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Magnetic and electric field dependent anisotropic magnetoelectric multiferroicity in SmMn;Cr40;,
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An A-site ordered perovskite SmMn;Cr,O,, with a cubic /m-3 space group was prepared at high pressure and
temperature conditions. Two antiferromagnetic phase transitions are found to occur with decreasing temperature
to Ty ~ 145K and Ty, ~ 41K, due to the spin orderings of the B-site Cr’* and A’-site Mn*" magnetic
sublattices, respectively. The total spin structure composed of these two magnetic sublattices can break the space
inversion symmetry and therefore induce a spontaneous ferroelectric phase transition at Ty,. More interestingly,
the magnetoelectric multiferroicity of the polycrystalline SmMn;CrsO;, exhibits remarkable magnetic and
electric field dependent anisotropic quadratic behaviors upon a proper magnetoelectric poling procedure. When
the applied magnetic field is parallel to the electric field, the magnetic field can significantly enhance the electric
polarization. In contrast, the polarization is sharply suppressed if the magnetic field is perpendicular to the

electric field, irrespective of the sign of the magnetic field.
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I. INTRODUCTION

Magnetoelectric (ME) multiferroics simultaneously pos-
sess long-range ferroelectric and magnetic orders where
electric polarization can be switched by a magnetic field, and
magnetization can be switched by an electric field reversely
[1-16]. As a result, multiferroic materials are promising for
potential applications in developing multiple-state memory
devices, magnetic sensors, resonators, spintronic devices, and
so on [17-20]. In particular, if a spin structure breaks the
space inversion symmetry and induces a spontaneous ferro-
electric polarization, strong ME coupling can be achieved.
Taking TbMnO;3; [21,22] as an example, the Mn?* spins
show a sinusoidal antiferromagnetic (AFM) ordering with
a wave vector (0, ky, 1) at the onset temperature of 41 K.
Once the modulation wave vector k, locks to be about 0.28
at 27 K, the magnetic structure is transformed into a spiral
AFM ordering, which gives rise to a sharp ferroelectric phase
transition with a strong ME effect. Despite the interesting
physical properties as well as the potential applications, the
amount of spin-induced single-phase multiferroic materials
is limited due to the complex spin structures as required
by the related multiferroic mechanisms such as spin-current
model or inverse Dzyaloshinskii-Moriya interaction [23-25],
exchange striction mechanism [26,27], and spin-dependent
p-d hybridization model [28,29].
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Although the above three microscopic origins can describe
most of spin-induced ferroelectricity for multiferroics, an ex-
ception was discovered in LaMn3;CrsO, (LMCO) [30] with
cubic A-site ordered quadruple perovskite structure AA;B4O1»
[31-34]. A new mechanism, i.e., anisotropic symmetric ex-
change [35], was proposed by Feng and Xiang to explain the
spin-driven ferroelectricity of LMCO. In LMCO, the A’-site
Mn** and B-site Cr’* spins separately form a nonpolar
collinear G-type AFM ordering, but the combination of them
shows a polar magnetic point group which can generate a
spontaneous ferroelectric polarization. Thus, a considerable
ME coupling is observed in this compound although the value
of polarization is relatively small. Considering the highly
symmetric cubic structure of LMCO, the polarization is as-
cribed to a pure electronic contribution. When A-site La**
ion is replaced by Bi** ion with 65> lone-pair electrons, the
electric polarization induced by collinear AFM spins as that of
LMCO, and Bi**-induced ferroelectricity like BiFeO3 [36,37]
and BiMnOj [38—40], simultaneously exist in BiMn3Cr4O,
(BMCO) [41]. Consequently, both strong ME effect and
large polarization are achieved in the single-phase material of
BMCO. The result means that the A-site atom plays an impor-
tant role in the ME properties in the AMn3;Cr4O1, family.

