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First-principles studies of the structural, elastic, vibrational, and thermodynamic
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First-principles calculations for the structural, elastic, thermal and vibrational properties of
LiGaTe, under pressure up to 5GPa have been systematically investigated within the
framework of the density functional theory. The lattices parameters found a, ¢ and the bulk
modulus B under zero pressure and zero temperature are close with the experimental data
and the theoretical results. The analysis of the mechanical constants and the frequencies of
the phonons found, confirms that the compound LiGaTe; is dynamically and mechanically
stable up to 5GPa. The effect of pressure on elastic constants Cj;, bulk modulus B, Young's
modulus E, Poisson ratio v, shear modulus G, and compressibility k of LiGaTe, are also
successfully obtained and discussed. In addition, the thermal properties of LiGaTe,, such
the heat capacity C, and C, the griineisen parameter y and the thermal expansion
coefficient a are predicted by the quasi-harmonic approximation (QHA).
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1. Introduction

Tellurium-based chalcopyrite ternary compounds have become a very studied group of
materials in recent years due to their interesting optical characteristics such as a wide range of
transparency in the infrared domain, high nonlinear sensitivity and birefringence [1-3]. One of this
group of crystalline materials, LiGaTe, (LGT) is of great importance in nonlinear optics
applications, due to its specific characteristics: a wide direct band gap [4], wide range of
transparency [5] and high nonlinear susceptibility [6]. These settings make it twice as efficient as
AgGaAs, for frequency conversion in the medium IR [7]. Many theoretical and experimental
studies have been carried out to study this promising material. The growth of LiGaTe, has been
reported by several methods [6-8]. Very recently, Grazhdannikov et al. [9] succeeded in growing
large LGT crystals (up to 12 mm in size) by the Bridgman-Stockbarger technique in vertical
version. The heat capacity of LiGaTe, chalcogenide monocrystalline disks was first measured by
Drebushchak et al. [10] in a scanning mode of 180 to 460 K. A. Yelisseyev et al. [11] studied IR
and Raman absorption spectra for LiGaTe, in the 50-350 cm™ range. Elastic constants are essential
physical quantities to describe the mechanical properties of materials.

These physical quantities can inform us about the structural stability of materials.
Unfortunately, the study of these constants under pressure is rare [12]. Consequently, a systematic
study of these properties (especially under pressure) is essential, especially if one wishes to use
these materials in new applications. It can be noted that understanding the abnormal thermal
expansion of the LiGaTe, crystal [13] requires a precise description of the phonon spectra. These
phonon spectra are essential for predicting thermodynamic properties and are very useful in
understanding the origin of these properties and their response to various thermodynamic
conditions.Motivated by this, the vibrational and mechanical properties of LiGaTe, under different
hydrostatic pressures are investigated as part of the first principles density functional perturbation
theory. Dynamic stability was checked by examining the phonon spectra under different pressures.
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In addition, thermal properties were determined using the Quasi-Harmonic Approximation
(QHA) method [14-16]. These results should provide a valuable estimate for the theoretical and
experimental research of chalcogenide LiGaTe,.

The rest paper is processed as follows. The calculation method is introduced and described
in the second section. In the third section, some results are exposed and discussed. Finally, a
summary of our main results is presented at the end of this paper.

2. Computational methods

In present paper, all calculations were obtained by using VASP package [17-21] which is
based on the density-functional theory [22, 23]. Exchange and correlations effects were treated by
the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzernhof
parameterization (PBE) [23]. Moreover, a comparative analysis of DFT predictions on the curves
dispersion of phonons was made with local density approximation (LDA) [24]. The valence states
of the atoms of Li, Ga, and Te were taken as 2s', 3d'%4sp' and 5s°5p*, respectively. The cut-off
energy was set to 650 eV, and the brillouin zone was sampled over 8 8 8 points by the monkhorst
pack scheme [25]. The total energy change between 2 self-consistent steps was smaller than was
obtaine10® eV/atom, and atomic relaxation was stopped when the Hellmann-Feynaman ionic
forces fell below 10° eV/A. The Calculations of the vibrational characteristics of the phonons
were performed by the linear response approach as implemented in the PHONOPY code [26], in
combination with VASP. A 2 x 2 x 2 supercell (64 atoms) developed from the primitive unit cell
(08 atoms, six coordination layers) and a 2 x 2 x 2 k mesh were adopted to calculate the
vibrational properties including the curves dispersion of phonons and the density of the states of
the phonons, as well as the frequencies of the phonons.

