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Abstract

The synthesis and crystal structures of nine members of the rock-salt ordered double perovskites Sr,_,Ca, CrNbQOyg is presented. The
crystal structures of the end members of the series Sro,CrNbOg and Ca,CrNbOg were refined using powder neutron diffraction data and
are cubic in Fm3m and monoclinic in P2,/n, respectively, in both cases there being considerable anti-site Cr-Nb mixing. Variable
temperature and/or composition studies suggest a direct first-order P2,/n to Fm3m transition, a suggestion supported by selected area

electron diffraction studies.
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1. Introduction

The remarkable compositional and structural flexibility
of the ABOj; perovskite oxides enables their desirable
physical, electrical, magnetic and structural properties to
be optimized for specific applications [1]. Where two
cations, with significantly different size and/or charge,
occupy either the cuboctahedral A-type or octahedral B-
type sites these can order, giving rise to exceptional
behavior, e.g. colossal magnetoresistance [2,3]. The sim-
plest type of cation ordered perovskites are the A,BB'Og
double perovskites where the two cations occupying the
octahedral sites order in a rock-salt-like arrangement [1,4].
The potential use of such double perovskites in functional
materials has prompted immense research efforts in recent
years.

Choy et al. [5] recently described the preparation and
magnetic properties of the oxides 4,CrNbOg (4 = Ca, Sr).
They reported that both oxides displayed rock-salt-like
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ordering of the Cr'" and Nb" cations, however whereas
Sr,CrNbOg was cubic, replacement of the Sr by smaller Ca
cations (ionic radii 1.44 vs. 1.34 A) introduced tilting of the
BOg octahedra and the resulting structure was monoclinic.
Since the ionic radii of Cr'™ and NbY are very similar
(0.615 vs. 0.64 A) [6] this ordering is driven primarily by the
charge difference, and it is expected that the Nb—-O and
Cr—O bond distances should be approximately equal. This
was apparently observed by Choy et al. [5], although the
precision of their structural refinements, that relied on
powder X-ray diffraction data collected using non-mono-
chromatic CuKa radiation, are relatively poor. The average
distances in Sr,CrNbOg are Cr-O 1.971(6) and Nb-O
1.966(6) A and in Ca,CrNbOg Cr—O 1.985 and Nb-O
2.014A. Choy et al. suggested that the small differences in
bond distances were significant and represented differences
in the covalency of the A-O and by extension the B-O
bonds.

As part of our on-going studies of phase transitions in
perovskite type oxides [7-10] we are interested in the
structures of double perovskites where the two B-type
cations are of similar size so that the ordering is

0022-4596/$ - see front matter Crown Copyright © 2006 Published by Elsevier Inc. All rights reserved.

doi:10.1016/j.jss¢.2006.04.047


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2006.04.047
mailto:kennedyb@chem.usyd.edu.au

2488 M.C.L. Cheah et al. | Journal of Solid State Chemistry 179 (2006) 2487-2494

predominantly driven by the charge difference. The aim of
the present work was two-fold. Firstly to establish precise
and accurate structures and bond distances for Sr,CrNbOg
and Ca,CrNbOg using powder neutron diffraction and
secondly to study the evolution of the structure as Sr is
systematically replaced by Ca in the solid solutions
Sr,_ Ca,CrNbOg.

2. Experimental

Polycrystalline samples of 9 members in the series of
solid solutions Sr,_,Ca,CrNbOg were prepared by the
reaction of the appropriate stoichiometric mixture of
CrNbQy, SrCO;, and CaCOs. The reactants were inti-
mately mixed in an agate mortar under acetone, placed in
an alumina crucible and heated at 900 °C for 12 h and then
at 1200 °C for 1 day with intermediate grinding. CrNbOy4
was prepared by reacting Cr,O3 and Nb,Os at 1200 °C for
3 days.

The sample purity was established through powder
X-ray diffraction measurements using CuKo radiation on
a Shimadzu D-6000 Diffractometer. Synchrotron X-ray
powder diffraction data were recorded using the De-
bye—Scherrer diffractometer on beamline 20B, the Austra-
lian National Beamline Facility, at the Photon Factory,
Tsukuba Japan [11]. Data were collected in 0.01° steps over
the angular range 5°<20<85° using two image plates as
detectors. Each image plate is 20 x 40 cm? and covers 40° in
260. The wavelength of the X-rays used was 0.75049 A. The
samples were held in 0.03mm dia quartz capillaries that
rotated throughout the measurements. Temperature con-
trol was achieved using a custom built furnace. Structures
were refined using the Rietveld method as implemented in
the program RIETICA [12].

