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CHEMISTRY

The crystal structures of Cag ¢Srg4TiO3 and Cag gSrg,TiO; perovskites have been studied at high temperatures
by X-ray powder diffraction. The most likely sequence of phase transitions with increasing temperature in
Cag.¢Srp 4Ti05 is the same as that shown by the system CaTiO3—SrTiO; with increasing Sr content at room
temperature. This sequence is: orthorhombic Phum, orthorhombic Bmmb, tetragonal I4/mem and cubic Pm3m.
The second orthorhombic phase could not be determined in Cag gSry,TiO3, either due to the poorer resolution
of the diffractometer employed or because the Bmmb phase might not have a stability field at this composition.
The transition temperatures decrease on going from Cag gSrg,TiO3 to Cag ¢Srg4TiO5. Calorimetric
measurements on 12 samples spanning the system CaTiOz-SrTiO; then allow one to draw, in combination with
the RT XRD data, the temperature vs. composition phase diagram. Phase boundaries show a linear shift
toward lower Sr content with the increase of temperature, implying a negligible plateau effect near the CaTiO3
composition, but quantum saturation occurs at low temperatures near the SrTiO3 composition.

Introduction

Perovskite type oxides of general formula ABO;' are important
in material sciences, physics and earth sciences, e.g. for their
electric properties,” their ability to immobilise high-level
radioactive waste’ and as the dominant mineral in the
Earth’s lower mantle. They are also well-known for their
phase transitions, which may strongly affect their physical and
chemical properties. Especially the ternary system formed by
the compounds barium titanate, calcium titanate and stron-
tium titanate is of great interest in the field of dielectrics. Both
the BaTiO3;—CaTiO; and the BaTiOs-SrTiO; systems have
been studied extensively (see refs. 4,5 and references therein).
Several authors have also studied the system CaTiO3;-SrTiOs.
At room temperature, the CaTiO3; end member exhibits the
orthorhombic space group Pbmm—another setting of the
conventional Prnma®—while the SrTiO; end member is cubic
with space group Pm3m.” However, the structures and phase
boundaries in the intermediate phases of this system
(Ca;_,Sr,TiO;) have been controversial.*3'* Recently Ball
et al.'* reported a sequence of phase transitions with increasing
Sr content from orthorhombic Pnma (0 <x<0.4), orthorhom-
bic Bmmb (0.45 <x<0.6), tetragonal I4/mcm (0.65<x<0.9) to
cubic Pm3m (x>0.95). However, Ranjan ez al.'® claimed that
the structure remains orthorhombic to x <0.88.

In this system phase transitions as a function of temperature
have only been determined over a sufficient temperature range
for the CaTiO; end member: Redfern,'> by in-situ X-ray
diffraction, located a Pbnm to I4/mcm transition in the range
1100-1150°C, followed by transformation to the Pm3m
aristotype at around 1250°C. More recently, Kennedy et
al.,'® based on high temperature neutron diffraction measure-
ments, suggested an additional phase transition from the room
temperature Pbnm to another orthorhombic structure Cmcem
(the conventional setting for Bmmb) at 1107 °C, i.e. the same
sequence of phase transitions as in the system CaTiO5;-SrTiO3
with increasing Sr content at room temperature found by Ball
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et al.'?> Temperature—composition (7-X) information on the
other members of the system is still very scarce, because Ball et
al.'? were limited to 500°C, and Ranjan and Pandey'* only
studied compositions very close to SrTiO; (x>0.79).

In this study we analyse, by means of X-ray powder
diffraction, the structures of two particularly relevant compo-
sitions (Cag¢Srp4Ti0O3 and CaggSry,TiO3) with increasing
temperature, thus determining transition temperatures. In
addition, we confirm the sequence of phase transitions at
room temperature as a function of composition in the system
CaTiO;-SrTiOs. Finally, calorimetric data are used, in
combination with the high temperature XRD data, to derive
the temperature-composition phase diagram of the binary
system for temperatures above ambient.

