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We have investigated the magnetoelectric properties originating from the spin-dependent hybridization between
transition metal (X) d orbital and ligand ion p orbitals in the noncentrosymmetric crystals Ba, XGe,O; (X = Mn,
Co, Cu). The novel magnetic-field responses of the electric polarization observed in the staggered antiferromagnets
Ba,MnGe,0; (S = 5/2) and Ba,CoGe,0; (S = 3/2) can be accounted for by the mean-field approximation
based on the d-p hybridization mechanism. In the case of the S = 1/2 helimagnet Ba,CuGe,O;, we have
found the metamagnetic transition to the staggered spin state in the high magnetic field region and observed an
electric polarization originating from the d-p hybridization mechanism. Especially, the observation of electric
polarization not only in the fully spin-polarized state at high magnetic field in Ba,MnGe,O; but also in all
the compounds, under applied external magnetic field, strongly supports the single-spin mechanism of the d-p
hybridization as the origin of ferroelectricity in this class of materials. We have examined the transition-metal
dependence of the polarization magnitude in Ba, X Ge,O; in terms of the electronic configuration in d levels and
found that the unquenched orbital angular momentum determines the magnitude of the electric polarization.
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I. INTRODUCTION

Magnetically induced ferroelectricity has been attract-
ing much attention because of its gigantic magnetoelectric
coupling to achieve the mutual control of the electricity
and magnetism.'”” As origins of the magnetically induced
ferroelectricity, three mechanisms have been proposed so
far. The most prevailing one is the spin-current mechanism®
or, equivalently, the inverse Dzyaloshinskii-Moriya (DM)
mechanism.>'" In the transverse-helical (cycloidal) spin
structure, the vector spin chirality S; x §; can induce the
polarization as P oc ), ; e;j x (S; x S;), where e;; denotes
the unit vector connecting the interacting neighbor spins S;
and S ;. The second mechanism is the magnetostriction caused
by the symmetric exchange interaction JS; - S;. The net
polarization due to the magnetostriction may be finite in the
magnetic structure with the multiple inequivalent magnetic
sites.!!

The third mechanism is caused by the variation of the
hybridization between transition-metal d orbital and ligand
p orbitals, depending on the spin moment direction of
transition metal.'>!3 While the polarization is relevant to
the spin-spin correlation in the former two mechanisms, a
single spin moment is essential for the generation of the
local electric dipole moment between the transition metal
and ligand ions in this mechanism. The ferroelectricity in
the proper screw structure in CuFeO,'* and in the 120°
spin structure in CuCrO," were explained by the d-p
hybridization mechanism.'® Nevertheless, the ligand oxygen
in these materials neighbors three transition metals; therefore
the sum of the induced moments relevant to one ligand oxygen
depends on the directions of the neighboring three magnetic
moments in these systems.
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Recently, we have investigated a simpler system,
Ba,CoGe, 07, in which the CoQO, tetrahedra are connected
by the nonmagnetic Ge ions. The unique variation of the
polarization critically depending on the direction and mag-
nitude of the external magnetic field in Ba;CoGe,0;'7!® can
be well reproduced by the simple calculation based on the
spin-dependent d- p hybridization mechanism,?*?! owing to its
simple magnetic and crystal structures. The magnetoelectric
coupling is also valid in the teraheltz regime, and gives rise to
the gigantic nonreciprocal directional dichroism.?>>* Never-
theless, the number of materials showing the ferroelectricity
due to the d-p hybridization mechanism and the evidences
for the working hypothesis of this mechanism are still
limited.

In this paper, in order to further examine the d-p
hybridization mechanism, we have systematically inves-
tigated the magnetoelectric response in three isostruc-
tural compounds: Ba;MnGe,07(S = 5/2), Ba,CoGe,07(S =
3/2), and Ba,CuGe,O7(S = 1/2). We have newly observed
the ferroelectricity in the staggered antiferromagnetic state
in Ba,MnGe,0;. The magnetic-field variation of electric
polarization can be reproduced by the mean-field calculation
of the ferroelectricity relevant to the spin-dependent d-p hy-
bridization mechanism similarly to the case of Ba,CoGe,0O5.
The finite polarization not only in the fully spin-polarized state
in Ba;MnGe, 07 but also in the partially spin-polarized states
for all the compounds under a magnetic field suggest the d-p
hybridization mechanism as the origin of the magnetoelectric
response in this class of materials. In Ba,CuGe,07, we
have found the metamagnetic transition to the staggered
antiferromagnetic state and the electric polarization due to the
d-p hybridization mechanism therein, indicating the validity
of this mechanism even for the quantum S = 1/2 spin systems.
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We have also investigated the transition metal dependence of
the polarization in this system in the light of the spin-orbit
coupling strength.

