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TOPICAL REVIEW — High pressure physics

A-site ordered quadruple perovskite oxides AA}B,O,"

Youwen Long(J845 30)1% 7

1Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
Collaborative Innovation Center of Quantum Matter, Beijing 100190, China
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The A-site ordered perovskite oxides with chemical formula AA;B4O1, display many intriguing physical properties
due to the introduction of transition metals at both A’ and B sites. Here, research on the recently discovered intermetallic
charge transfer occurring between A’-site Cu and B-site Fe ions in LaCuzFe4O1, and its analogues is reviewed, along
with work on the magnetoelectric multiferroicity observed in LaMn3Crq4O1, with cubic perovskite structure. The Cu-Fe

3

intermetallic charge transfer (LaCufFei*Olz — LaCu§+Fei'75+012) leads to a first-order isostructural phase transition
accompanied by drastic variations in magnetism and electrical transport properties. The LaMn3CrsOj is a novel spin-
driven multiferroic system with strong magnetoelectric coupling effects. The compound is the first example of cubic
perovskite multiferroics to be found. It opens up a new arena for studying unexpected multiferroic mechanisms.

Keywords: high-pressure synthesis, A-site ordered perovskite, charge transfer, multiferroicity

PACS: 81.40.Vw, 71.27.+a, 75.30.-m, 77.84.—s

1. Introduction

Transition-metal (TM) oxides with ABOs perovskite
and/or perovskite-like structures have received much atten-
tion due to their varied crystal structures and their physi-
cal properties such as ferroelectricity, piezoelectricity, multi-
ferroicity, superconductivity, colossal magnetoresistance, and
catalysis.l'-!?l' As shown in Fig. 1(a), the B site in an ABOj3
perovskite oxide is usually occupied by a TM ion with BOgq
octahedral coordination, which dominates the electronic prop-
erties, while the A site often accommodates a relatively large
cation such as an alkaline metal, alkaline-earth metal or rare
earth element, located in the octahedral voids to sustain the
structural framework. Since the crystal structure of perovskite
is very flexible, one may prepare various structurally ordered
perovskite oxides by appropriate chemical substitution. For
instance, when a TM ion resides in the B site, a B-site ordered
double perovskite AyBB'Og can be formed (see Fig. 1(b)).
One well-known example is the half-metallic ferrimagnetic
compound Sr,FeMoOg with a high Curie temperature (7¢) of
about 420 K. 3] This relatively high T¢ has stimulated consid-
erable research on the family of 3d—4d and 3d—5d hybrid mag-
netic materials with high spin ordering temperatures. In partic-
ular, in the series of Cr-based double perovskites SroCrB'Og,
the Tc increases from 458 K for B’ = W to 635 K for B’ =Re
and further to 725 K for B’ = Os.!!3-1°] This trend in increasing
Tc has been interpreted as a strong super-exchange interaction
between fully occupied up-spin Cr-tz, and Os-tp, electrons. (16l

In addition to the B-site ordered double perovskites, so-
called A-site ordered quadruple perovskites with chemical for-
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mula of AA'334012 also exist and can be obtained when three
fourths of the A sites in a simple ABO3 perovskite are oc-
cupied by TM ions A’.?! This specially ordered perovskite
usually crystallizes to a cubic lattice with space group Im-
3 as shown in Fig. 1(c). Owing to the introduction of TM
ions, which have smaller ionic radii, at the initially 12-fold-
coordinated A site, the BOg octahedra are highly tilted in this
ordered structure (A typical B—O—B bond angle is about 140°).
As a result, high pressure is often necessary to prepare A-
site ordered perovskites. Unlike BOg octahedral coordina-
tion, a transition metal at the A’ site forms a square-planar-
coordinated A’O4 unit. As a result, some Jahn—Teller active
ions like Cu?>" and Mn3* can often occupy this site. Since
both A’ and B sites accommodate transition metals in A-site
ordered quadruple perovskites, multiple magnetic and electri-
cal interactions can take place through A’-A’, B-B, and/or A'—
B interaction pathways, giving rise to many interesting phys-
ical properties and potential applications. For example, fer-
romagnetism caused by the A’-site Cu>* was found in the B-
site nonmagnetic CaCu3B401> (B = Ge, Sn).[?!! Colossal and
temperature-independent dielectric constants (= 10%) were ob-
served in CaCugTi4012.[22’23] Large low-field magnetoresis-
tance effects were shown in Ca/La/BiCuzMny05.1%*2%1 Mag-
netic and dielectric coupling occur in BiMnzMns01,.271 A
recent study of LaMn3TisO1, revealed that the A site can be
occupied by Mn with an unusual low valence state rather than
Jahn-Teller Mn>* .28 Some of these intriguing physical prop-

erties have already been reviewed in a few articles. 202!
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(b) .

Fig. 1. (color online) (a) Crystal structure of simple perovskite ABO3 with a Pm-3m space group. Atomic sites: A la (0, 0, 0), B 15 (0.5, 0.5,
0.5), O 3¢ (0, 0.5, 0.5); (b) crystal structure of B-site ordered double perovskite A, BB'Og with an Fm-3m space group. Atomic sites: A 8¢
(0.25, 0.25, 0.25), B 4a (0, 0, 0), B’ 4b (0.5, 0.5, 0.5), O 24e (x, 0, 0); (c) crystal structure of A-site ordered quadruple perovskite AA’334012
with an Im-3 space group. Atomic sites: A 2a (0, 0, 0), A’ 6b (0, 0.5, 0.5), B 8¢ (0.25, 0.25, 0.25), O 24g (x, y, 0).

