves neighboring bits (DWs) in the same direction, whilst a magnetic field requires a
movement in opposite directions. Domain walls can be individually addressed by the
stray field coming from a tip of a magnetic force microscope (MFM) [49]. A particular
challenge is, however, the manipulation of narrow DWs like those in monolayer thick
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nanowires of Fe/W(111). The width of these walls is of the order of 2nm, which is
at least one order of magnitude smaller than the resolution of MFM. Therefore,
new concepts for individual manipulations of such narrow DWs are required. One
possible theoretical concept for such manipulations will be reviewed below [50-54].

In [50-52, 54] the manipulation of a magnetic DW was proposed to be per-
formed by the tip of a Spin-Polarized Scanning Tunneling Microscope (SP-STM).
The influence of an SP-STM tip on a DW has been studied by means of quantum-
and classical atomistic spin dynamics as well as by Monte-Carlo (MC) simulations.
Different modes, systems and time regimes were studied. The investigations have
shown that this setup might be suitable for manipulation of ferromagnetic [50] as
well as antiferromagnetic [S1] domain walls. The theoretically proposed setup is
depicted in Fig. 13.7.

An example is given by a ferromagnetic monolayer stripe of dimensions up to
Ly x Ly =40a x70a (15 x 26 nm (sc(001) or bcc(110) stacking) with the lattice
constant a and classical Heisenberg moment S; = (S;*, S;”, S;°) of unit length p; /
ateach lattice point. The magnetic properties are given by the following Hamiltonian:

H=—J) 88— D> (S)+D.Y (5 (13.10)
(i) i i

with J > 0 being the ferromagnetic exchange coupling between nearest neighbors,
D, > 0 an easy-axis and D, > 0 a hard-axis anisotropy, respectively. The Heisen-
berg magnetic rotors were confined to the xy-plane by the anisotropies. The dipolar
interaction of such an in-plane system is typically vanishing. Material parameters
for Fe/W(110) or Co/Pt(111) monolayers (J = 10...13meV, D, = 0...5meV and
D, = 0...2.5meV) have been used in the calculations.

To describe the motion of DWs the generalized Landau-Lifshitz-Gilbert equation
has been utilized:

0S; Y
= S X [H; +aS x H
5 s x [H; + a (S; x Hy)]
+ CS, X T,‘ +DS, X (S, X T,) , (1311)

where v is the gyromagnetic ratio, « = 0.025 is the Gilbert damping, H; = —9H/0S;
is the internal field, and 7Zj is the polarized spin current. The last two terms are the
contributions corresponding to the precession and relaxation terms of the torque from
the tunnel current. The concept similar to the case of a spin valve C =0and D = 1
has been used. In the numerical MC calculations, the sd-model has been used to
account for the spin torque of tunneling electrons:

Hr=-g) T:-Si, (13.12)

with the coupling constant g = 1. Here, the complete information on the current is
provided by 7Z;.
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Fig. 13.7 Scheme of the initial state of the studied sample: two domains are separated by a DW
elongated in y-direction, while the magnetic moments are pointing in —x (blue) and +x (red)
directions. A tip with a magnetization m;, and distance / from the sample moves towards the DW
on the indicated track (white dashed line). Displacement of DW Axpw as a function of time obtained
in MC simulations (left) and spin dynamics (LLG, right) are shown in the top panel. The tip moves
with constant velocity marked by the dashed line. (I a) and (I b) correspond to a tip magnetization
parallel and antiparallel to the initial domain (|| & x), (Il a) and (I b) parallel and antiparallel
to the DW orientation (myp|| &= y), and (III a) and (III b) pointing into or out-of-plane (myp|| & z)
[50]

The local strength and the orientation of the tunneling current can often be
described by the Tersoff-Hamann model:

7; — _IO . 672/{\/()&'7x[ip)2+(yi*ynp)z+h2 .P. m,, (1313)

where P is the polarization of the SP-STM tip with magnetization myy,, ~ is the
inverse decay length of the wave function in vacuum, the time dependent tip and
atom positions are ry, = (Xgp, Yip, 1, 1), ¥; = (x;, i, 0, 1), and the current density
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Iy. In the spin dynamics simulation we set Iy = 1.0 - 107%, However, the MC
procedure does not allow for the direct time evaluation. Therefore, we choose a
current density sufficiently high for domain wall manipulation. x contains the work-
function ¢ of the tip material and is set to 4.5 eV, in the range of magnetic materials
used in experiments (e.g. Fe or Cr). For the chosen sample and tip parameters, we
assume the spin torque acting on the magnetic moments to be large compared to
Oersted-fields and Joule heating, which have been neglected in our simulations.

The following tip-sample geometries have been considered: (i) myp|| & x; (ii)
mgp|| £ y, and (iii) myp|| &= z. The explored initial set-ups are shown in Fig.13.7.
During the simulation, the tip is moved at a constant height 4 || + z along the stripe
(in +x-direction) with a constant velocity v;,. All presented calculations correspond
to a constant height of the tip above the studied sample with a spin current, which
is sufficiently high to influence the magnetization of a DW. The time dependence
of the DW displacement Axpw for the three scenarios is plotted in Fig. 13.7. The
black/gray solid curves correspond to the parallel/antiparallel orientation of the tip
to a corresponding axis while the dashed line represents the tip displacement.

As one can see from Fig. 13.7 for ferromagnetic domain walls, almost all studied
geometries are suited for DW manipulation as the black and gray lines corresponding
to the displacement of the walls follow the dashed line representing the motion of
the tip. One can also see that both simulation methods give identical results with one
exception revealed for m, ® Sq. This effect is a result of the different simulation
models and disappears in the regime of strong currents, when neglecting the hard-
axis anisotropy, and also in the regime of strong damping. The detailed analysis given
in [50-52] has demonstrated that there are at least three different modes suitable for
DW manipulation, but the investigation of costs and benefits reveals the m, 11
Spw as the optimal one. Similar calculations have been performed to study the
possibility of manipulation of antiferromagnetic domain walls, which possess zero
net magnetization. It has been concluded in [51, 52] that in order to manipulate such
domain walls, the my;, has to be othogonal to the magnetization of the domain as
well as the domain walls. The directionality of the domain wall motion is identical
for my;p|| & z. To change the direction of the domain wall motion one has to change
the orientation of the tip polarization to the opposite one [51, 52].

13.8 Conclusions

On the fundamental level, the studies that have been reviewed here can be extended
in various ways: Most interesting is the generalization of the theory to the case of
the Kondo lattice model, i.e., to several spins which represent, for example, a chain
of magnetic atoms on a metallic surface. The real-time dynamics of such magnetic
chains is crucially determined by the underlying electronic system, and there is not
much known about such setups on the theoretical side. While long-time dynamics in
the quantum-spin Kondo lattice is probably out of reach with the presently available
numerical methods (also including the one-dimensional case), studying the classical-
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spin Kondo lattice appears quite promising and first computations are in progress.
Particularly, two-dimensional systems featuring the Kosterlitz-Thouless transition,
systems with superconducting substrates (modeled by extensions of standard BCS
theory to the inhomogeneous and time-dependent case) and systems in the extreme
adiabatic limit, where the electron dynamics can be assumed to follow instanta-
neously the trajectories of classical spin configurations, represent highly interesting
avenues for future research in this field. On the level of applications, the devel-
oped methods can be extended to describe the non-equilibrium dynamics of systems
with complex magnetic structures and magnetic quasiparticles for their successful
manipulation.
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Chapter 14 )
Picosecond Magnetization Dynamics oo
of Nanostructures Imaged

with Pump—-Probe Techniques in the

Visible and Soft X-Ray Spectral Range

Philipp Wessels and Markus Drescher

Abstract The most direct way of accessing and understanding fast dynamical
processes in nature is by capturing the motion in real space with a high temporal
and spatial resolution. This chapter details time-resolved imaging techniques for
probing the transient evolution of the magnetization in small magnetic systems in
the visible and soft X-ray spectral range. Optical methods using femtosecond laser
pulses can follow ultrafast processes with an extreme temporal resolution. The spatial
resolution, however, is limited by diffraction to a few hundred nanometers at visible
wavelengths. The dynamics of smaller structures can be investigated using X-ray
microscopy at synchrotron radiation sources. A resolution of a few ten nanometers
can be achieved, however, the time-resolution is limited to a few hundred picoseconds
due to the pulse duration of the synchrotron bunches. Spin-wave packets are captured
by optical methods using a time-resolved confocal Kerr microscope where backward
volume spin-wave packets with counterpropagating group- and phase velocity are
observed directly. Time-resolved X-ray microscopy is used to monitor the destruction
and emergence of equilibrium domain patterns out of uniformly magnetized states.

Magnetic systems have proven to be very efficient data storage elements so that
nowadays the majority of information is recorded on magnetic hard-disk-drives.
Information can be encoded in a persistent way by aligning the magnetization of
ferromagnetic elements. In order to achieve a high data-density, the size of these
magnetic bits has to decrease and has approached domain sizes around 20nm at
1 Thit/in? data densities in commercially available hard disks. The nature of mag-
netism in such nanoscale systems has to be understood very well in order to further
diminish the domain size and the spacing between adjacent bits. Ideally, a direct
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B At
C
Fig. 14.1 Pump-probe/reset sequence for studying magnetization dynamics: A magnetic sample
can be excited via a local magnetic field pulse B so that the magnetization evolves in time. Here,
single-domain elements in a nanomagnetic array start reversing their magnetization (red dots). A
snapshot of the magnetization pattern after a certain time Ar can be imaged by a light pulse. If the
dynamic process is non-reversible, the magnetization has to be reset by a global field pulse —B.

Repetition of this process for a varying time delay At leads to a movie sequence of reproducible
events. Adapted from P. Wessels, Ph.D. thesis (Verlag Dr. Hut, Miinchen, 2014) [1]

real-space observation is favored to investigate magnetic systems at such small length
scales.

Magnetism, moreover, is no static phenomenon and domains in a magnetic system
can reorganize and evolve in time. Adjacent magnetic elements, for example, may
see the stray-field of neighboring elements and trigger dynamics that might delete
stored information when decreasing the bit distance in storage media. A locally
excited coupled spin-system will transfer such an excitation due to interactions so
that spin-waves emerge. These dynamic processes occurring in micro- and nanoscale
elements evolve on very fast time-scales in the nano- to femtosecond range so that
an instrument capable of following magnetization dynamics in these elements does
not only need a high spatial but also a high temporal resolution.

This can be achieved with ultrashort light pulses providing extremely fast imaging
flashes for the observation of magnetization dynamics by employing the pump—probe
technique introduced in Fig. 14.1. A sample is excited by a short magnetic field pulse
and a snapshot of the magnetization is captured by a laser pulse after a variable time
At. By repeating this procedure for several time delays Az, a movie of the repro-
ducible dynamics can be reconstructed. However, structures below 200 nm size can
not be resolved with visible light due to the fundamental diffraction limit at optical
wavelengths. The use of soft X-ray radiation available for example at synchrotron
radiation sources extends the observable structural size down to a few nanometers
where the resolution is limited by the fabrication capabilities of X-ray optics. How-
ever, the time-resolution usually is not competitive with laser-based instruments since
the light pulses in a storage ring are typically a few hundred picoseconds long so that
faster processes can not be followed.

In Sect. 14.1 we present how magnetization dynamics can be explored in real-
space and real-time using optical techniques with a high temporal but a medium
spatial resolution where the investigation is focused on spin-wave packets in magnetic
micro-stripes. An opto-electronic high peak-current source enables the excitation and
direct observation of backward volume spin-wave packets in permalloy (NiggFexp).
These modes feature the unusual property of a negative group velocity where the
phase fronts move in the opposite direction of the propagating wave packet.
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Soft X-ray microscopy discussed in Sect. 14.2, allows for imaging with a higher
spatial but a lower temporal resolution so that magnetization processes in nano- and
microstructures can be followed where domain pattern destruction and recovery has
been observed. For this purpose a full-field imaging X-ray microscope has been set
up at the 3™ generation synchrotron source PETRA III that is equipped with a gated
detector so that time-resolved pump—probe experiments can be performed. Here, an
intense magnetic field pulse saturates the magnetization of a permalloy microsquare
and subsequently the build-up of the equilibrium domain pattern can be followed
by the X-ray microscope. This allows direct access to the domain formation process
and sheds light on the question how (fast) magnetic domains form.

Recent experiments have shown alternative approaches for time-resolved imaging
of small magnetic samples. For example an investigation of spin-wave solitons has
been performed using X-ray microscopy [2]. Another experiment has demonstrated
the time-resolved capabilities of scanning electron microscopes with polarization
analysis [3].

14.1 Direct Observation of Spin-Wave Packets in Permalloy

Besides the routine use of ferromagnetic elements in data storage, magnetic structures
also have the potential to solve a problem of increasing importance when building
smaller and faster miniaturized circuits: In conventional electronic devices informa-
tion is transported and processed by moving electrons steered by their electric charge.
This involves friction so that heat is generated which limits the clock rate in such
circuits, especially in mobile devices where active cooling is not an option.

Instead of using the charge for information transport and processing also the
magnetic moment - or spin - of electrons can be utilized to complete these tasks.
The advantage of magnetic transport is the negligible heat load since particle move-
ment is not necessary because the information is transferred purely by interactions
of neighboring spins. The research field of spintronics [4—6] is dedicated to build-
ing magnetic devices for signal transport and processing which may extend or even
replace conventional electronic circuits. Magnetic moments can be driven into a pre-
cessional motion and the gyration frequency in metallic ferromagnetic structures
such as permalloy (NiggFey) is compatible with current clock rates of several GHz
in conventional electronic microprocessors. This motion can be transferred in con-
fined magnetic structures so that spin-waves emerge (compare also Fig. 14.3a). The
wavelength of spin-waves in permalloy is in the um to nm range also matching the
size of logical units in conventional electronics.

Extensive research has been carried out to study the properties of spin-waves and
their application to logic devices [7-9]. Most experiments focus on continuously
excited spin-waves but to implement a scheme for encoding information the wave’s
amplitude or phase has to be modified dynamically. In this work we address spin-wave
packets and investigate the dynamical properties such as phase-and group velocities
as well as the dispersion of these wave packets.
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Fig. 14.2 Time-resolved scanning Kerr microscope: Ultrashort visible laser pulses of 290fs pulse
duration are converted into the ultra-violett (UV) spectral range via second harmonic generation
(SHG). The delayable UV pulses trigger a magnesium photocathode on a coplanar waveguide
(CPW) supplied by a static extraction field. The generated current pulses propagate through the
waveguide and are terminated in a series of radio-frequency (RF) resistors. The co-propagating
magnetic field hpyise is able to excite spin-wave packets in a permalloy (NiggFezo) layer in the
center of the waveguide. The residual visible light pulses are separated by a dichroic mirror (DM),
poralization filtered by a polarizing beamsplitter (PBS) and focused onto the magnetic sample.
The polarization change due to the magneto-optical Kerr effect (MOKE) is analyzed behind an
intensity beamsplitter (BS) and Wollaston prism in a balanced photodetector (PD). This observable
is proportional to the z component of the magnetization. By scanning the sample through the laser
focus and variation of the pump—probe delay Az, a movie of the spin-wave packets can be captured.
Adapted from P. Wessels et al., Sci. Rep. 6, 22117 (2016) [10]

The experimental setup for exciting and capturing spin-wave packets is presented
in Fig. 14.2 and described in more detail in [1, 10]. Briefly, a confocal scanning
microscope analyzes the polarization of a laser pulse in the visible spectral range
reflected by a magnetic sample. The polarization change after reflection encodes
information on the out-of-plane component of the sample magnetization via the
magneto-optical Kerr effect (MOKE). Synchronized ultraviolet (UV) laser pulses
release electrons via the photoeffect from a metallic photocathode fabricated onto
the sample. The emerging current pulse propagates towards the magnetic sample in
a tapered coplanar wave-guide (CPW) where the copropagating magnetic field is
able to trigger magnetization dynamics in the vicinity of the waveguide conductor.
The magnetic moments starts to gyrate around the axis of an external magnetic field
and due to interactions a spin-wave packet is launched which propagates along the
permalloy microstripe.

Spin-waves in confined magnetic structures can be excited in different configu-
rations. Most popular are Damon-Eshbach (DE) modes where an external bias field
is aligned perpendicular to the propagation direction of the spin-wave. These modes
are easy to excite and feature high gyration frequencies and small wavelengths in fer-
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Fig. 14.3 Observation of a backward volume spin-wave packet: a Geometry of the precessional
motion. An external bias field H ¢ aligned parallel to the wave vector k features backward volume
spin-wave packets with a negative group velocity vy so that the phasefronts propagate into the
opposite direction of the wave packet. b Snapshots of the magnetization for six delays At. The
wave packet is excited on the left around x = 2 wm and propagates to the right along the positive x
axis. The phase-fronts clearly approach the source region from the right side indicating that phase-
and group velocity are counteraligned. Reproduced from P. Wessels et al., Sci. Rep. 6,22117 (2016)
[10]

romagnetic layers. Thus, experimental efforts have focused on continuously excited
DE spin-waves via a radio-frequency (rf) current coupled into a waveguide. For infor-
mation processing, however, an impulsive excitation is favorable so that information
encoded into spin-wave bursts can be transported and processed. Damon-Eshbach
spin-wave packets are directional, meaning that a certain propagation direction is
favored. Similar to most coupled systems the oscillating phase-fronts propagate into
the same direction as the wave packet envelope so that wave vector k and group
velocity v, point into the same direction. For detailed studies of directly captured DE
spin-wave packets in permalloy microstripes with the time-resolved MOKE micro-
scope the reader is referred to [10].

By changing the direction of the bias field parallel to the propagation direction of
the phase-fronts (compare Fig. 14.3a), another mode called backward volume (BV)
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mode is favored which is usually harder to excite compared to DE spin-waves [11].
We have captured and analyzed such BV modes in ferromagnetic metallic permalloy
layers by making use of a high peak current source in form of a metallic photocathode.
The results are presented in Fig. 14.3b. Characteristic for such modes is a phase front
motion that is counteraligned to the propagation direction of the wave packet. While
the wave packet is excited on the left side of the frame, new phase fronts emerge from
the right side approaching the source region as time elapses. The precession frequency
of the wave packet is 3.5 GHz and more details are discussed in [10]. BV spin-wave
packets have been observed in ferrimagnetic insulators [12], however, an excitation in
metallic ferromagnets such as permalloy features a considerable lower damping and
smaller wavelength where micro- [13—15] and nanoscale [2, 16, 17] excitations have
been reported which is favorable for the development of logic devices. Usually, BV
spin-wave packets are experimentally observed in ferrimagnetic yttrium iron garnet
Y3FesOp; (YIG) which benefits from a low damping constant but the wavelength
typically lies in the mm range and the fabrication of the monocrystalline layers is
demanding.

Spin-wave packets not only implement a data transport and processing protocol
with negligible heat load. The unusual dispersion relation of BV modes where the
group velocity is negative and the phase front motion counteraligned to the propa-
gation direction serves as a simulator toolkit for electromagnetic waves in negative
refractive index media such as metamaterials. A negative refractive index (n < 1) is
equivalent to a negative scalar product of phase- and group velocity (v, X vg < 1).
Often only simulations provide access to the phase-resolved electromagnetic field in
such materials. A sample with an engineered BV dispersion relation can serve as a
model system for studying more complex spin-wave dynamics such as interference,
reflection etc. for designing advanced metamaterials.

14.2 Time-Resolved Imaging of Domain Pattern
Destruction and Recovery

Soft X-ray radiation as delivered by synchrotron radiation sources is a well suited
tool for magnetic imaging. The short wavelength enables a high spatial resolution and
via the X-ray magnetic circular dichroism (XMCD) the magnetization of a sample
can be mapped with element specificity. Due to the pulsed character of synchrotron
radiation also time-resolved experiments can be performed so that magnetization
dynamics can be captured with a typical time resolution of about 100 ps.

X-ray microscopy has provided tremendous insight into magnetic nanostructures
and their dynamics [18, 19]. Due to the high absorption of soft X-ray radiation in
almost all materials the use of conventional refractive optics in such microscopes is
not possible. Instead, one relies on holographic techniques or refractive optics such
as zone plates where the outermost zone width determines the achievable resolution.
Usually, these endstations operate as transmission microscopes where a thin sample
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Fig. 14.4 Magnetic full-field X-ray microscope with time-resolution: Soft X-ray flashes generated
by the storage ring PETRA III are monochromatized in the P04 beamline and focused onto a
magnetic sample located on the conductor of a coplanar waveguide (CPW) by a grating condenser.
The transmitted light is imaged by a zone plate onto a gateable detector. Magnetization dynamics
can be triggered by injecting picosecond current pulses into the waveguide where the copropagating
magnetic field hpyise excites the sample. The dynamics can be followed by taking snapshots for
several delays At between pump and probe pulse. Adapted with permission from P. Wessels et al.,
Phys. Rev. B 90, 184417 (2014) [23]. Copyrighted by the American Physical Society

layer is deposited onto a silicon nitride membrane with a high transmission for soft
X-ray radiation. For time-resolved measurements most instruments are operated in
scanning mode where the X-rays are focused onto the sample by a zone plate and the
transmitted radiation is detected by a fast photodiode. We have demonstrated the first
realization of a full-field X-ray microscope with time-resolution where the sample
is illuminated by a condenser zone plate and imaged by a micro zone plate onto a
gated two—dimensional detector [20-23].

The experimental setup is depicted in Fig. 14.4. In contrast to many other X-ray
microscopes, the developed instrument is not a fixed endstation but a mobile unit
that can be installed for example at the 3rd generation synchrotron radiation source
PETRA III at DESY in Hamburg. The soft X-ray undulator beamline P04 [24]
delivers monochromatized circularly polarized photons in the energy range of 250—
3000eV. In time-resolved mode the storage ring is filled with 40 bunches circulating
at a repetition rate of 130.1kHz.

The synchrotron light is collected by a grating condenser [25] that creates a homo-
geneously illuminated spot on the magnetic sample. The transmitted light is imaged
onto a two—dimensional detector by a micro zone plate with an outermost zone width
of 50nm so that the spatial resolution is limited to 65 nm according to the Rayleigh
criterion.

