
ARTICLE IN PRESS

Journal of Physics and Chemistry of Solids 69 (2008) 2924–2927
Contents lists available at ScienceDirect
Journal of Physics and Chemistry of Solids
0022-36

doi:10.1

� Corr

Bilkent,

E-m
journal homepage: www.elsevier.com/locate/jpcs
First principles study of barium chalcogenides
Gökhan Gökoğlu a,b,�
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a b s t r a c t

In this study, ab initio calculation results of the vibrational properties and elastic parameters as well as

characteristic Debye temperature and Poisson’s ratios of two barium chalcogenides, BaSe and BaS,

which crystallize in NaCl-type structure, were presented. Calculations were based on plane wave basis

sets together with ultrasoft pseudopotentials in the framework of density functional theory (DFT) with

generalized gradient approximation. Phonon dispersion spectra were obtained using the first principles

linear response approach of the density functional perturbation theory (DFPT). The detailed total energy

calculations were performed in order to obtain elastic constants using distortions on cubic phase. The

calculated structural, elastic, and thermal parameters of BaSe and BaS systems agree well with the

available experimental data and theoretical calculations.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The alkaline-earth chalcogenides, which are the compounds of
II–VI group elements, are large gap insulators with closed shell
ionic system and most of them crystallize in six-fold coordinated
NaCl-type structure except MgTe whose stable ground state phase
is hexagonal wurtzite structure under zero pressure. It is also
known that the barium chalcogenides have the highest ionic
character among the all other alkaline-earth chalcogenide com-
pounds and show metallization behavior [1,2] together with a
structural phase transition under high pressures [3]. The im-
portance of these materials arise from the large technological
applications in microelectronics, light-emitting diodes (LEDs),
laser diodes (LDs), and magneto-optical devices [4].

The electronic structure and optical properties of these
compounds (BaX; X ¼ Se, S, Te) were investigated in previous
experimental [5,6] and theoretical studies [3,7–10]. The phase
transition behavior from NaCl (B1) to CsCl (B2) structures were
also studied extensively. In these works, the stability of B1 phase
were verified up to �6 GPa for BaS and BaSe compounds [1,11].
The band-overlap metallization and metal–insulator transition
volumes of barium chalcogenides were calculated for the first
ll rights reserved.
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time in an earlier work using self-consistent augmented spherical
wave (ASW) technique with local density approximation [12]. In
two recent studies, electronic, high pressure, and elastic proper-
ties as well as chemical bonding mechanisms of BaTe, BaSe, and
BaS were investigated by FP-LAPW method with generalized
gradient approximation (GGA) functionals [7,13]. Electronic and
optical properties were also investigated in another work using
the same method with and without spin–orbit interactions [10]. It
is a noteworthy point that spin–orbit interactions have no
remarkable effect on electronic band structures of these com-
pounds. Although the electronic properties of related compounds
are understood well, the studies on phonon and elastic properties
are very rare.

In the present work, elastic, structural, and vibrational proper-
ties of BaSe and BaS systems in stable ground state phase
(B1 structure) were studied using plane-wave pseudopotential
method of the density functional theory (DFT) with GGA
functionals. The vibrational properties were investigated in the
linear response approach of the density functional perturbation
theory (DFPT) in which phonon frequencies can be obtained with
an accuracy level which is equivalent to that previously obtained
for electronic structure. To date, there are only a few studies in
literature about the elastic properties of these compounds and no
study on vibrational dynamics, although there is a direct relation
between elastic and phonon properties. Moreover, several funda-
mental physical properties of solid materials like specific heat and
thermal expansion are related to elastic and lattice dynamic
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properties. Therefore, the major goal of the present study is to
clarify the lattice dynamics and all elastic and thermal parameters
of related compounds due to the absence of convincing studies in
the literature.
2. Computational details

