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Abstract

Based on the Density Functional Theory (DFT) electronic band structure, state density, linear optics, elastic,
dynamic and thermodynamic properties of §'-SrTa,O, crystal with P4/mbm (No. 127) space group were in-
vestigated with the help of ABINIT and Wien2k code. In the study, it was found that the [5'-SrTa,O 4 crystal is
classified as a semiconductor with an indirect bandgap. For this crystal, the dielectric function was obtained
and optical constants such as energy loss function, extinction coefficient, absorption coefficient and reflectivity
were calculated. The components of the elastic stiffness tensor, the phonon dispersion, the state density and the
contribution of each atom to the state density were obtained. Finally, thermodynamic properties were deter-
mined for the 5'-Sr1a, O crystal. Furthermore, the changes in free energy (F), internal energy (E), entropy (S)

and heat capacity (C) depending on the temperature were investigated.
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I. Introduction

Due to a wide range of compositions and their desir-
able properties, such as microwave dielectric properties
[1,2], superconductivity [3], antiferromagnetism [4],
semiconductor behaviour with a narrow band gap [5],
catalytic selectivity [6,7], ferromagnetic behaviour [8],
being suitable host for laser applications [7,9] and su-
perior electrochemical performances [10], AB,O, com-
pounds (A and B include main group and transition
metal cations), have been interesting materials to inves-
tigate.

One of the compounds belonging to the AB,O, fam-
ily is SrTa,O (STO) related to orthorhombic CaTa,Oy.
In the literature, there are many experimental works de-
voted to STO and its derivatives. Bayer and Gruehn [11]
synthesized and investigated STO compound. They re-
vealed the compound’s lattice parameters and observed
that orthorhombic STO transforms to tetragonal tung-
sten bronze (TTB) structure STO at a temperature value
above 1220°C in air. Kunin et al. [12] prepared thin
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film strontium tantalite to investigate its temperature and
frequency dependence of electrical conductivity, € and
tan ¢. Bi,O; and STO form strontium bismuth tantalate
used by Lee and Jung to fabricate Pt/SrBi, Ta,O,/Pt ca-
pacitors [13]. Ollivier and Mallouk [14] used a chimie
douce reaction to obtain STO. In addition, STO was
also synthesized by a solid-state reaction and its band
gap value was measured [15]. Tokimitsu et al. [16] used
SrTa,O,/SiON stacked-layer as an “I”” layer in MFMIS
structures. They emphasized that the physical proper-
ties of STO have not been well known. The plasma-
enhanced atomic layer deposition method was used to
prepare STO thin films to investigate their electrical
properties with increasing annealing temperatures [17].
Sakamoto et al. [18] used the chemical solution depo-
sition method to fabricate (Sr,Ba)(Nb,Ta), O, thin films.
The electrical characterization of the STO thin films was
reported by Chae et al. [19]. Regnery et al. [20] grew
STO thin films for high-k dielectric application pur-
poses via chemical vapour deposition on various sub-
strates. STO thin films with different thicknesses were
deposited in a multi-wafer planetary MOCVD reactor
combined with a TRIJET liquid delivery system to in-
vestigate their electrical properties for MIM and MIS
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applications [21]. Silinskas et al. [22] prepared STO
thin films using the metalorganic chemical vapour de-
position method to investigate the annealing tempera-
ture effects on electrical properties. Muthurajan et al.
[23] used the hydroxide precursor method to synthe-
size STO at low temperatures. Lu et al. [24] investi-
gated thickness dependence of interface between STO
thin films and Pt electrodes and defects in STO thin
films. The crystal structures of two out of three phases
of STO were studied by Kim et al. [25]. Lu and co-
workers [26] investigated the capacitance-voltage and
leakage-current characteristics of amorphous and crys-
talline STO thin films. Lu ef al. [27] doped STO thin
films with Si and Ti impurities to monitor their effects
on the electrical properties of sol-gel derived amorphous
STO thin films. STO was doped with Pr** ion to prepare
red-emitting phosphor [28]. STO was used to fabricate
the Ag-SrTa,0,/g-C;N, photocatalyst system [29]. The
dielectric properties of 8 and §’-SrTa, O crystal struc-
tures were measured using phase pure ceramic speci-
mens [30]. A semiconductor heterojunction SrTa,O/g-
C;N, was fabricated to measure its visible-light photo-
catalytic properties [31]. STO thin films were used for
gate insulators to improve InGaZnO thin films [32,33].

