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Abstract of the Dissertation
Multiferroicity and Magnetoelectric Effect in Novel Complex Oxides
by
Young Jai Choi
Dissertation Director:

Sang-Wook Cheong

Multiferroic materials, in which ferroelectric and magnetic ordering are simultaneously
present, exhibit unprecedented physical properties due to the coupling between electric and
magnetic order parameters. The significant cross-coupling effects in the newly found
materials have invigorated research in multiferroics as they offer a new route toward
fundamental understanding of how spin and lattice degrees of freedom interact and
produce macroscopic phenomena. Furthermore, the emergence of multiple functional
properties in such materials has stimulated the application in future generations of novel
devices in which polarization can be controlled by a magnetic field or vice versa. Recently,
the search for an enhanced coupling between dual order parameters has led to discoveries
of new class of materials called magnetism-driven ferroelectrics. In such materials,
ferroelectricity is induced by a fundamental new mechanism, by which magnetic orders
with broken inversion symmetry result in ferroelectric distortions through exchange
striction. The magnetic origin of their ferroelectricity engenders highly sensible
ferroelectric properties to applied magnetic fields. Herein, we present discoveries of new
multiferroics which reveal intriguing interplays between ferroelectricity and magnetism:

(1) Thermal and magnetic reversal of electric polarization in the conical spiral multiferroic,



CoCr;04, (2) Collinear-magnetism-induced ferroelectricity of the Ising chain magnet
CazCoMnOg, and (3) Multiferroicity in the square-lattice antiferromagnet of Ba,CoGe,0O;.
The rich physical phenomena among these new materials unveil a fascinating nature of

multiferroicity.
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Chapter |

Introduction to Recent Progress in Multiferroics



1. Multiferroics

The ordering of spins comes into play in magnetic materials, and ferroelectricity
is the electric version of magnetism, associated with the polar arrangement of charges.
Magnetism and ferroelectricity are known to coexist in a special class of materials termed
multiferroics [1-6]. Large cross-coupling effects between magnetism and ferroelectricity
in multiferroics have been the primary drive of multiferroics research. The search for
strongly coupled magnetism and ferroelectricity recently led to a series of discoveries of
new materials, called frustrated magnets, such as RMnO3, RMn,Os (R: rare earth),
Ni3V;,0g, delafossite CuFeO, and ACrO, (A=Cu, Ag), MnWOQO,, hexagonal ferrite
(Ba,Sr),ZnyFe ,0,,, spinel CoCr,04, LiCu,0,, Caz(Co,Mn)Og, CuO, and FeVO, [7-22].
In spite of weak magnetoelectric coupling or small magnitude of electric polarization
(two to four orders smaller in magnitude than typical ferroelectrics), such materials are
unique in that electric properties are highly sensitive to external magnetic fields. The
reason for the susceptible dielectric properties is significantly due to their ferroelectricity,
which is originated from complex spin structures in frustrated magnets [23-25]. Recently,
high tunability of dielectric properties by applied magnetic fields, such as reversibly
flipping ferroelectric polarization [5, 8] (FIG. I. 1(a)) or a drastic change of dielectric
constant with applied magnetic fields [5, 10] (FIG. 1. 1(b)), has been found in
magnetically-driven ferroelectrics where magnetic orders with broken inversion
symmetry accompany the occurrence of ferroelectric polarization.

There are two microscopic mechanisms proposed to explain this effect. One
involves lattice relaxation through exchange striction in the magnetically ordered states.

In cases when ferroelectricity is induced by spiral magnetic order, the ionic
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FIG. I. 1. High magnetic tenability of magnetic ferroelectrics (a) Highly reversible
polarization switching along the b axis, activated by magnetic fields along the a axis in
TbMn,0s. (b) Temperature dependence of dielectric constant along the b axis in
DyMn;,Os. The step-like increase in dielectric constant below ~25 K strongly depends on
applied magnetic fields along the a axis. [5, 8, 10]



displacements are due to the antisymmetric exchange known as the Dzyaloshinski-
Moriya (DM) interaction, although in some cases, the symmetric exchange is relevant
[23]. The other mechanism involves electric charge distortions due to the relative
coupling of electrons, with the spin-orbit interaction that occurs without lattice relaxation
as the primary driving force [25]. The relative importance of these quite distinct

mechanisms remains to be determined.

2. Proper and Improper Ferroelectrics

In proper ferroelectrics, structural instability associated with the change in
chemical bonding is a primary driver for ferroelectricity. Such materials have been
mostly found in transition metal oxides having perovskite structure, ABOs, as shown in
FIG. L. 2. The large cations in A sites occupy the corners in the cubic unit cell and the
small cation in B site lies at the center of an octahedron formed by oxygen anions. A
classic example of ferroelectric perovskite, BaTiOs; has Ti*" ions in the B site with no
electrons in the 3d shell, and they tend to form strong covalent bonds with neighboring
O™ ions. As a result, the hybridization between the Ti 3d states and the oxygen 2p states
softens the Ti-O repulsion and allows ferroelectric instability [26].

Dissimilar from the ferroelectricity in transition metal oxides where transition
ions have empty d shells, magnetism requires transition metal ions with partially filled d
shells because the long-range magnetic ordering results from the exchange interaction
between the uncompensated magnetic spins of different ions. In spite of the mutual
exclusiveness of these two properties, some proper ferroelectrics such as BiMnOj; or

BiFeO; contain magnetism arising from Mn®" and Fe’" ions. Ferroelectricity results from
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FIG. I. 2. Cubic perovskite ABOj3 structure (high temperature phase): The large cation in
A site (yellow balls) occupy the corners in the cubic unit cell. The small cation in B site
(a blue ball) lies at the center of an octahedron formed by oxygen anions (silver balls).
For BaTiOs, the arrow indicates the relative displacement of a Ti ion to O ions when

ferroelectric and tetragonal structure transitions occur at 393 K.



off-centered Bi** ions with two electrons on the 6s orbital, enclosed by neighboring O*
ions [27]. In BiMnOj ferroelectricity sets in below ~800 K and ferromagnetic spin order
appears at ~110 K, below which two properties coexist [28]. However, because of
different origins for ferroelectricity and ferromagnetism, and large gap in transition
temperatures between two properties, the expected cross-coupling effects between them
would not be strong although this material shows particularly large magnetization and
polarization. For instance, the change in dielectric constant appears insensitive to applied
magnetic fields and does not exceed 0.7 % around the magnetic transition in 9 T (FIG. L.
3) [28].

Unlike the proper ferroelectrics discussed so far, in improper ferroelectrics
polarization is just a part of a more complex lattice distortion or an accidental by-product
of some other ordering [29]. An example is the rare earth hexagonal manganite (RMnOs,
R=Ho-Lu and Y), where the hexagonal structure arises from the smallness of the ionic
radii of the rare-earth ions and the presence of covalent Mn-O bonds (note that RMnOj3
with larger R ions such as La-Dy forms into orthorhombic perovskite structure).
Recently, it has been confirmed that the ferroelectricity in YMnOs results from a
buckling of the MnOs polyhedra, combined with unusual Y coordination and the
triangular and layered MnOs network (FIG. 1. 4) [30, 31]. Another mechanism towards
polar arrangement of charges is to utilize charge ordering in a non-symmetric manner. In
many narrow band metals with strong electronic correlations, charge carriers become
localized at low temperatures and form periodic superstructures. An example has recently
been suggested in manganite Pr;Ca,MnO; [32]. The possible coexistence of site-

centered and bond-centered charge distribution lacks inversion symmetry and leads to a
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FIG. L. 3. (a) Isothermal magnetization and (b) field-induced change in dielectric constant

as a function of a magnetic field at various temperatures of BiMnOs [28].
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FIG. I. 4. The crystallographic structure of YMnO; [30]. (a) Top view of paraelectric
phase, showing hexagonal in-plane structure. (b) Calculated atomic positions of the
centrosymmetric structure (¢) A view of the ferroelectric phase from perpendicular to the
¢ axis, showing the layered nature of YMnOs. (d) Ferroelectric structure. The arrows

indicate atomic displacements with respect to centrosymmetric structure.



net polarization (FIG. I. 5(a)). It has also been reported that the charge ordering in
LuFe,04, while crystallizing in alternate stacking of triangular lattices with mixed
valence of Fe ions, induces electric polarization [33]. The average valence of Fe ions in
LuFe,04 is +2.5 and below the charge ordering temperature, ~350 K, the layers tend to be
arranged with alternating ratios of Fe*" and Fe’" ions (2:1 and 1:2). Thus, the charge
transfer from one to the next layer gives rise to net ferroelectric polarization, as depicted
in FIG. I. 5(b). The last example is the magnetism-induced ferroelectrics, where
competing nature of frustrated magnetic spins results in complex magnetic structures
accompanied by broken inversion symmetry, leading to ferroelectric polarization. The
details of theoretical understanding and experimental realization for such compounds are

discussed in Section 3 and 4.

3. Spiral-Magnetism-induced Ferroelectricity

Theoretical insight into the remarkably observed cross-coupling effects between
electric and magnetic properties is based on the symmetries of two different order
parameters, i.e. electric polarization and magnetization. Polarization and electric field
change their signs on the inversion of all coordinates but remain unchanged on time
reversal whereas magnetization and magnetic field are invariant on coordinate inversion
and change their signs on time reversal. Due to the different transformation properties,
for static P and M, nonlinear coupling can only be allowed, resulting from interplay of
charge, spin, lattice and orbital degrees of freedom [5, 24]. If the magnetic ordering is
inhomogeneous over the crystal, symmetries allow for the third-order term, PMJM , and

give magnetically-driven ferroelectric polarization in cubic crystals as the form of
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FIG. 1. 5. Ferroelectricity in charge-ordered systems [5, 32, 33]. Red/blue balls
correspond to cations with more/less positive charges. (a) Ferroelectricity induced by
coexistence of site-centered and bond-centered charge orders in a chain. (b) Induced
polarization by charge ordering in bilayered LuFe,O4 with a triangular lattice of Fe ion in

each layer.
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Poxc[(M:-0)M—-M(0-M)] [24]. In this induced polarization, spatial variations of
magnetic ordering would let frustration come into play. For instance, in a spin chain, the
nearest-neighbor ferromagnetic interaction produces uniform spin order along the chain
as a ground state. The next-nearest neighbor antiferromagnetic interaction frustrates the
spin order and when sufficiently strong, stabilizes a spiral magnetic state,

S, =S [Xcos(Q-r, )+ psin(Q-r,)], where X and y are orthogonal unit vectors and Q is the

wave vector. Spiral magnetic states are characterized by two vectors; the modulation wave

vector Q and the spin-rotation axis e (along the z axis). The induced electric dipole

moment in spiral-magnetic ferroelectrics is orthogonal both to Q and e; P oc & x Q [24].
As an intriguing aspect, a spiral magnetic state spontaneously breaks time and inversion
symmetries. Thus two spiral states are mutually accessible by space inversion operation
as shown in FIG. 1. 6 and the sign of polarization is determined by spin rotation direction.

A proposed microscopic mechanism involves lattice relaxation through exchange
striction in the magnetically ordered states. In cases when ferroelectricity is induced by
spiral magnetic order, the ionic displacements are due to the antisymmetric exchange

S xS

n,n+l n n+l

known as the Dzyaloshinski-Moriya (DM) interaction, D [5, 23]. The

Dzyaloshinski vector D is proportional to the spin-orbit coupling constant and depends on
the position of the oxygen ion between two magnetic ions. The DM interaction favors
non-collinear spin ordering. FIG. I. 7 depicts oxygen displacement depending on relative
spin coupling between two adjacent magnetic ions and induced electric moment. If the
alternating sign of spin chirality, i.e. sign (S, xS

), constitutes a chain as seen in FIG. L.

n+l
7(c), then weak ferromagnetism can be induced and net polarization does not exist [5, 6].

On the other hand, as shown in FIG. 1. 7(a) and (b), with a spiral-type magnetic ordering,
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FIG. 1. 6. Two domains of spiral structure. They are mutually convertible by space

inversion operation. Red and purple arrows denote the spiral wave vector and the

direction of induced polarization, respectively.
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FIG. 1. 7. Oxygen displacement, and electric moment depending on the type of
noncollinear spin order. (a) Counterclockwise spiral with upward net polarization. (b)
Clockwise spiral with downward net polarization. (c) Weak ferromagnetism without net

polarization. [6]
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the induced local polarizations by the inverse DM effects are unidirectional along the
chain, leading to a net polarization perpendicular to the direction of the spin wave vector
[5, 23].

The prototypical example of spiral-magnetism-induced ferroelectricity is the
orthorhombic perovskite Eug75Y02sMnOs  [34]. Eup75Y02sMnO; undergoes two
successive magnetic transitions at ~50 and 30 K corresponding to a collinear sinusoidal
antiferromagnetic state and a spiral ferroelectric state, respectively (FIG. I. 8). The
anisotropic magnetic susceptibility implies a magnetic spiral with the easy ab plane (i.e.
spin rotation vector along the ¢ axis) and a propagation wave vector along the easy b axis
below 30 K. As expected from P oc e x Q, polarization emerges along the a axis (FIG. I.
9(a)). In a strong magnetic field along the a axis, the spiral plane tends to be
perpendicular to the magnetic field direction, i.e., spin-flop transition by rotating 90°,
resulting in polarization along the c-axis (FIG. I. 9(b)). As shown in FIG. 1. 9(c), in 9 T
along the a axis, the ab spiral plane is overtaken by the bc plane. Thus polarization along
the a axis significantly decreases and polarization along the ¢ axis appears.

Another interesting type of spiral magnet was found in LiCu,O, which reveals
intriguing complex spiral structure associated with the quantum quasi-one-dimensional
(1D) S=1/2 nature of the system. LiCu,0O; consists of an equal number of Cu'"and Cu*"
ions [18]. The magnetic Cu®" ions carry S=1/2 and form 1D S=1/2 chains along the b-axis.
A typical condition for obtaining a spiral magnetic order is when in a chain magnet the
nearest-neighbor ferromagnetic coupling (Jr) competes with the next-nearest-neighbor
antiferromagnetic coupling (Jar). In a classical regime, it is well known that when |Jg/

Jap| is larger than 1/4, a spiral order with 2mé=cos™(1/|4J:/Jar]) (pitching angle
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FIG. I. 8. Anisotropic magnetization as well as the dielectric constant along the
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FIG. 1. 9. (a) Spiral spin state of (Eu,Y)MnOs in zero magnetic field. In H=0 T,
polarization appears along the a axis with the spiral a-b plane and Q//b. (b) For H//a, Mn
spins undergo spin-flop transition, leading to the polarization along the ¢ direction. (c)
Temperature dependence of ferroelectric polarization in Eug75Y¢25sMnO; [34]. For H//a,
Mn spins are overtaken by the b-c¢ plane around H=9 T, leading to decrease in P, and

increase in P..
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= 2n{) becomes the ground state [35]. Even though it has been controversial, LiCu,0;
appears to be a wonderful example of this 1D spiral magnet with Jr.=—-11 + 3 meV and
Jar=+7 £ 1 meV [36-38]. The phase diagram of LiCu20:2 (FIG. 1. 10(a)) shows the
presence of a paraelectric/paramagnetic state, a ferroelectric (FE) state with P,, and a FE
state with P.induced by H,. The proposed spiral spin structure in zero magnetic field is
consistent with the presence of a finite electric polarization along the c¢ axis. Electric
polarization emerges along the ¢ direction below the spiral magnetic order temperature,
but changes from the ¢ to a axis when magnetic fields (H) are applied along the b
direction (FIG. I. 10(b,c)). It was also found that P, increases with H., and P, appears with
H, LiCu;0;1n zero field appears to be a prototypical example of the “1D spiral-magnetic
ferroelectrics”. However, the unexpected behavior in H# may demonstrate the complexity

associated with the quantum and fluctuating nature of the 1D S=1/2 magnet.

4. Collinear-Magnetism-induced Ferroelectricity

Spiral magnetic order is not the only possible route towards magnetism-induced
ferroelectricity. In RMn;Os (R=Tb — Lu), for example, a nearly-collinear acentric
magnetic order with broken inversion symmetry was proposed to be responsible for
ferroelectricity [5, 39]. In more detail, YMn,Os shows three sequential magnetic
transitions: incommensurate sinusoidal ordering of Mn spins at ~45 K, commensurate
antiferromagnetic ordering at ~40 K at which ferroelectricity emerges, and reentrant
incommensurate sinusoidal ordering at ~20 K (FIG. L. 11(a)). FIG. L. 11(b) depicts spin
ordering in the nearly collinear phase of YMn,Os below the 2" transition. Mn®" and Mn*"

ions are surrounded by O atoms, which form pyramids and octahedra, respectively.
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Green dashed lines indicate antiferromagnetic zigzag chains along the @ axis and in the
ab plane five Mn atoms form a loop. In spite of antiferromagnetic coupling of all bonds
in a loop, odd number of spins gives rise to frustration and favors more complex
magnetic structures. As a result, parallel (red dotted ellipsoid) and antiparallel (blue
dotted ellipsoid) spin pairs across the antiferromagnetic zigzag chains form along with
alternating Mn’" and Mn*" ions. The antiferromagnetic nearest-neighbor spin coupling
and exchange striction result in expanding bonds of parallel spins and contracting bonds
of antiparallel spins. The resulting Mn’" distortions induce ferroelectric polarization
along the b axis. On the other hand, a latest study of neutron diffraction on YMn,Os
determines complex spiral spin structures and the presence of Mn*" spiral chains along
the ¢ axis also contributes to polarization along the b axis. Thus, the dominant
contribution to the b-axis polarization is currently uncertain.

A simple and conceptually important model in which a collinear spin order
induces ferroelectricity through symmetric superexchange has been discussed [5]. As
illustrated in FIG. I. 12(a), up-up-down-down ( TN )-type spin order can be constructed
using an Ising spin chain with competing nearest-neighbor ferromagnetic (Jy) and next-
nearest-neighbor antiferromagnetic (Jar) interactions, being |Jag/Jp[>1/2. If the charges of
magnetic ions alternate along the chain, this magnetic ordering breaks inversion
symmetry on magnetic sites. Favoring ferromagnetic nearest-neighbor spin coupling, ions
are shifted away from centrosymmetric positions (dotted red circles), inducing electric
polarization via exchange striction along the chain direction. This theoretical prediction
has been remarkably realized in an Ising chain magnet of Ca3(Co,Mn)O¢ [19] and more

details are discussed in Chapter III. Another possible example has also been suggested for
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perovskite YNiOs. As seen in FIG. I 12(b), TTI4 spin order in the ab plane combined
with charge ordering (slight valence difference of alternating Ni ions) would induce

ferroelectric polarization along the diagonal direction.
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FIG. L. 12. (a) Polarization induced by exchange striction of alternating magnetic ions
having up-up-down-down spin order. (b) Possible polarization along the diagonal

direction in the ab plane of YNiOs. [5]
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1. Introduction

Magnetism and ferroelectricity are known to coexist in a special class of
materials termed multiferroics [1, 2]. Large cross-coupling effects between magnetism
and ferroelectricity in multiferroics have been a primary driver of multiferroics research.
Magnetically-driven ferroelectrics where magnetic order with broken inversion symmetry
accompanies the occurrence of ferroelectric polarization, have been of great recent
interest, the first example of which was reported by Newnham et al. [3] and termed
magnetoferroelectricity. Recently, high tunability of dielectric properties by applied
magnetic fields, such as reversibly flipping ferroelectric polarization or a drastic change
of dielectric constant with applied magnetic fields, has been found in such materials. [4-
6] Spinel CoCr,04, which shows a complex conical spiral ferrimagnetic spin order [7], is
unique among such materials [3, 8-15] in that it has a spontaneous magnetization M, and
the spiral component induces the observed electric polarization P [12]. (All other spiral
multiferroics are antiferromagnetic, as far as we are aware.) In addition to M and P, a
multiferroic domain is characterized by a magnetic modulation wave vector Q, and single
such domains can be produced by various poling procedures. Here we report the first
comprehensive study of the switching behavior of these domains under variation of
applied magnetic fields, and temperature. We find that Q-dependence of P differs from
that expected from previous simpler spiral orderings, where a change in sign(P)
accompanies a change in sign(Q).

CoCr,04 (CCO) crystallizes in a normal cubic spinel structure, magnetic Co®" and
Cr’" ions occupying the tetrahedral (A) and octahedral (B) sites respectively (FIG. IL. 1).

For nearest-neighbor (nn) isotropic and antiferromagnetic A-B, A-A and B-B exchange
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interactions, (Jas, Jaa, Jse), one has a collinear ferrimagnetic ground state if Jap
dominates, e.g. the Neel state [16] in magnetite. But for Jgg ~ Jap (Jaa being neglected),
an approximate, variational solution for the ground state was found, a “ferrimagnetic
spiral”, where the spins lie on conical surfaces [17-19]: The spins on each of the 6 f.c.c.
sublattices containing the magnetic sites are given by

S,, =siné [Xcos(Q-r,, +y,)+¥sin(Q-r,, +y,)]+2cosb,, 0<0, <7,v=L---6. (I-1)
For fixed v, 1, goes over the sites of the given sublattice, the values of the cone '2-angle
0, and phase y, depend on the sublattice v, the wave vector Q and the orthogonal unit
vectors X, Y,Z being the same for all sublattices. This is illustrated (partially) in FIG. IL

1. The exchange forces determine that Q = (0.6, 0.6, 0) (in units of 27t/lattice constant), or

any of its cubic equivalents; they also determine the & ’s and y ’s (see [17]-[19] for

further details). The direction Z of the cone axes is determined by smaller, anisotropic
forces.

A state approximately of this form was found from powder neutron diffraction by
Menyuk et al. [7] in CCO, with Z the [001] crystal direction when Q is in the + or —
[110] direction, “[110] Q-domains™ (with the same relative orientation for the cubically
equivalent Q’s), and later by Tomiyasu et al. [20] for a single crystal. In particular, the
wave vector was found to be Q = (0.62, 0.62, 0), in good agreement with the theoretical
prediction [17]. For further details as to comparison between theory and experiment
regarding the magnetic structure, see [7], [18], [19]. In [110] domains, the Z-components
produce the magnetization M (along + [001]). According to Yamasaki et al. [12], the

spiral components give rise to ferroelectricity, their results being interpreted according to



28

Moot} P//[110]

Q//[110]

FIG. II. 1. Crystallographic and low-T magnetic structure of spinel CoCr,0,. Co”" and
Cr’” ions are located at the center of tetrahedral and octahedral O* cages, respectively.
Conical spiral spins of Co®" (green balls) and Cr’* ions (red balls) for only 3 of the 6
sublattices (A,, Bj, and B,) are shown for clarity. Cone angles shown are from [12],

which, with [13], should be consulted for more details. Also shown are the directions of
M, P and Q.
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the model of Katsura et al. [21] (see also [22], [23]), where P o« €1, x (S; x S;) for a pair
of spins S; and S, with relative displacement e;,. For the spiraling components of the Cr
spins lying along the [110] chains, shown in FIG. II. 1, this gives the same contribution
for every nearest-neighbor (nn) pair, namely P oc Q x [001] oc [i 10], as seen in FIG. II. 1,

and as observed [12].

2. Experimental Method

Single crystals of CoCr,O4 were grown by chemical vapor transport method [24],
using chlorine as a transport agent. The starting material was the polycrystalline powders

of CoCr,04 obtained by a standard solid state reaction technique. A crystal was cut and

polished with the (I 10) plane of ~4 mm? and a thickness of ~0.2 mm, and then annealed
at 650 °C for 5 hours to remove strain built up during polishing. Magnetic measurement
was performed in a SQUID magnetometer, specific heat was measured using a Quantum
Design PPMS, and dielectric constant, & was measured using an LCR meter at f =44
kHz. The temperature [magnetic field] dependence of electric polarization, P, was
obtained by the integration of pyroelectric [magnetoelectric] current measured using an
electrometer with the temperature [magnetic field] variation of 4 K/min [0.01-0.02 T/s]
after poling a specimen from 120 K (above the ferrimagnetic transition temperature of 95
K) to 7 K [a specific T] in a static electric filed, E~10kV/cm. While poling, a static
magnetic field (H=0.5 T for FIG. II. 4 and 5) was also applied along the magnetic easy
axis of the [001] direction, so that this magnetoelectric cooling procedure with E and H
fixes the directions of the possible electric polarization, the magnetic domain, and the

wave vector. The electric field was removed before collecting data of pyroelectric and
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magnetoelectric currents. Experiments of x-ray absorption spectroscopy and resonant soft
x-ray magnetic scattering were performed with the elliptically polarized-undulator
beamline at National Synchrotron Radiation Research Center in Taiwan. Soft x-ray
absorption was recorded with the fluorescence yield method; the energy resolution of the
incident photons was estimated to be ~0.15 eV. We performed resonant soft x-ray
magnetic scattering on a CoCr,0y single crystal with dimensions of (2 x 2 x 1) mm”. The
crystal was aligned in an ultra-high-vacuum soft-x-ray two-circle diffractometer with the
[110] and [1 10] axes, defining the scattering plane. The E vector of the incident soft x-

ray was parallel to the [001] axis, i.e., the o polarization.

