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a b s t r a c t

The solid solution with double perovskite structure and general chemical formula Sr2Cd1�xCaxWO6 (0 6 x
6 1) has been synthesized by the co-precipitation method. The Cd2+ cation substitution by Ca2+ in the
Sr2CdWO6 double perovskite led to a continuous solid solution in the whole (0 6 x 6 1) fraction range.
The crystal structures were determined from the Rietveld refinements of laboratory X-ray powder dif-
fraction data. All members of the solid solution crystallize at room temperature in the P21/n space group.
The high-temperature study has revealed the following two phase-transition sequence for all the mem-
bers of the solid solution: P21=n! I4=m! Fm3m. The phase-transition temperatures of both successive
phase-transitions showed a linear behavior in the whole (0 6 x 6 1) fraction range. Finally, following the
results reported for Sr2CdWO6 and Sr2CaWO6, and comparing those temperatures with others of the
Sr2MWO6 family reported previously, it was observed that the transition temperatures are higher in com-
pounds with low tolerance factors.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, compounds with general formula A2 BB
0
O6 and

double perovskite structure have been studied extensively since
they present interesting and frequently unexpected magnetic and
transport properties [1–3]. The A2BB

0
O6 double perovskite structure

is derived from the ABO3 simple perovskite structure when the octa-
hedrally coordinated B-cations of the latter are occupied by two
kinds of B and B

0
cations with different charge and/or size. The ideal

double perovskite structure has a cubic symmetry [4] with the
Fm3m (No. 225) [5] space group. However, there are many factors
(size – ionic radius – of the A-, B- and B

0
-site cations, different tilt-

patterns of the BO6 and BB
0
O6 octahedra, among others) that lead

to a reduction in the symmetry of the ideal structure giving rise, in
the tungsten oxides, to monoclinic (P21/n, No. 14, non-standard
setting) and/or tetragonal (I4/m, No. 87) symmetries. Also, in some
double perovskite tungsten oxides, the monoclinic and tetragonal
symmetries are converted to cubic at higher temperatures via one
transition I4=m! Fm3m [6,7] for the tetragonal phases; or two
successive phase transitions: P21=n! I4=m! Fm3m [7,8], for the
monoclinic ones.

In two previous works, we presented the experimental results,
obtained by laboratory X-ray powder diffraction methods, for the
crystal structures and the temperature-induced phase transitions
in Sr2CdWO6 [8] and Sr2CaWO6 [7] ordered double perovskite
ll rights reserved.

+34 946013500.
tungsten oxides, the end-members of the solid solution analyzed
in the present work. At room-temperature, the Cd- and Ca-contain-
ing compounds have the P21/n space group; and, at high tempera-
ture both, too, show two successive phase transitions at 1105 and
1130 K, to the I4/m space group tetragonal symmetry, respectively;
and at 1223 and 1250 K, respectively, to the ideal Fm3m cubic
symmetry.

In the study performed on Sr2CdWO6 [8], we also showed that
there is a correlation between the tolerance factor [9] (in the
end, controlled by the actual cation size) and (i) the temperature
of the phase transitions and (ii) the extension in temperature of
the monoclinically (P21/n space group) and tetragonally (I4/m
space group) distorted phases observed in the Sr2MWO6 (M = Ni,
Zn, Co, Mg, Cd, Ca) family.

The aim of the present work is to study the cation-size effect of
the B-site (in the Sr2BWO6 ordered double perovskite structure) on
the crystal structure of the Sr2 Cd1�xCaxWO6 solid solution, to
understand how the double perovskite structure responds to
changes in the effective size of the B-type cation. We will also ex-
plore the structural temperature-evolution of the members of the
solid solution, to see how the cation-size effect is also present in
the possible high-temperature phase transitions.

This is not the first time that solid solutions in compounds with
double perovskite structure are analyzed. For instance, in [10–12]
the authors explore the A-site cation-size effects on the possible
appearance of phase transitions, and in [13,14], the B-site cation-
size effect is studied. In all the cases though, only the room-tem-
perature phases and cation substitution induced phase transitions

mailto:abdessamad.faik@ehu.es
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc


A. Faik et al. / Journal of Molecular Structure 920 (2009) 196–201 197
are studied. To the best of our knowledge this is the first time that
the temperature evolution of the points in a solid solution of this
kind is studied.

