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a b s t r a c t

The structural and thermoelastic properties of CaTiO3 perovskite have been studied using high-resolution
powder neutron diffractometry at eighty temperatures in the range 7–400 K. The temperature variation of
the unit cell volume, the thermodynamic Grüneisen parameter and the isobaric heat capacity are analysed
using a two-term Debye model. Structural parameters are presented as the magnitudes of symmetry-
adapted basis-vectors of seven normal modes with wavevectors that lie on the surface of the Brillouin
zone of the primitive cubic aristotype phase, and a structural basis for the temperature-dependence of
the bond lengths is proposed. A consistency between the vibrational Debye temperatures derived from
the atomic displacement parameters and the mean values of the vibrational energies of the three atomic
species calculated from the partial phonon densities of states has been found.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The structural phase transitions in the archetype perovskite
CaTiO3 [1–4], and the effect of substitution of Sr for Ca in the
solid solution Ca1−xSrxTiO3 [5,6] remains a continuing challenge in
structural physics. In the former case, this is due to the high tem-
peratures required, and in the latter case, due to the unexpected,
and as yet unexplained complex superlattice associated with the T
point of the primitive cubic Brillouin zone for compositions around
x ∼ 0.6. The nature of the phase transitions remains controversial,
in particular the region between 1486 K and 1523 K. Below 1486 K
the space group is demonstrably orthorhombic Pbnm, and above
1523 K the space group is found to be tetragonal, I4/mcm [4]. The
orthorhombic space group Cmcm had been proposed by Kennedy
et al. [2] for this intermediate phase, but this has been discredited
by the most recent work of Yashima and Ali [4]. However there still
remain unexplained lattice parameter anomalies that have been
observed at the highest crystallographic resolution by powder neu-
tron diffraction in CaTiO3 [7], the Ca-rich end of the Ca1−x SrxTiO3
solid solution [6], and the Ti-rich end of the perovskite – brown-
millerite CaTixFeIII

1−xO3−x/2 solid solution [8]. With the exceptions
of the neutron diffraction and elasticity studies of the Sr-rich end of
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the CaxSr1−xTiO3 solid solution [6,9], there have been disappoint-
ingly few low-temperature studies of the physical properties of the
CaTiO3 end member. Of these, perhaps the most interesting are the
low-temperature dielectric studies that have shown that CaTiO3,
like SrTiO3, behaves as an incipient ferroelectric, with a TO polar
soft mode [10].

In addition to acting as a model system in which to study zone-
boundary structural phase transitions, CaTiO3 perovskite has found
practical application as a host phase for transuranic elements in
the high-level waste disposal/immobilisation SYNROC ceramic. The
understanding and measurement of phase equilibria, phase stabil-
ity and thermoelastic properties of transuranic element containing
CaTiO3 is therefore of great importance in the nuclear industry
[11–15]. In this paper we investigate the low temperature struc-
tural evolution of the parent phase CaTiO3 and determine a set
of thermoelastic properties in the framework of a modified Debye
model.

2. Experimental and data analysis

∼13 g of polycrystalline CaTiO3 (Sigma Aldrich), annealed at
1500 K for 2 days, was loaded into a 15 mm thick aluminium sam-
ple can of slab geometry with thin, neutron-transparent, vanadium
front and back windows. Heat could be supplied to the sample
through a 100 W cartridge heater inserted into one wall of the
sample container, and control thermometry was provided by a
Rh-Fe sensor inserted into the opposite wall. Good thermal con-
tact between the sample container and the heater and sensor was
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Table 1
Structural parameters for CaTiO3 perovskite at 7 K.

