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Manipulation of electric polarization with rotating magnetic field
in a honeycomb antiferromagnet CosNb,0Oy
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Honeycomb-based materials have been attracting a lot of attention owing to their fascinating physics as
exemplified by the emergence of a massless Dirac fermion and a spin liquid state. We have investigated
magnetoelectric (ME) phenomena in a honeycomb magnet CosNb,Oy and observed a unique ME response
associated with a simple antiferromagnetic ordering on the honeycomb network. The induced electric polarization
changes its direction by an angle —26 around the trigonal axis upon rotating the magnetic field by an angle 6.
We attribute the variation of electric polarization direction in a rotating magnetic field to the continuous rotation
of the magnetic moment on the honeycomb. Our findings may open a variety of novel ME responses based on a

honeycomb magnet.
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Two-dimensional honeycomb magnets have attracted a lot
of attention due to their fascinating physics and possible
application for future electronic devices. Although numerous
intriguing phenomena related to honeycomb magnetic systems
have been realized, there have been quite a few concerning
the research about the magnetoelectric (ME) coupling in this
class of materials. Up to the first order of the expansion
of the free-energy function, the dependence of polarization
(magnetization) on an external magnetic field (electric field)
can be termed as the linear ME effect, which can be observed
in the medium where both time-reversal and space inversion
symmetries are broken simultaneously [1]. During the past
several decades, the ME effect and related concepts, such as the
toiroidal moment [2], the electromagnon [3], or the topological
ME effects [4] have received much consideration due to their
intriguing and abundant physics [5,6].

Among a number of honeycomb magnets that exhibit
ME coupling, we select CosNb,Og, which crystallizes in a
centrosymmetric trigonal space-group P3cl (No. 165) [7]
as a target material. Co?* ions form a buckled honeycomb
sheet within a trigonal basal plane which stacks along the
trigonal axis as displayed in Fig. 1. The buckled honeycomb
network accompanied with strong spin-orbit coupling of Co*"
ions makes this material a promising candidate to explore
interesting phenomena inheriting the feature of honeycomb
magnets as suggested in several recent theoretical works [8,9].
Note that, in addition to CosNb, Oy, the ME response of other
materials that belong to the A4 B,y system (here A is divalent
transition metals, and B represents Nb or Ta) also are being
investigated intensively. The effect was discovered for the first
time in the 1970s by Fischer and co-workers using powder
samples [10]. Recently, the study of a magnetic property and
ME coupling in MnyINb, Oy were carried out by Cao et al. [11]
and Fang et al. [12]. Polycrystals of Co4TayO9, MnyTa; Oy,
and Co4NbTaOg also were found to exhibit the ME effect by
Fang et al. [13], Liu et al. [14], and Liu et al. [15], respectively,
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which make A4B;09 compounds become rich platforms to
examine the ME effect.

Fang et al. studied ME coupling in polycrystals of
CosNb,Og9 and observed a large coupling constant of
18.4 ps/m [16]. Recently, in contrast with previous reports,
we found that Co?™ magnetic moments are aligned antifer-
romagnetically in plane (magnetic space-group C2/c¢’ and
propagation vector k = 0) instead of pointing along the
trigonal axis (magnetic space-group Pg/cl) [17]. Magnetic
moments are nearly parallel to the [110] axis with a small
canting along the [001] direction. Thus, a magnetic field
applied along the [110] axis can cause a spin-flop phase
transition at a critical magnetic-field uoH, ~ 0.2 T, which
aligns all magnetic moments normal to the field direction.
Accordingly, a large polarization of 200 ©C/m? was found
along the [110] direction in a magnetic field of 7 T applied
along the [110] or [110] axis, whereas a small one was observed
along the trigonal axis [17]. More interestingly, the appearance
of polarization parallel or perpendicular to a magnetic field
suggests the formation of a magnetic monopole [18] or ferro-
toroidic order [2] in the same system, respectively. Therefore,
intriguing phenomena related to these novel concepts can be
expected, such as ME birefringence [19,20] or directional
dichroism [21,22]. Other recent works also report interesting
aspects, which provide a wider understanding about the nature
of the magnetic and ME properties of this compound [23-27].