Experimental

15 powder samples of the Ca,_,Sr, TiO3 system with nominal
compositions x=0 to 1 were synthesized by drying CaCO;
(Chempur, 99.9%) and SrCO; (Aldrich, 99.999%) at 500 °C and
TiO, (Aldrich, 99.9%) at 1000°C for 3 hours. Mixtures of
stoichiometric amounts were heated to 1300 °C at a rate of
20°Ch™' and kept at that temperature for 4 hours. After
grinding in an agate mortar, the samples were fired in air at
1600°C for 48 hours with periodic regrinding, and finally
rapidly cooled. The materials were then analysed with a
Cameca SX-50 electron microprobe operating at an accelerat-
ing voltage of 15kV and a using beam current of 15nA. A
range of synthetic materials was used for standardisation and
all data were reduced using the PAP correction routine. The
microprobe analysis showed the materials to be close to the
nominal composition and homogeneous at the 1% level:
columns 1 and 2 in Table 1 show the agreement between the
nominal and real compositions.

The room temperature study of the samples in the system
CaTiO;-SrTiO; was accomplished using X-ray powder dif-
fraction in a Siemens D-5000 diffractometer with Cu Ko, »
radiation. Data were recorded between 20° and 130° 260 with
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Table 1 Microprobe analysis, cell parameters, cell volume and space groups of Ca,_,Sr, TiO3 (0<x<1) at RT. The numbers in parentheses are the

estimated standard deviations in units of the last digit(s)

Nominal x Sr/(Sr+Ca) alA bIA clA Cell volume/A® Space group
0.00 0.000 (0) 5.37980(7) 5.44210(8) 7.64036(10) 223.690(6) Pbnm
0.05 0.047(1) 5.39145(10) 5.44427(10) 7.65289(15) 224.632(8) Pbnm
0.10 0.095(2) 5.40192 (12) 5.44600(11) 7.66292(17) 225.434(8) Pbnm
0.15 0.143(3) 5.41190(12) 5.44851(11) 7.67345(17) 226.265(8) Pbnm
0.20 0.192(10) 5.4228(2) 5.4505(1) 7.6842(2) 227.075(6) Pbnm
0.30 0.301(9) 5.4426(3) 5.4581(2) 7.7041(4) 228.860(12) Pbnm
0.40 0.393(10) 5.4562(2) 5.4615(2) 7.7181(2) 229.990(6) Pbnm
0.50 0.494(7) 7.7413(8) 7.7375(7) 7.7396(11) 463.593(12) Bmmb
0.55 0.545(7) 7.7426(3) 7.7492(8) 7.7508(7) 465.040(12) Bmmb
0.60 0.593(7) 7.7485(3) 7.7582(12) 7.7571(13) 466.317(10) Bmmb
0.70 0.699(6) 5.48545(5) 7.79243(10) 234.476(5) H4/mem
0.80 0.793(10) 5.49722(8) 7.80109(18) 235.745(8) I4/mem
0.85 0.844(5) 5.50661(6) 7.80331(15) 236.618(7) TAlmem
0.90 0.905(15) 5.51326(7) 7.80184(19) 237.145(4) H4/mem
1.00 0.999(7) 3.90479(1) 59.538(0) Pm3m

steps of 0.02° and counting time of 10 s per step. Silicon was
applied as an internal standard.

Members with x=0.40 and x=0.20 were selected for the
high temperature study because they should undergo all the
different phase transitions in an appropriate range of
temperatures.'> The patterns were collected from room
temperature up to 1150°C with different temperature steps
for each sample. Two different high temperature diffract-
ometers were used: the XRD measurements on the x=0.40
sample were recorded in the high temperature diffractometer
described by Salje e al.'” which uses a curved 120° position-
sensitive detector. The sample with x=0.20 was analysed in a
STOE reflection diffractometer equipped with an oven up to
1150 °C and the temperature stability was maintained (42 °C)
by a Eurotherm controller connected by a Pt/PtRh thermo-
couple welded onto the Pt heater. Both diffractometers use Cu
Ko radiation and powdered o-Al,O; was mixed with the
sample to act as an internal standard.

