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Realization of Large Electric Polarization and Strong
Magnetoelectric Coupling in BiMn;Cr,O4,

Long Zhou, Jianhong Dai, Yisheng Chai, Huimin Zhang, Shuai Dong, Huibo Cao,
Stuart Calder, Yunyu Yin, Xiao Wang, Xudong Shen, Zhehong Liu, Takashi Saito,
Yuichi Shimakawa, Hajime Hojo, Yuichi Ikuhara, Masaki Azuma, Zhiwei Hu,

Young Sun, Changgqing Jin, and Youwen Long*

Magnetoelectric multiferroics have received much attention in the past
decade due to their interesting physics and promising multifunctional perfor-
mance. For practical applications, simultaneous large ferroelectric polariza-
tion and strong magnetoelectric coupling are preferred. However, these two
properties have not been found to be compatible in the single-phase multifer-
roic materials discovered as yet. Here, it is shown that superior multiferroic
properties exist in the A-site ordered perovskite BiMn3;Cr,O,; synthesized
under high-pressure and high-temperature conditions. The compound experi-
ences a ferroelectric phase transition ascribed to the 6s? lone-pair effects of
Bi3* at around 135 K, and a long-range antiferromagnetic order related to the
Cr3* spins around 125 K, leading to the presence of a type-l multiferroic phase
with huge electric polarization. On further cooling to 48 K, a type-Il multifer-
roic phase induced by the special spin structure composed of both Mn- and
Cr-sublattices emerges, accompanied by considerable magnetoelectric
coupling. BiMn;Cr,O;, thus provides a rare example of joint multiferroicity,
where two different types of multiferroic phases develop subsequently so that
both large polarization and significant magnetoelectric effect are achieved in
a single-phase multiferroic material.

Magnetoelectric ~ multiferroics have
received much attention in the past decade
due to the interesting physics and promi-
sing multifunctional performances such
as spintronic devices, nonvolatile memory
devices, solid-state transformers as well
as strong magnetoelectric (ME) effects
where the electric polarization (P) can be
tuned by magnetic field (H) or magneti-
zation (M) can be tuned by electric field
(E) etc.!'®l Based on the different origins
of ferroelectricity, single-phase multifer-
roic (MF) materials can be classified into
two categories:”! type-I and type-II. In the
type-I MF, the ferroelectricity and mag-
netism originate from different sources.
As a result, the ME coupling coefficient
o = dP/dH is relatively small, although
the values of electric polarization and
magnetization probably are both large
enough. A well-known example of type-I
MF is BiFeO3,'% in which the lone-pair
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active Bi** ions and the magnetic Fe’ ions lead to ferroelec-
tricity and long-range spin ordering at different temperatures,
respectively. However, its o value is only estimated to be 2-5
ps m~! even under very high magnetic field.l'!l In contrast, for
the type-1I MF, the ferroelectric (FE) polarization is induced by
special spin textures such as the zigzag-type antiferromagnetic
(AFM) ordering,!'?l cycloidal, or transverse conical spin struc-
ture 137131 Consequently, the magnetism and ferroelectricity can
strongly couple with each other. However, compared with the
type-I MF, the electric polarization of the type-II MF is often
reduced by several orders of magnitude. For potential appli-
cations of MF materials, both the large ferroelectric polariza-
tion and strong magnetoelectric coupling are highly desired.
However, these two merits are usually found to be incompat-
ible in the single-phase MF materials discovered so far because
the two different types of MF phases mentioned above hardly
coexist in a single-phase material. This incompatibility is a big
obstacle that challenges the practical applications.