II. EXPERIMENTAL

Single crystals of Ba; XGe,O; (X = Mn, Co, Cu) were
grown by the floating zone method in flowing oxygen gas
with the growth speed of 0.5 mm/hour. The crystal axis were
determined by the Laue x-ray photograph. The crystals were
cut in such a way that the largest surface is orthogonal to
the [001] direction. The dc magnetization measurement was
performed with use of the vibrating-sample magnetometer.
For the electric polarization measurement, electrodes were
attached to the (001) surfaces. The electric polarization was
deduced by the time-integral of the observed displacement
current Iy = d P/dt. The H and T dependencies of the electric
polarization were obtained by measuring /g, while changing
H atarate of 1072 T/s and increasing T at 2 K/s, respectively.

III. CRYSTAL STRUCTURE AND MAGNETISM
OF Ba; XGe;07 (X = Mn, Co, Cu)

Figures 1(a) and 1(b) illustrate the crystal structure of
BayXGe,O07. The space group has been reported to be
P42,m,” which is tetragonal and noncentrosymmetric but
nonpolar. The crystal structure is composed of the corner
shared XO4 and GeQ, tetrahedra, and intervening Ba ions.
There are two inequivalent XO, tetrahedra, of which the
lower-lying oxygen bond, are tilted by the angle =« from [110]
as shown in Fig. 1(b). The recent structural analysis reports
k ~ 24° for Ba,CoGe,07,2% while there are no published
values of k for X = Mn and Cu.

Figures 1(c)-1(e) show the electronic structure of the
transition-metal d orbital state in Ba; XGe,O7 (X = Mn, Co,
Cu). Neglecting the tetragonal distortion of XO, tetrahedra,
the d level is split into triply degenerated f,, states and doubly
degenerated e, states. For Ba,MnGe,O7, the d orbitals of
the manganese site shows the high-spin configuration with
S = 5/2 due to the strong Hund’s rule coupling [see Fig. 1(c)].
In the case of X = Co?* and Cu®*, S =3/2 and § = 1/2 states
are realized following the Hund’s rule as shown in Figs. 1(d)
and 1(e), respectively.

The antiferromagnetic superexchange interaction works be-
tween the neighboring transition metal spin moments. In addi-
tion, there exists the Dzyaloshinskii-Moriya (DM) interaction
D - (S; x §;) between the nearest neighboring sites because
of the lack of the local inversion symmetry.>”-?® According to
the Moriya’s rule,?® there are the uniform in-plane component
of DM vector D,||[110], and the staggered out-of-plane
component D |[[001] for the in-plane neighboring X-X bonds.
The effective spin Hamiltonian is well expressed as

H=) JS-S;+) J5-8,
n.n. il

o2
+ Y A(S) + D) (Dap+ Do)+ (S x 8. (1)
where A indicates the uniaxial magnetic anisotropy terms.
When the easy-plane type magnetic anisotropy is strong
enough, the staggered antiferromagnetic state is realized. This
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FIG. 1. (Color online) (a) Three-dimensional view and (b) top
view of the crystal structure of Ba, XGe,O;. Two types of the XOy4
tetrahedron (o and B) tilt £« from the [110] directions. In-plane and
out-of-plane components of the DM vector (D, and D,) exist in
this crystal structure, (c)—(e) the electronic structure of d levels in (c)
Ba;MnGe, 0, (d) Ba,CoGe, 05, and (e) Ba,CuGe, O, respectively.
(f)—(h) The magnetic structure of (f) Ba,MnGe, 05, (g) Ba,CoGe, 07,
and (h) Ba,CuGe,0O; at zero magnetic field.

is the case for Ba,MnGe, 07 and Ba,CoGe, 0. The staggered
antiferromagnetic order is certainly realized in the (001) plane
below Ty = 4 K in BayMnGe,07% and 7 K in Ba,CoGe,07.%°
The interplane magnetic coupling is antiferromagnetic for
Ba;MnGe,0; (J, > 0) and ferromagnetic for Ba,CoGe,05
(J. < 0) as shown in Figs. 1(f) and 1(g), respectively. The
slight canting due to the staggered D, induces a weak
ferromagnetism in Ba,CoGe, 07, while the canted direction in
a MnGe, 05 layer is opposite to that of the neighboring layer
and there is no net ferromagnetic moment in Ba,MnGe,0;
[see Figs. 1(f) and 1(g)]. On the other hand, in Ba,CuGe,07,
the S = 1/2 moments on the Cu site are not affected by the
uniaxial anisotropy, and thus the uniform D,, gives rise to
the transverse helical spin structure below Ty = 3 K [see
Fig. 1(h)].!

