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A comprehensive investigation of the unexplored mechanical, electronic, Mulliken bond popu-

lation, vibrational, optical and thermophysical properties of the synthesized compounds NbInX2

(X = S, Se) have been made for the ¯rst time using the density functional theory. The chemical,

mechanical and dynamical stabilities of the compounds are established in our calculations. Both

compounds are soft, machinable and brittle. The anisotropic nature of the studied compounds is

shown by 3D representations of elastic moduli. The density of states and electronic band struc-
ture demonstrate that the compounds are metallic. Fermi surfaces of both compounds are almost

similar and contain both hole- and electron-like topologies. The characteristics of chemical

bonding among di®erent atoms of the compounds are studied via a charge density distribution

map and bond population analysis. Both the compounds possess optical anisotropy. Re°ectivity
is high (above 44%) in the IR{visible{UV region indicating that the phases may be e®ective in

reducing solar heat. Minimum thermal conductivity, kmin (used to select appropriate material for

thermal barrier coating) and its anisotropy are calculated for the ¯rst time. The results show that

both compounds have kmin much smaller than the reference value of 1.25Wm�1 K�1.

Keywords: Density functional theory; electronic property; mechanical property; thermophysical

property; Fermi surface; minimum thermal conductivity.
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1. Introduction

The compounds that contain at least one chalcogen element such as sulfur, selenium,

tellurium and are called chalcogenides. These materials have recently received much

attention from the scienti¯c community because of their interesting physical prop-

erties and potential use in devices such as logic transistors, ¯eld-e®ect transistors

(FETs), photodetectors, and photoelectrochemical cells. These are also promising

candidates for optoelectronic device applications because of their various crystalline

phases and fascinating properties associated with thermoelectric e®ects. Although

most chalcogenides are semiconductors, our studied compounds NbInS2 and NbInSe2
show metallic character. NbInS2 and NbInSe2 ternary chalcogenides are prepared by

intercalating the post-transition element In with the dichalcogenides NbS2 and

NbSe2. By using X-ray powder methods, Eppinga et al.1 synthesized MxNbX2 and

MxTaX2 (M = In, Sn, Pb, Bi; X = S, Se) in 1980. They reported the experimental

lattice parameters of InNbS2 and InxNbSe2 (2/3 � x � 1) along with other

compounds. In 1982, Sunandana et al.2 also synthesized In0:67NbS2 and In0:67NbSe2
accompanied by other compounds using powder X-ray di®raction method. They

studied the electrical characteristics of Inx MCh2 (M=Nb, Ta; Ch= S, Se) and found

that all the compounds show metallic behavior.

In 2012, Zhang et al.3 synthesized NaInS2 by solvothermal method doped with

Cu. According to their ¯ndings, Cu doping causes photocatalytic enhancements in

the presence of visible light. Yaseen et al.4 and Hossain et al.5 theoretically reported

optoelectronic and thermoelectric properties of NaInS2 and NaInSe2. They show that

NaInS2 and NaInSe2 are narrow band gap semiconductors. In the ultraviolet range,

these compounds exhibit high optical absorption and low re°ectance, making them

excellent for optoelectronic applications.

In 2013, Wu et al.6 also synthesized CuInS2 ternary compound using a

solvothermal procedure based on CuS microspheres as sacri¯cial templates. They

claimed that CuInS2 has substantial infrared optical absorption and is a promising

agent for polythermal conversion. In 2020, Soni et al.7 theoretically studied

the electronic and optical properties of CuInS2 and CuGaS2 chalcopyrites. In 2008,

Wang et al.8 synthesized CuInS2 and AgInS2 by powder X-ray di®raction (XRD) and

obtained metastable orthorhombic phase of AgInS2, CuInS2 and AgInSe2. In 2020,

Yuan et al.9 also synthesized AgInS2 by one-step hydrothermal method and reported

that the optical band gap increases with molar ratio of Ag{In{S. The photoelectric

and photocatalytic properties of AgInS2 were also studied at 200�C temperatures.

To the best of our knowledge, elastic, electronic (such as electronic spectra,

density of states, Fermi surface, electronic charge density distribution), thermo-

physical, optical and vibrational properties of NbInS2 and NbInSe2 have not yet been

studied theoretically and experimentally. All the above-mentioned properties are

important for technological applications. Mechanical characteristics inform us about

the practical usage of materials. Elastic constants are required for a variety of

practical applications involving a solid's mechanical characteristics. The band
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structure helps one to predict the electronic properties of a compound. The optical

characteristics of a substance reveal the material's reaction to incoming radiation.

So, the frequency-dependent optical constants such as dielectric constants, absorp-

tivity, re°ectivity, refractivity, loss function and optical conductivity are essential for

optoelectronic applications. Hence, the theoretical investigation on the above-

mentioned properties of NbInX2 ðX = S, Se) are required in order to fully exploit

their features for eventual technological applications.

Here, we have studied the aforementioned properties along with di®erent ther-

mophysical properties such as Debye temperature, melting temperature, Grüneisen
parameter, heat capacity, thermal expansion coe±cient, and minimum thermal

conductivity in detail. The main objective of our study is to ¯ll up this essential

research gap of chalcogenide phases in detail, which can be immensely helpful for

future research when viewed from an applied and basic research point of view.

The rest of the paper is structured as follows. An explanation of the computa-

tional methodology is included in Sec. 2. In Sec. 3, the new ¯ndings are analyzed and

presented. Finally, Sec. 4 summarizes the results.

2. Computational Method

First-principles calculations are performed within the context of density functional

theory10 utilizing the plane wave pseudopotential technique implemented in the

Cambridge Serial total Energy Package (CASTEP) code.11 For di®erent atoms,

plane wave pseudopotentials replace the complex potential felt by core electrons with

a simpler and smooth potential. This allows for e±cient calculations without directly

solving for core electrons. The core{valence separation is designed such that core

electrons are not explicitly included in the calculations but their e®ects are

approximated by the pseudopotential. The interaction between valence electrons

and ionic core is estimated using Vanderbilt-type ultrasoft pseudopotentials.12 The

local density approximation (LDA) CA-PZ (introduced by Ceperley and Alder;

parametrized by Perdew and Zunger)13{15 is used to perform the exchange-

correlation energy term when solving the Kohn{Sham equations. The ground

state energy of NbInX2 (X = S, Se) is investigated using the Broyden{Fletcher{

Goldfrab{Shanno (BFGS) optimization technique.16 The values of kinetic energy

cut-o® for the plane wave expansion are taken as 650 and 500 eV for NbInS2 and

NbInSe2, respectively. Kinetic energy cut-o® is a crucial parameter which has

enormous e®ect on the quality of the DFT calculations. It tells us about the cuto® of

the number of plane wave functions being utilized as basis functions to represent the

wavefunction. According to the Monkhorst{Pack method,17 integration over the ¯rst

Brillouin zone is performed using 22� 22� 8 k-point mesh for both tompounds. This

dense k-point mesh yields smoother electronic spectra, Fermi topology and electronic

charge density map. Geometry optimization is performed using threshold values of

5� 10�6 eV/atom for the total energy, 0.01 eV/Å for the maximum force, 0.02GPa

for the maximum stress and 5� 10�4 Å for maximum displacement. Using the ¯nite

Ternary chalcogenides NbInX2 (X = S, Se)
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stress{strain method18 based on DFT, the elastic and mechanical properties have

been calculated. The anisotropic nature of elastic characteristics is demonstrated by

ELATE software.19

3. Results and Analysis

3.1. Structural properties and chemical stability

The ternary compounds NbInX2 ðX = S, Se) are hexagonal crystals having space

group P�6m2 (No. 187). The optimized crystal structure is shown in Fig. 1. The unit

cell consists of one formula unit with a total of four atoms. The positions of Nb, In, X

atoms are at 1b(0, 0, 1/2), 1a(0, 0, 0) and 2i(1/3, 2/3, zxÞWycko® sites, respectively,

where zx is the internal parameter (Table 1). The optimized parameters for

NbInX2 ðX = S, Se) are shown in Table 1 along with available experimental1 data

for comparison. It is observed that our calculated lattice parameters reasonably agree

with these and hence our present study is credible.

