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Dipartimento di Chimica, Università di Torino and NIS, Nanostructured Interfaces and Surfaces,
Centre of Excellence, Via Giuria 5, 10125 Torino, Italy
(Dated: 16 December 2014)

The CaSnO3 perovskite is investigated under geochemical pressure, up to 25 GPa, by means of periodic ab
initio calculations performed at B3LYP level with local Gaussian-type orbital basis sets. Structural, elastic
and spectroscopic (phonon wave-numbers, infrared and Raman intensities) properties are fully characterized
and discussed. The evolution of the Raman spectrum of CaSnO3 under pressure is reported to remarkably
agree with a recent experimental determination [J. Chem. Phys., 135, 224507 (2011)] as regards both wavenumber shifts and intensity changes. All phonon modes are symmetry-labeled and bands assigned. The singlecrystal total spectrum is symmetry-decomposed into the six directional spectra related to the components of
the polarizability tensor. The infrared spectrum at increasing pressure is reported for the first time and its
main features discussed. All calculations are performed using the Crystal14 program taking advantage of
the new implementation of analytical infrared and Raman intensities for crystalline materials.
Keywords: CaSnO3 perovskite, pressure, Raman, Crystal program
I.

INTRODUCTION

Calcium stannate, CaSnO3 , is an alkaline earth perovskite of the ABO3 family (where A sites host formally
divalent cations, Ca2+ , and B sites are occupied by formally tetravalent cations, Sn4+ ) that has received attention in recent years due to its peculiar physical and chemical properties which lead to many possible applications
as capacitor component,1,2 gas sensor,3 high-capacity anode in Li-ion batteries,4–6 catalyst,7 and host for rare
earth phosphors.8–16
At ambient conditions, calcium stannate is a GdFeO3 type perovskite with an orthorhombic lattice characterized by the Pbnm space group and a structure which can
be rationalized in terms of a framework of corner-sharing
SnO6 octahedra (see Figure 1). With respect to the ideal
cubic structure, Pm3m, of many ABO3 perovskites, SnO6
octahedra are slightly tilted and distorted.17,18 Structural
and elastic properties of calcium stannate have been determined up to 8 GPa of pressure without any evidence
of a phase transition,19,20 which was suggested to occur at 12 GPa (from the GdFeO3 -type perovskite to the
CaIrO3 -type post-perovskite structure) by a theoretical
study, performed with the local-density-approximation
(LDA) to the density-functional theory (DFT).21 Given
the geological interest of this mineral, being a structural
analogue of the MgSiO3 perovskite (one of the major constituents of the Earth lower mantle),22 in recent years
these findings further stimulated a great effort in the
characterization of its properties under increasing pres-

a) Electronic

mail: jeffdandrade@gmail.com

sures. X-ray diffraction experiments up to 26 GPa,23 Raman scattering experiments up to 20 GPa,23 elastic ultrasonic velocity measurements up to 18 GPa,24 in situ synchrotron X-ray diffraction measurements up to 86 GPa
and high temperatures25 have been performed. No experimental evidence has been reported of such a phase
transition to occur at predicted conditions of low temperature and pressure but rather at pressures above 40
GPa and temperatures above 2000 K.25
In recent years, many experimental studies have been
performed in order to characterize the spectroscopic fingerprint of calcium stannate due to the short-range structural information (local distortions and symmetry) that
can be inferred from it with respect to the long-range
one that is commonly obtained from X-ray diffraction
experiments. In this respect, a large variety of infrared (IR) and Raman scattering measurements have
been reported.7,14,23,25–33 Some of them measured Raman spectra at high temperatures31 or pressures.23 A
recent theoretical study discussed the ambient pressure
Raman spectrum just in terms of wave-numbers (intensities were not computed and, then, the full spectrum was
not reproduced).34
Several features of the spectroscopic response of this
mineral are still unknown, like the exact band assignment of all phonon modes, the single-crystal symmetry
decomposition of the total Raman spectrum and the evolution under pressure of the IR spectrum. Taking advantage of the recent implementation in the Crystal14
program35,36 of an analytical scheme for the calculation
of both IR and Raman wave-numbers and intensities,37,38
in this paper we perform an ab initio study of structural, elastic and spectroscopic properties of CaSnO3 under pressures up to 25 GPa. A computational setup
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FIG. 1. (color online) a) structure of calcium stannate,
CaSnO3 , in the Pbnm space group; b) CaO12 distorted cuboctahedron and c) SnO6 octahedron.