Data were analysed using the Rietveld method with the
GSAS software.'® The refined parameters in the RT XRD
study were background coefficients, histogram scale factors,
lattice parameters, linewidths, phase fractions and atomic
positions. In the high temperature study no realistic atomic
positions could be refined with acceptable standard deviations
and atomic positions of oxygen atoms were therefore fixed at
the values given by the room temperature study for the
respective space groups.

The specific heat capacities were determined using a
differential scanning calorimeter DSC 111 Setaram for samples
with 0.30<x<0.80. Two other calorimeters—STA 449
Netzsch and L81 Linseis—had to be used for samples with
x<0.30 due to the higher transition temperatures shown by
these samples. The powdered samples were placed in platinum
crucibles in the two first machines and in Al,O5 crucibles in the
third one, and heated at constant heating rates of 5 K min~!in
the DSC 111 and of 10 K min~! in the two other calorimeters.
The DSCI111 calorimeter is calibrated against the heat capacity
of a single-crystal of sapphire with matching geometries. Heat
capacity data of sapphire are taken from Robie et al.'® The
accuracy of temperature is +3 K, derived from calibration
against the phase transition temperatures of KCI, Ag,SO,,
Si0,, K»S0,4, K,CrO4 and BaCOs. To further account for the
effect of heating rate on the apparent transition temperatures,
the o—f phase transition of quartz (573°C) was used for
calibration. The transition temperatures given for samples with
x=0.30 are the average from the three calorimeters and those
for x<0.20, the average data obtained from STA 449 Netzsch
and L81 Linseis machines.
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Results
A: Effects of composition

The ideal perovskite structure has an ABOj; stoichiometry and
the aristotype has the cubic space group Pm3m. Distortions
from the ideal cubic structure are commonly due to tilting of
the octahedra and can be realised by tilting essentially rigid
MOg octahedra while maintaining their corner-sharing con-
nectivity. The transition from Pbnm (a*b™b~) to Bmmb
(@®h*¢7) involves the disappearance of one of the three
octahedral rotations, while in transforming Pbnm to I4/mem
(a®a®c™) two of the tilts are removed. The tilts break the Pm3m
symmetry and produce a series of weak superlattice reflections
in the diffraction pattern that are diagnostic of the space group
of the phase.?’

Fig. 1 exhibits the room temperature XRD diagrams
between 36° and 42° 20 of selected Ca,_,Sr,TiO3 phases,
with the critical reflections for the expected space groups
indicated. As a function of composition some peaks or groups
of peaks (e.g. (120, 210) pp,.,,) disappear with higher x and other
groups of peaks merge into single peaks. For the latter it is
important to note that the patterns also contain Cu K.,
contributions with the consequent splitting of each line into
two. The splitting of 022 and 202 reflections of the
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Fig. 1 Portion of XRD (1=1.5406 A) patterns of Ca;_,Sr,TiO3
(0<x<1), showing the composition dependence of the superlattice
reflections. Critical reflections for the expected space groups are
indicated on top of the diagram.



orthorhombic Pbnm phase (at around 41° 26) is clear at
0<x<0.3. At x=0.40 the single peak is broader than at higher
Sr contents, indicating that it is still composed of two lines.
From the superlattice reflections and peak splitting, supported
by structural refinements, we conclude that the structures with
0<x<0.40 are Pbnm. The lattice parameters (reduced to those
of a pseudocubic sub-cell) obtained from the refinement of
these structures and of the rest of the solid solution (which will
be commented upon below) are shown in Fig. 2 and Table 1.
The lattice parameters of the Pbnm phase converge near
x=0.4, which indicates either a crossover or a transition to a
new symmetry.

