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Supervisor’s Foreword

The interplay between electricity and magnetism has long been one of the central
issues in the field of condensed matter physics. For conductive materials, the
electron transport process was found to be significantly affected by the underlying
spin texture. The discovery of giant magnetoresistance and current-induced spin
torque provides the foundation for spintronics, which is now widely employed in
hard disk drives and magnetoresistive random access memory (MRAM). For
insulating materials, in contrast, the emergence of magnetoelectric effects, i.e.,
electric (magnetic) field control of magnetic (dielectric) properties, has been
expected especially in compounds characterized by both magnetic and dielectric
orders (multiferroics). Because the energy dissipation by an applied electric field is
negligible in insulators, this approach is believed to be more energy-efficient
compared with the current-driven approach in conductive materials. However, it
turns out that such multiferroic materials are rather rare, and also that the coupling
between both orders is very weak in general. A recent breakthrough is the dis-
covery of the giant magnetoelectric effect in perovskite TbMnQOj3, where spiral spin
order magnetically induces ferroelectricity and application of the magnetic field
leads to the flop of the spin—spiral plane and of the electric polarization direction.
While the early examples of such magnetically induced ferroelectrics are struc-
turally rather complicated, magnetic frustration, i.e., competition between different
magnetic interactions, is considered the key to realizing spiral magnetism.

In the present thesis work by Shinichiro Seki, two of the most typical frus-
trated spin systems, i.e., triangular lattice antiferromagnets and edge-shared chain
magnets, have systematically been investigated. He has found that these systems
host various types of noncollinear spin texture tied with ferroelectricity, thereby
enabling versatile magnetoelectric response such as electric induction of
spin-helicity reversal or magnon excitation as well as magnetic control of
electric polarization direction or ferroelectric domain distribution. Given the



vi Supervisor’s Foreword

crystallographic simplicity of target systems, the above findings are rather
surprising but highlight the ubiquitous local magnetoelectric coupling in solids.
The current study offers a useful guideline in the search for new multiferroic
materials with unique magnetoelectric functions, and also provides an important
basis for the deeper understanding of magnetoelectric phenomena in more
complex systems.

Tokyo, Japan, October 2011 Prof. Yoshinori Tokura
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Chapter 1
Introduction

Multiferroics and Magnetoelectric Effect

Nowadays, magnetism and electricity in solids are utilized for every aspect of
modern technology. As Maxwell’s equations proposed, dynamics of magnetic field
(H) and electric field (H) cannot be independent but rather tightly coupled. In solids,
E induces electric polarization P, and H induces magnetization M. Materials with
spontaneous P (M) are called ferroelectrics (ferromagnets), and ones characterized
by both ferroelectric and ferromagnetic natures are called “multiferroics”. Unfortu-
nately, such multiferroics turn out to be quite rare, and the coupling between P and
M is also very weak in general. Correspondingly, H-control of P or E-control of M,
which is often called “magnetoelectric (ME) effect”, still remains highly nontrivial
[1-3] (Fig.1.1). Electric control of magnetism is now one of the central issues in
the field of spintronics, and realization of gigantic magnetoelectric effects in solids
may find wide application such as more efficient magnetic storage or H-controled
FeRAM.

Quite recently, unprecedentedly large magnetoelectric effects have been discov-
ered in a rather unexpected class of materials known as “frustrated magnet” [4-6].
Notably, these compounds host ferroelectricity of magnetic origin; Magnetic frus-
tration sometimes reduces the symmetry of spin structure, which is now believed to
affect the symmetry of charge distribution and thus induces ferroelectricity. In this
thesis, we focus on triangular lattice antiferromagnets and one-dimensional chain
magnets as typical examples of frustrated spin system, and investigate their magne-
toelectric responses in detail.

Linear Magnetoelectric Effects

In 1894, Pierre Curie first predicted the possibility of intrinsic ME behavior on the
basis of symmetry considerations [1]. In general, the free energy (F') of the system
can be described using Landau expansion:

S. Seki, Magnetoelectric Response in Low-Dimensional Frustrated Spin Systems, 1
Springer Theses, DOI: 10.1007/978-4-431-54091-5_1, © Springer Japan 2012



2 1 Introduction
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Fig. 1.1 a Magnetoelectric effect, and b multiferroics

1 1
—F(E,H) = EEijEiEj + EﬂiniHj +aijEiHj

4f¥amm+%hwﬂﬁm. (1.1)

Here, ¢ and u represent dielectric coefficient and magnetic permeability. «, B,
and y are material-dependent coupling tensors for corresponding orders of electric
field (E) and magnetic field (H). When we assume the £ = 0 condition, electric
polarization P purely induced by H can be given as

g:"—=%%+?ﬂﬂﬁm. (12)

The first term suggests that P appears linearly to the applied H. Higher order mag-

netoelectric effect represented by the following terms can also be active, while their

contribution to induced P is much smaller in case of weak H. Likewise, when we

assume the H = 0 condition, magnetization M purely induced by E can be given as
dr Yijk

The first term means that M appears linearly to the applied E, with the same coupling
tensor « as adopted for the case of H-induced P. Here, the problem is the necessary
condition to host the non-zero «. H and M change their sign for time-reversal but
not for space-inversion. Contrastingly, E and P change their sign for space-inversion
but not for time-reversal. Thus, non-zero « (i.e. emergence of linear magnetoelectric
effect) is allowed only in the crystal where both time-reversal and space-inversion
symmetry are simultaneously broken. Such linear ME effects were experimentally
demonstrated in several compounds including Cr,O3 and GaFeOs [1, 2, 7], while it
also turned out that this phenomena is quite weak in general. It was further shown
that the magnitude of « is limited by the relation

Olizj < &iilkjj, (1.4)
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which puts the cap to the enhancement of magnetoelectric response under the scheme
of linear ME effects [1].

Phase Control in Multiferroics

Another promising route to achieve giant ME effects is the employment of phase
control. If some specific material possesses both magnetic and ferroelectric orders and
there exists strong coupling between them, H -induced magnetic phase transition (or
E-induced dielectric phase transition) should significantly affect the corresponding
dielectric (magnetic) properties of the same compound. Since the order parameter
responds nonlinearly to the applied external field in case of the phase transition, now
we don’t have to care about the upper limit of linear magnetoelectric response as
suggested in Eq. (1.4).

However, the successive studies clarified that such ferroelectric (anti-)
ferromagnets are quite rare in nature. Magnetism requires transition metal ions with
a partially filled d-shells. In contrast, stabilization of ferroelectricity via noncen-
trosymmetric lattice displacement requires an empty d-shell; Spins in a partially-
filled d-shell are kept parallel by the Hund’s rule, which breaks the strong covalent
bonds between metal-3d and oxygen-2p orbitals that are necessary for ferroelec-
tricity. Thus, magnetism and ferroelectricity are generally expected to be mutu-
ally exclusive [8, 9]. Still, there exist some exceptional cases such as ferroelectric
(anti-)ferromagnets BiFeO3 and BiMnOs3. In these compounds, however, magnetism
emerges from transition metal 3d-shell and ferroelectricity does mainly from Bi 6s-
shell. Since their magnetic and dielectric orders arise from different origins, these
orders take place separately and almost no magnetoelectric coupling can be expected.

Magnetically-Induced Ferroelectricity and Giant ME Response

To achieve giant ME response, it is essential to find out some strong coupling mech-
anism between magnetism and ferroelectricity. One important breakthrough was
achieved by the recent discovery of “magnetically-induced” ferroelectricity.

In 2003, Kimura et al have reported that orthorhombic TbMnO3 with distorted per-
ovskite structure shows simultaneous transition into ferroelectric and incomensurate
magnetic phase [10]. Interestingly, when magnetic field is applied along the b-axis,
the spontaneous electric polarization suddenly changes its direction by 90° from
P || cto P || a. The successive neutron diffraction study revealed that the observed
ferroelectricity is coupled with the cycloidal magnetic order [11, 12], and directional
change of P coincides with the 90°-flop of spin-spiral plane (Fig. 1.2) [13].

Later, similar strong coupling between ferroelectricity and spiral (or some other
complex) magnetic orders has been discovered in several frustrated magnets such
as RMnOs3 [14, 15], RMn,0s5 [16], NizV,0g [17], MnWO4 [18], CoCr,04 [19],
CuFeO; [20], LiCuy 0, [21], (Ba, Sr),ZnyFe 2027 [22], and CuO [23]. Asin the case
of TbMnOs, they often exhibit unprecedentedly large and versatile magnetoelectric
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(a)
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Fig.1.2 aTemperature dependence of electric polarization P for TbMnOj3 under various strength of
magnetic field applied parallel to the b-axis. b Distorted perovskite structure. ¢ Change of magnetic
structure and associated P-direction under H || b for TbMnO3. (Adapted with permission from
[10], ©2003 Nature Publishing Group.)

responses such as flop, reversal, or rotation of P under applied H. Most of these
effects turned out to be associated with the change of magnetic structure.

In this thesis, we mainly focus on such ferroelectric helimagnets with strong
magnetoelectric coupling. In the following, we introduce the origin of spiral magnetic
orders and the coupling mechanism between ferroelectricity and magnetism.

Magnetic Frustration

In a simple localized spin system, the spin Hamiltonian H,e can be given as

Himag = — D Jij(Si -S)—> DPM(8; x $))—D > S —gup > H-S; (1.5)

i,j i,j i

Here, S; is the electron spin at site i, and S ; is its z-component. The first, second, third,
and forth terms represent Heisenberg exchange interaction, Dzyaloshinskii-Moriya
interaction, single-ion anisotropy, and Zeeman energy under applied magnetic field
H, respectively. Among them, only the second and third terms arise from the spin-
orbit interaction.

One important source of spiral magnetic order is Dzyaloshinskii-Moriya interac-
tion, which is allowed to exist only when space-inversion symmetry is broken at the
center of two adjacent magnetic sites [24]. This interaction favors orthogonal spin
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Fig. 1.3 a One dimensional chain with competing J; and J,. b The magnetic ground state for J;
vs Jo model. ¢ Triangular lattice antiferromagnet with 120°-spin order

arrangement within a plane perpendicular to the DPM-vector, and is considered as
the origin of helimagnetism in several non-centrosymmetric magnets.

On the other hand, Heisenberg exchange interaction can also stabilize spiral
magnetic order even without contribution of Dzyaloshinskii-Moriya interaction.
While Heisenberg exchange interaction generally favors parallel or antiparallel spin
arrangement depending on the sign of J;;, in some lattices it is not possible to satisfy
this condition for all bonds. Such a competition is called “magnetic frustration”,
and often leads to complex magnetic order to minimize the total energy. Notably,
all magnetically-induced ferroelectrics have been reported to contain magnetic frus-
tration as a source of helimagnetic or other long-period magnetic orders. In the
following, we show some simple examples of frustrated spin systems.

1D-Chain with Competing Nearest and Next-Nearest
Neighbor Interactions

First, we assume one-dimensional chain magnet with nearest neighbor interaction J;
and next-nearest neighbor interaction J, (Fig. 1.3a). For simplicity, we only consider
Heisenberg exchange interactions. The spin Hamiltonian Hmag can be described as

Himag = —51 D (Si-S) = D (Si-Sp) (1.6)
N.N.

N.N.N.

When J is negative (i.e. antiferromagnetic), neither ferromagnetic nor simple anti-
ferromagnetic spin arrangement can satisfy the second term and thus magnetic frus-
tration arises. Here, we introduce a generalized spin order

Six S - cos(gri + ¢)
Si=|Siy | = §-singri +¢) |, (1.7)
Si; 0
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where g and ¢ are the wave number and initial phase of magnetic modulation, and r; is
the position of ith magnetic site, respectively. If we define r = r; 1 —r; and 0 = rq,
ferromagnetic arrangement corresponds to & = 0 and simple antiferromagnetic one
does to 8 = . Other 0-value represents spiral spin order. By substituing Eq. (1.7)
into Eq. (1.6) and analyzing the condition to satisfy dH/dd = 0, we can deduce the
wave number of magnetic ground state (6p).

J
cos Oy = —# (=1 <cosbp<1) (1.8)
2

We can see that spiral magnetic order is more stable than ferromagnetic or sim-
ple antiferromagnetic ones, as long as the (—1 < cos6fy < 1) condition is satis-
fied. The period of spin-spiral depends on the J;/J, ratio. When we cannot define
6o as real number, ferromagnetic or simple antiferromagnetic spin arrangement
becomes the ground state. These results are summarized in a J1 — J, phase diagram
(Fig. 1.3b) [25].

Geometrical Frustration

Even when we consider only the nearest neighbor interaction J, magnetic frustration
can take place depending on the geometry of underlying lattice (Geometrical frustra-
tion). One of typical examples is the triangular lattice antiferromagnet. In this case,
anti-parallel spin arrangement cannot be realized simultaneously for all three bonds.
Instead, 120°-spin order, in which each spin is aligned at 120° to its neighboring
spins, is reported to become the ground state (Fig. 1.3¢) [26]. Similar geometrical
frustration can also be realized in some other lattices, such as Kagomé, pyrochlore,
and f.c.c [27].

Role of Magnetic Anisotropy

In the above two examples, we considered the competition of Heisenberg exchange
interactions. They only determine the relative angle between neighboring magnetic
moments, and never specify the favorable spin-direction. In general, the orientation of
spin-spiral plane is determined by the magnetic anisotropy, which strongly depends
on the electronic state and crystal field at the magnetic site. In Fig. 1.4, several vari-
ations of helimagnetic orders are indicated. Cycloidal and proper screw magnetic
orders corresponds to the one without net magnetization, with spin-spiral plane par-
allel and perpendicular to the magnetic modulation vector (q), respectively. The one
with net magnetization is called conical spin order. By applying magnetic field, it
is often possible to reorient the spin-spiral plane against the magnetic anisotropy
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Fig. 1.4 Various types of spiral spin orders. M, ¢, and P denote the direction of magnetization,
magnetic modulation vector, and electric polarization expected from the inverse D-M model as
given by Eq. (1.10)

(Spin-flop transition). If magnetic anisotropy is sufficiently strong, collinear mag-
netic order like 11 | becomes more favorable than simple helimagnetic one.

Magnetically-Induced Ferroelectricity
Magnetic Symmetry

To induce ferroelectricity, the symmetry of charge distribution must be polar. While
this requires the violation of space-inversion symmetry, most of magnetically-
induced ferroelectrics are centrosymmetric in their paramagnetic phases. Interest-
ingly, magnetic frustration often stabilizes the spin structure with symmetry lower
than that of underlying crystal lattices. When there exists some coupling mechanism
to connect the spin and charge degrees of freedom, such a symmetry reduction is
reflected in the charge distribution and thus leads to ferroelectricity.

In case of TbMnO3, P | c is induced by bc-cycloid spin order modulating
along the b-axis (Fig. 1.2c) [11]. Hereafter, we define the spiral axis as the direction
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Fig. 1.5 a Cycloidal spin structure and b proper screw spin structure. The symmetry elements for
these spin configurations are also indicated
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perpendicular to the spin-spiral plane. Figure 1.5a indicates the symmetry opera-
tions compatible with the cycloidal spin order. It possesses a m’-plane (time-reversal
followed by a mirror reflection) normal to the modulation vector, two-fold rota-
tion axis (2) perpendicular both to the modulation vector and to the spiral axis, and
m'-plane normal to the spiral axis. No other symmetry operation is allowed. Thus,
cycloidal magnetic structure always has polar axis along the 2-axis and ferroelec-
tricity can appear along this direction. This symmetry analysis well reproduces the
P-direction as experimentally observed for TbMnO3.

In contrast, proper screw magnetic order possesses 2’-axis (time-reversal followed
by two-fold rotation) parallel to the modulation vector, and 2- and 2’-axes perpen-
dicular to the magnetic modulation vector (Fig. 1.5b). In this case, the spin structure
is non-polar and ferroelectricity cannot be induced in general.

Note that both types of spiral spin orders break space-inversion symmetry. When
the space-inversion operation is applied to these spin spirals, the manner of spin-ration
is reversed. This characteristic degree of freedom distinguishing the clockwise and
counter-clockwise manner is called “chirality”, and often plays an important role to
understand the behavior of spiral magnets.

Microscopic Origin of Magnetoelectric Coupling

Since the symmetry analysis tells us nothing about the magnitude of induced polar-
ization, we have to identify the microscopic origin of magnetoelectric coupling to
guarantee the non-zero P-value. So far, at least two microscopic origins of magneto-
electric coupling have been established; exchange striction and spin-orbit coupling.
Exchange striction originates from the Heisenberg exchange interaction, and
induces local polarization P;; between two magnetic sites (S; and S;) in form of

Pl'j =Tij (S,' . S,) (1.9)

Here, m;; essentially depends on the geometry of underlying lattice. As a simple
example, we assume the situation where two different magnetic ions are alterna-
tively aligned and 11| collinear magnetic order is realized on them (Fig. 1.6a).
While the original lattice structure itself is centrosymmetric, the exchange striction
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Fig. 1.6 a 11| spin order on ABAB... lattice. Electric polarization is induced by the exchange
striction. b The schematic illustration of the inverse D-M mechanism. ¢ The local configurations
assumed for Eq. (1.10)

shifts each magnetic ion in a way that optimize the energy gain by the antiferromag-
netic Heisenberg interaction; ions with antiparallel spins are pulled to each other,
whereas ions having parallel spins move away from each other. This lattice distor-
tion patterns breaks space-inversion symmetry and induces net polarization along
the chain direction. Such a situation is actually realized in Caz3CoMnOg [28], and
the present model well reproduces the experimentally reported dielectric properties.
Exchange striction mechanism is also adopted to explain the magnetically-induced
ferroelectricity in several canted-antiferromagnets such as GdFeO3 [29] and DyFeO;
[30].

Another important source to connect magnetism and charge distribution is the
spin-orbit coupling. As already mentioned, spin-orbit coupling is the primal ori-
gin of Dzyaloshinskii-Moriya interaction (H = DPM . (Si x S;)) and magnetic
anisotropy. When we assume the cycloidal spin order, (S; x S;) becomes constant
for all neighboring bonds. This induces the uniform displacement of ions and/or
electron clouds to maximize the energy gain by Dzyaloshinskii-Moriya interaction,
which eventually leads to the induction of ferroelectricity (Fig. 1.6b). This scheme is
called inverse Dzyaloshinskii-Moriya (D-M) mechanism, and the successive theoret-
ical studies [31-33] have suggested that the local polarization P;; produced between
two magnetic sites is generally given as

P,’j = Ae,-j X (S,‘ X Sj). (1.10)

Here, €;; is an unit vector connecting two magnetic sites, and A is a coupling coef-
ficient related to the spin-orbit interaction (Fig. 1.6¢). (S; x S;) is a vector perpen-
dicular to the spin-spiral plane, and often called vector spin chirality because its
sign corresponds to the clock-wise or counter-clockwise manner of spin rotation.
This model predicts that cycloidal spin order induces polarization along the direc-
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tion normal both to the magnetic modulation vector and to the spiral-axis (Fig. 1.4c).
In case of proper screw spin order, no ferroelectric polarization can be expected due
to the relationship (q |)e;; || (S; x S;) (Fig.1.4 a). These predictions are consis-
tent with the suggestions of symmetry analysis. According to Eq.(1.10), H-induced
reorientation of spin-spiral plane leads to directional change of P. 90°-flop of
P-vector and associated spin spiral plane under H || b as reported in TbMnO3
(Fig. 1.2¢) can be well reproduced by the present scheme. Equation (1.10) also sug-
gests that the sign of P;; and (S; x S;) is coupled; this means the reversal of P-
direction always gives opposite manner of spin rotation. Such coupling between spin
chirality and the sign of P has experimentally been confirmed by polarized neutron
scattering study on TbMnQO3 [34]. The inverse D-M model successfully explains the
ferroelectric and magnetoelectric behavior in many other spiral magnets (Table 1.1),
and spin-orbit interaction is now believed to be the prime source of magnetoelectric
coupling for helimagnets.! Note that there still exist several ferroelectric helimag-
nets whose ME properties cannot be explained within the framework of inverse D-M
mechanism. For these compounds, some alternative ME coupling mechanism orig-
inating from the spin-orbit interaction has been suggested, as later mentioned in
“Introduction”.

Purpose

As discussed in the last section, magnetic frustration sometimes reduces the sym-
metry of spin structure, which is now believed to affect the symmetry of charge
distribution and thus induce ferroelectricity. Here, the important is the microscopic
origin of such a strong magnetoelectric coupling. Unfortunately, early examples of
magnetically-induced ferroelectrics are structurally rather complicated, which often
prevents the elucidation of microscopic ME coupling mechanism or generalization
of observed magnetoelectric behaviors. As discussed in “Magnetic Frustration”, tri-
angular lattice with antiferromagnetic interaction and one-dimensional chain with
competing J; and J> are known as the simplest examples of frustrated spin system.
In this thesis, we focus on the two typical structural units to realize such a situation,
and investigate their magnetoelectric response in detail.

In Chap.3, we study the antiferromagnets with the stacked triangular lattices
as shown in Fig. 1.7a. Interestingly, the geometry of triangular lattice often allows
the appearance of magnetically-induced ferroelectricity that cannot be explained by
either exchange striction or inverse D-M mechanism. We examined the magnetoelec-
tric response of various types of spin orders on triangular lattices, and also performed
several experiments from the viewpoints of impurity-doping effect, domain control,
and dynamics.

1 Recent ab initio calculation for TbMnOj3 based on the density-functional theory also suggested
that non-zero P-value is obtained only when spin-orbit interaction is introduced [35, 36].
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Table 1.1 Partial list of reported ferroelectric helimagnets. For ZnCr,Sey, finite P is induced only
when spin-spiral plane is tilted from original proper screw configuration by applied H

Structure Spin order S Tre P (MC/mz) Inverse D-M Ref.