The magnetic sample is excited by intense current pulses at a repetition rate
of 130.1kHz synchronized to the storage ring round trip frequency. The pulses are
injected into a tapered coplanar waveguide and the copropagating magnetic field hyye
is able to initiate magnetization dynamics in the sample located on the conductor of
the waveguide. The sample is tilted by 20° to be sensitive to in-plane magnetization
components.

The full-field microscope directly images the sample plane onto a two—dimensional
detector. For time-resolved studies a single out of 40 bunches of the storage ring has
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Fig. 14.5 Gateable two—dimensional X-ray detector: The sample image is projected onto a P46
phosphor screen and the emitted visible light transferred via a relay optic onto the photocathode of
an image intensifier assembly. By applying a negative voltage pulse to the photocathode the emitted
electrons are passed onto a microchannel plane (MCP) where the signal is amplified and converted
into visible light by another P46 phosphor screen fiber-tapered onto a CCD camera. To block light
from a bunch, a positive bias voltage is applied to the photocathode so that the electrons can not
reach the MCP. Reproduced from J. Ewald et al., AIP Conf. Proc. 1696, 020005 (2016) [22], with
the permission of AIP Publishing

to be isolated. Available cameras cannot continuously be read out at the necessary
130kHz rate, so that a gating technique has to be applied. Figure 14.5 depicts the
layout of the gateable X-ray detector. The micro zone plate projects the sample plane
onto a P46 phosphor screen mounted on a window inside the vacuum chamber. The
emitted visible light pulse is transferred by two fast camera lenses in a relay configu-
ration onto the photocathode of a commercial image intensifier. The photocathode is
biased with a positive voltage so that the electrons by default can not escape the cath-
ode surface. By applying a short negative gate pulse of 30ns and —200V amplitude
the electrons are passed on to the front side of a microchannel plate (MCP) where the
signal is amplified and accelerated onto another P46 phosphor screen that converts
the electronic signal into visible light. The output port of the phosphor screen is
fiber-tapered onto the CCD chip of a cooled camera where the image is recorded.

Due to the intense excitation pulse, the sample can only be excited at the round trip
frequency of the storage ring of 130.1kHz while the ring is filled with 40 bunches.
This means that only one bunch contains a dynamic signal so that images generated
by the remaining 39 bunches have to be filtered out by the gateable detector. The gate
pulse duration of 30ns and the decay time of the P46 phosphor screens (*=200ns)
are fast enough to isolate light from single bunches in the detector (compare also
[1, 21, 22]). For a fixed delay At the signal can be integrated on the camera chip
until a sufficient signal-to-noise ratio has been reached.
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Fig. 14.6 Siemens star and array of magnetic elements: The Siemens star with 50 spokes is imaged
at a magnification of M = 700. The central part of the XMCD image on the right shows the
magnetization configuration of an array of 1.3 x 0.3 wum? permalloy elements of 10nm thickness
separated by ~40nm. The magnetization of some elements points to the right side of the image
(dark contrast) while other elements are aligned to the left side (white contrast). Adapted from P.
Wessels, Ph.D. thesis (Verlag Dr. Hut, Miinchen, 2014) [1]

To demonstrate the imaging capabilities of the X-ray microscope, a Siemens star
with 50 spokes is recorded at a magnification of M = 700 in Fig. 14.6 on the left.
The Siemens star supports a resolution where features below 75 nm are discernible.
The inner part of the Siemens star is obscured by lithography remnants so that no
statement on a possibly higher resolution can be made here.

The (static) magnetic imaging capabilities are demonstrated on the right image
in Fig. 14.6. An array of 1.3 x 0.3 um? permalloy elements of 10 nm thickness sep-
arated by 40 nm are presented here. The separation is still resolvable with the X-ray
microscope. For XMCD measurements, the instrument is operated at the nickel Lj
edge at a photon energy of 852.7eV with a bandpass of 1eV. An XMCD image is
obtained by capturing two images with circular polarized light at opposite photon
helicities. The helicitiy can be changed from o to o~ by shifting the magnetic
structures in the beamline undulator. The difference of the two images directly maps
the magnetic orientation in the sample. Elements aligned homogeneously along the
x axis (dark contrast) as well as elements aligned into the opposite direction (white
contrast) are visible. Dark contrast in the XMCD images corresponds to a magne-
tization aligned along the x or z axis while bright contrast indicated an alignment
along the —x or —z axis. Due to the sample alignment with respect to the X-ray
propagation direction (z axis) the instrument is not sensitive to magnetization com-
ponents along the y axis. The magnetic signal is expected to originate mainly from
the M, component because of the sample geometry.

A larger homogeneously magnetized sample in general will decay into domains
of constant magnetization pointing into different directions to minimize its internal
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energy. The equilibrium domain patterns for a large variety of structures and mate-
rials have been observed with static magnetic imaging techniques. Time-resolved
approaches have also captured the dynamics followed by a weak transient perturba-
tion of the equilibrium configuration [26-29]. However, observation of the essential
process how (fast) an equilibrium domain pattern evolves out of a homogeneously
magnetized sample was lacking so far. We have captured the destruction and recov-
ery of the magnetization configuration in small 2 x 2 um? permalloy squares of
30nm thickness. These elements will relax into a Landau pattern consisting of four
triangular-shaped domains with a magnetization circling around a central vortex core
(e.g. in Fig. 14.7 at a delay of 42.37 ns).

An intense current pulse launched into the coplanar waveguide on the sample can
align the magnetization in such samples along the direction of the magnetic field that
copropagates with the current pulse. By acquiring XMCD images using opposite
photon helicities for several pump—probe delays, the destruction and recovery of
the equilibrium Landau pattern can be monitored as a movie sequence with the
time-resolved full-field X-ray microscope. Figure 14.7 shows the measured image
sequence of the magnetization dynamics in two permalloy squares (I + II) located
on the inner conductor of a CPW.

The indicated pump—probe delay is calibrated such that the peak amplitude of the
magnetic field pulse of 438 ps FWHM duration is reached at Ops. The field of the
excitation pulse is directed along the x axis. On arrival of the pulse the magnetization
follows the excitation field and changes its direction on a fast timescale so that it
points along the x axis (dark contrast) until a maximal alignment is reached at a
delay of At = 370 ps with no detectable substructure. A closer look into the previous
frames reveals that the vortex core in the center leaves the magnetic sample during
destruction of the domain pattern (for a more elaborate discussion see [23]). Previous
experiments have shown that the vortex core can be driven into an oscillatory motion
by an external oscillating field and that it reverses its polarity at core velocities
exceeding ~300m/s [30]. Due to the strong excitation field available here, we can
study the vortex core motion in a new regime and find that the vortex core exceeds
a velocity of 1km/s and has no time to complete an oscillation period before it is
ejected out of the sample.

After the pulse has vanished, the energetically unfavorable homogeneous magne-
tization configuration decays back into the equilibrium Landau pattern. The dynamics
is similar for both squares (I + II) and up to 1 ns the M, component (visible as dark
contrast) is reduced homogeneously without any detectable substructure. A quanti-
tative analysis of the gray values together with micromagnetic simulations [23] have
shown that the majority of the magnetic polarization along the x axis is removed
in this first fast phase when the x component decays from M, = 0.9Mg down to
M, = 0.3My where M corresponds to the saturation magnetization. Subsequently,
a zigzag domain starts building up on the top and another small M, domain appears
at the bottom until 3.37 ns where the decay of the polarization along the x axis slows
down and reaches a value of M, = 0.2My at 3ns. Although the M, polarization
has almost vanished the dynamics still continues and during the next 10ns the mag-
netization reorganizes into the final Landau state with an imbalanced domain size.
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Fig. 14.7 Domain pattern destruction and recovery: Image sequence of the magnetization dynamics
in two 2 x 2 um? permalloy squares (I + IT) of 30nm thickness exposed to a short magnetic field
pulse (438 ps FWHM centered at 0 ps). Before arrival of the excitation pulse, the squares feature an
equilibrium Landau domain pattern that consists of four domains. The pulse destroys this domain
pattern and aligns the magnetization homogeneously along the x axis. After the pulse has vanishes
the sample decays back to its Landau configuration. Adapted with permission from P. Wessels et
al., Phys. Rev. B 90, 184417 (2014) [23]. Copyrighted by the American Physical Society
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Fig. 14.8 Stochastic switching in a pump—probe / reset sequence: Dynamic magnetization of an
array consisting of 400 x 100nm? elements separated by 50 nm horizontally and 250 nm vertically.
The array partially overlaps with the waveguide conductor on the right and the XMCD images
show the magnetization configuration at a fixed pump—probe delay Ar and constant reset pulse
parameters after integrating the signal from several pump-probe cycles. The different magnetic
orientation indicates a stochastic switching characteristic. Reproduced from P. Wessels, Ph.D.
thesis (Verlag Dr. Hut, Miinchen, 2014) [1]

Between 12ns and 42ns the top M, domain (black contrast) grows until the vortex
core is positioned in the center of the square.

The previously discussed permalloy squares with a Landau magnetization pattern
decay back into the ground state on their own. More complex magnetic systems
such as arrays consisting of single domain particles coupled via their stray field can
end up in a final stable state different from the initial state so that an active reset
pulse is necessary to initialize the sample before the next measurement can begin
(compare Fig. 14.1). Figure 14.8 shows XMCD images of an array of 400 x 100 nm?
elements separated by 50 nm horizontally and 250 nm vertically. For a pump—probe
/ reset cycle the magnetization of the whole array would be aligned along the —x
direction and then the elements on the waveguide switch their magnetization into the
+x direction. Due to coupling via the stray-field the chain reverses its magnetization
direction element by element over time.

The images in Fig. 14.8 were taken by integrating the signal from several pump—
probe cycles at the same delay and yet the dynamic magnetization configuration is
different in all images indicating an unstable switching process so that a dynamic
measurement was not possible since the pump—probe/reset approach relies on the
reproducibility of the dynamics. In order to ensure a high reproducibility of the
switching dynamics the indistinguishability of the elements and the spacings have
to be improved. Moreover, external magnetic fields have to be compensated. Given
a perfect sample preparation, simulations have shown that the switching dynamics
should be observable with the instrument. Also arrays of lateral magnetic elements
such as Co/Pt multilayer systems can be investigated and were imaged with the soft
X-ray microscope [20].
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14.3 Conclusion

In conclusion, two time-resolved instruments for imaging the dynamics of small
magnetic structures have been set up. A laser based scanning Kerr microscope allows
for the investigation of magnetic transport phenomena using visible light. An opto-
electronic current source enables a direct observation of Damon-Eshbach as well
as backward volume spin-wave packets with unusual dispersion relations so that
the phase-fronts approach the excitation region while the wave packet propagate
into the opposite direction. For experiments demanding a higher spatial resolution
the first full-field transmission X-ray microscope has been set up that allows time-
resolved measurements. The fundamental process of the destruction and recovery
of equilibrium domain patterns out of uniform magnetization states can be followed
with this instrument. Moreover, the vortex core motion in a strongly driven system
has been studied where the core can not complete a round trip at its eigenfrequency
and where the core velocity exceeds 300 m/s despite the fact that other experiments
have observed a switching of the polarity at these velocities. First studies on non-
reversible dynamics have been initiated.
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Chapter 15 ®)
Magnetic Antivortices e

Matthias Pues and Guido Meier

Abstract We investigate the dynamics of magnetic antivortices by time-resolved
magnetic X-ray microscopy and high-frequency absorption spectroscopy. A method
for the reliable generation of isolated magnetic antivortices is devised using specif-
ically formed microstructures and two-dimensional sequences of magnetic fields.
For antivortices the measured resonance frequency is lower than for comparable vor-
tices. The deflection of antivortices by external fields reveals strong deviations from
a harmonic potential as well as rather low annihilation fields. Spectroscopy yields a
characteristic absorption signal for antivortices for strong excitation that indicates a
continuous switching of the antivortex core.

15.1 Introduction

Magnetic domains are regions with a homogeneous magnetisation. In soft magnetic
materials like permalloy (NiggFe,() the magnetization in such domains lies in the film
plane. A magnetisation pointing out of the plane would give rise to a large stray field
and is prohibited by shape anisotropy. The coercive field of an extended film lies in
the range of only a few mT. The in-plane magnetisation can be guided by the lateral
confinement, as the shape anisotropy also tries to minimise the stray field on the
sides, see Fig. 15.1. The energetically favoured state is a flux-closed magnetisation
pattern, see Fig. 15.1c, d. The regions between the domains, the domain walls, can
be separated into two main types: Bloch walls and Néel walls. In thin films, the
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Fig. 15.1 Magnetic domains in in-plane magnetised thin film elements: a homogeneous magneti-
sation. b Two domains separated by a 180° domain wall. The stray field is reduced. ¢ Triangular

end domains close the inner flux. The so-called Landau pattern appears. d In equilateral polygons,
like a square, the inner 180° domain wall becomes point-like

Fig. 15.2 Edge of a large permalloy rectangle observed by Kerr microscopy. The domains align
along the edges of the microstructure. The chain of vortices and antivortices forming a cross-tie
wall in the middle is partially marked. b Schematic of the magnetisation pattern of a 180° cross-tie
wall

Bloch wall is characterised by a rotation of the magnetisation out of the plane of the
substrate, whereas the rotation lies in the plane for Néel walls. For the investigated
film thicknesses of up to 60 nm, Néel walls are the dominant type, but domain walls
with a more complex inner structure also occur [1]. Figure 15.2a shows a larger
permalloy rectangle, with an in-plane magnetisation, and a preferred orientation of
the domains along the boundaries of the structure, as expected for this material.
Some domain walls show no visible internal structure at this resolution, but the
marked inner wall is a so-called cross-tie wall, a complex magnetisation pattern
shown in Fig. 15.2b. This type of domain wall is a chain of special magnetisation
points, where the opposing magnetic moments point antiparallel to each other. These
magnetic quasi singularities are addressed as vortex and antivortex and are of special
interest.
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Fig. 15.3 Schematic magnetisation pattern of a a vortex with ¢ = +1, and an antivortex with b
¢ = +1 and ¢ ¢ = 0. The magnetic flux is not closed for the antivortex, indicated by the magnetic
charges representing magnetic poles

15.2 Magnetic Singularities — Antivortices

The crossing points of the complex magnetisation pattern found in cross-tie walls are
characterised by a specific winding of the magnetisation around the centre of those
singularities [2]:

¢(B) =nB+ ¢ and ¢ = %T (15.1)

where ¢ is the angle of the local magnetisation vector with respect to the x-axis, 3 is
the angle of the position vector r to the respective local magnetisation, see Fig. 15.3.
The curling of the magnetisation is defined by the so-called winding number n, the
orientation of the pattern by the offset angle ¢¢. For n = +1, the magnetisation curls
around the centre in a closed loop, see Fig. 15.3a, thus for ¢ = c7/2 only two values
are possible. The defining value ¢ = %1 is called circularity, as it determines the
rotation direction of the magnetisation. For antivortices, with n = —1, the magneti-
sation curls in the opposite sense around the centre, see Fig. 15.3b. This pattern is
not chiral, thus ¢ can have any value in the interval ¢ € [—2, 2[ and is simply called
the c-value or the orientation of the antivortex.

The antiparallel alignment of opposite moments in the centre of these magnetisa-
tion patterns is energetically unfavourable due to high exchange energy contributions
for the large angles between neighbouring moments. This is overcome by a rotation
out of the film plane of the centre magnetisation, see Fig. 15.4. The 180° angle is
reduced to 90°. The orientation of the vortex or antivortex core up or down with
respect to the z-axis is described by the polarisation p:

p=sgnM,(r =0)==£I. (15.2)

When considering the influence of external fields on both magnetic singularities,
the quasi-static case and the dynamic case need to be discussed separately. In the
quasi-static case, the change of the external field is slow compared to the intrinsic time
scales of magnetization dynamics. Here, the domain pattern is shifted into the new
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Fig. 15.4 Magnetisation
pattern of the antivortex core.
The inner region points out
of the plane. A polarisation
of p = 1 and orientation of
¢ = 11is shown

0.5

0.0

energetically favoured state according to the change in Zeeman energy induced by the
external field. In a qualitative approach to estimate the new pattern, the domain with
a magnetisation parallel to the applied field grows, while the one with an antiparallel
magnetisation shrinks. For the dynamic case the Landau-Lifshitz—Gilbert equation
(LLG) for the micromagnetic model can be used [3, 4]

M
dt

oM x Ha + 2m x M (15.3)
- 7 eff MS dtv .

where the effective field is the sum of the exchange field, the Zeeman field and the
demagnetisation field

H.t = Hex + Hzeeman + Hdemag~ (15.4)

The gyromagnetic ratio in micromagnetism is defined as v = poge/2m.. My is the
saturation magnetisation and « a phenomenological damping term introduced by
Gilbert [3]. The first term of this differential equation describes the Larmor preces-
sion of the magnetic moment M around the effective field Hs. For the complex
magnetisation pattern of a vortex or an antivortex the displacement of the equilibrium
position by an external field yields a spiral-like motion [5]. This can be illustrated
for the starting point of the core of the singularity, as the effective field is parallel to
the applied field for this particular moment, see Fig. 15.5. For a vortex, the infinites-
imal right hand rotation caused by the Larmor precession results in an effective core
motion antiparallel to the effective field, see Fig. 15.5¢c. The antivortex however has
a more complex structure, see Fig. 15.5b, d. Depending on the orientation, the sit-
uation is similar to the vortex as for the magnetisation of an intersection line along
¢ = £1. The magnetisation rotates to an axis parallel to the intersection, a so-called
Bloch-line [6]. For an intersection at ¢ = 0, the magnetisation rotates around an axis
perpendicular to the intersection line, the Larmor precession yields a perpendicular
displacement of the magnetisation pattern, i.e. the antivortex core, see Fig. 15.5d, f.
A detailed analytical description of the vortex and antivortex dynamics can be found
in [7].
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Fig. 15.5 Magnetisation pattern of a a vortex and b an antivortex with a polarisation p = +1.
The magnetisation along certain intersection lines corresponds to ¢ a Bloch-line forc = £1and d a
Néel-line for ¢ = 0. The Larmor precession induced by a magnetic field results in different effective
core displacement directions. Gyrational motion of e a vortex core and f an antivortex core to the
new equilibrium position caused by an external field

15.3 Antivortex Generation

The process of antivortex generation is understood by means of micromagnetic sim-
ulations and is experimentally demonstrated by X-ray transmission microscopy and
magnetic force microscopy. The probability of antivortex nucleation is optimised by
the variation of the structure geometry and the nucleation field strength. In contrast
to the closed magnetisation of a vortex, which can be stabilised in thin-film structures
with proper thickness and width that resemble a disc [8, 9], the in-plane magnetisa-
tion of an antivortex features four alternating poles, see Fig. 15.3b. The magnetic flux
is not closed, but needs to be guided away from the centre region, thus the antivortex
is metastable in a disc-like structure [10]. In the literature, different shapes have been
shown to be suitable to stabilise antivortices [2, 11-14]. For micromagnetic simula-
tions a star-like shape, whose contour is shaped by four adjacent discs, has been used
[14], see Fig. 15.6a. The four apexes of the structure pin the magnetisation, pointing
towards and away from the centre of the antivortex. The magnetic state can be prede-
fined in the simulations, but to find the antiparallel alignment of the domains in real
structures is very unlikely. Instead, in experiments this star-shape is used as a centre
in a clover-shaped sample, see Fig. 15.6b, where wire loops close the magnetic flux



304 M. Pues and G. Meier

Fig. 15.6 Shapes of structures used to stabilise an antivortex: a star-like shape, b clover shape, ¢
“infinity” structure, and d (-shaped structure

[12]. After saturation of the magnetisation in such a sample, a successful regeneration
of an antivortex with homogeneous external magnetic fields could not be observed.
When altering the shape to a lemniscate, see Fig. 15.6c, the antivortex was found in
some structures as the as-grown state. This so-called “infinity”’-structure reduces the
number of wire loops from four to two.

In principle the antivortex state could be recovered in such structures by a
demagnetisation sequence of alternating fields of decreasing magnitude to annihilate
possible multi-domain patterns that occur after the saturation [15]. Nonetheless the
probability of the antivortex generation in these structures is too low to allow ensem-
ble measurements. The reliable generation process proposed and demonstrated in
this section makes use of a special shape of the structure and a two-dimensional bias
field sequence to generate the antivortex. In addition, the field sequence is exactly
specified and physically motivated so that it allows for high reproducibility and
adaptability for other sample geometries. The ¢-shaped design, see Fig. 15.6d, fea-
tures three main characteristics that are crucial for the formation process: (i) tapered
wire ends to pin the magnetisation along the wire and to prevent a magnetisation
reversal after the saturation of the structure, (ii) curved segments to reproducibly
create domain walls when saturated radially, and (iii) a wire junction in which the
antivortex will be stabilised.’

The idea of the remagnetisation process is illustrated in Fig. 15.7a. The process
starts with the saturation of the magnetisation in the ¢-shaped structure in-plane
with the saturation field H along the x-axis, see Fig. 15.7a step 1. The coordinate
system is defined by Fig. 15.7b. When the external field is lowered, the magnetisation
aligns along the wires due to the now dominating shape anisotropy and two domain
walls form in the curved segments, see Fig. 15.7a step II. This field amplitude is
denoted as the nucleation field Hy,.. By a quasi-static counter-clockwise rotation of
the in-plane field with a constant amplitude the domain walls are moved through
the curved segments, see Fig. 15.7a II-IV. When both walls reach the wire junction,
the antivortex nucleates, see Fig. 15.7a IV. The external field is then set to zero. The
characterising parameters of such a remagnetisation, i.e. the saturation field Hs, the
nucleation field H,,, and the nucleation field angle 6, cf. Fig. 15.7b, have to be

1Figures 15.6,15.7, 15.9, 15.10, and 15.11 reprinted from M. Pues, M. Martens, T. Kamionka, and
G. Meier, Applied Physics Letters 116, 162404 (2012), with the permission of AIP Publishing.
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Fig. 15.7 a Schematic remagnetisation process of the p-shaped structure: 1. Saturation, II. domain-
wall formation, III. domain-wall propagation driven by a quasi-static rotating magnetic field,
IV. antivortex nucleation in the wire junction. b Polar graph of external in-plane fields used. An
exemplary sequence of field steps for the remagnetisation process is shown

adjusted depending on the thickness, the wire width, and the edge roughness of each
investigated structure.

