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Magnetoelectric coupling in the honeycomb antiferromagnet Co4Nb,QOy
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The magnetic structure and magnetoelectric effect have been investigated for single crystals of the
antiferromagnet CosNb,Oq. Single-crystal neutron diffraction and magnetic susceptibility measurement have
revealed that the magnetic structure is different from a collinear arrangement with spin parallel to the trigonal
axis as proposed previously. Co®* magnetic moments are found to be almost lying in the basal plane, which
lowers the magnetic symmetry to C2/c¢’ with the propagation vector k = 0. Associated with the magnetic phase
transition, a sharp anomaly in the dielectric constant and displacement current indicate the appearance of the
magnetoelectric below Néel temperature 7y with a large coupling constant up to 30 ps/m. The existence of
off-diagonal components in a magnetoelectric tensor indicate the formation of ferrotoroidic order in CoyNb,Oy.
Such a magnetoelectric effect can be ascribed to the reduction of symmetry caused by simple antiferromagnetic

order in a honeycomb network.
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Electric field control of magnetic properties of matter is
one of the most interesting topics in solid state physics and
electronics, toward the innovation of electronic devices [1]. To
manipulate over magnetism by an electric field, approaching
via magnetoelectric (ME) coupling can be considered as one of
the most direct and effective methods. Discovered in the 1960s
in Cr,03 [2,3], the ME effect has gained huge attention due
to the intriguing fundamental physics as well as the promising
possibility to apply it in multifunctional electronic devices.
This effect occurs in the system lacking of both time reversal
and inversion symmetries simultaneously. As a consequence,
the electric polarization (magnetization) could be manipulated
by the magnetic field (electric field) [4]. However, due
to the strict constraint of symmetry, a limited number of
materials that exhibit strong magnetoelectric coupling were
found. Recent successful observations of large ME coupling
in TbMnOj3 [5] and TbMn,Os [6] have strongly revived the
interest in this topic [7,8]. To date, ME materials are considered
as a platform to investigate several novel concepts, including
the magnetoelectric monopole [9] or the toroidal moment [10].
Toward the discovery of new phenomena and novel physical
mechanisms originating from magnetoelectricity, looking for
materials exhibiting stronger magnetoelectric coupling be-
comes important.

In this work, we present an investigation relating to the ME
response in single crystals of cobalt niobate Co4Nb,;Og. This
material belongs to the system of A4B,09 compounds (A =
Co, Fe, Mn, and B = Nb, Ta), which were first synthesized and
investigated by Bertaut et al. [11]. CosNb,Og crystallizes in
a layered structure belonging to a centrosymmetric trigonal
space group P3cl (No. 165) with lattice parameters a =
5.177 and ¢ = 14.168 A. Co** ions occupy two inequivalent
positions, noted as Co(1) and Co(2) with site symmetry 3.
Both of Co*" sites are located at the centers of distorted
octahedra made of oxygen atoms. As presented in Fig. 1(b),
the crystal structure of Co4Nb,Og can be viewed as alternating
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honeycomb layers consisting of hexagonal rings of Co(2)Og
octahedra stacked between zigzag corner-shared Co(1)Og
octahedra rings. Via powder neutron diffraction, Bertaut
and co-workers reported that Co®" magnetic moments order
antiferromagnetically parallel to the trigonal axis below Ty =
27.4 K, resulting in the magnetic space group P31 (point
group §/m’) with identical magnetic and crystallographic unit
cells [11]. As a consequence, a linear ME effect is expected. In
fact, the ME effect in Co4INb,Og was first reported by Fischer
et al. using a powder sample [12] and reinvestigated recently
in polycrystals by Fang et al. [13], which revealed a large
coupling constant of 18.4 ps/m. In addition to the electric
polarization induced by a magnetic field, they found out that
Co4Nb, g also exhibits a large modification of magnetization
by an electric field in an antiferromagnetic phase [13].
Motivated by these facts, we performed an investigation using
single crystals of CosNb,Og necessary to elucidate intriguing
ME properties in this material.

We report in this paper an investigation of (i) magnetic
structure and (ii) ME coupling using Co4Nb, Oy single crystals.
In contrast to the previous study [11], our results suggest that
the magnetic moment should be aligned almost within the
trigonal basal plane, instead of parallel to [001] axis. More
intriguingly, a detailed measurement of the ME effect unveils
a larger coupling constant compared to previous works, as
well as an interesting ME tensor all of whose components
are nonvanished, which is found to be related closely to the
magnetic symmetry of the system.