consisting in the use of local Gaussian-type orbital basis sets and hybrid functional (B3LYP39 in the present
case) calculations is here adopted which has already been
successfully applied to the study of structural, dielectric,
elastic, piezoelectric and spectroscopic properties of other
ABO3 perovskites: SrTiO3 40 and BaTiO3 .41 The newly
developed scheme for the simulation of Raman spectra,
as combined with the above-mentioned computational
setup, has recently been shown to provide reliable results for a wide range of materials.36,42 Many automated
algorithms, as implemented in the Crystal14 program,
for the theoretical determination of several properties of
crystalline materials are here combined together in order
to provide a reliable description of calcium stannate at
high pressures: equation-of-state,43,44 elastic tensor,45,46
dielectric response,47 phonon frequency48 and IR and Raman intensity calculation.37,38
The structure of the paper is as follows: the used computational methods and details are given in Section II;
results on structural, elastic and spectroscopic (IR and
Raman) properties under pressure are described in Section III; conclusions are drawn in Section IV.

II.

COMPUTATIONAL METHODOLOGY AND SETUP

The Crystal14 program has been used for all the
calculations reported in this study.36 The B3LYP oneelectron Hamiltonian is used, which contains a hybrid Hartree-Fock/Density-Functional exchange-correlation term. All-electron atom-centered Gaussian-typefunction (GTF) basis sets are adopted.
Ca, Sn
and O atoms are described by a 8(s)6511(sp)21(d),49
9(s)763111(sp)631(d)50 and 6(s)2111(sp)1(d)51 contraction of primitive GTFs, respectively.
As implemented in the Crystal program, infinite

Coulomb and exchange sums are truncated according to
five thresholds (here set to very tight values of 10, 10, 10,
10, 20).35 A sub-lattice is defined with a shrinking factor
of 6 for sampling the reciprocal space (corresponding to
64 k-points in the irreducible Brillouin zone). Numerical
integration techniques are used for the evaluation of the
DFT exchange-correlation contribution (see the XXLGRID
keyword in the Crystal User’s Manual). The convergence of the self-consistent-field (SCF) step of the calculation is governed by a threshold on energy of 10−10
hartree for geometry optimizations and 10−11 hartree for
phonon frequency and equation-of-state calculations.
Equilibrium and strained configurations are optimized
by use of analytical energy gradients calculated with
respect to both atomic coordinates and unit-cell parameters or atomic coordinates only, respectively.52,53
A quasi-Newtonian technique is used, combined with
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm for Hessian updating.54–57 Convergence is checked
on both gradient components and nuclear displacements;
the corresponding tolerances on their root mean square
are chosen to be more severe than the default values for
simple optimizations: 0.0001 a.u. and 0.0004 a.u., respectively.

A.

Equation of State

A commonly-adopted approach in solid state quantum
chemistry for computing the pressure-volume relation of
a crystalline material is via so-called Equations of State
(EOS). “Cold” EOSs are energy-volume (or pressurevolume) analytical relations which describe the behavior
of a solid under compression and expansion, at T = 0
K (that is the case of standard ab initio simulations)
and are commonly used in solid state physics and geophysics.58,59 Energy-volume data are numerically fitted
to the analytical E(V ) functional form of the EOS. From
P = −∂E/∂V , the P -V connection is established. The
explicit dependence of the bulk modulus on volume (or
pressure) is then given by K(V ) = V ∂ 2 E/∂V 2 .
Four EOSs are currently implemented in the Crystal14 program (the full EOS calculation is activated by
a single keyword):43 the third-order Murnaghan (M),60
the third-order Birch-Murnaghan (BM),61,62 the logarithmic Poirier-Tarantola (PT)63 and the exponential
Vinet (Vin).64 The energy of the system has been minimized at 21 different volumes in a range from -15% of
compression to +15% of expansion with respect to the
equilibrium volume V0 .
B.

