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We have demonstrated that spin-driven ferroelectricity in a tetragonal multiferroic Ba2CoGe2O7 is
controlled by applying uniaxial stress. We found that the application of compressive stress along the [110]
direction leads to a 45° or 135° rotation of the sublattice magnetization of the staggered antiferromagnetic
order in this system. This allows the spontaneous electric polarization to appear along the c axis.
The present study suggests that an application of anisotropic stress, which is the simplest way to control
symmetry of matter, can induce a variety of cross-correlated phenomena in spin-driven multiferroics.
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Ferroelectricity induced by magnetic ordering has been
one of the major topics in condensed matter physics since the
pioneering work on TbMnO3 [1], which exhibits cycloidal
magnetic orderings accompanied by the ferroelectricity
[2,3]. The key to the emergence of the spin-driven ferro-
electricity is symmetry breaking due to the magnetic order-
ing [2,4]. Even when neither the crystal nor magnetic
structure has a polar nature, a combination of their symmetry
possibly induces the ferroelectricity [5]. Because the sym-
metry of the magnetic structures can be easily controlled by
applying a magnetic field, there have been a lot of reports on
magnetic-field-control of spin-driven ferroelectricity in mul-
tiferroics [1,6–10]. It is also demonstrated that an application
of an electric field can be used to control magnetic orders
[11,12], in particular spin helicity, i.e., clockwise or counter-
clockwise (left-handed or right-handed) arrangement of
the spins, in the multiferroics with helimagnetic orderings
[13–17]. However, there remains another and the most
primitive way to control the symmetry of the system, that
is, application of anisotropic stress. In the present study, we
have demonstrated that spin-driven ferroelectricity in multi-
ferroic Ba2CoGe2O7 can be controlled by application of
uniaxial stress.
Ba2CoGe2O7 has a tetragonal crystal structure belonging

to the space group of P4̄21m, which represents a non-
centrosymmetric but nonpolar structure [18]. As shown in
Fig. 1(a), the magnetic Co2þ ions form a square lattice in
the ab plane. Below the magnetic phase transition temper-
ature of TN ¼ 6.7 K, this system exhibits an antiferromag-
netic ordering with the magnetic propagation wave vector
of Q ¼ ð1; 0; 0Þ [19,20]. The magnetic moments on the
Co sites lie in the ab plane in the antiferromagnetic phase
because of an easy-plane type single-ion anisotropy.

In addition, a recent neutron scattering study by Soda et al.
has shown the existence of small in-plane anisotropy which
aligns the magnetic moments parallel to the a or b axis [21].
Note that the a and b axes are equivalent to each other for
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FIG. 1 (color online). (a) Crystal structure of Ba2CoGe2O7 with
the magnetic structure in the ground state. (b) Definitions of ϕi
and γi for i ¼ 1. (c)–(f) Schematics of the spin arrangements of
(c) S∥a, (d) S∥b, (e) S∥½11̄0� and (f) S∥½110� states.
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the tetragonal crystal as shown in Fig. 1(a). In Figs. 1(c)
and 1(d), we show magnetic structures in the ground state.
In this Letter, we refer to these magnetic states as the S∥a
state and S∥b state, respectively. These states also have
weak ferromagnetic moments perpendicular to the c axis
owing to the Dzyaloshinskii-Moriya (DM) interaction
arising from the lack of inversion symmetry.
This compound is also known as a spin-driven multi-

ferroic [22,23]. While the ground state does not have the
ferroelectricity, an application of a magnetic field induces
electric polarization. Murakawa et al. [23] have revealed
that the magnetic-field variations of the electric polarization
are well described by the spin-dependent p-d hybridization
mechanism [5], in which a local electric dipole moment for
a Co–O bond, p, is given by p ∝ ðS · eÞ2e, where S and e
are the spin moment on the Co site and the unit vector for
the Co–O bonding direction, respectively. By assuming that
the spins lie on the ab plane, the net electric polarization
along the c axis, Pc, is given by

