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PREFACE

A key trend in modern science and technology is the exploitation of phe-
nomena occurring on length scales between 1 nm and 1000 nm. This
nanotechnology or nanoscience approach has lead to the emergence of fields
such as nanobiology, nanoelectronics, and nanochemistry. An important
and—in many respects—pivotal area is nanomagnetism. From early
precursors in the first half of the 20th century to recent developments, mag-
netic nanostructures are interesting scientific objects with many present and
emerging applications, including permanent magnets, soft magnets, mag-
netic recording media, sensors, and structures and materials for spin
electronics. A key advantage of artifical magnetic nanostructures is their
ability to surpass the performance of naturally occurring magnetic com-
pounds. Examples are nanostructured permanent and soft magnets.

Magnetic nanostructures can be produced in a variety of geometries,
such as nanoparticles, nanowires, dots and antidots, particulate thin films,
nanotubes, nanojunctions, and nanorings. In addition, much progress has
recently been made towards tuning the chemistry and crystallographic
microstructure for a given geometry. For example, nanotubes can be
produced as soft- and hard-magnetic structures.

A fascinating aspect of nanomagnetism is that the involved physics goes
beyond a mixture of atomic-scale and macroscopic effects. The main com-
petition between electrostatic interactions, such as exchange, and relativistic
corrections, such as spin-orbit coupling, is organized on a length scale of a
few nanometers. This gives rise to a variety of zero- and finite-temperature
phenomena governing the static and dynamic behavior of the structures.

This book is devoted to the fabrication, characterization, experimental
investigation, theoretical understanding, and utilization of advanced mag-
netic nanostructures. Focus is on various types of 'bottom-up' and 'top-down'
artificial nanostructures, as contrasted to naturally occurring magnetic nano-
structures, such as iron-oxide inclusions in magnetic rocks, and to structures
such as perfect thin films.

Chapter 1 is an introduction into some basic concepts of interest to more
than one chapter, such as the definitions of basic magnetic quantities.
Chapters 2-4 are devoted to the theory of magnetic nanostructures, §5 deals
with the characterization of the structures, and §6-10 are devoted to specific
systems. Applications of advanced magnetic nanostructures are discussed in
§11-15 and, finally, the appendix lists and briefly discusses magnetic
properties of typical starting materials.
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Chapter 1
INTRODUCTION

The nanostructures considered in this book are magnetic and characterized
by structural length scales ranging from a few interatomic distances to about
one micrometer. The basic length unit is the nanometer (1 nm = 10 ym =
10 m), corresponding to about four interatomic Fe-Fe distances. Magnetic
nanostructures pose experimental challenges, exhibit interesting physical
phenomena, and have many present or potential applications. An important
aspect is that structural lengths affect, but only partly determine, the
magnetic length scales encountered in the structures. Examples are domains
in semihard nanoparticles, where both the domain size and the domain-wall
thickness may be smaller than the particle size, and polycrystalline soft-
magnetic nanostructures, where the magnetic correlation length is much
larger than the crystallite size.

Due to rapid progress in the fabrication and processing of nano-
structures, it is now possible to realize a broad variety of geometries,
crystalline textures, and chemistries. For a given geometry, the structures
can be fabricated using a variety of magnetic materials (compounds), with
different local magnetic properties and crystalline textures. The Appendix
presents some magnetic materials of interest in nanomagnetism.

1. BASIC DEFINITIONS AND UNITS

The magnetic moment m of the atoms in a nanostructure nearly exclusively
originates from the electrons in the partially filled inner shells of transition
or rare-earth metals. There are both spin (S) and orbital (1) contributions, but
since L is much smaller than S in most iron-series transition-metal magnets,
the magnetic moment is often equated with the spin polarization. The
situation is similar to that encountered in bulk magnets, although both S and
L may be modified at surfaces and interfaces (Ch. 2). As in infinite solids,
nuclear moments are much smaller than electron moments and can be
ignored safely for most applications.

The magnetic moment of an atom is created by intra-atomic or Hund's-
rules exchange, which favors parallel spin alignment on an atomic scale. In
addition, ferromagnetism requires inferatomic exchange, to ensure parallel
alignment of the moments of neighboring atoms. The resulting net moment
gives rise to the magnetization M = J/u, which is defined as the moment per
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unit volume. In bulk ferromagnets, the competition between interatomic ex-
change and thermal disorder leads to the vanishing of the spontaneous mag-
netization AM; = |M(r)| at a well-defined sharp Curie temperature 7. How-

ever, the existence of a Curie-point singularity is limited to infinite bodies,
and in nanostructures, the concepts of magnetic phase transitions must be
reevaluated (Ch. 3).

Spin-orbit coupling in combination with local crystal-field interactions
gives rise to magnetic anisotropy. In the simplest case, magnetic anisotropy
is of the uniaxial type and described by the lowest-order anisotropy constant
K,. This constant is equal to the energy density necessary to turn the mag-
netization from the easy to a hard magnetization axis. In addition, there are
shape-anisotropy contributions of magnetostatic origin. In nanostructures,
surface, interface, and shape anisotropy contributions are often important,
particularly in cubic materials, where the lowest-order bulk anisotropy is
Zero.

An applied magnetic field H changes the magnetization by rotating the
local moment. Since the magnetic anisotropy yields energy barriers between
different magnetization states or spin configurations M(r), the fieid
dependence of the net magnetization exhibits Aysteresis. Important hysteretic
properties are remanence M,, defined as the zero-field magnetization after
saturation in a strong magnetic field, and the coercivity H.. The latter is
defined as the reverse magnetic field at which the volume-averaged
magnetization of an initially saturated magnet reaches zero. Some other
hysteretic properties of specific nanostructuring offers many tools to tune
hysteretic properties. For example, the coercivity of advanced magnetic
nanostructures varies from about 1 puT to several T. Analytical and
numerical aspects of the hysteresis of magnetic nanostructures will be
treated in Chs. 3 and 4, respectively.

The structural length scales of nanomagnets are intermediate between
interatomic and macroscopic distances, but nanomagnetism cannot be
reduced to a mixture of atomic-scale and macroscopic phenomena. For
example, most extrinsic properties are realized on a nanoscale, and nano-
structuring is used to produce optimized hard, soft, information-storage and
sensor materials. A dynamic aspect of this interplay between atomic (or
intrinsic) and hysteretic (or extrinsic) phenomena is that equilibration times
vary from less than 1 ns to millions of years. This determines, for example,
the magnetic switching time of spin-electronics structures and the lifetime of
information stored in magnetic recording media. This is related to the
thermal instability of the magnetization direction known as superpara-
magnetism (Bean and Livingston 1959). This effect occurs in very small
particles and is strongly temperature dependent (Ch. 3).

In this book, the preferred length unit is 1 nm (10° m), but 1 A = 0.1
and 1 pm = 1000 nm are also used, particularly for submicron features
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having sizes of several 100 nm. Recording densities are also measured in
bytes per square inch or bytes per square centimeter (1 in” = 6.452 cm™).
Both SI and Gaussian units will be used for magnetic quantities, with
explicit conversions occasionally included in square brackets. This also
includes the parallel or alternate use of the SI unit tesla for coercivity and
magnetization, as compared to the correct but cumbersome unit A/m. The
latter corresponds to B = u(M + H), and the former is obtained by incor-
porating u, into M and H, so that one actually considers M and u,H. In the
Gaussian system, multiplying the magnetization (emu/cm’) by the dimen-
sionless number 47 changes the unit to gauss. (This is similar to measuring
the perimeter of an island in miles and its diameter in feet.) Some everyday
numerical conversion rules are: (i) 1 T = 10 kOe =~ 0.8 MA/m (coercivity),
(i) 1 emu/em® =1 kA/m and 1 T =10 kG ~ 0.8 MA/m (magnetization), (iii)
1 T = 100 MGOe = 800 kJ/m® (energy product). Finally, an SI susceptibility
of 1 corresponds to a Gaussian susceptibility of 4zn. In the above con-
versions, we have used the numerical relation that 10/4nx = 0.7958 = (.8.

O
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O @
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@ ®) © @D@ —

—= >
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Figure 1. Typical nanostructure geometries: (a) chain of fine particles, (b) striped nanowire,
(c) cylindrical nanowire, (d) nanodots, (€) nanojunction, (f) nanotube, (g) antidots,
(h) vicinal surface step, (j) nanoring, and (k) patterned thin film. Note that the
figures can consist of multilayered and granular nanocomposites.
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2. MAGNETIC NANOSTRUCTURES

Magnetic nanostructures can be produced in a wide range of geometries.
Figure 1 shows some examples. In combination with specific choices of
magnetic materials for the structures — or for parts of the structures — this
versatility is a major reason for interest in magnetic nanostructures. Several
chapters of this book deal with the fabrication, investigation, and application
of individual geometries, such as nanowires and patterned thin films. The
following paragraphs briefly characterize typical geometries, mention some
systems of practical or scientific interest, and provide links to the individual
chapters of this book. (For references, see the Chapters 2 to 15 and the
further-reading section below.)

2.1. Nanoparticles, Clusters, and Molecular Magnets

Small magnetic particles exist in nature or are produced artificially (Chs. 6
to 8). Nanoparticles have sizes ranging from a few nanometers to submicron
dimensions (Ch. 7), whereas molecular magnets (Ch. 6) contain a few
magnetic atoms in well-defined atomic environments. Clusters are inter-
mediate structures, with less well-defined atomic environments but ex-
hibiting atomic features such as facets (Ch. 8).

Examples of naturally occurring nanoparticles are magnetite (Fe;0,)
nanoparticles precipitated in bacteria, insects and higher animals, and
magnetite and other oxide particles responsible for rock magnetism.
Nanobiomagnetics is concerned not only with questions such as the role of
magnetite particles for horizontal and vertical orientation of animals but also
with important medical issues, such as local drug administration and cancer
diagnosis (Ch. 15). The small remanent magnetization of magnetic rocks,
first analyzed by Néel in the 1940's, is exploited, for example, in
archeomagnetic dating and to monitor changes in the Earth’s magnetic field.
Small oxide particles, less than 10 nm in diameter, are observed in gels
having the nominal composition FeO(OH)-nH,O. Fine particles are also
encountered in meteorites.

Some artificially produced magnetic nanoparticle structures are Fe in
Al,O;5 and so-called 'elongated single-domain particles'. Interesting applica-
tions of small particles are stable colloidal suspensions known as ferrofluids.
A variety of materials can be used, such as Fe;0,, BaFe;;,0,9, Fe, Co, and
Ni, and a typical particle size is 10 nm. Most ferrofluids are based on
hydrocarbons or other organic liquids, whereas water-based ferrofluids are
more difficult to produce. They are used as liquids in bearings and to
monitor magnetic fields and domain configurations.
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2.2. Granular Nanostructures

Embedded clusters, granular materials, and other bulk nanostructures are of
great importance in nanoscience. The structural correlation lengths of typical
nanocomposite materials range from about 1 nm in x-ray amorphous struc-
tures to several 100 nanometers in submicron structures. Magnetic glasses
and atomic-scale defect structures are beyond the scope of nanomagnetics,
but they are of indirect interest as limiting cases and because nanomagnetic
phenomena have their quantum-mechanical origin in atomic-scale
magnetism.

Depending on grain size and microchemistry, granular nanostructures
are used for example as permanent magnets (Nd-Fe-B), soft magnets (Fe-
Cu-Nb-Si-B), and magnetoresistive materials (Co-Ag). There are two types
of exchange-coupled permanent magnets: isotropic magnets, which exhibit
random anisotropy and remanence enhancement, and oriented hard-soft
composites, which utilize exchange coupling of a soft phase with a high
magnetization to a hard skeleton.

Closely related systems with many potential applications are magnetic
clusters deposited in a matrix. For example, the narrow size distribution of
10-20% makes this material interesting as a granular media for magnetic
recording. A well-known sofi-magnetic nanocomposite is the "Yoshizawa'
alloy Fes;5Si135BoCuNb;, which consists of DO;-structured Fe;Si grains
embedded in an amorphous matrix.

2.3. Particle Arrays and Functional Components

Two-dimensional arrays of nanoparticles are of interest as scientific model
systems and have many present or future applications. For example, ad-
vanced magnetic recording media can be characterized as a complex array of
magnetic particles, and interest in dot arrays has been sparked by the search
for ever-increasing storage densities in magnetic recording. In very small
dots, quantum-mechanical effects are no longer negligible, and there are
phenomena such as quantum-well states. These effects are of interest in
quantum computing and spin electronics.

Most easily produced and investigated are submicron dots made from
iron-series transition metals, such as Ni, but it is also possible to use metallic
alloys, such as Permalloy, and to reduce the dot size to less than 100 nm.
The dots may form square or hexagonal arrays, or structures such as corrals.
Among the investigated phenomena are the properties of individual dots and
interdot interactions. A related class of nanostructures are antidots, that is,
holes in a film rather than dots on a film. Potential applications include
magnetic recording, sensors, magnetic and quantum computing, micron- and
submicron-size mechanical devices, short-wavelength optics, and spin
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electronics. Other 'functional' building blocks are, for example,
nanojunctions, spin valves, and tips for magnetic-force microscopy (MFM
tips).

2.4. Nanowires

There is a smooth transition from elongated dots and thin-film patches to
nanowires. Magnetic nanowires have present or potential applications in
many areas of advanced nanotechnology, including patterned magnetic
media, magnetic devices, and materials for microwave technology. There a
various methods to produce nanowires, such as deposition on vicinal
surfaces and electrodeposition, including electrodeposition into porous
alumina templates (Section 3).

Much of the early work on magnetic nanowire arrays was concerned
with exploratory issues, such as establishing an easy axis for typical
preparation conditions, the essential involvement of shape anisotropy, as
opposed to magnetocrystalline anisotropy, and the description of magneto-
static inter-actions between wires. More recently, attention has shifted
towards the understanding of magnetization processes, such as the transition
from curling-type to quasi-coherent nucleation, the influence of deposition-
dependent polycrystallinity of typical transition-metal nanowires. Some
other interesting phenomena are magnetic-mode localization, as evident e.g.
from experimental activation volumes, spin-waves, and current-induced
magnetization reversal.