3. Result and Discussion

The temperature (T) dependence of physical properties of our single-crystalline
CCO, grown with a vapor-transport method [24], exhibits sharp features, indicative of
three phase transitions, as displayed in FIG. II. 2. The long-range ferrimagnetic collinear

spin order appears below T.=95 K, in agreement with previous findings [7, 20]. A sharp
but continuous increase of M(T) at T;=27 K is ascribed to the conical spiral order of
spins, going along with a sharp peak in the specific heat, C(T) and a peaky anomaly in
&T) along the [110] direction where the electric polarization emerges. A step-like jump

of M(T) at T, =14 K (see also FIG. II. 4), accompanied by a small feature in C(T) and

&), is associated with a small, but clear thermal hysteresis (not shown in FIG. II. 2),
indicating the 1** order nature of this transition. Similar, but much less sharp, features

were also previously observed [12].



31

); _>
We ))))))))))))))))mn)))))):)))))))))))))

MY

0 30 60 90
T

o
[ll)
~
~
ST
(M-erowy/f) 1/0

U
(\®)
-

FIG. II. 2. T dependence of magnetization, M, along the [001] direction in H=0.5 T upon
cooling, specific heat divided by temperature in H=0 T upon cooling, and dielectric
constant in H=0 T at 44 kHz upon warming. The existence of three phase transitions is

evident, and T, T¢, and T denote temperatures for ferrimagnetic transition, conical spin

ordering, and lock-in transition, respectively.
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It is worthy to discuss how the features of physical properties at the 14 K
transition depend on the quality of single crystals grown with different techniques. The T
dependence of magnetization, M, for crystals grown by various methods is shown in FIG.
II. 3(a). Our single crystalline specimen, prepared with a chemical vapor transport (CVT)
technique and measured in 0.01 T (solid circles in red) and 0.5 T (solid lines) upon
cooling, shows clear step-like sharp features at 14 K. A similar step-like feature at 14 K is
evident in P(T) shown in FIG. II. 4. In addition, there exists a thermal hysteresis: the
transition temperatures differ by ~0.6 K between cooling and warming run (in H=0.5 T).
This thermal hysteresis and the step-like features clearly represent the 1%-order nature of
the 14 K transition. On the other hand, for a crystal grown with a floating zone (FZ, solid
circles in blue) method [12], the 14 K-transition feature in M(T), measured in 0.01 T
upon cooling, appears smeared or reduced significantly. In addition, the spiral magnetic

transition at T;=27 K in both M(T) and C/T(T) (heat capacity plotted in FIG. II. 3(b))

emerges broad while the CVT crystal reveals much sharper features at 27 K. In a flux-
grown (FG, solid circles in orange) crystal [20], both transitions at 14 and 27 K appear
almost absent in M(T). Note that the spin correlation length (~600 A) deduced from the
x-ray peak width of the CVT crystal is significantly larger than the results of a recent
neutron scattering experiment on a FG crystal, showing the correlation length of less than
30 A [20]. It should be emphasized that the P reversal at 14 K was not observed in a FZ
crystal [12], but our observation of the P flipping at 14 K is highly reproducible in the
CVT crystals: it was observed in a number of our CVT crystals. The high sensitivity of
the nature of the 14 K transition on the quality of single crystals (or the crystal growth

technique) probably stems from the metastable nature of the 1%-order 14 K
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FIG. II. 3. (a) T dependence of magnetization, M, for crystals grown with different
methods. M on a crystal grown with a chemical vapor transport (CVT) method was
measured in 0.01 T upon cooling (solid circles in red) and 0.5 T upon both cooling and
warming (solid lines). Magnetizations on floating-zone and flux-grown crystals (FZ and
FG crystals), measured in 0.01 T, are from References 12 and 20, respectively.
Magnetizations are normalized to M (H=0.01 T, T=27.5 K) of the CVT crystal. (b) T
dependence of heat capacity divided by T, C/T, for CVT (solid circles in red) and FZ

(solid circles in blue) crystals.
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transition as well as the long-range lattice interaction associated with electric polarization.
It is noteworthy that crystals grown with flux methods are highly susceptible to the
incorporation of chemical impurities from flux, and crystals grown with floating zone
methods tend to have concentration gradient/variation due to the kinetic (thermodynamic

non-equilibrium) nature of the growth.

The onset of ferroelectricity along the [110] direction, signified by the emergence

of polarization, matches the spiral magnetic ordering transition at T;=27 K (FIG. II. 4);

the spiral transition was found previously, but it was much less sharp [20]; the
appearance of P found earlier [12] is at essentially the same T. At the 14 K transition,
when M is kept in one direction with H, P suddenly flips its direction, in contrast to the
previous finding [12]. (This difference probably originates from the high quality of our
crystals, indicated in the sharp phase transitions and long-range magnetic correlations.)
But in agreement with [12], when H, and therefore M, is reversed at fixed T we find P to
be reversed; as seen in FIG. II. 5(a) and (b). This correlation between M and P was
attributed [12] to Bloch domain wall motion involved in reversing M. Such an essentially
uniform rotation of the spin state characterizing the wall, taking M to —M, can be seen to
take a Q domain to a —Q domain [25] (See the detail in Appendix I). We have observed
directly this sign change of Q upon H reversal by our circularly polarized resonant
magnetic x-ray scattering experiment. Thus, M, P, and Q change to —M, —P, —Q in —H,
respectively (FIG. II. 5(a)). Furthermore, at 10 K (below T.), H reversal also induces the
180° flipping of M, —P and Q (FIG. II. 5(b)).

In contrast to this behavior, we find that the sign flip of P across the 14 K

transition is not accompanied by a change of sign(Q), rather our results indicate that the
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FIG. II. 4. T dependence of electric polarization, P, along the [ilO] direction and M
along the [001] direction below 30 K. P suddenly switches sign when cooling across 14
K without changing the signs of M and Q.
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FIG. II. 5. (a) & (b) H dependence of M and P at 20 K and 10 K, respectively. The

reversal of all of M, P and Q is achieved by H reversal.



37

sign of Q (or spiral handedness) is invariant at the 14 K transition (discussed further
below). The low-temperature state is associated with a slight increase of the magnitude of
M as well as P, as shown in FIG. II. 4. Note that in a multiferroic with a spiral magnetic
order with only one magnetic sublattice, switching of P is expected to result from the sign
change of Q. In other words, the direction of P in such a single sublattice spiral is entirely
determined by the clockwise or counterclockwise rotation of the spiraling spins along the
propagation axis [26]. (This is the usual behavior found in other multiferroics with spiral
magnetism.)

Q-sign conservation across 14 K and change by H reversal are well evidenced in
our circularly polarized resonant magnetic x-ray scattering experiment, performed with
the elliptically polarized-undulator beamline at National Synchrotron Radiation Research
Center in Taiwan. With photon energy tuned at Co L3 edge, i.e., 778.4 eV, the scattering
results reveal that there is an abrupt change in magnetic modulations at ~14 K. Unlike
earlier neutron results [7, 20, 27], we found two incommensurate magnetic modulations

Q: and Q. at 15 K, a temperature above T , while, for T below T , there are one
commensurate modulation Qc=(2/3, 2/3, 0) and two incommensurate ones, Q+' and Q.'

with a separation along [1 iO] much larger than that between Q. and Q., as illustrated in

the contour plots (FIG. II. 6) which show the scattering intensity in the plane defined by

the [110] and [110] axes. The intensities of the Q' peaks are 1 to 2 orders of magnitude
smaller than the Q¢ peak, and the three vectors are approximately equal in direction as
well as magnitude; similarly, the vectors Q, Q. are approximately equal (FIG. II. 6). The
resonant magnetic X-ray scattering intensity can distinguish between spirals with wave

vector Q and —Q, if the incident beam is circularly polarized. [28] This is similar to the
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FIG. II. 6. Contour plots of the Co L3;-edge magnetic soft x-ray scattering intensity in the

plane defined by Q,,, and Q. recorded at temperatures above and below T, (14 K) with

110
photon energy of 778.4 eV. The E vector of incident x-rays was parallel to the [001] axis.
The contour plots are shown in a logarithmic scale with its order of magnitude expressed

by means of color.
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scattering of polarized neutrons [26, 29]. In our calculation for the coherent scattering
intensity of resonant magnetic x-ray (See the detail in Appendix II), it is found that the
spirals of +Q and —Q cannot be distinguished by linearly polarized light because an
observed peak intensity is given by an even function for the sign of Q. However a peak
intensity in scattering of circularly polarized light contains both even and odd function
terms for the sign of Q , so different scattering intensities are expected for the spirals of
+Q and —Q. FIG. II. 7(a), (c) and (d) show the measured scattering intensities with

circularly polarized light, and the red curves and blue open circles correspond to +H

cooling of the sample, respectively. The observed scattering intensities do indeed change
upon the reversal of magnetization along [001], disclosing the flip of Q with H reversal.
FIG. II. 6(b) also illustrates conical spiral spins above and below the 14 K transition

where =M correspond to £Q, respectively. Strikingly, the scattering results also reveal

that the sign of the Q of the largest peak at each T (Qc¢ and Q ) remains unchanged as T

changes acrossT, : the H dependences of the intensities of these peaks do not reverse.

Thus, to the extent that we can consider a single-wave-vector spiral as a good
approximation to the observed state, this is solid evidence of sign(Q) invariance across T.
In addition, the only one of the smaller peaks Q': that has an observable intensity change
on H reversal also shows this invariance, and further, the wave vectors of all the peaks
are approximately equal. Therefore, even considering the complexity of having multiple
Fourier components in the spin configuration, the data strongly suggest that the sign of Q
(for each Fourier component) does not change across the 1% order transition (See the
detail in Appendix II). We note that the spin correlation length deduced from the peak

width (~600 A) is significantly larger than the results of a recent neutron scattering
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experiment [20] on a flux-method-grown crystal, showing the correlation length of less
than 30 A. This difference strengthens the claim that our single crystals grown with a
chemical vapor transport method are of high quality.

A plausible interpretation for the switch in sign of P across 14 K without sign
change of Q and M (despite its impossibility for a single sublattice conical spiral, as
noted above) is found in a “ferrielectric”-type scenario. Now, Co®" has a more-than-half-
filled d shell while Cr’" has a less-than-half-filled shell, suggesting that Co-Cr and Cr-Cr
bonds have the opposite sign of spin-orbit interaction, resulting in the opposite directions
of electric dipole moments, Pcocr and Pcr.cr from the different bonds of form eq. (I-1)
[30]. Furthermore, the bond charges that give rise to the dipole moments are inter-ionic
overlap charge densities [21, 22], and are therefore very sensitive to small changes in
inter-ionic distances expected to occur through the 1% order phase transition at T. Then,
it is conceivable that the delicately balanced net polarization can change its sign at T,
without a change in sign(Q) (the directions of each contribution Pco.c; and Pcr.cr don’t
change, but their magnitudes do).

Repeated switching of electric polarization direction is achieved by varying
temperature step-linearly with time between 8 K and 20 K as shown in FIG. II. 8. The
measurement of pyroelectric current began at 8 K in the (+, —, +) state defined as
(sign(M), sign(P), sign(Q)) after poling in H=0.1 T and E~10 kV/cm. Upon warming,
this state switches to the (+, +, +) state, but the initial state is recovered by cooling back

to 8 K. Due to the 1* order nature of the T, transition, the temperatures at which P flips

differ by ~1.6 K between warming and cooling. FIG. II. 9(a) displays how P(T) depends

on large cooling H, showing a slight increasing tendency of T, with increasing H. At
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FIG. II. 9. (a) T dependence of polarization around the T, transition in different applied H
(0.1, 0.5 and 3 T), indicating that T, increases slightly with increasing H. (b) P at 14.0 K
vs. H after poling the specimen in H=0.1 T and E=10 kV/cm. The initial (+, +, +) state
which is defined as (sign(M), sign(P), sign(Q)) changes to the (+, —, +) state in H=3 T.

Negative H scan, reversing M, induces switching of P and Q, i.e. resulting in (—, +, —)

state.
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exactly 14.0 K, the phase cooled in 0.1 T is in the (+, +, +) state, whereas cooling in 3 T
puts the phase in the (+, —, +) state. The black downward arrow denotes the possible
switching of the physical state with increasing H at 14.0 K. As demonstrated in FIG. II. 9
(b), the isothermal polarization reversal is, indeed, achieved by varying H at 14.0 K.
After cooling down to 14.0 K in 0.1 T, the phase is initially in the (+, +, +) state. The
isothermal increase of H results in changing the state to (+, —, +) by reversing P, but

keeping the direction of M and Q fixed. Due to the 1% order nature of the T,

transition,the (+, —, +) state does not go back to the initial state of (+, +, +) when H is
reduced to zero (or the original 0.1 T). When the H direction is reversed, M flips, so do P
and Q, and thus the (+, —, +) state becomes the (—, +, —) state. Note that in spite of the
strong H-field dependence of electric polarization in CoCr,O4 as shown above, it does not
imply the strong effects of electric fields on spontaneous magnetization. Since the electric
polarization does not break time-reversal symmetry, P cannot produce magnetic ordering
as the spiral spin order with broken inversion symmetry induces spontaneous ferroelectric
polarization. Thus the control of magnetism by electric fields, essential in novel
technological application, would require other mechanisms.

We have found the concept of handedness to be convenient in describing the
complex qualitative behavior of the various observables that we have found. The
ferrimagnetic spiral with a clockwise or counter-clockwise spin rotation direction can be
determined by the sign of Q in our representation, which naturally leads to the concept of
handedness, “spiral handedness” (hs). Furthermore, the magnetoelectric domains, being
characterized by the three physical parameters, M, P and Q, allow us to define the “MPQ

handedness” characterizing the relative arrangement of these three orthogonal vectors in
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FIG. II. 10. (a) Handedness, defined by the directions of M, P and Q switches at 14 K.
The inset shows warming P(T) obtained after magnetoelectric cooling from 120 K to 15
K and the temperature dependence of magnetization measured upon cooling with
removing H at 15 K. (b) & (c) H dependence of M and P at 10 K and 20 K, respectively.
The reversal of all of M, P and Q by H corresponds to flipping the MPQ handedness.
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a given domain. Note that handedness is often considered synonymous with chirality —
loss of the mirror symmetry. However, the handed light propagation is not chiral (See the
detail in Appendix III). Similarly, handedness concept that we use here is based on the
vector cross-products rather than the mirror operations. Our definitions of both

handedness are equivalent to the following precise statements.
hy =sign(S,' xS, '-2) =sign(Q) (1.2),

hypo =sign(PxM-Q) (L. 3),

with “right” and “left” associated with + and — Here, S, 'and S.,,' are the transverse
components of the spins in any one sublattice of the ferrimagnetic spiral, n and n+1 being

successive sites along the +[110] crystal direction, Z being in the +[001] direction. The T
and H dependences of various order parameters can be described by the relative
switching of the two types of independent handedness. At the 14 K transition, P suddenly
flips its direction while keeping the directions of M and Q (FIG. II. 10(a)). Thus the hmpg
suddenly switches from right- to left-handedness upon cooling through the 14 K
transition without changing the hs, depicted in FIG. II. 10(a) where the hands represent
the relationship among M, P and Q and three fingers in each hand stand for the directions
of the vectors. H reversal at 20 K demonstrates that M, P, Q goes to —M, —P, —Q (FIG. II.
10(c)), giving a simultaneous switching of the hmpg and hs. The data at 10 K also
indicates that even below 14 K, where the hmpg is now left-handed, it switches under
reversing H with the concurrent flipping of the hg (FIG. II. 10(b)). As shown in the inset
of FIG. II. 10(a), in order to check the influence of the presence of finite E and H on the
reversal of P at 14 K, E and H were removed at 15 K after poling from 120 K, then the

specimen was cooled to 7 K, and then warmed across 14 K without E and H. The
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polarization definitely reverses even in E=H=0 with only a minor decrease in magnitude.
We also found that M, measured upon cooling (H was removed at 15 K during this
cooling), decreases slightly in magnitude at 14 K without changing its sign. These
decreases of P and M would reflect that minority domains having different P and Q set in
at 14 K. In any case, we have demonstrated that regardless of the presence of finite E and
H, the MPQ handedness flips upon thermal variation across 14 K.

Finally, we discuss the possible magnetoelectric domains based on the model
where the dominant energy is the Heisenberg exchange plus a small anisotropy. The
exchange fixes the spiral wave vector Q to be in one of the 12 cubically equivalent [110]
directions, with a wavelength 21/Q =~ 1.06a (a: the lattice constant), the cone axis 1 Q,
the various cone angles, and the relative phases; the anisotropy removes the remaining

degeneracy in the direction of the cone axis, picking out the [001] axis when Q is along

[110][17, 19]. Thus the magnetization M is in the [001] or [OOi] direction, degenerate

because of time-reversal invariance of the energy. Thus we have 24 magnetic domains.
The polarization P is closely related to Q: its direction P =cex Q where e=[001] and c is

a temperature-dependent constant of magnitude unity, as theoretically predicted [21-23]
and verified experimentally (ref. 12 and present work). We find that ¢ changes sign
across the first order transition at 14 K (this possibility is explained in the text as being
due to contributions to P from AB and BB bonds, of opposite sign). Thus, for T > 14 K or
< 14 K, ¢ = constant, leading to the conclusion that there remain 24 magnetoelectric
domains. Our poling procedure, i.e. cooling in small magnetic and electric fields, is used
to select, uniquely, various ones of these domains. In detail, for a given lattice of

CoCr,0y4, and under our poling conditions, M, P and Q can have + or — sign, i.e, H along
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MPQ T<14 K MPQ 14 K<T<27 K
handedness | M | P | Q handedness | M | P | Q
L + | - | + | R + | + | +

R - 4| - | e L - -] -

<>

+ | e L -+ |+

- |-
1
1

- H-reversal effect «= ' T-variation effect

Table II. 1. Possible magnetoelectric domains in high-T (14 K<T<27 K) and low-T (T<14
K) phases. Each phase can have four different types of domains in set of (M, P, Q) due to
the constraint between P and Q. Each domain formed by external E and H can be
described by a right or left MPQ-handedness (hmpg). H reversal (blue arrows) and T-
cooling across 14 K (red arrows) induce transformation of one domain to another and

also switching of hypqg.
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+[001], E along i[ilO]; this selects the signs of M and P, and automatically fixes the
direction of Q along £[110]. In particular, we find that sign(Q)=sign(P) in the high-T
phase, so that sign(Q)= — sign(P) in the low-T phase. Thus there are 4 possible
magnetoelectric domains to be seen in our experiment in either the high or low-T phases,
as displayed in Table II.1, and any of these types of domain, which corresponds to a right
or left MPQ-handedness (hmpg), can be produced by using the appropriate external E and
H upon poling.

In summary, the conical spiral ferroelectricity in CoCr,O4 can be described by
inter-relationship among ferroelectric polarization, magnetization and spiral wave vector.
Our results demonstrate that spontaneous electric polarization induced by non-collinear

spin order changes its sign across the magnetic lock-in transition temperature (T, =14 K);

furthermore the sign change occurs while keeping fixed the spin rotation direction, i.e.,
spiral handedness or sign(Q). This differs from the usual behavior wherein for a simple
spiral, change in sign(P) requires the handedness to change sign, and we give a possible
mechanism for such unusual behavior. We also recover the previous finding wherein P
— —P when M — —M ([12]), but further show experimentally that this is accompanied by
Q — —Q, as predicted from the Bloch wall mechanism for switching M. We further show

that polarization reverses its direction in ~3 T at exactly 14.0 K, due to a slight increasing

trend of T, with increasing magnetic field.
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1. Introduction

The concept of magnetism-driven ferroelectricity has recently drawn a significant
attention [1,2]. In magnetism-driven ferroelectrics, development of inversion-symmetry-
breaking magnetic order leads to the loss of the lattice inversion symmetry through
exchange striction, thereby leading to the development of ferroelectricity. In these
materials, external magnetic field influences the configuration of the magnetic order,
naturally leading to changes in ferroelectric or dielectric properties. Spectacular cross-
coupling effects, such as reversible flipping of ferroelectric polarization or drastic change
of dielectric constant in applied magnetic fields, have been recently observed in
magnetism-driven ferroelectrics [3-5]. Spiral magnetic order, resulting from magnetic
frustration, is a common way to induce the loss of inversion symmetry, and
ferroelectricity has been recently observed in a number of spiral magnets such as
TbMnOs, Ni3V;,0g, CuFeO,, (Ba,Sr),ZnFe 1,07, CoCr,04, MNnWO4, and LiCu,0; [6-12].
In the spiral magnets, the relevant exchange striction is associated with the antisymmetric
part of the exchange coupling, which constitutes the so-called Dzyaloshinski-Moriya
(DM) interaction [13-16].

Spiral magnetic order is not the only possible route towards magnetism-induced
ferroelectricity. In RMn,0Os (R=Tb — Lu), for example, a nearly-collinear acentric
magnetic order with broken inversion symmetry was proposed to be responsible for the
ferroelectricity [17]. In this mechanism, the ferroelectricity results from lattice relaxation
through exchange striction associated with the symmetric superexchange coupling.
However, a model where ferroelectricity is induced by a spiral spin configuration along

the Mn*" spin chain has been also discussed for RMn,0Os [18,19]. Thus, the true origin of
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multiferroicity in RMn,Os is currently uncertain. Another promising example is the so-
called E-type magnetic order. This collinear order, combined with alternating oxygen
cage rotations, has been suggested as the origin of ferroelectricity in the orthorhombic
HoMnOs [20]. Polycrystalline HoMnOs; has been experimentally studied to test this
theoretical prediction [21], but the induced polarization turned out to be too small to
support the proposed theory. Identification of non-spiral magnetism-driven ferroelectrics
remains, therefore, an important task. Among those, systems driven by the potentially
large symmetric superexchange are, clearly, of special interest.

A simple and conceptually important model in which a collinear spin order
induces ferroelectricity through symmetric superexchange can be constructed using an
Ising spin chain with competing nearest-neighbor ferromagnetic (J§) and next-nearest-
neighbor antiferromagnetic (Jar) interactions [2]. For |Jap/Jg>1/2, the ground-state
magnetic order is of the up-up-down-down ( TTA ) type [22]. If the charges of magnetic
ions alternate along the chain, this magnetic ordering breaks inversion symmetry on
magnetic sites and can induce electric polarization via exchange striction. This
mechanism is illustrated in FIG. III. 1. The exchange striction associated with symmetric
superexchange shortens the bonds between the parallel spins, while stretching those
connecting the antiparallel spins. As a result, electric polarization, P, is induced in the
direction of the chain. As shown in FIG. III. 1, there are two ways to combine the
™M order with the ionic charge order, giving rise to the opposite electrical polarization
vectors. Experimental realization of such a simple model system would be of a significant
importance in the field. Herein, we report discovery of a chain magnet in which this

model is remarkably realized.
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FIG. III. 1. Ising chains with the up-up-down-down spin order and alternating ionic order,
in which electric polarization is induced through symmetric exchange striction. The two
possible magnetic configurations leading to the opposite polarizations are shown. The

atomic positions in the undistorted chains are shown with dashed circles.
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2. Experimental Method

To find the appropriate experimental system, we have identified Ca3;Co,0¢—
derived compounds as possible candidates because CazC0,0Og is an Ising chain magnet
where about a half of Co ions can be replaced by Mn ions [23,24]. The structure of
Ca3Co,xMnyOg, as depicted in FIG. III. 2(a) and (b), contains spin chains consisting of
magnetic ions with alternating oxygen cages of face-shared trigonal prisms and octahedra
along the c axis. The spin chains are separated by Ca ions, and form a triangular lattice in
the ab plane. Mn ions have a strong tendency to avoid the trigonal prismatic oxygen
coordination. Thus, for example, for x=1, all the Co ions are located in the trigonal
prismatic sites, and all the Mn ions occupy the octahedral sites [24]. We prepared single-
phase polycrystalline Ca3;Co, «MnyOs with x up to 1 by using standard solid state reaction
method [23]. Since single crystals are necessary for conclusive measurements of the
ferroelectric properties, we have attempted to grow single crystals of Cas(Co,Mn),0O¢ by
utilizing the known technique (KCI-K,CO3 flux method) for the growth of Ca3;Co,04
crystals [25]. With increasing Mn concentration, the crystal growth was found to be
increasingly more difficult. However, single crystals with maximum x approaching 0.96
(as determined by comparing x-ray diffraction patterns of crushed crystals with those of
polycrystalline samples) were grown successfully.