Although our studied compounds are experimentally synthesized, the cohesive

energy of the studied compounds has been determined to verify their chemical

stability. The chemical stability of the structure of solids can be measured directly

Fig. 1. (Color online) The optimized unit cell of NbInX2 ðX = S, Se). On the right, the crystallographic

axes are displayed.

Table 1. Lattice parameters a and c (Å), c=a ratio, internal parameter zX
(X = S, Se), unit cell volume V (Å3Þ and cohesive energy Ecoh (eV/atom) for

NbInS2 and NbInSe2.

Compound a C c=a zX V Ecoh Ref.

NbInS2 3.302 7.949 2.407 0.31 75.07 1.71 This work

3.340 8.160 2.443 0.32 78.83 ��� Expt.1

NbInSe2 3.419 8.245 2.412 0.30 83.49 0.40 This work

3.450 9.270 2.687 0.32 95.55 ��� Expt.1;†

NbIn0:67Se2 3.410 9.260 2.715 ��� 93.25 ��� Expt.2

Note: †Quoted values for InxNbSe2 (2/3 � x � 1Þ.
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from the di®erence between crystal energy and free atom energy of the relevant

phases. The cohesive energy per atom is calculated using the following equation18,20:

Ecoh ¼ ðENb þEIn þ 2EX � ENbInX2
Þ

4
; ð1Þ

where ENbInX2
is total crystal energy per formula unit of NbInX2 and ENb, EIn and

EX are total energies of single Nb, In and X atoms, respectively. CASTEP code is

used to calculate the isolated atomic energies. Our estimated values of Ecoh are listed

in Table 1. The positive values of cohesive energies indicate that these materials are

chemically stable.

3.2. Elastic and mechanical properties

3.2.1. Elastic properties

The elastic constants provide a relationship between the mechanical and dynamic be-

havior of crystals.21 We have estimated the independent single crystal elastic constants

Cij, polycrystalline bulk (BV ,BR andBHÞ and shear moduli (GV ,GR andGHÞ, Young's
modulusY and Poisson's ratio � of the ternary chalcogenides NbInX2 ðX=S, Se) for the

¯rst time. Further information on elastic constants may be found elsewhere.22{24 For

hexagonal crystals,23 thenumberof componentsof the tensorof elastic constantsdecreases

to ¯ve: C11, C33, C44, C12 and C13. We are unable to compare our estimated elastic

constants with any other theoretical or experimental data, unfortunately.

For a hexagonal system, the elastic constants must meet the following stability

criteria24,25 (at zero pressure) in order to be mechanically stable:

C11 � jC12j > 0;

ðC11 þ C12ÞC33 � 2C 2
13 > 0;

C44 > 0:

ð2Þ

Our estimated elastic constants are presented in Table 2, which ful¯ll the

aforementioned stability requirements. These suggest that NbInS2 and NbInSe2 are

mechanically stable.

We know C11 and C33 represent the axial resistances along a- and c-axes,

respectively. Table 2 shows that our estimated values of C11 and C33 are larger than

other elastic constants, which indicates that the titled compounds are more incom-

pressible under uniaxial stress along a (�11Þ or c (�33Þ axis. For both NbInS2 and

Table 2. Single crystal elastic constants Cij (GPa), linear compressibility

ratio kc/ka, Kleinman parameter (�Þ and tetragonal shear modulus Ct (GPa)
for NbInS2 and NbInSe2.

Compound C11 C33 C44 C12 C13 kc/ka � Ct

NbInS2 144.5 116.7 47.9 40.3 42.7 1.34 0.43 52.10
NbInSe2 177.1 172.3 60.7 55.9 64.0 0.97 0.46 60.59

Ternary chalcogenides NbInX2 (X = S, Se)
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NbInSe2, C11 is higher than C33 indicating that c-axis is more compressible than

a-axis. C44 is a crucial parameter pertaining to the shear modulus, which represents

the resistance to shear deformation of the crystal. As both compounds have lower

values of C44 than those of C11 and C33, shear deformation may occur more readily

than uniaxial stresses. Moreover, the other two elastic constants C12 and C13 are

referred to as the o®-diagonal shear components.

For hexagonal crystal structure, the linear compressibility coe±cient ratio along

the a- and c-axes is calculated using the following relation26:

kc
ka

¼ C11 þ C12 � C13

C33 � C13

; ð3Þ

where kc and ka denote the compressibility along the c- and a-directions, respec-

tively. Our estimated kc/ka indicates that NbInS2 has greater compressibility along

c-axis compared to NbInSe2.

The Kleinman parameter (�Þ, commonly known as the internal strain parameter,

assesses the stability of a material to stretching or bending. The � can be calculated

using the following expression27:

� ¼ C11 þ 8C12

7C11 þ 2C12

: ð4Þ

� is a dimensionless parameter with a value that is typically in the range of

0 � � � 1. The maximum limit of � is 1, which indicates bond bending, on the other

hand, the lower limit of � is 0, which indicates bond stretching.28 The estimated values

of NbInS2 andNbInSe2 are 0.43 and 0.46, respectively, and are shown inTable 2. These

suggest that themechanical strength in bothNbInS2 andNbInSe2 ismostly dominated

by the contribution of bond stretching as opposed to bond bending.

The tetragonal shear modulus Ct can be calculated as29 Ct ¼ C11�C12

2 . The sound

velocity (transverse waves) in a material and its dynamical stability are intimately

related to this characteristic parameter.29 Large positive values of Ct indicate that

our studied compounds are dynamically stable.

3.2.2. Mechanical properties

Using the Voigt{Reuss{Hill (VRH) approximation, the mechanical properties of a

material are determined by its bulk, shear, Young's moduli (BH , GH , Y Þ and

Poisson's ratio �, which have been evaluated by the following relations30{32:

BV ¼ ð2C11 þ 2C12 þ C33 þ 4C13Þ=9 and

BR ¼ C2=M

�
; ð5Þ

GV ¼ ðM þ 3C11 � 3C12 þ 12C44 þ 6C66Þ=30 and

GR ¼ 15

�
18BV

C2
þ 6

ðC11 � C12Þ
þ 6

C44

þ 3

C66

� � 9=
;; ð6Þ

where M ¼ C11 þ C12 þ 2C33 � 4C13 and C2 ¼ ðC11 þ C12ÞC33 � 2C 2
13.
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The average values of B and G, denoted by BH and GH , respectively, were then

determined using the following Hill averaging approach32:

B ¼ BH ¼ BR þBvð Þ=2 and

G ¼ GH ¼ ðGR þGvÞ=2
�
: ð7Þ

Young's modulus (Y Þ and Poisson's ratio (�Þ were subsequently obtained from

the calculated bulk and shear moduli using the following expression32:

Y ¼ 9GB

3BþG
and

� ¼ 3B� 2G

2ð3BþGÞ

9>>=
>>;: ð8Þ

The bulk modulus B assesses the resistance of a material to volume deformation.

On the other hand, the shear modulus G uniformly anticipates the strength to

increase the shape-change resistance or plastic deformation. Table 3 shows that our

estimated values of B and G are much smaller than that of super hard materials

t-B4CO4 (B = 250GPa, G = 220GPa)33 and t-NB2 (B = 298GPa, G = 295GPa).34

The low values of B and G indicate that our studied compounds are soft and easily

machinable. The Vickers hardness of these compounds are also expected to be low.

Young's modulus, Y, is a way to measure the sti®ness of a material; the higher the

value of Y, the sti®er the material. Despite the fact that the Y values of our inves-

tigated compounds are lower than those of hard materials, it can be inferred from a

comparison of our estimated Y values that NbInSe2 is sti®er than NbInS2. Again, Y is

inversely proportional to the thermal shock resistance, R.35 Hence NbInS2 possesses

large thermal shock resistance compared to NbInSe2.

