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Three Perovskite Phases with Different Cation Orders in

Sm,MnMn(Mn,_,Sb,)O,,

Xuan Liang,™ < Kazunari Yamaura,” < and Alexei A. Belik*®

Cation order, which can be controlled by synthesis conditions
and stoichiometry, plays an important role in properties of
perovskite materials. Here we show that aliovalent doping by
Sb** in  Sm,MnMn(Mn,_,Sb,)O;, quadruple perovskite solid
solutions can control cation orders in both A and B sites.
Samples with 0.4<x<2 were synthesized by a high-pressure,
high-temperature method at 6 GPa and 1770 K. Three regions
with different cation orders were found at 0.5 <x<1.0, x=1.5—
1.6, and x=1.8. The 0.5<x<1.0 compositions have a B-site-

Introduction

While the number of natural perovskite-type minerals is limited,
synthetic ABO; perovskite-type oxides are numerous, and the
perovskite structure is the most adaptive in inorganic chemistry.
Perovskites are noteworthy in their ability to take a wide range
of cations on the A and B sites resulting in a variety of
practically important properties such as catalytic, ferroelectric,
ferromagnetic, and superconductive.'™ Cations in both A and B
sites of perovskite oxides can order in three types: layered,
columnar, and rock-salt arrangements®® B-site orders in
perovskites, driven by oxidation state differences, have most
examples,”® including double, triple, and quadruple perov-
skites, A,BB'O,, A;BB’,0,, and A,BB’;0,,. Quadruple perovskites
with AA’;B,0,, and A,A’A”B,0,, compositions are common in A-
site-ordered structures while A-site-ordered AA'B,O, double
perovskites are much rarer and usually realized together with
simultaneous 1:1 cation orders at both A and B sites; they are
called doubly ordered (or double double) perovskites,
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disordered and A-site columnar-ordered structure with space
group P4,/nmc; the x=1.5 and 1.6 samples have a B-site rock-
salt-ordered and A-site columnar-ordered structure with space
group P4,/n; the x=1.8 sample has a B-site rock-salt-ordered
and A-site-disordered structure with space group P2,/n. All the
samples show one ferrimagnetic transition: T. increases from
35K to 73K for 0.5<x<1.0, T.=81K for x=1.5 and 1.6, and
Tc=53 Kforx=1.8.

AA’BB'O,.” The A-site columnar-ordered quadruple perovskites,
A,A'A"B,O,,, have an intrinsic triple 2:1:1 order of the 10-
coordinated A site, 4-coordinated square-planar A’ site, and 4-
coordinated tetrahedral A” site, but if A" and A” cations are the
same, the intrinsic triple order will be hidden."®'" They are
formed through large octahedral tilts of the a*a* ¢ type in the
Glazer notation."” Complex exchange interactions in such
perovskites can produce different frustration networks and
many unusual physical properties in comparison with other
oxygen-stoichiometric perovskites because of the existence of
the unique tetrahedral A” positions.""'3'¥

Properties of perovskite-type materials can be modified
through cation order, which in turn can be controlled by
different synthesis conditions and different stoichiometries
especially utilizing differences in oxidation states, ionic radii,
and electronic structures of cations.”” For example, there is a
dramatic switch of magnetic properties from ferromagnetic
order with full magnetization of 5xz in cation-ordered R,NiMnOq
(R=rare earth elements) to spin glass behaviour with noticeably
reduced magnetization in cation-disordered R,NiMnO4">'® In
LaBaMn,O, with colossal magnetoresistance, the Curie temper-
ature increases from 270 K in a disordered phase to 335 K for a
cation-ordered phase.l'” Some perovskites allow continuous
transformations of cation-ordered and disordered phases under
specific conditions, such as thermal transformations of Ba(Zn,,
;Ta,,;)0,,1" CaMnMnWO,, SmMMnMnTaO,,"™ and
(NaY)MnMnTi,0,,?" Furthermore, a pressure-induced inverse
order-disorder transition in Y,ColrOg and Y,CoRuOg has been
reported.?"