DC magnetic susceptibility (y=M/H) was measured in a SQUID magnetometer,
specific heat (C) and AC magnetic susceptibility (y* and y’’) measurements were carried
out in he Quantum Design PPMS, and dielectric constant (&) was measured using an LCR
meter at /=44 kHz. The temperature (7) dependence of electric polarization (P) was

obtained by the integration of pyroelectric current with the 7 variation of 2 K/min after
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FIG. IIL. 2. (a) and (b) The crystal structure of the Ca;CoMnQOg¢ chain magnet. The green

boxes represent the crystallographic unit cell.



58

poling a specimen from 40 K to 2 K in a static electric field of £~6.7 kV/cm. For ¢ and P
measurements, a c-axis needle-shaped crystal was cut and polished with the ab plane
cross-section of ~0.64 mm? and thickness of ~0.15 mm, and then annealed at 650 °C for
5 hours to remove strain built up during polishing. Neutron powder diffraction
measurements were performed on polycrystalline Caz;Co,xMnxOg (x=0.95) at the BT-1
beamline at NIST Center for Neutron Research. Monochromatic neutrons (A=2.079 A)
were produced by a Ge(311) monochromator, and the data were collected for 7=1.4, 8§,

and 20 K.

3. Result and Discussion

Search for the ferroelectricity was performed in the crystal with the highest Mn
concentration, x=0.96, and ferroelectric polarization along the chain direction was indeed
found. FIG. III. 3 shows that the polarization smoothly emerges below the transition
temperature of 16.5 K, increases rapidly below ~10 K, and reaches ~90 pC/m” at 2 K.
The appearance of the polarization at 16.5 K coincides with the onset of the magnetic
order, which is signified [24] by a broad peak in the magnetic susceptibility, y(7), shown
in FIG. III. 4(a). Specific heat also exhibits an upturn at this temperature. The
temperature dependence of the dielectric constant along the ¢ axis, &.(7), starts deviating
from its high-temperature behavior at the onset temperature of the polarization without
showing any sharp anomaly, see FIG. III. 4(b). Instead, &.(7) reveals a broad peak at ~8
K followed by a sharp decrease at lower temperatures. The electric polarization decreases

in a magnetic field applied along the ¢ axis. There is an additional magnetic anomaly at
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FIG. III. 3. Electric polarization of single crystal Ca;Co; xMnyOg (x=0.96) along the chain
direction (P//c), taken upon warming. The samples were poled upon cooling from 40 K to
2 K (filled circles), and to 3.1 K (open circles) before the measurement. The data for the 2

K poled sample were collected in various applied magnetic fields, as shown.
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T=3 K, which can be seen in the behavior of the derivative dy(7)/dT shown in FIG. III.
4(a); it 1s discussed in more detail below. The Ising character of this compound is clearly
reflected in the large anisotropy of y(7).

Studies of Ca3Co,.xMnxOg polycrystalline samples suggest that a similar behavior
is expected in a wide range of x near x=1. FIG. IIl. 5(a) and (b) display y(7) and
e(T)/e(T=20 K) for various Mn concentrations, x=0.85, 0.9, 0.95 and 1.0. These data
exhibit the same features as those of the corresponding quantities of the x=0.96 single
crystal, strongly suggesting that the observed properties of the single crystal are
representative for large Mn concentrations. The temperatures of the maxima in y(7) and
&T), shown in the insets in FIG. III. 5(a) and (b), decrease with increasing x, indicating
the corresponding decrease in the magnetic transition temperature. The corresponding
temperatures in the single crystal (dotted lines in the insets) agree well with the Mn
concentration x=0.96, corroborating our x-ray results.

The structure of Ca3;Co,xMnyOg (x=0.95) was determined using neutron powder
diffraction. The possible magnetic structures (including those with ab-plane components)
were constructed using the magnetic symmetry analysis, and the diffraction data were
refined using the FULLPROF program package [26]. The spins point along the ¢ axis, as
indicated by the absence of (003) magnetic peak, and the structure is of the TT4 type.
The accuracy of the final refinement result was independently estimated by the Simulated
Annealing process, which shows that the deviation of the spins from the ¢ axis cannot
exceed 3°. The refinement results for 7=1.4 K are shown in FIG. III. 6: good agreement

factors, X2 =1.44, Rp=2.4 %, R=2.7 %, and R,,,,=9.8 %, are obtained. The obtained three-



61

(U
S
(\O)

(orow/nuwid [_01) X

S
n

C/T (J/mole—Kz)

U

0.0

. / Ca3C01.04Mn0.96O6 430

0 5 10 15 20 25
T (K)

FIG. III. 4. (a) Temperature dependence of magnetic susceptibility, y(7)=M/H, measured
in an applied magnetic field #=0.2 T along and perpendicular to the chain direction. The
temperature derivative dy/d7, and zero-field heat capacity (C/T) are also shown. (b) The

c-axis dielectric constant, &. Dashed line shows the high-temperature behavior of &,.
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FIG. L. 5. (a) y(T) of polycrystalline Ca3;Co;xMnyOs for H=0.2 T. (b) &7) of
polycrystalline Ca;Co;xMnyOg for H=0, normalized at 7=20 K. The insets in (a) and (b)
show peak positions of y(7) and &7), respectively, for different Mn concentrations. The

dashed lines indicate the corresponding peak positions in the x=0.96 single crystal.
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dimensional magnetic structure is shown in the inset in FIG. III. 6. In agreement with
[24], the Mn ions occupy the octahedral sites. The ordered magnetic moments of Co and

Mn ions are 0.66(3) ug and 1.93(3) up, respectively, and the estimated valences of the
cations from Bond-Valence calculation are 1.814(2) for Co and 3.997(3) for Mn. Thus,

the magnetic chains consist of alternating low-spin Co®" and high-spin Mn*" ions.

Combined with the TTN spin order, this makes Ca3(Co,Mn),0O¢ an experimental
realization of the magnetoelectric model system described above. In the unit cell shown
in FIG. III. 6, all the chains possess the same polarization direction according to this
model. We note that the (101) magnetic peak appears to be slightly broadened (see the
inset in FIG. IIl. 6. This indicates that the magnetic order is not truly long-ranged.
Measurements on yet unavailable large single crystals are needed to determine the
magnetic correlation length with any adequate precision. On warming to 7=8 K, no
qualitative changes are observed in the magnetic structure, and no magnetic order is
present at 7=20 K.

While the magnetic origin of the ferroelectricity, and its description in the
framework of the TT{ chain with alternating ions, are established by the above data, the
temperature dependences of both the electric and the magnetic properties are rather
complicated. To gain insight into this complexity, we have measured temperature-
dependent AC magnetic susceptibility in the x=0.96 single crystal. FIG. II1.7 (a) and (b)
reveal that both of the magnetic temperature anomalies (peaks) exhibit strong frequency
indicative of magnetic freezing, which may range from simple superparamagnetism to
complex spin-glass transition [27]. As shown in the inset in FIG. III. 7(a), the lower-

temperature peak 7., of y’(T) exhibits the Arrhenius behavior, f=fyexp/—E/kgTina], With
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FIG. III. 6. Observed (symbols) and calculated (line) powder neutron diffraction patterns
for polycrystalline Ca3;Co;xMnyOg (x=0.95) for 7=1.4 K. The first row of bars below the
diffraction pattern indicates the positions of the nuclear Bragg peaks and the second row
depicts the locations of the magnetic Bragg peaks. The blue line shows the difference
between the observed and calculated diffraction patterns. The insets show the low-angle

patterns for 7=1.4 K, 8 K and 20 K, and the refined spin structure.
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physically reasonable values of the activation energy, E,/kp~60 K, and fy=60 MHz [27].
This behavior with E,/T,,,,=20, together with the numerical value of the slope parameter
AT o/ TmaxAIn[f] of 0.21, signals superparamagnetic blocking (freezing of poorly-
correlated magnetic clusters) at low temperatures [27]. The behavior of the higher-
temperature anomaly, associated with the magnetic ordering transition, is more
complicated. For example, T, (>16 K) of y’(T) does not exhibit the simple Arrhenius
behavior (see the inset of FIG. III. 7(a)). The data of FIG. IIl. 7, combined with the
neutron data, show that only finite-size magnetic domains develop at the magnetic
transition, and that these domains exhibit an additional freezing at a lower temperature.
This behavior deserves further investigation since it is likely related to the one
dimensionality of the magnetic chains and the geometrical frustration in the ab-plane
triangular lattice.

While complicated, the observed magnetic behavior provides a consistent
explanation of the unconventional temperature dependence of the electric polarization in
FIG. III. 3. Magnetic disorder and freezing naturally lead to the corresponding
phenomena for the ferroelectric properties in our system. Local clusters exhibiting the
two different variants of the spin order shown in FIG. IIl. 1 give rise to the opposite
electrical polarization vectors. Thus, on warming from 2 K, the frozen poled
magnetoelectric domains should quickly become dynamic, leading to decreased
macroscopic polarization. This is consistent with the rapid reduction of the polarization
with increasing temperature. An additional confirmation of this scenario is obtained by
observation of thermal history effects, which are characteristic to frozen states. As shown

in FIG. III. 3, the polarization of the system poled on cooling down to 7=2 K (filled
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FIG. III. 7. (a) and (b) Real and imaginary parts of the AC susceptibility, y’(7) and y’(7),
of the x=0.96 single crystal. The AC magnetic field is 5 Oe, and the frequencies are 0.1, 1
and 10 kHz, as shown. The inset in (a) shows log[f] vs. inverse temperature for the peak-
like features of y’. The low-temperature feature is shown with blue dots, and the high-

temperature feature with orange dots.



67

circles) significantly exceeds the polarization of the sample poled at 7=3.1 K (open
circles), when the polarization is subsequently measured on warming in zero field. This is
a typical behavior of a frozen system undergoing slow relaxation processes. This scenario
is also consistent with the absence of any sharp anomaly of &(7) at the magnetic
transition. We conclude, therefore, that in Ca3(Co,Mn),0g, thermal fluctuations of the
magnetoelectric clusters tend to suppress the macroscopic polarization, leading to the
complex temperature dependences and thermal history effects observed in the
experiments.

The latest investigation by using Monte Carlo Simulation, based on simple 1D
elastic Ising model, has remarkably recovered our experimental results as shown in FIG.

III. 8 [28]. This qualitative coincidence between theoretical and experimental results

confirms that TN spin configuration along with alternating magnetic ions is a real
driver for ferroelectricity in the Ising chain magnet of Caz(Co,Mn),O¢. In addition, recent
study with magnetic fields up to 33 T has shown that the field induced transition from
Il to 111] spin configurations leads to complete suppression of ferroelectric
polarization [29]. M(H) exhibits two successive metamagnetic transitions as shown in
FIG. III. 9(a). The first plateau above 10 T with ~3 pg/f.u. corresponds to a fully
polarized spin state of Mn*" ions, i.e. 111/ spin configurations. In this spin configuration
with alternating two magnetic ions, inversion symmetry, broken in 11| spin state, is
restored and electric polarization driven by symmetric exchange striction totally
disappears, evident both in P(H) and P(T) (FIG. III. 9(a) and (b)). The other plateau
above 25 T at ~4 pg/fu. indicates fully saturated magnetic state for low-spin Co®" and

high-spin Mn*" moments. Note that magnetic hysteresis only appears between 11| and
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1111 states (below 15 T), suggesting intriguing coupling between frustrated spin state in
Ising chains and geometrically frustrated magnetic state through inter-chains.

In summary, we report discovery of an unambiguous example of magnetism-
driven ferroelectricity with a collinear magnetic order in the Ising chain magnet Ca;Cos.

MnO¢ (x~0.96). The ferroelectricity originates from the simultaneous presence of the

alternating order of Co and Mn ions and the spin order with the TT configuration.
This provides the first experimental realization of theoretically predicted ferroelectricity
in a frustrated Ising chain with an ionic order. Unlike in well-known spiral
magnetoelectrics, symmetric exchange striction is expected to drive the ferroelectricity in

this system.
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FIG. III. 8. Comparison between theoretical [28] and experimental results: (a), (b), and
(¢) T dependence of P, y, and ¢ along the c-axis, produced by Monte Carlo Simulation.
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Chapter IV

Multiferroicity in the square-lattice antiferromagnet of

Ba,CoGe,O4
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1. Introduction

The recent renaissance of the research on multiferroics, where magnetic order and
ferroelectricity coexist, has been invigorated by scientific discoveries of significant cross-
coupling between spin and lattice degrees of freedom as well as potentials for device
applications such as ferroelectric memory tunable by magnetic fields or magnetic
memory controlled by electric fields [1-5]. The remarkable cross-coupling effects in
multiferroics include reversible flipping of ferroelectric polarization or drastic changes of
dielectric constant with applied magnetic fields [4-6]. These recently discovered effects
have been observed in the so-called “magnetism-driven ferroelectrics”. Magnetic order is
developed with the loss of inversion symmetry on the magnetic lattice. The lattice
relaxation occurs through exchange striction in the magnetically ordered state and thus
the crystallographic lattice naturally looses inversion symmetry. Ferroelectricity is
developed by this mechanism in magnetism-driven ferroelectrics. Spiral magnetic order,
resulting from magnetic frustration, is a common way to induce the loss of magnetic
inversion symmetry, and magnetism-driven ferroelectricity has been, indeed, observed in
a number of spiral magnets such as TboMnQOg3, NizV,0g, MNWO,, CuFeO,, CoCr,04 and
LiCu,0; [4, 7-12] Note that the “antisymmetric” part of exchange coupling, known as the
Dzyaloshinski-Moriya (DM) interaction, becomes active when ferroelectricity is induced
by spiral magnetic order in non-collinear magnets. Alternatively, ferroelectricity can
result from lattice relaxation through exchange striction associated with the “symmetric”
part of the exchange coupling. This kind of multiferroicity has been found in Ising

magnets such as Caz(Co,Mn),0¢ [13].
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FIG. IV. 1. (a) Temperature dependence of magnetic susceptibility measured in 0.2 T
applied along the ¢ axis (black) and the a axis (red): open and filled circles represent
zero-field-cooled (ZFC) and field-cooled (FC) data, respectively. (b) Temperature
dependence of polarization along the « (red) and ¢ (black) axes in B=0 (open circle) and
B=8 T (filled circle). (c) Magnetization (ug/f.u.(formula unit)) at 2 K in fields along the ¢
(black) and a (red) axes: a magnified figure near B=0 is shown in the inset. (d) The
temperature dependence of specific heat divided by temperature in B=0 (black) and 8 T
(blue).
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2. Experimental Method

A single crystal of Ba,CoGe,;O; (6 mm in diameter and 50 mm in length) was
grown using a floating zone method. For the feed rods, a solid-state reaction method was
employed in air. DC magnetization was measured using a SQUID magnetometer: the
Quantum Design MPMS. We measured specific heat using the standard relaxation
method with the Quantum Design PPMS. The experiments for dielectric constant (¢) on
polished crystals (4.2 x 3.5 mm? in the a-b plane by 0.306 mm along the ¢ axis for the c-
direction measurement, and 3.2x2.4 mm? the b-c plane by 0.324 mm along the a axes for
the a direction measurement) were performed using an LCR meter at 44 KHz. The
pyroelectric current to obtain polarization was measured with an electrometer during a
warming process (at a rate of 4 K/min) after poling samples from 40 K to 2 K in the

electric field of ~7 kV/cm.

3. Result and Discussion: Bulk composite

The compound Ba,CoGe,0- crystallizes in a tetragonal structure with a square
magnetic lattice. The crystal structure of Ba,CoGe,O; is characterized as a pZZlm

crystallographic space group with a unit cell of a=5=0.8410 nm and ¢=0.5537 nm at 10 K
[14]. However, the magnetic ground state of Ba,CoGe,Oy is concluded as an in-planar
antiferromagnetic order below the Neel temperature of 7y=6.7 K [14, 15]. It has been
postulated that the DM vector in Ba,CoGe,O; alternates its direction along [001],
resulting in the in-planar antiferromagnetic order with an in-plane weak ferromagnetic

component [16]. Neutron scattering results on Ba,CoGe,O; suggest the presence of
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commensurate and collinear magnetic order with spins antiferromagnetically pointing
along the » axis [14]. The presence of two-types of DM vectors in the square-lattice
antiferromagnets suggests that the system can be an intriguing candidate for
multiferroicity. Indeed, we discovered that ferroelectric polarization develops below Ty
of Ba,CoGe,07, and exhibits a remarkable increase in magnitude as well as a smooth
rotation of direction with external magnetic fields.

Magnetization (M) behavior of our crystal is consistent with the results in
literature [14]. FIG. IV. 1(a) shows the zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves in B=0.2 T (parallel to the ¢ and a axes). A sharp step appears at 6.7
K (Ty) with a significant magnetic anisotropy. The large M/B (magnetization/external
magnetic field) along the tetragonal « axis indicates that the system is an easy-planar
magnet. The step-like increase of M/B along the a axis below Ty, much larger than that
along the ¢ axis, suggests the appearance of a weak ferromagnetic moment,
predominantly, in the a-b plane. As shown in the FIG. IV. 1(c), Magnetization
(ue/f.u.(formula unit)) increases linearly with increasing external magnetic field, B.
However, the residual magnetization extrapolated to B=0 is found to be non-zero; about
0.009 pg/f.u. and 0.0005 pg/f.u. at 2 K along the a and ¢ axes, respectively as shown in
the inset figure of FIG. IV. 1(c). This result is consistent with the behavior of the step-
like MIB increase below Ty, in FIG. IV. 1(a). This residual moment, mostly along the a
axis, may be consistent with the presence of the [001]-direction DM vector.

We discovered that the magnetic transition accompanies the appearance of
electric polarization (P). The temperature (7) dependences of P along the ¢ axis (P.) and

along the a-axis (P,) in B.=0 (open circles) and B.=8 T (filled circles) are shown in FIG.
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IV. 1(b). The magnitude of P, is ~-11 pC/m?in B.=0 and ~80 puC/m? in 8 T, while the P,
value changes from ~0 uC/m?to ~120 pC/m? in B,=0 and 8 T, respectively. A small
electric polarization exists only along the ¢ axis in B.=0. In 8 T, a large polarization
appears in both a and ¢ axes. Note that the negative sign of the small polarization in B.=0
may suggest the presence of unusual pinning of ferroelectric domains during the poling
process. A sharp peak in specific heat curve (C/T vs T) is observed at Ty and changes
little with B.=8 T, as shown in the inset FIG. IV. 1(d).

The details of the external magnetic field along ¢ axis (B.)-dependent dielectric
properties of Ba,CoGe,O; are shown in FIG. IV. 2. The T dependence of dielectric
constants along the ¢ axis, &, and along the a axis, ¢,, in various B. is displayed in FIG.
IV. 2(a) and (b), respectively. With decreasing temperature, &. in B.=0 sharply increases
below Ty, and tends to saturate at low temperatures. The temperature-induced change of
& decreases with increasing B., and becomes only ~0.24 % in B.=8 T. On the other hand,
&, does not show any anomaly at 7 in B=0, but in B.>0, a sharp ¢, peak appears at Ty,
and the magnitude of the peak increases with increasing B.. Consistent with earlier
discussion, polarization along ¢ axis in B.=0 shows non-zero value but small below Ty,
and is enhanced smoothly with increasing external magnetic field, FIG. IV. 2(c).
Polarization along a axis is zero in B.=0, but increases smoothly with increasing B.,

FIG. 1V. 3(a) and (c) show the isothermal change of P, and P. with varying B, at
2 K. The measurement was made with three sequential procedures; B.=0to 8 T (route 1;
red), 8 T to -8 T (route 2; black), and -8 T to 8 T (route 3; blue). The simultaneous
presence of non-zero P, and P. in finite indicates that the true electric polarization vector

lies on the a-c plane, but away from the ¢ axis. The external magnetic field along ¢ axis
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dependence of the polarization vector for route 1 is displayed in FIG. IV. 4. With
increasing B., polarization value increases and at the same time rotates smoothly away
from the ¢ axis. Note that P, keeps increasing with increasing B. up to our maximum
measuring field of 8 T, while the increase of P, tends to saturate for B. >~2 T. This
polarization behavior corroborates with the external magnetic field dependence of &. and
€4, Shown in FIG. 1V. 3(b) and (d): &. at 2 K changes sharply in low B,, but saturates for
B.>~2 T, but ¢, at 2 K keeps changing in the entire range of external magnetic field up to
8 T. Note that we have not observed any significant change of dielectric properties in
Ba,CoGe,07 when magnetic fields were applied along the a or b axis.

We emphasize that the smooth rotation of polarization with external magnetic
fields in Ba,CoGe,0;, summarized in FIG. IV. 4, is rather unique. In other magnetism-
driven multiferroics, Electric polarization tends to flip suddenly by 90° (TbMnQOsg,
DyMnOs, MnWO, and LiCu,0,) or 180° (TbMn,0s) through 1%-order phase transitions
when sufficiently-large magnetic fields are applied [3-5, 7-9]. M(B) curves of
Ba,CoGe,0y7, FIG. IV. 1(c), do not show any hint of a external magnetic field -induced
phase transition. In addition, there exists no hint of any 1¥-order phase transition in the
external magnetic field dependence of P., ¢,, and &.. This unique behavior may be related

with the possible presence of two types of the DM vectors in the square-lattice structure
of Ba,CoGe,07; one along [fLO] and the other along [001]. Detailed investigation of the
exact magnetic structure in external magnetic field will be needed to unveil the origin of
the intriguing multiferroic behavior in Ba,CoGe,0s.

It is also noteworthy that there exists little hysteresis in the external magnetic

field-dependence of P., &, and ¢. (except P,: the hysteretic behavior of P, with external
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FIG. IV. 3. (a) External magnetic field dependence of the c-direction polarization at 2 K:
red, black and blue lines are obtained from measurements with field sweeps from B=0 to
8T,8Tto-8T,and -8 T to 8 T, respectively. (b) External magnetic field dependence of
the c-direction dielectric constants at 2 K (black) and 5 K (green) (c) B. dependence of
the a-direction polarization at 2 K: red, black and blue lines are obtained from
measurements with field sweeps from0to 8 T, 8 Tto -8 T, and -8 T to 8 T, respectively.
(d) B. dependence of the a-direction dielectric constants at 2 K (black), 5 K (green), 6.3
K (orange) and 6.7 K (blue). All data in (b-e) show the results for the entire B. sweeps
from0—>8 T—>-8 T>8T.
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FIG. IV. 4. Variation of polarization vector with magnetic fields (B.=0-8 T) along the ¢
axis. This plot is obtained from results in FIG. 1V. 3(a) and (c).