Elastic Tensor

The accuracy of the equation-of-state approach discussed above can be checked by comparing the value of
the equilibrium bulk modulus, K EOS , with the one that
can be obtained from the knowledge of the elastic tensor
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An automated scheme for the calculation of the elastic
tensor, C, (and of its inverse, the compliance tensor S =
C−1 ) has been implemented in the Crystal program,45
that has been generalized also to low-dimensional, 1D
and 2D, systems.65 A two-index representation of the
elastic tensor is obtained (Cijkl → Cvu ) by exploiting
Voigt’s notation, according to which v, u = 1, . . . , 6 (1 =
xx, 2 = yy, 3 = zz, 4 = yz, 5 = xz, 6 = xy).66 This
symmetric tensor exhibits, in general, 21 independent elements that reduce to 9 (i.e. C11 , C12 , C13 , C22 , C23 ,
C33 , C44 , C55 and C66 ) for crystals with orthorhombic
symmetry, as in the case of calcium stannate. A number of elastic properties (such as bulk modulus, K elast ,
shear modulus, Gelast ,Young modulus, Poisson’s ratio,
etc.) can be deduced from the elastic constants.66,67 For
the elastic constant calculation, two strained configurations are considered for each independent strain, with a
dimensionless strain amplitude of 0.015.
C.
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of the system, K elast . If any finite pre-stress is absent,
second-order elastic constants are simply defined as second energy density derivatives with respect to pairs of
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FIG. 2. (color online) Evolution under pressure of (right
scale) the three lattice parameters a, b and c and (left scale)
the V /V0 ratio for the CaSnO3 perovskite in the Pbnm space
group. Continuous lines represent computed values. Experimental data by Kung et al.19 from a single-crystal X-ray
diffraction experiment are reported as full symbols (squares
for a, triangles for b, inverse triangles for c and circles for
V /V0 ). For V /V0 , other experimental data by Kung et al.23
referring to a polycrystalline sample are reported as empty
symbols (different symbols refer to different runs).

Phonon Frequencies and Raman Intensities

Harmonic phonon frequencies (i.e. wave-numbers), ωp ,
at the Γ point (i.e. at the center of the first Brillouin zone
in reciprocal space) are obtained from the diagonalization
of the mass-weighted Hessian matrix of the second energy
derivatives with respect to atomic displacements u:48,68
!
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program.37,38 Both schemes are based on the solution
of first- and second-order Coupled-Perturbed-HartreeFock/Kohn-Sham (CPHF/KS) equations.47 From equation (3), we can clearly see that six symmetryindependent directional Raman spectra can be computed
for a single-crystal which correspond to the six independent components of the polarizability tensor.

where atoms a and b (with atomic masses Ma and Mb ) in
the reference cell, 0, are displaced along the i-th and j-th
Cartesian directions, respectively. Default tolerances are
used for this task.35
The Raman intensity of the Stokes line of a phonon
mode Qp , characterized by a frequency ωp , active due to
the αii′ component of the polarizability tensor α, is given
by:
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III.

RESULTS AND DISCUSSION

A.

Structural and Elastic Properties

where the pre-factor depends on laser frequency ωL and
temperature T :69 in the present study, T = 298.15 K
and ωL corresponds to a wavelength of 514 nm which are
the same parameters used in the experiment by Kung
et al.23 we compare with. The relative Raman intensities of the peaks are computed analytically by exploiting a scheme, recently implemented in the Crystal14

Before discussing the effect of pressure on spectroscopic
properties, we report computed structural properties up
to 26 GPa of pressure and we compare them with available experimental data and previously computed data.
We have adopted an EOS approach (see Section II A for
practical details) for obtaining the pressure-volume relation of CaSnO3 .
In Figure 2, we report the V /V0 ratio and the absolute values of the three lattice parameters, a, b and c, of
calcium stannate, as a function of pressure. Our computed values, reported as continuous lines, are compared
with accurate single-crystal X-ray diffraction values,19
given as full symbols. The figure clearly shows that our
B3LYP calculations slightly overestimate the lengths of
the three lattice parameters (by 0.5%, 1.2% and 0.9% at
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TABLE I. Equilibrium bulk modulus, K0 , its pressure derivative, K0′ and the equilibrium volume V0 of CaSnO3 as computed with an EOS approach in the present study (see text
for details) and compared with experimental (at room temperature) and previous theoretical data.
K0 (GPa)

K0′

V0 (Å3 )

