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Spin-induced multiferroicity in the binary
perovskite manganite Mn2O3
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Xueli Xu8, Zhigao Sheng 8, Sergey V. Ovsyannikov7,9 & Young Sun 1,10

The ABO3 perovskite oxides exhibit a wide range of interesting physical phenomena

remaining in the focus of extensive scientific investigations and various industrial applica-

tions. In order to form a perovskite structure, the cations occupying the A and B positions in

the lattice, as a rule, should be different. Nevertheless, the unique binary perovskite man-

ganite Mn2O3 containing the same element in both A and B positions can be synthesized

under high-pressure high-temperature conditions. Here, we show that this material exhibits

magnetically driven ferroelectricity and a pronounced magnetoelectric effect at low tem-

peratures. Neutron powder diffraction revealed two intricate antiferromagnetic structures

below 100 K, driven by a strong interplay between spin, charge, and orbital degrees of

freedom. The peculiar multiferroicity in the Mn2O3 perovskite is ascribed to a combined

effect involving several mechanisms. Our work demonstrates the potential of binary per-

ovskite oxides for creating materials with highly promising electric and magnetic properties.
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Perovskite structures of transition-metal oxides provide an
unprecedented playground for condensed-matter physics
and materials science. They exhibit numerous exciting

phenomena and functional properties, such as exotic magnetism,
ferroelectricity, high-Tc superconductivity, colossal magnetore-
sistance, charge/orbital ordering, significant thermoelectricity,
giant negative thermal expansion, photoelectricity, multi-
ferroicity, etc1–5. There are two different cation sites in the ABO3

perovskite structure, namely, B-sites that are octahedrally coor-
dinated by oxygen and A-sites that are cuboctahedrally coordi-
nated and often heavily distorted6. Small and highly charged
transition-metal cations normally occupy the B-sites, but they are
hardly suitable to occupy the large 12-coordinated A-sites. A
partial filling of the A-positions with transition metals is possible
in a unique class of A-site-ordered perovskites, e.g., in such
manganites as (AMn3)Mn4O12 (A=Na, Ca, La, Bi)7–10. The full
occupation of the A-sites with transition metals would yield a
B2O3 binary perovskite, but until recently this remained a for-
midable challenge.

Recently, the first binary perovskite oxide, Mn2O3, was syn-
thesized under high-pressure and high-temperature (HP-HT)
conditions11,12. It is worth mentioning that it was found by a
single-crystal X-ray diffraction technique that Fe2O3 also adopts a
perovskite structure at HP-HT conditions being, however, not
quenchable to ambient pressure13. The Mn cations show variable
charge states (e.g., Mn2+, Mn3+, and Mn4+) with ionic radii, and,
in particular, the Mn2+ cation is sufficiently large to be accom-
modated in the A-position of the perovskite structure. Using
synchrotron X-ray diffraction (SXRD), electron diffraction,
annular bright-field scanning transmission electron microscopy
(ABF-STEM), and electron energy loss spectroscopy (EELS)11,12,
we demonstrated that the perovskite-type Mn2O3 can be repre-
sented as (Mn2+Mn3+3)Mn3.25+4O12, given different oxidation
states of Mn depending on the crystallographic position.

As shown in Fig. 1, the crystal structure of perovskite-type
Mn2O3 is determined within the a= 4ap supercell11. It is a distorted
variant of the AA′3B4O12 quadruple perovskites with an in-phase a
+b+c+ octahedral tilt according to the Glazer notation14. As all the
A-sites are occupied by the Mn ions, the octahedral tilt is significant,
reaching about 15–18° (Fig. 1a). The MnB–O interatomic distances
are in the range of 1.82–2.20Å so that the MnBO6 octahedra are
significantly deformed. A distorted square-planar first coordination
sphere for the MnA′ cations with the MnA′-O distance in the range
of 1.81–2.09 Å is created due to the cooperative tilt of the MnBO6

octahedra. The second coordination sphere of the MnA′ cations
includes one to two oxygen atoms positioned at much larger dis-
tances of 2.33–2.37 Å. Consequently, the complete coordination
environment is a distorted tetragonal pyramid or octahedron. Due
to the rotation and distortion of the MnBO6 octahedra, a distorted
octahedral environment for the MnA cations with the MnA–O
distances in the range of 2.24–2.69 Å is created.

