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Damping of phonon momentum suppresses the lattice thermal conductivity (k;) through low-energy acoustic-
optical phonon interactions. We studied the thermal transport properties and underlying mechanism of phonon
interactions in the large unit cell CuysV,SneSes,. The large number of atoms in the unit cell results in
low acoustic phonon cutoff frequency, flat phonon branches, low-frequency Raman active modes, localized
rattlerlike vibrations and strong crystalline anharmonicity. The crystal structure complexity disrupts the phonon
propagation through weak bonded Cu atoms, bosonlike peak and poor phonon velocity. The sulfur at selenium
sites (CuyeV2SneSesS,) distort the crystal lattice by offering additional scattering mechanism at the anionic
sites, thereby increasing the power factor and decreasing the ;. This strategic manipulation of phonon scattering
towards ultralow «; not only results in improved thermoelectric performance but also offers insights into the
fundamental understanding of heat transport in complex structured, large unit cell compounds.
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I. INTRODUCTION

Complex large unit cell minerals have been studied widely
in the fields of thermoelectric (TE), thermal barrier coating,
and thermal management in electronic devices, because of
inherent low lattice thermal conductivity (x;) [1-4]. Due to
abundance, ecofriendliness, and absence of rare-earth ele-
ments (such as Bi, Sb, Pb, Cd and Te), minerals can be future
candidates for green energy harvesting technologies [1-3].
In this regard, it is pivotal to demonstrate the fundamental
understanding of poor thermal transport of complex crystal
structured minerals where the enhanced phonon scattering is
an essential requirement [5-7].

The inherently low «; in minerals is mainly arising from
large number of unit cell atoms [5,8], robust acoustic-
optical phonon interactions [5,9], soft chemical bonding [10],
rattlinglike localized vibrations [5,10], crystal defects and
disorders [1,11]. According to kinetic theory and Boltzmann
transport equation: k] = % (C, v ), where C, is the heat ca-
pacity, v is the phonon group velocity, and [ is the phonon
mean-free path [7]. For C,, the large number of unit cell
atoms (n) results in (3n) vibrational modes strongly hinders
the momentum of phonons through strong acoustic-optical
phonon interactions [5-7]. The presence of heavy atoms,
weak chemical bonding, low elastic modulus altogether low-
ers the phonons group velocity (v) [7]. While, the presence
of grain boundaries, crystal defects, disorders, and nanostruc-
turing lowers the mean-free path of phonon (/) through the
multiple phonon scattering channels [1,7,11,12].
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In TEs, generally, the large unit cell minerals are transition-
metal (Fe, Mn, Zn, Co, Cr, Nb, V, Ni)-based ternary and
quaternary chalcogenides, which have shown the greatest im-
pact in the community recently due to inherent low «; values
[2,4,5]. The minerals such as colusites [1,11,13], tetrahedrites
[14,15], argyrodites [8], chalcopyrites [16], sulfide bornite
[17], kuramite [18], kesterite [19], and Cu3BiS; [20] be-
long to the family of large unit cell or the complex crystal
structure compounds. The poor thermal properties in these
compounds generally arise due to rattlinglike vibrations at low
frequency, large average Griineisen parameter, soft chemical
bonding, and poor sound propagation, which altogether arise
from Cu atoms bonding [20,21]. The bonding of Cu atoms
majorly defines the lattice dynamics, where the asymmetric
or weakly coordinated specific Cu atoms enhances the crystal
anharmonicity [20-22]. Colusite is one such mineral where
the large number of atoms per unit cell results in extremely
low k; via structural complexity, strong crystal anharmonic-
ity, soft Cu-S crystal framework, and strong acoustic-optical
phonon interaction [1]. The excess negative charge in ions,
(Cuge)t, (V2)’T, (Sng)*t, and (S3)>~ results in electron-
deficient character, and shows the heavily degenerate p-type
semiconducting behavior [23]. The sulfur sublimation in co-
lusite brings the atomic-scale defects resulting in disordered
phase and enhanced phonon scattering [11,24]. Currently,
the optimized doping and substitution concentrations at the
cationic sites results in saturation of k| values (~ 0.4 W/mK)
[1,9]. Hence, the replacement of sulfur at anionic site with
heavy selenium can be an effective route to study the ther-
mal properties due to modified chemical bonding and lattice
dynamics. Tailoring at the anion sites with different composi-
tions can also make a better TE material through providing a
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FIG. 1. Powder XRD patterns of (a) CVS—Ses, and CVS—Se3S,, (b) the enlarged (222) reflection showing the right shift in CVS—SesyS,
with respect to CVS—Ses;, (¢) the cubic polyhedral structure of CVS—Ses;, and (d) potential energy vs relative movement of all elements
representing the relatively rigid nature of V and Sn cations with respect to soft bonded Cu cations.

clean pathway for electrical transport and distorted channels
for phonon propagation.