Recently, the ME multiferroicity was observed in an A-site
ordered perovskite oxide LaMn;Cr,O;, (LMCO), where two
AFM transitions arising from the A-site Mn3* and the B-site
Cr3* spins take place at 150 and 50 K, respectively.l'l Although
the cubic symmetry of LMCO with inversion center is unex-
pected to exhibit ferroelectricity, the peculiar AFM spin align-
ment pattern along [111] direction can break the space
inversion symmetry and cause a type-Il MF phase below
50 K.'®17] As expected, LMCO shows a remarkable ME effect
(=10 ps m™), but the electric polarization value itself is very
small (1.5 x 107 uC cm™ at zero field).'% Since the stereo-
chemical effects of 6s lone-pair electrons such as Bi** and Pb**
could induce large FE polarization as observed in the type-I
MF BiFeO; (10-100 uC cm2)!*18 and PbFe,sNb, 505 (=25 uC
cm2),1l a new compound BiMn;Cr,O;, (BMCO) was thus
intentionally designed and prepared. Interestingly, a FE phase
transition caused by the lone-pair active Bi** is found to occur
in BMCO around 135 K. On further cooling to 125 K, the B-site
Cr** spins order antiferromagnetically, giving rise to the pres-
ence of a type-I MF phase with large electric polarization. Sub-
sequently, the A-site Mn3* ions trigger another AFM ordering
at 48 K. More interesting, the AFM structure composed of both
Mn3** and Cr** ions in BMCO is similar with that of LMCO,
as shown in Figure S1 (Supporting Information). As a result,
the spin structure of BMCO breaks the space inversion sym-
metry and induces a type-II MF phase below 48 K. Since type-I
and type-II MF phases coexist, both large FE polarization and
strong ME coupling are realized in the current BMCO.

Compared with a simple ABO; perovskite, the A-site ordered
perovskite has a chemical formula AA’;B,O;,, where three
quarters of the originally 12 coordinated A site are occupied
by a transition-metal ion A” with square coordinated A’O, unit
(see Figure 1a). The BOg octahedra are highly tilted to match
the smaller ionic size of the A’-site transition metal. High pres-
sure is thus often necessary to stabilize this heavily distorted
perovskite structure. The polycrystalline BMCO was prepared
at 8 GPa and 1373 K, as described in the Experimental and
Theoretical Section. High-resolution synchrotron X-ray diffrac-
tion (SXRD), neutron powder diffraction (NPD), and selected
area electron diffraction (SAED) were used to characterize the
crystal structure. Figure 1b shows the SXRD pattern measured
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Figure 1. a) Schematic illustration for the crystal structure of A-site
ordered perovskite BMCO. The corner-sharing CrOg octahedra and spa-
tially isolated MnO, squares are shown. Atomic positions: Bi 2a(0, 0, 0),
Mn 6b(0.5, 0.5, 0), Cr 8¢(0.25, 0.25, 0.25), and O 24g(x, y, 0). b) Synchro-
tron X-ray diffraction pattern and the refinement results. The observed
(red circles), calculated (blue line), and difference (cyan line) were shown.
The ticks indicate the allowed Bragg reflections in Im-3 symmetry.

at 300 K as well as the refinement results. The Rietveld analysis
illustrates that BMCO crystallizes in an AA’;B,O;,-type A-site
ordered quadruple perovskite structure with a centrosymmetric
space group Im-3. According to the refined Mn—O and Cr—O
bond lengths (see Table S1, Supporting Information), the
bond-valence sum calculations indicate that the valence states
of Mn and Cr are both close to +3, suggesting the Mn3*/Cr3*
charge combination in BMCO. Furthermore, the charge states
of Mn3*/Cr*" can be confirmed by X-ray absorption spectros-
copy (XAS) as shown in Figure S2 (Supporting Informa-
tion). On the basis of the Rietveld analysis of NPD pattern,
the occupancy factors for all atoms are very close to unity.
The SXRD, XAS, and NPD results therefore all reveal the
stoichiometric chemical composition for our high-pressure
product BMCO. Moreover, temperature dependent SXRD
(100-300 K), NPD (3-150 K), and SAED (100 and 300 K)
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Figure 2. a) Temperature dependent magnetic susceptibility x and its inverse ' with 0.1 T measurement magnetic field. The solid line in the
plot shows the Curie-Weiss law fitting above 170 K. b) Temperature dependence of relative dielectric constant &, and specific heat C; at zero magnetic
field. c) Temperature dependence of I, and P poled from 200 K down to 2 K under +6 kV cm™. d) The isothermal magnetization behaviors at selected
temperatures. Temperature dependence of e) I, and f) P below 60 K by poling from 60 K down to 2 K. The P was calculated by integrating the /, as a
function of time. The sign of I, and P can be reversed symmetrically by changing the sign of poling field.

