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Ferroelectricity Induced by Spin-Dependent Metal-Ligand Hybridization in Ba,CoGe,0,
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We have investigated the variation of induced ferroelectric polarization under a magnetic field with
various directions and magnitudes in a staggered antiferromagnet Ba,CoGe,O,. While the ferroelectric
polarization cannot be explained by the well-accepted spin current model nor the exchange striction
mechanism, we have shown that it is induced by the spin-dependent p-d hybridization between the
transition metal (Co) and ligand (O) via the spin-orbit interaction. On the basis of the correspondence
between the direction of electric polarization and the magnetic state, we have also demonstrated the

electrical control of the magnetization direction.
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Electrical control of magnetism has long been an im-
portant subject in condensed-matter physics as well as an
urgent issue in contemporary spin electronics. One of the
promising ways to reach this goal is to make use of the
magnetoelectric effect (change of magnetization by an
electric field, or reciprocally, change of electric polariza-
tion by a magnetic field) in magnetic dielectrics [1-5]. The
electric field control of magnetism in terms of the mag-
netoelectric effect is much less dissipative in energy than
the current control of magnetism in itinerant ferromag-
nets. While the magnetoelectric effect was thought to be
quite small, the magnetically induced ferroelectrics (multi-
ferroics) and their giant magnetoelectric effect have re-
cently been discovered and are now attracting much
attention.

There are several microscopic mechanisms for magneti-
cally induced ferroelectricity. The most prevailing mecha-
nism is the spin current mechanism [6], or equivalently the
inverse Dzyaloshinskii-Moriya mechanism [7,8]. In the
transverse-helical (cycloidal) spin structure, the spin chi-
rality can induce the polarization P « 3, .e;; X (§; X S;)
in terms of the spin current mechanism, where e; j denotes
the unit vector connecting the interacting neighbor spins S;
and §;. In the crystal which contains multiple inequivalent
magnetic sites, even the collinear spin structure may also
induce ferroelectricity with the use of magnetostriction
caused by the symmetric exchange interaction JS; - S;
[9]. This type of ferroelectricity is realized in perovskite
RMnO; (R =Y,Ho,...,Lu) [10], DyFeO; [11], and
Ca3(Co, Mn),04 [12]. Quite recently, the third mechanism
was proposed [13] to explain the ferroelectricity induced
by the proper screw or the 120° spin structure in delafossite
CuFeO, [14] and CuCrO, [15]. In these materials, the
ferroelectricity can be caused by the transition-metal-
ligand (p-d) hybridization depending on the spin direction
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[16,17]. Owing to the hybridization relevant to the spin-
orbit interaction, the ionic charge p of the ligand can vary
depending on the angle 7 between the spin of the transition
metal and the vector e connecting the transition metal and
the ligand, i.e., Ap = (S - e)?. Therefore, the local electric
polarization AP o« (S - e)’e exists between the transition
metal and the ligand. The induced charge of the local
dipoles, when summed over the whole crystal, may induce
ferroelectricity. To examine the mechanism in more detail,
a simpler spin structure is desirable because this is a single
ion problem rather than a spin correlation (S; X §;, S; - S,
etc.) one. In this Letter, we show ferroelectricity and its
magnetic field dependence in a simple staggered antiferro-
magnet Ba,CoGe, 05 that can be thoroughly explained by
such a spin-dependent p-d hybridization mechanism. We
also demonstrate a novel electrical response of magnetic
properties based on this mechanism.