IV. RESULTS AND DISCUSSION

Figures 2(a)-2(c) show the temperature dependencies of the
magnetization, displacement current, and the corresponding
electric polarization for (a) Ba,MnGe,07, (b) Ba,CoGe, 07,
and (c) Ba,CuGe, 07, respectively. The measurements have
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FIG. 2. (Color online) (a)—(c) The observed magnetization (upper
panel), displacement current (middle panel), and the polariza-
tion (lower panel) for (a) Ba,MnGe,0;, (b) Ba,CoGe,0;, and
(c) Ba,CuGe,0; measured at H = 1 T applied along the [110]
direction.

been performed at H = 1 T applied along the [110] direction.
The antiferromagnetic transition temperatures 7y are indicated
by the vertical dotted lines: Ty =4, 7, and 3 K for X =
Mn, Co, and Cu, respectively. The magnetization takes a
cusplike minimum at 7y and turns to increase below Tn. As
the characteristic properties of this class of materials, electric
polarization can be induced only by applying magnetic field
even without any poling procedure with electric field.?*3
The electric polarization is shown in the lower panel of
Figs. 2(a)-2(c), which is deduced by the time integration of
the observed displacement current (I = d P /dt). At H = 17T,
the electric polarizations begin to rapidly grow below Ty. In
the following sections, we study the magnetic-field response
of the electric polarization on each material and show that
the ferroelectricity in these materials originates from the d-p
hybridization mechanism.

In the d- p hybridization mechanism, the ionic charge at the
ligand site (Ae) varies as Ae o (S - r)?, where r is the vector
connecting the transition metal and ligand ions, owing to the
spin-orbit interaction.'>!3 As a result, the local electric dipole
moment P o (S - r)?r is induced along the bonding direction.
Therefore, in the case of an XOy4 tetrahedron, a local electric
polarization can be expressed as

4
P x Z(s cr)’r, ()

=1

where, r; is the bonding vector between the transition metal
and the /th oxygenion [see Fig.3(a)]. When the spin moment S
is parallel to the upper-lying oxygen bond O;-O,, the electric
dipole moment is along [001] [see Fig. 3(b)]. The electric
dipole moment is unchanged after a 180° rotation of S but it
can be reversed by a 90° rotation of § around the [001] axis
[see Fig. 3(c)]. These are the fundamental relations to explain
the observed magnetic-field response of the polarization in
Ba; XGe,O7 (X = Mn, Co, Cu) as described below.

A. B32COG6207

At first, as a typical example of this class of ferroelectric
materials, we review the in-plane magnetic-field direction
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FIG. 3. (Color online) (a) Coordination of the spin moment in an
X Oy tetrahedron (X = Mn, Co, Cu). (b) and (c) The relations between
the spin moment and the induced polarization in a X O, tetrahedron.

dependence of the electric polarization in Ba,CoGe;07.%° As
noted above, the staggered spin structure is realized below
Tx = 7 K with the spin moments lying in the (001) plane.*°
Even in this magnetically ordered state, there are only two
inequivalent Co sites as shown in Fig. 1(g).

Figure 4(b) shows the variations of electric polarization
along the c¢ axis (P.) with changing H between £14 T along
three characteristic in-plane directions ([110],[100], and [110])
at 4 K. While the in-plane magnetic anisotropy is quite small
as shown in Fig. 4(a), the magnitude and sign of P, critically
depend on the H direction; P, is induced under H | [110]
and the direction of the electric polarization is reversed under
H || [110], while P, vanishes for H || [100]. P, is unchanged
by the H reversal.

This H-directional variation can be well explained in
terms of the spin-dependent d-p hybridization mechanism.
By introducing the oxygen coordinate r; of the two types of
the XOy tetrahedra (see Appendix) into P o< ) ;(S; - ri)?ri,
each components of the induced polarization are calculated to
be

pi = A, sin(2k)S¢S¢ — cos(24:)S7S( . 3)
pl = —Au[sin(2i)SPSE — cos(2)SESY], @)

c (s = (80 agh
pi = Acq sin(2«;) - 5 — cosQe)S; S )

where A, and A, are the coupling constant of the respective
components. Obviously from Egs. (3)-(5), only the ¢ com-
ponent of the electric polarization is nonzero for the spins
on the (001) plane. Next, we proceed to show the relation
between the sign or the magnitude of P, and the H direction.
In Ba,CoGe, 07, there are two magnetic sublattices (A and B),
on which spin moments are represented as

Sa = (§sin(¢ + ¢o), —S cos(¢ + ¢0),0), (6)

Sp = (=Ssin(¢ — ¢o), S cos(¢ — ¢),0), (N

where ¢ and ¢y are an angle between [100] and the H
direction, and a canting angle of the spins from the direction
perpendicular to H, respectively [see Figs. 4(d)—4(f)]. The
degeneracy of the location of the magnetic sublattices (A and
B) on two inequivalent CoQOy tetrahedra(o and g) is lifted due
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FIG. 4. (Color online) Variations of (a) magnetization and (b) out-
of-plane component of the electric polarization (P.) of Ba,CoGe,0;
in H along several directions in the (001) plane at 4 K. (c) [llustration
of the spin-structural change with increasing magnetic field along
[110]. The magnetic moments are almost perpendicular to the H
direction in low H, while they are aligned along the H direction in
high H. The polarization shows a sign change in the course of the spin
structural change. (d)—(f) Canted antiferromagnetic structure and the
sign of the induced polarization P in the low magnetic field with the
respective in-plane directions: (d) H | [110], [110], (e) H || [100],
[100], and (f) H || [110], [110].