At x=0.50 there is still some intensity left at ~37.8° 20
characteristic of orthorhombic distortion. At 0.55<x<0.90,
lines 120 and 210 of the Pbnm phase are absent or too weak to
be detected (Fig. 1) whereas diffraction peaks of decreasing
intensity remain just below 39° 26. These observations might
suggest that the structures in this compositional range are
tetragonal J4/mem. However, an XRD study by Ball et al.'?
using synchrotron radiation allowed them to register very weak
superlattice reflections in samples with 0.50 <x<0.60 which
indicate that the lattice is not body-centred. Likely alternatives
are Glazer’s tilt systems®! No 17 and 18, both of which give rise
to an orthorhombic structure with space group Bmmb. Neither
of these tilt systems will account for all of the superlattice
reflections observed by Ball et al.'? but the space group allows
for A-cation displacements and for distortion of the octahedra
that will account for the extra lines. The other alternative
would be the persistence of the Pbnm space group beyond
x=0.40. The diffractometer employed in the present study did
not allow us to register these weak superlattice reflections;
however the refinement on the basis of space group I4/mcm for
x>0.50 yielded a clear discontinuity in the lattice constants
near x=0.65 that suggests a phase boundary. We then refined
the diagrams of the compositions 0.50 <x <0.60 on the basis of
the space group Bmmb obtaining %> values significantly lower
than for I4/mcem and slightly lower than for Pbmm. The
linewidth had to be fixed, probably because of the similarity of
the length of the axes. We therefore conclude that the structures
in this compositional range might be Bmmb although we
cannot exclude Pbnm in the entire region 0 <x <0.60. The lack
of the (301, 103)p,,,..» reflections in these patterns (Fig. 1) is
explained by their low intensities (less than 1% of the intensity
of the (222)g,..p reflection according to the refinements).
Finally, the extrapolation of the reduced cell parameters for 74/
mem in the range 0.70 <x<0.90 suggests that the cubic phase
boundary is near x=0.92, in agreement with the cubic Pm3m
structure of the Sr-rich end member. Cell volumes (cf. Table 1)
vary nearly linearly across the entire join.

We therefore conclude that, at room temperature, the most
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Fig. 2 Pseudocubic sub-cell parameters plotted as a function of x in the
Ca;_,Sr, TiO3 system at room temperature. a:ao/\/Z, b:bo/\/Z and
c=c¢,/2 where a,, b, and ¢, are the lattice parameters of the unit cell.

likely sequence of phases in Ca;_,Sr, TiO; system is Pbnm,
Bmmb, I4/mem and Pm3m with increasing strontium content,
in good agreement with Ball er al.'> The phase boundaries are
located at x=0.45(5) for Pbnm—Bmmb, 0.65(5) for Bmmb-I4/
mem and 0.92(2) for I4/mem—Pm3m.

B: Effects of temperature

Analysis of X-ray powder diffraction data (at temperatures up
to 1150 °C) for Cag¢Sr4TiO3 and CaggSry,TiO3 perovskites
followed the same strategy of examination of weak superlattice
peaks and extrapolation of lattice constants as explained
above.

The structure of CagSrg4Ti103 between room temperature
and 350 °C was refined in the Pbnm space group. Splitting of
lines is already weak at room temperature (c¢f. Fig. 1), and
further decreases with temperature. The 222p,,3,, peak near 87°
20 proved to be diagnostic: taking the overall linewidth of the
patterns as an additional guide, it had to be fitted to two peaks
up to 350 °C, whereas at 400 °C it seems to be a single peak.
Patterns recorded from 400 °C to 700 °C are compatible with
space group I4/mcem but, similar to the room temperature
behaviour with increasing Sr content, the cell parameters show
a discontinuity between 500°C and 550°C, suggesting the
presence of a phase boundary. The structures from 400 °C to
500°C were then refined in both orthorhombic Bmmb and
Pbnm, and the values of y* decreased significantly compared to
those obtained in I4/mcm. y* values obtained after refining in
Bmmb were slightly lower than for Pbnm and we therefore
conclude that Bmmb might be the relevant space group for
Cayg ¢S1( 4Ti03 between 400 °C and 500 °C although we can not
exclude Pbnm in the entire temperature range (RT-500 °C).
From 550 °C to 750 °C the superlattice reflections indicate that
the structure is tetragonal with space group I4/mcm while for
temperatures >850 °C the diagrams are compatible with cubic
symmetry. The XRD pattern at 800°C only shows cubic
reflections but the linewidth obtained in the refinement is still
compatible with tetragonal symmetry. These results therefore
suggest that the transition temperature from tetragonal to
cubic symmetry is located at around 800 °C. The variation with
temperature of the cell parameters is shown in Table 2 and
plotted (reduced to those of a pseudocubic subcell) in Fig. 3.
No cell parameter is given for 800 °C, due to the aforemen-
tioned uncertainty. Some of the Rietveld fits are shown in
Fig. 4. The mean thermal expansion coefficients for cell edge
lengths and volume in every phase are shown in Table 3.

