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We have investigated the physical properties of an oxygen-deficient perovskite-type Sri0GagSc4Oss by
means of dielectric permittivity, pyroelectric current, and X-ray diffraction (XRD) measurements using a
polycrystalline sample. The real part of the dielectric permittivity shows a clear anomaly around 310 K.
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jump takes place in the temperature dependent cell volume around 310 K, implying that the phase

transition is of second order. The candidates of the low and high temperature space groups are
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1. Introduction

Most dielectric materials, which are fundamental to state-of-the-
art technologies, belong to simple perovskite-type oxides with the
chemical formula of ABO;.'® The proper ferroelectric BaTiO;, and
P(Zr,Ti)O; are representative of such compounds.”*° On the other
hand, rich functionalities have also been discovered in the past
decade in compounds which have more complex sublattices. For
instance, layered perovskite-type oxides show “improper” ferroe-
lectricity with intriguing cross correlation between polarization,
strain, and magnetization."*™* The coexistence of ferroelectricity,
anti-ferroelectricity, and ion conductivity in a single thermody-
namic phase has also been reported in the derived form of a
layered perovskite-type oxide.'®° A class of aluminate-sodalite-
type oxides, which have a cage structure consisting of eco-friendly
elements, shows large electromechanical coupling factor and
piezoelectric strain coefficient, offering highly efficient pyroelec-
tric power generation and piezoelectric sensing.*'** Therefore,
searching for ferroelectric materials not only in simple perovskite-
type oxides but also in compounds with more complex crystal
structures will open a frontier of the fields of ferroelectric and
other multifunctional materials.

In this regard, oxygen-deficient perovskite-type oxides with
the composition ratio of A:(B,C):0 = 1:1:2.5 are attractive,
because in such compounds oxygen vacancies can be ordered
in a periodic manner to form a unique long-range order. The
quaternary Sr-Sc-Ga-O system, which forms various crystal
structures depending on the ratio of B and C, is the
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discussed based on the group theory.

representative of such compounds.”® When Ga:Sc = 3:1, a
cubic perovskite-type phase is formed as SrGag ;5S¢ 2502 5.
When Ga:Sc = 1:1, a brownmillerite-type structure, the frame-
work of which is composed of a two-dimensional ScOg octahe-
dral network and one-dimensional (1D) GaO, tetrahedral
chains, is formed. The structure, which has a lot of gaps to
take in oxygen, has recently attracted keen interest as a play-
ground of oxide ion conductors.**** Rom et al. have reported
that the brownmillerite-type structure transforms to the simple
perovskite-type structure by rare-earth substitution and attains
photoluminescent properties.”® Furthermore, Wu et al. have
very recently found a dielectric anomaly®’ associated with an
order-disorder transition of the GaO, tetrahedral chains.?
Here, we focus on the dielectric properties of an oxygen-
deficient perovskite-type oxide with the composition ratio of
Ga:Sc = 6:4, Sr;0GasScy0,5. This compound was first synthesized
in 2011, and its crystal structure has been analyzed by means of
neutron powder diffraction and Monte Carlo simulation.>® The
same as Sr,ScGaOs, the ordering of oxygen vacancies creates ScOg
octahedral- and GaO, tetrahedral-sites, and then they form a new
type of long-range order with the space group I4,/a. Since the
dielectric properties of a compound are strongly related to its
crystal structure, such novel crystal structure makes us expect
unique dielectric properties. In this paper, we report a second-
order ferroelectric phase transition associated with a small spon-
taneous polarization in Sr;,GasSc,0,5 revealed by our dielectric,
pyroelectric current, and powder X-ray diffraction measurements.

