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INTRODUCTION

Interest in members of the CaTiO3-SrTiO3 solid solution
arises from its ferro- and dielectric properties (Lemanov 1997;
Dec and Kleemann 1998; Kleemann et al. 1998) and from the
possibility of using this system to form ceramics in which to
immobilize radioactive waste elements (Ringwood 1985). Al-
though it is known that CaTiO3 and SrTiO3 form a complete
solid solution (Ceh et al. 1987), the sequence of phases across
the solid solution at room temperature has recently been the
subject of some debate (Hirata et al. 1996; Ball et al. 1998; Qin
et al. 2000; Ranjan and Pandey 2001). For some time it has
been known that at room temperature the CaTiO3 end-member
is orthorhombic with space group Pnma, while SrTiO3 is cubic
with space group Pm3m. Several authors reported the exist-
ence of a tetragonal phase with symmetry I4/mcm for XSr be-
tween 0.65 and 0.9 (Mitsui and Westphal 1961; Ball et al. 1998;
Qin et al. 2000). Ball et al. (1998) concluded from X-ray pow-
der diffraction experiments that an additional orthorhombic
phase is present in the range 42–62% SrTiO3, between the tet-
ragonal phase and the orthorhombic Ca end-member phase, to
which they assigned the space group Cmcm. Data from the lit-
erature for the location of transitions between these structures
as a function of temperature and composition are summarized
in Figure 1 (after Carpenter et al. 2001). However, Howard et
al. (2001) and Ranjan et al. (2001) have shown by electron
diffraction that the space group of thin plates of crystals with
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ABSTRACT

Powder infrared spectra of perovskites across the CaTiO3-SrTiO3 solid solution have been col-
lected at room temperature for the range 20–700 cm–1. Frequency, intensity, and line broadening
parameters vary with a pattern that appears to follow the development of the orthorhombic shear
strain for the Pnma structure. The data are at least consistent with the Pm3m ´ I4/mcm transition at
Sr-rich compositions being continuous in character and the tetragonal ´ orthorhombic transition at
~62% SrTiO3 content being discontinuous. In spite of the fact that crystals with intermediate com-
position have recently been shown to have Pnma rather than Cmcm symmetry, autocorrelation analysis
of their IR spectra shows that they have features which distinguish them from crystals with Pnma
symmetry for CaTiO3 rich compositions. In particular, crystals of intermediate composition have the
highest values of the line broadening parameter, Dcorr, for the solid solution, suggesting that they
are characterized by relatively high degrees of local structural heterogeneity.

intermediate composition is Pnma, rather than Cmcm. The ob-
jectives of the present study were to investigate the structural
evolution on a microscopic length scale and to characterize
further the unusual behavior around the 1:1 composition of the
solid solution.

Macroscopic strains due to phase transitions in the CaTiO3-
SrTiO3 system have been analyzed recently by Carpenter et al.
(2001), and the results for room temperature are shown in Fig-
ure 2. They are reproduced here to permit comparison with
microscopic strain behavior interpreted from the new spectro-
scopic measurements. Lattice parameter variations of the re-
duced cubic unit cell across the solid solution (data from Qin et al.
2000) are shown in Figure 2a. The lattice parameter a0 for a cubic
reference state is shown as a solid line and is given by:

a X X0
23 9052 0 0005803 0 000001916= - ◊ - ◊. . .Ca Ca

                 (1)

where XCa represents the CaTiO3 content in mol%. Symmetry-
adapted strains were calculated according to:
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for the tetragonal structure and according to:
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for the Pnma structure. The strains e4, etz, etx, and ea are defined
as follows:

Brought to you by | Florida Atlantic University
Authenticated

Download Date | 10/1/15 1:50 PM



MEYER ET AL.: SPECTROSCOPY OF Ti-PEROVSKITE1292

e

a
a

a

c
a

a4

0

0

0

0

2 2=
-

-
-

                                            (4)

and

e e e etz = - -( )
1
3

2 3 1 2                                                       (5)

e e e etx = - -( )
1
3

2 1 2 3                                                      (6)

e e e ea = + +( )1 2 3 .                                                           (7)

Here, etx and e4 are tetragonal and orthorhombic shear strains
(respectively) for the Pnma structure and etz is the tetragonal
shear strain for the I4/mcm structure. The volume strain ea re-
fers to both structures. The shear strain etz (Fig. 3) is continu-
ous across the Pm3m ´ I4/mcm transition, with a maximum
of ~0.5%, which is about half the value of maximum e4 for the
Ca end-member composition. As for the intermediate struc-
tures in the solid solution, it is noticeable that they display very
small e4 and etz values, on the order of only ~0.1%, which indi-
cates very small deviations from cubic geometry. The transi-
tion from the intermediate structures to the I4/mcm structure is
marked by a clear discontinuity. The maximum value for e4,
the largest strain, is ~1.2% for the pure Ca end-member.