2. Experimental details

2.1. Sample preparation

The solid solution of Sr2Cd1�xCaxWO6 was prepared in a series
with x = 0.0, 0.2, 0.25, 0.4, 0.5, 0.6, 0.75, 0.8, 1.0 by the co-precipi-
tation method. Stoichiometric quantities of Sr(NO3)2 (I),
Cd(NO3)2�4H2O (II), Ca(OOCH3)2 (III) and (NH4)10W12O 41 (IV) were
dissolved separately in distilled water. A slow addition, under mag-
netic agitation, of (IV) in (I and/or II + III) mixture at room-temper-
ature induces the formation of a gelatinous precipitate. After
evaporation at 60 �C, the resulting powder was progressively
heated in air at 200 �C (12 h), 400�C (12 h), 600 �C (12 h), 900 �C
(24 h) and 1000 �C (24 h). After each heating, the sample was
cooled down slowly (3 K/min); and re-ground (re-mixed) to im-
prove homogeneity. In order to control the quality of the obtained
material, X-ray diffraction measurements were performed after
each heating. For the x = 0.2, 0.8, 1.0 compositions, a single phase
was obtained; and, for the rest of the compositions (x = 0.0, 0.4,
0.6), a small quantity (63%) of SrWO4 was found to be present as
impurity (Fig. 1a).

2.2. X-ray powder diffraction

Diffraction data were collected at room-temperature on a Stoe
STADI-P diffractometer equipped with a focusing germanium pri-
mary monochromator and a linear position-sensitive detector
(PSD). CuKa1, k = 1.5406 (Å), radiation was used. The data were col-
Fig. 1. (a) Evolution of the laboratory X-ray powder diffraction patterns of Sr2Cd1�xCaxW
only present in the x = 0.0, 0.4, 0.6 compositions. (b) Details from the X-ray powder diffr
and 53–57� 2h ranges, to show the continuous evolution of the patterns with the increa
lected over a range of 15–85� (2h) with a step of 0.02�; the effective
counting time was 10 s per step.

At high-temperature, powder diffraction data of conventional
X-ray were obtained using a Philips X

0
Pert MPD System with CuKa

(Ni filter) radiation, equipped with a proportional detector. Intensity
data were collected by continuous scanning with 2h steps of 0.01�;
and counting times of 12 s at each step. The Bragg-Brentano parafo-
cusing geometry was used. An Anton Paar HTK16 temperature
chamber was used with direct sample heating (Pt filament), with a
temperature stability of 0.5 K, mounted on the same diffractometer.
In the case of Sr2CdWO6, a Bruker D8 Advance h/h diffractometer was
used; equipped with a Våntec high speed one-dimensional detector
using CuKa radiation and with an Anton Paar HTK2000 high-temper-
ature chamber (Pt filament and a temperature stability of 0.5 K).
Data were collected using continuous scan with steps of (2h) steps
of 0.0083� and total time per scan of 12 s.

The specimens for the high-temperature measurements were
prepared by mixing the material under study with acetone. Then
the mixture was ’painted’ over the Pt-strip heater of the chamber.
Special attention was paid to the additional peaks belonging to the
Pt sample heater that are present in the high-temperature diffrac-
tograms, and that overlap with the peaks originating from the sam-
ples studied. These peaks were excluded from the refinement.

The Rietveld refinement of the structural models was per-
formed using the WinPlotr/FullProf package [15]. The peak shape
was described by a pseudo-Voigt function, and the background le-
vel was modeled using a polynomial function. The refined param-
eters were: background coefficients, scale factor, lattice constants,
atomic positions, isotropic independent atomic displacement
parameters, zero shift, peak profile and asymmetry parameters.
The SrWO4 impurity found to be present was included as second-
ary phase in the refinements.
O6: x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0. The bullet (�) indicates the small impurity, SrWO4,
action patterns of Sr2Cd1�xCaxWO6 (x = 0.0,0.2,0.4,0.6,0.8,1.0) in the 17–23�, 29–32�
sing Ca-content.
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3. Results and discussion