After a comprehensive search through the literature,
we could not find any theoretical work which was de-
voted to understanding the properties of STO com-
pound. In this work, the electronic, structural, optical,
dynamic and thermodynamic properties of STO com-
pound were investigated via theoretical approach. This
study may be a guide for researchers who will do more
research on STO or compounds including STO to reveal
the potential use of the compound in the technological
area.

II. Details of calculation

The experimental parameters, which were used as ini-
tial parameters to construct structural file for Wien2k
[34] and ABINIT [35] computational codes, were re-
ported by Kim et al. [25,30]. The unit cell of STO was
drawn by the Vesta 3 [36] and is given in Fig. 1. Wien2k
was used as a tool to calculate electronic, structural and
optical properties of STO via Density Functional The-
ory (DFT), which plays important role in understand-
ing structure-property relations. In the calculation, the

Figure 1. The unit cell of 8'-SrTa, O, crystal

exchange-correlation energy is treated within the GGA
as parametrized by Perdew et al. [37] and suggested by
Wien2k. However, it is a well-known fact that DFT un-
derestimates the bandgap value of material compared to
experimentally determined [38]. Therefore, Tran-Blaha
modified Becke-Jonhson (TB-mBJ) potential [39] was
used to predict the energy band gap of any compound
more accurately. Moreover, the threshold energy be-
tween valence and core states is taken to be —8.0 Ry.

The elastic, dynamic and thermodynamic properties
were calculated within the ABINIT package program.
In ABINIT calculation, the Trouillier-Martins type [40]
self-consistent norm-conserving pseudopotentials gen-
erated by FHI (FHI98PP) code [41] were used in all
calculations. In addition, while making these calcula-
tions, valence electrons 5s2 for strontium (Sr), 54° and
65> for tantalum (Ta) and 2s® and 2p* for oxygen (O)
were considered. The total valence electrons are 12 for
Sr, 50 for Ta, and 180 for O. Therefore, the compound
f’-SrTa,O4 has 121 valence electrons. All calculations
with ABINIT were based on local density approxima-
tion (LDA) for the solution of Kohn-Sham equations
[42] and 20 Hartree and 2 X 2 X 2 Monkhorst-Pack mesh
grids were selected for cut-off energy and Brillouin zone
(BZ), respectively.

II1. Results and discussion

3.1. Structural optimization

Structural optimization was made for the base case
with the Wien2k package program, using the lattice pa-
rameters and atomic positions given by Lee et al. [43].
The volume optimization process in Wien2k was used
to obtain the theoretical lattice parameters, which are
within 1% of those obtained experimentally (Fig. 2).
The optimized lattice parameters were used in the rest
of the calculations.

3.2. Electronic band structure

To evaluate a compound whether it could be used in
technological areas, it is important to reveal its phys-
ical properties. Figure 3 demonstrates the electronic
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Figure 2. Volume optimization of 8’-SrTa, O, crystal
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Figure 3. Electronic band structure of 8’ -SrTa,O; crystal a-b) PBEsol-GGA ; c-d)TB-mBJ
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Figure 4. Total (TDOS) and partial density of states (TDOS) of 8’-SrTa, O, crystal

band structure of 5’-SrTa, O crystal along with different
high symmetry k-directions at equilibrium volume with
the PBEsol-GGA (Fig. 3a,b) and TB-mBJ (Fig. 3c,d)
schemes. The indirect fundamental bandgap behaviour