83

magnetic field may be related with ferroelectric domain pinning, rather than a 1%-order
phase transition) (see FIG. IV. 3(a)-(d)). The external magnetic field-induced change of
dielectric properties in multiferroics can be of use for technological devices, but a large
field hysteresis can be detrimental for many applications. Since the drastic control of
polarization and dielectric constant with external magnetic field in many multiferroics
occurs through 1%-order phase transitions, a large field hysteresis is commonly
accompanied. However, the field hysteresis of the external magnetic field-induced
change of P., ¢,, and ¢. in Ba,CoGe,07 appears to be minimal: the hysteretic variation,
defined as the change of polarization or dielectric constant with different field sweeps
normalized by the difference of P or ¢ in B.=0 and 8 T, is less than 1.04 % for ¢,
(<1.12 % for ¢. and <3.7 % for P,)

In summary, we found that ferroelectricity develops below Ty in Ba,CoGe,Oy,
and ferroelectric polarization is along the tetragonal ¢ axis. The polarization increases
significantly in magnitude and rotates away from the ¢ axis when magnetic fields are
applied along the ¢ axis. This change of polarization and the associated change of
dielectric constant with fields are smooth without going through any phase transition, and
thus is involved with little field hysteresis. Exploration of this negligible external
magnetic field-hysteresis effect will be indispensable towards the practical potential of

multiferroics.
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1. Summary

In recent years, the study of multiferroics has opened a rich vein of new materials,
novel phenomena and technological potentials: a number of new multiferroics are found
and unprecedented cross-coupling effects such as high tunability of electric polarization
with external magnetic fields have been discovered. In chapter I, we have presented the
classification of the recently discovered multiferroics and discussed the possible origins
of multiferroicity and magnetoelectric effects.

In chapter II, we have investigated unexpected evolution, with thermal and
magnetic-field (H) wvariations, of the inter-relation between the polarization P,
magnetization M and spiral wave vector Q in CoCr,O4, which has ferrimagnetic conical-
spiral magnetic order. For example, P suddenly jumps and changes its sign at the
magnetic lock-in transition (T ) with thermal variation, or with isothermal variation of H
(without changing its direction) at T;, which surprisingly occurs without change in spiral
handedness (i.e. the sign of Q). The presence of multiple spiral sublattices may be behind
this unusual behavior.

In chapter III, we have presented our discovery of collinear-magnetism-driven
ferroelectricity in the Ising chain magnet CazCo,xMnyOg (x~0.96). Neutron diffraction
shows that Co”" and Mn*" ions alternating along the chains exhibit an up-up-down-down

( M4 ) magnetic order. The ferroelectricity results from the inversion symmetry

breaking in the TT{ spin chain with an alternating charge order. Unlike in spiral
magnetoelectrics where antisymmetric exchange coupling is active, the symmetry
breaking in Ca3(Co,Mn),0O¢ occurs through exchange striction associated with symmetric

superexchange.
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In chapter IV, we have discussed newly-discovered ferroelectricity below the
Neel temperature of 6.7 K in the antiferromagnetic Ba,CoGe,O; with square magnetic
lattice. The ferroelectric polarization is rather small in magnitude and aligns along the c
axis, but its magnitude increases remarkably and its direction smoothly rotates away from
the ¢ axis when the magnetic fields are applied along the c axis. This behavior of smooth
rotation, rather than sudden flip, of electric polarization is unique and accompanies a
linear increase of magnetization and a smooth change of dielectric constant with little

hysteresis, which may be important for certain technological applications.

2. A new dimension of multiferroics research

Until recently many known multiferroics, where ferroelectricity originates from
magnetic ordering, exhibit highly-controlled ferroelectric polarization and dielectric
constant by external magnetic fields. However, there still remains obstacles in the way
toward practical application of the materials, such as small magnitudes of polarization,
low transition temperatures at which multiferroicity comes in, and insensitive
magnetization to applied electric fields.

In magnetism-induced ferroelectricity, ordering temperatures are inherently low
because of the competing spin states of frustrated magnets. One exception is the
hexagonal ferrite, BagsSr;sZnyFe;20,, [1] where multiferroicity appears even above
room temperature. The hexagonal ferrite shows magnetic order at 326 K and
ferroelectricity is induced by spiral spin nature under applied magnetic fields. But the
ferroelectric polarization has only been measured up to 110 K because the sample

becomes conducting at high temperature, making it difficult to align electric dipoles by
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electric fields. The latest discovery of high-T (Tge=230 K) magnetism-induced
ferroelectricity in CuO therefore provides a new route to progress in multiferroics
research [2]. FIG. V. 1(a) shows a diagram of superexchange interaction, J as a function
of Cu-O-Cu bond angle, ¢ for various low-dimensional cuprate systems. The compounds
with large J associated with ¢ close to 180° show high antiferromagnetic transition
temperatures. With decreasing ¢, J suppresses monotonically and becomes negative
(ferromagnetic) at ¢ around 95°. For the recently found multiferroic LiCu,O,,
ferromagnetic J competes with higher order antiferromagnetic exchange interaction,
leading to spiral magnetic order, i.e. ferroelectricity. However, this happens below 25 K
[3]. In CuO, strong J with ¢=146° being intermediate between 90 and 180° induces high
magnetic transition temperature (230 K) at which spiral order emerges with competing
antiferromagnetic and ferromagnetic interactions maintaining high effective J. CuO
undergoes two successive magnetic transitions at 213 K and 230 K and the ferroelectric
state forms between two transition temperatures as shown in FIG. V. 1(b). Since the
ferroelectric polarization exists in the narrow temperature range, for the pyroelectric
current measurement the sample was poled to 220 K (a temperature in ferroelectric state),
then the current was measured during the temperature up and down sweeps.

BiFeO; is the most extensively studied multiferroic material because it contains a
large magnitude of polarization and presence of magnetism at room temperature [4, 5]
(BiFeO; is a proper ferroelectric and magnetism results from Fe®" ions, see the detail in
Chapter 1. 2). However, due to its significant current leakage at room temperature,
usually considered as a serious problem that deteriorates their functionalities [6, 7], the

relationship between electric transport characteristics and ferroelectric polarization has
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function of temperature in a CuO crystal. [3]
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been little studied. The recent study of electric transport on large BiFeO; single crystals
has revealed intriguing charge conduction behavior such as diode-like effects which can
be reproducibly switched by large external electric fields, and a significant zero bias
photovoltaic effect when the crystal is illuminated with visible light [8]. As shown in FIG.
V. 2, there exists significant currents that are non-linear with applied electric field, E, and
also seem to show a strong dependence on the direction of E. Note that the magnitude of
E here is much less than ferroelectric coercivity, so polarization switching does not occur
during the E sweep for current density, J, vs. E curves. The diode forward-reverse
directions switch when ferroelectric polarization is uniformly reversed by large electric
voltage pulses. When +150 V (E of +17 kV/cm) pulses are applied to the top electrode
shown in the FIG. V. 2(a), the ferroelectric polarization points down, as confirmed by
piezoresponse force microscopy (PFM) (FIG. V. 2(b)). The electric current through the
specimen is large when the current direction is also downward, i.e., the diode forward
direction is from top to bottom, and along the polarization direction (FIG. V. 2(c)). When
-150 V pulses are applied, ferroelectric polarization switches to the upward direction, and
the diode forward direction becomes from bottom to top (still along the polarization
direction). Application of +150 V pulses restores the original configuration. Therefore,
the diode directions switch whenever ferroelectric polarization is reversed by external
pulses, and the diode forward direction is always along the ferroelectric polarization
direction (FIG. V. 2(c)). Note that the application of the second set of +150 V pulses does
not completely restore the original J(E) curve, and this incomplete restoration may be due
to complex factors such as incomplete polarization flipping, formation of conducting

paths, or irreversible changes in the interfacial regions. FIG. V. 3(a) and (b) show the
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(c) J(E) curves of BFOs after +150 V, -150 V and +150 V pulses, in sequence. The diode
forward-reverse directions switch when the direction of out-of-plane polarization is
reversed by 150 V pulses. The diode forward direction turns out to be same with the

direction of electric pulses used for polarization flipping. [8]
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optical gap (~2.5 eV) dominate the photovoltaic effect. The observed R/L asymmetry
may result from a thermoelectric power effect and/or uncontrolled asymmetries in the

experimental configuration. [8]
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(a) and a red (b) light on and off. For the first 60 minutes, the left electrode was
illuminated and for the next 60 minutes the right electrode was illuminated. Detailed
study of these effects with other experimental configurations (e.g., electrodes with
different conductors or controlled doping levels) and spectroscopic studies of metal/ BFO
interfaces will be necessary to unveil the true origin of these intriguing effects.

In spite of the strong magnetic field dependence of electric polarization and
dielectric constant in many known spiral magnets, this does not imply the strong effects
of electric fields on magnetism. Since the electric polarization does not break time-
reversal symmetry, polarization cannot produce magnetic ordering as the spiral spin order
with broken inversion symmetry induces spontaneous ferroelectric polarization. Thus the
control of magnetism by electric fields, essential in novel technological application,
would require other mechanisms [9]. For instance, in conical spiral ferroelectric CoCr,O4
clamping of ferrimagnetic and ferroelectric domain walls can be achieved by ME cooling
process. The behavior of single ME domain is clearly shown in polarization reversal by
applied magnetic fields [10]. Furthermore, the inverse effect, electric control of
magnetization reversal, would be expected in such conical spiral spin structure. But the
tiny magnitude of polarization (~4 pC/m”) would make it difficult to reverse
magnetization due to production of small electric energy when even a large electric field
applied. Another way toward electric control of magnetism is to utilize a phase
competing region where the ferroelectric-spiral phase competes with paraelectric-
antiferromagnetic (or paraelectric-weak ferromagnetic) phase [11]. In this narrow

temperature window of metastable states, the application of electric field may induce a
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phase transition between two different phases, leading to the electric control of ME phase

(or magnetization).
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Appendix 1.

Spin rotation and domain walls

Yamasaki et al. [1] found that on reversing the magnetization, the polarization
also reversed. that is, sign (M) - sign (P) is invariant in this process. This begs an
explanation: The sign of P is correlated with the sign of the spiral wave vector Q, but the

dominant energy, the Heisenberg exchange, is invariant under Q — —Q, for either sign

of M; so why should the sign of P depend on the sign of M? We believe Yamasaki et al
were on the right track, looking for an explanation in the magnetization reversal process.
However, their analysis was somewhat limited, and contained a somewhat misleading
statement, namely that their observation implied invariance of PxM =T, (which they
called the average toroidal moment) [2], through a domain wall, whereas it is only the
signs of P and M that were observed to be correlated. We therefore present an expanded
discussion.

As a prelude to discussion of a domain wall, first consider a single conical spiral,
cone half angle 6. Consider an “up’ domain,

M =2Zcosd. (All-1)
Then the spiralling components lie in the x-y plane:
S,=siné(Xc,+Vys,)+2cosd. (All-2)

where

c, =Ccos(Q-R, +¢)

. (All-3)
s, =sin(Q-R, +¢)
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the arbitrary phase ¢ shows there is no particular significance of the choice of Xand y,
as far as the spins are concerned. For simplicity, consider a simple cubic array of spins,
with (j the direction of Q along (100)(=X). Then Q -R,=naQ, where a = lattice

constant, na is the x-coordinate of a lattice site, and Q>0; so this coordinate increases

with n along the positive-x direction. Then,
Sn XS =SiN* @sinQa Z +sin @cos G[X(s, —S,..) + Y(C.., —C, )], (All-4)
where R,..—R,=aX. Using the theories for spiral magnetoelectrics*®, the electric

dipole moment per spin is proportional to

P=N'Y %x(S,xS,.,) (All-5)
=N"'Y [-¥sin®*@sinQa+Z(c,,,—c,)] (All —6)
= —sin’#sinQa y. (All=7)

l.e., P is in the negative y-direction. The sum on the z component in (S4-6) causes its
disappearance. Thus
T=PxM =-cosésin’ sinQa X (All-8)

(in the negative x-direction, taking 0<8< 7 /2).

Now we consider the structure of a domain wall. This is a rather complex problem if
looked on in its full generality: there are two disparate length scales, the spiral
wavelength, ~10A, and the much greater wall thickness; there is the question of the
direction of Q relative to the wall boundaries, as well as the directions of M and P. We
note that the dominant energy, the exchange, determines (3 relative to the crystal, as well

as |Q|, and forces the conical form of the spin orientations. But this energy leaves

arbitrary the direction of the cone axis relative to @ and the crystal. This reasonably
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allows the simplification of assuming the cone structure is rigid through the wall, and Q
is fixed in the crystal.
Thus we assume uniform spin rotations to simulate a domain wall. In our model

with simple cubic crystal structure, we then assume Q is fixed along the x-direction. We
assume a simple 180" wall with Q L or || to the wall boundary planes. We consider
separately two simple cases, rotation R, through angle y about the x-axis, and R, about

the y-axis.

1. Rotations about the x-axis (the “T- or Q-axis™)

One has
Rx X=X
Ry Y=Yycosy+Zsiny (All-9)
RxZ=-ysiny+2Zcosy.

Thus,
S,'=R,S,=sing[Xc, +(ycosy+Zsiny)s ]+cosé(-ysiny+2cosy). (All-10)
This gives

S, 'xS,.,"=sin’ @sinQa(Zcos y — ysin y)

. . . .. (All-11)
+sin@cos[X(s, —S,,,) +(Ycosy +zsiny)(c, —C,.,)]

(just the rotation of (All -4)).

We are to insert this into (All-5). The 2nd term, which vanished for the single domain

after summing on n, will vanish, similarly, for @ || the wall boundary; for the other case,

(3 the wall boundary, this term will fluctuate sinusoidally on the scale 27/ Q ~a~8A
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for CoCr,Q4. Since one expects the domain wall thickness to be much greater than that,
we can reasonably neglect this term, giving

N‘l; S, xS, ., =sin’ @sin Qa(Zcos y — ysin y). (All-12)
Note that Q effectively changes sign when » goes from 0 to ~ . Thus the rotated dipole
moment, for both Q is
P'=sin® @sin Qa(—ycos y — Zsin y). (All-13)
We also have
M'=cos&(-ysin y+Zcosy). (All-14)
We finally obtain T transformed by rotation of the spins about the x-axis
T'=—Xcos@sin® &sin Qa. (All -15)

This checks the statement of Yamasaki et al that T is invariant through the wall, i.e. T is

independent of y (the only rotations considered there are R, ).

2. Rotations about the y-axis (the “P-axis')

For the y-rotations

R, X=Xcosy—Zsiny
R, Y=Y (All -16)
R, Z=Xsiny+Zcosy.

Following the same procedure as for the x-rotations we find
P'=—ycosysin®#sinQa (All-17)

and
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M'=cos&(Xsiny +Zcosy). (All-18)
Thus,

T'=—cos@sin® #sin Qa(Xcos y —Zsin y). (All-19)
So now the axis along T changes direction, that is, T is not invariant, in general, across a
Bloch wall. However, again it is seen that the full rotation through =~ gives
T'="T consistent with the experimental findings.

Reflecting on the various results above, we would say that the results for R, i.e. rotations

around the T-axis, are not at all surprising: All three of the observables (M, P and T)
behave exactly as one would expect, being merely the rotations, respectively, of their
single-domain values (All -1), (All-7), and (All -8). However, there is a quite surprising
result under y- or P-axis rotations. Certainly, a priori, one would expect rotations about
this axis to leave P unchanged,; this is an ordinary, or polar vector, one would think. But

the calculation says P changes as the spin rotation angle y changes! That is, rotation

about the P direction changes P. The explanation of this behavior is probably that the
rotations are of the spins (holding the lattice positions fixed), clearly the relevant
operation for the physical question considered. But the usual symmetry operations under
which vectors are classified involve the whole structure, including the lattice positions,
and this would include rotating X in eq. (All -5).

The significance of this is that the experimental observations concerning the
simultaneous change in sign of P and M are explained for the wall formed by rotation
through ~ about any axis in the x-y plane. The generalization to any such direction

confirms this statement [3].
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3. Which rotation axis is best, i.e. expected physically?

To minimize confusion about the geometry, we first discuss the case where (3

i.e. X, is L the wall boundary. For ordinary soft bulk ferro- or ferrimagnets (with no

electric polarization), the rotation axis is Q i.e. a Bloch wall. The reason is that this

minimizes the magnetostatic energy (due to the long range dipole-dipole interactions).
And this interaction can be interpreted in terms of the existence of free magnetic charges,

o V-M. One can easily see that for a wall of the form of a spiral connecting an up to a

~

down domain, this vanishes only for the rotation axis =Q. Our case has, in addition to

the requirement that the magnetostatic energy be minimized (which first of all requires
the existence of domains so that the total magnetic moment vanishes), but also the
electrostatic energy to consider. A similar argument as to the existence of free electric

charges should occur. So originally this led us to the conclusion that the rotation should

be the T-axis (then both M and P will spiral in the plane Lé and so both divergence of

M and of P will vanish). However, domain walls in known ferroelectrics, like BaTiOs,
are very narrow. We presume that is because there the polarization is due to lattice
distortion which is very stiff (analogous to highly anisotropic magnets), giving an energy
that outweighs the electrostatic energy. Now there are two fundamentally different
microscopic mechanisms for spiral-caused ferroelectricity, as we have said. For the one
where the primary cause is distortion of the lattice [4], the situation might be similar to
BaTiOs. But for the case where the primary cause is a charge density distortion [5, 6], the

resistance to rotation of P might be quite soft. Thus there are competing tendencies, and
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without a direct measurement of the wall structure, or a detailed calculation of these
competing effects, we don’t know how magnetization and polarization look in a domain
wall of this kind of multiferroic. This discussion seems to suggest that knowledge of the
nature of the wall might give insight into which mechanism for the spiral-caused

ferroelectricity is more important.
Finally, we mention the other case, Q=)?|| to the wall boundary plane.

Assuming, again, a Bloch wall, so M is, again, in the plane of the domain wall, P is L to
that plane, with T|| to that plane. So the magnetic Bloch wall occurs for spin rotation

about P, with P not rotating, but changing its component along ¥ (L to the wall

boundary). The latter would entail large electrostatic energy, but as in the previous case,

it is not clear if that would dominate.
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Appendix I1.

Magnetic x-ray scattering from complex spin structures

We have calculated the resonant magnetic x-ray coherent scattering intensity for a
spiral, and more general spin structures. We found that while scattering of linearly
polarized light cannot distinguish between spirals of wave vector Q and -Q, the
circularly polarized case can make such a distinction. Details of this result, which we
believe is a minor generalization to more complex spin states of a previous work [1], are
provided here.

We consider cases where the Fourier components of the spins are a discrete set

Sh=2C;expiQ;R,+CcC. (AllI-1)
J

A familiar special case of this is where there is just one non-zero C = ()A(—iil)/Z, which

yields a simple spiral

S, =XC0sQ -R,+YsinQ ‘R,. (Alll -2)

The Fourier amplitudes C; are not known for our case of CoCr;04, particularly where

we find more than one wave vector (in addition to the one at Q=0, which corresponds to
the axial spin components in the ferrimagnetic spiral). We confine ourselves here to just
the non-zero wave vectors. For simplicity, and with some measure of intuitive

reasonableness, we take these contributions as being of the form

C;j=¢,(x-iy); (Alll -3)
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that is equivalent to saying the spin state is a linear combination of spirals all lying in the
x-y plane with different wave vectors, strengths and phases. Then the intensity for

resonant scattering as a function of the scattering vector k is found to be proportional to

1<, Q) =aZ oy | [5(k +Qp) + 5k~ Q)]

2 (Alll -4)
+b%|0m| [6(k+Q,)-d(k-Q,)]

where

2 2
a=|p,] +Jp,|
b=2Im(p, *p,),

P = (es*xei)(Fi1— Fi-0),
and g;andg, are the incident and scattered polarizations. Also, o(k) is the familiar

function that is peaked at the reciprocal vectors G, giving rise to Bragg peaks, and F;.

are scattering amplitudes corresponding to the changes in magnetic quantum number
Am = =1 [2]. This intensity formula was derived on the basis of the scattering amplitude

for resonant elastic scattering by a single spin in the z direction, namely
—ip-Z(Fii—Fy-1) [3].
The essential point here is that the coefficient of a is even in Q; - —Q;, whereas

the coefficient of b is odd. Thus the intensities at Q; and —Q; will be equal if b=0,

which occurs for linear polarization, but they differ when b=0, achievable by using
circular polarization. In our experiments, the field of view for the scattered beam is

limited; e.g., for the wave vectors involved, one sees several peaks at the Q;, but their

negatives are not visible. The question arises, do the Q; change sign on magnetization
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reversal, as would be predicted by the picture indicated by Yamasaki et al. [4], as
discussed in (Appendix Il. Spin rotation and domain walls). Eq. (Alll -4) says if that
picture is correct, then the intensities of the observable peaks should change, from a+b to
a—-b. We actually predicted this before the circular polarization experiment was carried
out; and indeed such a change was observed, where a uniform change, i.e. reduction of all
the peaks (for which the change was significant), occurred.

Finally, comparing the changes for fixed magnetization across the 14 K transition,

we observed that the higher intensities held for both temperatures. Furthermore, the Q;
are approximately equal vectors, so that a and b will be essentially independent of Q.

Thus, despite the fact that the locations of the most intense peaks change across the

transition, we conclude that the Q; do not change sign across that transition.
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Appendix I1.

Handedness vs. Chirality

The terms of chirality and handedness have been customarily considered as
equivalent. However, in our scrutiny of handedness in multiferroic CoCr,0,4, we have
realized that the term “handedness” comprises two different meanings, both of long-
established utility. One dates back to the invention of vector analysis, having to do with
the handedness associated with the vector- or cross-product. The other dates back to
Pasteur and Lord Kelvin, related to, actually identical to, chirality, the lack of mirror
symmetry of an object [1]. The FIG. Al.1 shows the pictorial relationship between
handedness, defined with vector cross products, and chirality in terms of two disks that
partially overlap to each other. There exist three situations: chiral handedness, non-chiral

handedness, and chirality without handedness.

1. Situation-I : handed and chiral

The conventional equivalence of handedness and chirality is attributed to most
cases in the handedness usage belonging to this situation. The simple example is the two-
types-of-handed screws without head or tail. One of them can be certainly called as right-
handed, and the other one left-handed depending on the rotation direction of a screw.
Taking the mirror reflection for a handed screw, it should not be superposable to its
mirror image. So the simple screw can be seen to be chiral and handed. A chiral molecule
forming a chiral or spiral as another example is also handed as well as chiral. There is

certainly an absence of mirror symmetry of a chiral molecule. Verifying it to be handed,
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Chirality

FIG. Al. 1. Pictorial diagram representing the relationship between handedness and
chirality. Left (red) and right (blue) circles cover the areas where handedness and
chirality are valid, respectively. In the overlapped region (purple), an object is handed as

well as chiral.
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if one assigns a position vector to each atom, perpendicular to the axis of the molecule,
then these vectors rotate uniformly as one moves along the axis. So the vector product of
two successive ones will point along either + or — direction, showing a kind of

handedness.

2. Situation-11 : handed but not chiral

The light propagation among three vector quantities, electric field (E), magnetic
field (B) and propagation wave vector (k) can be seen to be achiral - identical to their
mirror images, but clearly handed in the sense of the very definition relying on the right-
handed rule in the vector-cross-product. For a light plane wave in free space, we can
construct E x B-k > 0 which indicates right-handedness found in nature (see FIG.
Al.2)[2]. We note that the usual sameness of chirality and handedness must be

distinguished when the physical situation involves both polar and axial or pseudovectors.

3. Situation-I11 : not handed but chiral

The distinct example of this type is an elm tree. This is clearly chiral, not
superposable on its mirror image. Showing it not to be handed, consideration of two
consecutive position vectors to branches of the tree is comprehensive of randomness in
the sign of every vector product, pointing either + or — direction. So the whole sum of the
vector products is cancelled out - not handed. A simple realization of this kind is shown

in FIG. AlL.3.
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Mirror image

_
g

Richt hand Right hand !

FIG. Al. 2. The handed relationship of three vectors for light propagation, which can be

seen as not chiral. This is primarily because of the pseudo-vector nature of magnetic field.
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FIG. Al. 3. The mirror image of a not-handed object with polar vectors can be handed, so

the object is chiral.



112

4. REFERENCES

[1] Harris, A. B., Kamien, R. D. & Lubensky, T. C. Molecular chirality and chiral
parameters. Rev. Mod. Phys. 71, 1745-1757 (1999).
[2] See, for example, Purcell, E. M. Electricity and Magnetism, 2" edition, pg. 209,

(McGraw-Hill, NY, 1985).



Appendix V.