Since both La** and Bi** are nonmagnetic, the possible
effect of A-site magnetism on the polar spin structure re-
mains to be evaluated in the AMn3;Cr4O1;, family. Taking into
account that Sm>* ion has a relatively small effective mag-
netic moment (0.85 ug) among rare earths with 43 valence
state, this magnetic ion was adopted to occupy the A site,
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and SmMn3;CryO;, (SMCO) was prepared under high pres-
sure and temperature conditions in this work. SMCO displays
similar crystal structure as well as magnetic phase transitions
and spin-induced ferroelectric polarization as those observed
in LMCO. Unexpectedly, however, after a proper ME pol-
ing process, strongly anisotropic quadratic ME effects are
found to occur in SMCO, as featured by sharply enhanced or
suppressed electric polarization with different magnetic and
electric field configurations regardless of the isotropic nature
of the polycrystalline specimen.

II. EXPERIMENTAL METHODS

We prepared polycrystalline SMCO, using starting mate-
rials of highly pure Sm;03, Mn;03, Cr,O; powders in a
1:3:4 mole radio, at high-temperature and -pressure condi-
tions. These reactants were thoroughly ground and then sealed
into a gold capsule with 3.0 mm in diameter and 4.0 mm
in length. The capsule was heated to 1373 K at 7 GPa for
30 min on a cubic anvil-type high-pressure apparatus. The
crystal structure was checked by powder x-ray diffraction
(XRD) using a Huber diffractometer equipped with Cu K¢
radiation at 40 kV and 30 mA at room temperature. The
GSAS program was applied to refine the structural parameters
based on the Rietveld method [42]. Soft x-ray absorption
spectroscopy (XAS) at the Cr-L, 3 and Mn-L, 3 edges was
measured at beamline TLS11A of the National Synchrotron
Radiation Research Center in Taiwan.

The temperature-dependent magnetic susceptibility
at zero-field-cooling (ZFC) mode and field-dependent
magnetization were measured on a magnetic property
measurement system (MPMS-VSM, Quantum Design).
The specific heat was measured on a physical property
measurement system (PPMS-9T, Quantum Design) using a
pulse relaxation method. A specimen of 0.25-mm-thickness
disk shape was prepared to measure electrical properties. This
disk was polished to mirror and then silver paste electrodes
were painted on the bottom and top surfaces of the disk.
The relative dielectric constant was measured at different
frequencies and magnetic fields via an Agilent-4980A LCR
meter. After poling the sample under a selected magnetic field
and an electric field E = 8kV /cm from 50 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 measurement was
finished up to 50 K. The electrical polarization was calculated
by integrating the measured current data. The isothermal
polarized current between 9 and —9 T was measured after
being electrically poled to 5 K under zero magnetic field;
then, polarization was obtained by integrating the polarized
current as a function of time.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD pattern and the refinement
result of SMCO at room temperature. All the peaks can
be well indexed based on a cubic symmetry. The Rietveld
analysis demonstrates that the compound crystallizes in an

N
S

(O8]
(=}

—
(=)

Intensity (arb. units)
\®]
(=}

trrrrrrrnrrn
A

20 40 60 80 100

1 e
4 i

(=)

FIG. 1. (a) Rietveld refinement of the powder XRD data of
SMCO measured at room temperature. The observed (black circle),
calculated (red line), difference (blue line), and allowed Bragg reflec-
tions (ticks) by space group I/m-3 are presented. (b) Schematic crystal
structure of SMCO. CrOgq octahedra connected by a corner-shared
network and MnQ, square planes are shown.

A-site ordered perovskite structure with a chemical formula
of AA;B4O1; [see Fig. 1(b)]. The space group is a cubic /m-3
with central symmetry, where Sm and Mn are 1:3 ordered at
specific Wyckoff sites 2a (0, 0, 0) and 6b (0, 0.5, 0.5), and
Cr and O at special 8¢ (0.25, 0.25, 0.25) and 24g (x, y, 0)
sites, respectively. Compared with a simple ABOj3 perovskite,
the introduction of a transition metal into the A’ site in the
ordered AA;B40,, perovskite causes the formation of square-
coordinated A’O4 units and heavily tilted BOg octahedra, as
described in detail elsewhere [31-34]. The refined structural
parameters of SMCO are listed in Table I. A satisfying fitting
goodness parameter of Ry, is obtained by 1.66%. The lattice
constant of SMCO is 7.366 03(1) A, which is slightly less
than that of LMCO (a = 7.398 32 A) [43] due to the reduced
ionic size of Sm with regard to La. According to the refined
Cr-0O and Mn-O bond lengths, the bond valence sum (BVS)
calculations illustrate that the valence states of Mn and Cr are
both close to 43 (see Table I), as revealed by soft x-ray XAS
results shown below.