One unique feature of this binary perovskite Mn2O3 is that
all the A- and B-site cations can be magnetically and
electrically active, thus leading to an interplay of multiple struc-
tural and electronic instabilities15,16. Besides the conventional
MnB–O–MnB interaction path, the binary perovskite
has additional paths through the A-cations along the chains of
MnA′–O–MnB, MnA–O–MnB, MnA–O–MnA′, and MnA′–O–MnA
′. The highly distorted and tilted structure along with the com-
peting multiple interactions could induce unexpected interplay of
different properties in the binary perovskite Mn2O3, compared to
those known in conventional perovskite oxides. More details of
the crystal structure of the perovskite-type Mn2O3 may be found
in earlier publication11.

In this work, we report the observation of a spin-induced
multiferroicity in this unique Mn2O3 perovskite. The coexistence

of magnetism and ferroelectricity in perovskites, such as BiFeO3

(ref. 17) and TbMnO3 (ref. 18), renders such compounds an
interesting field of research and creates potential for industrial
applications19–21. In the last decade, a large number of multi-
ferroic materials with different mechanisms of magnetoelectric
(ME) coupling were discovered. However, binary oxides showing
multiferroicity are rare. CuO (refs. 22–24), Fe3O4 (ref. 25), and
Fe2O3 (ref. 26) are the few known examples reported so far.
Mn2O3 represents the first example of multiferroic binary oxide
with the unusual perovskite structure.

Results
Multiple magnetic transitions in the binary perovskite Mn2O3.
The magnetic susceptibility (χ) of the Mn2O3 perovskite mea-
sured in a low magnetic field (H= 500 Oe) is presented in Fig. 2a.
At temperatures above ~ 180 K, it follows the Curie–Weiss law
χ= C/(T-θ) with the Curie–Weiss temperature θ= –327 K. The
negative θ value suggests predominantly antiferromagnetic
(AFM) interactions between the Mn ions. At low temperatures,
the Mn2O3 perovskite undergoes two magnetic transitions at
T1= 101 K and T2= 49 K, as further confirmed by heat capacity
measurements. Since the magnetic ordering occurs at tempera-
tures much lower than ∣θ∣, strong magnetic frustration is present
in the system. The drops of χ with decreasing temperature reflect
the AFM nature of both transitions (Fig. 2). However, the mag-
nitudes of these dips are small, and the magnetic susceptibility χ
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Fig. 1 Crystal structure of the perovskite-type Mn2O3. a A highly distorted
and tilted perovskite unit cell. b The crystal structure of the binary
perovskite Mn2O3 determined within the a= 4ap supercell. The oxygen
atoms at the corners of the MnBO6 octahedra are omitted for clarity. It is a
distorted variant of the AA′3B4O12 perovskite with an in-phase cooperative
a+b+c+ octahedral tilt. c Relative thermal expansion of the perovskite
Mn2O3 (V0 is the unit cell volume at ambient conditions). One can see the
weak volumetric changes upon the magnetic transitions
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starts increasing again only a few Kelvin below T1 (T2). These
features suggest that only a partial magnetic ordering occurs at
both transitions. A group of the magnetic Mn cations may remain
disordered because of the frustration and become randomly
frozen at low temperatures, as indicated by a divergence between
the ZFC and FC susceptibility curves below ~ 5 K. Furthermore,
the low-temperature transition at T2 is clearly suppressed in a
high magnetic field (Fig. 2b). In contrast, the high-temperature
transition at T1 is not affected even by a strong magnetic field of
7 T (Fig. 2c). The AC magnetic susceptibility exhibits a
frequency-dependent peak around 5 K (Fig. 2d) and the magne-
tization at 2 K is far from saturation up to 12 T (Fig. 2e). These
features further suggest a short-ranged ordered magnetic state at
low temperatures.

In order to examine structural changes upon the low-
temperature magnetic transitions, we carried out high-
resolution powder X-ray diffraction studies at the ID22 beamline
of the European Synchrotron Radiation Facility (Grenoble,
France) at temperatures below 150 K. Rietveld refinements of
these XRD patterns showed the persistence of the original room-
temperature structure across the transitions. At the lowest
temperature of 5 K we reached in these experiments, we found
the same face-centered triclinic F�1 structure with the unit cell
parameters a= 14.6505(5) Å, b= 14.6300(5) Å, c= 14.6394(7) Å,
α= 89.306(4)°, β= 89.288(4)°, γ= 89.293(7)°, V= 3137.1(1) Å3,
and Z= 64. Temperature evolution of the unit cell volume of
perovskite Mn2O3 demonstrates the anomalies at the magnetic
transitions (Fig. 1c). One can see that the magnetic ordering leads
to minor volumetric effects, indicating the presence of magne-
toelastic coupling.