CaTiO3

Lattice parameters (Å) a 5.36773(3)
b 5.43367(3)
c 7.62686(4)

Unit cell volume (Å3) 222.448(1)
Ca x 0.0063(2)

y 0.5378(1)
100uiso (Å2) 0.48(2)

Ti 100uiso (Å2) 0.35(20
O1 x −0.0738(1)

y −0.0171(1)
100ueq (Å2) 0.46(4)

O2 x 0.2096(1)
y 0.2896(1)
z 0.0381(1)
100ueq (Å2) 0.51(3)

Rpa 0.051
Rwpa 0.044

Space group: Pbnm. Ca, O1: 4c x, y, 1/4. Ti: 4a 0, 0, 0. ueq is defined as 1/3 the trace
of the diagonalised atomic displacement parameter matrix.

a 4609 observations and 41 variables.

Fig. 1. Rietveld fit to the 7 K data of CaTiO3 perovskite. Observed data are shown as
�, calculated as the full black line, reflection markers as vertical ticks. The difference
(observed – calculated) is shown as the full black line below the reflection markers.

achieved using a copper-based anti seize compound. The sam-
ple was directly heated to 400 K in a Sumitomo RDK-415D top
loading CCR under 30 mbar of helium exchange gas. Powder neu-
tron diffraction data were collected in time-of-flight from 30 ms
to 130 ms using the high resolution backscattering detector bank
of the HRPD diffractometer at the ISIS neutron spallation source.
Data were collected at 400 K, 395 K, and in 5 K steps to 10 K, with

Table 2
Lattice parameter fitting coefficients, 7 K ≤ T ≤ 400 K.

CaTiO3

(a)
l0 (Å) 5.36790(3)
k (Å) 0.0274(3)
� (K) 325(3)

(b)
l0 (Å) 5.43372(1)
k1 (Å) 0.0027(3)
�1 (K) 191(12)
k2 (Å) 0.027(2)
�2 (K) 934(40)

(c)
l0 (Å) 7.62685(2)
k1 (Å) 0.0166(1)
�1 (K) 234(7)
k2 (Å) 0.0322(1)
�2 (K) 776(49)

Fig. 2. The temperature-dependence of the lattice parameters of CaTiO3 for
7 K ≤ T ≤ 400 K. For the lattice parameter a, (a), the full line shows the fit to a single
term expression, for the lattice parameters b and c, (b) and (c), the full line shows the
fit to a two-term expression; both are defined in the text. The estimated standard
deviations for all points in all graphs are less than the size of the plotting symbol.

a final measurement being made at 7 K. With the exceptions of
the 400 K and 7 K runs, which were measured for 80 �Ah inci-
dent proton beam current, all other measurements were made
for 10 �Ah, approximately 13 min duration. Once the control sen-
sor had reached the set point temperature, data collection was
commenced after a 3 min thermal equilibration period; thermal
stability was of the order ±0.2 K for all data collection temperatures.

The neutron time-of-flight data were focused, normalised to
the incident flux distribution and corrected for self shielding and
wavelength-dependent absorption for a sample with measured
number density of 9.3 × 1021 cm−3 and calculated cross sections
of 19.88 b for scattering, and 6.52 b at 1.798 Å, for wavelength-
dependent absorption. Data in the time-of-flight range 32–120 ms,
corresponding to a d-spacing range of ∼0.64–2.4 Å, were analysed
using the GSAS package [16]. The initial starting model for the crys-
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Fig. 3. The temperature-dependence of the unit cell volume of CaTiO3 for
7 K ≤ T ≤ 400 K. The full line shows the fit to the data according to a two-term Debye
internal energy function described in the text.

Fig. 4. The isochoric heat capacity of CaTiO3 for 7 K ≤ T ≤ 400 K calculated from the
isobaric heat capacity of Woodfield et al. [24] using the temperature-dependent
molar volume and thermal expansion coefficient from the fitting of the unit cell
data, and the bulk modulus of Ross and Angel [23]. The dashed line shows the fit to
these data according to a Debye model, the full line shows the fit to the modified
two-term Debye model of Barron [22].

tal structure refinement from the 400 K data was the 298 K solution
of Knight [17]. Convergence from this solution was rapid for a model
with isotropic atomic displacement parameters for the cations, and
anisotropic atomic displacement parameters for the anions. The
result from the 400 K refinement was used as the initial model for

Fig. 5. The calculated temperature dependence of the unit cell volume (�) based on
the two-term Debye internal energy functions derived from the isobaric heat capac-
ity of Woodfield et al. [24], assuming a temperature independent bulk modulus. The
observed temperature dependence of the unit cell volume (©) calculated from the
fitting coefficients of the unit cell using the two-term Debye model.

