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The polar antiferromagnet Co,Mo;0g was recently reported as a new multiferroic material exhibiting
remarkable second-order magnetoelectric (ME) coupling effect while no other metamagnetic transitions oc-
curred at low magnetic field. Herein, we have investigated the ME phenomena under high magnetic field
(up to 60 T) in Co,Mo30Og single crystals and observed unique ME response associated with the changes
in the hidden magnetic moment on the honeycomb lattice. Two spin-flop transitions are unambiguously
defined at H.; ~ 27T and H, ~ 31T under H along the ¢ axis at 1.7 K, accompanied by two successive
colossal changes of electric polarization. The results on the anisotropy of magnetoelectricity as well as the
angular-dependent polarization are well consistent with the ME tensor prediction, providing a better ap-
proach to understand the evolution of magnetic structures under high magnetic field. Therefore, the hidden
magnetic transitions and distinctive magnetoelectricity provide a unique platform on which the ME coupling
mechanism in the presence of rich magnetic phase transitions can be explored in this 238 family.
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I. INTRODUCTION

The response of electric polarization (P) to a magnetic field
(H) or magnetization (M) to an electric field (E), namely
magnetoelectric (ME) effect, has attracted great attention due
to the intriguing physics underpinning this effect and their
exciting potential for application and novel functional devices
[1-3]. Among them, significant efforts have been devoted
to the search for new multiferroic materials with combining
and control of these simultaneous ferroelectric and magnetic
orderings. They are usually classified into two types accord-
ing to their different microscopic mechanisms of electric
polarization (P) [4]. In type-II multiferroics, the ferroelec-
tricity is induced by a particular type of magnetic ordering
via the spin-orbit coupling, whereas the spin reorientation
is very flexible to the magnetic field and ME coupling is
intrinsic and strong. However, as the specific magnetic orders
originate from the competition between nearest-neighbor and
further-neighbor magnetic exchange of comparable strength,
the similar strength is usually found in a small value with
strong magnetic frustration; thus, the spin-driven ferroelec-
tricity usually establishes in a relative low temperature (7')
[5-9]. On the contrary, robust ferroelectric order can develop
at high temperatures in the type-I multiferroics, while a sepa-
rate magnetic sublattice orders at low temperature and couples
weakly to P due to their independent origins [10—13].
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Based on the dilemma of multiferroics discussed above,
seeking new ME materials with strong coupling at high
temperature is challenging, requiring development of a new
foothold in the emerging ME phenomena. The linear magne-
toelectricity, which exhibits magnetic field-driven P at rela-
tively higher T than typical type-II multiferroics, has been at-
tracting a great deal of attention [14—16]. A common feature is
that they usually offer nonpolar magnetic point group with fer-
roelectricity inactive (FE-inactive) state as shown in Fig. 1(a),
while a ferroelectricity active (FE-active) state can be in-
duced by external magnetic stimuli. The magnetic structure
changes from the nonpolar M; state to polar M, state, which
simultaneously breaks the space inversion and time-reversal
symmetry, giving rise to nontrivial ME effects. Obviously, in
this case, the FE-active state is severely restricted by over
~meV of the magnetic energy barrier between the M, state
and M, state, hindering the way to uncover the coupling be-
tween ferroic orderings [17,18]. An alternative way is to seek
materials both belonging to the polar crystallographic sym-
metry groups and polar magnetic point groups. Consequently,
such polar magnet should exhibit nontrivial ME effects below
magnetic ordering temperature. Moreover, it is noted that
in some cases the macroscopic magnetic moment is nearly
buried in the antiferromagnetic (AFM) ground state. Upon
applying magnetic field, the hidden magnetic transitions, e.g.,
spin-flop, magnetization plateau, or ferromagnetic transition
can be easily uncovered [19-21]. These hidden magnetic tran-
sitions and distinctive magnetoelectricity provide a unique
platform on which the ME coupling mechanism in the pres-
ence of rich magnetic phase transitions can be explored.
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FIG. 1. (a) A proposed scenario of realizing ME coupling effect. The M; and M, states represent the ferroelectricity-inactive (FE-inactive)
and ferroelectricity-active (FE-active) states, respectively. The dashed lines and hollow red spheres represent the hidden states induced by H.
(b) Crystal structure and AFM magnetic structure of Co,Mo3Os. (c) Possible hidden magnetic structure magnetically induced EF-active states.
The AP(H) and AM(H) represent the H-induced polarization and magnetization, respectively.