The remagnetisation process is tested by means of micromagnetic simulations, as
well as full field X-ray transmission microscopy performed at the Advanced Light
Source (XM-1, beamline 6.1.2.) in Berkeley, CA, USA. In the simulation, the Gilbert
damping is set to a = 0.5. The high damping value is used as only the relaxed mag-
netisation states for the different bias fields are of interest, here. This and choosing
a structure with a wire width of 0.5 mm, which is the size of the smallest experi-
mentally analysed structures, reduces the computing time significantly. The height
of the structure is 50 nm and the mesh cell size is 5 x 5 x 12.5 nm?. The simulation
starts from a parametrised homogeneous magnetisation parallel to the x-axis and an
external field of 80 mT in the same direction. Subsequently, the bias field is reduced
to 20mT in four steps and then in nine steps to the nucleation field o Hyye = 8mT.
The nucleation field is then rotated in steps of A = 10°. For the microscopy inves-
tigations, structures with two curved arms were used, see transmission X-ray micro-
graphs in Fig. 15.8, for a more symmetric environment of the wire junction and to
be able to investigate more domain walls within one microstructure. The elements
have a wire width of 1 mm and a film thickness of 30 nm. To be able to achieve an
in-plane contrast, the samples are tilted by 30° with respect to the X-ray beam path.
The elements are tilted by —22.5° in the plane with respect to the simulation in order
to identify all four domains of the antivortex unequivocally when it is nucleated,
cf. Fig. 15.8f, 1. To depict the remagnetisation process the external field is set to the
nucleation field strength after saturation at 100 mT in the x-direction and then rotated
in-plane by steps of A = 22.5°. When decreasing the external field from saturation
to the nucleation field, vortex domain walls form in the curved wire segments, see
Fig. 15.8a, g. With the rotation of the external field, the domain walls move along
the curved wire segments as expected. Different rotation angles are necessary in the
simulation and the experimental microstructure, which can be explained by pinning
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Fig. 15.8 Comparison of the simulated remagnetisation process (a)—(f) and transmission X-ray
micrographs (g)—(1). Snapshots of the nucleation process for selected field angles are shown. The
last images (f) and (I) show the stabilised antivortex. The nucleation fields are ji Hyye = 8 and
3mT, respectively. The greyscale represents the x magnetisation in both image sets. The element
is tilted deliberately by —22.5° for the transmission microscopy samples to identify the antivortex
unequivocally

of the domain walls at edge roughnesses on the wire walls and impurities within the
wire. The vortex wall in the upper left arm moves into the junction, see Fig. 15.8c
and (i), and forms an elongated 180° domain wall. From this wall, the antivortex
nucleates, see Fig. 15.8d, and with the other vortex wall being pushed into the junc-
tion, the remaining vortices move towards the edges of the junction and annihilate.
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(a)

Fig. 15.9 Depiction of vortex domain walls in the curved wire segments by a micromagnetic
simulation and b magnetic force microscopy. The greyscale in a represents the divergence of the
magnetisation to be comparable with the MFM image. The nucleation fields are pig Hpye = 8 mT
and 5 mT, respectively

Finally in Fig. 15.8f, 1 the relaxed magnetisation constitutes an isolated antivortex
that is stabilised in the wire junction.

The vortex walls can have either chiralities, showing no effect on the success
of the remagnetisation process, which can be seen in the direct comparison of the
simulated state and a magnetic force micrograph, see Fig. 15.9a, b. The magnetic
force micrograph is recorded in an external field of 5SmT along the x-direction. Note
that this and the following MFM images represent the first scan on that position
after the saturation or remagnetisation. Thus the absence of characteristic lines in
the micrographs due to a change of the magnetisation during the scan indicates a
negligible influence of the magnetic tip on the magnetisation.

For a statistical analysis of the success of the remagnetisation process, arrays of
identical structures were investigated with magnetic force microscopy. The array
of structures in Fig. 15.10a are scanned after a remagnetisation with the parame-
ters poH; = 100mT and g Hyye = SmT. The maximum rotation angle is = 135°.
The external magnetic field is generated with a pair of Helmholtz coils surround-
ing the microscope and a manual rotation of the sample. The micrograph shows
that an antivortex could be generated in all 25 structures. Since the remagnetisation
process determines the direction of the magnetisation in the wires of the junction,
thus dictating the orientation or c-value [2] of the antivortex, a remagnetisation with
a negative saturation and nucleation field leads to the opposite orientation of the
generated antivortex. With the fixed orientation of the structure to the chosen coor-
dinate system, a remagnetisation with positive field amplitudes leads to c = —1, see
Fig.15.10b, and with negative field amplitudes to ¢ = +1, see Fig.15.10c. If the
wire width w of the structure is varied, different nucleation fields are required to
ensure a successful antivortex generationx . Detailed MFM analyses like depicted
in Fig. 15.10 of further arrays of 25 to 36 identical structures with wire widths from
0.5 to 1.4 wm reveal the expected influence of w and H,y,. on the probability of suc-
cessful antivortex generation, see Fig. 15.10d, which can be understood as follows.
With higher nucleation fields the probability increases because the field is then strong
enough to overcome a pinning due to edge roughness and move the domain walls
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Fig. 15.10 a Magnetic force micrograph of an array of 25 (-shaped structures after a remag-
netisation process. All structures are in the antivortex state. Selected structures with antivortices
of opposite orientations: b ¢ = —1 and ¢ ¢ = +1. d Probability of a successful remagnetisation
process for different nucleation fields and wire widths for an element height of 50 nm. Lines are
guides to the eye

along the curved segments. The edge roughness is independent of w. Therefore, the
ratio of the edge roughness to wire width becomes higher for smaller w. This results
in a stronger pinning, explaining the higher fields necessary for successful antivortex
generation for structures with smaller w. Note that the antivortex remagnetisation
process is no longer successful for nucleation field strengths exceeding circa 10mT,
depending on the wire width.

The antivortex nucleation process has been investigated in detail showing how the
manipulation of transient states of domain walls and vortices results in the desired
antivortex state with a negative winding number of n = —1. The investigations reveal
the reliability of the method for antivortex generation in ¢-shaped structures with
two-dimensional homogeneous in-plane fields. The antivortex-nucleation routine can
now be used for spectroscopy, transport and X-ray microscopy measurements.
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Fig. 15.11 Vector fields with winding numbersan = —1,bn = —2, and ¢ n = —3, all having an
orientation of ¢ = —1. d Magnetic force micrograph of two structures stabilising a magnetisation
configuration in the junction with a total winding number of n = —2. The insets show the domain
patterns within the junctions. Antivortices are indicated by circles, vortices by dots

15.4 Higher Winding Numbers

The method to control the magnetisation in curved nanowires with rotating in-plane
fields can also be used to create even more complex domain patterns than antivortices.
Magnetisation vector fields with decreasing winding numbers n exhibit increasing
numbers of alternating magnetic poles around the centre, see Fig.15.11a—c. Two
structures designed so as to stabilise a hypothetical singularity with n = —2 are
depicted in Fig. 15.11d. Before scanning the structures with a film thickness of 50nm
and a wire width of w = 1.0 pm, they were remagnetised with a similar field sequence
as the p-structures with the parameters pgH; = 100mT, poHy,e = SmT, and 6 =
360°. The micrograph shows that the total winding number of the wire junction is in
fact ny, = —2. This is realised by the known stable singularities, by a vortex with
n = +1, surrounded by three antivortices with n = —1. The chirality of the centered
vortex is different in the two structures, resulting in a mirrored domain pattern, but
not affecting the overall orientation.
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Fig. 15.12 a Total energy of antivortex or domain wall states obtained by micromagnetic simula-
tions in infinity structures of different thickness. The two domain-wall states and the antivortex: b—
d Simulated in a 50 nm thick infinity structure, and e-g measured by X-ray transmission microscopy
in 30 nm thick symmetric o-structures. Contrast shows the magnetisation in x-direction

15.5 Thickness Dependence

With the remagnetisation method discussed above an investigation of the thickness
dependence of the antivortex and the opposing magnetic configuration, a 180° domain
wall, is possible. A comparison of the total energy of the states obtained by micro-
magnetic simulations of infinity structures for film thicknesses of 5-60nm shows
that the domain wall can only be stabilised in elements with a thickness of up to
35nm and transforms into an antivortex for a thicker element. The two domain wall
configurations, see Fig. 15.12b, ¢, are nearly equal in energy, whereas the antivortex
is always lower in energy, see Fig.15.12a. As the simulations test only the static
stability of predefined magnetic configurations, no direct conclusion can be drawn
from the energy comparison to the probability of finding any of the different states
in real elements, e.g. in the investigations by Bocklage et al. in [16], reporting an
observation of a domain wall in a 20 nm thick infinity structure. Therefore, samples
of symmetric yp-elements with thicknesses of 10, 20, 30, and 40 nm are investigated
by full field transmission X-ray microscopy. The remagnetisation process is analysed
for different nucleation fields, as well as the resulting magnetic states for the desired
arm magnetisation. For the 10 and 20 nm samples only domain walls of both orien-
tations can be observed, whereas for 30 nm, all three states occur, see Fig. 15.12e—g,
cf. with (b)—(d). For 40 nm, only antivortices are generated by the remagnetisation
sequence. This means that the domain wall is the dominant state for the used genera-
tion process for film heights up to 30 nm although it is higher in energy. Domain wall
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Fig. 15.13 Simulated antivortices for thicknesses a 25nm, b 55nm, and ¢ 70nm. Since the z-
component is small for the thinner samples the colour scales are adjusted to 5, 25, and 50% M. The
lower row shows scanning transmission X-ray micrographs of a 55nm and a 70 nm thick structure
at normal incidence

states cannot be found for thicker samples, as also indicated by the micromagnetic
simulations, cf. shaded areas in Fig. 15.12a.

The upper thickness limit for antivortices is reached at 70 nm, where the four 90°
domain walls from the kinks of the wire junction to the antivortex residing in the
centre change from pure Néel walls to more complex walls. This can be seen in the
change of the magnetisation pattern surrounding the antivortex core, simulated for
different film heights, see Fig. 15.13. For thin films, the core is surrounded by a nearly
circular region that points in an antiparallel direction to the core magnetisation out
of the film plane. This ring divides into four distinguishable dips for 55nm thick
samples, as measured by scanning transmission X-ray microscopy at the MAXY-
MUS microscope of the BESSY II synchrotron in Berlin, Germany, see Fig. 15.13b.
In direct proximity to the antivortex core, the 90° domain walls become Bloch like.
For film heights above 65 nm the symmetry changes drastically, see Fig. 15.13c. The
out-of-plane rotation of the domain walls becomes much more prominent and also
two opposing domain walls change the sign of their z-magnetisation and fuse with the
now parallel antivortex core. In this case the magnetic microstructure will no longer
behave like a single 2D oscillator, as the antivortex or the vortex. No gyrational mode
can be excited, but instead the antivortex performs a much more complex trajectory,
since each domain wall itself is excited by the external fields. Moreover, the radius of
the trajectory is decreased significantly. Consequently this analysis yields an optimal
film thickness for isolated antivortices in permalloy from 40 to 60 nm.

15.6 Antivortices Influenced by Static and Dynamic
External Magnetic Fields

With the method for antivortex generation proven to be reliable, the dynamics of
isolated antivortices can be investigated spectroscopically by scalar network analy-
sis. The influence of varying the exciting- and the static bias field on the gyrotropic
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Fig. 15.14 Combined
atomic and magnetic force
micrograph of two ¢-shaped
permalloy microstructures
overlaid by a copper stripline
for high-frequency
absorption measurements.
The magnetic information
shows an antivortex state in
each structure

eigenmode of the antivortex is presented and discussed in the following. The spectro-
scopic measurements are complemented by magneto-resistance measurements and
micromagnetic simulations [17].2

The resonance frequency of the gyrotropic eigenmode of isolated antivortices is
determined by means of absorption spectroscopy. Figure 15.14 shows two ¢ struc-
tures of the ensemble, containing typically hundred antivortices, and the overlaying
stripline, which generates the exciting Oersted field. A typical Lorentzian absorp-
tion spectrum for the antivortex ensemble is shown in Fig. 15.15b, with a resonance
frequency of fi.s = 169 MHz. This frequency is approximately 40% lower than the
resonance frequency of a vortex confined in a square-shaped element with the same
film thickness and an edge length comparable to the wire width [20]. The lower
frequency indicates a weaker confining potential if the antivortex is considered as a
rigid quasiparticle as it is successfully done for vortices [21]. Absorption spectra for
varying excitation power and thus for increasing Oersted field excitation are depicted
in Fig. 15.15a. Three regions can be distinguished: (1) linear gyrotropic motion, (2)
non-linear gyrotropic motion, and (3) continuous switching of the antivortex polarity.
In regime (3) the cone-shaped absorption signal is caused by the continuous switch-
ing processes. For low excitation powers in regime (1), the resonance frequency is
rather constant. The gyration of the antivortex can be described as a rigid quasipar-
ticle in a nearly parabolic potential [19]. If the excitation power is increased, the
resonance frequency drops significantly by about 20% in regime (2). In addition to
the frequency drop, an asymmetric absorption curve can be observed in this non-
linear regime, see Fig. 15.15¢c. This asymmetry has also been reported for numerical
simulations and measurements of resonance curves of vortices by Drews et al. in [18].
The core switching regime (3) is reached at po Hyy = 3 mT, indicated by the charac-
teristic cone shaped signal [22] above 3 mT. The Oersted field to induce antivortex
core switching is about six times the field strength needed to induce core switching

2Figures 15.15, 15.16, 15.18, 15.19, 15.20, 15.21, and 15.22 reprinted from M. Pues, M. Martens,
and G. Meier, Journal of Applied Physics 116, 153903 (2014), with the permission of AIP Publishing
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in a similar setup for vortices [20, 22]. The continuous switching of the polarity of
the core is possible, since the linear excitation by the stripline can couple to both
the clockwise and the counter-clockwise eigenmode of the antivortex. This is in
contrast to the excitation by rotational Oersted fields [13] or rotational spin currents
[15]. The absorption signal is reduced for strong excitation fields above 3mT near
the resonance frequency, which can be explained by the instability of the antivortex
state, see Fig. 15.15d. If the antivortex switches its core polarisation multiple times
at high-gyration radii, there is a probability that it moves away from the equilibrium
position in the middle of the wire junction into one of the arms and is destroyed there.
Since the absorption measurement is a time-integrating method, this process does
not contribute to the ensemble signal. For vortices in discs, these considerations are
irrelevant, since the vortex state is the energetically favoured state. Consequently,
even if a vortex is destroyed, it will recover shortly after and will again contribute to
the absorption signal.

15.7 Bias Field Dependence

To probe the confining potential of the antivortex, a static magnetic in-plane field
is applied in eight different directions, H. (®), in order to deflect the antivortex
from the centre of the wire junction. Since the generation process of the antivortices
determines the orientation of all antivortices in the ensemble, see Sect. 15.3, a single
deflection direction of the whole ensemble can be ensured. An orientation of c = —1
is chosen for all measurements. A detailed description of the shift of the energy
minimum due to this Zeeman field for vortices has been presented by Langner et al.
in [23]. For the absorption spectroscopy a low excitation field in the harmonic regime
of poHne = 0.3mT is chosen, see Fig. 15.16. The resonance frequency dependence
of the static bias field Hex(®) shows a different behaviour for different field angles
as well as a varying annihilation field H,,(®) of the antivortices. At the annihilation
field the antivortex is pushed out of the wire junction and consequently the absorption
signal vanishes. Three types of frequency shifts can be distinguished. The frequency
shift labelled (I) exhibits a small drop in the resonance frequency of 6 MHz, which
corresponds to about 4%, as well as a decrease in the absorption. The annihilation field
is around 2 mT. The second type (II) is characterised by a similarly small annihilation
field, but shows a frequency increase of about 33MHz (20%) with an increase of
the absorption signal for bias field values close to the annihilation field. The third
type (IIT) has relatively high annihilation fields of up to 8 mT and the resonance
frequency rises about 25 MHz (15%). The small annihilation fields of antivortices in
comparison to annihilation fields of vortices of about 35 mT [20] indicate again the
comparably shallow potential, which confines the antivortex within the wire junction.
Moreover, the anisotropy of the annihilation fields and the frequency shifts show a
strong influence of the wire arms and the asymmetry of the confining structure on
the antivortex.
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Fig. 15.17 Dependence of the free resonance frequency of the antivortex on a static in-plane bias
field obtained by micromagnetic simulations. The frequency shift is nearly constant for every field
angle, contrary to the experimental results. The change in frequency only deviates from the other
curves for the field angle 6 = 45° (red circles), when the antivortex is pushed into the straight arm

This complex resonance frequency dependence cannot be reproduced by micro-
magnetic simulations, cf. Figs. 15.16 and 15.17. To be able to achieve results for the
eight different bias field angles within reasonable computation times, only the free
gyration frequency is determined for the deflected antivortex. This may also give
an explanation for the discrepancy to the experimental spectroscopy results. The
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Fig. 15.18 a Scanning electron micrograph of a ¢-shaped structure with Au contact leads for
resistance measurements. b Scheme of a deflected antivortex. The triangularly shaped domains are
denoted as parallel or perpendicular to the current flow. ¢ Combined atomic and magnetic force
micrograph of a contacted y-structure containing an antivortex with an orientation of ¢ = —1. For
the MR measurements presented here, the structure with two contacts shown in a is used

simulations yield a uniform drop of the free gyration frequency for every bias field
angle of about 23 MHz (18%). Only when pushed into the straight arm, the frequency
shift differs slightly from the shifts caused by a bias field in the other directions, see
Fig.15.17.

To compare the drastic asymmetry of the annihilation field for gyrating antivortices
with the annihilation fields for a static antivortex, magneto-resistance measurements
are performed, see Fig. 15.19. The resistance of the wire junction of the ¢-structure in
saturation parallel to the current flow direction, indicated in Fig. 15.18a, is compared
to the resistance after the antivortex generation and application of the bias in-plane
field with angle ®. This procedure is done for each data point, thus abrupt changes
is the signal reveal the annihilation field of the antivortex for the corresponding
bias field closest to zero fields in the MR signal. The following assumption leads
to the identification of the antivortex state in the magneto-resistance signal: The
magnetisation pattern of the antivortex consists of four triangularly shaped uniformly
magnetised domains, see Fig. 15.18b, c. When a homogeneous current flows between
the contact leads, a constant magnetisation within the wire arms, and no deformation
of the 90° domain walls is assumed, the MR signal is expected to be constant to a good
approximation for a deflected antivortex. Figure 15.19 shows this expected behaviour
for the deflected antivortex state. The MR signal jumps from a nearly constant plateau
to a MR signal indicating a magnetisation diagonal, perpendicular, or parallel to the
current flow, see insets in Fig. 15.19. For some field angles the annihilation of the
antivortex is followed by additional step-like transitions most likely due to sudden
depinning processes of domain walls from the corners of the junction. As every data
point represents a whole field sweep starting after an antivortex nucleation from zero
field to either positive or negative field values, the smooth field dependence of the
MR signal for each field angle indicates both a successful antivortex nucleation for
every data point and a single path for the expulsion of the antivortex. The annihilation
fields range from 7.2 to 12.7 mT and show a similar but much less distinct asymmetry
compared to those derived from the absorption measurements, see Fig. 15.20a.
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micromagnetic simulations, and high-frequency absorption measurements are shown. b Sketch of
a ¢-shaped structure. A deflection of the antivortex into one of the marked regions corresponds to
the resonance frequency shift types from Fig. 15.16

15.8 Annihilation Process

Analogous to the MR measurements, micromagnetic simulations are performed,
where the deflection of the antivortex by a quasi-static in-plane field Hey(®) for
eight different field angles as well as the free gyration frequency of the deflected
antivortex is investigated. The simulated element is mapped from a scanning electron
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the indicated angle. The different annihilation processes (Vam, Vbw, and AV, ) for each angle are
explained in the text. b Distance from the equilibrium position at zero field of the antivortex core
depending on the bias field obtained by micromagnetic simulations

micrograph of a real element, ensuring the same dimensions and edge roughness. The
annihilation fields derived from these simulations match the ones determined by the
MR measurements, see Fig. 15.20a. Furthermore, the simulations give a deep insight
in the deflection behaviour of the antivortex, as well as in the annihilation process for
different field directions. Figure 15.21b shows the core deflection distance from its
equilibrium position for all fields with a minimal deflection of ry,;, = 142nm and a
maximal deflection of ry,,x = 255nm. A linear dependence of the core deflection on
the external field with a slope of 14.6 nm/mT can be found up to about 5 mT, indicating
the parabolic confining potential. For higher field strengths the slope increases up to
the annihilation of the antivortex. This increase shows that the confining potential
becomes shallower once the antivortex is pushed into the arms, which is contrary to
the behaviour of isolated vortices. A vortex is confined in a closed microstructure
like a disc or a square, resulting in a deviation from the parabolic confining potential
near the boundary of the structure. Thus a vortex needs much stronger fields to be
pushed towards the boundaries of the structure [18, 23, 24]. In the graph showing
the core position for all field strengths and angles, see Fig. 15.21a, another effect of
the open junction can be seen. For field strengths in the linear regime up to SmT,
cf. Fig. 15.21b, the displacement of the core follows a fixed angle. This azimuth
angle [y to the new equilibrium position of the core can be generally derived by
Bo =n(® + 71— Oy) = n(® + ™ — cmw/2), taking a rotational symmetric potential
and the Zeeman energy into account. Here, the antivortex with a winding number
[25] of n = —1 and the fixed orientation of ¢ = —1 yields fy = —® — 37/2. At
certain field strengths the core deflection deviates from this direction, mostly for the
deflection into the arms. This can be attributed to the depinning of the 90° domain
walls from the corners of the wire junction, see Fig. 15.22d, and a deformation of the
walls. Moreover, for high field strengths the magnetisation within the arms, whose
magnetisation points antiparallel to the external field, starts to bend in a zig-zag
fashion, leading to the deflection of the core away from the centre of the arm. This
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Fig. 15.22 a-c Sequence of the simulated annihilation process of the antivortex with an orientation
of c = —1 by astatic external field of pio Hexy = 11 mT in x-direction. a A 180° domain wall forms in
a curved segment of the -shaped structure. b A vortex nucleates from the domain wall. ¢ The upper
90° domain wall of the antivortex detaches from the corner of the wire junction forming another
vortex. This vortex moves to the centre of the junction and both the vortex and the antivortex are
annihilated. d—f Sequence of the annihilation of the antivortex at pi9 Hexy = 14mT in y-direction.
d The upper and lower 90° domain walls are no longer pinned at the respective corner and start
moving into the arms. e The antivortex moves to the right corner and is annihilated there. Two edge
defects are formed, that move further into the wire. The numbers denote the winding number of the
respective magnetisation pattern

behaviour is not described by a simple rigid quasiparticle model of the antivortex,
where the antivortex is confined in a parabolic potential. An extension of the parabolic
potential to describe the deviation of the potential towards the boundaries of the
structure has been done for vortices in squares [23], but for antivortices this approach
poses several difficulties. For antivortices in (-shaped structures the potential is
highly anisotropic, whereas for vortices in squares only two different field directions
have to be considered, i.e. towards the edge of the square and diagonally.