2.5. Magnetic Thin Films and Multilayers

Magnetic thin films and multilayers can be classified as magnetic nano-
structures, too, but it is common to treat homogeneous thin films and
multilayers as a separate branch of magnetism, intermediate between nano-
magnetism and surface magnetism. However, many recently developed and
investigated nanostructures are thin-film nanostructures. Examples are self-
assembled thin-film nanostructures (Ch. 9), patterned nanomagnetic thin
films (Ch. 10), hard-magnetic thin-film nanostructures and thin films for
magnetic recording (Ch. 11).

Semihard thin films are used in magnetic recording media and have,
more recently, attracted attention as tools for magnetic information pro-
cessing. In addition, on a length scale of a few interatomic distances, there is
a variety of interesting thin-film effects, such as vicinal and interface
anisotropies, moment modifications at surfaces and interfaces, thickness-
dependent domain-wall and coercive phenomena, interlayer exchange-
coupling, and finite-temperature magnetic ordering. A specific example is
the nanoscale exchange-coupling or 'exchange-spring' effects in multilayers.
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3. FABRICATION AND CHARACTERIZATION

The broad variety of magnetic nanostructures corresponds to a diverse range
of processing methods. The suitability of individual methods depends on the
length scale and geometry of the nanostructures. In addition, each method is
usually restricted to a relatively narrow class of magnetic materials.

Granular nanostructures are produced by methods such as mechanical
alloying and chemical reactions. A traditional though somewhat cumber-
some method to fabricate nanoscale particle arrays of magnetic, dots, and
wires on thin films is nanolithography. Other examples are molecular-beam
epitaxy, the use of STMs, and chemical vapor deposition. The call for well-
characterized large-area arrays of nanoparticles has stimulated the search for
advanced production methods such as laser-interference lithography (LIL),
where laser-intensity maxima effect a local transformation of a nonferro-
magnetic material into ferromagnetic islands. Another development is the
use of focused ion-beam milling (FIB) to create small particles and particle
arrays with well-defined properties.

Thin-film nanowires are comparatively easily obtained by depositing
magnetic materials on vicinal surfaces and by exploiting structural
anisotropies of the substrate. They can be produced with thicknesses down to
one or two monolayers. Electrodeposition of magnetic materials into porous
alumina may be used to produce regular wire arrays (see Sellmyer er al.
2001 and references therein). Other ways of fabricating cylindrical nano-
wires include deposition into molecular sieves, track-etched polymer mem-
branes, and mica templates. By electrodeposition into porous anodic alumina
it is now possible to produce hexagonal Fe, Co, and Ni nanowire arrays with
diameters ranging from 4 to 200 nm, and lengths of up to about 1 pum, and
variable center-to-center spacings of the order of 50 nm. The resulting
materials are of interest as magnetic recording media, for optical and
microwave applications, and as electroluminescent display devices. Aside
from the above-mentioned iron-series transition-metal elements, there is
interest in depositing alloys and multilayers, such as Fe/Pt, into porous
templates.

The structural and magnetic characterization of magnetic nanostructures
is the main focus of Ch. 5 and of various sections and subsections through-
out the book. Structural correlation lengths can be probed for example by X-
ray diffraction, small-angle neutron scattering (SANS) and electron
microscopy. Magnetic measurements are performed with the methods
known from bulk and surface magnetism, although some techniques must be
adjusted to the small signals from certain structures. Examples are vibrating
sample magnetometry (VSM), magneto-optical Kerr effect (MOKE)
measurements, and SQUID magnetometry. Some methods, such as mag-
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netic-force magnetometry, are nanospecific and presently being applied to
measure hysteresis loops of nanoscale magnetic particles.

4. APPLICATIONS

Magnetic nanostructures are used in the form of traditional magnetic
materials, such as hard and soft magnets, and in specific functional
structures, such as sensors. Hard or permanent magnets are used, for
example, in electromotors, hard-disk drives, loudspeakers, windshield
wipers, locks, refrigerator magnets, and microphones. Some applications,
such as toys, do not usually require high-performance magnets, but hard-disk
drives and other high-tech applications require highly sophisticated rare-
earth permanent magnets with well-defined nanostructures (Ch. 12).
Compared to the highly anisotropic hard magnets, soft magnets exhibit very
low magnetic anisotropy. They are widely used for flux guidance in
permanent-magnet and other systems, in transformer cores, and for high-
frequency and microwave applications, and in recording heads. In advanced
soft-magnetic materials, nanostructuring is used to reduce magnetic losses
by controlling anisotropy, eddy-current losses, and other properties (Ch. 13).

A key application and driving force of magnetic nanotechnology is
magnetic recording media. They are used not only for audio-visual
technology, for example in audio and video tapes, but also in computer
technology, for example in hard-disks (Ch. 11). A remarkable increase in
areal density of many orders of magnitude in the last two decades has relied
heavily on nanostructuring of media and read and write heads.

Artificial nanostructuring is a way of creating completely new tech-
nologies. One area is spin electronics, and various types of nanostructures,
such as multilayers and nanojunctions, are being used or investigated in this
context (Ch. 14). The magnetoresistance of metallic thin films, granular
nanostructures and magnetic oxides are exploited in sensors, and a problem
of current interest is spin injection into nonferromagnetic metals and
magnetic semiconductors. Other recent developments are magnetic nano-
structures for quantum computing, multiferroics (where nanoscale effects are
exploited to synergize electric and magnetic degrees of freedom), and
nanoparticle ferrofluids for cancer treatment, guided by a magnet and
delivering high local doses of drugs or radiation. Nanoscale effects are also
exploited in micro-electromechanical systems (MEMS) and magnetic-force
nanotips made from CoPt.
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Abstract This chapter is devoted to the electronic structure of nanoscale metallic magnets.
After an introduction to methods of electronic structure calculations, we review
how recent trends translate into the description of magnetic nanostructures.
Among the considered structures are nanowires, small particles, surfaces and
interfaces, and multilayers, and emphasis is on magnetic properties such as
moment and magnetization, interatomic exchange, and anisotropy.

1. INTRODUCTION

Nanostructures open new possibilities to tailor the mechanical, chemical,
magnetic and electronic properties of materials and, at present, there is
strong demand for basic understanding of new phenomena that nano-
structures may exhibit. Nanomagnetic objects are different from both atoms
and bulk materials, thereby providing an interface between physics,
chemistry, material sciences, engineering and biology. For example, the
length scale of typical nanostructures allows a direct use in many systems,
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including the human body. Some phenomena described by first principles
are surface-and interface magnetic anisotropies, reduced or enhanced
magnetic moments at particle or film surfaces, and optical properties,
including magnetic dichroism. In addition, parameters obtained from first-
principle calculations serve as an input in numerical micromagnetic
simulations (Ch. 4).

Here we focus on iron-series transition-metal elements and their alloys.
Magnetic oxides and rare-earth compounds can also be used in
nanomagnets, but their magnetism goes beyond the scope of this review. For
example, the large magnetocrystalline anisotropy of rare-earth transition-
metal intermetallics, which are used in nanostructured permanent magnets,
largely reflects the Hund’s-rules ground state of tripositive rare-earth ions
(Ch. 3).

Magnetic clusters containing a few atoms have been investigated for
many decades, both theoretically and experimentally [1]. The electronic
structure of atomic clusters was traditionally treated by real-space methods
based on various approaches from tight-binding (TB) to density-functional
methods [2, 3]. The methods of calculations of electronic structure of bulk
materials use periodic boundary condition and k-space representation. They
are very well developed and applied to broad variety of materials [4]. Nano-
structures include 100-100000 atoms and do not exhibit periodicity, so that
their first-principle study is a very challenging problem. Direct atomistic
treatment of real nanodevices is very difficult due to the large number of
atoms. The free-electron model, tight binding approaches and order O(N)
density functional approach have all been applied to the nanoscale geo-
metries to study their electronic properties. The choice of an approach
depends on the degree of compromise between numerical and conceptual
tractability on the one hand and quantitative accuracy on the other.

2. METHODS OF ELECTRONIC-STRUCTURE
CALCULATIONS

Electronic structure methods for studies of nanostructures can be divided
broadly into supercell methods and real-space methods. Supercell methods
use standard k-space electronic structure techniques separating periodically
repeated nanostructures by distances large enough to neglect their inter-
actions. Direct space methods do not need to use periodic boundary con-
ditions. Various electronic structure methods are developed and applied
using both approaches. In this section we will shortly discuss few popular
but powerful electronic structure methods: the pseudopotential method,
linear muffin-tin orbital and related methods, and tight-binding methods.
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2.1. Linear Muffin-Tin Orbital and Related Methods

Basis-set methods may be divided into two categories, depending on
whether they (i) use wave function expansions in some set of fixed basis
functions like atomic orbitals, Gaussian and plane waves, or (ii) expand the
wave function in a set of energy and potential dependent partial waves as
done in Korringa-Kohn-Rostoker (KKR) and the augmented plane wave
(APW) methods. The KKR and APW methods require computational efforts
which, despite attempts to improve the efficiency, are barely feasible and
limited to sp-like valence and conduction electrons. Computationally, this
can be remedied by the addition of localized orbitals to the plane wave basis
set. But such a hybrid scheme is neither elegant nor in accordance with the
chemical and physical intuition based on the smooth trends observed through
the periodic table. It is necessary to use the self-consistent methods for
computing one electron eigenvalues and eigenvectors with speed and
accuracy. The so-called linear methods of band theory satisfy the
requirements rather well. This is true for the linear-muffin-tin-orbital method
(LMTO) [5-8]. This method is linearized version of the KKR method.
Almost identical with the solid state LMTO method is the augmented
spherical wave (ASW) method of Williams et al. [9].

The LMTO has also been extended to treating crystalline impurities
with the Green’s function technique by Koeing er al. [10], and Gunnarson et
al. [11] have used it for both metal and semiconductor hosts. Harris [12],
Casula and Herman [13] and Springborg et al. [14, 15] have developed the
LMTO method for clusters and molecules. For surfaces and thin films,
LMTO techniques have been devised by Fuziwara [16] and Fernando et al.
[17]. It was also discovered that the conventional solid-state LMTO basis set
can be transformed exactly into orthogonal [6, 7], tight binding (TB) [6] and
minimal [100] basis sets, which simplifies and generalizes the solid-state
LMTO method considerably.

The use of the atomic-sphere approximation (ASA) [18], where the
single-electron potential is modeled as a superposition of spherical potentials
inside overlapping space-filling spheres, makes LMTO methods com-
putationally very efficient. Where this approximation is applicable, the
LMTO-ASA method is presumably the most efficient procedure available
for solving the density functional equations to a reasonably high degree of
accuracy. However, a full-potential treatment going beyond the ASA is
needed for many systems, including surfaces and impurities, and for total-
energy changes associated with phenomena such as phonon distortions and
atomic relaxations etc. A number of full potential methods have been
developed, namely, FPLAPW [19, 20], FPLMTO [21] and FPLO [22]. A
real-space version of the full-potential approach was implemented by Beck
[23].
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2.2. Plane-Wave Pseudopotential Methods

The pseudopotential method relies on the separation (in both energy and
space) of electrons into core and valence electrons and implies that most
physical and chemical properties of materials are determined by valence
electrons in the interstitial region. One can therefore combine the full ionic
potential with that of the core electrons to give an effective potential (called
the pseudopotential), which acts on the valence electrons only. On top of
this, one can also remove the rapid oscillations of the valence wavefunctions
inside the core region such that the resulting wavefunction and potential are
smooth.

Beyond a chosen cutoff radius, the all-electron and pseudofunctions
(potential and wavefunction) are identical, while inside the core region both
the pseudopotential and pseudowavefunction are smoothly varying. After the
construction of these pseudofunctions for a single atom and ensuring that
their scattering properties are almost identical to those of the all-electron
functions, they can be used in any chemical environment.

The pseudopotential method has various advantages. Eliminating the
core electrons from the problem reduces the number of particles that must be
considered in the Kohn-Sham (KS) equations for the effective one-electron
potential. For example, a pseudopotential calculation for bulk silicon (with
10 core and 4 valence electrons) requires the calculation of 4 occupied bands
at each k-point, while an all-electron approach would require the calculation
of 14 occupied bands. More importantly, the smooth spatial variation of the
pseudopotential and pseudowavefunction allows the use of computationally
convenient and unbiased basis, such as plane wave basis sets or grids in
space.

The plane-wave pseudopotential method has proven to be an excellent
computational tool for solving large scale electronic structure problems [24,
25]. Notable strengths of the method are the ability to use fast Fourier
transform to update the Kohn-Sham equations, the lack of dependence on the
basis on atom positions, and the clear control of convergence with the cutoff
energy determined by the shortest wavelength mode. However, the method
encounters difficulties in treating widely varying length scales. This issue is
especially relevant for surfaces, clusters, and the hard pseudopotentials of
first row elements or transition metals, which vary rapidly near the nucleus.
A real-space version of the pseudopotential method was developed by
Chelikowsky [26].

2.3. Tight-Binding Methods

The traditional approach to obtain the electronic structure of a periodic solid
with ab initio pseudopotentials has been to solve the Kohn-Sham (KS)
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equations in momentum space using a plane-wave basis set. There are many
advantages of plane-wave basis sets. For example, due to their completeness
and orthonormality, they allow convenient and unbiased representation of
the charge density and wavefunctions for calculating operator matrix
elements. For non-periodic and localized systems, such as defects, surfaces,
clusters, quantum dots, using a plane wave basis set requires an artificial
periodicity in order to implement standard electronic structure algorithms.
This artificial periodicity is introduced through the use of large unit cells
called supercells.

While the supercell approach works well for localized systems, it is
typically necessary to consider a very large supercell. This results in a plane-
wave basis replicating not only the relevant electronic states but also vacuum
regions imposed by the supercell. A much more efficient method to
implement for investigating the electronic structures of localized systems is
to use real space methods such as the recursion methods [27] and the
moments methods [28]. These methods do not require symmetry and their
cost grows linearly with the number of inequivalent atoms being considered.
For these reasons, real space methods are very useful for a description of the
electronic properties of complex systems, for which the usual k-space
methods are either inapplicable or extremely costly.

