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The structural and dynamic properties of the KIn5S8 crystal were studied experimentally and theoretically

using the density functional theory. Single-crystal X-ray diffraction analysis allowed us to refine the structural

parameters of the crystalline phase with the space group C2/m (N12), while quantum chemical calculations predict

the coexistence of three low-temperature phases, namely P-1 (N2), P21 (N4), P21/c (N14). Using the quasi-

harmonic approximation for KIn5S8 at 300K, the values of the thermal expansion coefficient (3.90 · 10−5 K−1)
and the bulk modulus (37.23GPa) were obtained. The Debye temperature θD was also determined, which allowed

us to estimate, using the empirical Slack-Morelli formula, the lattice thermal conductivity due to phonon-phonon

interaction, which was κL = 0.41W/(mK) at 300K. For the first time, the temperature and pressure dependences

of the Raman spectra of KIn5S8 were experimentally obtained in situ and analyzed. A strong manifestation of

anharmonicity of vibrational modes in the center of the Brillouin zone was revealed, indicating the potential of

using KIn5S8 crystals in the field of phonon engineering of anharmonicity.
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1. Introduction

The interaction of different types of vibrations (phonons)
in a crystal has a decisive effect on the physical properties,

the reaction of the material to external energy influences

(temperature, pressure) and, ultimately, on its behavior

as a functional material in certain technological processes.

The origin of deformations caused by temperature and

pressure is different, but in both cases it is associated with

potential anharmonicity. In recent years, the concept of

anharmonicity engineering [1] — regulation of heat transfer

to achieve the necessary characteristics of materials has

been introduced in the literature. By increasing the number

of defects, external compression or lattice stress, it is

possible to control the lattice anharmony, while controlling

the properties of the material. In practice, this manifests

itself as a number of new phenomena caused by phonon

anharmonic effects, such as ferroelectric phase transition,

negative thermal expansion, ultra-low thermal conductivity,

etc., which makes the concept of anharmonic engineering

increasingly relevant both in fundamental research and in

practical applications. However, this direction is at the stage

of formation; many questions remain open, in particular, the

issues of quantifying the Grüneisen mode parameters as a

measure of anharmonicity, the state of chemical bonding in

crystals, etc. In recent years, anharmonicity has been studied

using a number of modern methods, including theoretical,

experimental, and computational methods, which have

provided new insights into the microscopic mechanisms

of anharmonicity [2–4]. Raman spectroscopy provides

similar information about phonon anharmonicity as inelastic

neutron scattering in the center of the Brillouin zone, but

with a number of advantages, such as high resolution and

the ability to study micron samples [3,5–7]. Theoretical

modeling ab initio, based on the widely used density

functional theory (DFT), is indeed a powerful tool for

this kind of research, allowing simultaneous description of

high temperatures and pressures [8,9]. Ab initio prediction

of the thermal conductivity of the lattice (κL) of crystals

is an urgent task for solid state physics. Chalcogenides,

and in particular sulfides, are characterized by complex

donor-acceptor bonds that are intermediate between ionic,

covalent, and metallic, and they manifest themselves in

different ways in the lattice volume. Cations and anions

tend to form stable outer electron shells of inert gases in the

structure of sulfides, which is often realized by socializing

electrons. Such properties make them interesting in terms

of potential photovoltaic materials and applications in photo-
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voltaics. Current trends are focused on the so-called alkaline

pnictogenic dichalcogenides I-V−VI2 (alkali metal — pnic-

togen [Bi, Sb, As] — chalcogen [S, Se, Te]) [10], which are

considered promising semiconductor materials for energy

conversion devices, the defining properties of which are lone

electron pairs (typical for Bi3+, Sb3+, As3+). Interesting

data were obtained in Ref. [11] for a compound of a similar

type — CuInTe2, where, combining Raman Spectroscopy

and DFT, the authors explained the anomalous drop in its

lattice thermal conductivity κL at high temperatures (which

is typical for this type structures) and proposed methods

for controlling κL by changing phonon modes using external

compression or lattice voltage. An unusual system is the

chalcogen metals of the 13th group in combination with

alkali metals. These compounds have long been of great

interest in solid state chemistry, which has led to numerous

scientific papers such as Refs. [12–15]. For example,

the compounds LiMX2 (M =Ga, ln; X = S, Se) [16–19],
BaM4X7 ( M =Al, Ga; X = S, Se) [20–23]) have a very

large nonlinear optical response in the IR range; compounds

BaGa2X4 (X = S, Se) [24,25] have been widely studied as

luminescent materials. Family of AB5X8 [26] (A =Cu or Ag,

B = In and X = S, Se or Te) is one of the most important

representatives among ternary semiconductors, due to the

fact that some of them are characterized by ultra-low values

of κL, such as for AgIn5S8 and CuIn5S8, the values of κL

correspond to 0.29 and 0.54W/(mK) at 1000K. However,

there is practically no information in the literature about

the properties of such compounds as MIn5X8 (M = alkali

metal, X = S, Se). They were indirectly discussed in

Daniel Friedrich’s dissertation [27], while other papers are

mainly devoted to their synthesis and date back to the

last century [28,29]. To date, it is known that saturated

yellow and transparent single crystals of ternary thioindates

MIn5X8 (M =K, Rb, Cs) crystallize in the monoclinic

space group C2/m (Z = 2). They are characterized by

a three-dimensional network of InS6 octahedra forming

parallel channels completely filled with alkali metal ions.