However, there still remain some features that we do not
clearly understand yet. An important issue is how the in-plane
electric polarization evolves upon changing the magnetic-field
direction. In order to clarify the relationship between the
magnetic structure and the induced electric polarization, we
carried out a measurement of the electric polarization of
CosNb,O9 in a rotating magnetic field within the trigonal
basal plane up to 14 T. We found that the polarization is
reversed not only by sweeping a magnetic field from positive to
negative, but also under a 90° rotation of the external magnetic
field within the trigonal basal plane. The phenomenon can be
discussed based on the evolution of the magnetic structure
on the honeycomb network in a rotating magnetic field. This
effect should be distinguished from that of other typical linear
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FIG. 1. Schematic Co®"’s magnetic structure ordering in a hon-
eycomb lattice upon a magnetic field rotating around the trigonal
axis.

ME materials. Our finding may contribute to a new clue
toward unveiling the microscopic origin of the ME effect in
Co4Nb, 09, which is still a mystery.

Single crystals of CosNb,O9 were grown by a floating
zone method [17]. The crystal structure was confirmed by
powder x-ray diffraction. X-ray Laue photographs were used
to determine the crystal axes. Samples were cut into thin
rectangle plates for the measurement of magnetization and
electric polarization. Magnetic properties were investigated
by a superconducting quantum interference device (Magnetic
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Property Measurement System, Quantum Design). Electric
polarization along different crystal axes was obtained via a
measurement and subsequent integration of a displacement
current with respect to time. To explore the effect of the
magnetic-field direction on electric polarization, CosNb,Og
samples were rotated around the trigonal axis in a magnetic
field perpendicular to the rotation axis. Prior to the angle-
dependence measurement, both the magnetic-field H and
the poling electric-field E p were applied at well above Ty.
After the sample was cooled down to 5 K under the presence
of both H and Ep, only Ep was removed. Most of these
experiments were carried out in a magnetic field up to 14 T
by using a superconducting magnet installed at the High
Field Laboratory for Superconducting Materials, Institute for
Materials Research, Tohoku University, Japan.

Figure 2(a) presents electric polarization Pjjg) along the
[110] axis as a function of magnetic-field direction & when
a magnetic field of 14 T rotates within the basal plane. The
measurement was carried out at 5 K. Here one should note that
the in-plane magnetic anisotropy of Co moments is weak and
that a spin-flop transition is observed at around 0.2 T [Figs. 3(i)
and 3(j)], which is much weaker than 14 T. The angle 6 denotes
the direction of magnetic-field H with respect to the [110]
axis. Thus, & = 90° when H is in the [110] direction, whereas
6 = —90° denotes the opposite direction of H. Intriguingly,
we observed a periodic variation of Pjj1) upon the rotation
of H around the trigonal axis. After the ME poling in the
H 1 Ep configuration with H||[110] and E p||[110], P10
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FIG. 2. (a) The dependence of Pjjj; on angle 6 defined by the reljtive direction of magnetic-field H and the [110] axis in uoH = 14 T
and T = 4.2 K. 6 is swept between +90° (H ||[110]) and —90° (H||[110]). The open and solid circles mark the positions where temperature-
dependent polarizations were measured in Fig. 3. To compare with the case of field sweeping, Pjj10) as a function of magnetic-fields H||[110]

and H ||[110] was shown in (b).
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FIG. 3. (a) Ppig as a function magnetic-field direction 6 at
several magnetic fields from 14 T down to 3 T. (b) Schematic of
an experimental procedure to measure the polarization in a rotating
magnetic field of 0.1, 0.3, and 0.5 T. The displacement current
and electric polarization along the [110] direction measured at 3 T
after a rotating magnetic field at (c) and (d) 0.1 T, (e) and
() 0.3 T, and (g) and (h) 0.5 T. (i) Temperature dependence of
magnetization along the [110] direction. The data were summarized
as a magnetic-field-temperature phase diagram for H ||[110] in (j).