Powder neutron diffraction data were recorded, for
samples housed in thin walled vanadium cans, on the
VEGA diffractometer at KENS [13]. Data collected using
the back-scattering bank were used in the structural
refinement employing GSAS [14]. Data were obtained for
Sr,CrNbOg at both room temperature and at 5K using a
closed cycle cryostat and for Ca,CrNbOg at room
temperature.

Electron diffraction patterns (EDPs) from crushed
grains of the samples dispersed onto holey carbon coated
copper grids were recorded on a Philips EM 430
Transmission Electron Microscope operating at 300kV.

3. Results and discussion

The use of the rutile-type intermediate phase CrNbOy, in
the preparation of the mixed metal perovskites allowed us
to prepare highly crystalline single phase samples with
precisely controlled Cr:Nb ratios Equally importantly
through the use of CrNbQy, it was possible to prepare the
oxides in air. Attempts to directly prepare the target
perovskites from ACO; (4 = Ca, Sr), Cr,O3 and Nb,Os in
air resulted in a mixture of products, although we note that

Choy et al. [5] reported the latter approach was successful if
the heating was conducted under nitrogen. All the oxides
were obtained as olive green powders and the powder
X-ray diffraction patterns showed these to be perovskites
with superlattice reflections indicative of Cr:Nb ordering
being apparent. Quantitative elemental analysis of the
various products gave cation ratios within analytical error
of the nominal compositions.

In Fig. 1, the powder XRD pattern of Sr,CrNbOg and
Ca,CrNbOyg profiles obtained by Rietveld refinements are
shown. The pattern for Ca,CrNbOg shows clear evidence
for a monoclinic structure as reported by Choy et al. [5],
whereas the pattern for SroCrNbOg is well fitted in the
cubic space group Fm3m, there being no evidence for peak
splitting or asymmetry, even at higher angles, indicative of
lower symmetry, Fig. 1. The refinements, whilst clearly
satisfactory, were relatively insensitive to the oxygen
positional parameters and so the structures were refined
using TOF neutron powder diffraction data. The neutron
diffraction pattern for Sr,CrNbOg recorded at room
temperature demonstrated the material to be cubic and
cooling to 5K did not result in any change in symmetry.
Attempts to refine the structure in tetragonal (/4/m) were
unstable unless the O anions were constrained at the
equivalent position for Fm3m. The observed c/a ratio was
1.0003 for the tetragonal fit, and this ratio did not alter on
cooling to SK. A tetragonal distortion of less than 0.03%
is much lower than the instrument resolution. Likewise
refinements in R—3 were unstable, and in both cases the
refined lattice parameters were indicative of a cubic cell
demonstrating these two choices of space group to be
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Fig. 1. Observed and calculated synchrotron X-ray diffraction profiles for
Sr,CrNbOg and Ca,CrNbOg. In each case the bottom curve is the
difference profile and the tick marks show the positions of the allowed
reflections. The small discontinuity near 20 = 45° is from the gap between
the two image plate detectors. The insets highlight the effects of the change
in symmetry. The profiles were fitted with R, 2.16 and Ry, 2.86 for
Sr,CrNbOg and R,/ Ry, of 4.88/6.42% for Ca,CrNbOg.
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incorrect. The neutron pattern for Ca>,CrNbOg at room
temperature showed strong superlattice reflections asso-
ciated with both in-phase and out-of-phase tilting of the
MOg¢ octahedra and was well fitted in the commonly
observed [15] monoclinic space group P2,/n, Fig. 2. For
brevity only the refined structural parameters obtained
from the neutron diffraction data are listed in Table 1.
For both oxides it was found that the atomic displace-
ment parameters of the B-type cations, as refined using the
synchrotron X-ray diffraction data were unusual. For
example for Ca,CrNbOg with complete ordering of Cr and
Nb had Bio(Cr) = 0.62 Bio(Nb) = 1.55A% R, 6.5, Ryp
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Fig. 2. Observed and calculated time-of-flight neutron diffraction patterns
for Sr,CrNbOg and Ca,CrNbOg. The format is the same as in Fig. 1. The
profiles were fitted with R, 4.93 and Ry, 6.35 for Sr,CrNbOg and Ry/Ryp
of 4.07/5.59% for Ca,CrNbOg.

