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ABSTRACT

First-principles calculations of lattice dynamics and thermodynamic properties of orthorhombic LilnS;
and LilnSe; and chalcopyrite LilnTe; have been performed within density functional perturbation the-
ory using norm conserving pseudopotentials. Theoretical values of phonon mode frequencies are in
good agreement with the experimental data available for these crystals obtained by methods of Raman
spectroscopy and infrared one. In the whole frequency range a significant decrease of the vibrational fre-
quencies is observed going from LiInS; to LilnSe, and LilnTe,, which is a consequence of the anion radius
increase. The lattice vibrations of In-X (X =S, Se, Te) bonds are mainly located in the low-frequency and
mid-frequency ranges, and the Li-X bond vibrations are dominated in the higher frequency range. The
mixed covalent-ionic nature of the three compounds is manifested by Born effective charge data. The
vibration patterns of orthorhombic LilnS; and chalcopyrite LilnTe, were discussed in detail. The tempera-
ture dependences of thermodynamic quantities (including the internal energy, free energy, heat capacity,
entropy and the Debye temperature ®p) of all the three compounds were also presented in this paper. It
is proved that Debye stiffness increases from LilnTe; to LilnSe; and LiInS,.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ternary lithium compounds LilnX, (X=S, Se, Te), which are
considered as promising materials for nonlinear optical applica-
tions in the mid-IR, have recently attracted a lot of attention due
to their unique optical properties: a wide transparency range; a
sufficiently large birefringence; good thermo-mechanical proper-
ties and a small two-photon absorption coefficient [1-6]. The light
Li* ions can not only enlarge the band gaps of these compounds
and further lead to a high laser induced damage thresholds (LIDT),
but also increase the frequencies of crystal lattice vibrations and
the Debye temperature. The outstanding advantage in growth for
orthorhombic LilnS, and LilnSe, is the weak tendency to stresses
and laminar defects due to no obvious anisotropy in the ther-
mal expansion coefficients [4]. The properties of LilnS, and LilnSe,
semiconductors have been investigated in experiments by Isaenko
et al., which exhibit the better nonlinearity and figure of merit
for nonlinear optical applications on optical parametric oscillator
(OPO) and second harmonic generation (SHG) in the mid-IR [4-6].
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The pyroelectricity, thermal conductivity, thermal expansion, and
thermo-optic coefficients of LilnS, and LilnSe, were also measured
by Yelisseyev et al.[1,7]. Though the large-size LilnTe, crystals with
high optical quality have not been successfully grown, the ana-
log compound LiGaTe, has been demonstrated to be a promising
material for OPO and SHG devices in the mid-IR [8,9]. In the-
ory, the structural, electronic and optical properties of LilnS, and
LilnSe, have been in detail studied [10,11]. It was indicated that
a strong hybridization between In - 5s, 5p orbits and S - 3p (Se
- 4p) orbits at upper valence bands is the important structural
characteristics of these compounds [10]. Basalaev et al. studied the
chemical bonding and electronic structure of chalcopyrite LilnSe,
and LilnTe,, indicating a donor-acceptor bond peculiarity [12]. Li
et al. demonstrated that Li cations in LiBX; (B=Al, Ga and In; X =S5,
Se, Te) compounds play an important role in the stabilization of the
structures by comparing the electronic structures of LizAl4Seg and
AlySeg [13].Lietal.investigated the structure, electronic properties,
optical properties, lattice dynamics and thermodynamic properties
of LilnSe;, polymorph (8-NaFeO,-type, «-NaFeO,-type and CuFeS;-
type), indicating that the o-NaFeO,-type LilnSe, has the broader
density of states, smaller band gap and special optical properties
[11]. The lattice dynamics and elastic constants of LiBTe, (B=Al,
Ga, In) compounds were analyzed and compared with the Cu- and
Ag-based analogs [14]. The dielectric spectra, birefringence and sec-
ond harmonic generation of AGaX; (A= Ag and Cu) semiconductors
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being the birefringent non-linear mid-IR optical crystals have been
experimentally and theoretically investigated [15,16]. The bond
characteristics in the Li-containing compounds are different from
that of Cu- and Ag-based analogs. Li is merely an electron dona-
tor and hardly contributes to the frontier orbitals because of the
small ion radius and simple extra nuclear electron configuration,
which leads to the unique optical properties of Li-containing com-
pounds. So, the further theoretical investigations concerning the
microscopic properties are very necessary for their applications.

In this paper, the lattice vibrations, Raman spectra, infrared
absorption spectra and thermodynamic properties of LilnS,, LilnSe,
and LilnTe; have been in detail studied within density functional
perturbation theory (DFPT) using norm-conserving pseudopoten-
tials (NCP) and a plane-wave basis set. Our investigations provide
useful information for the potential applications of these materials.
The wide variety of physical properties of crystals at finite tem-
peratures depends on their lattice dynamical behaviors. So, it is
important to understand the vibrational properties and the result-
ing thermodynamic properties of the crystals. It may be difficult to
treat properly all obtained frequencies in experiments, e.g. to detect
the presence of vibrations in Raman spectra forbidden by the selec-
tion rules, while accurate theoretical calculations can simplify the
experimental process and help to interpret the experimental data
truly. The thermodynamic properties of LilnS, and LilnTe,, such
as the heat capacity and Debye temperature, which are important
parameters for the measurement of crystal physical properties, are
firstly given in this paper. The different anions in LilnS,, LilnSe,
and LilnTe, compounds not only change the unit-cell structures
from the orthorhombic structure to the chalcopyrite one, but also
affect their various properties. From a fundamental point of view, it
would be very important for the applications to study LilnX, (X =S,
Se, Te) as a model ternary chalcogenide to understand how the
lattice dynamics and thermodynamic properties are controlled by
their compositions and structures.

2. Method of calculations

Calculations of dynamical properties were performed by the use of the linear
response method within DFPT [17] as implemented in the Castep package [18].
Dynamic characteristics are rather sensitive to evaluate accurately electronic prop-
erties - total energy, electronic density and its derivatives. In the present paper all
calculations have been carried out using NCP [19] with a plane wave cutoff energy
of 500 eV. The related electronic configurations are In: 5s2 5p', S: 3s2 3p*, Se: 4s2
4p*, Te: 5s2 5p* and Li: 2s'. The k-point meshes for Brillouin zone sampling were
constructed using the Monkhorst-Pack scheme and the k-point meshes of 4 x 3 x 4
and 4 x 4 x 2 were used in LilnX; (X=S, Se) and LilnTe;, systems, respectively. The
exchange-correlation effects are found to be significant for the theoretical dynamical
properties, especially in the cases of LilnS; and LilnSe;. The tests on the IR absorption
spectra with respect to the exchange-correlation energy have been made. The local
density approximation (LDA) by adding the Perdew-Zunger [20] exchange term to
the Ceperley-Alder [21] correlation energy was used for LilnS,, while the gener-
alized gradient approximation (GGA) approach was taken into account for LilnSe;
and LilnTe; by adding the Perdew-Wang (PW91) [22] exchange-correlation terms.
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Table 1
Optimized structural parameters (A) and experimental data (A) of LilnS,, LilnSe,
and LilnTe;.

Compound a b c
LiInS; Calculation 6.650 7.843 6.298
Experiment? 6.823 8.266 6.524
LilnSe; Calculation 7.085 8.251 6.751
Experiment? 7.183 8.398 6.781
LilnTe, Calculation 6.349 6.349 12.342

Experiment? 6.398 6.398 12.460

2 Data taken from Ref. [5].

The calculations were assured a very high level convergence with respect to all
parameters: the total-energy difference within 1.0 x 10~ eV/atom, the maximum
Hellmann-Feynaman force within 0.01eV/A, the maximum stress within 0.02 GPa
and the maximum atom displacement within 1.0 x 104 A.

Based on the theory of the quantum statistics within the quasi-harmonic
approximation, the calculated value of the total phonon density of states (DOS) was
used to evaluate the temperature dependence of the thermodynamic quantities. The
entropy of a system has two terms, i.e. the configurational and vibrational entropies.
Only the vibrational entropy needs to be considered for the crystalline system with-
out a phase transition. The temperature dependences of the vibrational entropy S,
the constant-volume heat capacity Cy and the constant-volume heat capacity in the
Debye model C\‘? are given by [17,23]:

_ = hw/ksT * hw
S(T) = kg {/0 WF(w)dw7/0 F(w)In {1—exp (—kB—T)] dw}
(M
o 2
D) = ke / (hw/ksT) exp(ﬁw/k;;T) Fo)do )
o [exp(hw/kgT) — 1]
I\ Op/T .
D(T) = ONkg [ — X
c(T) 9N<B(@D) /0 o 1p x 3)

where kg is the Boltzmann constant, f is Planck’s constant, F(w) is the phonon DOS,
N is the number of atoms per cell, and ®p is the Debye temperature at a given
temperature T. By fitting the theoretical C\‘;, the temperature dependence of ®@p can
be obtained.

3. Results and discussion
3.1. Structural properties

LilnS; and LilnSe, are the orthorhombic 8-NaFeO,-type struc-
ture (space group Pna2q, point group mm2), which presents a
distorted superstructure of the wurtzite lattice, whereas LilnTe;
is the chalcopyrite CuFeS,-type structure (space group [42d, point
group 42m) [5]. The chalcopyrite structure is closely related to the
sphalerite or zinc-blende structure and can be considered as a result
of the regular substitution of the sphalerite cations by atoms of
I and III groups. The orthorhombic and chalcopyrite structures are
both characterized by a closest anion packing according to the ratio

Table 2
Born effective charges Z* in atomic units, X denotes S, Se and Te, respectively.
LilnS, LilnSe; LilnTe,
0.96 0.05 0.07 1.00 -0.05 0.08 1.09 -0.17 0.00
Z { -0.12 1.04 -0.09 } { 0.15 1.09 0.12 } { 0.17 1.09 0.00 }
-0.04 0.10 1.02 -0.05 -0.11 1.07 0.00 0.00 0.88
264 -0.19 -0.14 2.57 022 -0.17 2.35 0.48 0.00
Z { 034 249 027 } { -040 241 -0.34 } { -0.48 235 0.00 }
0.09 -0.33 272 0.10 037 265 0.00 0.00 2.67
-1.47 -0.23 -0.11 -1.46 -0.20 -0.10 -1.58 0.00 0.00
Z)*(] { -0.07 -1.77 -0.28 } { -0.04 -1.77 -0.29 } { 0.00 -1.87 0.28 }
-0.11 -0.29 -2.15 -0.11 -0.28 -2.13 0.00 034 -1.78
-2.12 -0.35 0.01 -2.16 -0.33 -0.01 -1.87 0.00 -0.28
Z)*(2 { -0.26 -1.75 -0.10 } { -0.24 -1.73 0.09 } { 0.00 -1.58 0.00 }
0.06 -0.11 -1.59 -0.06 0.09 -1.59 -0.34 000 -1.78
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Fig.1. Calculated phonon dispersion spectra of: (a) LilnS,, (b) LilnSe, and (c) LilnTe;.

%‘NyrR3/V = 0.74, where R is the anion radius, N is the number of
chalcogen atoms per cell and V is the cell volume [5]. So, the main
characteristics of the two structures are that each cation (Li and In)
is surrounded by four atoms of anion, and each anion is surrounded
by two Li and two In atoms. The difference of the two structures is
caused by the different way of the anion packing. The orthorhom-
bic structure is closest to hexagonal packing of the anions, while
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Fig. 2. Total and partial phonon density of states of: (a) LilnS;, (b) LilnSe; and (c)
LilnTe,.

the chalcopyrite structure is closest to anion face-centered cubic
packing.

The experimental lattice parameters [5] were used as a starting
point for geometry optimization. The experimental and optimized
lattice parameters are listed in Table 1. The optimized lattice
parameters are slightly smaller than the experimental values
according to our methods, while the maximal deviations with
respect to experimental values are within the normal agreement
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Table 3
Static &9, high frequency &, and lattice £/ dielectric constants of LilnS;, LilnSe, and LilnTe,.
Compound Eoo &0 glat Experiment
LilnS, 4.641 7.020 2379 -
LilnSe, 4.851 7.300 2.449 £0=7.59°
LilnTe; 6.103 8.209 2.106 €5 =6.29¢
7.2972 £0=7.89¢

2 Data taken from Ref. [14].
b Data taken from Ref. [25].
¢ Data taken from Ref. [26].

by LDA and GGA standards, which is sufficient to allow the further
study of dynamical and thermodynamic properties.

3.2. Lattice dynamics

The primitive unit cell of orthorhombic LilnS, and LilnSe; con-
tains sixteen atoms with 48 normal modes at the center of the
Brillouin zone, which can be described by the irreducible repre-
sentations of the point group Cyy as follows:

where the acoustic modes are A;, By and B,. The remaining
45 optical modes contain 33 infrared active vibration modes
(11A1 +11B1 +11B;) and 12 Raman active modes (12A). The long-
range behavior of the coulomb interaction gives rise to macroscopic
electric field for longitudinal optical (LO) phonons and transverse
optical (TO) ones, and the coupling between the phonon modes and
the electric field leads to the LO-TO splitting at the I" point. The dif-
ference between LO and TO phonon frequencies is defined by the
tensor of Born effective charges Z* and high-frequency dielectric
tensor &4 through nonanalytic contribution to the force constants.

I'o =12A +12A; 4+ 12B1 4+ 128, (4)  Allthese quantities are calculated in terms of the DFPT and no addi-
Table 4
Phonon frequencies (cm~1) of LilnS;, LilnSe, and LilnTe, at I" point.
LiInS; LilnSe; LilnTe,
Symmetry Raman Symmetry Raman Symmetry Raman
Ay 60.02 Ay 51.77 B 77.91
Az 72.33 Ay 61.86 Aq 120.12
Az 123.24 Ay 84.76 B 173.73
A 129.22 Ay 96.65 By 317.98
Az 160.59 Ay 106.22 IR
Az 270.27 Ay 171.29 E(TO) 53.26
Ay 315.76 Ay 217.10 B, 70.23
Ay 349.94 Ay 226.23 E(LO) 71.53
Az 359.96 Ay 229.18 E(TO) 176.21
Az 371.19 Ay 299.88 B»(TO) 176.24
Ay 379.74 Ay 313.47 E(LO) 178.73
Az 409.16 Ay 342.81 E(TO) 295.56
IR IR B,(LO) 300.47
Ay 58.45 Aq 50.86 E(LO) 303.05
B, 62.50 B> 55.69 Silent
Aq 90.92 B> 74.76 Az 91.32
B, 97.17 Aq 75.57 Ay 146.53
B4 98.96 Aq 77.61
By 110.46 By 78.35
Aq 114.73 B> 91.34
B> 131.45 By 92.504
Aq 134.10 Aq 96.21
By 144.57 By 97.48
B, 173.36 By 115.95
By 197.45 By 119.08
By 281.05 Aq 166.06
A 284.71 B, 182.74
Ay 290.60 By 204.99
By 294.70 Aq 206.85
B, 301.80 By 211.33
B> 321.30 By 216.62
A; (TO) 344.70 B> 218.30
B, (TO) 348.74 A; (TO) 222.10
A; (LO) 353.92 B, 223.58
By 354.91 By (TO) 225.34
B, (LO) 359.14 A; (LO) 229.63
By (TO) 361.26 B, 230.25
Aq 369.93 Aq 297.25
By (LO) 375.61 B; (TO) 307.22
A; (TO) 376.58 By (LO) 312.05
B, 379.77 B, 312.76
B; (TO) 382.48 A; (TO) 314.79
By 387.30 B, (TO) 320.37
A; (LO) 390.38 A; (LO) 324.48
B, 392.43 B> (LO) 326.70
By (LO) 395.09 By (LO) 333.46
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tional experimental data are required. Since LilnS, and LilnSe; has a
mixed ionic-covalent nature of chemical bonding [10], the macro-
scopic electric field splits the infrared active modes A1, By, and B,
to transverse Ay (TO), By (TO), By (TO), and longitudinal A; (LO),
By (LO), and B, (LO) components. The primitive unit cell of the
chalcopyrite LilnTe, contains eight atoms with 24 degrees of free-
dom. According to the group theory, there are 21 normal modes at
the center of the Brillouin zone, and they can be described by the
irreducible representations of the point group D,q4:

I'o =A1 +2A; +3B1 +3B, + 6E (5)

where B, and E are polar Raman active modes with TO and LO
phonon frequencies, A; and B; are nonpolar Raman active modes,
Ay isanoptically inactive mode, and E and B, are also infrared active
vibration modes.

The results of Z* tensors are presented in Table 2 for three
nonequivalent atoms. The effective charges for the other atoms
can be obtained from those shown in the table by symmetry con-
siderations. The diagonal tensor elements of three nonequivalent
atoms for orthorhombic structure are different, whereas the diago-
nal tensor components of cations satisfy the relationZ, = Zj, + Z;,
for chalcopyrite. Because of the internal distortion, anions do not
have equivalent effective charge tensors. As seen from the data pre-
sented, Z* diagonal components of three compounds are different
from the expected values of ionic charges Li(1+), In(3+), X(2—) from
chemical point of view. The difference of Z* value from the refer-
ence static nominal value is an indication of bond polarity. Ghosez
et al. reported that the presence of anomalous Z* requires a modi-
fication of the interactions between the occupied and unoccupied
electronic states [24]. The discrepancy between Z* and static nom-
inal value in the three compounds may be interpreted in terms of
a mixed covalent-ionic nature of Li-X and In-X bonds. Z* value of
Li atoms are closer to ionic charges Li (+1) as compared with those
of the other atoms. So, it can be concluded that the ionic nature of
Li-X bonds are stronger than that of In-X bonds.

The average of electronic (¢, ) and static (&g ) dielectric constants
obtained from the expression &€+ (or o) = (e%¥+ & +6%)/3 is
shownin Table 3. Our results are in good agreement with the exper-
imental data[25,26]. The static dielectric tensor can be decomposed
into the contributions of different modes as follows [27]:

47re? S
E0=Exct — Y —o (6)
v ?
N A

where S, and w),, are the oscillator strength tensor which is related
to eigen displacements and Born effective charge tensors and fre-
quency of A, respectively, &g — €4 is the lattice dielectric constant
glat, Since the mode contribution to the static dielectric constant
is inversely proportional to the square of the mode frequency,
low frequency modes contribute to &y considerably, although their
oscillator strengths are smaller as compared with higher frequency
modes. On going from S-containing compound to the Te-containing
one there occurs an obvious increase of g and €, which is in agree-
ment with the order of electric susceptibility of anions. However,
glat of the three compounds are similar in our results.

The phonon dispersion curves of three compounds are displayed
in Fig. 1 along several high-symmetry lines, and the total and partial
phonon DOS are shown in Fig. 2. As follows from the calcula-
tions made, the calculated phonon dispersion relations have no soft
mode at any wave vectors indicating their stabilities. The closeness
between the frequencies of some optic modes and acoustic modes
means that energy transfer between these modes is easy. Accord-
ing to inharmonic effects, these low-frequency optic modes will
strongly scatter the acoustic modes, which carry the beat flow and
may lead to low lattice thermal conductivity [11]. The low LO-TO
splitting of three compounds is due to the low ionic characteristics

of their structures. It should be noted that the tetrahedral coordi-
nated compounds (such as zinc blende and wurtzite) show much
more covalent characteristics than the ionic ones [23].

The phonon dispersion curves of LilnS, and LilnSe, are similar
and different from the one of LilnTe, due to different structures.
Despite the similarity of LilnS, and LilnSe,, there are also sev-
eral distinctions in the phonon dispersion curves because of the
different strengths of the elastic forces and the degree of the ion-
icity. The greatest difference is that two upper phonon bands of
LilnS, are very close with the 16.67 cm~! gaps comparing with the
61.07 cm™! gap for LilnSe,. For LilnS, two middle phonon bands
practically merge from 268.67 cm™! to 325.27 cm™!, whereas for
LilnSe, and LilnTe;, they are separated from each other by 1.79
and 27.21 cm™! gap, respectively. From Fig. 2, the total and partial
phonon DOS are similar for LilnSe; and LilnTe;. The contributions
of In and X movements dominate at low-frequency and mid-
frequency ranges, and those of Li movements lie at high-frequency
range since Li is lighter than In and X. The analysis allows us to con-
clude that the In-X vibrations are dominated in the low-frequency
and mid-frequency regions, and the Li-X vibrations are dominated
in the high-frequency region. Li atoms almost keep still when the
In-Se and In-Te vibrations are dominated, and movements of Li
atoms become quite serious when the phonon frequency is above
280 cm™!. This result is also verified by our following vibrational
mode analysis. When the mass of the non-metal atoms increases,
four phonon bands of three compounds obviously move towards
the lower energy scale because the force constants between cations
and anions decrease. While for the chalcopyrite LiMTe, (M = Al, Ga,
In), the third bands move fastest and the shift of other phonon bands
is little [14]. This phenomenon can be explained by the fact that the
vibrations of Al, Ga and In atoms make a predominant contribu-
tion to the mid-range phonon bands for LiMTe; compounds [14],
whereas the vibrations of S, Se and Te atoms influence on all four
bands by the formations of In-X and Li-X bonds in compounds.
The upper phonon bands are mostly caused by vibrations of Li
atoms, and their boundary values for LilnS,, LilnSe;, and LilnTe, are
436.53,353.57 and 322.80 cm™!, respectively. The boundary values
of LiAITe,, LiGaTe; and LilnTe, are similarat 372,358 and 349 cm™!,
respectively [14].

Results of phonon frequencies of the crystals involved at the
center of the Brillouin zone taking into account LO-TO splitting are
given in Table 4. LO-TO splitting affects only infrared active modes
near I" point, raising the frequencies of LO modes above those
of TO modes. Our mode frequencies of LilnSe, in high-frequency
region are lower than the values by Li et al., while the results
in low-frequency and mid-frequency regions are similar to the
data by Li et al. [11]. The calculated IR absorption spectra and
Raman spectra for the LilnS,, LilnSe; and LilnTe, as compared
with the experimental values [26,28] are shown in Fig. 3. Along
with the increase of the anion radius, all lattice vibration modes
of IR and Raman spectra move obviously towards the low energy
regions because of the decreasing force constants of cations and
anions. According to Fig. 3, the gross features of our calculated
spectra agree well with the experimental data for three com-
pounds, but the calculated Raman spectra shift towards high energy
region in the ranges 250-400 cm~! and 50-125 cm™! for LilnS, and
LilnSe,, respectively, and the calculated IR spectrum in the range
of 270-320cm™! also shift towards the high frequency region for
LilnS,. The discrepancies are mainly caused by the underestimated
cell parameters, which correspondingly increase the force con-
stants between cations and anions. However, there is an exception
in the high frequency of IR spectrum from 280 cm~! to 350 cm™! for
LilnSe,, where the calculated spectra move towards the low fre-
quency region. According to our tests of the exchange-correlation
energy, it is found that the different exchange-correlation energy
affects mainly the high frequency region of IR spectra, and the
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Fig. 3. Calculated infrared reflectivity spectra and Raman spectra compared with the experimental literatures of: (a) LilnS,, (b) LilnSe, and (c) LilnTe,.

influences on low-frequency and mid-frequency modes are little.
Although there is a discrepancy between our data and experimen-
tal spectra in this region, our results are closest to the experimental
data compared with those by other exchange-correlation energy
methods according to our tests. Our results of all modes of LilnTe,
are higher than those in paper [14], the difference was just caused
by the different exchange-correlation energy, while our results of IR
spectrum are closer to the experimental data. At present, no exper-
imental data of Raman spectra for LilnTe, are available. Therefore,
we consider the present results of LilnTe;, as a predictive study.

Due to low symmetry of orthorhombic structures for LilnS,
and LilnSe,, many peaks appear in the IR and Raman spectra as
compared with the tetragonal one, and some peaks are so close
to each other that they become one broad peak as shown in
Fig. 3. Since there are the analogous vibration modes for LilnS;
and LilnSe,, for simplicity, only vibration patterns of LilnS, were
discussed in detail. In order to have a clear picture of the vibra-
tion patterns, we have illustrated the atom displacements for
several typical modes as shown in Fig. 4. The vibration motions
of low-frequency region (<110cm-!) are mainly related to the
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Fig. 4. Atomic displacement patterns of LilnS;.

translational movements of Li, In and S atoms. The vibrations
of Raman modes at 60.02 and 72.33cm™! are along the diago-
nal axes, while the vibrations of A; and B, IR modes are along
the coordinate axes. There are two B; modes at 144.47 and
197.45cm™! in the 120-200cm™! regions, which come from the
torsion and swing for S-In bonds, and the In atoms are nearly
kept still. This is in agreement with the analysis of phonon
DOS (see Fig. 2.). The vibration modes at 270.27, 281.06, 284.71,
290.61 and 321.30cm™! are a combination of stretching and tor-
sion for S-In bonds with Li atoms’ translational movements, and
the In atoms are almost static for A, mode (at 270.27 cm™1).
Interestingly only half of S-In bonds in a unit cell take part in
the stretching and torsion vibrations, and the other half S-In

A, 120.12 cm™

bonds nearly are still. The B; modes at 294.71 and 301.80cm™!
are related to the stretching and torsion movement for all S-In
bonds with Li atoms’ translational movement. The modes from
344.70cm! to 361.27 cm™! are involved in the stretching and tor-
sion movements of S-In bonds with the slight vibrations of In
atoms. With the higher vibration frequency, the stretching move-
ments are more obvious. The most intensive peaks of IR spectra
at 353.92 and 354.91cm! are mainly caused by the symme-
try or asymmetry stretching vibrations of half of S-In bonds. For
the high-frequency region (>369.94 cm™'), Li atoms have seriously
translational motions with each other with slight torsion vibrations
of S-In bonds, and the In atoms are still. The higher the vibra-
tional frequency is, the more intensive the translational motions

E 295.56cm™

Fig. 5. Atomic displacement patterns of LilnTe,.



9740

(a)

80 L — LilnS, __/.;"
----LilnSe, ) ./-?'/
= LilnTe, ey
E 60 L7
B 2
g 40 P
=] o
5] L
= 7
2
EXr
0 "'}./ 1 1 1 1 1
0 200 400 600 800 1000

Temperature (K)

or —Lilns,
220 ----LilnSe,
’—é -40 L --LilnTe,
= L
& 60
> L
2 80
Q
8 L
2100
8 +
B~ 120 F
140 | .
-160 I Il Il Il Il ) AN
0 200 400 600 800 1000
Temperature (K)
(e)
600
500
<
400+ /.
|- S N AU
<
g 300
g
Q .
‘é — LiInS,
£ 200 ----LilnSe,
A .
100 LilnTe,
0 1 1 1 1 1
0 200 400 600 800 1000

Temperature (K)

T. Ma et al. / Journal of Alloys and Compounds 509 (2011) 9733-9741

(b)

—
230t LilnSe,

LilnTe, _
» LilnSe,(exp. Ref.29

200

150

100

Entropy (J/mol-K)

50

1 1 1 1 1
0 200 400 600 800 1000

Temperature (K)

2
3
£ .
S 80 ----LilnSe,(C,)
< ---- LilnTe (C,)
E 60 - LilnTe,(C,) (exp. Ref. 30)
=S « LilnSe,(C,) (exp. Ref. 30)
g 40 + LilnS,(C,) (exp. Ref. 30)
= ¢ LilnS, (lower square)
20 LilnSe, (upper square)(C,)
0 . (Iexp‘ Ref. T?l) .
0 200 400 600 800 1000
Temperature (K)

Fig. 6. Calculated temperature dependences of: (a) internal energy, (b) entropy, (c) free energy, (d) constant volume heat capacity and (e) Debye temperature ®p(T) for

LiInS;, LilnSe, and LilnTe,.

of Li atoms are, which is consistent with the results of the phonon
DOS.

The atomic displacement patterns for the tetragonal structure
LilnTe; are shown in Fig. 5. The A; mode (at 120.12 cm™!) involves
the translational movements of Te atoms. One half of Te atoms
move against each other along the x axes and the other half of
Te atoms move along the y axes, and the Li and In atoms are
still. The vibration motions of low-frequency region (<100cm™!)
are mainly related to the swing vibrations of In-Te bonds with
the Li and In atoms’ translational motions. For the B; mode (at

77.91 cm™!) the Li and In atoms have translational motions with
each other along z axes, one half of Te atoms move along the y
axes, and the other half of Te atoms move along the x axes. The
silent mode A, at 146.53 cm™! involves the stretching and torsion
movements for all Te-In bonds with the In and Li atom still. In
the mid-frequency region (170-180 cm™!), the vibration modes are
mainly involved in the translational vibrations of In atoms and the
torsion movements of Te-In bonds, and the Li atoms are static,
which is consistent with the analysis of the phonon DOS. With the
higher energy of the vibrations there is the more pronounced effect
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in the stretching movements of Te-In bonds. In the high-frequency
region (>290 cm™!), the seriously translational vibrations of the Li
atoms along the coordination axes or the diagonal axes are main,
and the In and Te atoms are still.

3.3. Thermodynamic properties

Fig. 6(a-c) show the calculated thermodynamic quantities (the
internal energy, entropy and free energy) of LilnS,, LilnSe, and
LilnTe; in the temperature range 0-1000 K. The experimental data
[29] of LilnSe, were also given in Fig. 6(b). Although our results
are slightly smaller than the experimental ones, theory and exper-
iment show satisfactory agreement within the limitation of the
Castep program and the harmonic approximation. By comparing
the thermodynamic data, itis indicated that the internal energy and
entropy increase, when the mass of the non-metal atoms grows.
Fig. 6(b) shows that the contribution to entropy from the non-metal
atoms is more important as compared with those from the metal
atoms. According to the equation F=U-TS, it is obtained that free
energy decrease from LilnS; to LilnSe; to LilnTe,. At high temper-
atures the internal energy tends to display kgT behavior.

In Fig. 6(d and e), we present the results on the tempera-
ture dependences of the heat capacity at constant volume (Cy)
and Debye temperature ®p for the three compounds. In the low-
temperature limit, the three Gy exhibit the T3 power-law behavior,
and they all approach at high temperature the classical asymp-
totic limit of Cy =3nkg =99.2 J/(mol K). The heat capacity curves of
the three compounds are different at the low-temperature region
(<400K). The heat capacity data increase at the same tempera-
ture, when LilnS, is replaced by LilnSe; and LilnSe; is replaced by
LilnTe,. At room temperature, the heat capacities are 86.88, 92.30
and 93.89]/molK for LilnS,, LilnSe, and LilnTe,, respectively. The
calculated Gy values of three compounds are compared with the
experimental Cp values obtained by Yelisseyev and Kuhn [30,31]
from Fig. 6(d). Although Cp is different from Cy due to the thermal
expansion caused by anharmonicity effects (The relation between
Cp and Cy is determined by expression: Cp — Cy = oz\Z/BOVT. where
oy is the volume thermal expansion coefficient and By is the bulk
modulus), the difference is negligible at low temperatures. Accord-
ing to Fig. 6(d) our calculated values of Cy are smaller than the
experimental ones of Cp. The temperature dependences of ®p(T)
for the three compounds can easily be identified at the whole tem-
perature regions. The Debye temperature increases rapidly below
200K and reaches a maximum of 520.1, 387.0 and 342.4K for
LilnS,, LilnSe, and LilnTe,, respectively. Since ®p(T) corresponds
to the Debye stiffness, we can reach the conclusion that the Debye
stiffness would be enhanced when Te is replaced by Se and Se is
replaced by S.

4. Conclusions

We have done a comprehensive ab initio investigations of lat-
tice dynamics and thermodynamic properties of LilnS,, LilnSe, and
LilnTe, within DFPT frameworks by using quasi-harmonic approxi-
mation. The Born effective charges Z* and high-frequency dielectric
tensor &, indicated the mixed covalent-ionic nature of three com-
pounds. The phonon dispersion curves of three crystals consist
of four bands that are observed to be an obvious decrease going
from LilnS, to LilnSe;, to LilnTe,, which is a consequence of the
decreasing force constants between cations and anions. The In-X
vibrations are mainly located in the lower frequency range and the
Li-X vibrations are dominated in the higher frequency range. We
have computed the zone-center vibrational frequencies and their
eigen displacements and compared the calculated results to the

Raman scattering and IR measurements reported in the literature.
Our theoretically calculated data are all in good agreement with the
available experimental data for these compounds. On going from
LilnS, to LilnSe, to LilnTe,, the whole lattice vibration spectra move
obviously towards the low energy regions. The temperature depen-
dences of the thermodynamic quantities (the internal energy, free
energy, heat capacity, entropy and Debye temperature) were calcu-
lated. When the mass of the non-metal atoms increase, the internal
energy and entropy both increase, while free energy decreases. The
results of Debye temperature show that the Debye stiffness would
be enhanced when Te is replaced by Se and Se is then replaced by
S.
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