Neutron powder diffraction data. Further insights into the
nature of the magnetically ordered states of perovskite-type
Mn2O3 are gained from neutron powder diffraction (NPD) data
shown in Fig. 3a, b. Due to a complex character of the triclinic F�1
crystal structure with 20 symmetry independent magnetic

sites per unit cell, solution of the magnetic structures is
an extremely challenging problem. To impose some
symmetry restrictions, we adapted an approach, which uses the
higher-symmetry R�3 approximation for the crystal structure and
is based on the knowledge of the magnetic structures in closely
related A2+Mn7O12 (A2+=Ca, Sr, Pb and Cd) quadruple man-
ganites27–29. This approach is well justified, owing to the fact that
the triclinic distortion is very small11 and could not be resolved in
our high-resolution neutron powder diffraction data. The trigonal
R�3 space group with a large unit cell a � 2
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ap
is an isotropy subgroup, associated with the kS= (0,0,3/4) pro-
pagation vector30,31 of the R�3 group, having a smaller unit cell
size a � 2
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ap. The latter structural model was
used as the parent structure for the magnetic structure solutions
and Landau free-energy decomposition in the A2+Mn7O12

manganites27–29. We also used the R�3 (a � 2
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ap)
symmetry in our analysis, which allowed us to drastically reduce
the number of symmetry unrelated sites and resulted in successful
determination of the spin structures in both magnetic phases of
Mn2O3 (Fig. 4).

In the temperature range of 49 K < T < 101 K, the magnetic
structure is a longitudinal spin-density wave (Fig. 4a) with the
propagation vector k0= (0,0,9/8) locked to the structural modula-
tion through the relation kS+ 2k0= 3. It is remarkable that, apart
from the fundamental k0 component, a presence of a sizable third
harmonic 3k0 ≡ (0,0,3/8) is clearly visible (Fig. 3a), revealing
essentially anharmonic character of the modulated magnetic
structure. The magnetic space group of this anharmonic spin-
density wave is RI

�3, which implies a non-polar nature of the lock-in
magnetic phase. The corresponding Fourier coefficients for the four
symmetry independent Mn sites in the parent structure, refined
from the data collected at T= 60 K, are given in Supplementary
Table 1. In addition, the magnetic structure details of this high-
temperature phase are presented in Supplementary Figure 1.

Below T2, the magnetic propagation vector k0 de-locks from
the structural modulation giving rise to an incommensurate
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Fig. 2 Magnetic properties of the perovskite-type Mn2O3. a Temperature dependence of DC magnetic susceptibility measured in the field of 500Oe with
both the zero-field-cooling (ZFC) and field-cooling (FC) modes. This curve distinctly demonstrates two magnetic transitions at T1= 101 K and T2= 49 K.
The inset shows a Curie–Weiss fit of the paramagnetic susceptibility. b, and c shows an effect of applied magnetic field on the above-mentioned magnetic
transitions. While the transition at T2 is apparently suppressed by application of a 7 T field, the transition at T1 is very weakly affected by 7 T field. d AC
magnetic susceptibility as a function of temperature. The frequency dependent peak around 5 K suggests a short-range ordered magnetic state. e TheM–H
curve at 2 K showing no saturation of magnetization up to 13 T
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ground state (Fig. 4b). Apart from k0, a set of additional magnetic
reflections is observed, which can be indexed using propagation
vectors from the series kn±= k0 ± nkS (n= 0, 1, 2…), similar to
the multi-k ground state of A2+Mn7O12 manganites28,29. This
observation strongly supports the presence of 3:1 (Mn3+:Mn4+)
charge order and orbital density wave in the system and reveals a
crucial role of the magneto-orbital coupling28,29,32. The diffrac-
tion patterns provide evidence for the four distinct magnetic
components, with k0= (0,0,1.2439(3)), k1+ = (0,0,1.0060(3)), k1
−= (0,0,0.4940(3)) and k2+= k2− (0,0,0.2560(3)) at T= 1.5 K,
which were combined to get a constant-moment phase-
modulated cycloid (Fig. 4b). This remarkable magnetic structure
results in a good refinement quality (Fig. 3) and naturally explains
the multiferroic properties below T2 (as described in the next
section). The magnetic point group is triclinic 1′ and sets no
restrictions on the polarization direction. In addition, the
symmetry allows an admixture of a helical component similar
to the ground state of A2+Mn7O12 manganites28,29. A tilting of
the plane of the spin rotation by 20(2) degrees from the c-axis
further improves the refinement quality, implying that the
magnetic structure is very general and combines both the major
cycloidal and the minor helical components (see Supplementary
Table 2 for details). The above propagation vectors characterizing
magnetic orders in the perovskite Mn2O3 are completely different
from those found earlier in the cubic bixbyite α-Mn2O3

