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A B S T R A C T

The anisotropic mechanical properties of Tl4Ag18Te11 compound was investigated elaborately for the first time by
using Density Functional Theory calculations with the Vienna Ab-initio Simulation Package in this work.
Tl4Ag18Te11 compound was optimized in the I4mm space group and the formation energy was determined as a
negative value that is the indication of the experimental synthesizability of this compound. The optimized crystal
structure was employed for the calculations of the elastic constants and the obtained values revealed the me-
chanical stability of Tl4Ag18Te11 compound. The polycrystalline properties were determined such as shear
modulus, Poisson’s ratio, etc. In addition, the anisotropic elastic properties were presented. The direction
dependent sound waves velocities, polarization of the sound waves, enhancement factor and the power flow angle
were determined. The thermal conductivity studies were performed and the minimum thermal conductivity
(0.259 W m�1K�1) and the diffusion thermal conductivity (0.202 W m�1K�1) were calculated. This study illus-
trates the capability of this compound for the thermoelectric materials.
1. Introduction

The world’s energy consumption increases with the industrial revo-
lution, population growth, etc. Currently, this energy demand is satisfied
mostly from the fossil fuels with the emission of the greenhouse gases
that causes global warming. Also, the fossil fuels have limited supply. So,
these problems lead to the investigation of the alternative energy sources
and energy conversion technologies. The alternative energy sources such
as solar and wind energy depending the weather conditions could not
satisfy the required energy for the systems all the time [1]. In addition,
the heat is dissipated from many systems and this heat releases to the
atmosphere. At this stage, the thermoelectric materials get attention due
to their capability to use heat to generate electricity [2–4].

Thermoelectric materials are based on the Seebeck effect and the
Peltier effect [5,6]. The temperature gradient generates an electrical
voltage between two different conductors or semiconductors from hot
side to cold side that is the Seebeck effect named after Thomas Johann
Seebeck [5,6]. The Peltier effect named after Jean Charles Athanase
Peltier, is the opposite of the Seebeck effect and an electrical voltage
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drives the heat from one conductor to the other that enables the cooling
of one conductor [5,6]. The metals were the first materials investigated
for the thermoelectric materials but they have low Seebeck coefficients
which is an important parameter for these materials [7]. The functioning
of the thermoelectric materials is related to a variable called the ther-
moelectric figure of merit (ZT) [8–10] defined as ZT¼ S2σ T=κ where S is
the Seebeck coefficient, σ is the electrical conductivity and κ is the
thermal conductivity. The thermal conductivity is composed of carrier
thermal conductivity (κe) and lattice thermal conductivity (κL). To
possess a high ZT value, the material should have a high electrical con-
ductivity while it should have a low thermal conductivity. However, this
is contradictory because the electrical conductivity is proportional to
thermal conductivity. So, the high ZT material groups have been inves-
tigated such as skutterudites [11], Cu based materials [12], chalcogen-
ides [13], zintl phases [14], etc.

Thallium (Tl) based chalcogenides are promising materials for ther-
moelectric materials having low thermal conductivity [15–18]. TlScTe2
and TlScSe2 were investigated and their thermal conductivities were
found to be low with values as 0.43 W K�1m�1 and 0.66 W K�1 m�1 at
06800, Ankara, Turkey.

020

mailto:info@gokhansurucu.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2020.121469&domain=pdf
www.sciencedirect.com/science/journal/00224596
www.elsevier.com/locate/jssc
https://doi.org/10.1016/j.jssc.2020.121469
https://doi.org/10.1016/j.jssc.2020.121469


A. Gencer et al. Journal of Solid State Chemistry 289 (2020) 121469
room temperature for TlScTe2 and TlScSe2, respectively [17]. Also,
AgTlTe and Ag9TlTe5 were studied and their room temperature thermal
conductivities were measured as 0.25 W K�1m�1 and 0.22 W K�1m�1,
respectively [19,20]. Tl4Ag18Te11 compound is an n type semiconductor
and the experimental study of Tl4Ag18Te11 compound has shown that this
compound with Tl4.05Ag18Te11 chemical formula has a very low thermal
conductivity as 0.19 W K�1m�1 [21]. Besides, the mechanical and
dynamical behavior of materials provide very important information
such as stability and stiffness of the materials, micro cracks and plastic
deformations etc. which are crucial for the technological applications of
the materials. Also, there are limited studies about the elastic properties
of some thermoelastic materials such as thallium-tellurium based com-
pounds [22], lead chalcogenides [23], etc. Moreover, there is hardly any
study about the anisotropic elastic properties of the experimentally
existing Tl4Ag18Te11 thermoelectric material [21]. In the present work,
the anisotropic elastic properties of Tl4Ag18Te11 compound have been
investigated in detail by using Density Functional Theory (DFT) calcu-
lations for the first time.
Fig. 1. (a, b, c) The unit cell in different direction and (d
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1.1. Computational details

