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Abstract
The concurrent presence of large electric polarization and strong magnetoelectric coupling is
quite desirable for potential applications of multiferroics. In this paper, we report the growth of
CdMn7O12 single crystals by flux method under a high pressure of 8 GPa for the first time. An
antiferromagnetic (AFM) order with a polar magnetic point group is found to occur at the onset
temperature of TN1 = 88 K (AFM1 phase). As a consequence, the pyroelectric current emerges
at TN1 and gradually increases and reaches its maximum at Tset = 63 K, at which the AFM1
phase finally settles down. Below Tset, CdMn7O12 single crystal exhibits a large ferroelectric
polarization up to 2640 µC m−2. Moreover, the spin-induced electric polarization can be readily
tuned by applying magnetic fields, giving rise to considerable magnetoelectric coupling effects.
Thus, the current CdMn7O12 single crystal acts as a rare multiferroic system where both large
polarization and strong magnetoelectric coupling merge concurrently.

Keywords: high pressure growth, magnetoelectric properties, single crystal,
quadruple perovskite oxides

(Some figures may appear in colour only in the online journal)

1. Introduction

Multiferroics have attracted intense attention in past dec-
ades because of the coupling between magnetic and electric
degrees of freedom, i.e. the ability to modulate the ferro-
electric polarization by a magnetic field and/or the magnet-
ization by an electric field [1–5]. The magnetoelectric (ME)
coupling makes multiferroics promising candidates as func-
tional devices such as magnetic transducers and actuators [6],
multi-states storages [7, 8], and next-generation magnetic and
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ferroelectric random access memories [9–13]. Nevertheless,
on account of themutual exclusion betweenmagnetization and
ferroelectricity [6, 14], the amount of single-phase multiferro-
ics has been limited up to now [15–20].

The A-site ordered quadruple perovskite oxide with chem-
ical formula AA′

3B4O12 provides an interesting avenue for
multiferroic study. In this structure, both A′ and B sites
accommodate transition metals, and the magnetic couplings
involving A′–B inter-site and A′–A′ intra-site as well as the
conventional B–B intra-site can lead to new findings of ME
effects. For example, LaMn3Cr4O12 is the first cubic per-
ovskite systemwhich showsMEmultiferroicity [18, 21].Mag-
netic and electric field dependent anisotropic ME effects are
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found to occur in SmMn3Cr4O12 [22], and topological ME
properties show up in the cubic TbMn3Cr4O12 [23]. When the
A-site is substituted by Bi3+, large polarization and strongME
effect are realized in BiMn3Cr4O12 [24].

In addition, both the A- and B-sites ordered quadruple per-
ovskite oxide CaMn7O12 (i.e. Ca2+Mn3+3Mn3+3Mn4+O12)
also shows spin-induced electric polarization. The value
of polarization observed in polycrystalline CaMn7O12

(240 µC m−2) [25] is much less than that of the single crystal
(2870 µC m−2) [26] by one order of magnitude. However, on
account of the complex magnetic interactions in CaMn7O12

which has an incommensurate antiferromagnetic (AFM) struc-
ture below its TN = 90 K, the multiferroic nature as well as the
ME effect of this compound are still highly debated [25–30].

CdMn7O12 has similar structural feature with that
of CaMn7O12. A structural phase transition takes place
from a high-temperature Im−3 cubic structure to a low-
temperature R−3 hexagonal phase at 440 K for CaMn7O12

[31, 32] and 493 K for CdMn7O12 [33]. Figure 1(a) shows
the AA′

3B3B′O12-type crystal structure of CdMn7O12

(Cd2+Mn3+3Mn3+3Mn4+O12) with R−3 symmetry, where
Cd2+ and Mn3+ are 1:3 ordered at the A and A′ site, and
Mn3+ and Mn4+ are 3:1 ordered at the B and B′ sites, respect-
ively. The square planar A′O4 units and B/B′O6 octahedra are
formed and connected by sharing corner O atoms. Different
from CaMn7O12 which has an incommensurate AFM struc-
ture, CdMn7O12 experiences an AFM transition starting at
TN1 = 88 K forming a commensurate AFM1 structure with
propagation vector k= (0, 0, 1) along the c-axis, and finally the
AFM1 structure is settled down at Tset = 63 K [34, 35]. With
decreasing temperature to TN2 = 33 K, an incommensurate
magnetic transition takes place [34]. The magnetic structure
of the AFM1 for CdMn7O12 at TN2 < T < Tset is shown in
figures 1(b) and (c). All the spin moments are located in the ab
plane, and within the same sublattice the moments are parallel
to each other within the same layer (e.g. Mn1 along a, Mn2
along b, andMn3 along−b, as shown in figure 1) but rotate by
2π/3 when going to the next layer [35]. Although the AFM1
magnetic structure of CdMn7O12 possesses a polar magnetic
point group of 1, the expected spin-driven ferroelectric polar-
ization is not detectable in polycrystalline sample. Since single
crystal can sharply enhance the magnitude of electric polar-
ization as exampled by the isostructural CaMn7O12 [25, 26]
and other multiferroics [20, 36], the single crystalline speci-
men of CdMn7O12 is thus requisite to inquire the ferroelectric
properties and the ME effects.