[98]

appears between the topmost valence band at the R point
and at the bottom of the conduction band at I point. The
calculated indirect band gap values are 2.45 and 4.10eV
for PBEsol-GGA and PBEsol-GGA+TB-mBJ poten-
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Figure 5. Real (a) and imaginary (b) components of the dielectric function and optical constants (c-g) in different crystal axis
for §’-SrTa, O, crystal

tials, respectively. Note that the GGA method usually
underestimates the value of the energy bandgap energy
[44]. Moreover, it is seen that TB-mBJ (Fig. 3c,d) pre-
dicts the energy bandgap value of the compound more
accurately which is in a good agreement with the exper-
imentally obtained value [15]. A wide bandgap makes
the compound a good candidate for optoelectronic ap-
plications, therefore, the examined compound is a good
candidate due to the wide gap band gap value of around
4.1eV.

The total and partial density of states of the com-
pound are calculated and shown in Fig. 4. The O-2p
states are mainly predominant in the valence band. It is
seen that there is hybridization between Sr-3d and Ta-4d
states in the conduction band.

3.3. Optical properties

Semiconductors have a very important place in the
field of science and technology. They have wide appli-
cation potential in different fields such as semiconduc-
tor lasers and detectors. The optical properties of solids,
which have been used to determine where compounds
could be used, are very important for fundamental re-
search and industrial applications. When light interacts
with matter, light is either absorbed, reflected or passed
through. These three processes constitute the response
of matter to the incoming electromagnetic wave and can
be characterized by the frequency-dependent complex

dielectric function. These real and imaginary parts are
linked by Kramers-Kronig relations.

In this study, the optical properties of f’-SrTa,O,
crystal were investigated. The real and imaginary parts
of the dielectric function for this crystal structure are
given in Figs. 5a,b, respectively, for different crystal
axes. The first analysis reveals anisotropy of light in-
teraction immediately in Fig. 5.

Careful analysis reveals that the real part of the di-
electric function, which is related to the polarization of
the medium, descends into the negative region in all
crystal axis directions. This character implies the pres-
ence of reflection. In other words, in these regions, the
compound optically shows metallic properties. The val-
ues of the static dielectric constant of the 3'-SrTa,O,
crystal in the direction of different crystal axes were cal-
culated as &1, = &1, = 7.67, and g, = 3.7.

The variation of the refractive index versus the wave-
length in different crystal axes of the '-SrTa, Oy crystal
was examined and obtained (Fig. 5¢). The values of the
refractive index in the direction of different crystal axes
were calculated as ny, = n;, = 2.78, and n;; = 1.93,
respectively.

The extinction coefficient (Fig. 5e) had a similar char-
acter as the imaginary part of the dielectric constant as
it starts to increase from the threshold which was repre-
sented by the optical bandgap.

Reflectivity and energy loss function are calculated
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Table 1. Computed elastic stiffness tensors for 8’-SrTa, O, crystal (GPa)

Ci; 1 2 3 4 5 6

1 530.60593 210.34418  90.46035 0 0 0

2 210.88445 529.78587  90.39248 0 0 0

3 90.18706  91.04782  497.62943 0 0 0

4 0 0 0 69.50015 0 0

5 0 0 0 0 67.84603 0

6 0 0 0 0 0 164.82122

Table 2. Computed elastic compliance tensors for §’-SrTa, O, crystal (1/GPa)

Si; 1 2 3 4 5 6

I 000227 —0.00086 —0.00026 2.89804- 107" —1.19483-10° 9.81639.10°
2 -0.00086 0.00227 —0.00026 2.90216-10""" —1.19699-10° 9.82939-107
3 -0.00025 —0.00026 0.00210 7.45059-10""" —5.22868-10° 2.07081- 10~
4 0 0 0 0.01439 0 0

5 0 0 0 0 0.01474 0

6 0 0 0 0 0 0.00607

and illustrated in Figs. 5d and 5f, respectively. The anal-
ysis of reflective spectra reveals that 80% of the incom-
ing light is reflected and 20% goes through the UV re-
gion and almost all light is reflected at 300 nm. Then
it starts to increase and reaches a peak where 70% of
the light goes through the material in the zone corre-
sponding to the visible region. Then, the reflectivity de-
creases rapidly to around 30% of incoming light for
higher wavelength values.