166
163
179
182
200
182
172

5.4
5.6
4.0 - 4.1
3.5

246.1
252.5
235.5
232.6
241.7
243.7

Exp.24
Exp.19
This study (B3LYP)
Cherrad et al.70 (LDA)
Yangthaisong34 (LDA)
Yangthaisong34 (GGA)
Tsuchiya and Tsuchiya21 (LDA)

zero pressure for a, b and c, respectively). Inclusion of
zero-point motion (ZPM) and other thermal effects (here
neglected) would further increase computed lattice parameters. However, their pressure dependence is found to
be in remarkable agreement with the experimental counterpart. Overall, this can be seen from the good agreement of the computed V /V0 ratio with data by Kung
et al.19 Other experimental data are reported in the figure for the V /V0 ratio obtained from polycrystalline Xray diffraction experiments23 (empty symbols) which are
found to significantly deviate from both the other experimental determinations and our computed values.

As introduced in Section II A, four different expressions
of EOSs have been used to fit energy-volume data. Different EOSs provide very similar values: the bulk modulus
is predicted to be 179 GPa, its pressure derivative between 4.0 and 4.1 and the equilibrium volume to be 252.5
Å. In Table I, we report these computed parameters as
compared with available experimental data and previous
theoretical results. As expected, experimental determinations of the bulk modulus are lower (166 GPa according
to Schneider et al.24 and 163 according to Kung et al.19 ).
This is partially due to the fact that our computed values
refer to zero temperature and, moreover, neglect ZPM effects which are known to reduce computed bulk moduli
and increase computed equilibrium volumes.71 By explicitly including the ZPM effect, the computed bulk modulus becomes 176.6 GPa at zero temperature and further
decreases to 173 GPa at 300 K, reducing the difference
with respect to the experiment to about 5%. Surprisingly enough, given the satisfactory description of the
V /V0 dependence on pressure, our computed values for
K0′ are significantly lower than available experimental determinations (in the range of 5.4-5.6). Results from previous ab initio calculations show a large underestimation
of the equilibrium volume (more so at LDA level than
at GGA, generalized-gradient approximation, level) and
a corresponding overestimation of the bulk modulus (in
the range 182-200 GPa), apart from the first LDA study
by Tsuchiya and Tsuchiya21 that provides values in closer
agreement with the experiment.

TABLE II. Equilibrium elastic properties of CaSnO3 . Single-crystal elastic constants, Cvu (in GPa), and VRH average isotropic
polycrystalline bulk modulus, K (in GPa), shear modulus, G (in GPa), Young modulus, E (in GPa), Poisson ratio, σ (dimensionless), longitudinal and transverse seismic wave velocities, v p and v s (in km/s). Experimental data refer to room temperature.

C11 C22 C33 C44 C55 C66 C12 C13 C23 K
Exp.24
Exp.19
This study (B3LYP)
Cherrad et al.70 (LDA)
Yangthaisong34 (LDA)
Yangthaisong34 (GGA)

325
285
340
325

304
335
348
323

289
318
347
318

85
104
133
129

98
85
117
118

In order to verify the numerical accuracy of our EOS
determination of the bulk modulus, K EOS , of calcium
stannate, we have computed the full fourth-order elastic

102
107
111
100

110
138
131
108

130
107
132
116

109
107
121
111

166
163
179
182
182
200

G
88
89
95
111
115

E

σ

vp

vs

- 7.28 4.02
242 0.28 7.48 4.16
-

tensor of the system (following the procedure sketched
in Section II B), from which an independent estimate,
K elast , can be obtained of the bulk modulus. From the
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E=

9KG
3K + G

and σ =

3K − 2G
.
2(3K + G)

(4)

Average values of transverse (shear) and longitudinal
seismic wave velocities can also be computed from K,
G and the density ρ of the crystal as:73
s
s
G
K + 4/3G
vs =
and v p =
.
(5)
ρ
ρ

3.6

3.4

Interatomic distance (Å)

knowledge of the elastic tensor, a variety of elastic properties of the system can be deduced. The Voigt-ReussHill (VRH) averaging scheme provides expressions for
computing the average bulk and shear moduli (K and
G, respectively) for an isotropic polycrystalline aggregate
from the elastic and compliance constants.72 From these
properties, Young’s modulus, E, and Poisson’s ratio, σ,
can be defined as well:

3.2

3.0

O

Sn

O

2.8

2.6

2.4

2.2

2.0
0

All these elastic properties are reported in Table II as
computed in the present study and as compared with
available experimental and previous theoretical values.
We notice that the value of the bulk modulus that we
get from the elastic tensor evaluation, 179 GPa, perfectly
agrees with those found with different EOSs, 179 GPa,
thus confirming the excellent numerical accuracy of all
the used algorithms. As already noticed for the bulk
modulus, also our computed shear modulus, G, is slightly
overestimated (95 GPa with respect to experimental values of 88-89 GPa). Schneider et al.24 , in their ultrasonic
velocity study, have reported experimental values of v p
and v s . Our computed values are slightly overestimated:
7.48 km/s with respect to 7.28 km/s for v p and 4.16 km/s
with respect to 4.02 km/s for v s . Given relations (5), this
overestimation of the seismic wave velocities can be understood in terms of our slight overestimation of the elastic moduli and of the equilibrium volume (and, then, of
the slight underestimation of the density ρ of the system).
To the best of our knowledge, there are no experimental
single-crystal elastic constants for CaSnO3 to compare
with. In this respect, in Table II, we just report previous
theoretical determinations. All studies but the GGA one
by Yangthaisong34 agree on the relative order of different
subsets of elastic constants: diagonal constants (C11 , C22
and C33 ) are larger than off-diagonal ones (C12 , C13 and
C23 ) which are in turn larger than shear ones (C44 , C55
and C66 ).
Let us now briefly illustrate the dependence on pressure of the main interatomic distances in Pbnm calcium
stannate. The two main structural sub-units in CaSnO3
are the SnO6 octahedra and the CaO12 distorted cuboctahedra (see Figure 1 for a graphical representation of
the two sub-units). The Ca site, that in the perfect cubic perovskite structure would be cuboctahedral, in the
Pbnm space group appears to be rather distorted so that
it can be considered either as a CaO12 polyhedron or as
a CaO8 polyhedron. CaO12 (or CaO8 ) sub-units have
been found to be more compressible than SnO6 ones.20
In Figure 3 we report symmetry-independent interatomic

Ca
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FIG. 3. (color online) Some interatomic distances in Pbnm
calcium stannate as a function of pressure. Dashed and continuous lines represent computed Sn−O distances of the SnO6
octahedral sub-units and Ca−O distances of the CaO12 subunits, respectively. Experimental data, up to 7 GPa, from
Zhao et al.20 are reported as symbols (full symbols refer to
the 8 symmetry-independent Ca−O distances and open symbols to the 2 Sn−O ones).

distances of both sites of calcium stannate, as a function
of pressure. Lines are used to represent computed data,
which are compared with available experimental data
from Zhao et al.20 , up to 7 GPa. From the analysis of
the three symmetry-independent Sn−O distances of the
SnO6 sub-unit (almost undistinguishable at this scale)
and of the five smallest symmetry-independent Ca−O
distances of the CaO8 sub-unit, we can clearly see that: i)
all distances are slightly overestimated, as expected from
the overall overestimation of the volume; ii) the slope of
each distance with respect to pressure is in remarkable
agreement with experimental data; iii) the compressibility of Ca−O bonds is larger than Sn−O ones. This can be
easily understood in terms of their degree of covalency;
according to a Mulliken partition of the electronic charge
density, the net charges are +1.6 (Ca), +1.7 (Sn) and
-1.1 (O) |e| and the bond overlap population is about
0.03 and 0.15 |e| for Ca−O and Sn−O bonds, respectively, confirming that the Ca−O bonds are essentially
ionic, whereas Sn−O bonds have a strong covalent character. The three largest Ca−O interatomic distances (>
3.2 Å) are proper of the CaO12 polyhedron (not of the
CaO8 one), are largely overestimated but, as discussed by
Zhao et al.,20 are not directly related to the compressibility of the structure but rather to the octahedral tilting
of the framework.
As a final remark, we also note that the current description of the electronic structure of calcium stannate
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FIG. 4. (color online) Computed IR and Raman spectra of
calcium stannate at zero pressure (red lines). In the upper panel, experimental wave-numbers as determined from
IR measurements33 are reported as vertical dashed lines. In
the lower panel, the experimental Raman spectrum measured
by Kung et al.23 is reported (black line). Computed spectra
are redshifted by 18 cm−1 .