Figure 1(a) illustrates the crystal structure of
Ba,CoGe,0;. It forms the tetragonal noncentrosymmetric
structure (space group P42,m), composed of corner shared
Co0, and GeOj tetrahedra and intervening Ba’* ions. The
Co magnetic moments have easy plane anisotropy and
show a staggered antiferromagnetic structure in the (001)
plane below Ty = 6.7 K [18]. There are only two inequi-
valent Co sites, and this is unchanged even below Ty.
Therefore, the sum of the vector spin chirality is zero and
the S; - §; is uniform for all the Co-Co bond. For this
reason, neither the S; X §; spin current mechanism nor
the §; - §; exchange striction one can work for this com-
pound. However, ferroelectric polarization is observed
below Ty even at H = 0 and largely enhanced under a
magnetic field as reported for this [19] and related com-
pounds [20] [see also Figs. 1(c) and 1(d) observed in this
study], while the microscopic origin has not been clarified.
In the following, therefore, we take the spin-dependent
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FIG. 1 (color online). (a) Schematic view of the crystal struc-
ture of Ba,CoGe,0;. (b) Coordination of the spin moment in a
CoO, tetrahedron. (c),(d) The temperature dependence of
(c) [001] and (d) [100] components of the electric polarization
P in the magnetic field 5 T applied along various directions.

hybridization mechanism as the working hypothesis for the
observed polarization.

According to the spin-dependent hybridization model,
the local polarization of the CoO, tetrahedron can be ex-
pressed as P o 34 (S - e;)%e; « Y1 (S cosm;)’e;, where
e; and 7); are the vector connecting the Co and the ith
ligand O ions and the angle between the spin and e;,
respectively [Fig. 1(b)]. When the spin moment S is along
the upper-lying oxygen bond O;-O,, the polarization ap-
pears along [001]. The polarization is unchanged after the
180° rotation of S, but is reversed when S points along the
lower-lying oxygen bond O3-O,4. In Ba,CoGe,05, there
are two inequivalent CoQ, tetrahedra [CoO,4(1) and
Co0,4(2)] of which the lower-lying oxygen bonds are tilted
by the small angle =« from [110], respectively, as shown
in Fig. 1(a). When the Co spins in these two tetrahedra are,
respectively, along (sinf; cos¢, sinf; sing;, cosf;) and
(sinf, cos¢,, sinf, sing,, cosh,) in the polar coordinate,
the net polarization P = (P,, P, P,.) is expressed as

P, = A,[sin26, sin(2k — ¢|) — sin20, sin(2k + ¢,)],

P, = —A,[sin20, cos(2k — ¢) + sin26, cos(2k + ¢,)],

P, = A [sin?0, sin(2k — 2¢,) — sin’6, sin(2k + 2¢,)].
(D

Here, A, and A, are the coupling constants. The ferroelec-
tric polarization and its magnetic field dependence are well
explained by this equation as discussed below.

We show the temperature dependence of P along [001]
(P,) in Ba,CoGe,0; under various magnetic field (H)

directions as shown in Fig. 1(c). In this measurement, P
was measured in a warming run after the H-cooling pro-
cedure but without the poling procedure under the electric
field [21]. When H is applied along [110], P emerges along
the [001] direction. The sign of P, is reversed by chang-
ing the H direction to [110], and P, is almost zero under
H || [100] and H || [001]. Figures 2(e) and 2(f) show the
variations of the magnetization (M) and P at 2 K, respec-
tively, with rotating H in the (001) plane (H = 1 T). Here,
¢y is defined as the angle between [100] and the H
direction in the (001) plane as shown in Fig. 2(d). While
the magnitude of M is nearly invariant with ¢, P. shows
sinusoidal ¢y dependence with the 180° period. The
variation of P with ¢ is in accord with the spin-dependent
hybridization mechanism, as shown below.

4 20 2 4 /
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FIG. 2 (color online). (a)—(c) Canted antiferromagnetic struc-
tures in magnetic fields with various in-plane directions. (d) The
experimental configuration of the in-plane H-rotation measure-
ment. (e),(f) The variations of (e) in-plane component of M and
(f) P at 2 K under rotating H around the [001] direction. (g) The
experimental setup under rotating H around the [100] direction.
(h),(i) 8y dependence of (h) M and (i) P at 2 K at 5 T. (j) The
rotation hysteresis of P, in the vicinity of H || [001]. (k),
(1) Canted antiferromagnetic structures and the induced electric
polarization under out-of-plane magnetic field.
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In the magnetic field applied parallel to the magnetic
easy (001) plane, the staggered magnetic moments tend to
align nearly perpendicular to H and canted to the direction
of H to induce M as shown in Figs. 2(a)-2(c). Judging from
the nearly constant magnetic susceptibility with in-plane
rotating H in Fig. 2(e), there is almost no in-plane magnetic
anisotropy and the staggered magnetic moments rotate
freely in the (001) plane to keep M parallel to H as shown
in Figs. 2(a)-2(c). Therefore, in the case of the in-plane
magnetic field, the spin directions 6, 8,, ¢, ¢, can be
expressed as 0, =60, =90°, ¢, = py —90° + &', P, =
¢y +90° — @', where ¢’ is the canting angle of the spin
and invariant with ¢ [Fig. 2(a)]. Putting these relations
into Eq. (1), we obtain P = [0, 0, sin2¢ cos(2k — 2¢")].
This relation clearly explains the sinusoidal ¢ depen-
dence of the polarization with the 180° period shown in
Fig. 2(f).