3.1. Room-temperature structures

Fig. 1a shows the room-temperature X-ray powder diffraction
patterns for the various compositions of Sr2Cd1�xCax WO6, in the
17–82� 2h range. Based on a visual inspection of the room-temper-
ature X-ray powder diffractograms (Fig. 1b), as there is a continu-
ous change in the position of the peaks and in their form, evolving
from the Cd-containing compound to the Ca-containing one, it is
clear that the substitution of the Cd cation by Ca gives rise to a
continuous solid solution: all the compositions are in a double
perovskite phase with good homogeneity. As mentioned, the
end-members of this solid solution crystallize, at room-tempera-
ture, in a monoclinic symmetry (P21/n) [7,8]. Thus, we expected
that the members of the solid solution also crystallize in the same
space group. Indeed, for all the studied compositions, all the reflec-
tions in each diffractograms, could be indexed in the P21/n space
group. We performed two sets of refinements: in the first one,
we used the room-temperature structure of Sr2CdWO6 as the start-
ing model; in the second one, we used the room-temperature
structure of Sr2CaWO6. In both cases we obtained the same refined
structural model for each of the solid solution members.

As a representative, in Fig. 2, we show the results of the refine-
ments for the x = 0.2 composition. For all phases we obtained a
good agreement between the experimental and the calculated
diffraction profiles. Table 1 summarizes the room-temperature
unit-cell parameters, atomic positions and isotropic independent
atomic displacement parameters and the reliability factors of the
Rietveld refinements for the studied compositions; except for the
x = 0.25, 0.50, 0.75 values, not to overload the table. In these refine-
ments, the atomic positions and unit-cell parameters of Sr2CdWO6

and Sr2CaWO6 are very close to those found in our recent works
[7,8]. The small differences are attributed to the different methods
of preparation (co-precipitation method for the materials of this
Fig. 2. Observed (�), calculated (–) and difference profiles for the Rietveld refinem
work, and solid state method for the materials of our recent works)
and to the different experimental equipments used.

Fig. 3 shows the (a) a, b and c lattice parameters, (b) monoclinic
angle (b) and the (c) unit-cell volume of the synthesized materials.
All those parameters increase linearly with the Ca amount, a clear
evidence that the Vegard’s law holds for this solid solution.

3.2. High-temperature structures and phase transitions

As the room-temperature results indicated that Vegard’s law
holds, for the high-temperature study we analyzed only three com-
positions, x = 0.25, 0.50, 0.75. For the high-temperature phase-
transitions search, we have chosen two 2h regions: the first one
centered at about 24�, and the second one, depending on the mate-
rial, between 71.0 and 74.0�. At all temperatures covered, these re-
gions contain a group of diffraction peaks that have been identified
as especially sensitive to the structural changes occurring in dou-
ble perovskite materials [8]. These experiments showed that, in
the low-angle interval, the peak disappears at a certain tempera-
ture; and the only changes that can be interpreted as indications
of phase transitions, in the high-angle interval, are the appearance
of a very weak shoulder on the low-angle side of the peak (in coin-
cidence with the disappearance of the peak in the low-angle inter-
val); and the subsequent unification of this shoulder with the main
peak. Those changes were interpreted as evidences of the material
undergoing two phase transitions; first, from the monoclinic struc-
ture to tetragonal one, and (at higher temperature) from tetragonal
to cubic.

It should be noted that the diffraction experiments at the high-
est measured temperatures show that the weight fraction of
SrWO4 increases, indicating partial decomposition of the sample.
This fact has also been clearly observed in Sr2CdWO6 [8].

The peak present in the low-angle interval, in all the materials
of the solid solution (Fig. 4), is of the type h + k + l = 2n + 1, and dis-
appears, which means that the there is a change from a primitive
ents of Sr2Cd1�xCaxWO6 (x = 0.2), at room-temperature, space group P21/n.



Table 1
Refined structural parameters for the Sr2Cd1�xCaxWO6 solid solution, at room-temperature, as a function of calcium content (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0). The atomic positions (in
fractional coordinates) and the isotropic independent atomic displacement parameters were refined in the space group P21/n. W atoms occupy the site 2a (0, 0, 0); and Cd and/or
Ca occupy the site 2b (1

2 ;
1
2 ;0). O and Sr atoms occupy the site 4e (x, y, z).