PRL 98, 057601 (2007)

PHYSICAL REVIEW LETTERS

113

week ending
2 FEBRUARY 2007

Ferroelectricity in an § = 1/2 Chain Cuprate
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We report our discovery of ferroelectricity in the spiral-magnetic state in the quantum quasi-one-
dimensional (1D} § = 1/2 magnet of LiCu,0,. Electric polarization (P) emerges along the ¢ direction
below the spiral-magnetic order temperature, but changes from the ¢ to a axis when magnetic fields (H)
are applied along the b direction. We also found that P, increases with H_, and P, appears with H,.
LiCu,0; in zero field appears to be the first ferroelectric cuprate and also a prototypical example of the
“1D spiral-magnetic ferroelectrics.” However, the unexpected behavior in H may demonstrate the
complexity of the ordered spin configuration, inherent in the 1D § = 1/2 magnet of LiCu,0,.

DOI: 10.1103/PhysRevLett.98.057601

Ferroelectricity is the electronic version of magnetism,
associated with the polar arrangement of charges. Ferro-
electricity turns out to be mutually exclusive to magnetism
because, for example, in the class of transition metal ox-
ides, to which most ferroelectrics belong, the nonzero d
electrons, required for the presence of magnetic moments,
tend to reduce the energy gain associated with ferroelectric
distortion [1,2]. Therefore, only a limited number of com-
pounds, the so-called multiferroics, exhibit the coexistence
of magnetism and ferroelectricity. Even in the multifer-
roics, the interaction between magnetism and ferroelectric-
ity is rather weak. Recent discoveries of spectacular cross-
coupling effects in frustrated magnets, such as reversibly
flipping ferroelectric polarization or a drastic change of the
dielectric constant with applied magnetic fields, offer new
opportunities for a thorough scientific understanding of
multiferroicity as well as multiferroic applications [3-7].

Multiferroics with enhanced cross-coupling effects ex-
hibit magnetic orders with broken centrosymmetry. It turns
out that the lattice relaxation through exchange striction
associated with the magnetic orders with noncentrosym-
metry is the origin of magnetism-induced ferroelectricity
[8—11]. The exchange coupling between spins, where ex-
change striction is associated, is a tensorial quantity, and
has symmetric parts and antisymmetric parts. The sym-
metric parts seem to be relevant to multiferroicity in sys-
tems such as RMn,Os [12], and the antisymmetric parts,
which constitute the so-called Dzyaloshinskii-Moriya
(DM) interaction, become active when ferroelectricity is
induced by spiral-magnetic orders in systems such as
TbMnO;, Ni;V,0q4, delafossite CuFeO,, hexaferrite
(Ba, Sl')gznzpﬂlzozg, spinel C()Cl'zOq,., and MUW04 [13—
19]. Note that TbMnO;, CoCr,0,, and MnWQ, are 3D
compounds, and Ni;V,0y and CuFeO, are quasi-2D
systems,

A prototypical condition for obtaining a spiral-magnetic
order is when in a chain magnet the nearest-neighbor (NN)
ferromagnetic coupling (Jp) competes with the next-
nearest-neighbor (NNN) antiferromagnetic  coupling

0031-9007/07/98(5)/057601(4)

057601-1

PACS numbers: 77.80.Fm, 75.10.Pq, 75.80.4+q, 77.22.Ej

(Jap)- In a classical regime, it is well known that when
|Jag/JE| is larger than 1/4, a spiral order with 27r¢ =
cos (1/|4J s/ Jel) (pitching angle = 27¢) becomes the
ground state [20]. Even though it has been controversial,
LiCu,0, appears to be a wonderful example of this 1D
spiral magnet with NN Jp = —11 =3 meV and NNN
Jap = +7 £ 1 meV [21-24]. In LiCu,0,, 4 planar oxy-
gens among five oxygens coordinating a Cu®* ion form an
edge sharing plate extending to the chain b direction, and
lead to a ~94° NN superexchange route along the b axis as
shown in Fig. 1(a). The presence of the magnetic superlat-
tice peak of (0.5, 0.826, 0) was reported, and thus the spiral
modulation ¢ along the chain direction is 0.174, which
corresponds to the pitching angle of 62.6° [21]. These
experimental values are in accordance with the estimated
ratio of |Jag/Jy| = 0.50-0.65. From neutron scattering
results, it was proposed that the spiral plane is the ab plane
[21]. However, our experimental results seem to be incon-
sistent with the proposition of the ab spiral plane.

Herein, we report our surprising discovery that the
quantum § = 1/2 chain magnet of LiCu,0, exhibits fer-
roelectricity when the spiral-magnetic order sets in.

Single crystals of LiCu,0, were grown by the self-flux
method using excessive CuQ, powders as a flux in a Pt
crucible. Black platelet crystals with the size of ~0.2 cm?
were obtained after slowly cooling from 1250 to 950 °C in
air. X-ray powder diffraction results at room temperature
indicated a single phase of LiCu,0; with an orthorhombic
unit cell [Pnma, a = 5.734(4) A, b = 2.856(2) A, and
¢ = 12.415(6) A]. Insulating pieces were collected and
cut in a rectangular shape with a cross sectional area of
3-4 mm? and a thickness of 0.2-0.4 mm. The resistances
of the specimens are ~107 ) at room temperature and too
large to be measured below ~150 K. The dielectric con-
stant (&) was measured by an LCR meter at /' = 28 kHz
with an excitation of 1 V. Pyroelectric and magnetoelectric
currents were measured with an electrometer at a rate of
4 K/s and 0.02 T/s, respectively, after cooling specimens
in a static poling electric field of Ey. = 400-1200 kV/m

© 2007 The American Physical Society
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FIG. 1 (color online). (a) Proposed spiral spin structure in zero
field, consistent with the presence of a finite electric polarization
(P) along the ¢ axis. Cu** ions (in blue or medium gray) are
coordinated by five oxygen atoms (in white) including one apical
one. (b) Proposed spiral spin structure in H = 9 T along the b
axis. In Hy, P switches to the a axis. (c),(d) Polarized optical
microscope images of the ab plane of LiCu;0,. The domain
boundaries appear with 45° away from the crystallographic a/b
axes (in arrows). (e) Phase diagram of LiCu,0,, showing the
presence of a paraelectric —paramagnetic state, a FE state with P_
and a FE state with P, induced by H,,.

2 3 4 5 6 7 8 9

(the poling field was removed just before the measure-
ments). A SQUID magnetometer was used for magnetiza-
tion measurement.

A twin structure was observed in the ab plane of the
LiCu,0, crystal under a polarized optical microscope
(POM), as shown in Figs. 1(c) and 1(d). Contrast under
POM reverses by slightly changing the angle between a
polarizer and an analyzer around 90°, confirming that the
contrast originates from ~90° twins. The twin structure
exists because of the similarity in magnitude between the a
lattice constant and twice of the b lattice constant [25].
Note that for our macroscopic-size specimens with micro-
scopic twins, we will use the notation of a and b in the way
consistent with the concept of spiral-magnetic ferroelec-
tricity. The electric polarization (P) and & along the
twinned a/b direction are denoted as P, and £,, respec-
tively. When H is applied perpendicular to the electric field
for £ and P measurements in the ab plane, it is denoted as
H;,. When applied parallel, it is denoted as H,. These
notations are used because within the framework of
spiral-magnetic ferroelectricity, P is supposedly perpen-
dicular to the spin chain direction, i.e., the b direction.
Figure 2(a) shows the temperature (7') dependence of the
magnetic susceptibility (y) and its temperature derivative
along the a/b axis. A broad hump of y (T) at ~40 K is
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FIG. 2 (color online). (a) Magnetic susceptibility (y) and
dy/dT in H, = 2 kOe vs temperature. (b) Dielectric constants
() along the a and ¢ axes. H;,, dependence of &, is also shown.
(c) Temperature dependence of P, in H;,. All experiments for the

H), dependence were performed in field cooling. (d) Temperature
dependence of P, in Hy,.

attributed to the formation of short-range magnetic corre-
lations in the 1D § = 1/2 system, and the weak but sharp
features in y(T) and dx(T)/dT at Ty = 23 K signify the
onset of an antiferromagnetic (AFM) long-range ordering
[26]. The T dependence of & along both the a and ¢
directions is displayed in Fig. 2(b). £ along the ¢ axis,
£., reveals a tiny but sharp peak at 23 K, which coincides
well with Ty, indicated in y(7). Along the a axis, a
relatively large steplike increase of &, however, appears
below T,. With applied magnetic fields along the b axis
(H,), e,(T) in H, = 3 T shows a broad peak at ~15 K,
which approaches to Ty in higher H,, while the steplike
anomaly at Ty persists for H, up to 5 T.

These & features below Ty stem from the emergence of
electric polarization in the magnetically ordered state in
LiCu,0,. Figures 2(c) and 2(d) exhibit the T dependence
of polarization along the ¢ (P.) and the a (P,) axes in H,,
measured upon warming after removing E. at 2 K. First
of all, P, becomes nonzero below Ty, consistent with the
presence of a sharp e, peak at Ty. This polarization is
found to reverse when a negative E,, . was applied. These
behaviors clearly indicate that a ferroelectric state emerges
when a magnetic order sets in. With applied H,, P, de-
creases, and becomes negligible in H;, = 9 T. On the other

057601-2
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hand, P, seems to be absent in H = O T, but appears in
H, =3 T below ~15 K. The transition T for P, moves
slowly up to ~23 K with increasing H, >3 T.

This change of the transition T of P, in Hj, is consistent
with the behavior of the broad &, peak in H,, shown in
Fig. 2(b). However, this P, behavior in H, is seemingly
different from that of P, showing a single transition 7" in
various Hj. This is unusual if the appearance of P, results
from the suppression of P, with increasing H,. To unveil
the origin of this different behavior, we measured the
pyroelectric current for P, in H, in different ways. For
example, the specimen was cooled in a constant E, to
20 K in 3 T, and the Eg,. was removed afterwards. Pyro-
electric current for P, was, then, measured while cooling
the specimen in 3 T from 20 K to 2 K, and this pyroelectric
current shows a distinct feature at 15 K, which appears in a
way consistent with the suppression of P, below 15 K. This
observation indicates that the absence of the low-T tran-
sition (such as the 15 K transition in 3 T) in P.(T) in H; in
Fig. 2(c) is due to the loss of poling information below the
low-T transition, i.e., the appearance of ferroelectric do-
mains when E;. was removed at 2 K.

The H,, dependence of P, P,, &,, and M/H at 10 and
20 K, shown in Fig, 3, clearly demonstrates that H}, induces
the flipping of P from the ¢ to a direction. While P, in
Fig. 3(a) shows the decrease of its magnitude with increas-
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FIG. 3 (color online). H, dependence of (a) P, at 10 K and
(b) P, at 10 K and 20 K. H,, reverse-cycling at 20 K shows the
reduction of P,. H, dependence of (c) £, and (d) M/H at 10 K
and 20 K. The Hj-induced transitions of & at both temperatures
are consistent with those of polarizations.

ing H,, P, in Fig. 3(b) exhibits an opposite behavior. The
corresponding threshold fields are the same for both
P.(H,) and P,(H,), and this transition is also evident in
e,(H,) at 10 K shown in Fig. 3(c). This field induced
transition occurs at a higher H; at 20 K, as apparent in
P,(H,) in Fig. 3(b) and in &,(H}) in Fig. 3(c). Figure 3(b)
also demonstrates that repeatedly reversing H; induces the
suppression of P, upon the magnetic field cycling. This
suppression possibly originates from the induction of fer-
roelectric multidomains when polarization flipping occurs.
Figure 3(d) indicates that the small kinks in H, = 2.4 T (at
10 K) and = 4.5 T (at 20 K) in M/H(H),) match with the
transitions indicated in P.(H,), P,(H,), and £,(H,). Both
the reversible behavior of the polarization in opposite Ep,.
and the presence of the magnetization anomalies at the
consistent threshold H fields support that the polarization
results from a bulk effect. For the T and H,, dependence of
g, and P,, we have constructed a magneto-electric phase
diagram of LiCu,0, for H,, as displayed in Fig. 1(e). The
low-H,, state below Ty = 23 K is a ferroelectric magnetic
state with a finite P, and high X, induces the flip of the
electric polarization direction from the ¢ to a axis.

In spiral magnéts, the DM interaction induces the mag-
netically driven polarization proportional to e;; X (S; x
S;), where e;; is the vector connecting the two §; and S;
spins [8]. Our observation of a finite P, in zero H, com-
bined with the concept of spiral-magnetic ferroelectricity
and earlier report of Q = (0.5, 1 — £,0) with the spin
chain along the b axis, indicates that the spiral spins,
relevant to the finite P, lie on the bc plane; ie., 8§; X §;
is along the a axis. When a magnetic field applied along the
b axis, P, decreases and P, increases, implying that the
Cu?* spin spiral plane flips from the be to ab plane,
resulting the flip of the polarization from the ¢ to a axis
as depicted in Figs. 1(a) and 1(b). Note that this picture
may be simplified, and represents a projection of the actual
configuration of complex spiral spins that is relevant to the
presence of the electric polarization [27].

Figure 4(a) shows the T dependence of & along the a
axis (e,) in magnetic fields along the same a axis (H,):
note that the polarization and dielectric constant along the
twinned a/b direction are denoted as P, and e, as dis-
cussed earlier. Unexpectedly, £, decreases with increasing
H, and a small peak appears at H, = 9 T at 22.2 K, which
is slightly lower than Ty = 23 K. Accordingly, P, appears
and then increases with increasing H, as shown in
Fig. 4(b). Furthermore, as depicted in Fig. 4(b), P. also
increases as H, increases. The H, dependent of ¢, and P,
is displayed Fig. 4(e), showing the smooth increase of P,
with increasing H, at 10 K and 20 K without phase
transitionlike features.

In general, spins without a net moment (such as anti-
ferromagnetic or spiral spins) tend to orient perpendicular
to an applied magnetic field [10]. Thus, it is expected that
H, may flip the spiral plane from the bc to ab plane, so that
P may flip from the ¢ to a axis with H,.. However, this is
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FIG. 4 (color online). (a) Temperature dependence of &, with
H,.(b) P, with H,. (c) P.with H,. (d) H, dependence of &, at
10 K and 20 K. (e) H, dependence of P, at 10 K and 20 K,
exhibiting a smooth change of polarization with increasing H,.

completely in contrast with our observation: A enhances
P, and H, is the one inducing the P flip from the ¢ to a
axis. The appearance of P, with H,, is also counterintuitive
within the framework of spiral-magnetic ferroelectricity.
These unexpected magnetic field effects may stem from the
complexity of the spiral-magnetic order in the 1D § = 1/2
magnet. Note that a strong competition between quantum
spin fluctuations and the incommensurate helimagnetic
state was reported [21]. We also point out that from
NMR experiment, Gippius ef al. suggested that spins rotate
on the plane containing the chain while also precessing
around the chain [27]. This complex spin configuration
may be associated with the quantum and fluctuating nature
of LiCu,0,, and the details of this intriguing magnetism
remain to be explored. Nevertheless, the behavior of the
electric polarization in H = 0 can be understood in a
simple model based on the framework of spiral-magnetic
ferroelectricity as discussed above. We emphasize that as
observed in other spiral-magnetic ferroelectrics, the elec-
tric polarization is weak, and the appearance of this weak
polarization is closely connected to the long-range mag-
netic ordering. It is evident that the magnitude of £ is
directly related with the ratio of |J4r/Jx|, and an applied
magnetic field is expected to be of assistance to J, so that
the magnitude of £ can be readily modified with magnetic
fields [28,29]. The magnetically driven polarization is
proportional to e; X (S; X §,;), where §; X §; gives the

connection to the pitching angle [8]. Therefore, the change
of the spiral modulation wave length, inversely propor-
tional to the pitching angle, should affect the magnitude
of the electric polarization.

In summary, we have discovered the emergence of a
ferroelectric polarization in the spiral-magnetic state in the
1D § = 1/2 cuprate of LiCu,0, where spiral-magnetic
order originates from the competition between NN ferro-
magnetic and NNN antiferromagnetic couplings. Thus,
LiCu,0, is the first example of a ferroelectric cuprate (as
far as we are aware of ), and appears to be a prototypical ex-
ample of 1D spiral-magnetic ferroelectrics. Applying mag-
netic fields can significantly influence the ferroelectric po-
larization as well as dielectric constants. Understanding the
origin of these remarkable magnetic field effects requires
further studies on this fascinating ferroelectric cuprate.

We thank L. Mihély and M. Mostovoy for useful discus-
sions. This work was supported by NSF-DMR-0520471.
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We report discovery of collinear-magnetism-driven ferroelectricity in the Ising chain magnet
Ca;Co,_,Mn,O4 (x = 0.96). Neutron diffraction shows that Co?* and Mn** ions alternating along the
chains exhibit an up-up-down-down (11]] ) magnetic order. The ferroelectricity results from the inversion
symmetry breaking in the 17| spin chain with an alternating charge order. Unlike in spiral magneto-
electrics where antisymmetric exchange coupling is active, the symmetry breaking in Ca3(Co, Mn),0
occurs through exchange striction associated with symmetric superexchange.

DOL 10.1103/PhysRevLett.100.047601

The concept of magnetism-driven ferroelectricity has re-
cently drawn a significant attention [1,2]. In magnetism-
driven ferroelectrics, development of inversion-symmetry-
breaking magnetic order leads to the loss of the lattice
inversion symmetry through exchange striction, thereby
leading to the development of ferroelectricity. In these
materials, external magnetic field influences the configu-
ration of the magnetic order, naturally leading to changes
in ferroelectric or dielectric properties. Spectacular cross-
coupling effects, such as reversible flipping of ferroelectric
polarization or drastic change of dielectric constant in
applied magnetic fields, have been recently observed in
magnetism-driven ferroelectrics [3-5]. Spiral magnetic
order, resulting from magnetic frustration, is a common
way to induce the loss of inversion symmetry, and ferro-
electricity has been recently observed in a number of spi-
ral magnets such as TbMnOj;, Ni;V,04, CuFeO,,
(Ba, Sr)ZanFequz, COCI'204, an04, and L'i.CI.lez
[6—12]. In the spiral magnets, the relevant exchange stric-
tion is associated with the antisymmetric part of the ex-
change coupling, which constitutes the so-called
Dzyaloshinski-Moriya (DM) interaction [13-16].

Spiral magnetic order is not the only possible route
towards magnetism-induced ferroelectricity. In RMn,05
(R = Tb-Lu), for example, a nearly-collinear acentric
magnetic order with broken inversion symmetry was pro-
posed to be responsible for the ferroelectricity [17]. In this
mechanism, the ferroelectricity results from lattice relaxa-
tion through exchange striction associated with the sym-
metric superexchange coupling. However, a model where
ferroelectricity is induced by a spiral spin configuration
along the Mn** spin chain has been also discussed for
RMn, 05 [18,19]. Thus, the true origin of multiferroicity in
RMn;0;5 is currently uncertain. Another promising ex-
ample is the so-called E-type magnetic order. This col-
linear order, combined with alternating oxygen cage
rotations, has been suggested as the origin of ferroelectric-
ity in the orthorhombic HoMnO; [20]. Polycrystalline
HoMnO; has been experimentally studied to test this theo-

PACS numbers: 77.80.—e, 75.10.Pg, 75.80.+q, 77.22.Ej

retical prediction [21], but the induced polarization turned
out to be too small to support the proposed theory.
Identification of nonspiral magnetism-driven ferroelectrics
remains, therefore, an important task. Among those, sys-
tems driven by the potentially large symmetric superex-
change are, clearly, of special interest.

A simple and conceptually important model in which a
collinear spin order induces ferroelectricity through sym-
metric superexchange can be constructed using an Ising
spin chain with competing nearest-neighbor ferromagnetic
(Jp) and next-nearest-neighbor antiferromagnetic (Jag)
interactions [2]. For |Jsg/J¢| > 1/2, the ground state mag-

(a)& ¢ (b) ;*s‘

——s

FIG. 1 (color online). (a) Ising chains with the up-up-down-
down spin order and alternating ionic order, in which electric
polarization is induced through symmetric exchange striction.
The two possible magnetic configurations leading to the opposite
polarizations are shown. The atomic positions in the undistorted
chains are shown with dashed circles. (b,c) The crystal structure
of the Cay;CoMnOyg chain magnet. The green boxes represent the
crystallographic unit cell.
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netic order is of the up-up-down-down (11l]) type [22]. If
the charges of magnetic ions alternate along the chain, this
magnetic ordering breaks inversion symmetry on magnetic
sites and can induce electric polarization via exchange
striction. This mechanism is illustrated in Fig. 1(a). The
exchange striction associated with symmetric superex-
change shortens the bonds between the parallel spins,
while stretching those connecting the antiparallel spins.
As a result, electric polarization, P, is induced in the
direction of the chain. As shown in Fig. 1(a), there are
two ways to combine the {1ll order with the ionic charge
order, giving rise to the opposite electrical polarization
vectors. Experimental realization of such a simple model
system would be of a significant importance in the field.
Herein, we report discovery of a chain magnet in which
this model is remarkably realized.

To find the appropriate experimental system, we have
identified Ca;Co,Og-derived compounds as possible can-
didates because Ca;Co,0g is an Ising chain magnet where
about a half of Co ions can be replaced by Mn ions [23,24].
The structure of Ca;Co;-,Mn,Og, as depicted in Figs. 1(b)
and 1(c), contains spin chains consisting of magnetic ions
with alternating oxygen cages of face-shared trigonal
prisms and octahedra along the ¢ axis. The spin chains
are separated by Ca ions and form a triangular lattice in the
ab plane. Mn ions have a strong tendency to avoid the
trigonal prismatic oxygen coordination. Thus, for example,
for x =1, all the Co ions are located in the trigonal
prismatic sites, and all the Mn ions occupy the octahedral
sites [24]. We prepared single-phase polycrystalline
Ca;Co,-,Mn,O4 with x up to 1 by using standard solid
state reaction method [23]. Since single crystals are neces-
sary for conclusive measurements of the ferroelectric prop-
erties, we have attempted to grow single crystals of
Cas(Co, Mn),0; by utilizing the known technique
(KCI-K,CO; flux method) for the growth of Ca;Co,04
crystals [25]. With increasing Mn concentration, the crys-
tal growth was found to be increasingly more difficult.
However, single crystals with maximum x approaching
0.96 (as determined by comparing x-ray diffraction pat-
terns of crushed crystals with those of polycrystalline
samples) were grown successfully.

DC magnetic susceptibility (y = M/H) was measured
in a SQUID magnetometer, specific heat (C) and AC
magnetic susceptibility (y' and y") measurements were
carried out in the Quantum Design PPMS, and dielectric
constant (e€) was measured using an LCR meter at f =
44 kHz. The temperature (T) dependence of electric po-
larization (P) was obtained by the integration of pyroelec-
tric current with the T variation of 2 K/ min after poling a
specimen from 40 to 2 K in a static electric field of E =
6.7 kV/cm. For € and P measurements, a c-axis needle-
shaped crystal was cut and polished with the ab plane cross
section of ~0.64 mm? and thickness of ~0.15 mm, and
then annealed at 650 °C for 5 hours to remove strain built

up during polishing. Neutron powder diffraction measure-
ments were performed on polycrystalline Ca;Co,_ . Mn,Og
(x = 0.95) at the BT-1 beam line at NIST Center for Neu-
tron Research. Monochromatic neutrons (A = 2.079 A)
were produced by a Ge(311) monochromator, and the
data were collected for 7 = 1.4, 8, and 20 K.