In this work, we report composition-induced changes in
cation orders through aliovalent doping by Sb** at the B sites
of Sm,MnMn(Mn,_,Sb,)O,, solid solutions. By such doping at
one site, we could control cation ordering at both A and B sites
and could realise a transition from A-site-ordered/B-site-disor-
dered to simultaneously A- and B-site-ordered and finally to A-
site-disordered/B-site-ordered structures. To the best of our
knowledge, such a transition was not realized before. The x=2
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sample, prepared at 10 GPa, was previously reported to have an
A-site-ordered/B-site-ordered structure, and it is located near
the phase boundary as  Eu,MnMn(Mn,Sb,)0,, (=
EuMn(MnSb)O,) was found in an A-site-disordered/B-site-
ordered structure.”?

Results and Discussion

The x=0.4 sample crystallized in space group P4,/nmc and
contained about 8.1 wt.% of SmMn,0,, perovskite AA’;B,O,,-
type impurity, while the x=0.5 sample contained only traces of
SmMn;0,, impurity (1.2 wt.%, which could be determined only
with high-quality synchrotron X-ray powder diffraction (XRPD))
(Figures S1a and S2). These results showed that the
Sm,MnMn(Mn,_,Sb,)O;, solid solutions are formed from x=0.5,
and we did not prepare samples with x < 0.4 for this reason. We
note that small amounts of a pyrochlore-type phase were
observed in all samples (see, for example, Figure 1), but since it
is not a perovskite-type phase we will not discuss it further.
Samples with 0.5 <x<1.0 adopted a tetragonal structure with
space group P4,/nmc (No. 137), and their phase purity reached
98-99 %. The x=1.1 sample already contained about 6.6 wt.%
of a phase with space group P4,/n, as could be clearly seen
from the appearance of a peak near 19.80° (for CuKa radiation),
which originates from the B-site cation order of the P4,/n
structure (Figure S1b); its Miller index is (111), and it is absent in
the P4,/nmc structure. The amount of a P4,/n phase increased
to 77% in the x=1.4 sample suggesting a two-phase region
between the x=1.1 and 1.4 compositions.

Therefore, we did not prepare samples with x=1.2 and 1.3.
Samples with x=1.5 and 1.6 adopted the tetragonal structure
with space group P4,/n (No. 86), and their phase purity reached
about 90 % - a characteristic reflection of the P4,/nmc structure
near 33.2° (for CuKa radiation) disappeared in these samples
(Figures S1d and S1f). The sample with x=1.8 crystallised in
space group P2,/n (No. 14), and its phase purity was about 95 %
— this structure has two characteristic reflections near 19.45°
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Figure 1. Fragments of experimental (black crosses), calculated (red line),
and difference (blue line) synchrotron XRPD patterns of
Sm,MnMn(Mn,_,Sb,)O,, with x=1 at T=295 K. The tick marks show possible
Bragg reflection positions of the main perovskite phase (the first row) and
pyrochlore impurity (the second row). The inset shows a zoomed fragment.
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and 19.85° (for CuKa radiation), and the absence of any
reflections near 16.05° (Figure S1e). Samples with x=1.7, 1.9,
2.0 were a mixture of P4,/n and P2,/n phases, and the x=2.0
sample additionally contained an unidentified impurity (all
impurity peaks could be indexed in space group R-3 with a=
74299 A and ¢=8.7800 A). The compositional dependence of
lattice parameters obtained from synchrotron XRPD data is
illustrated in Figure 2 (values are given in Table S1), where
weight fractions are also given for samples containing several
perovskite-type phases.