Hard mode infrared spectroscopy provides an effective
method for characterizing the nature and mechanisms of struc-
tural phase transitions at a local (unit cell) length scale in crys-
talline materials (Bismayer 1990; Salje and Bismayer 1997).
Until recently it might not have been the method of choice for

perovskites. This is because powder absorption IR spectra for
most perovskites contain broad overlapping peaks due to LO-
TO splitting, which is a characteristic feature of strongly ionic
compounds. The development of autocorrelation analysis, how-
ever, (Salje et al. 2000) means that it is now possible to extract
quantitative line broadening information from such spectra.

EXPERIMENTAL METHOD

Powder samples in the system CaTiO3-SrTiO3 were synthe-
sized from mixtures of CaCO3, SrCO3, and TiO2, following the
method of Qin et al. (2000) for the following compositions: XSr

= 0.0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.55, 0.6, 0.7, 0.8, 0.85,
0.9, and 1.0, where XSr is the mole fraction of SrTiO3 compo-
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FIGURE 1. Phase diagram of the CaxSr1–xTiO3 binary system (taken
from Carpenter et al. 2001). Different symbols mark the positions of
phase transitions identified in the solid solution (see Carpenter et al.
2001 for full details). The samples analyzed in this study lie along
the horizontal dashed line at room temperature.

FIGURE 2. Strain behavior at room temperature across the CaTiO3-
SrTiO3 solid solution (after Carpenter et al. 2001). Vertical broken
lines show the locations of phase transitions taken from Figure 1. (a)
Variation of lattice parameters of the reduced cubic unit cell. The
solid curve shows the variation of the reference lattice parameter a0,
of the cubic structure used to calculate spontaneous strains. (b)
Variation of shear strains with respect to a cubic parent structure.
Filled circles represent the tetragonal shear strain of the I4/mcm
structure and filled diamonds the orthorhombic shear strain of the
Pnma structure. Note that these are significantly greater than the
volume strain, ea (open circles) in both structures and the tetragonal
shear e tx of the Pnma structure. The intermediate structure is
characterized by having no significant shear strain.
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nent in the solid solution. To prepare IR pellets, the samples
were ground by hand for 30 minutes in an agate mortar and
were then mixed with enough polyethylene to attain a sample
to dilutant ratio of 1:70 and a pellet weight of 100 mg. Pellets
were pressed under vacuum and great care was taken to ensure
that the grinding, mixing, and pressing sequence was repro-
ducible. A pellet of pure polyethylene was prepared following
the same conditions and was used as a reference. Data were
collected in the FIR region between 20 and 700 cm–1 under
vacuum at room temperature using a Bruker FIS 66v FT-IR
spectrometer. The instrument resolution was set to 4 cm–1. Spec-
tra were calculated by Fourier transform of 1000 scans and
recorded as absorbance a = –log(Isample/Ireference), where I is the
single beam transmission intensity.

RESULTS

In Figure 3 IR absorption spectra recorded at room tem-
perature are shown for compositions SrxCa1–xTiO3. The SrTiO3

(ST) end-member is shown at the top of the figure, followed
by spectra of samples with increasing Ca content toward the
pure Ca end-member (CT) at the bottom of the figure. The spec-
tra are in generally good agreement with those reported by
Hirata et al. (1996). Symmetry analysis indicates that fifteen
normal modes are allowed in the cubic ST structure, three of
which are acoustic and three more of which are silent. The re-
maining nine modes are three sets of triply degenerate IR ac-
tive modes, which, due to long-range coulomb interactions, split
into longitudinal and transversal modes (Fleury and Worlock
1968). These contribute to the very broad features centered
around 330 and 580 cm–1, respectively, which dominate all spec-
tra across the solid solution. By increasing the Ca content the
symmetry is reduced and the number of modes increased, so
that in the orthorhombic CT phase, 25 IR active modes are
possible (Lu and Hofmeister 1994). With increasing Ca con-
tent (moving downward on the graph) additional peaks appear
(for example ~280 cm–1) or vanish (170 cm–1).

Changes in wavenumber

Peak positions were obtained from smoothed first and sec-
ond derivatives of the spectra using the commercial software
package IGOR Pro (Wavemetrics, Inc., Oregon, U.S.A.). Some
results of this analysis are shown for two wavenumber regions
in Figure 4. Given the line broadening evident in the primary
spectra, the wavenumber values must be susceptible to large
uncertainties, though the peak at ~580 cm–1 is better defined
than the one at ~360 cm–1. However, two features are common
to both sets of data. There is a discontinuity at XCa ~ 0.38, cor-
responding to the composition at which the I4/mcm structure
gives way to the intermediate structure. Secondly, the
wavenumbers appear to vary continuously across the compo-
sition XCa ~ 0.58, which defines the change from intermediate
to Pnma structures.