Poisson's ratio, v, is a characteristic feature of crystalline solids that facilitates the

computation of several physical parameters of crystalline solids, including prediction

of the stability under shear,36 which is obtained by the low value of �. In addition, it

estimates the nature of the interatomic forces of solids.37,38 The central forces among

constituents in solids are characterized by the value of � within the range from 0.25 to

0.50, and if v is outside of this range, a crystalline system is considered to have non-

central forces.39 In this study, � is estimated using bulk and shear moduli of the com-

pounds. In the case of NbInS2 and NbInSe2, the � values are 0.23 and 0.25, which imply

that the interatomic forces in NbInS2 are predominantly noncentral but in NbInSe2 are

central-force. The chemical bonding in crystals is explored by Poisson's ratio.40 For a

perfect covalent, ionic and metallic material, the Poisson's ratio is 0.1, 0.25 and 0.33,

Table 3. Bulk modulus, B (GPa) and shear modulus, G (GPa) (by VRH method),

Young's modulus, Y (GPa), Poisson's ratio, �, Pugh's ratio and machinability index, �M of

NbInS2 and NbInSe2.

Compounds BR BV BH GR GV GH Y � G=B �M

NbInS2 72.4 73.0 72.7 47.8 48.2 48.0 118.0 0.23 0.66 1.52
NbInSe2 99.4 99.4 99.4 59.2 59.2 59.2 148.1 0.25 0.60 1.64

Ternary chalcogenides NbInX2 (X = S, Se)
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respectively. Hence, the ionic bonding mainly contributes to the chemical bonds of

NbInX2 (X = S, Se). According to Frantsevich's rule,41 a material having � < 0:26

behaves in a brittle manner; otherwise, ductile. Our estimated values of � (Table 3) for

NbInS2 and NbInSe2 suggest that both compounds are brittle in nature.

Again, in Pugh's ratio G/B < 0:57,42 a substance exhibits malleable behavior,

else it is fragile. Our estimated G=B ratio of NbInX2 ðX = S, Se) are 0.66 and 0.60,

respectively, which also indicate the brittleness of titled compounds.

The machinability index, �m is used to check the machinability of a crystalline

material. The machinability index provides important information on the surface of

a material's integrity, tool life, cutting stresses and demand for power. The

machinability index is given by the following equation43:

�m ¼ B

C44

: ð9Þ

Moreover, the ratio B/C44 can be used to determine plasticity.44{46 It also mea-

sures the lubricity of bulk materials. Lower C44 values of both compounds are found

to make these machinable. Our estimated values of �m (shown in Table 3) indicate

that these compounds have the potential to be used as dry lubricants.

3.3. Anisotropy index of elasticity

Elastic anisotropy is often used to identify microcracks in material. Due to the

association between the anisotropic behavior and the potential for microcracks inside

crystals under di®erent stress, knowledge about this parameter is important in en-

gineering as well as crystal physics. The shear anisotropic factors A1, A2 and A3

provide di®erent types of bonding in di®erent directions. Details on these parameters

can be found elsewhere.36,47 For a hexagonal crystal, the factors A1, A2 and A3 are

expressed as follows36,47:

A1 ¼
4C44

C11 þ C33 � 2C13

; ð10Þ

A2 ¼
4C55

C22 þ C33 � 2C23

; ð11Þ

A3 ¼
4C66

C11 þ C22 � 2C12

: ð12Þ

The value of A should be one for a perfectly isotropic crystal, whereas smaller or

larger than one refers to the crystal's degree of elastic anisotropy.48 It is evident from

Table 4 that NbInS2 and NbInSe2 are anisotropic in nature according to the shear

anisotropy factors (A1 and A2Þ but the degree of anisotropy is very small for

NbInSe2. It is observed that A3 is 1, which is interesting.

The universal log-Euclidean index is de¯ned by the following equation49,50:

AL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

BV

BR

� �� �
2

þ 5 ln
CV

44

CR
44

� �� �2s
: ð13Þ

M. H. Mia et al.

2550118-8



where CV
44 and CR

44 are obtained from49

CR
44 ¼

5

3

C44ðC11 � C12Þ
3ðC11 � C12Þ þ 4C44

	 �
ð14Þ

and

CV
44 ¼ CR

44 þ
3

5

ðC11 � C12 � 2C44Þ2
3ðC11 � C12Þ þ 4C44

	 �
: ð15Þ

Similar to the universal anisotropy index AU , AL can be applied to all crystal sym-

metries. Strongly anisotropic or nearly isotropic materials are particularly interesting

to evaluate. AL values range from 0 to 10.26. Approximately 90% of crystalline solids

have an AL value below 1, whereas AL = 0 for fully isotropic crystal.

The universal anisotropy factor AU , anisotropy in compressibility and shear AB,

AG, and equivalent Zener anisotropy Aeq are calculated using the frequently used

relations shown below49,51,52:

AU ¼ BV

BR

þ 5
GV

GR

� 6 � 0; ð16Þ

AB ¼ BV �BR

BV þBR

; ð17Þ

AG ¼ GV �GR

GV þGR

; ð18Þ

Aeq ¼ 1þ 5

12
AU

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 5

12
AU

� �
2

� 1

s
: ð19Þ

Ranganathan and Ostoja-Starzewski52 de¯ned AU to assess anisotropy without

taking into account crystal symmetry. AU = 0 for elastically isotropic crystals while

AU > 0 signi¯es anisotropy. Again, for AG and AB, the maximum anisotropy is

represented by a value of 1, while zero denotes elastic isotropy. According to the

estimated values of AU , AG, AB and AL, NbInS2 is slightly anisotropic. On the other

hand, NbInSe2 shows isotropic nature due to its equal BV , BR, GV , GR and CV
44;C

R
44

values. A value of one for equivalent Zener anisotropy, Aeq indicates isotropy for a

crystalline material, whereas any other value denotes anisotropy.

Table 4. The universal anisotropy index AU , anisotropy in compressibility

and shear (AB, AGÞ, Zener anisotropy Aeq, shear anisotropy indices (A1, A2

and A3Þ and universal log-Euclidean index AL for NbInS2 and NbInSe2.

Species AU AB AG Aeq A1 A2 A3 AL

NbInS2 0.050 0.004 0.004 1.23 1.090 1.090 1 0.01
NbInSe2 0.000 0.000 0.000 1.00 1.098 1.098 1 0.00

Ternary chalcogenides NbInX2 (X = S, Se)
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It is simple to calculateB of a material in di®erent crystallographic directions using

pressure-dependent lattice constants. The uniaxial bulk modulus and anisotropies of

the bulk modulus along the a-, b-, and c-axes can be represented as follows28:

Ba ¼ a
dP

da
¼ �

1þ �þ �
; ð20Þ

Bb ¼ b
dP

db
¼ Ba

�
; ð21Þ

Bc ¼ c
dP

dc
¼ Ba

�
; ð22Þ

Brelax ¼
�

ð1þ �þ �Þ2 ; ð23Þ

where

� ¼ C11 þ 2C12�þ C22�
2 þ 2C13� þ C33�

2 þ 2C33��; ð24Þ

� ¼ fðC11 � C12ÞðC33 � C13Þg � fðC23 � C13ÞðC11 � C13Þg
fðC33 � C13ÞðC22 � C12Þg � fðC13 � C23ÞðC12 � C23Þg

; ð25Þ

� ¼ fðC22 � C12ÞðC11 � C13Þg � fðC11 � C12ÞðC23 � C12Þg
fðC22 � C12ÞðC33 � C13Þg � fðC12 � C23ÞðC13 � C23Þg

: ð26Þ

The estimated values of Ba, Bb and Bc are displayed in Table 5. As the studied

compounds are hexagonal, we found Ba ¼ Bb. Table 5 demonstrates that NbInS2 is

more squeezable along the c-axis than a- or b-axis when pressure is applied, and vice

versa for NbInSe2. � and � represent the relative change in the b- and c-axes with the

distortion of a-axis.