Experimental, calculated, and difference synchrotron XRPD
patterns of all samples are shown in Figures S2-S4 and Figure 1
for the x=1 sample as an example. Refined structural
parameters and bond lengths are summarized in Tables $2-S9.
Structure parameters of Sm,MnMn(Mn,_,Ti,)O,,,
Sm,MnMn(Mn,Sb,)0,,, and EuMn(MnSb)O, were used as initial
models for the structure refinements of Sm,MnMn(Mn,_,Sb,)0O;,
with 0.5<x<1.0, x=15-1.6, and x=1.8, respectively.”>* |t
was found that the cations at the Mn1 square-planar site (A") of
all samples are disordered from the ideal 2a site (0.75, 0.25,
0.75) with the full occupation to a half-occupied 4c site (0.75,
0.25, 2) (for the P4,/nmc model as an example). Refinements of
occupation factors (g) showed that there were antisite disorders
of Sm/Mn atoms between the A/A’ sites (samples with 0.5 <x <
1.0 and x=1.5-1.6) and the A/A” sites (samples with 0.5 <x<
1.0 and x=1.5) (Figure 3c). However, the degree of antisite
disorder was small. The presence of small amounts of heavier
rare-earth elements at the square-planar A’ site and tetrahedral
A” site was also observed in other A,A’A”B,O,,-type
compounds.”*?! Different crystal structures observed in the
Sm,MnMn(Mn,_,Sb,)O,, system are illustrated in Figure 4.

The formation of the Sm,MnMn(Mn,_,Sb,)0O,, solid solutions
(in a nearly single-phased form) is observed from x=0.5 when
the concentration of Mn?* reaches 18% and one A site (namely,
tetrahedral A” (or Mn2) site) can be fully occupied by Mn?":
Sm,Mn>TMn?* (Mn®*;Sb,5)0,,. It is consistent with crystallo-
graphic considerations because Mn** cations cannot be located
in tetrahedral sites.”® The Mn2—O bond lengths remain nearly
constant in all samples because the Mn2 site is occupied by
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Figure 2. Compositional dependence of the lattice parameters in
Sm,MnMn(Mn,_,Sb,)O;, solid solutions for 0.4 <x < 2.0 from synchrotron
XRPD data at room temperature. Numbers show weight fractions (in %) of
corresponding phases for multi-phased samples; see Tables S1-S9 for details.
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Figure 3. Compositional dependence of a) Mn1-0 (square-planar, SQ) and Mn2—-0 (tetrahedral, T) bond lengths, b) Mn/Sb—O, Mn3-0O, and Sb/Mn—0O
(octahedral, Oc) bond lengths; the inset shows the octahedral distortion parameter (x10%), and c) cation occupation factors in Sm,MnMn(Mn,_,Sb,)O,, solid
solutions for x=0.5<x<1.0, 1.5, 1.6, and 1.8 from synchrotron XRPD data at room temperature. Only Mn was assumed at the Mn1, Mn2, and Mn3 (or Mn in
P2,/n) sites, only Sm was assumed at the Sm site, and only Sb was assumed at the Sb/Mn site on panel (c).

Figure 4. Fragments of crystal structures of Sm,MnMn(Mn,_,Sb,)O,, with different space groups in a polyhedral presentation. a) P4,/nmc, b) P4,/n, and c) P2,/
n. Mn10, square-planar (yellow), Mn20, tetrahedra (blue), (Mn/Sb)O, or (Sb/Mn)O, octahedra (orange), and Mn30g or MnO, octahedra (purple) are shown.

Mn?" (Figure 3a). On the other hand, the Mn1-O bond lengths
increase with increasing x corresponding to the change in the
Mn oxidation state from +3 (x=0.5) to +2 (x=1: Sm,Mn>"
Mn?"(Mn®",Sb)0,,). One octahedral Mn/Sb  site in
Sm,MnMn(Mn,_,Sb,)O,, with 0.5<x<1.0 shows quite strong
Jahn-Teller distortion, and the octahedral distortion parameter
monotonically decreases with increasing x consistent with
decreasing amount of Mn®" cations (Figure 3b). The structural
analysis of the samples with the B-site-ordered structures
showed that one B site (Mn3 in P4,/n or Mn in P2,/n) is always
occupied by Mn, while the second B’ site (called Sb/Mn) has a
mixture of Sb and Mn (Figure 3c).