2. Experiments

Samples of Sr;,GaeSc,0,5 ceramics were synthesized by a con-
ventional solid-state reaction method. A stoichiometric mixture
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of SrCO; (99.9%), Sc,CO3; (99.9%), and Ga,O3 (99.999%) was
ground in wet processes with ethanol using an agate mortar
and pestle. The powder mixtures were calcined at 1200 °C for
12 h. The resultants were sintered at 1200 °C for 12 h after
intermediate regrinding and palletization. The sintered sam-
ples were confirmed by powder X-ray diffraction (XRD) mea-
surements at the beamline BLO2B2 of SPring-8, Japan.?® The
Rietveld refinement was performed by using the Jana2006
program.”® The dielectric measurements were performed by
using a Keysight 4284A precision LCR meter with a temperature
slope of 10 K min~". The pyroelectric current was measured by
using a Keithley 6430 sub-femto-amp remote source meter. The
sample was preliminarily electrically poled on the cooling
process and then pyroelectric current was measured on the
heating process with a temperature slope of 10 K min~ . The
temperatures of the samples were controlled using a LINKAM
THMS600 heating/cooling stage for the dielectric and pyro-
electric measurements. Dielectric and pyroelectric measure-
ments shown in the main text were performed on the same
ceramic pellet, whose diameter and thickness were approxi-
mately 10 mm and 200 pm, respectively. The platinum electro-
des were sputtered on both surfaces of the samples for the
measurements.

3. Results and discussion

Fig. 1 shows the crystal structure of Sr;,GasSc,40,5 visualized by
the VESTA code.”® Although this compound has a three-
dimensional framework of oxygen-polyhedra, here we treat it
as a layered structure that is composed of eight layers. Among
them, two layers are symmetrically inequivalent, layer 1 and
layer 2 in Fig. 1. In each layer, twelve GaO, tetrahedra and eight
ScOg octahedra exist, namely, Ga and Sc are ordered with the
ratio of 3:2. The connection of the oxygen-polyhedra differs
between the inequivalent two layers. These two layers are
rotated by /2 and moved up by c¢/4 by the 4, screw axis by
four times, and then the entire structure is formed. The cell
volume of Sr;,GaeSc,0,5 is about 100 000 A%, which is roughly

Fig. 1 The crystal structure of Sr;0GagSc4O2s. The detailed description is
seen in the main text.
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160 times larger than a unit-cell of a simple cubic perovskite-
type oxide.

Fig. 2 shows the comparison between the synchrotron
powder XRD pattern of Sr;,GagSc,0,5 and simulation pattern
by using the previously reported I4,/a crystal structure.>® The
measured and simulated patterns show good agreement. The
inset shows the expanded pattern around the highest intensity
peak. We note that there are substantial amounts of impurity
Sr,ScGaOs phase. The volume of the impurity phase is about
20% against the main phase.

The temperature dependence of the real (¢') and imaginary
(¢") part of the dielectric permittivity for Sr;,GagSc,0,5 in the
temperature range from 250 to 500 K is shown in Fig. 3(a). The
real part € is ~12 at 500 K, which is the same as ordinary
oxides, while the imaginary part ¢’ is small enough in the
measurement temperature range, indicating good insulating
character of Sr;,GagSc,0,5. Importantly, we observe an anom-
aly like the Curie-Weiss law in ¢ around 310 K among all
measurement frequencies. This is clearly confirmed by the
inverse plot of ¢ (the right inset in Fig. 3(a)), which shows
linear temperature dependence above 310 K. Although our
sample contains impurity Sr,ScGaOs, it shows flat temperature
dependence and does not show any dielectric anomalies
around 310 K.%° Thus, our observation indicates the occurrence
of a phase transition in Sr;yGagSc,0,5 around 310 K.

Note that the anomaly is not a single peak but associated
with a broad tail which shows frequency dependence and
spreads to 250 K. We attribute this structure to the response
of polar domains formed below the phase transition in
Sr10GaeScy0,5. Since domain formation depends on defects
and/or strain in each polycrystal, the tail structure shows
sample-dependence, as shown in Fig. S1 (ESIt). Nevertheless,
the 1/T dependence of ¢ above 310 K seems to be almost
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Fig. 2 Synchrotron powder X-ray diffraction pattern of polycrystalline
Sr10GagSc4O2s. The simulated pattern by using the reported structure is
also shown. The inset shows close view around the highest peak. There are
impurity Sr,ScGaOs phases, whose volume is 20% against the
Sr10GasSc4O;s phase. The structure is visualized by the VESTA code.*®

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Temperature dependence of the real (¢') and imaginary (¢”) part
of the dielectric permittivity of polycrystalline Sr;0GagSc4O5s5 in the heating
process. The left inset shows the expansion of the dielectric anomalies in
the heating and cooling process. The right inset shows the inverse plot of
¢. (b) Temperature dependence of the pyroelectric current under the
poling field of &+ 11 kV cm™% The inset shows temperature dependent
spontaneous polarization evaluated from the pyroelectric current
measurements.

unchanged between the three different samples, confirming
that the anomaly comes from a thermodynamic phase transi-
tion in Sry,GagSc,0,5. Furthermore, the left inset of Fig. 3(a)
shows the expansion of the dielectric anomaly in both heating
and cooling processes. The peak temperature is the same in
both processes, indicating that the phase transition is of the
second order.