Similar shifts of the resonance frequency of the antivortex can be found for adja-
cent field angles and considering the deflection angle of the antivortex core caused
by the external field reveals the influence of the p-shaped structure on the confining
potential, see Fig. 15.20b, even though the wire junction in which the antivortex is
confined is completely rectangular. Thus a much more complex potential confines
the antivortex.
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An analysis of the antivortex annihilation for each field angle ® reveals three
different processes, as indicated in Fig.15.21a. In Fig.15.22 two of these anni-
hilation processes are examplarily shown in the micromagnetic simulations for
field angles of ® = 0° in Fig. 15.22a—c, and 90° in (d)—(f). At an external field of
1o Hex (0°) = 11 mT, the magnetisation in the upper right curved wire folds, forming
a 180° domain wall, see Fig. 15.22a. From this wall a vortex nucleates and a domain
that no longer points antiparallel to the external field is created, see Fig. 15.22b. This
tilts the magnetisation in the upper right arm and destabilises the upper 90° domain
wall of the antivortex. It detaches from the corner of the junction and another vortex
nucleates from the former domain wall. The new vortex moves towards the antivortex
and both are annihilated, see Fig. 15.22c. This process is labelled V., in Fig. 15.21a
since the annihilation of the antivortex starts with the creation of a vortex in a wire
arm. The second process, labelled Vpw, is similar, but a 90° domain wall of the
antivortex detaches from the corner of the junction via a vortex nucleation without a
preceding vortex nucleation in a curvature of the structure. The third process, AV,
is only observed for a bias field in y-direction. The upper and lower domain walls
of the antivortex depin from the corners, but are still attached to the boundary of
the structure, see Fig. 15.22d. The domain walls and the antivortex start moving to
the right until the antivortex core reaches the right corner of the wire junction, see
Fig. 15.22e. Here the antivortex is annihilated and two edge defects [25] form, which
move further along the inner boundary of the curved wire. Similarly, edge defects
are generated when a vortex nucleates in the other processes described above. The
magnetic texture of these edge defects can be described by half integer winding num-
bers n = 1/2. When taking all magnetic defects that are generated or annihilated
during the annihilation of the antivortex into account, it can be observed that the
sum of the winding numbers of the whole structure remains ng,, = —1, the same
as the initial antivortex. This holds for all bias field angles up to the maximum field
strength of 15mT in the simulation. The different annihilation processes exhibit no
special symmetry that can be found in the ¢-shaped structure, cf. Figs. 15.20b and
15.21a, but give a possible explanation of the anisotropy of the measured annihi-
lation fields. For most cases, the antivortex is not pushed to the boundary of the
wire junction and destroyed there, but its magnetic texture is distorted by changes
of the magnetisation far from the antivortex. The annihilation processes for the real
element may differ from the ones observed in the simulations, however a possible
diversity in the annihilation mechanism is revealed. Thus it cannot be distinguished
in the absorption and magneto-resistance measurements, if the annihilation field of
the antivortex is measured or a field at which the magnetisation is reversed at some
point in the ¢-shaped structure by the external field as in the V., process.

The annihilation fields determined by MR measurements and micromagnetic sim-
ulations for a static antivortex are in good agreement, but the results from absorption
spectroscopy, where the antivortex is gyrating at the resonance frequency, exhibit
much smaller fields, see Fig. 15.20a. This discrepancy may not be attributed to high
gyration radii and an expulsion of the antivortex from the decentred equilibrium
position at a certain bias field. An estimation of the gyration radius rgy, can be done
by results from transmission X-ray microscopy on antivortices in elements with
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comparable dimensions [13, 15]. In these works maximal gyration radii of 95 to
115nm at 140 and 120 MHz, respectively, are measured before core switching starts.
Assuming a similar switching threshold for the structures presented here and a linear
dependence of the gyration radius on the excitation field Hy¢, the radius rgy, can be
estimated to be about 10 nm, a tenth of the maximal radius.

The displacement for the lowest annihilation field for the absorption measure-
ments with pg Hy, (180°) = 1.4mT can be deduced from the simulations, where the
constant deflection rate yields a displacement of the equilibrium position for this field
of about 20 nm. The maximal displacement for a gyrating antivortex at this position
can thus be estimated to be under 30 nm away from the centre of the wire junction,
whereas it can be deflected up to 142 nm in the static case. Consequently, the reduced
annihilation fields for the deflection of an excited antivortex cannot be attributed to
the gyration radius of the antivortex, but rather to a reduction of the activation fields
of the above described processes of domain wall depinning and vortex nucleation
by the high-frequency field. A similar reduction of the switching field of a nanopar-
ticle by radio-frequency field pulses is described by Thirion et al. in [26]. Thus the
maximal gyration radius of about 100 nm before core switching starts, derived from
the transmission X-ray microscopy results in [13, 15], and the minimal deflection
distance of 142 nm for the static antivortex annihilation obtained by micromagnetic
simulations (Fig. 15.21b) could explain the drastic decrease in the absorption signal
for increasing excitation fields in the core switching regime, shown in Fig. 15.15a.
It supports the above-mentioned hypothesis of an antivortex destruction for strong
excitation fields and high gyration radii.>

Another comparison of the antivortex and the vortex can be made concerning
the critical velocity needed for core switching. For vortices, a critical switching
velocity veqy = 277 f.s was found by analytical and micromagnetic calculations [27]
to be 320 m/s for vortices in discs or 250 m/s for vortices in squares by absorption
measurements [22, 28]. The squares have comparable dimensions as the wire widths
and thicknesses of the structures that stabilise the antivortex. The vortices in these
squares exhibit a resonance frequency of 320 MHz and thus reach a gyration radius
of about 124 nm at the critical velocity. The microscopy results for antivortices yield
a much lower critical velocity of about 85 m/s at the comparable radii of 95nm to
115nm.

15.9 Conclusion

The gyrotropic eigenmode of isolated antivortices has been measured by high-
frequency absorption spectroscopy for a varying excitation field strength in the linear,
the non-linear and the core switching regime. The behaviour of isolated antivortices
is similar to the one of excited vortices. When comparing antivortices with vortices

3In the transmission X-ray microscopy investigations in [13, 15] the disappearance of the antivortex
core after several switching processes was occasionally observed.
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of similar dimensions, the gyrotropic mode of the antivortex has a lower resonance
frequency. To induce core switching, the antivortex needs to be exposed to a much
stronger excitation field than the vortex. Deviations from a confining harmonic poten-
tial of the antivortex due to a static in-plane field have been demonstrated by the shift
of the resonance frequency in the absorption measurements. To complement the
anisotropy of the annihilation fields found in the absorption spectroscopy, magneto-
resistance measurements as well as micromagnetic simulations have been discussed.
While the annihilation fields determined from the MR measurements and the simula-
tions without an excitation of the antivortex match quite well, the annihilation fields
drop about 50% for the absorption spectroscopy, where the antivortex is excited.
Moreover, a much more distinct anisotropy of the annihilation can be found for the
excited state. It is demonstrated by means of micromagnetic simulations that for
some field angles the annihilation of the antivortex is caused by a rotation of the
magnetisation within an arm of the structure far away from the antivortex itself, thus
destabilising the antivortex. These results show that a simple quasi-particle descrip-
tion for the antivortex is no longer applicable for the case of a strong excitation and
an additional deflection of the equilibrium position by a static field.
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Chapter 16 )
Nonequilibrium Quantum Dynamics e
of Current-Driven Magnetic Domain

Walls and Skyrmions

Martin Stier and Michael Thorwart

Abstract Magnetic textures in solid-state nanostructures can be manipulated by
an applied electrical current and are thus promising candidates for new classes of
electronic devices. The manipulation of a magnetization texture occurs via a spin
torque exerted by the spin-polarized current on the local magnetic moments. We
present different approaches how to calculate this spin torque under nonequilibrium
conditions. In particular, we generalize the conventional approach to calculate the
spin torque to treat magnetic structures which have a large spatial gradient (steep
structures). We discuss this for the case of ferromagnetic domain walls and show
how their chirality can be switched by an external spin-orbit torque. Besides domain
walls, we also investigate the dynamics of two-dimensional ferromagnetic skyrmions
and derive an equation of motion for the skyrmion’s topological charge density. By
this equation we are able to explain the current-induced creation of neutral skyrmion-
antiskyrmion pairs which can be used for the production of stable skyrmions after
the antiskyrmion partner has disappeared due to dissipation.

16.1 Introduction

Magnetism has been used in information technology for decades. A major step in
miniaturization was often accompanied by the discovery of new physical phenomena
as for example the giant magnetoresistance [1-3]. This allowed for a reduction of the
size of the reading head in a hard drive. The required manipulation of the magnetic
domain by a magnetic field, however, sets a physical limit to further reducing the size
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of the domains. To circumvent this principal limitation, applied electrical currents
can also be used to manipulate the magnetization of a nanostructure, e.g., by moving
magnetic domain walls (DWs). This concept also leads to current-based magnetic
storage devices in the form of racetrack memories [4]. Since the electrons forming
the charge current also carry a spin, they are able to exert a spin torque on the local
magnetic moments, thus changing the overall magnetization. The dynamics of this
process is commonly described by the Landau-Lifshitz-Gilbert equation (LLG)

on=—ynxBgxr+anxon+T, (16.1)

which describes the temporal change of the normalized magnetization n(x, t) under
the influence of an effective magnetic field B, the Gilbert damping o< o and the
aforementioned current-induced spin torque T. Typical contributions to the spin
torque are the adiabatic and the non-adiabatic spin-transfer torque (STT) [5, 6], but
also include field-like terms which may be caused by spin-orbit interactions (SOI)
in the itinerant electrons [7-9].

In particular, these field-like terms may be used to control the chirality of DWs,
which defines how the magnetization winds within the DW along its longitudinal
direction (cf. Fig. 16.1). In absence of chiral interactions, e.g., if the spin torque is
only formed by the STT, the chirality is of minor importance as no special chirality
is preferred and the DW dynamics is independent of the chirality. However, when a
SOl is present, this symmetry is broken. In fact, with SOI we are able to change the
DW’s chirality [10] by an applied electron current and its dynamics.

Below, we discuss how contributions to the spin torque can be efficiently calcu-
lated analytically. Starting from an expansion in the spatial gradient of the magnetic
texture, we extend the method to an exact calculation of the spin torque. This approach
is particularly valuable for textures with a strong magnetic gradient (“steep”” mag-
netic textures). We use these results to identify conditions under which the chirality
of DWs can be switched all-electronically. Additionally, we show that non-local spin
torques arise which change the dynamics of DWs qualitatively when the magnetic
gradient becomes significant. Chiral (or, non-collinear) interactions are also impor-
tant for ferromagnetic skyrmions which are another important class of magnetic
objects. In particular the Dzyaloshinskii-Moriya interaction (DMI) can stabilize fer-
romagnetic skyrmions under certain conditions which are revealed below. Skyrmions

Fig. 16.1 Néel walls of
different chirality: a negative f / /I
chirality b positive chirality \ \\\

(b) V\‘\‘\\
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have several advantages over DWs. For example, they are comparably stable and less
susceptible to pinning. Consequently, the critical current which is necessary to move
skyrmions is much lower than for DWs. Despite their stability, skyrmions can be effi-
ciently produced by means of an electrical current [11]. In fact, this process occurs
via the creation of a skyrmion-antiskyrmion pair. To show this, we derive a skyrmion
equation of motion for the topological charge density directly. After the creation of
this topologically neutral pair, the antiskyrmion is not stable against dissipation and
vanishes, such that only the skyrmion survives. The skyrmion equation of motion
clearly reveals the general prerequisites of current induced skyrmion creation.

16.2 Model and Equations of Motion

To discuss the principles of the current induced dynamics of magnetic textures, we
investigate model systems which are sufficiently simple but still contain the essentials
of real systems. The Hamiltonian describing such a system in general consists of three
parts, i.e.,

H =H; + H; + Hy, (162)

where H, refers to the part containing only localized electrons in, e.g., d-like bands,
H; only contains the itinerant, current carrying electrons in s-like bands and Hgy
describes the interaction between both types of electrons (cf. Fig. 16.2). In this section
we will mainly discuss the effect of the latter two parts as they directly generate the
spin torque acting on the localized moments. The first part determines the effective
field in the LLG (16.1) via the definition Begy = — %} = % To be specific, the effective
field describing a ferromagnetic DW is given by

Bor = —Jiadin — Kynjey + Kine, . (16.3)

It contains a Heisenberg interaction with interaction strength Ji4 and two anisotropy
terms referring to the hard (K | ) and the easy axis (K ) of the nanostructure.

Fig. 16.2 Schematic picture
of the 1D model system used
to calculate the spin torques.
Itinerant electrons may be
separated into right and left
movers which form the

according spin currents and 1. * + r -
the total spin current density
J. Interaction with the local tttam e ed fid )

magnetic moments (large J
arrows at the bottom) yield
the spin torques ; ‘ \\ 1 1 1
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As we only consider one-dimensional DWs in the following, it is useful to describe
the kinetic part H, in terms of a gas of non-interacting electrons in one dimension.
This is inspired by the Luttinger model which is exact in the low-energy regime and
can be solved exactly even in the presence of electron-electron interaction [12, 13].
The key feature is that the electron dispersion is linearized in the vicinity of the Fermi
edge, such that effectively two types of electrons arise, namely those moving solely
in the right or solely in the left direction. The Hamiltonian reads

Hy = —ihvy / dxc’, (x)Cpo (X)., (16.4)
o,p

where C(pTo)' are the annihilators (creators) of electrons with spin o =1, | which are
moving in the left or right direction (p = L/R = —/+) with the Fermi velocity
v. It turns out that for our purpose of calculating the spin torque, it is beneficial to
rewrite the Luttinger model in its Sugawara form [13] by introducing the spin density
operators

B | -

Jp(x) = E : C}yg(x)o'rr(r’cptr’(x) : (16.5)
with the Pauli matrices o and the colons: - - - : denoting normal ordering. The Hamil-
tonian changes to

Hy=hv)" / dx 23,3, +Henarge (16.6)
P

with an irrelevant charge part which will not contribute to the spin torque. A major
advantage of this new formulation is the possibility of direct definitions of the total
spin densities . .

S=Jr+Jr, (16.7)

and more importantly of the spin current density

J=vdr-J0). (16.8)
Due to the definition in (16.8) we do not need to introduce electric fields to create
current flows which would add rather complicated terms to the calculations [14].

An additional advantage of the Sugawara formulation becomes apparent when we
introduce the sd Hamiltonian

HH,=Asd/dx§-n=Ast/dxjp-n, (16.9)
V4

as both Hamiltonians, H; and Hy, are solely expressed in terms of spin density
operators J,. Thus, it is quite easy to set up the Heisenberg equation of motion
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a3, = —% [j,,, H]_ : (16.10)

when one keeps in mind that the spin density operators in the Sugawara formalism
follow a slightly modified spin algebra [13]

[f;(x), f;(;ﬂ)]i — i[pdy + N8, 0 (x — XY (16.11)
which is the Kac-Moody algebra. A straight-forward calculation yields

E Aq 3 S “rels
(O +vpd), = —#[JP xn+ B(J, — I, (16.12)

where we have added a relaxation term o< § = h/(Ag7) with the relaxation time
T to incorporate non-adiabatic contributions [15] to the time evolution of the spin
density operators. Equation (16.12) effectively represents a continuity equation for
the spin density. The spatial derivative directly evolves from the derivative in the
commutation relation of the Kac-Moody algebra in (16.11). Finding a solution of
(16.12) is the main task, as we immediately obtain the spin torque

Af_:dn x (3) (16.13)

T=-

from it. Strictly speaking, we need to calculate the expectation value of the operator
§ as obviously the spin torque is a classical quantity in the LLG. Equation (16.12),
however, is the same for (J p) as for J » since the operator appears only linearly in
this equation and for convenience, we will only write J, = g p) from now on.

One-dimensional systems also offer the advantage that we can add a SOI in a
straightforward way. We show this for the case of the Rashba SOI which is commonly
expressed by the Hamiltonian

Hrashba = 0r (K x 0) - Z (16.14)
with the Rashba coupling o/, the wave vector k and the vector of the Pauli matrices o
However, in our strict 1D Luttinger-type model we can replace k = (k,, k,, k)T —
(ky, 0,0)T. As we have only left and right movers at the Fermi edge with |k| = kg

(cf. Fig. 16.2) the only possible values k, = =kr remain and the Rashba Hamiltonian
can be simplified to

HRashba = AR ZP/dx Jp ¥, Ar =20gkp. (16.15)
P

This has almost the same form as H,; and we can combine both of them to
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Hyq + Hrashoa = A Zp/dx J, m, (16.16)
P

withm, = n + pagy and ag = Ar/Ay. By this, we obtain the equation of motion

As relax
@ +vp00), = =213, x my + 5T, = I3 (16.17)

which is only slightly different as compared to (16.12).

16.3 Ferromagnetic Chiral Domain Walls

Equipped with the equation of motion, we can solve (16.17) approximately in terms
of a gradient expansion. This is done by the Ansatz

I, =J0m,) + I @m,, om,) + -, (16.18)

where 0, ,m, = 0, ,n. When we insert (16.18) into (16.17) and arrange all the terms
according to their order of the derivative, we get

0=- Asd[JE,O) X m, — g(JLO) _ erelax)]
@ + vp@x)J;O) == Asd[JE,I) xm, — g(J;I) —0)]
=L, (16.19)

This set of equations can be successively solved. To get explicit results, we have to
define the state J;fl‘”‘ to which the spin density tries to relax. Typical choices would
be the stationary state J;fl“x = J* defined by 0,J;* = 0 or a relaxation towards
the local magnetization, i.e., J ;fl“”‘ o n. Even though the explicit choice of J;fla" has
some influence on the results [10, 16], we will not discuss the details here and set
J;flax = jpn. Due to the definition in (16.8), we can fix the spin current density to
vy = v(jg — jr). This can also be expressed in terms of experimental parameters
as vy = PI./(2eMy) with the spin polarity P, the charge current density /., the
elementary charge E and the saturated magnetic moment M.

Equation (16.19) can be solved by elementary algebra and yields, together with
(16.13), the contributions to the spin torque. In zeroth order, we find

A . N
TO — _h_;)dlsak[n X§—pnxmx y)] + O(Oﬁe) . (16.20)

which represent the known field-like and anti-damping-like SOI torques. The first-
order result yields the adiabatic and non-adiabatic STT terms
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T = — [,o,;n 4+ O(a%), (16.21)
T = 3In x d,n+ O(a%), (16.22)

as well as a correction to the field-like torque

I . .
T — —%a%[(n x 0m) - §]n x §+ O(ay) . (16.23)

The higher orders are in principle accessible and would yield further corrections,
but are very tedious to calculate and we will find an exact solution in the next section
anyway. Before we come to that, we next discuss the implications of the field-like
torque on the chirality of the DW.

With the explicit expressions for the spin torque at hand, we can numerically solve
the LLG and with it obtain the dynamics of the system. We choose model parameters
which correspond to the estimated values of Pt/Co/AlO, [17]: A.x = 10~'1J/m,
M; = 1090kA/m, K =092T, K, = 0.03 K|,2ac = 3 = 0.12. In addition, we set
Ay =0.5eV, vp = 10°m/s and the polarity of the spin current P = 1. The easy
axis is in the z-direction and the hard axis in y-direction. Thus, in equilibrium we
have Néel walls with neither chirality favored (cf. Fig. 16.1). When we calculate the
average DW velocity, however, we find differences between the different chiralities
as shown in Fig. 16.3. These differences appear particularly for low current densities.
Intuitively, it is clear that field-like terms prefer a distinct chirality, as they prefer a
certain direction of the magnetization. Thus, it might be more interesting why the
differences disappear for larger current densities, since the SOI torques even increase
with increasing charge current. The explanation for that can be found by inspecting
Fig.16.4.