Table 1
Refined structural parameters for Sr,CrNbOg and Ca,CrNbOg from room
temperature time-of-flight neutron diffraction data

Atom X y z Biso (A3) N
a=7.8783@8)A

Sr 1 1 1 0.68(3) 1
cr(l) 0 0 0 1.50(1) 0.92(1)
Nb(l) 0 0 0 1.50(1) 0.08(1)
cr2) 4 1 1 1.50(1) 0.08(1)
Nb2) 1 1 1 1.50(1) 0.92(1)
0 0.2503(3) 0 0 0.80(6) 1

a=5.4198(2), b = 5.4868(2), ¢ = 7.7060(3) A, f = 89.99(1)".

Ca —0.0060(7)  0.4622(4) 02442  0.88(5) 1
Cr(1) 0 0 0 0.27(1) 0.76(3)
Nb(1) 0 0 0 0.27(1) 0.24(3)
Cr(2) 0 0 1 0.27(1) 0.24(3)
Nb(2) 0 0 1 0.27(1) 0.76(3)
o(l) 0.207(2)  0.287(2)  —0.041(1)  0.21(1) 1
0(2) 0.290(2)  0.796(1)  —0.039(1)  0.66(1) 1
0(3) 0.0766(4)  0.0197(4) 0.251Q2)  0.27(5) 1

9.1%. This was taken as evidence for a small amount of
disorder of these cations over the two possible sites.
Introduction of such disorder gave more typical displace-
ment parameters Bio(Cr) = 1.28(4) Biso(Nb) = 1.25(3) A3
and an improvement in the quality of the fit R,, 5.2, Ry,
6.6%. A similar situation occurred for SroCrNbOg. The
neutron diffraction showed similar results and in the final
refinements the displacement parameters on the two sites
were constrained to be equal. The degree of anti-site
disorder observed in this study is somewhat different that
that reported by Choy et al. [5], presumably as a result of
the different preparative methods used in the two studies.
That both preparative methods yield materials with
extensive anti-site disorder demonstrates the disposition
of Cr and Nb to occupy similar coordination environ-
ments, presumably as a consequence of their similar ionic
radii.

A detailed discussion of bond-lengths is inappropriate
given the extent of the cation disorder, nevertheless it is
interesting to examine these. The average Cr—O bond
distances in Ca,CrNbOg, 1.962(9)A, is ~0.03A shorter
than the average Nb—O distance (1.992 A), this being about
the difference in ionic radii, 0.615 vs. 0.64 A, [6]. The bond
valences for the two cations are 3.16 and 4.83 A. There is
no indication from these values for any significant
electronic contribution to the bond distances for the BOg
octahedra. Considering the bond distances in Sr,CrNbOg
we find that the Cr-O 1.967(2) A and Nb-O 1.972(2) A
distances are, within the precision of the measurements
identical, that is the Cr—O distance is somewhat longer (or
the Nb—O distance shorter) than might be expected based
on the tabulated ionic radii. The bond valences for the two
cations 3.11 and 5.09 are unexceptional. Whilst it is
possible that the observed changes in the relative bond
distances reflects changes in the covalency of the Sr—O vs.
Ca—O bonds it is more likely that it simply reflects the
flexibility of the perovskite structure coupled with the
consequence of anti-site disorder.