33. The
magnetic structure details of this low-temperature phase are
presented in Supplementary Figure 2.

Factors that stabilize the complex magnetic structures in the
binary perovskite Mn2O3 are probably common for the whole
series of A2+Mn7O12 manganites28,29,32. A competing exchange
interactions of the Mn ions occupying both the A-site and B-site
positions in the perovskite structure and modulated by the orbital
density wave, play a central role in the stabilization of these
magnetic structures. The main distinctive feature of the
perovskite Mn2O3 are the direction of the magnetic moments
in the high-temperature spin density wave, and the presence of
the cycloidal component in the ground state. They both imply a
different type of magnetic anisotropy, of which origin requires
further experimental and theoretical studies.

Spin-induced ferroelectricity in the binary perovskite Mn2O3.
The dielectric constant (εr) of the binary perovskite Mn2O3 as a
function of temperature is shown in Fig. 5a. There is a clear
dielectric peak with a thermal hysteresis at T2~49 K. The position
of the dielectric peak does not shift with frequency. These features
indicate a first-order ferroelectric phase transition induced by the
onset of the magnetic ordering at T2. However, no apparent
dielectric anomaly is detected around the magnetic transition at
T1= 101 K. To confirm the ferroelectricity, the pyroelectric cur-
rent measurements are performed from 2 K to 120 K with both
positive and negative E-field poling (see Supplementary Figure 3).
Two pyroelectric peaks are observed in the temperature range
investigated. The pyroelectric peak around 49 K is consistent with
the magnetic transition at T2. When the poling electric field is
reversed, the sign of pyroelectric peak is also reversed (Fig. 5b).
Moreover, the position of this pyroelectric peak at T2 does not
shift with the heating rate (see Supplementary Figure 4). These
features strongly suggest an intrinsic ferroelectricity below T2.
There is another pronounced peak around 80 K which does not
coincide with any magnetic or structural phase transition and is
independent of external magnetic fields (see Supplementary
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Figure 5). It could be due to extrinsic factors such as space
trapped charges at grain boundaries. We note that a broad and
high pyroelectric peak was often reported in the quadruple per-
ovskite manganites such as CaMn7O12, and its origin is quite
controversial27,34–44.

To further clarify whether the pyroelectric peak at elevated
temperatures corresponds to intrinsic ferroelectricity or not, we
employ polarized second harmonic generation (SHG) technique
with the 90° reflection geometry (see Supplementary Figure 7).
The SHG signals obtained at high temperatures (120 and 70 K)
are almost zero. In contrast, a non-zero SHG signal is visible at
40 K, which corroborates the emergence of the electric polariza-
tion at low temperatures. The SHG results further confirm that
the broad peak of the pyroelectric current at high temperature
(80 K) is due to extrinsic factors, whereas the spin-induced
ferroelectricity below T2= 49 K is the intrinsic feature of our
material. More importantly, these results for the perovskite
Mn2O3 cast doubts concerning large polarization values which
are often reported for quadruple perovskites of this family. For
example, the giant ferroelectricity in CaMn7O12 reported
previously could be delusive, whereas, intrinsic ferroelectricity
below T1 may be, in fact, rather weak.

The electric polarization (P) as a function of temperature is
obtained by integrating the pyroelectric current with time after
subtracting the background current (see Supplementary Figure 6
for more details). Figure 5c, d shows the poling electric field
dependence of P. The value of the polarization increases steadily
with increasing poling electric field, and reaches ~30 μCm−2 at
E= 0.55MVm−1.