The transition temperatures in Cag ¢Sro 4TiO5 perovskite are,
therefore, 525(25)°C for orthorhombic (Pbnm or Bmmb)—I4/
mem, and 800(50) °C for I4/mem—Pm3m. If Bmmb space group
had a stability field between 400 and 500 °C, the Pbnm—Bmmb
boundary would be at ca. 375°C.

We have also registered the XRD patterns for Cag gSrg,TiO5
at temperatures near the expected transitions and used the
superlattice reflections to deduce the space group at each
temperature. In this case, the poorer resolution of the
diffractometer employed together with the similarity of the
axis length in the space group Bmmb did not allow us to refine
the corresponding diagrams on the basis of Bmmb. Similar to
the case of x=0.4 uncertainty remains about the space group
(Pbnm or Bmmb) close to the transition to tetragonal. The
transition temperatures found for x=0.20 are 8§75(25) °C for
orthorhombic (Pbnm or Bmmb)—I4/mcem and 1100(50) °C for
I4/mem—Pm3m.

Therefore, the sequence of symmetry changes with increasing
Sr content at RT in the system CaTiOs;-SrTiO3; and with
increasing temperature in intermediate compositions of the
system is the same: orthorhombic-tetragonal-cubic. This
sequence can be explained, in both cases, in the same terms
of tolerance factor because increasing the size of the atom in the
A site—r(Sr**)>r(Ca’>*)—has the same effect as increasing
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Table 2 Cell parameters and space groups for Ca ¢Sty 4TiO;3 as a function of temperature. The numbers in parentheses are the estimated standard

deviations in units of the last digit(s)

T/°C alA blA clA VIA3 Space group
25 5.4517(8) 5.4615(9) 7.7089(13) 229.53(3) Pbnm
150 5.4631(4) 5.4745(5) 7.3238(8) 231.01(2) Pbnm
350 5.4774(4) 5.4912(4) 7.7428(6) 232.88(2) Pbnm
400 7.7544(10) 7.7602(7) 7.7697(7) 467.55(5) Bmmb
450 7.7575(9) 7.7648(12) 7.7744(7) 468.29(5) Bmmb
500 7.7683(25) 7.7658(22) 7.7826(6) 469.50(2) Bmmb
550 5.4916(2) 7.7905(4) 234.95(1) HAlmem
600 5.4959(2) 7.7988(5) 235.56(1) HAlmem
650 5.4986(2) 7.8013(5) 235.87(1) HAlmem
700 5.5041(2) 7.8069(6) 236.52(1) THAlmem
750 5.5077(2) 7.8089(6) 236.88(1) T4lmem
850 3.9056(1) 59.57(1) Pm3m
900 3.9069(1) 59.64(1) Pm3m
950 3.9112(1) 59.83(1) Pm3m
1000 3.9131(1) 59.92(1) Pm3m

temperature (increase of the thermal vibration of the atoms).?
Higher resolution experiment are still necessary to define the
stability field of the second orthorhombic phase (Bmmb).