Real-space methods are generally impractical, but they are extremely
efficient when the system in consideration is well described by a tight-
binding (TB) Hamiltonian. For a long time, parameterized TB Hamiltonians
in conjunction with real space methods have been used to study the
properties of complex transition metal alloys. In some cases, simple model
TB Hamiltonians are very useful to stress the essential physics of the phe-
nomenon in question and even to give the correct trends found in real
systems. But in other cases, the effects are too subtle and the results obtained
by the use of these parameterized Hamiltonians can be misleading. Even
when trends can be well described, to obtain quantitative results a more
exact Hamiltonians is usually needed. This has been a major problem
regarding real-space electronic structure calculations. Usually, the involved
parameters needed to build the TB Hamiltonian, such as hopping integrals,
are obtained from a linear combination of atomic orbitals (LCAO) fit to
more exact k-space calculations or are adjusted to fit experimental results
[29].

When one considers complex systems, for which no exact results are
available, parameters are usually obtained from a simple similar system and
then transferred to the more complex system in question using the Slater-
Koster rules [30] and some other empirical formulas which are known to be
roughly obeyed. The results were often encouraging, but the lack of a solid
theoretical background to justify the procedure left some fundamental
questions unanswered. For example, how could one simulate the crystal-
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field splitting which depends on local environment and can not be
transferred from one calculation to another, and how do we treat the wave
function? The solution to these problems is not unique and several
interesting points of view have developed. However, major progress towards
obtaining a TB-Hamiltonian based on a solid theoretical understanding of
the problem came in 1984 with the advent of the LMTO-ASA-TB formalism
[31]. This gave rise to a new era regarding the quantitative description of the
electronic structure of complex systems by using real-space methods.

3. MAGNETIC PROPERTIES

In this chapter we describe how basic or ‘intrinsic’ magnetic properties are
calculated from first principles. Technological applications, for example in
magnetic recording, tend to require a large magnetization, thermal stability,
and control over the coercivity. The reversal process is described usually by
micromagnetic modeling which takes into account dipole-dipole inter-
actions. The description of magnetization reversal is beyond the scope of our
paper. For details of micromagnetic modeling, readers are referred to Chs. 3
and 4 and to the specialized literature [31].

Magnetic properties can be understood and fully described from micro-
scopic considerations using ab-initio electronic-structure methods. The local
magnetic moment in combination with intra-atomic exchange defines the
magnetization, interatomic exchange describes the thermal stability, and the
coercivity reflects the magnetic anisotropy of the system. These interactions
have different energy scales. The intra-atomic exchange is of the order of 2
eV, interatomic exchange of the order of 10 meV, and anisotropy of the
order of 1 meV. However, all of them are extremely important to describe
the behavior of a magnet.

The description of nanomagnets requires new approaches. First, nano-
structures are not periodic and tend to have large surface-to-volume ratios.
Because of this the magnetization is not uniform across the nanostructure,
local magnetic moments differ from site to site, exchange coupling varies
throughout the nanostructure, and the anisotropy can be quite different from
bulk or surface anisotropies. Second, it is hard to define properties in the
similar fashion as in the bulk or as in case of molecules.

3.1. Magnetic Moment

The magnetic moment is given by the difference between the filling of
majority and minority spin bands, which is directly related to the ferromag-
netic exchange splitting between the bands. There is also an orbital-moment
contribution to the moment, but in 3d-based magnets, it is often small due to
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quenching (Ch. 3). Total energy minimization over all occupied band states
yields crystal structure and magnetic ordering. Magnetic coupling and
magnetic moment are sensitive functions of the interatomic spacing and the
atomic volume, respectively. Both are dominated by the Coulomb and by
exchange interactions at small distances. The moment is determined pri-
marily by intraatomic exchange interactions and the Curie temperature by
the interatomic exchange interactions.

The most common approach to calculate the magnetization from first
principles is to use the local density formalism, where the spin dependent
part of the total energy is approximated by an expression derived for the
electron gas [32]. The corresponding exchange-correlation potential depends
only on the majority and minority spin densities. Different magnetic struc-
tures, such as paramagnetic, ferromagnetic and various antiferromagnetic
configurations, exhibit different total energies, and the lowest energy
configuration obtained by local density theory represents the observed
magnetic state in most cases. Room-temperature ferromagnetism occurs in
rather few elements, Fe, Co, Ni, Gd, and several other rare earths are
ferromagnetic at low temperatures. However, many alloys are ferromagnetic.
The stability of the ferromagnetism of itinerant magnets can be explained by
the Stoner criterion, which takes the DOS at the Fermi level, D(EF), and an
atomic exchange integral / as input [33-35]. The transition from para-
magnetism to ferromagnetism is favourable for D(Er) I >1. Then the system
can lower its energy by bringing enough majority spin electrons down in
energy by opening up the ferromagnetic exchange splitting. The Stoner
criterion explains why Fe, Co and Ni are singled out for ferromagnetism.
Several other elements are close to fulfilling the criterion, for example Pd.
Since the DOS is different for different atomic sites, nanostructures may
exhibit different local moments and complicated magnetic transitions.

With increasing atomic volume, one approaches the free atom limit
where Hund’s first rule postulates maximum spin, so that the individual
spins of the electrons in a shell are aligned parallel. More generally, Pauli’s
exclusion principle implies that electrons with parallel spins have different
spatial wavefunctions, reduces the Coulomb repulsion and is seen as
exchange interaction. When the atoms are squeezed into a solid, some of the
electrons are forced into common spatial wavefunctions, with antiparallel
spins and reduction of the overall magnetic moment. At surfaces and
interfaces, the reduced coordination reverses this effect, and a part of the
atomic moment is recovered.
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3.2. Anisotropy

Magnetic anisotropy is one of the most important properties of a magnetic
material. As mentioned in Ch. 1, it is the energy necessary to deflect the
magnetic moment in a single crystal from the easy to a hard direction. The
main contribution to the anisotropy is magnetocrystalline anisotropy. The
easy and hard directions arise from the interaction of the spin magnetic
moment with the crystal lattice that is due to spin-orbit coupling. In crystals,
the magnetocrystalline anisotropy energy is given by a series expansion in
terms of the angles between the direction of magnetization and the crystal
axes (Ch. 4). It is often sufficient to represent the anisotropy energy in an
arbitrary direction by just the first two terms in the series expansion. These
two terms each have an empirical constant associated with them called the
first- and second order uniaxial anisotropy constants K; and K, respectively.
In cubic crystals, the lowest-order term is the fourth-order term, also known
as the ‘cubic’ K;.

There is also some shape anisotropy due to magnetostatic dipole inter-
actions (Ch. 3). This anisotropy is important in some nanomagnets, for
example in elongated nanoparticles, but unrelated to the electronic structure.

A contribution caused by spin-orbit coupling and closely related to mag-
netocrystalline anisotropy is magnetoelastic anisotropy. Mechanical stress
creates a strain which amounts to a lattice distortion and yields a correction
to the magnetocrystalline anisotropy. Surface anisotropy is a manifestation
of magnetocrystalline anisotropy, too (sections below and Ch. 3).

Starting with Brooks (1940), calculations of the magnetocrystalline
anisotropy energy (MAE) of itinerant magnets have developed in two
different approaches have been developed since the pioneering studies of
Takayama, Bohnen, and Fulde [36] and of Gay and Richter [37]. The first
approach uses perturbation theory within a semi-empirical tight-binding
framework, justified by the argument that the MAE is small compared to a
characteristic bandwidth [36, 38, 39, 40]. The second approach relies on ab
initio spin-polarized total-energy calculations, with spin-orbit coupling
included either self-consistently within the scalar-relativistic approximation
[41, 42] or as a final perturbation to a calculation neglecting spin-orbit
coupling [37, 43-45] and using the force theorem [46, 47]. The main
difficulty with this approach arises from the fact that a change in the
direction of the magnetic moment changes the occupation of the eigenstates
only in a narrow region of the Brillouin zone, hence the k-space integrations
for the total energy are only very slowly convergent. To avoid the necessity
to use a huge number of k-points, Wang, Wu, and Freeman [45] introduced a
state tracking procedure, using information on the change of the band
structure with increasing spin-orbit interaction to extrapolate the Brillouin-
zone integrals.
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The description of the magnetic anisotropy of nanoparticles is more
complicated than that of bulk systems, partially because shape and surface
anisotropies (Ch. 3) are of the same order of magnitude as the magnetocrys-
talline anisotropy. The ratio of atoms on the surface to the number of atoms
in the core of a nanoparticle is very large. This changes the electronic
structure of the core atoms as well and its anisotropy may be quite different
from the bulk systems. Surface anisotropy may cause drastic change in
magnetization and reverse properties of nanostructures. Even in a naive
magnetostatic approach, surface anisotropy causes the renormalization of
switching parameters [48].

3.3. Spin Structure and Noncollinearity

The term spin structure refers to the ferromagnetic, antiferromagnetic or
ferrimagnetic alignment of the atomic spins. In ferromagnets, all spins are
parallel and the atomic moments add, whereas ferromagnets and
antiferromagnets are characterized by two or more sublattices with opposite
moments. This leads to a reduction or absence of a net magnetic moment.
Competing exchange interactions in periodic crystals and in disordered
magnets give rise to noncollinear spin arrangements. Examples are
helimagnetic order in perfect crystals, which is caused by the competing
interactions between next and more distant neighbors, and spin-glass
behaviour in magnets with atomic scale disorder [49]. Deviations from
parallel or antiparallel spin alignment may also occur at surfaces and
interfaces. Further, it is important to distinguish between zero temperature
magnetism and finite temperature magnetic order.

It is difficult to calculate finite-temperature magnetic properties from
first principles, particularly Curie and Néel temperatures. In the atomic limit,
for example using the Heisenberg model, one assumes a magnetic moment
on each atom that persists beyond Curie temperature. In the paramagnetic
phase, the magnetization vanishes by orienting the moments at random. The
other extreme, that is the Stoner model of band like ferromagnetism,
assumes that the magnetic moment gradually decreases at elevated tem-
perature and vanishes at the Curie temperature. It yields Curie temperatures
that are several times higher than observed [35]. The basic drawback is the
assumption that the magnetic order disappears by spin flip excitations across
the Stoner gap. They cost more energy than is actually needed to disorder
magnetic moments. More realistic models contain small domains with local
order whose orientations are starting to fluctuate when approaching the
Curie temperature (Ch. 3). Some degree of local correlation remains even
above T¢. Such a picture brings in spin wave excitations (magnons) which
are not contained in the ground state energy bands. The efforts to model the
spin structure just below and above the Curie point from first principles give
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qualitatively correct Curie temperatures [50], even if the method used in the

paper is more appropriate to very weak itinerant ferromagnets such as ZrZn,
(Ch. 3)

3.4. Interatomic Exchange

Magnetic order occurs because the magnetic moments of neighbouring
atoms couple by interatomic exchange. As the intra-atomic exchange
responsible for the magnetic moment, it reflects the overlap of electrons in
combination with Pauli's exclusion principle. Depending on the positive or
negative sign of the exchange, the interaction between the ions will force the
individual moments into parallel (ferromagnetic) or antiparallel (antiferro-
magnetic) alignment. The direct exchange between overlapping orbitals was
proposed first. Later other types of interatomic exchange were identified
such as an indirect or RKKY-type exchange, superexchange, double
exchange, anisotropic exchange, and higher-order exchange (such as
biquadratic). All of them may be present in a system and responsible for a
variety of effects governing the magnetic structure and finite-temperature
behaviour of magnet.

Direct exchange operates between moments which are close enough to
have sufficient overlap of their wavefunctions. It gives a strong but short
range coupling which decreases rapidly as the ions are separated. Direct
exchange as originally envisaged by Heisenberg, is always ferromagnetic,
but there is a negative hopping contribution. When the atoms are very close
together, the electrons minimize the single-electron interaction by spending a
considerable time between the nuclei. Since the electrons are then at the
same place in space at the same time, Pauli's exclusion principle requires
them to possess opposite spins. This gives rise to antiparallel alignment,
corresponding and therefore negative or antiferromagnetic exchange. Note
that the direct intra-atomic exchange between electrons in the same atom J is
positive, leading to Hund's first rule.

Indirect exchange couples moments over relatively large distances. It is
the dominant exchange interaction in metals where there is little or no direct
overlap between neighbouring magnetic electrons. It therefore acts through
an intermediary which in metals is the conduction electrons (itinerant
electrons). This type of exchange is also known as the Ruderman, Kittel,
Kasuya and Yoshida (RKKY) interaction, especially when mediated by free
electrons. This spin polarization in the itinerant electrons is felt by the
moments of neighboring magnetic ions within range, leading to an indirect
coupling. Since RKKY exchange oscillates from positive to negative as the
separation of the ion changes, the magnetic coupling can be ferromagnetic or
antiferromagnetic. In rare-earth metals whose magnetic electrons in the 4f
shell are shielded by the Ss and 5p electrons, direct exchange is rather weak
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and insignificant and indirect exchange via the conduction electrons gives
rise to magnetic order in these materials.

A method to calculate Jj, based on the local approximation to spin
density functional theory has been developed by Liechtenstein et al. [51, 52].
Using spherical charge and spin densities and a local force theorem,
expression for Jj is

J == de & (TS N ()T (2) (1)
A i e ! !

Here T}7 (&) is the scattering path operator in the site (i,j) representation for
different spin projections (¢ = 1,|), and A’ (¢)= t, —¢, is the difference of
the inverse single-site scattering matrices. The total exchange of a given site
with all sites (J, =¥ J,; ) can also be calculated from the relation
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The parameter .J, reflects the energy change due to small-angle rotation of
the moment at one site. In contrast to the Jj, it is given by the site-diagonal
scattering matrix (or Green function), where i = j. This approach has been
used to study the magnetism of Y-Fe, Y-Co and L1, systems [53-55].