A characteristic feature of the structure is the alternation of

two layers consisting exclusively of S2− ions, with a layer

consisting of M+ and S2− (MS2). Only the octahedral

cavities between the layers, consisting exclusively of S2−

(S3) ions, are completely filled with In3+ ions. The

octahedral cavities between the mixed (MS2) and pure

layers S2− are partially filled with ions In3+, which avoids

direct contact with ions K+ . The octahedral coordination

around In3+ exhibits pronounced (4+2)-coordination, de-

scribed as distorted tetrahedral. The central perspective

projections of sulfur coordination polyhedra around alkali

metal cations indicate a decrease in the anisotropy of

thermal fluctuations during the transition from a potassium

compound to a cesium compound [28]. Ion K+ does not fill

the existing cavity in the structure well, unlike ions Rb+

and Cs+, and deviates into acentric separated positions.

This may also be the reason that the compound NaIn5S8
has not yet been obtained, because the ion Na+ is too

small [28]. According to the MaterialsProject [30] database,

the band gap for CsIn5S8, RbIn5S8, KIn5S8 is ∼ 1.2 eV.

Thus, the purpose of this work is to study the manifestations

of its dynamic and thermodynamic properties in Raman

spectroscopy beyond the harmonic model using the example

of the synthetic crystal KIn5S8 as part of the development

of the scientific field of anharmonicity engineering. To

understand phonon anharmonicity, it is necessary to analyze

the local structure of the material, its temperature and baric

evolution, and determine the stability ranges and electronic

structure. Such data are necessary in analyzing the pro-

perties of thermoelectrics, ferroelectrics, multiferroics, high-

temperature superconductors, etc. Due to the importance

of the phenomenon of phonon anharmonicity for modern

materials, it is necessary to comprehensively study them.

2. Experimental procedure

KIn5S8 crystals were obtained in eutectic melts of alkali

metal salts in a stationary temperature gradient [31,32].
Powdered In2S3 was prepared in evacuated quartz glass

ampoules at 920K. Metallic In and crystalline S were used

as precursors. Anhydrous Na2S was obtained from hydrated

Na2S · xH2O, heated under vacuum on a smoking burner

flame. The reaction vessel for obtaining crystals was an

ampoule of quartz glass, which was located in a furnace

in a temperature gradient. The temperature of the hot end

was 1040K, the cold end — about 70K lower. In the hot

part of the reaction vessel there was a charge In2S3 + Na2S

taken in a molar ratio of 4 : 1, which gradually dissolved

in the salt melt KCl/KBr/KI, migrated to the cold the end

of the ampoule formed crystals there with the participation

of potassium atoms, not sodium. The formation of phases

with the participation of the heaviest alkali metal is almost

a general rule during crystallization in various salt mixtures

with the participation of alkali metals [32]. The crystals

continued to grow for about four weeks. After the synthesis

was completed, the ampoules were removed from the

furnace and cooled in water. Parts of ampoules with crystals

were dissolved in distilled water, alcohol, and acetone using

an ultrasonic washer. Then the product was dried in a muffle

at a temperature of 340K for several minutes. As a result,

orange needle-like crystals up to 5 mm long were obtained.

Single crystal X-ray diffraction data was performed

at room temperature using a Rigaku XtaLABSynergy-S

diffractometer (MoKα — radiation, graphite monochroma-

tor, Hybrid Pixel Array detector). Refinement of the unit

cell parameters, data integration, and correction for back-

ground radiation, the Lorentz factor, and polarization were

performed using the CrysAlis software package version

1.171 (Oxford Diffraction Crysalis Pro. Oxford Diffusion

Ltd, Abingdon, Oxfordshire, UK, 2009). The refinement

of the structure was performed using the JANA2006

software [33].
Raman spectra in a wide frequency range (0−500 cm−1)

were measured in backscattering geometry using a Horiba

LabRam HR800 Evolution spectrometer (1800 diffraction
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grating,gr/mm) equipped with an OlympusBX-FM and a