Pc ∝
X

i¼1;2

cos 2ðϕi − γiÞ; ð1Þ

where the indices i ¼ 1 and 2 stand for the two Co sites
(Co1 and Co2) in a unit cell, and ϕi denotes an angle
between the spin moment on the Coi site and the a axis.
The definition of an angle γi for the case of i ¼ 1 is shown
in Fig. 1(b). Note that the CoO4 tetrahedra are alternatingly
rotated around the c axis by �κð¼ 24°Þ from the [110]
direction, and therefore γ1 and γ2 are given by π=4þ κ and
π=4 − κ, respectively. Applying Eq. (1) to the S∥a and S∥b
states, one can find that the Co1 and Co2 sites have electric
dipole moments with the same magnitudes but opposite
signs [21]. When an external magnetic field of ∼0.4 T is
applied along the [110] direction below TN, the spins are
rotated to be perpendicular to the [110] direction, as shown
in Fig. 1(e). This leads to the electric polarization along the
c axis. We refer to the field-induced ferroelectric state as
the S∥½11̄0� state. Similarly, an application of magnetic
field along the ½11̄0� direction induces the S∥½110� state
shown in Fig. 1(f), in which the polarity of Pc is opposite to
that in the S∥½11̄0� state [23].
These previous results have shown that the spin-driven

ferroelectricity in this system is closely related to the
directions of the spins. Because the estimated in-plane
anisotropy is as small as ∼0.2 μeV [21], the spin-dependent
electric polarization can be controlled not only by applying
a magnetic field, but also by applying uniaxial stress, which
may affect the magnetic anisotropy through deformations
of the crystal. We thus performed electric polarization
measurements on this system under applied uniaxial stress
and magnetic fields.
A single crystal of Ba2CoGe2O7 was grown by the

floating-zone method and cut into a rectangular shape with
dimensions of 2.9 × 2.6 × 1.1 mm3. The widest surfaces

were normal to the c axis, and silver-paste electrodes were
formed on these surfaces to observe Pc. We employed a
top-loading type vertical-uniaxial-stress insert [24,25].
As illustrated in the inset of Fig. 2(a), the sample was
placed between ZrO2 pistons in the stress cell attached on
the bottom of the insert. We also employed a horizontal-
uniaxial-stress cell illustrated in the inset of Fig. 3(b).
In both setups, the uniaxial compressive stress (σ½110�) was
applied along the [110] direction [26]. The uniaxial-stress
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FIG. 2 (color online). [(a),(b)] Temperature variations of Pc
measured on cooling with various compressive stress σ½110� (a)
under H½110� ¼ 5 T and (b) 0 T. The insets of (a) and (b) are an
illustration of the vertical-uniaxial-stress cell and schematics
showing the σ½110�-induced change of the magnetic structure,
respectively. (c) The σ½110� dependences of the values of Pc at
T ¼ 3.5 K under H½110� ¼ 0 and 5 T. (d) The H½110�-variations of
Pc measured under σ½110� ¼ 0 (solid line) and calculated by
substituting the H½110� dependence of the magnetization into
Eq. (1) [23].(dotted line). The inset shows the magnetic structure
under H½110� of about 6 T.
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insert was loaded into a Physical Property Measurement
System (Quantum Design, Inc.). External magnetic fields
of up to 9 T were applied along the vertical direction,
which corresponds to the [110] and ½11̄0� directions in
the measurements with the vertical- and horizontal-
uniaxial-stress cells, respectively. We measured displace-
ment electric current with varying temperature (T),
magnetic fields applied along the [110] and ½11̄0� directions
(H½110� and H½11̄0�) and σ½110�, using an electrometer
(Keithley 6517B). By integrating the current with respect
to time, we deduced Pc.
We performed pyroelectric measurements with the