RMnO3 Orthorhombic Cycloid 2 ~28K ~2000 O [10, 14, 15]

(R = Tb, Dy)

Ni3V,0g Orthorhombic Cycloid I 6K 100 O [17]

CoCr04 Cubic Conical 3/2 26K 2 O [19]

MnWO4 Orthorhombic Cycloid 5/2 12K 150 O [18]

LiCuy O, Orthorhombic Cycloid 172 23K 8 ? [21]

LiCuVOy4 Orthorhombic Cycloid 12 2K 30 O? [37]

ZnCrpSey Cubic Proper 3/2 20K 20 O [38]
screw

CuO Monoclinic  Cycloid 1/2 230K 150 O? [23]

(Ba, Sr), Trigonal Proper 512 ~R.T. 150 ? [22]

ZnyFe 2,007 screw

BayMg, Trigonal Conical 5/2 195K 80 O [39]

Fe2022

CuFeO, Trigonal Proper 5/2 11K 300 X [20]
screw

RbFe Trigonal 120° 5/2 38K 5 X [40]

(MoO4)>

(@ (b) i o
' ’ "o &
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e<gSe=2>e¢ ©0 O O T
J2

Fig. 1.7 a Stacked triangular lattice and b edge-shared CuO; chain

In Chap. 4, we study the helimagnets with the edge-shared CuO, chain structures
as shown in Fig. 1.7b. While they are seemingly ideal model system to testify the
validity of the inverse D-M mechanism, the early two examples of such chain heli-
magnets (LiCuyO, and LiCuVOy,) are reported to show magnetoelectric response
inconsistent with the prediction of the inverse D-M model. Since their magnetism
is dominated by Cu?>* with § = 1/2, such anomalous behavior may possibly be
caused by quantum fluctuation of electron spin. To clarify the origin of magnetoelec-
tric coupling in S = 1/2 chain helimagnets, we examined the relationship between
spin structure and induced P-directions on several related compounds through the
polarized neutron scattering and detailed dielectric measurements.

In Chap. 5, we summarize the obtained results and conclude this thesis.
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Chapter 2
Experimental Methods

Crystal Growth

All the oxide compounds listed below were identified with power X-ray diffrac-
tion. The orientation of single crystals was confirmed by Laue X-ray photography.
Depending on the purpose, they were cut into rectangular shapes using a crystal
cutter (for oxides) or razor’s edge (for halides).

CuFeO3, CuFe_Al Oy and CuFei_,Ga, 0,

Single crystals of CuFeO,, CuFe;_,Al;O> (x = 0.01, 0.02), and CuFe;_,Ga, 0O,
(x = 0.01,0.035) were grown by a floating zone method. As starting materials,
powders of Cuy0, Fe>03, Al,O3, and GayO3 were used. Stoichiometric amounts
of powders were mixed, ground, and sintered at 950 °C for 24 h in Ar atmosphere.
The obtained polycrystal was pressed into a rod-shape. The single crystal growth
was carried out in an infrared radiation furnace, with Ar atmosphere and an upper
(lower) zone speed of 1.5mm/h (3.0 mm/h), respectively. Since CuFeO; partially
decomposes above 1, 180 °C, the first several cm of the crystal includes excess Fe> O3.
As the growth goes on, composition of the molten zone gradually changes and finally
the pure CuFeO, (or CuFe;_,Al,O, / CuFe|_,Ga,0,) phase becomes stable [1].
Thus, we picked up only the last 5 cm of the obtained crystal. Because the doping of Al
or Ga seems to slow down the convergence of crystallographic domains, we checked
the single domain nature of each specimen under polarized optical microscope.!

! To observe the crystallographic domain structure under the polarized optical microscope, we
require a flat mirror surface. For this purpose, the specimen of CuFeO, was polished using Al 03
powder with radius down to 0.3 pm

S. Seki, Magnetoelectric Response in Low-Dimensional Frustrated Spin Systems, 15
Springer Theses, DOI: 10.1007/978-4-431-54091-5_2, © Springer Japan 2012
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ACr0; (A = Cu, Ag, Li and Na)

Single crystals of CuCrO, were grown by a BioO3z-flux method. Powders of CuO
(4.1mg) and Cry03 (3.9mg) were put into a Pt crucible (50cc), and then BirO3-
powder was added to fill up about 4/5 of the crucible. To melt the mixture of powders,
they were heated in air atmosphere at 1, 280 °C for 24 h. The crucible was cooled
slowly (1 °C/h) down to 750 °C, and then done rapidly (150 °C/h) down to the room
temperature. By this method, we can obtain plate-shaped CuCrO, single crystals
with widest faces parallel to the (001)-plane. The maximum size of the crystal was
7 x4 x 1.5mm.

Polycrystals of AgCrO,, LiCrO;, and NaCrO; were prepared by solid state reac-
tion from the stoichiometric mixture of Ag, Li»,CO3, NayCO3 and Cr,O3. They were
heated at 900 °C for 48h in O, at 1, 200 °C for 24 h in air, and at 1, 100 °C for 30h
in Ar, respectively. Powder x-ray diffraction measurements showed no detectable
impurity, except a trace of Ag in AgCrO; specimen and of Cr,O3 in NaCrO; speci-
men. They were pressed into rods, sintered with additional heating, and cut into thin
plates.

LiCu;07 and NaCu0;

Single crystals of LiCu;O, were grown by a self-flux method. Stoichiometric
amounts of Li;CO3; and CuO were put into an alumina crucible, and heated up
to 1, 100 °C in air atmosphere. They were cooled slowly (2.5 °C/h) down to 930 °C,
and then done rapidly (900 °C/h) down to the room temperature. Obtained LiCu, O,
single crystal is plate-shaped, with widest faces parallel to the (001)-plane. They also
frequently possess additional cleavage planes parallel to (210). Due to the a ~ 2b
relationship of lattice constants, the fine twin structure with mixing of the a and
b-axis domains was observed under a polarized optical microscope [2]. All the mea-
surements on LiCu,O, in this thesis were performed for the ab-twinned specimen.?

Single crystals of NaCu;O», which were grown by a self-flux method [3], were
provided by Prof. Keimer’s group at Max Planck Institute. Since NaCuy O is rela-
tively sensitive to humidity, the crystal was stored in an evacuated desiccator.

CuCl,, VCly, Mnl, and Col,

Single crystals of CuCl,, Mnl,, and Col, were grown by a Bridgeman method.
Powder of each compound was sealed into an evacuated quartz tube (¢ = 15 mm)
with V-shaped end. They were slowly dragged down (2.5mm/h) through the

2 With inappropriate conditions, unintensional growth of LiCu3O3 and/or LiyCuO, was often
confirmed. Since they don’t have the twin structure as found in LiCu;O3, unintended phases can
be easily distinguished under polarized optical microscope.
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temperature gradient (10 °C/cm) produced by two-zone furnace. The temperature
of upper (hotter) heater was set 700 °C for CuCl,, 550 °C for Col,, and 700 °C for
Mnl;, respectively.

Single crystals of VCI, were purchased from Mitsuwa Chemical Co., Ltd. They
possess flake-like shape with thickness of ~0.3 mm and widest faces parallel to the
(001)-plane, probably grown by the chemical vapor transport method.

Since most of M X;-type halides are extremely sensitive to the humidity, all the
handling of the specimen were performed in an Ar-filled glove box. When we measure
these compounds outside of the glove box, whole surface of the specimen was covered
by small amount of Apiezon-N grease to shut out the moisture in air.

Magnetic Property Measurement

Magnetization measurement was performed using a SQUID magnetometer.

Dielectric Property Measurement

For dielectric property measurements, silver paste was painted on the parallel sur-
faces of the specimen as electrodes. We often employed two sets of electrodes to
simultaneously measure two orthogonal components of electric polarization vector.

Dielectric Constant

Dielectric constant is deduced using a L C R-meter (Agilent E4980A) in the frequency
range of 1 MHz ~ 1kHz. In general, the relationship among dielectric constant
(e = €1 + i&), electric conductivity (¢“ = o1 + io3), and admittance (Y?) is
given by the following equations.

jo =0 E® @.1)

0 = iwe® (2.2)
S

re=ov. 2 2.3)

Here, j“, E®, S, and [ represent current density, electric field, area of electrode,
and thickness of the specimen, respectively. When the specimen can be considered
as a RC-circuit with parallel connection of resistivity R, and capacitance Cp, its
admittance Y can be given as Y = (1/R,) + iwC,. LC R-meter measures Y,
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and displays the values of C, and D = 1/2mnwC,Rp). As aresult, £1 and &; can
be obtained by the following equations.

Cpl
1= Tp 24
27lC,D
2= (2.5)

Electric Polarization

Electric polarization (P) is deduced using an electrometer (Keithley Model 6517A).
When the magnitude of P changes as a function of time (), the rearrangement of
surface charge induces polarization current (J).

dp J

g =)= S (2.6)
Here, j and S indicate polarization current density and area of electrode. Electrometer
can measure the polarization current in an accuracy of sub-pA. To obtain the magni-
tude of P, we measured J with constant rates of temperature-sweep (2 ~ 20 K/min),
H-sweep (50 ~ 131 Oe/sec), or H-rotation (0.5° ~ 2°/sec), and integrated it with
time.

To enlarge the population of specific P-domains, the poling electric field (50 ~
300kV/m) was applied along the appropriate direction in the cooling process and
removed just prior to the measurements of polarization current. Without this poling
procedure, an equal population of &P domains appears and no polarization current
can be observed.

Heat Capacity Measurement

Heat capacity was measured using a thermal relaxation method [4]. We assume that
the specimen (with heat capacity C and temperature 7') and the thermal bath (with
temperature 7y) is connected by the wire (with thermal conductivity k), and thermal
power P is provided to the specimen via the heater attached to the sample platform?
(Fig.2.1). The sample temperature 7 as a function of time ¢ obeys the following
equation.

dr
P() = k(T —To) + C- 2.7)

3 Here, we assume the good thermal contact between the specimen and the sample stage. For this
purpose, Apiezon-N grease is used to fix the sample.



Heat Capacity Measurement 19

Connecting Apiezon
Wires

R Grease ——

sample
Thermal Thermal
Bath Bath

(Puck Frame) (Puck Frame)

[ platform I
| —

Thermometer Heater

Fig. 2.1 Thermal connections to sample and sample platform [4]

When the heater is switched off (i.e. P = 0), the temperature variation between the
specimen and heat bath (T — Tp) shows the relaxation behavior.

(T = To) = (T1 — To) exp(—1/7) (2.8)

Here, T and T represent thermal relaxation time and sample temperature just before
the heater is turned off, respectively. The heat capacity C of the specimen can be
obtained by the following equation.

t=C/k 2.9)

In reality, C also contains the contribution from the sample platform and thermal
grease. Thus, we performed the same measurements with and without the sample,
and deduced the pure contribution from the specimen.

Electron Spin Resonance

ESR signal was measured by JEOL JES-FA200 at X-band frequency (v ~ 9.0 GHz).
The experimental setup is illustrated in Fig. 2.2a. The sample sits in a resonant cavity,
and microwave radiation with fixed frequency enters via a waveguide. To induce the
Zeeman splitting, static magnetic field H is applied perpendicular to the magnetic
component of microwave. Electron paramagnetic resonance is observed when the
energy gap (A) between m; = +1/2 states becomes equal to /v (Fig.2.2b).*

hv=A =gupH. (2.10)
We measured the microwave absorption as a function of H, and deduced the g-value

from the magnitude of resonance field. By rotating the specimen within a cavity, the
angle-dependence (i.e. anisotropy) of g-value was also investigated.

4 Here, we assume CuCl, with S = 1/2 as the target compound. To avoid the humidity, the specimen
was sealed into a quartz tube filled with Ar-gas.
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Fig. 2.2 a Schematic illustration of the experimental setup for ESR measurement. b Zeeman
splitting between m; = £1/2 states

Polarized Neutron Scattering

Polarized neutron diffraction study was performed with Polarized Neutron Triple-
Axis Spectrometer (PONTA) of ISSP-NSL at JRR-3M. Neutron diffraction is known
as one of most powerful experimental methods to determine the magnetic structure
in solids. The employment of polarized neutron provides additional sensitivity to the
spin-orientation and spin-helicity (clockwise or counter-clockwise manner of spin
rotation) of the target compound, which enables more precise characterization of
non-collinear magnetic structure.’

Figure 2.3 indicates the schematic illustration of experimental setup. We define
the scattering vector Q as Q =Ky — k;, where k; and k¢ represent wave vectors of inci-
dent and scattered neutrons, respectively. Originally, each incident neutron possesses
the random spin direction. Neutron spin orientation (Sy) is aligned by the Heusler
(111) monochromator, and the polarized state is sustained by the guide magnetic field
applied throughout the neutron beam path. S, can be reversed by the “spin-flipper”,
which is inserted between the specimen and monochromater. The specimen is sur-
rounded by the Helmholtz coil. Since quantization axis of neutron spin is always
parallel to the field direction, we can reorient S, by controlling the direction of mag-
netic field (~10mT) generated via the Helmholtz coil. Depending on the purpose,
we employed two different configurations; S, 1. Q and S, LQ.

The flipping ratio of polarized to unpolarized neutrons measured at the (2,1,0)
nuclear reflection was sufficiently large; 33 for S, L Q and 27 for S,,||Q. The sample
was mounted on a sapphire plate in a closed-cycle helium refrigerator, so that the
horizontal scattering plane of the spectrometer coincided with the (2 k 0) zone. The
neutron energy was fixed at 13.47meV, and only the elastic scattering experiments

3 For detail, see “LiCu202: Correlation Between Spin-Helicity and Electric Polarization Vector”.
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Fig. 2.3 Experimental setup for polarized neutron diffraction study with S, LQ condition. Red
arrows and ON/OFF indicate the spin direction of incident neutron and the state of spin-flipper,
respectively

were performed. Pyrolytic graphite (PG) filters were used to eliminate higher har-
monic reflections from the monochromator. Collimators (40'-40'-40’-80") were used
to obtain the parallel neutron beam. The size of the specimen (LiCuy0O;) used for
the neutron study is 12 mm? (ab plane) x0.6 mm (c-axis). All the data for LiCu, O,
presented in this thesis were measured on the identical sample.

THz Time-Domain Spectroscopy

We used the terahertz time-domain spectroscopy (THz-TDS) in a transmission geom-
etry to obtain complex refractive index n without using Kramers-Kronig analysis.
THz-TDS can easily access the low-energy electrodynamics in solids, with typical
frequency range from 0.1 to 3THz. The lower limit of the measurable frequencies
depends on the size of the samples since 0.1 THz corresponds to 3 mm in wave-



22 2 Experimental Methods

WG Polarizer

]