At low current densities, the DWs with different chiralities both move with a
different, but steady velocity. But as soon as the current density, and with it the SOI
torque, reaches a critical value, it can force the DW with the non-preferred chirality
to overcome the hard axis and switch to the other chirality. In Fig. 16.4, we use the
component of the magnetization in x direction (the easy axis) as a simple quantifier
for that. When the current density increases even further, both chiralities switch
frequently from one to the other. This is nothing but the common Walker breakdown,
which also yields areduction of the velocity in general. Again, no chirality is preferred
in view of the DW velocity. This is even more obvious in Fig. 16.5. Here, we can
identify a relatively large parameter regime where we are able to switch the chirality
of a DW by a charge current. This opens, in principle, the possibility to use the
chirality as an information bit in storage devices. As the SOI torque is proportional
to the current density, we can simply switch the chirality back and forth by reversing
the current direction.
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Fig. 16.3 Average DW velocities vs current density /. and relative Rashba coupling strength ag
for a DW with a chirality C = —1 and b chirality C = +1. Differences between both cases appear,
e.g., the vanishing of the Walker breakdown related velocity drop in (b) for low current densities.
Black arrows in (a) indicate the parameter combinations of {/., g} shown in Fig. 16.4
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Fig. 16.4 DW velocities (left) and magnetization component in the x-direction at the DW center
(right) for three different current densities: a I, = 0.125 x 10"2A/m2,b I. = 0.4 x 102A/m? and
¢ I. = 0.8 x 102A/m?2. The sign of n, (xpw) indicates the (negative) chirality of the DW. Three
scenarios appear: a no switching of the chirality, b a single chirality switching for a positive initial
chirality, and, ¢ alternating chirality switching (and a Walker breakdown). We have set ag = 0.1

0
0 0.5 1

15 5 0
)
IC(IOIZA!m‘)

Fig. 16.5 Velocity difference between DWs of different chirality in dependence of the current
density /. and the relative Rashba coupling ag. At intermediate current densities or large Rashba
couplings an unpreferred chirality is switched to the preferred one. WB indicates the regime of the
Walker breakdown



16 Nonequilibrium Quantum Dynamics of Current-Driven Magnetic ... 333

16.4 Steep Domain Walls

Solving (16.17) by the gradient expansion in Sect. 16.3 shows that higher-order
corrections appear which are proportional to the magnetic gradient [18]. As is it not
feasible to go to arbitrarily high orders in the gradient expansion, this approach is
inappropriate for very steep structures with a large magnetic gradient. To avoid such
an approximation, we follow a different line of reasoning and introduce a new Ansatz
[19] for the spin density according to

Jy =a,(x,)m, + b,(x,1)0,ym, + cp(c, )M, X Opym, , (16.24)

where the bars indicate a normalization of the vectors, i.e., m, =m,/|m,| and
Opym, = 0,»Mm,/|0,Mm,|. Moreover, we have introduced for convenience 9, =
Or + vpOyx. In contrast to the gradient expansion, the prefactors a,, b, and ¢, now
depend on the spatial coordinate and on time. When we insert this Ansatz into (16.17)
and arrange the resulting equation according to the linearly independent parts, we
find a new differential equation in the form

relax

a a a
r r A r

o | b | =4, | b +STdﬁ pretax | | (16.25)
¢, ¢, C;elax

which now has the prefactors a,, b, and ¢, as independent variables. The coefficient
matrix

—AuB/h |0ym,| 0
A, =|—-10pm, —Auf/h —Agmy|/h—g (16.26)
0 Aglm,|/h+g  —AuB/h

also depends on the spatial coordinate and on time via the magnetization and its gra-
dient. Here, we have defined g = [0(,ym, - (m, X afp)ﬁp)]/(a<p)ﬁ,,)2. This equa-
tion has to be solved numerically in the general case. However, we can still find
some trends by analytical considerations. To simplify the discussion, we neglect the
temporal derivatives from now on and set 0,y — vpd,. This approach is not gen-
erally justified for all systems, but still is a good starting point since the Fermi
velocity v is typically much larger than other velocities involved. First, in the
limit of a vanishing gradient, the original results of the gradient expansion are
recovered, which we have shown in [19]. Second, we can determine the eigen-
values of the coefficient matrix A, as & = —fAyq/(w) and &4 = [-BAg
i\/(Asd Im,| + ¢)? + (hvd,|m,|)?]/(hv). When we assume this magnetic gradient to
be small, i.e., (AvO,|m, N? « Afd, we can expect that the solutions of (16.25) do not
differ so much from the solutions with A, = const. Thus, we would expect a solution
o exp(&;x). As all eigenvalues &; have areal part Re§; = —FAgq/(hv), we can further
expect auniversal damping length of xgamp = hv/(8As). Moreover, two of the eigen-
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Fig. 16.6 Spin density of the current (dark arrows) flowing over a DW (light gray arrows) for (a)
a smooth and (b) a steep DW. For steep DWs, the spin density cannot follow the DW’s magneti-
zation adiabatically. This results in a change of (c) the field-like torque Hg = Hg(x, 1)y, (d) the
adiabatic STT T4 = T2 (x, 1)d,n/|dxn|, and the non-adiabatic STT Tren—ad — gnon—ad(, "y
Oyn/|0yn| depending on the distance x from the DW center and the DW width A. In each of the
graphs (c) to (e), two curves (solid lines) are shown for the DW widths A\/xosc = 1.7, 5.7, which
are vertically shifted to highlight the oscillatory behavior of the torques. We have used the relative
Rashba coupling strength ag = 0.4 and choose 5 = 0.2 = 2«

values have an imaginary partof Im 1. = £./(Aqlm,| + ¢)* + (Avd;|m,[)2]/ (hv)
~ +Ay/(hv). Hence, we can expect oscillations of at least parts of the solutions
with an oscillation length of around 27x5,, = 2mhv/Ay. However, this oscillation
length will become large for very steep structures.

Using the same parameters as in the last section, we can confirm the previ-
ous qualitative arguments by the numerical results shown in Fig.16.6. The DW

width A = ,/J/K| is changed by setting J = A\J® and K = K‘(‘O)/)\ with the ratio
JO/K ﬁo) = 1. The results of the spin torque can be directly calculated from the

solutions of (16.25) by T = — Agdn X S to

T=3 [10,)8m + T, )n x 90| — Hy(ap by x §. (16.27)

v=x,t

Note that we use a slightly different definition of the STT which is proportional
to the normalized derivative, e.g., T = T;‘daxn instead of the non-normalized one
Tad = f‘fdaxn. This is because the prefactors in the latter, conventional definition
would diverge, even though the total STT would stay finite [19]. Another issue is
that the anti-damping SOI torque seem to be missing. In fact, this is not the case,
but these terms are hidden in the other contributions. The spin torque is a three-
dimensional quantity in spin space, which means that it can be described by three
basis vectors. We can choose as a complete basis set n, d,n and n x 0,n. Since T is
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Yow (m/s)
§

Fig. 16.7 Average velocity of a DW depending on the DW width A and the current density /..
Because we have chosen 3 = 0, we recover the typical intrinsic pinning of the DW at low current
densities. However, this only occurs for smooth DWs. In contrast, we find for steep textures the
typical velocity dependence connected to a Walker breakdown, i.e., a large increase of the velocity
with increasing /. and a sudden drop of the velocity at a certain critical current density. This can
be traced back to a new contribution to the 5 parameter due to the precession of the spin current
density, as shown in [19]. The Rashba interaction is set to zero for the case shown in this figure

perpendicular to n, we actually only need O,n and n x J,n. Thus, the expression in
(16.27) is already overcomplete and the contribution of the Rashba field Hgn x ¥ is
only present for a more convenient physical interpretation.

From the results of Fig.16.6 we recover the analytical prediction. For steeper
textures, i.e., for decreasing DW widths, we find spatial oscillations of the STT with
a period of Ax.. They are damped on a length scale of Xgamp = Xosc//3. This is con-
nected to a damped precession of the spin current density around the magnetization
n, which becomes only apparent when the DW width is smaller than the damping
length. Obviously, this nonlocal spin torque changes the dynamics of steep DWs
compared to smoother ones. This is perhaps best seen when considering the ratio
Tronad y7ad — 3* which is commonly used to determine the 3 parameter [20]. First,
this effective 5* is now space dependent such as the torque itself. Second, we can
define an averaged 3* which increases for decreasing DW width. This adds to the
conventional nonadiabatic 3 parameter which we put into (16.17) in the beginning.
Even for an originally vanishing 3 = 0, there would be an effective non-zero (5*
parameter present. We will not discuss this in detail here, but the interested reader
is referred to [19]. However, the effect of the DW width-dependent 5* parameter is
visible in the dependence of the DW velocity on the current density, which is shown
in Fig. 16.7. In this figure, we have chosen § = 0 which yields an intrinsic pinning at
low current densities and for smooth DWs. For steep DWs, however, this dependence
changes to the phenomenon of the Walker breakdown which only appears for 5 > a.
One can recognize this in the large increase of the DW velocity at low current den-
sities and the sudden drop of the velocity at some critical value of the current. These
effects have to be taken into consideration regarding a miniaturization of possible
spintronic devices.

Notably, also the SOI torque is affected by the magnetic gradient. It can even
change its sign for very steep structures (cf. Fig. 16.6) and may result in even further
deviations of the dynamics of small magnetic structures.
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16.5 Skyrmion Creation

Domain walls have been the first magnetic objects proposed to be used in a racetrack
memory set-up, but they suffer from certain disadvantages. A major shortcoming is
the necessity of comparably large applied current densities to depin DWs from impu-
rities or notches in the supporting nanostructure. In this context, magnetic skyrmions
can be more favorable [21-27] as they have the striking feature of topological protec-
tion. Magnetic skyrmions, which are essentially 2D magnetic vortices with a finite
topological charge, cannot be destroyed in continuous systems at least from a prin-
ciple point of view [28, 29]. Even though the theoretical concept of the topological
protection cannot be rigorously transferred to real skyrmions on atomic lattices, there
still exists a finite energy barrier which protects them against annihilation [30-32].
Thus, the concept of topology is still a useful tool to describe this protection, although
it strictly applies to closed continuous systems without dissipation. In particular, it
allows for the definition of quasi-particle-like properties as the skyrmion’s topolog-
ical charge density

q(x,y,t) =n-(0yn x Oyn), (16.28)

which we can use in the same way as, e.g., the electrical charge density of charged
particles. The total topological charge of a skyrmion then is

0=0@) = L/dzr g(x,y, 1), (16.29)
4

which always is an integer number Q € Z [33, 34]. The aforementioned topological
protection normally prevents any change of Q, but this is restricted to continuous
systems. Actually, we describe a way to create skyrmions [35-39] in this section and
thus a change of the skyrmion number over time. To understand this, it is necessary
to discuss the real-time dynamics of g. However, the central equation describing the
dynamics of the system, the LLG

on=—-nxBe+anxdn+ (vy-V)n—pn x (vy - V)n, (16.30)

is an equation for the magnetization only. Yet, we can use the LLG to establish a new
equation of motion for the topological charge density. To simplify the discussion,
we restrict to the STT in lowest order in the magnetic gradient only which we have
already used in (16.30). Moreover, we do not consider any SOI. Eventually, we have
to calculate 0;q. Due to the product rule, several terms o< J;n appear which we can
replace according to the LLG (16.30). For convenience, we can exploit rotational
invariance in the definition of ¢ and replace (16.28) by

gx,y,t)=n-[(V-V)n x (V, - V)n], (16.31)
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where Vv = v, /|v,| and ¥, = Z x V. Then, it is straightforward to find the skyrmion
equation of motion

0+ - (1) +35) =0. (1632)

which resembles a continuity equation when we introduce the skyrmion topological
charge current densities

(D)

Jsk = — J19Vs, (16.33a)
i@ =i (IG-V)n- (L Vinlv, — (3 V)nPv. ) | (16.33b)

with
Ji=[4af+abyy +b5]/(1+a%), (16.34a)
jr=la—pB—bi+abl/(0+a%). (16.34b)

The terms b ; and b |, are the contributions of the effective field in the LLG (16.30)
represented according to

Beg = byn + b1y (vs - V)n+bion x (vs - V)n. (16.35)

Actually, these terms render a strict analytical analysis of the skyrmion equation
of motion rather complicated. Fortunately, we can neglect these terms for current
densities for which the skyrmions do not get too much deformed from their stationary
state in their center-of-mass frame. Then it holds that 9, n(xsx — vsk?) ~ 0, where xgi
is the skyrmion center moving with the current induced skyrmion velocity vsi. This
requires the effective field B to be parallel to n which also means that b, | and b,
vanish. Equations (16.34a) and (16.34b) now simplify and we find j{. o (1 + a3)
and ‘]gg o< (o — 3). In particular, when o = 3 it holds that Jéi) =0 and (16.32) is
solved by g (x, 1) = q(x — vsxt) with vgx = —v;. Thus, we find that the topological
charge density, and so the skyrmion, is just translationally moved against the charge
current flow.

Probably more interesting is the skyrmion dynamics in the presence of dissipation
with a # (3. In this case, J(Szl() does not vanish and a component of the skyrmion
current density perpendicular to the charge current appears because of the part o< v
in (16.33b). When we write this part in the generic form of a current

i ==l - VInPvy = gv*, (16.36)
we find for the velocity

_ B—al@-V)n]?
T l+a? q

*

Vi, (16.37)
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where we have neglected the contributions of the effective field in (16.34b). As the
sign of [(V - V)n]? is always positive, the direction of v* depends on the sign of g.
Thus, we obtain the important conclusion that skyrmions and antiskyrmions move
in different directions which means that they will be separated from each other.

We can use this result and set up a procedure to create skyrmion-antiskyrmion
pairs. To do this we use the two-dimensional model Hamiltonian

Hy=—-1J an : (nr—&-ex + nr+e}.) - ZBr LN
r

T
-D Z [(nr X Dppe ) € + (0 X Dppe ) - €] (16.38)
r

where r denotes the site vector and which includes an exchange interaction o J, an
external magnetic field B, and the Dzyaloshinskii-Moriya interaction (DMI) o D.
We have chosen a bulk DMI which stabilizes Bloch skyrmions, but the results remain
qualitatively unchanged for an interfacial DMI and Néel skyrmions [11, 40]. This
is a standard model for skyrmions [41] and depending on the magnetic field, either
the helical phase (low field), a skyrmion lattice (intermediate field), or the field-
polarized/ferromagnetic phase (high field) is the ground state [42, 43]. For our study
we choose typical parameter ratios as, for instance reported for MnSi [41] or for
Mn layers on W [44, 45]. To be specific, we set J = 1meV, D/J =0.18 and a
magnetic field of B = (0, 0, B;) = —0.03 J z . This value of B is just high enough to
put the system in the field-polarized phase. However, when all moments are aligned
parallel to each other we would have no finite topological density g and no skyrmion
currents, which could create skyrmion-antiskyrmion pairs. Thus, to initialize the pair
formation process at all, we add a tiny, inhomogeneous magnetic field pointing in
the y-direction, i.e., By = by[sin(2nx/L,) + sin(2wry/L)] and by = B,/100. Note
that it is necessary to have a gradient of the field in both x and y direction to create
a finite ¢.

Even though the topological charge density created by this field is very small,
we can use the dissipative skyrmion current _]éi) | to separate topological densities
of different sign. This increases both the positive and negative topological charge
densities and thus creates proper skyrmion-antiskyrmion pairs as shown in Fig. 16.8.
This has also been investigated recently in [46]. Because we have set up a system
with a particular form of the DMI, only the skyrmion is stable. After some time, when
the antiskyrmion has reached some critical size, the antiskyrmion decays very fast
on a timescale o« 1/« and only the skyrmion survives. Thus, by the intermediate step
of a skyrmion-antiskyrmion pair, we have eventually produced a stable skyrmion.

We can also evaluate the total skyrmion number, or the topological charge Q
defined in (16.29). Indeed, Q changes over times in integer steps, as shown in
Fig. 16.9. To check if each skyrmion creation is actually connected to an antiskyrmion
decay, we define the total antiskyrmion charge

1
Oask = o d’rq(x,y,1), (16.39)
T Jg<0
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Fig. 16.8 Snapshots of the magnetic configuration n(x, y, ¢) in the xy plane at the indicated times.
The color code refers to the topological charge density ¢. Starting from slight fluctuations of ¢
(mind the multiplication of ¢ by 107 at r = 0) a charge current produces skyrmion-antiskyrmion
pairs. Around ¢ = 6300 ps the antiskyrmion (red) decays and only the skyrmion remains. We have
used I = 7.7 x 10" A/m?, o = 0.25and 5 =0
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Fig. 16.9 Change of the total topological charge, or skyrmion number, Q over time. Parameters are
chosen as in Fig. 16.8. We have defined the total antiskyrmion charge Q Asx by summing over regions
of negative topological charge ¢ < 0 only. The increase of the magnitude of Qask, connected to
the creation of a skyrmion-antiskyrmion pair, occurs before the production of a (single) skyrmion
and is directly visible, as well as the decay of the antiskyrmion right when the actual skyrmion is
created

where we only sum over regions of negative g. This number does not have to be
an integer as it is canceled out by the skyrmion part in each pair, keeping the total
charge of a pair at zero. We find the magnitude of Q 5g to increase before a skyrmion
is created which we can connect to the creation of a pair. Exactly at the time when
the skyrmion is created, Qask is lost which indicates the decay of an antiskyrmion.
Thus, every created skyrmion in fact stems from a skyrmion-antiskyrmion pair.
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Fig.16.10 Skyrmion creation time 7 versus (a) Gilbert damping « and non-adiabaticity parameter (3
forl, = 1012 A / 'm? and (b) versus the ration 3 /o and the charge current density /. for o = 0.05. As
the dissipative skyrmion current jézk) | vanishes at o = (3, no skyrmion are created in this parameter
region

Finally, we want to identify the general prerequisites for the production of
skyrmions while we focus on (charge) current related parameters. For this, we use as
a single quantifier for the efficiency of the skyrmion production process the skyrmion
creation time 7 which we define as the time between the onset of the current and the
creation of the first skyrmion.

Because we trace back the skyrmion creation to a skyrmion-antiskyrmion pair
production with additional antiskyrmion decay, we can roughly set 7 = Tpair + Task
as the sum of the single duration of each individual process. However, since Ty >>
Task, the skyrmion creation time is almost entirely determined by the pair creation
time. The origin of the pair creation is the dissipative skyrmion current .]ézk) |, which
is proportional to (v — 3) and v. Thus, we would expect the skyrmion creation to
happen faster the larger the current and the difference of « and 3 are. This analytical
prediction is confirmed by numerical results which are shown in Fig. 16.10. We find
the skyrmion creation times to dramatically increase the low .](Si) - In particular, for
« = 3, no skyrmion is created at all, because no skyrmion-antiskyrmion pair can be
formed right from the beginning.

The results of this section promise an efficient production of skyrmions by an
electrical current in real physical systems. In principle, by any fluctuation of the
topological charge density skyrmion-antiskyrmion pairs can be created, as long as the
current and the difference of « and 3 is large enough. The production of skyrmions,
however, is connected to further prerequisites, such as the existence of a sufficiently
strong DMI and a certain external magnetic field. In real materials, there are obviously
other relevant factors to be considered, for instance, the presence of pinning centers
or the sample geometry [47]. These properties certainly influence details of the
skyrmion production and should be taken into account in future studies.
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16.6 Conclusions

In this chapter, we have presented a way to calculate the charge current induced
spin torques, as the spin-transfer torque or the spin-orbit torques, which can be used
to drive given magnetic textures in nanostructures. Starting from a 1D model, we
have solved arising equations of motion first by a gradient expression. This approach
is valid for magnetic textures with rather small gradients and already shows that
corrections to the spin torque due to the magnetic gradient appear. In turn, for
steep magnetic structures a gradient expansion usually becomes insufficient and
we thus have introduced a way to determine an exact solution for the spin torque.
The results from this nonperturbative approach indeed differ drastically from those
on the basis of the conventional expressions for the spin torques especially in struc-
tures with a large magnetic gradient. Furthermore, we have shown how the chirality
of a domain wall can be switched by a charge current on the basis of a spin-orbit
torque. Finally, we have also discussed magnetic skyrmions which are vortex-like
textures with a finite topological charge. We have established a skyrmion equation
of motion which allowed us to interpret the general features of the dynamics of
skyrmions and antiskyrmions particularly in the presence of dissipation. This tech-
nique has revealed that the skyrmion production occurs via the intermediate step of
an skyrmion-antiskyrmion pair creation, with the subsequent decay of the unstable
antiskyrmion. In addition, this skyrmion equation of motion allows us to identify the
necessary prerequisites for an efficient production of skyrmions.
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Chapter 17 )
Imaging the Interaction of Electrical e
Currents with Magnetization

Distributions

Robert Fromter, Edna C. Corredor, Sebastian Hankemeier, Fabian
Kloodt-Twesten, Susanne Kuhrau, Fabian Lofink,
Stefan RoBler and Hans Peter Oepen

17.1 Introduction

About a decade ago, the understanding of the interaction mechanisms between elec-
trical currents and magnetic objects like domain walls or vortices was still in its
infancy. Both, theory and experiments were moving on uncharted grounds, with new
and many times contradicting results being published from different groups at in-
creasing pace. Previously, only the Oersted field from a current was available to
manipulate the magnetic state of a system. The latter was extensively used in mag-
netic storage devices, starting from the early core memory up to the write heads
of the latest hard drive technologies based on perpendicular recording and tunnel-
magnetoresistive (TMR) readout sensors, to alter the state of the magnetic bits. Even
early prototypes of magnetic random-access memory (MRAM) used the Oersted
field for writing.

17.1.1 Spin-Transfer Torque

With the experimental confirmation of the spin-transfer-torque (STT) effect in mag-
netic wires [1-4] a new method for manipulating magnetic bits became available.
The STT arises, when an electrical current passes a boundary between regions (do-
mains) of different magnetization orientation like, e.g. a domain wall in a magnetic
wire with in-plane magnetization. In a simple picture for a 3d ferromagnet like Co
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or Fe, the s-like conduction electrons are spin polarized by the itinerant 3d electrons
that carry the magnetization via s-d scattering processes. While crossing the domain
wall the conduction electrons constantly adjust their polarization to the locally al-
tered magnetization direction. The conservation of spin angular momentum in turn
rotates the localized moments by a certain degree into the opposite direction, thus
gradually moving the wall along the electron current direction. The efficiency of this
process is characterized by the so-called spin-drift velocity. To manipulate a magneti-
zation distribution in this way has two consequences that stirred the excitement in the
magnetism community: First, the local action of a current in a magnetic wire or mul-
tilayer stack promised potential for miniaturization of devices like STT-MRAM, in
contrast to the far-reaching Oersted field from separate current carrying wires, where
cross-talk had to be circumvented by size. Also, the energy required for switching
could be strongly reduced for an efficient material, making it interesting for mobile
devices. Second, if a wire with alternating up-down or left-right domains is exposed
to STT all domain walls are pushed into the same direction, whereas when applying
an Oersted field the domains alternatingly shrink or grow. This led to the proposal of
the so-called racetrack memory [5], a domain-wall shift register that, if successfully
extended into the third dimension, could satisfy future storage-density needs.