On account of the formation of A′O4 square planar and
heavy distortion of BO6 octahedra (with typical B-O-B angle
of ∼140◦ instead of the ideal 180◦), high pressure is often
needed to synthesize AA′

3B4O12 perovskite oxides [37]. In
this paper, we for the first time prepared CdMn7O12 single
crystals by flux method under high pressure. Similar struc-
tural features and magnetic properties are found to occur in
single crystals with those observed in polycrystalline. In sharp
contrast, however, a large spin-induced ferroelectric polariza-
tion with significant field modulation is realized in the current
single crystal of CdMn7O12.

Figure 1. (a) Crystal structure of CdMn7O12 with space group R−3
at room temperature. (b), (c) Magnetic structure of CdMn7O12 at
TN2 < T < Tset. The gray, red, green and blue spheres represent the
Cd (A site), Mn1 (A′ site Mn3+), Mn2 (B site Mn3+) and Mn3 (B′

site Mn4+), respectively. The arrows represent the spin directions.

2. Methods

Single crystals of CdMn7O12 were prepared using flux method
under high pressure. The reactants were high purity (99.99%)
CdO, Mn2O3, and MnO2 powders with mole ratio of 1:3:1.
CdCl2 powders were adopted as a flux with a weight per-
centage of 80%. All the powders were thoroughly mixed
and ground using an agate mortar in a glove box filled with
argon gas. The mixture was pressed into a platinum capsule
with diameter of 3 mm and height of 4 mm, and then was
treated on a cubic-anvil-type high pressure apparatus. The
pressure was slowly increased to 8 GPa in 5 h, and the react-
ants were heated at 1673 K for 20 min. Then the temper-
ature was slowly decreased to 1273 K in 12 h. After this
annealing treatment, the heating power was shut off and the
product was quenched to room temperature quickly. Finally,
the pressure was slowly decreased to ambient within 8 h. The
single crystalline specimens with size around 0.3 mm can be
obtained.

The quality of CdMn7O12 single crystals was identified
by Laue diffraction. The crystal structure was determined by
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powder x-ray diffraction (XRD) using a Huber diffractometer
with Cu-Kα1 radiation. The differential scanning calorimetric
(DSC) analysis was performed on a Setaram DSC-131 system
with a temperature scan rate of 5 K min−1 between 300 and
530 K in argon gas flow. The temperature dependent magnetic
susceptibility and field dependent isothermal magnetization
were measured on CdMn7O12 single crystals using a commer-
cial magnetic property measurement system (MPMS-VSM,
Quantum Design). Both zero-field-cooling (ZFC) and field-
cooling (FC) measurement modes were performed under a
magnetic field of 0.1 T. The ferroelectric and dielectric proper-
ties weremeasured on a CdMn7O12 crystal using a home-made
sample holder and a commercial physical property measure-
ment system (PPMS-9T, Quantum Design) as a platform of
varying temperatures and magnetic fields. The relative dielec-
tric constant was measured at 1 MHz using an Agilent-4980A
LCRmeter. After poling the sample under a selected magnetic
field and an electric field E = 4 kV cm−1 from 100 to 2 K, and
waiting for half an hour in electrical short circuit to exclude
possible extrinsic contributions, the pyroelectric current was
measured using a Keithley-6517B electrometer on warming
the sample. During the measurement, the applied magnetic
field was not removed until the pyroelectric current measure-
ment was finished up to 100 K. The ferroelectric polarization
was obtained by integrating the measured pyroelectric current
as a function of time. Note that the magnetic, dielectric, and
ferroelectric measurements were performed on CdMn7O12

single crystals with the size about ∼0.3 × 0.3 × 0.3 mm3.
Due to the size limitation, we could not identify the crystal
orientation.