| | Off-axis Paraboloidal Mirror

~~~~~~~ v

LT-GaAs
Antenna

LT-GaAs

Emitter
Time Delay

Chopper
BS

Lock-in Amp.

Ref. 0.8-2 kHz

Mode-locked Ti:sapphire Laser

Fig. 2.4 Schematic illustration of the experimental setup for THz time-domain spectroscopy in a
transmission geometry. (Adapted with permission from [5], ©2008 APS)

length. The sample was attached to the perforated Cu holder with a diameter of
2.4 ~ 3.5mm, which was selected to suitably match the size of the samples.

Figure2.4 shows the schematic illustration of the experimental setup. For the
measurements, we used the photoconducting (PC) sampling technique to obtain ter-
ahertz radiation pulse. The femtosecond laser pulses delivered from the mode-locked
Ti:sapphire laser were used as a source. The laser pulses were divided by a beam
splitter (BS). One was used as the pump and another was used as the gate. The pump
pulses were irradiated on the low-temperature-grown GaAs (LT- GaAs) photocon-
ducting device coupled with a dipole antenna to induce the terahertz radiation. The
wire grid (WG) polarizers were inserted in between off-axis paraboloidal mirrors
to obtain the linear polarization. The polarized terahertz pulse was focused on the
sample by off-axis paraboloidal mirrors. The cryostat was placed within the box
filled with dry N»-gas to eliminate the absorption of water. The gate pulses were in-
troduced to the LT-GaAs antenna after the appropriate time delay. The pump pulses
were mechanically chopped and the photocurrent induced by the electric field of the
terahertz pulse was lock-in detected. Therefore, the induced photocurrent, which de-
pends on both amplitude and phase of terahertz radiation, can be obtained by varying
the optical delay line.

In THz-TDS, wave form of irradiated pulse electric field (ranging within a few
picoseconds) is directly measured in time domain with and without the specimen.
Typical example of measured terahertz wave form was indicated in Fig. 2.5. They are
converted into the frequency domain via the fast Fourier transformation (FFT), and
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Fig. 2.5 Typical example of the measured terahertz wave form in time-domain with and without
the specimen. The amplitude of the transmitted terahertz wave form with the sample was vertically
offset for clarity. (Adapted with permission from [5], ©2008 APS)

the spectra of complex transmission constant (¢) is deduced using the relationship
t=EFE ;”ample /E2;. Here, we can avoid the effect of multiple reflections and resultant
interference by restricting the time range of FFT. Obtained ¢ is further converted into

complex refractive index n = /e using the following relationship;

L [ L 1)] 2.11)
= exp| —i—d(n —1)|, .
n+un—+pu P c

where €, u, d, w, and c represent the complex dielectric constant, complex magnetic
permeability, sample thickness, frequency of light, and velocity of light, respec-
tively. To numerically solve Eq.(2.11), we approximate the pre-exponential factor
by 4n/(n+ 1)% assuming 12 ~ 1 unless otherwise noted. As shown later, this approx-
imation hardly affects the obtained n (or € ) spectrum (see “Electromagnon in the
Paraelectric Collinear Spin State 7).
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Chapter 3
Magnetoelectric Response in Triangular
Lattice Antiferromagnets

Introduction

As mentioned in “Magnetic Frustration”, triangular lattice antiferromagnet is one
of the simplest and most typical examples of frustrated spin system [1]. When we
assume classical Heisenberg spins and consider only the nearest neighbor interaction,
120°-spin order becomes magnetic ground state. However, depending on the strength
of next-nearest neighbor (or more distant) interaction and magnetic anisotropy, more
complex magnetic order can also be realized. The purpose of this chapter is to inves-
tigate the magnetoelectric response of various types of magnetic order in triangular
lattice.

AMO; and M X

In this chapter, we mainly investigate triangular lattice antiferromagnets with two-
types of chemical composition; AM O, and M X, (Figs. 3.1 and 3.2). In both cases,
each element forms two-dimensional triangular lattices independently. These layers
stack along the c-axis in order of -(O-M-0O)-A-(O-M-0O)-A- for AMO,, and -(X-M-
X)-(X-M-X)- for M X,. Here, the stacking manner within (O-M-O) or (X-M-X) is
always rhombohedral. Thus, all compounds possess a common structural unit of MO,
or M X, (Fig. 3.3b), which consists of a layer of transition metal ion (M) sandwiched
by layers of ligand anion (oxygen or halogen (X = Cl, Br, I)). While the choice of A,
M and X ions causes several different manners (but with the same order) of stacking,
the site symmetry of magnetic M-ion is always 3m i.e. centrosymmetric. Since intra-
plane magnetic interaction is much larger than inter-plane interaction, they can be
considered as the quasi-two dimensional spin system.

Note that each magnetic M-ion is surrounded by the octahedra of ligand ions
(Fig. 3.3a). The crystal field is expected to split 3d-orbital of M-ion into high-energy
twofold e, states and low-energy threefold 74 states. Thus, in case of d 9 or d* electron

S. Seki, Magnetoelectric Response in Low-Dimensional Frustrated Spin Systems, 25
Springer Theses, DOI: 10.1007/978-4-431-54091-5_3, © Springer Japan 2012
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(b)

Fig.3.3 aMagneticion surrounded by the octahedra of ligand anion. b Schematic view of (O-M-O)
or (X-M-X) structural units

configuration, Jahn-Teller distortion can take place to lift the degeneracy of e states
and reduce the total energy.! In this chapter, we only treat the compounds without
such Jahn-Teller distortion.

Ferroelectricity Induced by Proper Screw Magnetic Order
in CuFeO»

CuFeO, is known as the first example of triangular lattice helimagnets with
magnetically-induced ferroelectricity [2]. This compound is characterized by delafos-
site crystal structure with space group R3m [3], and magnetic moment is carried by
Fe* ion with § = 5/2. CuFeO; undergoes subsequent magnetic phase transitions
under magnetic field applied along the c-axis (Fig. 3.4), keeping magnetic prop-
agation vector k = (g, q,3/2) [4]. For simplicity, we define the g-vector (g) as
the in-plane component of magnetic propagation vector. At zero magnetic field,
a 4-sublattice collinear 11| magnetic ground state (CM4) with commensurate
g = 0.25 and spin direction along the c-axis is realized below 11 K [5]. With 7 T
< H < 12 T, the CM4 phase is replaced by noncollinear proper screw magnetic
phase (NC) with incommensurate ¢ ~ 0.202, where spin rotates within a plane
perpendicular to the g-vector (Fig. 3.5¢) [6]. Above 12 T, a 5-sublattice collinear
ML structure (CMS) with commensurate ¢ = 0.20 and spin direction along the
c-axis appears [4]. The H—T phase diagram for CuFeO, is summarized in Fig. 3.4.
Starting from either of these magnetic ground states, increase of temperature (7)
first induces sinusoidally-modulated collinear (ICM1) magnetic phases with incom-
mensurate g ~ 0.22 [7] and then produces a paramagnetic (PM) phase.

In 2006, Kimura et al. first reported the emergence of ferroelectricity in the proper
screw magnetic phase of CuFeO, [2]. Here, the P in the NC phase appears paral-
lel to g-vector (Fig. 3.5¢) [8, 9]. This multiferroic behavior of CuFeO, is rather

! This distortion makes CuCl, (with d°) a quasi-one dimensional spin system. The magnetoelectric
response of CuCly is discussed in “CuCly”.
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Fig. 3.4 H—T phase diagram of CuFeO, with H applied along the c-axis. Open and filled sym-
bols represent the data points in the cooling (or H-decreasing) and warming (or H-increasing)
runs, respectively. Diamond, square, triangle, and inverse triangle data points were obtained by
measurements of magnetization, dielectric constant, electric polarization, and magnetostriction,
respectively. Inset shows schematic illustration of magnetic structures on Fe3* sites at (left) CM4
and (right) CMS states. White and black circles correspond to up and down spin states, respectively.
Ferroelectricity (FE) is observed in the noncollinear proper screw (NC) magnetic phase (gray area).
(Adapted with permission from [2], ©2006 APS.)

unexpected, since the inverse D-M model predicts that proper screw magnetic
order can induce no ferroelectric polarization. The spacial average of electric dipole
moment induced by exchange striction mechanism is also zero for the incommensu-
rate magnetic order on centrosymmetric lattice. Nevertheless, the present emergence
of ferroelectricity can be justified from the viewpoint of symmetry. As already men-
tioned in “Magnetically-Induced Ferroelectricity”, a proper screw magnetic structure
retains the following symmetry elements: 2'-axis along the g-vector as well as 2-
and 2'-axes perpendicular to the g-vector (Fig. 3.5a). Since orthogonal arrangement
of the 2'- and 2-axes prevents the system from being polar, a proper screw magnetic
order alone cannot induce ferroelectricity in general. If the crystal lattice has no 2-
axis symmetry within a plane perpendicular to the g-vector, however, only 2'-axis
along the g-vector can remain unbroken and the appearance of ferroelectricity with
P || g is allowed (Fig. 3.5¢). All crystallographic symmetry elements at magnetic
Fe37 site are indicated in Fig. 3.5b, and we can see the crystal structure of CuFeO,
does satisfy the above condition for the emergence of electric polarization [9].
While the microscopic origin of such magnetoelectric coupling is yet to be clar-
ified, recently Jia et al. suggested that the spin-dependent modulation of covalency
(hybridization) between metal d-state and ligand p-state [10], which also stems from
the spin-orbit interaction, can induce the finite local polarization along the metal-
ligand bond direction. While this term often oscillates and cancels out within the
crystal, Arima recently suggested the finite P | ¢ component can survive on the
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Fig. 3.5 a Symmetry elements compatible with proper screw magnetic structure. b Symmetry
elements at magnetic Fe* site (large black circle) with crystallographic site symmetry 3m: two
fold rotation axis (2), reflection mirror (m), and threefold rotation axis along the c-axis with inversion
center (triangle with small circle). 0%~ site above (below) the Fe3t layer is indicated as small red
closed (open) circle. (c) Proper screw magnetic order on delafossite crystal lattice. Directions of
induced electric polarization (P) and magnetic ¢-vector are also indicated

delafossite lattice with proper screw magnetic order [9]. This model naturally pre-
dicts that the reversal of P-vector is coupled with the reversal of vector spin chirality
(i.e. clockwise or counter-clockwise manner of spin rotation), which was later con-
firmed by the polarized neutron scattering experiments [8].

Overview

As suggested in the case of CuFeO;, the symmetry of triangular lattice often
allows the appearance of magnetically-induced ferroelectricity which cannot be
explained by either inverse D-M mechanism or exchange striction. In the following,
we investigate the magnetoelectric response of CuFeO; in detail from the view-
point of the impurity-doping effect (“Impurity-Doping-Induced Ferroelectricity”),
domain control (“Magnetic Digital Flop of Ferroelectric Domain”), and dynam-
ics (“Electromagnon in the Paraelectric Collinear Spin State”). In “ACrO,: Ferro-
electricity Induced by 120°-Spin Order” ”, we study the magnetoelectric response
of ACrO; (A = Cu, Ag, Li, and Na) with 120°-spin order, which is also predicted
to induce no ferroelectric polarization according to the inverse D-M scheme. The
results obtained in AM O, compounds are further utilized for the investigation and
interpretation of ME behavior in M X,-type halides (“M X»-Type Halides with Cdl
Structure””’).

CuFeO;

Impurity-Doping-Induced Ferroelectricity

Introduction

In the frustrated spin system, the competition of interactions often leads to variety of
similar low energy states which almost degenerate with the magnetic ground states.
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Fig. 3.6 Temperature profiles of a ac susceptibility measured with magnetic fields parallel and
perpendicular to the c-axis (magnified data is also plotted separately), b in-plane dielectric constant,
and c electric polarization perpendicular to the c-axis for CuFe;_; Al,O> (x = 0.02). The arrows in
a and b indicate the thermal scan direction of the measurement. Two opposite poling electric fields
are used for the polarization measurement (E > 0 and E < 0). d Schematic crystal structure of
delafossite CuFe(Al)O>

In such a situation, even a small perturbation alters the relative stability of these
competing magnetic states; The H-induced successive magnetic phase transitions in
CuFeO, is a typical example. Likewise, the substitution of magnetic Fe3* with non-
magnetic ion is also expected to significantly affect its magnetic phase diagram. In this
section, we investigate such a dilution effect on the magnetism and magnetoelectric
response for CuFeO5.

Results

In the following, we focus on the case of Al>T-doping on Fe> site. The magnetism
of CuFe|_;Al;O> (x = 0.02) has previously been investigated [11], although no
dielectric measurements has been performed for Al-doped specimens. Figure 3.6
shows the temperature dependence of the AC susceptibility, dielectric constant, and



CuFeO, 31

polarization for CuFe|_,Al,O> (x = 0.02). There are known three antiferromag-
netically ordered phases at zero magnetic field in this crystal. [11] While the wave
vector of the magnetic modulation is along [110] in all the phases, the direction of
the magnetic moment is different among the phases. As the temperature decreases, a
sinusoidal and collinear magnetic structure shows up at 14 K (ICM2). The magnetic
moments are canted by 50° from the c-axis in the ICM2 phase [12], whereas they
are aligned to the c-axis in the lower temperature phase below 11 K (ICM1) [7].
The noncollinear magnetic structure (NC) is realized below 7 K. A broad peak of
susceptibility around 14 K for both H || ¢ and H L ¢ corresponds to the transition
from paramagnetic phase (PM) to ICM2. A kink is observed at 9 K in a cooling run,
and at 10 K in a warming run in the c-axis susceptibility. These correspond to the
transition from ICM2 to ICM1 [13]. The variation of the transition temperature due
to the hysteresis is indicated by the width of the gray bar in Fig. 3.6. Kinks to separate
ICM1 and NC are also found at 7 K for both H || cand H L c. The difference in the
anisotropy of susceptibility between ICM1 and ICM2 is due to the direction of the
ordered spins. The dielectric constant shows kinks at 7 K, similarly to the magnetic
susceptibility. The hysteresis is also observed for the dielectric constant between
7 and 10 K. These suggest the strong coupling between the electric and magnetic
properties in this material. Most importantly, the spontaneous polarization begins to
increase at 7 K, which is the transition temperature of the noncollinear phase. We
confirm the ferroelectric nature, that is the sign reversal of the polarization when the
opposite poling field is used. This polarization is observed even at zero magnetic
field, in contrast with the case for x = 0.00 [2], where polarization is induced only
when magnetic fields of 613 T are applied along the c-axis.

Hereafter, we investigate the systematic evolution of the magnetoelectric phase
with the variation of Al-doping x. The magnetization curves for x = 0.00 at various
temperatures are shown in Fig. 3.7a. Below 9 K, two notable steps are discerned
in each curve. The step at the lower field corresponds to the transition from the
commensurate 4 sublattice (CM4: 11| with collinear spin directions along the
c-axis) to the noncollinear magnetic structure. The higher-lying one is due to the
emergence of the commensurate 5 sublattice (CM5: 111 ] with collinear spin
directions along the c-axis) magnetic structure. The wave vectors of both CM4 and
CMS are also parallel to (110). Figure 3.8a depicts the temperature dependence
of electric polarization at various magnetic fields for x = 0.00. The spontaneous
polarization is observed between 7 and 12 T. This magnetic field region corresponds
to the noncollinear magnetic phase. The results for x = 0.00 are consistent with the
previous report [2].

In the case for x = 0.01 (Fig. 3.7b), the two magnetic phase transitions are
also observed below 7 K, while the transition field from CM4 to NC considerably
decreases. The larger magnetic-field hysteresis of the transition is observed than for
x =0.00. Above 6.8 K, the magnetization is linear with the magnetic field below 7
T in a field-decreasing run, while the step-like structure is observed around 4 T in a
field-increasing run (for the detail of the cooling procedure, see the figure caption).
This suggests that NC phase exists even at zero field in this temperature region once
after high enough field is applied. In Fig. 3.8b, we show the temperature dependence
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Fig. 3.7 Magnetic field dependence of magnetization at various temperatures for CuFe|_, Al, O3
with a x = 0.00, b x = 0.01, and ¢ x = 0.02. Arrows indicate the field-scan direction of the
measurement. In the measurement for x = 0.01, the sample was warmed up to 20 K and cooled
down without magnetic field, prior to each field-increasing run

of the polarization at various fields for x = 0.01. At zero field, the finite spontaneous
polarization is observed between 6 and 9 K when the temperature is cooled without
entering CM4 phase (Here, the poling electric field (~200 kV/m) was removed after
entering the ferroelectric phase, and then the displacement current was measured
with both increasing and decreasing temperature from the stopped temperature). On
the other hand, once after cooling down below 6 K, only negligible polarization
can be observed in a warming process. A similar behavior is observed below 3 T.2
Above 4 T, there is a spontaneous polarization even at the lowest temperature. The
polarization disappears at the NC-to-CM5 transition field.

Figure 3.7c depicts magnetization curves for x = 0.02. Only a single step is
observed around 10 T below 4 K, as caused by the transition from the NC to CM5
phase. This confirms that the CM4 phase is completely suppressed for the x = 0.02
doping. Figure 3.8c shows the temperature dependence of polarization for x = 0.02.
The polarization begins to increase around 7 K with decreasing temperature at zero
magnetic field. The reentrant paraelectric behavior as observed forx =0.01 at H < 3
T is not observed for the case of x = 0.02. The onset temperature of the spontaneous
polarization decreases with magnetic field. The ferroelectric behavior disappears

2 To be accurate, a small polarization remains even below the transition temperature of CM4 phase
for x = 0.01 and increases with magnetic field. This is likely due to the phase coexistence of the
CM4 and NC arising from the first-order transition nature [14].
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above 12 T. Thus, the ferroelectric region seems to coincide with the region of NC
phase also for the Al-doped crystals. In the inset of Fig. 3.8d, we plot the mag-
netic field dependence of polarization at 5 K for all the crystals. The onset field of
ferroelectric or NC phase decreases dramatically with the impurity doping.

The variation of these magnetoelectric states with magnetic field and Al-doping
are clearly figured out by the phase diagram as shown in Fig. 3.9; the temperature
versus magnetic field (parallel to the c-axis) phase diagrams for (a) x = 0.00, (b)
x =0.01, and (c) x = 0.02. They were determined by the measurements of magneti-
zation and dielectric constant. The phase diagrams for x = 0.00 and x = 0.02, apart
from the identification of the ferroelectric state, agree with the previously reported
ones determined by neutron scattering [4, 11]. Although the neutron scattering was
done only under zero magnetic field for x = 0.01 [15], each magnetic phase can be
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specified by the comparison with the phase diagrams for x = 0.00 and x = 0.02. The
ICM2 phase appears when Al is doped into CuFeQO,. The critical field for the tran-
sition from CM4 to ferroelectric NC decreases dramatically but systematically with
Al doping. The CM4 phase is completely suppressed for x = 0.02. The onset of the
spontaneous polarization is also plotted with circles. Importantly, in each phase dia-
gram, spontaneous polarization is observed only in the NC phase (shadowed region),
not in the collinear nor paramagnetic phase. This indicates the inseparable relation
between the noncollinear spin structure and ferroelectricity.

Discussion

As demonstrated above, even a small amount (~2 %) of Al-doping can drastically
change the magnetic (and dielectric) phase diagram of CuFeO,. This also reduces
the critical magnetic field necessary for the induction of ferroelectric helimagnetic
phase down to 0 T.

After the report of the present study, similar dilution effect has been investigated
using non-magnetic Ga3T-ion [18]. In Fig. 3.10, the x — T phase diagrams at zero
magnetic field for CuFe;_,Al, O, and CuFe|_,Ga,O; are indicated [16]. While
the change of magnetic phase relationship is more moderate in case of Ga-doping,
ferroelectric proper screw magnetic phase (NC(FE)) is stabilized down to O T even
for CuFe;_,Ga, 0, (x > 0.02). The difference between Al-doping and Ga-doping
is more pronounced in their poling electric field (E£,) dependence of P-value (Fig.
3.11) [17]. Al-doping in CuFeO, largely enhances the magnitude of £, necessary
for the saturation of P-value (E;,), while Ga-doping gives almost no impact on the
E ‘;,. Since ionic radius of Fe3* (0.65 10%) is much closer to that of Ga3+(0.62 10%) rather

than A3t (0.53 A), larger local lattice distortion is expected in case of Al-doping.
Such a distortion can act as the pinning center for multiferroic domain walls, and
thus reduces the sensitivity of P-domain distribution for applied external electric
field. This scenario also well explains the seemingly reduced P-value in Al-doped
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specimen, which is observed under the relatively weak poling electric field E ~ 200
kV/m (Fig. 3.8d).

Another important issue is the reason why nonmagnetic impurity can stabilize the
ferroelectric proper screw phase. To resolve this problem, first we have to understand
the underlying magnetic interactions in CuFeO,. Based on the fitting of spin-wave
dispersion obtained by inelastic neutron diffraction study [20], recent theoretical
analysis suggested that the magnetism in CuFeO; is described using the spin Hamil-
tonian |

H:—EZJU-S,--Sj—DZS?Z—guBHZS,-Z 3.1)
i#] i i

with J1S = —1.14 meV, LS = —0.50 meV, J35 = —0.65 meV, J;§ = —0.33
meV, and DS = 0.17 meV [21]. Here, J;; = Ji, J2, J3, and J; depends on the
relative vectorr; — r; betweensites 7 and j. Takagi et al. performed the Monte Carlo
simulations considering only Ji, J>, and J3 in the limit of large D (i.e. Ising spin),
and deduced the magnetic ground state as a function of J,/|J1| and J3/|J1]| [22].
According to their calculation, the present exchange parameters for CuFeO, actually
places at the region of 4-sublattice 11, | spin order [21].

Notably, the spin-wave dispersion of CuFeO» has the two energy dips atk; =(0.21,
0.21,3/2)and ky =(0.29, 0.29, 3/2) in symmetric positions around the commensurate
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magnetic Bragg point (0.25, 0.25, 3/2) characteristic of the CM4 magnetic ground
state (Fig. 3.12a). These k; and k; are precisely the same wave vectors associated
with the H-induced ferroelectric helimagnetic order. Since spin-wave modes in any
antiferromagnet linearly split in terms of applied magnetic field, a critical magnitude
of magnetic field (H.) will close the spin gap A and destroy the local stability of the
CM4 phase; For the observed A = 0.9 meV this critical valueis H, = A /gug = 7.7
T, which is in agreement with the experimental observation that helimagnetic mag-
netic order appears above 7 T [20, 21].

In Fig. 3.12b, the spin-wave dispersion of CuFe;_,Al, Oy (x = 0.02) determined
by the inelastic neutron diffraction study is indicated [19]. Here, the ground state is
the ferroelectric helimagnetic state, and we can see that the spin gap at k; and k; is
actually closed in this phase. Fishman et al. suggested that the observed spin-wave
dispersion with closed spin gap for CuFe;_,Al, Oy (x = 0.02) can be reproduced
when we reduce the strength of single-ion anisotropy from DS = 0.17 meV of
CuFeO; to DS = 0.12 meV (Fig. 3.13) [21]. Their Monte-Carlo simulation also
indicates that such reduction of D-value stabilizes the proper-screw like magnetic
ground state [23]. Therefore, the main effect of nonmagnetic-impurity doping may
be to surpass the single-ion anisotropy while keeping the other exchange parameters
relatively unchanged. In general, Fe>* (d*) ion under trigonal crystal field retains
the finite orbital angular momentum |/| = 1 and host strong Ising anisotropy via the
spin—orbit interaction A(I - s), while Fe3* (d°) ion can host no magnetic anisotropy
[24]. If CuFeO, contains a considerable number of Fe?* impurities and the ARt or
Ga>* dopants preferentially replace the Fe>* rather than the Fe3T ions, they would
have the effect of decreasing the anisotropy D. Interestingly, recent resonant x-ray
diffraction experiment on CuFeO, suggested the existence of charge disproportion
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Fig.3.13 The calculated spin-wave dispersion along the (%, &, 3/2) direction. The solid and dashed
curves denote the two spin-wave branches for the exchange parameters assumed for CuFeO,. The
upper solid and dashed curves are for anisotropy DS = 0.17 meV and the lower for DS = 0.12
meV. The experimentally measured spin-wave frequencies for CuFe;_,Al,Oy (x = 0.02) are
plotted as the solid points. (Adapted with permission from [21], ©2008 AIP.)

2Fe3t — FeG+0+ 4 FeG—9 with § ~ 0.26 in the CM4 phase [25]. While the origin
of the charge disproportion and its relevance to magnetic anisotropy is not clear at