closely resembles the experimental one, with a computed
band gap of 4.87 eV with respect to experimental values
of 4.40 eV74 and 4.44 eV.7 In this respect, as expected,
the present computational setup, based on hybrid B3LYP
calculations, is found to significantly improve over previous ab initio theoretical descriptions of the electronic
structure of CaSnO3 , at LDA and GGA level, which reported largely underestimated band gap values, in the
range 1.95-3.10 eV.34,70,75
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Spectroscopic Properties

In this section, spectroscopic properties of CaSnO3 (IR
and Raman spectra) will be reported as computed ab initio as a function of pressure. The unit cell of Pbnm calcium stannate contains 20 atoms; the 57 corresponding
vibration frequencies (excluding the three translations)
are computed following the procedure described in Section II C by diagonalizing the dynamical matrix of equation (2). The symmetry properties of all phonon modes
can be described in terms of the following partition of the
reducible representation built on the basis of the Cartesian coordinates of the atoms in the cell:
Γtotal = 7Ag ⊕ 5B1g ⊕ 5B2g ⊕ 7B3g ⊕ 8Au ⊕
9B1u ⊕ 9B2u ⊕ 7B3u .

(6)
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FIG. 5. (color online) Computed single-crystal directional
Raman spectra of the CaSnO3 perovskite at 514 nm wavelength and 298.15 K. See text for the definition of the reported
curves.

All phonon modes are non degenerate. Among them,
25 are IR active (B1u , B2u and B3u ) and 24 Raman
active (Ag , B1g , B2g and B3g ). Out of the 24 active Raman modes, previous Raman scattering experiments on polycrystalline samples could detect just 9 to
12 modes.7,23,29,30 The experimental characterization of
the IR spectrum is much poorer: only 5 peaks, out of 25,
were reported,33 among which only 3 find a correspondence with current computed ones. Present theoretical
calculations obviously provide all of them. Graphical animations of all the vibration modes are available to the
readers, which allow for a detailed assignment.76 IR and
Raman intensities have been computed analytically, using a CPHF/KS approach, as briefly recalled in Section
II C. As regards the pressure dependence of the spectroscopic response, from an experimental point of view, an
accurate study of the Raman spectrum has been reported
up to 20 GPa,23 whereas, to the best of our knowledge,
no IR data are available.
Before discussing the evolution under pressure of the
spectra, let us discuss the zero pressure ones and compare them with available experimental measurements. In
Figure 4, we report the computed zero pressure IR and

7
25.2 GPa

TABLE III. Zero pressure wave-numbers ν 0 (in cm−1 ) and
slope dν/dP (in cm−1 /GPa) of their pressure dependence
for selected modes (i.e. those experimentally available) of
CaSnO3 . Experimental data are from Kung et al.23
ν0
dν/dP
Exp. Calc. Exp. Calc.