Single crystals of CosNb,O9 were grown by a floating
zone method. Stoichiometric amounts of Co304 and Nb,Os
were ground with a molar ratio of 4 : 3 in an agator mortar,
compressed into a rod under hydrostatic pressure, and sintered
in air at 1100°C for 48 h. This process was repeated once
more to improve the sample quality. The feed rod was zone
melted in air and turned into crystal boules. Obtained crystals
were characterized by powder x-ray diffraction and the crystal
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FIG. 1. (a) Crystal structure of CosNb,Oy and (b) its projection
along the trigonal axis. (c) Temperature dependence of magnetic
susceptibility in magnetic field 0.1 T along [110],[110], and [001].
The dotted lines exhibit the Curie-Weiss fittings between 200 and
300 K. (d) Magnetization along [110],[110], and [001] at T = 4.2 K.
The inset shows a magnetic-field—temperature phase diagram in
H||[110].

orientation was determined by using x-ray Laue photographs.
Magnetization was determined using a superconducting quan-
tum interference device (MPMS, Quantum Design). The
dielectric constant was measured by using a LCR meter
(Agilent E4980A). The electric polarization as a function of
temperature and magnetic field was calculated by integrating
displacement current with time. To obtain a single-domain
state, the sample was cooled in both a magnetic field and a
poling electric field. The poling electric field was removed
right before measuring the displacement current. Synchrotron
x-ray measurements were performed on beam lines BL3A
and 8A at the Photon Factory, High Energy Accelerator
Research Organization (KEK), Japan. The magnetic structure
was determined by neutron diffraction of a single crystal
(diameter of 0.5 and length ~1 cm) using a time-of-flight
neutron diffractometer BL18 SENJU installed at Materials
and Life Science Experimental Facility (MLF), Japan Proton
Accelerator Research Complex (J-PARC), Japan. Intensities
of 480 reflections (in condition I > 30) were collected at
T =10 K. Crystal and magnetic structures with atomic
coordination, scale factor, extinction, and volume fraction
parameters were refined using JANA 2006 software [14] and
visualized by VESTA software [15].

Figure 1(c) shows the temperature dependence of magnetic
susceptibility x(7T) of single crystalline CosNb,Oy in mag-
netic field uoH = 0.1 T applied along [110], [110], and [001].
In agreement with previous works [13,16], x (T') shows a cusp
at Ty ~ 27.2 K. However, while x(7') along [110] and [110]
suddenly decreases below Ty, x(T) in H||[001] gradually
increases, which indicates that Co®* magnetic moments should
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align perpendicularly to the [001] axis. Fitting the linear
part of inverse magnetic susceptibility 1/x(T) between 200
and 300 K to the Curie-Weiss law x(T) = C/(T + ©),
with C = NAugff/SkB, one can obtain the effective mag-
netic moment as ué}flo] ~ ML}flO] ~5.1up and ugz?l] ~52up.
Thereby, the Weiss temperature can be computed as ®;g) &
CT 24 and Opo1) ~ 132 K. Similar to LiFePO4 [17] and
LiCoPO, [18], the magnetic susceptibility exhibits a large
difference between in-plane and out-of-plane directions, which
implies a remarkable easy-plane type single-ion anisotropy.
The ratio between Curie-Weiss ® and Ty for a magnetic
field applied in-plane is almost 1, which indicates that there
should not be a significant effect of next nearest neighbor
exchange interaction in the honeycomb network. In addition,
the effective magnetic moments excess the spin-only value of
Co (S = 3/2, jtefy = ~/15) in the high spin configuration,
indicating the contribution of the orbital angular momentum to
the effective magnetic moment via strong spin-orbit coupling
of Co*". Magnetization M at 4.2 K shown in Fig. 1(d) exhibits
linear dependence on the magnetic field in H|[001] and
H||[110]. In contrast, an anomaly standing for a spin-flop
phase transition was observed for H||[110]. This spin flop
occurs at H, ~ 0.2 T, which is much smaller than that of poly-
crystalline sample with H, ~ 1.1 T [13,16]. The results are
summarized in a magnetic-field—temperature phase diagram
for H||[110] presented in the inset in Fig. 1(d). Thus, mea-
surements of the magnetic susceptibility and magnetization
performed on single crystalline Co4Nb,Og suggest an in-plane
magnetic structure, which is different compared to previous
works.