Composition x = 0 x = 0.2 x = 0.4 x = 0.6 x = 0.8 x = 1

Sr x 0.0090(9) 0.0065(2) 0.0110(9) 0.0098(8) 0.0088(7) 0.0091(3)
y 0.5362(2) 0.5356(2) 0.5374(3) 0.5380(2) 0.5362(3) 0.5391(2)
z 0.2513(4) 0.2519(4) 0.2509(4) 0.2513(3) 0.2517(3) 0.2506(2)

O1 x �0.087(2) �0.080(3) �0.077(3) �0. 078(2) �0.089(2) �0.082(1)
y �0.025(2) �0.014(2) �0.017(2) �0. 018(2) �0.026(2) �0.023(1)
z 0.221(2) 0.223(3) 0.223(2) 0.221(2) 0.224(2) 0.228(1)

O2 x 0.251(3) 0.270(3) 0.249(3) 0.248(3) 0.254(2) 0.269(1)
y �0.188(2) �0.198(3) �0.186(3) �0. 191(2) �0.175(2) �0.1840(1)
z 0.042(3) 0.036(2) 0.049(3) 0.051(3) 0.043(3) 0.039(2)

O3 x 0.190(2) 0.186(3) 0.188(3) 0.188(3) 0.183(2) 0.190(1)
y 0.240(2) 0.243(2) 0.235(3) 0.239(2) 0.248(2) 0.264(1)
z 0.054(3) 0.045(3) 0.058(3) 0.060(3) 0.051(2) 0.045(1)

B (Å2) W 0.11(3) 0.09(3) 0.33(4) 0.41(3) 0.09(3) 0.30(2)
Ca,Cd 0.53(5) 0.21(5) 0.73(6) 1.03(6) 1.12(8) 0.69(6)
Sr 0.69(3) 0.76(4) 0.22(4) 0.13(4) 0.51(4) 0.32(2)
O1, O2, O3 0.47(16) 1.60(2) 0.65(2) 0.55(2) 0.50(2) 0.54(2)

Cell param.
a (Å) 5.7594(2) 5.7682(3) 5.7747(2) 5.7809(2) 5.7839(3) 5.7867(7)
b (Å) 5.8209(2) 5.8296(2) 5.8426(3) 5.8531(3) 5.8592(3) 5.8688(9)
c (Å) 8.1663(3) 8.1762(4) 8.1939(4) 8.2067(4) 8.2133(4) 8.2193(2)
b (�) 90.040(1) 90.052(2) 90.076(6) 90.114(4) 90.140(3) 90.155(7)
V (Å3) 273.91(6) 274.92(8) 276.46(4) 277.69(6) 278.28(4) 279.22(2)

Reliability fact.
Rp (%) 8.02 8.72 10.30 10.50 9.86 6.95
Rwp (%) 9.28 10.40 12.10 11.30 11.60 8.36
Rbragg (%) 7.12 7.84 7.78 8.50 7.83 5.69
v2 (%) 1.70 1.77 2.41 1.78 2.18 2.16

Fig. 3. Evolution, as a function of increasing calcium content, (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0), at room-temperature, of the (a) unit-cell volume, (b) monoclinic angle (b) and the (c)
unit-cell parameters of the synthesized materials. Dotted line is a guide for the eyes.
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Fig. 4. Evolution with temperature and as a function of calcium content, (a) x = 0.25,(b) x = 0.50 and (c) x = 0.75, of the (111) and (�111) monoclinic reflections. Their
disappearance marks the transition from a primitive cell (P21/n) to a centered one (I4/m). As the Ca content is increased, the temperature at which the transitions takes place
also increases linearly: (a) x = 0.25, �1080 K, (b) x = 0.50, 1090 K and (c) x = 0.75, 1100 K.
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unit cell to a body-centered one. Also, while some of the peaks re-
main split at those temperatures, others are well represented by a
single diffraction reflection (Fig. 5). Analyzing the peak splitting,
and taking into account the phase-transition sequence shown by
the end-members of the solid solution, it becomes clear that at
1080, 1090 and 1100 K the unit cells of Sr2Cd1�xCax WO6

(x = 0.25, 0.5, 0.75), respectively, are all tetragonal: I4/m space
group.

This tetragonal distortion gradually disappears at higher tem-
perature, and suggests that at the highest measured temperatures,
the unit cells are converted to cubic. This cubic phase most proba-
bly has the symmetry of the aristotype double perovskite structure
with space group Fm3m. This is the result we obtained for the Ca
Fig. 5. Evolution with temperature and as a function of calcium content, of the (620) cu
weak shoulder at the left side of the reflection, indicated by the arrow. Finally, in the (c)
the (a) indicates the shoulder attributed to the formation of the SrWO4 impurity as the
containing compound, and this is what we suggested for the Cd-
containing compound.