The cubic perovskite structure is structurally demanding
with the bonding requirements of both the A- and B-type
cations contributing to its stability. The competing nature
of these is often quantified by the tolerance factor given
t = (Ro 4+ RA)/[v2(Ro + Rp)] where Rg is the ionic radii
of oxygen, R that of the A-type cation and Rp the average
radii of the two B-site cations. Deviations from ¢ =1
indicate an unfavorable situation and if 1< 1, the cation is
thought to be too small for the cuboctahedron site and
cooperative tilting of the BOg octahedra can occur. In the
present case, ¢ decreases from 0.990 in the Sr compound to
0.956 in the Ca compound, using the ionic radii for 12-fold
coordination on the A-site. It should be noted that with
two Ca—O distances of more than 3.3 A the effective
coordination of the Ca site in Ca,CrNbOy is reduced from
12 to 10 whereas in the cubic structure the Sr is 12-
coordinate. It is thought that the small changes in the B-O
bond distances between Sr,CrNbOgand Ca,CrNbOg reflect
optimization of the various bonding requirements and
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should not be taken as evidence for a significant change in
the covalency of the individual bonds [5]. As noted above
cooling the sample to 5K does not induce any change in
the symmetry of SroCrNbOg in keeping with the near
optimal A—O and B-O distances.

Having established, using powder neutron diffraction,
the correct symmetry for the two oxides A,CrNbOg
(4 = Ca, Sr) we turn our attention to the solid solutions
of the type Sr,_,Ca,CrNbOg. At the outset we expect at
least one intermediate phase between the cubic (¢°’a°) and
monoclinic (¢"h"b7) structures due to the successive
introduction of tilting of the BOg octahedra as the effective
size of the A-type cation decreases. Howard et al. [16]
recently elaborated the possible space groups for rock-salt
ordered double perovskites with various combinations of
in-phase and out-of-phase tilting. Their group theory
analysis suggests a number of possible intermediate
structures. Synchrotron X-ray diffraction patterns were
collected for 9 members in the series Sr,_,Ca CrNbOs.
Visual examination of the patterns showed the three Ca-
rich oxides (x = 2.0, 1.75, 1.5) to be clearly monoclinic and
these structures were all refined in P2;/n.

The diffraction patterns of the remaining oxides indicate
these to be metrically cubic. Although the patterns for the
three oxides with x = 1.25, 1.0, 0.75 could be fitted in the
monoclinic structure in P2;/n, in each case we found
arbzcand fx90.0° suggesting the symmetry was higher.
The possibility that these were in fact tetragonal was then
considered. It should be stressed that in the ideal case the
appropriate space group would be established from the
splitting of the Bragg reflections and the superlattice
extinction conditions. However, in systems where the cell
metric appears higher (pseudo-symmetry resulting in the
absence of any resolved splitting) it is necessary to use the
superlattice reflections alone. A key feature of the present
work is the exceptional signal-to-noise afforded by the
synchrotron diffractometer that allows for clear identifica-
tion of the reflections associated with the tilting of the
octahedra. These reflections were not observed using the
conventional X-ray source.

At this point it is appropriate to review the relationship
between the observed superlattice reflections and the tilting
of the BOg octahedra. In-phase octahedral tilting, asso-
ciated with an M-point, produces superlattice reflections
with even—odd-odd indices, and out-of-phase tilting
(R-point) produces superlattice reflections with indices
odd—odd—odd. The simultaneous occurrence of M-point and
R-point distortions will produce some X-point reflections,
indexing as even—even—odd. Such X-point reflections are
usually very weak in perovskites, such as CaMnOj; [17] or
CaTiO; [18]; however, in the double perovskites the cation
ordering is also associated with an R-point and provided
the scattering difference between the two cations is
sufficiently strong gives rise to, strong, odd-odd-odd
reflections. The observation of significant X-ray intensities
at the X-points implies cation ordering along with both M-
point (+) and R-point (—) octahedral tilting is present. If
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Fig. 3. Portions of the synchrotron X-ray diffraction profiles for
Sr,_Ca,CrNbOg showing the growth of intensity of selected superlattice
reflections with increasing Ca content. The bottom set of reflection
markers show the positions of the reflections allowed in Fm3m and the top
set show those allowed in P2;/n. Note also the broadening of the (cubic)
222 reflection near 20 = 19.0° due to the monoclinic distortion. The R-
point reflection near 20 = 18.3° is due to the ordering of the Cr and Nb
cations.

neutron, rather than X-ray, diffraction is employed then
the magnitude of the M- and R-point reflections due to the
tilting of the octahedra is expected to be somewhat
stronger. It is possible that the difference in scattering
lengths of the two B-type cations may be insignificantly
small to significantly contribute to the R-point reflections.