3. Results and discussion

3.1. Structural properties

The ternary compound LiGaTe, generally crystallize in the centered tetragonal structure of
chalcopyrite belonging to space group 142d (No.122) [27], with the Li, Ga and Te atoms belonging
to the Wyckoff sites of 4a, 4b and 8d, respectively. The structural parameters are acquired by
minimizing the total energy as a function of the unit cell volumes around the equilibrium volume
V. The E-V results are fitted to the Birch-Murnaghan equation of state EOS [28], as showed in
fig. 1
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Fig. 1. The total energy per formula unit as function of volume for LiGaTe, The inset is
the corresponding crystal structure.

The optimized lattice constant a (c) (in unit A), tetragonal distortion (c/a), cell volume
V(A?), internal parameter u and bulk modulus B (GPa) for LiGaTe, are presented in table 1,
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together with the available theoretical and experimental results. It can be seen that the optimized
lattice constants of LiGaTe, are a = 6.401 and ¢ = 12.008A.

The lattice constants a or ¢ are a little larger than those of experimental data [31, 32], due
to the GGA overestimating the lattice constants slightly.

Table 1. The lattice constant a (c) (in unit A), tetragonal distortion (c/a), cell volume V(A’), internal
parameter u and bulk modulus B (GPa) for LiGaTe,.

Method a c c/a 14 u B
Present work (VASP-GGA-PBE) 6.401 | 12.008 1.876 492.00 | 0.2643 | 26.770
Present work (VASP-LDA) 6.218 | 11.706 | 1.883 452.60 | 0.2608 | 32.092
WIEN2K-EV-GGA (Ref. [29]) 6.433 | 11.873 - - 0.2308 | 35.49
WIEN2K-GGA-PBE (Ref. [12]) 6.381 | 12.027 | 1.885 491.54 | 0.2611 | 33.889
PWscf-LDA (Ref. [30]) 6.211 | 11.690 - - 0.2591 -
Exp. (Ref. [31]) 6.329 | 11.682 1.85 468.0 0.2666 -
Exp. (Ref. [32]) 6.338 | 11.704 - 470.1 - -

Fig. 2.b shows the effect of pressure on the lattice constants up to 5 GPa. It is clearly seen
that the optimized mesh parameters gradually decrease with increasing pressure. this indicates that
LiGaTe, exhibits an anisotropic property when external pressure is applied. To show the
anisotropic character more clearly, the reduced lattice constants are plotted in Fig. 1.a, where a,
and ¢, are the lattice constants at pressure 0. We can observe that the (a / ao) drops faster than the
(c / co) with pressure, demonstrating that the chalcopyrite compound LiGaTe, is easily compressed
in direction a.
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Fig. 2. (a) Reduced lattice constants, (b) calculated lattice constants for the LiGaTe, as a function
of the hydrostatic pressure.

3.2. Elastic Properties

For chalcopyrite compounds, there are six independent components elastic stiffness
constants due to the symmetry of the 142d space group, namely: Ciy, Cyp, Cy3, Cas, Caq and Ce,
respectively. The calculated values of the elastic constants were checked by Born elastic stability
criteria [33], which for the tetragonal crystals are: C;; > 0, C33 > 0, Cyq > 0, Cs > 0, Cy; > |Cia),
C,,C 3> C*3 and 2C% 5 < Cy3 (Cy, + Cyy). The elastic constants obtained are given in table 2. It
can be seen that our calculated elastic constants satisfy all these conditions, which reflects the
mechanic stability of LiGaTe,.From Table 2, we can see that C;; has a smaller value than Cjs,
which means LiGaTe; is easily compressed along the a-axis with respect to the c-axis.
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Table. 2 Elastic constants C; (in GPa) of LiGale, under pressure 0 Gpa.

Refs. Cn Cp Cis Cs; Cu Css

Present work (VASP-GGA-PBE) 38.6 17.6 22.8 39.7 18.9 14.1
Present work (VASP -LDA) 441 22.3 28.3 46.4 20.1 14.4
Ref. [30] 44.2 21.6 28.2 46.6 20.0 145

Ref. [12] 56 29.2 32 45.4 40.7 39.1

With the elastic constants found, the polycrystalline elastic properties such as the bulk
modulus (B), Young's modulus (E), shear modulus (G) and Poisson's ratio (v), were calculated by
using the Voigt—Reuss—Hill (VRH) averaging scheme [34-37]. The theoretical values for
polycrystalline elastic properties are listed in table 3.

Table. 3 Calculated bulk modulus B (GPa), shear modulus G (GPa), Young modulus E (GPa),
Poisson s ratio v and the linear compressibilities k, (GPa™), k, (GPa™) along the a- and c- axis
respectively of LiGaTe, under pressure 0 GPa.

Refs.

B

G E v Ka Ke
Present work (VASP-GGA-PBE) 26.926 | 13.099 33.814 | 0.2907 0.0142 0.009
Present work (VASP -LDA) 32.299 | 13.670 35.940 0.315 0.0122 | 0.0066
Ref. [30] 31.9 - - - 0.0125 | 0.0063

The calculated bulk modulus B of the LiGaTe, at 0 K and 0 GPa is 26.926 GPa, which is
in agreement with the result of 26.77 GPa obtained from fitting Birch-Murnaghan (EOS).

The linear compressibility x, and x; along the a-axis and c-axis respectively for the
tetragonal structure can be deduced from the following equations [38]:

K:_E@: C33_Cla
: a ap C33 (Cll + C12) - 2C123 )
_lﬁ_ C11+C12_2C13
° adp Cy5(Cyy +Cyp) —2C5 )

The elastic anisotropy of a crystal of tetragonal structure can be defined as the ratio of the
axial compressibilities, x./x.. The xJ/k. ratio is 1.58 indicating that the a- axis is more compressible
than the c- axis. This is in accordance with the Cs3/Cy; ratio greater than 1. The Poisson's ratio v
makes it possible to predict the stability of the crystal under the effect of a shear. The critical value
of v is 0.26, which falls between brittle and ductile behavior. If this value is smaller than 0.26, the
material is said to be brittle, otherwise it is ductile [39]. We can clearly see that LiGaTe; is ductile
in nature, which is consistent with the previous discussion. The calculated pressure dependences of
elastic constants, G/B ratio, Poisson's ratio v and elastic moduli, for the chalcopyrite-type LiGaTe,
are also plotted in Fig.3. Figure 3.a shows that C;;, C;,, C;3, and Cj; vary significantly with applied
pressure, while C,, and Cy vary slightly with applied pressure. In addition, the C;; is more
sensitive to pressure than the C,, This is because C;; describes elasticity in length while C,, relates
to elasticity in shape. Therefore, the longitudinal deformation changes the value of C;; while the
transverse deformation causes a change in shape.

From figure 3-c, the calculated compression modulus B increases monotonically with
increasing pressure, so this indicates that LiGaTe, becomes more and more difficult to compress
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with increasing pressure, while that the variation of shear modulus G and Young's modulus E is
almost invariant with increasing pressure. The high / low value of the G / B ratio is related to
ductility / brittleness. The critical value between ductile and brittle materials is practically fixed at
0.5. The calculated G / B values for the LGT compound are less than 0.5, which implies ductile
behavior.
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Fig. 3. (a) Elastic constants, (b) elastic moduli, (c) G/B ratio and Poisson’s ratio v, for

the chalcopyrite-type LiGaTe; as a function of the hydrostatic pressure.

With the elastic constants calculated above, it is possible to obtain the direction dependent
of Young’s modulus (E) and bulk modulus (8). Their formulas for tetragonal crystals are [40]:

5= S+ +1D) + (2513 + S2) (15 + BI) + S3ald + (2512 + Seo) 13 ©

1

5= G+ S+ S13)(1Z + 13) + (2813 + S33)15 4)

For isotropic systems, the curved surface is spherical and the deviation from the spherical
shape reflects the extent of elastic anisotropy. Fig.4 shows that the representations of the surfaces
(3D) of the direction-dependent Young's modulus for LGT at 0 and 5 GPa are very similare, and
their surface shape is no longer spherical, which implies a serious anisotropy. From fig. 4(b-d) we
can see that the Young's modulus has a very high anisotropy along the 100 and 010 planes. To
better see the elastic anisotropy, the linear compressibilities are plotted in Fig. 5. It can be seen that
the direction-dependent linear compressibility in the (001) plane is almost isotropic, while in the
(100) and (010) planes is not. The values in the (001) plane are greater than those of the (100) and
(010) planes at 0 (a, b) and 5 GPa (c, d).
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Fig. 4. Direction-dependent of Young’s modulus (GPa) and its plane projections for LiGaTe; at 0
(a,b) and 5GPa (c,d).
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3.3. Vibrational Properties

Group-theorical analysis for space group 1-42d predicts that the irreducible representation
of the acoustic and optical vibrational modes at the center I" of the Brillouin zone can be
represented as [41]:

Tyeo =B, +E ®)
Tope = Ay + 24, + 3By + 3B, + 6E (6)

Since the primitive cell of chalcopyrite structure contains eight atoms, the phonon
dispersion curve at the center of ZB has twenty-four branches: 3 acoustic branches and 21 optical
branches. According to the selection rules of infra-red (IR) absorption and Raman scattering,
among these 24 modes, all modes, except A, mode, are Raman active, and only B, and E modes are
IR active. Furthermore, the A, vibrational mode is called silent vibrational mode. There are totally
thirteen Raman-active (R) modes, nine IR-active (IR) modes and two silent modes for LiGaTe,
compound. Furthermore, B, and E are polar Raman active modes comprising longitudinal optical
(LO) and transverse optical (TO) modes.

The phonon dispersion curve of LiGaTe, compound along the high symmetry points in
the (ZB) and the corresponding phonon density of states are shown in Fig.6. It can be seen clearly
that there are no soft modes found at any wave vectors above in the phonon dispersion curve,
implying that this structure is dynamically stable at 0GPa. We can distinguish relatively three
regions at point I': The low frequency zone around 0-150 cm™, come overall from the vibration of
Te atoms owing to its heavy atomic weight, a medium frequency zone between 150 and 250 cm™,
results from the vibration of the three constituent atoms, especially the Ga and Te atoms, and high
frequency zone above 300 cm™ are mainly from the vibration of Li. The overlap of the bands of
certain optical and acoustic modes in fig.6 makes the transfer of energy between these modes easy.
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Fig. 6. Phonon dispersion curve along with the phonon density of states (DOS) of LiGaTe, at 0GPa.

Table 4 lists the optical vibrations modes and their corresponding frequencies of LiGaTe,
compound calculated at I" point in the Brillouin zone as well as the Raman [42], infrared [42] data
and other calculations [13, 30]. Our calculated frequencies are very close to the theoretical data in
Ref. [13] and Raman data from Isaenko et al. [42]. Unfortunately, some modes of vibration have
not been observed in infrared and Raman measurements [42]. A; mode is unique. In addition it is
totally symmetrical. It is associated with the vibration of the atom Te. According to our
calculations for this mode, this value is estimated at 140 cm™ for the LDA and 137 cm™ for the
GGA, which are identical to the theoretical values, reported by [30] and [13], and approach the
Raman data reported by [42].
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Table 4. Phonon frequencies (THz) at zone center (I" point) of LiGalTe,.

Mode Theory Present Theory Experiment **
LDA GGA- Ref V) Ref ] Raman IR
PBE 303K
118 115 119 118 120 -
A 140 137 140 140 142 -
A, 94 92 97 94 97 -
366 342 342 313 - -
B 205 199 204 192 198 -
88 86 86 84 88 -
355/355 327/318 336/327 313 1321 -
B,(LO/TO) 211/205 216/207 210/195 187 —/196 215/202
75/74 73/73 T7/74 75 - -
369/346 350/342 358/343 300 360/340 360/340
E (LO/TO) 339/339 337/336 339/339 311 325 -
221/211 206/201 222/212 208 221/211 -
205/204 197/192 203/200 199 - -
77/77 77/74 78/77 79 76 -
52/52 52/52 45/45 54 49/39 -

It should be noted that the A, symmetry vibration mode is inactive according to the group
theory and the selection rules for infrared (IR) and Raman absorption for ideal crystals with
chalcopyrite lattice. But, the measurements of the Raman spectra according to [42] contain the A,
mode. This appearance of the A, mode is often observed, for chalcopyrite materials of defective

structure which generates an additional contribution of phonons causing the A, mode to appear.

3.4. Thermodynamic properties

Within the framework of the quasi-harmonic method (QHA), and from the curves of
dispersion of the phonons and density of state of the phonons, the thermal properties such as the
contribution of the phonons to the free energy of Helmholtz A4F and the specific heat at constant
volume Cy, at temperature T, are obtained immediately.
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Fig. 7. Helmholtz free energy as a function of the lattice volume from 0 to 900 K. Solid lines are F-V
fitting curves according to the Birch-Murnaghan equation of state EOS. The local minimum of each

free energy curve is indicated by a grey line.
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Figure 7 shows the variation of Helmholtz free energy as a function of volume from 0 to
900 K. The minimum energy points are connected by a gray line in Figure 7. As shown in this
figure, the volume increases with increasing temperature; therefore, the equilibrium volume
changes at each given temperature.

The Grineisen parameters can give good information on the anharmonic interactions of a
crystal. In general, it can be deduced from the relation between phonon frequency and volume
change as below [43] :

_ -V 6wl‘q
Yoo = 5 Tav O]

Usually, a large value of | y | means that it could have a strong phonon-phonon anharmonic
scattering. The mode griineisen parameter as functions of temperature and frequencies are plotted
in fig. 8. From figure 8.a we can clearly see that LiGaTe, exhibits very low griineisen parameters,
indicating that it has low anharmonicity. Under 90 cm™, LiGaTe, exhibits many negative
gruunisen mode parameters, which indicate that the corresponding phonon frequencies will
increase as the volume increases.
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Fig. 8. Griineisen parameters as a function of :(a) the frequency, (b) temperature, for LiGaTe,

At low temperature, since only low frequency phonons are excited, the average griineisen
parameters could be negative, as shown in fig. 7. Such a negative parameter is common in
chalcopyrite type chalcogenides [44]. The most negative griineisen parameters can be observed in
the low frequency region, corresponding to the acoustic modes. According to the quasi-harmonic
approximation (QHA), the variation of the griineisen mode parameter contributes strongly to
thermal expansion. We therefore used the frequency dependence of this parameter in the
calculation of thermal expansion.

In the QHA approximation, the volume thermal expansion coefficient is defined by the

following expression [45]:
1 (ov 1 (0P
av =55, = 5 (), ®)

Fig.9 shows the thermal expansion coefficient as functions of temperature. It is seen that
for LiGaTe,, the coefficient of expansion decreases rapidly with temperature from 0 K, reaching
its most negative value slightly below 50 K, then increases sharply.

This decrease occurring in the first 50 K is due to the increasing contribution of the optical
modes of the phonons with temperature. The most negative value is about -5 x10/K at around
40K. According to V. V. Atuchin et al [13], the negative thermal expansion of LGT along the ¢
axis can be attributed to the rotation of the tetrahedra (GaTe,), caused by the contribution of the B,
vibration modes.
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Fig. 9. The volume thermal expansion coefficient as a function of the temperature for LiGaTe,.

The calculated heat capacity Cy of LiGaTe, as a function of T is shown in Fig.10. In the
high temperature range, the heat capacity Cy reaches maximum values and approaches the
classical asymptotic limit of Dulong—Petit (3nkB=200 J/mol K) [46]. At room temperature, the
value of Cy is 170.27 J/mol K.
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Fig. 10. Calculated specific heat as a function of the temperature for LiGaTe,.

4. Conclusions

Thus, in this paper, the structural, elastic, dynamical, and thermodynamic properties of
LiGaTe, under pressures were investigated using the density functional theory within a local
density and generalized gradient approximations. The results showed that the pressure has a strong
impact on the lattice parameters and the elastic properties of the LiGaTe,. The calculated lattice
parameter and bulk modulus agree well with the experimental data and the theoretical results
available. The calculated elastic constants showed that this compound is mechanically stable. The
vibrational properties of LiGaTe, have been calculated through the linear-response approach. All
the infrared-active and Raman-active modes (including LO-TO splitting) are identified and
compared with available experimental data and previous theoretical calculations. In the phonon
dispersion curves, there are no soft modes along the Brillouin zone (BZ). Which confirms the
dynamic stability of LiGaTe, under zero pressure and zero temperature.

The Heat capacity at constant volume Cy and constant pressure C, are also been obtained
by using the quasi-harmonic method. Finally, we found that the compound LiGaTe, has negative
thermal expansion along the ¢ axis which was attributed according to V. V. Atuchin et al [13], to
the rotation of the tetrahedra (GaTe,), caused by the contribution of the B, vibration modes.

To the best of our knowledge, most of the investigated parameters are reported for the first
time and hoped to stimulate the succeeding studies and offer practical information for the future

experiments.
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