Most recently, the magnetoelectricity in the family of
AMo0303 (A =Fe, Mn, Co, and Ni) has drawn strong
attention [22-25], like the honored Fe,Mo3;Og, which pos-
sess the hidden ferrimagnetism and FE-active states under
H. Here, it is noted that the polar magnetic point group of
Co,Mo30g characterized as 6/'mm’ in the AFM ground state,
as shown in Fig. 1(b), is the same as that in Fe;Mo30g with
the polar axis pointing to the c direction. Nonetheless, the ME
coupling effect in Co,Mo30Oyg contrasts to any other members,
in which only the second-order ME effect in terms of magnetic
field dependence of ferroelectric polarization response has
been observed in Co,Mo030g. Moreover, Co,Mo30g shows ro-
bust AFM behavior with no other magnetic transitions up to 9
T, deserving high magnetic field strategy to unveil the hidden
magnetism and underlying magnetoelectricity. The previous
neutron scattering indicates that the magnetic moments on the
tetrahedral and octahedral sites are highly correlated with dif-
ferent moment (M; = 3.44 up/Co;, M, = 3.35 up/Co,) [24].
Similar to the case of Fe;Mo3Og, Co,Mo30g may display suc-
cessive metamagnetic transitions under high H, e.g., spin flop
(SF) or ferrimagnetic transition [22]. As illustrated in the SF
state shown in Fig. 1(c), a combination of net magnetization
AM and electric polarization AP should be acquired in the
high-H region.

In this work, we present two successive phase transitions
in Co,Mo30g single crystals by high magnetic field study up
to 60 T. Unlike the ferrimagnetism in Fe,Mo3Og, two spin-
flop transitions are unambiguously defined under H along the
¢ axis, accompanied by two successive electric polarization
transitions, indicating intrinsic ME coupling effect. We cor-
roborate our experimental results with ME tensor analysis in
the ground state, thereby interpreting the magnetic structure
changes and origins of the ME coupling effect. Our results
imply that Co,Mo3Og with spin-3/2 embodying two distinc-
tive SF and FE-active states is different from other linear ME
materials in this 238 system.

II. EXPERIMENT DETAILS

Co,Mo30g3 single crystals were grown by the chemical
vapor transport technique as described earlier [26]. The char-
acterization of the sample quality can be found in the previous
work [24]. The T dependence of magnetic susceptibility (x)
were measured using the Quantum Design Superconduct-
ing Quantum Interference Device (SQUID) magnetometer
(MPMS, Quantum Design) from 5 to 300 K under the
zero field-cooling (ZFC) and field-cooling (FC) modes with
cooling magnetic field H = 0.2 T along H//c and H Lc, re-
spectively. For polarization measurement, two single crystals
were cut into a slice shape with the surface parallel and
normal to the ¢ direction. Silver paste was painted on the
surfaces of the specimens as the electrodes. The magneto-
electric current and field-induced electric polarization were
obtained by conventional pyroelectric measurement. Similar
to the previous report on Fe,Mo3Og [22], our grown crys-
tals are also monodomains, as the T-dependent pyroelectric
current remains unchanged no matter whether poling electric
field is applied, reversed, or not, implying that robust polar
domains were already formed in the raw crystals. In detail,
the sample was cooled from 60 K to target 7 without any E
or H. The short-circuited procedure for sufficient time was
performed before each measurement to avoid the influence of
the injected charge. When the background of electrical current
was less than 0.1 pA, the magnetoelectric current Al.(H)
under H//c, H L c and changing the direction of H away from
the ¢ axis 45 ° geometries were measured using Keithley 6514
programmable electrometer at ramping magnetic field from
—8 to 8 T at a rate of 100 Oe/s. The electric polarization AP
was obtained by integrating the magnetocurrent with the time.