4. ELECTRONIC STRUCTURE OF NANOMAGNETS

Recent advantages in the preparation and characterization of thin films,
surfaces and nanostructures have lead to an intriguing question: is it possible
to fabricate ‘designer solids’ by controlling materials on the atomic scale,
that is layer by layer, row by row, and ultimately atom by atom? Engineered
molecules are common place in biochemistry, and the same idea can be
apply to solids and electronic materials. Electronic properties of semi-
conductor devices have been controlled by heterostructures, quantum wells
and superlattices. Magnetism as a cooperative phenomenon also lends itself
to manipulation in small structures, where neighboring atoms can be
replaced systematically by species with stronger or weaker magnetism. In
fact, a class of magnetic/nonmagnetic multilayers termed ‘spin valves’ has
been introduced into magnetic storage devices (Ch. 14). The wave functions
of electrons undergo changes on confining them to dimensions comparable
with their wavelength. In semiconductors, confinement and quantization
phenomena are visible already at dimensions greater than 200 nm [56, 57],
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whereas in metals they typically are seen at 1 nm. In fact, the Fermi
wavelength of typical metals has atomic dimensions, but beat frequencies
with the lattice can be an order of magnitude larger.

Consider the formation of low dimensional electronic states by quan-
tization. Confining electrons to small structures causes the continuous bulk
bands to split up into discrete levels, for example quantum well states in a
slab. For NV atomic layers in the slab there are N levels. In order to exhibit
two dimensional behavior there should be only a single level within about 6
ksT of the Fermi level. Several levels within the Fermi cutoff would already
approach a three dimensional continuum. For a coarse estimate of the
corresponding slab thickness, one may set the energy £ of the lowest level
equal to kg7. For room temperature (£ = kg7 = 0.026 e¢V), one obtains a de
Broglie wavelength #/p = h/(2mE)"* ~ 8 nm, which is comparable with the
spatial extent of the lowest quantum state. Thus, both the high electron
density in magnetic metals and the requirement of room temperature
operation for quantum devices point to dimensions of a few nanometers.
Note, however, that Fermions are quantum-mechanical objects at any
temperature below Er/kg.

The contribution of first-principle calculations to physics, chemistry,
materials science, and, recently, geology and biology is more important than
ever. The main reasons are the steady increase in computer power and the
continuous progress in methodology (both efficiency and accuracy of
algorithms and approximations). However, the application of these methods
to investigate structural, electronic, and optical properties of nanostructures
has not been straightforward due to extensive computational needs and to the
new physics inherent in the nanometer and subnanometer region. One
particularly useful extension to overcome the computational demand
imposed by localized nanostructures has been the introduction of methods
based on a real-space implementation, such as the higher-order finite-
difference pseudopotential methods. In the most favorable cases, quantum
mechanical formulations of the electronic structure of atomic systems scale
as the cube of the number of atoms of the system. This makes it very
difficult to reach system sizes larger than a few hundreds of atoms, and is
therefore a huge barrier for the study of problems in nanoscale materials.
The way out of this trap was found several years ago, when a number of
ideas suggested the possibility of developing approximate although accurate
schemes to reduce the computational cost to linear scaling. These so called
O(N) [58] methods have matured since those first proposals, and now
constitute a viable route for studying systems with unprecedented size.
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5. FIRST-PRINCIPLE STUDIES OF NANOSTRUCTURES

Recent advances in theoretical methods and high-performance computing
allow for reliable first principle calculations of complex nanostructures.
Nanostructured materials are characterized by a fascinating diversity of
geometries, but here we restrict ourselves mainly to first-principle cal-
culations for nanoparticles and clusters, nanowires and nanocontacts.
Nanoscale multilayers are also discussed very briefly, although multilayers
are often considered as a subfield of thin-film physics rather than nano-
science. We also ignore nanotubes, because most of the work in this
direction has been done on nonmagnetic carbon nanotubes.

5.1. Nanoparticles and Clusters

In magnetic recording, a bit of information corresponds to a small area or
volume of ferromagnetic material with a well-defined and as high as
possible magnetic moment. Furthermore, below a given size the grains tend
to become superparamagnetic at room temperature, and the stored
information would become unstable. It is known, both experimentally and
theoretically, that the magnetic moments and the magnetic anisotropy energy
per atom are often enhanced in small metallic clusters, as compared to the
bulk crystalline state. Nanosize transition-metal particles, between the
molecular and metallic states, are of particular interest in this context due to
their intrinsically high magnetic moment. The properties of these clusters
depend strongly on its surrounding. We will compare magnetic properties of
free-standing clusters, clusters supported on substrate, and clusters
embedded in the media.

Studies of small free-standing FeN, CoN and NiN clusters have revealed
that their magnetic moments are significantly larger than the corresponding
bulk magnetizations [59-65]. Non-vanishing magnetic moments have even
been observed in small clusters of some 4d transition metals, for example
Pd, Ru and Rh, which are non-magnetic in the solid state [66-70]. For
example, Kumar et al. performed ab initio calculations on the growth and
magnetic behavior of Pd clusters having up to 147 atoms and found an
icosahedral growth and a ferromagnetic behavior in these clusters [68].

The magnetization of free clusters of elemental metals exhibits an
oscillatory behavior with increasing cluster size. The origin of these
oscillations is the successive addition of atomic shells with increasing cluster
size. The variation of the magnetic moment in the outermost shell is due to
the changing coordination number of surface atoms. As a rule, surface atoms
with lower coordination (lower number of nearest neighbors) have larger
moments, and the corresponding theory of magic numbers seems to explain
experimental observations.
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Using a tight-binding Hubbard Hamiltonian in the unrestricted Hartree-Fock
approximation, Pastor ef al. [71] have shown the size and structural depen-
dence of magnetic properties of free Cr, ,Fe,, and Ni, (n <15) clusters, and
also the exchange interaction and local environments effects in Fe, clusters
[72]. The finite-temperature magnetism of small clusters, which is
remarkably different from that of bulk systems, has also been studied in
terms of a similar approach by taking into account both electronic and
structural excitations {73]. A great advantage of the TB methods is that they
easily can be combined with molecular dynamics calculations, enabling the
investigation of relaxation effects which proved to be important in
determining the magnetic moments and the MAE of transition metal clusters
[74-76].

As mentioned above, the anisotropy of the free standing clusters is very
complicated. Experimental studies predict a very complicated switching
behavior, suggesting a strong competition between different contributions to
the anisotropy energy [77, 78]. The main reason is that different pairs of
spin-orbit split levels yield anisotropy contributions of opposite sign, so that
the net anisotropy is the sum of many positive and negative contributions.
Phenomenological studies complement this point and yield good agreement
with experiment [79, 80].

The supercell-based studies of supported clusters show that the mag-
netic moment tends to increase as well [81]. For example, small Co
nanoclusters may exhibit a large orbital moment and large anisotropy on Pt
surface [82]. The pros and cons of large orbital moments in applications of
nanostructures was discussed by Andriotis et al. [83]. Magnetic-nanoparticle
patterned media are extensively studied as a potential breakthrough
technology for high-density storage of information. The key requirement is
that the individual nanoparticles exhibit both a large magnetic moment and a
high anisotropy. More generally, in the last decades, theoretical and
experimental studies have shown that the reduction of size and
dimensionality can give rise to a large range of novel materials. This has
opened the possibility of generating specifically designed nanomaterials with
tailored properties. Understanding the conditions for the development of
such properties is crucial in order to be able to properly adjust and control
these parameters, in particular for magnetic applications.

The embedding technique based on the Korringa-Kohn-Rostoker (KKR)
Green-function method in the local spin-density approximation (LSDA) has
been applied to the magnetism of transition metal adatoms and clusters
deposited on surfaces. The main feature of this approach is that the
interaction between adatoms and host surface atoms can be analyzed within
first-principles electronic structure calculations [84, 85]. An accurate cal-
culation of the total energy in terms of full potential or full charge density
schemes made possible the investigations of the energetics of adatoms



Spin-Polarized Electronic Structure 27

[86-88]. As compared to TB methods an obvious drawback of the embedded
KKR technique is that, with respect to computational limitations, the number
of the atoms in the cluster is restricted to about less than 100. Furthermore,
the inclusion of structural relaxations is exceedingly difficult. On the level of
a fully relativistic spin-polarized electron theory, recently, strongly enhanced
orbital magnetism and MAE of adatoms and small clusters on Ag and Au
(100) surfaces have been reported [89, 90].

Spin polarized electronic structure calculations of the Co clusters
embedded in Cu matrix have been reported by Qiang et al. [91]. The authors
found that the magnetization of the embedded Co clusters in Cu matrix is
somewhat lower than the magnetization of the bulk Co, i.e. the effect is
opposite to the free cluster case. This is caused by the slight suppression of
the moment of cobalt sites in the interface region. The magnetization
oscillations are similar to the free case in theory if shell by shell filling of the
clusters is expected. However, this condition is not satisfied in case of
embedded clusters [92] and magic number theory does not work. Moreover,
there is always some interdiffusion on the interface between atoms of the
matrix and atoms of the cluster in case of larger clusters. Frequently it
creates a magnetically dead layer at the interface.

The exchange interactions between metallic clusters in metallic media
exhibit oscillatory dependence on the intercluster distance like it happens in
Co clusters embedded in the Cu matrix (see also Ch. 3). The calculated inter-
cluster exchange interactions shows both ferromagnetic and aniferromag-
netic exchange between clusters, and the values of exchange at short
distances is of the order of interatomic exchange in the bulk cobalt. The
spin-glass type behavior in this and similar systems arises from frustration.
This is very likely responsible for the lowering of the magnetization with the
increase of cobalt concentration from 10 to 50% [91].

Nanostructured permanent magnets use the idea of mixing soft magnetic
materials and hard magnetic materials in a composite structure. The goal is
to combine a large magnetocrystalline anisotropy of hard magnetic materials
and large magnetization of the soft magnetic materials in order to obtain
large energy product (BH)m.x, Which requires large magnetization and large
coercivity. This idea was first proposed by Kneller and Hawig [93], by
estimating the effect in multilayers. Micromagnetic calculations based on
parameters obtained from first principles show that FePt/Fe nanostructures
may exhibit a (BH)n.x as high as 90 MGOe [54]. These changes are
experimental observed in various systems [94], and Section 2.3 in the
following chapter discusses some systems.

The properties of embedded nanoclusters can be controlled by the
properties of the matrix. For example, the matrix can exert uniaxial or
biaxial strain on the embedded nanoclusters. The corresponding strain can
modify the properties of nanostructure considerably. For example, Zeng et
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al. shows that applied stress can modify the Curie temperature and
anisotropy of FePt [95].

5.2. Nanowires

The progress in experimental techniques has made it possible to synthesize
stable ultrathin metal nanowires with diameter down to atomic sizes and of
high aspect ratios [96-99]. An example is single-crystalline silver nanowires
having a width of 0.4 nm width and deposited into the pores of an organic
template [99]. Kondo et al. [100] have observed novel helical multishell
structures in the suspended ultrathin gold and platinum nanowires. This is a
relatively mature field of studies with thousands of articles published in the
last few years, and there are various review articles available [101, 102]

While magnetic properties of free-standing nanoclusters have been
extensively studied experimentally, studies of magnetic nanowires are
largely limited to theoretical calculations. One exception are wires freed
from templates, where mechanical stability excludes very thin diameters.
Decades ago, Weinert and Freeman [103] investigated the electronic
structures and magnetism of the linear Fe and Ni chains by using the self-
consistent full-potential linearized augmented plane wave (FLAPW) method.
They predicted large magnetic moments of 3.3 g and 1.1 ug for the Fe and
the Ni chains, respectively. Free-standing Co atomic chains show an en-
hanced magnetization of 2.3 ugp as well. [104]

It is interesting that first-principle calculations predict ferromagnetism
in monatomic nanowires of the nonmagnetic transition metals Ru, Rh, and
Pd, with respective mean-field moments of 1.1, 0.3, and 0.7 ug at the
equilibrium bond length [105]. An analysis of the band structures indicates
that the nanocontact superparamagnetic state suggested by calculations
should affect the ballistic conductance between tips made of Ru, Rh or Pd,
leading to possible temperature and magnetic-field dependent conductance.
One method to produce nanowires is the growth on the steps of the
crystalline surface cut with the high Miller index [106]. Spisak and Hafner
[107] investigated the position dependent magnetic moments of the Fe
nanowire on a vicinal Cu(117) by using the pseudopotential method. From
the total energy comparison, they found that the system of the Fe nanowire
placed on the inner corner site of the Cu(117) step is most stable with a
magnetic moment of 2.80 ug/atom, while the system of the Fe nanowire
placed on the top of the terrace (formed by (001) plane) of Cu(117) is unsta-
ble with a magnetic moment of 2.96 up/atom. Jin et al. [108] investigated the
electronic structures and magnetism of an Fe nanowire along the [010]
direction on a Cu(001) surface (Fe [010] chain) by using the FLAPW
method and found large magnetic moments of the Fe atoms: 3.11 and 3.39
up/atom for the Fe [010] chain and the free-standing nanowires (free-
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Fe[010] chain), respectively. Since free-standing nanowires of elemental
metals are one-dimensional objects, they exhibit magnetic properties similar
to free standing clusters, i.e. its magnetic moment increases especially for
the atoms at surface. The lower coordinated atoms have higher moment,
while atoms inside of the nanostructure have magnetic moment close to the
bulk values.

Recently, investigations of the electronic structures and magnetism of
an Fe chain along the [110] direction on a Cu(001) were performed by using
the FLAPW method within the generalized gradient approximation [109].
Hong et al. [104] have calculated properties of Co atomic wires on the
Cu(001) surface. They show that magnetic moment of atomic size wires can
be affected by the substrate. The magnetocrystalline anisotropy of Co wires
supported on Cu substrate has opposite sign from the free standing case, i.e.
the magnetization is along the wire on the Cu surface and perpendicular in
free-standing case. Gambardella et al. [110] investigated a quasi-one-
dimensional Co chain at the Pt(111) step edge. The symmetry breaking at
the step leads to an easy magnetization axis at an odd angle of about 20
degrees towards the Pt step. The orbital and spin moment may have different
orientation in this system. This reflects the specific character of the crystal-
field interaction in these systems.
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Figure 1. Optimized structures of bare and Cu-coated Co nanowires (dark balls: Co atoms;
bright balls, Cu atoms). Left part is for the centered hexagonal multishell
structural pattern and right one for the centered pentagonal one. The indexes of n-
nl-n2-n3 in parenthesis are used to characterize each structure [111].
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It is difficult to tackle the problem of embedded nanowires. An example is
Co nanowires fully coated with atomic Cu shells. Wang et al. [111] find that
Cu atoms occupy the surface, while Co atoms prefer to occupy the interior of
the nanowires to form the perfect-coated structures. The coated Cu atomic
layer leads to a large variation of the magnetic moment of the Co nanowires,
depending on the structure and the thickness of Cu layers. A single row of
Co atoms in the center of nanowire is found to be nonmagnetic when coated
with two Cu layers, while all other investigated Co nanowires (Fig. 1)
remain magnetic, albeit with reduced magnetic moments.