The XAS of 3d transition metal at the L,s edges is
sensitive to its valence state [44—46] and local environment
[47,48]. In general, when the valence state increases, the
absorption peak remarkably shifts towards higher energies.
Figure 2(a) shows the Cr-L, 3 absorption spectrum of SMCO,
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TABLE I. Refined structural parameters for SMCO at room tem-
perature. Atomic sites: Sm 2a (0, 0, 0), Mn 6b (0, 0.5, 0.5), Cr 8c
(0.25, 0.25, 0.25), and O 24g (x, y, 0). BVS values (V;) were cal-
culated via formula V; = ZjS,-j and S;; = exp[(ro—r;;)/0.37] using
parameters ro(Mn>*) = 1.732 A and r,(Cr**) = 1.708 A.

Parameters SmMn;Cr Oy,
aA) 7.366 03(1)
V(AY) 399.669(2)
0, 0.304 9(2)
o, 0.169 8(2)
Uiso(Sm)(100x A2) 2.35(2)
Uiso(Mn)(100x A2) 2.64(3)
Uiso(Cr)(100x A2) 2.51(3)
Usso (0)(100x A2) 2.48(7)
Mn-O(x4) (A) 1.905(1)
(x4) (A) 2.825(2)
(x4) (A) 3.311(2)
Cr-0(x6) (A) 1.975(1)
ZCr-O-Cr(°) 137.5(1)
BVS (Mn) 2.77
BVS (Cr) 291
Ryp (%) 1.66
R, (%) 1.2
4 ' ’ ’
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FIG. 2. XAS spectra of (a) Cr-L, 3 and (b) Mn-L, 3 edges mea-
sured at room temperature for SMCO. For comparison, XAS spectra
of LaMn;CrsOq,, SrCrO;, LaMnO;, and SrMnQO; are used as
references.
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FIG. 3. (a) Temperature dependence of magnetic susceptibility x
measured at 0.1 T for SMCO. The yellow line shows the Curie-Weiss
fitting of 1/ above 200 K. (b) Temperature-dependent specific heat
C, of SMCO measured from 2 to 180 K at zero magnetic field.

using LMCO as a Cr** reference [43] and SrCrO; as a Cr#*
reference with similar CrOg octahedral coordination. Com-
pared with the Cr** reference, the spectrum of SMCO
apparently shifts towards lower energies, indicating a rela-
tively low Cr valence [49,50]. However, the multiple spectral
features and the energy position of SMCO are the same as
those of the Cr3* reference LMCO, meaning the formation
of a Cr*" valence state at the octahedral B site in SMCO.
To identify the Mn valence state in SMCO, LMCO [43] as
a Mn** reference with MnO, planar square, LaMnOj3 as a
Mn3t reference, and SrMnOj as a Mn** reference [51] with
MnOg octahedral coordination environments are presented in
Fig. 2(b) for comparison. Obviously, the spectrum of SMCO
shifts to a lower energy relative to that of StMnOj3, but locates
at the same energy as LaMnOs, suggesting the formation of
Mn** valence state. It is noticeable that the multiple spectral
feature of SMCO is very different from that of LaMnOs,
but the same as that of LMCO, indicating the presence of a
Mn** at the square-coordinated A’ site [see Fig. 2(b)]. The
XAS measurements thus confirm the charge combination to
be SmMn3+3Cr3+4012, which is identical with that observed
in LMCO [43].