charge-coupled detector cooled by the Peltier effect to

∼ 200K. A He-Ne laser (radiation wavelength 633 nm, laser

power 1 mW) was used as the excitation source. No

photoluminescence was observed in all experimental Raman

spectra. The spectra were recorded using an Olympus

lens 50× (numerical aperture (NA)= 0.7) by collecting

data for 50 s with two accumulations for each segment of

the spectrum. The spectrometer was calibrated by setting

the position of the Rayleigh line and using a neon lamp

(Horiba). The polarized spectra of KIn5S8were measured

on a Horiba T64000 spectrometer in three experimental

geometries Z(XX)Z̄, Z(YY)Z̄, Z(XY)Z̄, which cover the

entire set of phonons allowed in Raman spectra. The

study of Raman spectra in situ in the temperature range

of 83−773K was carried out using a Linkam TSM 600

thermal cell (heating rate was 20K/h, temperature step

10−20K). Raman Spectroscopy in situ experiment at

pressures up to ∼ 10GPa was performed using a cell with

an Evolution Diacell diamond anvilµScopeDAC-HT[G] and
a gas membrane. An inconel gasket with a thickness

of 250 µm, compressed to a thickness of 80µm, with a

hole with a diameter of 150 µm was used. The pressure

in the cell was determined using ruby photoluminescence

lines (lines R1 and R2). In the experiments, a mixture

of methanol-ethanol alcohols was chosen as the pressure-

transmitting medium (1 : 4) [34].

3. Computing technique

The calculations of the phonon spectra were carried

out within the framework of the density functional theory

implemented in the VASP [35,36] software package, using

a generalized gradient approximation with the PBE func-

tional [37] and the pseudopotential method. The 3p4s3d

electronic states were considered as valence states for K

atoms, and the 5s5p5d4 and 3s3p3d states were considered

as valence states for In and S atoms, respectively. The

interactions between the nucleus and valence electrons

were described using the projector augmented wave (PAW)
method [38.39]. The completeness of the basic set was

controlled using the cutoff energy Ecut, equivalent to 550 eV.

The Brillouin zone was integrated in the reverse space on

a grid 2×2×1 selected according to the Monkhorse-Pack

scheme [40]. The Raman spectra were modeled using

calculations of the Raman tensor for each vibrational mode

within the framework of the coupled perturbed Hartree-

Fock model (CPKS) [41] implemented in the CRYSTAL14

software package [42] using full-electron basis sets with

triple zeta valence [43] and the PBEsol functionality [44].
A complete optimization of the geometric parameters of

the cell and the position of the atoms was performed as an

initial step before calculating the electronic and vibrational

properties. The lattice parameters were relaxed until the

pressure value became less than 0.01GPa, and the position

of the atoms was optimized until the forces acting on the

Table 1. Experimental and calculated lattice parameters KIn5S8
with symmetry C2/m

Parameter Experiment Calculation

a , Å 19.048(1) 19.153

b, Å 3.845(8) 3.839

c, Å 9.211(5) 9.1890

β 103.312(1) 103.284

V , Å3 656.658(9) 657.657

atoms remained at the level of 10−3 eV/Å. The dispersions

of the phonon branches were calculated using an extended

cell. The following transition matrix from elementary to

extended cell

(

1 −4 −1

1 4 −1

1 0 1

)

was used, and the vibrational

properties were studied by solving the problem of searching

for eigenvectors and values of a dynamic matrix constructed

from force constants calculated by the finite difference

method as implemented in the PHONOPY package [45].
The thermodynamic characteristics were calculated using

the quasi-harmonic approximation (QHA) [46].

4. Experimental results

4.1. Single crystal X-ray diffraction

In order to determine the structural parameters, single

crystal X-ray diffraction analysis of KIn5S8 was performed.

The structure was refined in the spatial group C2/m to the

final value R = 2.19% in the anisotropic approximation of

atomic displacements using 819 reflections with I > 3σ (I)
using the JANA2006 program. The structure of KIn5S8
is shown in Figure 1. It is worth noting that the crystal

structure is composed of InS layers, between which there

are binding alkali metal atoms K. Each layer is made up

of endless chains of In and S atoms stretched along the

crystallographic axis b as shown in Figure 1. Two types of

chains can be distinguished, the so-called
”
mono-ladders“,

highlighted in purple, in which the bonds of atoms In-S

form steps, and
”
bi-ladder“, shown in blue in Figure 1.

The optimization of the structural parameters KIn5S8
was performed in this paper within the framework of

density functional theory (DFT). The obtained values of

the monoclinic cell parameters, in comparison with the

experimental data, are plotted in Table 1. In general, there

is a good agreement between experiment and theory, which

indicates the correctness of the chosen calculation scheme.

4.2. Structural and dynamic properties

Dynamic properties were calculated and analyzed to

assess the nature of the vibrational modes KIn5S8.

Physics of the Solid State, 2026, Vol. 68, No. 1
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K
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a
bc b

Figure 1. Spatial structure of KIn5S8. Purple circles — potassium atoms, yellow and brown circles — sulfur and indium atoms,

respectively.

Figure 2. Diagram
”
group-subgroup“ for KIn5S8 and the total energy of structures E, eV.