In the present invited review, we focus on the recent
progress in A-site ordered quadruple perovskite oxides, includ-
ing the intermetallic charge transfer between the A-site Cu and
the B-site Fe in ACuzFe401; (A = La-Tb, and Bi), and mag-
netoelectric multiferroicity in the cubic perovskite-structure
LaMn3CrsO15. [30-36]

2. Intermetallic charge transfer in ACus;Fe 01,

Charge transfer occurring between two different tran-
sition metals can simultaneously change the valence states
and electronic configurations of these two TM ions. It may
lead to a series of related phase transitions in lattice, spin,
charge and orbital degrees of freedom. Although intermetal-
lic charge transfer is often observed in organic—inorganic hy-

[37-401 only a few inorganic solid-state oxides

bridized systems,
show this phenomenon. Several A-site ordered perovskites
ACu3Fe 015 (A = La-Tb, and Bi) were found to display inter-
metallic charge transfer between the A’-site Cu and the B-site
Fe ions.[31-3]

The ACusFe 01> can be synthesized at 8-15 GPa and
1200-1500 K. For instance, figure 2(a) shows the synchrotron
x-ray diffraction (SXRD) pattern of LaCuzFe O, (LCFO)
measured at 300 K. It can be well fitted based on an A-site
ordered double perovskite structure model with a cubic Im-3
space group. In the structure, A-site La and A’-site Cu are 1:3
ordered at special sites 2a (0, 0, 0) and 6/ (0, 0.5, 0.5), re-
spectively. B-site Fe occupies special site 8¢ (0.25, 0.25, 0.25)
and O occupies site 24g (x, y, 0). The refinement for occupa-
tion factors of atoms is near unity, indicating good chemical
stoichiometry.

The oxygen content can be further determined by ther-
mogravimetric (TG) measurement as shown in Fig. 3. The
compound starts to decompose at a temperature around 820 K,
losing 3.25% of its mass. According to the decomposition re-
action (LaCusFe O, — LaFeO3 + 3/2CuFe;04 + 3/2CuO +
3/40;), the expected TG loss is about 3.22%, which is very
close to the observed one. Therefore, oxygen content in LCFO
is almost stoichiometric. Figure 3 also shows a differential

thermal analysis (DTA) of LCFO. Obviously, when the tem-
perature increases to a critical temperature (7¢) 393 K, a sharp
endothermic peak is observed in the DTA curve. However,
there is no change in the TG curve near Tc. These observations
thus strongly suggest an intrinsic phase transition occurring at
around 393 K.
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Fig. 2. (color online) SXRD patterns and the Rietveld refinement pro-
files of LaCu3Fe4015 at (a) 300 K and (b) 425 K. The observed (cir-
cles), calculated (red line), and difference (blue line) patterns are shown.
Ticks show the positions of the Bragg reflections.!]

To understand the origin of the phase transition at g,
high-temperature SXRD was performed. Figure 2(b) shows
the SXRD pattern of LCFO measured at 450 K (> T¢). Struc-
tural analysis demonstrates that the crystal symmetry above
Tc is completely identical with that of the phase below Tc,
suggesting that the phase transition occurring at 393 K is an
isostructural one. Moreover, when the unit cell volume as a
function of temperature is examined (see Fig. 4), one can find
a sharp volume variation of about 1.2%, revealing the first-
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order nature of this isostructural phase transition. Note that
the volume change of LCFO around 7¢ differs from the usual
thermal expansion, exhibiting anomalous shrinkage during the
phase transition.
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Fig. 3. (color online) Thermogravimetry and differential thermal anal-
ysis of LaCu3Fes0;,.31
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Fig. 4. (color online) Temperature dependence of the unit cell volume
of LaCu3Fe401,. The data were obtained from conventional XRD (e),
SXRD (M), and NPD (4).531]

The cell volume in the A-site ordered perovskite is closely
related to the B—O bond length. According to structure refine-
ment results (Table 1), the temperature dependence of Fe-O
and Cu-O distances is obtained as shown in Fig. 5(a). Clearly,
the Fe—O bond length sharply decreases around 7c, giving
rise to the drastic volume contraction. In contrast, the Cu—
O distance increases remarkably near the critical tempera-
ture. The band valence sums were calculated based on the
Fe—O and Cu-O bond lengths (see Fig. 5(b)). The valence
states of Fe and Cu below 7¢ are both close to +3, form-
ing a LaCu%*Fei*Olz charge combination with the very rare
Cu?* residing at the square-planar A’-site. Above Tc, how-
ever, the unusually high Cu3* is reduced to a Cu?t, whereas
the valence state of Fe becomes much higher than +3. On
account of the stoichiometric composition of LaCu3Fe 015,
the high-temperature charge combination should change to
LaCu%*FeijS*O]z, which is the same as that of other A-
site ordered perovskites such as LaCu%*MnijS*O]z and
B iCu§+Mni'75+O 1.125:26]

Table 1. Crystal structure parameters of LaCuzFe;O1,, determined by
Rietveld refinements of SXRD and NPD data.