Our synthesis at 6 GPa gave some amount of an unidenti-
fied impurity in the x=2 sample. Therefore, 6 GPa could not be
high enough to stabilize the x=2 sample. In addition, the
previous work showed that at the 10 GPa synthesis pressure,
the phase boundary is located between Sm and Eu for x=2,
that is, Sm,MnMn(Mn,Sb,)0O,, crystallizes in space group P4./n,
while EuMn(MnSb)O¢ - in space group P2,/n"? A lower
pressure of 6 GPa could shift the phase boundary, and the Sm-
containing samples, Sm,MnMn(Mn,_,Sb,)O,,, could be exactly
at the phase boundary. Therefore, an additional variable
parameter (the composition x) could easily move the system
between different phases in the vicinity of x=2. This is why we

Chem. Eur. J. 2024, 30, e202401960 (3 of 5)

obtained the P4,/n phase for x=1.5 and 1.6, the P2,/n phase for
x=1.8, and mixtures of the P4,/n and P2,/n phases for x=1.7,
1.9, and 2.0.

Magnetic properties of Sm,MnMn(Mn,_,Sb,)O,, with 0.5<
x<1.0, x=1.5-1.6 and x=1.8 under applied magnetic fields of
100 Oe and 10 kOe were measured. As shown in Figure 5a, the
magnetic susceptibility curves, y versus T (y=M/H), of
Sm,MnMn(Mn,_,Sb,)O,, with x=1.0 demonstrated a significant
divergence between the 100 Oe ZFC and FCC curves (ZFC: zero-
field-cooled, FCC: field-cooled on cooling) with characteristic
broad maxima on the 100 Oe ZFC curves and a sharp
monotonic rise of magnetic susceptibilities below T-=73K,
where the ferrimagnetic Curie temperature, T, was defined
from a sharp peak on the differential curve, 100 Oe FCC dyT/dT
versus T. These behaviours indicated the development of large
uncompensated magnetic moments. The y versus T curves of
other samples are illustrated in Figures S5-S7. The negative
Curie-Weiss temperatures, obtained by fitting the inverse 10
kOe FCC magnetic susceptibility curves (y~' versus T) between
200K and 395K, indicate predominantly antiferromagnetic
interactions in all samples (Table 1). The experimental effective
magnetic moments were close to the expected ones (in
calculations we used 1.5 g for Sm**).2” The FCC curves under
100 Oe of the multi-phased Sm,MnMn(Mn,_,Sb,)O;, samples
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Figure 5. a) ZFC (filled symbols) and FCC (empty symbols) dc magnetic
susceptibility (y =M/H) curves of Sm,MnMn(Mn,_,Sb,)O;, with x=1.0
measured at 100 Oe (black, circles) and 10 kOe (red, triangles). The black line
gives the Curie—Weiss fit (C—W fit) for the FCC ' versus T curve at 10 kOe
(the right-hand axis). The inset shows 100 Oe ZFC and FCC dyT/dT versus T
curves. b) M versus H curves of Sm,MnMn(Mn,_,Sb,)O;, with x=0.5<x<1.0,
1.5,1.6,and 1.8 at 5 K.

with x=04, 1.1, 1.4, 1.7, 1.9, and 2.0 were also measured to
determine their T, (Figures S8-S11). Two-phase samples with
x=04, 1.7, 1.9, and 2.0 showed two significant magnetic
transitions, while samples with x=1.1 and 1.4 showed only one
transition from the majority phase. The composition depend-
ence of T is shown in Figure 6. With the increase of x from 0.4
to 1.0 (within space group P4,/nmc), T. exhibited two approx-

(for the P4,/n phase) showed almost constant T.=81K. T
increases just slightly on moving from the B-site-disordered
structure to the B-site-ordered structure. On the other hand, T
dropped to 53K for x=1.8, when A-site ordering is lost.
Magnetic anomalies from the A-site-disordered P2,/n phase
could be detected for x=1.7, 1.8, 1.9, and 2.0, and T, showed a
monotonic decrease with increasing x as expected because of
the increasing amount of the non-magnetic dopant.