this stage, this discovery may offer an important footstep to fully understand the
reason why nonmagnetic impurity doping in CuFeO; can stabilize the ferroelectric
helimagnetic phase.

Conclusion

In this section, we investigated the effect of nonmagnetic impurity doping on the
magnetic Fe site for triangular lattice antiferromagnet CuFeO, with magnetic frus-
tration. Reflecting its competing magnetic ground states, even a small amount of
nonmagnetic impurity drastically changes the magnetic phase diagram. Especially,
the critical magnetic field necessary for the induction of ferroelectric helimagnetic
phase decreases down to zero with Al-doping up to x = 0.02. These results prove
that not only magnetic field but also site-dilution can often stabilize magnetic fer-
roelectricity via the modification of spin frustration. Since all magnetically-induced
ferroelectrics are reported to contain the magnetic frustration, nonmagnetic impu-
rity doping would be a promising way to tune the magnetoelectric response in such
multiferroic materials.
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Magnetic Digital Flop of Ferroelectric Domain

Because of the symmetry of triangular lattice, CuFe|_,Ga, O, hosts six equivalent
multiferroic domains with different P-directions as shown in Fig. 3.14j. In the fol-
lowing, we attempt to control these domains using in-plane H.

Introduction

To obtain the magnetoelectric response via the phase transition, mainly two approaches
are possible. One is the H-induced modulation of spin structure in magnetically-
induced ferroelectrics, which always leads to the change of direction and/or magni-
tude of P-vector. Typical examples are the H-induced 90°-flop of spin—spiral plane
and associated P-direction observed in TbMnO3, and the induction of ferroelectric
helimagnetic phase in CuFeO; under applied H. However, such directional change
or induction of P is not persistent after the removal of H, since original spin structure
is generally recovered under zero magnetic field.

Another promising approach is the utilization of the domain structure. The highly
symmetric crystal structures like cubic, tetragonal, and hexagonal lattices can host
several crystallographically-equivalent axes, and thus form multiple domains with
different direction of order parameters (such as P). If each domain is characterized
by both magnetic and dielectric order parameters, ME effects are obtained from
modulation of domain distribution by electric field (E) or magnetic field (H). Since
these domains are energetically degenerated under zero external field, the H- (or
E-) induced rearrangement of P-domain distribution can be preserved even after the
removal of external field due to the existence of finite potential barrier. This strat-
egy was first demonstrated on a ferroelectric weak ferromagnet (FM) NizB;0313
with persistent 180°-reversal of P-vector under 90°-rotation of H [26]. However,
such ME control using domain structure has seldom been achieved, because of the
rareness of similar ferroelectric ferromagnetic compounds [27] and the strict symme-
try restrictions for selective domain switching [28]. The application of this approach
to magnetically-induced ferroelectrics are also quite rare.

To apply multiferroics to the novel high-density non-volatile storage device, such
as an H-controlled FE memory, the persistent switch of P-direction as well as
increase of the number of switchable meta-stable states are highly desirable [29].
While several approaches including domain control have realized the H-induced
persistent change of P-direction [26, 30, 31], they are all limited to the 180° switch
between £ P states. Aside from the non-volatile nature, H-induced discontinuous
switch of P-direction by other than 90° or 180° has never been achieved. In the
following, we extend the concept of domain switching to demonstrate the persis-
tent magnetic control of six ferroelectric domains with different P-directions for
triangular lattice ferroelectric helimagnet CuFe;_,Ga,O> (x = 0.035). The flop of
magnetic modulation vector is induced upon every 60°-rotation of in-plane H around

3 In Ni3B70y3, ferroelectricity and weak ferromagnetism arise from different origins.
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Fig. 3.14 Temperature (7') dependence of magnetic susceptibility (x) and [110] component of
electric polarization (P). Magnetic field (H) is applied along a, b [001], ¢, d [110], and e, f
[110], respectively. Arrows indicate the direction of T-scan. In ¢, a magnified profile of y at 0.1 T
(arbitrarily off-set) is also shown. g—i Three out of six possible multiferroic domains with proper
screw magnetic structure on triangular lattice. Circled “R” and “L” denote the chirality of spin—
spiral. Directions of P and magnetic g-vector are also indicated. j—m Distribution of multiferroic
domain(s) favored under various H and electric field (E). The spin chirality corresponding to each
P-domain is shown in j

the c-axis, which leads to every 120°-flop of P-vector within the triangular-lattice
basal plane. Interestingly, the chirality of spin—spiral is always conserved upon the
P-flop, which is discussed in the light of the stable structure of multiferroic domain
wall (DW).
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Results

In the ferroelectric proper screw (NC) magnetic phase of CuFe;_,Ga, 0> (x =
0.035), P || g || [110] relationship always holds (Fig. 3.14g)4 and reversal of spin-
chirality provides opposite direction of P-vector (Fig. 3.14h), as already mentioned in
“Introduction”. Without external field, this compound has six equivalent ferroelectric
domains with P || (110) (Fig. 3.14j) due to high symmetry of triangular lattice. These
six ferroelectric domains possess one-by-one correspondence to six helimagnetic
domains with three different g || (110) and two spin-chiral degrees of freedom.

Since so far only the properties under zero magnetic field have been reported
for Ga-doped CuFeO; [18], we first establish H—T phase diagrams for the CuFe;_,
Ga,O;, (x = 0.035) specimen in Hgo1], H[110] and H[ITO] (Fig. 3.15a—c). They
are determined from the measurements of 7- and H-dependence of M and [110]
component of P (P[110)) (Fig. 3.14a—f and Fig. 3.15d—f), by analogy with the case
for CuFe;_yAl;O2 (x=0.02) under Hjoo1]. Here, paramagnetic and two different
sinusoidally-modulated collinear incommensurate magnetic phases [12] are referred
to as PM, ICM1 and ICM2, respectively. With any direction of H, the boundary
of the FE phase (shadowed region) always coincides with that of the NC magnetic
phase, which ensures the coupling between ferroelectricity and proper-screw mag-
netic structure. In 7'-scan profiles, the onset of spiral magnetic order, coupled with the
emergence of ferroelectric P, can be detected as the sudden drop of magnetic suscep-
tibility x(= M /H). While the NC(FE) phase is replaced by CMS5 under Hjoo1] > 12
T, we found that NC(FE) survives against in-plane H (H[j10) and H[IT()]) upto 14 T.

Even with in-plane H, the magnitude of Pj110; shows significant H-dependence,
as shown in Fig. 3.14d and f: Pj110; increases with H|j1¢; and decreases with H[ 1i0)-
This behavior can be interpreted as the rearrangement of multiferroic domains, as
described below. In general, antiferromagnetically ordered spin moments prefer to lie
within the plane perpendicular to H, as typically observed for the spin flop transition.
Thus, in case of proper screw magnetic structure, H favors the magnetic domain with
q || H.In contrast, electric field E affects the selection of spin chirality [8]. If E is
applied along [110], three multiferroic domains are selected as depicted in Fig. 3.14k.
Further application of H should sort domains; a domain distribution as illustrated in
Fig. 3.141 or m is favored with Hj110j or Hy;jp;- Comparing these arrangements (Fig.
3.14k-m), Pj110] should increase with H[j10] and decrease with H[ITO]- This idea
well explains the observed experimental results. With Hjj1¢)- and Hmo]—scan at2 K,
both M and P[110] show anomalies around 5 T only in the field-increasing run (Fig.
3.15e and f), suggesting the field-irreversible rearrangement of domain distribution
at this specific field direction.

Next, we have investigated the vector components of P in response to the in-plane
H rotating around the c-axis. For this purpose, the both [110] and [110] components
of P were measured simultaneously with two pairs of electrodes. In this configu-
ration, both P and H can be expressed as the two-dimensional vector on the (001)
plane. Hereafter, we define the angle between H (P) and the [110]-axis as 05 (6p).

4 Here, we define the magnetic g-vector as the director with no +/— sign.
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CuFe, ,Ga,0, (x=0.035)

CuFe,,Ga,0, (x = 0.035)

Fig.3.15 H—T phase diagrams with H parallel to a [001], b [110], and ¢ [1 10] direction. Circles,
triangles, squares, and diamonds are the data points obtained from P—7, P—H, x—T,and M—H
curves, respectively. All the data were taken from the increasing 7 or H runs. Ferroelectric (FE)
state is observed in the shadowed region. d—f H-dependence of P (gray line) parallel to [110] and
M (black line), with H applied along d [001], e [110], and f [110] direction. H was swept from 0
to 14 T and then back to O T, after 7" was lowered to 2 K at O T. The arrows indicate the direction
of H-scan

Since the specimen was cooled with H and E both applied along [110], we assume
the uniform initial domain state as shown in Fig. 3.141.

Figure 3.16a and d shows P10 and Pmo] as a function of 0y, measured at
H = 6.5T without E. Both Pj110) and P}, show a periodic change with the cycle
of 180°. To see the development of P more directly, we plot the obtained 6 p against
Oy for the Op-increasing run (Fig. 3.17a). In agreement with the expected initial
state in Fig. 3.141, the relationship P || H || [110] is confirmed at 0y = 0. As
0 increases, P suddenly flops by about 120° at 8 = 41°, and the relation that
—P || H || [100] holds at #5 = 60°. Since H favors domains with g || P || =H,
this transition can be considered as the flop of g-vector from ¢ || [110] to ¢ || [100].
Note that both transitions to P || [100] and P || —[100] states seem possible from the
P || [110] initial state, but in reality only the P || —[100] state is selected here. Such
a g-flop (or 120°-flop of P) is observed on every 60°-rotation of H, consistent with
the symmetry of underlying triangular lattice. The absolute value | P| (not shown) is
almost constant for any 0.

Between the two opposite directions of H -rotation, a relatively large hysteresis is
found in P. If we estimate the critical §y from the average of both direction of scans,
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Fig.3.16 a—c[110]and d-f [110] components of P simultaneously measured in H rotating within
the (001) plane. #y denotes the angle between H-vector and the [110] axis (see Fig. 3.17d). Arrows
indicate the direction of H-rotation. Absolute value of P was determined by 7'-scan

the g-flop is always centered at 0 = (30 + 60n)° (n: integer). This agrees with the
equilibrium point of two magnetic g-vectors. The appearance of hysteresis means
that an excess gain of Zeeman energy is needed to overcome the potential barrier
height. When H is reduced from 6.5 to 4.5 T, the reduction of Zeeman energy leads
to expansion of the hysteresis (Fig. 3.16b and e). Below 3.5 T, the potential barrier
cannot be overcome and no g-flop behavior is observed (Fig. 3.16¢ and f).

Corresponding variation of M as a function of 6 is shown in Fig. 3.17b and c. To
obtain the ¢ || [110] initial state, the specimen was cooled at 0y = 0° with H = 6.5
T and then magnitude of H is fixed prior to measurements. Without g-flop, this initial
state should give AM o< (x — x 1) cos(20x), where x| and x| denotes x parallel
or perpendicular to g. This agrees well with 6 dependence of M at 3 T (Fig. 3.17c),
indicating the robustness of single-¢ state and the non-volatile nature of g-domain
distribution. In contrast, the profile at 6.5 T has a period of 60° and corresponding
sinusoidal curve is shifted by 60° upon every P-flop transition. This confirms the
emergence of g-flop as the origin of P-flop and the clamping of ferroelectric and
magnetic DWs.

Figure 3.17d illustrates the relationship between P and H at §g=(60n)°. At each
0p, we could confirm P || £H, in agreement with the g-flop model. Importantly,
upon each transition, P || H and P || —H alternately appears. Generally, magnetic
domains can be mutually converted by symmetry operation that is broken by magnetic
order [28]. If we apply space inversion to Fig. 3.14g, a domain with opposite P and
reversed spin chirality can be obtained (Fig. 3.14h). Mirror operation on Fig. 3.14g



44 3 Magnetoelectric Response in Triangular Lattice Antiferromagnets

CuFe, Ga,0, (x=0.035) 2K

120} (@) '\T Ll @ nionteoe
O &

\‘\\6.5T y
-120 + E

Op (deg.)

034 TN N
;:/-\ <r '\'\’\_‘\’ \I\_,)(:_‘\’v\l\_ \x’ \>
© 0321 (b) . 6.5T -
= 0.16 | |
S 015‘\/\/
i 014l 2 3T ]

0 120 240 360

Oy (deg.)

Fig. 3.17 a Relationship between the directions of P and H, both confined within the (001) plane.
Op (Op) denotes the angle between P- (H-) direction and the [110] axis. b, ¢ Corresponding
variations of M. Dashed lines indicate theoretically expected behaviors. d Relationship among
P,q and H at 0y = (60n)° (n: integer)

generates another domain with reversed spin chirality (Fig. 3.141). Likewise, we can
reproduce all six P-domains and determine their corresponding spin chirality (Fig.
3.14j). From this relationship, it is concluded that the chirality of spin—spiral is always
conserved upon the g-flop.

Discussion

As demonstrated above, the employment of highly-symmetric crystal structure offers
multiple multiferroic domains, which enables H-induced non-volatile switching of
P-vector among as many as six possible directions.

Here, the problem is the reason why the spin-chirality is always preserved upon
the g-flop transition. Since two spin-chiral domains are allowed for the selected g-
vector and they are energetically degenerated under applied magnetic field, selection
of odd chirality upon g-flop should reflect the energy difference between two possi-
ble domain wall structures connecting domains with the same or opposite chirality.
Notably, without the contribution from domain wall, equal population of opposite
spin-chiral domains appear upon the g-flop and hence give P = 0. Thus, the nature
of multiferroic domain wall plays an crucial role to enable the H-induced selective
P-domain switching.

At this stage, the physics of domain wall in ferroelectric helimagnets is still yet to
be established. Recently, Kagawa et al. calculated the stable domain wall structure for
ferroelectric cycloidal magnet DyMnO3, which connects two domains with different
spin—spiral plane but with the same g-vector [32]. In this case, the cycloidal spin
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' Mn spin

I

Local Electric Polarization p b

Fig. 3.18 Calculated domain wall structure between the P | +c (bc-cycloidal) and P || +a
(ab-cycloidal) domains for 36 Mn sites, which assumes the case for DyMnOj3. Here, the magnetic
g-vector is fixed along the b-axis. Blue and red arrows represent the Mn spins and the local electric
polarizations, respectively. The color gradation represents the angle of local electric polarization
relative to the a-axis. The angle becomes 45° along the domain wall center, which runs parallel to
the b-axis. (Adapted with permission from [32], ©2009 APS.)

plane and associated P-direction continuously rotate within the domain wall region
(Fig. 3. 18).5 The calculated thickness of this multiferroic domain wall is about 20 unit
cells, while the domain wall in conventional ferroelectrics is generally atomically
thin. This probably reflects the magnetic origin of ferroelectricity and weakness of
induced P-value. Here, the thickness of multiferroic domain wall is governed by the
ratio between magnetic anisotropy and exchange coupling.

Interestingly, this type of multiferroic domain wall also plays an essential role in
the H-induced P-flop transition in MnWOy [33]. In this compound, application of
unidirectional H | b induces the transition from bc-spiral magnetic state (P || b) to
ac-spiral magnetic state (P || a), leaving the g || ¢ unchanged. While two spin-chiral
states (P || %a) are energetically degenerated under applied magnetic field, slight
tilt of H-direction from the b-axis lifts the degeneracy of two possible domain walls
connecting (P || +b — P || +a)or (P || +b — P || —a). Thus, the sign of electric
polarization after the spin-flop transition can be determined by the tilting direction of
H from the b-axis (Fig. 3.19). When H is precisely applied along the b-axis, equal
population of P || £a domains (i.e. P = 0) appear. Similar phenomena has also
been reported to TbMnO3 [34].

5 This multiferroic domain wall shows dielectric relaxation behavior in the frequency range of
1 ~ 0.1 MHz, which turns out to be the origin of giant magnetocapacitance effect observed in
DyMnOs [32].
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Fig. 3.19 a Magnetoelectric phase diagram of MnWOy in magnetic field parallel to the b-axis
(Hp). b Hp-dependence electric polarization P. ¢ Hp-dependence of P, measured at 10.3 K, with H
slightly tilted from the b-axis toward the direction of the a-axis by angle of Af. The measurement
was performed in the H-increasing run from the negatively-poled P | b state at 8 T. d and e
Favorable rotation pattern of the vector spin chirality (C = S; x §;) under a canted H. The P-
direction corresponding to each C are also indicated. (Adapted with permission from [33], ©2008
APS.)

In contrast, the situation seems to be more difficult in case of the g-flop transition.
Murakawa et al. has recently investigated the g-flop behavior in a ferroelectric heli-
magnet ZnCrpSes with cubic lattice. Upon 90°-flop of g-vector under rotating H
on ZnCr;Sey, the spin chirality is preserved in lower-H region but reversed in
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Fig. 3.20 Two possible P-domains after the H-induced g-flop transition in CuFe|_,Ga, O, (x =
0.035). While the two spin-chiral domains for the selected g-vector are energetically degenerated
under magnetic field, the energy difference between two possible domain walls determines the spin-
chirality after the g-flop transition. Here, circled “R” and “L” denote the chirality of spin—spiral.
Blue and red arrows indicate the direction of P and H, respectively

higher-H region [35]. This implies that the relative stability of multiferroic domain
wall depends on the magnitude of applied magnetic field. In the present case of
CuFe;_,Ga,0;, when rotating H induces the P-flop from P; to P,, the angle
between P; and P, across the DW becomes 120° for the same chirality (120°-
DW), and 60° for the opposite chirality (60°-DW). The experimentally observed
robustness of spin chirality can be explained, only provided that 120°-DW is more
stable than the 60°-DW (Fig. 3.20). So far, the microscopic structure of multiferroic
domain wall connecting different magnetic g-vectors is not obvious. Detailed theo-
retical calculation of relative stability of two types of DWs considering all magnetic,
dielectric, structural, and chiral degree of freedoms, as well as direct observation of
domain wall structure, is highly desirable.

Conclusion

In this section, we demonstrate the persistent magnetic control of six P-domains for
triangular-lattice helimagnet CuFe|_,Ga, O, (x = 0.035). The flop of the magnetic
g-vector is induced by every 60°-rotation of in-plane H around the c-axis, which
leads to every 120°-flop of P-direction within the triangular-lattice basal plane. The
chirality of spin—spiral is always conserved upon the P-flop, which may reflect the
stability of the specific multiferroic domain wall structure. In more general, the
nature of multiferroic domain wall in a ferroelectric helimagnet should play a key
role in determining the P-direction or spin-chirality upon the H-induced g-flop; this
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may enable the unusual selective P-domain switching with varying direction and
magnitude of H. Ferroelectric helimagnets with highly symmetric crystal lattice like
cubic, tetragonal or hexagonal lattices can host multiple H-switchable P-domains as
revealed here, and hence are promising for magnetoelectric control with non-
volatility and multiple-valued nature.

Electromagnon in the Paraelectric Collinear Spin State

In the following, we investigate the dynamical aspects of CuFe;_,Ga,O;. Strong
magnetoelectric coupling in magnetically-induced ferroelectrics often provides a
novel collective excitation called “electromagnon” (i.e. magnon driven by a.c. elec-
tric field) in the dynamical regime. For the search of such unique excitation in
CuFe;_,Ga,0;, we employed the THz time-domain spectroscopy.

Introduction

In the static regime, so far at least two microscopic ME coupling mechanisms have
been established: Local electric polarization P;; produced between two magnetic
sites is described as

Pij = IL;j(S; - Sj) + Aejj x (S; X §)), (3.2)

where II;; is a vector unique to the underlying crystal structure, A a coupling coef-
ficient, and e;; an unit vector connecting two magnetic moments S; and S, respec-
tively. The first term represents the exchange striction, and the second term comes
from the inverse effect of Dzyaloshinskii-Moriya (DM) interaction [36]. Here, the
inverse DM mechanism relies on the spin—orbit interaction, but the exchange stric-
tion does not. Furthermore, some other ME coupling mechanism originating from
spin—orbit interaction has also been suggested for CuFe;_, Ga,O; [9, 10]. With any
mechanism, a modification of magnetic structure leads to a significant change of
induced electric polarization P.

One important consequence of such a strong ME coupling is the appearance of a
novel collective excitation called electromagnon (i.e. magnon driven by a.c. electric
field E¥) in the dynamical regime. With detailed polarization analyses of absorption
spectra, existence of electromagnon (EM) excitation has been established for fer-
roelectric (FE) helimagnets RMnOs [37, 38], RMn,Os5 [39], and BayMgyFe 2022
[40, 41]. Here, the most crucial is the microscopic origin of dynamical ME coupling,
which is not necessarily identical to that of the magnetically-induced static P in the
same compound. According to the inverse DM scheme, the EM excitation in FE
helimagnets emerges as the rotational oscillation of spin—spiral plane and associated
P-vector [42]. While this rotational mode should be active only with E“ perpendicu-
lar to the spin—spiral plane, the observed selection rule for RMn,Os contradicted with
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this prediction [39, 43]. For RMnOs3 and BayMg,Fe12077, the selection rules remain
unchanged even after the spin-flop transition under applied H [38, 40]. Latest theo-
retical studies suggested that the exchange striction mechanism can also host the EM
activity in noncollinear magnets, but with the selection rule tied to the chemical lattice
[44, 45]. Importantly, this exchange-striction-induced EM is inactive in the collinear
magnetic phase, since the differential polarization 0 P;; o S; - §5; becomes always
zero (S; L 4S;). This latter model well reproduces the observed selection rules
or absorption spectra of EM in all the three helimagnetic compounds [40, 43—46],
whereas the firm experimental evidence of spin—orbit coupling mediated EM exci-
tation is still lacking.

In the following, we report the experimental discovery of electromagnon excitation in
the paraelectric collinear magnetic (11 J) phase of triangular lattice antiferromag-
nets CuFe|_,Ga,0;. This EM mode was found to rather vanish in the FE helimag-
netic phase. The anti-correlation between the electromagnon and the noncollinear
magnetism excludes the exchange-striction mechanism as the origin of dynamical
ME coupling, and hence suggests that the observed electromagnon is electrically
activated by the spin—orbit coupling.

Result

The detailed experimental setup for THz time-domain spectroscopy is described in
“THz Time-Domain Spectroscopy”. By using this experimental methods, we can
obtain the spectrum of complex transmittance 7. It is further converted into complex
refractive index n = ,/ejt using the following relationship;

2 2
P exp[—ifd(n— 1)], (3.3)
n+pn—+p c

where €, i, d, w, and ¢ represent the complex dielectric constant, complex magnetic
permeability, sample thickness, frequency of light, and velocity of light, respec-
tively. To numerically solve Eq. (3.3), we approximate the pre-exponential factor by
4n/(n+1)? assuming o =~ 1 unless otherwise noted. As shown later, this approxi-
mation hardly affects the obtained n (or €y) spectrum.

We first investigated the low-energy electrodynamics in the paraelectric CM4
collinear magnetic phase (Fig. 3.21e).® Figure 3.22a and b indicates the real and
imaginary part of ey spectra (Re[en] and Im[eu]) with various polarization config-
urations for the CuFe;_,Ga,O; (x = 0.01) specimen at 4.4 K, respectively. With
E“ || [110] and H || [110], two resonance modes are observed at 1.2 and 2.3 meV.
Only the former one survives for E¥ || [001]and H* || [110], whereas only the latter
one does for E¥ || [110] and H*“ || [001]. These results unveil that the excitation

6 Symmetry of triangular lattice allows the existence of three equivalent ¢ || (110). The presently
observed spectra reflect the contributions from all the three g-domains.
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Fig.3.21 aCrystal structure and b x — 7 magnetic phase diagram at zero magnetic field (H = 0) for
CuFe;_,Ga,0,. ¢ H—T magnetic phase diagram for the x = 0.01 specimen with static H applied
parallel to the c-axis. Circles and squares are the data points obtained from the measurements of
magnetization with T'- and H-increasing runs, respectively. Open (closed) symbols represent the
data points determined in the present work (the previous work by Terada et al. [16]). d and e indicate
magnetic structures of the NC(FE) and CM4 phase, respectively. Dashed square in e represents the