LaCu3zFe401, SXRD SXRD NPD NPD
T/K 300 450 300 425
space group Im-3 Im-3 Im-3 Im-3
z 2 2 2 2
alA 7.43283(4) 7.41420(6) 7.4351(1) 7.4345(8)
VIA3 410.641(7) 407.561(9) 411.02(2) 410.9(1)
o, 03111(3)  0.3070(4) 0.3110(2) 0.302(3)
0, 0.1711(4)  0.1764(4) 0.1690(3) 0.174(3)
Uiso(La/Bi)/10%2 A2 0.26(2) 0.42(2) 0.5(1) 3(1)
Uiso(Cu)/10% A2 1.09(2) 1.48(3) 1.19(6) 2.9(5)
Uiso(Fe)/10% A2 0.14(2) 0.22(2) 0.79(3) 6.7(6)
Uiso(0)/10% A2 0.36(7) 0.67(8) 0.80(3)  4.94)
Cu-0/4 A 1.895(2)  1.939(3)  1.885(2)  1.96(2)
2.819(3)  2.794(4)  2.834(2)  2.84(6)
33646)  3.307(7)  3.377(2)  3.30(4)
Fe-0/6 A 2.0007(9)  1.978(1)  2.0059(7) 1.981 (5)
Fe—O-Fe/(°) 136.5(1)  1392(2)  135.8(1)  139.5(8)
Rup/% 6.70 771 5.09 454
Ry/% 470 5.42 431 3.96
1.9%4——————————————— 2.04
(@ e
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Fig. 5. (color online) Temperature dependence (a) lengths of Cu—O (e)
and Fe-O (M) bonds and (b) calculated BVS values for Cu (e) and Fe
(M) ions in LaCusFe,045.130

The valence state change of Fe can be confirmed fur-
ther by Mossbauer spectrum (MS) measurements. Figure 6
shows the MS results of LCFO collected at different temper-
atures. Below T¢ (e.g., at 4.2 K and 298 K), the MS very
consistently shows one spectral feature, a single magnetic sex-
tuplet. The isomer shift (IS) values obtained at 4.2 K and
298 K are respectively 0.47 and 0.34 mm/s, typical values for
Fe’* with a high-spin configuration,*!*?] further confirming
the charge combination of LaCuj"Fe}" Oy, below the tran-
sition temperature. In contrast, the MS measured above T¢
displays an essentially different feature, which consists of a
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paramagnetic singlet, as shown in Fig. 6(c). The related IS
value is fitted to be 0.17 mm/s, which is an intermediate value
between ~ 0.07 mm/s for an Fe** state and ~0.35 mm/s for
an Fe3* state,[*>** in accordance with the high-temperature
LaCu%*FerS*Olz charge combination. The changes in the
valence state strongly indicate the occurrence of intermetallic
charge transfer between the A’-site Cu and the B-site Fe ions
(3Cu3t + 3e—3Cu?t; 4Fe3t — 3e—4Fe® ).

(a) IS=0.47 mm/s

Absorption

(c) IS=0.17 mm/s

—10 -5 0 5 10

Velocity/mm-s—!

Fig. 6. (color online) Mdssbauer spectra of LaCuzFesO1; at (a) 4.2 K,
(b) 298 K, and (c) 423 K. Arrows in panel (c) show spectral features
due to a small amount of o-Fe,O3 impurity. 3]

The first-order charge-transfer transition changes the
electronic configurations of Cu and Fe ions simultaneously,
so in addition to the sharp variation in unit cell configura-
tion, the magnetism and electrical transport properties are also
expected to change significantly. Figure 7(a) shows the tem-
perature dependence of magnetic susceptibility. A dramatic
anomaly is obvious where temperature passes Tc, suggesting
the presence of a magnetic phase transition accompanying the

charge transfer. Actually, the observed magnetic sextuplet in
the MS below T¢ indicates long-range spin ordering of Fe3*
ions, while the singlet above 7¢ demonstrates the nonmagnetic
nature. Furthermore, the temperature dependent hyperfine
field (HF) obtained based on the MS measurements also agrees
with the spin order-to-disorder transition (Fig. 7(b)). The ex-
act zero HF value above T¢ confirms the paramagnetic state.
However, the HF increases sharply when the charge combi-
nation changes from the high-temperature LaCu3"Fe] >0/,
to the low-temperature LaCu%*Fei’*Olz, reflecting the devel-
opment of long-range spin ordering below 7¢. Taking into
account the linear magnetization behavior in the spin ordered
LaCu%*Feﬁ*Olz phase, shown in the inset in Fig. 7(a), long-
range antiferromagnetic (AFM) ordering is expected.
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Fig. 7. (color online) Temperature dependence of (a) magnetic suscep-
tibility ¥ measured at an applied field of 0.1 T, (b) hyperfine field HF
(e) and isomer shift IS (M), and (c) magnetic moment of Fe obtained
form NPD analysis of LaCuszFe4O1,. The inset in panel (a) shows the
linear magnetization behavior at 300 K (e) and 200 K (m).130]

To further confirm the charge-transfer-induced spin order
transition, neutron powder diffraction (NPD) was performed
at different temperatures (see Fig. 8). The NPD pattern mea-
sured at 425 K (Fig. 8(b)) can be fitted well based on the cu-
bic Im-3 crystal structure model as mentioned before, and no
magnetic diffraction peak is visible above Tc. Below the crit-
ical temperature, however, strong magnetic contributions are

078108-4



Chin. Phys. B  Vol. 25, No. 7 (2016) 078108

observed, as clearly seen by the 111 and 113 magnetic Bragg
reflections (Fig. 8(a)). The refinement reveals a magnetic su-
perstructure with a (1/2 1/2 1/2) propagation vector of the cu-
bic cell, producing a G-type AFM structure, where each Fe3*
spin aligns antiparallel to the six nearest neighbors, as shown
in Fig. 9. This AFM ordering is also consistent with the linear
magnetization behavior (inset in Fig. 7(a)). The refined mag-
netic moments of the B-site Fe are 4.03(2)ug and 3.28(3)us
at 50 K and 375 K, respectively (Fig. 7(c)). Both of them are
reduced from the ideal value of 5.0ug for a high-spin Fe3*
(S = 5/2), probably implying some Fe-O covalency effects.
No magnetic contribution from the square-planar-coordinated
6c¢ site is found. Because the square-planar-coordinated Cu re-

sults in considerable energy splitting between the d»_ » and

X =y
d3er2 orbitals, the 3d electrons in Cu3*t (3d8) ions fully oc-
cupy the dy, dy, dyy, and d; >, orbitals, making the d,2_»
orbital empty with a total spin S = 0. The AFM ordering thus

originates from the B-site Fe3* only.