The transport properties of nanowires are of technological importance
and have attracted significant attention in the recent years. Band structure
gives simple solution to the analysis of the ballistic transport of periodic
nanowires because the number of the bands crossing the Fermi surface is
equal the number of quantum of conductance. However, the situation in
nanocontacts is more complicated [112].

5.3. Nanocontacts

The understanding of spin transport in order to use it in electronics devices
has been a field of intense research for the past few years. Interesting effects
were reported in electrodeposited Ni nanocontacts, where resistance changes
by a huge value on application of a small magnetic field at room temperature
[113, 114]. This has followed after effort was focused on the magneto-
resistance effect of electrodeposited nanocontacts [115-117]. Smaller
magnetoresistance ratios, but interesting from the point of view of
applications, were reported also for Co, Fe and Fe;O4 nanocontacts [118].
There have been several and partially exclusive attempts to explain the
experimental data. One possibility considered is the scattering of the
electrons in a domain wall [117-119]. The width of a domain wall in a
nanocontact is predicted to be of the order of the nanocontact size [120] and
such a reduction of the domain wall width is likely to enhance the magneto-
resistance. However, this effect is very small, unless the domain walls
contain atomically sharp feature, especially layers with reduced exchange
{102]. Magnetostriction effects could also lead to an increased magneto-
resistance [118], but most probably cannot explain the experiments.
Alternatively, a thin domain wall pinned in a magnetic dead layer together
with the possibility of 100% polarization of the Ni d electrons was also
proposed as a possible explanation [114, 115]. Using a free-electron model
and a linear response theory Zhuraviev et al. [121] investigated a spin-
dependent electronic transport in magnetic nanocontacts in the ballistic
regime of conduction. In particular, they show that the presence of a
nonmagnetic region in the nanocontact separating two ferromagnetic
electrodes can lead to a spin blockade resulting in very large values of
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magnetoresistance. Other possible explanations are a large magnetostriction
in the experimental samples, or the presence of the defects in the
constriction. The latter may result in the resonant tunneling and provide
large MR.

In order to describe the nanocontacts theoretically, several methods
have been developed by various groups. Recently, Burton et al. [122]
investigated the electrical resistance of a constrained DW in a nanocontact
using micromagnetic modeling and ballistic conductance calculations. They
found that for electrodes with significantly different magnetic anisotropy, the
DW can be trapped by the nanoconstriction (domain-wall pinning). They
showed that the DW width and, therefore, the conductance can be controlled
by an applied magnetic field. The first-principle approach is based on the
tight-binding (TB) formulation [123-125]. An important conclusion coming
from TB models is that conductance of the single-atomic contacts is
proportional to the number of valence orbitals available at the Fermi energy
[124, 126]. Ab-initio density functional (DF) calculations with jellium
electrodes have been proposed by Lang et al. [127-130] and Kobayashi et al.
[131-133], which addressed single-atom contacts [128,134], atomic chains
of A1[127, 131], Na[128, 133], and C [130].

The formation mechanisms of atomic chains made from different type
of elements such as Ni, Pd, Pt, Cu, Ag and Au were studied by means of
molecular dynamic simulations [135]. Also, Mehrez et al [136] and
Brandbyge er al. [137] presented fully self-consistent DF calculations of the
conductance of atomic contacts treating the electronic structure of the whole
system (electrodes and the constriction region) on the same footing. The
ballistic conductance through Ni, Co, and Fe nanocontacts within a
semiempirical tight-binding model proposed by Velev and Butler [138]
shows that the interplay of the contact and the domain-wall resistance can
produce very large giant magnetoresistance ratios. However, the very giant
magnetoresistance is limited to geometries in which the nanocontacts are
very narrow and have very small aspect ratios, similar to the predictions in
[102]. Solanki ef al. [112] calculated the electronic structure and conduc-
tance of atomic-size Ni contacts using a real-space tight-binding LMTO
method and recursion technique within the frame work of density functional
theory. They used the Landauer—Buttiker approach to calculate the
conductance. Their results of spin-dependent conductance as a function of
energy show ballistic bulk-like behavior. The appreciable dependence of the
conductance on the structure of nanocontact is reported in their work. Figure
2 shows an example of nanocontact modeling. Similar conclusion was made
by Emberly et al. considering carbon nanowires [139].
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Figure 2. Geometry of a Ni nanocontact used in calculations. Atom of type 1 and atoms of
type 2 occupy two non-equivalent sites within the nanocontact region [112].

We should notice that there are several research groups which could not
reproduce giant MR in the nanocontacts experimentaily.

5.4. Multilayers, Surface, and Interfaces

Magnetic thin films and multilayers have attracted much interest in the
context of nanomagnetism, although they are often considered as a separate
branch of condensed matter physics [140]. Ultrathin magnetic films, epi-
taxially grown on nonmagnetic substrates, are prototype systems for inves-
tigating magnetism in two dimensions, and the possibility to produce films
and multilayers with perpendicular magnetic anisotropy for magnetooptic
recording applications is of technological importance [141, 142]. The topic
of perpendicular magnetic anisotropy is very challenging, since the magneto-
static dipolar interactions always prefer in-plane orientation of the easy axis
of magnetization. Since the pioneering experimental work by Gradmann
[143] and the theoretical predictions of Gay and Richter [38] much effort has
been spent investigating Fe, Co, and Ni films grown on noble-metals
substrates. Among the heteroepitaxial systems that show strong per-
pendicular magnetic anisotropy (PMA) are Co/Au(111) thin films and
superlattices [144], Ni/Cu(001) [145-147] and Ni/Cu(111) [146] thin films,
Co/Au(111) thin films and muitilayers [144, 148], bcc Fe/Ag(001) [149, 150]
and fce Fe/Cu(001) [151, 152] thin films. Sabiryanov and Jaswal carried out
first-principles studies of exchange-coupled hard-soft multilayers predicting
very large energy products needed for hard-magnet applications [153].
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The discovery of the giant-magnetoresistance (GMR) effect [154] has
further renewed interest in the theory of transport in layered and granular
systems. Several approaches to transport in layered systems are currently
being used. The phenomenon of GMR is promising for its applications, such
as in nonvolatile magnetic random-access memories in the information
technology industry or as reading heads and various kinds of sensors in the
recording and car industries, respectively. The GMR effect has been
observed mostly in the diffusive transport regime in which the mean free
path is much smaller than the dimension of the so-called active part of the
multilayer system. In the ballistic regime, the mean free path is larger than
the dimension of the active part of the multilayer system. Transport in
multilayers has been studied extensively and review on the subject [155]
covers the topic thoroughly.

Figure 3. The modeling of layered structures for the calculational investigation [160].

The magnetocrystalline anisotropy of multilayered systems has been
also calculated by many groups [156-158]. Ujfalussy ef al. [159] performed
fully relativistic spin-polarized local spin density calculations for Co
monolayer on Au(111). They obtained an enhancement of perpendicular
magnetic anisotropy as a function of the Au coverage. They showed the
close relationship between the anisotropies of orbital magnetic moments and
the anisotropy energies, thus interpreting their results in terms of familiar
perturbation theory. Lorentz and Hafner [157] presented calculations of the
magnetic structure and of the uniaxial and planar anisotropies of thin films
of Fe on Cu(001) substrates. They have used the real space recursion
calculations using TB-LMTO to calculate the anisotropy. Their results for Fe
monolayers reveal the importance of the surface and interface anisotropies,
including the effect of nonmagnetic coverages. Essentially, this is a crystal-
field effect, similar to that in bulk compounds consisting of atomic layers
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with different magnetic properties. Stepanyuk and Hergert have [160]
performed molecular dynamics simulations of Co nanostructures on Cu(001)
and Cu(111) surfaces. They first performed ab initio calculations of the
electronic structure in the framework of density functional theory and then
used the results for dynamical simulations. Figure 3 shows a layered
structure investigated in [160].

6. SUMMARY

One of the goals of computational nanoscience is to calculate physical and
chemical properties from first principles. This requires the knowledge of the
electronic structures of the materials system in question. The density-
functional theory (DFT) makes a huge step towards this goal, by reducing a
highly complex many-electron problem to that of noninteracting particles
under the influence of an effective potential. The adiabatic approximation
allows one to separate the ionic degrees of freedom from those of the
electrons. However, in order to apply DFT in practice one has to resort to
approximations for electron exchange and correlation such as the local-
density approximation (LDA) or the generalized-gradient approximation
(GGA). In this chapter, we have outlined some basic principles and some
important examples of this approach, representing a very large and growing
body of experimental and theoretical work on magnetic nanostructures such
as clusters, nanowires, nanocontacts, and multilayers.
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Chapter 3
NANOMAGNETIC MODELS

Ralph Skomski and Jian Zhou
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Department of Physics and Astronomy
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Lincoln, NE 68588, USA

Abstract The atomic-scale and mesoscopic physics of magnetic nanostructures is reviewed.
Emphasis is on the description of magnetic phenomena and properties by
analytical models, as contrasted to numerical approaches. Nanostructuring affects
the magnetic properties on different length scales, from a few interatomic
distances for intrinsic properties such as magnetization and anisotropy to more
than 10 nm for extrinsic properties, such as coercivity. The consideration includes
static and dynamic mechanisms, as well as nanoscale finite-temperature effects.
Some explicitly discussed examples are Curie-temperature changes due to
nanostructuring, the effect of narrow and constricted walls, the potential use of
magnetic nanodots for finite-temperature quantum computing, and exchange-
coupled hard-soft nanocomposites. The temperature dependence of extrinsic
properties reflects the atomic-scale static or 'intrinsic' temperature dependence of
the free-energy barriers and thermally activated dynamic or 'extrinsic’ jumps over
metastable free-energy barriers.

1. INTRODUCTION

Nanomagnetism involves both atomic and macroscopic features, but it
cannot be reduced to a superposition of these two limits. Macroscopic
interactions, as exemplified by the compass needle and the geomagnetic
field, and atomic-scale magnetic phenomena, such as quantum-mechanical
exchange [1-4], are necessary but not sufficient to understand nano-
magnetism. Solid-state matter is made from atoms, and the corresponding
length scale, Boht's radius a, = 0.52 A, determines the range of the exchange
responsible for bonding and magnetism. On the other hand, Maxwell's
equations are macroscopic, that is, they do not correspond to any
characteristic length. Why are the phenomena considered in this book
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realized on a length scale of a few nanometers, as contrasted to, for example,
a few meters?

An answer is provided by the relativistic nature of many magnetic
phenomena of importance in nanomagnetism [5, 6]. For example, typical
domain walls have a thickness of few nanometers. This length reflects the
competition between nonrelativistic exchange and relativistic magnetic
anisotropy. A simple but qualitatively correct picture is obtained from the
relativistic electron energy mc™\[1 + v?/c>, where v is the electron velocity.
Expanding the energy into powers of v/c yields the rest energy mc’, the
electrostatic or ‘'monrelativistic' energy mv’/2, and the lowest-order
relativistic correction (a/2y’mv¥/2, where o = 4rmee’/bc = 1/137 is
Sommerfeld's fine-structure constant. Here we have exploited that typical
electron velocities in solids are of order v = a ¢. Respective examples of
nonrelativistic and relativistic magnetic interactions are exchange, which has
the character of an integral over electrostatic interactions, and spin-orbit
coupling, which leads to magnetocrystalline anisotropy [7, 8]. On an atomic
scale, relativistic interactions are unable to compete against atomic-scale
exchange effects. For example, Heisenberg exchange may exceed 1000 K,
whereas typical anisotropies are less than 1 K. However, electrostatic and
relativistic contribution become comparable on length scales of order a,/a =
7.25nm [5, 6, 9].

In addition to the range of interactions, there is the question of
interference with structural length scales. For example, Bloch wave func-
tions, which form the basis for the band-structure theory of itinerant mag-
netism, require infinite crystals with perfect periodicity. How does nano-
structuring interfere with this requirement? Similarly, from a thermodynamic
point of view, ferromagnetism is limited to infinite crystals. It fact, the
spontaneous magnetization of any finite magnet is zero, because thermal
fluctuations cause the magnetization to average. This leads to the next con-
sideration, the dependence of equilibration or averaging times on structural
length scales.

There is a fundamental distinction between intrinsic and extrinsic
properties. Examples of intrinsic properties are the spontaneous mag-
netization M, the Curie temperature T, and the anisotropy K. Intrinsic
properties describe perfect crystals or surfaces, but their physical origin is
atomic and involves quantum phenomena such as exchange, crystal-field
interaction, interatomic hopping, and spin-orbit coupling [1, 2, 8, 10, 11].
Intrinsic properties tend to approach their bulk values on fairly small length
scales. For example, 'long-range' thermodynamic fluctuations, as involved in
the realization of the Curie temperature, and deviations from the Bloch
character of metallic wave functions yield only small corrections when the
size of the magnetic particle exceeds about 1 nm. The dynamics is charac-
terized by fast equilibration times which means that intrinsic properties can
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be treated by equilibrium statistical mechanics. This makes it possible to
treat intrinsic properties as local parameters. For example, M(r) and K, (1)
reflect the local chemistry, and the unit vector n(r) of the easy magnetization
direction corresponds to the local c-axis orientation of the crystallites.

Extrinsic or hysteretic magnetic properties, such as the coercivity H, and
the remanence M, reflect the magnet's real-structure [12-16]. For example,
the coercivity of technical iron doubles by adding 0.01 wt.% nitrogen [15].
Such small concentrations have little effect on the intrinsic properties but
lead to inhomogeneous lattice strains that affect the propagation of magnetic
domain walls and explain the observed coercivity increase. The hysteretic
character of extrinsic properties means that equilibration times may be very
long. At room temperature, the switching of a single atomic moment is a
frequent event, but the thermally activated switching of nanoscale
cooperative units, such as domain-wall segments, is very rare. This is the
thermodynamic origin of hysteresis, enabling us to build permanent magnets
and to store information on magnetic disks.