The theoretical investigation of Tl4Ag18Te11 compound has been
executed using VASP (Vienna Ab-initio Simulation Package) [24,25] on
the basis of the Density Functional Theory. The calculations have been
performed with the Perdew-Burke-Ernzerhof (PBE) functional of the
Generalized Gradient Approximation (GGA) [26] for the exchange cor-
relation of the electron-electron interaction. The Projector Augmented
Wave (PAW) method [27,28] has been employed for the electron-ion
interactions. The cut off energy for the planewaves is taken as 480 eV
and a gamma centered grid [29] has been used to obtain k-points as 2 �
2 � 1 k-points. The calculations have been converged up to 10�7 eV
energy convergence and 10�8 eV/Å force convergence criteria. The
valence electron configurations of Tl, Ag and Te atoms has been taken as
6s26p1, 4d105s1 and 5s25p4, respectively. The X-ray diffraction pattern of
Tl4Ag18Te11 compound has been obtained using VESTA software [30]
with Cu Kα source that have 1.541 Å wavelength. The mechanical
properties have been studied using stress-strain method [24,25,31].
These constants have been employed to ELATE software [32] in order to
) X-ray diffraction pattern for Tl4Ag18Te11 compound.
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obtain the anisotropic elastic properties. Also, the direction dependent
sound wave velocities have been obtained using Christoffel software [33]
- a python tool that solves the Christoffel equation [34] using the elastic
stiffness matrix.

2. Results and discussions

Tl4Ag18Te11 compound has a tetragonal crystal structure with I4mm
space group as shown in Fig. 1 with the primitive cell and the unit cell.
This crystal structure has been optimized and the obtained lattice con-
stants and the formation energy determined using equation given in Refs.
[35] are listed in Table 1. The determined negative value for the for-
mation energy is an indication of the experimental synthesizability that is
consistent with Ref [21]. The calculated lattice parameters and the for-
mation energy are consistent with Ref [36,37]. In addition, the X-ray
diffraction pattern for Tl4Ag18Te11 compound has been shown in Fig. 1d
that could be useful for future experimental studies and the maximum
scattering angle (2θ) is 32.7� for (0 4 4) direction.

The mechanical stability and the anisotropic elastic properties are
very crucial for various industrial applications. The optimized crystal
structure has been used to determine the elastic constants (Cij) that are
essential to understand the mechanical properties. The elastic constants
of Tl4Ag18Te11 compound have six independent components because of
the symmetry properties of the I4mm space group, namely C11, C12, C13,
C33, C44, and C66 in Young notation. In order to understand the flexibility
and mechanical stability of Tl4Ag18Te11 compound, the elastic constants
(Cij) for a tetragonal crystal, have been calculated using the stress-strain
approach [24], as seen in Table 2.

The Born stability criteria [38,39] must be satisfied for this compound
in order to be a mechanically stable compound. The Born stability criteria
for a tetragonal crystal structure is given as;

C11 > 0; C33 > 0; C44 > 0; C66 > 0
ðC11�C12Þ > 0; ðC11þC33�2C13Þ > 0
½2ðC11þC12ÞþC33þ4C13� > 0

(1)

As can be deduced from the Table, the stability criteria have been
satisfied for Tl4Ag18Te11 compound. Hence, it is concluded that
Tl4Ag18Te11 compound is a mechanically stable.

In addition, the polycrystalline properties such as bulk modulus,
shear modulus, Poisson’s ratio, etc. as listed in Table 2 could be deter-
mined using these constants. The bulk modulus (B) is the resistance to
shape deformations against a hydrostatic pressure. The shear modulus
(G) is the resistance to shear stress. The Young’s modulus (E) is the
resistance to uniaxial stress. It can be noted that the calculated Young’s
and shear moduli are small, showing that Tl4Ag18Te11 should have low
thermal conductivity. Poisson’s ratio can be used to determine the
bonding nature of the solids. If a solid is covalent bound the v value is 0.1,
for metallic solids the ν value is 0.33. Also, the approach of the ν value
around 0.5 improves the plasticity [35]. Table 2 reveals that Tl4Ag18Te11
compound has metallic bonding. Similar to the Poisson’s ratio, the G/B
ratio could also be used for the determination of the bonding charac-
teristics. The G/B ratios around 1.1, 0.8 and 0.3 indicate the dominantly
covalent bonding, ionic bonding and metallic bonding, respectively [35].
As can be concluded from Table 2, the calculated G/B ratio for
Tl4Ag18Te11 compound indicates the metallic bonding and it is the
consistent with the Poisson’s ratio. The ductile or the brittle nature of a
compound could be determined with the B/G ratio and the values for the
Table 1
The determined lattice constants (a and c) and the formation energy (ΔEF in eV/atom