If we assume that KIn5S8 crystallizes in the space

group C2/m, then we should consider the vibrational

representation in the center of the Brillouin zone as

Ŵoptic = 12Ag + 7Au + 6Bg + 14Bu. The dispersion of the

phonon branches was calculated along a highly symmetric

path V2-Ŵ-C2−Y2-Ŵ−M2- D-A-Ŵ-L2 in the Brillouin zone.

However, in DFT calculations of the dispersion of the

phonon branches of the crystal KIn5S8, a completely

imaginary branch was found. It is worth noting that this

is an optical branch with Bu symmetry. Taking into account

the contradictions in the data on the crystal structure of

KIn5S8, an attempt was made to find a stable structure

of this material with a spatial symmetry different from

C2/m (N12). Using the standard approach [47], and

previously tested on similar systems [48], which assumes the

displacement of atoms along the normal coordinates of an

unstable mode with an imaginary frequency, and following

the diagram
”
group−subgroup“ shown in Figure 2, a set

of phonon spectra and phonon densities of states was

obtained. The calculated total energies and the absence

of imaginary phonon frequencies in the phonon spectrum

for KIn5S8 indicate several stable structures from the point

of view of DFT calculation, namely P-1 (N2), P21 (N4),
P21/c (N14) (Figure 2).

Based on all of the above and according to the results

presented in Table 1, the decomposition of the vibrational

spectrum into irreducible representations (IR) is as follows:

Ŵoptic = 83A + 82B for KIn5S8 (given for the structure

Physics of the Solid State, 2026, Vol. 68, No. 1
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Figure 3. Calculated (DFT) and experimental (Exp.) Raman spectra of KIn5S8 in polarizations Z(XX)Z̄ (a), Z(YY)Z̄ (b), Z(XY)Z̄ (c).
The arrow points to a line that appears due to the effect of partial depolarization.
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Figure 4. Dispersions of phonon branches and densities of phonon states of the crystal of KIn5S8 (spatial group P21).

P21, as the most stable in energy). Figure 3 shows the

calculated Raman spectra. For KIn5S8, a superposition

phonon spectrum is presented, reflecting the coexistence

of several phases: P-1 (N2), P21 (N4) and P21/c (N14).
Calculations of dynamic properties at the Ŵ-point of the

Brillouin zone are presented in Table 2 in comparison

with experimentally obtained values. To better understand

the role of each atom in each phonon mode, the phonon

densities of states (PDOS) were calculated over the entire

Brillouin zone (Figure 4). It is clearly seen that the

greatest contribution to the low-frequency phonon modes

(up to 100 cm−1) is due to the displacements of In atoms,

accompanied by small displacements of K. In the range from

about 100 to 170 cm−1, the contribution of the alkali metal

is absent or at a minimum level, while the contributions

of In and S predominate. The high-frequency range is char-

acterized by a significant contribution of S to the vibration.

At the same time, there is only a small participation of In.

An analysis based on a comparison of the partial density

of states with the total single-phonon density of states

shows that several pronounced peaks in the single-phonon

density of states can be uniquely associated with the specific

dynamic behavior of structural units. It should be noted

that in the KIn5S8 structure, the layers are formed from

infinite chains In-S, which are located in the plane ac and

are interconnected by a bridge atom S, which is considered

Physics of the Solid State, 2026, Vol. 68, No. 1
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Table 2. Comparison of calculated phonon frequencies (cm−1)
at the Ŵ-point of the Brillouin zone of the KIn5S8 crystal with

experimental Raman scattering data (exp.)

KIn5S8 (Exp.) KIn5S8 (Calculation.)

A B A B

38.9 48.3 39.3 47.8

69.8 70.7 63.9 66.7

77.8 76.6 70 86.8

126.8 187.6 76.6 182.9

140.1 200.5 147.6 204.6

195.4 236.8 194.1 238.8

201 261.5 201.3 259

221 − 220 269.8

240.3 − 247.5 277.8

255.9 − 262.8 −

286 − 274.4 −

299.8 − 292.2 −

315.8 − 307.6 −

321.7 − 322.4 −

− − 327 −

363.7 − 367 −

as
”
ladder steps“. In Figure 1

”
ladder steps“ directed along

the axis b are highlighted in red;
”
two-step“ are highlighted

in blue. In this regard, analyzing the data from DFT

calculations, all vibrations can be conditionally divided into

several groups: atomic displacements in the
”
mono-ladder“,

in the
”
bi-ladder“, and simultaneously in both (in these

cases, the bridging S-bond may also either participate or

not participate). In some cases, vibrations of In-S chains are

accompanied by displacements of K atoms.

4.3. Raman spectroscopy

The polarized spectra of KIn5S8 were recorded in

three experimental geometries Z(XX)Z̄, Z(YY)Z̄, Z(XY)Z̄,
(Figure 3). This set allows identifying vibrational modes

in the spectra (IR A and B) allowed by the selection

rules for KIn5S8. There is a good agreement between

the calculations and the experiment, due to the well-

reproducible interatomic distances (Table 2).