Intensity

e
| At o A
1 T

ey *

20 40 60 80 100 120 140
26/(%)

Fig. 8. (color online) The NPD patterns and Rietveld refinement pro-
files of LaCusFe4O;, at (a) 300 K and (b) 425 K. The observed (cir-
cles), calculated (red line), and difference (blue line) patterns are shown.
Green ticks show the positions of the Bragg reflections, and pink ticks
in panel (a) show the positions of magnetic reflections from the G-type
antiferromagnetic ordering of the B-site spins. 3!l

In the A-site ordered perovskites, the A’Oy4 units are spa-
tially isolated from each other, so the electrical conductivity
must be dominated by the corner-sharing BOg octahedra (see
Fig. 1(c)). As shown in Fig. 10, the low-temperature AFM
phase with Fe3* displays insulating behavior. The temperature
dependence of resistivity between 100 K and 300 K can be fit-
ted well based on a Mott 3D variable-range hopping (VRH)

model: R(T) = Roexp(Tp/T)"/* (inset of Fig. 10). How-
ever, when the B-site Fe3* is changed to a mixed Fe37>* an
insulator-to-metal transition is observed at 7c. The observed
thermal hysteresis in resistance is also consistent with the first-
order nature of the intermetallic charge transfer transition.

Fig. 9. (color online) The G-type antiferromagnetic structure of B-site
Fe3* spins in LaCu3Fe;01,. Only magnetically ordered Fe3* ions are
shown. Spins are drawn along the [001] direction because the exact
orientation of the magnetic moments cannot be determined by NPD.[3?!

100__| T T T 2 ‘| T ‘ T -‘ |__

10 i

0.24 0.27 0.30
(/1)

p(T)/p(473 K)]

320 360 400 440 480
Temperature/K

Fig. 10. (color online) Temperature dependence of normalized resistiv-
ity of LaCu3Fe4Oj,. Inset shows the result obtained by fitting data
in the temperature range between 100 K and 300 K to a 3D VRH
model. 3]

In addition to LCFO, the Cu—Fe intermetallic charge
transfer is observed in other ACuszFesO1, systems, systems
with A = Pr, Nd, Sm, Eu, Gd, Tb, or Bi, giving rise to sim-
ilar interrelated changes in unit cell, magnetism and electri-
cal conductivity.31:3%351 Moreover, with decreasing size of
the ion at the A-site, the charge-transfer critical temperature
gradually decreases. When high pressure is applied to tune
the unit cell volume, a pressure-induced charge transfer is
found to occur in LCFO at room temperature.?3! Note that
if another rare earth ion with smaller ionic radius, such as
Dy, Ho, Er, Tm, Yb, Lu or Y, is substituted at the A-site,
charge disproportion of iron ions (8Fe*73* — 3Fe>* 4 5Fe*)
takes place instead of Cu—Fe intermetallic charge transfer
(3Cu3T + 4Fet — 3Cu2T + 4Fe3751).13543] [t has been re-
ported that the strength of the crystal-field splitting and the rel-
ative energy ordering between Cu 3d,, and Fe 3d states are the
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key parameters determining the intermetallic charge transfer
(charge disproportionation) in ACu3FesO1, compounds with

light (heavy) rare earth metals. 6]

3. Magnetoelectric multiferroicity in a cubic
perovskite LaMn3;CrsO1,

Magnetoelectric (ME) multiferroicity with coupled fer-
roelectric and magnetic orders has received much attention
due to its great potential for numerous applications. [4’-54! Per-
ovskites are one of the most important material systems for
multiferroic study. Since the discovery of multiferroic behav-
ior in perovskites BiFeO3 and TbMnO3,[*84°1 a many mul-
tiferroic materials with different physical mechanisms have
been found in the last decade.’>~°) Among them, the spin-
induced multiferroics have received the most attention because
their ferroelectricity is induced by magnetic structures, leading

[60-62] Several theo-

scientists to expect a strong ME coupling.
ries such as the spin-current model (or inverse Dzyaloshinskii—
Moriya interaction), exchange striction mechanism and d—
p hybridization mechanism have been proposed to account
for the spin-induced ferroelectricity in ME multiferroics by
special spin textures such as non-collinear spiral spin struc-
tures and collinear E-type AFM structure with zigzag spin

5.163-671 Tt is well known that a cubic perovskite lattice

chain
is unfavorable for ferroelectricity due to the existence of an
inversion center. However, the total symmetry for an ME

multiferroics reflects the crystal and magnetic symmetries to-

gether. Therefore, in principle, it is possible to find ME multi-
ferroics in a cubic perovskite system if the system’s magnetic
structure breaks the space inversion symmetry. Nevertheless,
such an intriguing case was never found in previous studies.
The AA;B40>-type A-site ordered perovskite provides an op-
portunity for researching ME multiferroics in a cubic lattice.
Since both A’ and B sites accommodate magnetic transition-
metal ions, multiple magnetic and electrical interactions may
develop, while the crystal structure can be finely tuned by se-
lecting appropriate A’ and B elements to maintain the cubic
lattice, [24:30,68-70]

In this section, a spin-driven multiferroic phase with
strong ME coupling effects in the A-site ordered perovskite
LaMn3CrsO, (LMCO) with cubic symmetry will be de-
scribed. The unique multiferroic behavior in this cubic per-
ovskite originates from a nontrivial effect involving the inter-
actions between two magnetic sublattices. The present study
not only provides the first example of multiferroics in a cu-
bic perovskite system but also presents new insights into the
physical mechanisms of multiferroics.