This chapter investigates how intrinsic and extrinsic properties are
affected by nanostructuring. Emphasis is on model calculations and
analytical approximations, as contrasted to Chapter 2 by Kashyap et al.
which focuses on numerical calculations, and Ch. 4 by Schrefl et al., where
emphasis is on micromagnetic models and simulations. Section 2 is devoted
to static properties, whereas section 3 is concerned with magnetization
dynamics. Finally, section 4 presents a number of case studies.

2. MESOSCOPIC MAGNETISM

2.1. Nanoscale Spin Structure
2.1.1. Magnetic moment

The magnetic moment nearly exclusively originates from the spin and orbital
moments of transition-metal electrons. The magnetic moment of iron-series
transition-metal atoms in metals (Fe, Co, Ni, YCos) and nonmetals (Fe;O,,
NiO) is largely given by the spin, and the moment, measured in ug, is equal
to the number of unpaired spins. The orbital moment is very small, typically
of the order of 0.1 us, because the orbital motion of the electrons is
quenched by the crystal field [16-18]. By contrast, rare-earth moments are
given by Hund’s rules, which predict the spin and orbital moment as a
function of the number of inner-shell electrons [17]. In some cases, atoms
are spin-polarized by neighboring atoms. An example of importance in
nanomagnetism is L1, magnets such as FePt, where the Pt carries a magnetic
moment.
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The spin moment is largely determined by intra-atomic exchange. It is
an electrostatic many-body effect, caused by the 1/|r - r’| Coulomb
interaction between electrons located at r and r’. Physically, {7 electron
pairs in an atomic orbital are not forbidden by the Pauli principle but are
unfavorable from the point of view of Coulomb repulsion. Parallel spin
alignment, 71, means that the two electrons are in different orbitals, which is
electrostatically favorable. However, the corresponding gain in Coulomb
energy competes against an increase in one-electron energies, because one of
the two electrons must occupy an excited state.

The magnetic moments of insulating transition-metal oxides and rare-
earth metals are located on well-defined atomic sites. However, in Fe, Co,
and Ni, as well as in many alloys, the moment is delocalized or itinerant.
Nonmagnetic metals, or Pauli paramagnets, have two equally populated T
and { subbands; and an applied magnetic field transfers a few electrons from
the { band to the T band. The corresponding spin polarization is very small,
of the order of 0.1%, because the Zeeman interaction is a small relativistic
correction [19]. Itinerant ferromagnetism is realized by narrow bands, where
the intra-atomic exchange is stronger than the band-width related gain in
single-electron hybridization (Stoner criterion).

The Bloch character of itinerant wave functions means that the wave
functions extend to infinity. This is not realistic for two reasons. First,
magnets encountered in reality, in particular nanomagnets, cannot be
considered as infinite. Second, finite-temperature excitations create spin
disorder and break the Bloch symmetry of the T and | wave functions. The
problem of nonequivalent sites can be tackled, for example, by real-space
approaches [16, 20-23]. Restricting the consideration to nearest neighbors
yields the correct band width, but details of the band structure, such as peaks
in the density of states, are ignored. Increasing the number of neighbors
improves the resolution of the density of states and makes it possible to
distinguish between bulk sites and sites close to surfaces. As a consequence,
magnetic moments are determined by the local atomic environment,
typically without major nanoscale corrections.

2.1.2. Interatomic exchange

The spin structure of a magnetic moment is the relative orientation of the
atomic magnetic moments. It includes types of zero-temperature magnetic
order, such as ferromagnetism, ferrimagnetism, and antiferromagnetism, and
finite temperature magnetic order. However, micromagnetic structures, such
as domains and domain walls, are usually excluded from the consideration.
Figure 1 shows some spin structures of interest in the present context.

To a large extent, the spin structure of bulk and nanomagnets is determined
by the interatomic Heisenberg exchange, JR; - R)) S;'S; = J; §;'S;. For
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positive and negative values of J; it favors parallel and antiparallel spin
alignment, respectively. In ferromagnets, such as Fe, Co, and Nd,Fe 4B, all
spins are parallel and the atomic moments add. Ferrimagnets, such as Fe;0,
and BaFe;0y9, and antiferromagnets, such as CoO and MnF,, are
characterized by two (or more) sublattices with opposite moments. This
amounts to a ferrimagnetic reduction or antiferromagnetic absence of a net
moment. Sublattice formation may be spontaneous, as in typical anti-
ferromagnets, or imposed by the atomic composition, as in ferrimagnets [24]
[25]. In metals, the interatomic exchange may be positive or negative and
depends on the atomic environment, on the interatomic distance, and on the
band filling.

Figure 1. Spin structures (schematic): (a) ferromagnetism, (b-¢) antiferromagnetism, and (d)
noncollinear structure. The shown structure of the L1, type; the small atoms (with
the large magnetization arrows) the iron-series transition-metal atoms, as
compared to the bigger 4d/4f atoms. Examples of L1, magnets are CoPt and FePt.

A simple and asymptotically correct [26-28] model is the Ruderman-
Kittel-Kasuya-Yosida or RKKY exchange between two localized moments in
a Pauli-paramagnetic matrix. For a free-electron gas of wave-vector kg,

Jij=J| ti— ;) = JR) ~ cos(2k:R)/R’ (1)
The interaction is obtained by second-order perturbation theory, that is, the

embedded magnetic moments lead to a mixing of one-electron wave
functions. The origin of the oscillations is the sharp Fermi surface, which
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means that spatial features smaller than about 1/kr cannot be resolved with
available zero-temperature wave functions.

RKKY interactions were first considered on an atomic scale, where the
oscillation period is on an A scale. In nanostructures, the fast oscillations do
not average to zero but increase with the size of the embedded clusters or
nanoparticles. However, the increase is less pronounced than that of
magnetostatic interactions, and for particles sizes larger than about 1 nm, the
magnetostatic interactions become dominant [27, 29]. In semiconductors and
semimetals, such as Sb, the low density of carriers means that kg is small,
and the period of the oscillations is nanoscale [16, 28]. This contributes to
the complexity of the physics of diluted magnetic semiconductors [30, 31].

Figure 2. Carrier mediated exchange in dilute semiconductors (schematic). The mechanism
is similar to RKKY interactions, but due to the essential involvement of donor or
acceptor orbitals, J(r;, #;) can no longer be written as J(]#; - #).

In a strict sense, the RKKY interaction is mediated by free electrons, but
there exist similar effects in other regimes, for example in the tight-binding
scheme [32]. Figure 2 shows the example of a dilute magnetic semi-
conductor where localized impurity spins are coupled by shallow donor or
acceptor carriers. The carrier orbitals have a radius of the order of 1 nm,
hybridize, and yield an RKKY-type coupling. A simple case is the exchange
mediated by a two weakly overlapping s-orbitals, centered at R, and R,. The
overlap leads to bonding and antibonding orbitals, and the exchange Jj is
obtained from the hybridized electrons by second-order perturbation theory.
In terms of local electron densities p(r) = w*(r)y(r), the exchange .J; scales
as (o(r; - Ry) - p(ri - Ry) (o(rj - Ry) - p(rj - Ry)). This means that the
exchange is ferromagnetic if the magnetic ions are located in the same
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shallow s-orbital and antiferromagnetic if they are in different s-orbitals.
Correlations (the Hubbard or ‘Coulomb-blockade’ energy of the orbitals)
can be shown to reduce the ferromagnetic exchange while leaving the
qualitative picture unchanged.

One effect of competing RKKY exchange is noncollinear spin
structures, as illustrated in Fig. 1(d). Noncollinearity due to competing
exchange is encountered, for example, in some elemental rare earths
(helimagnetism), where it reflects different exchange interactions between
nearest and next-nearest rare-earth layers [33]. Note that the corresponding
magnetization wave vector is generally incommensurate with lattice spacing,
not only in nanostructures but also in perfect crystals. Furthermore, the
effect is relatively strong, with angles between neighboring atomic spins
from 0 to 180°. This is in contrast to the relativistic effects considered in the
next subsection.

2.1.3.  Exchange stiffness
On a continuum level, the Heisenberg exchange energy of a cubic material is
Ee = ] A(V(M/M)) dV @

where 4 is the exchange stiffness. More generally, Heisenberg exchange is
described by

Eo = [l Jr — ) M(r)M(r') dVd V' (3)

A well-known derivation of Eq. (2) is in terms of magnetization angles. It
assumes ¢ = 0, so that E = | A(VH)ZdV, and takes into account that % Jj
cos(6 —-68) = Z; Ji(1 (6 —6§)2/2). Using the expansion 8 = 6 +V 8 (r; - ;)
and comparing the result with Eq. (2) then yields 4 ~ % Jij(r; — rj)z. This
result is meaningful for nearest-neighbor interactions, but it diverges for
long-range interactions J;;. An example is the RKKY interaction, where inte-
gration over all neighbors yields 4 ~ | 1/R* R* R* dR = . This is because 6=
6 + VO -(r; - r;) breaks down for large distances R = |r; — .

A more general derivation of 4 is based on Fourier transformation,
which diagonalizes J(lr — r/) and yields a representation in terms of Ji. Since
4V’ dV =]/ 62dk and [4 (VO dV =-[4 K 62 dk, 4 is given by
the quadratic coefficient of the expansion of Jj with respect to k. Putting k =
ke, R=Rcos® e, + Rsind e, and dV=4 7 R* sin6 d& dR yields

Ji ~ fJ(R)%QRz dR 4)
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Here Jx = F(k|) is the Lindhard screening function [26, 34]. Note that

noncollinear or incommensurate spin states then correspond to a minimum
of J(k).

O ) 1 t 1 | 1 1 1 w i
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q=k/Zkf

Figure 3. Exchange energy as a function of the wave vector of the magnetization
inhomogenity: Lindhard function (solid line) and exchange-stiffness or continuum
approximation (dashed line). For late 3d elements (Cu), &/2kz = 1 corresponds to
modulation wavelength of 0.23 nm

Figure 3 compares the Lindhard function (solid line) with the exchange-
stiffness approximation (dashed line). We see that the exchange-stiffness
approximation works well unless & is comparable to ;.

In noncubic materials, 4 must be replaced by the 3 x 3 exchange-
stiffness tensor A4,,,, and the energy is Z,,J 4,, OM/dx,- 6M/dx, dV. Here the
indices u and v denote the spatial coordinates x, y, and z of the bonds. The
energy is anisotropic with respect to the nabla operator V, = 0/0, (bond
anisotropy) but isotropic with respect to the magnetization M. By contrast,
the relativistic anisotropic exchange Zg JAuB VM, VM, dV is isotropic with
respect to V but anisotropic with respect to M.
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2.1.4. Curie temperature

Thermal disorder competes against interatomic exchange and causes the
magnetization of ferromagnets to vanish at a well-defined sharp Curie
temperature 7. In a strict sense, ferromagnetism is limited to infinite
magnets, because thermal excitations in finite magnets cause the net moment
to fluctuate between opposite directions. The Curie temperature is
determined by the site-resolved exchange coefficients J;;, and since M and
T; are equilibrium properties, it is sufficient to know the partition function Z
= 2, exp(-E,/ksT), where the summation includes all microstates or spin-
configurations p. However, the number of terms in Z increases exponentially
with the size of the magnet, and there exist exact solutions only in a few
cases [35]. The simplest approximation is the mean-field approximation,
where the interactions are mapped onto a selfconsistent field. The
homogeneous nearest-neighbor Heisenberg ferromagnet has the mean-field
Curie-temperature 7, = (S+1)zJ/3kgS, where S is the spin quantum number
and z is the number of nearest neighbors.

The mean-field model is easily generalized to two or more sublattices.
This site-resolved or lattice mean-field theory includes the case of
nanomagnets, which have a very large number N of non-equivalent atomic
sites or 'sublattices’. Since the J; form an N x N matrix, there are N coupled
algebraic equations, and 7, is given by the largest eigenvalue of the matrix
Ji/ks [24, 36]. Using averaged exchange constants <Ji> fails to properly
account for the spatial dispersion of the exchange. An extreme example is a
mixture of two ferromagnetic phases with equal volume fractions but
different Curie temperatures 77 and 75 > 7. In the above approximation, 7, =
(11+T1,)/2, but in reality 7, = T; [36].

Note that mean-field theory is unable to describe the long-range
correlations aspect of the problem, but the involved energy contributions are
small, and the long-range features of the thermodynamics are not affected by
the nanoscale effects [36].

In practice, it is difficult to distinguish the magnetism of particles or
nanostructural features larger than about 1 nm from true ferromagnetism,
because interatomic exchange ensures well-developed ferromagnetic
correlations on a nanoscale. For example, when the radius of a particle is
larger than a few interatomic distances, then the M(T) curve is difficult to
distinguish from a ferromagnet. Disordered two-phase nanostructures have a
single common Curie temperature close to the Curie temperature of the
phase with the strongest exchange coupling [5, 36, 37]. Similar
considerations apply to multilayers [38-42] and to systems such as magnetic
semiconductors [30]. Figure 4 illustrates that it is not possible to enhance
the finite-temperature magnetization of a phase having a low Curie
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temperature by exchange-coupling it to a phase with a high bulk Curie
temperature [36]. This is clear contrast to the nanoscale improvement of
extrinsic properties (§2.3.5).

T T T T T T T

0 0.2 0.4 0.6 0.8 1
T/T:

Figure 4. Spontaneous magnetization of inhomogeneous magnets: (I} macroscopic mixture,
(IT) nanostructure, and (III) alloy. In alloys and nanostructures, there is only one
Curie temperature, although the M(T) curves of nanostructures exhibit a two-
phase like inflection whose curvature may be difficult to resolve experimentally
[36].