To investigate the detail of the dielectric phase transition
around 310 K, we conducted pyroelectric current measure-
ments. If the structure changes from a non-polar phase to a
polar phase associated with the phase transition, the charges
accumulated at the sample surface by spontaneous polarization
are released when the temperature of the sample reaches the
transition temperature from low temperatures, and pyroelectric
current is detected. Fig. 3(a) shows the temperature depen-
dence of the pyroelectric current for Sr;,GagSc,0,5. We observe

This journal is © The Royal Society of Chemistry 2023
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a clear peak like signal with its maximum around 315 K under
both positive and negative bias fields. This indicates that
switchable spontaneous polarization is formed in the low
temperature phase of Sr;,GaeSc,0,5, namely the phase transi-
tion observed in our dielectric permittivity measurement is a
ferroelectric phase transition. Note that this is the first observa-
tion of switchable spontaneous polarization in the Sr-Ga-Sc-O
quaternary system. In addition, the pyroelectric current
emerges diffusively from 340 K to 250 K. Possibly local compo-
sitional and/or structural fluctuation originated from the
complex crystal structure makes the phase transition diffusive
as seen in a disordered perovskite-type ferroelectric material.**
The inset of Fig. 3(b) shows the temperature dependent spon-
taneous polarization evaluated from the pyroelectric current
measurements. The spontaneous polarization at 250 K is about
0.05 pC em ™2, which is 2-3 orders of magnitude smaller than
that of ordinary ferroelectric perovskite-oxides.

To further reveal the details of the ferroelectric phase
transition, we investigated a structural property. Fig. 4(a) shows
the temperature dependent lattice constants from 200 to 520 K.
Note that the lattice constants are refined by Rietveld fitting
assuming the structural model of I4,/a*® among all measured
temperatures. Since there are too many refinable structural
parameters due to the huge unit cell, we only refined the lattice
and profile parameters. The isotropic compression in the
a- and c-axes reflects the three-dimensional bonding nature
of Sr;0GaeSc,0,5, and differs from anisotropic compression of
two dimensional Sr,ScGaOs.>® The cell volume (V) is an essen-
tial thermodynamical parameter, which reflects the nature of
the phase transition. We do not find a discontinuous jump in
temperature dependent V. Rather it seems to show changes in
its slope (dV/dT) around 310 K. Since V is the first derivative of
the Gibbs free energy, the change in its derivative confirms the
second order phase transition.

Now, let us consider the candidate of the space group for the
high and low temperature phases. First, the reported space
group I4,/a is incompatible with our pyroelectric current
measurement, since the emergence of pyroelectric current
around 310 K proves that the polar space group realizes at
300 K. Nevertheless, the reported crystal structure well repro-
duces our XRD pattern, namely, the difference between
reported and actual crystal structures is expected to be small.
Thus, we assume that the space group I4,/a is realized in the
high temperature phase. Since a second order structural phase
transition allows only the transformation to the maximum
subgroup of I4,/a, we can predict the low temperature space
group from the viewpoint of group theory.