LMCO can be prepared by using high pressure and high
temperature conditions, as detailed in Ref. [28]. Tempera-
ture dependent XRD shows that this compound always pos-
sesses an A-site ordered perovskite structure with cubic space
group Im-3 from 23 K to 293 K (Fig. 11). The stability of
this long-range cubic crystal structure is also confirmed by
low-temperature (10-300 K) Raman scattering as shown in
Fig. 12(a).
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43 ) R ok . b
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» [23 ) . | AN . A
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20/(°)

Fig. 11. (color online) (a) Temperature dependent x-ray diffraction of LaMn3Cr4O;,. Diffraction peaks were indexed based on space group
Im-3. Stars show the diffraction peaks originating from a small amount of Cr, O3 impurity. (b)—(e) The enlarged views for several representative
diffraction peaks. No structural phase transition occurs as temperature decreases from 293 K to 23 K.
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— 10K (a)

Intensity

Fy(1)
a(1)

E

Fy(2)
Ag(2)
'Es,(2)

200 400 600 800
Raman shift/cm~!

) 640 | (b) .
‘E _—_.-w.
g 600 -
;; 560 | Ag(2) |
&
520 1 1 1 1 1 1
L AR
_ 30t ©) ]
5
1%}
= 20f
= E,(2)
= ok .
0 o0 200 300

T/K
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Fig. 13. (color online) (a) Magnetic field dependence of magnetization
measured at different temperatures. The linear magnetization behaviors
are consistent with the collinear G-type antiferromagnetic structure of
LaMn3Cr4O1; as revealed by neutron powder diffraction. (b) Tempera-
ture dependence of susceptibility y of LMCO. (c) Temperature depen-
dence of specific heat Cp of LMCO.

Magnetic susceptibility and specific heat measurements

reveal two AFM transitions in LMCO, occurring at Ty ~
50 K and T¢r ~ 150 K, respectively (Fig. 13). To clarify the
origin of these two AFM phase transitions, NPD was per-
formed at different temperatures. The NPD data shown in
Fig. 14 demonstrates that the cubic Im-3 crystal structure per-
sists down to 2 K, in agreement with the low-temperature
XRD and Raman results. Meanwhile, based on the tem-
perature dependence of the magnetic peaks (111) and (100)
(Figs. 15(a) and 15(b)), the NPD results confirm that the spin
orderings of the Mn and Cr sublattices lead to the AFM tran-
sitions at Ty, ~ 50 K and T¢r ~ 150 K, respectively. Fur-
thermore, the NPD refinements produce collinear G-type AFM
spin structures for both the A’-site Mn-sublattice and the B-site
Cr-sublattice, with the propagation vector of (111)/(100) for
the Cr/Mn-sublattice and the spin orientations most probably
along the equivalent [111] direction (Fig. 16). This collinear
AFM spin configuration is consistent with the linear magneti-
zation behaviors observed at different temperatures, shown in
Fig. 13(a).

Figure 17(a) shows the temperature dependence of the di-
electric constant (€). Corresponding to the AFM phase transi-
tion occurring at Ty, € also displays a sharp anomaly. More-
over, this dielectric variation is independent of frequency, im-
plying the possibility of a ferroelectric phase transition cou-
pled with AFM ordering of the Mn spins. Thus, the ME
coupling may occur at the onset of Ty, in the cubic per-
ovskite LMCO. Looking further, we see another broadening
and frequency-dependent dielectric anomaly at about 110 K
for 10 kHz and 155 K for 1 MHz. This relaxation behavior
is reminiscent of a ferroelectric transition, probably originat-
ing from local structure inhomogeneity and/or some extrinsic
effects, as will be discussed later. 73]
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Fig. 14. (color online) Rietveld refinements for neutron powder diffraction data of LaMn3Cr4O1; collected at (a) 170 K, (b) 80 K, (c) 35 K,
and (d) 2 K. Small amounts of Cr,O3 and MnCr,O4 impurity phases (< 5 wt%) were observed.
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Fig. 15. (color online) Temperature dependence of integrated NPD in-
tensities of (111) (a) and (100) (b) peaks, respectively.

Fig. 16.

(color online) G-type AFM structures of the B-site Cr-
sublattice (a) and the A’-site Mn-sublattice (b), both with spin orien-
tation along the [111] direction. (c) A complete set of spin alignment
composed of Cr and Mn spins below Typ,. For clarity, La and O atoms
are omitted in the structures. Blue ball: Cr atom; red ball: Mn atom.

These two ferroelectric phase transitions were further
studied by measuring pyroelectric current (/,) to derive the fer-

roelectric polarization (P) with both positive and negative elec-
tric (E) poling procedures from 200 K down to 5 K, as shown
in Figs. 17(b) and 17(c). Obviously, the I, and P are com-
pletely switchable by the poling E reversal. The most striking
finding is that the Mn spin ordering transition is coupled with
a sharp change in both I, and P at Ty, (Figs. 17(b) and 17(c)
and the insets), strongly indicating that the presence of this
low-temperature ferroelectric phase transition (FE1) is closely
related to the magnetic ordering of the Mn sublattice, in agree-
ment with the dielectric constant measurements. In addition,
in the high temperature region, I, and P were found to emerge
gradually below about 180 K, and then a broad peak in I, ap-
pears near 125 K (Fig. 17(b)). Since these two characteristic
temperatures (180 K and 125 K) differ from the value of T,
(150 K), the associated ferroelectric phase (FE2) seems to be
of non-magnetic origin.