Exchange-correlation potential was approximated with GGA
functionals of the DFT with Perdew–Burke–Ernzerhof parameter-
ization [14]. GGA is more successful to describe the ground state
properties of several binary compounds and experimental find-
ings can be verified with high accuracy. Pseudopotentials are
generated by scalar relativistic calculation for Ba and S and non-
relativistic calculation for Se atoms with non-linear core correc-
tion. The valance states of the atoms considered are as follows;
Ba: 6s2, S: 3s2 3p4, Se: 4s2 4p4. Brillouin zone integration
was performed with automatically generated 10� 10� 10 special
k-point mesh following the convention of Monkhorst and Pack
[15]. Wave-functions were expanded in plane wave basis sets up
to a kinetic energy cut-off value of 950 eV. These k-point and
energy cut-off values were tested and provide convergence in self-
consistent calculations. The charge density cut-off value was
taken as 10 times of the kinetic energy cut-off value due to the
high ionic character of the compounds under study. It is known
that the low charge density cut-off values can cause convergence
problems for these kinds of materials. Spin–orbit interactions
were not included in calculation procedure.

Phonon dispersion spectra was constructed using DFPT in the
linear response approach [16–18], in which second order
derivatives of the total energy were calculated to obtain
dynamical matrix. This method enables one to calculate the
vibrational properties of materials with high level of accuracy.
A relatively higher kinetic energy cut-off value with 1220 eV was
used for phonon calculation in order to obtain better accuracy. The
energy threshold value for convergence was 1:0� 10�14 Ry.
Dynamical matrices were calculated in a uniform grid of 4� 4�
4 k-points in the irreducible part of the Brillouin zone. The full
phonon dispersion spectra can be obtained with Fourier transform
using dynamical matrices.

The bulk moduli and its pressure derivatives are calculated
with Vinet equation of states [19] using energy–volume variation.
The root mean square error of energy obtained in fitting process
was less than 1:0� 10�6 Ry indicating high accuracy.

There are three independent elastic constants in cubic crystals:
C11, C12, and C44. These coefficients were calculated using volume
Table 1
Calculated and available experimental and theoretical (LDA and GGA) values of lattice co

coefficients (in GPa) of BaS and BaSe systems in rocksalt structure

Parameters Present Exp.

BaS

a 6.352 6.389 (Ref. [32])

B 44.60 39.42 (Ref. [32])

B0 5.15

C11 94.57

C12 19.61

C44 18.60

BaSe

a 6.608 6.593 (Ref. [1])

B 37.21 43.4 (Ref. [33])

B0 3.72

C11 82.67

C12 14.48

C44 15.62
conserving isochoric strains, which cause tetragonal and orthor-
hombic distortions on cubic structure. All the details of elastic
constant calculation procedure including strain tensors used were
explained in detail in Refs. [20,21].
3. Results and discussion

3.1. Elasticity of BaS and BaSe

The elastic parameters of the related compounds were
calculated using tetragonal and orthorhombic distortions on cubic
NaCl-type (space group Fm3m) structures. The utilization of
isochoric (volume conserving) strains in elastic constants calcula-
tions has several important consequences [22]. The total energy of
the system depends on volume more strongly than on strain.
Therefore, the volume contribution to total energy can be
eliminated by using volume conserving strains. The systems are
fully relaxed after each distortion in order to reach the
equilibrium state with approximately zero forces on all atoms.
This calculation procedure for elastic constants is the most
efficient way and gives very accurate results in comparison to
initial slopes of phonon dispersion spectra. The obtained root
mean square deviations for fitting process were less than 0.2%
which is an indication of the accuracy of calculated values.

GGA calculation of all structural and elastic parameters of BaS
and BaSe compounds are presented in Table 1. There is no
experimental study in the literature about the elastic constants of
barium chalcogenides, hence there is no possibility for compar-
ison with experiments. But the calculated values of lattice
constants and bulk moduli are in good agreement with experi-
ments. In calculation of the bulk moduli values, I used Vinet
equation of states which is found to be most accurate in a
previous comprehensive study [23]. Murnaghan [24] and third-
order Birch [25] equation of states give approximately 10% lower
bulk moduli values. These values are also consistent with the
other theoretical works of elastic constants based on LDA and GGA
functionals. The GGA calculated lattice constant values are greater
than LDA values due to overestimation. Surprisingly, my calcu-
lated C12 and C44 values are in better agreement with LDA results
rather than GGA. The given C12 and C44 values of the other GGA
based theoretical work are too low and do not seem to be
reasonable.