to D, [see Fig. 1(b)] and the staggered spin structure with A
on « and B on B is unambiguously realized in Ba,CoGe, 05 as
shown in Figs. 4(d)—4(f). By introducing Egs. (6) and (7) into
Eq. (5), P. turns out to be

P. o sin2¢ cos(2x — 2¢). ®)

This clearly explains the H-direction variation of P, and is
also consistent with the symmetry analysis; the point group
of the magnetic structure in Fig. 4(d) is mm?2, which allows
the emergence of the electric polarization along the [001]
direction, which is reversed by the 90° rotation around the
[001] axis.

A more convincing evidence for the d-p hybridization
mechanism is the characteristic variations of P, as a function
of the magnitude of H || [110] ([110]): the P, increases
(decreases) with H in the low-H region below 7 T and then
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FIG. 5. (Color online) Variations of (a) magnetization, P, in (b)
the antiferromagnetically ordered and (c) the paramagnetic state in
H along [110] at various temperatures in Ba,CoGe,0;. The dots
connected with the gray line in (b) is the calculated result by the
mean-field approximation at 2 K. The dotted line in (c) shows the
magnetic-field dependence of M? at 20 K.

begins to decrease (increase) and shows the sign change at
around 13 T, where the magnetization nearly saturates [see
Fig. 4(a)]. This P, variation can also be explained in terms
of the d-p hybridization mechanism. In the course of the
spin-orientation change from the low-H staggered antiferro-
magnetic (¢9 = 0°) to the high- H parallel spin ferromagnetic
state (¢p = 90°) [see Eq. (8) and Fig. 4(c)], the polarization
induced by the d-p hybridization mechanism is expected to
show a downturn and a sign change, being consistent with the
experimental observation. As shown in Fig. 5(b), the observed
P, variation as a function of the magnitude of H||[110] at
2 K can be well reproduced by the result in the mean-field
approximation, where we obtain J = 4J + 2J. = 0.32 meV
under the assumption g = 2 and « = 7r/8. Even a clearer sign
change and saturation of negative polarization are observed
also in Ba,MnGe, O, as shown later.

For further understanding of essential magnetoelectric
properties originating from the spin-dependent d- p hybridiza-
tion mechanism, we show the magnetic-field (H) dependence
of P. up to 14 T along [110] at various temperatures in
Figs. 5(b) and 5(c), and the corresponding magnetization M
variations in Fig. 5(a). The magnetic field for the sign change
in P. decreases with approaching Ty. Even above Ty, the
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P, is finite and shows quadratic magnetic-field dependence.
This is another supporting evidence for the scenario of the
spin-dependent d-p hybridization mechanism because of the
following reasoning: under the magnetic field H|[[110] at
T > Ty, the averaged magnetic moment (S) is aligned to H:
¢ = 45° and ¢p = 90° in Egs. (6) and (7), which leads the
electric polarization along c as

(P.) = —K(S)?cos 2. 9)

Thus P, is expected to show the quadratic H dependence
in the high-temperature paramagnetic region, in which M is
proportional to H. Such a feature is indeed consistent with
our experimental observations at 7 = 20, 50, 100, and 300 K
shown in Fig. 5(c), although the magnitude of P, is much
smaller than that below Ty owing to the thermal agitation on
the spins.

Finally, let us note a discrepancy between experimentally
observed P, and calculated P, in H ~ 0 region; the P,
decreases steeply with decreasing H toward H = 0, while
the calculated polarization remains finite at H = 0. One of the
possible origins is that the polarization spontaneously forms a
multidomain structure to minimize the electrostatic potential
in the low-H region. As the other possibility, Romhanyi
et al. recently proposed a scenario that the antiferroelectric
state is stabilized owing to the coupling between the electric
polarizations.* Further investigation on the magnetic structure
in the low-H region is required to clarify the problem.

B. BazMnGe207

Ba;MnGe, 05 also shows the staggered antiferromagnetic
structure below Ty = 4 K with the spin moment lying in the
(001) plane.?® The important difference from Ba,CoGe,0y is
the larger spin moment and Zeeman energy gain. As shown
below, we could achieve the fully spin-polarized state at
high magnetic field at low temperature and observe the fer-
roelectric polarization there, which firmly evidences the
single-spin mechanism of the d-p hybridization model. The
other differences are in the antiferromagnetic interlayer mag-
netic interaction and four inequivalent magnetic sites in the
magnetic unit cell as shown in Fig. 1(f); the magnetic A(B)
sublattice is located on the «(8)-tetrahedron in one layer, but
the opposite configuration, namely B on « and A on S, is
realized in the neighboring layer.