In the low-temperature ferroelectric phase stabilizing below
T2= 49 K, a pronounced ME effect is clearly observed. As shown
in Fig. 6a, the pyroelectric peak around T2 is gradually suppressed
by increasing external magnetic field. This behavior is consistent
with the magnetic susceptibility around T2 (Fig. 2b), at which the
magnetic transition is smeared out in high magnetic fields.
Consequently, the electric polarization P below T2 decreases with
increasing magnetic field (Fig. 6b), yielding a strong ME effect.

Discussion
Below, we discuss a possible mechanism of spin-induced multi-
ferroicity in the perovskite-type Mn2O3. The appearance of the
ferroelectric polarization in spin-induced improper multiferroics
can be generally understood in terms of either the spin current
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model45 or inverse Dzyaloshinskii–Moriya (DM) interaction46.
The extremely complex magnetic structure of the Mn2O3 per-
ovskite combines both cycloidal and helical components, which
generate polarization through different mechanisms. A spin
cycloid is a naturally polar object whose polarization is propor-
tional to a double vector product k×(Si×Sj), where the spins Si
and Sj rotate, propagating along k47. In the case of the Mn2O3

perovskite, the phase-modulated cycloid combines four distinct
sub-components with k= k0, k1+, k1− and k2+ ≡ k2− generating
their own polarizations in the plane perpendicular to the c-axis
(considering the trigonal approximation for the crystal structure).
To the contrary, spin helix is non-polar, unless the crystal
structure, on top of which the spin ordering takes place, belongs
to a ferroaxial crystal class27,48. The trigonal (triclinic) crystal
structure of perovskite-type Mn2O3 indeed satisfies this criterion,
implying that the ferroaxial mechanism is relevant as well, and
generates polarization along the c-axis.

Apparently, the very general character of the magnetic struc-
ture is the key ingredient of the great tunability of the electric
polarization by applied magnetic field. Significant modifications
of the structure, like tilting of the spin plane, do not require
symmetry breaking and can gradually occur under external per-
turbations. This, in turn, changes the relative contributions of the
different mechanisms to the polarization, resulting in its strong
field dependence.

Thus, the perovskite-type Mn2O3 represents a unique example
of a binary multiferroic oxide that adopts a complex distorted
perovskite structure and demonstrates spin-induced ferroelec-
tricity with a strong ME effect. In this material, the A-position is
fully occupied by the transition-metal cations and, therefore, the
role of the A-sites is greatly amplified, leading to more fascinating
properties that would not be expected in the conventional ABO3

perovskites. The combination of octahedral tilting and deforma-
tion, Jahn–Teller distortion, charge/orbital ordering, and multiple
magnetic interactions opens up a valuable playground both for
designing and engineering of new materials and for investigation
of challenging fundamental physical phenomena. Although, bulk
samples of the perovskite-type Mn2O3 were synthesized at HP-
HT conditions, the high-pressure perovskite phase can also be
stabilized through epitaxial strain in thin films. Fabrication of
such binary perovskites at ambient pressure will be an attractive
topic in the future.

Methods
Sample preparation and characterization. Fine polycrystalline samples of the
perovskite-type Mn2O3 were synthesized under HP-HT conditions (~20 GPa and
1200–1400 K) using multi-tonne multi-anvil presses at BGI (Universität Bayreuth,
Germany)49. Details of the synthesis procedures were the same as in previous
work11. The chemical composition of the samples was examined by scanning
electron microscopy (SEM) at a LEO-1530 instrument, microprobe analysis at a
JEOL JXA-8200 electron microprobe, and by ICP-MS bulk chemical analysis. The
crystal structure of the samples was studied at ambient conditions by means of
powder X-ray diffraction (XRD) at high brilliance Rigaku diffractometer. The XRD
studies of the sample at different temperatures were carried at a high resolution
powder diffraction beamline ID22 (former ID31) at the European Synchrotron
Radiation Facility (Grenoble, France) with the wavelength of λ= 0.39993 Å.