Vibrational modes transformed by IR A are active in the

spectra with polarization Z(XX)Z̄ and Z(YY)Z̄. The low-

frequency range up to ∼ 100 cm−1 for the crystal of KIn5S8
is characterized by the presence of two peaks ∼ 38 and

69 cm−1. According to the DFT data, these vibrations are

related to the pendulum vibrations of the atoms
”
mono-

ladder“ and
”
bi-ladder“, including the displacements of the

atom K (∼ 38 cm−1) and the predominant displacements

of the In atoms in
”
mono-ladder“ and

”
bi-ladder“, accom-

panying the displacements of the atom of K (∼ 69 cm−1).
The spectral peak at ∼ 38 cm−1 is the most intense in the

spectrum, while the peak at ∼ 69 cm−1, on the contrary,

is one of the weakest. Further, two weak peaks ∼ 77 and

126 cm−1 can be observed in the experimental spectrum,

which, according to DFT, characterize vibrations of In atoms

in the
”
mono-ladder“ cluster with the participation of K

vibrations. Further, in the spectral range of 130−140 cm−1,

there is one peak at ∼ 140 cm−1; it is associated with

scissor vibrations of the
”
mono-ladder“ and bridge sulfur. In

addition, the spectral range of 180−200 cm−1 contains two

poorly resolved peaks at ∼ 195 and 201 cm−1 associated

with collective movements of
”
bi-ladders“,

”
mono-ladders“

and bridging sulfur; these modes can basically be described

as pendulum vibrations. The range 220−260 cm−1 contains

a group of low-intensity peaks: ∼ 221 cm−1 characterizes

the collective torsional vibration of
”
bi-ladders“ and

”
mono-

ladders“; at ∼ 240, 255 cm−1 correspond to the rocking

vibrations in the
”
mono-ladder“ and

”
bi-ladder“. The

mode with frequency of ∼ 286 cm−1 is characterized

according to DFT data as a stretching collective vibration

of atoms
”
mono-ladder“ and

”
bi-ladder“. In the range

of 290−330 cm−1 there is a group of intense wide peaks

∼ 299, 315, 321 cm−1, characterizing the bending vibra-

tions of atoms of
”
mono-ladder“ and

”
bi-ladder“. Finally,

in the range above 350 cm−1, there is one peak in the

spectrum ∼ 363 cm−1, corresponding to the vibration of

the bridge S.

IR-transformed modes B manifest themselves in spectra

with Z(XY)Z̄ polarization. In this case, it is more

convenient to consider vibrations in separate atomic layers,

where the
”
mono-ladder“ layer contains alkali metal atoms

(layer 1), and the
”
bi-ladder“ layer does not contain

alkali metal atoms (layer 2). The low frequency range

up to ∼ 100 cm−1 is characterized by the presence of

several high-intensity peaks: ∼ 48, 70, 76 cm−1, where the

lowest frequency vibration is associated with the movements

of the layer 2, while the vibration with the frequency

∼ 70 cm−1 is associated with the active movement of the

In atom in layer 1, the vibration at ∼ 76 cm−1 is associated

with an offset of K. In addition, the spectral range of

170−270 cm−1 contains four low-intensity peaks: ∼ 187,

200, 236, 261 cm−1, where the atoms exhibit vibrations in

the following order of layers: 1st layer, 2nd layer, 1st layer

and scissor vibrations of
”
mono-ladder“ and

”
bi-ladder“Ṫhe

remaining peaks observed in the experimental spectra are

associated with partial depolarization.

4.4. Temperature and baric dependence
of the Raman spectra of KIn5S8

A series of measurements of the Raman spectra of single

crystals KIn5S8 were conducted in this study, including

Physics of the Solid State, 2026, Vol. 68, No. 1
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Figure 5. Temperature (a) and baric (b) dependences of the Raman spectra of the crystal of KIn5S8 in the temperature range of

83−773K and pressure up to ∼ 10GPa. Spectra of KIn5S8 at temperature of 83, 203, 283, 383, 483K (c) and pressure of 0, 1.9, 4.7,

6.7, 8.1 GPa (d).

measurements in the temperature range of 83−773K. In

the Raman spectra, with increasing temperature, there is

a broadening of most vibrational modes and a shift to the

low-frequency region, as well as a change in the intensity

of the lines (Figure 5). This sample is stable in the studied

temperature range. However, it was possible to identify

some features. In the spectral range of 100−370 cm−1,

most peaks are characterized by a rather large shift,

on average ω ∼ 15 cm−1, and broadening, on average

1ω ∼ 20 cm−1. The highest frequency spectral peak of

∼ 363 cm−1, characterizing the vibrations of the bridge S,

is characterized by a maximum temperature shift (up to

Physics of the Solid State, 2026, Vol. 68, No. 1
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∼ 17 cm−1). This is probably due to less strong bonds in

the interlayer space than in the layers. The spectral peak

∼ 255 cm−1 is characterized by a rather large broadening

1ω ∼ 18 cm−1. The most stable in temperature are the low-

frequency vibrations ∼ 140 cm−1, for which minimal shift

and minimal broadening are observed.