Fig. 6. The temperature dependence of the thermodynamic Grüneisen parameter
for CaTiO3 perovskite.

the 395 K refinement, and the whole procedure was carried out
iteratively down to the 7 K refinement. Typical results, in this case
from the 7 K refinement, are listed in Table 1, and the quality of fit
is shown in Fig. 1.

3. Results and discussion

3.1. Thermoelastic properties

The temperature variation of the lattice parameters for CaTiO3
are shown in Fig. 2 and exhibit the expected Grüneisen behaviour
for a dielectric; saturation at the lowest temperature, and a con-
stant thermal expansion coefficient at the highest temperatures
measured. The data show no evidence for the condensation of the
soft polar TO mode which might be visible as lattice parameter
anomalies. The extent of the saturation region is approximately
constant for the a and c axes (a, 58 K; b, 88 K; c, 56 K), although
the three individual high temperature axial thermal expansion
coefficients are quite different. Each lattice parameter was fitted
to an empirical expression of the form l(T) = l0 + k/(exp(�/T) − 1),
shown as the full line in the case of a(T), however this expres-
sion proved inadequate for the b and c axes, failing to fit in the
temperature region where the lattice parameter moves off the sat-
uration base-line. The full lines on the figure for b(T), and c(T),
are the results of fitting to an empirical two-term expression
l(T) = l0 + k1/(exp(�1/T) − 1) + k2/(exp(�2/T) − 1), which is excellent
over the whole of the measured temperature range. In the absence
of ferroelastic structural phase transitions which modify the ther-
mal expansion behaviour, the high temperature axial thermal
expansion coefficients can be estimated from the fitted parame-
ters, which are listed in Table 2, where (1/l0)dl/dT = 1/l0

∑
iki/�i.

For temperatures below the Pbnm – I4/mcm phase transi-
tion temperature, the predicted high temperature axial thermal
expansion coefficients, ˛a = 1.57 × 10−5 K−1, ˛b = 7.9 × 10−6 K−1,
˛c = 1.47 × 10−5 K−1, are in good agreement with the experimental
measurements of Ball et al. [18], Sato et al. [12] and Redfern [19].
However, as this phase transition temperature is approached, all
three axial thermal expansion coefficients are found by experiment
to increase significantly [7], and the agreement with prediction is
poor.

Transforming the orthorhombic lattice parameters via the
matrix (1/2 −1/2 0/1/2 1/2 0/0 0 1/2) to the pseudocubic subcell
(ap = bp /= cp; ˛p = ˇp = 90◦, �p /= 90◦), an estimation of the Pbnm –
I4/mcm phase transition temperature can be made from the tem-
perature dependence of the shear angle �p which extrapolates to
90◦ at a temperature of 1342 K, close to the temperature interval
1373–1423 K for this transition reported by Redfern [19]. How-
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Fig. 7. The temperature dependence of the seven symmetry-adapted basis-vectors consistent with space group Pbnm. The cation displacemens are shown in (a) and (b), the
anion displacements in (c)–(g). The octahedral tilting modes, (c) and (d), that form the primary oder parameters in this space group are shown with their corresponding full
tilt angles on the right-hand ordinate axis. The octahedral distortion modes are shown in (e)–(g), where the mode that transforms as the irreducible representation M+

2 has
close to zero magnitude over the entire temperature range. Basis-vector labelling follows Knight [17].

ever, as noted earlier, there remains significant disagreement in
the literature as to the precise transition temperatures for the two
high-temperature structural phase transitions in CaTiO3 [4,6]. Val-
ues for the spontaneous strains e4, etx and ea, calculated using the
cube root of one quarter of the temperature-dependent unit cell
volume for the unstrained lattice parameter a0(T), were in close
agreement with those evaluated for CaTiO3 at 400 K by Carpenter
et al. [20].