Isothermal magnetization curves (M versus H) of all samples
at 5 K (Figure 5b) show similar well-defined hysteresis with large
remnant magnetization (M;) and coercive field of about 4-8 kOe
(Table 1). On the other hand, no hysteresis was observed at
100 K as 100 K is higher than the T. of all samples (Figures S12-
S14). The observed M versus H curves are typical for
ferrimagnets. Specific heat data at H=0 and 90 kOe are given
in Figures S15-S17. Characteristic A-type peaks near T. were
observed in all samples, confirming a long-range magnetic

Table 1. Temperatures of magnetic anomalies and parameters of Curie-Weiss fits and M versus H curves at T=5 K for Sm,MnMn(Mn,_,Sb,)0;, with x=0.5 <
x<1.0,1.5,1.6,and 1.8.

X Tc (K) Uee (ug/ful) Ueae (ug/fu.) 6 (K) Ms (ug/fu.) Mg (ug/f.u.) Hc (kOe)
0.5 35 11.91(3) 12.145 —114(2) 3411 1.355 4.00

0.6 40 11.84(2) 12.137 —113.9(11) 3.276 1.616 5.46

0.7 50 12.08(3) 12.128 —127(2) 3.180 1.678 5.82

0.8 58 12.00(2) 12.120 —114(2) 3.265 1.830 6.19

0.9 66 12.29(2) 12.112 —119.0(12) 3.280 2.029 6.23

1.0 73 12.08(3) 12.104 —125(2) 3.036 2.000 6.15

1.5 81 12.06(2) 12.062 —110.2(12) 2.399 1.467 5.86

1.6 81 12.23(1) 12.054 —115.1(7) 2.164 1.263 6.20

1.8 53 12.14(2) 12.037 —102.5(13) 1.859 0.518 7.98

Chem. Eur. J. 2024, 30, 202401960 (4 of 5)

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOWILIOD 311D 3(ced|dde U Ag pausenob afe saplie WO ‘88N JO S9N 10} Areiq ) 8UIIUO AB|IM UO (SUOBIPUOD-PUR-SULIBY WD A8 |1 ARR1q | U1 |UO//SHNY) SUO B IPUOD PUe SWis | 83U} &3S *[7202/£0/02] uo Arelqiauljuo AB|IM ‘ueder aUeI400D A 096TOKZ0Z WeYY/Z00T OT/I0p/W0d: A3 1M Arelq fouljuo-adoune-A LS weyo//sdpy wouy papeojumod ‘T ‘gDz ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202401960

ordering and also confirming that the observed magnetic-
susceptibility anomalies originate from the main phases (not
from impurities) as small amounts of impurities cannot give
large specific heat anomalies (as this method probes bulk
properties). In addition, pyrochlore-type phases in these
systems show only spin-glass behavior below about 5 K* and
cannot be responsible for the observed strong anomalies near
To, and neutron diffraction studies of the x=2 samples
confirmed long-range ferrimagnetic structures.”?

Conclusions

In conclusion, we demonstrated that cation orders in both A
and B sites could be controlled in the Sm;MnMn(Mn,_,Sb,)O;,
solid solutions via aliovalent doping by Sb*>* only at the B site.
Sm,MnMn(Mn,_,Sb,)O,, is a unique system as it is located close
to a phase boundary resulting in the appearance of three
perovskite phases as a function of the composition. All the
samples show one ferrimagnetic transition with systematic
changes in the ferrimagnetic Curie temperature.
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