Next we proceed to the response of P under the out-of-
plane magnetic field. The in-plane polarization in H
around [001] largely depends on the deviation of the H
direction from [001]. In Fig. 1(d), we show the temperature
dependence of the polarization along [100] (P,,) in H along
various directions. When the magnetic field (5 T) is applied
along the direction slightly (~1°) slanted from [001] to
[010] (denoted as H || [001+]), the positive polarization
appears below 7. When the slanted direction is reversed,
i.e., toward [010] (H || [001—]), the polarization is also
reversed. The in-plane polarization is not observed under
the in-plane magnetic field.

Figures 2(h) and 2(i) show the variations of M and P,
respectively, at 2 K under rotating H = 5 T around [100].
The experimental setup is depicted in Fig. 2(g). Here 0 is
defined as the angle between the H direction and the [001]
direction. In contrast with the case of the in-plane rotation
of H, P is always along the [ 100] direction in this configu-
ration (a small P, signal was caused perhaps by the mis-
alignment of the magnetic field direction). As shown in
Fig. 2(h), M shows sinusoidal 8y dependence and takes a
minimum value in H || [001], i.e., along the magnetic hard
axis. On the other hand, P, shows the steep sign change
around fy = 0° and 180° and monotonically increases
with the angle between the sign changes. Around 0y =
0° and 180°, the rotational hysteresis is observed as shown
in Fig. 2(j).

When the magnetic field is not parallel to the magnetic
easy (001) plane (6 # 90° or 270°), the canting angle of
the staggered magnetic moments to the out-of plane di-
rection is the same for the both sites [0, = 0, = 0'; see
Fig. 2(1)]. The observed magnetic anisotropy in Fig. 2(h)
indicates that the angle difference between 6" and 6 (0 <
6y = 180°) or 360° — 0y (180 < #y = 360°) becomes
larger as 0, approaches 0° or 180° (H || [001]). For the
in-plane component of the staggered magnetic moments,
the directions are expressed as ¢; = ¢y —90° + ¢/,
¢y = Py +90° — ¢/, respectively. Here ¢y is the angle
between the in-plane projected field and the [100] direction
[Fig. 2(a)], and ¢’ is the in-plane canting angle [see

Fig. 2(1) for definition]. Putting these relations into
Eq. (1), we obtain P o« (A,sin26'sin(2x — ¢') singpy,
A, sin20' sin(2k — ¢') cospy, A.sin’6’ cos(2x — 2¢') X
sin2¢ ). When the magnetic field is in the (100) plane,
ie., ¢y =90° (180° < Oy <360°) or 270° (0° < Oy <
180°), P o« (sin26'sin(2x — ¢'), 0,0) for ¢y = 90° and
P oc [—sin26'sin(2x — ¢'), 0,0] for ¢y = 270°. These
relations clearly explain the sudden sign change of P,
around 0y = 0° and 180°.

Thus, the magnetic field variation of both P, and P. can
be well explained by Eq. (1). This is also consistent with
the symmetry analysis. The coupling constant A is slightly
anisotropic; the ratio A,/A. determined by the experiment
is nearly equal to 1.8. The small anisotropy is caused
perhaps by the slight distortion of the tetrahedron from
the regular one and the resultant electronic anisotropy with
the tetragonal crystal symmetry.