The temperature dependence of the unit cell volume is shown
in Fig. 3 and has a similar behaviour to the unit cell axes, satura-
tion from the lowest temperature to ∼50 K, a slow increase with
increasing temperature, before exhibiting a nearly constant ther-
mal expansion coefficient at temperatures greater than ∼300 K.
Assuming a Grüneisen approximation to the zero-pressure equa-

tion of state, for low temperatures the molar volume varies as
the internal energy U(T) [21], V(T) = V0 + (�/K0)U(T), where � is a
Grüneisen parameter and K0 is the isothermal bulk modulus. For a
Debye internal energy function, the molar volume is given by:

V(T) = V0 + 9�NKBT

K0

(
T

�D

)3
∫ �D/T

0

x3

ex − 1
dx

where �D is the Debye temperature, N is the number of
atoms in volume V0, and KB is Boltzmann’s constant. A fit
to the unit cell volume according to this expression fits the
lowest- and highest-temperature regions well (V0 = 222.461(2) Å3,
�D = 473(5) K, (�/K0) = 9.51 × 10−12 Pa−1, r2 = 0.99905), but is inad-
equate for the intermediate temperature range. Extending the
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Fig. 8. The bonding environment of the CaO8 polyhedron centred on the Ca with
fractional coordinate (−1/2 − x, −1/2 + y, 1/2 − z). The five symmetry independent
bonds are shown with full lines and the fractional coordinates of the coordinating
anions. Ca – O1 (−1/2 − x, 1/2 + y, z) is labelled as bond b3; Ca – O1 (x, y, z) b2; Ca –
O2 (x − 1, y, 1/2 − z) b9; Ca – O2 (−1/2 − x, −1/2 + y, z) b5; Ca – O2 (x − 1/2, 1/2 + y,
1/2 + z) b11. Bond labelling follows Knight [30].

Debye model to allow for two separate speeds of sound [22], the
molar volume is given by V(T) = V0 + (�1/3K0)U1(T) + (2�2/3K0)U2(T)
with two effective Grüneisen parameters and Debye tempera-
tures. The fit to this model is shown as the full line on Fig. 3
which can be seen to fit the whole temperature range well
(V0 = 222.4475(6) Å3, �D1 = 323(7) K, (�1/K0) = 1.79 × 10−11 Pa−1,
�D2 = 1022(40) K, (�2/K0) = 7.1 × 10−12 Pa−1, r2 = 0.99999). The
weighted average of the two Debye temperatures, 789 K, is in excel-
lent agreement with that determined from the longitudinal and
shear sound velocities, 760(3) K [15]. Using a value of 170.9 GPa for
the isothermal bulk modulus of CaTiO3 [23], the Grüneisen param-
eters are found to be 3.1 and 1.2 for �1 and �2 respectively. At
high temperatures, the volume thermal expansion coefficient is
estimated to be 4.0 × 10−5 K−1, close to three times the average
linear thermal expansion coefficient measured by dilatometry in
the temperature interval 298–1273 K [15].

The isochoric molar heat capacity of CaTiO3, CV, was calculated
from the experimentally determined isobaric heat capacity, CP [24],
using results for the temperature-dependence of the molar volume
and thermal expansion coefficient from the modified Debye model
described above. Fig. 4 shows the isochoric heat capacity and two
fits according to Debye internal energy functions. The dashed line
shows the fit to the data for a Debye internal energy function,

CV(T) = 9NKBT
(

T

�D

)3
∫ �D/T

0

x4ex

(ex − 1)2
dx

from which the Debye temperature was determined as 637(7) K
which is in fair agreement with the Debye temperature of 583 K
calculated from the lowest five values of the isobaric heat capac-
ity [24] and assuming a T3 temperature dependence. However, It
is clear from the figure, that at low temperatures there are more
active modes than the simple Debye model predicts, whilst at high
temperatures, the opposite is found to be true. The full line on the
figure shows the results of fitting the isochoric heat capacity to the
modified Debye model of Barron [22] that allows for two indepen-
dent cut off frequencies and Debye temperatures, whilst retaining

the high temperature Dulong–Petit limit.