do not show distinguishable trace for macroscopic crystal
structural variation with temperature down to 3 K in BMCO
(see Figures S3-S5, Supporting Information).

Figure 2a shows the temperature dependence of magnetic
susceptibility (y) of our polycrystalline BMCO. Two AFM transi-
tions are observed with decreasing temperature at Ty; = 125 K
and Ty, = 48 K, respectively. The linear and nonhysteresis mag-
netization behaviors observed below Ty; and/or Ty, are typ-
ical for the AFM ordering (Figure 2b). Above 170 K, the data
of ! can be well fitted by using the Curie-Weiss law y! =
(T—-6)/C. The obtained negative Weiss temperature (0=-104.1 K)
is indicative of the AFM interactions. According to the fitted
Curie constant (C = 17.06 emu K mol™?), the effective moment
Uegr is calculated to be 11.68 pg fu.™!, agreeing well with the
theoretical spin-only value (11.48 pg fu.™!) for the high-spin
Mn** and Cr** ions. Corresponding to the two AFM transi-
tions, strong A-shape anomalies are also observed in specific
heat around Ty; and Ty, (Figure 2c), indicating the second-
order nature of these two transitions. As shown later, the NPD
analysis reveals that the long-range AFM ordering of the B-site
Cr’* sublattice is responsible for the magnetic transition at
125 K, while the lower-temperature one arises from the AFM
ordering of the A’-site Mn3* sublattice.

Although BMCO and LMCO have similar crystal structurel%]
and spin orderings,'®l BMCO exhibits distinguishing dielectric
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and FE properties, as presented in Figure 2b,c. The relative
dielectric constant & of BMCO is over 110, while that of LMCO
is about 5. It means that the & of BMCO increases by about
2 orders of magnitude, making the sharp step-like anomaly
observed in LMCO around Ty, obscure in the current BMCO
(Figure 2b). In contrast, the & of BMCO shows a clear peak around
135 K at all the frequencies we used for measurements (Figure 2b;
and Figure S6a, Supporting Information). With further increasing
temperature, the & quickly decreases, especially for frequencies
above 10 kHz. Note that above =220 K, the low-frequency dielectric
data show upturn features with enhanced dielectric loss, implying
the presence of leakage currents at higher temperatures far above
the dielectric peak around 135 K (Figure S6a,b, Supporting Infor-
mation). Anyway, the overall temperature dependent &, strongly
indicates a high-temperature paraelectric to low-temperature fer-
roelectric phase transition at Ty = 135 K.

To confirm the ferroelectricity below Tgg;, the pyroelectric
current (I,) is measured after poling the sample from 200 to
2 K. To our surprise, the I, shows two apparent transitions
as shown in Figure 2c. One occurs at the onset about 170 K
and is centered at Tpg;. The other sets in near Ty, and forms
a peak around 31 K. Moreover, the sign of I, is completely
reversible by changing the sign of the poling electric field (see
Figure S7a,c, Supporting Information), confirming the double
FE phase transitions. Since the high-temperature I, peak is well

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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consistent with the dielectric peak mentioned above at Trg; =
135 K, this value is temporarily assigned as the critical tem-
perature for the higher-temperature long-range FE phase (FE1
phase) transition, although some short-range FE domains may
emerge below the onset temperature of 170 K for this phase
(see P-E loops shown later). In addition, taking into account
that the lower-temperature I, anomaly just sets in at Ty,, where
the peculiar spin ordering can induce another FE phase (FE2
phase) transition (discussed later). The Ty, (=Tgg;) is thus
defined as the critical temperature for FE2 phase. By integrating
the I, with respect to the time, the temperature dependence of
electric polarization is obtained as shown in Figure 2c. The
value of P is as large as 1.39 uC cm™ via the FE1 phase transi-
tion and then is further enhanced by 0.14 uC cm™ through the
FE2 phase transition.