gradually decreases from ~700 ;.C/m? at & = 0 and changes
its sign from positive to negative at 6 = 45°, then reaches
the minimum value of ~—600 uC/m? at 6 = +90°. This
behavior was confirmed by a sweeping magnetic-field angle 6
between +90° and —90°, which clearly indicates a periodical
change in Pjj10;. This indicates that the polarization direction
can be reversed by rotating the magnetic field by 90°, and a
180° rotation of the magnetic field results in a retention of the
polarization. Finally, the periodical variation of polarization is
also sensitive to the poling condition, i.e., whether E p||H or
Ep L H. As can be seen in Fig. 2(a), poling the sample in
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Ep||H|[110] does not affect the periodic behavior of Pjjiq;
except that its sign was reversed.

For comparison, we show in Fig. 2(b) Pjj10) in a magnetic
field sweeping along the [110] and [110] axes up to 7 T (here
Pii10pin H ||[110] was cited from Ref. [17]). In any case, a sim-
ple monotonic change in electric polarization in the magnetic
field was observed as characterized by the linear ME effect. In
principle, the rotation of the magnetic field between +90° and
—90° is similar to the case of the sweeping magnetic field from
+ H to — H in the sense that the initial and final directions of H
are opposite to each other. However, this observation suggests
that P depends on H as an even function when H rotates
around the [001] axis, whereas the conventional odd-function
response of P to H was obtained by the sweeping magnetic
field. This allows us to manipulate electric polarization in a
distinct way by rotating the magnetic field.

This unique feature of the ME response can be confirmed
by measuring Pj0) as a function of temperature at 6 = 90°
and 6 =0°, respectively [marked by open and closed
circles in Fig. 2(a)] after poling in Ep L H as shown in
Figs. 2(c)-2(f). The displacement currents in poling and
warming processes (with and without Ep, respectively)
were shown simultaneously with electric polarization P
obtained in a warming run after removing the electric field. As
shown in Figs. 2(c) and 2(d), Pyj10) measured at P| H||[110]
is positive. Meanwhile, in the latter case, after poling in
Ep||H|[110], the magnetic field was rotated 90° from
H||[110] to H||[1TO] (corresponding to 6 = 0°). At this
position, P o) is negative, which clearly approves the reversal
of the electric polarization rotation upon a 90° rotation of the
magnetic field [Figs. 2(e) and 2(f)].

It should be mentioned that our observation should be
distinguished with the reversal of polarization upon 90°
rotating of the magnetic field in the typical linear ME system
NizB70;31[28]. In Ni3B70;31, when an in-plane magnetic field
rotates 90° from [110] to [110], the out-of-plane polarization
changes its direction 180° from [001] to [001]. Meanwhile, in
Co4Nb, 0o, this relationship was established for all in-plane
polarizations and magnetic fields. In addition, the ME effect
was found in Ni3B70;;1 in a weak ferromagnet phase whereas
CosNb,Og exhibits an antiferromagnetic structure. As we
will discuss below, the rotation of the polarization vector
in Co4Nb,Og is constrained strongly with an antiferromag-
netic structure. Most importantly, polarization in NizB;031
depends on the magnetic field as an even function. This means
that the effect of a rotating and sweeping magnetic field is
similar in Ni3B;0O131, which is quite distinct comparing to the
scenario of CosNb,Og.