Following early theoretical predictions by Berger [6] and Slonczewski [7], a mi-
cromagnetic model for describing the effect of the local current density on the local
magnetization was developed in 2004 [8—10]. It consists of two additional current-
dependent terms in the Landau-Lifshitz-Gilbert (LLG) equation, describing both, an
adiabatic and a non-adiabatic contribution. The degree of nonadiabaticity is denoted
by the parameter §. It was thought to originate mainly from spin relaxation, namely a
miss-tracking of itinerant electrons with respect to the domain wall profile, leading to
transverse spin accumulation. The importance of § is that the non-adiabatic torque
acts like a negative damping term to the adiabatic torque, thus a large value will
increase the domain wall velocity under current. Simulations predict that the initial
domain wall velocity is strongly increased for B > «, the latter being the Gilbert
damping constant in LLG. Thus, a high-8 material would have significant techno-
logical advantage. Unfortunately, it turned out to be experimentally very difficult to
measure 8 and the reported values, even for the best-studied material at that time,
permalloy, varied by orders of magnitude. In Sect. 17.2 an experiment is explained in
more detail, where we measured the 8 parameter of permalloy with unprecedented
accuracy, following a proposal from theory [11]. It is based on measuring the equi-
librium displacement of a vortex in a permalloy square under direct current flow.
The result of the analysis led to the unexpected conclusion, that the micromagnetic
model used to describe the current-vortex interaction was not yet complete [12].
An additional, nonlocal contribution to the non-adiabatic STT has to be included to
correctly describe the strong magnetization gradients occurring in tiny objects like
magnetic vortices.
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17.1.2 SEMPA as a Unique Tool for Magnetic Imaging

To carry out magnetization imaging we use the Scanning Electron Microscope with
Polarization Analysis (SEMPA), which we have developed in our group and keep
adding features, like recently the time resolution, which is discussed in more de-
tail in Sect. 17.4. SEMPA is based on the effect that the secondary electrons that are
emitted during image formation in a scanning electron microscope (SEM) carry with
their spin the information about the magnetization at the surface area they originated
from. Thus, by measuring the spin polarization of the secondary electrons a map
of the surface magnetization is obtained. To measure the spin-polarization we use
spin-polarized low-energy electron diffraction (SPLEED) at a tungsten single crys-
tal, where at 104.5eV the (2, 0) beams show an intensity asymmetry depending on
the spin-polarization of the incoming electrons. A sketch of the setup is shown in
Fig. 17.1. As there are four (2, 0) beams in the LEED pattern, two orthogonal com-
ponents of the spin polarization can be measured simultaneously, which allows for
the parallel acquisition of two orthogonal magnetization components in the sample
surface. As the information depth for the initial process of spin polarization is very
small (only about 0.5 nm in iron) and LEED is also very surface sensitive, SEMPA is
necessarily an ultrahigh-vacuum (UHV) experiment. This allows to carry out clean
surface-science experiments on uncapped epitaxial magnetic layers to study ideal
material properties. But also ex-situ prepared samples can be analyzed following
some surface treatment like Co- or Fe-atom decoration or mild Ar-ion sputtering in
a Kaufman-type source. We have found that some cappings like graphene are even
stable to atmosphere and still magnetically transparent [13].

Key features of our SEMPA setup are: A lateral resolution of down to 10 nm can
be obtained using SnA primary beam current at SkeV kinetic energy. Both in-plane
components of the surface magnetization are imaged simultaneously. With standard
image quality, for each pixel an angular accuracy <4° for determining the magne-
tization orientation is obtained. A second setup allows for imaging the out-of-plane
component together with one in-plane component by using a 90° electrostatic deflec-
tor (cylindrical mirror analyzer) in front of the spin detector. The sample temperature
can be varied continuously from 40-400 K using a liquid-helium cryostat coupled to
the sample holder. An in-situ coil on a ferrite core with gap allows to apply magnetic
fields up to 60mT at the sample. The working pressure of the microscope is below
5 x 10~''mbar, which allows for several days of analysis by maintaining a suffi-
ciently clean surface. A sample preparation chamber with surface science equipment
like LEED and Auger electron spectroscopy is directly attached. In addition, ex-situ
prepared samples can be transferred in and out of UHV by means of a fast-entry lock.
Several thermal evaporators for in-situ contrast enhancement with clean ferromag-
netic layers, as well as sputter sources for Ar-ion cleaning at different energies from
100-2000eV are installed directly in the microscope chamber. Coaxial electrical
wires and matched contacts to the sample allow for high-frequency stimulation up to
several GHz or, alternatively, for in-situ four-point-probe measurements of sample
resistivity. Acquisition times from 10 min (for regular images) to several hours (for
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Fig.17.1 Essentials of SEMPA. In the center a schematic of the setup is shown, consisting primarily
of the SEM column and the spin detector in a UHV chamber. The two insets illustrate the main
processes involved: To the left, the generation of spin-polarized secondary electrons at the surface
of a magnetic sample is shown and to the right the tungsten-based SPLEED detector that yields an
intensity asymmetry of opposed (2, 0) beams as function of the spin-polarization of the incoming
beam. Of the four channels recorded, only the detector pair in the paper plane is shown. An electron
optics between sample and tungsten crystal serves to efficiently pick up the secondary electrons,
as well as to collimate and align the beam of secondary electrons with the correct energy onto the
crystal (from [14])

time-resolved imaging) are feasible using digital drift correction. A time resolution
of 700 ps has been demonstrated.

A more general review of the technique can be found in [15]. Details on our setup
including a method to calculate and optimize the detection efficiency are given in
[16]. The long-time stability of the SPLEED detector used for spin analysis against
residual gas contamination is analyzed in [17]. The latest technical contribution is the
introduction of nanosecond time resolution to SEMPA [18], which will be described
in more detail in Sect. 17.4.

17.2 Determining the Nonadiabaticity Parameter
from the Displacement of Magnetic Vortices

As described in the introduction, the parameter § that quantifies the amount of non-
adiabaticity in STT turned out to be hard to measure experimentally. The reason for
this was obvious, as most experiments attempted to derive B from the critical current
density required to initiate domain wall motion in a magnetic wire. For a non-ideal
system with possibly some amount of edge roughness and internal grain structure,
however, this critical current density is more related to the local pinning landscape
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than to intrinsic material properties. In addition, the type of domain wall was not
necessarily well-defined, as transitions under STT were observed. Thus published
values varied over orders of magnitude.

17.2.1 Proposal from Theory

After developing a description for confined magnetic vortices under STT and external
field using the Thiele model [19], a proposal to use the current-induced displacement
of the magnetic vortex in the Landau state of a square magnetic element came up
to determine B [11]. It was shown that the four degenerate ground states (polarity
p = %1 and curl ¢ = +£1) of the Landau state behave differently under the various
torques. While the non-adiabatic contribution and the Oersted field of the current shift
the vortex in the axis of the current direction, the adiabatic contribution shifts the
vortex orthogonal to the current. The amount of displacement against the parabolic
confinement can be used like a balance to measure the strengths of the individual
contributions from a comparison of displacements for the different ground states.
As the vortex stays close to the center, an influence of edge roughness can be ex-
cluded. The extended period of time during which the vortex is exposed to a constant
drive current will reduce pinning at grains, as the system can gradually creep into
its stationary equilibrium. In this way, frequent problems of other methods can be
avoided.

17.2.2 Sample Preparation

In order to realize such an experiment in SEMPA, several challenges had to
be faced. To obtain well observable displacements of the order of 100nm in a
5 wmx5 wmx 12 nm sized permalloy square, a current density of several 10'! A/m?
is required. In contrast to most common experiments that require only current pulses
from nanosecond to microsecond duration, this ultrahigh current density needs to be
sustained during the whole time of acquiring an image, which can be several 10 min.
During this period, no excessive heating of the structure is allowed. Under normal
circumstances any metal wire would soon be destroyed by Joule heating or elec-
tromigration. To circumvent this problem we have developed a method to prepare
metal wires on synthetic single-crystalline diamond substrates, held at cryogenic
temperature. A comparison of low-temperature thermal conductances shows that
single-crystalline diamond has the highest thermal conductivity (10* W/mK) of all
materials at liquid-nitrogen temperature [20], about 20 times higher than copper at
room temperature. Still, the purely phononic conductivity does not conduct electrical
current, so no shunt is created. The available surface roughness can be below 0.3 nm
RMS, as checked by AFM. In a test experiment a 22.5nm high, 650 nm wide and
25 pm long permalloy wire on diamond was placed in vacuum on a cryostat held
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Fig. 17.2 Map of the current-dependent vortex positions in the permalloy square for the three
different ground states illustrated. The current density is varied over a range of &3 x 10! A/m
in the direction indicated for each case. All three states show a reasonably linear behavior, which
allows to extract three slopes from the data and to calculate the non-adiabaticity. For details, see
[12]

at 100 K. It could withstand a current density of 2 x 10'?> A/m? for at least an hour
without damage [21].

Our attempts to perform lithography on the diamond surface were unsuccessful.
We therefore used a stencil mask deposition technique with focused-ion-beam (FIB)
machined silicon nitride membranes and optical alignment to prepare the permalloy
square and the gold contact pads.

17.2.3 Experimental Results

The experiment has been carried out without attaching the cryostat, so the state
without current is at room temperature. Careful analysis of the resistance of the
sample while applying the current allows to calculate the sample temperature. The
maximum temperature recorded at the maximum current of £3 x 10'' A/m applied
was 350 K. As we found no temperature dependence of 8 over this range [22], thermal
effects can be neglected. By using field pulses from an in-situ electromagnet we were
able to seed three of the four possible ground states of the permalloy square. This
turned out to be sufficient to perform the analysis, as only three unknown torque terms
had to be separated. Fig. 17.2 shows the obtained positions of the vortex cores for the
three states and for the current ramping from negative to positive values as indicated.
Three different linear slopes can be extracted from the dataset, which allow for further
analysis. As result we find for the parameter of non-abiabaticity 8 = 0.119 £ 0.022
for the permalloy vortex. In addition, the spin drift velocity v; = (4.79 & 0.26) m/s
can be directly determined form the slopes. As we also performed ferromagnetic
resonance measurements on the material to determine the saturation magnetization,
we can give as third material parameter the spin polarization, which is (65 £ 4) %,
and the damping constant o« = 0.0085 % 0.0006.
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When comparing this data to results from other groups, one observation was strin-
gent: Two other experiments that also used vortices as test objects showed similarly
high values for 8 [23, 24], albeit with less precision. In contrast, another carefully
performed study using spin-wave dispersion instead of vortices resulted in a 5 times
smaller value of 8 = 0.022 [25]. In fact this value is only about twice as large as « -
similar values for both constants have indeed been predicted. As all the other material
parameters of our system mentioned above were very similar in this study, the huge
difference can only be appointed to the different object investigated. The spin waves
analyzed in [25] are of the order of 10 pm in period, whereas vortices have a very
narrow core of the order of 10 nm, so the spatial variation of the magnetization takes
place on a much smaller length scale. Indeed theory predicts a second [26] truly
non-adiabatic contribution to g that is due to spin scattering and that is essentially
nonlocal [8]. It is oscillatory in space due to the precession of conduction electron
spins [27]. Micromagnetic calculations with a more complex code that accounts for
these nonlocal effects have already shown a threefold increase of the effective g for
a vortex wall compared to a transverse wall [28]. Our experimental results prove
that for small magnetic structures like vortices or skyrmions, which are small on the
length scale of the Larmor precession, the local description using the LLG equation
with two additional spin torque terms is not sufficient.

17.3 Applications of Vectorial Magnetic Imaging

Magnetic imaging can be performed to solve a variety of different tasks. A standard
task is the question if and under which conditions a certain magnetic structure exists
or ceases to exist. High-resolution vectorial magnetization imaging, which is possi-
ble directly by using SEMPA or following phase retrieval in Lorentz transmission
electron microscopy (TEM) [29] or TEM holography [30], can supply a lot more
information. The whole magnetization map of a structure becomes available and can
be compared to micromagnetic simulations or analytical predictions. Micromagnetic
simulations have developed over the last years into a very powerful and easy to use
toolkit for predicting micromagnetic structures and devices, even including dynamic
effects like STT or “defects” like grain boundaries [31, 32]. In reality, however, mag-
netic structures often look or behave quite differently. This can be most sensitively
tested in a vectorial imaging experiment, as already small angular deviations from
the predicted pattern become directly evident. Reasons for such discrepancies can
be systematic deviations of the real structure from the one modeled, like the often
non-ideal, inclined edges of magnetic wires. There can be defects like kinks resulting
from problems in the lithography process of a real structure, that will pin domain
wall motion. Stochastic variations of magnetic properties like grain boundaries in
a polycrystalline material or surface/interface roughness can act as internal pinning
sites. Finite temperature can have a strong impact on the depinning mechanism from
those sites. However, for more ideal structures it is often possible to extract numbers
for unknown magnetic properties by comparison with simulation. In some cases even
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Fig. 17.3 Magnetic fine structure of a permalloy rectangle of size 2 pumx 1 pmx20 nm observed
in a vectorial SEMPA polarization map. The angular magnetization histogram to the right reveals
that not four but six domains are clearly separated. The splitting of the larger two domains leads
to the emergence of stray field and thus enables coupling between such rectangles. For details, see
[36]

the magnetic theory behind the simulation may be incomplete and simply predict
wrong results.

In several cases we have used the vectorial imaging capability to clarify magnetic
ground state properties of various systems. The internal structure of the canted mag-
netization (also known as cone state) in a continuous Co/Pt multilayer film close to
the spin-reorientation transition has been imaged for the first time in [33]. We found
a temporally stable isotropic and gradual in-plane modulation, superimposed onto
an alternating up/down domain pattern, both modulated on a similar length scale.

A similar study has focussed on the temperature-driven spin-reorientation tran-
sition between two different in-plane easy axes in NdCos, where the temperature-
dependent anisotropy could be extracted and the microstructure analyzed [34, 35].

A third study deals with the internal magnetic structure of 2 umx1pmx20 nm
sized rectangles made of permalloy [37] - the so-called standard problem #1 of mi-
cromagnetism. In contrast to simple reasoning, the angular histogram of the SEMPA
dataset reveals not only the four domains of the expected Landau state, instead six
domains are clearly separated. It turns out that the two larger domains along the
long side of the rectangle are actually split along the short symmetry axis by some
degrees, as shown in Fig. 17.3. This is a consequence of total energy minimization of
the magnetic volume charge of the 180° wall along the center, which is compensated
by surface charges along the edges of the structure. This tiny effect had previously
been overlooked in the simulation, even though present, and it is responsible for the
coupling between adjacent rectangles placed in a row, as the structures are no longer
stray-field free. As the experimentally obtained splitting angle of 35° is much larger
than the simulated 15° we adjusted the edge inclination and added edge roughness
to obtain agreement. The additional effect of the contrast-enhancing iron layer on
the coupling between rectangles was studied in [36].

Two studies deal with the ground state of domain walls in nanowires with a bend
as function of bend angle, thickness and width [38], as well as a method to nucleate
walls of fixed rotational sense in such bends [39]. Figure 17.4 shows as example the
asymmetric transverse wall that is found in certain regions of parameter space instead
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Fig. 17.4 Magnetic fine structure of an asymmetric transverse wall (ATW) in a soft-magnetic
Cos9Fes4Si7 nanowire of width w = 600nm and thickness t = 10nm. a SEMPA measurement of
the ATW in a 30° bend. b OOMMEF simulation of the exact geometry as in (a). c OOMMEF simulation
of an ATW in a straight section of the same wire. The local orientation of the magnetization is color
coded according to the given color wheel. For details, see [38]

of symmetric transverse walls or vortex walls. These experiments form the basis of
current and field driven domain wall displacement studies, as they allow to control
and restore a selected starting configuration. Such an experiment was carried out
with a permalloy nanowire on a liquid-nitrogen-cooled diamond substrate using the
total magnetoresistance as probe for the magnetic state, while sweeping the external
field as function of current density [22]. We found, that for permalloy there is no
temperature dependence of the spin-torque efficiency over a temperature range from
77 to 327K.

Furthermore, we analyzed the magnetic structure of the clean, single-crystalline
Ni(111) surface and the effect of a graphene monolayer deposited on top [13]. In this
multiscale, multitechnique approach, theory provided first-principles calculations of
the spin-resolved band structure and spin-polarized STM analyzed low-temperature
domain walls with close-to-atomic resolution. Using SEMPA, we performed the first
vectorial imaging on this peculiar Ni surface, where no easy axis of the system is lo-
cated. We could in principle confirm a multi-level branching of closure domains, that
was predicted in [40]. The graphene layer in fact protected the surface magnetization
of nickel against oxidation, so even after transfer at ambient conditions the domain
pattern could be observed. We found a reduction of contrast, but no spin inversion
for the secondary electrons after passing through the graphene.

17.4 Development of Time-Resolved SEMPA

Time-resolved magnetic microscopy is an essential tool to understand magnetiza-
tion dynamics or to analyze switching processes in magnetic devices. Relevant time-
scales for LLG dynamics are in the sub-ns range, while ultrafast magnetization
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dynamics concerns processes in the sub-ps range. Many techniques commonly used
for static magnetic imaging can be empowered for time-resolved imaging by using a
stroboscopic illumination with a source that can be periodically blanked, like a pulsed
laser for scanning [41] or full-field [42] Kerr microscopy. Very recent developments
have succeeded in transferring the time structure of a pump laser to an electron
beam in a transmission electron microscope (TEM). The ultrafast Lorenz TEM uses
a 150-femtosecond-laser-driven Schottky emitter [43] and the spin-polarized TEM
[44] uses a picosecond-laser-pumped GaAs/GaAsP cathode. By synchronizing the
illumination pulses with the periodically driven magnetization dynamics under in-
vestigation and varying the phase, a movie of the time evolution is obtained frame
by frame. In scanning transmission X-ray microscopy (STXM), the internal bunch
structure at a storage ring is used for illumination [45]. However, as here the illumi-
nation frequency is fixed, a more sophisticated measurement scheme is used, where
the intensity information from each consecutive X-ray pulse is sorted by real-time
electronics and accumulated into the according time slices. The synchronization here
runs over an integer number of loops, so each revolution of the magnetic system is hit
at different phases. In this way, all of the pulses can be used and maximum efficiency
obtained.

17.4.1 Concept

To use time resolution in SEM, a stroboscopic approach with a blanked source or
detector is in principle possible [46] and has already been used to record magnetic
movies at microsecond time resolution [47]. However, due to the already long ac-
quisition times per image this is not very attractive for SEMPA, as the time required
to record a stroboscopic movie of n frames scales with n2. Inspired by the STXM
detection scheme, we came up with a much more efficient solution that does not
even require in-vacuum modifications of the SEMPA (as long as high-frequency
connections to the sample are already present) [18]. It is based on the fact that the
SPLEED detector operates in single electron counting mode. Each electron of the
four recorded LEED beams is amplified by a microchannel plate stack to give a 2 ns
wide voltage pulse, that is normally only used for counting. Under the assumption of
constant transit times for all electrons through the detector, the arrival time of each
voltage pulse is just delayed by a constant with respect to the time the secondary
electron was emitted at the sample surface. In this way the voltage pulses do not only
carry the information about the local magnetization but also the information about
the time at which this magnetic state was present. By using a periodic excitation
and electronically recording the phase of all arriving voltage pulses with respect to
this excitation, the counts can be grouped into time slices. In this way the whole
time evolution at one pixel is recorded in parallel and with maximum efficiency, as
(except for some timing overhead) all pulses are processed. A movie of the time
evolution of a whole magnetic object is then recorded by scanning pixel after pixel.
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Fig. 17.5 Sketch of the setup used for TR-SEMPA. The time-to digital converter (TDC) receives
the amplified voltage pulses from the SPLEED detector. A synchronized signal generator drives a

current through the sample and the transmitted voltage is monitored using a scope. For details, see
[18]

For this detection scheme the time to record n frames scales linearly with n, which
is normally of the order of hours and thus feasible.

17.4.2 Experimental Setup

A sketch of the experimental setup for TR-SEMPA is given in Fig. 17.5. The only
new hardware required is a time-to-digital converter (TDC) that measures the arrival
time of each voltage pulse with respect to a trigger signal that is generated from the
signal generator driving the magnetization dynamics. We use a four-channel TDC
with 100 ps time resolution that transmits the digital data for all the pulses in real-time
to a computer for on-line processing.

The sample used in the demonstration experiment is a 60 nm thick and 3.5 pm
wide square made from soft-magnetic amorphous Fe;gCogSi|,B g [48]. The square is
in its magnetic Landau ground state. It is deposited onto a gold (150 nm)/chromium
(24 nm) microstrip of 5 wm width on a sapphire substrate. An electrical current
running along the microstrip gives rise to an Oersted field across the strip and thus
shifts the magnetic vortex of the Landau structure to the left or right.
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Fig.17.6 Field-driven vortex oscillation in the Landau state of a soft-magnetic square element. The
60 nm thick and 3.5 pm wide square has been prepared from Fe70CogSij2B 1o on a gold microstrip.
The Oersted field from a sine-modulated current at 100 MHz running horizontally in the microstrip
is used to drive the dynamics. Panel a shows two selected frames of 1 ns duration from a 10-frame
movie. The SEMPA micrographs give the vertical and horizontal magnetization components at
maximum positive (delay 2.5 ns) and negative (delay 7.5 ns) displacements. Dashed lines indicate
the horizontal zero-position around which the vortex oscillates. In b the horizontal and vertical
coordinates of the vortex have been extracted from the movie. For details, see [18]

17.4.3 Results and Analysis

Figure 17.6 shows two frames at the positions of maximum displacement from a
10-frame movie acquired with TR-SEMPA. The sample was driven with a 100 MHz
sine current. A sine displacement along the horizontal axis with 440 pum peak-to-peak
amplitude is observed in the movie. The corresponding vortex positions have been
extracted and are plotted in panel (b). Surprisingly, the vertical displacement is only
at the noise limit, so the gyration that would be expected not too far from nominal
resonance is strongly suppressed. An analysis of the dynamics in this structure, when
driven at different frequencies, reveals that the suppression of gyration corresponds
to the behavior of an oscillator with strongly damped dynamics. Cross-sections of
the structure suggest that the damping is of extrinsic nature and can be attributed to
a very rough surface of the gold microstrip, that was copied during deposition into
the magnetic film.