The energy loss function, L(w), describes the energy
loss of a fast electron penetrating through the material.
Analysis of L(w) shows that four peaks appear in the
spectrum and they represent a property associated with
plasmon resonance. The important peak of the L(w)
function is located at energy 30eV.

The linear absorption spectrum is given in Fig. 5g.
The energy gap corresponding to the absorption thresh-
old starts at 4.1eV. The absorption threshold is due to
the electronic transition from the valence band to the
conduction band.

3.4. Elastic, dynamic and thermodynamic properties

To determine the mechanical stability of the fS'-
SrTa, Oy crystal, the components of the elastic stiffness
tensor (C;;) and the corresponding elastic compliance
tensor (S ;;) were calculated and listed in Tables 1 and 2.
To satisfy mechanical stability criteria for the tetragonal
system, the components of the elastic tensor satisfy the
following requirements [45]:

Ci;>0,i=1,3,4,6 (1)
Cii>Ch (2)
Cii+Cpn—-Cp>0 (3)
2C11+Cp+C;p>0 4@

It is easily seen from Table 1 that all calculated
elastic constants obey the generalized stability criteria
of tetragonal crystal requirements. Therefore, the com-
pound of interest is mechanically stable. Moreover, the

elastic constant reflects the directional resistance under
the stress. For example, C;; and Cs3 indicate the resis-
tance to linear compression along the g-axis and c-axis,
respectively. The values of Cy; and Cs3 are very large
(Table 1) which implies that the compound is incom-
pressible under uniaxial stress along the x and z axes.
Furthermore, C{; > C33 means that the z-axis is more
compressible than the x-axis.

The polycrystalline elastic properties such as bulk
modulus, shear modulus, Young modulus etc. were cal-
culated through the Voigh-Reuss-Hill method [46] and
inserted in Table 3. In addition to the above parameters,
Poisson ratio, flexibility coefficient, Debye temperature,
etc. were listed in Table 3. It is a well-known fact that
material with a higher bulk modulus value is more in-
compressible. Shear modulus indicates the resistance of
material to the shape changes under shear stress. The ra-
tio of stress to strain is represented by Young modulus,
E, which is regarded as a standard of solid stiffness. All
three parameters mentioned above are inserted in Ta-
ble 3.

Table 3. Computed elastic property for 8'-SrTa,O; crystal

Property Value
Voight Bulk modulus, By [GPa] 260.046
Reuss Bulk modulus, Bg [GPa] 256.102
Bulk modulus VRH average, Bygy [GPa] 258.074
Voight Shear modulus, Gy [GPa] 138.222
Reuss Shear modulus, Gy [GPa] 108.977
Shear modulus VRH average, Gygy [GPa] 123.599
Young modulus, £ [GPa] 319.752

Poisson ratio, v [-] 0.294

Flexibility coefficient, K [-] 2.088
Debye temperature, @p [K] 273.073
Longitudinal sound wave velocity, v; [m/s] 7.52- 103
Transverse sound wave velocity, v, [m/s] 4.07-10°
Average speed of sound, v, [m/s] 4.54-103
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Poisson ratio, v, representing the stability of solid
against shear deformation, has values between —1 and
0.5 for linear and elastic solid. Compound with a large
Poisson ratio has good plasticity. As seen in Table 3, the
compound under interest has v = 0.294 which makes
the compound stable and linearly elastic solid. Further-
more, 8'-SrTa, O, crystal is classified as ductile material
due to v > 0.26 and G, /B, < 0.57 [46].