According to ref. 32 the maximum subgroups of 14,/a are I4,,
I4, and C2/a. Fortunately, we can uniquely choose I4, as a
candidate for the low temperature space group, since the others
are nonpolar space groups, which are incompatible with the
result of pyroelectric current measurement. We scrutinized
whether the space group 4, is compatible with our XRD data
or not. Fig. 4(b) shows a colormap, which is composed of
multiple powder X-ray patterns measured at 42 temperature
points every 10 K from 100 K to 520 K. The highest intensity

J. Mater. Chem. C, 2023, 11, 8541-8546 | 8543
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Fig. 4 (a) Temperature dependence of the lattice parameters between

200 and 520 K. The value of a, ¢, and V at 520 K is 17.56 A, 32.93 A, and
101000 A3, respectively. The line on the V data is a guide for the eyes.
(b) Colormap composed of multiple powder X-ray patterns measured at
42 temperature points every 10 K from 100 K to 520 K. (c) and
(d) Comparison of the raw powder XRD data at various temperatures.
The dot line in each picture shows the peak position of 002 and 006
reflections.

reflection 4 —2 8 and the second highest reflection 6 2 0 are
always single peaks and do not show splitting or broadening in
the measured temperature range, indicating that the low tem-
perature phase maintains tetragonal symmetry.

Fig. 4(c) and (d) show the comparison of the raw powder
XDR data among various temperatures. The dot lines in each
picture show the peak position of the 0 0 2 and 0 0 6 reflections,
which are prohibited by the 4, screw axis symmetry. Thus, if the
low temperature phase is either I4 or C2/a except for I4,,
additional peaks can emerge at those positions. No additional
reflection emerging below 310 K is compatible with the 74,
space group. We have also checked the generation rule of
a-glide symmetry. However, we cannot find clear violation of
it. This indicates that the intensity of additional reflections is
several orders of magnitude smaller than the intensity of the
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primary reflections due to small atomic displacement asso-
ciated with the phase transition.

Note that we have not yet succeeded in the refinement of the
I4, structure by using the powder XRD data due to too many
inequivalent sites (~100 sites). Here, we guess a possible
scenario for the phase transition from the viewpoint of sym-
metry. At the high temperature phase, there are a- (b-) glide
planes at z = 0.25 and 0.75 (z = 0 and 0.5), which give a 1/2
translational operation along the a- (b-) axis and then give
mirror operation. Since the mirror symmetry mirrors an
upward electric dipole downward, forming macroscopic electric
polarization along the c-axis is forbidden. In particular, the
layers 3 and 7 (1 and 5) in Fig. 1, which are on the a- (b-) glide
planes, cannot form local electric polarization along the c-axis
in themselves. In addition, although the layers with even
numbers can form local electric polarization in themselves,
the glide symmetry cancels out the macroscopic electric polar-
ization. Namely, the disappearance of the a-glide planes can
cause local electric polarization in the layers with odd numbers
and/or make the cancellation between the local electric polar-
ization imperfect, and then macroscopic nonzero electric
polarization emerges. The bending or ordering of the oxygen-
polyhedral framework is a candidate of the structural change to
break the a-glide planes. It is a future issue to elucidate the
crystal structure, phase transition behavior, and microscopic
ferroelectric origin by accurate physical property measurements
on high-quality single crystals.

In this paper, we have demonstrated that a compound which
has a complex long-range order by oxygen vacancies shows
ferroelectricity. Although another compound which has the
same structure as Sr;,GagSc,0,5 has not been found yet, we
may create this type of material from a large number of
perovskite-type oxides by oxygen vacancy engineering. We think
that the experimental approach to such complex materials is an
important issue to open the frontiers of material science, since
the state-of-the-art theoretical calculation cannot precisely pre-
dict their physical properties. We hope that our findings will
accelerate the development of new functional materials in the
future.

4. Summary

The ferroelectric phase transition on the oxygen-deficient
perovskite-type Sr;oGasSc,GaO,s has been investigated by
means of dielectric, pyroelectric current and synchrotron pow-
der XRD measurements in the present study. The dielectric
permittivity shows an anomaly which seems to obey the
Curie-Weiss law, around 310 K. The pyroelectric current also
exhibits a peak-like structure with its maximum around 315 K,
and furthermore, it can be switched when opposite bias fields
are applied. The estimated spontaneous polarization Pg at 250 K
is around 0.05 pC cm 2. The continuous change in the cell
volume around 310 K indicates a second-order phase transi-
tion. The I4,/a and I4, space groups are assigned to high and
low temperature phases, respectively, based on the group

This journal is © The Royal Society of Chemistry 2023
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theory. Further precise structural analyses are needed to clarify
the origin of the ferroelectric transition in Sr;,GagSc,GaO,s.
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