From the high-quality image, not only the position of the vortex can be extracted
but the full vectorial map, which shows the same image quality as a static SEMPA
image at this relative acquisition time, is accessible in a time-resolved way. For
instance, in this example the motion of the 90° bends can be studied in detail.

The time resolution available in this experiment has been determined from the
motion blur effect of a sample edge, that is rapidly shifting when a square-wave
modulation of the sample potential is performed. The sample edge gets widened
(blurred) as a function of apparent velocity, as can be extracted from line profiles.
Quantitative analysis yields a time resolution of (720 =+ 80) ps [18]. Electron-optical
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simulation reveals that this resolution is to be expected with the design parameters of
the currently used spin detector. The energy and angular distributions of the secondary
electrons at the time of emission from the sample surface lead to a jitter in transit
time through the spin detector, that smears out the correlation between starting time
and pulse detection.

17.5 Conclusion and Outlook

The application of high-resolution vectorial magnetic imaging has been very suc-
cessful in resolving a large number of open questions. Especially, we could confirm
the importance of non-local effects when describing the current-driven dynamics of
vortices in contrast to more extended objects. With the invention of TR-SEMPA we
have opened a new experimental access to study magnetization dynamics that pre-
serves all the advantages of stationary SEMPA, especially the ability to work on ideal
epitaxial samples on single-crystalline substrates. This will allow to study dynamical
processes in pure elements that are free from pinning at grain boundaries and show
the unaltered behavior that can be directly compared to first principles calculations.
Technologically more relevant are, however, glassy alloys containing, for instance,
boron, where grain growth is suppressed.

Already for some time the interest in the community has shifted away from in-
plane systems for spintronic devices towards out-of-plane magnetized systems. Es-
pecially if these are prepared in the form of artificially layered antiferromagnets [49],
such that the stray field interaction is fully compensated, a much closer packing of
structures and therefore of information can be obtained. In addition to the STT dis-
cussed here, new and more efficient torque terms appear in current-driven dynamics
that can sustain higher domain wall velocities up to 750 m/s [50], which are required
for application. These spin-orbit torques can result from Rashba effects or the in-
verse spin-Hall effect and open the promising field of spin-orbitronics. With the new
SEMPA setup with out-of-plane sensitivity this class of materials can be analysed.
The high surface sensitivity warrants, that only the topmost layer of an antiferromag-
netically coupled stack contributes to the contrast, so that the full magnetic signal is
available.

In addition to the geometry that has changed over the course of years, also a
new class of magnetic particles has today strongly moved into the focus of research.
Instead of domain walls, magnetic interface skyrmions, are envisioned for use in
magnetic wires instead of domain walls to carry and store information [51]. They
are topologically protected against spontaneous decay and get repelled from wire
boundaries and by each other. Interface skyrmions were observed for the first time
by low-temperature SP-STM on epitaxial Fe/Ir(111) [52]. The key to stabilizing
such skyrmions at room temperature is a strong interfacial Dzyaloshinskii-Moriya
interaction (DMI) that can typically be found at non-symmetric interfaces between
ferromagnets and materials with strong spin-orbit coupling.
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Fig. 17.7 SEMPA measurement of an epitaxial Co/Pt(111) layer at 1.4 nm thickness. All domain
walls show a pure Néel character with fixed anticlockwise rotational sense, indicative of a positive
DMI. From a quantitative analysis upper and lower bounds for the DMI strength have been derived.
For details, see [53]

Recently we have obtained results on SEMPA imaging of such DMI systems by
analysing the domain wall angles in epitaxially grown, uncapped cobalt on a Pt(111)
single crystal surface [53]. The single layer Co films were grown as a wedge, so that
thicknesses from O to 1.5nm were accessible. From LEED data it is clear that the
DMI-generating interface layer of Co grows pseudomophically; at higher coverage
the growth becomes less ideal. The analysis of SEMPA data shows that over the
whole out-of-plane magnetized range all domain walls are of pure Néel character. In
addition, all domain walls show a fixed counterclockwise rotational sense, indicating
a positive sign of the DMI (see Fig.17.7). Even though the DMI is an interface
effect it still dominates the energy balance of the domain walls, where otherwise
uncharged Bloch walls would be favored. From the domain wall energy balance
at 1.4nm coverage a lower bound of 0.8eV per interface Co atom for the DMI
strength was calculated. The observation of a multi-domain state even at the onset of
ferromagnetism at 0.3 nm allows to deduce an upper bound of 4.3 meV per interface
Co atom. These findings confirm previous first-principles calculations.

Another study on DMI materials focussed on ex-situ-prepared multilayer films
[54]. Multilayers consisting of several repeats of Co/Pt/Ir are considered as good
candidates for room-temperature skyrmions because the DMI of both interfaces is of
opposite sign and thus the total DMI adds up. We have shown, that 150eV argon ion
sputtering can be used to mill away the topmost Pt layer and to image the rotational
sense of domain walls in such systems. A second method introduced is the deposition
of athin iron layer onto the topmost Pt layer. The iron layer shunts the magnetic flux of
the out-of-plane magnetized domains underneath thus yielding an in-plane contrast.
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By calculating the divergence of the in-plane SEMPA map the domain structure of
the out-of-plane domains in the Co/Pt/Ir system becomes visible. We confirmed that
both methods did not alter the magnetic state of the multilayer.
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Chapter 18 ®)
Electron Transport in Ferromagnetic Shecter
Nanostructures

Falk-Ulrich Stein and Guido Meier

Abstract The proposal of logic- and memory devices based on magnetic domain-
wall motion in nanostructures created a great demand on the understanding of the
dynamics of domain walls. We describe the controlled creation and annihilation
of domain walls by Oersted-field pulses as well as their internal dynamics dur-
ing motion. Electric measurements of the magnetoresistance are utilized to identify
permanent- or temporal creation and continuous motion of domain walls initiated by
nanosecond short field pulses in external magnetic fields. The injection of domain
walls into nanowires with control of their magnetic pattern (transverse or vortex), their
type (head-to-head or tail-to-tail magnetization orientation) and their sense of mag-
netization rotation (clockwise or counter clockwise chirality) is reliably achieved.
Influencing the creation process of consecutively created domain walls to obtain
multiple walls inside one wire or to mutually annihilate the walls is found to be
possible by changes of magnetic field parameters. The time structure of the creation
process is analysed by time-resolved transmission X-ray microscopy. After complete
formation wall transformations are observed above a critical driving field known as
the Walker breakdown. Internal excitations of vortex domain walls are also found in
low field motion. A strong interplay between internal dynamics and the macroscopic
motion is identified.

18.1 Introduction

To overcome increasingly complex memory setups fast and large-scale non-volatile
technologies are needed. From various proposed techniques [1] two have been most
feasible: The magnetoresistive random access memory (MRAM) and the racetrack
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Fig. 18.1 a Horizontal racetrack memory of a ferromagnetic nanowire with alternating magnetiza-
tion (red/blue), from [3]. Data writing and shifting is done by applying current pulses across or along
the nanowire, respectively. b Path of a domain wall through an artificial spin-ice lattice, from [9].
¢ Motion of a vortex domain wall through a Y-shaped junction in dependence of its magnetization
structure, from [10]

memory [2, 3]. The former is already commercially available and is fast and robust.
However, it is too expensive for broad mass storage since every data bit requires
individual wiring. The racetrack promises to be as fast but cheaper by using one
read-/write head for multiple bits as it is done in conventional hard drives. But
instead of physically moving the ferromagnetic data carrier only the magnetic bit
pattern consisting of domains and domain walls is shifted through the ferromagnet.
Concepts of data shifting by magnetic fields had early been proposed by Smith with
a domain-wall based shift register [4] and realised in the bubble memory that was
discontinued being uncompetitive [5]. The modern racetrack concept uses nanowires
and replaces the magnetic field as a driving force by a spin-polarized electric cur-
rent passing through the alternating magnetization of a data pattern as shown in
Fig. 18.1a. Recently also an out-of-plane field was proposed as a synchronous driv-
ing mechanism for multiple domain walls with the same magnetic structure [6].
Together with the proposal of logic devices based on domain-wall motion by All-
wood et al. [7] the racetrack created a demand for an extensive understanding of
domain-wall dynamics. Today the interest extends to sensor application [8] and is
of particular concern for artificial spin-ice systems. Spin-ice lattices from ferromag-
netic material as shown in Fig. 18.1b contain degenerated ground states similar to
water ice resulting in magnetic quasi monopoles that can travel through the system.
Connected lattices from nanowires allow to study this effect at room temperature by
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motion of domain walls [9]. The path taken through the lattice depends heavily on
the magnetic structure of the wall shown by Pushp et al. and presented in Fig. 18.1c
[10]. For both, the racetrack- and the spin-ice application, control of all properties of
the utilized domain walls as well as their dynamic behaviour is crucial. While many
aspects of domain wall motion like velocity [11-16], dynamic properties [17-19]
and depinning processes [16, 20-24] have been studied [25] the fast injection via
Oersted-field pulses itself has not been in focus. Most dynamic parameters have to
be gained indirectly by electric measurements or static imaging techniques. Here a
detailed analysis of the controlled injection of domain wall dynamics is presented by
a combination of quasi-static electric measurements and time-resolved transmission
X-ray microscopy. The latter enables the observation of the magnetic structure of
domain walls with a spatial resolution of 25 nm and a temporal resolution of less than
Ins. A reliable control of all domain wall properties is achieved and the interplay
between internal excitations and the macroscopic motion is experimentally revealed.

18.2 Domain Walls

One of the consequences from the competing energy contributions in micromagnetics
is the existence of domains that had been proposed by Weiss [26]. Due to the exchange
energy the magnetic moments tend to align parallel. In order to minimize the total
energy it can be favourable for the magnetization to break up into domains that
are not parallel [27] to each other. Inside the walls the magnetization continuously
rotates from one orientation to the other. This rotation increases the exchange energy
in the region of the wall but can reduce the stray field and thereby the total energy.
In a homogeneously magnetized flat rectangular ferromagnet the magnetic surface
charges create a large stray field and thus the magnetostatic energy is high. This
energy is reduced if the magnetization splits up in two domains that are separated
by a 180° domain wall and the stray field is decreased. The energy of these walls
depends on their internal structure.

The magnetization in domain walls in bulk ferromagnets usually rotates parallel to
the wall plane as shown in Fig. 18.2b, which is known as Bloch wall. The formation of
these walls is dominated by crystalline anisotropy and exchange energy. In thin films
the magnetostatic energy plays an increasingly important role. The shape anisotropy
results in an in-plane magnetization parallel to the surface of the film and a Bloch
wall creates magnetic charges on the film surface. The formation of Néel walls where
the magnetization rotates perpendicular to the wall plane can reduce the magnetic
charges but also increases the exchange energy inside the wall (Fig. 18.2a). While
the magnetization in the wall centre is perpendicular to the wall plane for Néel walls
it is parallel for Bloch walls. The energy of a 180° Bloch wall can be calculated by

2
op=A(Z a+laK+—uoa—2M2 (18.1)
a 2 4a+ D) °
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with the domain wall width a, the thickness of the film D [28], the saturation mag-
netization Mg, the exchange constant A, and the anisotropy constant K. For Néel
walls the last term resulting from the magnetostatic energy is different and the wall
energy is

2
on=A(Z a—i—laK—i-—MoLMé. (18.2)
a 2 4(a + D)

By minimizing the domain wall energy for a given film thickness with respect to the
wall width the latter can be computed. A numerical evaluation of (18.1) and (18.2)
with Mg = 8x10° A/m, K = 500J/m? and A = 13 pJ/m is shown in Fig. 18.2c, d.
For film thicknesses up to 180nm the width of a Bloch wall increases from 23 to
41 nm. Néel walls can be much wider with up to 700 nm in films thinner than 30 nm.
In thicker films the wall width would decrease rapidly to about 30nm and continue
to decline afterwards. But as shown in Fig. 18.2d the surface energy for Néel walls
is only lower than that of a Bloch wall in films thinner than 37 nm. In thicker films
Bloch walls are energetically favoured. The energy of the wall is also proportional to
the length of the wall. Therefore short domain walls are energetically favoured. For
intermediate thicknesses a third type of domain wall with a more complex structure,
the so called cross-tie wall, has been observed in thin films [29].

In flat nanowires with low crystalline anisotropy special types of domain walls
occur that are modifications of the above mentioned wall types. Due to the shape
anisotropy resulting from the magnetostatic energy the magnetization in such wires
in favoured to be aligned along the wire direction. As a consequence neighbouring
domains point towards- or away from each other in contrast to the 180° bulk domain
walls shown in Fig. 18.2. The former are called head-to-head and the latter tail-to-
tail domain wall. Depending on the wire dimensions two varying wall classes with
distinct geometries occur [30]. Figure 18.3 shows the magnetic structure of both
classes, the vortex- and the transverse domain wall. In a vortex wall the magnetization
curls around a magnetic singularity in its centre, which is pointing out of plane. This
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configuration avoids magnetic charges on the sides of the wire. On the other hand
the transverse domain wall has no out-of-plane component but induces a large stray
field due to the surface charges on the wire edges. These walls are neither Néel nor
Bloch walls but are referred to as Néel-like because the rotation of the magnetization
is perpendicular to the wall plane although unlike Néel walls the magnetization in
the centre of the wall is parallel to the wall plane. The occurring type for a range of
wire thicknesses and widths for NiggFe,( has been calculated by Nakatani et al. and
is shown in Fig. 18.3c. In general vortex walls are preferred for wider and thicker
wires. As we focus on vortex domain walls in this chapter most wires studied range
from 150 nm to 300 nm in width and from 10 to 30nm in thickness. The energy for
a transverse wall E7 can be approximated similar to equations (18.1) and (18.2) by
integrating the energy contributions in the volume V of the domain wall

00\* o (00 . 2 C 22
ETzdeA ™ + Asin” 6 I + K sin“ 0 4+ K, sin“fsin“ ¢ (18.3)
X X

with the angle around the wire axis ¢ and the angle 6 between the magnetization
and the wire axis [31]. The third and fourth term describe the anisotropy resulting
from the magnetostatic energy along the wire direction (K ) and perpendicular (K | )
to it if the cross section of the wire is not quadratic. Since the length of the wall is
proportional to its energy, a narrowing of the nanowire acts as an attractive potential
where the wall gets pinned. Pinning occurs either at natural width variations or at
defined positions via notches with an intentionally decreased wire width [22, 23,
32].

18.3 Domain-Wall Dynamics

To account for spin-transfer torques in the micromagnetic model the Landau-Lifshitz-
Gilbert equation has been extended by two terms to incorporate the influence of
the current density j on the magnetization M. Zhang and Li derived the extended
description

M MxH +o M el
=— x H, X —
a7 rf dr

_ b . b .
Mng[Mxy V)M] ngMx(J V)M (18.4)

with the magnetization M, the current density j, the effective magnetic field H,yy,
the Gilbert damping parameter «, and the gyromagnetic ratio . The nonadiabacity
constant ¢ is the ratio between the exchange-relaxation- and the spin-flip-relaxation
time { = = [33] The strength of the coupling between spatlal inhomogeneities and

the current is expressed by the coupling constant b; = W with the spin polar-
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Fig. 18.4 Directions of the torques on a magnetization M resulting from a current density j along
the x-axis from (18.5)

ization of the current P and the Bohr magneton pp. The third term describes the
adiabatic rotation of the magnetization while the second takes account of a nonadi-
abatic torque.

At a given temperature the saturation magnetization Mg is constant an is
perpendicular to M. For a current along the x-axis (18.4) can then be written as an
explicit equation of motion for the magnetization [34]

d M

dM

— M xH,
X

eﬁ")

—b—}(1 + ad)M x [M X | I—M} - i(5— M x (I |8_M>
w2t orr ° oz
(18.5)

with the abbreviations b;- =7 +a2 and v = : sz The directions of the torques from
the spin-polarized current are depicted in Fig. 18.4. The dynamic behaviour of a
magnetization in a magnetic field is well described by the first two terms of (18.5)
and results in a parallel alignment of the magnetization along the field direction.
If the magnetization is initially not homogeneous but is broken up into domains
a magnetic field will increase domains with a parallel orientation. By increasing
the size of a domain the walls in between have to move through the ferromagnet.
The motion of 180° domain walls driven by magnetic fields has been examined by
Thiele, Slonczewski as well as Schryer and Walker [35-37]. The velocity v of a wall
is proportional to the applied field H but only up to a critical field value. Below
the critical field the magnetic structure of the wall remains unchanged but above
this critical Walker breakdown' the wall is no longer stable. The transformations
during motion in fields just above the breakdown reduce the wall velocity. For much
higher driving fields the relationship between the field and the velocity becomes
linear again but with a smaller mobility (7 Ju 7) than below the Walker breakdown.
This behaviour has been observed in films as well as in nanowires [12, 35] as shown
in Fig. 18.5a, b, respectively. As mentioned the applied field enlarges domains with
parallel orientation and thereby moves head-to-head and tail-to-tail domain walls
in a nanowire into opposite directions (compare Fig. 18.5c—e). In contrast the spin-

INamed after L. R. Walker based on unpublished calculations on domain walls that have been redone
and published in [38].
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Fig. 18.5 Velocity of a magnetic field driven domain wall in a a Srpg 5Cag sAlsFegOjg film and b
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field direction and in the latter it moves in the opposite direction

transfer torque from a spin-polarized current moves all wall types in the direction of
the current.

To describe the motion of 180° (Néel-like) domain walls a one-dimensional model
using only two dynamic parameters, the position of the wall centre along the wire
X and the averaged angle of the magnetization around the wire axis @, is useful
[37]. The domain wall is then handled as a quasi particle making it possible to
calculate domain wall behaviour and apply the model to experimental data instead
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of performing full micromagnetic simulations. To calculate equations of motion for
the two dynamic parameters (18.4) is written in the polar spin basis where M =
Mg (cos 8, sin § cos ¢, sin 0 cos ¢) with the angle 6 between the wire axis and the
magnetization as well as ¢ the local angle around the wire axis as shown in Fig. 18.5c.
In this coordinate system a transverse domain wall in a wire along the x direction
has the form -

¢ = 2arctan (e‘T) (18.6)

with the domain wall width parameter’> \ ~ \/% . The extended Landau-Lifshitz-

Gilbert equation (18.5) including effects from magnetic fields and the spin-transfer
torque then reads (M no longer handled in total, |M| = Mg = const.)

o ~ OET ~Ya 0Er
dt - ,u,()MS Sll’l(@) (5(]5 /J()MS 00
+b;(1 + a)j- VO + b}({ —a)sin(@)j - Vo (18.7)
and
do . Y 6Er Ya o OEr
—sinf = _——
dr noMs 60 poMs sin(0) ¢

~|—sin(0)b}(1 +al)j- Vo — b}(ﬁ —a)j - Vé. (18.8)

with the variational derivatives of the energy of a transverse domain wall E1 from
(18.3) that is extended by an energy E,(X) from a potential and an energy resulting
from an external magnetic field Hexy = — oM s Hex cos(6) [34, 40]. If the domain
wall is a stable Néel-like wall (as for transverse walls) below the Walker breakdown
an approximate for dd—}f and ‘Bi; can be written using the domain wall width parameter.
The angle ¢ is no longer considered for every position, instead the averaged angle
@ for the whole domain wall is used. Assuming that the external field varies slowly
compared to the domain wall width parameter and the out-of-plane angle ¢ is smaller
than 10° the equations of motion following the 1-D model of Schryer and Walker
[37] for the domain wall are

dXx

X _ ko A (e oMsHoy () + B2 by €)j
_——=— —_—mm— —_— bl . (87
dr YR 110 Ms 28110 Ms oM Hext dx j J
(18.9)
and
do 4 dE 1 b —a)j
= i <2SM0MSHext(X) + _p) - ZVICYKJ_CD + !

E B _Q.S/L()MS ‘LL()MS A
(18.10)
for a current j along the x direction. In this calculation the cross section of the wire is

S and detailed derivations of the above can be found in [31] and in a slightly different

2 Actual domain wall widths in nanowires are about 3\ as calculated in [39].
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notation in [41]. Strictly, these equations are only valid for transverse domain walls
with their Néel-like structure, and the domain wall width parameter X is the real
width of the wall. However, it was shown that (18.9) and (18.10) can also be applied
to Bloch domain walls as well as vortex walls [31, 40]. In the latter case the domain
wall width parameter is no longer of comparable magnitude to the real wall width
but smaller.

18.4 Domain-Wall Mass

With the equations of motion from the previous section the domain wall is handled in
aone-dimensional model as a quasiparticle with two dynamic variables. Compared to
second order differentials for classical particles, the equations (18.9) and (18.10) are
first order differential equations [34]. But to a certain extent a comparison between
them is useful. Even before the development of the 1-D model the idea of an inertial
domain wall mass was proposed [42]. Since the magnetization inside the wall gets
distorted by a moving force due to the nature of the torques from (18.4) the energy
associated with the domain wall increases. This increase in internal energy is reflected
as an inertia of the domain wall and has been observed for transverse domain walls
in nanowires [16, 17]. This inertial behaviour is expressed by an effective mass of
the domain wall [17, 18, 42] that only exists for walls in motion. The time derivative
of (18.9), the acceleration of a wall a, is

d’x 2K YadX YaXx ddE, K yvyAdE,

2 poMs dt 2SpgMsdt dX  Sp2M3E dX
2K, 99\ , (QHe  2K19E .
— TS Heu (X) — e — — b;j— (1 b.j.