Figures 3(a) and 3(b) show the temperature dependence
of magnetic susceptibility and specific heat of SMCO, re-
spectively. With decreasing temperature to Ty; =~ 145K, the
magnetic susceptibility curve shows an apparent kink, indi-
cating the formation of an AFM phase transition. The sharp
A-type anomaly observed in specific heat further confirms the
long-range magnetic transition occurring at Ty;. On further
cooling to Ty &~ 41K, both susceptibility and specific heat
show a clear anomaly, illustrating a second long-range AFM
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FIG. 4. (a) Field-dependent magnetization of SMCO measured
at some selected temperatures. The inset shows the deviation of mag-
netization from the linear relationship near 2.5 T at 3 K, suggesting a
field-induced metamagnetic transition. (b) Schematic illustration of
total spin structure composed of Mn** and Cr** magnetic sublattices
for SMCO.

phase transition. Below Ty, the specific heat just smoothly
decreases, ruling out the occurrence of Sm3t spin order-
ing at lower temperatures. If the inverse susceptibility as a
function of temperature is plotted [see Fig. 3(a)], one finds
that the data above 200 K well follow the Curie-Weiss law
with the function ' = (T-0)/C. The fitting gives a negative
Weiss temperature § = —94.4K, indicating the dominance
of AFM interactions between magnetic moments. According
to the fitted Curie constant (C = 19.02 emu K mol™! Oe™),
the effective magnetic moment is calculated to be per =
12.33 pg/f.u. This value is comparable with the theoretical
one (11.52 ug/f.u.) if we consider the contributions of the
A-site Sm>*, A’-site Mn>T, and B-site Cr** magnetic ions.
Figure 4(a) shows the field-dependent magnetization
curves measured at different temperatures. In accordance with
the paramagnetism, linear magnetization behavior is observed
above Ty, e.g., at 300 K. Between Ty; and Tynp such as at
50 K, the magnetization also exhibits a linear relationship
with field. A long-range AFM ordering is thus assigned to the
magnetic transition occurring at Ty; ~ 145 K. Again, at 3 K,
the magnetization linearly changes with field below ~2.5 T, in
agreement with the second long-range AFM phase transition
occurring at Ty ~ 41 K. At higher fields, however, the mag-
netization at 3 K slightly deviates from the linear behavior

[see the inset of Fig. 4(a)]. Such a metamagnetic transition
may be attributed to a field-induced magnetization of Sm>*,
or possible spin flop of Mn®* and/or Cr*" ions. The mag-
netic and specific-heat measurement results demonstrate that
SMCO experiences similar magnetic phase transitions with
those observed in LMCO. Since the two compounds also have
identical crystal structure with /m-3 symmetry, comparable
spin structures would be expected to occur. By analogy with
LMCO [30,43], the AFM transition at 7Ty; in SMCO should be
ascribed to the collinear G-type spin ordering of B-site Cr**
moments. The other AFM transition occurring at Ty is caused
by the A’-site Mn>* spins in a G-type manner, too. Figure 4(b)
represents the detailed spin structure of SMCO. A single
Mn** or Cr’* magnetic sublattice arranges in a G-type AFM
manner with the spin moments along the crystal [111] direc-
tion. Although each sublattice itself has a nonpolar magnetic
structure, the total collinear spin structure composed of Mn**
and Cr*" sublattices can form a type-II polar magnetic point
group 31" and break the space inversion symmetry. As a result,
a spin-induced ferroelectric polarization is expected to occur
below Tnp.

To confirm the spin-induced polarization, temperature and
field-dependent relative dielectric constant and pyroelectric
current were measured for SMCO. Figure 5(a) shows the tem-
perature dependence of relative dielectric constant measured
at different frequencies and zero field. Corresponding to the
AFM phase transition, a sharp dielectric peak is found to occur
at Typ ~ 41K (no dielectric anomaly occurring at 7y;, not
shown here). Moreover, the dielectric peak is frequency in-
dependent. When a magnetic field uoH and an electric field £
are simultaneously applied to measure the dielectric constant,
one can find apparent anisotropic behavior. Specifically, the
dielectric peak becomes sharper with poH upto 6 T if uoH |E
[see Fig. 5(b)]. In contrast, however, the uoH significantly
suppresses the dielectric peak in a uoH _LE configuration,
where only a small anomaly emerges with puoH up to 6 T
[see Fig. 5(c)]. The dielectric measurement results strongly
suggest the occurrence of a spin-induced ferroelectric polar-
ization as well as anisotropic ME properties of SMCO in its
polycrystalline form.