The 6 dependence of Pj10) on the magnitudes of magnetic
fields is displayed in Fig. 3(a). Decreasing the external
magnetic field down to 3 T reduces the value of polarization
Pp110; without any effect on the qualitative behavior. One
may raise the question how small a magnetic field one can
use to switch the electric polarization. To answer this issue,
the polarization Py, was measured as follows. A sample
was first cooled in a magnetic field of 3 T and a positive
electric field in a parallel configuration (E p || H||[110]) down
to 4.2 K. In this configuration, the polarization measured in
the warming process should be positive. After removing the
electric field, the magnetic field was decreased to 0.1, 0.3,

094434-3



KHANH, ABE, KIMURA, TOKUNAGA, AND ARIMA

PHYSICAL REVIEW B 96, 094434 (2017)

0° 30° 6QO (b) 250 i
4 N 0=45" E,//[110]
%\\ 'Q* } \\i T\ 200 WH=TT
l hs : \\' ’ &
\C\ \(~ H‘; \ “‘/ L\E) 150
. N2 ol
‘ » 5 1001 9= 0° (mr1on)
R - =90° (HJ/
H// 110 H/ 110] //1110] 50 0 (HI110))
€ 2007 Py,
9 \ (E // 45°)
3
N 0

290 60730~ 0

30 60 90 120 150
e
- —90° —60° —30°
Had ) H. 4524 2y
YIY [l Y | e
oh [

5K o g u
-5004 o \%EP// 90°) 1 2 ./[110]

FIG. 4. (a) Periodical variation of Pj;1q) poling at 0° and Py, poling at 45° under the rotation of the magnetic field. The correlation among
the magnetic-field direction, the magnetic structure, the magnetic symmetry, and the induced polarization at each magnetic-field direction 6
also is exhibited. (b) Comparison of the temperature dependence of P, measured after poling in magnetic fields parallel to 6 = 0°, 8 = 45°,
and 6 = 90° (upH =7 T). (c) A summary of the relationship among the magnetic-field direction, the induced polarization, and the toroidal
moment with respect to the in-plane rotation of the magnetic field, which clearly indicates that the polarization vector rotates an angle 26 to
the opposite direction upon changing the magnetic-field direction by an angle 6. The notation “x” denotes the absence of the toroidal moment

T in P || H configurations.

or 0.5 T, followed by a rotation in the opposite direction
before increasing again to 3 T as schematically illustrated in
Fig. 3(b). Following this process, the temperature dependence
of Ppi19) was measured at 3 T in a warming run. The results
are illustrated in Figs. 3(c)-3(h). A conventional linear ME
effect can be seen when the polarization changes its sign from
positive to negative under the 180° rotation of the magnetic
field of 0.1 T [Figs. 3(c) and 3(d)] and 0.3 T [Figs. 3(e)
and 3(f)]. Meanwhile, a rotation of the magnetic field at 0.5 T
results in the retention of polarization after changing the
magnetic-field direction 180° as discussed above, which can
be seen via positive temperature-dependent Pjjjo; measured
at 3 T [Figs. 3(g) and 3(h)]. Consider the fact that the
polarization measured after rotating the magnetic field at 0.3 T
is remarkably decreased and that a spin-flop phase transition
occurs at around 0.2 T in H|[110] as shown in Figs. 3(1)
and 3(j); we may conclude that such a kind of periodical
variation of polarization can be obtained in the magnetic
structure above the spin-flop transition field only. In brief,
the significant features of the ME effect in Co4Nb,O9 under
rotating the magnetic field can be summarized as follows : the
in-plane polarization was reversed upon rotating the magnetic-
field direction by 90° and such a kind of phenomenon can be
realized only in the spin-flop phase where magnetic moments
all are aligned nearly perpendicular to the magnetic field.
According to the literature, the variation of electric po-
larization under the changing magnetic-field direction in the
ME systems often closely relates to the modification of spin
texture and magnetic anisotropy. For instance, in cases of spiral
magnets TbMnOj3 [29] and MnWO, [30], the rotation of the