C: Calorimetric study

In order to obtain transition temperatures for all the
compositions we have carried out calorimetric measurements.
The heat capacity curves of samples with 0 <x<0.65 are very
similar to each other and exhibit two peaks with peak
temperatures shifting to lower values with increasing Sr
content. Fig. 5 shows, as an example, the heat capacity curve
of Cag sSrq sTiO3 perovskite. The first peak is associated with a
usual A-type curve where the heat capacity decrease after the
transition is sharp. In contrast, the second transition shows a
broad peak with a large heat capacity tail towards high
temperatures. The peak temperatures of our heat capacity
curve for CaggSro4TiO; (536°C and 803 °C) are in good
agreement with the temperatures for the orthorhombic (Pbnm
or Bmmb)—I4/mem and I4/mcm—Pm3m transitions obtained by
means of the high temperature XRD study above. Likewise, the
DSC curve for CaggSrg,TiO; shows a clear peak at 889.3°C
that agrees with the temperature for the orthorhombic—14/mcm
transition found by means of high temperature XRD. The
transition to cubic symmetry is not clear in the DSC curve for
this composition, but in the temperature region where the XRD
study locates it, we find a tiny peak that could well be due to
that transition. Therefore we conclude that for every
composition with 0<x<0.65, the A-type peak results from
the orthorhombic (Pbum or Bmmb)—I4/mcm transition and the
broader peak located at higher temperature, from the /4/mcm—
Pm3m transition. The transition between the two orthorhom-
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Fig. 3 Pseudocubic sub-cell parameters for Ca ¢Sty 4TiO3 as a function

of temperature. a= ao/\/z, b= bo/\/Z and ¢=c,/2 where a,, b, and ¢, are
the lattice parameters of the unit cell.
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bic space groups (Pbnm—Bmmb), on the other hand, is not
visible in the DSC data (for possible reasons see below).

Finally, samples with x=0.70 and x=0.793 only show one
peak corresponding to the tetragonal to cubic transition
because for these compositions the orthorhombic—tetragonal
transition occurs at temperatures below zero which are not in
the range of the calorimeters employed. Table 4 shows the
transition temperatures for all the compositions.

D: Temperature vs. composition diagram

Transition temperatures in Table 4 have been used to build the
phase diagram shown in Fig. 6. Both orthorhombic—tetragonal
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Fig. 4 Selected XRD data (1=1.5406 A) and calculated patterns for
Ca ¢Sro4TiO; at different temperatures. The experimental data are
shown as dots, the calculated fits and difference curves as solid lines.
Tick marks (upper row for internal standard Al,Os) indicate the
calculated reflection positions. Flat regions correspond to Pt (due to the
sample holder) which was excluded for the refinement.



Table 3 Thermal expansion coefficients for Cag ¢Sr( 4TiO; in different
phases

Og 0y O¢ oy

(Unit x 1075/°C)
Temperature ranges/°C Space group
25-350 145 167 135 449 Pbnm
400-500 1.79 072 1.60 4.17 Bmmb
550-750 1.47 1.18 411  I4/mem
850-1000 1.28 3.92  Pm3m

(I4lmem) and I4/mem—cubic (Pm3m) phase boundaries shift
linearly towards higher temperature values with decreasing Sr
content. Transition temperatures reported by Ranjan and
Pandey'* for the tetragonal to cubic transition at x>0.79
perfectly fit into the line that defines the I4/mcm—Pm3m phase
boundary.

The solid lines in the diagram are linear fits of the DSC data
corresponding to the orthorhombic—I4/mcem and I4/mem—
Pm3m transitions for x>0.05. It should be noted that the
Bmmb—I4/mcem and I4/mem—Pm3m phase transitions in CaTiO;
perovskite lie very close to or in the linear trends in the 7-X
diagram.

No boundary can be depicted between the Pbnm and Bmmb
space groups from the DSC or XRD data. In principle, the RT
XRD data point (x=0.45(5), Fig.2) and the transition
temperature for CaTiO; (1107 °C'6) should define a reliable
phase boundary given the linearity of the two other transitions.
However, our high temperature XRD study does not allow us
to definitively confirm the stability field of the second
orthorhombic phase and for the time being it is preferable to
leave this as an open question.