Examination of the synchrotron X-ray profiles for
SI‘()'75C3. 1 '25CI‘Nb06 and SI'] ,OOCal ,OOCrNbO6 near
20 = 17.6 and 20.8° showed, Fig. 3, very weak reflections
that could be indexed as 210 and 221 on a doubled
perovskite cell. From the above discussion the presence of
these X point reflections confirms the presence of both in-
phase and out-of-phase tilting in these oxides and
demonstrates the oxides cannot be tetragonal, in either
I4/m d°a’c or P4/mnc a®a’c™ [16], but rather must be
monoclinic in P2,/n (a*h~bh7). This choice of space
group was further vindicated by successful Rietveld
refinements and an example of the refined parameters for
(CaSr)CrNNDbOg is given in Table 2. It was not possible to
unequivocally establish the tilt pattern from the synchro-
tron X-ray diffraction pattern for Sry,5Cag 75CrNbOg, the
diagnostic reflections being extremely weak, having in-
tensity comparable to the noise in the background. The
pattern with x = 1.5 appears not to have any superlattice
reflections associated with tilting of the octahedra.

In order to verify the choice of space group for the four
oxides 0.75<x<1.5, relevant single domain EDPs were
also obtained. These EDPs confirm that the correct choice
of space group for the x =0.75, 1.0 and 1.25 samples is
indeed monoclinic P2;/n (a=ay+b, b=—a,+b,
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Table 2
Refined structural parameters for SrCaCrNbOg from room temperature
X-ray powder diffraction data

Atom x y z Biso N
Ca —0.0003(20) 0.5008(9) 0.2500(23) 2.122) 0.5
Sr —0.0003(20) 0.5008(9) 0.2500(23) 2.12(2) 0.5
Crl 0 0 0 0.80(2) 0.24(1)
Nbl 0 0 0 0.80(2) 0.26(1)
Cr2 0 0 % 0.80(2) 0.26(1)
Nb2 0 0 1 0.80(2) 0.24(1)
o1 0.1907(26) 0.2681(23) —0.0346(17) —0.95(4) 1.0
02 0.2412(21) 0.7921(19)  —0.0173(16) —0.95(4) 1.0
03 0.0589(21)  —0.0420(20) 0.2618(22) —0.95(4) 1.0

a=55242(4), b=551373), ¢="7.7978(4), f=90.004)°, R,=2.17,
Ryp = 3.02.

¢ =2¢,; a* = '5[110],*, b* = "/5[T10],*, ¢* = "/5[001],%).
Fig. 4, for example, shows (a) [010] and (b) [110] zone axis
EDPs of the x = 0.75 sample while (c) shows an [001] zone
axis EDP of the x = 1.25 sample and (d) a [112] zone axis
EDP of the x = 1.0 sample. Equivalent zone axis EDPs to
these were obtained for each composition. Close inspection
of some of these EDPs sometimes showed evidence for
more than one orientational twin domain being simulta-
neously illuminated e.g. very weak G £1/2 [100],* satellite
reflections are present in Fig. 4c (compare e.g with Fig. 4b).

The fourth oxide x = 1.5 sample appears to be a two
phase sample. Some grains show only G+1/2 (111),*
type satellite reflections (see e.g. Fig. 5a and b) and are thus
only compatible with resultant Fm3m (a = 2a,) or I4/m
(a=ap+b, b=-a,+b,, ¢ = 2¢,) space group symmetries.

Fig. 4. Electron diffraction patterns for (a) [010] and (b) [110] zone axis of the x = 0.75 sample (c) a [001] zone axis of the x = 1.25 sample and (d) a [112]

zone axis of the x = 1.0 sample.
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Fig. 5. Electron diffraction patterns for Sr1.5Ca0.5CrNbO6. The patterns
in (a) and (b) show only G+1/2< 111 ) p* type satellite reflections whereas
(c) shows both G+1/2 [110]p* and G+1/2 <001)p* type satellite
reflections.

Note that these two space group symmetries cannot be
distinguished via conventional selected area electron
diffraction as they both give rise to entirely equivalent
zone axis EDPs. The three-fold symmetry of convergent
beam EDPs, when taken down a (111}, zone axis
direction, however, strongly suggests Fm3m rather than
I14/m space group symmetry. Other grains from the same
sample, however, show both G+1/2 [110],* and G£1/2
<001 ) ,* type satellite reflections as well (see e.g. Fig. 5)
and thus appear to be consistent with P2,/n space group
symmetry. Thus the electron diffraction studies suggest
that the structure transforms directly from P2,/n to Fm3m.