The temperature-dependent frequency of the mode has a

volumetric and true/explicit anharmonic contribution, which

can also be expressed as follows:

ω(T ) = ω0 + 1ωvol(T ) + 1ωanh(T ), (1)

where ω(T ) is the frequency of the Raman mode at

temperature T , ω0 is the frequency at absolute temperature,

1ωvol(T ) is the volumetric/quasi-harmonic contribution (or
the implicit contribution discussed previously) in the fre-

quency shift, and 1ωanh(T ) is a true/explicit anharmonic

contribution to the frequency shift. It is caused by

the third, fourth and higher degrees of decomposition

of the interatomic potential according to the degrees of

displacement of atoms from equilibrium positions [49,50].

1ωanh(T ) = ω0 + A

(

1 +
2

(ex − 1)

)

+ B

(

1 +
3

(ey − 1)
+

3

(ey − 1)2

)

, (2)

where x = ~ω0/2kT ; y = ~ω0/3kT .

Spectral lines exhibit broadening at high temperatures due

to three and/or four-phonon processes. The full width at half

maximum in the Raman spectrum (FWHM) due to three-

and four-phonon decay processes at higher temperatures are

determined by the expression [49]

Ŵ(T ) = Ŵ0 + C

(

1 +
2

(ex − 1)

)

+ D

(

1 +
3

(ey − 1)
+

3

(ey − 1)2

)

. (3)

The interaction of two phonons can be considered, on

the one hand, as the process of scattering of one wave

on periodic inhomogeneities created by the second wave,

and on the other hand, as the scattering of two particles

during their interaction with each other. As a result of

the interaction of phonons with frequencies ω1 and ω2, a

third phonon with frequency ω1 + ω2 arises. Its appearance

occurs in accordance with the law of conservation of energy

and momentum. Three-phonon processes are related to

cubic terms of potential energy expansion. The probability

of four-phonon and more processes is significantly less than

that of three-phonon processes. Four-phonon processes

should play an important role at high temperatures. At high

temperatures, multiphonon processes should be taken into

account when calculating the thermal resistance [51]. Figu-
re 5, a, b show the temperature-dependent Raman spectra

of KIn5S8. According to expressions (2) and (3), the de-

pendencies 1ω(T ) and Ŵ(T ) were determined. The analysis

Table 3. Comparison of the basic bond lengths (Å) in a crystal

of KIn5S8 according to single crystal X-ray diffraction (exp.) of a

crystal of KIn5S8 and according to DFT calculations (calculation)

Bond KIn5S8 (Exp.) KIn5S8 (Calculation.)

K-S1 3.3110(16) 3.33176

K-S2 3.3569(18) 3.22512

In1-S1 2.6346(7) 2.64566

In1-S3 2.6088(4) 2.61361

In3-S4 2.4273(7) 2.44946

In2-S2 2.5903(6) 2.60233

showed that the three-phonon process as a whole describes

the frequency shift of phonon modes, but for an accurate

description of the phonon temperature dependence, four-

phonon scattering must be taken into account. However,

it is interesting that for a number of modes there is a

predominance of four-phonon processes. The values of the

fitting parameters are given in Table 3. Similarly to the

position of the lines, the dependence of the widths of the

spectral lines also corresponds very well to the dominant

three-phonon process, and the contribution of four-phonon

scattering is less significant. The fitting parameters are given

in Table 3. It should be noted that the high phonon density

of state (PDOS) of KIn5S8 in the range of ∼ 240−300 cm−1

(Figure 4) contributes to four-phonon scattering (Table 3)
in this frequency range.

The Raman spectra were measured in the pressure range

up to ∼ 10GPa for the KIn5S8 sample (Figure 5, c, d).
No structural transformations are observed in this range

up to ∼ 10GPa. Vibrational modes naturally shift to the

high-frequency region. Significant changes in the relative

intensity of spectral peaks in the Raman spectra are

observed. The most significant changes occur in the area of

∼ 250−350 cm−1 (the dotted line in Figure 5, d shows these

changes), where the collective vibrations of the
”
mono-

ladder“ and of the
”
bi-ladder“ type are concentrated. At a

pressure of ∼ 2GPa, the intensity of the most active peaks

in this spectral range is almost equalized. Peaks 299 and

321 cm−1 for KIn5S8 are completely resolved at ∼ 10GPa.

Quite significant changes also occur in the spectral region of

∼ 200 cm−1, where intense lines are detected. An
”
ignition“

of peaks 195 and 201 cm−1 is also observed with increasing

pressure. A decrease in their relative intensity is also

observed.

4.5. Thermodynamic properties

It is necessary to go beyond the harmonic approximation

to calculate the thermodynamic properties of a material.