It is worth noting that the elastic constants of BaS including
bulk modulus are higher than the BaSe compound. This shows
that the elastic resistivity of BaS to a pressure in any direction is
nstant (in Å), bulk modulus (in GPA) and its pressure derivative, and elastic stiffness

Theo. [LDA] (Ref. [13]) Theo. [GGA] (Ref. [7])

6.316 6.446

53.32 40.28

4.90 3.88

115 101.05

17 9.67

18 9.24

6.511 6.668

45.95 37.05

4.42 3.74

104 94.74

14 8.20

15 8.51
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higher than the BaSe structure. The work of Lin et al. [26] states
that the ionic character of bonds between barium and other
chalcogen atoms decrease with the increasing atomic number of
chalcogen atoms. Therefore, the ionic character of the chemical
bond in BaS is stronger than the BaSe resulting in a more stable
crystal structure.

The one of the most important property of crystalline solids is
elastic anisotropy ratio which is defined as A ¼ 2C44=ðC11 � C12Þ.
This quantity is calculated as 0.50 and 0.46 for BaS and BaSe,
respectively. These crystals cannot be regarded as elastically
anisotropic due to the A values much less than 1.0. The larger
values of A show the tendency to differ from cubic structure. This
situation is also an indication of mechanical stability of the
current crystal structures (B1 phase). Poisson’s ratio is a major
elasticity related characteristic property for a material and is
calculated using the following relation [27]:

n ¼ 1

2

B� ð2=3ÞG

Bþ ð1=3ÞG

� �
(1)

where G is the isotropic shear modulus in the form
G ¼ ðGV þ GRÞ=2. GV and GR are Voigt’s and Reuss’s shear moduli,
respectively, and expressed as [28]

GV ¼
C11 � C12 þ 3C44

5
(2)

5

GR
¼

4

C11 � C12
þ

3

C44
(3)

Debye temperature (YD) corresponds to the upper limit of phonon
frequency in a crystal lattice and calculated using following
relation [29]:

YD ¼
h

kB

3n

4p
NAr
M

� �� �1=3

um (4)

where h and kB are universal constants and n, NA, M, and r are the
number of atoms in formula unit, Avogadro’s number, molecular
mass, and density (calculated values: rBaS ¼ 4:392 g=cm3,
rBaSe ¼ 4:980 g=cm3), respectively. um is the average wave velocity
and is dependent to transverse (ut) and longitudinal (ul) wave
velocities due to following formulas [30]:

um ¼
1

3

2

u3
t

þ
1

u3
l

 !" #�1=3

(5)

ul ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3r

s
(6)

and

ut ¼

ffiffiffiffi
G

r

s
(7)

The calculated values of average, transverse, and longitudinal
wave velocities, Debye temperatures, and Poisson’s ratios are
presented in Table 2. There is no study in the literature about
these parameters, hence there is no possibility for comparison.
But clearly, the accuracy of these values is as high as elastic
constants. The obtained Debye temperatures of these systems are
relatively low as an indication of the large contribution of lattice
vibrations to specific heat in the low temperature limit.
Table 2
Calculated values of transverse, longitudinal, average wave velocities, Debye