vertical-uniaxial-stress cell in zero magnetic field and under
applied magnetic field of H½110� ¼ 5 T. Before each
measurement, the uniaxial stress was applied at 15 K.
In Fig. 2(a), we show the temperature variations of Pc under
H½110� ¼ 5 T. Similarly to the previous studies [22,23], Pc

was observed to emerge below TN, which is slightly shifted
toward higher values under the applied magnetic field.
The magnitude of Pc at σ½110� ¼ 0 is consistent with that in
the previous studies [22,23]. We found that the application

of σ½110� hardly affects the temperature variation of Pc under
H½110� ¼ 5 T. In zero magnetic field, by contrast, Pc

remarkably increases with increasing σ½110�, as shown in
Fig. 2(b). We also found that the polarity of the σ½110�-
induced Pc in zero magnetic field is the same as that of
the H½110�-induced Pc. This suggests that the application of
σ½110� stabilizes the S∥½11̄0� state in zero magnetic field [27],
as shown in the inset of Fig. 2(b).
Figure 2(c) shows the values of Pc at T ¼ 3.5 K under

H½110� ¼ 0 and 5 T as functions of σ½110�. In zero magnetic
field, Pc saturates at around 80–90 μC=m2 in the high
uniaxial-stress limit, and it does not seem to reach the value
measured under H½110� ¼ 5 T (∼130 μC=m2). This can be
understood in terms of the p-d hybridization model as
follows. According to Eq. (1), the magnitude of Pc is
maximized when the condition of ϕi ¼ γi (or ϕi ¼
γi þ π=2) is satisfied for both of i ¼ 1 and 2. Murakawa
et al. have pointed out that this situation is realized when
the system has uniform magnetization along the [110]
direction [23], because the CoO4 tetrahedra are tilted by
�κ, as shown in the inset of Fig. 2(d). In fact, Pc is
maximized around 6 T, as seen in the H½110� variation of Pc

measured under σ½110� ¼ 0 [Fig. 2(d)]. By using the value of
Pc at 6 T and Eq. (1), we can estimate Pc of the zero-field
S∥½11̄0� state, in which the spins on the Co1 and Co2 sites
are nearly parallel (or antiparallel) to the ½11̄0� direction, to
be 90 μC=m2 [28]. This is in good agreement with the
saturation value of Pc in zero magnetic field.
Figure 3(a) shows the H½11̄0� dependence of Pc measured

with the horizontal-uniaxial-stress cell at 3 K. We found
that the sign of Pc is reversed by application of H½11̄0�,
except for the data measured with σ½110� ¼ 0. This indicates
that the σ½110�-induced S∥½11̄0� state turns into the S∥½110�
state under applied H½11̄0�, as illustrated in the insets of
Fig. 3(a). Here, we defined a ‘knee point’ in a Pc-H½11̄0�
curve as the critical magnetic field (Hc) for the transition
from the zero-field states to the S∥½110� state, as shown in
Fig. 3(a). We found that Hc monotonically increases with
increasing σ½110�, and there is a linear relationship between
H2

c and σ½110� above ∼10 MPa, as shown in Fig. 3(b). On
the other hand, the Zeeman energy at Hc is also propor-
tional to H2

c; specifically, it is estimated to be − 1
2
χ½110�H2

c,
where χ½110� is the magnetic susceptibility for the S∥½110�
state, by assuming that the magnetization curve is linear in
the field induced S∥½110� state above Hc. Therefore, the
observed σ½110� dependence of H2

c implies that the energy
difference between the S∥½11̄0� state and the S∥½110� state
is proportional to σ½110�.
It should be noted that this system has piezoelectricity