In order to reveal the magnetic structure of CosNb,O,
a single crystal neutron diffraction was carried out. The
crystal structure at 10 K was found to be consistent with
synchrotron x-ray data, confirming the absence of a structural
phase transition. We observed an increase of (00/) magnetic
Bragg reflections with / = 2n below Ty, which can be seen
as direct evidence for the in-plane component of magnetic
moments. Figure 2(a) displays the integrated intensity of the
(002) reflection as a function of temperature that remarkably
increases below Ty . Fitting the intensity of the (002) reflection
using the power law m(T)> ~ I(T)(1 — T/ Ty)* yields crit-
ical parameter 8 = 0.2 & 0.05, which indicates the magnetic
structure is in the intermediate state between two-dimensional
(2D) (B =0.125) and three-dimensional (3D) (8 = 0.32)
Ising models. This is similar to the situation of the linear ME
compound LiCoPOy [18].

According to symmetry analysis, possible magnetic struc-
tures allowed by trigonal symmetry in the crystal structure
of Co4Nb, Oy can be listed as trigonal (P3c¢1,P3c'1,P3/¢'1,
and P3’cl), monoclinic (C2/c,C2'/c',C2 /e, and C2/c’),
and triclinic (P1 and PT/). Among them, all the trigonal
magnetic space groups indicate magnetic moments parallel
to the trigonal axis, which is not consistent with the anisotropy
in the magnetic susceptibility. The in-plane magnetic structure,
therefore, can be described as a monoclinic or triclinic system.
However, monoclinic space groups C2/c¢ and C2'/c¢’ and
triclinic P1 result in a ferromagnetic structure, thus all of
them can be excluded. The remaining magnetic space groups
that should be considered are C2/c’,C2'/c, and P1'.
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FIG. 2. (a) Integrated intensity of the (002) reflection as a function
of temperature. The dark solid line shows the fitting from the power
law. (b) Agreement between | F.,j| and | Fobs| for the magnetic model
C2/c’. (c) Magnetic structure of CosNb,Og with particular views
from (d) [010] and (e) [001] axes.

We obtained the best agreement between experimental data
and calculation for magnetic models described by monoclinic
magnetic space groups C2/c¢’ and C2'/c (propagation vector
k = 0). Here 2 (or 2’) and c¢ (or ¢’) are parallel and perpen-
dicular to one of three (110) directions in the trigonal basis.
In the latter case, the alignment of magnetic moments parallel
to the (010) axis results in larger magnetization along the
[110] direction M (170] compared to M) at low magnetic
fields, which disagrees with the observed magnetization
clearly showing M7y, < M(i10. Therefore, the model with
space group C2/c’ is the most favorable to describe the
magnetic structure of CosNb,O9 with residual factor R =
8.38% (wR = 15.72%) [Fig. 2(b)]. The magnetic structure
is illustrated in Figs. 2(c)-2(e). Co** magnetic moments are
aligned perpendicularly to the [110] direction. In a honeycomb
layer, neighboring Co?* moments are arranged in opposite
directions. The antiferromagnetic honeycomb layers stack
along the trigonal axis without changing spin orientation.
The magnitudes of magnetic moments of Co*" at distinct
crystallographic positions, denoted as Co(1) and Co(2), are
mCo(1) X 3.5up and mco2) & 2.6/, respectively. Both
mCo(1) and mcg(2) exhibit a canting angle of around 20°
away from the basal plane.

As reported in recent works [13,16], a large ME effect was
found in Co4Nb,O9 below the Néel temperature. Nevertheless,
all of them were obtained from polycrystals and interpreted
based on a magnetic structure with Co>" magnetic moments
aligning along the trigonal axis. Using single crystalline
samples, we present below a detailed investigation of the ME
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FIG. 3. (a) Magnetic field and (b) poling electric field dependence
of P01, Ppitop» and Proo in magnetic field H ||[110]. Here the solid
line in Fig. 3(b) are plotted as guides to the eye.

effect of CosNb,O9 and an explanation based on a different
magnetic structure.