Magnetic and electric measurements. DC and AC magnetic susceptibility were
measured on a Quantum Design magnetic properties measurement system
(MPMS). The temperature and magnetic field dependence of dielectric constant
and pyroelectric currents were measured by using a homemade probe on a
Cryogen-free Superconducting Magnet System (TeslatronPT, Oxford Instruments).
The dielectric constant was measured by using a LCR meter (Aglient 4980A). After
poling the sample in an electric field with the cooling process, the pyroelectric
current was measured by an electrometer (Keithley 6517B) during the warming
process with a constant rate.

Neutron diffraction measurements. Two sets of neutron powder diffraction data
were collected; one at the ISIS pulsed neutron and muon facility of the Rutherford
Appleton Laboratory (UK) on the WISH diffractometer and another at the IBR-2
high-flux pulsed reactor (FNLP Dubna, Russia) on the DN-12 diffractometer. In
both cases, samples (∼40 mg) were loaded into a cylindrical vanadium cans and
measured in the temperature range of 1.5–120 K using an Oxford Instrument
Cryostat and 10–200 K using a He-close cycle refrigerator, respectively. Rietveld
refinements of the crystal and magnetic structures were performed using the
Fullprof program against the data measured in detector banks at average 2θ values
of 58°, 90°, 122°, and 154° (WISH) and 45.5° and 90° (DN-12).

Data availability. The data that support the findings of this study are available
from the corresponding authors upon reasonable request.

Received: 6 November 2017 Accepted: 1 May 2018

References
1. Tokura, Y. & Nagaosa, N. Orbital physics in transition-metal oxides. Science

288, 462–468 (2000).
2. Izyumskaya, N., Alivov, Ya & Morkoç, H. Oxides, oxides, and more oxides:

high-κ oxides, ferroelectrics, ferromagnetics, and multiferroics. Crit. Rev. Solid
State Mater. Sci. 34, 89–179 (2009).

3. Zubko, P., Gariglio, S., Gabay, M., Ghosez, P. & Triscone, J.-M. Interface
physics in complex oxide heterostructures. Annu. Rev. Condens. Matter Phys.
2, 141–165 (2011).

4. Hwang, H. Y. et al. Emergent phenomena at oxide interfaces. Nat. Mater. 11,
103–113 (2012).

5. Yamada, I. et al. Giant negative thermal expansion in the iron perovskite
SrCu3Fe4O12. Angew. Chem. Int. Ed. 50, 6579–6582 (2011).

6. Mitchell, R. H. Perovskites: mordern and ancient, p. 318 (Thunder Bay,
Ontario, Almaz Press, 2002).

7. Prodi, A. et al. Charge, orbital and spin ordering phenomena in the mixed
valence manganite (NaMn33+)(Mn23+Mn24+)O12. Nat. Mater. 3, 48–52
(2004).

8. Prodi, A. et al. Magnetic structure of the high-density single-valent eg Jahn-
Teller system LaMn7O12. Phys. Rev. B 79, 085105 (2009).

42 44 46 48 50 52 54 56

0

5

10

15

20

25

0.0

0.1

0.2

0.3

0.4

T (K)

E = 0.4 MV m–1J 
(p

A
 m

m
–2

)
P

 (
μC

 m
–2

)

H

E

Sample

b

0 T

1 T

3 T

5 T

7 T

9 T

11 T

0 T

1 T

3 T

5 T

7 T

9 T

11 T

a

Fig. 6Magnetic field control of polarization in the binary perovskite Mn2O3.
a The influence of magnetic field on the pyroelectric current. b The effect of
magnetic field on the electric polarization. The polarization is greatly
reduced by applying external magnetic fields

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05296-0

6 NATURE COMMUNICATIONS |  (2018) 9:2996 | DOI: 10.1038/s41467-018-05296-0 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


9. Mezzadri, F. et al. Synthesis and characterization of multiferroic BiMn7O12.
Phys. Rev. B 79, 100106(R) (2009).

10. Zhang, G. Q. et al. Multiferroic properties of CaMn7O12. Phys. Rev. B 84,
174413 (2011).

11. Ovsyannikov, S. V. et al. Perovskite-like Mn2O3: a path to new manganites.
Angew. Chem. Int. Ed. 52, 1494–1498 (2013).

12. Ovsyannikov, S. V. et al. A hard oxide semiconductor with a direct and
narrow bandgap and switchable p-n electrical conduction. Adv. Mater. 26,
8185–8191 (2014).