Now we discuss the polarization as a function of H mag-
nitude to more decisively evidence the spin-dependent
hybridization mechanism. Figure 3(c) shows the magnetic
field (H || [110]) dependence of P, up to 14 T at various
temperatures. The polarization increases with H in the
low-H region and then decreases and shows the sign
change (=4 K) in the high-H region. The critical magnetic
fields of the downturn and sign change increase with de-
creasing temperature. The sign change is expected by the
spin-dependent hybridization mechanism because the
magnetic moments are almost perpendicular to H in the
low-H region but parallel in the high-H region, as shown
in Fig. 3(a). In fact, the c-axis polarization can be ex-
pressed as P, x[1—2(M/Mg)*]cos2k + 2(M /M) X
[1 — (M/Mg)*]'/? sin2k according to Eq. (1). Here, M
sing/ and Mg = 3uz/Co*" is the saturation value of M.
As shown in Fig. 3(c), the observed magnetic field depen-
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FIG. 3 (color online). (a) Illustration of the spin-structural
change with increasing magnetic field along [110]. (b),
(c) H(|| [110]) dependence of (b) M (c) P, at various tempera-
tures as well as the calculated curve of P at 2 K based on the
spin-dependent hybridization mechanism [see Eq. (1)]. The
definition of the structural parameter « is shown in Fig. 1(a).
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FIG. 4 (color online). P-E curve obtained in H || [001] of 5T
at 2 K. P, reversal is equivalent to the magnetization flop around
[001] as shown in the insets. Incidentally, the large E-linear term
in P, comes from the paraelectric component €,€yE, where €, ~
10 and ¢ is the dielectric constant in vacuum.

dence of P, at 2 K is well reproduced with the M values
measured at 2 K in Fig. 3(b) and the structural value k =
24° of the isostructural compound Ca,CoSi,O; [22], ex-
cept for the low-H region. In the low-H region, the dis-
crepancy between the observed and calculated values is
large; the observed polarization is minimal at H = 0, while
the calculated value is finite. Perhaps, the polarization
spontaneously forms a multidomain structure to minimize
the electrostatic potential in the low-H region.

On the basis of the correspondence between the direc-
tions of P and M as clarified above, we demonstrate here a
novel electric response of magnetism in Ba,CoGe,0O;.
Figure 4 shows the P-E curve obtained in H || [001] at
5 T at 2 K. Prior to the measurement, the H direction was
carefully aligned to [001]. In this case, two magnetic states
shown in the inset of Fig. 4 are degenerate; the net mag-
netic moment is tilted from [001] to [010] direction in one
state, while the tilting direction is reversed in the other
state. [There are other degenerate states whose net mag-
netic moment is in the (010) plane. Nevertheless, these
magnetic states cannot be controlled in terms of the electric
field along [100].] We applied the electric field along [100]
to obtain the clear P-E curve. Since the sign of the trans-
verse (|| [010]) component of the M for H || [001] is tied
to the in-plane P direction as shown in Figs. 2(k) and 2(1),
the observed P reversal indicates the magnetic domain
switch as expressed by the inset scheme in Fig. 4. In this
case, the E reversal causes the large-M (~0.4u5/Co’")
flop around the magnetic hard axis within 2°. This is
contrastive with the previous results of the electric field
control of magnetization for the canted antiferromagnet
(Cu, Ni)B,0O, with a similar noncentrosymmetric crystal
structure [23], where the electric field can switch the tilting
angle of the much smaller magnetization (~6 X
103 wp/Cu™) up to £30° from [100] within the mag-
netic easy (001) plane.

In conclusion, we have studied the magnetoelectric
properties of the staggered antiferromagnet with the non-

centrosymmetric crystal structure Ba,CoGe,O,. We have
shown the H-dependent ferroelectric polarization can be
explained in terms of the spin-dependent p-d hybridization
mechanism via the spin-orbit interaction. This is the first
qualitative examination of this mechanism for multifer-
roicity. In addition, we have demonstrated the novel mag-
netoelectric functionalities such as the electric field drive
of the magnetization flop around the magnetic hard axis
direction.
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