For the high magnetic field parts, the M (H) of in-plane and
out-of-plane were measured at selected temperatures in the
pulse-field modes, using a coaxial pickup coil and calibrated
by a comparison with the low-field data measured by SQUID.
Simultaneously, the H dependent high field-induced polariza-
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FIG. 2. (a) The measured magnetic susceptibility x (7') as a func-
tion of 7', and (b) the Curie-Weiss fitting y ' measured along c axis
and normal to ¢ axis, respectively.

tion AP.(H) was measured in the H //c modes at different 7.
All the high-field M and AP were measured using 10.5-ms
short-pulse magnet in the Wuhan National High Magnetic
Field Center.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility and hidden spin-flop states

Figure 2(a) shows the T dependence of x(T) in the
ZFC and FC modes with measuring field of 0.2 T in the
geometry aligned parallel to the ¢ axis [x.(7)] and nor-
mal to the ¢ axis [x.»(7T)], respectively. The x(T) exhibit
a cusp at Néel temperature (Ty) ~ 40.5K in both x.(T)
and y,(T), suggesting the formation of AFM ordering. It
is noted that our previous polycrystalline sample shows a
small peak at Ty [24], while it is absent in single crystal,
implying less amount of ferromagnetic impurities. In fact,
the magnetic susceptibility is very consistent with previously
reported data in their single crystals [26], demonstrating high
quality of our crystals. The large difference between the mag-
netic susceptibility curves along these two directions implies
that the easy axis points to the ¢ direction. We have fit-
ted the linear part of inverse magnetic susceptibility 1/x(T")
between 50 and 300 K to the Curie-Weiss law, as shown
in Fig. 2(b):

x(T)= xo+ ey

T+ 0

where x( accounts for temperature-independent contribution.
The second term in Eq. (1) is the Curie-Weiss (CW) law

with the CW temperature 6., and Curie constant C. One can
obtain the Curie-Weiss temperature as 6.,(//c) ~ —70.9K
and 6.,(Lc) ~ —128.6K, and the effective magnetic mo-
ment e (//c) = 4.127 up/Co and pegr(Le) = 3.734 up/Co,
respectively. The detailed values fitted from the Curie-Weiss
law are listed in Table I. It is noted that the measured ef-
fective moment along the ¢ axis is intermediate between the
spin-only value ps = 3.87 up/Co and the total spin value
ps = 6.63 up/Co, indicating incomplete quenching of the or-
bital moment. This result is very similar to the previously
reported spin-orbit coupling materials, commonly consisting
in the Co** ions compounds [27].

Our previous report shows that the magnetization along
the ¢ axis [M.(H)] and perpendicular to the ¢ axis [M,,(H)]
exhibits perfect linear responses to H, uncovering robust
AFM behavior in the low-H region (H < 9T) [24]. In or-
der to reveal the potential magnetic transitions as well as
the underneath ME coupling phenomenon and mechanism,
we used pulsed high magnetic field facility to measure the
magnetization and electric polarization. Figure 3(a) shows the
magnetic field dependence of the magnetization M .(H) up to
40 T at selected temperatures. Two successive metamagnetic
transitions occurring at critical fields H.; and H,, are unam-
biguously defined. With increasing 7, the low critical field
H,, stays almost unchanged, while H,, shifts a little bit to
the low field, and finally both of them vanish near 7. When
H is further increased to 60 T, there are no other transitions
except the two successive spin-flop (named as SF1 and SF2,
respectively) transitions with H//c as shown in Fig. 3(b).
However, the magnetization has not saturated yet considering
the theoretically spin-only saturated magnetic moment Mg, ~
7.74 up/formula. Here, the two spin-flop transitions can be
more clearly identified in the dM./dH curve in Fig. 3(c),
While on the other side, it is evident that there is still absence
of any metamagnetic transitions in the ab plane, as shown in
Fig. 3(b), suggesting robust AFM interaction under the case
of Hlc.