Search for the. ferroelectricity was performed in the
crystal with the highest Mn concentration, x = 0.96, and
ferroelectric polarization along the chain direction was
indeed found. Figure 2(a) shows that the polarization
smoothly emerges below the transition temperature of
165 K, increases rapidly below ~10 K, and reaches
~90 uC/m? at 2 K. The appearance of the polarization
at 16.5 K coincides with the onset of the magnetic order,
which is signified [24] by a broad peak in the magnetic
susceptibility, x(T), shown in Fig. 2(b). Specific heat also
exhibits an upturn at this temperature. The temperature
dependence of the dielectric constant along the ¢ axis,
€.(T), starts deviating from its high-temperature behavior
at the onset temperature of the polarization without show-
ing any sharp anomaly, see Fig. 2(c). Instead, €.(T) reveals
a broad peak at ~8 K followed by a sharp decrease at
lower temperatures. The electric polarization decreases in
a magnetic field applied along the ¢ axis. There is an
additional magnetic anomaly at T = 3 K, which can be
seen in the behavior of the derivative dx(T)/dT shown in
Fig. 2(b); it is discussed in more detail below. The Ising
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FIG. 2 (color online). (a) Electric polarization of single crystal
CayCo; -, Mn,O¢ (x = 0.96) along the chain direction (P || ¢),
taken upon warming. The samples were poled upon cooling from
40 K to 2 K (filled circles), and to 3.1 K (open circles) before the
measurement. The data for the 2 K poled sample were collected
in various applied magnetic fields, as shown. (b) Temperature
dependence of magnetic susceptibility, x(T) = M/H, measured
in an applied magnetic field H = 0.2 T along and perpendicular
to the chain direction. The temperature derivative dy/dT, and
zero-field heat capacity (C/T) are also shown. (¢) The c-axis
dielectric constant, €,. Dashed line shows the high-temperature
behavior of €.
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character of this compound is clearly reflected in the large
anisotropy of x(T).

Studies of Ca;Co,_,Mn,Og polycrystalline samples
suggest that a similar behavior is expected in a wide range
of x near x = 1. Figures 3(a) and 3(b) display x(7) and
€(T)/e(T =20 K) for various Mn concentrations, x =
0.85, 0.9, 0.95, and 1.0. These data exhibit the same fea-
tures as those of the corresponding quantities of the x =
0.96 single crystal, strongly suggesting that the observed
properties of the single crystal are representative for large
Mn concentrations. The temperatures of the maxima in
x(T) and &(T), shown in the insets in Figs. 3(a) and 3(b),
decrease with increasing x, indicating the corresponding
decrease in the magnétic transition temperature. The cor-
responding temperatures in the single crystal (dotted lines
in the insets) agree well with the Mn concentration x =
0.96, corroborating our x-ray results.

The structure of Ca3Co,_ Mn,Og (x = 0.95) was deter-
mined using neutron powder diffraction. The possible
magnetic structures (including those with ab-plane com-
ponents) were constructed using the magnetic symmetry
analysis, and the diffraction data were refined using the
FULLPROF program package [26]. The spins point along the
¢ axis, as indicated by the absence of (003) magnetic peak,
and the structure is of the T1}] type. The accuracy of the
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FIG.3 (color online). (a) x(T) of polyerystalline

CasCo;_,Mn, Q4 for H=02T. (b) e(T) of polycrystalline
CayCo;_,Mn, Q4 for H = 0, normalized at T = 20 K. The in-
sets in (a) and (b) show peak positions of y(T) and e&(T),
respectively, for different Mn concentrations. The dashed lines
indicate the corresponding peak positions in the x = 0.96 single
crystal. (c,d) Real and imaginary parts of the AC susceptibility,
X(T), and ¥"(T), of the x = 0.96 single crystal. The AC
magnetic field is 5 Oe, and the frequencies are 0.1, 1 and
10 kHz, as shown. The inset in Fig. 3(c) shows log[ ] vs inverse
temperature for the peaklike features of y'. The low-temperature
feature is shown with filled circles, and the high-temperature
feature with open circles.

final refinement result was independently estimated by the
Simulated Annealing process, which shows that the devia-
tion of the spins from the ¢ axis cannot exceed 3°. The
refinement results for T = 1.4 K are shown in Fig. 4: good
agreement factors, y® = 1.44, Ry = 2.4%, Ry = 2.7%,
and Ry, = 9.8%, are obtained. The obtained three-
dimensional magnetic structure is shown in the inset in
Fig. 4. In agreement with [24], the Mn ions occupy the
octahedral sites. The ordered magnetic moments of Co and
Mn ions are 0.66(3)up and 1.93(3)up, respectively, and
the estimated valences of the cations from Bond-Valence
calculation are 1.814(2) for Co and 3.997(3) for Mn. Thus,
the magnetic chains consist of alternating low-spin Co®*
and high-spin Mn** jons. Combined with the 1fl| spin
order, this makes Cas;(Co, Mn),0g4 an experimental real-
ization of the magnetoelectric model system described
above. In the unit cell shown in Fig. 4, all the chains
possess the same polarization direction according to this
model. We note that the (101) magnetic peak appears to be
slightly broadened (see the inset in Fig. 4). This indicates
that the magnetic qrder is not truly long-ranged.
Measurements on yet unavailable large single crystals are
needed to determine the magnetic correlation length with
any adequate precision. On warming to 7 = 8 K, no quali-
tative changes are observed in the magnetic structure, and
no magnetic order is present at T = 20 K.

While the magnetic origin of the ferroelectricity and its
description in the framework of the {f]| chain with alter-
nating ions are established by the above data, the tempera-
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FIG. 4 (color online). Observed (symbols) and calculated
(line) powder neutron diffraction patterns for polycrystalline
Ca;Coy_ Mn, Q¢ (x = 0.95) for T = 1.4 K. The first row of
bars below the diffraction pattern indicates the positions of the
nuclear Bragg peaks, and the second row depicts the locations of
the magnetic Bragg peaks. The blue line shows the difference
between the observed and calculated diffraction patterns, The
insets show the low-angle patterns for 7 = 1.4 K, 8 and 20 K,
and the refined spin structure.



PRL 100, 047601 (2008)

PHYSICAL REVIEW LETTERS

120

week ending
1 FEBRUARY 2008

ture dependences of both the electric and the magnetic
properties are rather complicated. To gain insight into
this complexity, we have measured temperature-dependent
AC magnetic susceptibility in the x = 0.96 single crystal.
Figures 3(c) and 3(d) reveal that both of the magnetic
temperature anomalies (peaks) exhibit strong frequency
dependence, shifting to higher temperature with increasing
frequency. This behavior is indicative of magnetic freez-
ing, which may range from simple superparamagnetism to
complex spin-glass transition [27]. As shown in the inset in
Fig. 3(c), the lower-temperature peak T, of x'(T) exhib-
its the Arrhenius behavior, f = fyexp[—E,/kgT . ], with
physically reasonable values of the activation energy,
E,/kg = 60 K, and f, = 60 MHz [27]. This behavior
with E, /Ty = 20, together with the numerical value of
the slope parameter AT, ../Tm In[f] of 0.21, signals
superparamagnetic blocking (freezing of poorly-correlated
magnetic clusters) at low temperatures [27]. The behavior
of the higher-temperature anomaly, associated with the
magnetic ordering transition, is more complicated. For
example, T (=16 K) of x/(T) does not exhibit the simple
Arrhenius behavior [see the inset of Fig. 3(c)]. The data of
Fig. 3, combined with the neutron data, show that only
finite-size magnetic domains develop at the magnetic tran-
sition and that these domains exhibit an additional freezing
at a lower temperature. This behavior deserves further
investigation since it is likely related to the one dimension-
ality of the magnetic chains and the geometrical frustration
in the ab-plane triangular lattice.

While complicated, the observed magnetic behavior
provides a consistent explanation of the unconventional
temperature dependence of the electric polarization in
Fig. 2(a). Magnetic disorder and freezing naturally lead
to the corresponding phenomena for the ferroelectric prop-
erties in our system. Local clusters exhibiting the two
different variants of the spin order shown in Fig. I(a)
give rise to the opposite electrical polarization vectors.
Thus, on warming from 2 K, the frozen poled magneto-
electric domains should quickly become dynamic, leading
to decreased macroscopic polarization. This is consistent
with the rapid reduction of the polarization with increasing
temperature. An additional confirmation of this scenario is
obtained by observation of thermal history effects, which
are characteristic to frozen states. As shown in Fig. 2(a),
the polarization of the system poled on cooling down to
T = 2 K (filled circles) significantly exceeds the polariza-
tion of the sample poled at T = 3.1 K (open circles), when
the polarization is subsequently measured on warming in
zero field. This is a typical behavior of a frozen system
undergoing slow relaxation processes. This scenario is also
consistent with the absence of any sharp anomaly of €,(T)
at the magnetic transition. We conclude, therefore, that in
Ca3(Co, Mn), 04, thermal fluctuations of the magnetoelec-

tric clusters tend to suppress the macroscopic polarization,
leading to the complex temperature dependences and ther-
mal history effects observed in the experiments.

In summary, we report discovery of an unambiguous
example of magnetism-driven ferroelectricity with a col-
linear magnetic order in the Ising chain magnet
Ca;Coy- ,Mn,Og . (x = 0.96). The ferroelectricity origi-
nates from the simultaneous presence of the alternating
order of Co and Mn ions and the spin order with the TT}}
configuration. This provides the first experimental realiza-
tion of theoretically predicted ferroelectricity in a frus-
trated Ising chain with an ionic order. Unlike in well-
known spiral magnetoelectrics, symmetric exchange stric-
tion is expected to drive the ferroelectricity in this system.

Work at Rutgers was supported by the DOE under Grant
No. DE-FG02-07ER46382. S.L. was partially supported
by the Korea Science and Engineering Foundation through
the Center for Strongly Correlated Materials Research at
Seoul National University.
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Multiferroicity in the square-lattice antiferromagnet of Ba,CoGe,0;
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We have discovered the appearance of ferroelectricity below the Neel temperature of 6.7 K in the
antiferromagnetic Ba,CoGe,0; with square magnetic lattice. The ferroelectric polarization is rather
small in magnitude and aligned along the ¢ axis, but its magnitude increases remarkably and its
direction rotates away smoothly from the ¢ axis when magnetic fields are applied along the ¢ axis.
The electric polarization’s behavior of smooth rotation, rather than a sudden flip, is unique. It also
accompanies a linear increase in magnetization and a smooth change of dielectric constant with little
hysteresis, which may be important for certain technological applications. © 2008 American

Institute of Physics. [DOL: 10.1063/1.2937110]

The recent renaissance of research on multiferroics,
where magnetic order and ferroelectricity coexist, has been
invigorated by scientific discoveries of significant cross cou-
pling between spin and lattice degrees of freedom as well as
potentials for device applications such as ferroelectric
memory tunable by magnetic fields or magnetic memory
controlled by electric fields.'” The remarkable cross-
coupling effects in multiferroics include reversible flipping
of ferroelectric polarization or drastic changes in the dielec-
tric constant with applied magnetic fields."® These recently
discovered effects have been observed in the so-called
“magnetism-driven ferroelectrics.” Magnetic order is devel-
oped with the loss of inversion symmetry in the magnetic
lattice. Lattice relaxation occurs through exchange striction
in the magnetically ordered state and thus the crystallo-
graphic lattice naturally loses inversion symmetry. Ferroelec-
tricity is developed by this mechanism in magnetism-driven
ferroelectrics. Spiral magnetic order, resulting from magnetic
frustration, is a common way to induce the loss of magnetic
inversion symmetry and magnetism-driven ferroelectricity
has been observed in a number of spiral magnets such as
TanO;, NiaVzOg, MnWO4, CUFEOz, COCI'204, and
LiCu,0,.*'% Note that the “antisymmetric” part of ex-
change coupling, known as the Dzyaloshinski—-Moriya (DM)
interaction, becomes active when ferroelectricity is induced
by spiral magnetic order in noncollinear magnets. Alterna-
tively, ferroelectricity can result from lattice relaxation
through exchange striction associated with the “symmetric™
part of the exchange coupling. This kind of multifermicilx
has been found in Ising magnets such as Ca,{Co,Mn)zos."

The compound Ba,CoGe,0; crystallizes in a tetragonal
structure with a square magnetic lattice. The crystal structure
of BayCoGe,0; is characterized as a p42,m crystallographic
space group with a unit cell of a=b=0.8410 nm and ¢
=0.5537 nm at 10 K.'* However, the magnetic ground state
of Ba,CoGe,0; is concluded as an in-planar antiferromag-
netic order below the Neel temperature of Ty=6.7 K%
has been postulated that the DM vector in Ba,CoGe,0; al-
ternates its direction along [001], resulting in the in-planar

*'Author to whom correspondence should be addressed. Electronic mail:
sangc@physics.rutgers.edu.

anﬁfcrroma%nctic order with an in-plane weak ferromagnetic
component.” Neutron scattering results on Ba,CoGe,0,
suggest the presence of commensurate and collinear mag-
netic order with spins antiferromagnetically pointing along
the b axis.'* The presence of two types of DM vectors in the
square-lattice antiferromagnets suggests that the system can
be an intriguing candidate for multiferroicity. Indeed, we dis-
covered that ferroelectric polarization develops below Ty of
Ba,CoGe,05, and exhibits a remarkable increase in magni-
tude as well as a smooth rotation of direction with external
magnetic fields.

A single crystal of Ba,CoGe;04 (6 mm in diameter and
50 mm in length) was grown using a floating zone method.
For the feed rods, a solid-staie reaction method was em-
ployed in air. dc magnetization was measured using a super-
conducting quantum interference device magnetometer: the
Quantum Design magnetic property measurement system.
We measured specific heat using the standard relaxation
method with the Quantum Design physical properties mea-
surement system. The experiments for the dielectric constant
(&) on polished crystals (4.2% 3.5 mm? in the a-b plane by
0.306 mm along the ¢ axis for the c-direction measurement,
and 3.2 2.4 mm? in the b-c plane by 0.324 mm along the a
axis for the a-direction measurement) were performed using
an LCR meter at 44 KHz. The pyroelectric current to obtain
polarization was measured with an electrometer during a
warming process (at a rate of 4 K/min) after poling samples
from 40 to 2 K in the electric field of ~7 kV/cm.

Magnetization (M) behavior of our crystal is consistent
with the results in literature,'* Figure 1(a) shows the zero-
field-cooled (ZFC) and field-cooled (FC) magnetization
curves in B=0.2 T (parallel to the ¢ and a axes). A sharp step
appears at 6.7 K (Ty) with a significant magnetic anisotropy.
The large M/ B (magnetization/external magnetic field) along
the tetragonal a axis indicates that the system is an easy-
planar magnet. The steplike increase in M/B along the a
axis, below Ty, is much larger than that along the ¢ axis. This
suggests the appearance of a weak ferromagnetic moment,
predominantly, in the a-b plane. As shown in Fig. 1(c), mag-
netization (up/f.u.) increases linearly with increasing exter-
nal magnetic field, B. However, the residual magnetization
extrapolated to B=0 is found to be nonzero; about
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FIG. 1. (Color online) (a) Temperature dependence of magnetic susceptibil-
ity measured in 0.2 T applied along the ¢ axis (black) and the a axis (red):
open and filled circles represent ZFC and FC data, respectively. (b) Tem-
perature dependence of polarization along the a (red) and ¢ (black) axes in
B=0 (open circle) and B=8 T (filled circle). (¢} Magnetization (pp/f.ut.) at
2 K in fields along the ¢ (black) and a (red) axes: a magnified figure near
B=0 is shown in the inset. (d) The temperature dependence of specific heat
divided by temperature in B=0 (black) and 8 T (blue).

0.009ug/fu. and 0.0005up/f.u. at 2 K along the a and ¢
axes, respectively, as shown in the inset of Fig. 1(c). This
result is consistent with the behavior of the steplike M/B
increase below Ty in Fig. 1(a). This residual moment, mostly
along the a axis, may be consistent with the presence of the
[001]-direction DM vector.

We discovered that the magnetic transition accompanies
the appearance of electric polarization (P). The temperature
(T) dependences of P along the ¢ axis (P.) and along the a
axis (P,) in B,=0 (open circles) and B,=8 T (filled circles)
are shown in Fig. 1(b). The magnitude of P, is
~=11 pC/m? in B,=0 and ~80 uC/m? in 8 T, while the
P, value changes from ~0 to ~120 xC/m? in B.=0 and
8 T, respectively. A small electric polarization exists only
along the ¢ axis in B,=0. At 8 T, a large polarization appears
in both a and ¢ axes. Note that the negative sign of the small
polarization in B,=0 may suggest the presence of unusual
pinning of ferroelectric domains during the poling process. A
sharp peak in specific heat curve (C/T versus T) is observed
at Ty and changes little with B.=8 T, as shown in the inset
of Fig. 1(d).

The details of the external magnetic field along ¢ axis
(B,)-dependent dielectric properties of Ba,CoGe,O; are
shown in Fig. 2. The T dependence of dielectric constants
along the ¢ axis, &, and along the a axis, g,, in various B, is
displayed in Figs. 2(a) and 2(b), respectively. With decreas-
ing temperature, g, in B.=0 increases sharply below Ty, and
tends to saturate at low temperatures. The temperature-

induced cha.nge of . decreases with increasing B
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FIG. 2. (Color online) [(a), (b), (c), and (d)] Temperature dependences of
the c-direction dielectric constant, the a-direction dielectric constant, the
c-direction polarization, and the a-direction polarization in various applied
magnetic fields (B=0 1w 8 T) along the ¢ axis.

comes only ~0.24% in B,=8 T. On the other hand, &, does
not show any anomaly at Ty in B=0, but in B, >0, a sharp ¢,
peak appears at Ty, and the magnitude of the peak increases
with increasing B,. Consistent with earlier discussion, polar-
ization along ¢ axis in B,=0 shows nonzero, but small value
below Ty, and builds smoothly with increasing external mag-
netic field, Fig. 2(c). Polarization along a axis is zero in B,
=0, but increases smoothly with increasing B..

Figures 3(b) and 3(d) show the isothermal change of P,
and P, with varying B, at 2 K. The measurement was made
with three sequential procedures; B,=0 to 8 T (route 1, red),
8 to =8 T (route 2, black), and -8 to 8 T (route 3, blue).
The simultaneous presence of nonzero P, and P, in finite
indicates that the true electric polarization vector lies on the
a-c plane, but away from the ¢ axis. The external magnetic
field along ¢ axis dependence of the polarization vector for
route 1 is displayed in Fig. 3(a). With increasing B,, polar-
ization value increases and at the same time rotates smoothly
away from the ¢ axis. Note that P, keeps increasing with
increasing B, up to our maximum measuring field of 8 T,
while the increasing of P, tends to saturate for B.>~2 T.
This polarization behavior corroborates with the external
magnetic field dependence of &, and &,, shown in Figs. 3(c)
and 3(¢): e, at 2 K changes sharply in low B, and saturates
for B.>~2 T, but g, at 2 K keeps changing in the entire
range of external magnetic field up to 8 T. Note that we have
not observed any significant change in the dielectric proper-
ties in Ba,CoGe,0; when magnetic fields were applied along
the a or b axis.

We emphasize that the smooth rotation of polarization
with external magnetic fields in Ba,CoGe,0-, summarized in
Fig. 3(a), is rather unique. In other magnetism-driven multi-

ferroics, Electric polarization tends to flip suddenly by 90°
AIP license or copyright; see http:/apl.aip.org/apl/copyright.jsp
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FIG. 3. (Color online) (a) Variation of polarization vector with magnetic
fields (B.=0-8 T) along the ¢ axis. This plot is obtained from results in (b)
and (d). (b) External magpetic field dependence of the c-direction polariza-
tion at 2 K: red, black, and blue lines are obtained from measurements with
field sweeps from B=0to 8 T, 8 to -8 T, and —8 1o 8 T, respectively. (c)
External magnetic field dependence of the c-direction dielectric constants at
2 K (black) and 5 K (green). (d) B, dependence of the a-direction polariza-
tion at 2 K: red, black, and blue lines are obtained from with
field sweeps from 0 o 8 T, 8 to —8 T, and -8 10 8 T, respectively. () B,
dependence of the a-direction dielectric constants at 2 K (black), 5 K
(green), 6.3 K (orange), and 6.7 K (blue). All data in (b)—(e) show the re-
sults for the entire B, sweeps from 0—8 T—-8 T—8T.

(TbMnO;, DyMnO;, MnWO,, and LiCu,0;) or 180°
(TbMn,0s) through first-order phase transitions when suffi-
ciently large magnetic fields are applied.”"~ M(B) curves
of Ba,CoGe,0, Fig. 1(c), do not show any hint of an exter-
nal magnetic field-induced phase transition. In addition, there
exists no hint of any first-order phase transition in the exter-
nal magnetic field dependence of P, &,, and &,. This unique
behavior may be related to the possible presence of two
types of the DM vectors in the square-lattice structure of
Ba,CoGe,04; one along [110] and the other along [001].
Detailed investigation of the exact magnetic structure in ex-
ternal magnetic field will be needed to unveil the origin of
the intriguing multiferroic behavior in Ba;CoGe,0;.

It is also noteworthy that there exists little hysteresis in
the external magnetic field dependence of P, &, and e,
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(except P,: the hysteretic behavior of P, with external mag-
netic field may be related to ferroelectric domain pinning,
rather than a first-order phase transition) [see Figs.
3(b)-3(e)]. The external magnetic field-induced change of
dielectric properties in multiferroics can be of use for tech-
nological devices, but a large field hysteresis can be detri-
mental for many applications. Since the drastic control of
polarization and dielectric constant with external magnetic
field in many multiferroics occurs through first-order phase
transitions, a large field hysteresis is commonly accompa-
nied. However, the field hysteresis of the external magnetic
field-induced change of P,, ¢,, and &, in Ba,CoGe,0; ap-
pears to be minimal: the hysteretic variation, defined as the
change of polarization or dielectric constant with different
field sweeps normalized by the difference of P or & in B,
=0 and 8 T, is less than 1.04% for &,, (<1.12% for &, and
<3.7% for P,).

In summary, we found that ferroelectricity develops be-
low Ty in Bay,CoGe,0,, and ferroelectric polarization is
along the tetragonal ¢ axis. The polarization increases sig-
nificantly in magnitude and rotates away from the ¢ axis
when magnetic fields are applied along the ¢ axis. This
change of polarization and the associated change of dielectric
constant with fields are smooth without going through any
phase transition, and thus is involved with little field hyster-
esis. Exploration of this negligible external magnetic field-
hysteresis effect will be indispensable toward the practical
potential of multiferroics.

This work was supported by the MRSEC NSF-DMR-
0520471.
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Thermally or Magnetically Induced Polarization Reversal in the Multiferroic CoCr,0,
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We report the unexpected evolution, with thermal and magnetic-field (H) variations, of the interrelation
between the polarization P, magnetization M, and spiral wave vector Q in CoCr,Q4, which has a
ferrimagnetic conical-spiral magnetic order. For example, P suddenly jumps and changes its sign at the
magnetic lock-in transition (7;) with thermal variation, or with isothermal variation of H (without
changing its direction) at T, which surprisingly occurs without change in spiral handedness (i.e., the sign
of Q). The presence of multiple spiral sublattices may be behind this unusual behavior.

DOI: 10.1103/PhysRevLett. 102.067601

Magnetically driven ferroelectrics where magnetic order
with broken inversion symmetry accompanies the occur-
rence of ferroelectric polarization have been of great recent
interest [1,2], the first example of which was reported by
Newnham et al. [3]. Recently, the high tunability of di-
electric properties by applied magnetic fields (H), such as
reversibly flipping ferroelectric polarization or a drastic
change of dielectric constant, has been found in such
materials [4]. Spinel CoCr;04, which shows a complex
conical-spiral ferrimagnetic spin order [5], is unique
among such materials [3,6-10] in that it has a spontaneous
magnetization M; the spiral component induces the ob-
served electric polarization P [8] in common with the
others. In addition to M and P, a multiferroic domain is
characterized by the spiral wave vector Q, and single suchI

snv o sinﬁ,[i‘cos(Q i 7):) + ﬁSln(Q Ty t y»)] + Zcosd,,

For fixed », r,, goes over the sites of sublattice v, the
values of the cone %-ang]e #, and phase y, depend on v,
and the wave vector Q = 0.6 [110], in units of 27/lattice
constant, is along the crystallographic [110]; %, $, 2 are
orthonormal vectors [11-13] [see Fig. 1(a)].