magnetic unit cell in the CM4 phase. The directions of magnetic g-vector and electric polarization
P are also indicated

at 2.3 meV is an EM mode driven by E¥ || [110], while the one at 1.2 meV is a
conventional magnon mode driven by H* || [110].

In the following, we focus on the behavior with the E¥ || [110] and H* || [110]
configuration. To further analyze the aforementioned e/ spectrum, the corresponding
absorption coefficient (= —2(In [¢|)/d) and the decomposed € and v spectra are
plotted in Fig. 3.23a—c, respectively. To discriminate the e- and p-contributions to the
e/ spectrum, we first assumed g = 1 for fiw > 2.0 meV. The obtained e spectrum
can be fitted well with the sum of two Lorentzian functions; a higher-frequency mode
represents the lowest-lying optical phonon to give rise to the tail absorption observed
below 5 meV. By substituting this e-fitting function into Eq. (3.3), the p spectrum
is deduced for iw < 2.0 meV. It can be fitted as well with a single Lorentzian
function. We find that the relationship |p — 1] < 0.1 always holds, which justifies
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Fig. 3.22 Real and imaginary CuFe,_,Ga,0, (x=0.01) 0T
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the aforementioned p ~ 1 approximation adopted for the pre-exponential factor in
Eq. (3.3).7

In Fig. 3.24b, we show T-dependence of Im[eu] spectrum for the x = 0.01
specimen. Increase of temperature leads to broadening of two resonance peaks, and
they become almost undiscernible in the ICM1 magnetic phase above 10 K. ICM1
and ICM2 are partially disordered magnetic phases [5, 7, 12], and may lose the spin
correlation enough for magnons or EM excitations to be observed. The undoped
x = 0.00 specimen also has two resonance modes at the same frequency in the
CM4 magnetic ground state (Fig. 3.24a), and shows similar 7-dependence of Im[e]
spectrum as observed for the x = 0.01 specimen. In contrast, the x = 0.035 specimen
with the ferroelectric NC helimagnetic ground state (Fig. 3.21d) shows no discernible
peak structure in the whole temperature range (Fig. 3.24¢).® To summarize, the EM
excitation driven by E“ || [110] is active only in the paraelectric collinear CM4
magnetic phase, not in the ferroelectric NC helimagnetic phase.

Next, we discuss the microscopic origin of these excitations. The spin-wave (SW)
dispersion for CuFeO, has been investigated by a previous inelastic neutron dif-
fraction study [20], and the analysis clarified the existence of two SW branches as
reproduced in Fig. 3.23g [21]. In general, an antiferromagnetic resonance (AFMR)
appears as the excitation of zone center mode at k = 0 by H¥ perpendicular to the
collinear spin direction (Fig. 3.23e). From this criterion, we concluded the excitation
at 1.2 meV driven by H* || [110] is AFMR on the lower SW branch. In contrast, the
excitation energy of the observed EM (~ 2.3 meV) agrees with that of the zone-center
mode on the upper SW branch.

So far, the most successful scheme to explain the dynamical ME coupling is the
exchange striction. However, this mechanism is inactive in the collinear spin system

7 To further check the validity of this approximation, we deduced ey spectrum assuming
1 = 1.1 4+ 0.1i for the pre-exponential factor in Eq. (3.3). The result coincides with the one
calculated with the original = 1 assumption within the experimental error.

8 We also measured the Im[e/:] spectrum for the x = 0.035 specimen under the E || [001] and
H || [110] condition, but no peak structure could be observed.
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Fig. 3.23 a—c Absorption coefficient «, real and imaginary part of € and y spectra for the x = 0.01
specimen measured at 4.4 K with E“ || [110] and H* || [110]. Solid lines in b and ¢ represent the
fits with the sum of Lorentzian functions. d Spin structure of the CM4 magnetic ground state. e and
f indicate the possible excitation modes corresponding to the observed genuine magnon (AFMR)
and electromagnon (EM), respectively. In (f), S; and S3 rotate to the opposite direction of S, and
S, within a plane perpendicular to g. g Spin-wave (magnon) dispersion of CuFeO, along the (4, £,
0) direction as proposed by Fishman et al. [21]

like the present CM4 phase, since the relationship 6 P;; o §; - 65; = 0 always
holds [44, 45]. This strongly suggests the relevance of spin—orbit coupling to the
present EM mode; the relatively weak peak intensity in the Im[e] spectrum (one
order of magnitude smaller than that of DyMnOs3 [38]) also supports this scenario.
Considering that the static P in NC(FE) is induced by the proper screw magnetic order
through the spin—orbit interaction mediated modulation of Fe 3d — O2 p hybridization
[10, 9], we may anticipate the analogous origin for the presently observed dynamical
ME coupling in CM4. For example, the magnetic excitation as depicted in Fig. 3.23f
can dynamically generate a proper-screw-like spin texture with a finite spin chirality,
which is expected to induce non-zero electric dipole along the 6P | ¢ | [110]
direction. This mode should be active only with E“ | [110], which is consistent
with the experimental results. The disappearance of EM mode in the NC(FE) phase
may reflect the alteration of magnetic symmetry or Brillouin-zone folding, but the
detail is left to be clarified.

We further investigated the development of the EM mode in static H applied along
the [001] direction. Figure 3.24d indicates the H-dependence of Im[e] spectrum
measured at 6 K for the x = 0.01 specimen with E“ || [110] and H¥ || [001], where
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Fig. 3.24 Temperature dependence of Im[ex] spectra measured with E“ || [110] and HY || [110]
fora x = 0.00, b x = 0.01, and ¢ x = 0.035 specimens, respectively. d Im[e] spectra for the
x = 0.01 specimen measured at 6 K with E¥ || [110] and A || [001] in various magnitudes of
static H (HPC) applied along the [001] direction. H-dependence of observed EM peak positions
(circle), as well as the development of resonance modes previously reported by the ESR study for
the x = 0.00 specimen [47] (square), are plotted in e

only the EM excitation can be observed. As H increases, the EM mode is found to
split linearly in terms of H and form two peak structures. This reflects the H-linear
splitting of SW branches, which is generally expected in collinear antiferromagnets
with H applied parallel to the magnetic easy axis. Since the spectral shape of the
two-magnon excitation should be independent of the external H [48], this ensures
that the present electromagnon is excited by the one-magnon process. The observed
evolution of EM peak positions under applied H is summarized in Fig. 3.24e. Note
that similar H-dependence of resonance modes has been reported by Fukuda et
al. from the ESR study for the x = 0.00 specimen [47], while they conventionally
assigned these modes to AFMR driven by H*.” The peak structure observed in Im([e]

9 Our present results imply that the resonance modes found in the previous ESR study [47] is
primarily driven by E“-component of incident microwave.
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spectrum becomes almost invisible after the transition from the CM4 into NC(FE)
phase at 6.3 T, which confirms the inactivity of EM mode in the latter NC phase.

Conclusion

In this section, we have experimentally revealed the electromagnon excitation in
the paraelectric 11 | collinear magnetic phase of triangular lattice antiferromagnet
CuFe;_,Ga,0;. This mode was found to vanish in the ferroelectric helimagnetic
phase. These facts prove that neither ferroelectricity nor noncollinear magnetism
is a necessary condition for the appearance of electromagnon excitation, while the
existing theories on electromagnon have focused on noncollinear magnets like heli-
magnets. The anti-correlation between the noncollinear magnetism and the emer-
gence of electromagnon excludes the exchange striction mechanism as the origin of
dynamical ME coupling: The electric activity of the magnon in this compound is
ascribed to the modulation of the p-d hybridization at the spin-twisted excited state
via the spin—orbit interaction. Our discovery suggests that similar electromagnon
modes will be observable in a wide range of paraelectric collinear magnets.

ACrQO;: Ferroelectricity Induced by 120°-Spin Order

Introduction

With classical Heisenberg spins and dominance of nearest neighboring interaction,
triangular lattice antiferromagnet generally favors the 120° spiral spin structure at
the ground state. Here, each neighboring pair of magnetic moments makes an angle
of 120°. Depending on the sign of anisotropy term H =D >(SF )2, the spin—spiral
is confined in the plane parallel (D > 0: easy-plane type) or perpendicular (D < 0:
easy-axis type) to the triangular lattice plane [1].

Notably, the inverse D-M model denies the appearance of ferroelectricity for such
120°-spin ordered states. Fig. 3.25a illustrate the easy-plane type 120°-spin order, and
local P-direction along each chain expected from the inverse D-M model. Because
of its threefold rotational symmetry, in-plane P component always cancels out. Sim-
ilar cancelation is also predicted for the easy-axis type 120°-spin order. Nevertheless,
recent discovery of ferroelectricity in CuFe;_Ga, O, with proper screw spin order
suggested that the inverse D-M mechanism is not the only magnetoelectric cou-
pling mechanism to induce ferroelectricity on the triangular lattice. In the following,
we investigate the magnetoelectric response of triangular lattice antiferromagnet
ACrO,, and demonstrate that the easy-axis type 120°-spin order can actually induce
ferroelectricity. Combined the present results with the recent report for RbFe(Mo0O4);
with the easy-plane anisotropy [49], we can predict that a broad range of trigonal
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Fig. 3.25 a Schematic illustration of the easy-plane type 120°-spin order, where spin—spiral lies
parallel to the triangular lattice basal plane. P-direction expected from the inverse D-M model
along each chain are also indicated. b Magnetic modulation vectors (q) of 120°-spin order

(a) Delafossite (b) Ordered Rock Salt

Fig. 3.26 Crystal structure of ACrO,: a delafossite structure (A = Cu or Ag) and b ordered rock
salt structure (A = Li or Na)

materials with the 120°-spin structure can be multiferroic, irrespective of their mag-
netic anisotropy.
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Fig. 3.27 Temperature dependence of magnetic susceptibility x, dielectric constant €, and electric
polarization P for a—¢ CuCrO; and d—f AgCrO, with delafossite structure. g—i Magnetic field
dependence of magnetization M, dielectric constant, and electric polarization for CuCrO,. For i,
electric poling was performed at 0 T. In ¢, f and i, the magnitude and sign of poling electric field are
also indicated. H| and H indicate the magnetic field parallel and perpendicular to the direction of
electric field

Results on Polycrystal

ACrO; (A = Cu, Ag, Li, or Na) as investigated here is viewed as another proto-
type of triangular lattice antiferromagnets. CuCrO, and AgCrO; crystallize into the
delafossite structure (Fig. 3.26a), while LiCrO; and NaCrO; into the ordered rock
salt structure (Fig. 3.26b). The both belong to the space group R3m, and only a
difference is in the stacking pattern of O-A-O layers; the delafossite structure has
the straight stacking, while the ordered rock salt structure does the zigzag one. In
the both cases the rhombohedral (ABCABC...) stacking is realized among Cr lay-
ers, although the distance between them is much shorter in the latter case [50]. The
magnetic properties are dominated by Cr>* ion with S = 3/2 spin. Because of the
geometrical frustration of the antiferromagnetic interaction, the 120° spin structure
is realized at the ground state. Former neutron diffraction studies have shown that
these systems have the easy-axis anisotropy along the c-axis [51, 52].

Figure 3.27a—c shows the temperature dependence of magnetic susceptibility,
dielectric constant, and electric polarization for CuCrO;. The susceptibility shows a
clear kink at Ty ~24 K, which signals the development of easy-axis type 120°-spin
order with spiral plane including the c-axis [51]. At T, the dielectric constant also
shows a sharp anomaly, and the spontaneous electric polarization begins to develop.
With the opposite poling electric field, the polarization direction can be reversed.
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Fig. 3.28 a Symmetry elements at the magnetic Cr site (with 3m site symmetry) in the stacked
O-Cr-O triangular lattices: twofold rotation axis (2), reflection mirror (mm), and threefold rotation
axis along the c-axis with inversion center (triangle with small circle). 0% site above (below) the
Cr37* layer is indicated as closed (open) circle. b—¢ Symmetry elements compatible with the 120°
spin structure with b (110) spiral plane or ¢ (110) spiral plane. The thick bars (orange online, left
panel) indicate the spin—spiral plane. Electric polarization expected from the spin-current model
along each chain is also indicated, such as &Py and —(a/2) Py (see text)

These indicate the ferroelectric nature of the ground state, coupled with the spiral
magnetic order.

Figure 3.28a indicates the symmetry elements at magnetic Cr>™ site with site
symmetry 3m. Hereafter, we examine two types of 120° magnetic order with spin—
spiral either in the (110) plane (Fig. 3.28b) or in the (110) plane (Fig. 3.28¢).
The former case can be considered as the proper screw magnetic structure, whose
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spins rotate in the plane perpendicular to the modulation vector. As discussed in
“Introduction”, proper screw magnetic order breaks several symmetry elements
including the inversion center, and only the 2’-axis perpendicular to the spin—spiral
plane remains unbroken in the present lattice geometry. Thus, appearance of P is
allowed only along the direction perpendicular to the spin—spiral plane. As for the
microscopic origin of P, any 120° spin structure gives the same S; - S; for all bonds
in the regular triangular lattice, and hence the conventional magnetostriction cannot
cause the net polarization with centrosymmetric crystal structure. Another candi-
date, the inverse D-M model also predicts P = 0 for proper screw spin order. In
case of CuFe;_,Ga,0O, with delafossite crystal lattice and proper screw magnetic
order, the spin-dependent modulation of covalency (hybridization) between metal
d-state and ligand p-state, which also stems from the spin—orbit interaction, is sug-
gested as the origin of ferroelectricity [9, 10]. Since CuCrO; possesses analogous
crystallographic and magnetic geometry, it probably shares the same magnetoelectric
coupling mechanism with CuFe;_,Ga,O,.

In the case of (110) spiral plane (Fig. 3.28c), on the other hand, only a reflection
mirror perpendicular both to the spin—spiral plane and to the triangular lattice basal
plane can survive, depending on the direction of magnetic moment. Therefore, from
the symmetry, polarization is allowed to appear along the direction perpendicular
to the spin—spiral plane, or along the c-axis. The inverse D-M model predicts the
polarization (1 — ) Py along the c-axis, where a represents the difference of coupling
constant Ag in Eq. (1) between the spin chains along [110] and [100] (or [010]).
Given the isotropic coupling constant (o = 1), the polarization should vanish, and
hence other microscopic origin would be required. The similar argument as above is
applicable for other centrosymmetric trigonal systems.

In Fig. 3.27g—i, magnetic field (H) dependence of magnetization, dielectric con-
stant, and electric polarization for CuCrO; are indicated. The magnetization increases
linearly with H up to 14 T. For dielectric properties, we performed measurements
both under magnetic field parallel (H)) or perpendicular (H, ) to the direction of
electric field. After the poling process at 0 T, electric polarization is enhanced with
H) and suppressed with H . The P value recovers when magnetic field is removed.
In dielectric constant, corresponding anisotropic behavior between H| and H| is
observed above 6 T. These large magnetoelectric effects ensure the spin-driven fer-
roelectricity in this system. The threefold symmetry allows the existence of three
equivalent magnetic domains. The large H-dependence of dielectric properties may
be caused by the rotation and/or the volume change of the domains.

The isostructural material AgCrO, also shows the similar ferroelectricity driven
by the magnetic order. Figure 3.27d—f indicate the temperature profiles of the same
physical quantities for AgCrO,. The kink in magnetic susceptibility is observed
at Ty ~21 K. Again, the anomaly in dielectric constant and the emergence of the
ferroelectric polarization P are observed at Ty, although the P value is reduced as
compared with CuCrO;. A former powder neutron diffraction study has proposed a
slightly modulated 120°-spin structure for the magnetic ground state below 7y, and
the shorter correlation length and the larger spin fluctuation than in CuCrO; have
been reported [53]. Although the detail of magnetic structure, such as the direction of
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Fig. 3.29 Temperature profiles of specific heat capacity C, dielectric constant €, and electric polar-
ization P for a—¢ LiCrO, and d—f NaCrO, with ordered rock salt structure

spin—spiral plane, has not been determined yet, the smaller spontaneous polarization
value in AgCrO; (~1/5 of that for CuCrO») is consistent with these features. Since
dielectric constant ¢ reflects the fluctuation of polarization (A P) in the form of
€ — €0 X (|AP|2) /ksT, the weaker anomaly in € must come from the smaller
polarization.

In addition to the above delafossite crystals, we have also investigated LiCrO, and
NaCrO; composed of the similar CrO, sheets but with ordered rock salt structure
(Fig. 3.26b). The magnetic structure of LiCrO» has been investigated by the polarized
neutron diffraction study on the single crystal [52], and below Ty ~ 60 K [54] the
proper screw type 120°-spin structure (Fig. 3.28b) was reported to give the best
fit. For NaCrO;, only a powder neutron diffraction study was performed [55] and
Tn~40 K has been reported [56]. Figure 3.29a—f indicates the temperature profiles of
heat capacity, dielectric constant, and electric polarization for LiCrO, and NaCrO,.
Although the anomaly in magnetic susceptibility is not clear [56], the heat capacity
manifests the magnetic phase transitions, as seen in Fig. 3.29a and d, in accord with
the former neutron diffraction studies. At Ty, dielectric constant shows a strong cusp
like anomaly as in the two compounds with delafossite structure. Since dielectric
constant is denoted as the fluctuation of electric polarization, the dielectric peak at
Tn means the generation of the local electric dipole moments around the magnetic
order temperature. This confirms the local correlation between the electric dipole and
the magnetic structure also in this system. However, unlike the case for delafossites
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of CuCrO; and AgCrO,, the macroscopic polarization can hardly be observed for
LiCrO, or NaCrO,. One of the possible interpretations for the absence of P but
the presence of sharp e-peak is the antiferroelectric order of electric dipoles. When
ferroelectricity is induced by the spiral spin structure, the symmetry requires coupling
between spin helicity (vector spin chirality as represented S; x S;) and the sign of
polarization. In fact, this relationship is confirmed by the recent polarized neutron
scattering studies on several multiferroics (such as TbMnO3 [57], CuFe;_,AlL,O>
[8]), on the basis of the two magnetic modulation vectors q; = (1/3, 1/3, 0) and
q2 = (—2/3, 1/3, 1/2), alternate stacking of Cr>* layer with the opposite vector spin
chirality was suggested [52]. Considering the spin-polarization coupling in CuCrO;
and AgCrO», such an antiferro-chiral order in LiCrO is naturally expected to induce
the antiferroelectric state. For CuCrO; and AgCrO», by contrast, the q» peaks, which
characterize the alternate stacking of opposite chirality layers, have not been observed
in neutron diffraction profiles [51, 53] in accord with the emergence of ferroelectricity
in these compounds. At this stage, the origin of interaction that favors such antiferro-
chiral spin order is an open question, since the inter-layer magnetic interaction should
always favor the ferroic coupling of the vector spin chirality. The antiferroic coupling
may possibly be ascribed to the inter-layer electrostatic and/or spin-lattice interaction.
For example, the intra-layer polarization is governed by the spin chirality, yet could
cause the lattice distortion that is dependent on the stacking form of the CrO, planes.
The different stacking pattern of O-A-O layers and the shorter distance between
Cr7 layers in the ordered rock salt structure, which is anticipated to cause stronger
inter-plane interaction and higher 7y [50], may be related to the antiferroic order of
spin chirality.

Results on Single Crystal

Hereafter, we focus on the case for CuCrO;. To analyze the anisotropy of magne-
toelectric response, we investigated the nature of single crystal specimen. Figure
3.30a and b indicate the temperature dependence of ¢ and P. We can see that finite
P appears only along the in-plane direction, not along out-of-plane direction (i.e.
the c-axis). According to the latest polarized neutron scattering study on the single
crystal, CuCrO; possesses spin—spiral plane parallel to the (110) plane. Thus, its
magnetic structure is considered as a kind of proper screw, and the symmetry allows
appearance of P perpendicular to the spin—spiral plane. The observation of in-plane
P is consistent with this prediction.

Note that the genuine 120°-spin order with g = 1/3 possesses three magnetic
g-vectors simultaneously (Fig. 3.25b), and thus does not produce the g-domains'®
unlike the case of CuFe|_,Ga,O, with ¢ ~ 0.202. Still, there exist the choice of

10 Recent neutron scattering study on single crystal reported ¢ ~ 0.329 for CuCrO, [60], which
slightly deviates from the ideal ¢ = 1/3 of 120°-spin order. While this may allow the appearance
of g-domains, the most of energy gain under applied magnetic field would still come from the
reorientation of spin—spiral plane. Thus, in the following argument, we ignore the slight deviation
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Fig. 3.30 Temperature dependence of a dielectric constant ¢ and b electric polarization P for
CuCrO; single crystal measured with £ || [110] and E || [001] configurations, respectively. c—e
Magnetic field dependence of €[110; and Pj110; under Hyi1g) or H[IIO]‘ For P(110), the specimen is
first cooled at 0 T with poling E, and then measurement was performed without applied E in the
process of H-scan (0 T — 14 T — 0 T). Note that recently similar results have also been reported
by other groups [58, 59]
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Fig. 3.31 a Six possible ferroelectric helimagnetic domains for CuCrO;. Blue arrows and red bars
indicate the P-direction and spin—spiral plane, respectively. Circled “R” and “L” denotes the chirality
of spin—spiral. b—e Favorable domain configuration under applied external fields. With magnetic
field larger than ~5.5 T, the spin—spiral plane always becomes perpendicular to the applied H. In
such large- H regions, the domain of spin—spiral plane vanishes and only the spin-chiral degree of
freedom remains

three spin—spiral planes and two spin-chiral degree of freedom due to the symme-

from g ~ 1/3, which has recently been suggested to be related with the tiny local lattice distortion
in the magnetic ordered phase [61]. The slight deviation from the §y ~ 6p relationship in Fig.
3.32b may be associated with this weak incommensurability and/or small lattice distortion.
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Fig.3.32 [110]and [110] components of P simultaneously measured under magnetic field rotating
within the (001) plane witha H = 6.5 T and ¢ H = 5 T, respectively. Here, we define 6y (6p)
as the angle between H- (P-) direction and the [110] axis (See Fig. 3.33). Arrows indicate the
direction of H -rotation. Absolute value of P was determined by 7-scan. The relationship between
the H-direction and P-direction is plotted in (b) and (d)

try of triangular lattice, which leads to six possible P-domains with P | (110)
(Fig. 3.31a). As in the case for CuFe|_,Ga, O, electric field is expected to select
the chirality of spin—spiral (Fig. 3.31b).!! In contrast, magnetic field does not affect
the spin-chirality but does favor the spin configuration where spin—spiral plane lies
perpendicular to the applied H. Thus, simultaneous application of £ || H || [110]
will realize the single-domain state with P || H || [110] (Fig. 3.31c), provided that
these external fields are strong enough.

Based on these assumptions, we have investigated the vector components of P
in response to the in-plane H rotating around the c-axis. For this purpose, the both
[110] and [110] components of P were measured simultaneously with two pairs
of electrodes. In this configuration, both P and H can be expressed as the two-
dimensional vector on the (001) plane. Hereafter, we define the angle between H
(P) and the [110]-axis as Oy (6p). Since the specimen was cooled with H and E
both applied along [110], we assume the uniform initial domain state as shown in
Fig. 3.31c.

Figure 3.32a shows P[11¢) and P[liO] as a function of Oy for the 0y-increasing
run, measured at H = 6.5 T without E. To see the development of P more directly,
we plot the obtained 0p against 0y (Fig. 3.32b). In agreement with the expected
initial state in Fig. 3.31c, P || H | [110] is confirmed at gy = 0. We can see
that the relationship 6p = 6y is mostly satisfied for all 6, which indicates that the
P-vector smoothly rotates around the c-axis keeping P || H. When we assume that

! The coupling between the spin-chirality and the sign of P, as well as E-control of spin-chirality,
has recently been experimentally confirmed for CuCrO; by polarized neutron scattering study [62].