Compound Reference a (Å) b (Å)

Tl4Ag18Te11 Primitive Cell 13.374 13.374
Unit Cell 13.353 13.353
Primitive Cell [36] 13.408 13.408
Unit Cell [36] 13.394 13.394

3

B/G ratio lower than 1.75 implies the brittleness while higher than 1.75
indicates the ductility [35]. Tl4Ag18Te11 compound is a ductile material
with the B/G ratio higher than 1.75.

The shear anisotropic factors (A1, A2, A3) have been calculated using
the following equations given in Ref. [40] in which these equations are
mentioned as the most useful ones to provide in-plane phonon-focusing
information for tetragonal crystals. The shear anisotropic factors in
different planes of a crystal give the degree of elastic anisotropy of a
material.

A1 ¼ C44ðC11 þ 2C13 þ C33Þ�
C11C33 � C2

13

� for ð100Þ or ð010Þ

A2 ¼ C44ðCL þ 2C13 þ C33Þ�
CLC33 � C2

13

� for ð110Þ

A3 ¼ 2C66

ðC11 � C12Þ for ð001Þ

(2)

here CL

�
¼ C66 þðC11þC12Þ

2

�
is the constant. The shear anisotropic factors

are calculated as 0.69 for A1, 0.64 for A2 and 1.44 for A3. The deviation
from the unity indicates the anisotropy for a crystal. Hence, it can be
deduced that there is an anisotropy for Tl4Ag18Te11 crystal both in (100),
(010), (110) and (001) planes. Moreover, the universal anisotropy index
(AU) and percent elastic anisotropy in shear and compression (AG, AB) are
calculated by the following common relation given in Refs. [40,41].

AU ¼ 5
GV

GR
þ BV

BR
� 6

AG ¼ jGV � GRj
jGV þ GRj:100

AB ¼ jBV � BRj
jBV þ BRj:100

(3)

where B and G are the bulk and shear modulus, and the subscripts V and
R represent the Voigt and Reuss approximation. The shear anisotropic
factors are calculated as 0.69 for A1, 0.64 for A2 and 1.44 for A3. The
universal anisotropy index and percent elastic anisotropy in shear and
compression are calculated as 0.215 for AU, 2.103 for AG and 0.003 for
AB. For isotropic materials, the universal index and percent anisotropy in
shear and compression are taken as zero. A value of zero (BR¼BV) is
associated with elastic isotropy, while a value of 100% is associated with
the largest anisotropy [40].

The anisotropic elastic properties of materials are crucial that pro-
vides the information for microcracks, plastic deformations, etc [41].
This information is essential for the technological applications of the
materials. Tl4Ag18Te11 compound has been considered for the elastic
anisotropy and Young’s modulus, linear compressibility, shear modulus
and Poisson’s ratio have been studied for the direction dependent
properties in three dimensions (3D) and two dimensions (2D) as shown in
Fig. 2. The spherical or the circular shapes indicate the elastic isotropy
while the distorted shapes indicate the elastic anisotropy. Also, the green
shapes or curves show the minimum values for the parameter and the
blue ones show the maximum values. As can be seen from Fig. 2, the only
isotropic parameter is the linear compressibility that has about spherical
shapes in all planes. It is noticed that C33 is larger than C11, indicating
that the x-axis is more compressible than the z-axis for compound. Also,
) for Tl4Ag18Te11 compound.

c (Å) α β γ ΔEF

13.371 60.043 60.043 59.914 �0.155
18.943 90 90 90
13.385 60.056 60.056 59.976 �0.135
18.981 90 90 90



Table 2
The elastic constants (Cij in GPa) and mechanical properties as bulk modulus (B in GPa), shear modulus (G in GPa), Young’s modulus (E in GPa), Poisson’s ratio (ν), G/B
ratio and B/G ratio for Tl4Ag18Te11 compound.