Figure 6(a) shows the magnetic-field dependence of mag-
netization with various magnetic field directions at 1.8 K. The
in-plane magnetic anisotropy is tiny as in Ba,CoGe,0O7. The
magnetic transition field Hg between the canted antiferromag-
netic to the induced ferromagnetic state can be observed as the
sharp peak in the susceptibility (dM/dH) curve at 8.2 T [see
Fig. 6(a)]. Figure 6(b) shows the variation of P, obtained in H
along [110], [100], and [110]. As is the case in Ba,CoGe, 0,
the electric polarization is induced along the [001] direction
under H || [110], and is reversed for H || [110], and vanishes
in the case of H || [100]. This is the first observation of
ferroelectricity in this material. The magnitude of the electric
polarization is two orders of magnitude smaller than that
in Ba,CoGe,0;. The difference of the magnitude of the
polarization is closely related to the electronic configuration
of the d levels, as discussed later.
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FIG. 6. (Color online) (a) Variations of magnetization in H along
the [110] and [100] directions at 1.8 K for Ba,MnGe,O-. The field-
derivative of M, dM /dH in H | [110] is also shown. (b) Variations
of the [001] component of the electric polarization (P,) in H along
[110], [100], and [110] at 1.8 K.

Thanks to the achievable magnetization-saturation field
(Hg ~ 8.2 T), the variation of P. can be observed in the
entire spin-reorientation process under H from the staggered
(o = 0°) to the completely parallel spin state (¢y = 90°).
With increasing H along [110], P, shows slight increase
up to 1.8 T and then decreases. At 6.2 T, P, changes the
sign and shows kink at Hs = 8.2 T, corresponding to the
magnetic transition. The observation of the finite electric
polarization in the fully spin-polarized ferromagnetic state
in the high magnetic field is a strong evidence for the d-p
hybridization mechanism because the other mechanisms of
the magnetically induced ferroelectricity are irrelevant in
this magnetic state. While the magnetic field variation of
ferroelectricity is qualitatively similar to that in Ba,CoGe, 07,
it should be noted that the shape of the P-H curve is
slightly different, reflecting the inequivalent magnetic sites
generated by the interplane antiferromagnetic interaction. The
polarization induced by the other type of the spin configuration
(B on « and A on B) is expressed just by replacing k to —« in
Eq. (8), resulting in

P, o sin2¢ cos(2k + 2¢y). (10)

Thus the total polarization is proportional to the summation of
Egs. (8) and (10) as

P. o sin(2¢) cos(2¢p) cos(2k). (11)
As shown in Fig. 7(b), the polarization variation observed in
Ba,MnGe, 07 with H || [110] at 1.8 K can also be roughly

reproduced by the mean-field approximation in Eq. (11) with
the parameter J = 0.11 meV, g = 2,% and « = 7/8. In this
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FIG. 7. (Color online) Variations of (a) magnetization and (b) P,
in H along [110] at various temperatures in Ba,MnGe,0;. Closed
circles represent the calculated polarization at 1.8 K deduced by the
mean-field approximation.

case, the deviation between the observed P, and the calculation
is larger in the low-field region. Judging from the ratio of the
measured temperature (2 K for Ba,CoGe,07 and 1.8 K for
Ba,MnGe,07) to the transition temperature (7y = 7 K for
Ba,CoGe,07 and 4 K for Ba,MnGe,07), the effect of the
thermal fluctuation is so strong that the mean-field description
is not so valid especially in the low-field regime in the case
of Ba,MnGe,0;. The origin of the sudden disappearance
of P, below 0.05 T is considered to be of the same origin
as in the case of Ba;CoGe,0;. Figures 7(a) and 7(b) show
the H dependencies of M and P. (H | [110]) at various
temperatures. As in Ba;CoGe, 07, the electric polarization is
induced by the external magnetic field even above Ty = 4 K
P. o H? in the high-temperature region. The temperature and
magnetic-field dependencies can again be explained well by
the spin-dependent d-p hybridization mechanism.