CV(T) = 1
3

CV1(T) + 2
3

CV2(T).

The lower Debye temperature determined from fitting the iso-
choric heat capacity to this model, 317(4) K, is in good agreement
with the lower Debye temperature determined from fitting the
molar volume 323(7) K. The higher Debye temperature derived
from fitting the heat capacity, 841(4) K, is however significantly less
than that determined from fitting the molar volume, 1022(40) K.

By integrating the individual isochoric Debye heat capac-
ity contributions, the molar volume was calculated using
V(T) = V0 + (�1/3K0)U1(T) + (2�2/3K0)U2(T) and is shown in Fig. 5,
where it can be seen that at low temperatures the difference
between the observed and calculated volumes is small, but as
the temperature increases, the difference becomes larger, but
never more than 0.5%. All attempts to improve the agreement
between the calculated and observed molar volumes, by fitting
the data using the temperature-dependent bulk modulus model
of Varshni [25], were unsuccessful, with the ambient-temperature
bulk modulus being found to be 10% larger than the experimental
determination [9,23]. It is probable that the discrepancy in the cal-
culated and observed molar volumes arises from the assumption
of a temperature-independent bulk modulus on the conversion of
the isobaric heat capacity to the isochoric heat capacity.

The temperature variation of the thermodynamic Grüneisen
parameter, � th, is shown in Fig. 6 calculated using the molar volume,
Vm, and volume expansivity, ˛, from the modified Debye model
used to fit the unit cell volume.

�th(T) = ˛(T)K0Vm(T)
CV(T)

� th rises steeply with increasing temperature to a maximum of
∼2.2 at ∼130 K, before decreasing at a much lower rate to ∼1.8 by
400 K, with an average value of just under 2 for the whole temper-
ature range. At room temperature, the value of � th is close to the
weighted average of the two Grüneisen parameters derived from
fitting the temperature-dependence of the unit cell volume (1.83),
and is significantly higher than most other AIIBIVO3 perovskite-
structured phases: BaHfO3 (0.83), BaSnO3 (1.37), BaZrO3 (0.97),
BaUO3 (0.99), BaCeO3 (1.92), BaMoO3 (1.39), SrHfO3 (1.27), SrRuO3
(1.56), SrMoO3 (1.06), SrCeO3 (0.81); all calculated from thermoe-
lastic data given in Yamanaka et al. [13]. For terrestrial geophysical
modelling, Anderson has argued that the thermoelastic properties
of the dominant lower mantle phase MgSiO3 perovskite in space
group Pbnm can be treated as a simple Debye solid, reporting a
Grüneisen parameter for this phase of 1.52 [26].

3.2. Structural behaviour

Using the measured lattice parameters, the fractional coordi-
nates at each temperature were decomposed into the magnitudes
of the seven, orthogonal, symmetry-adapted basis-vectors of the
aristotype phase that are consistent with the space group setting
Pbnm [17]. The displacement of the Ca cation in the direction of
the orthorhombic a axis is the vector sum of two basis-vectors of
equal magnitude that transform as the irreducible representation
(irrep) R+

5 of the cubic aristotype phase, whilst the displacement
in the orthorhombic b axis direction is associated with the vec-
tor sum of two basis-vectors of equal magnitude that transform as
the irrep X+

5 . The temperature-dependences of these two modes
is illustrated in Fig. 7a and b and shows that the displacement
associated with the irrep X+

5 is larger, by a factor of ∼5.8 at 7 K,
and has a more rapid reduction with increasing temperature than
the displacement associated with the irrep R+

5 . To enable a struc-
tural basis to be derived for the temperature variations of the
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Fig. 9. The temperature dependence of the five symmetry independent bonds in the CaO8 polyhedron. The full lines show the predicted behaviour of the bonds based on
simple parameterisation of the temperature variation of the symmetry-adapted basis-vector amplitudes.

bond lengths, these two modes, and the three associated with the
deformation and rotation of the octahedron, have been empirically
parameterised using the same expression as used for fitting the
a lattice parameter, and these are shown on these figures as full
lines. Both modes extrapolate to zero magnitude i.e. the ideal frac-
tional coordinate for the A-site cation at physically unreasonable
temperatures, well above the 1 atm. melting temperature of 2262 K
[12].