3. Results and discussion

Figure 2(a) shows some representative CdMn7O12 single crys-
tals we obtained using the high-pressure annealing method
mentioned above. The crystals are black with the size around
0.3 mm. Although the room-temperature crystal structure of
CdMn7O12 is hexagonal, the crystals show near cube shapes,
since they are formed at high temperature with a cubic Im−3
(No. 204) space group, and the room-temperature hexagonal
R−3 (No. 148) phase is formed via small distortion from the
cubic one. When Laue diffraction is performed on a selec-
ted single crystal, sharp diffraction spots can be observed,
as shown in figure 2(b). This result confirms the successful
growth of CdMn7O12 single crystals. To identify whether there
is any impurity existing in the crystals, some crystals were
crashed to powders for XRDmeasurements. Figure 2(c) shows
the powder XRD pattern measured at room temperature. All
the diffraction peaks can be well indexed based on a hexagonal
R−3 space group (figure 1(a)) without any discernable impur-
ity phase. The determined lattice constants a = 10.45 Å and
c = 6.33 Å, in good agreement with literatures [33, 38]. To
find out the high-temperature structural phase transition from
cubic to hexagonal, the DSC measurement was carried out.
As shown in the inset of figure 2(c) and a first-order phase

Figure 2. (a) Pictures of some obtained CdMn7O12 single crystals.
(b) Laue diffraction pattern of CdMn7O12 single crystal. (c) Powder
XRD pattern of CdMn7O12. All the diffraction peaks can be indexed
based on the R−3 space group. The inset displays the DSC results
near the structural phase transition.

transition was detectedat 483 K on warming and 491 K on
cooling, confirming the occurrence of Im−3 to R−3 structural
transition.

Based on magnetic susceptibility and specific heat meas-
urements on polycrystalline samples, three magnetic trans-
itions are proposed for CdMn7O12 [33]. Figure 3(a) shows
the temperature dependence of magnetic susceptibility for
CdMn7O12 single crystal. The onset of the noncollinear AFM
magnetic transition can be clearly observed at TN1 = 88 K in
the current crystal, although such an anomaly is only detect-
able by specific heat but not magnetic susceptibility in poly-
crystalline samples [33], further indicating the good qual-
ity of the single crystals we obtained. Below TN1, the ZFC
and FC susceptibility curves are slightly separated from each
other. However, these two curves tend to overlap on cool-
ing to Tset = 63 K. This behavior can be ascribed to the
gradual settlement of the AFM1 phase which accomplishes at
Tset, as confirmed by the gradual increasement of the mag-
netic reflection peaks at Tset < T < TN1 in neutron powder
diffraction [35]. With further cooling down to TN2 = 33 K,
another magnetic transition to a delocked multi-k magnetic
ground state with modulated spin helicity takes place, as a
result of the incommensurate magneto-orbital coupling [34].
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Figure 3. (a) Temperature dependence of magnetic susceptibility
for CdMn7O12 single crystal. (b) The inverse magnetic
susceptibility as a function of temperature. The magenta line shows
the Curie–Weiss fitting above 150 K.

Figure 3(b) presents the Curie–Weiss fitting above 150 K with
the function χ−1 = (T − θ)/C. The obtained Weiss temper-
ature θ = −57 K is indicative of the dominant AFM inter-
actions in CdMn7O12. According to the fitted Curie constant
(C = 20.41 emu K mol−1 Oe−1), the effective magnetic
moment is calculated to be µeff = 12.8 µB f.u.−1, agrees well
with the spin-only value (12.6 µB f.u.−1) considering six high-
spin Mn3+ (S = 2) and one Mn4+ (S = 3/2) ions.

The field dependent isothermal magnetization is depicted
in figure 4. Above TN2 = 33 K (see figure 4(a)), the nearly
linear magnetization behavior is found to occur, which is con-
sistent with the paramagnetic state and the AFM1 phase at
T > TN1 and TN2 < T < TN1, respectively. However, below
TN2, the behavior of magnetization becomes complex. As
depicted in figure 4(b), at 20 K, under magnetic fields of
−4 T < µ0H < 4 T, the magnetization has a linear feature.
With field increasing up to ±4 T, a field induced metamag-
netic transition takes place with remarkable hysteresis effect.

Figure 4. Field dependent isothermal magnetization for CdMn7O12

single crystal measured at (a) 40–200 K, (b) 20 K, and (c) 2 K.

As the temperature decreases to 2 K, as shown in figure 4(c),
the isothermal magnetization manifests as a superposition of a
linear AFM magnetization and a weak ferromagnetic hyster-
esis loop, implying a slight spin canting. Thus, our magnetic
measurements manifest the complex spin interactions existing
in CdMn7O12 at low temperature.