The composition dependence of the volume for the series
Sr,_,Ca, CrNbOg is illustrated in Fig. 6 and shows a
progressive reduction in volume as the amount of the
smaller Ca®" cation is increased. There are two important
features from this figure. Firstly, there is no obvious
discontinuity in the volume associated with the transition
from monoclinic to cubic, although there is an apparent
discontinuity in the individual lattice parameters near
x = 0.75, that is near the composition that the electron
diffraction studies show the samples to be two-phase.
Secondly the volume follows Vegard’s law (liner relation-
ship between composition and volume) although there is a
strong variation from in the linearity of the individual
lattice parameters this at high Ca contents. The introduc-
tion of the smaller Ca cation into the structure placing the
structures under some stain, and this strain is associated
with the monoclinic distortion.

The failure to observe any phases intermediate between
the monoclinic and cubic structures is unusual and
indicates that the phase transition between these must be
first order. Clearly, the composition steps are, by necessity
relatively course, and it is possible that an intermediate
phase exists over a very small range of compositions. An
alternate method of studying the transition at finer
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Fig. 6. Variation of the lattice parameters and volume in the series
Sr,_,Ca,CrNbOg. The lattice parameters in the monoclinic phase have
been scaled for ease of comparison. The solid line is a linear fit to variation
in volume.
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Fig. 7. Temperature dependence of the lattice parameters for selected
members of the series Sr,_,Ca,CrNbOg. The lattice parameters of the
monoclinic phase have been scaled for ease of comparison. The transition
to cubic appears to be first order and the temperature of this increases with
increasing Ca content.

increments is to use variable temperature data and
accordingly synchrotron diffraction patterns were collected
for three samples Sr; 5Crg 75CrNbOg, Sty 99Cry 9oCrNbOg
and Srg 75Cr; 255CrNbOg as a function of temperature. The
structures of these oxides were monoclinic at room
temperature and it was anticipated that the distortion
would decrease as the temperature was increased as
observed for other perovskites such as CaTiO; [19] and
SrZrO; [20].

The results of these studies are summarized in Fig. 7. As
for the room temperature studies the space group could not
be established from the cell metric (splitting of the Bragg
reflections), but rather was identified by the superlattice
reflections and the transition to cubic was deemed to have
occurred when these could no longer be identified. A
typical series of profiles is illustrated in Fig. 8. It was
concluded that the transition to cubic occurred near 350 °C
for Sr;,5Crg7;5CrNbOs, and at about 525°C in
Sty 9oCry.00CrNbOg. Diagnostic X-point superlattice reflec-
tions were still observed in the pattern of
Sr.75Cr 255CrNbOg at 800 °C (the highest temperature
available to us) showing this remains monoclinic to above
this temperature. The temperature dependence of the
lattice parameters show the transition to cubic is first
order, as is required by group theory [16]. There is no
evidence for any intermediate phase, suggesting either a
direct first order P2;/n to Fm3m transition or that the
intermediate phase was a very limited stability domain. It
appears not to be possible to distinguish between these
possibilities using X-ray diffraction.

In conclusion complete solubility is observed in the series
Sr,_,Ca,CrNbOg, all of which exhibit rock-salt like
ordering of the Cr’" and Nb>" cations. The crystal
structures of the end members of the series Sr,CrNbOg and
Ca,CrNbOg are cubic in Fm3m and monoclinic in P2,/n,

SrmOQCaImOCrNbOS

555

Intensity

520

485

205

T T T T T T
16 17 18 19 20 21
Two Theta (degrees)

Fig. 8. Portions of the synchrotron diffraction profiles for
Sr1.000C21.000CrNbOg showing the loss of weak X-point superlattice
reflections near 20 = 17.5° (120/210) and 260 = 21.7° (212) above 590 °C.

respectively. The structures were refined using powder
neutron and synchrotron X-ray powder diffraction data
and the refinements demonstrate that there is considerable
anti-site  Cr—Nb mixing. Variable temperature and/or
composition studies suggest a direct first order P2;/n to
Fm3m transition a suggestion supported by selected area
electron diffraction studies.
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