The primary order parameters for a perovskite-structured com-
pound in space group Pbnm are associated with the in-phase and
anti-phase tilting modes that transform as the irreps M+

3 and R+
4

respectively [27]. In addition to these two modes, the octahedron
is potentially deformed from ideality by modes that transform as
the irreps X+

5 , M+
2 and R+

5 [17,28,29]. At all measured temperatures,
the magnitudes of the tilting modes are larger than the octahedral
deformation mode with irrep X+

5 , whilst the amplitudes associated
with deformation the modes with irreps M+

2 and R+
5 are very small

and constant. On the basis of a limited survey of ambient tempera-
ture perovskite crystal structures in space group Pbnm, Knight has
argued that unless the B-site cation permits a Jahn–Teller distor-
tion, the octahedral deformation from the mode that transforms
as the irrep M+

2 probably does not exist as a condensed mode
[30]. Fig. 7c and d illustrate the temperature-dependence of the

amplitudes of the two tilting modes and their related total tilt
angles, whilst Fig. 7e–g show the amplitudes of the octahedral
deformation modes, where in particular, the amplitude associ-
ated with the irrep M+

2 is zero within 1 and 2 estimated standard
deviations at all temperatures. For subsequent discussions of the
temperature-dependence of the bond lengths, the amplitudes of
the basis-vectors are labelled as di (i = 1, 7) in Fig. 7.

The eightfold coordination of the Ca site (−1/2 − x, y − 1/2, z) at
7 K is illustrated in Fig. 8 along with the lengths of the five sym-
metry independent bonds and the fractional coordinates of the
bonded anions. Both the coordinated anions O1, and the Ca cation,
lie on the mirror plane of the space group; the six anions O2 are in
general positions, related in pairs through mirror symmetry. Bond
labelling follows Knight [30]: Ca – O1 (x, y, z) b2; Ca – O1 (−1/2 − x,
1/2 + y, z) b3; Ca – O2 (−1/2 − x, −1/2 + y, z) b5; Ca – O2 (x − 1, y,
1/2 − z) b9; Ca – O2 (x − 1/2, 1/2 − y, 1/2 + z) b11. After an initial sat-
uration interval of <100 K, all five bonds, increase with increasing
temperature, as shown in Fig. 9, however the high temperature
bond thermal expansion coefficients are found to vary by a factor
of ∼3. The full lines on each figure are the predicted bond length
variations based on the parameterisations of the amplitudes of
the symmetry-adapted basis-vectors described earlier, and permit
the determination of the structural basis for the bond expansion.
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Fig. 10. The temperature dependence of the three symmetry independent bonds in the TiO6 octahedron. The full lines show the predicted behaviour of the bonds based on
simple parameterisation of the temperature variation of the symmetry-adapted basis-vector amplitudes. Bond labelling follows Knight [30].