As mentioned above, the FE2 phase takes place near Ty,,
suggesting an intimate correlation with the AFM ordering.
Neutron powder diffraction was thus carried out to link the
special spin structure and the FE2 phase. The magnetic Riet-
veld analysis (Figure S8, Supporting Information) shows that
below Ty the B-site Cr*" ions are ordered antiferromagnetically
with a collinear G-type spin alignment. Between Ty; and Ty,,
there is no long-range spin order for the A’-site Mn** ions, but
they also become ordered with the similar G-type AFM manner
when temperature decreases to Ty,. The detailed spin structure
of BMCO is illustrated in Figure S1 (Supporting Information).
The refined nuclear and magnetic structure parameters of
BMCO from the NPD are listed in Table S2 (Supporting Infor-
mation). Based on the magnetic point group analysis similar
with that of LMCO,!"%! the total spin structure composed of the
G-type AFM Cr** and Mn?** sublattices in BMCO possesses a
polar magnetic point group 3, which can break the space inver-
sion symmetry and cause a spin-induced ferroelectricity at Ty,
(=Trg,) via the anisotropic symmetric exchange mechanism as
described in detail elsewhere.l'’] Therefore, an independent
FE phase is expected from the special AFM spin structure
of BMCO, indicating the occurrence of type-Il MF phase
below Ty;.

To further reveal the independent AFM-induced FE2 phase
occurring at Ty, the poling electric field is applied from 60 to
2 K to across Ty, alone. The pyroelectric current is measured
and temperature dependent polarization is calculated below
60 K, as shown in Figure 2e,f. One can also find electric field
reversible polarization in this case and the magnitude of P
(=0.13 uC cm™?) is similar with the change of the P below Ty,
in 200 K poled case in Figure 2c. These results confirm that
below Ty, there is an independent spin-induced FE phase
(i-e., the FE2 phase), which coexists with the intrinsic high-tem-
perature FE1 phase as stated below.

Since the pyroelectric current measurements may contain
some extrinsic contributions such as thermal stimulated cur-
rent,2!] ferroelectric hysteresis loops are measured to further
confirm the existence of FE1 phase by using the so-called pos-
itive-up negative-down (PUND) method (for details, see the
Experimental and Theoretical Section). This method can give
rise to the intrinsic polarization and remove other extrinsic
contributions in normal P-E or pyroelectric current measure-
ment.222] As shown in Figure 3a, canonical hysteresis loops
as presented in conventional FE materials are observed in our
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Figure 3. a) The P—E hysteresis loops measured at selected temperatures
by using the PUND method. The P—E loops measured at b) 80 K and c)
30 K under selected electric fields.

polycrystalline BMCO at temperatures below Tgg,. Between
Trg and the onset temperature 170 K, a small amount of FE
hysteresis behavior also shows up, probably implying the pres-
ence of some short-range FE domains. The reduction of rema-
nent polarization P, between 75 and 30 K is also observed (see
Figure 3a). This can be attributed to the enhanced coercive field
at lower temperature. Figure 3b,c shows the P-E loops meas-
ured at 80 K (i.e., in the FE1 phase) and 30 K (in the FE1 +
FE2 region), respectively. When the same maximum scan-
ning electric field is applied, the shape of P-F loop measured
at 80 K is obviously thinner than that at 30 K, indicating that
the coercive field becomes larger when the FE2 phase develops
below Ty,. At fixed temperatures, the P-E loops significantly
expand with increasing maximum electric field. For example, at
30 K, P, obtained from the PUND loops increases from 0.35 to
1.4 uC cm™ as the maximum electric field changes from 17
to 34 kV cm™ (Figure 3c). These results convincingly confirm
the intrinsic nature for the high-temperature FE1 phase as well

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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as the different origins for these two FE phases. Note that at
present we could not apply enough high electric field to fully
saturate the P due to the slight leakage effect in the polycrystal-
line BMCO.

