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Abstract

A theoretical study of the structural, electronic, optical and lattice dynamical properties of SrCl,
in the cubic fluorite structure has been performed using first-principles calculations. The
calculated ground state and elastic properties are in good agreement with the experiments. The
calculated band gap is underestimated within the generalized gradient approximation for the
exchange and correlation functional. GW calculations have been performed in order to improve
the band gap and good agreement with the experiment is obtained. The phonon dispersion
relations are discussed in detail in addition to the ground state and elastic properties. Also, the
optical properties are computed with DFT corrected by the GW approximation.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Alkaline-earth halides crystallizing in the fluorite type
structure such as CaF,, SrF,, BaF, and SrCl, exhibit fast-
ion conduction at high temperatures [1, 2] and have attracted
growing interest due to their technological importance in
the field of solid state ionics [3]. SrCl,, which is studied
in this paper, has the unique distinction of being the only
divalent metallic chloride crystallizing in the cubic fluorite
structure without an established temperature dependent phase
transition [4]. SrCl, exhibits superionic properties like other
fluorite structure based compounds and these are widely
studied by different experimental probes and theoretical
models [5]. An interesting feature of this compound is the
strong temperature dependence of the elastic constants [6],
which is related to the superionic transition state. Considerable

6 Author to whom any correspondence should be addressed.

0953-8984/10/445402+06$30.00

experimental and theoretical work involving structural, elastic
and optical properties under ambient and high pressure is
available for CaF,, SrF, and BaF, [7-9]. Like all the fluorite
type dihalides, SrCl, is also expected to undergo a structural
phase transition to an orthorhombic structure [10]. Excited
state emission spectra and luminescence properties of SrCl,
have been investigated by several authors [11-14]. Lauer et al
have determined the elastic constants experimentally using
ultrasonic pulse echo technique [15]. Recently, a full-potential
linear muffin-tin orbital method has been used to investigate
the electronic structure of SrCl, leading to the determination of
ground state and elastic properties [16]. The phonon dispersion
curves, infrared and Raman spectra of SrCl, were studied a
long time ago [18]. Phonon dispersion curves of SrCl, have
been measured at room temperature in the [001], [110], [111]
directions using the inelastic neutron scattering technique [19].
Structural and optical properties of SrCl, have been recently

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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studied theoretically using the full-potential linear augmented
plane wave method [20].

One of the goals of the present work has been to explore
the lattice dynamics of SrCl, theoretically using first-principles
density functional calculations, in order to provide detailed
information about the phonon frequencies of SrCl,. In addition
efforts were made to improve the band gap of SrCl, as
compared to the earlier calculations [16, 20], by employing
the GW approximation. From these more refined calculations,
we have obtained the frequency dependent dielectric function.
The rest of the paper is organized in the following manner.
Section 2 deals with the computational details. Results and
discussion are given in section 3 and finally section 4 concludes
the paper.

2. Computational details

To perform the calculations, we have used VASP (Vienna
Ab Initio Simulation Package) [22, 23], implementing the
projector augmented wave (PAW) method [24] within density
functional theory [25, 26]. The Perdew—Burke—Ernzerhof [27]
variant of the generalized gradient approximation (GGA) was
used for the exchange—correlation potential. A cut-off of
308 eV was used in the calculations. Total energies were
calculated as a function of volume, for a (13, 13, 13) k-mesh,
and are fitted to the Birch equation of state [28] to obtain the
ground state properties. Elastic constants are calculated using
volume conserving strains as outlined in [29]. We have relaxed
the internal coordinates of the strained unit cell to arrive at the
elastic constants.

The phonon dispersion of SrCl, was performed with the
direct force method [30], where the force constant matrices
are retained through a series of force calculations. In these
calculations Methfessel-Paxton smearing of 0.2 eV was used
together with a 6 x 6 x 6 Monkhorst—Pack k-point grid. The
supercell used was obtained by increasing the cubic primitive
cell three times along the three primitive lattice vectors,
resulting in a 81-atom supercell. Moreover, since DFT has
difficulties in treating excited states, and in particular the band
gap, which is usually underestimated by LDA or GGA, we
have used the GW approximation (GWA) [32, 33] to obtain the
band gap of SrCl,. In the framework of the GW approximation,
the following quasiparticle equation is solved:

(T + Vexe + Vi) Y (1) + / &S, v, By (k) Y (1)
= E,(K) Y (1)

with T being the kinetic energy operator, Vi the external
potential due to the ion cores, and Vj, the Hartree potential.
Also, ¥ is the self-energy operator, and E, (k) and ¥y, (r)
are respectively the quasiparticle energy and wavefunction.
Then, the self-energy operator is written as the product of the
Green’s function times the screened Coulomb interaction W,
which gives the so-called GW approximation. Finally, the GW
quasiparticle eigenvalues are obtained as a correction of the
DFT eigenvalues €, (K) such that [34]:

Re E, (k) = €” (k) + Z,x
x [(WXT I Re 2(r, ', €, (k) [ WX T)
— (VT VEET () (W T,

Table 1. Calculated GGA values of lattice constant, a, expressed in
A, bulk modulus, By, in GPa for SrCl,, compared with experiment.

a BO
Present 7.038 33
Expt 6.9744* 34.3°
Other theory ~ 6.80°, 7.042¢,7.032¢  37.2¢,35.3¢

* Room temperature value from [21].
 From elastic constants of [15].

¢ LAPW calculations using LDA of [31].

4 LAPW calculations using GGA of [20].

¢ FP-LMTO calculations using GGA of [16].

The QP renormalization factor Z,x corresponds to

9 / B
257 = [1- T Re B et

We have used the GW approximation implemented in
the code VASP [35], which gives similar results to earlier
GW implementations within the PAW formalism [36, 37].
To converge our calculation, 100 bands were used for the
summation over bands in the calculation of the polarizability
and the self-energy, and a cut-off of 150 eV was used for the
size of the polarizability matrices.

3. Results

3.1. Structural and electronic properties

As a first step, the equilibrium lattice parameter has been
computed by minimizing the total energy calculated for
different volumes by using the Birch equation of state [28].
The calculated lattice constant obtained within the GGA to
the exchange—correlation potential slightly overestimates the
experimental value at room temperature by 0.78%. This value
is also in accord with the earlier results obtained using the FP-
LMTO method [16]. The bulk modulus is also calculated at
the theoretical volume and it is also in good agreement with
the experiments. The results are compared with the available
experimental and theoretical values in table 1.

SrCl, is an indirect band gap insulator, whose band gap
has been reported to be 5.18 eV in the earlier theoretical
investigations [16]. This is substantially lower than the 7.5 eV
reported experimentally [11]. Hence it is worth making efforts
to improve the band gap before we proceed with the optical
studies.

In the present study, GW calculations have been
performed in order to improve the band gap along the high-
symmetry directions and they are shown in figure 1. The lower-
lying bands are predominantly the Sr p and CI s-like states.
These states are lying deep in the energy range of —15 to
—12 eV. The conduction band states are dominated by Sr d-like
states with a mixture of Cl d and Sr s-like states. From the band
structure it appears that the top of the valence band is at the X
point and the bottom of the conduction band lies at the I" point.
The values of band gap using the GGA/GW approximations
at the I', X and W points are found to be 5.7/7.8, 5.5/8.0 and
6.4/8.8 eV respectively. The indirect band gap measured in the
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Figure 1. Band structure of SrCl, at the theoretical lattice constant
(GGA, full lines; GW, dots). The coordinates (in reciprocal space) of
the high-symmetry points are the following: W (0.5 0.75 0.25);

L (0.50.50.5); I" (000); K (0.750.375 0.375); X (0.5 0.5 0.0).

X-T" direction is 7.8 eV using the GW approximation and it is
in excellent agreement with the experimentally reported value
of 7.5 eV [11]. From the band structure, one observes that the
valence band is composed predominantly by CI p states with a
band width of 2.75 eV with the GGA and 3.2 eV with the GW
approximation. The deep-lying Cl s-like states are not shown
in the figure.

The ordering of the bands is preserved when going from
DFT to GV, and therefore the GW correction can be seen to
a first approximation as a rigid shift of the conduction bands
of SrCl,. This fact will be used to obtain the correct optical
spectra (see below).

3.2. Optical properties

The optical properties of matter can be described by means of
the transverse dielectric function €(w). This comprises two
contributions, namely the interband and intraband transitions.
The contributions from intraband transition find importance
only in metals. The interband transitions can further be split
into direct and indirect transitions. Here we neglect the indirect
interband transition, which involves scattering of phonons and
is expected to contribute only little to €(w). To calculate
the direct interband contributions to the imaginary part of the
dielectric function, one must sum up all possible transitions
from occupied to unoccupied states.