C. B32CUG6207

In contrast to the in-plane staggered antiferromagnets
Ba,;CoGe, 07 and Ba,MnGe, 07, the helical spin structure [see
Fig. 1(h)] is realized in Ba,CuGe,O7 by the uniform D, as the
DM-induced modulation of the staggered antiferromagnetic
structure [ Q o = (1,0,0)] below Ty =3 K.3! In this tetragonal
symmetry, two types of the modulation vectors due to the DM
interaction Ak, namely, Ak = (§,—&,0)or (§£,£,0)(§ ~ 0.027)
are possible in zero magnetic field. Therefore the magnetic
propagation vector k is expressed by the sum of Q,p and
the modulation wave vector Ak, namely, k = (1 + &,—£,0)
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FIG. 8. (Color online) Variations of (a) magnetization and (b) P,
in H along [110] at various temperatures in Ba,CuGe,0O;.

or (1+ &,£,0). After cooling down to below Ty = 3 K
without magnetic field, both Ak domains exist due to the
degeneracy.’® Ak can be aligned to [110] ([110]) by applying
H parallel to [110] ([1101).34 Previously, we have observed
the electric polarization induced by the helical spin structure
in Ba,CuGe, 07 under the magnetic field up to 5 T.3? Similarly
to the cases in the staggered antiferromagnets Ba,CoGe, 07
and Ba,MnGe, 07, P, is induced by applying H || [110] and
reversed under H || [110]. Taking into account the fact that
the direction of Ak is fixed to [110] ([110]) under H || [110]
([110]), there is the one-to-one correspondence between the
direction of Ak and the sign of P,.

Here, we have performed measurements of P, and corre-
sponding M in the higher magnetic fields up to 14 T at various
temperatures. Figure 8(b) shows the variations of P. in H
along the [110] direction up to 14 T. At the lowest temperature
1.8 K, P. shows H? dependence in the low-H region and
discontinuous change at around 8.7 T. Correspondingly, the
susceptibility (dM/d H) shows a sharp peak as depicted in
the inset of Fig. 8(a). These anomalies are also observed at
3 K at around 9 T, but disappear in the paramagnetic state
above 4 K. Therefore they are considered to be caused by
the metamagnetic transition from the low- H helical spin state.
In the high-temperature region or the paramagnetic state, P,
shows smooth H dependence and is proportional to H? as is
the cases with Ba,CoGe,07 and Ba,MnGe, 0.

Figures 9(a) and 9(b) show the temperature dependencies
of the magnetic susceptibility (x = M/H) and P, at various
magnetic fields along [110]. In the low-H region at 1 and
3 T, the helical spin transition is clearly seen at 3.3 and
3.7 K, respectively, as the peak of the susceptibility. Above
5T, P. and x show discontinuous change at 7Ty as indicated
by the triangular dots in Figs. 9(a) and 9(b), suggesting
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FIG. 9. (Color online) Temperature dependence of (a) magnetic
susceptibility and (b) P. at various magnitudes of H applied parallel
to [110].

the first-order nature of the phase transition. The reentrant
transition is observed at 9 T. At 10 T, the P. and x do
not show any anomaly and smoothly vary with decreasing
temperature. Judging from the smooth connection from the
paramagnetic region, the high-field magnetic phase seems to
have the same magnetic symmetry as the paramagnetic state.
Such a magnetic phase is the staggered antiferromagnetic state
observed in Ba,CoGe,0O;. In-plane magnetic field seems to
favor the staggered antiferromagnetic state. Based on these
experimental results, we construct the magnetic phase diagram
of Ba,CuGe, 07 in Fig. 10. Below 9 T, the helical or the conical
spin structure is realized below Ty. Ty slightly increases with
increasing H up to 7 T and turns to decrease above 8 T. In
the high-H region above 9 T, the magnetic transition is not
detected down to 1.8 K, indicating the crossover from the
paramagnetic state to the staggered antiferromagnetic state.
This is consistent with the recent neutron diffraction study
done by Miihlbauer et al.*

As mentioned above, the polarization in the spontaneously
or field-induced spin-polarized state should be caused by
the d-p hybridization mechanism. Note here, however, the
right hand side of the Eq. (2) should be independent of
the spin direction for S = 1/2 quantum spin moment. In
the d-p hybridization model, the orbital angular momentum
coupled to the spin moment is relevant, and therefore the
“classical” approximation [see Eq. (2)] may be justified even
in this quantum spin system. In other words, the experimental
observation of the electric polarization in the staggered
antiferromagnetic state is evidence for the validity of the d-p
hybridization model even for S = 1/2 systems.
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FIG. 10. (Color online) H-T phase diagram deduced from the
magnetization and polarization measurements. In the low-H region,
the helical (conical) spin structure is realized at low temperature.

On the other hand, in the high-H region, the canted (staggered)
antiferromagnetic state is stabilized.