magnetic field induces abrupt switching of the polarization
due to a sudden flop of the spin spiral plane. Likewise, the
flop of the polarization vector upon rotating the magnetic field
was observed in helimagnets CuFe;_,Ga, O, [31], Mnl; [32],
and so on, originating from the variation of helical magnetic
modulation vector g. On the other hand, the continuous
variation of the polarization vector with a field rotation has
been found in several noncentrosymmetric magnets, such
as Ba,CoGe,0O7 [33], Cu,0SeOs [34], and CuB,04 [35]
where the polarization due to the spin-dependent metal-ligand
hybridization mechanism emerges. Similarly, here we address
the sinusoidal variation of Pyjjg) in rotating H in CosNb,Og
to the continuous rotation of every magnetic moment in the
buckled honeycomb network. Consider P measured after
poling in Ep L H, and the vanishing of Pjjjo; at 8 = £45°
can be thought as a consequence of a 90° rotation of the
polarization vector from initial position. In this sense, Py,
should have the maximum value in a magnetic field applied
along the 6 = £45° directions. To test this deduction, we
measured Py, in a magnetic field at 6 = +45° and indeed
observed the enhancement of electric polarization as shown
in Fig. 4(a). The temperature dependence of P,y measured
after polingin H||[110] (6 = 90°)or H||[110] (¢ = 0°) shows
that the magnitude of P}y, /H increased up to approximately
four times larger when poling in 6 = £45° [Fig. 4(b)]. Due to
the fact that the poling electric-field process can enhance the
domain with polarization parallel to the poling electric-field
direction, this result confirms that the polarization vector in
fact changed its direction 90° from P||[110] to P||[110] upon
rotating the magnetic field 45°. Therefore, it can be seen that
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similar to Py110), Pjj70) exhibits a periodical modification upon
magnetic-field rotation around the [001] axis, whereas the
phase is shifted about 45° compared to that of Pyjjg) [see
Fig. 4(a)].

We next try to discuss the origin of the observed ME
phenomena in a rotating magnetic field from the viewpoint
of magnetic symmetry. First, when the measurement of
polarization was carried out at a magnetic field above the
spin-flop phase transition in H||[110], the ME response is
related closely to the magnetic structure in the spin-flop phase
rather than that of the zero-field ground state. Because the Co*"
moments have an easy-plane-type anisotropy as discussed
above, the rotation of a high magnetic field around the [001]
axis can rotate the Co?* magnetic moments by almost the same
angle and hence modify the electric polarization.

The unique ME response to a rotating magnetic field
then relates to the buckled honeycomb network hosting
three twofold axes and three vertical mirror planes. When a
magnetic field is applied in the direction of § = 0°, the twofold
symmetry along the [110] turns into 2’ symmetry, and the other
five symmetry operations are broken. As a result, depending
on the poling condition, the polarization should orient in
the [110] (90°) or [110] (—90°) directions. Hereafter, let us
assume that Pjj10) was negative. When the magnetic field is
rotated from 6 = 0° to = 30°, all the Co** moments should
be rotated clockwise by 30°. Then the twofold rotation around
the & = 30° axis revives, and accordingly, the polarization
should be aligned parallel to this direction. This implies that
the polarization vector rotated counterclockwise by 60° from
the initial position of —90° to the direction of —150°. Further
rotating the magnetic field to # = 60° leads to the rotation
of all the Co?" moments by 60° clockwise from the initial
direction. Then along the = 150° ([010] axis), the 2'-axis
revives. The polarization vector now turns into the +150°
direction after a further —60° rotation. Comparing this state
with the initial state, one may note that the sign of P x M
is reversed, which can be ascribed to the antiferromagnetic
phase shift between the state obtained by a 60° rotation of
the magnetic field and that obtained just by a 60° rotation
of the whole antiferromagnetic honeycomb. Briefly speaking,
as the magnetic field rotates clockwise by an angle 6, the
polarization rotates counterclockwise by an angle twice larger
than —26. As a consequence, the toroidal moment 7', defined
by the product P x M, was reversed after each 60° rotation of
the magnetic field. These results were summarized in Fig. 4(c),
which illustrates the relationship among the magnetic-field
direction, polarization, and the toroidal moment. Importantly,
it should be noted that, from the above model, the rotation
direction of the polarization vector must rotate twice in the
opposite way with respect to the rotation of the magnetic field
to satisfy the constraint of symmetry, which is quite consistent
with our observation.