The real part of the frequency dependent dielectric
function can be derived from the imaginary part using the
Kramers—Kronig relations. The knowledge of both the real and
imaginary parts of the frequency dependent dielectric function
allows the calculation of important optical functions such
as refractive index, reflectivity and absorption coefficients.
Optical property calculations need a dense mesh of uniformly
distributed k-points. Hence the Brillouin zone integration was
performed with a 16 x 16 x 16 k-point mesh in the Brillouin
zone.

Figure 2 displays the real and imaginary parts of the
dielectric function of SrCl,. A scissor-operator correction of
2.1 eV, corresponding to the GW correction at the I point,
has been applied in order to correct the deficiency of DFT
concerning the band gap. By analysing the curve, it is quite

:
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Figure 2. Real and imaginary parts of the dielectric function
computed with a scissor shift obtained from GW calculations.

clear that the threshold energy of the dielectric function occurs
at around 8 eV. This corresponds to direct transitions at the
high-symmetry points X and I" between the highest valence
and lowest conduction bands, and is known as the fundamental
absorption edge. Beyond these points, the curve increases
rapidly, as the number of points contributing to Ime(w)
increases abruptly. The main peak in the spectra is situated
at around 10 eV. This peak might have evolved from some
direct transitions at some other points in the Brillouin zone,
such as the L point. The main peak is further followed by
three other peaks located around 12, 15 and 23 eV. Using our
calculated band structure it would be worthwhile to identify the
interband transitions that are responsible for the Im € (w). The
first structure can be assigned to the direct transitions along
the (L-I") directions. The second one is primarily due to the
(W-W) transition with contributions of direct transitions along
(X-=W) direction, while the last structure comes from direct
transition along the (W-L) direction. It can be clearly seen
that the Cl p states and Sr d states play a major role in the
optical transitions as initial and final states respectively. The
zero-frequency limit of the real part of the dielectric function
has a value of 2.8, which corresponds, as expected, to a value
for a large-band-gap insulator.

3.3. Elastic properties

The elastic constants of solids provide a link between
the mechanical and dynamical behaviour of crystals and
provide important information concerning the nature of forces
operating in solids. In particular, they provide information
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Table 2. Calculated elastic constants, shear modulus G, Young’s modulus E, all expressed in gigapascals, and Poisson’s ratio v for SrCl,.
Results from the present study refer to the calculated equilibrium volume.

Cl] C]z C44 G E v
Present 66 16 12 17 44 0.276
Expt* 70.2 164,173 9.72 16.6 429 0.292
Others  70.5°,66.9° 20.5°,19.6° 14.2°,9.9° 18.5°,15.4° 47.6°,42.9° 0.4° 0.310¢

 Data at 195 K, from [15]. ® LAPW calculations using GGA of [20]. ¢ FP-LMTO calculations

using GGA of [16].

on the stability and stiffness of materials and their calculation
requires precise methods. In the present work elastic constants
have been computed in a manner similar to our earlier
work [16] and are tabulated in table 2.

The calculated elastic constants, Young’s modulus, shear
modulus and Poisson’s ratio obtained in the present study are
in good agreement with the available experimental and earlier
theoretical work. The value of Cy4 is slightly overestimated
when compared with the experimental value. In addition
we would like to mention as a point of caution that the
experimental values quoted in the table are obtained at 195 K,
whereas the calculated values pertain to 0 K. Finite temperature
generally tends to reduce the elastic constants. Consequently,
we would expect the experimental values at low temperature
to be somewhat higher then the quoted values and thereby
we could find theoretical values to agree better with the
experimental values.

A simple relationship which empirically relates the plastic
properties of materials with the elastic moduli was proposed
by Pugh [17]. The shear modulus G represents the resistance
to plastic deformation whereas the bulk modulus B represents
the resistance to fracture. A high B/ G ratio is associated with
ductility whereas a low value corresponds to a brittle nature.
The critical value of B/G which separates ductile from brittle
materials is around 1.75 (i.e., if the B/ G value is greater than
1.75 the material behaves in a ductile manner, otherwise the
material behaves in a brittle manner). In the case of SrCl, the
B/ G ratio is found to be around 1.90, classifying this material
as ductile.