Now one is allowed to give a tentative discussion on the
magnetic structure by combing the data on magnetization and
previous reports on this 238 family. The neutron scattering
has confirmed the magnetic point group 6'mm’ to describe
the ¢ axis collinear antiferromagnetic ground state, as shown
in Fig. 3(d), same to that in Fe;Mo3;Og [19,22]. Hence, we
believe that the two successive spin-flop transitions with H//c
are also caused by the Co*" ions at tetrahedral and octahe-
dral sites with different moments (named as Co; and Co,),
e.g., 3.44(1) up for Co, and 3.35(1) up for Co, site [24]. A
collinear ferrimagnetic state was observed in Fe, Mo3;Og under
H //c and Mn;Mo30g with the local magnetic moments are
along the ¢ axis all the time, corresponding to the magnetic
point group 6 m'm’ [19]. Nevertheless, the spin-flop transitions
in Co;Mo30g, including the case of Mn,;Mo3Og under H //c,
are very different from the ferrimagnetic states of Fe;Mo3O0g
with a spin order single along the ¢ axis. When the system
enters into SF1 phase, all the Co?* spins rotate towards to the
direction perpendicular to the ¢ axis, noting that Co, carrying
large moment tends to align along the direction of the mag-
netic field, while Co, spin points to the opposite direction due
to the stronger AFM interaction, as shown in Fig. 3(e). For the
field H > H,,, the field is large enough to overcome the AFM
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TABLE I. The AFM ordering temperature, Curie-Weiss temperature, and effective moment for Co,Mo3;0s single crystal in the geometry

aligned parallel to ¢ axis and normal to ¢ axis.

Co,Mo30s Iv(K) O (K) c Hers (1) gvS(S+1) gVIU+1)
c axis 40.5 —70.9 8.446 4.127 3.873 6.633
ab plane 40.5 —128.6 6.913 3.734 3.873 6.633

exchange interaction between the nearest-neighbor Co**, so
that all the Co** spins tend to have net magnetization along
the field, as shown in Fig. 3(f).

Of course, it is very difficult for us to speculate the mag-
netic point groups in these two hidden spin-flop states, which
present noncollinear spin structure. The neutron scattering
experiment under magnetic field or theoretical calculations
are highly required to resolve the exact magnetic structures,
which are actually beyond the scope of our work. It is noted
that similar hidden states can be found in other ME materials,
such as N12M030g [21], C02V207 [28], Ni3V203 [29], and
PbCu;TeO; [30]. Subsequently, we turn to the main issue and
discuss the ME effect in the high-H region.

B. Hidden magnetoelectricity

To unveil the hidden magnetoelectricity under the high-H
region in Co,Mo3Og, we present the c-axis magnetoelectric
current Al. and electric polarization AP, as a function of
magnetic field applied along the c axis at selected T as shown
in Figs. 4(a) and 4(b). At low temperature, e.g., T =5K
amplified in the inset of Fig. 4(a), a small broad bump appears
at H.y ~ 27T, accompanied by a sharp peak at H, ~ 31T,
concomitant with the onset of two successive SF transitions in
M_(H) as shown in Fig. 4(c). The most striking feature of the
high-field transition is the two successive colossal changes of
polarization (AP,) at critical fields as well as the emergence
of linear ME coupling effect, which is absent in low field. It
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FIG. 3. The H dependence of the magnetization. (a) M.(H) with increasing H up to 40 T under selected T. (b) M.(H) and M,,(H)
with increasing H up to 60 T at T = 1.7 K, respectively. (c) The derivative of the magnetization dM./dH with increasing H up to 60 T at
T = 1.7K, respectively. (d)—(f) The schematic magnetic structure in the AFM, SF1, and SF2 states. The red and blue arrows represent the