(18.11)

Here, (18.9) solved for —%gf) is used [31]. For the freely moving domain wall,
where E,, = 0, Hexy = Oand j = 0, the wall slows down to 1/e from its initial velocity
in the damping time

_ HoMs
o Z’YIKLOé ’

T4 (18.12)

The equation for a classical particle under the influence of a force F from a linear

potential E reads
F 1 dE

=—=—— 18.13

“ m, m.dX ( )
with the classical mass m.. In comparison, for a domain wall inside a linear potential
E, with no current or external magnetic field applied, (18.11) is much simplified to
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d’X  1dX KiyyAdE, 1dX 1dE, (18.14)
2 oy dt SpdMEdAX rydt om/ dX ‘

Due to the resemblance of equations (18.14) and (18.13) the proportionality factor
between the acceleration of a wall and the force from a linear potential can be
interpreted as the inertial mass m of a domain wall in the 1-D model with

, m dE 1 (18.15)
m = =—— .
14+ a2 dx %—}—a

with the acceleration a = ‘fi%(, the velocity v = %—’f and the damping time 7.

For transverse domain walls in nanowires as well as for an extended 180° domain wall
in an infinite structure an effective mass on the order of 10723 kg has been measured
[17, 18, 43]. For vortex domain walls Clark et al. have proposed a more complex
analytical model than the 1-D model [44]. For a nanowire similar to wires studied
in this work that is 200 nm wide and 20 nm thick they calculated a mass of 10™2?kg.
This is in agreement with the measurements that are discussed in Sect. 18.6.

18.5 Fast Generation of Domain Walls with Defined
Chirality in Nanowires

Oersted fields can be used for a controlled creation of transverse and vortex domain
walls [11, 13, 16, 20, 22, 40, 45-47]. An important property is the sense of rotation
of the magnetization inside the wall called chirality. This can have great impact on
the motion of domain walls especially through y-shaped junctions in spin-ice sys-
tems [9, 10] and for synchronous motion of multiple walls driven by out-of-plane
fields [6]. The chirality can be probed by breaking the symmetry of the wire via a
notch and utilizing the anisotropic magnetoresistance for detection [13, 20, 48]. The
pinned domain walls at the notch show slightly different resistances that can be used
to probe the wall structure [22]. Notches with a depth of 130 nm are placed on one
side of the 8§ um long, 20nm thick and 300nm wide nanowires. Samples with six
differently aligned 500 nm wide and 100 nm thick copper contact lines are prepared
[48]. Figure 18.6a shows a scanning-electron micrograph of one sample as well as
a scheme of the setup. The angle between the right stripline and the perpendicular
direction to the nanowire is varied between £ 15° as shown in the top left of Fig. 18.6a.
The electron propagation direction is shown within the right stripline and downwards
corresponds to negative voltage pulses. The 10ns long voltage pulses, with ampli-
tudes varied from 1-4 V with negative and positive polarity, result in Oersted fields
from 20-75 mT. Prior to every measurement the wire is saturated in an external field
of 100 mT so that the magnetization of the wire and the Oersted field beneath the wire
are aligned antiparallel. In addition to the voltage pulse an external field is applied
in x-direction (10mT to —10mT, see coordinate system Fig. 18.6a) to investigate
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Fig. 18.6 a Schematic measurement setup and scanning electron micrograph of the nanowire with
an artificial notch and two crossing striplines. The current for Oersted field generation runs through
the right stripline. b Depending on the stripline angle, the external field (blue) and the Oersted
field (green) beneath the stripline (yellow), domain walls with different chiralities can be generated.
Shown are also the x- and y- components of the Oersted field. In b and e the situation for head-to-head
walls and in ¢ and d the situation for tail-to-tail walls is shown

its influence on the domain-wall creation. Every combination of pulse- and external
field parameters is measured ten times. The resistance changes are used to detect the
domain wall type (transverse or vortex) and their chirality [22]. The sample dimen-
sions are again chosen to preferably create vortex walls (see Fig. 18.3). The resistance
of the wire is measured by a small direct current of 100 A and all resistance changes
are referred to the resistance of the wire without a domain wall. Whether a head-to-
head (hh) wall or a tail-to-tail (tt) wall is created depends on the initial magnetization
of the wire. Head-to-head walls and tail-to-tail walls with opposite chiralities have
the same magnetic structure and therefore yield the same resistance change when
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pinned at the notch. If both wall types have identical chiralities they have a different
magnetic structure and therefore result in dissimilar resistance changes. The domain
walls pin either inside (Fig.18.6d, e) or at the right side of the notch (Fig. 18.6b,
¢) [23]. For example the hh wall with a clockwise chirality pins inside the notch
(see Fig.18.6e) whilst the hh wall with a counter-clockwise chirality pins at the
right side of the notch (see Fig. 18.6a). The difference in the measured resistance
change is larger if a hh wall with a clockwise chirality is present than in the case of
a hh wall with a counter-clockwise chirality [22]. Because of the inversion symme-
try the behaviour is the opposite for tt walls (Fig. 18.6b, c). The following analysis
focuses on vortex walls which are predominantly generated in the present experi-
ments. Figure 18.7 shows results for a stripline angle of +15°, which yields the best
control of chirality when compared to the results for £30° and +45° (not shown).
In Fig. 18.7 the number of generated domain walls for every resistance change level
depending on the angle and pulse polarity are plotted. The diagram indicates that
a negative stripline angle generates vortex walls with the larger resistance change
AR, irrespective of the pulse polarity. In concordance a positive stripline angle gen-
erates vortex walls with the smaller resistance change AR, again irrespective of the
pulse polarity. To quantitatively determine the various resistance changes a Gaussian
fit for every maximum is performed with amplitude, width and resistance change
AR, of the particular maximum resulting in AR; = (-0, 1891 4= 0, 0004) £2 and
AR, = (-0, 2021 £ 0, 0006) £2. When the angle of the stripline is negative there
are only hh walls with a clockwise chirality and tt walls with counter-clockwise
chirality and vice versa if it is positive. This correlation is validated by imaging the
domain walls in the nanowires with full field soft X-ray transmission microscopy at
the Advanced Light Source in Berkeley, CA, USA. The images were recorded at the
iron L3 edge (707eV) with a spatial resolution of about 25 nm. Figure 18.8a shows
a direct image with two 300 nm wide and 20 nm thick permalloy nanowires without
notches and a tilted copper stripline. The electron flow of the 10ns long pulses is
downwards. The situation on the left side of the stripline is the same as in Fig. 18.6e
with a negative tilting of the stripline and an electron flow downwards. When rotated
by 180° the situation on the right side is comparable to the one in Fig. 18.6d. To
enhance the magnetic contrast an image of the saturated state is subtracted from an
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Fig. 18.8 a Transmission X-ray micrograph of two permalloy nanowires with a crossing copper
stripline recorded at the XM-1 microscope at the Advanced Light Source. b Differential image
of the saturated- and the post current-pulse state. Domain walls are created on both sides of the
stripline (transitions form grey to white). The occurring magnetization configuration is shown in ¢
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Table 18.1 Summary of the domain wall structure depending on the angle and pulse polarity. Tail-
to-tail wall (tt) or head-to-head wall (hh) with a clockwise (cw) or counter-clockwise (ccw) chirality.
Indicated are the resistance changes which arise from the particular wall, whereby ARy > AR;

Positive angle Negative angle
Positive pulse tt,cw = AR, tt,ccw = ARy
Negative pulse hh, ccw = AR hh, cw = AR,

image after the pulse has been applied. The differential image is shown in Fig. 18.8b.
On both sides of the stripline domain walls are created as indicated by the transitions
from grey to white. The occurring domain-wall structure is determined by the angle
of the transitions and is displayed in Fig. 18.8c. On the left side a clockwise hh wall
and on the right side a counter clockwise tt wall is created. This is in agreement
with the electric measurements shown in Fig. 18.7. These results can be understood
by looking at the x- and y-components of the Oersted field of the current pulses as
depicted in Fig. 18.6b—e. The type (hh or tt) of the domain wall is determined by
the initial magnetization. For domain wall creation an antiparallel x-component of
the Oersted field, compared to the initial magnetization, is necessary, which cor-
responds to a certain pulse polarity. On the other hand the chirality of the wall is
controlled by the y-component which depends on the stripline angle and the pulse
polarity. For example a negative angle and a negative pulse (Fig. 18.6e) result in a
hh wall with clockwise chirality. This wall has the same structure as the tt wall with
counter-clockwise chirality in Fig. 18.6d resulting in the same resistance change AR,
for both cases. The four possible configurations of the angle and the pulse polarity
(see Table 18.1) allow to inject a domain wall with defined chirality and type into
the nanowire. To show the dependence of the wall creation on the pulse amplitude
and the applied external magnetic field a statistical analysis of the individual pulse
polarity/angle configuration is performed. Figure 18.9 shows the probabilities that
a vortex domain wall is present after a pulse depending on the external field and
pulse amplitude. The regime in which a wall generation is most likely ranges from
F4 to £2mT and the pulse amplitude must be at least about 1.9 V which cor-
responds to an Oersted field of 38 mT. The results in Fig. 18.9a, d give asymmetric
domain-wall generation probabilities. For example Fig. 18.9a shows that the prob-
ability decreases with higher negative background fields, while the probability is
zero for positive external fields higher than +3 mT. The reason for this asymmetry
is due to the notch. Up to field values of —8 mT the wall pins at the notch, whilst
at a field value of +3mT the two generated walls annihilate each other. No change
in the resistance level is then measured. Neither the external field nor the amplitude
have shown an impact on the chirality of the created domain walls.

These results show that using a tilted contact line and short current pulses a
generation of domain walls with defined type and chirality can be achieved. The
measurements are performed with 10 ns long current pulses for domain wall creation.
Lower pulse lengths can result in a less reliable creation [49]. Therefore the evolution
of the creation process is studied in detail in the following section.
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Fig. 18.9 Statistical analysis of domain wall generation. Shown are the probabilities that a domain
wall is present depending on the pulse and external field for +15° with negative pulse (a) and
positive pulse (b) and for —15° with negative pulse (c) and positive pulse (d)

18.6 Time-Resolved Imaging of Nonlinear Magnetic
Domain-Wall Dynamics in Ferromagnetic Nanowires’

Time-resolved scanning transmission X-ray microscopy (STXM) is used to observe
the creation and the motion of domain walls with sub-nanosecond time and 25 nm spa-
tial resolution [50-52]. Domain walls are created by current pulses through a stripline
crossing a permalloy nanowire as shown in Fig. 18.10a. The pulse is accompanied by
an Oersted field of 66 mT creating two domain walls underneath the stripline. Both
walls move away from the stripline into opposite directions predominantly driven
by the in-plane component of the Oersted field (Fig. 18.10b, c). Vortex domain walls
lead to a black/white contrast in the X-ray micrographs as seen in Fig. 18.10b. The
initial magnetization of the wire is achieved by sending a second inverted current
pulse through the stripline to again create two domain walls. These collide with

3Figures 18.10-18.13 and parts of the text are reproduced from F.-U. Stein, L. Bocklage, M. Weigand
and G. Meier, Sci. Rep. 3, 1737 (2013) with the permission of SpringerNature Publishing.
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Oersted field
Cu striplines

Fig. 18.10 Schematic views of experimental setup and measurement procedure. a Alternatingly
magnetized nanowire with two crossing striplines to create and detect domain walls. b Scanning
transmission X-ray microscopy superimposed with a scheme of the nanowire with two vortex
domain walls in the vicinity of the lower stripline. ¢ Illustration of the repeated process for time-
resolved imaging. A field pulse creates one domain wall at the upper and one at the lower edge of
the stripline. The succeeding domain walls from the second pulse annihilate the ones created by the
first pulse therefore resetting the nanowire to its initial state

the primarily created domain walls from the first pulse and annihilate each other as
schematically shown in Fig. 18.10c. As the Oersted field of the second pulse points
in the direction of the initial magnetization the initial state of the wire is restored. It
has been shown that this process is reliable for a wide range of pulse amplitudes and
external magnetic fields [49].
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The creation of two domain walls by a 6 ns long field pulse is shown in Fig. 18.11a.
One nanosecond after the field pulse begins the magnetization below the stripline
becomes significantly distorted and forms a vortex domain wall. An alternating
domain pattern (black-white-black contrast from 1.7-2.3 ns) evolves by creation of
a second vortex core above the white domain. As two distinct domain walls emerge
their description as quasiparticles described in Sect. 18.4 becomes plausible. After
separation the two domain walls take on a more transverse wall like structure where
the vortex core is not visible any more (2.6-2.9 ns) before transforming back into vor-
tex walls (black/white and white/black contrast from 3.4-4.6ns). The macroscopic
motion of the domain wall is almost linear up to this point. After 4ns the domain
wall decelerates and the vortex core moves back towards the stripline by increasing
the size of the outer transverse part of the domain-wall and decreasing the inner ones
(4.6-5.7ns) until the current pulse ends and the domain wall relaxes into a stable
vortex wall (5.7-8.0ns). This oscillation of the domain-wall width as well as the
vortex core oscillation along the propagation direction of the wall have been theo-
retically predicted above the Walker breakdown [44]. As the current pulse is applied
a fraction of the current is transmitted through the nanowire. The current causes an
additional force on the upper wall via spin-transfer torque (see Sect. 18.3) thus most
likely leading to the difference in velocity of the upper and the lower domain wall.
The time scale of 2.7 ns for the domain wall generation is found to be in very good
agreement with the results from time-resolved electrical measurements [49].

In Fig. 18.11b the consecutive second domain wall creation leading to the mutual
annihilation of all domain walls is shown. At the beginning of the second pulse only
the primarily created domain walls are present within the wire (0.3—-1.1 ns) until two
new domain walls with opposite chirality compared to the initial walls are created
(1.4-2.3ns, see Fig. 18.10c). The magnetization between the new domain walls points
in the same direction as the magnetization outside the first domain walls. The two
walls on each side of the stripline collide and the vortex core of the outer domain
wall gets pulled towards the stripline before the walls mutually annihilate each other
(3.1-5.7ns). The attraction occurs by the time the two vortices are 500 nm apart and
the transverse parts of the walls merge. By the time the 6 ns long pulse is over the
initial magnetization is restored. Although the domain walls collide about 3 ns after
the Oersted field is present the final relaxation of the magnetization takes another
3ns (light black and white contrast until 6.3 ns). The almost constant velocity of
the domain wall within the first nanoseconds after its creation is also visible in the
averaged domain-wall positions in Fig. 18.12. The motion directly correlates with the
spatially varying in-plane component of the Oersted field shown on the right side of
the graph. The domain wall moves with high velocities until the edge of the stripline
is reached and the magnetic field rapidly drops. The 66 mT field underneath the
stripline is far above the Walker breakdown field and therefore leads to the observed
transformations from transverse to vortex walls and domain wall width oscillations in
Fig. 18.11. Next to the stripline where the field decreases the domain wall slows down
and finally stops when the in-plane component of the Oersted field subsides below
3mT which is the propagation threshold field for domain walls in our samples. The
theoretical description of the vortex wall-dynamics for high fields is rather complex
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Fig. 18.11 Time-resolved STX micrographs in time steps of 286 ps. a Creation of two domain
walls by the field of a current pulse through the perpendicularly aligned stripline indicated by the
horizontal dotted lines. A guide to the eye for the domain wall motion is given by the dashed lines.
b Collision of two further domain walls created by an inverted current pulse. The collision leads to
an annihilation of all four walls. The chirality is opposite for the first and second creation because
of the opposite current flow direction through the stripline
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Fig. 18.12 Averaged (black solid line) domain-wall position with concomitant error bars relative
to the centre of the stripline in dependence of the time from the beginning of the current pulse. Data
of ten time-resolved image sequences is shown in grey. A fit of the equation of motion from the
1D model is extended as dahed line in the region where the domain wall is pinned. The in-plane
component of the Oersted field along the wire is plotted on the right

and has been carried out in detail and compared to numerical simulations for the
presented wire dimensions by Clarke et al. [44]. Although the detailed dynamics is
very complex the total displacement of the domain wall above the Walker breakdown
can still be described by the 1D model as derived in Sect. 18.3. The acceleration of

the wall is .
LA X Mo -
X=TLHp - =+ 2% gy, (18.16)
aTp ™ 14+«

Ho,, in our case is the spatially varying Oersted field and o = 0.0076 the Gilbert
damping. The damping time of the domain wall 7 and the effective domain-wall
width A can be used to calculate a domain wall mass equivalent by using (18.14):

_ 20[S,U0M5TD

18.17
W ( )

m

where S = 20nm x 200 nm is the cross section of the wire, 1 is the vacuum perme-
ability, Mg = 8x 10° A/m the saturation magnetization and v = 10-1.76x 10'! C/kg
=2.211x10° m/C is the gyromagnetic ratio.

A fitof the displacement in Fig. 18.12 with the numerically integrated acceleration
of a wall from (18.16) gives a maximum velocity of 159 m/s which is in agreement
with other studies [14, 45, 53] and the damping time of the domain wall 7, = 0.44 ns
is the same order of magnitude as in other experiments on transverse walls [ 18, 40] but
is 1/10th of that found for non-transforming walls [54]. The acceleration of the wall
is proportional to the Oersted field scaled by a domain wall width parameter A. This
parameter is only comparable in magnitude to the real wall width for transverse walls
and is about one order of magnitude smaller than the real width for vortex domain
walls in low fields as the vortex core magnetization strongly influences the dynamics



18 Electron Transport in Ferromagnetic Nanostructures 379

Fig. 18.13 STX micrographs in time steps of 500 ps. a Domain-wall creation by a 8 ns long field
pulse with a chirality change at the end of the creation process. The domain wall stops moving before
the pulse has ended. b Collision of two domain walls of the same chirality due to the chirality change
of the first domain wall after creation (compare Fig. 18.11b)

[30, 55]. The observed transformations in the spin structure for high driving fields in
Fig. 18.11 also influence the macroscopic motion of the wall leading to a lower but
also constant mobility [12]. Therefore a reduced effective domain wall width of A =
0.27nm is obtained.* Hence the calculated mass of the vortex domain wall is m =
4.5x 1072 kg in agreement with the estimations for vortex walls in this geometry
[44].

In Fig. 18.13a the creation of domain walls by a longer pulse of 8§ ns with a lower
time resolution compared to Fig. 18.11 is imaged. Directly after creation the upper
domain wall has a black/white contrast being a vortex wall. After transformation
to a transverse wall (3.5ns) a vortex wall is again observed 2ns later (5.5ns) with
the opposite white/black contrast showing that the chirality has changed. Note that
the domain wall stops after the transformation even though the Oersted field is still
applied because the driving field dropped below the propagation field (compare
Fig. 18.12). In contrast to the continued motion of the non-transformed wall under
its own inertia (Fig. 18.11a) the transformation seems to suppress such motion and the
wall stops in the low field beyond the edge of the stripline (Fig. 18.13a). Although the
transformation of the wall occurs after 5ns it is not observed in the creation process
with 6 ns long pulses in Fig. 18.11. Due to the non-ideal transmission of square pulses

“In [56] a wrong numerical value A = 0.13 nm was written on page 2 line 78. Still the calculation
had been carried out with the correct value of A = 0.27 nm in the publication.
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through the setup the actual shapes of the 8 ns and the 6 ns long pulses differ resulting
in a not fully comparable creation process.

Since the domain wall has changed its chirality the mutual annihilation of two
domain walls with the same chirality is observed in Fig. 18.13b where in Fig. 18.11b
the collision of two domain walls with opposite chirality is shown. Unlike in
Fig. 18.11 the second emerging domain wall does not attract the existing domain
wall (2.0-3.0ns) before merging into one horizontally oriented domain. This merged
domain moves away from the stripline and then vanishes as the surrounding domains
below and above are aligned parallel. Although the annihilation process differs from
the one of two domain walls of different chirality the time scale of the process is
identical.

In summary the temporally resolved microscopy of non-linear motion of domain
walls in high magnetic fields has been used for the observation of transformations of
the wall between vortex and transverse type. The creation process of vortex domain
walls as well as the mutual annihilation of domain walls have been directly observed.
Despite the complex processes during motion the displacement of transforming
domain walls on the observed time scale can still be described by the equations
of motion from the 1D model using a reduced dynamic domain wall width.

18.7 Conclusion

The dynamics of domain walls in nanowires has been studied by anisotropic resis-
tance measurements and transmission X-ray microscopy. A static transport mea-
surement is used to statistically evaluate occurring wall structures for a wide range
of parameters while time-resolved microscopy enabled analysis of spin-structural
changes during dynamical processes on a nanometre length- and sub-nanosecond
time scale. The combination of anisotropic magnetoresistance measurements and
transmission X-ray microscopy has been shown to be a comprehensive method for
the study of domain walls.

The fast domain wall creation by nanosecond long Oersted-field pulses is found to
be a highly robust technique that allows full control of the domain wall class (trans-
verse or vortex), its type (head-to-head or tail-to-tail) and the chirality (clockwise
or counter clockwise). In the presence of small assisting external magnetic fields
(<1.5mT) the class is predefined by the wire dimensions chosen to favour vortex
domain walls. External fields during the Oersted-field pulse up to the depinning
threshold can be used to inject transverse walls instead. The type is controlled by
the pulse polarity and the direction of the sample saturation. A tilting of the contact
line used for pulse transmission results in an Oersted-field component perpendicular
to the wire and governs the magnetic sense of rotation inside the wall. The consec-
utive injection of domain walls by pulses with alternating polarity can either result
in mutual annihilation and thereby deletion of domain walls or can lead to mul-
tiple walls inside the nanowire depending on the external magnetic field. Without
an external field a reliable annihilation is found enabling a fully electrical fast cre-
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ation and annihilation. High repetition rates of both processes have been utilized for
time-resolved imaging at the MAXYMUS transmission X-ray microscope to study
their evolution. Domain-wall transformations in high driving fields above the Walker
breakdown are observed. The creation process by successive vortex-core formation
underneath the contact line within 4 ns is in agreement with the results from AMR
measurements and micromagnetic simulations.The inertial mass of a vortex domain
wall is found to be 5x 1072 kg in agreement with theoretical predictions and is one
order of magnitude smaller than the mass equivalent of a transverse domain wall.

The measurement techniques established in this work yield a unique access to the
evolution of the domain-wall spin structure in combination with statistical analysis
of occurring processes. The detailed knowledge of the domain wall dynamics and
especially their controlled injection will be relevant for efficient implementation into
devices and studies on connected artificial spin ice lattices.
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