A state approximately of this form was found from
neutron diffraction in CoCr,0, [5,14], with 2 the [001]
crystal direction when Q is in the + or — [110] direc-
tion, “[110] Q domains” (with the same relative ori-
entation for the cubically equivalent Q’s). In [110] do-
mains, the z components produce the magnetization M
(along * [001]). According to Yamasaki er al. [8], the
spiral components give rise to ferroelectricity, where P =
e;> X (§; X 8,) for a pair of spins §; and S, with rela-

PACS numbers: 77.80.—e¢, 77.22.Ej, 75.80.+q, 78.70.Ck

domains can be produced by poling. Here we report the
first comprehensive study of the switching behavior of
these domains under a variation of applied H, and tem-
perature (7). We find that Q dependence of P differs from
that expected from previous simpler spiral orderings,
where a change in sgn(P) accompanies a change in sgn(Q).
CoCr, 0, crystallizes in a cubic spinel structure, mag-
netic Co?" and Cr** ions occupying the tetrahedral (4) and
octahedral (B) sites, respectively [Fig. 1(a)]. For nearest-
neighbor and isotropic antiferromagnetic A-B and B-B
exchange interactions (J,p and Jgg), with Jpg/Jsp >
2/3, an approximate, variational solution for the ground
state was found, a "ferrimagnetic spiral,” where the spins
lie on conical surfaces [11-13]: The spins on the 6 fec
sublattices containing the magnetic sites are given by

0<@,<mv=1-,6 (1)

|
tive displacement e, [15-17]. For the spiraling compo-
nents of the Cr spins lying along the [110] chains, shown
in Fig. I(a), this gives the same contribution for every
nearest-neighbor pair, namely P = Q X [001] = [110], as
seen in Fig. 1(a) and as observed [8].

Magnetic measurement was performed in a SQUID
magnetometer, specific heat was measured using a
Quantum Design PPMS, and the dielectric constant, &,
was measured using an LCR meter at f = 44 kHz. The
T (H) dependence of electric polarization, P, was obtained
by the integration of a pyroelectric (magnetoelectric) cur-
rent measured using an electrometer with the T (H) varia-
tion of 4 K/min (0.01-0.02 T/s). While poling in
E = 10 kV/cm, a small static H (H = 0.5 T for Fig. 2)
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FIG. 1 (color online). (a) Crystallographic and low-T magnetic
structure of spinel CoCr, 0. Co*™ and Cr** ions are located at
the center of tetrahedral and octahedral O?~ cages, respectively.
Conical-spiral spins of Co** and Cr*" ions for only 3 of the 6
sublattices (A,, By, and B,) are shown for clarity. Cone angles
shown are from [12], which, with [13], should be consulted for
more details. Also shown are the directions of M, P,and Q. (b) T
dependence of magnetization, M, along the [001] direction in
H = 0.5 T upon cooling, specific heat divided by temperature in
H = 0T upon cooling, and dielectric constant in H =0T at
44 kHz upon warming. The existence of three phase transitions is
evident, and T¢, Ts, and Ty denote temperatures for ferrimag-
netic transition, conical spin ordering, and lock-in transition,
respectively.

was also applied along the magnetic easy axis, along [001],
so this magnetoelectric cooling procedure with E and H
fixes the directions of the possible M, P, and Q; i.e., the
procedure chooses a single (M, P, Q) domain.

The T dependence of physical properties of our single-
crystalline CoCr;, 0y, grown with a vapor-transport method
[18], exhibits sharp features, indicative of three phase
transitions, as displayed in Fig. 1(b). The long-range ferri-
magnetic collinear spin order appears below T¢ = 95 K. A
sharp but continuous increase of M(T) at Ts = 27 K is
ascribed to the conical-spiral order of spins, going along
with a sharp peak in the specific heat, C(T), and a peaky
anomaly in (T along the [110] direction where the elec-
tric polarization emerges. A steplike jump of M(T) at T, =
14 K [see also Fig. 2(a)], accompanied by a small feature
in C(T) and &(T), is associated with a small but clear
thermal hysteresis (not shown), indicating the lst order
nature of this transition.
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FIG. 2 (color online). (a) T dependence of electric polariza-
tion, P, along the [110] direction, and M along the [001]
direction below 30 K. P suddenly switches sign when cooling
across 14 K without changing the signs of M and Q. (b) and
(c) H dependence of M and P at 20 K and 10 K, respectively.
The reversal of all of M, P, and Q is achieved by H reversal.

The onset of ferroelectricity along the [110] direction,
matches the spiral magnetic ordering transition at T =
27 K [Fig. 2(a)]. At the 14 K transition, when M is kept in
one direction with H, P suddenly flips its direction, in
contrast to the previous finding [8]. But in agreement
with [8], when H, and therefore M, is reversed at fixed
T, we find P to be reversed, as seen in Figs. 2(b) and 2(c).
This correlation between M and P was attributed [8] to
Bloch domain wall motion involved in reversing M. Such
an essentially uniform rotation of the spin state character-
izing the wall, taking M to —M., can be seen to take a Q
domain to a —Q domain [19]. We have observed directly
this sign change of Q upon H reversal by our circularly
polarized resonant magnetic x-ray scattering experiment.
Thus, M, P, and Q change to —M, —P, —Q in —H,
respectively [Fig. 2(b)]. Furthermore, at 10 K (below T),
H reversal also induces the 180° flipping of M, —P, and Q
[Fig. 2(c)].

In contrast to this behavior, we find that the sign flip of P
across the 14 K transition is not accompanied by a change
of sgn(Q); rather our results indicate that the sign of Q (or
spiral handedness) is invariant at the 14 K transition (dis-
cussed further below). The low-temperature state is asso-

067601-2
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ciated with a slight increase of the magnitude of M as well
as P, as shown in Fig. 2(a). Note that in a multiferroic with
a spiral magnetic order with only one magnetic sublattice,
switching of P results from a sign change of Q [20]. (This
is the usual behavior found in other multiferroics with
spiral magnetism.)

Our resonant magnetic soft x-ray scattering experiment
was performed with the elliptically polarized-undulator
beam line at the National Synchrotron Radiation
Research Center in Taiwan., With photon energy tuned at
the Co L edge, the scattering results reveal that there is an
abrupt change in magnetic modulations at ~14 K. Unlike
earlier neutron results [5,14,21], we found two incommen-
surate magnetic modulations Q. and Q_ at 15 K, a
temperature above T, while, for T below T, there are
one commensurate modulation Q. = 2/3[110] and two
incommensurate ones, Q, and Q’_, with a separation along
[110] much larger than that between Q, and Q_, as
illustrated in the contour plots [Fig. 3(a)]. The intensities
of the Q' peaks are 1 to 2 orders of magnitude smaller than
the Q. peak, and the three vectors are approximately equal
in direction as well as magnitude; similarly, the vectors
Q,, Q_ are approximately equal [Fig. 3(a)]. The x-ray
scattering intensity can distinguish between spirals with
wave vector Q and —Q, if the incident beam is circularly
polarized [22]. This is similar to the scattering of polarized
neutrons [20,23]. Figures 3(b), 3(d), and 3(e) show that the
measured scattering intensities with circularly polarized
light indeed change upon the reversal of magnetization
along [001], disclosing the expected flip of Q with H
reversal. Figure 3(c) also illustrates conical-spiral spins
above and below the 14 K transition where =M corre-
spond to +Q, respectively. Strikingly, the scattering results
also reveal that the sign of the Q of the largest peak at each
T (Qc and Q ) remains unchanged as T changes across
T;: The H dependences of the intensities of these peaks do
not reverse. Thus, to the extent that we can consider a
single-wave-vector spiral as a good approximation to the
observed state, this is solid evidence of sgn (Q) invariance
across Ty. In addition, the only one of the smaller peaks
(Q’,) that has an observable intensity change on H reversal
also shows this invariance, and further, the wave vectors of
all the peaks are approximately equal. Therefore, even
considering the complexity of having multiple Fourier
components in the spin configuration, the data strongly
suggest that the sign of Q (for each Fourier component)
does not change across the st order transition.

A plausible interpretation for the switch in the sign of P
across 14 K without sign change of Q and M (despite its
impossibility for a single sublattice conical spiral, as noted
above) is found in a “ferrielectric’’-type scenario. Now,
Co** has a more-than-half-filled d shell, while Cr’" has a
less-than-half-filled shell, suggesting that Co-Cr and Cr-Cr
bonds have the opposite sign of spin-orbit interaction,
resulting in the opposite directions of electric dipole mo-
ments, Pc, ¢, and Pg, ¢, from the different bonds of form
Eq. (1) [24). Furthermore, the bond charges that give rise to
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FIG. 3 (color online). (a) Contour plots of the Co L; edge
magnetic soft x-ray scattering intensity in the plane defined by
Q10 and Q,j, recorded at temperatures above and below T,
(14 K) with photon energy of 778.4 eV. The E vector of incident
x-rays was parallel to the [001] axis. The contour plots are shown
in a logarithmic scale with its order of magnitude expressed by
means of color. (b), (d), and (e) Scattering intensity of Q scans
along [110] and [110] under +M (solid curves) and —M (open
circles) with circularly polarized x-rays. (c) Depiction of
conical-spiral spins where =M go with =Q above and below
T, , respectively.

the dipole moments are interionic overlap charge densities
[15,16], and are therefore very sensitive to small changes in
interionic distances expected to occur through the 1st order
phase transition at T;. Then, it is conceivable that the
delicately balanced net polarization can change its sign at
T, without a change in sgn(Q) (the directions of each
contribution Pe, ¢, and Pg, ¢, do not change, but their
magnitudes do).

Repeated switching of electric polarization direction is
achieved by varying temperature step-linearly with time
between 8 K and 20 K as shown in Fig. 4(a). The mea-
surement of the pyroelectric current began at 8 K in the
(+, —, +) state defined as [sgn(M), sgn(P), sgn(Q)] after
poling in H = 0.1 T and E = 10 kV/cm. Upon warming,
this state switches to the (+, +, +) state, but the initial
state is recovered by cooling back to 8 K. Because of the
Ist order nature of the 7, transition, the temperatures at
which P flips differ by ~1.6 K between warming and
cooling. Figure 4(b) displays how P(T) depends on large
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FIG. 4 (color online). (a) Repeatable polarization switching
with T varied linearly with time between 8 K and 20 K. (b) T
dependence of polarization around the T; transition in different
applied H (0.1, 0.5, and 3 T), indicating that T, increases slightly
with increasing H. (¢) P at 14.0 K vs H after poling the specimen
in H=0.1T and E = 10 kV/cm. The initial (+, +, +) state
which is defined as [sgn(M), sgn(P), sgn(Q)] changes to the
(+, —, +) state in H =3 T. Negative H scan, reversing M,
induces switching of P and Q, i.e., resulting in the (—, +, —)
state.

cooling H, showing a slight increasing tendency of T, with
increasing H. At exactly 14.0 K, the phase cooled in 0.1 T
is in the (+, +, +) state, whereas cooling in 3 T puts the
phase in the (+, —, +) state. The black downward arrow
denotes the possible switching of the physical state with
increasing H at 14.0 K. As demonstrated in Fig. 4(c), the
isothermal polarization reversal is, indeed, achieved by
varying H at 14.0 K. After cooling down to 14.0 K in
0.1 T, the phase is initially in the (-, +, +) state. The
isothermal increase of H results in changing the state to
(+, —, +) by reversing P, but keeping the direction of M
and Q fixed. Because of the 1st order nature of the T,
transition, the (+, —, +) state does not go back to the initial
state of (+, +, +) when H is reduced to zero (or the
original 0.1 T). When the H direction is reversed, M flips,
so do P and Q, and thus the (+, —, +) state becomes the
(=, +, =) state.

In summary, the conical-spiral ferroelectricity in
CoCr,0, can be described by the interrelationship among

ferroelectric polarization (P), magnetization (M), and spi-
ral wave vector (Q). Our results demonstrate that sponta-
neous electric polarization induced by the noncollinear
spin order shows a discontinuous jump with a change in
sign across the magnetic lock-in transition temperature
(T, = 14 K); furthermore the sign change occurs while
keeping fixed the spin rotation direction, i.e., spiral hand-
edness or sgn(Q). This differs from the usual behavior
wherein for a simple spiral, change in sgn(P) requires the
handedness to change sign, and we give a possible mecha-
nism for such unusual behavior. We also recover the pre-
vious finding wherein P — —P when M — —M [8], but
further show experimentally that this is accompanied by
Q — —Q, consistent with the Bloch wall mechanism [8]
for switching M. We further show that P reverses its
direction in ~3 T at exactly 14.0 K, due to a slight in-
creasing trend of T} with increasing H.
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Appendix VIII.

down the chondrogenic pathway in response to
the microenvironment modification (Fig. 3C and
fig. S5). To examine cell interaction with this dy-
namic microenvironment, fixed sections were im-
munostained for the expression of the ¢, 5 integrin,
one of the cell surface integrins by which cells
interact with RGDS. Cells persistently presented
with RGDS express the integrin, whereas most cells
with RGDS photoreleased cease integrin expression
by day 21 (Fig. 4A), indicating that the cells have
locally sensed and responded to the chemical change
in their environment. Additionally, to determine that
the elevated GAG production is associated with
chondrogenesis, sections of the cell-hydrogel con-
structs were immunostained for the hMSC marker
CD105 (wansforming growth factor—f receptor) and
the chondrocyte marker COLIL As hMSCs differ-
entiate into chondrocytes in 3D culture, a decrease
in CD105 expression is observed along with onset
of COLI production (35). The photolytic removal
of RGDS on day 10 is accompanied by a decrease
in CD105 expression and elevated COLII produc-
tion as compared with persistently presented RGDS
on day 21 (Fig. 4B), indicating increased chondro-
genesis. With this photodegradable tether approach,
the dynamic influence of other biomolecules on cell
fimction can be similarly studied, expanding the
ability to fabricate material environments that con-
trol cell function. Although manipulation of a sin-
gle signal was examined and used to direct hMSC
differentiation herein, this gel system can be readily
functionalized with photolabile moieties of different
light absorbances and cleavage efficiencies, enabling
independent control over multiple signals through
selection of irradiation wavelength and ntensity.
We have demonstrated the synthesis of photo-
degradable macromers and their subsequent po-
lymerization to form hydrogels whose physical,
chemical, and biological properties can be tuned
in situ and in the presence of cells by ultraviolet,
visible, or two-photon irradiation. These photo-

degradable hydrogels show promise as in vitro
3D cell culture platforms in which cell-material
interactions are dynamically and extemnally di-
rected to elucidate how cells receive and process
information from their environments. Ways to pro-
mote or suppress desired cell functions may be-
come possible with temporal and spatial regulation
of the 3D culture microenvironment, leading to
applications in fields ranging from controlled drug
delivery to tissue regeneration.
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Switchable Ferroelectric Diode and
Photovoltaic Effect in BiFeO,

T. Choi, S. Lee,* Y. ]. Choi, V. Kiryukhin, S.-W. Cheongt

Unidirectional electric current flow, such as that found in a diode, is essential for modern
electronics. It usually occurs at asymmetric interfaces such as p-n junctions or metal/semiconductor
interfaces with Schottky barriers. We report on a diode effect associated with the direction of
bulk electric polarization in BiFeOj;: a ferroelectric with a small optical gap edge of ~2.2 electron
volts. We found that bulk electric conduction in ferroelectric monodomain BiFeO; crystals is highly
nonlinear and unidirectional. This diode effect switches its direction when the electric polarization
is flipped by an external voltage. A substantial visible-light photovoltaic effect is observed in
BiFeO; diode structures. These results should improve understanding of charge conduction
mechanisms in leaky ferroelectrics and advance the design of switchable devices combining
ferroelectric, electronic, and optical functionalities.

erroelectrics undergo a transition from a

high-symmetry structure to a low-symmetry
state with a spontaneous electric polariza-

tion below a transition temperature. They usually
consist of a complex microstructure of domains
with different orientations of the polarization that

can be switched with external electric fields (/).
Ferroelectrics are typically highly insulating be-
cause of large band gaps (2), and any current
leakage has been considered to be a serious prob-
lem that deteriorates their functionalities (3, 4).
The relationship between electronic transport
characteristics and ferroelectric polarization has
been little studied. This is partially due to com-
plexity associated with ferroelectric domains,
In addition, leakage often occurs through ex-
tended crystallographic defects such as grain
boundaries or ferroelectric domain boundaries,
so the true bulk leakage conduction may not be
always dominant.
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Physics and Astronomy, Rutgers University, Piscataway, N)
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On the other hand, bulk photocurrent can be
induced by high-energy light illumination even
in good insulators; and directional photocurrent
without external bias [that is, a photovoltaic (PV)
effect] has been studied in ferroelectrics (5-13).
When a ferroelectric in an open circuit is illu-
minated by ultraviolet light, for example, a high
photovoltage, much larger than the band gap, has
been observed in the direction of the electric
polarization (5-8). The magnitude of this photo-
voltage is directly proportional to the crystal
length in the polarization direction. In addition, a
steady-state photocurrent can be generated in the
direction of electric polarization when a ferro-
electric under continuous light illumination forms
a closed circuit. This PV effect in ferroelectrics is
distinctly different from the typical PV effect in
semiconductor p-n junctions, and was inves-
tigated in Pb-based ferroelectric oxides (9-11)
and LiNbO; (6, &). However, the observed photo-
current density turns out to be minuscule—on
the order of a few nanoamperes/cm’, mainly due
to poor bulk de conduction of the ferroelectrics
(8, 9, 11). Utilization of small-optical-gap ferro-
electrics with good carrier transport properties
and large absorption of visible light extending
into the red range is therefore a promising route
toward novel optoelectronic applications. It may,
for example, lead to increased power conversion
efficiency in solar energy applications. The origin
of the PV effect in ferroelectrics is controversial
and has been discussed in terms of extrinsic ef-
fects such as the excitation of electrons from
asymmetric impurity potentials (/2), interfacial
effects due to polarization-dependent band bend-
ing at metal-ferroelectric interfaces (9), or intrinsic
effects such as asymmetric induced polarization
through nonlinear optical processes (/3-15).

Ferroelectric BiFeO, (BFO) contains transi-
tion metal ions with unpaired d electrons. The
presence of the @ electrons can result in a rela-
tively small optical gap and give rise to a high
concentration of charged impurities and defects
(16). BFO becomes ferroelectric at a critical tem-
perature (7)) = 1100 K, below which BFO
exhibits a rhombohedral R3¢ structure with a
perovskite pseudocubic unit cell (2 ~3.96 A, a =
89.4%) elongated along the [111] direction that
coincides with the electric polarization vector P
Each of our BFO crystals contained a single
ferroelectric domain (/7, 18). Here we describe
the electronic transport properties of three thin
platelike BFO crystals placed between symmetric
electrodes: BFO1 (=70 pum thickness, ~2 x 2 mm®
in-plane dimension, and ~0.6-mm-diameter cir-
cular thick Au electrodes), BFO2 (~80 um thick-
ness, ~2.5 % 2,5 mm’ in-plane dimension, and
~1.6 x 1 mm’ semitransparent Au electrodes),
and BFO3 (~90 pum thickness, ~1 x 2 mm® in-
plane dimension, and ~0.6-mm-diameter circular
thick Ag or Au electrodes). The BFO plates are
normal to a principal axis of the pseudocubic cell,
and the “in-plane or out-of-plane’” component of
the polarization is defined with respect to the
plate surface.

We found that in all investigated specimens,
there existed substantial currents that were non-
linear with applied electric field £ and also de-
pended strongly on the direction of £. The
magnitude of £ here is much less than ferro-
electric coercivity (fig. S1), so polarization switch-
ing does not occur during the E sweep for current
density, J/, versus E curves. Figure 1A shows
linear-scale J(E) curves of BFO! at 300 and
350 K, which exhibit diodelike behavior. For
the typical p-n junction diodes, the forward cur-
rent density follows an exponential relationship
with applied voltage given by Jo< exp(qV/akpT),
where g is the electron charge, Vis voltage, ¢ is a
constant called the ideality factor, and kg 1s the
Boltzmann constant. In the range of 0.05 1o 0.15
kV/em forward bias, o is 6.3 at 300 K and 4.7 at
350 K. This large ideality factor, much larger
than the ideal value of 1 in semiconductor p-n
Junctions, has been observed in perovskite-based
oxide p-n junctions, where charge trapping at
defects in the bulk seems important for transport
properties (/9). We also found that J increases
drastically with increasing temperature from
200 to 350 K as evident in the semi-log plot
of J(E) curves in the inset of Fig. 1A. In addi-
tion, the asymmetry in the J(E) curve also in-
creases with increasing 7. The rectification ratios,
defined as the ratios of the positive current di-
vided by the negative one for £ = +1.3 kV/cm, at

129

200, 250, 300, and 350 K, are 13, 159, 488, and
495, respectively.

The diode forward and reverse directions
switch when ferroelectric polarization is uni-
formly reversed by large electric voltage pulses.
When +150-V (an E of +17 kV/cm) pulses are
applied to the top electrode of BFO3 shown in
Fig. 2A, the ferroelectric polarization points down,
as confirmed by piezoresponse force micros-
copy (PFM; see supporting online materials and
methods) (Fig. 2B). The electric current through
the specimen is large when the current direction
is also downward; that is, the diode forward di-
rection is from top to bottom, and along the
polarization direction (Fig. 2C). When —150-V
pulses are applied, ferroelectric polarization switches
to the upward direction, and the diode forward
direction becomes from bottom to tep (still along
the polarization direction). Application of +150-V
pulses restores the original configuration. There-
fore, the diode directions switch whenever ferro-
electric polarization is reversed by external pulses,
and the diode forward direction is always along
the ferroelectric polarization direction (Fig. 2C).
The application of the second set of +150-V
pulses does not completely restore the original
J(E) curve, and this incomplete restoration may
be due o complex factors such as incomplete
polarization flipping, the formation of conducting
paths, or imeversible changes in the interfacial

=
E (kV/cm)

-1 0 1
E (kV/cm)

J (mA/cm?)

0
E (kV/icm)

Fig. 1. (A) J(E) curve of a symmetric Au/BFOV/Au structure in the dark at 300 and 350 K. A
substantial diodelike effect is evident. The inset shows semi—log-scale J(E)} curves at various
temperatures. All J(E) measurements were performed by sweeping the voltage from the positive
maximum to the negative maximum in vacuum at 200 to 350 K. The applied electric fields are far
below the coercive field for polarization switching. (B) J(E) curves of the BFO2 sample in the dark
(D) and with green-light illumination on right (R) or left (L} semitransparent Au electrodes. Current
for either £ direction (except very near £ = 0) increases with illumination on either side. The inset
shows an expanded view of the J(E) curves near zero bias field (£ = 0). Zero-bias current flows
along the reverse direction with illumination from either direction: Left-side illumination works
better than right-side illumination for this particular setup, and the x and y axes for the right-side
illumination are expanded by a factor of 3 to clearly show the presence of the reverse-direction

current at zero bias.



regions. In the above discussion, we consider
only the out-of-plane component of ferroelectric
polarization because of the platelike geometry
of the Ag/BFO3/Ag structure. We emphasize
that even though the simultaneous J(E) and
PFM experiments with electric pulses were per-
formed only on BFO3, the switchable J(E) curves
were observed in all specimens that we have
investigated.

The observed diodelike behavior of de con-
duction implies a possibility of zero-bias PV
effect in BFO. Because the optical gap edge of
BFO is reported to be ~2.2 eV (20), visible light
is expected to induce substantial photocurrent.
We, in fact, found a substantial PV effect in
BFO with semitransparent Au electrodes illu-
minated with visible light [wavelength (A) =
532-nm green light and A = 630-nm red light],
with the total power density being less than
20 mW/em®,

Figure 1B depicts the J(E) curves of BFO2
with symmetric Au electrodes in green light as
well as in the dark. Green light illuminated either
left or right semitransparent Au electrodes of
BFO2 (see the experimental schematic in the
inset of Fig. 3). Mumination on either side in-
duces the increase of conductance with the direc-
tion of photocurrent after the direction of the
external bias. In other words, measurable photo-
conduction occurs with illumination. At zero bias,
the photocurrent also exists and is always nega-

A C

J (mA/cm?)

Topography

tive, independent from the illumination direction:
negative 0.13 pA, corresponding to reverse bias
direction 8.219 A/cm” for the BFO2 configura-
tion with lefi-side illumination; and 0.013 pA, cor-
responding to reverse bias direction 0.849 pA/em’
for the configuration with right-side illumination
(Fig. 1B, inset). This bulk photocurrent in the
absence of an external bias indicates that charge
carriers induced by light illumination move pref-
erentially along one direction; that is, there is a
PV effect in BFO2. Figure 3 shows the time
dependence of the photocurrent at zero bias in
BFO2 with the turning of a green (top panel)
and a red (bottom panel) light on and off. For
the first 60 min, the left electrode was illumi-
nated and for the next 60 min the right elec-
trode was illuminated. Photoconductivity was
reported in ferroelectric monodomain (111) BFO
films, but any PV effect (nonzero photocon-
ductivity at zero bias) was not discussed in the
report (217).