In addition, we have calculated the longitudinal, v}, the
shear, vs, and the average, v, sound velocities in the (100)
and (111) directions of SrCl,, through the relations [40]

C C
o' == o100 — [ 1)
D D
HID _ \/Cn +2C12 +4Cy
1 - k]
3D
2
L1 _ Cii —Cin+Cy
* 3D '
Um = 31U + 3, 3)

where D denotes the density of mass. The results are listed in
table 3.
3.4. Phonon dispersion of SrCl,

The calculated phonon dispersion and phonon density of states
are shown in figures 3 and 4 respectively. We do not find

o [meV]

=

0 I I
05 025 0 0.5 1

I I
075 05 025 0

Figure 3. Theoretical phonon dispersion, solid black line and red
dashed line, together with experimental data [19], black circles. Here
the solid black line is the calculation where the LO-TO splitting has
been taken into account by means of equation (4), whereas the red
dashed line displays the results of the calculation where no LO-TO
splitting has been imposed.

Table 3. Longitudinal, v, shear, v, and average, v, sound
velocities in km s™! for SrCl, in the (100) and (111) directions,
calculated through equations (1)—(3).

vy Vg U
Present (100) 4.67 2.02 2.90
Present (111) 4.04 2.61 3.08
Expt (100)* 479 178 278
Expt (111)* 393 261 3.05

* The experimental data are taken
from [15].

any imaginary phonon frequency in the dispersion curve. This
support the dynamical stability of the compound in the fluorite
structure which is also evident from the positive values of the
elastic constants which was discussed earlier. Here the best
agreement between theory and experiment is primarily found
for the acoustic phonon branches, whereas there are substantial
discrepancies at the optical modes. These discrepancies can of
course be ascribed to the tendency of the GGA approximation
to underbind, resulting in slightly underestimated theoretical
optical frequencies at the I" and X points, which in principle
could be changed to overestimations if the LDA approximation
were to be employed [38]. However, the more likely cause of
the discrepancies is size effects due to the limited size of the
supercell used in the calculation. One of the more pronounced
size effects is the degeneracy between the longitudinal-optical
and transverse-optical phonon modes at q = 0; see the
red dashed curve in figure 3. This is degeneracy is due
to the incorrect treatment of the infinite range dipole—dipole
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Figure 4. Theoretical phonon density of states solid black line and
dashed—dotted line, together with experimental data [19], red dashed
line. Here the solid black line is the calculation where the LO-TO
splitting has been taken into account by means of equation (4),
whereas the black dashed—dotted line displays the results of the
calculation where no LO-TO splitting has been imposed. Observe
that both the experimental and theoretical density of states, g(w), has
been normalized so that [~ g(w) dw = 1.

interaction, and is only removed if an infinite size supercell is
used, or if non-analytical corrections to the dynamical matrix
are included in an ad hoc manner.

The splitting between the longitudinal- and transverse-
optical phonon modes at q = 0 (LO-TO splitting) was taken
into account by means of the non-analytical dipole—dipole
interaction correction to the dynamical matrix, given by the
expression found by Parlinski et al [39],

47re?

VM, M,
“

Here m, n are Cartesian coordinate indices, V the volume of

=y =3
Z DnZ Dn i, —b) /07

Dﬁ;; ((l) corr — =
qecq

the primitive cell and M,,, 7" is the mass respectively Born-
effective-charge matrix of atom p, which is placed at the
relative atomic coordinate b,,. Furthermore, éoo is the static
infinite wavelength dielectric matrix, G is the reciprocal lattice
vector at which q is centred and p is a free damping parameter,
which is used to suppress the correction term as |q| > 0.
Since it was beyond the scope of this study to calculate the
Born-effective-charge matrices and the dielectric matrix, goo,
and since we could not find these constants in the literature,
they were treated as parameters and chosen in such a way
that they reproduced the LO phonon mode at ¢ = 0. The
Born-effective-charge matrices used for the Sr and Cl atoms

were Zisjr = 26;; and Z[le = —4§;;, the dielectric matrix
used was eéé = 1.354;; and the damping parameter used was
0 =0.0425 A"

The effect of the inclusion of the non-analytical correction
can be clearly seen in figure 3 (solid black line), as it
completely removes the degeneracy between the LO and
TO modes at the I point. Furthermore, from the phonon
density of states displayed in figure 4, it becomes evident that
LO-TO splitting only affects the spectrum at frequencies of
225 meV.

4. Conclusions

A theoretical study of the structural, electronic, optical and
lattice dynamical properties of SrCl, has been carried out using
the first-principles calculations. The calculated properties are
found to be in good agreement with the experiments. In
addition, GW calculations have been performed with the aim
of improving the band gap, which is usually underestimated
with the LDA or the GGA approximation for the exchange—
correlation potential. Optical properties and lattice dynamics
of SrCl, are also presented in detail in addition to the ground
state and elastic properties.
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