For example, it is possible to use the quasi-harmonic

approximation (QHA). In this approximation, collective

vibrations are described by a set of harmonic oscillators,
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Figure 6. Bulk modulus and coefficient of thermal expansion

(CTE) calculated for crystal of KIn5S8 in the temperature range of

0−1000K within the framework of QHA.

and thus the statistical sum can be expressed as an analytical

function of crystal volume and temperature. The advantage

of this approximation is that all equilibrium thermodynamic

properties can be obtained directly. Earlier, this technique

was used in Ref. [48] for a series of minerals and showed

its validity when reproducing experimental data. The bulk

modulus (BM) and the coefficient of thermal expansion

(CTE) were calculated in this paper in the temperature

range of 0−1000K within the framework of the QHA

approximation (Figure 6).

The CTE value obtained for KIn5S8 at 300K, is equal

to 3.90 · 10−5 K−1, which is approximately several times

higher than the coefficient of thermal expansion of pure

yttrium, while the calculated value of the bulk elastic

modulus was 37.23GPa (comparable in magnitude to the

elastic properties of amorphous silicon), which indicates the

determining influence of phonons on the thermodynamic

properties of KIn5S8. Moreover, the transport properties

are determined by the interaction of phonons, which goes

beyond the harmonic approximation.

According to numerous studies in Refs. [53–55], it is

known that in temperature-dependent Raman spectra of

crystalline materials, the observed phonon frequency shifts

are due to a combination of two effects: firstly, the effect

of volumetric expansion (implicit), which is associated

with changes in interatomic distances and, consequently,

with the force constants of bonds; and secondly, there

is a purely thermal (explicit) effect associated with the

anharmonic interaction of phonons and decay into other

phonons at high temperatures (T ). For an isotropic crystal,

everything described above can be represented by the

following expression:

(

∂ωi

∂T

)

P

=

(

∂ωi

V

)

T

(

∂V

∂T

)

P

+

(

∂ωi

T

)

V

. (4)

By rewriting the expression (4) using the compressibility

(β) and the coefficient of thermal expansion (α), we can

obtain the following (5):

(

∂ωi

∂T

)

P

= −

(

β(T )

α(T )

)(

∂ωi

∂P

)

T

+

(

∂ωi

∂T

)

V

. (5)

The Grüneisen mode parameter is a measure of the

anharmonicity of phonon modes and is directly related to

the third-order force constants [56,57]. The dependence

of the phonon frequency on pressure is expressed by the

Grüneisen isothermal parameter γi,T , defined as:

γi,T = −
1

βωi

(

∂ωi

∂P

)

T

, (6)

where β is compressibility. Similarly, the Grüneisen isobaric

parameter γi,P is expressed as:

γi,P = −
1

αωi

(

∂ωi

∂T

)

P

. (7)

In this regard, the expression (5) can be rewritten as:

1

ωi

(

∂ωi

∂T

)

i

= αγi,T +
1

ωi

(

∂ωi

∂T

)

V

. (8)

In a global analysis of the bond structure in a crystal

lattice, the semiempirical coefficient η can be defined

as [56]:

η =
γiT

γiP

, (9)

which is a quasi-harmonic fraction of the material. At

η < 0.5, it is assumed that there is a significant influence of

anharmonicity on the frequency of phonons at temperatures

other than absolute zero, and at η ≈ 1 (γi,T ≈ γi,P), it

is assumed that the anharmonic contribution will tend to

zero [56–58], and thermal expansion is described in the

approximation without taking into account the interaction

of phonons, which is the harmonic approximation. The

availability of experimental data on the dependences of

thermal and baric spectral parameters KIn5S8 makes it

possible to analyze the dynamics of the crystal lattice.

In Table 4, for many phonon modes KIn5S8, the explicit

contribution of anharmonicity prevails over the net volume

or the implicit contribution of anharmonicity for Raman-

active modes, for which the values of the quasi-harmonic

fraction are on average η ∼ 0.3. It is assumed that the

presence of modes with pronounced anharmonicity may

also indicate a decrease in thermal conductivity due to

phonon-phonon scattering.
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Table 4. Parameters for fitting the temperature dependences of the positions (ω) and widths (Ŵexp) of lines in the Raman spectrum

of the crystal of KIn5S8 in the temperature range of 83−773K; IR — irreducible representation; ω0, A, B , Ŵ0, C, D fitting parameters

according to [52]