magnetic moment on the tetrahedron and octahedron sites, respectively.
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FIG. 4. (a) The magnetocurrent (Al,) and (b) polarization (AP,)
with respect to the magnetic field for fields H //c up to 48 T measured
at selected 7', respectively. Note that the curves are shown with an
offset and that the absolute value of the offset should be ignored.
(c) The M.(H) and (d) and the AP, (H) with H//c at T =5K.
The dashed lines are the fits to the AP.-H curve with the different
functions of AP, ~ BH? and AP. ~ «H + BH?, where o and B are
constants.

is noted that a jump of polarization near zero magnetic field
is caused by the high-field instrument, and is irrelevant to the
samples. For a better illustration, the H-dependent AP, mea-
sured at different temperatures are vertically shifted to show
the features more clearly, and the absolute value of the offset
should be ignored. In addition, the behavior of the critical
fields in which the polarization transitions are consistent with
that in the magnetization, indicating intriguing ME effect.

According to the AP, (H) data in Fig. 4(c), one can see that
the two hidden spin-flop phases are obviously characterized
by inducing linear ME effect, while below H,, the H-induced
AP, is well identified as the quadratic ME effect. Generally,
AP, can be given as a function of H extended to the second
order as follows:

AP =P.+ P, +aH + BH?, )

where P, and P, are the crystallographic and spin-induced
spontaneous polarization, which are finite even under zero
field. The tensors « and B correspond to the first-order and
second-order ME coefficients, respectively [23]. Here, we
exemplify one of the fits as the dashed lines at 7 = 5K as
shown in Fig. 4(d). It can be seen that AP, is quadratic to H
for H > H,;, and the second-order ME coefficient f... well
reproduces the result of Ref. [24]. In addition, for H > H,
region, the AP.(H) data show good fitting by introducing the
linear relation part. We obtain the first-order ME coefficients
o = 12 and 28 ps/m for the SF1 and SF2 states, respectively.
Here, the large value in SF2 state corresponds to both the Co,
and Co, spins tending to magnetic field larger than that in SF1
state, in which Co, carrying large moment tends to align along

the direction of the magnetic field, while Co, spin points to the
opposite direction due to the stronger AFM interaction. It is
noted that both of the spin-flop transitions allow second-order
term, but show very weak effect. By fitting the data of AP.(H)
in Figs. 4(b) and 4(d), we can obtain the second-order ME
coefficient in the spin-flop states as B... = 1.14x1072%s/A
and 5.3x1072%s/A for the SF1 and SF2 states, respectively,
much smaller than that in the antiferromagnetic state with
Bece = 29.59x1071° s/A [24]. Combining the results of mag-
netism and electric polarization, it is seen that Co,Mo3Og
exhibits two hidden spin-flop and FE-active states under the
high H, thus providing insights on design materials with
strong magnetoelectric coupling.

C. Discussion

As mentioned above, our results reveal two successive
magnetic field-induced electric polarization switching. Here,
we focus our attention on the ME tensor analysis to help
us better understand the transformation of magnetic structure
and coherent ME effect. The Cartesian coordinates, x = a,
y =a+ 2b,z = ¢, in which a, b, and ¢ are the crystallographic
axes for this hexagonal crystal structure and magnetic struc-
ture are defined [31]. Below the SF1 state, the magnetic point
group is 6/mm’, which is polar and only allows nonlinear ME
effect. The ME tensor B, for this AFM state is given as [32]