temperatures and Poisson’s ratios of BaS and BaSe compounds

Structure ut (km/s) ul (km/s) um (km/s) YD (K) n

BaS 2.37 4.20 2.64 247 0.276

BaSe 2.07 3.64 2.31 208 0.258
3.2. Vibrational properties

The full phonon dispersion spectra of BaS and BaSe systems
along the all main symmetry direction in fcc Brillouin zone are
shown in Fig. 1 together with vibrational density of states. The
energy scale of acoustic branches is very similar, while there are
remarkable differences in optical modes of two compounds due to
atomic mass difference of chalcogen atoms. The similarity of
initial slopes of the acoustic modes of two compounds under
study near G-point is a direct indication of similarity of the elastic
constant values which can also be obtained from the slopes of
acoustic branches when q) 0. The degenerated two transverse
acoustic and optical modes along the G2X and G2L directions are
splitted along the G2K direction according to crystal symmetry.
There is a visible gap between acoustical and optical modes of BaS
due to cation/anion mass ratio. The energy of longitudinal
acoustic branch of BaSe along G2K direction is higher than the
lowest transverse optical (TO) mode, this situation can also be
seen more clearly in vibrational density of states in which three
well-separated regions are distinguished for BaS compound
corresponding to transverse and longitudinal acoustical and
optical modes. The energies of the longitudinal optical (LO)
branches reach their maximum values at G-point for both the
compounds. The TO branches of BaS and BaSe do not show
dispersive behavior along all the symmetry directions and lie
around �4 and �3 THz frequency levels, respectively.

The large splitting of TO and LO modes at the zone center is a
characteristic behavior for ionic crystals and the same situation
was observed for magnesium chalcogenides in a recent theoretical
study [31]. The overall phonon spectra of the barium chalcogen-
ides do not show any anomalous vibrational property as an
indication of the stability of the NaCl-type crystal structure.

The elastic parameters of the solids can also be calculated
using the initial slopes of phonon dispersion spectra, so the region
near G-point are assumed to be linear and the slope gives the
wave velocity u ¼ do=dk. This can be done for several directions,
but only the acoustic modes in G2K ([110]) direction can give all
elastic parameters of a cubic crystal. The three non-degenerated
acoustic modes in [110] direction, TA1, TA2, and LA correspond
to the C44, C0ð¼ ðC11 � C12Þ=2Þ, and CLð¼ ðC11 þ C12 þ 2C44Þ=2Þ,
0

1

2

LWXLΓXKΓ VDOS

Fig. 1. Phonon dispersion curves along the main symmetry directions in first

Brillouin zone and vibrational density of states of BaS (a) and BaSe (b) compounds.
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Table 3
The comparison of elastic parameters calculated using strains and initial slopes

(q) 0) of phonon dispersion curves

Structure Method C0 CL C11 C12 C44

BaS Strain 37.48 75.69 94.57 19.61 18.60

Slope 32.4 73.3 84.2 19.4 21.5

BaSe Strain 34.09 64.20 82.67 14.48 15.62

Slope 29.9 63.3 75.2 15.4 18.0

All parameters are in units of GPa.
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respectively. The comparison of elastic constants calculated using
strain tensors (also given in Table 1) and initial slopes of phonon
dispersions are presented in Table 3. Although, the calculation
based on distortions are always known to be more accurate, the
results of two methods are in very good agreement. This situation
is a nice indication of the accuracy of calculated vibrational
spectra.
4. Conclusion

In this study, elastic and vibrational properties of two highly
ionic barium chalcogenide compounds, BaS and BaSe, were
studied within the framework of first principles density functional
calculations. The elastic parameters were obtained using volume
conserving isochoric strains, which is the most detailed and most
accurate way for calculating these constants. Phonon dispersion
spectra of related compounds was constructed for the first time
using linear response approach. The all calculated elastic and
structural parameters are in agreement with the other theoretical
works and available experimental data. The fundamental physical
properties of crystalline solids like Debye temperature and
Poisson’s ratio were also calculated for the first time. My all
calculated parameters should have high accuracy due to very low
root mean square errors in fitting procedures. The calculated
phonon spectra does not show any vibrational anomaly, which is
also consistent with the low elastic anisotropy ratio.
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[31] S. Duman, S. Bağci, H.M. Tütüncü, G.P. Srivastava, Phys. Rev. B 73 (2006)
205201.

[32] S. Yamaoka, O. Shimomuro, H. Nakazawa, O. Fukunaga, Solid State Commun.
33 (1980) 87.

[33] A.L. Ruoff, T.A. Grzybowski, in: S. Minomura (Ed.), Solid State Physics Under
Pressure, Terra Scientific, Tokyo, 1985.

http://dx.doi.org/10.1016/j.ssc.2008.05.013
http://dx.doi.org/10.1016/j.ssc.2008.05.013

	First principles study of barium chalcogenides
	Introduction
	Computational details
	Results and discussion
	Elasticity of BaS and BaSe
	Vibrational properties

	Conclusion
	Acknowledgments
	References