To get deeper insight into the magnetic and electric field
dependent polarization, the pyroelectric current /, was mea-
sured using uoH||E and woH LE configurations at several
fixed magnetic fields. Figure 6(a) shows the temperature-
dependent I, with woH||E. The I, is exactly zero at higher
temperatures (>7n;). However, it sharply increases at the
onset of Ty, and forms a peak slightly less than this AFM
ordering temperature. Moreover, in this poH and E config-
uration, applying a uoH significantly enhances the I,. By
integrating the 7, as a function of time, we obtain the elec-
tric polarization P as presented in Fig. 6(b). Obviously, both
the I, and P are completely reversible without changing the
magnitudes if the sign of the poling electric field is reversed.
Therefore, a spin-induced ferroelectric phase transition is con-
firmed to take place at 7x». With increasing poH from O to
6 T, the P increases from 77 to 130 /,LC/IIlz. On the other
hand, if the applied woH is perpendicular to E during the
I, measurement, one finds that the magnetic field drastically
suppresses the /,. As shown in Fig. 7(a), the sharp I, peak near
T\ is reduced to a smaller one when a 6-T magnetic field
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FIG. 5. (a) Temperature-dependent relative dielectric constant
& of SMCO measured at different frequencies and O T. The
same parameter measured at different magnetic fields and 1 MHz
with (b) magnetic field parallel to electric field (8 kV/m), and
(c) perpendicular to the electric field. The data are shifted for
clarity.

is applied. Correspondingly, the magnitude of P decreases
from 77 uC/m? at puoH =0 to 28.5uC/m? at uoH =6 T
[see Fig. 7(b)], indicating that the magnetic field can
significantly suppress the electric polarization in the uoH LE
configuration, in agreement with the observation in dielectric
constant measurements. Note that when puoH and E have a
tilted angle of 45 °, the related electric polarization is located
at the intermediate between those observed in poH parallel
and perpendicular to E configurations (not shown here).

We now discuss possible origins for the anisotropic mag-
netoelectric behavior of SMCO. Given the same crystal and
spin structures for SMCO and LMCO, the ferroelectric polar-
ization of SMCO can also be attributed to the collinear spin
arrangement composed of the Mn>* and Cr** spin sublat-
tices together. This means that the proposed mechanism for
ferroelectricity in LMCO [35] is also valid for SMCO. The
proposed spin structure of SMCO has a type-II magnetic point
group of 31’, in which a threefold rotation axis forms along
the crystal [111] direction with an independent time-reversal

uHI'E ]

40— : - . ]
10 20 30 40 50

T (K)

FIG. 6. Temperature-dependent (a) pyroelectric current /,, and
(b) ferroelectric polarization P in both +poled and —poled condi-
tions measured at various magnetic fields. The poling electric field
E = 8kV/cmis applied in parallel to poH with temperature cooling
from 50 to 2 K, and the polarization P is obtained by integrating the
current as a function of time.

symmetry. For the type-II magnetic point group, no linear ME
tensor is allowed. The matrix form of quadratic ME tensors
for the magnetic point group 31’ is

B —Bu 0 B Bis  —2B»
B=|-Bn B»n 0 Bis —Puu —2Bu|. Q)
Ba1 B B O 0 0

According to the Neumann principle, the ME tensor is in-
variant under every permissible symmetry operation of the
given magnetic point group for a crystal, which significantly
restricts the independence of these coefficients in a ME tensor
and then the tensor can only be nonzero in some magnetic
point groups [52,53]. The above ME tensor for the polar point
group 31" allows the presence of electric polarization and
quadratic magnetoelectric effect. Moreover, the quadratic ME
coupling coefficient 8 = d>P/dH? is a third-rank polar tensor
[6,54].

To further identify the quadratic ME effect of SMCO, by
scanning the magnetic field at a fixed temperature of 5 K,
the electric polarization was also measured at uoH||E and
woH LE configurations. This measurement was performed
using the same specimen that was measured at fixed mag-
netic fields mentioned above. As shown in Fig. 8, the puoH
applied along the direction of the poling electric field (i.e.,
woH||E) can enhance the polarization P considerably, irre-
spective of the sign of H, and the P is almost saturated
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FIG. 7. Temperature-dependent (a) pyroelectric current I, and
(b) ferroelectric polarization P of +poled and —poled conditions
collected at different magnetic fields. The poling electric field
E = 8kV/cm is applied perpendicular to poH.