#1
#2
#3
#4
#5
#6
#7
#8

163
183
227
245
264
278
358
443

Ag
Ag
B1g
B3g
Ag
Ag
Ag
Ag

161
197
233
272
284
296
382
462

2.28
1.29
1.65
2.86
2.67
1.94
4.35
3.06

2.13
1.07
1.50
2.24
1.89
1.74
3.82
2.84

Raman Intensity

Mode

20.8 GPa

16.7 GPa

12.9 GPa

10.0 GPa

6.0 GPa

2.9 GPa

6

1

Raman spectra of calcium stannate (red curves).
As regards the IR part, a recent study by Zheng et
al.33 reported an IR transmittance spectrum of CaSnO3
in the range 400-2000 cm−1 . As anticipated, only five
peaks were reported (whose position in the spectrum is
represented by vertical dashed lines in the upper panel of
Figure 4) and tentatively assigned to stretching modes of
Sn−O bonds and librations of the SnO6 octahedra. Out
of these 5 peaks, only 3 are found to somehow correspond
to our theoretical description: the ones at 432 cm−1 , 501
cm−1 and 643 cm−1 . In particular, the last one has been
reported to be the most intense and, indeed, is close to
the most intense peak in the simulated spectrum in that
region. The other two experimentally reported peaks (at
559 cm−1 and 876 cm−1 ) do not find any correspondence
in our computed spectrum and are likely to be considered
as spurious signals in the recorded spectrum. Most of the
IR fingerprint of CaSnO3 , however, is found below 400
cm−1 (see upper panel in the figure), a region that was
not explored by Zheng et al.33 Overall, the experimental characterization of the IR spectrum is rather poor; a
much richer description to compare with is available as
regards the Raman spectrum.
In the lower panel of Figure 4, our computed total Raman spectrum (red curve) is compared with the accurate
experimental determination by Kung et al.23 from their
Raman scattering experiment on a polycrystalline sample (black curve). After having redshifted our computed
spectrum by 18 cm−1 , the agreement between the two can
be considered rather satisfactory, as regards both relative
peak location and intensity. The spectrum is dominated
by two high-intensity peaks at about 270 cm−1 and 360
cm−1 with very similar intensities. The information content of our single-crystal theoretical simulation is much
larger than that of a polycrystalline measurement. The
total Raman spectrum of calcium stannate can, indeed,
be decomposed into six directional components (each one
corresponding to an independent element of the polariz-
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FIG. 6. (color online) Evolution under pressure, up to 25 GPa,
of the computed Raman spectrum of CaSnO3 . Intensities at
all pressures are relative to the zero-pressure ones. The width
of the horizontal arrows represents the experimental separation between the two most intense peaks in the spectrum, as
obtained by fitting measured data by Kung et al.23 The vertical dashed lines are just an eye-guide. In the zero pressure
spectrum, selected peaks are labeled according to Table III.

ability tensor, see equation 3) with contributions from
specific phonon modes of given symmetry (irreducible
representations of the group). In Figure 5, we report
such directional Raman spectra; in all panels, but the
bottom one, red spectra report the intensity relative to
the xx component (bottom panel). The black line represents spectra where the highest peaks of all panels are
normalized to the same value to highlight features of lowintensity components. Diagonal xx, yy and zz components arise from Ag phonon modes whereas off-diagonal
components, xy, xz and yz, from B1g , B3g and B2g
phonon modes, respectively. The diagonal components
are very intense, xx and zz more so than yy and are essentially the responsible for the two high-intensity peaks
mentioned above. The off-diagonal components show a
low intensity, particularly so for the xz one. These theoretical predictions could be verified by highly accurate
single-crystal directional Raman scattering experiments,
as already reported for the CaTiO3 perovskite.29
We now analyze the effect of pressure on the spectroscopic response of calcium stannate. In their recent
work, Kung et al.23 have measured the polycrystalline
Raman spectrum of CaSnO3 under pressures up to 20
GPa. In the zero pressure spectrum, they could identify
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10 peaks which, however, reduced to 8 in the diamond
anvil cell experiments at high pressures, thus restricting
the explored range to 0-550 cm−1 . For these 8 peaks,
they could determine the slope dν/dP (the pressure dependence of the corresponding wave-numbers). These
data are reported in Table III and compared with our
computed values. Experimental and computed wavenumbers at zero pressure, ν 0 , are also reported, along
with our symmetry assignment. From the analysis of
the table we can deduce that: i) apart from the very
first peak, as already mentioned before, our computed
wave-numbers are blue-shifted by about 15-20 cm−1 with
respect to experimental ones; ii) the computed pressure dependence of wave-numbers is found to remarkably match the experimental one, in particular as regards
the relative slopes among those modes. If we sort these
8 modes in terms of decreasing slope, indeed, we get
#7≫#8>#4>#5>#1>#6>#3>#2 according to the
experiment and #7≫#8>#4>#1>#5>#6>#3>#2
from our computed data.
In Figure 6, we report the computed overall Raman
spectrum of CaSnO3 as a function of pressure. All spectra are relative to the zero pressure one. At each pressure, the horizontal arrow represents the experimental
separation between the two most intense peaks of the
spectrum, as obtained by fitting measured data by Kung
et al.23 Vertical dashed lines are eye-guides aligned to selected zero pressure peaks to highlight peak shifts under
pressure. From inspection of the figure, some observations can be deduced. All peaks in the spectrum are
blue-shifted by pressure but with quite different speeds.
Let us consider, for instance, the two most intense peaks
of the spectrum (modes #6 and #7 in Table III); it is
clearly seen how the second one shifts more than the first
one (with a velocity dν/dP of 3.82 cm−1 /GPa with respect to 1.74 cm−1 /GPa, as reported in Table III). As
a consequence, the separation between the two increases
with pressure. By comparing our computed separation
with the experimental one23 (horizontal arrows in the
figure), we can clearly see how accurately present calculations are describing the evolution under pressure of
this feature of the spectrum. The small peak appearing
at about 700 cm−1 (that could not be detected in the
experiment by Kung et al.23 ) is the fastest one, evolving
with a speed of 4.22 cm−1 /GPa whereas the slowest one
is the peak at about 200 cm−1 with a speed of just 1.07
cm−1 /GPa. The Raman intensity decreases as a function of pressure for all peaks in the spectrum but #8
that shows an almost constant intensity on pressure, in
agreement with experimental evidence. Intensities of different peaks vary differently with pressure. In particular,
that of peak #7 decreases much more than that of peak
#6, again in agreement with what reported by Kung et
al.23
As a last point, we report the evolution under pressure of the computed IR spectrum of CaSnO3 . To the
best of our knowledge, there are no experimental studies
to compare with, in this respect. Given the fairly sat-
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FIG. 7. (color online) Evolution under pressure, up to 25
GPa, of the computed IR spectrum of CaSnO3 . Intensities at
all pressures are relative to the zero-pressure ones. Vertical
dashed lines are just an eye-guide. In the zero pressure and
25 GPa spectra, selected peaks are labeled to facilitate the
discussion in the text.