The other fundamental parameters are Debye temper-
ature and sound velocities which are inserted in Table 3.
The temperature of the crystal’s highest normal mode
vibration is called the Debye temperature, which corre-
lates elastic properties with the thermodynamic proper-
ties. Most of the compounds have Debye temperature in
the range of 200—400 K. The Debye temperature of the
compound under investigation is above 400 K. Sound
velocity in an anisotropic material is strongly dependent
on the propagation direction. The calculated longitudi-
nal, transverse and average sound velocities are listed
in Table 3. Therefore, §'-SrTa, O crystal is hard with a
large wave velocity and has high thermal conductivity.

3.5. Dynamical and thermodynamic properties

Studying the vibrational properties and energies of
phonons is important for crystal structures because it
provides plenty of information about the dynamical
properties of the material. The phonon dispersion of the
f’-SrTa, O  crystal under LDA was obtained. The ob-
tained phonon dispersion and phonon density of states
(PHDOS) along the principal symmetry direction of the
Brillouin zone are given in Fig. 6. Since there are 46
atoms in the unit cell of the B'-SrTa,O, crystal and 3
degrees of freedom for each atom, there are 138 modes
in total. The phonon dispersion confirms the existence
of the gap between acoustic branches and optical ones.
Furthermore, as it can be seen in Fig. 6, the modes de-
scend into the negative region indicating a dynamically
unstable situation for a crystal.

To use a compound in a high-temperature applica-
tion, it is vital to compute its thermodynamic properties
[47]. The Debye temperature (®@p(K)), which is related

5x10 T T

< <

<]
4x103 §Z< ] ?§?

3x1073

2x10° L

I/

1x10°

Frequency (THz)
al

0

LY

ML

W
Y

-1x107%

N —=

I XMTZRA Z XR MA

-2x10°®
PHDOS

Figure 6. Phonon dispersion and phonon density of states for
B’'-SrTa, O crystal as calculated with the ABINIT-LDA code
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Figure 7. The dependences of internal energy (E), free
energy (F), entropy (S) and heat capacity (C) on
temperature for a 8'-SrTa, O, crystal

to the highest frequency modes of vibration, helps re-
searchers to compute thermodynamic properties of the
material such as thermal expansion, specific heat, melt-
ing temperature, etc. Predicted temperature-dependent
constant volume heat capacity, Cy, is shown in Fig. 7
and one sharp rise is immediately seen in temperature
values less than 400 K. At high-temperature values, Cy
converges to a constant value (around 1100J mol~'K™1),
the so-called the Dulong-Petit limit.

The zero temperature values Fy and E( do not vanish
because of zero-point motion. Figure 7 displays the cal-
culated internal energy (E), entropy (S), heat capacity
(C) and Helmbholtz free energy (F) within the range of
temperatures from O to 1000K at zero pressure. It can
be seen from Fig. 7 that when the temperature increases,
the internal energy increases almost linearly with tem-
perature. The calculated S increases and F decreases
continually for the compound. There are no literature
reports for the experimental values of the thermal prop-
erties, so we cannot estimate the errors between our cal-
culated results and experiment. Our results should be
considered as predictions and could serve for compari-
son with further works.

IV. Conclusions

Theoretical calculation based on the Density Func-
tional Theory is used to calculate structural, electronic,
optical, elastic, thermodynamic and thermal properties
of §’-SrTa, O crystal. The electronic structure calcula-
tion shows that the compound is classified as a semi-
conductor with an indirect band transition. The optical
properties were also investigated and showed some in-
teresting results together with their potential applica-
tions. The calculated elastic constant reveals that the
compound is mechanically stable. Moreover, according
to three models, bulk modulus, shear modulus, Young
modulus, and Poisson’s ratio were calculated and dis-
cussed. Constant volume-specific heat capacity figure
reveals that heat capacity obeys the 73 law dependence
and becomes nearly constant when the temperature ex-
ceeds 400 K. These results may provide theoretical in-
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formation for the potential use of the material in tech-
nological applications.
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