For temperatures greater than ∼400 K, the highest bond thermal
expansion coefficient, ∼4.9 × 10−5 K−1, is found for the bond b3
lying in the mirror plane and arises principally from the Ca dis-
placement mode d2, with smaller contributions from the octahedral
deformation mode d5 and the thermal expansion of the b axis. Inter-
mediate thermal expansion is found for two bonds, b2 in the mirror
plane, and b9 out of the mirror plane, both having essentially iden-
tical bond thermal expansion coefficients of ∼3.4 × 10−5 K−1. In the
former case, the bond expansion of b2 is principally related to the
anti-phase octahedral tilt mode, d3, and the thermal expansion of
the a axis. The displacement of the Ca cation, modes d1 and d2, pro-
viding a significant bond-shortening contribution. In the latter case,
the bond thermal expansion of b9 is more complex, with the largest
contribution arising from the Ca displacement mode d2, but also
the anti-phase tilting mode d3, and to a lesser extent the thermal
expansion of the a and c axes. The contribution from the in-phase
tilt mode, d4, is negative and of a magnitude similar to that from
the anti-phase tilts. The bonds b5 and b11 show the smallest high
temperature thermal expansion coefficient of ∼1.5 × 10−5 K−1. For
bond b5 there are large positive contributions arising from both the
tilting modes d3 and d4, and to a lesser extent the thermal expan-
sion of the a and c axes, but by far the largest individual contribution
is negative and arises from the antipathetic displacement of the
Ca cation, mode d2. In the case of bond b11, there are large posi-
tive contributions from the cation displacement mode d2 and the
three lattice parameters, but the overall expansion is halved by a
reduction arising from the antiphase tilt displacement, d3.

The thermal expansion coefficients of the Ti–O bonds, by com-
parison, are almost a factor of ten times smaller than the Ca–O
bonds, and hence, are less easy to parameterise with confidence.
The bonds are labelled using the nomenclature of Knight [30]. In the
case of the Ti–O1 bond, b15, the measured positive bond thermal
expansion coefficient arises entirely from the thermal expansion of
the c axis, but this overall effect is halved due to the negative con-
tribution from the antiphase tilt mode, d3. The thermal expansion
coefficients of the two Ti–O bonds to anion O2 are both dominated
by positive contributions from the a and b axes, but in the case

of bond b16, this is reduced by a very large negative component
from the antiphase tilt mode d3, which itself is partially offset by
an additional positive component of the same mode. For bond b17,
an identical effect with an identical cause to that observed for b16
is seen, but in this case there is an additional negative contribution
from the in-phase tilt mode d4. The temperature dependence of the
Ti–O bonds and their predicted behaviour based on the symmetry-
adapted basis-vector parameterisation is shown in Fig. 10.

Below ∼40 K, the TiO6 and CaO8 polyhedra exhibit constant vol-
umes, but by temperatures of 100 K, there is a rapid increase in
both polyhedral volumes with estimated high temperature lim-
its of 1.5 × 10−5 K−1 for the octahedral volume, and 5.1 × 10−5 K−1

for the CaO8 polyhedron. At all temperatures above saturation, the
volume strain associated with the eightfold site exceeds that of
the sixfold site reflecting the greater degrees of structural free-
dom available to, and the relative softness of the A site in the

Fig. 11. The temperature variation of the polyhedral volume strains and their asso-
ciated thermal expansion coefficients. The CaO8 polyhedron shows a larger stain and
greater thermal expansion coefficient that the TiO6 octahedron at all temperatures
above the saturation temperature reflecting the more open, less constrained cavity
site.
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Fig. 12. The temperature dependence of the isotropic atomic displacement parameters for the cations ((a) and (b)) and the isotropic equivalent atomic displacement
parameters of the anions ((c) and (d)). The full lines are fits to these data using the modified Debye model of Wood et al. [31].

perovskite structure. The volume strain and the calculated polyhe-
dral thermal expansion coefficients for both polyhedra are shown
in Fig. 11. Unsurprisingly, the bond angles within the TiO6 octahe-
dron exhibit little variation with increasing temperature, and only
the O2–Ti–O2 angle shows a significant systematic reduction of
∼0.06◦ in 400 K. The increase in volume of the octahedron is there-
fore primarily governed by the increase in the Ti–O bond lengths
with temperature. By contrast, the temperature dependence of the
bond angles within the CaO8 polyhedron is complex, with bond
angles increasing, decreasing or remaining invariant with increas-
ing temperature. Increases/decreases in bond angles are found to
be a factor of ∼10 greater in the CaO8 polyhedron than the equiv-
alent changes observed in the TiO6 octahedron. Knight has shown
that it is possible to parameterise these bond angles in terms of the
amplitudes of the symmetry-adapted basis-vectors [30], but the
interpretation of cause and effect is difficult to disentangle with
confidence due to the complexity of the expressions derived from
the combination of scalar products.