Changes in line width

From Figure 3 it is apparent that, with increasing Ca con-
tent, the line widths in the spectra increase, reach a maximum,
and then decrease again. Even though there is no real possibil-
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FIGURE 3. IR powder absorption spectra of CaTiO3-SrTiO3

samples. Continuous vertical lines indicate the spectral range chosen
for the autocorrelation analysis, dashed vertical lines at ~330 and
~576 cm–1 show the peak regions where peaks were sought. Spectra
for XSr = 0.10, 0.20, and 1.0 appear as heavier dark lines, because the
spectra for two separate pellets prepared from these samples overlap,
confirming the reproducibility of the spectroscopic method.
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FIGURE 4. w for the peaks at ~330 cm–1 and at ~576 cm–1. Vertical
lines, as in Figure 2, show the expected location of phase transitions.
Although there is perhaps some correlation between frequency and
transition behavior, the scatter in the data is too great to permit any
confident interpretation at this stage.
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ity of using conventional peak fitting routines for extracting
line width, variations of the effective line width can be deter-
mined by the autocorrelation method (Malcherek et al. 1995;
Salje and Bismayer 1997; Boffa Ballaran et al. 1998; Atkinson
et al. 1999; Salje et al. 2000). Following Press et al. (1992) the
autocorrelation function is defined as:

Corr g g g( , )¢ = + ¢( ) ( )
-•

+•

Úw w w w wd                            (8)

Corr(g,w) is thus the product of the spectrum itself, g(w), and
the same spectrum, g(w + w'), after applying a shift, w'. The
advantage of this method lies in the fact that a weighted aver-
age of all peaks contributing to the chosen region of the mea-
sured data is calculated, and this average is proportional to the
widths of the individual peaks. Figure 5 shows the variation of
this value with w' for the frequency range 100–507 cm–1 of the
primary spectra shown in Figure 3. These autocorrelation spec-
tra immediately distinguish different phases in the system. The
Pm3m phase is shown at the top. It is followed by the tetrago-
nal I4/mcm phase and the intermediate and the orthorhombic
Pnma phase of the Ca end-member. Changes in the spectra occur
at the same compositions as the structural changes marked in
Figure 1 for room temperature.

In order to extract quantitative information from the
autocorrelation spectra, a gaussian function of the form
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was used to fit the central peak of the autocorrelation function
over different ranges of w'. The fit parameter k2, which is pro-
portional to the line width of the autocorrelation spectra, was
subsequently plotted versus w for each fit and the final value
of the effective line width (Dcorr) was taken as the value of k2

extrapolated to w' = 0. The results of these procedures are given
as the parameter Dcorr100–507, which is plotted against composi-
tion in Figure 6. With increasing Sr content the effective line
width Dcorr increases to a maximum at composition XSr ª 0.5
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FIGURE 5. Autocorrelation spectra from a segment of spectra in
the range 100–500 cm–1. These clearly show a qualitative distinction
between the different phases. The top spectrum belongs to the Pm3m
phase. The following four spectra are from samples which have I4/
mcm symmetry: they are much broader and do not reach the same
maximum amplitude as the cubic end-member. The next three spectra
are from the samples with compositions in the range of the
intermediate stucture and are again quite distinct. The bottom five
spectra are from samples in the Pnma stability field.
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FIGURE 6. A possible interpretation of line width variations across
the solid solution, as quantified by autocorrelation analysis of the
100–507 cm–1 spectral range. A straight line has been drawn through
the data for samples with high Sr content to give a baseline. Deviations
from this are defined as dDcorr. In this interpretation, spectral line
broadening increases with the addition of CaTiO3 to SrTiO3 until the
composition Ca0.6Sr0.4TiO3 is reached.