Note that the drastic changes of I, at Ty, are not a single
peak or dip but unusual dip-peak features and vice versa for the
+poled and —poled curves, respectively (inset of Fig. 17(b)).
Accordingly, the obtained P(T) curves slightly decreases and
then increases or vice versa for +-poled or —poled on cooling
around Ty, (inset of Fig. 17(c)). This implies that two in-
dependent polarizations are superposed below Ty,. To prove
this point, two different poling E schemes were performed,
passing either 180 K or Ty, (= 50 K) only. In sharp con-
trast to the dip-peak features in I, when poling E across both
Tyvin and 180 K, only a single dip (200-75 K, +poled) or peak
(75-30 K, +poled) in I, was observed in each poling scheme,
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respectively, as shown in Figs. 18(a) and 18(b). Correspond-
ingly, the obtained net polarization changes (AP = P(T) — P
(50 K)), which represent the influence of Mn ordering upon
the P values, show negative values when E is applied only
across 180 K, whereas positive AP values are obtained with £
applied only across Ty, as shown in Fig. 18(c). The single
dip in [, (200-75 K, +poled) means that, although the FE2
phase sets in at a temperature much higher than 7y, the spin
ordering of Mn ions still causes a decrease of in the magnitude
of P in this phase. More interestingly, the peak in [, (75-30 K
and +poled) reveals that the FE1 phase, which develops at Ty,
is a ferroelectric phase that is independent of the FE2 phase.
Since the FE1 phase strongly couples with the AFM ordering
of the Mn-sublattice, the present cubic perovskite LMCO can
be regarded as a new case of spin-driven multiferroics below
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Fig. 17. (color online) Temperature dependence of (a) dielectric con-
stant € and magnetic susceptibility x, (b) pyroelectric current I, and (c)
ferroelectric polarization P in both +poled and —poled conditions. The
€ and I, were measured without magnetic field. Insets of panels (b) and
(c) show enlarged views near 50 K.[30]

To further confirm that the observed pyroelectric sig-
nals come from intrinsic ferroelectricity instead of a plausi-
ble space charge effect, different external magnetic fields are
applied to measure the pyroelectric and dielectric properties.
Considerable anisotropic ME and magnetodielectric effects
are found in these two FE phases at and below Ty,. As shown
in Fig. 19(a), when an external magnetic field H||E is applied

up to 12 T in the poling and measuring processes, the absolute
values of I, near Ty, are enhanced by about one order of mag-
nitude for both phases. The calculated |AP| values in both FE
phases also increase from ~ 15 pC/m? to ~ 68 uC/m? at 30 K
(Fig. 19(b)). In the H_LE configuration, however, the I, near
Ty 1s found to be completely suppressed above 7 T field (not
shown here).
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Fig. 18. (color online) Poling procedure dependence of electric behav-
iors below Ty, (a) Temperature dependence of pyroelectric current I,
by +poled and —poled under 200-75 K and 75-30 K poling conditions.
Temperature dependence of (b) I, and (c) the difference of polarization
AP(= P(T) — P(50 K)) after being +poled from 200 K down to the se-
lected temperatures. The AP is obtained by integration of /, in panel (b)
as a function of time. As shown in panel (b), a dip-peak feature is
observed when E passes through both 180 K and Ty, whereas only
a single dip is observed when E is turned off at temperatures higher
than Tvy. Therefore, the dip in 7, at Ty, must be contributed by the
FE2 phase, and the peak in I, at Ty, originates from the FE1 phase.
The corresponding negative AP indicates that electric polarization of
the FE2 phase decreases in magnitude below Tiy.

Similarly, the dielectric constant € also shows significant
changes under magnetic field at and below Ty,. For the H||E
configuration, the sudden jump in € around Ty, for uopH =0
changes into a sharp peak for yoH > 3 T (Fig. 20(a)). By com-
parison, the H L E configuration shows a remarkably smaller
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dielectric jump at Ty, so much so that almost no dielectric
anomaly is observed with field above 7 T (Fig. 20(b)), consis-
tent with the complete suppression of electric polarization at
this H and E configuration under high field mentioned above.
On the other hand, however, with increasing magnetic field,
there is no remarkable change in € above Ty, in either the
H||E or the HLE configuration, revealing that the FE1 and
FE2 phases have different origins. Anyway, our magnetic-field
dependent measurements show that the FE1 phase has strong
anisotropic H dependent behavior, excluding any extrinsic ori-
gin of the space charge for this multiferroic phase.

LaMn3CrsO1o H||E

o
— 75—30 K, +poled

200—75 K, +poled

40

AP/uC-m~2
o

|
N
S

—80 L | L | L | L |
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Fig. 19. (color online) (a) Temperature dependence of /, and (b) differ-

ence of polarization AP under different poling conditions and different
magnetic fields below 50 K. 13!
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Fig. 20. (color online) Temperature dependence of € measured at 1
MHz and different magnetic fields with H||E and H_LE configurations,

respectively. Data have been shifted for clarity. 3]