13. Bykova, E. et al. Structural complexity of simple Fe2O3 oxide at high pressures
and temperatures. Nat. Comm. 7, 10661 (2016).

14. Glazer, A. M. The classification of tilted octahedra in perovskites. Acta
Crystallogr. B28, 3384–3392 (1972).

15. Shimakawa, Y. & Mizumaki, M. Multiple magnetic interactions in A-site-
ordered perovskite-structure oxides. J. Phys.: Condens. Matter 26, 473203
(2014).

16. Shimakawa, Y. A-site-ordered perovskites with intriguing physical properties.
Inorg. Chem. 47, 8562–8570 (2008).

17. Wang, J. et al. Epitaxial BiFeO3 multiferroic thin film heterostructures. Science
299, 1719–1722 (2003).

18. Kimura, T. et al. Magnetic control of ferroelectric polarization. Nature 426,
55–58 (2003).

19. Eerenstein, W., Mathur, N. D. & Scott, J. F. Multiferroic and magnetoelectric
materials. Nature 442, 759–765 (2006).

20. Cheong, S.-W. & Mostovoy, M. Multiferroics: a magnetic twist for
ferroelectricity. Nat. Mater. 6, 13–20 (2007).

21. Sun, Y., Yan, L. Q. & Cong, J. Z. Multiferroics and magnetoelectric effects
in charge ordered compounds. Sci. China-Phys. Mech. Astron 56, 222–231
(2013).

22. Kimura, T., Sekio, Y., Nakamura, H., Siegrist, T. & Ramirez, A. P. Cupric
oxide as an induced-multiferroic with high-TC. Nat. Mater. 7, 291–294 (2008).

23. Wang, F., Zou, T., Liu, Y., Yan, L.-Q. & Sun, Y. Persistent multiferroicity
without magnetoelectric effects in CuO. J. Appl. Phys. 110, 054106 (2011).

24. Wang, Z. et al. Magnetoelectric effect and phase transitions in CuO in external
magnetic fields. Nat. Commun. 7, 10295 (2016).

25. Alexe, M. et al. Ferroelectric switching in multiferroic magnetite (Fe3O4) thin
films. Adv. Mater. 21, 4452–4455 (2009).

26. Gich, M. et al. Multiferroic iron oxide thin films at room temperature. Adv.
Mater. 26, 4645–4652 (2014).

27. Johnson, R. D. et al. Giant improper ferroelectricity in the ferroaxial magnet
CaMn7O12. Phys. Rev. Lett. 108, 067201 (2012).

28. Johnson, R. D. et al. Modulated spin helicity stabilized by incommensurate
orbital density waves in a quadruple perovskite manganite. Phys. Rev. B. 93,
180403(R) (2016).

29. Johnson, R. D. et al. Magneto-orbital ordering in the divalent A-site quadruple
perovskite manganites AMn7O12 (A=Sr, Cd, and Pb). Phys. Rev. B. 96, 054448
(2017).

30. Stokes, H. T., Hatch, D. M. and Campbell, B. J. ISOTROPY Software Suite, iso.
byu.edu.

31. Campbell, B. J. et al. ISODISPLACE: a web-based tool for exploring structural
distortions. J. Appl. Crystallogr. 39, 607–614 (2006).

32. Perks, N. J., Johnson, R. D., Martin, C., Chapon, L. C. & Radaelli, P. G.
Magneto-orbital helices as a route to coupling magnetism and ferroelectricity
in multiferroic CaMn7O12. Nat. Commun. 3, 1277 (2012).

33. Cockayne, E., Levin, I., Wu, H. & Llobet, A. Magnetic structure of bixbyite α-
Mn2O3: a combined DFT+U and neutron diffraction study. Phys. Rev. B 87,
184413 (2013).

34. Glazkova, Y. S. et al. High-pressure synthesis, crystal structures, and properties
of CdMn7O12 and SrMn7O12 perovskites. Inorg. Chem. 54, 9081–9091 (2015).

35. Terada, N., Glazkova, Y. S. & Belik, A. A. Differentiation between
ferroelectricity and thermally stimulated current in pyrocurrent
measurements of multiferroic MMn7O12 (M=Ca, Sr, Cd, Pb). Phys. Rev. B 93,
155127 (2016).