D. Transition-metal dependence of the polarization magnitude

Finally, we examine the transition-metal dependence of
the magnitude of the polarization observed in Ba, XGe,0;
(X = Mn, Co, and Cu) in terms of the electronic configurations
in d levels. According to Eq. (5), the on-site magnetoelectric
coupling strength A, in each compound can be deduced from
a slope of P, as a function of (M /Ms)? in the paramagnetic
state at much higher temperature above Tn. Here, Mg is
the saturation value of magnetization in each compound.
Figure 11 shows the absolute value of P, plotted as a function
of (M/Ms)? for all the compounds obtained at 50 K, well
above Ty. In the case of Ba,CoGe,0; and Ba,CuGe, 07, the
coupling constants A, show similar magnitude. On the other
hand, it is almost two orders of magnitude smaller in the
case of Ba;MnGe;05. In order to clarify the microscopical
origin of such a large difference in the magnitude of the
induced polarization, we focus on the electronic configurations
of each transition metal ion. As shown in Fig. 11, in the
case of Co and Cu, the ligand p orbital is dominantly
hybridized with the unoccupied 1,, orbitals, where the spin-
orbit interaction is active. On the other hand, in the case of
Mn, the dominant hybridization occurs in the lower-energy
unoccupied e, orbitals, where the orbital moment is quenched
and the effective spin-orbit interaction works only through
the perturbation process with the higher-lying f,, levels.
Therefore the polarization induced by the d-p hybridization
should be much smaller in Ba;MnGe,O; compared to those
in Ba,CoGe,07 and Ba,CuGe, 07, as observed.
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FIG. 11. (Color online) P, at 50 K plotted against (M/Ms)*
for Ba; XGe,O; (X = Mn, Co, Cu). My stands for the saturated
magnetization in the high-field limit. Right panel schematically shows
the low-energy hybridization between transition-metal d and ligand
p levels.

V. CONCLUDING REMARKS

We have performed the systematic investigation of the
magnetically-induced polarization in the noncentrosymmetric
crystal antiferromagnets Ba; XGe, 07 (X = Mn, Co, Cu). In
the case of the staggered antiferromagnets Ba,CoGe,0O; and
Ba;MnGe, 07, the characteristic magnetic-field variation of
polarization, including its sign change, can be well explained
by the spin-dependent d-p hybridization mechanism. In
particular, the observation of finite polarization in the fully
spin-polarized state in the high-magnetic field region of
Ba;MnGe, 0y is a decisive evidence for the spin mechanism
of the d-p hybridization. As another strong evidence of the
spin-dependent d- p hybridization mechanism, we have shown
that the polarization is produced by the magnetic-field induced
partial magnetization even in the paramagnetic state in all the
compounds. This is also true for in the quantum spin system
Ba,;CuGe, 07 in which the polarization due to the hybridization
mechanism is observed. We have also investigated the transi-
tion metal dependence of the polarization magnitude and found
that the hybridization between oxygen p and t,, orbitals with
unquenched orbital angular momentum produces relatively
large electric polarization for Ba,CoGe,0O7 and Ba,CuGe, 07,
while the polarization is small for Ba;MnGe,0O7, in which
the orbital quenched e, orbital is responsible for the d-p
hybridization. Thus the d-p hybridization mechanism can
comprehensively explain the magnetoelectric phenomena in
this class of materials.
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APPENDIX: CALCULATION

1. Model Hamiltonian

The magnetic behaviors in Néel ordered states of
Ba; XGe, 07 (X = Mn and Co) can be reproduced well by
a simple Heisenberg model: ¥

H=>TS-S;+) J.5-8S,. (12)
n.n il

where S; is an S =5/2 (3/2) operator on the i site when
X =Mn (Co). Here, J is an intra-layer nearest-neighbor
interactions and J, is an interlayer coupling. J (>0) is fixed to
be an antiferromagnetic interactions. J is an antiferromagnetic
interactions for Ba,MnGe,07,2° whereas ferromagnetic for
Ba,CoGe,;07.2%3% The sum is taken for all bonds. Magnetiza-
tion is defined as

M=% gs, (13)

where N is a number of spins. Under the external magnetic
field H = (H cos ¢, H sin ¢,0), two-sublattice magnetic or-
dered state is stabilized as a ground state for X = Mn and Co.
However, ordering structures of the sublattices depend on X,
i.e., a sign of J., as noted in the main text. G-type structure
is realized when X = Mn [see Fig. 1(f)] and C-type structure
when X = Co [see Fig. 1(g)], respectively. The spin structures
on A and B sublattices are represented as

Sa = (§sin(¢ + ¢o), —S cos(¢ + ¢0),0), (14)

Sp = (=Ssin(¢ — ¢o),S cos(¢ — ¢).0), as)

where ¢y is a canting angle of the spins and thus the
magnetization along field is M = gSsin¢, [see Figs. 4(d)—
4(f)]. Under H, the ground state is twofold degenerate. When
a state with ¢o(0 < ¢y < 7/2) in Egs. (14) and (15) is one of
the ground states, the other state is given by the transformation
Yo —> T — ¢o.