Compound C11 C12 C13 C33 C44 C66 B G E ν G/B B/G

Tl4Ag18Te11 75.6 43.5 35.6 82.0 15.0 23.1 51.4 19.7 52.5 0.33 0.383 2.609

Fig. 2. The direction dependent (a) Young’s modulus, (b) linear compressibility, (c) shear modulus and (d) Poisson’s ratio of Tl4Ag18Te11 compound.
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C44 is lower than C66, indicating that shear along the (001) plane is easier
than shear along the (100) plane.

The Young’s modulus is anisotropic in all planes and the maximum
values have been obtained in x plane, z plane and 45� of xy plane with
60.7 GPa value. The shear modulus is also anisotropic in all planes and
similar behavior in xz and yz planes have been obtained with 23.4 GPa
maximum values. The Poisson’s ratio is also anisotropic in all planes and
similar to the shear modulus, the similar behavior in xz and yz planes
have been obtained with 0.5 maximum value.

The sound wave velocities could be determined using the elastic
constants. For Tl4Ag18Te11 compound, the direction dependent sound
wave velocities have been determined using the Christoffel tool [33]. In
experiments, the sound wave velocities are measured and the elastic
constants could be determined using these velocities. Here, the approach
is inverse. The elastic constants are determined and then the Christoffel
tool uses these determined values to obtain the sound wave velocities.
There are three sound wave velocities where one is the longitudinal
sound wave velocity (VLA) and the others are the transverse sound wave
velocities (VTA) in two perpendicular directions. The relation between
the sound wave velocities in and the elastic constants are as follows [42]:

VLA½100� ¼ ðC11=ρÞ1=2
VLA½001� ¼ ðC33=ρÞ1=2
VTA½110�<001> ¼ ðC44=ρÞ1=2
VTA½110�<100> ¼ ðC66=ρÞ1=2

(4)

where, ρ is the density of Tl4Ag18Te11 compound. From Equation (4), one
can conclude that the longitudinal wave velocity along [001] direction is
higher than the longitudinal wave velocity along [100] direction due to
C33 is higher than C11. For the transverse wave velocity, it is higher along
[110]<100> direction than [110]<001> direction because C66 is higher
than C44.

Fig. 3 is plotted due to the results obtained by using Equation (4) and
it shows the group wave velocity, the phase wave velocity, the polari-
zation of the sound waves, the enhancement factor and the power flow
angle for Tl4Ag18Te11 compound in three dimensions. The group wave
velocity, which is the superposition of the phase wave velocities, is
shown in Fig. 3a. As seen from the figure, the primarymode is found to be
the fastest along z direction (001). For the secondary mode for the group
wave velocity, the fast-secondary mode has high values in x and y di-
rections and low values in z direction and in between x, y and z direction.
In contrast to the fast secondary for the group wave velocity, the slow
secondary is slow along x, y and z directions and it is fast in between x, y
and z directions. The phase wave velocity has similar behavior with the
group wave velocity as can be seen from Fig. 3b. The polarization of the
sound waves is shown in Fig. 3c and the primary mode has pseudo-
transverse polarization in z direction while it has pseudo-longitudinal
polarization in x and y directions. In contrast to the primary mode, the
fast-secondary mode has pseudo-longitudinal polarization in z direction
while it has pseudo-transverse polarization in x and y directions. The
slow secondary mode has pseudo-longitudinal polarization in all axis.
The enhancement factor, which is the ratio of the direction of the group
wave velocity to the direction of the phase wave, is shown in Fig. 3d. The
enhancement factor has low values along x, y and z directions for the
slow secondary while it has high values x and y directions for the fast
secondary. The primary mode for the enhancement factor has low values
along x and y directions and high values along z direction and in between
x and y directions. Moreover, Fig. 3e shows the power flow ang which is
the angle between the group wave velocity and the phase wave velocity.
The power flow angle varies for the primary mode, the fast-secondary
mode and the slow secondary mode due to the difference for the group
and phase wave velocities for these modes. As a result, it is deduced that
the primary modes in group wave velocity, phase wave velocity, polar-
ization of sound waves, enhancement factor and power flow angle for
Tl4Ag18Te11 compound have the highest values along the z direction
(001). By considering Fig. 1c, Tl atoms are located inside large channels
5

of perfectly ordered Te and Ag atoms which are at the vertices of squares
perpendicular to the (001) direction. This arrangement of large channel
connected by smaller channels is reproduced along the three equivalent
directions (100), (010) and (001). Hence, having the highest values in
primary modes along the z-direction (001) is and expected result.