After characterized the magnetic properties, we now invest-
igate the spin-induced ferroelectric polarization of CdMn7O12
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Figure 5. Temperature dependence of (a) pyroelectric current, and (b) ferroelectric polarization of CdMn7O12 single crystal after ±Poled
procedures.

measured on single crystal. The collected pyroelectric current
(IP) as a function of temperature in 2–100 K is displayed in
figure 5(a). Accordingly, the ferroelectric polarization (P) is
obtained by integrating IP as a function of time, as presented
in figure 5(b). One finds that IP and P start to emerge with
decreasing temperature to TN1, in agreement with the onset
of the polar AFM1 phase. Moreover, IP reaches its maximum
around Tset, at which the AFM1 phase completely settles
down. On further cooling to TN2, a small anomaly can also
be observed in Ip. In addition, when the sign of poling electric
field is changed from positive (+Poled) to negative (−Poled),
both the magnitude and sign of IP and P are reversible, com-
pletely. These features reveal that the spin order occurring
at TN1 can induce electric polarization, as expected from the
polar magnetic point group 1 shown in figures 1(b) and (c).
Below∼50 K, the Pmeasured in the current CdMn7O12 single
crystal is nearly constant to be about 2640 µC m−2. This
value is much large than those observed in other type-II mul-
tiferroics such as TbMnO3 (800 µC m−2) [15], TbMn2O5

(400 µC m−2) [16], LaMn3Cr4O12 (15 µC m−2) [18] and
BiMn3Cr4O12 (1900 µC m−2) [24].

Since the electric polarization observed in CdMn7O12 crys-
tal has a magnetic origin, different magnetic fields were used

to measure the relative dielectric permittivity ε′ and Ip for
studying the ME effects. As shown in figure 6(a) and the
inset, the ε′ anomaly at TN1 is significantly enhanced by the
magnetic field and a sharp peak emerges with field further
increasing, in agreement with the spin-induced ferroelectric
polarization. The absence of the anomaly at 0 T field may
be ascribed to the weak signal of the small single crystal we
measured. Figure 6(b) depicted the Ip under magnetic field.
When the field increases from 0 to 9 T, the magnitude of
Ip also increases considerably. As a result, the related P is
significantly enhanced by external magnetic fields as shown
in figure 6(c). For example, at 2 K, the P increases from
2640 µC m−2 at 0 T to 5380 µC m−2 with the field up to
9 T, indicating a strong ME coupling effect in CdMn7O12

single crystal. Based on the function P = αH, one can eval-
uate the value of ME coupling coefficient α. By comparing
the temperature dependent polarization data measured at 0 and
9 T, the α as a function of temperature can be obtained. As
shown in figure 6(d), on cooling to about Tset, the value of α
starts to sharply increase and reach the maximum 403 ps m−1

near 30 K. It worth noting that the ME coupling coeffi-
cient of the current CdMn7O12 single crystal is prominent
among the multiferroics such as TbMnO3 (13 ps m−1) [15],

5
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Figure 6. Temperature dependence of (a) relative dielectric permittivity ε′, (b) pyroelectric current IP, and (c) ferroelectric polarization P of
CdMn7O12 single crystal under selected magnetic fields. (d) ME coupling coefficient α as a function of temperature at 9 T. The inset of (a)
displays the ε′ near TN1.

TbMn2O5 (21 ps m−1) [16], LaMn3Cr4O12 (4 ps m−1) [18]
and BiMn3Cr4O12 (85 ps m−1) [24] etc. Therefore, both large
electric polarization and considerable ME coupling are real-
ized in the current CdMn7O12 single crystal.

4. Conclusion

In summary, we have synthesized the CdMn7O12 single crys-
tals by flux method under a high pressure of 8 GPa. At
TN1 = 88 K, CdMn7O12 single crystal experiences an AFM
transition, following with the settle down of the noncollin-
ear AFM structure at Tset = 63 K. Accompanying with the
magnetic transition, a spin-induced ferroelectric polarization
shows up, as a results of the formation of the polar magnetic
point group 1. Furthermore, below Tset CdMn7O12 single crys-
tal possesses a large ferroelectric polarization which can be
readily tuned by externalmagnetic fields, suggesting a promin-
ent magnetoelectric effect. Both large electric polarization and
strongME coupling are thus realized in the current CdMn7O12

single crystal, making it promising for potential applications.
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