FIGURE 7. Comparison of dDcorr from Figure 6 with spontaneous
strains from Figure 2b. From the interpretation given in Figure 6, there is
close correlation between spectral line broadening and the orthorhombic
shear strain e4, but none with the tetragonal shear strain etz.
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and subsequently decreases. By analogy with the analysis of
phase transitions in silicates, line widths are expected to de-
crease with increasing values of the order parameter for a phase
transition (Bismayer 1990; Salje and Bismayer 1997; Salje et
al. 2000). In the interpretation of the data implied by the straight
line shown in Figure 6, cubic and tetragonal structures have
been grouped together to represent a high symmetry state. The
data do not by themselves permit discrimination between the
two. Deviations from this line are expressed as an excess pa-
rameter, dDcorr, which increases with increasing CaTiO3 con-
tent. The spectral parameter dDcorr is compared with the
macroscopic strains in Figure 7. The systematic changes of
dDcorr are found to reflect the variation of the shear strain e4,
which describes the distortion of the orthorhombic phase as a
result of the incorporation of Sr. Both e4 and dDcorr tend to
zero at XCa ª 0.58, the composition at which the Pnma struc-
ture gives way to the intermediate structure. In this interpreta-
tion, dDcorr seems not to reflect the tetragonal shear etz, though
data for the cubic range are limited.

Removing the background

A third way to extract information about the transformation
behavior is to determine intensity variations of absorption peaks
occurring exclusively in spectra from the low symmetry struc-
tures. Common to all spectra across the solid solution are the
extremely broad features centered around 330 and 580 cm–1.
Relatively sharp peaks in the orthorhombic spectra are super-
imposed on these. The spectrum for crystals with composition
XSr = 0.9 was used as a crude estimate of a non-linear baseline.
This was subtracted from the other spectra in the spectral range
100–500 cm–1, and the total remaining intensity (I–I0.9) is shown
as a function of composition in Figure 8. The resulting varia-
tions show a pattern which is broadly similar to that shown by
the variations of dDcorr and the frequency of the broad band at
~580 cm–1.

DISCUSSION

In spite of the difficulty in dealing with the typically broad-
ened absorption IR spectra of perovskites, it has been possible
to extract quantitative information relating to frequency, inten-
sity, and line broadening from spectra obtained from the
CaTiO3-SrTiO3 solid solution. Data for w576 (Fig. 4), Dcorr100–507

(Fig. 6) and I-I0.9 (Fig. 8) all define essentially the same trends.
From the macroscopic shear strain etz, it is apparent that the
Pm3m ́  I4/mcm transition is continuous as a function of com-
position at room temperature. The resolution of the spectro-
scopic data is not good enough to conclude that the transition
is also continuous on a local length scale, but the w576 and
Dcorr100–507 data are at least consistent with this possibility. The
I4/mcm ´ orthorhombic transition at XCa = 0.58 is certainly
discontinuous with respect to the evolution of shear strain (Fig.
2b), and the data for w576 and I-I0.9 are probably also consistent
with the shear strain. The main effects seen in the spectroscopic
data, however, relate to the development of the Pnma structure
for CaTiO3 rich compositions. Each of the spectroscopic pa-
rameters follow essentially the same trend as shown by the
orthorhombic shear strain e4. This distortion of the perovskite
structure thus seems to dominate the structural evolution at both
the microscopic and macroscopic length scales.

Howard et al. (2001) and Ranjan et al. (2001) have shown
by electron diffraction from thin crystals that samples with in-
termediate compositions have space group Pnma, and not Cmcm
as suggested by Ball et al. (1998). From the autocorrelation
spectra in Figure 5, however, it is apparent that crystals with
compositions in the range XSr ª 0.4 to ª 0.6 differ systemati-
cally from crystals with XSr < 0.4. These intermediate crystals
also have close to zero orthorhombic shear strain. Thus, al-
though the symmetry of the crystals may be Pnma, any distor-
tions from cubic geometry remain small, both at the
macroscopic length scale and at a phonon length scale. The
cause of these unusual properties requires further investiga-
tion, but one possible origin could be frustration effects. As
SrTiO3 content increases across the solid solution, the energy
difference between the Pnma and I4/mcm diminishes. Any lo-
cal tendency to develop a Pnma distortion could then be op-
posed by almost equal and opposite tendencies to develop I4/
mcm distortions. There must also be local strain effects of hav-
ing almost equal proportions of A site cations with different
sizes, which would further hinder correlated distortions of the
perovskite structure. The “intermediate” structure would thus
be one in which some correlation of structural distortions oc-
curs to reduce the symmetry to Pnma but in which the magni-
tude of these correlated distortions is constrained to be very
small.

In this context it is worth pointing out that the maximum
values of Dcorr100–507 occur at these intermediate compositions.
This maximum in line broadening can be understood as repre-
senting a maximum in the local structural heterogeneity in
CaTiO3-SrTiO3 perovskites. Correlated distortions of larger
magnitude then develop from the frustrated structure as the
proportion of Ca to Sr increases. There is no evidence in the
strain or spectroscopic data that this development is anything
other than continuous in character.
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peaks in the spectra across the solid solution using the spectrum for
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A change in trend is again apparent at the composition representing
the change of structure from intermediate to Pnma.
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