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Fig. 3.33 (a) Relationship
among P, H and spin—spiral
plane for CuCrO;. Here, blue
arrows and red bars denote the
P-direction and spin—spiral
plane, respectively

the spin—spiral plane lies perpendicular to the applied magnetic field (i.e. spin—spiral
plane rotates smoothly under rotating H), P turns out to always appear perpendicular
to the spin—spiral plane (Fig. 3.33). Note that with either (110) or (110) spin—spiral
plane, the symmetry allows the appearance of in-plane P-component only along the
direction perpendicular to the spin—spiral plane. The observed P-behavior well agrees
with this prediction. The smooth rotation of P (and spin—spiral plane) for CuCrO;
is in contrast with the case for CuFe;_,Ga,O,, where discontinuous switching of
P-vector (and g-vector) is observed for every 60° rotation of H.!2

When we perform the same measurement at H = 5T (Fig. 3.32c and d), § p shows
periodic change with the cycle of 180°. Here, 6 p-value oscillates within the range of
30° > 0y > —30°, suggesting the spin—spiral plane cannot slant from the original
(110)-plane by more than £30°. Since smooth rotation of spin—spiral plane requires
the sufficiently large Zeeman energy to overcome the potential barrier arising from
the magnetic anisotropy, the loss of the rotational behaviors of spin—spiral plane and
associated P-vector would be reasonable in the lower- H region.

InFig. 3.30c—e, the H[j10)- or H[ 110] -dependence of €[110; and P[110) are indicated.
With increasing the magnitude of H, both ¢[119; and P[110; show clear anomaly around
5.5 T. Interestingly, this corresponds to the H-value which distinguishes the regions
where spin—spiral plane can smoothly rotate or cannot. Thus, the anomaly at 5.5
T can be considered as the transition from the initial multiple-domain state at 0 T
(Fig. 3.31b) into the single-domain state with spin—spiral plane perpendicular to H.
Since P || H relationship is expected in higher-H region, observed suppression
(enhancement) of Pj1o) under H[] i0] (Hi1107) agrees well this scenario.

12 In CuFe|_,Ga, O, such smooth rotation of spin—spiral plane cannot be observed. This implies
that CuFe;_,Ga, O, possesses larger in-plane magnetic anisotropy than CuCrO,.
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Fig. 3.34 a Crystal structure of triangular lattice antiferromagnet RbFe(MoO4), with space group
P3. b Magnetic ground state of RbFe(Mo0O4),. ¢ T-dependence of electric polarization along the
c-axis. Ty indicates the Néel temperature. (Adapted with permission from [49], ©2007 APS.)

Discussion

As demonstrated above, the easy-axis type 120°-spin order on the trigonal lattice
can induce the ferroelectric polarization along the direction perpendicular to the
spin—spiral plane.

Interestingly, recent studies have also revealed that the easy-plane type 120°-spin
order, where the spin—spiral lies within a plane parallel to the triangular lattice basal
plane (i.e. ab-plane), can also induce ferroelectricity. Kenzelmann et al. investigated
the dielectric properties and magnetic structure of triangular lattice antiferromagnet
RbFe(Mo0O4),, and reported the emergence of P along the c-axis upon the onset of
easy-plane type 120°-spin order (Fig. 3.34) [49].

In Fig. 3.35a, we illustrate the symmetry elements compatible with the easy-plane
type 120°-spin order. This magnetic order always possesses a threefold rotation axis
(3) along the c-axis and m’(time-reversal followed by the mirror operation)-plane
perpendicular to the c-axis. Depending on its in-plane spin direction, additional m’-
plane perpendicular to (110) and twofold rotation axis (2) parallel to (110) can appear.
While this magnetic structure does not have the inversion center, the orthogonal
arrangement of threefold rotation axis and m’-plane always prevents the system from
being polar; Thus, the easy-plane type 120°-spin order cannot induce ferroelectricity
in general. If the underlying crystal lattice does not have the mirror-plane parallel to
the triangular lattice basal plane, however, the system can become polar along the
c-axis and appearance of P || c is allowed. Notably, any trigonal (not hexagonal)
lattice does satisfy this necessary condition.

In case of RbFe(MoOy4), with space group P3, the underlying crystal lattice
possesses only the inversion center and threefold rotation axis along the c-axis. Thus,
the inversion symmetry breaking by the easy-plane type 120°-spin order can create
the polar axis along the c-axis [49]. As another example, we put this spin order on the
stacked O-M-O triangular lattices and deduce the symmetry elements that remain
unbroken in Fig. 3.35b. Even in this case, only 3 || ¢ axis and possible m’ L (110)
planes can survive, and hence emergence of P || ¢ is allowed.
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Fig. 3.35 a The symmetry elements compatible with the easy-plane type 120°-spin order; a three-
fold rotation axis (black triangle) along the c-axis and m/'(time-reversal followed by the mirror
operation)-plane perpendicular to the c-axis. Depending on its in-plane spin direction, additional m’-
plane perpendicular to (110) and twofold rotation axis (2) parallel to (110) can appear. b The easy-
plane type 120°-spin order placed on the stacked O-M-O triangular lattices. Here, open (closed)
red circle indicates the oxygen site above (below) the layer of magnetic M ion (closed black circle).
The symmetry elements that remain unbroken are also indicated

Based on the above symmetry analysis, we can now predict that 120°-spin
order on stacked triangular lattice can generally induce ferroelectricity, irrespec-
tive of their magnetic anisotropy. Here, P can always appear perpendicular to the
spin—spiral plane. The present spin-driven ferroelectricity cannot be explained by
either the exchange striction model or the inverse D-M model, which suggests that
some other magnetoelectric coupling mechanism becomes active on the triangular
lattice. Recently, Kan et al. performed the ab initio calculation based on the den-
sity functional theory for AgCrO; assuming the easy-axis type 120°-spin order with
the (110) spin—spiral plane, and concluded that the spin—orbit interaction is indis-
pensable to reproduce the emergence of ferroelectricity [63]. To fully understand
the microscopic origin of magnetoelectric coupling on the triangular lattice, further
theoretical efforts are highly desired.

Conclusion

In this section, we investigated the magnetoelectric response of triangular lattice
antiferromagnet ACrO;, and demonstrated that the easy-axis type 120°-spin order
can induce ferroelectricity along the direction perpendicular to the spin—spiral plane.
The observed ferroelectricity cannot be explained by either the exchange striction
model or the inverse D-M model, which suggests that some other magnetoelec-
tric coupling mechanism originating from spin—orbit interaction becomes active
on the triangular lattice. Combined the present results with the recent report for
RbFe(MoO4);, with the easy-plane anisotropy [49], we can predict that a broad range
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of trigonal materials with the 120°-spin structure can be multiferroic, irrespective of
their magnetic anisotropy.

M X,-Type Halides With CdI, Structure

Until now, the study of ferroelectric helimagnets is almost limited to oxides, partly
because their isostructural chalcogen relatives (i.e. sulfides or selenides) are often
too leaky to perform dielectric measurements [64—66]. Since halogens have larger
electronegativity than chalcogens (Fig. 3.36), halides are expected to host better
insulating nature and enable the investigation of ME properties for a wider variety
of anions.

Among a variety of halide compounds, M X, (M = 3d transition metal, X =
halogen) is known as one of the oldest and simplest examples in the history of
magnetism. Depending on the choice of M and X, M X takes three possible types
of crystal structures (Fig. 3.37) [67]; TiO(rutile)-type structure is generally favored
for X = F, and CdI,- or CdCl,-type structures are for X =Cl, Br, and I. Here, the
latter two structures consist of the stacking of triangular lattices along the c-axis.
They share the common M X structural unit (as highlighted by blue squares in Fig.
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Fig. 3.37 Three typical crystal structures for M X,-type halides

3.37aand b), and only the difference is its stacking pattern; Cdl,-type has the straight
stacking while CdCl,-type does the rhombohedral stacking. Reflecting the magnetic
frustration on their triangular lattices, they frequently show the various types of spiral
spin orders as summarized in Fig. 3.38.

In this chapter, we pick up three compounds with CdI,-type structure (Mnl, with
proper screw spin order, VCl, with 120° spin order, and Col, with cycloidal spin
order), and investigated their magnetoelectric response in detail. These halides turn
out to be the first examples of non-chalcogen based spiral-spin induced multiferroics,
which promises further discovery of unique magnetoelectric response in other M X -
type or different forms of halide compounds. !

Mnl, with Proper Screw Spin Order

Introduction

Mnl; is characterized by the Cdl, structure as shown in Fig. 3.37a, and its magnetism
is dominated by the Mn>* ion with § = 5/2. According to Sato et al., MnI, undergoes
three successive magnetic phase transitions at Ty ~ 3.95K, Tna ~ 3.8K, and Tz ~

13 Note that for M = Cu (d°) or Cr (d*), Jahn Teller effect causes the distortion of the original
crystal structure. The results for CuCl, with distorted triangular lattice are summarized in “CuCl,”.
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Fig.3.38 Reported crystallographic and magnetic structures for various types of M X,-type halides.
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Fig.3.39 Temperature variation of a intensity and b position of magnetic Bragg reflection observed
for Mnl,. (Adapted with permission from [68], ©1995 Elsevier.)

3.45K (Fig. 3.39) [68]. Below Tni, the magnetic Bragg reflection first appears at
(0.1025, 0.1025, 1/2). With further decreasing temperature below Ty, this reflection
position begins to move slightly out of the (hhl)-plane towards the (h0[)-plane.
Finally at T3, it jumps to q ~ (0.181, 0, 0.439).

So far, the magnetic structure is determined only for the magnetic ground state
below Tn3. Previous neutron diffraction study concluded that the magnetic ground
state of Mnlj is the proper screw spin state, where spin rotates within a plane per-
pendicular to the modulation vector q ~ (0.181, 0, 0.439) [69]. Unlike the case for
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Fig. 3.40 Schematic illustration of proper screw magnetic ground state for Mnly. gj, denotes the
in-plane component of magnetic modulation vector ¢, and red bars in a indicate the spin—spiral
plane perpendicular to the g-vector

proper screw spin state of CuFe;_,Ga, 0, with q ~ (0.202, 0.202, 3/2) [18], the
g-vector (i.e. spin—spiral axis) of Mnlj is slanted from the triangular lattice basal
plane (Fig. 3.40). In addition, the in-plane component of q (q;,) for Mnl, is pointing
at the [110] direction, not the [110] direction as observed for CuFe|_,Ga,O,. Thus,
the magnetic geometry for Mnl, is quite different from the case for CuFe|_,Ga, O,
and emergence of unique magnetoelectric response can be expected.

Result

Figure 3.41a—c indicates the temperature dependence of magnetic susceptability y,
electric constant €, and electric polarization P measured at O T for Mnl,. At ~ 3.5
K, x shows clear anomaly and only the in-plane component of ¢ shows a peak
structure. Simultaneously, in-plane component of P begins to develop. Here, the
P-direction was confirmed be reversed for the opposite direction of poling elec-
tric field. Since the present ferroelectric transition temperature agrees well with the
reported Tn3 ~ 3.45K, it is suggested that only the proper screw magnetic ground
state (and not the intermediate magnetic phase between 7x1 and Tn3) can induce the
ferroelectricity of magnetic origin.

In Fig. 3.42a, the spin configuration in the magnetic ground state is schemati-
cally illustrated. While the original crystal lattice sustains a centrosymmetric 3m site
symmetry at magnetic Mn>7 site (Fig. 3.5b), proper screw spin order with gi, || [110]
breaks several symmetry elements including the inversion center. As a result, only
the twofold rotation axis perpendicular both to the g-vector and the c-axis survives,
and the emergence of P || [110] L g can be allowed (Fig. 3.42a) [9]. Interestingly,
this is in contrast with the case for CuFe|_,Ga, O, with g || [110], where P || [110]
appears “parallel” to the g-vector (Fig. 3.42b). The experimental observation of in-
plane P (and no out-of-plane P) in Mnl, agrees well with the above prediction. At
this stage, it is not clear whether Mnl, shares the same microscopic origin of magne-
toelectric coupling with CuFe|_,Ga,O,. Because of the canting of the spin—spiral
plane towards the triangular lattice basal plane, the inverse D-M mechanism can also
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induce finite ferroelectric polarization along the direction predicted by the symmetry
analysis.

Next, we investigate the behavior under magnetic field applied along the in-plane
direction. Figure 3.41d and e indicates the H-dependence of magnetization M, [110]
component of € (¢[110]), and [110] component of P (P[110]) measured under magnetic
field along the [110] direction (H[1T0])- At 6 T, €[110] shows a sharp peak and P[0
vanishes completely. This probably corresponds to the magnetic transition from the
helimagnetic phase to other magnetic phase, while no discernible anomaly can be
observed inthe M —T curve. In Fig. 3.41f, the H —T phase diagram determined from
the various T'- or H-scans of M, ¢, and P is indicated. The boundary of ferroelectric
phase always coincides with that of magnetic phase, which confirms the strong
correlation between ferroelectricity and magnetism in this system.

As in case of CuFe;_,Ga,O;, Mnl; is also expected to host six equivalent ferro-
electric domains with P || (110), due to the symmetry of the underlying triangular
lattice. In general, domains generated upon a magnetic transition must be converted
to each other by the symmetry operation that is broken by the magnetic order.'*
By employing this rule, we can determine the corresponding g-direction and spin-
chirality for each P-domain as summarized in Fig. 3.43a. Here, we can confirm that
the P L gj, relationship is always satisfied within each domain, and the reversal of

14 The detail of this process is described in “Magnetic Digital Flop of Ferroelectric Domain”.


http://dx.doi.org/10.1007/978-4-431-54091-5_1

M X,-Type Halides With Cdl, Structure 71

H<3T H>3T
gin|| <170>,P|| <110> q|l<110>,P|| <110>
$ain PLq Pllq
2 ~
..... 2’
2 P
(a) =P (b) 2 P
o Goor @ Lo
>H DH
(e) 2 ® >
tH &H
® &> F () ar
(i) [1701]90° G) [1701190°
& A
B ¥ Y
@ D>
II [110]
2rR 0°
% hjjq ¥

Fig. 3.42 a Proper screw magnetic ground state with gi, || (110), which is stable below 3 T.
The compatible symmetry element and expected P-direction is also indicated. b—d Distribution of
multiferroic domain(s) favored under various H and E. e Observed relationship among P, ¢, and H
at Oy = (304 60n)° (n: integer). In the right side of the figure, corresponding charts for the proper
screw magnetic phase with ¢ || (110), which appears above 3 T, are indicated. In j, the observed
relationship among P, g, and H at 0y = (60n)° (n: integer) is illustrated

spin-chirality gives the opposite direction of P. From now, we consider the effect
of external field on the domain distribution. Since the sign of P is governed by the
spin-chirality, electric field is expected to select the chirality of spin—spiral (Fig.
3.42¢)." In contrast, magnetic field does not lift the degeneracy of two spin-chiral
domains, but is expected to favor the domain with antiferromagnetic moments most
nearly perpendicular to the field direction. Consistently, the previous neutron scat-
tering study on Mnl, reported that the in-plane H (~1 T) selects the g-domain that
possesses the relationship most close to ¢ || H [69]. Thus, the simultaneous appli-

15 polarized neutron diffraction on CuFe;_,Ga,O, has confirmed the applied E affects only the
chirality of spin—spiral, not the direction of g-vector.
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cation of E || [110] and H || [110] is expected to stabilize the single domain state
with P || [110] (Fig. 3.42g).

Based on the above analysis, we have investigated the vector components of
P in response to the in-plane H rotating around the c-axis. For this purpose,
the both [110] and [110] components of P were measured simultaneously with
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two pairs of electrodes. In this configuration, both P and H can be expressed
as the two-dimensional vector on the (001) plane. Hereafter, we define the angle
between H (P) and the [110]-axis as 8y (fp). Since the specimen was cooled with
H || [110] and E || —[110], we assume the uniform single domain state with
P || —[110].

Figure 3.44a and b shows Pjj10] and Pmo] as a function of 0y, measured at
H = 2.3 T without E. Both Pji19) and Py show a periodic change with the
cycle of 180°. To see the development of P more directly, we plot the obtained 6 p
against 6y (Fig. 3.44c). In agreement with the expected initial state, the relation-
ship H L P || —[110] is confirmed at 5 = 90°. As 0y increases, P suddenly
flops by about 120° at gy ~ 120°, and the relation H L P || [100] holds at
fp = 150°. Similar 120°-flop of P-vector is observed for every 60°-rotation of
H,ie. at 0y = (60n)°. In Fig. 3.42i, we summarized the observed P-direction at
f0r = (30 4 60n)°. Here, we can see that the relationship P 1 H always holds
at each angle. Since H is expected to favor the domain with H || ¢j; L P and
observed P-flop position (g = (60n)°) corresponds to the equilibrium point of two
gin |l (110), the present H-induced P-flop transition must originate from the flop of
g-vector.

We also performed the same measurement at H = 5 T.'® Figure 3.44g—i indi-
cate the fy-dependence of Pfyoy, Piiig and 0p for H = 5 T. While 120°-flop of
P-direction is again confirmed for every 60°-rotation of H, this P-flop behavior
takes place at 0 = (30 + 60n)°, not at 8y = (60n)° as in the case for H = 2.3 T.
The observed P-direction at §y = (60n)° is summarized in Fig. 3.42j. At each 6y,
we can see that the relationship P || &= H always hold. This is in contrast with the case
for H = 2.3 T, where P L H is favored. Interestingly, the present P-flop patterns
under rotating H (~ 5 T) is perfectly the same as that observed for CuFe;_,Ga, O,
in the proper screw spin state with ¢ || (110). This suggests that the proper screw
magnetic ground state with gi, || (110) (Fig. 3.42a) at O T is replaced by the proper

16 For the P-profile at 5 T, the specimen was cooled with H || E | [110] to obtain the uniform
single domain state with P || [110] as shown in Fig. 3.42f.



74 3 Magnetoelectric Response in Triangular Lattice Antiferromagnets

H~3T

Fig. 3.46 Relationship between P and H at §y = (30n)° (n: integer) observed for H =3 T

screw magnetic state with g || (110) (Fig. 3.42b) in the higher-H region. To check
this possibility, we measured M as a function of #y at various magnitude of mag-
netic field (Fig. 3.45). At 1 T, M takes minimum value at 0y = (60n)°, which agrees
with the g-flop position assumed in the magnetic ground state. In contrast, M takes
minimum value at 6 = (30 4+ 60n)° at 3 T, which is rather consistent with the
behavior expected for the proper screw spin order with g || (110). The above results
suggest that the change of stable g-direction from gi, || (110) to ¢ || (110) probably
takes place between 2.3 ~ 3 T.

In Fig. 3.44d—f, O -dependences of Pjq0y, Pyig and 0 p measured at H = 3 T are

indicated.!” Unlike the cases for 2.3 and 5 T, P-vector shows smooth rotation rather
than discontinuous flop, keeping the relationship p ~ —26. This means P-vector
smoothly rotates clockwisely twice, when H -vector rotates counter-clockwisely only
once. This is in contrast with the case for other ferroelectric helimagnets like CuCrO»,
where P, H and associated spin—spiral plane rotates toward the same direction with
the same period. The observed P-directions at selected fy are summarized in Fig.
3.46. Interestingly, this P-profile at 3 T can be reproduced if we take the summation
of the P-profiles observed at 2.3 T (Fig. 3.42i) and 5 T (Fig. 3.42i). Smooth rotation
of P observed in the intermediate field region may reflect the continuous transition
between gi, || (110) and ¢ || (110).

We further investigated the variation of P-value under various strength of
in-plane H. Figure 3.47a and c indicates the temperature dependence of P11
under various magnitude of H applied parallel to the [1 10] and [110] directions,
respectively. Here, the specimen was first cooled with both H along selected direc-
tionand E || [110], and then the measurement was performed in the warming process
keeping the applied H but without E. The obtained Pyj10;-values at 2 K are plotted in
Fig. 3.47b and d as open red circles. Since the domain with H || gi, L P is favored
in the low-H phase with gi, || (110) and the one with H || ¢ || £P is favored in

17 While the transition from gin |l (110) phase to ¢ || (110) phase is completed below 3 T in
M-profile, the corresponding transition field seems to be slightly higher in P-profile. This may
come from the small deviation of temperature between these measurements.
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Fig. 3.47 Temperature dependence of P[jio) under various magnitude of magnetic field applied
along a [110] and b [110] direction, respectively. In ¢ and d, the obtained P-values at 2 K are
plotted with red open circles and dashed line as a function of H. For blue solid line, the specimen
was first cooled at 0 T, and then measurement was performed in the H-increasing process. The
deviation between solid and dashed lines probably reflects the loss of uniform spin-chirality during
the process of magnetic phase transition and/or domain redistribution

the higher- H phase with g || (110), we can expect the domain distribution as shown
Fig. 3.42e-h for various configurations of £ and H. With increasing the strength of
H || [110], the domain distribution goes through Fig. 3.42c — g — h. This predicts
that Py110)-value first increases, and then decreases above 3 T. The observed H[; ;-
dependence of Pjjgj-value agrees well with this analysis (Fig. 3.47b). Likewise,
with increasing the strength of H || [110], the domain distribution goes through Fig.
3.42¢ — e — f. This predicts that P[j10)-value first decreases, and then increases
above 3 T. The observed H|i10j-dependence of P(11¢)-value is also consistent with
this analysis (Fig. 3.47d).

Finally, we discuss the behavior of spin-chirality upon the g-flop transition. When
we compare the Figs. 3.42i and 3.43a, we can see that the spin-chirality is always
preserved upon the g-flop in the g, || (110) state. Likewise, the comparison between
Figs. 3.42j and 3.43b also suggests the preservation of spin-cirality upon the g-flop
in the ¢ || (110) state. Since the degeneracy of two spin-chiral states cannot be
lifted under the applied H, the selection of odd chirality upon the g-flop must reflect
the nature of multiferroic domain wall as already discussed in “Magnetic Digital
Flop of Ferroelectric Domain” . Combined with the case for CuFe;_,Ga, O, such
preservation of spin-chirality upon g-flop (or stability of 120° domain wall rather
than 60° domain wall) may be the common nature on the triangular lattice with
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proper screw spin order. To fully interpret the presently observed magnetoelectric
response, further theoretical studies on the nature of multiferroic domain wall are
highly desired.

Conclusion

In this study, we investigated the magnetoelectric response of triangular lattice
antiferromagnet Mnl,. We discovered the ferroelectric nature of the proper screw
magnetic ground state, and in-plane H was found to induces the rearrangement of
the six possible multiferroic domains in this compound. With every 60°-rotation
of H around the c-axis, 120°-flop of P-vector is observed as a result of the flop
of magnetic g-vector. The stable g-direction changes from the original [110] to
[110] above 3 T, which leads to the 30°-shift of H-angle where g-flop transition
takes plane. At the intermediate field region (~3 T), the clockwise rotation of H
by 360° leads to smooth counter-clockwise rotation of P by 720°. As observed in
the case of CuFe;_,Ga,O;, the chirality of spin—spiral is always preserved upon
the flop of g-vector, which implies the stability of specific form of multiferroic
domain wall.

Col, With Cycloidal Spin Order

Col, is characterized by the Cdl; structure, and its magnetism in is dominated by
the Co?* ion with § = 3/2. According to Kuindersma et al., this compound hosts
cycloidal spin order with spin—spiral plane confined in the ab-plane and magnetic
modulation vector ¢ ~ (1/8, 0, 1/2), below Ty ~ 8 K [70].

Figure 3.48 indicates the temperature dependence of , € and P measured under
0 T for Coly. At Ty ~ 8 K, x shows clear anomaly and in-plane component of P
begins to develop. The inverse D-M model predicts the appearance of in-plane P
along the direction perpendicular to the g-direction. The observation of in-plane P
is consistent with this prediction.

VCl, With 120°-Spin Order

VCl; is characterized by the Cdl, structure, and its magnetism is dominated by the
V2t ion with § = 3/2. This compound hosts the easy-axis type 120°-spin order with
magnetic modulation vector ¢ = (1/3, 1/3, 1/2) below Ty ~ 36 K [71].

Figure 3.49 indicates the temperature dependence of € and P measured with E || ¢
for VCl,. At Ty ~ 36 K, € shows clear anomaly and P begins to develop. Since
this compound possesses the same magnetic geometry with CuCrO,, the emergence
of in-plane P is expected. The observed P, component may come from the leakage
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Fig. 3.49 Temperature dependence of x, € and P measured for VCl,. Two possible easy-axis type