Heisenberg interactions require well-defined atomic magnetic
moments. where S* = S,%. In insulators, S,> = S(S+1), whereas in metals, S, is
an expectation value and S/, has the character of a unit vector that describes
the local magnetization direction. The assumption of a constant magnetic
moment is often justified, because the total interatomic exchange per atom,
of order 100 meV, tends to be much smaller than typical intra-atomic
exchange energies of about 1000 meV [43]. Some exceptions are Ll
magnets, where the 4d or 5d moments (Pd or Pt) are spin-polarized by the 3d
atoms (Fe or Co) [44], and very weak itinerant ferromagnets, such as ZrZn,
[16, 45]. Simplifying somewhat, the overall situation is intermediate
between Heisenberg magnetism with stable local moments and a Stoner-like
behavior where the moment vanishes at 7,. However, itinerant magnets such
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as Fe tend to be close to the Heisenberg limit (Ch. 2), which establishes the
spin-fluctuation picture of finite-temperature magnetism [16, 34].

2.1.5. Anisotropic Exchange

Heisenberg exchange is magnetically isotropic, that is, coherent rotation of a
magnet's spin system does not change the Heisenberg exchange energy. For
example, layered structures, such as YCos and L1, magnets, tend to exhibit
different intra- and interlayer interactions [44, 46], but the exchange does not
depend on whether the magnetization is in-plane or normal to the layers.
This exchange-bond anisotropy affects the spin structure of a magnet at both
zero and nonzero temperatures. For example, it is the main source of spin
noncollinearities encountered in elemental rare earths [33] and in
magnetoresistive materials, such as NiMnSb [47]. Figure 1 shows some spin
structures.

The bond anisotropy must not be confused with the relatively weak
relativistic exchange anisotropies, which involve spin-orbit coupling and
depend on the angle between the magnetization and the crystal axes.
Examples are the exchange interactions assumed in the Ising and XY
models, the magnetocrystalline anisotropy, and the unidirectional Dzya-
loshinskii-Moriya exchange. For example, the exchange anisotropies Jix - J,,
and Jy, - J,, are small corrections to the isotropic exchange J = (Jy + Jyy +
Jz)/3. Another example is the Dzyaloshinskii-Moriya (or DM) interaction
Hom = - 72 % Dy - S; x §;, where the vector Dy; = - Dj; reflects the local
environment of the magnetic atom [48]. Net DM interactions require local
environments with sufficiently low symmetry and occur, for example, in
some crystalline materials, such as a-Fe,O; (hematite), amorphous magnets,
spin glasses, and magnetic nanostructures [5, 33, 48]. Micromagnetic
noncollinearities, such as domain walls, also stem from relativistic effects,
because they involve magnetocrystalline anisotropy, but their domain is
nanoscale rather than atomic, and they are traditionally treated in the context
of micromagnetism (§2.3). Compared to Heisenberg exchange, relativistic
contributions are smaller by a factor of order ¢, where a = 1/137 [5]. For
example, typical DM canting angles are about 0.1°.

2.2. Magnetic Anisotropy

The dependence of the magnetic energy on the orientation of the
magnetization with respect to the crystal axes is known as magnetic
anisotropy. Permanent magnets need a high magnetic anisotropy, in order to
keep the magnetization in a desired direction. Soft magnets are characterized
by a very low anisotropy, whereas materials with intermediate anisotropies
are used as magnetic recording media. In terms of the magnetization angles
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¢ and 6, the simplest anisotropy-energy expression for a magnet of volume ¥
is £, = K1 V sin’6. This anisotropy is known as lowest-order (or second-
order) uniaxial anisotropy, and K is the first uniaxial anisotropy constant. It
is often convenient to express anisotropies in terms of anisotropy fields. For
example, the expression E, = K1 Vsin*@yields H, = 2K,/ ui,M..

For magnets of low symmetry (orthorhombic, monoclinic, and triclinic),
the lowest-order anisotropy energy is

E, = K1V sin’@ + K"V sin®0 cos(2¢) (5)

where K] and K are, in general, of comparable magnitude. This expression
must also be used for magnets having a low-symmetry shape, such as
ellipsoids with three unequal principal axes, for a variety of surface
anisotropies, such as that of bec (011) surfaces [49], and for nanoparticles
with random surfaces. Equation 5 can also be written as £, = - M-K-M/Mf,
where K is a 3 x 3 tensor. It obeys TrK = 0, and the two independent
eigenvalues of K correspond to X; and K'.. Higher-order anisotropy
expressions contain, in general, both uniaxial and planar terms. For example,
EJ/V = K] sin’6 + K, sin’@ contains second- and fourth-order uniaxial
anisotrop terms and describes hexagonal and rhombohedral crystals [16, 50].

2.2.1. Origin of anisotropy

Figure 5 illustrates that there are two main sources of anisotropy: shape
anisotropy and magnetocrystalline anisotropy. Shape anisotropy is important
in magnetic nanostructures made from soft-magnetic materials, for example
in Fe, Co, and Ni particles [16, 51] and in nanowires {52-55]. However, the
anisotropy of most materials is of magnetocrystalline origin, reflecting the
competition between electrostatic crystal-field interaction and spin-orbit
coupling [7]. Note that the same mechanism is responsible for the quenching
(or unquenching) of the orbital moment and for phenomena such as
magnetic circular dichroism and anisotropic magnetoresistance.

For shape anisotropy, Ki = us(1-3D)M,*/4, where D is the demag-
netizing factor (D = 0 for long cylinders, D = 1/3 for spheres, and D = 1 for
plates) [56]. It is important to note that shape anisotropy is limited to very
small particles (§2.2). In large particles, shape anisotropy is destroyed by
internal flux closure, indicated at the bottom of Fig. 5(a).

The crystal field [57], which contains both electrostatic and hopping
contributions [58], acts on the orbits of the inner d and f electrons. That is,
the electron orbits reflect the anisotropic crystalline environment, and adding
spin-orbit coupling translates this anisotropic electron motion into magnetic
anisotropy.
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Figure 5. Physical origin of magnetic anisotropy: (a) compass-needle analogy of shape
anisotropy and (b-c) magnetocrystalline anisotropy. In (b) and (c), the anisotropy
energy is given by the electrostatic repulsion between the tripositive rare-carth
ions and the negative crystal-field charges.

The magnitude of the magnetocrystalline anisotropy depends on the
ratio of crystal-field energy and spin-orbit coupling. As a relativistic pheno-
menon, spin-orbit coupling is most pronounced for inner-shell electrons in
heavy elements, such as rare-earth 4f electrons. This leads to a rigid or
'unquenched' coupling between spin and orbital moment, and the magneto-
crystalline anisotropy is given by the relatively small electrostatic crystal-
field interaction of the 4f charge clouds [59] with the crystal field [16, 60,
61]. This largely electrostatic mechanism, illustrated in Fig. 5(b) and 5(¢), is
responsible for the high room-temperature anisotropy of rare-earth
permanent magnets, K; ~ 10 MJ/m® (see Appendix).

In 3d atoms, the spin-orbit coupling is much smaller than the crystal-
field energy, and the magnetic anisotropy is a perturbative effect [7, 8, 16].
Typical second- and fourth-order transition-metal anisotropies are of the
orders of 1 MJ/m® and 0.01 MJ/m®, respectively. A manifestation of mag-
netocrystalline anisotropy is magnetoelastic anisotropy, where the crystal
field is changed by mechanical strain [5, 16].

2.2.2. Surface and interface anisotropy

To realize second-order anisotropy, the atomic environment of the
transition-metal atoms must have a sufficiently low symmetry [49, 62-65].
Figure 6 illustrates that this is often, but not always, the case for surface
atoms. Magnetic surface anisotropy, first analyzed by Néel [62], is
important in complicated structures and morphologies such as ultrathin
transition-metal films [66], multilayers [67], rough surfaces [65], small
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particles [68], and surface steps [69]. In a variety of cases it has been
possible to calculate surface anisotropies from first principles [64, 67, 70-
72]. The same is true for some other low-geometries, such as Fe wires
embedded in Cu [73] and free-standing monatomic Co wires [74]. An
interesting point is that surface anisotropies easily dominate the bulk
anisotropy of cubic materials. From the tables in the appendix we see that
bulk anisotropies are about two orders of magnitude smaller than lowest-
order anisotropies. Due to the comparatively large number N, of surface
atoms of small particles, the surface contribution dominates the bulk
anisotropy in particles smaller than about 3 nm, even if one takes into
account that the net surface anisotropy is not necessarily linear in N, but
tends to scale as N;* due to random-anisotropy effects.

X &=

bee (001) bee (001)
bee (011) bec (111)
(@)

Figure 6. Surface anisotropy: (a) atomic origin and (b) realization in a nanoparticle.
Lowest—order biaxial anisotropy is realized for bee (011) but not for bee (001) and
bee (111). The large surface-to-volume ratio of clusters leads to a comparatively
strong diameter dependence of the intrinsic properties such as anisotropy [68] and
magnetization.

Magnetocrystalline anisotropy is characterized by a pronounced tempe-
rature dependence [16, 61, 75-77]. For example, the leading rare-earth
anisotropy contribution of permanent magnet intermetallics such as SmCos
and Nd,Fe;,B scales as 1/7* [78]. The main reason is that typical anisotropy
energies per atom are quite small, £, ranging from less than 0.1 K to a few
K. The realization of room-temperature anisotropy requires the support of
the interatomic exchange field, which suppresses the switching of individual
atomic spins into states with reduced anisotropy contributions [16, 79, 80].

Magnetocrystalline anisotropy is, essentially, a single-ion property,
realized by embedding the atom in a metallic or nonmetallic crystalline
environment [16, 58]. This must be compared to the popular Néel model
[62], which ascribes anisotropy to pair interactions. Figure 7 illustrates the
difference. The Néel model requires two interacting magnetic atoms (black),
whereas the single-ion or crystal-field model amounts to hopping or crystal-
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field interactions with atoms that are not necessarily magnetic (white). The
principal failure of the Néel model is seen by comparing Sm,Fe;; and
Sm,Fe;N3;, where the electronegative nitrogen is nonmagnetic but strongly
affects the crystal field and changes the room-temperature anisotropy from
-0.8 MJ/m? to 8.6 MJ/m® [16].

@0 000

& &
@ ®)

Figure 7. Models of magnetic anisotropy: (a) Néel model and (b) single-ion crystal-field
model. Both models reproduce the correct symmetry, but (b) is physically more
adequate for most systems.

2.2.3. Temperature dependence of anisotropy

In most materials, including nanostructures, the magnetocrystalline aniso-
tropy is strongly decreases with increasing temperature. This is due to intra-
atomic excitations. The strong temperature dependence of the leading rare-
earth anisotropy contribution of hard-magnetic materials such as SmCos and
Nd,Fe 4B reflects intramultiplet excitations [16, 60, 61]. The excitations may
be visualized as changes between Fig. 5(b) and 5(c). The figure indicates
that these excitations compete against the crystal field. However, the crystal
field is only one consideration; the main contribution is from the inter-
sublattice exchange, which dominates thermal spin disorder

For one-sublattice magnets, such as Fe and Co, the Akulov or Callen
and Callen theory [81] relates the temperature dependence of the anisotropy
to the spontaneous magnetization and yields A° and M power laws for
uniaxial and cubic magnets, respectively. This theory has become popular
far beyond its range of applicability [82] but is unable to describe structures
such as rare-earth transition-metal magnets {16, 60], actinide magnets [83],
and L1, type compounds [44, 84].
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Figure 8. Nucleation mode in a small L1, particle. Due to reduced anisotropy at the surface,
the reversal starts at the surface [89].

An interesting example is the finite-temperature magnetization of Ll,
magnets [44, 84, 85]. Elemental 4d/5d magnets, such as Pd and Pt, are
exchanged-enhanced Pauli paramagnets, but in a ferromagnetic environment
they are easily spin-polarized by neighboring 3d atoms [86, 87]. The 4d/5d
moment contributes little to the magnetization and Curie temperature, but it
plays a key role in the realization of magnetic anisotropy, which is of the
order of 5 MJ/m” at room temperature [88].

The temperature dependence of the anisotropy is reflects the collapse of
the 4d/5d moment. The result of the calculation is an M law [44], as
compared to the Callen-Callen prediction M’ and to refined simulations that
yield an M*® dependence [84]. By comparison, for uniaxial 3d magnets,
such as Co and YCos, m = 3 [81], cubic and noncubic actinide magnets
exhibit m = 1 [83], and for cubic 3d magnets, such as Fe and Ni, m = 10
[81]. Finally, rare-earth transition-metal intermetallics exhibit m = 0, that is,
the 4f sublattice anisotropy is largely independent of the leading 3d
magnetization [16]. The exponents m = 2 and m = 3 are not very dissimilar
[85], but the different physics—the crucial involvement of two sublattices—
speaks in favor of m = 2. In fact, recent calculations by Mryasov et al. have
yielded m = 2.08, amounting to a single-sublattice contribution of the order
of 8%. As also pointed out in [84], the reduction of the number of 3d
neighbors in magnetic nanoparticles has a very similar surface-anisotropy
reduction effect.

2.3. Hysteresis of Magnetic Nanostructures
Magnetic anisotropy yields easy magnetization directions corresponding to

local energy minima and energy barriers that separate the easy directions. On
an atomic scale, the barriers are easily overcome by thermal fluctuations, but
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on nanoscale or macroscopic length scales the excitations are usually too
weak to overcome the barriers. This is observed as magnetic hysteresis.

Zeeman and selfinteraction (demagnetization) magnetic fields,
interatomic exchange, and magnetic anisotropy all contribute to the rotation,
which occurs on a mesoscopic scale and has been known historically as
micromagnetism [90], although nanomagnetism would be a better name to
characterize the involved length scales. Magnetic nanostructures exhibit a
particularly rich extrinsic behavior, but even traditional 'microstructured’
magnets exploit nanometer-scale features for performance optimization [91].
For example, the best room-temperature permanent magnets are now made
from Nd-Fe-B [92], but as-cast samples with the correct stoichiometry
exhibit a disappointingly low coercivity unless the grain-boundary structure
is optimized by a specific heat treatment.

Figure 9 shows a typical hysteresis loop and illustrates how magnetic
hysteresis is realized in real space. In the example of Fig. 9, the hysteresis
reflects domain-wall pinning in a small particle. This means that magnetic
domains are separated by domain walls (dotted lines) whose motion is
impeded by real-structure defects or 'pinning centers' in the bulk or at the
surface. Aside from a few basic hysteresis mechanisms, such as pinning,
coherent rotation, curling, and localized nucleation, there exist many
variations and combinations. The reason is the real-structure dependence of
magnetic hysteresis, which makes it necessary to consider each material or
each class of materials separately.