Although the microscopic origin of the induced polarization
by the magnetic field in Co4Nb,Og still is unclear, this contin-
uous change in polarization with respect to the variation of the
magnetic-field angle can be attributed due to the modification
of the electric dipole due to the rotation of the Co** magnetic
moments network upon rotating the magnetic field rather than
due to the variation of the ME tensor component originating
from the discrete change in magnetic symmetry as similar
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FIG. 5. (a) Periodical variation of Pyjjg) poling at 0° and Py
poling at 45° under the rotation of the magnetic field. The correlation
among the magnetic-field direction, the magnetic structure, the
magnetic symmetry, and the induced polarization at each magnetic-
field direction 6 also is exhibited.

to the cases of CuB,0Q4, Ba,CoGe,07, or Cu,OSeO;5. This
result also is consistent with a recent theoretical study based
on first-principles calculation [36], which plays an important
role toward unveiling the microscopic mechanism of the ME
response in this material.

As a consequence, the different behaviors of polarization
upon rotating and sweeping the magnetic field can simply
be understood as specific cases of 8 = 4+90° and 6 = —90°,
which schematically are demonstrated in Fig. 5. Here we
conduct an explanation by considering neighboring Co*"
magnetic moments coupled antiferromagnetically to each
other. In principle, the induced polarization in the linear ME
effect in antiferromagnets under external magnetic-field H
can be written in terms of L - M « xyL - H, where L =
m; —m; is staggered, M = m; + m, defines the uniform
magnetization (here m; and m;, are magnetic moments of
the antiferromagnetic sublattice), and x,, is the magnetic
susceptibility. Under the sweeping magnetic field, M changes
whereas L still is unchanged while external field H changes its
sign, resulting in the reversal of P. In contrast, upon rotating
the magnetic field, both M and L change their signs, thus the
signs of their products do not change, and retention of the
polarization vector can be observed.

Finally, one also can discuss the effect of buckling
based on these results as explained in Fig. 6. This can be
evaluated through the comparison of the difference in the
ME characteristics between the rotating antiferromagnetic
moments only and the rotating whole honeycomb lattice.
Note that the 60° rotation of the honeycomb affects the sign
of buckling. If the ME response would be proportional to
the magnitude of buckling, the 60° rotation of the whole
antiferromagnet buckled honeycomb should maintain the sign
of the ME tensor and P x M, which resembles the process
represented in Figs. 6(a)-6(c). However, we do observe the
reversal P x M vector, which corresponds to the rotation
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FIG. 6. Illustration the effect of buckling to the switching of
polarization upon rotating magnetic field as can be examined via
(b) rotating the magnetic structure only and (c) rotating the whole
antiferromagnetic honeycomb layer from the initial position (a).

of the antiferromagnetic moments by [Fig. 6(b)] from the
initial position [Fig. 6(a)]. Hence, it can be concluded that
the buckling may not be crucial for the unique behavior of the
ME response in this compound, i.e., —26 rotation of P upon
a 0 rotation of H.

To summarize, we have investigated the ME response in
single-crystalline Co4Nb, g in a rotating magnetic field within
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a trigonal basal plane. We found that the in-plane polarization
also exhibited a periodical retention under a rotation of
the magnetic field around the trigonal axis in the spin-flop
phase. Changing the in-plane magnetic field by an angle 6
causes the polarization vector rotating by an angle 26 to the
counterdirection. This effect can be attributed to the continuous
rotation of the network of antiferromagnetic moments on the
honeycomb lattice under the variation of the magnetic field.
This feature is quite interesting among ME materials showing
an odd response upon sweeping the magnetic field, which
allows us to manipulate electric polarization by an external
magnetic field in a distinct way. The unique feature of the ME
response observed in this paper can be common in honeycomb
antiferromagnets. It also should be noted that turning the
magnetic-field direction is not the only way to switch the
polarization vector [37]. Recently, uniaxial pressure has been
proved as an effective tool to manipulate electric polarization
in ME and multiferroic materials [38,39]. We expect such
interesting phenomena may also occur in CosNb,O9 by
application of uniaxial pressure in sufficient directions, which
would be exciting for future study.
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