120°-spin orders are also illustrated. Here, we define the vector C = S; x S, which is perpendicular
to the spin—spiral plane

from the in-plane P. Because of the thin plate shape of the specimen, it is difficult
to measure the anisotropy of magnetoelectric response at this stage. The growth of
thicker specimen and further investigation is required.
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Summary

In this chapter, we investigated the magnetoelectric response of the triangular lat-
tice antiferromagnets. Our measurements prove that various types of proper screw
spin order and 120°-spin order on trigonal lattice can indeed induce ferroelectric-
ity, while both exchange striction and inverse D-M model denies the appearance
of electric polarization for these spin textures. This suggests that some other mag-
netoelectric coupling mechanism originating from spin—orbit coupling is active on
the stacked triangular lattices, which may be relevant with the our observation of
novel electromagnon excitation in the collinear spin state. The symmetry of trian-
gular lattice also hosts multiple multiferroic domains with different P-directions,
which offers unique magnetoelectric responses under rotating magnetic field as
demonstrated. In the following, we briefly summarize the results obtained in each
section.

CuFeO, With Proper Screw Spin Order (q || [110])

e First, we investigated the effect of nonmagnetic impurity (AI** or Ga3*) doping
on the magnetic Fe* site. Reflecting its competing magnetic ground states,
even a small amount of nonmagnetic impurity drastically changes the magnetic
phase diagram. Especially, the critical magnetic field necessary for the induction
of ferroelectric helimagnetic phase decreases down to zero with Al-doping up
to x = 0.02. These results prove that not only magnetic field but also site-
dilution can often stabilize magnetic ferroelectricity via the modification of spin
frustration.

e Next, we attempted to control the distribution of six multiferroic domains in
CuFe|_,Ga, O, using external field. We found that the in-plane magnetic field
can induce the rearrangement of these multiferroic domains. Upon every 60°-
rotation of in-plane magnetic field around the c-axis, unique 120°-flop of electric
polarization occurs as a result of the switch of helical magnetic g-vector. The
chirality of spin helix is always conserved upon the g-flop, which implies that the
nature of multiferroic domain wall plays an important role in the determination
of P-behavior under magnetic field.

e Finally, we investigated the dynamics of this compound. Terahertz time-domain
spectroscopy was performed to directly probe the low-energy (1-5 meV) electro-
dynamics of CuFe|_,Ga,O,. We discovered an unique electromagnon (electric-
field-active magnon) excitation at 2.3 meV in the paraelectric 11| collinear
magnetic phase, and this electromagnon vanishes in the ferroelectric helimag-
netic phase. While previously discovered electromagnon excitations in other
materials are believed to arise from the exchange striction mechanism, the
present anti-correlation with noncollinear magnetism excludes the exchange-
striction mechanism as the origin of dynamical magnetoelectric coupling in
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CuFe;_,Ga,0,. This evidences the first experimental observation of spin—orbit
coupling mediated electromagnon in the present compound.

ACrO; With 120°-Spin Order

In this section, we investigated the magnetoelectric response of 120°-spin order,
which was previously predicted to be paraelectric according to the inverse D-M
model. Our targets are ACrO; (A = Cu, Ag) with the easy-axis type 120°-spin order,
and we demonstrated that these compounds can induce ferroelectricity along the
direction perpendicular to the spin—spiral plane. Combined the present results with
the recent report for RbFe(MoQ4), with the easy-plane anisotropy [49], we can
predict that a broad range of trigonal materials with the 120°-spin structure can be
multiferroic, irrespective of their magnetic anisotropy.

Mnl, With Proper Screw Spin Order (gi, || [110])

Mnl; is characterized by the proper screw magnetic ground state, but with g, || (110)
unlike the case of CuFe;_,Ga,O, with ¢ || (110). We discovered the ferroelectric
nature of this helimagnetic ground state, and in-plane H was found to induces the
rearrangement of the six possible multiferroic domains. Here, the relationship P L
gin || H is always favored, which is in contrast with the case of CuFe;_,Ga,0;
with P || g | H. With every 60°-rotation of H around the c-axis, 120°-flop of
P-vector is observed as a result of the flop of magnetic g-vector. Interestingly, the
stable g-direction changes from the original [110] to [110] above 3 T, which leads
to the 30°-shift of H-angle where g-flop transition takes plane. As in the case of
CuFe;_,Ga, O, the chirality of spin—spiral is always preserved upon the flop of
g-vector, which again implies the stability of specific form of multiferroic domain
wall.

Other M X,-Type Halides (Col, and VCl,)

We further investigated the magnetoelectric response in other M X»-type triangular
lattice halides; Col; with cycloidal spin order and VCI, with easy-axis type 120°-spin
order. In both compounds, we discovered the emergence of magnetically-induced
ferroelectricity. M X is the first example of non-chalcogen based spiral-spin induced
multiferroics, while so far the study of ferroelectric helimagnets is almost limited
to oxides. This is partly because their isostructural chalcogen relatives with larger
anions (i.e. sulfides or selenides) are often electrically too leaky to perform dielectric
measurements. Since halogens have larger electronegativity than chalcogens, halides
are better insulating and enable the investigation of ME properties for a wider variety
of anions as clearly demonstrated here. Our present results promises further discovery
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of unique ME function in many M X»-type compounds and other forms of halide
compounds.
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Chapter 4
Magnetoelectric Response in S = 1/2 Chain
Helimagnets

Introduction

Besides the triangular lattice antiferromagnet as investigated in Chap.3, one-
dimensional chain magnet with competing J; and J is also known as a typical
example of frustrated spin systems. In this chapter, we focus on the edge-shared
CuO; (or CuCl,) chain as an ideal stage to realize such a situation, and investigate
their magnetoelectric response in detail.

Magnetism in Edge-Shared CuQ, Chain

Hereafter, we assume the situation where each Cu>* ion (S = 1/2) is on the center
of oxygen square and forms edge-shared chains. The structure of edge-shared CuO;
chain is illustrated in Fig.4.1. Because the Cu-O-Cu bond angle is close to 90°,
Kanamori-Goodenough rule suggests that the nearest neighbor exchange interaction
(J1) is ferromagnetic but relatively weak as compared with the antiferromagnetic
next nearest neighbor interaction (J3).

As already discussed in “Magnetically-Induced Ferroelectricity”, the magnetic
ground state in the J| versus J, model essentially depends on the ratio J;/J>. When
we assume the classical Heisenberg spin, helimagnetic order is stabilized in the
region 4 > |J;/J2|. However, the magnetism in edge-shared CuO; chain compound
is expected to reflect the quantum aspect of electron spin, since all attributes of
S = 1/2 nature, low-dimensionality, and magnetic frustration contribute cooper-
atively to enhance quantum fluctuation. Recently, Furukawa et al. calculated the
magnetic phase diagram as a function of (J1/J2) and exchange anisotropy A using
the spin Hamiltonian

_ X QX Yoy Z Q2
H= D Ju D (SISTy, +SI8T,, +ASISE, ), 4.1)
n=1,2 j
S. Seki, Magnetoelectric Response in Low-Dimensional Frustrated Spin Systems, 85
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Fig. 4.1 The structure of edge-shared CuO, chain. The exchange paths for nearest neighbor inter-
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Fig.4.2 a The classical phase diagram for J; versus J> model and relevant S = 1/2 chain magnets.
b The quantum phase diagram calculated for J; versus J, model with spin-Hamiltonian as given
by Eq.4.1. (Adapted with permission from [1], ©2010 APS)

with the electronic spin §; = (87, Sjy. , S;) at the Cu?t site j in the chain
(Fig.4.2) [1]. This phase diagram suggests the emergence of various types of non-
trivial magnetic ground states such as singlet-dimer state. Still, the finite inter-chain
coupling in the real material can partly suppress the effect of quantum fluctuation,
which often stabilizes long-range helimagnetic order even in the S = 1/2 chain
compounds.

Since 2007, the discovery of magnetically-induced ferroelectricity has been
reported for two types of helimagnetic compounds with edge-shared CuO; chains;
LiCuy0; and LiCuVOy. These compounds are reported to host the cycloidal spin
order propagating along the chain direction, and are seemingly the ideal model
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(a) LiCu20, (b) LiCuVO4 (¢) CuCl

Cu?t CI

b

Fig. 4.3 Crystal structure of a LiCu;03, b LiCuVO4 and ¢ CuCl,, respectively

compounds to testify the prediction of the inverse D-M mechanism due to its simple
lattice and magnetic geometry. However, the experimentally reported magnetoelec-
tric response is not so straightforward, as mentioned below.

Magnetoelectric Response in LiCu0;

LiCuy0, takes the crystal structure as shown in Fig.4.3a, which is characterized
by the orthorhombic space group Pnma and lattice parameters a = 5.73, b =
2.86 and ¢ = 12.4 A [3]. This material contains equal number of Cu't and Cu?*,
and only the latter of which carries spin S = 1/2 and forms edge-shared chain
structure running along the b-axis with CuO, square plaquettes lying in the ab-
plane. The magnitude of inter-chain interaction is presumed to be small (<|J1|, | J21),
though has not reached the consensus as yet [4, 5]. As a result of the frustration,
a spiral magnetic structure is realized below Tny ~23K. A former (unpolarized)
neutron diffraction study has revealed the incommensurate magnetic structure with
the modulation vector (0.5, 0.174, 0), and claimed the cycloidal spin order with ab-
spiral spin plane (Fig. 4.4b) [3]. In this phase, however, the appearance of spontaneous
electric polarization along the c-axis has recently been reported [2]. To reconcile
the observed polarization direction with the spiral spin state, the inverse D-M model
requires the bc-cycloidal spin order(Fig. 4.4a), not the reported ab-cycloid. LiCu, O,
also shows the P-flop transition from P || cto P || a under H || b (Fig.4.4c) [2]. If
we assume the bc-cycloidal spin order to reproduce P || catOT, H || bis expected to
stabilize the proper screw spin order with ac-spin spiral plane. Since the latter spin
texture is paraelectric according to the inverse D-M model, the emergence of P | a
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under H || b is also seemingly strange. Several recent diffraction studies suggested a
more complex spin order rather than simple cycloid may be realized [1, 6, 7], and the
magnetic structure of the ferroelectric ground state is still under controversy. Notably,
the powder neutron scattering study on the isostructural material NaCu; O, justifies
the bc-spiral spin structure, and the magnetic moment of Cu®* is estimated as small
as 0.56 wp [8]. This implies that the effect of quantum fluctuation is important also
in LiCu,0O5.

Magnetoelectric Response in LiCuVOy

LiCuVOy takes the crystal structure as shown in Fig.4.3b, which is characterized
by the orthorhombic space group Imma and lattice parameters a = 5.66, b = 5.81
and ¢ = 8.76 A. As in case of LiCu, 0y, this compound possesses edge-shared chain
structure running along the b-axis with CuO; square plaquettes lying in the ab-plane.
Previous neutron diffraction study on single crystal suggested that the ab-cycloidal
spin order with magnetic modulation vector (0, 0.53, 0) is realized below 2.1 K [9].
This helimagnetic ground state was found to induced P || a [11], which is consistent
with the prediction of the inverse D-M model. When magnetic field is applied parallel
to the a-axis, this compound shows spin-flop transition into bc-cycloidal spin state.
While the inverse D-M model predicts that such a spin-flop transition should lead
to the switching of P-direction from P || a to P || ¢, the latter P || ¢ component
cannot be detected in the measurement by Yasui et al. [12]. Contrastingly, Schrettle
et al. reported the observation P || ¢ under H || a (Fig.4.5) [10]. At this stage, the
origin of this discrepancy is not clear.
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Origin of Magnetically-Induced Ferroelectricity in S = 1/2
Chain Helimagnets

As discussed above, several conflicting experimental results are reported for both
LiCuy0; and LiCuVOy, and the validity of the inverse D-M model for these § = 1/2
chain helimagnets is still in controversy. Notably, both compounds are reported to fre-
quently contain the Li-Cu intersubstitution due to their close ionic radii. The reported
chemical composition of as-grown LiCu,O; single crystal is Lij 16Cuj 840201,
where 16 % of Cu’™ sites are replaced with Li* ion and 16 % of Cu™ sites are done
by Cu?* [3]. Moskvin et al. suggested that such crystallographic defects and ex-
change striction are the origin of ferroelectricity for LiCuyO; [13, 14] and LiCuVOq4
[15]; In fact, their calculation seems to reproduce several anomalous magnetoelectric
behavior such as the emergence of P || c in the ab-cycloid spin state for LiCu, O,
as well as the transition from P || a to P = O under H || a for LiCuVOy4. However,
some other groups believe that the inverse D-M mechanism is still active in these
compounds, and suggested that observed anomalous magnetoelectric response may
come from the complexity of spin structure [2, 16]. Since it is also not clear how the
strong quantum fluctuation can affect the magnetoelectric response in the frustrated
magnets, the elucidation of the magnetoelectric coupling mechanisminthe S = 1/2
chain magnets will be important.
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Overview

Our main purpose in this chapter is to check the validity of the inverse D-M
mechanism in the § = 1/2 chain helimagnets.

In “LiCuz0;: Correlation Between Spin-Helicity and Electric Polarization
Vector”, we report the result of polarized neutron scattering experiments on LiCu; O».
We have confirmed the existence of helimagnetic component in the bc-plane, and
also demonstrated the coupling between the vector spin chirality (S; x S;) and the
sign of P. These results suggest that the ferroelectricity in the magnetic ground state
of LiCuy0O» can be consistently explained within the framework of the inverse D-M
model.

In “CuCl,”, we investigate the magnetoelectric response in CuCl,, which is also
characterized by the S = 1/2 edge-shared chain structure and cycloidal spin order.
Because the ionic radius of Cu?* and C1~ is quite different, CuCl, should be free from
the chemical intersubstitution as observed in the Li-based compounds. We discovered
the emergence of magnetically-induced ferroelectricity in CuCly, and the behavior of
P under various direction of H well reproduces the prediction of inverse D-M model.
The observed magnetoelectric response for CuCly is quite similar to that reported for
LiCuVOyq by Schrettle et al. [10], which suggests that the conflicting results reported
for LiCuVOyq by Yasui et al. [12] may be caused by the crystallographic imperfection
in their specimen.

LiCuz0;: Correlation Between Spin-Helicity and Electric
Polarization Vector

Introduction

In this section, to clarify the origin of ferroelectricity in LiCuyO;, we testify the
validity of the inverse D-M model for the eg-electron spin system with potentially
large quantum fluctuation. According to Eq. (1.10), the inverse D-M model predicts
the coupling between the sign of P-direction and vector spin chirality (S; x S;). Re-
cent polarized neutron scattering study on TbMnOs3 has experimentally confirmed
such polarity-dependent vector chirality [17], which is now considered as the defin-
itive evidence for the spiral-spin driven ferroelectricity. We performed the related
experiments on LiCu, O3, and also reinvestigated the orientation of spin-spiral plane
to resolve the reported contradiction between spin structure and induced P-direction.
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Results

Neutron diffraction is known as one of most powerful experimental methods to deter-
mine the magnetic structure in solids. The employment of polarized neutron provides
additional sensitivity to the spin-orientation and spin-helicity (clockwise or counter-
clockwise manner of spin rotation) of the target compound, which enables more
precise characterization of non-collinear magnetic structure [18]. The detailed setup
of the polarized neutron scattering experiment is described in “Polarized Neutron
Scattering” .

Figure4.6¢ and d show the temperature dependence of magnetic susceptibility,
dielectric constant, and electric polarization for LiCu,O;. For H || ¢, the temperature
derivative of magnetic susceptibility (dx/dT) indicates two anomalies at T ~ 24.5
and Tno ~23.0K, although only one peak at T is found in dx/dT for H || b (or a).
These imply the existence of two magnetic phases below Tn1; AF1 (Tn1> T >1Tno)
and AF2 (Tn2> T). The anomaly at 9K possibly caused by impurity LiCuO; [3,
19] was absent in our sample. The spontaneous electric polarization parallel to the
c-axis (P,) evolves only below Tnz. The P, can be reversed with the opposite poling
electric field (E.). This indicates the ferroelectric nature of AF2 phase, and suggests
the correlation between ferroelectricity and magnetic properties. All these features
reproduced the results reported by Park et al. [2, 6], who proposed the sinusoidal
spin structure with collinear spins (parallel to the c-axis) for AF1. A recent theory
proposed the intriguing scenario of the novel cholesteric spin state for this phase [20].
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We measured the poling electric field dependence of spontaneous polarization and
confirmed that the saturation of P, was achieved above |E.| ~ 350kV/m. We also
measured dielectric constant parallel to the c-axis (¢.) and found peaks at both T
and T3, although previously only one peak at Ty was reported [2].

For the polarized neutron diffraction measurements, we focused on the ferroelec-
tric AF2 phase. Since different magnetic structures, such as the ab-spiral [3] and
the bc-spiral plus a-component structure [2, 6], have been proposed for this phase,
whether the magnetic moment is present along the c-axis was first examined. For
this purpose, we took the S, L Q setup (Fig.4.7a), where neutron spins were parallel
or antiparallel to the c-axis. To distinguish between the spin-flip and non-spin-flip
scattering, a Heusler analyzer was employed. In general, only the magnetic moment
perpendicular to Q contributes to the magnetic reflection of neutrons. For polarized
neutrons, furthermore, the magnetic moment parallel to S, produces the non-spin-
flip scattering and the moment perpendicular to S;, does the spin-flip scattering [21].
Figure4.7d shows the k-scan profile of the (1.5, 4+§, 0) magnetic reflection at 7K
(< Tn2). The observed modulation wavenumber, § ~ 0.175, is in accord with litera-
ture [3]. Since Q can be considered almost parallel to the a-axis in this configuration
(Fig.4.7¢), the b-component of magnetic moment (m;) contributes to the spin-flip
scattering while the c-component (1.) to the non-spin-flip scattering. Assuming the
common background for the both profiles, the integrated intensities are nearly equal
(spin-flip(mp)/mon-spin-flip(m.) ~ 0.9). This suggests the existence of the nearly
same weight of b- and c-components in the magnetic structure of AF2. This is con-
sistent with the bc-spiral (or plus some a-component) model [2, 6], and at least not
with the simple ab-spiral one [3].

Next, we attempted to observe the relationship between the polarization di-
rection and the chirality of spin spiral. For this purpose, we adopted the S;|Q
setup (Fig.4.7b), where neutron spins are parallel or antiparallel to Q. In this
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Fig. 4.8 a—d The k-scan profiles of the (1.5, +4, 0) magnetic reflections in the Sy, ||Q setup. The
labels “on” and “off”” show the state of neutron-spin flipper. Solid lines show the result of the
Gaussian fitting. e, f The geometrical relationships between spin chirality (helicity) and electric
polarization determined from the observed results

alignment, only spin-flip scatterings contribute to the magnetic reflection. Therefore,
no
polarization analysis is needed, and we employed the two-axes mode without an
analyzer. Figure 4.8a—d show the k-scan profiles of the (1.5, =4, 0) magnetic reflec-
tion at 7K! with various poling electric fields parallel to the c-axis (E.). E. was
applied at 30K (>7n71) and removed at 7 K just before the diffraction measurements
to obtain a single ferroelectric domain. With |E.| = 450kV/m, the difference of
intensity between £8 was clearly observed, and the relative intensity was confirmed
to be reversed by changing the sign of either S, or E.. These behaviors can be inter-
preted in terms of the E.-dependent vector chirality of the transverse bc-spiral spins
as follows.

According to Blume [18], the magnetic cross section for polarized neutron is
given as

d A~
(%) x Zexp{iQ(Ri - Rj)}[ﬂj “ni +iSn(n; x ’71’)] (4.2)
ij

Here n; denotes the component of m; perpendicularto Q, n; = Q X (m; X Q) where
Q Q/1Q] and Sn = S,/|Sy|. For simplicity, we take hereafter the approximation
that Sy || Q || @ and define abc — zxy, where z is the spin quantization axis. Then,
the spin vector chirality on the bc-plane can be defined as C = (; x n;)/In; x n;jl.
With use of the relations n; = (0", al.y ,0)and 0* = o* +ic”, the cross section for

! Slightly different wavenumbers between =8 is perhaps due to the misalignment of the sample.
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the (1.5, £4, 0) magnetic reflections can be expressed as

(:_;)i - ((%)C + (j—;)s (4.3)
where ‘
(Ga). = 2_os(QR —R))} - (0;"0}) (4.4)
L]
(j_(sfz)s x Z sin{Q(R; — R))} - (0,70 4.5)
LJ

For intuitive understanding, we tentatively treat the cross section in the classical
limit. Based on the results for the S;, L Q setup, we can assume the bc-spiral magnetic
structure plus several a-component:

m; = myp - ep - cos(quR;) + mc - e - sin(q,R;)
+mg - e, - sin(quR; +8") (4.6)

Here, e,, ep, and e, are the unit vectors along the a, b, and c-axis. Then, Eq.(4.3)
can be written as [17, 18]

(d—a) oc [m} +m? 2+ 2mp - me - Sa - QQ- O 4.7)
dQ/+

The last term predicts the different scattering intensities for &8, and the relation
can be reversed by changing the sign of either S, or C. In fact, this behavior is
clearly observed in the results with £, = +450kV/m (Fig.4.8a and b). This means
that Q - C is not zero, or in other words the magnetic structure of AF2 has the
spiral components in the bc-plane. Moreover, when the sign of E. is reversed, the
differential intensity relation is also reversed (Fig.4.8c and d). This indicates that
the spin chirality determines the direction of electric polarization. Conversely, the
observed electric control of spin helicity directly proves that the ferroelectricity of
LiCu,0; originates from the transverse-spiral (cycloidal) spin structure. Thus, the
inverse D-M model holds good even for the eg-electron spin system, or under possibly
large quantum fluctuation inherent to the frustrated S = 1/2 spins. The obtained
geometric relation between spin chirality and electric polarization is illustrated in
Fig.4.8e and f. The sign of the coupling constant in Eq. (1.10) is negative (A < 0),
which agrees with the theoretical prediction [22]. Note that the sign of A? is different
from the case of TbMnOs3 [17]. We also measured the profiles with £. = 0 and found
no difference for the intensity between £4 reflections nor between the neutron spin

2 Sign of the S;-dependent term in Eq. (4.7) is wrong in Ref. [17], because of the different definition
of Q from Ref. [18]. In the correct definition, A > 0 is obtained for TbMnQO3.
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Fig. 4.9 a Temperature dependence of electric polarization P for NaCuO,. b Antiferro-chiral
magnetic ground state for NaCu, O, determined by the neutron diffraction study on single crystal.
(Adapted with permission from [23, 24], ©2010 APS)

states. This should be due to the coexistence of opposite ferroelectric domains (or
clockwise/counter-clockwise spin-spiral domains) for the zero electric-field case.

Discussion

An unresolved problem at this stage is the ratio of scattering intensity between
the stronger and weaker reflections. From Eq. (4.7), the elliptic ratio of the spiral
spin, mp/m. (or m./myp), is estimated as |(v/Ion — ~/Torr)/(v/ToN + ~/IoFr)| for
the case of classical spin [17]. On the basis of the data shown in Fig.4.8a—d, this
expression gives m./myp (or mp/m.) = 0.09 ~ 0.20. On the other hand, the afore-
mentioned results on the S, L Q setup suggests the nearly equal value for m;, and m..
As the origin of this discrepancy, the coexistence of different polarity domains
might be suspected. However, we confirmed the saturation of electric polarization
at |E.| = 350kV/m, with the same (Al) electrode used in the neutron scattering
study. Also on the same sample, the Ag electrode was tested to confirm the identical
saturation value of electric polarization. Therefore, we believe that the single domain
state was realized in the S, ||Q setup, and the above apparent discrepancy should be
ascribed to a more intrinsic origin. The measured temperature (7 K) might not be
low enough to saturate the spin order. However, the P value at 7K already reaches
80-90 % of the 2K value (see Fig.4.6d); thermal fluctuation alone is not enough to
decrease the spin ellipticity m./myp.

Recently, several groups have suggested that the magnetic structure of AF2 would
be more complicated than the simple bc-spiral [1, 2, 6, 7]. Such complex magnetic
order must require some modification in Eq.(4.7). Notably, recent single-crystal