Since the FE1 phase occurs well above Ty; and Ty,, one can
exclude magnetic origin for this phase. Our low-temperature
SXRD (Figure S3, Supporting Information), NPD (Figure S4,
Supporting Information), and SAED (Figure S5, Supporting
Information) do not show any evidence for the long-range
crystal structural variation in the limits of these experimental
resolutions, so the FE1 phase on the one hand probably arises
from some microscopic or local structure changes related to
the lone-pair effects of Bi** ions. Actually, when we examine
the thermal parameter of Bi** derived from the high-resolution
SXRD refinements using the cubic Im-3 space group (Figure S9,
Supporting Information), it just slightly changes above T,
whereas drastically drops below this critical temperature. This
is reminiscent of the FE polarization caused by the lone-pair
electrons like Bi** and Pb?" due to the off-center distortions,
as observed in the perovskites Pb,MgTeQg,**! Pb,CoWOy,?!
and Pb,MgWO,?°l where the related thermal parameters are
also clearly reduced via a paraelectric-to-ferroelectric phase
transition.

On the other hand, in order to get deeper insight into the
FE1 phase of BMCO, first-principles calculations have been
performed. After the optimization of the cubic structure to
a high precision, the force constants are calculated at the T’
point of Brillouin zone by employing density functional per-
turbation theory.?”) There are three imaginary frequencies,
whose magnitudes are degenerated at =24.76 cm™! (a moderate
value). Such imaginary frequencies imply lattice instability,
which may lead to ferroelectricity. In particular, the force vec-
tors of these instable modes suggest that the dominating dis-
placements are from Bi ions, along the cubic a/b/c axes. To
further confirm these polar distortions, the energy barrier is
calculated by moving all ions following one of the imaginary
modes. Figure S10 (Supporting Information) shows the cal-
culated energy as a function of Bi's displacement. The energy
well is obvious, suggesting that the polar distortion can occur
spontaneously at the ground state with a reduced space group
of Imm2 (No. 44). Here the optimal displacement of Bi corre-
sponding to the lowest energy is about 0.007 A, which is a very
small value within the resolution limits of synchrotron X-ray,
neutron, and electron diffraction methods. Therefore, no long-
range structure phase transition is detectable in our experi-
ments. The calculated polarization is about 0.17 pC cm™ using
the Berry phase method.?®! Since here the ions’ displacements
only consider one imaginary frequency as an example, the total
polarization may be even larger by considering the collaborative
distortions of all possible modes.

Next, we would like to study the ME effects of the polycrys-
talline BMCO in different FE phases. First, to characterize the
ME effect of the spin-induced FE2 phase below Tgg,/ Ty, we
measured the polarization as a function of temperature under
different magnetic fields where the poling electric field is applied
from 60 to 2 K to across Ty, alone. The temperature dependent
polarization caused by the FE2 phase is calculated to be Pgg, =
P(T) — P(50 K). As shown in Figure 4a, at zero magnetic field,
the Ppp, value is found to be about 0.19 uC cm, which is
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Figure 4. a) The electric polarization Pgg, = P(T) — P(50 K) obtained at
selected magnetic fields perpendicular to the poling electric field. b) The
change of polarization AP of BMCO as a function of magnetic field at
selected temperatures.