The relaxed bulk modulus, Brelax, is a characteristic property of a material that

can be used to describe the stress relaxation of materials. The value of Brelax of

NbInS2 and NbInSe2 are listed in Table 5. It is notable from this table that for both

compounds our estimated relaxed bulk modulus, Brelax, is slightly deviated from the

calculated bulk modulus (Table 3). It is used to characterize the thermal transition

behavior of viscoelastic and polymer materials under constant strain.

ABa
and ABc

are the bulk modulus anisotropies along the crystallographic axes a

and c with respect to b-axis and expressed as28

ABa
¼ Ba

Bb

¼ �; ð27Þ

ABc
¼ Bc

Bb

¼ �

�
: ð28Þ

Table 5. Uniaxial bulk moduliBa, Bb, Bc (GPa), �, �, relaxed bulk modulus

Brelax (GPa), ABa
and ABc

for the compounds NbInS2 and NbInSe2.

Species Ba Bb Bc � � Brelax ABa
ABc

NbInS2 233.39 233.39 173.75 1 1.34 69.81 1 0.74

NbInSe2 296.27 296.27 305.88 1 0.97 99.80 1 1.03

M. H. Mia et al.
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In Table 5, the calculated values of ABa
and ABc

are also listed. For these para-

meters, the value of 1 indicates elastic isotropy while any deviation from 1 measure a

degree of elastic anisotropy possessed by the crystal. These values imply anisotropy

in axial bulk modulus for both NbInS2 and NbInSe2.

We have also studied the directional-dependent anisotropy in Young's and

shear moduli, linear compressibility and Poisson's ratio using ELATE19 code.

The directional-dependent 3D representations of Y, �, G and � for NbInS2 and

NbInSe2 are shown in Figs. 2 and 3, respectively. For isotropic substances, 3D

graphs must be spherical, whereas any variation from this form indicates

anisotropy.53{55 The graphical shapes of Y, �, G and � of NbInS2 are less spherical

than those of NbInSe2, as seen in Figs. 2 and 3. Hence NbInS2 is slightly more

anisotropic than NbInSe2.

To explain mechanical anisotropy, we calculated the maximum and minimum

values of Y, �G, � for NbInX2 ðX = S, Se) using ELATE code and are illustrated in

Table 6. The numerical data shows that Y, �, G and � of NbInS2 are slightly more

anisotropic than those of NbInSe2.

Fig. 2. (Color online) 3D representation of (a) Young's modulus, (b) compressibility, (c) shear modulus

and (d) Poisson's ratio for NbInS2.

Ternary chalcogenides NbInX2 (X = S, Se)

2550118-11



3.4. Electronic properties

3.4.1. Electronic spectra and density of states

The study of electronic band structure is essential for understanding the optical and

charge transport properties of a material. The calculated band structures of NbInX2

(X = S, Se) along high symmetry directions of the k-space within the ¯rst Brillouin

zone at the ground state are presented in Figs. 4(a) and 4(b). It is noted that the

electronic band structures of NbInS2 and NbInSe2 are almost identical to each other.

It o®ers a number of signi¯cant distinctive qualities, including the type of chemical

bonding and structural details. The Fermi level, EF , is represented by the horizontal

Fig. 3. (Color online) 3D representation of (a) Young's modulus, (b) compressibility, (c) shear modulus

and (d) Poisson's ratio for NbInSe2.

Table 6. The minimum limit, maximum limit and anisotropy of Y (GPa), � (TPa�1Þ, G (GPa) and � of

NbInS2 and NbInSe2.

Y � G �

Species Ymin Ymax AY �min �max A� Gmin Gmax AG �min �max A�

NbInS2 97.0 124.1 1.28 4.13 5.55 1.34 43.23 52.05 1.20 0.19 0.30 1.54
NbInSe2 137.1 151.3 1.10 3.28 3.39 1.03 55.15 60.71 1.41 0.21 0.29 1.41

M. H. Mia et al.
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dashed line which is drawn at 0 eV. At the Fermi level, it is shown that the valence

and conduction bands for both compounds overlap, preventing the appearance of a

band gap. Therefore, these compounds exhibit metallic properties.

The detailed features of band structure and the bonding characteristics of these

compounds can be understood from the study of the total and partial DOS, which are

presented in Figs. 5(a) and 5(b). The density of states explains the number of

occupied states per interval of energy at each energy level. From Fig. 5(a), it is

observed that the valence bands between �4 and �2 eV are due to major con-

tributions of S 3p states, which means that these orbitals are the main contributors

to the electronic states within this energy range. In this case, the sulfur atoms form

covalent bonds by overlapping their 3p orbitals with 4d orbitals of Nb atoms. Again,

the bands extending from �2 eV to near the Fermi level mainly originate due to Nb

4d states. At the Fermi level, DOS arises due to the hybridized contributions from

the Nb 4d, In 5p and S 3p electronic states. In the conduction bands (extending from

1 eV to 4 eV) Nb 4d, In 5p and S 3p states make up the majority of the total

DOS. NbInSe2 shows almost similar characteristics.

Both of our investigated compounds are metallic, as evidenced by their limited

DOS values at the Fermi level. The total DOS at EF for NbInS2 and NbInSe2 is

approximately 1.34 and 1.20 states/eV unit cell, respectively. NbInS2 is therefore

regarded to be slightly more conductive than NbInSe2.

Another crucial parameter is the pseudogap, EP , which is the gap between the

bonding and anti-bonding states. Electronic stability56,57 of a compound can be

signi¯cantly impaired if a pseudogap is present around the Fermi level of the total

DOS. The bonding and anti-bonding peaks in NbInS2 and NbInSe2 lie within 0.50

and 0.30 eV, respectively, from the Fermi level. The electrons in the levels above EP

become delocalized at this distance from the Fermi level and the material is said to

have metalized.

(a) (b)

Fig. 4. (Color online) The electronic spectra of (a) NbInS2 and (b) NbInSe2 along high symmetry

directions in the 1st Brillouin zone.

Ternary chalcogenides NbInX2 (X = S, Se)
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3.4.2. Fermi surface

The Fermi surface is the boundary between occupied and unoccupied electron states

in reciprocal space at absolute zero.58 The Fermi surface can be used to predict

thermal, optical, electrical and magnetic behavior of metals and semimetals. The

Fermi surfaces of the NbInX2 (X = S, Se) are shown in Fig. 6. The Fermi surface of

all compounds have unique geometries that make them simple to recognize from one

another. Fermi surfaces are made up of bands 19 and 20 of both compounds that

cross the Fermi level. Both compounds have electron and hole-like sheets, as seen in

the ¯gures. It is to be observed that the density of states around the Fermi surface is

dominated by d-states of Nb, with modest contributions from s- and p-states of S, Se

and In atoms for both compounds. Due to their predominant involvement in the

Fermi level, Nb-4d electrons are used to investigate the metallicity of NbInX2 (X= S,

Se), which can be obtained from theDOS in Fig. 5. Figure 6 shows that a hole-like sheet

forms surrounding the zone center �-point for NbInS2 for band 19. On the other hand,

(a) (b)

Fig. 5. (Color online) The total and projected densities of states of (a) NbInS2 and (b) NbInSe2.

M. H. Mia et al.
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for band 20, electron-like Fermi sheets develop around the H-point. A similar Fermi

surface topology is found for NbInSe2.

3.4.3. Electron density map

The electron density map provides us with a strong grasp of the type of bonding that

exists between the crystal's atoms. Figure 7 depicts the charge density distribution

(a) (b)

Fig. 6. (Color online) Fermi surface for (a) NbInS2 and (b) NbInSe2, respectively.

(a) (b)

Fig. 7. (Color online) Electron density distribution maps of (a) NbInS2 and (b) NbInSe2 in the (111)

plane.