Discussion

The phase relations and symmetry changes described above
form an internally-consistent data set. It is in excellent
agreement with respect to the composition-dependent symme-
try changes at room temperature as reported by Ball er al.'
The symmetry data at room temperature reported here are,
however, at variance with those given by Ranjan et al.'* These
authors claim that compositions with x<0.88 are all
orthorhombic. They base this conclusion on the study of
superlattice reflections and their relationship with in-phase (+)
and anti-phase (—) tilting. However, we disagree with them on
the following points: They observe that some of the superlattice
reflections which are present in the neutron diffraction pattern
for CaTiO; are absent in the pattern for x=0.50; this might be
the first indication of a symmetry change from x=0 (Pbnm) to
x=0.50 (Bmmb) as Ball et al.'* and our study show. On the
other hand, Ranjan e al'? report that the remaining super-
lattice peaks in x=0.50 indicate the presence of — and + tilts
and they then carry out the refinement assuming the Pbnm
space group (a~a_c¢"). However, they do not take into account
the Bmmb space group which also accounts for both types of
tilting (a°%T¢7). In addition, some of the superlattice
reflections are absent in the diffractograms for x=0.75 and
x=0.88 in comparison with x =0.50, which is also in agreement
with our study where x=0.75 and x=0.88 are tetragonal 4/
mem. They propose, as a possible reason for this fact, the
absence of the + tilt and suggest a new space group Ibmm
(a”a” ®). However, they do not consider the space group I4/
mem that also lacks the + tilt (a%a%¢7).

The sequence of space groups as a function of temperature
for all compositions studied is consistent with that found for
CaTi0s,'® SrZr0;>*% and CaGeO;>° perovskites. The linear
T—X relationships observed for the orthorhombic—/4/mcm and
I4/mem—Pm3m transitions also give support to transformation
temperatures in CaTiO; reported by Kennedy et al.:'® for these
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Fig. 5 Heat capacity curve of the Ca, sSry sTiO; perovskite. The peaks
at around 115°C and 170 °C are technical artifacts.

two transitions, we find 1242 °C and 1348 °C, respectively (cf-
Table 4), to be compared to 1227°C (Bmmb-I4/mcm) and
1310°C (J4/mem—Pm3m) given by Kennedy er al'® These
temperatures are markedly higher than those given by Red-
fern's for the Pbnm—I4/mem transition (11001150 °C) and the
I4/mem—Pm3m transition (ca. 1250 °C) in CaTiOs.

In this context, the calorimetric measurements by Guyot et
al?’ on CaTiO; and their interpretation (also followed by
Kennedy et al.'®) deserve an additional comment: Guyot et al.
found two peaks in CaTiO; (at 1111 °C and 1247 °C) with the
same shape characteristics as observed here for the orthor-
hombic—I4/mem and I4/mem—Pm3m phase transitions. They
associate the first peak, by analogy with the phase transitions
for CaGeOj3 observed by means of XRD by Liu et al. ,2% with
the Pbnm to Bmmb transition while the second one would result
from the overlapping of two transitions: Bmmb—I4/mcm and 14/
mem—-Pm3m. Two observations contradict this assignment.
Firstly, the heat capacity curve obtained by Liu er al.?® for
CaGeOj; does not show any evidence for either an isothermal
absorption of heat or a discontinuity, maximum or lambda
anomaly in C, anywhere in the range of temperature where
their XRD study locates the Pbnm to Bmmb transition.
Moreover, according to the accuracy of their calorimetric data
they conclude that the enthalpy associated with the transition is
very small (probably less than 50 J mol ™', consistent with our
observations in CaTiOz-SrTiO; perovskites). On the other
hand, Guyot e al*’ report an enthalpy of about 1 KJ mol™
for the heat capacity anomaly in CaTiO3 at 1111 °C which they

Table 4 Transition temperatures obtained from DSC measurements.
DSC curves of x=0.095, x=0.192 and x=0.301 showed extremely
broad peaks for the second anomaly that did not allow us to determine
an accurate temperature for the I4/mcm—Pm3m transition. The
transition temperatures for orthorhombic—/4/mcem in x>0.699 and
for I4/mem—Pm3m in x>0.793 are below the working temperature of
our machines (nd =not detected)