0 0 Bu\/O0O O 0 Bax O 0
0 0 0 |lo o ByllO By O
Bz 0 0 J\O By O 0 R

Accordingly, the H-induced polarization AP, can be writ-
ten as

APZ(H) = ,BzxxHxHx + ,BzyyHva + lgzzszHZv (4)

where the B, = By, Bu: = Byy; are second-order ME co-
efficients. We can obtain AP.(H) = ,BCCCHC2 with magnetic
field applied along the c axis, consistent with our experimental
results as shown in Fig. 4(d). In order to further explore the
anisotropy of ME tensor, AP,(H) was measured by apply-
ing magnetic field normal to the z direction in AFM state.
Figure 5(a) shows the polarization AP, as a function of H ap-
plied perpendicular to the z axis at several temperatures. The
quadratic relation data are well fitted by AP,(H) ~ B...H*> +
/3ZyyHy2 (Bzx = Bzyy), consistent with the fact the magnetic
point group for the AFM (6'mm’) state allows the nonzero
second-order ME coefficient B, .

Similarly, the in-plane component AP.,(H) can be ex-
pressed as AP, (H) = 2B HyH,, where H,, = Hcos0,
H, = Hsinf, and 6 is the angle between the H and the z
axis as shown in the schematic diagram in Fig. 5(c). Here,
in principle, we present the calculated results of field-angle
dependence of AP,,. It can be clearly seen the induced electric
polarization APy, changes its direction by an angle 26 upon
rotating the magnetic field by angle 6, consistent with that
AP, = By.H?sin20 is proportional to sin26. To check this
relation, Fig. 5(b) displays the case of AP,,(H) under 6 =
45°, and the results of is well fitted by the B,..H?. In general,
the ME coupling effect can be induced by external magnetic
stimuli, which are large enough to overcome the magnetic
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energy barrier between the ME-active state and ground ME-
inactive state by over ~meV. In other words, the strength of
ME effect is highly dependent on the robustness of ground
magnetic state. For example, the AFM order can sustain at
very high T in type-I multiferroics, but the magnetic field is
usually much difficult to drive considerable ME effect due
to the strong AFM interaction (~eV) [33]. In contrast, for
many type-II multiferroics, such as the orthorhombic man-
ganites RMnQOs, the onset temperature of spiral order state
is found rather low, because the strength of nearest-neighbor
and further-neighbor magnetic exchanges usually have small
values. In this case, spin order is very flexible to the mag-
netic field with comparable strength of energy barrier ~meV,

and ME effect is strong. Here, the magnetic susceptibility of
Co,;Mo30g shows stronger AFM interaction and no magnetic
transition taking place in the xy plane. Hence, the external
field is hard to modulate the magnetic structure, giving rise to
weaker quadratic ME effect in the xy plane than that in the z
direction (B, < B.;;). All of these results are consistent with
the prediction of ME tensor with the magnetic point group
6’mm’ in the AFM ground state.

It is natural to mention that the exchange-striction mecha-
nism in the AFM state should contribute to the polarization
and nonlinear ME effect, which is carefully reported in
Ref. [24] for Co,Mo030g, resembling the cases of Fe,Mo3Og
[19,22] and Mn;Mo30Og [23] in the ground state. Upon
the system entering into spin-flop transitions, the inverse
Dzyaloshinskii-Moriya (IDM) mechanism should also be
taken into consideration due to the noncollinear magnetic
structures as shown Figs. 3(e) and 3(f). In this case, the high
magnetic field prompts the competition between different ex-
change interactions, which drive the polarization switching
through exchange-striction mechanism and IDM mechanism.
In general, Co,Mo3QOg displays two consecutive SF transitions
and polarization switching under high H, and is different from
other linear ME materials in this 238 family.

IV. CONCLUSION

In summary, we have studied the metamagnetic transition
and ME coupling effect under high magnetic field up to 60 T
in Co,Mo3Og single crystals. Two successive spin-flop transi-
tions accompanied by colossal change of electric polarization
are clearly observed. Furthermore, compared to its isostruc-
tural compounds, Co,Mo30Og exhibits spin-flop transition and
linear ME effect till H exceeding ~27 T, thereby demonstrat-
ing a unique case in this 238 family. Our results are well
consistent with the prediction of ME tensors, which provides
a better approach to understand the evolution of magnetic
structures and ME mechanism under high magnetic field.
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