to be about 105 C/m? as the puoH increases to 6 T. In
sharp contrast, the polarization is remarkably reduced when
the woH applied is perpendicular to the direction of E
(i.e., uoH LE), so that the P almost decreases to 48 ,uC/m2
with the magnitude of the field up to 6 T. These obser-
vations provide convincing evidence for the magnetic and
electric field dependent anisotropic ME multiferroicity of
SMCO. Furthermore, between —2.5 and 2.5 T, the variation
of polarization AP[= P(uoH)-P(0T)] in uoH ||E mode upon
scanning the magnetic field can be well fitted by the function

105F
90t
E 75
2
= 60
_,
45
30t 2 0 2
. o (T) .
9 -6 -3 0 3 6 9
toH (T)

FIG. 8. Magnetic field dependent polarization P at 5 K measured
in uoH ||E and puoH LE configurations. The value of applied E is
8 kV/cm. The inset shows the fitting result (red line) for the data of
AP (black circle) using the function AP = BH? as described in text.

of AP = BH? [55,56] with the second-order ME coefficient
B =2.56x107'3 /A [see the inset of Fig. 8]. The fitting result
shows that the quadratic ME effect governs the ME prop-
erty of SMCO, whereas the linear one is negligible within
+2.5 T. It also agrees well with the fact that the magnetic
point group 31’ of SMCO allows only the even-order ME
effects. At higher fields, however, the field-dependent polar-
ization gradually deviates from the quadratic behavior and the
magnitude of polarization becomes saturated around 6 T. If
one compares the field-dependent polarization (see Fig. 8) and
magnetization [see Fig. 4(a)], it seems that the deviation from
quadratic ME effect at higher magnetic field may be related to
the field-induced metamagnetism around 2.5 T. Note that the
evolution of P is similar under positive and negative H in both
woH LE and poH| E configurations in SMCO. The detailed
mechanisms for the exceptional ME behaviors are deserved to
be further investigated in the future, especially by theoretical
analysis.

In addition, we have to emphasize the role of ME poling
procedure for the observed anisotropic quadratic ME effects in
SMCO. In principle, a polycrystalline SMCO with randomly
oriented grains is not expected to show any ME effect due
to the high symmetry caused by isotropic grain distribution.
However, a proper ME poling procedure, by applying simul-
taneous electric and magnetic fields, will induce the nonzero
ME tensors and detectable ME effect even in a polycrystalline
sample if the ME tensor itself is nonzero in theory. In fact,
the linear ME effect of polycrystalline Cr, O3 after ME poling
has been observed experimentally and explained theoretically
[57]. The same arguments on the role of ME poling can be
applied to the quadratic ME effect of SMCO. Note that no
theoretical expression for quadratic ME tensors is derived in
isotropic polycrystalline materials as yet. The current SMCO
provides a prototype cubic material system with remarkable
magnetic and electric field dependent anisotropic magneto-
electric multiferroicity in its polycrystalline form.

IV. CONCLUSIONS

In conclusion, an A-site ordered perovskite SmMn3CrsO1;
with a cubic Im-3 space group was prepared at high-
pressure and temperature conditions. Both the BVS and
XAS results demonstrate that the charge combination is
SmMn?**3Cr**,0},. Magnetic susceptibility and specific heat
illustrate that the compound experiences two long-range AFM
phase transitions at Ty; ~ 145K and Tn; =~ 41K, respec-
tively. In analogy with the isostructural LaMn3;Cr Oy, the
B-site Cr*" and A’-site Mn*" magnetic sublattices are re-
sponsible for these two spin orderings. Since the total spin
structure of SMCO can break the space inversion symme-
try, a spontaneous ferroelectric polarization is found to occur
at Txp. Moreover, by using a proper ME poling procedure,
strongly magnetic and electric field dependent anisotropic ME
properties are observed in the polycrystalline SMCO. In a
woH ||E configuration, the spin-induced electric polarization
can be significantly enhanced by a magnetic field. In sharp
contrast, the polarization is suppressed by a magnetic field in
a woH LE configuration. More interestingly, the exceptional
quadratic anisotropic ME behavior shows up in SMCO, which
essentially differs from most ME multiferroic materials.
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