Figure 3 displays the dependence of polarizations P
and P|jp on an external magnetic field applied parallel to

the [110] direction. Both of them exhibit a linear increase
with the magnetic field up to 7 T applied along the [110] axis,
which confirms the linear ME effect in CosNb,Og. Magnetic-
field induced polarization can be absolutely switched between
+P and — P by reversing the poling electric field £, without
causing any adjustment to the magnitude, as demonstrated in
Fig. 3(a). Cooling down the samplein H = +7 Tand E, > 0
results in a positive polarization, while a negative one can be
achieved viapoling with H = +7Tand E, < 0. Alarge Pjj1
up to 200 «C/m? can be achieved in a magnetic field of 7 T,
corresponding to a linear ME coupling constant of ~30 ps/m.
This value is quite large compared to that of other typical
linear ME compounds like Cr,03 [3,19], Ga,_,Fe, 03 [20],
MnTiO; [21], LiMPO4s (M = Mn, Fe, or Co) [18,22], or
NdCrTiOs [23]. Finally, the effect of poling electric field E |, on
polarization is summarized in Fig. 3(b). Above 0.5 kV /cm, the
magnitude of polarization becomes saturated and independent
to E, even up to 2.5 kV/cm, which implies the stability of
ME domains upon the poling process.

A more detailed examination of ME coupling is introduced
in Fig. 4. The measurement of polarization as a function of
temperature was performed in magnetic field H and poling
electric field E, applied along [1 101,[110], and [001] axes,
alternatively. The results reveal an intriguing ME tensor with
all components nonvanished. Associated with a magnetic
phase transition at Ty = 27 K, a sharp anomaly in dielectric
constant (not shown) and the onset of a displacement current
were observed at Ty, which implies the emergence of an
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FIG. 4. (a)-(i) Temperature dependence of polarization in the
magnetic field and the poling electric field applied along [110],[110],
and [001], alternatively. The relationship between external magnetic
field H and induced polarization P with magnetic symmetry in (j)
H||[110], (k) H||[110], and (1) H|/[001].

electric polarization under the presence of an external magnetic
field. Up to H =7 T, a polarization of ~200 uC/m? was
achieved for P[llO] in H” [1 10] orH || [ITO] Meanwhile, P[OOI]
posed a small polarization of ~15 uC/m? in any direction
of the magnetic field. Ppjjo; is almost four times larger
than P 7 in a magnetic field applied in-plane. It should
be noted that in all cases, the polarization increases at Ty
and reaches a saturation value at low temperature, instead
of diminishing to zero. This can be attributed to the fact
that the ME effect was observed at a magnetic field much
higher than the spin-flop phase transition, where all magnetic
moments are aligned almost perpendicularly to the magnetic
field. In any case, the polarization exhibits a linear dependence
on the magnetic field up to 7 T at 5 K. The existence
of several off-diagonal components in the ME tensor may
imply the appearance of toroidal moment T ~ (P x M). As
described intensively in the literature, the emergence of such
a ferrotoroidic state has been considered as the origin of
several intriguing effects [10,24], such as a modification of
band structure [25,26], nonreciprocal effects [27-30], or other
nonlinear optical phenomena [31,32].

Due to the absence of a structural phase transition, the
observed ME tensor can be explained in terms of symmetry
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lowering due to the ordering of the magnetic moment. We
next discuss the relationship between the revised magnetic
structure with the observed ME effect, as shown schematically
in Figs. 4(j)—4(1). Because the measurement of the polarization
was carried out at magnetic fields above the spin-flop phase
transition (for H||[110] or H||[110) at uoHc ~ 0.2 T, a
fairly weak magnetic anisotropy may be expected. Therefore,
a magnetic field of 7 T of this experiment is considered to
be large enough to align the antiferromagnetic component
orientated perpendicularly to the direction of the magnetic
field. Thus, the ME response is related closely to the mag-
netic structure at the spin-flop phase as well as the ground
state.