In principle, thermal variation induced by
visible-light illumination can contribute to the
photocurrent increase shown in Fig. 1B, but
the decrease of resistance due to a light-induced
temperature increase cannot cause the observed
negative steady photocurrent at zero bias. On the
other hand, a pyroelectric current can be gen-
erated by the change of the magmitude of ferro-
electric polarization because of the temperature
ncrease caused by light illumination. However,

1.0
+150V pulse
TEIGtwm
B
! Forward
0.5 -150V pulse
0.0
—8—+150 V pulse (1)
—@—-150 V pulse (2)
= ==+150 V pulse (3)

2 -1 4] 1 2
E (kV/cm)

Fig. 2. (A) Sketch of the setup for the simultaneous PFM and J(F) measurements on Ag/BFO3/Ag.
One hundred electric pulses with 150 V (£ = 17 kv/cm) and a duration of 0.01 s were used to flip
electric polarization. J(E) was measured up to £ = 2.5 kV/cm, and ac voltage of 1 V., and 17 kHz
was used for PFM. (B) Topography image and out-of-plane PFM images after +150-V pulses. The
PFM signal is color-scaled. These images show that +150-V pulses induce a homogeneous state
with downward out-of-plane polarization, and —150-V pulses induce a homogeneous state with
upward polarization. (C) J(F) curves of BFO3 after +150-V, —150-V. and +150-V pulses, in se-
quence. The diode forward and reverse directions switch when the direction of out-of-plane polar-
ization (P) is reversed by £150-V pulses. The diode forward direction turns out to be the same as
the direction of electric pulses used for polarization flipping.
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this is a transient effect that occurs while the
temperature is changing, and no steady-state photo-
current is expected from the pyroelectric effect.
Thus, although the mitial small spikes of photo-
current in Fig. 3 can be atiributed to the pyro-
electric effect, the steady-state photocurrent in
Fig. 3 has a different origin. Consistently, when
the light is switched on, the photocurrent in-
creases suddenly to a transient maximum before
reaching a steady state. The transient component
with green light is ~6% of the steady-state photo-
current, and the time constant associated with the
transient component is ~15 s. The transient com-
ponent with red light is ~25% of the steady-state
photocurrent and the time constant is ~60 s. The
steady-state photocurrent density is ~7.35 pA/em®
under green light illumination on the left side.
This value is much larger than the 2.6 nA/cm’
observed under red light illumination, indicating
that the photoexcited charge carriers across the
bulk optical gap of ~2.5 eV contribute to the PV
effect in BFO. Finally, because our BFO crystals
are conducting, an equilibrium temperature gra-
dient generated by continuous light illumination
on one side of BFO can produce a steady current
due to thermoelectric power voltage. However,
this effect should produce an opposite-direction
current when the light-illumination direction is
changed from one side to the other of the BFO
crystal. Our zero-bias photocurrent direction is
always fixed, independent of the light-illumimation
conditions, which is inconsistent with the ther-
moelectric power scenario. On the other hand,
the thermoelectric power effect may contribute to
the asymmetry in the magnitude of the photo-
current with different-side light illumination, which
tumns out to be substantial in BFO2. Obviously,
any uncontrolled asymmetry in the electrode
configuration or light-illumination conditions can
also contribute to the left-right asymmetry in the
magnitude of the photocurrent.

A linear polarizer was placed between the
light source and BFO2 to measure the effect of
light polarization on the PV effect (Fig. 4, inset).
The angle 6 between the in-plane component of
ferroelectric polarization (determined by in-plane
PFM) and the electric field vector of linearly
polarized light was varied by 360°. The change
of the photocurrent at zero bias with 8, shown in
Fig. 4 with blue circles, closely follows a sinus-
oidal form with a periodicity of 180°. The max-
imum of photocurrent was observed when the
polarized-light electric field was along the in-
plane ferroelectric polarization, and the current
was minimal when the light electric field was
perpendicular to the in-plane ferroelectric polar-
ization. After the initial rotation experiment, the
polarizer was rotated by 90°, and lighting con-
ditions were readjusted for an optimum photo-
current. The change of photocurrent (green circles)
with 8 after this polarizer rotation is similar to the
one before rotating the polarizer, except for a 90°
phase shift of 6. This demonstrates that the re-
producible angular dependence is not due to any
artifact of our optical setup.
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The above observations shed light on the
origin of the PV effect in BFO. The sinusoidal
behavior of the photocurrent at zero bias ob-
served in the polarized-light rotation experiment
is consistent with a nonlinear optical effect sce-
nario (/3). When a ferroelectric is under intense
light illumination, the second-order optical response
combined with a linear term is well known to in-
duce an asymmetric polarization, which can result
in an optical rectification effect (74, 15). It was
proposed that the asymmetric induced polariza-
tion can also give rise to a dc rectification-like
effect such as a PV effect. This effect is supposed
to be maximal when the polarized-light electric
field is along the ferroelectric polarization and
follows a sinusoidal angular dependence. This
second-order optical response is an intrinsic bulk
effect, and therefore it should not be sample-
dependent. However, we found a noticeable
variation in the magnitude of the rectification

and PV effects in different samples, suggest-
ing the importance of impurities and defects
with respect to the transport mechanism. The
space charge-limited conduction suggested in
the diode behavior (figs. S2 and S3) is also
consistent with the importance of impurities
and defects. Any polarization-related asymmetry
of impurity potentials can render the photo-
current sensitive to the orientation of light po-
larization, probably in a sinusoidal manner (12).
Simple polarization-dependent band-bending
at the metal/BFO interfaces probably does not
produce the observed directional dependence.
In addition, we found little difference between
the effects of Ag and Au electrodes on the di-
ode effect (fig. 54), suggesting no major contri-
bution from the band-bending at the metal/BFO
interfaces. On the other hand, the contribution
of impurities and defects coupled with the band-
bending or the second-order optical response to

Fig. 3. The zero-bias
photocurrent density as
a function of time with
(top) green light (. =
532 nm) or (bottom)
red light (o = 650 nm)
on or off, shining on
the different sides of
BFO2 (a sketch is shown

@ -deg (nA/cm?)

pary

in the inset). The total
light power was <3 mW,
and the short-cirauit pho-
tocurrent was measured
every 100 ms. The cur-
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photocurrent can be influenced by the orientation
of polarization.

We report here that singleferroelectric-
domain BFO crystals exhibit a diodelike effect.
The forward direction of the diode is determined
by the direction of the electric polarization, and
the directionality of the diode can be repro-
ducibly switched by large external electric fields.
Associated with the diode effect, a substantial
zero-bias PV current is induced by visible light.
Further study of these effects, such as experi-
ments involving electrodes with different conduc-
fors or controlled doping levels and spectroscopic
studies of metal/BFO interfaces, will be necessary
to unveil their true origin. The observation of
switchable diode and photovoltaic effects in BFO
reveals unusual and intriguing charge conduction
behavior in leaky ferroelectrics, and should ad-
vance studies of BFO-based multifunctional
devices.
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Giant Magnetic Coercivity and

lonic Superlattice Nano-domains in Feg,5TaS,

Y. J. Choi', S. B. Kimz, T. Asada’ ,S. Park', Weida Wu', Y. Horibe', and S-W. Cheongl’2

'Rutgers Center for Emergent Materials and Department of Physics & Astronomy, 136
Frelinghuysen Road, Piscataway, New Jersey, 08854, USA

Laboratory of Pohang Emergent Materials and Department of Physics, Pohang
University of Science and Technology, Pohang 790-784, Korea

*Research Department, NISSAN ARC, LTD., Yokosuka, Kanagawa 237-0061, Japan

PACS 75.50. Vv — High coercivity materials
PACS 75.50 Ww — Permanent magnets

PACS 75.30 Gw — Magnetic anisotropy

Abstract — We have explored giant magnetic coercivity (He~7 tesla) in the highly
anisotropic ferromagnet of Feg,sTaS, through harnessing order of Fe?" ions intercalated
in-between TaS; layers. Fe ions order well in annealed crystals and form a (1/2,0,0)
superlattice. However, a (1/3,1/3,0) superlattice, in addition to the (1/2,0,0) superlattice,
can form in quenched crystals. These coexisting superlattices with nano-size domains

result in significant change of magnetic domain configurations and huge enhancement of
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Hc, probably through efficient magnetic domain wall pinning by nano-size superlattice

domains.

Introduction. — The rapid advancement of material science, especially with permanent
magnets, is being integrated in a wide spectrum of modern technological applications,
including high-efficiency motors and generators, as well as high-density magnetic memory
devices. The continuous discovery of new materials and innovative mechanisms for
enhanced properties, such as magnetic coercivity (Hc), is crucial for depinning new
technologies. The H. is defined as the external magnetic field value to reduce the
magnetization of a fully magnetized material to zero [1]. It is determined by
magnetocrystalline anisotropy and the energetics of magnetic domain (MD) nucleation and
growth [2]. The former is controlled by the spin-orbit coupling - a relativistic effect which
is large in heavy elements [3]. Crystallographic defects can impede the growth and
propagation of MD walls, and thus enhance the Hc [4]. Consistently, high coercivity is
often found in polycrystalline materials which have a significant amount of defects and
grain boundaries. Increase of MD wall pinning has been achieved by a wide range of
approaches, such as adding chemical impurities [2], creating lattice defects by various heat
treatments [5], and controlling nanoscale structures of mixed materials with matching
magnetic properties [6]. Herein, we present a unique method of enhancing H: in

single-crystalline Feg,5TaS; by controlling ionic order.

Fe,TaS, crystallizes in an Fe-intercalated 2H-TaS,-type hexagonal structure [7,8]. In each

TaS,, layer in the structure, Ta ions are coordinated by trigonal-prismatic S* cages. It has



134

been reported that Fe ions intercalated into between TaS, layers can order, and form ionic

superlattices. Superlattice for x=0.25 has the periodicity of 2 a, (i.e., (1/2,0,0)-type) where

a, i1s the in-plane lattice constant of the hexagonal TaS,, while NE) a, (e,

(1/3,1/3,0)-type) becomes the periodicity of the superlattice for x~0.33 [9,10]. Fe(,sTaS;
and Fe( 33TaS; are ferromagnetic below ~160 K and ~35 K [11], respectively, but the H; of

X~0.25 is found to be significantly larger than that of x=0.33 [7].

Experimental. — Single crystals of Fej,sTaS, were grown by a chemical vapor transport
method [7,11]. Thin plate-like crystals with large hexagonal surfaces perpendicular to the ¢
axis were obtained. Three types of specimens were prepared; as-grown (AG, cooled in a
furnace after its power was turned off after growth), slowly-cooled (SC, cooled with the
cooling rate of 2 °C/hr from 700 °C) and quenched (Q, quickly removed from 700 °C and
then soaked in ice water). Magnetic measurements were performed with the Quantum
Design MPMS (magnetic field, H<7 T) and PPMS (H<9 T). TEM (Transmission Electron
Microscopy) observations were carried out at room temperature with a JEOL-2000FX
TEM, and electron diffraction (ED) patterns and dark-field (DF) images were recorded on
imaging plates. MFM (Magnetic Force Microscopy) experiments were performed with a
homemade variable temperature MFM interfaced with a Nanoscope Illa controller from
the Veeco Digital Instruments. The MFM images were taken in a frequency-modulated lift
mode, in which the topography and MFM scan lines are interleaved. The lift height was

regulated from 15 to 35 nm.
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Results and discussion. — The temperature dependent magnetization, M/H, of the three
types of specimens, shown in Fig. 1(a), was measured along the c-axis upon warming in
H=0.2 T after field cooling (FC, open circles) and zero-field cooling (ZFC, solid lines).
Ferromagnetic order for the SC and AG sets in at similar temperatures - Tc =159 and 156 K,
respectively, while T of the Q is a much lower temperature (104 K). The temperatures at
which the FC and ZFC M(T) curves start to split were observed, indicative of the onset of
magnetic irreversibility [12]. Below these temperatures, ZFC M(T) curves drop
precipitously and merge together at low temperatures whereas FC curves maintain their
flatness in logarithmic scale. M(H) hysteresis curves at 2 K for the three-types of
specimens are shown in Fig 1(b). The saturation moment, depending little on the type of
specimen, is ~4 pp, which is consistent with the full saturation of the high-spin Fe*"
moment. The extremely sharp jumps in the hysteresis curves indicate the flipping of a
nearly single MD through an avalanche-like magnetization reversal process with the
variation of H [13,14]. The magnetic field where the jump occurs can be defined as the
coercivity field, Hc, and this Hc is unusually large in all three types of specimens, even
though the specimens are in the form of single crystals. This large Hc is certainly related
with large magnetic anisotropy, which is reflected in the anisotropic M(H) curves of the SC
with H along and perpendicular to the ¢ axis (Fig. 1(b)). The estimated anisotropy field is
~59 T, consistent with a recent report [15]. In any case, the intriguing characteristic of the
M(H) curves is the significant increase of Hc, with the increasing cooling rate from 700 °C:

H. for the Q is ~7 T, while H¢’s of the SC and AG are ~2.7 and ~4.0 T, respectively.
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In order to reveal the origin of the large change of H. with varying thermal treatment, we
have carefully investigated the structural evolution with thermal annealing by using the
TEM. Indeed, we found interesting variations of the nature of Fe-ionic order in Fej,sTaS,
with different cooling rate. Figures 2 (a) and (b) show the [011] ED pattern of the Q and the
[001] ED pattern of the SC, respectively, and their intensity profiles in Fey,sTaS, (Fig. 2
(a’) and (b’)). Note that the ED pattern of the AG is basically identical to that of the SC, and
the reflection spots are indexed using a simple hexagonal notation. Clear (1/2,0,0)
superlattice spots, in addition to the fundamental spots of the hexagonal structure, in the SC
(and AGQG) are indicative of the formation of a 2x2 superlattice due to order of Fe ions
between TaS, layers, consistent with the results in the previous work [11]. However, the Q
exhibits a honeycomb ED pattern with weak diffusive spots (DS) at (1/3,1/3,0)-type
positions (arrow A) as well as DS at (1/2,0,0)-type positions (arrow B). Thus, J3x+/3 and

2x2 superlattices coexist in the Q [9,10]. Figure 2(c) shows the schematics of the 2x2 and
V3x3 superlattices in a single Fe layer. The large (small) circles and solid (dashed) lines
denote the 2x2 (\/5 X3 ) superlattice, and the hatched region represents the unit cell of the

simple hexagonal structure. The 2x2 and V3 x3 superlattices correspond to the 25% and
33.3% concentrations of Fe ions per chemical formula, respectively. Thus, the long-range
ordered (1/2,0,0) superlattice spots indicate that the stoichiometry of the SC and AG is
equal to X~0.25, consistent with the magnitude of measured saturation magnetic moment.
Furthermore, it is expected that the Q consists of inhomogeneous Fe-ionic distribution and
likely contains Fe vacancies in the V3 x3 superlattice. Note that regardless of the

inhomogeneous Fe order and the decrease of T; in the Q (Fig. 1(a)), the saturated magnetic
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moment in high fields remains intact in the Q, indicating that the stoichiometry of the Q is

still X~0.25.

Upon changing the sample cooling rate from 700 °C, the superlattice domain structure as
well as MD structure of Feg2sTaS; evolves in a remarkable manner. Our TEM DF images
taken at room temperature and MFM images obtained at low temperatures after ZFC are
summarized in Fig. 3. Fig. 3 (a) displays a DF image obtained by using a (1/3,1/3,0)-type
superlattice DS of the Q. The bright speckled regions with the typical size of ~2 nm are

clearly visible in the figure, and the regions indicate the existence of ~2 nm-size

superlattice domains with B xB -type Fe order. Our DF images taken by using

(1/2,0,0)-type DS also show similar speckled regions, suggesting that the domains with

2x2-type order are comparable with the V3x3 -type domains in size. Figs. 3 (b) and (c)
exhibit the DF images obtained by using (1/2,0,0)-type superlattice spots in the AG and
SC, respectively. The grainy patterns of the figures are due to the presence of anti-phase
domains, and indicate that as the sample cooling rate decreases, the density of the
anti-phase boundaries is reduced and the size of anti-phase domains becomes large. The
average sizes of structural domains estimated from the TEM DF images of the Q, AG and
SC (Fig. 3 (a)-(c)) are approximately 2, 30, and 100 nm, respectively. Similarly to the
structural domains, the MD pattern also changes remarkably with the sample cooling rate

(Fig. 3 (d)-(f)). The estimated widths of MDs are about 0.1 1 m (Q), 0.2 1 m (AG) and 1
u m (SC). Note that in each specimen, there exists little temperature dependence of the

ZFC MD pattern below T,. The systematic evolution of the ionic superlattice domains with

varying the sample cooling rate suggests that the superlattice domains, existing at all
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temperatures below room temperatures, affect strongly the morphology of ferromagnetic
domains below T.. Naturally, the superlattice domains or their boundaries can act as

defects for nucleation and also pining of MDs and boundaries [16,17].

Detailed magnetic properties associated with the large coercivity in the Q were
investigated. The temperature variation of H¢ of the Q can be estimated from magnetic
hysteresis loops in Fig. 4(a), which were obtained after FC in 9 T (for the 2 K loop) or 7 T
(for the other loops). The fully saturated magnetization (Mg~4 pg/Fe) in 9 T at 2 K varies
little with decreasing H until the magnetization switches suddenly from M to —M; at
around —7 T within a narrow H range (<0.01 T). This sharp switch from M to —M;

12 for

broadens slowly, and the H; decreases as the temperature is increased. H¢ vs. (T/T¢)
the Q (closed circles) is plotted in the inset of Fig. 4(b). Note that the negligible
H-dependence of magnetization until H approaches close to the negative H remains intact
at high temperatures. The H of the Q (7 T) at 2 K significantly exceeds that of the SC (2.7
T) (Fig. 1(b)), probably because superlattice nano-domains and domain boundaries in the

Q provide efficient pinning centers of MD walls [18]. The T-dependent H; for

ferromagnets with high uniaxial anisotropy follows an empirical formula:
1/2
H,(T)/H (0)=-V;T +[1+(VTT )1 , where V; is a parameter indicating the degree of

easiness for thermally activated depinning of domain walls [19-21]. The fitting curve with
the above function for the Q is in good accord with the experimental data in a wide T range,
shown in the inset of Fig. 4(b), indicating that thermal activation over the energy barrier

associated with domain wall pinning dominates the T dependence of Hc. The fitted V;

value for the Q is ~0.25 K!, and is much larger than typical values of highly-anisotropic
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magnets with highly-defective morphology, suggesting that the individual magnetic
pinning strength of a superlattice nano-domain or domain boundary is relatively weak
[19,20]. However, a high density of pinning centers, which is inversely proportional to the
superlattice nano-domain volume, can result in considerable pinning strength of a MD wall

through multiple/collective pinning. In a simple model, the average pinning potential Eof
pinning centers can be estimated to be E, ~k, Y A ~102'T, where v, ~10'° Hz is the
14

typical domain wall eigenfrequency and v = 0.1Hz is the measurement frequency [20].

With the superlattice domain size of £~10" m, the density of pinning centers is

Py & 1/ £~107 m>  and thus the  zero-temperature  coercivity s
H, (0) ~p,E, / 2M, ~5T with the saturated magnetization of M ~10° A/m by simply

equaling the pinning energy density to the Zeeman energy density. The estimated
zero-temperature coercivity is comparable with the observed value of 7 T, qualitatively
supporting the scenario of superlattice nano-domains as dominant pinning centers for MD

walls.

The T-dependent magnetization of the Q in various magnetic fields (H*=0.02, 0.2, 2 and 7
T) applied after ZFC, is shown in Fig. 4(b). Magnetization in 7 T is tiny in magnitude at 2
K, indicating an almost fully demagnetized state even in 7 T. However, it increases
drastically above 2 K, reaches the maximum value at ~5 K (corresponding to the fully
saturated moment), and then decreases slowly with further increase of T. This sharp feature
at 2-5 K in 7 T, comparable to the sharp change found in M(H), shifts to a high T and

becomes broad when H is reduced. For each H*, T* is defined as the temperature for the
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maximum slope of the M(T) curve in the H*, and the T* vs. H* plot is shown in the inset of
Fig. 4(b) (open squares). This plot coincides more-or-less with the T-dependent H. (closed
circles), but for each temperature, H* tends to be slightly smaller than H.. Since H*
corresponds to T-induced switching from a demagnetized state to a fully-saturated state
while H¢ represents H-induced switching from one fully-saturated state to the
other-direction fully—saturated state, H* is naturally smaller than H.. However, their
temperature dependences, as well as their sharp features, are similar, suggesting that a

similar avalanche-like depinning of MD walls is responsible for the both phenomena.

Conclusion. — In summary, we have discovered an intriguing interplay between ionic
order and magnetism in Feg»sTaS; crystals with high magnetic anisotropy. A long-range
ionic order with a 2x2 superlattice occurs in well-annealed specimens, but in quenched
specimen, nano-size domains with a3 x/3 -type ionic order mix with 2x2 superlattice
nano-domains. We found a systematic change of H; in thermally-treated crystals of
Feo25TaS,, which is accompanied by significant changes of the pattern and size of MDs.
Nano-scale mixture of 2x2 and /3 x+/3 superlattice domains is responsible for the large
coercivity of ~7 T in the quenched specimen, which is attributed to the efficient pinning of

MD walls by the mixed nano-size superlattice domains.

We acknowledge B. 1. Min for the suggestion of the system and Ryan Mich for reading

manuscript. Work at Rutgers was supported by NSF-DMR-0804109.
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Figure Captions

Fig. 1: (Colour on-line) (a) Temperature dependence of magnetization divided by magnetic
field, M/H, in logarithmic scale for the SC (slowly-cooled), AG (as-grown), and Q
(quenched) crystals, measured upon warming (H=0.2 T//c) after cooling in H=0 T (solid
lines) and H=0.2 T (open circles). Ferromagnetic ordering temperatures, T¢’s, of 159, 156,
and 104 K for the SC, AG, and Q specimens, respectively, were estimated by fitting M(T)
to the Curie-Weiss law. (b) Hysteresis loops at 2 K for three types of Feg,sTaS; crystals,
showing high coercivities of 2.7 T (SC), 4.0 T (AG), and 7 T (Q). M(H) curves in H along

and perpendicular to the € axis indicate a high magnetic anisotropy in Fe,sTaS,.

Fig. 2: (Colour on-line) Electron diffraction patterns in reciprocal space and their intensity
profiles at room temperature in the Q (a, a’) and SC (b, b’) specimens, respectively. The
electron incidence is parallel to [011] (a) and [001] (b) zone axes, respectively. The profiles
of (a') and (b'") were scanned along 011 -111 line in (a) and 010-110 line in (b),
respectively. (c) Schematics of Fe ionic order in real space. Large circles and lines denote

the 2x2 superlattice, and small circles and dashed lines represent the V3x3 superlattice.

Fig. 3: (Colour on-line) Dark-field TEM images taken with superlattice peaks for the Q (a),
AG (b) and SC (c) specimens. For (a), a (1/3,1/3,0) diffusive superlattice peak with
electron incidence along [011] is used, and a (1/2,0,0) superlattice peak with the beam
incidence direction of [001] is used for (b) and (¢). MFM images of the (d) Q [77.5K, 0 T,

and 2 Hz], (¢) AG [6 K, 0 T, and 3 Hz], and (f) SC [60 K, 0.03 T, and 59 Hz] specimens.
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Ferromagnetic domain size increases systematically when superlattice domains are

enlarged by thermal treatment.

Fig. 4: (Colour on-line) (a) Magnetization vs. magnetic field (H//c) for the Q crystal at
various temperatures (2-150 K). (b) T dependence of magnetization measured upon
warming in various magnetic fields (H*=0.02, 0.2, 2 and 7 T) after zero-field cooling in
linear scale. Inset: T-dependent magnetic coercivity (closed circles) and H* vs. T* (open

squares, T* defined as T for the maximum slope of M(T) in each H*) for the Q crystal.
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