The temperature variation of the atomic displacement parame-
ters for the cations, or the equivalent isotropic atomic displacement
parameters in the case of the anions, is shown in Fig. 12. The full
line on each figure shows a fit to the data using the modified Debye
model proposed by Wood in which the zero-point displacement
parameter is permitted to be a refinable variable in addition to the
vibrational Debye temperature [31].

u2(T) = 3h2T

4�2MkB�2
D

ϕ

(
�D

T

)
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ϕ

(
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T

)
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(
T

�D

)∫ �D/T

0

xdx

ex − 1

The zero point contribution for the Ca cation, 4.85(4) × 10−3 Å2,
is comparable to those of the anions, O1 4.58(4) × 10−3 Å2 and
O2 5.14(2) × 10−3 Å2, and is significantly larger than that for the
Ti cation, 3.50(6) × 10−3 Å2, once again reflecting the more open
eightfold coordination. In addition, there is a marked disparity
between the refined vibrational Debye temperatures of the cations,

Ca 410(2) K and Ti 503(6) K, when compared to the two anions,
which are essentially identical, O1 695(4) K and O2 707(3) K.

The temperature-dependence of the molar volume and the
isochoric heat capacity have been found to be consistent with
a two-term Debye model in which the lower characteristic
temperatures are in good agreement (Vm: �D1 = 323(7) K, CV:
�D1 = 317(4) K), although the higher characteristic temperatures
agree less well (Vm: �D2 = 1022(40) K, CV: �D2 = 841(4) K). This
two term behaviour is mirrored in the vibrational Debye temper-
atures derived from fitting the atomic displacement parameters
and is suggestive of the cations contributing more to the lower
temperature Debye distribution, and the anions to the higher
temperature distribution. The two-term Debye model proposed
by Barron [22] separates the longitudinal contribution from the
transverse contributions in the ratio of 1:2, which coinciden-
tally, is close to the cation:anion ratio in perovskites of 2:3, and
indeed, the icochoric heat capacity can be fitted almost as well
by using mixing parameters of 2/5 and 3/5 rather than 1/3 and
2/3.

Ab-initio calculations [32] and molecular dynamics simulations
[33] of the total and partial phonon density of states provide some
evidence to support this simple model. The calculated partial den-
sity of state functions, using either method, show the contribution
of the Ca is essentially localised to low frequencies, whilst that from
the Ti is essentially flat and extends to a significantly higher fre-
quency. The contribution from the O anions is more structured,
showing a sharp rise at ∼6 THz, a sharp drop at ∼19 THz, followed
by a small energy gap and a narrow peak centred on ∼23 THz.
The expectation values of energy calculated from the partial vibra-
tional density of states are 317 K, 451 K and 620 K for Ca, Ti and
O respectively, which agree fairly well with the vibrational Debye
temperatures derived from fitting the atomic displacement param-
eters. The two-term Debye model, either based on the heat capacity
or the molar volume fitting, tracks the low frequency part of the
ab-initio based calculation of the full vibrational density of states
out to ∼5 THz. The heat capacity based model has a high frequency
cut-off at 17.5 THz, just below the lower edge of the energy gap,
whilst that derived from the molar volume cuts off at 21.3 THz, just
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below the maxima of the small peak that occurs above the gap in
the calculated full vibrational density of states.

In the light of these experimental observations based on an
AIIBIVO3 perovskite in space group Pbnm, it would be timely, if
experimentally challenging, to carry out a similar investigation
of the lower mantle phase MgSiO3 to see whether it behaves in
the simple manner suggested by Anderson [26], or whether its
behaviour is in fact more subtle, as in the case of CaTiO3.
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