Note that, as can be seen from the XRD and NPD pat-
terns (Figs. 11 and 14), small amounts of Cr,O3 and MnCr,O4
impurity phases (< 5 wt%) were found in our high-pressure

product. Although these two phases exhibit multiferroic be-
haviors, they do not affect the intrinsic physical properties
of LMCO. Specifically, Cr,O3 displays an ME effect below
307 K171 but this phase transition temperature is much dif-
ferent from both the Ty, (= 50 K) and the T¢; (= 150 K) ob-
served in our LMCO (Fig. 13). Moreover, there is no visi-
ble polarization above 180 K (Figs. 17(b) and 17(c)), indicat-
ing that the magnetic and electric transitions, as well as the
ME coupling, of LMCO are not related to the Cr,O3 impu-
rity. In addition, MnCr,O4 shows a sharp ferrimagnetic tran-
sition at 43 K and exhibits significant spontaneous magnetiza-
tion with a saturated moment of about 1.0ug f.u.~! at 5 K.[?]
In the present LMCO, however, there is no magnetic anomaly
around 43 K (Fig. 13(a)), and the magnetic field dependence
of magnetization shows a completely linear relationship at 5 K
(Fig. 13(b)). Therefore, any effect of MnCr,O4 on the intrin-
sic physical properties of LMCO can also be safely ruled out.
Recently, a centrosymmetric perovskite, SmFeOs has been re-
ported to have multiferroicity that is induced by noncollinear
G-type AFM order.!”#! Unfortunately, however, this reported
ferroelectricity was later disproven by theoretical work!”>! and
other experiments.!”®! In particular, Kuo er al.l’® suggested
that magnetoelastic coupling can give rise to artificial pyro-
electric current, as has been observed in SmFeO3;. However,
this is not the case for the LMCO sample. Magnetoelastic-
coupling induced pyroelectric current usually is not switchable
by poling electric field, as pointed out by Johnson et al. for the
case of CaBaCo407.!77! Nevertheless, the pyroelectric current
of LMCO can be reversed by poling electric field. Moreover,
the sign of the magnetoelectric coefficient (dP/dH) can also
be reversed by changing the direction of the poling electric
field. These two facts completely rule out the magnetoelastic-
coupling mechanism in LMCO. Therefore, the ferroelectricity
observed in LMCO below Ty, = 50 K must be intrinsic in
origin.

Next we discuss some possible mechanisms responsi-
ble for the low-temperature Mn spin ordering induced ferro-
electricity in the cubic perovskite LMCO. First, both the in-
verse Dzyaloshinskii—-Moriya interaction and the spin-current
model, both of which are related to the cross products of spins,
are excluded due to the collinear spin configuration of LMCO
(Figs. 16(a)-16(c)).
induced electric polarization is related to the dot product of

The exchange striction mechanism-

a pair of spins, which is independent of the spin orientations
if the two spins are always parallel or antiparallel with each
other. In contrast, based on the magnetic point group analy-
sis and theoretical calculations to be shown later, the polariza-
tion direction of FE1 phase is always simultaneously changed
with the spin orientations (in one of the equivalent [111] di-
rections). This means that the exchange striction mechanism
does not contribute to the polarization in FE1 phase if there is

078108-10



Chin. Phys. B  Vol. 25, No. 7 (2016) 078108

any. As a consequence, these conventional ME mechanisms
simply cannot explain the present ferroelectric behaviors.

In the temperature region of Ty, < T < Ty, the Cr sublat-
tice is ordered in a G-type AFM manner with spin orientation
along the [111] direction (Fig. 16(a)). Since the crystal space
group is Im-3, the magnetic point group must be a non-polar
-3’ group with a space inversion center. At T < Ty, the Mn
sublattice is also ordered in a G-type AFM structure with non-
polar =3 group as its own magnetic point group (Fig. 16(b)).
Therefore, no polarization can be induced by either Cr or Mn
spin ordering alone. However, when the Mn and Cr sublat-
tices are considered together below Ty, the system magnetic
point group is polar group 3 (Fig. 16(c)), which allows polar-
ity along the spin direction. This suggests that the ferroelec-
tric polarization of the FE1 phase most probably arises from
the Mn and Cr spin configurations together, ruling out any
possibility of a single spin mechanism, e.g., the d—p hybrid
model. [6¢]

Density functional theory calculations have been per-
formed to better understand the spin-driven ferroelectricity
of the FE1 phase.
band gap at about 1.75 eV reveals the insulating nature of
LMCO (see Fig. 21). The calculated local moments for the
Mn (3.907ug) and Cr (2.799up) ions also agree with the NPD
refinement results (Table 2). The ferroelectric polarization was

The calculated density of states with a

calculated using the Berry phase method.!”8! The experimen-
tal magnetic orders were adopted and the structure was re-
laxed starting from the experimental one. The results show:
1) Without considering the spin—orbit coupling (SOC) of the
magnetic ions, the calculated ferroelectric polarization for the
experimental magnetic ground state is exactly zero in the FE1
phase; 2) If the SOC is considered, with all spins pointing par-
allel or antiparallel to the [111] axis, as the NPD study sug-
gested, even the exact high-symmetric structure can induce a
small but nonzero ferroelectric polarization ~ 3.4 C/m” along
the [111] direction. This result, without any contribution from
ionic displacement, is the pure electronic polarization; 3) The
direction of pure electronic polarization can be switched by ro-
tating the magnetic axis. These results support excluding any
possible contribution from inaccuracy of the ionic relaxation
calculation, and support the proposal that the intrinsic ferro-
electricity is caused by the spin ordering; 4) When the ionic
positions are further relaxed with SOC considered, the model
gives a total polarization up to ~ 7.5 uC/m?, still along the
[111] axis. Although this small value may be not very pre-
cise due to the inaccuracy of ionic displacements, the value is
comparable in order of magnitude with experimental observa-
tions at zero field (~ 15 p.C/mz, see Fig. 18(c)), and also con-
sistent with magnetic symmetry analysis, in that the ground
state magnetic structure is polarized. Note that since the three
conventional mechanisms for spin-driven ferroelectricity have

been shown not to be applicable in the present cubic perovskite
system, other, more exotic mechanisms involving the relativis-
tic exchange interactions are plausible, and they generate only
a moderate polarization.
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Fig. 21. (color online) DFT results with dual G-type antiferromag-
netism (without SOC). Projected density of states (PDOS) for each atom
species is shown. The calculated band gap (~ 1.75 eV) reveals the in-
sulating nature of LaMn3Cr4O15.