Magnetization

Field (arb. units)

Figure 9. Magnetic hysteresis: origin and phenomenology of hysteresis. The coercivity of
the particles shown in this figure is caused by domain-wall pinning at the grain-
boundary phase.
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2.3.1. Micromagnetic free energy

A key theoretical problem is to derive magnetization curves by simulating or
modeling the magnet's nanostructure. This requires the determination of the
local magnetization M(r), from which the hysteresis loop is obtained by
averaging. The large strength of the intra-atomic exchange means that
typical magnetization changes in magnetic solids are caused by moment
rotations rather than by changes in the moments' magnitude. The result is the
complicated nonlinear, nonequilibrium, and nonlocal problem of hysteresis.
In addition, there is a strong real-structure influence. Properties related to
hysteresis (extrinsic properties) are also known as micromagnetic properties
[90], but this term is somewhat unfortunate, because most micromagnetic
phenomena are nanoscale.

Hysteresis problems are usually treated on a continuum level [16, 90,
93]. Narrow-wall phenomena, which have been studied for example in rare-
earth cobalt permanent magnets [94] and at grain boundaries [95, 96],
involve individual atoms and atomic planes and lead to comparatively small
corrections to the extrinsic behavior (§4.2). Furthermore, in contrast to the
intrinsic phenomena considered in Section 2, which affect the spontaneous
magnetization M; = |M|, micromagnetic phenomena are realized by local
rotations of the magnetization vector. This is because typical micromagnetic
energies are much smaller than the quantum-mechanical energy con-
tributions that establish M.

To explain the hysteresis loop of magnetic materials one needs to trace
the local magnetization M(r) = M,s(r) as a function of the applied field H.

This is achieved by considering the free-energy functional

F= J{A[v@}ﬂz- K Q%Z - 4o M'H -‘%—OM-Hd(M)} v (6)

S,

Here M(r) is the spontaneous magnetization, Ki(r) is the first uniaxial
anisotropy constant, A(r) denotes the exchange stiffness, and n(r) is the unit
vector of the local anisotropy direction. H is the external magnetic field, and
H, is the magnetostatic self-interaction field. The latter can be written as

__1_J3 (r-r)(r-r)M@) - |r-r2M@) 47 Rl

Hr) = - "

The free-energy character of F reflects the intrinsic or equilibrium tem-
perature dependence of the parameters 4, K, and M;. Furthermore, these
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parameters are local parameters, because they depend on chemistry, crystal
structure, and crystallite orientation.

Depending on the considered system, additional terms must be added to
the micromagnetic equation. In lowest order, DM interactions amount to a
random field Z{(D; e — Djj«e,)/2 where the summation (or integration) over
j includes all atomic neighbors; the resulting structure may be called a 'spin
colloid'.

2.3.2. Micromagnetic length scales

Equation (6) yields not only the hysteresis loop but also the underlying
micromagnetic spin structure. This includes features such as domains and
domain walls. An aspect of great importance in nanomagnetism is the length
scales on which these features are realized. Dimensional analysis of Eq. (6)
yields two fundamental quantities, namely the wall-width parameter &, =
\/A/K1 and the exchange length /[, = '\/A/,uof\/[sz. Other length and dimension-
less parameters are derived from &, and /.

The wall-width parameter 3, varies from about 1 nm in extremely hard
materials to several 100 nm in very soft materials. It determines the
thickness &g = 7d, and energy %, = 4K,J, of Bloch domain walls [13, 14, 97,
98], and describes the spatial response of the magnetization to local
perturbations [95]. Essentially, the thickness of the walls is determined by
the competition between exchange, which favors extended walls, and
anisotropy, which favors narrow transition regions.

The exchange length ., is the length below which atomic exchange
interactions dominate typical magnetostatic fields. It determines, for
example, the particle cylinder radius R, ~ 5/, above which curling is more
favorable than coherent rotation (§2.3.3). It also yields the thickness of soft-
magnetic films below which Néel walls are energetically more favorable
than Bloch walls. For a broad range of ferromagnets, /. ~ 2 nm [16]. Note
that the wall-width parameter o, is sometimes interpreted as an exchange
length. If this were a valid consideration, then ideally soft materials, where
K, =0 and §, = oo, would realize exchange coupling on a truly macroscopic
scale. This is at odds with experiment,

Compared to domain-wall thicknesses, the determination of domain
sizes tends to be very complicated [13, 14, 51, 93, 99-101]. This is because
domains are caused by the strongly geometry- and size-dependent magneto-
static selfinteraction. An exception is the critical single-domain radius
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of spherical particles, above which a two-domain state is more favorable
than the single-domain state. This expression reflects the competition
between domain-wall energy, 4m[4K,R%, and gain in magnetostatic energy
UM V712 [97]. In soft magnets, the critical single-domain size is only a few
nanometers, but in very hard magnets it exceeds 1 pm.

It is important to emphasize that the critical single-domain radius is an
equilibrium property. It involves the comparison of the of single-domain and
multi-domain energies but is independent of the energy barriers separating
the states. It determines, for example, the initial or virgin state after thermal
demagnetization. By contrast, hysteresis is a nonequilibrium phenomenon
caused by energy barriers. Furthermore, equilibrium domains are quali-
tatively different from the nonuniform (incoherent) magnetization states
occurring during magnetization reversal (§2.3.3). The popular but incorrect
equating of single-domain magnetism and coherent rotation has its origin in
the focus on soft and semi-hard magnets in the first half of the 20th century.

Note than typical domain-wall widths are much smaller than the
domains themselves. When the size of a magnetic particle is smaller than the
domain-wall width &, as encountered for example in small soft-magnetic
nanodots, then the distinction between domains and domain walls blurrs, and
the determination of the micromagnetic spin structure requires additional
considerations [102]. One example is curling-type flux-closure or ‘vortex’
states.

2.3.3. Exact solutions

In small particles, the exchange is sufficiently strong to ensure that M(r) is
constant throughout the magnet, that is, VM in Eq. (6) is zero. Depending on
the context, this regime is called coherent rotation, uniform rotation, or
Stoner-Wohlfarth reversal [90, 103, 104]. For perfect uniaxial ellipsoids of
revolution having the symmetry axis parallel to the external field H = He,,
the energy (Eq. (6)) then becomes

F A ,
V= K, sin®0 + ‘%‘(1 —3D) My sin*8- u, M, H cos@ ©)

Expanding this equation into powers into powers of 8 and analyzing the

stability of the local free-energy minimum at 6 = 0 yields the Stoner-
Wohlfarth coercivity

H, A1
¢ toMs

+ % (1-3D) M (10)
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This coercivity is a simple example of a nucleation field. In micro-
magnetism, the term nucleation refers to the instability of the remanent state
in a reverse magnetic field H, = - Hy. It does not necessarily imply
localization effects [16, 93], although localized nucleation is frequently
encountered in practice.

Increasing the radius of the particle leads to a transition from coherent
rotation to curling. Figure 10 compares coherent-rotation and curling
nucleation modes. Curling is favorable from the point of view of
magnetostatic selfinteraction, because the vortex-like mode yields some flux
closure, but it costs some exchange energy, because VM = 0. The derivation
of the curling mode involves the exchange term in Eq. (6). After some
calculation [16, 90, 93, 104] one obtains the nucleation-field coercivity

2K (D) 4
= - +
H, o, DM MR (11)

Here the radius R refers to the two degenerate axes of the ellipsoid, and ¢ =
8.666 for spheres (D = 1/3) and ¢ = 6.678 for needles (D = 0). In (11), the
magnetostatic contribution, -DM,, is always negative, in contrast to the term
(1 - 3D)M,/2 in (10). This means that there is no shape anisotropy in large
magnets, although the exchange term in (11) partly compensates the absence
of the exchange field [105].

(@ ®) ©

Figure 10. Nucleation modes in homogeneous magnets: (a) coherent rotation in a sphere, (b)
curling in a sphere, and (c) curling in a cylinder. The arrows show the local
magnetization M = M, e, + m, where e, is parallel to the axis of revolution of the
ellipsoid (cylinder).

Comparison of Egs. (10) and (11) yields the radius R, for the transition
from coherent rotation to curling. For R < Ry, the exchange energy
dominates, and the nucleation is realized by coherent rotation, whereas for R
> R the nucleation behavior is dominated by flux closure and realized by
curling. For spheres and wires (cylinders), one obtains R.q, = 5.099 [, and
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Reon = 3.655 I, respectively [16, 90, 93]. These radii are typically of the
order of 10 nm. In thin films with perpendicular anisotropy (D = 0), curling
occurs when the cross section of the films exceeds some value scaling as L2
[9]. Note that R, is anisotropy-independent, in contrast to the critical
single-domain radius Rgp. Since R « Rsp in hard magnets, there is a broad
region Ry, = 10 nm and Rgp ~ 1 um where hard-magnetic single-domain
particles demagnetize incoherently. The popular but incorrect equating of
single-domain magnetism and coherent rotation, as epitomized by the
unfortunate term 'elongated single-domain particle' (ESD), has its origin in
the focus on soft and semi-hard magnets in the first half of the 20th century.

2.3.4. Localized nucleation

The Stoner-Wohlfarth approach works fairly well for very small particles,
where VM = 0 is a good approximation. However, it has been known for
decades that neither the Stoner-Wohlfarth theory nor the additional
consideration of the curling mode account for the coercivity of real
materials. For example, the coercivity of optimized permanent magnets is
only 20-40% of the anisotropy field 2Ki/u,M;, and only a part of the
discrepancy can be ascribed to the curling terms in Eq. (11). The reason is
that real-structure imperfections make it impossible to consider the magnets
as perfect ellipsoids of revolution.

DOMAIN-WALL PINNING LOCALIZED NUCLEATION

Figure 11. Pinning and nucleation. Pinning means that coercivity is created by trapping the
domain wall at pronounced inhomogenities (pinning centers). In the absence of
pinning centers, the coercivity is determined by the reversal field at which the
original magnetization configuration becomes unstable (nucleation).

Figure 11 illustrates that there is an important distinction between
domain-wall pinning and localized nucleation. Domain-wall pinning [15, 51,
99, 106], as illustrated in Fig. 11, requires relatively strong inhomogenities.
For example, the high coercivity of Sm-Co-Cu-Zr permanent magnets
reflects domain-wall pinning at a Cu-rich grain-boundary phase with
strongly reduced anisotropy and domain-wall energy [5, 16, 77, 107, 108].
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In nearly perfect magnets, pinning is unimportant, and the coercivity is
determined by the stability of saturated (or nearly saturated) original
magnetization state. This scenario is similar to coherent rotation and curling,
except that a single nanoscale inhomogenity may initiate the magnetization
reversal of a macroscopic magnet. This localized nucleation leads to strong
reduction of Hy and solves Brown’s paradox [90, 109], according to which
the observed coercivities are often much smaller than predicted by (10).

To determine the nucleation field, we write the local magnetization as

M(r) =M, (\1-m ez +m(r)) (12)
where m is the perpendicular magnetization component ( [m| = sind).
Taking into account that n = e, for aligned magnets, and expanding the free

energy Eq. (6) into powers of m yields the quadratic expression

F= j[A(Vm)ZJrK](r) mz-%yoMSHmz] dr (13)

Here we have incorporated the magnetostatic selfinteraction into K; and H,
which is a good approximation for many systems [5]. Eigenmode analysis
of (13) yields the differential equation

AVzm-(Kl(r)+ %MSH)m=o (14)

where we have assumed that 4 is constant throughout the magnet.

In terms of (14), imperfections appear as a modification of the local
anisotropy Ki(r) and lead to a nucleation-field and coercivity reduction [105,
110-112]. The solution of the nucleation problem is simplified by the fact
that Eq. (14) has the same structure as the single-particle Schrédinger
equation, K (r) and H, being the respective micromagnetic equivalents of
V(r) and E. Consider, for example, an imperfection in form of a cubic soft
inclusion of volume L’ in a hard matrix. The corresponding wave functions
are particle-in-a-box states, and the nucleation field is [5]

6 A
Hc=ﬂ UL (15)

Analyzing this expression in terms of the exchange length reveals that im-
perfections are harmful if their size is comparable to or larger than a few
nanometers.
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In the past, nucleation fields such as Eq. (15) have been obtained for
several cases: spherical particles in an infinitely hard matrix [110], small
inclusions in a matrix of arbitrary anisotropy and exchange stiffness [105]
[111], various types of multilayers [111, 113], and some core-shell and
nanowire configurations [105, 114, 115]. For a discussion of the unphysical
limit of very small inclusions, L = 0, see e.g. [5].

2.3.5. Nanostructured magnetic materials

There are various classes of magnetic materials (see Appendix), and both
traditional materials and novel nanostructures exploit nanoscale phenomena
[5]. An example of improving the performance of magnetic materials by
nanostructuring is hard-soft permanent-magnet composites [16, 111, 116-
120]. As analyzed in [16, 111], atomic-scale magnetism doesn't support
substantial improvements of permanent magnets beyond existing inter-
metallics such as SmCos, Sm,Coy;, and Nd,Fe4,B. However, adding a soft
phase to a hard phase in a suitable nanostructure can improve the permanent-
magnet performance beyond that of the hard phase. In these structures, the
hard phase acts as a skeleton to ensure a coercivity of the order of H,/2,
whereas adding the soft-magnetic high-magnetization phase enhances A
and M, [111]. This materials-by-design or 'metamaterials' approach makes it
possible to produce materials not encountered in nature.

Note that isotropic single-phase and two-phase permanent magnets are
comparatively easy to produce. Examples are nanocrystalline Nd,Fe,,B/
Fe;B-Fe and SmyFe;;N3/Fe composites produced by melt-spinning [116] and
mechanical alloying [121], respectively. However, the remanent mag-
netization M; of randomly oriented grains with uniaxial anisotropy is only
half the saturation magnetization M. Since the energy product of highly
coercive permanent magnets scales as Mrz, this amounts to a reduction of this
key figure of merit by a factor of 4. Intergranular exchange improves the
remanence by favoring parallel spin alignment in neighboring grains [116,
121-125]. However, t