36. Lu, X. Z., Whangbo, M. H., Dong, S., Gong, X. G. & Xiang, H. J. Giant ferroelectric
polarization of CaMn7O12 induced by a combined effect of Dzyaloshinskii-Moriya
interaction and exchange striction. Phys. Rev. Lett. 108, 187204 (2012).

37. Zhang, J. T. et al. Magnetic properties and origins of ferroelectric polarization
in multiferroic CaMn7O12. Phys. Rev. B 87, 075127 (2013).

38. Kadlec, F. et al. Possible coupling between magnons and phonons in
multiferroic CaMn7O12. Phys. Rev. B 90, 054307 (2014).

39. Du, X. et al. Soft vibrational mode associated with incommensurate orbital
order in multiferroic CaMn7O12. Phys. Rev. B 90, 104414 (2014).

40. Nonato, A. et al. Spin-phonon and magnetostriction phenomena in
CaMn7O12 helimagnet probed by Raman spectroscopy. Appl. Phys. Lett. 105,
222902 (2014).

41. Pitcher, M. J. et al. Tilt engineering of spontaneous polarization and
magnetization above 300 K in a bulk layered perovskite. Science 347, 420–424
(2015).

42. Belik, A. A. et al. Spin-driven multiferroic properties of PbMn7O12 perovskite.
Inorg. Chem. 55, 6169–6177 (2016).

43. Souliou, S. M., Li, Y., Du, X., Le Tacon, M. & Bosak, A. Soft-phonon-driven
orbital order in CaMn7O12. Phys. Rev. B 94, 184309 (2016).

44. Guo, H. et al. Non-collinear magnetic structure of manganese quadruple
perovskite CdMn7O12. Sci. Rep. 7, 45939 (2017).

45. Katsura, H., Nagaosa, N. & Balatsky, V. Spin current and magnetoelectric
effect in noncollinear magnets. Phys. Rev. Lett. 95, 057205 (2005).

46. Sergienko, I. A. & Dagotto, E. Role of the Dzyaloshinskii–Moriya interaction
in multiferroic perovskites. Phys. Rev. B 73, 094434 (2006).

47. Mostovoy, M. Ferroelectricity in spiral magnets. Phys. Rev. Lett. 96, 067601
(2006).

48. Johnson, R. D. et al. Cu3Nb2O8: a multiferroic with chiral coupling to the
crystal structure. Phys. Rev. Lett. 107, 137205 (2011).

49. Ovsyannikov, S. V., Bykov, M. & Bykova, E. et al. Charge ordering transition
in iron oxide Fe4O5 involving competing dimer and trimer formation. Nat.
Chem. 8, 501–508 (2016).

Acknowledgements
The work at Institute of Physics was supported by the National Natural Science Foun-
dation of China (Grant No. 11534015 and 51725104), the National Key Research and
Development Programm of China (Grant No. 2016YFA0300701), and the Chinese
Academy of Sciences (Grants No. XDB07030200) and S.V.O. thanks the Deutsche
Forschungsgemeinschaft (DFG, project OV-110/1-3) for the financial support.

Author contributions
Y.S. and S.V.O. initiated and designed the research. J.C., K.Z., and Y.C. carried out
magnetic and electric measurements. D.S. contributed to the analysis of data and dis-
cussion. D.D.K., R.D.J., S.E.K., and D.P.K. performed the NPD measurements and ana-
lysis, derived magnetic structure models and contributed to manuscript writing. A.M.A.
and A.A.T. performed the high-resolution X-ray diffraction studies of the samples at low
temperatures, analyzed the XRD data, and contributed to the discussion of the results of
the work. X.X. and Z.S. performed the SHG measurements. S.V.O. and L.D. synthesized
and characterized the samples and contributed to manuscript writing. J.C. and Y.S. wrote
a first draft of the manuscript, and all the co-authors read, revised, and commented on it.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05296-0.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05296-0 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2996 | DOI: 10.1038/s41467-018-05296-0 | www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-018-05296-0
https://doi.org/10.1038/s41467-018-05296-0
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Spin-induced multiferroicity in the binary perovskite manganite Mn2O3
	Results
	Multiple magnetic transitions in the binary perovskite Mn2O3
	Neutron powder diffraction data
	Spin-induced ferroelectricity in the binary perovskite Mn2O3

	Discussion
	Methods
	Sample preparation and characterization
	Magnetic and electric measurements
	Neutron diffraction measurements
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS


