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The evolution of the crystal structure of the double perovskite Sr,YTaOg from room temperature to
1250°C has been studied using powder neutron and synchrotron X-ray diffraction. At room
temperature Sr,YTaOg crystallises in a monoclinic superstructure with the space group P2;/n. The
tilting of the octahedra evident in the room temperature structure is progressively lost on heating,
resulting in a sequence of phase transitions that ultimately yields the cubic structure in space group
Fm3m. The high temperature tetragonal and cubic phases are characterised by strongly anisotropic
displacements of the anions. The amount of defects in the crystal structure of Sr,YTaOg is found to be
sensitive to the preparative method.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Perovskites are an important class of materials employed in a
number of technological applications, including microwave
resonators, solid oxide fuel cells, catalysis, and sensors [1-3].
The physical and chemical characteristics of ABO3 oxide perovs-
kites are closely correlated to the identity and coordination
environment of the octahedral B-site cation. Changes in this
cation impact on the important structural characteristics, such as
deformation/tilting of BOg octahedra and the electronic and
magnetic properties of the materials [4]. The choice of B-site
cation is therefore of crucial importance for the rational design
and optimisation of perovskites for specific applications [5,6].

A common approach to tune the structure and, hence,
properties of ABOs; perovskites is substitution of the cation at
the octahedral site forming oxides of the type, AB;_xByOs. In
situations where x~0.5 and when the size and/or charge of these
two cations are sufficiently different the materials exhibit a 1:1
ordering of the two B-site cations, with alternating layers of the B
and B’ cations along the [111] axis of the cubic perovskite cell,
leading to a doubling of the unit cell lattice parameter [7]. This
three-dimensional arrangement of the B and B’ cations yields the
same topology as that of the anions and cations in the NaCl “rock-
salt” structure. Consequently, this type of ordering is often called
the rock-salt-type ordering.
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The inclusion of small d° cations, such as Ta>*, Nb>*, and Ti**, on
the B-site in complex perovskites such as BaB; 3Ta, 303 (B=Mg, Zn)
can result in attractive dielectric properties [6]. In general, such
perovskites adopt centrosymmetric structures and, consequently,
they are not ferroelectrics. Nevertheless, in selected cases, electronic
polarisation results in relatively large dielectric permittivities. It has
been found that the dielectric behaviour of complex perovskites can
vary significantly depending upon the extent of both cation ordering
and octahedral tilting. Empirically, lower dielectric losses have been
associated with higher degrees of cation ordering, while the more
negative resonant frequencies are associated with the absence of
tilting of the octahedral moieties [8,9].

While the topology (the arrangement of atoms) of the perovskite
structure is thermodynamically extremely stable, the actual crystal
structure (the position of the atoms) is very flexible [9]. Another
feature of the many perovskites is a high degree of pseudo-
symmetry [10]. This presents challenges in establishing the precise
crystal structure of a given material, but also makes them excellent
candidates for the observation of structural phase transitions which
can, in turn, be related to their physical properties.

In continuation of our previous work on cation ordered double
perovskites [11-13] we report here the synthesis, crystal
symmetries, and high temperature structural phase transitions
in the ordered double perovskite Sr,YTaOg.

2. Experimental

Commercially available materials SrCOs (Aldrich >99.9%),
Y503 (Merck, > 99%), Ta,0s (Aldrich, 99.99%) were utilised in the
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synthesis. These were dried overnight before use. Sr,YTaOg
powder was synthesised by two methods. The first was a
conventional solid state method using YTa0,4! and SrCOs;. These
were mixed using a mortar and pestle and then heated at 1400 °C
for 3 days with intermittent regrinding. The second method used
in the preparation was similar to that described in Ref. [14].
Stoichiometric amounts of SrCOs, Y,03, and Ta,0s were ball
milled in distilled water for 48 h. The slurry was dried and mixed
with 0.5 wt% Nb,Os, as a sintering aid, and then pelletized. The
pellets were heated at 600 °C for 30 min and 1600 °C for 4 h. After
annealing all samples were furnace cooled to room temperature
at about 5 °C/min. Both samples were reground and X-rayed
between heating steps using a PANalytical X’Pert PRO MPD. High
temperature X-ray diffraction data were collected for the
conventionally prepared sample using a Panalytical X'Pert Pro
X-ray diffractometer equipped with a Real Time Multiple Strip
(RTMS) X’celerator detector covering a solid angular range of 2° at
25 °C employing CuKo radiation and Anton Parr HTK16 hot
stage.

Raman spectra were recorded on a Renishaw Raman inVia
Reflex spectrometer using Leica DMLM microscope with objective
of 20 x for the room temperature measurements. The scattered
light is collected (180° backscattering geometry) along the
same optical path as the incoming laser. An Ar" laser
(Modu-Laser, UT, USA) of 514 nm with effective 2.6 mW power
at the sample surface was used as the exciting line. A liquid N-
cooled charge coupled device (CCD) with a grating 2400 I/mm
detected the scattered light. The accumulation time for one
collection was 30 s.

Neutron powder diffraction data of the conventionally pre-
pared polycrystalline sample of Sr,YTaOg were measured using
the high resolution powder diffractometer, Echidna, at the OPAL
facility (Australian Nuclear Science and Technology Organisation)
at a wavelength of 1.622 A [15]. For these measurements the
sample was contained in a cylindrical vanadium can that was
mounted in a vacuum furnace. The diffraction data were collected
between room temperature and 1200 °C at 100 °C steps. For
each measurement the temperature was equilibrated for 20 min
before collecting data for 4 h. The synchrotron X-ray diffraction
data were collected for both samples at ambient temperature in
the angular range 5 <20 <85° using X-rays of wavelength
0.82465 A on the powder diffractometer at BL-10 of the Australian
Synchrotron [16]. The samples were housed in 0.3 mm diameter
capillaries that were rotated during the measurements. The
structures were refined using the program RIETICA [17]. The peak
shapes were modelled using a pseudo-Voigt function and the
background was estimated by interpolating between up to 40
selected points.

3. Results and discussion

Two samples of Sr,YTaOg were prepared, the first using a
conventional solid state method that involved several heating
stages. In the second, the constituent materials were initially
treated in a planetary ball mill and heated for a much shorter
period. The ball mill method utilised here is commonly employed
in studies of the microwave dielectric properties of such oxides,
where the preparation of dense single phase samples is critical.
Laboratory X-ray diffraction data showed both methods yield
essentially single phase Sr,YTaOe. The synchrotron X-ray diffrac-
tion data confirmed both the rock salt-type ordering of the Y3*

! YTa0, was prepared by heating Y,03 and Ta,Os at 800 °C for12 h, and then
between 1100 and 1400 °C for 2 weeks until a single phase is obtained.

and Ta®>* cations and monoclinic symmetry described in our
previous work [18]. The data of the conventionally prepared
sample were fitted to a model in space group P2,/n (Fig. 1) and the
refined structural parameters from this fit, and from fitting of the
powder neutron diffraction data, are tabulated in Table 1 and
are in a good agreement with the previous studies [18]. Selected
bond distances are given in Table 2.

However, as is evident from Fig. 2, the Rietveld fit to the
synchrotron data of the sample prepared using the ball mill is less
than optimal (32=4.7%), although a LeBail type analysis provided
an acceptable fit to the data (}*>=2.4%). Attempts to model the
synchrotron diffraction data from the ball milled sample with a
triclinic model failed to significantly improve the quality of the
Rietveld fit over that in the monoclinic model indicating that
this poor fitting is not due to a lowering of symmetry. Likewise
effects such as preferred orientation (which appears to be small)
and anisotropic peak-broadening did not provide a satisfactory
model to the data. Examination of the difference profiles show
that the intensities of some reflections are underestimated,
whereas others are overestimated. This shows that the model
does not adequately reproduce the electron density (atomic
positions and site occupancies) of the wunit cell. Such
discrepancies are seen in a number of double perovskites and
are often modelled by “anti-site” disorder in which some of the B
is placed on the B’ sites and vice-versa [9,19]. Since the average
Ta-O and Y-O bond distances are very different in Sr,YTaOg
(see Table 3), we did not attempt to fit the data using an anti-site
disorder model. Ting et al. [20] argued that for Ba,InNbOg the
anti-site disorder actually corresponds to fine scale translational
stacking faults. We found that we could model the data for the
ball milled sample using a 2-phase monoclinic model in which
only the lattice parameters of the second phase were refined, that
is the TaOg and YOg coordination in both phases is identical. This
provided an excellent fit to the observed data with y?=3.3%. It is
possible that the local disorder/stacking faults that are
responsible for the observed broadening of the peaks will
impact on the electronic polarisation and hence dielectric
permittivities.

Further evidence for the presence of local disorder comes from
the Raman spectra of the two samples. There are a number of
subtle differences between the Raman spectra of the samples
prepared using the two methods with the ball milled sample
exhibiting a number of extra lines (Fig. 3). Superficially the
spectra are very similar to that presented by Dias et al. [14] and
the reader is referred to this earlier work for possible assignments
of the various modes. Of interest, however, is the broadening of
the Raman lines in the ball milled sample compared with the lines
in the conventionally prepared sample. This suggests the phonon
lifetimes are shorter in the former sample, indicating this contains
an increased number of structural defects or disorder. This is
despite the high temperature (1600 °C) anneal that the sample
had been subjected to post ball-milling. The second feature of
interest is the small number of additional lines in the spectrum of
the ball milled sample. Since the diffraction data do not provide
any evidence for the presence of secondary phases in this sample,
these additional lines probably indicate a lowering of local
symmetry. Recall that the model used to reproduce the
synchrotron pattern has two identical structures, with slightly
different lattice parameters; this model should not result in the
presence of any additional Raman modes. The most probable
symmetry lowering process is partial disorder of the Ta>* and Y>*
cations in the octahedral sites. Dias et al. [21,22] postulated such
effects are present in the analogous Ba compound Ba;YNbOg,
although in that case they proposed the presence of a triclinic
phase. As noted above our diffraction data do not require we use a
lower symmetry model, but the variation in intensities does
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Fig. 1. (a) Synchrotron X-ray powder diffraction profiles for Sr,YTaOg obtained with 1=0.82465 A. The insert highlights the splitting of the (110), reflection whilst the
change in scale at 50 degrees illustrates the quality of the data and fit to high angles. (b) Neutron powder diffraction profiles for Sr,YTaOg obtained with 1=1.622 A. Inset

(a) highlights the absence of any obvious splitting of the (110), reflection.

Table 1

The structure of Sr,YTaOg as refined from neutron powder diffraction data collected using the Echidna diffractometer at the OPAL facility.

Atom x y

z Uiso A2x 102

T=50 °C, Space group=P2;/n.

a=5.8139(3) A, b=5.8578(3) A, c=8.2450(5) A, f=90.129(6)°, R,=7.8%, Ryp=10.2%, *>=1.17

Sr —0.0055(14) 0.4694(6)
Y 0 0

Ta 0 0

01 0.0728(10) 0.0175(9)
02 0.2247(13) 0.3015(11)
03 0.3018(15) 0.7740(16)

T=1000 °C, Space group=1I4/m. R,=6.4%, R,,,=8.5%, 7?=1.44

a=b=5.8866(2), c=8.3439(5) A

Sr 0 %3

Y 0 0

Ta 0 0

01 0 0

02 0.2323(11) 0.2956(12)
T=1200 °C, Space Group=Fm3m
a=b=c=8.3511(2) A, R,=6.6%, Rup=8.7%, x*=1.49

Sr Va Va

Y 0 0

Ta 173 173

01 0.2651(3) 0

0.2461(13) 0.41(8)
0 0.43(12)
17} 0.48(14)
0.2640(10) 0.14(11)
—0.0370(11) 0.16(16)
—0.0421(11) 1.0 (2)
% 4.37(9)
0 0.4(1)
v 2.8(2)
0.2637(14) 11.3(5)
0 8.9(2)°
% 4.79(7)
0 2.14(11)
v 1.55(1)
0 6.9(1)°

2 Uy =Uyp=5.5(4) A% x 1072°, U33=0.29(9) A% x 10 2.

> Uy1=0.68(14) A% x 10720, U5,=5.9(4) A2 x 107 2%, U33=2.3(1) A2 x 102, Uj,=—1.4(2) A2 x 10~ 2.

€ Up1=041(3) A% x 1072, Uy =U33=3.22(4) A2 x 102

provide evidence for some, local, disorder in the monoclinic
structure.

The preparative method alters the local structure of Sr,YTaOg,
as evident from the present diffraction and Raman results, and
may explain the different structures reported for these types of
oxides in the literature, especially when it is recalled that many
researchers only utilise conventional (CuKo) powder X-ray
diffractometers. Data obtained with such an instrument did not
reveal the presence of the “second phase” required to reproduce
the synchrotron data of the ball-milled sample. In many cases the
failure of such methods to detect subtle differences in crystal
symmetry possibly reflects the high pseudo-symmetry of per-
ovskites. The differences between the two samples described here
are of particular importance for the study of the microwave

dielectric properties of such oxides, where the preparation of
dense single phase samples is critical. The ball mill method
utilised here is commonly employed in such studies, yet this
clearly results in samples containing more stacking faults and/or
disorder than in the sample prepared using conventional solid
state methods, even though the former was ultimately heated to
higher temperature.

Portions of the ball-milled sample were then reheated at
1400 °C for 4, 8, 24, and 48 h and their structures examined after
each of these heating steps using a conventional X-ray diffract-
ometer. Such heating resulted in an increase in the intensity of the
diffracted lines and a slight reduction in the widths of the various
peaks. As noted above the resolution of this diffractometer is not
sufficient to unequivocally establish the co-existence of the two
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Bond lengths and bond valence sums (BVS) for the monoclinic, tetragonal, and cubic structures observed in the conventionally prepared Sr,YTaOg sample.

Sr-0 Y-O Ta-0
Structure
Bond length (A) BVS Bond length (A) BVS Bond length (A) BVS
P24/n 50 °C 01 2.687(6)
01 2511(11)
02 2.844(12)
02 2.531(12) 01x2 2.220(9) 01x2 2.002(8)
02 2.879(11) 1.69 02x2 2.216(8) 3.45 02x2 2.001(8) 495
03 2.795(14) 03x2 2221(8) 03 x2 2.006(8)
03 2.940(15)
03 2.587(12)°
14/m 1000 °C 01x4 2.9456(4) 137 01x2 2201(12) 3.54 01x2 1.972(12) 4.70
02x4 2.700(4) 02x4 2.214(8) 02x4 1.983(8)
Fm3m 1200 °C 01 x12 2.9554(1) 1.25 01x6 2.212(5) 3.51 01 x6 1.964(6) 5.33

2 There are four longer ( > 3.0 A) Sr-0 distances.
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Fig. 2. Sections of the synchrotron diffraction patterns for Sr,YTaOg prepared using ball milling (BM) and conventional solid state (SS) methods. The lines are from Rietveld
analysis and highlight the failure of the single phase model to fit the data in the ball milled sample.

Table 3

The room temperature structure of Sr,YTaOg prepared using a ball mill as refined
from synchrotron X-ray diffraction data. The unit-cell dimensions are Phase (1)
a=5.81145(4) A, b=5.85641(4) A, c=8.24136(5) A, f=90.1479(4)° 70.7(5) wt%:
Phase (2) a=5.81272(11)A, b=5.84750(9) A, c=8.23703(11)A, $=90.127(1)°

29.3 wt%. Both phases are in space-group symmetry P2,/n and were restrained to
have identical atomic coordinates. The measures of fit were R, 2.6%, Rwp 3.6%, 1°
4.50.

Atom X y z Usso (A2 x102)

Sr —0.0052(3) 0.4687(1) 0.2500(2) 1.69(1)

Y 0 0 0 0.59(1)

Ta 0 0 0.5 0.95(1)

01 0.0741(12) 0.0146(9) 0.2621(9) 0.86(16)

02 0.2369(14) 0.2899(12) —0.0369(13) 0.57(20)

03 0.3024(14) 0.7762(13) —0.0389(13) 1.3(9)

phases, but these results strongly suggest that further heating
yields a single phase sample. This conclusion is supported by
Raman measurements, where the heated samples displayed
somewhat sharper lines, and the weak additional features
apparent in Fig. 3 were no longer present.

SS
z
=
5
g
=
=
‘B
3
= BM

T 1 1 T 1 T
200 400 600 800 1000

Wavenumber (cm™)

Fig. 3. Sections of the Raman spectra for Sr,YTaOg prepared using ball milling
(BM) and conventional solid state (SS) methods. Note the broadening and presence
of additional lines in the former sample.
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Fig. 4. Evolution of the lattice parameters for Sr,YTaOg between 800 and 1250 °C from variable temperature X-ray diffraction data. There is clear evidence for a first order

transition near 930 °C.