ω, cm−1 IR ω0, cm
−1 A, cm−1 B , cm−1 Ŵexp, cm

−1 Ŵ0, cm
−1 C · 10−2, cm−1 D · 10−5, cm−1

126 A 127.4 0.17 −0.017 4.2 1.3 0 0.45

140 A 141.4 −0.11 −0.008 4.4 1.0 0.45 0

195 A 201.2 −0.42 −0.07 9.2 4.4 2.0 1.0

201 A 209.6 −1.8 0 0.3 0.4 0.44 0

240 A 246.4 −1.15 −0.035 12.4 1.5 2.0 0

255 A 264.0 −1.05 −0.15 10.2 2.1 1.7 0.50

286 A 298.8 2.4 −0.4 − − − −

299 A 305.4 −0.35 −0.4 12.6 2.7 3.0 0

321 A 322.5 −0.03 −0.14 14.7 1.9 3.3 −0.90

363 A 369.0 −0.3 −0.38 8.4 4.0 0.30 5.0

Table 5. Experimental values of vibrational mode frequencies (ω) for a crystal of KIn5S8 and their irreducible representations; γiT , γiP ,

γiV — isothermal, isobaric, and volumetric Grüneisen parameters (at T = 300K); contributions of thermal expansion — −
β

α

(

∂ωi (T )
∂P

)

T
and

phonon-phonon interaction
(

∂ωi (T )
∂T

)

V
to general anharmonicity

(

∂ωi (T )
∂T

)

P
; η = γiT /γiP

ω, cm−1 IR γiT γiP γiV

(

∂ωi (T )
∂T

)

P
Implicit. − β

α

(

∂ωi (T )
∂P

)

T
Explicit

(

∂ωi (T )
∂T

)

V
η

140 A 0.71 0.96 0.25 −0.005 −0.004 −0.001 0.7

195 A 0.96 2.80 1.94 −0.021 −0.007 −0.015 0.3

201 A 0.77 2.87 2.10 −0.023 −0.006 −0.016 0.3

240 A 1.07 1.28 0.20 −0.012 −0.010 −0.002 0.8

255 A 0.45 3.06 2.61 −0.031 −0.004 −0.026 0.1

299 A 0.67 1.03 0.36 −0.012 −0.008 −0.004 0.7

321 A 0.86 0.77 −0.09 −0.010 −0.011 0.001 1.1

363 A 0.65 1.80 1.15 −0.026 −0.009 −0.016 0.4

The presence of appropriate thermodynamic characte-

ristics allowed us to estimate the thermal properties of

KIn5S8. The phenomenological expression for the thermal

conductivity of the lattice due to phonon-phonon scattering

is defined as [59,60]:

κL = A
〈M〉θ3Dδ

γ2
a n2/3T

, (10)

where κL is the thermal conductivity of the crystal lattice,

〈M〉 is the average atomic mass, n is the number of atoms in

a unit cell, δ is the volume per atom, T is the temperature,

γa is the average Grüneisen parameter for acoustic branches,

θD is the Debye temperature, A is the value, associated with

the Grüneisen parameter γa is equal to:

A =
2.43 · 106

1− 0.514
γa

+ 0.228
γ2a

. (11)

The average value of the Grüneisen parameter for

acoustic branches was 0.90 for KIn5S8. The Debye

temperature θD is determined by approximating the tem-

perature dependence of the heat capacity Cv . Thus, the

Debye temperature θD for KIn5S8is 82.5 K, the Grüneisen

parameter for acoustic branches γa is found to be 0.90.

Using the expression (10) for the crystal of KIn5S8, the

value of the thermal conductivity of the lattice at 300K was

calculated as 0.41W/(mK).
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Despite the fact that the obtained value of thermal

conductivity using the empirical expression (10) is of an

estimated nature, it already allows us to classify KIn5S8 as a

class of materials with low ionic conductivity and encourage

researchers to study the thermodynamic properties of the

material in more depth. In the future, the authors plan

to carry out a more detailed calculation of thermodynamic

properties in a rather resource-intensive approximation of

time relaxation, which will be discussed in a separate

publication.

5. Conclusion

KIn5S8 crystals were synthesized by the solution-melt

method in this study. Taking into account the contradictions

in the data on the crystal structure of KIn5S8, using

a proven approach involving distortion of the structure

along the vectors of atomic displacements of an unsta-

ble mode with an imaginary frequency for KIn5S8 the

DFT calculations indicate several stable structures, namely

P-1 (N2), P21 (N4), P21/c(N14). The dynamic properties

of KIn5S8 are analyzed. Data on the interpretation of

experimental Raman spectra on this basis have been ob-

tained. Combining thermal and baric Raman spectroscopy

data from KIn5S8 crystal and using an approach related

to the representation of general anharmonicity (phonon
frequency shift with increasing temperature) by volume

expansion (implicit contribution) and phonon-phonon in-

teraction (explicit contribution), it is shown that for most

phonon modes, the explicit contribution of anharmonicity

prevails over the implicit contribution for Raman-active

modes (values of the quasi-harmonic fraction η ∼ 0.3).
Estimates of thermal conductivity by phenomenological

expression were 0.41W/(mK) at 300K, which is lower

than for compounds of similar classes (for example, for

AgIn5S8 κL = 0.97W/(mK)). Such low values of thermal

conductivity already at 300K for simple crystal systems

opens up wide opportunities for the development of efficient

thermoelectric systems.
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