The thermal conductivity (λ) of Tl4Ag18Te11 compound has been
studied that is a major parameter for the thermoelectric applications.
Cahill [43], Clarke [44] and Long [45] models are used to calculate the
values of minimum thermal conductivity and Synder [46] model is used
to calculate the diffusion thermal conductivity given in Equations
(5)–(8);

λminðCahillÞ ¼ kB
2:48

n2=3 ðVL þ 2VTÞ (5)

λminðClarkeÞ ¼ 0:87kB M�3=2
a E2=3ρ1=6 (6)

λminðLongÞ ¼
�

1
3

�
2ð2þ 2νÞ3=2 þ

�
1

1� ν� νÞ3=2
�	�1=3

kBn2=3
�
E
ρ

�1=2

(7)

λdiff ¼ 0:76 n2=3kBVm (8)

where, ρ ð¼ 8:184 g:cm�3Þ is the density, kB is the Boltzman constant, n
is the density of number of the atoms per volume,Ma is the average mass
per atom, VL is the average longitudinal sound wave velocity, VT is the
average transverse sound wave velocity and Vm is the average wave ve-
locity. For Tl4Ag18Te11 compound, the number of atoms per volume (n)
has been determined as 3.9 � 1028 m�3. In addition, the average longi-
tudinal sound wave velocity (VL), the average transverse sound wave
velocity (VT) and the average wave velocity (Vm) have been calculated by
using the relations given in Refs. [40] as 3039 m/s, 1489 m/s and 1672
m/s, respectively. The calculated minimum thermal conductivity (λ)
values along with the measured values for Tl4.05Ag18Te11 compound in
Ref. [21] are given in Table 3.

As can be concluded from the table that the minimum thermal con-
ductivity using Long model in the present study is very close to the ob-
tained result using Cahill model in Ref. [21]. And there is a discrepancy
in between the calculated and the measured diffusion thermal conduc-
tivity values. On the other hand, the measured thermal conductivity for
pristine Tl4Ag18Te11 compound ranges from 0.44 W m�1K�1 at 320 K to
0.35 W m�1K�1 at 500 K [21]. The differences in the results could be
consisted of the measurement uncertainties which is also stated in the
study given in Ref. [21]. The calculated thermal conductivities are small,
showing that Tl4Ag18Te11 has promising thermal-insulating application
in engineering.
2.1. Conclusion

Tl4Ag18Te11 compound has been studied for the mechanical and
anisotropic elastic properties by using the Vienna Ab-initio Simulation
Package based on Density Functional Theory (DFT). The calculated
negative formation energy of Tl4Ag18Te11 compound is the indication of
the experimental synthesizability of this compound. In addition, the
elastic constants satisfy the Born stability criteria that shows the me-
chanical stability as well. The values of the Poisson’s ratio and the G/B
ratio shows that Tl4Ag18Te11 compound has dominantly metallic
bonding. In addition, Tl4Ag18Te11 compound is a ductile material. The
anisotropic elastic properties show that Tl4Ag18Te11 compound is an
anisotropic material with values as 0.69 for A1 in (100) or (010) planes,
0.64 for A2 in (110) plane and 1.44 for A3 in (001) plane. The direction
dependent sound wave velocities show that the longitudinal wave ve-
locity along [001] direction is higher than the longitudinal wave velocity
along [100] direction and the transverse wave velocity is higher along
[110]<100> direction than [110]<001> direction. Also, the primary mode
has pseudo-transverse polarization in z direction while it has pseudo-



Fig. 3. (a) Group wave velocity, (b) phase wave velocity, (c) polarization of sound waves, (d) enhancement factor and (e) power flow angle for
Tl4Ag18Te11 compound.
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Table 3
The minimum thermal conductivities (λmin in W :m�1:K�1) and diffusion thermal
conductivity (λdiff in W :m�1:K�1) for Tl4Ag18Te11 compound.

Compound λmin λdiff

Cahill
model

Clarke
model

Long
model

Tl4Ag18Te11 (This work) 0.386 0.337 0.259 0.202
Tl4.05Ag18Te11 (Experimental
[21])

0.270 0.210 0.170

A. Gencer et al. Journal of Solid State Chemistry 289 (2020) 121469
longitudinal polarization in x and y directions. Moreover, the minimum
and diffusion thermal conductivities have been determined that are
consistent with the experimental results. This study revealing the me-
chanical and anisotropic elastic properties of Tl4Ag18Te11 compound
could lead future investigations especially for the thermoelectric appli-
cations due to its lower thermal conductivity.
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