Subsequently detailed studies of the structure and phase
transitions were limited to the conventionally prepared sample.
Although the synchrotron diffraction data showed clearly
resolved reflections indicative of monoclinic symmetry the lower
resolution of the neutron diffraction data precludes this, as is
evident from a comparison of Fig. 1(a) and (b). Nevertheless the
greater sensitivity of the neutron data to displacements of
the lighter oxygen atoms results in more accurate structural
refinements.

Ordering of the Y>* and Ta>" cations in Sr,YTaOg results in the
same superlattice reflections as does in-phase tilting of the BOg
octahedra [7,23]. Out-of-phase-tilting, however, results in the
appearance of additional reflections. By comparison with other
double perovskite systems including the closely related Ba,LnNbOg
(Ln—a lanthanide) oxides we anticipate that the out-of-phase tilts
will be lost at a lower temperature than the in-phase tilts [12,24].
Variable temperature neutron diffraction patterns demonstrate this
to be the case with the strongest M-point reflection indicative of
out-of-phase tilting lost by 1000 °C. At this point the sample is,
within the resolution of the neutron diffraction measurements,
metrically cubic. Attempts to refine a structure to a cubic model in
Fm3m were less than optimal suggesting the symmetry was in fact
lower; therefore, we used X-ray diffraction data to establish the
symmetry of the intermediate phase(s). These data suggest the
presence of two phase transitions; the first near 925 °C is first order
and corresponds to a transition to a tetragonal structure in space
group I4/m. The second near 1150 °C is the transition to the cubic
structure. The neutron patterns at 1000 and 1200 °C were fitted to
the appropriate models and the results summarised in Table 1.

The thermal evolution of the lattice parameters obtained from
the XRD data provides some evidence for a third phase transition
near 850 °C, namely the change in the rate of thermal expansion
along the b-axis at this point (Fig. 4). We postulate that this is due
to a transition to a second monoclinic structure in space group
I2/m. High quality neutron diffraction data would be required to
unequivocally establish this; however, based on both our group
theoretical analysis [7] and previous experimental studies [24,25]
this appears to be a reasonable assertion. The sequence of phase
transitions can be understood in terms of the tilting of the BOg
units. The P2;/n structure is characterised by both in-phase
(or positive) and out-of phase (negative) tilts (a~a~c¢*) with the
in-phase tilt about (0 0 1) being lost at the transition to the I2/m

structure (a~a~c®). The first order I2/m to I4/m transition involves
a reorientation of the out-of-phase tilts from about (110) to (001)
with the tilt system in this tetragonal structure being a®a®c.
Finally, the out-of-phase tilts are lost at the transition to the cubic
Fm3m structure (a®a®a®) [7,26].

A feature of both the tetragonal and cubic structures is the
strongly anisotropic nature of the anion displacements, see Table 1.
In the case of the cubic Fm3m structure, introduction of anisotropic
displacement parameters (ADPs) for the anion during the refine-
ment against the neutron diffraction data collected at 1200 °C
resulted in a reduction of y? from 2.32 to 1.58. For the tetragonal
I14/m structure %2 reduced from 1.96 to 1.56 upon the introduction
of ADPs for the two anions, when considering the neutron data
collected at 1000 °C. The significance of this is evident upon
considering the structures. In the case of the cubic structure the
displacement is considerably larger towards the cuboctahedral sites
occupied by the Sr cations than along the shorter B-O bond
directions. This anisotropic displacement effectively shortens the
A-0 bonds whilst lengthening the B-O bonds in a similar manner to
the cooperative tilting of the BOg octahedra. A similar phenomenon
is observed in the tetragonal structure.

4. Conclusion

The crystal structure of the rock-salt ordered double perovs-
kite Sr,YTaOg has been investigated from room temperature to
1250 °C using neutron and X-ray diffraction data. This oxide
exhibits a sequence of phase transitions associated with the
removal of the cooperative tilting of the BOg octahedral units. The
high temperature tetragonal and cubic phases are characterised
by strongly anisotropic displacement parameters for the anions.
High resolution synchrotron diffraction studies show the crystal-
linity of the sample is sensitive to the precise method used to
prepare the sample.
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