For the case of the monoclinic-to-tetragonal phase transition
we have assigned the first temperature at which the (�111) and
(111) reflections are absent (Fig. 4) and the left shoulder (which
is indicated by arrows in Fig. 5(b)) is observed. For the tetrago-
nal-to-cubic ones, the first temperature at which the mentioned
left shoulder disappears. The temperatures assigned to the succes-
sive phase transitions, at the measured compositions, are included
in the corresponding panels in Fig. 5.

The structural analysis based on the presented temperature-
dependent conventional diffraction experiments suggests that
the phase-transition sequence existing in the continuous Sr2Cd1�x
bic reflection, (a) The tetragonal distortion, (b) is evidenced by the appearance of a
the monoclinic distortion is shown. The bullet in the x = 0.25 Ca fraction content, in
sample decomposes at high temperature.



Fig. 6. Phase-transition temperatures of the successive phase transitions of the
Sr2Cd1�xCaxWO6 solid solution, as a function of their respective tolerance factors at
room-temperature. Continuous line is a guide for the eyes.
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CaxWO6 (0 6 x 6 1) solid solution is P21=n! I4=m! Fm3m. As we
pointed out in [8], the same phase-transition sequence is observed
in the Sr2BWO6 double perovskite oxide family, suggesting that the
temperature evolution of their structures is governed by the same
principles.

It is usually assumed [16] that the driving force of the structural
changes in this kind of materials is the mismatch between the size
of the A cation (Sr2+ in this case) and the interstitial space between
the BO6 and B

0
O6 octahedra. This mismatch is measured by means

of the so-called tolerance factor [9]: t ¼
ffiffiffi

2
p

dAAO
ðdBAOþdB0AOÞ

. In the present
case, dBAO = (1 � x)dCdAO + x dCaAO. We have obtained the mean
dSrAO, dCdAO, dCaAO and dWAO bond lengths by calculating the
room-temperature distances that give the nominal oxidation states
of the cations in the bond-valence method [8,17]. In Fig. 6 we show
the phase-transition temperatures of the successive phase transi-
tions as a function of the tolerance factor t at room-temperature.

A clear linear behavior of the cubic-to-tetragonal phase-transi-
tion temperature is observed, in accordance with the result ob-
tained for the whole Sr2BWO6 (B = Ca, Cd, Mn, Zn, Mg, Co, Cu, Ni)
family [6–8]. The same is true for the tetragonal-to-monoclinic
transition, if the value for that phase transition in Sr2 CdWO6 is
revisited [8]. The actual temperature (1070 K) for the tetragonal-
to-monoclinic transition in Sr2CdWO6, belonging to the prepara-
tion presented in this work, is a slightly lower than the previously
reported one (1105 K) [8] in a sample from another preparation,
measured in another equipment, and that showed, at high-temper-
atures, a progressive decomposition which could be responsible for
a slightly different stoichiometry, affecting the symmetry, and, in
turn, influencing in the temperature value for the phase transition.

These results confirm that the most important factor governing
the appearance of octahedral tilts in the double perovskite struc-
ture and the temperature range in which they exist is a geometrical
one: the mismatch between the size of the A cation and interstitial
space between the BO6 and B
0
O6 octahedra, irrespective of having a

solid solution in the B-site, at least for the studied solid solution.

4. Conclusions

The Cd2+ cation progressive substitution by Ca2+ in the
Sr2CdWO6 double perovskite led to a continuous solid solution in
the whole (0 6 x 6 1) fraction range. The crystal structures, at
room-temperature, of all the members of the solid solution were
determined from the Rietveld refinements of laboratory X-ray
powder diffraction data: they crystallize in the P21/n space group.
The high-temperature study revealed the following two phase-
transition sequence, for all the members of the solid solution:
P21=n! I4=m! Fm3m. The cation substitution does not induce
a phase transition, and the phase-transition sequence observed in
the end members of the solid solution is also observed in the solid
solution. The phase-transition temperatures of both successive
phase-transitions showed a linear behavior in the whole
(0 6 x 6 1) fraction range. It was observed that the transition tem-
peratures are higher in compounds with low tolerance factors, as
in the case of the members of the Sr2MWO6 family.
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