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neutron diffraction study by Capogna et al. concluded that the isostructural NaCu, O,
hosts the antiferro-chiral spin ordering between two adjacent chains [23], which leads
to the antiferroelectric state accompanied with the absence of electric polarization
(Fig.4.9) [24]. Since NaCuy0O; is confirmed to be free from the crystallographic
defects unlike the case of LiCu,0», the intense Li-Cu intersubstitution in LiCuyO;
may cause the small imbalance between two opposite spin-chirality and allow the
emergence of finite P. The seemingly strange P-flop behavior under H || b may
also arise from such complexity of magnetic order. Note however that even with any
other magnetic structure the observed difference for the opposite neutron spins Sy
reflects the chirality in the bc-plane (see Eq.(4.2)), thus supports the validity of the
inverse D-M mechanism.

One of other possibilities is the effect of quantum fluctuation. In case of S = 1/2
quantum-spin systems like LiCuyO,, the validity of the classical-spin treatment as
done in Egs. (4.6) and (4.7) is no longer guaranteed. For a more rigorous argument,
we have to go back to Eqgs. (4.3—4.5). According to these expressions, both (do /d€2),
and (do /dQ2); are the Fourier components (symmetric and antisymmetric, respec-
tively) of the same physical quantity 0i+o I Therefore, the distribution of scattering
intensities reflects the balance between symmetric and antisymmetric components
of ai+o._ for the S = 1/2 case. This may be the cause of the deviation from the
Eq.(4.7). For example, in the extreme case of quantum fluctuation where the spins
form the singlet state, the commutation that (aﬁqf) = (a;rof) holds, therefore
(do /d2); = 0 and no differential intensity should be observed. The experimental
observation of shrunk magnetic moment [8] implies the large quantum fluctuation
subsisting in the ordered spiral state. Therefore, the quantum fluctuation of the vec-
tor spin chirality is likely to result in the reduced differential £4§ reflection intensity
of polarized neutrons, as observed. Several latest theories indeed reproduced the
observed scattering profiles considering the effect of quantum fluctuation [25, 26].
For the thorough understanding, further analysis of the magnetic structure and its
quantum dynamics will be needed.

Conclusion

In this section, the polarized neutron diffraction study was performed on the quantum-
spin chain magnet LiCu,O;. We confirmed the coupling between spin vector chirality
of the transverse bc-spiral structure and the direction of electric polarization along
the c-axis. This proves that even with the eg-electron system under the large quantum
fluctuation the spin-current model or the inverse Dzyaloshinskii-Moriya mechanism
still works. The differential intensity of polarized neutron reflections show a clear
deviation from that expected for the classical bc-spiral spin structure, which may
reflect the complexity of magnetic order and/or the effect of quantum fluctuation in
this S = 1/2 chain compound.
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CuClz

Introduction

In this section, we investigate the magnetoelectric response in CuCl,, which also
possesses S = 1/2 edge-shared chain structure and cycloidal spin order as in the
case for LiCuyO; and LiCuVO,4. While frequent Li-Cu intersubstituion in Li-based
compounds seems to cause the conflicting experimental results and prevent the
appropreate interpretation of observed magnetoelectric response, CuCl; is expected
to be free from such crystallographic defects due to the large difference of the ionic
radius between Cu?* and Cl1~.

Anhydrous cupric chloride CuCl; crystalizes into distorted Cdl, form with mon-
oclinic C2/m space group and B = 122° [28]. While original CdI; structure consists
of the stacking of triangular lattices along the z-axis, they are extended along the
a-axis due to Jahn-Teller active Cu?*t ions (Fig.4.10a). As a result, CuCl, can be
regarded as the aggregate of edge-shared chains running along the b-axis, with CuCly
square plaquettes lying in the bc-plane (Fig.4.10b). Magnetism is dominated by the
intra-chain coupling between Cu’* (S = 1/2) ions, and competition between ferro-
magnetic nearest-neighbor interaction and antiferromagnetic next-nearest-neighbor
interaction stabilizes the helimagnetic ground state below 24K [27, 29, 30]. Re-
cent powder neutron scattering study suggested the cycloidal magnetic order prop-
agating along the b-axis, with spin spiral confined in the bc-plane (Fig.4.10b) and
propagation vector g ~ (1, 0.226, 0.5) [27]. While no dielectric measurements have
been reported, the latest calculation based on density functional theory (DFT) pre-
dicts emergence of ferroelectricity along the c-axis [27]. In the following, we report
the experimental discovery of FE and ME natures in CuCl,, and prove that the
IDM mechanism is still robust even under the strong quantum fluctuation. CuCl; is
also among the first example of non-chalcogen based spiral-spin induced multifer-
roics, which promises further discovery of unique magnetoelectric function in many
MX;-type compounds and other forms of halide compounds.*

Results

First, we performed the characterization of our single crystal specimen. As suggested
in [27], the ac-twin domains are expected to readily occur in CuCl,. To check this
possibility, we first performed ESR measurements under various directions of H
confined within the ac-plane (Fig.4.10d). Hereafter, we define 6y as the angle be-

3 For simplicity, hereafter we define the z-axis as the direction perpendicular to both a- and b-axes
(Fig.4.10c).
4 For the magnetoelectric response of other MX»-type halides, see “MX,-Type Halides with Cdl,
Structure” .
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Fig. 4.10 a—c Crystal struc-
ture of CuCl,, and P-direction

observed at the ground state. (a) . ol (b)
The bc-cycloidal spin order
suggested by Banks et al. [27] cr
is illustrated in (b), and also in g ‘
(c) with solid rounded square z (?* a
representing spin-spiral plane. b
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tween the a-axis and H-direction. Each observed profile can be fitted well with a
single Lorentzian resonance for all 8, indicating our crystal grown by the Bridgman
method has no crystallographic twinning. The deduced g-factor shows sinusoidal
0 -dependence (Fig.4.10e), whose maximum and minimum values agree well with
those previously reported for a twinned crystal [27].

Next, we measured 7T-dependence of magnetic susceptibility x, €, and P
(Figs.4.11a—c). x suddenly drops at Ty ~ 24 K, which signals the transition into a
spiral magnetic phase. Simultaneously, z-component of € (¢,) shows a sharp anom-
aly and a- and z-components of P (P, and P;) begin to develop. P-direction was
reversed for opposite sign of poling E, and no P, component could be confirmed.
These results imply strong correlation between helimagnetic and FE orders in CuCl,.
Based on the bc-plane helimagnetic structure suggested in [27], the IDM model as
well as the DFT calculation [27] predicts | P,/ P,| ~ 0.64 (i.e. P || ¢). This roughly
agrees with the observed | P,/ P;| ~ 0.70.

Figure4.11d and e indicate H-dependence of M, €, and P for H | b. At 4T,
M -profile shows a clear step as already reported [27, 31]. Concomitantly, €, shows
a sharp peak and both P, and P, are drastically suppressed. Since antiferromagnetic
spins favor to lie within a plane perpendicular to H, this transition should correspond
to a spin-flop into the ac-spiral spin state. The ac-spiral spin structure belongs to a
magnetic form called proper screw, where spin-spiral plane is perpendicular to the
modulation vector along the b-axis. The IDM model predicts P = 0 for this type
of spin order due to the relationship (S; x ;) || é; ;I b, which is consistent with
the observed suppression of P. Figure4.11f summarizes the obtained H — T phase
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Fig. 4.11 Temperature dependence of a magnetic susceptibility x, b dielectric constant €, and ¢
electric polarization P. In d and e, H-dependences of magnetization M, €, and P under H || b
are indicated. Large and small arrows denote corresponding ordinate scale of physical quantity and
direction of field scans, respectively. f H — T phase diagram for H || b. Circles, squares, triangles
are the data points obtained from M, € and P profiles, respectively. Open (closed) symbols are taken
from T'- (H-) increasing runs

diagram for H || b. The boundary of the FE phase always coincides with that for
magnetic phases, which proves the interplay between FE and helimagnetic natures.

We further investigated the properties under H L b. Here, we adopt the same
definition of 8 as used for ESR measurements. Figure 4.12aindicates H-dependence
of M measured at various 6. While no magnetic transition has been reported for
H 1 b [31], we found a clear signature of spin-flop at Hsg ~ 4 T most pronounced
around 0y = 100°. 6y -dependence of x (= M/H) was also measured (Fig.4.12b),
and x sinusoidally changes with minimum at 6 ~ 100° below Hsp. In general, the
sharpest transition of spin-flop as well as the minimum value of x should be observed
when H is applied parallel to the magnetic easy-plane. These results imply the mag-
netic easy-plane, i.e. spin-spiral plane at the ground state, is tilted from the originally
suggested bc-plane toward the bz-plane by about 20° (Fig.4.10c). Above Hsp, x
still modulates sinusoidally but with different x-minimum position at 6y ~ 122°
(i.e. H || ¢). With H> HsF, the gain of Zeeman energy exceeds the energy loss due
to magnetic anisotropy, and continuous rotation of spin-spiral plane is expected. In
this case, 0y -dependence of x rather reflects the anisotropy of g-value [32], whose
minimum is also confirmed to appear at H || ¢ (Fig.4.10e).

To investigate the behavior of P under H rotating around the b-axis, we simul-
taneously measured P, and P, using two pairs of electrodes. Thus, both P and H
can be expressed as vectors within the ac-plane. We also define 6p as the angle be-
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Fig. 4.12 a H-dependence of M taken under various directions of H around the b-axis. The base
lines of data are arbitrarily shifted. b Angle-dependence of x measured under H L b. Dashed
lines indicate the fits with sinusoidal function. c—e Corresponding development of z-component of
€ (e;) as well as z- and a-components of P (P; and P,). Before measurements of P, the specimen
was cooled at 0y = 0 with poling E applied along the z-axis. Dashed lines indicate the behavior
expected from Eq. (4.8). Arrows indicate the direction of H -rotation

tween the a-axis and observed P-direction (Fig.4.13d). Figure4.12d and e indicate
6g-dependences of P, and P, measured at 5T. When H is rotated by 180°, P-
direction is always found to be reversed. To see the behavior of P more straightfor-
wardly, the trace of P is plotted in the P, — P plane (Fig.4.13a). It forms a shaEe
like elongated ellipse. In Fig.4.13b and ¢, 0 -dependences of | P| (magnitude of P)
and Op are indicated. 6p takes almost constant value around 6p = 120 or 300°, sug-
gesting the major axis of observed P-ellipse is pointing at the c-axis. If we assume
that H is always perpendicular to the spin-spiral plane, i.e. H || (S; x §;), the IDM
model predicts P = 131 | cifor HLec (Fig.4.13e) and P = 132 1 cfor H I ¢
(Fig.4.13f). For general 0y, P is given as

P = Py sin(122° — 0) + Py cos(122° — 0p), (4.8)

which forms an ellipse-shaped trace with Py and P, as the major and minor axes,
respectively. From the | P|-profile, we deduced |P;| ~ 31 and |ﬁ2| ~ 2uC/m?.

In Fig.4.12d and e, the P-behavior expected from Eq. (4.8) is plotted as dashed
lines. While the calculated P-profile roughly agrees with the observed one, small gap
still exists between them. This deviation reverses its sign at 0y ~ 100°, where H be-
comes parallel to the magnetic easy-plane. Correspondingly, € also shows small
anomaly at 8y ~ 100° (Fig.4.12c). These behaviors can be well explained by
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assuming that the spin-spiral plane is tilted from the originally expected H I (§,~ xS i)
position toward the magnetic easy-plane. A similar effect of magnetic-anisotropy
drag on P has also been observed in the H -rotating experiment on Euj_, Y, MnO3
[33].

Thus, we conclude that the IDM scheme can well reproduce the observed FE and
ME natures, even for CuCl, with § = 1/2 quantum spin chains. Note that P || ¢
relationship observed at 0T can be justified even with a slight revision of the originally
suggested bc-spiral spin structure, since deduced ratio | Py|/ |P2| ~ 15 is quite large.
Interestingly, when H and spin-spiral plane is rotated counter-clockwise, P is found
to rotate clockwise (Fig.4.13a). This is in contrast with the case for Eu;_, Y, MnO3
[33], where both H and P rotate in the same direction. The observed manner of
P-rotation and large |P1 |/ |P2| ratio are in accord with the recent DFT calculation
for edge-shared CuO, chain compounds [34], and these features would reflect the
anisotropy and sign of coupling coefficient A in Eq. (1.10).

Finally, we compare the present magnetoelectric response with that reported for
LiCuVOy. In CuCl,, it seems that applied magnetic field above 4 T can reorient the
spin-spiral plane along any direction. H | ¢ induces the proper screw spin state
with P = 0, and H orthogonal both to the original spin spiral-axis and g-vector
induces the 90°-rotation of spin-spiral plane and P-direction around the g-vector,
while H parallel to the original spin-spiral axis leaves both spin-spiral plane and
P-direction unchanged. These behaviors perfectly agree with those reported for
LiCuVOy4 by Schrettle et al. (Fig.4.5) [10]. This implies that the presently observed
magnetoelectric response can be commonly observed in helimagnets with similar
edge-shared chain structure, with some exceptional case such as LiCuy O, probably
characterized by more complex magnetic order rather than simple cycloid. While
Yasui et al. has reported the conflicting results for LiCuVOy4 (absence of P | ¢ in
the spin-flopped state under H || a) [12], this seems to originate from the problem
of measurement accuracy or crystallographic imperfection of their single crystal.
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Conclusion

In this section, we have experimentally revealed magnetically-driven ferroelectric-
ity in an S = 1/2 chain helimagnet CuCl,, which is expected to be free from the
crystallographic defects reported in Li-based compounds. Observed P-behaviors
under applied H can be reproduced well within the framework of the inverse
Dzyaloshinskii-Moriya model, suggesting the robustness of this ME coupling mech-
anism even under the effect of strong quantum fluctuation.

Summary

In this chapter, we investigated the magnetoelectric response of § = 1/2 chain
halimagnets, and testified the validity of the inverse D-M mechanism under the strong
quantum fluctuation. We briefly summarize the results obtained in each section.

LiCu»0,

By employing the polarized neutron diffraction technique, we established the
existence of helimagnetic spin component within the bc-plane. This means that the
previously reported simple ab-cycloid spin structure is incorrect. We also demon-
strated that the reversal of P-direction always leads to the reversal of vector spin
chirality (S; x S;). These results resolves the reported contradiction between spin
structure and observed P-direction, and proves that the inverse D-M mechanism is
still effective to describe the magnetoelectric coupling in this compound.

CuCl,

We investigated the magnetoelectric response of CuCl,, and discovered the emer-
gence of ferroelectricity in the cycloidal magnetic ground state. The application of
H || q induces the disappearance of ferroelectricity, while rotation of H around the
g-vector leads to the rotation of P-direction. Such complex magnetoelectric response
can be well reproduced by the inverse D-M model. The observed magnetoelectric
response for CuCly is quite similar to that reported for LiCuVO4 by Schrettle et al.,
which suggests that the conflicting results reported for LiCuVOy4 by Yasui et al. is
probably caused by the crystallographic imperfection in their specimen.

Based on the above results, we concluded that the magnetoelectric response in
S = 1/2 quantum chain helimagnet can be explained well within the framework of
the inverse D-M model.
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Chapter 5
Summary

Conclusion

In this thesis, we investigated the magnetoelectric response in two typical forms of
frustrated spin systems; triangular lattice antiferromagnets (Chap.3) and S = 1/2
chain helimagnets (Chap.4). The brief summaries for individual experiments are
given at the end of each chapter. In the following, we provide the more general
conclusions for each system.

Magnetoelectric Response in Triangular Lattice
Antiferromagnets

e We discovered that various types of proper screw spin oder and 120°-spin order
on stacked triangular lattices can induce ferroelectricity along the direction per-
pendicular to the spin-spiral plane, as demonstrated for CuFe;_,Ga,0;, ACrO;
and Mnl,. The spin structure and induced P-direction for each compound is sum-
marized in the left side of Fig.5.1. While this behavior can be justified from the
viewpoint of the symmetry, the microscopic origin of observed magnetoelectric
coupling is not trivial. Since both exchange striction and inverse D-M model denies
the appearance of electric polarization for these spin textures (except for the case
of Mnlj in the low- H region), our results suggest that some other magnetoelectric
coupling mechanism originating from spin-orbit coupling is active on the trig-
onal lattice. The observed magnetoelectric coupling can be partly explained by
the recent model suggested by Arima [1] and Jia et al. [2] (i.e. modulation of
hybridization strength between metal 3d-state and oxygen 2 p-state via spin-orbit
interaction), while further theoretical investigation would be indispensable for the
thorough understanding.

e The symmetry of triangular lattice often hosts several equivalent multiferroic
domains with different P-directions, and we found that field-induced rearrange-
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Fig. 5.1 The relationship between various types of spiral spin orders and induced P-direction on
the stacked triangular lattices. Here, we define the vector spin chirality C = S; x S;, which is
perpendicular to the spin-spiral plane. q denotes the in-plane component of magnetic modulation
vector. The behaviors of P-vector under magnetic field rotating around the c-axis are also indicated.
The materials highlighted by bold font are investigated in this thesis

ment of domain distribution can lead to unique magnetoelectric response. The
observed directional change of P-vector under magnetic field rotating around the
c-axis is summarized in the right side of Fig.5.1. Here, CuFe;_,Ga,O; and Mnl,
with proper screw spin order shows discontinuous flop of P-vector (and g-vector),
while CuCrO; with easy-axis type 120°-spin order shows smooth rotation of
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P-vector (and spin-spiral plane). Such a difference probably reflects the strength
of in-plane magnetic anisotropy and/or degree of freedom of g-vector. Notably,
the chirality of spin-spiral is found to be always preserved upon the g-flop tran-
sition in CuFe|_,Ga, O, and Mnl,, although generally magnetic field cannot lift
the degeneracy of two possible uniform spin-chiral state. This suggests that the
choice of odd chirality upon the g-flop probably reflects the relative stability of
the specific form of multiferroic domain wall.

e We also investigated the dynamical aspects of triangular lattice antiferromagnets.
By employing the terahertz time-domain spectroscopy and detailed polarization
analysis, we discovered an unique electromagnon (electric-field-active magnon)
excitation in the paraelectric 11 | collinear magnetic phase of CuFe;_,Ga,O>.
This electromagnon mode is found to vanish in the ferroelectric helimagnetic
phase. These facts prove that neither ferroelectricity nor noncollinear magnetism
is anecessary condition for the appearance of electromagnon excitation. While pre-
vious reports of electromagnon excitations are limited to ferroelectric helimagnets
and are believed to arise from the exchange striction mechanism, the present anti-
correlation with noncollinear magnetism excludes the exchange-striction mecha-
nism as the origin of dynamical magnetoelectric coupling in CuFe;_,Ga,O,. This
implies the first experimental observation of spin-orbit coupling mediated elec-
tromagnon in the present compound, which may share the same magnetoelectric
coupling mechanism with the magnetically-induced ferroelectricity in the static
regime. Similar electromagnon excitation may possibly be observed for a wide
variety of other paraelectric collinear magnets.

Magnetoelectric Response in S = 1/2 Chain Helimagnets

e While the one-dimensional chain helimagnets are seemingly the ideal model com-
pounds to testify the prediction of the inverse D-M mechanism, the early two
examples of such chain helimagnets with S = 1/2 (LiCuyO, and LiCuVOy)
are reported to show magnetoelectric response inconsistent with the prediction of
inverse D-M model. To testify the validity of inverse D-M model in the present sys-
tem, we first performed the polarized neutron diffraction experiment on LiCu,O5.
We established the existence of helimagnetic spin component within the bc-plane,
and prove that the previously reported simple ab-cycloid spin structure [3] is
incorrect. We also demonstrated that the reversal of P-direction always leads to
the reversal of vector spin chirality (S; x S;). These results resolve the reported
contradiction between spin structure and observed P-direction, and prove that the
inverse D-M mechanism is still effective to describe the magnetoelectric coupling
in this compound. We also performed the dielectric measurements for another
S = 1/2 chain helimagnet CuCl,, and discovered magnetoelectric response quite
similar to that reported for LiCuVO4 by Schrettle et al. [4]. Observed behaviors
are reasonably explained by the inverse D-M model, which suggests that the con-
flicting results reported for LiCuVOy4 by Yasui et al. [5] is probably caused by the
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crystallographic imperfection in their specimen. Based on the above results, we
concluded that the magnetoelectric response in § = 1/2 chain helimagnets can be
explained well within the framework of the inverse D-M model, even under the
strong quantum fluctuation inherent in the present system.

Our present results largely expand the candidate materials which can host unique
magnetoelectric response (such as non-volatile multiple-valued switching of P-
direction by magnetic field or ultrafast control of magnetism by electric field), and
also provide some additional guideline for the material design of such multiferroics
compounds. We believe that these discoveries would contribute to the future appli-
cation of multiferroics, such as H-controled FeRAM or novel optoelectronic device.

Perspective for the Future

In addition to the several problems suggested in the last section, we also present
some relevant but unresolved topics for the future study.

Topological Defects in Magnetically-Induced Ferroelectrics

As discussed in “Magnetic Digital Flop of Ferroelectric Domain” and “Mnl, with
Proper Screw Spin Order” , the nature of multiferroic domain wall often plays an
crucial role to determine the P-behavior under applied magnetic field. Since the
properties of domain wall has been left almost unexplored even for the conventional
helimagnets, further theoretical analysis as well as the direct observation of domain
wall structure is highly demanded. Note that the form of defects in the ordered state
depends on the underlying interactions and lattice geometry; 120° spin order on
triangular lattice is suggested to host characteristic topological defects called Z>-
vortex [6, 7].

These defects are generally characterized by the additional local symmetry reduc-
tion, and are expected to host some unique properties that is not expected in the
homogeneous ground state. For example, some specific form of domain wall in
ferroelectric antiferromagnet BiFeOs is reported to host conductive nature, despite
the insulating property in bulk phase [8]. Some other theory has also predicted the
local enhancement of magnetization at the ferroelectric domain wall region [9].
The strong magnetoelectric coupling in magnetically-induced ferroelectrics should
provide interesting features to various type of topological defects, and further inves-
tigation of their properties would be very promising.

Role of Anion for the Magnetically-Induced Ferroelectricity

As discussed in “M X,-type Halides with Cdl, Structure”, M X» is the first exam-
ple of non-chalcogen based spiral-spin induced multiferroics, while so far the study
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of ferroelectric helimagnets is almost limited to oxides. At this stage, the observed
P-values in helimagnetic halides (~30 wC/m? for CuCl, and ~80 j.C/m? for Mnl,)
are comparable with that observed for other helimagnetic oxides (2, 000 ~ 5 wC/m?).
According to Jia et al. the magnitude of induced P is enhanced with stronger metal-
ligand hybridization and larger spin-orbit coupling [10]. In this context, the choice
of larger anion may enhance the induced P-value, since larger anion with lower
electronegativity leads to smaller charge transfer gap and larger spin-orbit coupling.
While the magnitude of P also depends on the lattice geometry and magnetic struc-
ture, the series of VCly, VB, and VI, share the same Cdl,-type structure and easy-
axis type 120°-spin order [11-13]. Systematic investigation of these compounds
would offer a valuable information on how the choice of anion affects the magnitude
of induced P. This may also contribute to the establishment of the general rule to
obtain the larger magnetoelectric response.
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