In particular, for H||[110], the two-fold axis 2|/[110] can
remain unchanged while the glide plane associated time
reversal symmetry ¢’ L [110] is broken [Fig. 4(j)]. Electric
polarization can emerge along the two-fold rotation axis.
Meanwhile, the application of H || [110] results in 2/ [[[110] and
breaks ¢ L [110] [Fig. 4(k)]. Clearly, P;10) is nonzero. Note
that in this case, the polarization P19} was induced transverse
to the magnetic field direction H|[110]. As a consequence,
the formation of a ferrotoroidic state where toroidal moments
align parallel to the trigonal axis can be expected. This may
lead to the observation of, for instance, directional dichroism
for light propagating in the opposite ways along the [001]
axis. Briefly speaking, an application of a magnetic field in the
basal plane parallel to [110] or [110] always induces Pj;iqy,
which is the largest polarization that can be observed in the
ME tensor. In the case H||[001] [Fig. 4(1)], the application
of the magnetic field does not cause a spin-flop transition
which makes ¢’ L [010] unchanged, while a two-fold rotation
no longer remains. Thereby, the polarization perpendicular to
(0101, P10, and P o1}, can appear.

As discussed above, the ME tensor related to magnetic
structure C2/c’ itself does not predict the appearance of P 1.
One possibility is that the polarization P g, in H||[110]

or H ||[1TO], and Pyi0) in H||[[001] can appear in different
magnetic domains, which may grow via a poling process in
both a magnetic field and an electric field. For the poling
magnetic field within the basal plane, a fairly strong electric
field in the poling process may create some minor magnetic
domains. Antiferromagnetic moments would not be aligned
perpendicularly to the direction of the magnetic field, and
thereby generate some minor ferroelectric domains corre-
sponding to the existence of P 3. Therefore, the magnetic
structure described by C2/¢’ symmetry is indeed reasonable
to explain the behavior of the magnetic property as well as the
ME response in this compound.

Next, we would like to discuss the possible microscopic
mechanism of ME coupling. Up to date, the magnetic field
induced electric polarization can be understood microscopi-
cally under the framework of the three most popular mecha-
nisms: (1) the spin current (or inverse Dzyalonshinskii-Moriya
interaction) mechanism [33], (2) the magnetostriction mecha-
nism [34], and (3) the spin dependent metal-ligand hybridiza-
tion mechanism [35,36]. Among them, the Dzyaloshinskii-
Moriya mechanism [33] induces electric dipole AP o e;; x
(S; x §;) at the bond between sites i and j. Here S;,S; denote
spin moments at neighboring sites, while e;; is the unit vector.
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For a magnetic field applied in-plane, (S; x §;) should orient
along the trigonal axis. The summation of the three unit vectors
e;; representing Co-Co bonds in a honeycomb network also
directs parallel to the trigonal axis. Thus, we cannot expect any
net polarization from this mechanism. In addition, Co4Nb,Oq
crystallizes in a centrosymmetric space group P3cl, which
does not allow a piezoelectric response. The crystal structure
is confirmed to remain down to a low temperature of 10 K.
A macroscopic electric polarization can not be induced
upon a lattice deformation. Therefore, we also exclude the
possibility that the observed ME effect could be ascribed to
the modification of a local electric dipole moment by the scalar
product of neighboring magnetic moments as AP o (S; - S;),
referred to the magnetostriction mechanism. Finally, according
to the metal-ligand hybridization model, induced polarization
is proportional to AP o (S; - e; j)ze,- j» which means that the
polarization should be an even function of the magnetic field.
However, in our case, the polarization changed sign upon the
sweeping of the magnetic field. Therefore, ME coupling in
this compound also can not be explained reasonably by the
metal-ligand hybridization mechanism.

Keeping in mind that orbital angular momentum in
Co4Nb, Oy is not quenched completely because of Co** ’s
strong spin-orbit coupling, orbital moments can contribute
to the emergence of linear magnetoelectricity as proposed
recently [37]. The effect can be identified via examination
of the dependence of the orbital angular momentum on
an external applied electric field. Thus, we do not neglect
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the possibility that the cross correlation between an electric
polarization and a magnetic field, as well as the magnetization
and the electric field in Co4Nb,Oy, may partially originate
from the orbital moment and this is worth investigating in
future study. Therefore, further investigation is motivated
to elucidate the microscopic origin of the ME response in
CO4Nb209.

In conclusion, we have investigated the magnetic structure
and ME response in single crystalline CosNb,QOg. The results
suggest that Co4Nb, 9 exhibits an in-plane antiferromagnetic
order described by the magnetic space group C2/c¢’ (propaga-
tion vector k = 0). The reduction of symmetry due to magnetic
order leads to the emergence of the ME response. Off-
diagonal components in the ME tensor indicate the formation
of a ferrotoroidic order, which may give rise to intriguing
phenomena related to the coupling between magnetic order
and ferroelectricity.
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