Transition temperature/°C

x SrTiO; (Bmmb or Pbnm)—I4/mcm T4lmem—Pm3m
0.000 1242 1348.2
0.047 1163.7 1284.5
0.095 1075.2 nd
0.143 991.4 1134
0.192 889.3 nd
0.301 695.3 nd
0.393 536.2 802.7
0.494 314.4 649.6
0.545 208.0 582.0
0.593 114.5 525.2
0.699 nd 384.0
0.793 nd 238.8
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Fig. 6 Variation of phase boundaries, with composition and tempera-
ture, in the Ca;_,Sr, TiO3 system. Open symbols: DSC data, solid
symbols: RT XRD data, asterisk: Hayward and Salje, cross: Kennedy
et al.'® The existence of a second orthorhombic field (Bmmb) close to
the transition to tetragonal symmetry remains open.

assign to a Pbnm—Bmmb transition. This enthalpy value is,
according to our data (not shown here because a quantitative
study of the DSC curves will be published separately), rather a
characteristic value for the orthorhombic—/4/mcm transition in
this composition. We conclude that Guyot ef al.?’ observed the
orthorhombic—I4/mem and  I4/mem—Pm3m  transitions in
CaTiO; perovskite in their experiments, but for reasons
unknown to us their transition temperatures are some 110 °C
lower than observed here and by Kennedy et al.'®

The linear variation of transition temperatures with
composition (Fig. 6), extending (within experimental error)
right to the CaTiO3; end member, implies that a plateau effect,
if any, is small. Plateau effects®® originate from the lack of
interaction of relaxation spheres around substituting atoms. It
therefore appears that in the Sr for Ca substitution these
spheres are large (or the lattice is stiff), whereas in defect
perovskites such as those of the system CaTiOs—CaFeO, s>
local relaxation is aided by the presence of oxygen vacancies,
and plateau effects are pronounced.

Finally, we have taken the transition temperature for the
tetragonal to cubic transition reported by Hayward and Salje
to show (Fig. 6) the drop of the transition temperature towards
lower values due to quantum saturation effects in compositions
close to the SrTiO; end-member. At low temperatures, the
behaviour of structural phase transitions is modified by the
influence of quantum fluctuations. Such fluctuations enhance
the stability of the high-symmetry phase, reducing the observed
transition temperature (see ref. 31 and refs. therein). DSC
measurements at low temperatures are planned to better define
the phase boundary at these concentrations as well as to study
the thermodynamics of the transition at these temperatures.
Such measurements may then also shed light onto the
additional phase transition reported by Ranjan and Pandey'*
at temperatures 25-30 K below the tetragonal to cubic
transition in Sr-rich compositions, for which we see no
evidence here.

Conclusions

The most likely sequence of phase transitions at room
temperature in the perovskite system Ca;_,Sr,TiO3;
(0<x<1) and at high temperature for Cag ¢Sr4TiO5 is:

x=040 x~04505) 20.65(5) x20.92(2)
Pbnm - Bmmb - 14/mem - Pm3m
RT  375025)°C 525(25)°C 800(50)°'C

The second orthorhombic phase (Bmmb) could not been

1614 J. Mater. Chem., 2000, 10, 1609-1615

determined in Cag gSr( ,TiO3 perovskite, either due to the poor
resolution of the diffractometer employed in this case or
because the Bmmb phase may not have a stability field at this
composition. Transition temperatures for this composition are
875(25)°C for orthorhombic (Pbnm or Bmmb)-I4/mcm and
1100(50) °C for I4/mcm—Pm3m.

In composition-temperature space, phase boundaries in
Ca;_,Sr, TiO3 perovskites shift linearly towards lower stron-
tium content with the increase of temperature. At the CaTiO3
end of the system the plateau effect is negligible or null whereas
quantum saturation occurs near SrTiOs.
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