To describe the coupling between electric polarizations
and spin structures, we introduce a spin-dependent electric
polarization. On XOy cluster, the electric dipole moment
owing to d-p hybridization mechanism is described as

K 4
P=— D (S ). (16)
=1

K is a constant in a unit of Cm, d° is a volume of a cube that
contains the tetrahedron, and r; is a vector that connects a spin
site and a ligand atom [see also Fig. 3(a)] :

r = d(cos + sin )d(cos sin )d (17)
1 = ) K K 72 Ki K 72 )

r, = d(cos + sink;) d(cos sin )d (18)
2 = ) Ki mek;), B Ki Ki 72 5
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r; = —_— ( —si ) 2 ( i ) ( )
= COS K; SINnkK;),— [ i)s ’
3 K, Ki COS Ki S K 2 19

d d d
ry = (E(cosxi — sin/c,-),z(cosxi + sin/c,'),—z). (20)

Here, «; is a rotation angle of the XO, tetrahedron around the
[001] axis as defined in Fig. 1(b). In the crystal, there are two
inequivalent X O, tetrahedra owing to the rotation angles, i.e.,
k; = k on « sublattice and k; = —« on S sublattice. « and 8
sublattices are aligned to form C-type structure [see Fig. 1(b)].
Thus the magnetic unit cell in Ba,CoGe,Oy is identical with
the crystallographic unit cell, whereas that of Ba,MnGe,05
is double of the crystallographic one. From Eq. (16), a spin-
dependent electric dipole moment at i site is derived as

pé = K[ sin(2k;)S¢S¢ — cos(2k;)S? St . Q1)
p! = — K[ sin(2k;)S?S¢ — cos(2k;) Sy S, (22)

a\2 2
c __ : (Sl ) - (Slb) a ¢b

p; = K sin(2«;) — — cos(2k;)Si'S; t. (23)

Obviously, from Egs. (21)—(23), only z component of the

electric polarization is nonzero for spins in the (001) plane. An

electric polarization in Bay XGe, O under H L c is defined as

N
1
P.=— E g 24
Ny &P @9
where V is a volume per X atom.

2. Mean-field approximation

We perform mean-field approximation to discuss spin
moment and electric polarization at a finite temperature 7.3
Within a mean-field approximation, the Hamiltonian (12) can
be approximated as

HME = Ha + Hp (25)
=) (J(S5) —gusH}-S;
iCA
+ D (J(Sa) —gusH) - S;, (26)
iCB

where J = 4J 4 2J,. The thermodynamical average of each
spin is defined as

_ Tr(S, e PNy

= ey 7
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where y = A or B and B = 1/kgT. Within a mean-field
approximation, spin states under H L c are given by

(S4) = ((S) sin(® + ¢o),—(S) cos(¢ + ¢0),0),  (28)

(Sg) = (=(S) sin(¢ — ¢0),(S) cos(¢ — ¢0),0),  (29)

where (S) = |(Sa)| = [(Sp)|. The canting angle ¢, (see Fig. 4)
is obtained from

2J(S)singy = H. (30)

A local electric polarization {p{) at i site is described as

(pf) = K[ sine)((S¢)" — (S7)°) — 2 cos2e)(s¢)(s7)]
31)

The electric polarization P. on Ba;XGe,O; is derived
from Eqgs. (24) and (28)—(31). The results depend on stack-
ing patterns along c directions. For Ba,MnGe,O; with
an antiferromagnetic stacking along ¢, P, is given in a
form

(P.) = K(S)? sin(2$) cos(2¢p) cos(2«). (32)

The electric polarization (32) does not depend on the degener-
ate ground states since both states induces the same magnitude
of the electric polarization. Note that the ground state contains
four Mn sites in the unit cell, i.e., magnetic A and B sublattices
locate on both « and 8 sublattices of the lattice structure. On
the other hand, P. for Ba,CoGe, 07 is derived as

(P:) = K(S)? sin(2¢) cos 2(¢y — ) (33)

for one of ground states with ¢y, i.e., magnetic A(B)
sublattice locate on «(f) sublattice of the lattice structure,
while

(P.) = K(S)? sin(2¢) cos 2(¢g + k) (34)

for the other state with w — ¢y, i.e., magnetic A(B) sublattice
locate on f(«) sublattice. For nonzero «, the magnetic field
dependence of the electric polarization strongly depends on the
ground-state structures. We introduce a small DM interaction
to lift the degeneracy of Néel ordered states. We choose the
sign of DM interaction to realize a ground state with ¢, i.e.,
(P,) in Eq. (33), to reproduce the magnetic field dependence of
the electric polarization when H ||[110]?%3%33 (see Sec. IV A).
In Egs. (32)-(34), the magnetic-field directional dependence
is given by sin(2¢), which is consistent with the experimental
observations: (P.) % 0 when H||[110] (¢ = 7 /4) and (P.)
vanishes under H||[100] (¢ = 0).>> As we show in the main
text, the results in the simple model (12) agree well with the
experimental observation.
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