significantly larger than that observed in the isostructural LMCO
polycrystalline sample (1.5 x 1073 uC cm™2) as well as most type-
IT MF such as the well-studied TbMnO; (0.08 uC cm2)!3l and
TbMn,O0s (0.04 uC cm2)2 single crystals. When the magnetic
field is applied perpendicular to the poling electric field, the
polarization is reduced remarkably. We then calculate the ME
coefficient for the FE2 phase with an o value up to 85 ps m™!
at 9 T and 2 K. Since the temperature-dependent pyroelectric
measurements may involve some extrinsic contributions such as
thermal stimulated current, we also at fixed temperatures per-
formed magnetic field dependent ME current measurements.
To rule out the extrinsic contribution, we use the relative AP
[=P(H) — P(0 T)] instead of P to compare the ME effects in dif-
ferent FE phases. Figure 4b shows the H dependence of AP at
selected temperatures. Above Ty, (e.g., at 80 K), the AP is quite
small and almost H independent. In sharp contrast, below Ty,
(e.g., at 2 K), the value of AP sharply decreases with increasing
H and is roughly in proportion to H? up to 9 T. The maximum o
value is calculated to be 71 ps m™ at 9 T and 2 K, slightly smaller
than that estimated from the temperature-dependent pyroelec-
tric measurements under constant H. The distinct ME behaviors
between the two FE phases (see Figure 4b) strongly indicate the
different microscopic origins of their polarization. By compar-
ison, the ME effect in FE2 phase measured on the present poly-
crystalline BMCO is considerably stronger than that observed in
the type-1 MF materials like BiFeOjs single crystal (<5 ps m™) as
well as the type-1I MF materials such as polycrystalline TbMnOs
(=13 ps m™! at 4 T)B% and single-crystal TbMn,O5 (=21 ps m™! at
2 T).BYU Therefore, BMCO not only possesses a large polarization
but also a strong ME effect.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Magnetic and electric evolution as a function of temperature
in BiMn3Cr,O4,. PM, PE, FE, and MF denote paramagnetic, paraelectric,
ferroelectric, and multiferroic phases, respectively. P, and P, stand for
the ferroelectric polarization generated by the FE1 and FE2 phases,
respectively.

We now figure a fascinating magnetic and electric evolution
with temperature for the cubic perovskite BMCO. As shown
in Figure 5, at temperatures above Tgg; = 135 K, BMCO shows
paramagnetic and paraelectric behaviors (some short-range FE
domains may develop between Tgg; and 170 K). On cooling to
Trgp, @ FE phase transition (FE1 phase) takes place, and the
material is featured by long-range ferroelectricity and paramag-
netism between Tggp; and Ty; = 125 K. Then, the B-site Cr**
spins become ordered at Ty;. It means that both long-range
spin ordering and FE polarization coexist at temperatures Ty;
> T > Ty, = 48 K, so the compound develops into a type-I multi-
ferroic phase in this temperature window with a huge polariza-
tion about 1.4 uC cm™ as evaluated from the PUND P-E loops
(Figure 3d). According to theoretical calculation, this P vector
will point to [001] or its equivalent directions. Once the AFM
spin ordering of the A’-site Mn?* is formed near Ty,, a spin-
induced FE phase (FE2 phase) occurs, leading to the presence
of a type-1I multiferroic phase with considerable ME coupling.
The P vector of FE2 phase points to [111] direction on the basis
of magnetic point group analysis.'®! Since double multiferroic
phases occur in BMCO, one can obtain four different polari-
zation states (+P;, £P,)3132 below Tgg, by applying different
poling E procedures (see Figure 5; and Figure S7, Supporting
Information). For example, applying +E from 200 to 55 K and
—E from 55 to 2 K poling procedures result in a (+P;, —P,) state.
Such quadruple polarization states are essentially different
from the reported ME states (£P, £M) observed in other MF
materials,*>37] opening up a novel arena to realize multistate
memories. The current BMCO presents a rare example of
single-phase multiferroic system where both type-I and type-II
multiferroic phases coexist in a cubic perovskite structure. In
sharp contrast to previous findings, the large electric polariza-
tion and strong ME effect are compatible in BMCO, providing
a new pathway for generating advanced MF materials and
devices.
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