Table 2. Refined structural parameters from the NPD data of
LaMn3Cr4O1; at different temperatures. Space group: Im-3 (No. 204);
atomic positions: La 2a (0, 0, 0), Mn 6b (0, 0.5, 0.5), Cr 8¢ (0.25, 0.25,
0.25), 0 24g (0, y, z).

LaMn3Cr4O]2 2K 35K 80K 170 K
alA 7.39805(9)  7.3988(1)  7.3996 (1)  7.4028(1)
y(0) 0.3104(4)  0.3096(4) 0.3099(4)  0.3102(3)
2(0) 0.1771(4)  0.1765(5) 0.1767 (4)  0.1757(4)
Uiso(O) 0.004(2) 0.004(2)  0.004(2)  0.004(2)
Usso(La) 0.009(3) 0.005(3)  0.008(3)  0.009(3)
Usso(Mn) 0.040(3) 0.036(3)  0.0373)  0.032(3)
Uiso/(Cr) 0.054(3) 0.055(3)  0.048(3)  0.048(3)
dyin_o/4 A 1.919(3) 1.9213)  1.921(3) 1.915(2)
der_ol6 A 1.978(3) 1.9784)  1.978(3) 1.981(5)
dia ol12 A 2.644(3) 2.637(3)  2.639(3) 2.639(1)
Zor—o_cd(®)  138.52(4)  138.54(5)  138.55(4)  138.14(4)
M/ B 3.40(8) 2.66(9) 0 0
Mcr/u 2.89(6) 2.81(6) 2.50(3) 0
RErage/% 1.60 3.70 2.79 2.88

x? 1.81 1.77 1.73 1.68

As for the FE2 phase, since the pyroelectric current
emerges above T¢, and exhibits a broad peak at about 125 K,
its origin is clearly not related to any spin ordering. Such a
feature, on one hand, may be ascribed to an extrinsic effect
such as space charges trapped at the grain boundaries or pos-
sible defects, as reported elsewhere.7>801 On the other hand,
some ABOj3 perovskites like YCrOs and SmCrO; with Cr3+
ions at the B site reportedly display similar electric polariza-
tions above their AFM temperatures. 3!-821 Neutron pair distri-
bution function (PDF) was used to illustrate that this type of
polarization originates from a “local non-centrosymmetric ef-
fect” caused by local displacement of the second-order Jahn—
Teller Cr3* cations, whereas the macroscopic crystal structure
was unchanged, remaining centrosymmetric. In the present
LMCO, although the long-range crystal structure is stable
down to 2 K, similar local displacements of Cr37 cations are
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possible, as implied by the relaxation behavior of the dielec-
tric constant in the high-temperature region (Fig. 17(a)). To
further explore the possible local displacements of Cr cations
in the present LMCO, low-temperature Raman scattering was
performed, as presented in Fig. 12. In agreement with NPD
and XRD data, the Raman spectra show no long-range crystal
structure phase transition at temperatures down to 10 K. How-
ever, some Raman peaks that reflect the vibrations of CrOg oc-
tahedra somewhat change vibration frequency as well as full
width at half maximum at around 180 K,[33! perhaps implying
a local-structure origin for the FE2 phase. However, more ex-
perimental methods, such as high-resolution neutron pair dis-
tribution function, are needed to clarify the exact origin of the
FE2 phase.

Anyway, it should be emphasized that the ME multifer-
roicity found in the present LMCO with onset at about 50 K
is quite unique among all the known multiferroic systems in
that it occurs in a true cubic perovskite system with simple
and collinear spin alignments. Due to the highly symmetric
lattice and spin structures, the three major mechanisms that
induce ferroelectric polarization by magnetic ordering cannot
play roles. Since pure electronic polarization shows up in the
FE1 phase, the cubic LMCO may become a prototype for fu-
ture studies of electronic mechanisms of ferroelectricity. The
present work therefore not only provides the first example of
cubic perovskite multiferroics but also opens up a new arena
for study of the unexpected ME coupling mechanisms.

4. Concluding remarks

In this review paper, the Cu—Fe intermetallic charge trans-
fer in LaCusFe4O1, and the magnetoelectric multiferroicity in
LaMn3CrsO; are described. Both compounds are prepared
under high pressure and temperature, and they crystallize to
A-site ordered perovskite structures. Due to the simultaneous
changes of Cu and Fe electronic configurations, the charge
transfer in LCFO gives rise to a series of interrelated phase
transitions in lattice, spin, charge and orbital degrees of free-
dom. Although a cubic perovskite lattice is unfavorable for
ferroelectricity due to the existence of an inversion center in
its structure, the spin—orbit coupling effect of Cr and Mn ions
plays an important role in the electric polarization of LMCO.
These interesting findings are closely related to the peculiar
crystal structure of A-site ordered perovskites, wherein both A’
and B sites accommodate TM ions, providing multiple mag-
netic and electrical interactions via A’-A’, A’-B, and/or B—-B
pathways. One can thus design special functional compounds
by selecting appropriate transition metals at different atomic
positions to modify the magnetic and transport properties. Fur-
thermore, if a third transition metal is partially substituted in
the B site, both A-site and B-site ordered perovskites with
specific functional properties can be formed. Therefore, the

present A-site ordered perovskites pave the way to design new
functional materials and find new physics and functionalities.
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