even above TN. This is because the application of σ½110�
breaks the fourfold rotoinversion and twofold screw sym-
metry of the crystal structure, allowing the piezoelectric
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polarization to appear along the c axis. Therefore, the
observed values of Pc shown in Figs. 2(a)–2(c) and 3(a)
are not absolute values, but the relative changes from
T ¼ 15 K. By measuring the piezoelectric responses at
various temperatures and magnetic fields, we have con-
firmed that the piezoelectric polarization from the crystal
is independent of temperature and applied magnetic field
(see the Supplemental Material [29]). This ensures that the
relative changes of Pc correspond to the T,H½11̄0�, and σ½110�
variations of the spin-dependent electric polarization.
To directly observe the effect of uniaxial stress on the

magnetic order, we measured magnetization under applied
uniaxial stress using the Magnetic Property Measurement
System (Quantum Design, Inc.). We employed another
uniaxial-stress insert developed for the magnetization
measurements [25]. The directions of the applied uniaxial
stress and magnetic fields were parallel to the [110]
direction. Figure 4(a) shows the M-H curves and their
derivatives measured with various σ½110� at 2 K. In zero
uniaxial stress, the dM=dH shows a kink around 0.4 T. This
anomaly corresponds to the transition from the S∥a or S∥b
state to the S∥½11̄0� state [21]. We found that the kink in
dM=dH is gradually smeared out with increasing σ½110�,
and almost disappears above σ½110� ∼ 16 MPa. These results
are in accord with our interpretation that the application of
σ½110� stabilizes the S∥½11̄0� state in zero magnetic field.
Here, we discuss the effect of the uniaxial stress from the

microscopic point of view. In the previous inelastic neutron
scattering study, Soda et al. have proposed the spin
Hamiltonian for this system, which consists of the
exchange interactions, the DM interaction, the Zeeman
term, the easy-plane type single-ion anisotropy, and the

weak in-plane anisotropy called “spin-nematic interaction”
[21]. The present results suggest that the application of
σ½110� introduces an additional in-plane anisotropy term
whose magnitude is proportional to σ½110�; specifically,

Eσ½110�
P

i½ðS½110�i Þ2 − ðS½11̄0�i Þ2], where E is the proportional

constant, and S½110�i and S½11̄0�i are the spin components
along the [110] and ½11̄0� directions, respectively.
Combining the σ½110� dependence of H2

c shown in
Fig. 3(b) and the magnetization curves shown in
Fig. 4(a), we can estimate ES2 to be ∼0.1 μeV=MPa.
This means that the application of σ½110� ∼ 2 MPa should
induce the ½11̄0�-direction anisotropy comparable to the
spin-nematic interaction estimated to be ∼0.2 μeV [21].
This is consistent with the high sensitivity of Pc to σ½110� in
zero magnetic field.
The effect of the σ½110�-induced anisotropy can be also

seen in hysteresis loops of the magnetization measured at
2 K. Figure 4(b) shows that the coercive force is enhanced
by the application of σ½110�. In addition, the spontaneous
magnetization (jMsj) due to the weak ferromagnetism
decreases with increasing σ½110�, as shown in Fig. 4(c).
These results qualitatively agree with the increasing
in-plane anisotropy.
In conclusion, we have demonstrated that the magnetic

order and ferroelectricity in the multiferroic Ba2CoGe2O7

can be controlled by applying uniaxial stress. We have
revealed that the application of uniaxial stress along the
[110] direction affects the magnetic anisotropy of the Co2þ
ions. As a result, the directions of the spin moments are
rotated from the a and b axes to the ½11̄0� direction, and
consequently the spin-driven electric polarization emerges
along the c axis in zero magnetic field. While this uniaxial-
stress control of the magnetic order as well as the spin-
driven electric polarization also may be applicable to a
variety of spin-driven multiferroics such as the represen-
tative compound TbMnO3, we suggest that this technique
will be most effective when the crystal structure has
relatively high symmetry and the application of the uniaxial
stress results in distinct changes in the symmetry. For
example, a similar square-lattice multiferroic compound
CuB2O4 [11,30] potentially exhibits pronounced uniaxtial
stress responses with respect to the spin, lattice, and
dielectric degrees of freedom.
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