isfactory description of the pressure dependence of the
Raman spectrum discussed above, we consider these predictions to be rather reliable and to constitute a stimulating and useful starting point for further experimental
measurements. In Figure 7, we report the computed IR
spectrum at 8 different pressures from zero to 25 GPa.
Selected peaks are labeled from #1 to #12 (both in the
bottom and top spectra) to facilitate the discussion; the
remaining 13 peaks have low intensity at zero pressure.
From inspection of the figure we note that, as pressure
increases, the spectrum becomes more structured; new
peaks appear like #7, the one between #11 and #12
and that close to #4. All peaks are blue-shifted under
increasing pressure even if with different speeds. Among
the selected peaks, the slowest ones are #2 and #7 (with
speeds of 1.59 and 1.77 cm−1 /GPa, respectively). The
peaks with largest shift speed are #11 and #12 (4.70
cm−1 /GPa) and #8 (3.45 cm−1 /GPa). As regards the
intensity, we note that it generally decreases with pressure but just by a relatively small amount (about 10 %
for the highest peaks). An interesting feature of the spectrum is the inversion in relative intensity of peaks #8 and
#9 at about 6 GPa.
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IV.

CONCLUSIONS

The evolution under increasing pressure, up to 25
GPa, of the spectroscopic response of the calcium stannate, CaSnO3 , perovskite has been fully characterized by
means of advanced ab initio simulations. The pressure
dependence of phonon wave-numbers and infrared (IR)
and Raman intensities is computed and compared with
experimental data (when available). 25 IR and 24 Raman
active peaks are computed, with respect to 5 and 12 experimentally reported ones. The theoretical description
of the evolution under pressure of the Raman spectrum
is found to closely match the experimental one. On these
grounds, our predictions about the pressure dependence
of the IR spectrum (which is not yet available experimentally) are expected to be reliable and to constitute a
stimulus for further experimental measurements.
In order to achieve such a full characterization,
the combined use of a large number of advanced algorithms (equation-of-state, elastic tensor calculation,
phonon frequency evaluation, IR and Raman intensities via Coupled-Perturbed-Hartree-Fock/Kohn-Sham
scheme), as recently implemented in the Crystal14 program by some of the authors, was required. In particular,
the analytical calculation of IR and Raman intensities
for periodic systems has only recently become available
and is here applied for the first time to investigate the
pressure dependence of computed spectra. An accurate
computational methodology, based on periodic ab initio simulations at B3LYP level of theory and using local
Gaussian-type function basis set, has been devised for
this purpose which has allowed to reliably discuss many
structural, elastic and spectroscopic features of calcium
stannate up to 25 GPa of pressure.
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