Ternary chalcogenides NbInX2 (X = S, Se)
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maps (e/�A3Þ for NbInX2 (X = S, Se) along (111) crystallographic plane to

comprehend the distribution of the entire electronic charge in these materials. The

intensity of electronic charge density is depicted by the color scales adjacent to the

map in which blue color denotes high electron density, whereas red color denotes

low electron density. It is possible to recognize covalent bonds by looking at the

concentration of charges between two atoms. Ionic bonds may be present if there is a

balance between the negative and positive charges at the atom sites.

Figures 7(a) and 7(b) make clear that strong covalent bonding exists in S{Nb and

Se{Nb for NbInS2 and NbInSe2, respectively. In this case, Nb 4d states and S(Se) 3p

(4pÞ states hybridized strongly. According to the Mulliken atomic population anal-

ysis, these ¯ndings are reliable. The bonding of S{Nb is slightly stronger than that of

Se{Nb bond. Since the electron distributions of In and S/Se atoms do not overlap, it

can be said that In{S and In{Se bonds are ionic. Furthermore, both compounds show

signi¯cant metallic bonding between the Nb atoms. Hence the studied compounds

are a combination of covalent, ionic and metallic bonding. The Mulliken bond

population study also supports it.

3.5. Vibrational property and dynamical stability

A material's phonon dispersion curve (PDC) is crucial because it provides critical

details on dynamical stability, phase transitions and vibrational contributions to

characteristics including thermal expansion, Helmholtz-free energy and heat

capacity.59 Here we have computed the PDC and phonon density of states (PHDOS)

at the ground state to access the dynamical stability of NbInX2 (X = S, Se). Density

functional perturbation theory (DFPT) and the ¯nite displacement method (FDM)

have been used for this purpose.60,61 In Figs. 8(a) and 8(b), the PDC along the high

symmetry directions of the Brillouin zone and the total as well as partial PHDOS of

NbInX2 (X = S, Se) are shown. The dynamical stability of our studied compounds is

(a) (b)

Fig. 8. (Color online) The phononic spectra along with PHDOS for (a) NbInS2 and (b) NbInSe2.
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con¯rmed by the presence of positive phonon frequencies throughout the entire

Brillouin zone.

The phonon spectra of our investigated compounds have 12 phonon branches,

comprising three acoustic modes and nine optical modes because both of the com-

pounds contain four atoms in their unit cell. The presence of zero phonon frequency

at the zone center �-point is another indication of dynamical stability. The optical

properties of the compounds are characterized by the optical phonon modes. Figure 8

(a) shows that the lower and upper optical modes are overlapped but a noticeable

band gap exists between the lower optical and acoustic modes for NbInS2. Moreover,

the lower and upper optical modes, as well as the acoustic and lower optical modes,

are separated from one another by phonon band gap in NbInSe2.

The partial PHDOS of Fig. 8(a) depicts that the acoustic modes originating from

the coherent vibration of heavier In atoms. The lower and upper branches of optical

modes arise due to the vibration of Nb and S atoms. Figure 8(a) also shows that S

atom is only responsible for the phonon frequency from 7.5THz to 9.4THz. Again,

the acoustic, lower and upper optical modes of NbInSe2 are mainly originate due to

the vibration of heavier In, Nb and lighter Se atom, respectively. Peaks in the

PHDOS are created by the °atness of the bands, and their uphill and downward

slope diminishes the heights of these peaks overall. From Fig. 8(b), it is observed that

the acoustic branches are linear near the �-point, and the slope of these modes is

given by a combination of the crystal's elastic constants.

3.6. Bond population analysis

The analysis of the Mulliken bond population is important to understand the

electron density distribution among di®erent bonds. By using the bond overlap

population (BOP) technique, bonding and anti-bonding strengths are measured.62

The BOP is interpreted as follows: A material's bonding can be expressed in one of

three ways: (i) zero (no signi¯cant interaction between the electronic populations of

the two atoms), (ii) positively (the neighbor atoms are bound), (iii) negatively (the

atoms are anti-bonded).62 The higher values of BOP indicate a higher level of

covalency in a compound. The level of covalency of the bonds is expressed as S{Nb >

Se{Nb. On the other hand, the order of the ionicity level is found in chemical bonds

by reversing of this order. Hence Se{Nb bond is more ionic than S{Nb bond.

In the Mulliken population analysis, the charge spilling parameter represents the

amount of missing valence charge in the projection. A small spilling parameter

implies a good projection of the electronic bonds. According to the spilling para-

meters for NbInS2 and NbInSe2, only around 0.36% and 0.22% of the valence charge

were missing in the projection, respectively.

Table 7 shows that for both compounds, the electronic charge is transferred from

Nb and In to the S/Se atom. This leads us to the conclusion that NbInX2 (X = S, Se)

contains ionic bonds between its atoms.

Ternary chalcogenides NbInX2 (X = S, Se)
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The e®ective valence charge (EVC), which is the distinction between the formal

ionic charge and the Mulliken charge on the anion species in the crystal, can be used

to calculate the covalent or ionic bonding strength with respect to the level of

covalency or ionicity.63,64 In an ideal ionic bond, the value of EVC is zero whereas a

nonzero value denotes the degree of covalency. The strength of a covalent bond is

increased by increasing positive values that are greater than zero. Hence, there is

signi¯cant covalency in chemical bonding inside the NbInX2 (X = S, Se).

3.7. Calculations of Vickers hardness

To explain the bonding characteristics and assess the intrinsic and extrinsic prop-

erties of NbInX2 (X = S, Se), the Vickers hardness can be calculated. In this study,

we used a formulated equation by Gao65 to calculate the Vickers hardness of our

studied compounds using Mulliken bond population analysis within the ¯rst-prin-

ciples method. Due to the delocalization of metallic bonding, there is no signi¯cant

correlation between hardness and metallic bonding.66 Gao et al.67 corrected

this equation to incorporate compounds with partial metallic bonds as a result of

delocalized metallic bonding and expressed as follows:

H �
v ¼ 740ðP� � P�0 Þð� �

b Þ�
5
3 ; ð29Þ

where P� is the Mulliken bond overlap population of the �-type bond, P�0 ¼ nfree=V

is the metallic population, V is unit cell volume, nfree ¼
R EF

EP
NðEÞdE is the number

of free electrons in a unit cell, v�
b is the volume of �-type bond, which is determined

by the bond length d�. The number of bonds N �
b of �-type per unit volume can be

written as v�
b ¼ ðd�Þ3=Pv½ðd�Þ3N �

b �. For a complex multiband crystal, the geometric

average of the hardness of all bonds can be written as67,68

Hv ¼
Y�

ðH �
v Þn�

" #
1=
P

n�

; ð30Þ

where n� denotes the number of �-type bonds. The calculated Vickers hardness with

relevant quantities for NbInX2 (X= S, Se) are listed in Table 8 for the ¯rst time. The

Table 7. Charge spilling (%), Mulliken atomic population and e®ective valence charge

(EVC) of NbInS2 and NbInSe2.

Mulliken atomic population

Compound Atom Charge spilling s p d Total Charge EVC

NbInS2 Nb 0.36% 2.37 6.53 4.16 13.07 0.23 +3.77

In 1.49 1.19 9.99 12.67 0.33 +2.67

S 1.79 4.34 0.00 6.13 −0.13 +1.87

NbInSe2 Nb 0.22% 2.53 6.76 4.13 13.43 0.18 +3.82
In 1.92 1.15 9.99 13.43 0.12 +2.88

Se 1.53 4.23 0.00 5.76 −0.15 +1.85
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estimated values of Vickers hardness of NbInS2 and NbInSe2 are 1.96 and 1.12GPa,

respectively. Thus, softness and ease of machining are expected for NbInX2

(X = S, Se).

The bonding metallicity67,69 of a material can be evaluated with fm ¼ P�0
=P�.

The calculated values for S{Nb and Se{Nb are 0.0065 and 0.0059, respectively.

Hence, the degree of metallicity of S{Nb and Se{Nb bond is almost same.

3.8. Optical properties

The optical properties of a material explain its interaction with the incident light.

The study of these characteristics at visible light is especially important for photo-

voltaic applications. Here we have studied various energy-dependent optical para-

meters such as dielectric constant "ð!Þ, absorption coe±cient �ð!Þ, optical

conductivity �ð!Þ, loss function Lð!Þ, re°ectivity Rð!Þ, the refractive index nð!Þ and
extinction coe±cient kð!Þ.

The optical properties of NbInS2 and NbInSe2 are calculated using the frequency-

dependent complex dielectric function "ð!Þ ¼ "1ð!Þ þ i"2ð!Þ for the ¯rst time, where

"1ð!Þ and "2ð!Þ are the real and imaginary parts of dielectric function. "2ð!Þ is

obtained using the formula given in Refs. 70 and 71 and "1ð!Þ is derived from "2ð!Þ
by the Kramers{Kronig transform.70;71 The optical functions of NbInX2ðX = S, Se)

are evaluated at [100] and [001] polarization directions of the electric ¯eld. The

electric ¯eld polarization-dependent behavior of the optical constants provides

important insights into optical and electronic anisotropy. Intra-band as well as inter-

band transitions have contributed to the dielectric functions of metallic compounds.

Hence, an empirical Drude term is necessary to analyze the optical parameters of

the metallic system.71,72 As our studied compounds are metallic, we have used

0.05 eV for Drude damping and 6 eV (5 eV) for the plasma frequency of NbInS2
(NbInSe2Þ. The calculated optical parameters of NbInX2 (X = S, Se) for photon

energies up to 25 eV are displayed in Fig. 9.

(a) Dielectric constants

The dielectric function, "ð!Þ, completely explains the electronic reaction of a material

to incoming electromagnetic wave. "1ð!Þ is related to the electrical polarization of the

material whereas "2ð!Þ is related with dielectric loss and describes its absorptive

behavior. Energy (frequency) dependance of "1 and "2 for NbInX2 (X = S, Se) are

displayed in Figs. 9(a) and 9(g) along [100] and [001] polarization directions. The

Table 8. Calculated Mulliken bond overlap population P� with bond number N�, bond length d� (Å),
metallic population P�0

, volume of �-type bond v�
b (Å3Þ, bond hardness H �

v (GPa) and Vickers hardness

Hv (GPa) of NbInS2 and NbInSe2.

Compound Bond N� P� d� P�0
v�
b H �

v H� Level of covalency (%)

NbInS2 S{Nb 2 1.12 2.4107 0.0073 37.53 1.96 1.96 Highest (100)
NbInSe2 Se{Nb 2 0.69 2.5763 0.0041 39.35 1.12 1.12 Lowest (62)

Ternary chalcogenides NbInX2 (X = S, Se)

2550118-19



high negative values of "1 suggest that both NbInX2 (X = S, Se) show Drude-

like behavior. For both NbInX2 (X = S, Se), large value of "2 in the infrared and

near-visible region for both polarization directions suggest high absorption of elec-

tromagnetic radiation in these regions. The ¯gure shows that "1 reaches zero from

below and "2 approaches zero from above at 23.50 and 21.83 eV for NbInS2 and

NbInSe2, respectively. At this energy, the loss function reaches its maximum and the

re°ection and absorption band both abruptly decline.

(b) Re°ectivity

Re°ectivity is an important optical parameter that explains how much incident light

is re°ected from the substance. The re°ectivity spectra for NbInX2 (X = S, Se)

compounds are shown in Figs. 9(b) and 9(h) along the polarization directions. These

Fig. 9. (Color online) The energy-dependent (a, g) dielectric function, (b, h) re°ectivity, (c, i) refractive

index, (d, j) absorption coe±cient, (e, k) optical conductivity and (f, l) loss function of NbInS2 and NbInSe2
along [100] and [001] directions.
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¯gures show that both the compounds have almost similar re°ectivity spectra which

start with a value of �0.99.

Figure 9(b) demonstrates that the re°ectance of NbInS2 signi¯cantly drops along

the [100] direction up to 1.7 eV. Thereafter, the curve exhibits nearly nonselective

features up to �13 eV, and the re°ectance is greater than 50% in this area. On the

other hand, along [001] direction, the re°ectivity of NbInS2 gradually increases from

�1.6 eV to �7 eV and then slowly decreases. Re°ectivity increases from �35% to

�70% in this region. NbInSe2 exhibits almost similar characteristics. NbInSe2 shows

nearly nonselective characteristics up to �8 eV along [100] direction and the re°ec-

tivity is above 50%. For [001], the re°ectance of NbInSe2 decreases up to �1.5 eV,

after this, the curve slightly increases and reaches a maximum value at �6.4 eV. We

observe that Rð!Þ for NbInX2 (X = S, Se) in [001] direction is always higher than in

[100] direction. It is generally known that a material can reduce solar heating if its

re°ectance is �44% in the visible region.73 NbInS2 and NbInSe2 are thus viable

contenders for coating materials to lessen solar heating.

(c) Index of refraction

A detailed understanding of a material's index of refraction is essential for the correct

design of optoelectronic devices. The real and imaginary parts of the refractive index

of NbInS2 and NbInSe2 phases are shown in Figs. 9(c) and 9(i). The electromagnetic

wave phase velocity in a material can be characterized by the real part of the re-

fractive index, nð!Þ. The imaginary component, on the other hand, measures the

absorption loss of electromagnetic radiation when it travels through a medium,

which is also known as the extinction coe±cient, kð!Þ. For both the studied com-

pounds, nð!Þ has high value at low photon energies. The static refractive index, n(0),

for NbInS2 (NbInSe2Þ is�42 (�38) in both polarization orientations. These materials

can be utilized to enhance the visual quality of electronic displays like LCD, quantum

dot TVs, etc. due to the high value of n(0). The extinction coe±cient, kð!Þ, sharply
decreases from its maximum value and turns to zero at about 28.7 eV for both

compounds. The way that n and k change with incident photon energy for both

compounds is almost identical.

(d) Absorption coe±cient

The absorption coe±cient measures how far light can go through a substance before

it is absorbed and represents the reduction of light intensity as it passes through a

substance. This measurement varies for di®erent wavelengths of light and di®erent

materials. The absorption spectra of NbInS2 and NbInSe2 are presented in Figs. 9(d)

and 9(j). These results clearly show that the absorption coe±cients of both com-

pounds start from zero photon energy, which is a sign of metallic nature and is

consistent with the electronic band structures. For NbInS2, the highest value of �ð!Þ
is almost 36� 104 cm�1 (along [001]) at �6.5 eV and is � 27� 104 cm�1 (along [100])

at �5.6 eV. On the other hand, the highest �ð!Þ for NbInSe2 is � 28� 104 cm�1

(along [100]) at �10.5 eV and is � 35� 104 cm�1 (along [001]) at �5.7 eV. Hence,

both the compounds show highest absorption in the ultraviolet region and can be
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used as coating materials to protect systems that are vulnerable to photo-

disintegration or photo-oxidation caused by ultraviolet light. Again, in the visible

region, the highest value of �ð!Þ for NbInS2 is � 15� 104 cm�1 (along [100]) and for

NbInSe2 is � 14:5� 104 cm�1 (along [100]). The absorption coe±cients of our

studied compounds are almost comparable to that of MAX phase compounds Hf2SC

(25� 104 cm�1 at �12 eV),74 anti-perovskite compounds Sc3InB (20�104 cm�1 at

�5 eV),75 semiconductor GaAs ((14{22) �104 cm�1 at �4.8 eV)76 but smaller than

that of Ba3SbN and Ba3BiN (12� 105 cm�1 at �8 eV),77 BaAgP (6:4� 105 cm�1 in

the visible region)78 and silicon (18� 105 cm�1Þ.79

(e) Optical conductivity

The optical conductivity,�ð!Þ, implies optical and electrical phenomena that indicates

a material have more electrical conduction under the absorption of electromagnetic

radiation.80According to the Figs. 9(e) and 9(k),�ð0Þ has a ¯nite valuewhich indicates
that thematerials have no energy band gap, as evident fromband structure. Therefore,

optical conductivities and hence electrical conductivities of a material increase with

absorbing photons. The imaginary part of the conductivity becomes zero at 1.47

(NbInS2Þ and 1.35 eV (NbInSe2Þ of photon energy. The highest value of the real part of
optical conductivity of NbInS2 (NbInSe2Þ in the visible range is 7 fs�1 (6 fs�1Þ along
[100] and 6 fs�1 (6.6 fs�1Þ along [001]. However, the highest optical conductivity for

NbInS2 (NbInSe2Þ is 12:6 fs�1 (13:4 fs�1Þ in the ultraviolet region.

(f) Loss function

The loss function, Lð!Þ, is a fundamental parameter, which explains how much

energy is lost when a fast electron passes through a substance.80 The loss function,

Lð!Þ, of NbInX2 (X = S, Se) is depicted in Figs. 9(f) and 9(l). The largest peak in

Lð!Þ shows plasma resonance caused by collective movements of charge excitations

at a particular frequency, referred to as plasma frequency !P . Plasma frequency of a

material is induced when "1ð!Þ reaches zero from below and "2ð!Þ is very small at

such energy. The plasma frequencies of NbInS2 and NbInSe2 are 24 and 23 eV,

respectively, for both polarization directions. This suggests that the studied

compounds are predicted to be transparent when the frequency of incoming light is

greater than �24 eV (�23 eV) for NbInS2 (NbInSe2Þ, and the optical properties will

exhibit insulating behavior.

3.9. Acoustic velocities and their anisotropy

Acoustics is a discipline of physics that studies the creation, transmission, and

consequences of sound. Sound velocities in elastically anisotropic substances depend

on the directions of propagation of elastic waves.

In a polycrystalline material, the average sound velocity va is estimated, using the

transverse and longitudinal sound velocities81:

va ¼
1

3

2

v3
t

þ 1

v3
l

� �� ��1=3

; ð31Þ
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where vl and vt are the respective longitudinal and transverse sound velocities that

are derived from Navier's equation81 as follows:

vl ¼
3Bþ 4G

3	

� �
1=2

and vt ¼
G

	

� �
1=2

: ð32Þ

One of the most important factors, which determines whether a sound wave will

be re°ected or transmitted through a material is its acoustic impedance, or Z. If the

di®erences in Z values between the two substances are considerable near the border,

the re°ection will be large. On the other side, there will not be any re°ection

(or refraction) if the impedances are equivalent. The acoustic performance of the

instrument might be estimated from acoustic impedance. It also has a large in°u-

ence on the sound produced. There are many uses of acoustic impedance, such as in

the development of transducers, acoustic sensors, noise reduction in aviation

engines, factories, transportation, and di®erent submersible acoustic devices. The

acoustic impedance of NbInX2 (X = S, Se) may be computed using the following

equation28:

Z ¼
ffiffiffiffiffiffiffi
	G

p
; ð33Þ

where G and 	 are the shear modulus and density of the material, respectively. It is

noticeable that a material's acoustic impedance will be high if its density and shear

modulus are both high.

Sound intensity measurement is an e®ective approach for measuring the °ow of

sound energy as a time-averaged vector quantity. Various con¯gurations of sound

boards are designed by the intensity of sound radiation. The sound intensity, I, is

de¯ned with shear modulus and density as28,82

I 	
ffiffiffiffiffiffiffiffiffiffiffi
G=	3

p
; ð34Þ

where
ffiffiffiffiffiffiffiffiffiffiffi
G=	3

p
is known as the radiation factor and is typically used to choose

materials for sound board construction. Table 9 demonstrates the estimated values

of sound velocities, acoustic impedance and radiation factor for NbInS2 and

NbInSe2.

Since our investigated compounds are anisotropic crystal, the sound velocities of

NbInS2 and NbInSe2 can be determined with pure transverse and longitudinal modes

from the symmetry of the crystal and propagation of crystallographic direction.

The acoustic velocities along [100] and [001] directions for hexagonal crystal are

Table 9. Density 	 (g/cm3Þ, transverse, longitudinal and average sound

velocities vl, �t, �a (ms�1Þ, acoustic impedance Z (Rayl) and sound
intensity, I (m4/kg.s) of NbInS2 and NbInSe2.

Compounds 	 �t �l �a Zð�106Þ I

NbInS2 5.30 3009.42 5078.63 3333.13 15.95 0.568
NbInSe2 6.22 3085.07 5354.53 3425.63 19.19 0.496
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given by83

½100� : ½100�vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C11 � C12

2	

s
; ½010�vt1 ¼

ffiffiffiffiffiffiffiffi
C11

	

s
; ½001�vt2 ¼

ffiffiffiffiffiffiffiffi
C44

	

s
; ð35Þ

½001� : ½001�vl ¼
ffiffiffiffiffiffiffiffi
C33

	

s
; ½100�vt1 ¼ ½010�vt2 ¼

ffiffiffiffiffiffiffiffi
C44

	

s
; ð36Þ

where vt1 and vt2 are the 1st and 2nd transverse modes, respectively. Direction-

dependent sound velocities of NbInS2 and NbInSe2 are represented in Table 10.

It is worth noting that substantial anisotropy is evident in NbInS2 and NbInSe2.

3.10. Thermophysical properties

3.10.1. Gr€uneisen parameter

TheGrüneisen parameter,
, is a dimensionless parameter that contributes a helpful link

with expansion coe±cient, bulk modulus, density and speci¯c heat. The Grüneisen
parameter can provide a beautiful description of anharmonic e®ects in a solid.Moreover,

the low values of 
 within the compounds show low anharmonic e®ects. The Grüneisen
parameter of NbInS2 and NbInSe2 is calculated using the following expression84:


 ¼ 3ð1þ vÞ
2ð2� 3vÞ : ð37Þ

The calculated values of 
 of NbInS2 and NbInSe2 are 1.41 and 1.50, respectively.

The value of the Grüneisen parameter for di®erent metals are given in Refs. 85 and

86. For materials with Poisson's ratios between 0.05 and 0.46, 
 ranges from 0.85 to

3.5387.86 Our estimated values of 
 for NbInS2 and NbInSe2 (shown in Table 11) are

within this range.

3.10.2. Debye temperature

Debye temperature (�DÞ is a characteristic temperature of crystals which determine

the thermodynamic properties of materials. It links several physical parameters of

materials such as melting point, speci¯c heat and thermal conductivity.

Table 10. Sound velocities (ms�1Þ of NbInS2
and NbInSe2 along di®erent propagation

directions.

Propagation directions NbInS2 NbInSe2

[100] [100]vl 3135.31 3121.08
[010]vt1 5221.51 5335.08

[001]vt2 3006.28 3124.17

[001] [001]vl 4692.43 5262.71
[100]vt1 3006.28 3124.17

[010]vt2 3006.28 3124.17
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The Debye temperature is determined by the following equation87:

�D ¼ h

kB

3n

4�Vo

� �1
3

va; ð38Þ

where h is Planck's constant, kB is Boltzmann's constant, Vo is the optimized volume,

and n is the number of atoms in the unit cell. When the temperature T is greater than

�D, all the modes of vibration possess energy � kBT . In other words, when T is less

than �D,
88 the more frequent modes are regarded as frozen. �D measures the

covalent bonding strength of a crystal. In this study, our estimated value of �D for

NbInS2 (NbInSe2Þ is 361K (378K) (shown in Table 11). It is observed that the

strength of covalent bond in NbInS2 is slightly smaller than that of NbInSe2.

Moreover, �D is closely linked with e{ph (electron{phonon) coupling parameter as

well as superconducting transition temperature. It is well known that a substance's

phonon thermal conductivity decreases with decreasing �D. Therefore, NbInS2 is

thermally low conductive and treating as a thermal barrier coating (TBC) material.

3.10.3. Melting temperature

Amaterial's melting point provides crucial information about its bonding strength as

well as its thermal expansion coe±cient. Materials with a high melting temperature,

Tm, possess small thermal expansion and signi¯cant bonding energy.28 Tm for NbInS2
and NbInSe2 is estimated using following empirical equation89:

Tm ¼ 354Kþ ð4:5K=GPaÞ 2C11 þ C33

3

� �

 300K: ð39Þ

Our estimated values of Tm for NbInS2 and NbInSe2 are 963 and 1144K,

respectively (from Table 11). The uncertainty in the calculation of Tm is 
300K for

both compounds. As a result, compared to NbInS2, NbInSe2 is a better choice for

high-temperature applications.

3.10.4. Thermal expansion coe±cient

The thermal expansion coe±cient, �, of crystalline materials may be used to un-

derstand how materials respond under di®erent thermodynamical constraints, such

as speci¯c heat, thermal conductivity, the energy band gap, and electron e®ective

mass of crystal owing to temperature variation. In this study, � of NbInS2 and

NbInSe2 is calculated using the following equation28,82:

� ¼ ð1:6� 10�3ÞG�1; ð40Þ
where G is referred as isothermal shear modulus. � of solids is also correlated with

melting temperature: � 	 0:02/Tm.
82 The values of � for NbInS2 and NbInSe2 are

presented in Table 11.

The most useful measurement of a material is its heat capacity because it is closely

related to its thermodynamical characteristics. Heat capacity also has impacts on the
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mechanical, electrical and optical properties of solids. The expression of total thermal

energy per unit volume of a material is 3kBT/�, where � is the volume of an atom,

and N = 1/� is the number of atoms per unit volume. The change in thermal energy

per unit change in temperature is referred to as a material's heat capacity per unit

volume, 	CP , giving
28,82

	CP ¼ 3kB
�

: ð41Þ

Knowing a material's heat capacity also gives us a better understanding of its

thermal conductivity and thermal di®usivity. It is well understood that increased

heat capacity results in better thermal conductivity and lower thermal di®usivity. As

the temperature rises, so does the heat capacity.

The wavelength at which the apex of the phonon distribution curve occurs is

known as the phonon's dominant wavelength, �dom (m). It is calculated using the

acoustic velocity. �dom for NbInS2 and NbInSe2 at room temperature has been

computed using the following expression90,91:

�dom ¼ 12:566va
T

� 10�12 	 1

T

ffiffiffiffiffi
Y

	

s
� 10�11: ð42Þ

From the equation, it is noted that if a material has a higher average sound

velocity, the dominant phonon will have a longer wavelength. Table 11 demonstrates

that NbInSe2 has a dominating phonon with a longer wavelength than NbInS2.

3.10.5. Anisotropy of minimum thermal conductivity

Minimal thermal conductivity, kmin, is the lowest attainable amount of intrinsic

thermal conductivity of a material at high temperatures. The mean interatomic

distance and the mean free path of phonons are almost identical in this instance. kmin

of a compound can be calculated using the Clarke's model90:

kmin ¼ kBvaðVatomicÞ�2=3; ð43Þ
where Vatomic is the average volume per atom. The calculated values of kmin for both

the compounds are shown in Table 12. It is known that the ideal value of minimal

thermal conductivity92 is 1.25Wm�1 K�1 which is employed in the selection of

suitable thermal barrier coating (TBC) materials. Our estimated kmin values for both

Table 11. The Debye temperature �D (K), thermal expansion coe±cient �

(K�1Þ, wavelength of the dominant phonon mode �dom (m) at room tempera-

ture, melting temperature Tm (K), heat capacity per unit volume 	CP (J/m3K)
and Grüneisen parameter 
 of NbInS2 and NbInSe2.

Species �D Tm � (�10�5Þ �dom (�10�12Þ 	CP (�105Þ 


NbInS2 361 963 3.33 139.0 4.95 1.41
NbInSe2 378 1144 2.70 143.4 5.26 1.50
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the titled compounds are much lesser than that of the reference value. As a result, our

investigated compounds are prospective candidates for TBC materials.

A material that is elastically anisotropic also has anisotropy in their minimum

thermal conductivity. The anisotropy of kminis determined by vl and vt along distinct

crystallographic axes. kmin of NbInX2 ðX= S, Se) along various crystallographic axes

is estimated using Cahill's model93:

kmin ¼ kB
2:48

n2=3ðvl þ vt1 þ vt2Þ and n ¼ N=V ; ð44Þ

where n is the number of atoms per unit volume, and N denotes the total number of

atoms in the cell of volume V. Table 12 shows the minimum thermal conductivity of

NbInX2 ðX= S, Se) along the [100] and [001] directions. It can be observed that the

minimum thermal conductivity along [100] is higher than that of along [001] direc-

tion for both compounds.

4. Conclusions

Here, we have theoretically studied the hitherto undiscovered mechanical, electronic,

Mulliken bond population, vibrational, optical and thermophysical characteristics of

synthesized chalcogenides NbInX2 (X= S, Se) using DFT for the ¯rst time. The

reasonable agreement between our estimated structural parameters and the experi-

mental data demonstrates the reliability of our calculations. The analysis of Born

stability criteria, Poisson's and Pugh's ratios predict the mechanical stability and

brittleness of the studied compounds. The chemical and dynamical stability of the

compounds are also con¯rmed by the study of cohesive energy and phonon spectra.

Both of the phases are machinable and soft. The machinability index suggests that

the compounds may be utilized as dry lubricants. The degree of anisotropy of NbInS2
is larger than that of NbInSe2, which is evident by 3D representations of elastic

moduli.

The electrical band structure and DOS provide evidence that the compounds

have metallic properties. The projected DOS exposes that Nb-4d orbitals mainly

contribute in total DOS at the Fermi level for both the compounds. The bonding

characteristics of the compounds are comprehensively analyzed using an electron

charge density distribution map and Mulliken bond population. The results show

that the investigated compounds are a combination of covalent, ionic and metallic

Table 12. The number of atoms per mole n (m�3Þ and di-

rection-dependent minimum thermal conductivity (W/m.K)

of NbInS2 and NbInSe2.

Compound n (1028Þ ½100�kCahill
min ½001�kCahill

min kClarke
min

NbInS2 4.79 0.834 0.786 0.607
NbInSe2 5.08 0.884 0.879 0.649
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bonds. Almost similar Fermi surfaces of both the compounds contain both hole- and

electron-like sheets. The estimated values of Vickers hardness of NbInX2 (X = S, Se)

indicate that the studied compounds are soft in nature.

The optical parameters are anisotropic and display a number of intriguing

characteristics. Both compounds exhibit high absorption and signi¯cant optical

conductivity in the ultraviolet region. Hence NbInX2 (X = S, Se) may be used as

a good UV absorber to protect systems that are vulnerable to photo-disintegration or

photo-oxidation caused by ultraviolet light. The re°ectivity of the compounds is

nearly nonselective throughout a large range of photon energy. It is larger than 44%

for both compounds up to around 15 eV indicating that these can be employed as

solar re°ectors. The compounds are suitable for use in electronic display devices

because of their high value of static refractive index, n(0). The loss function shows

that our studied compounds will become transparent if the incoming light frequency

exceeds their corresponding plasma frequencies.

The low values of Debye temperature for both compounds indicate the lower

phonon thermal conductivity. NbInSe2 has a lower thermal expansion coe±cient and

a stronger bonding strength than NbInS2 due to its higher melting temperature. Our

estimated values of kmin are much smaller than that of the reference value, which

indicates that these compounds are potential candidates for thermal barrier coating

material.

We expect that our work will serve as a benchmark for future research on the

aforementioned characteristics of NbInX2 ðX= S, Se), since neither theoretical nor

experimental studies of these characteristics have yet been conducted. We also hope

that it will motivate researchers to further explore the experimental characteristics of

the studied compounds.
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