The current study explores the poor thermal transport prop-
erties in large unit cell synthetic Cuy6V,SngSes, (CVS—Ses;)
and sulfur-doped CuysV,SneSespS; (CVS—SespS,) materi-
als. In CVS—Se;3S,, the poor average sound velocity and
large Griineisen parameter reveal the presence of crystalline
anharmonicity. The large number of primitive unit cell atoms
strongly hinders the efficiency of heat carrying acoustic
phonons through low acoustic phonon cutoff frequency. The
low-frequency optical phonons strongly interact with acoustic
phonons and boosts the scattering mechanism. The presence
of bosonlike peak and existence of localized Einstein vibra-
tional modes suggest the presence of disorder and triggers the
multiphonon scattering processes. In comparison with earlier
report of niobium (Nb)-based compounds, we observed rel-
atively low electrical conductivity, high Seebeck coefficient,
and optimized (low) charge carrier concentrations in vana-
dium (V)-based series of compounds. The variation in the
physical properties is because of the difference of the atomic
sizes of Nb (~1.46 A) and V (~1.34 A) and the electroneg-
ativity of chalcogens [9]. Among all the cations, the thermal
and vibrational properties are mainly delivered by the weakly
bonded Cu ions. The experimental studies are supported by
the first-principles calculations through the electronic and
phononic dispersion curves and density of states.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The polycrystalline samples CuysVaSneSes, and
Cuy6 V2 SngSespS, were synthesized through the solid-state
melting route. High-purity (~99.99%) raw elements (Cu, V,
Sn, Se, and S) were weighed in stoichiometric amount and
placed in clean quartz ampoules. The flame-sealed quartz
ampules (~107> mbar) were slowly heated up to ~1323 K
and kept for 48 h and cooled down to room temperature [9].
Moreover, the synthesis of mixed chalcogen compounds (S
over Se) is challenging due to low solubility limit (generally
<10%) and high chances of getting secondary phases
[25-27]. The obtained ingots were grounded into fine powder
and subjected to spark plasma sintering (SPS) process to
consolidate the sample for a period of ~10 minutes at ~773
K under a uniaxial pressure of ~30 MPa and vacuum ~1073

mbar. The density (d,,) of obtained SPS-processed coins were
found to be ~5.50 gcm ™3 for both materials.

The phase purity and crystal structure were carried out
through x-ray diffraction (XRD) obtained from rotating an-
ode Rigaku Smart lab diffractometer and Cu—K, radiation
(wavelength ~1.5406 A). The field emission scanning elec-
tron microscopy (FE-SEM) images and elemental mapping
were collected through JFEI, USA, Nova Nano SEM-450.
The Raman spectroscopic measurements were carried out
through Horiba Jobin-Yvon LabRAM HR evolution, 532 nm
excitation laser, and 1800 grooves/mm grating. The ultralow
frequency filters were used to identify the low-frequency
modes. The temperature-dependent (300-773 K) electrical
conductivity (o) and Seebeck coefficient (S) measurements
were performed using ZEM-3 (ULVAC-RIKO) on bar-shaped
pellets under helium atmosphere. The charge carrier concen-
tration and low-temperature C, (specific heat) experiments
were carried out through physical property measurement sys-
tem (PPMS, Quantum Design). The total thermal conductivity
(Kotal) Was estimated using, Ko = DCpd,,, Where D is the
diffusivity. Further, the laser flash analysis (LFA) was used
to measure D under a nitrogen atmosphere through Netzsch
LFA-457, and C, was estimated through the Dulong-Petit ap-
proximation. The longitudinal (v;) and transverse (v;) sound
velocities were measured on the disc-shaped SPS-processed
samples through an Epoch 650 Ultrasonic Flaw Detector
(Olympus) having the transducer frequency 5 MHz.

Theoretical calculations were done inside the framework of
density functional theory (DFT), the electronic structure was
investigated within the Vienna ab initio Simulation Package
(VASP) [28,29]. The kinetic cutoff energy of 420 eV was
used to expand the wave function in basis set of plane waves
in projected augmented wave (PAW) method, and Perdew-
Burke-Ernzerhof (PBE) exchange correlation was applied.
[28,30,31]. In combination with above a k mesh of 4 x 4 x
4 was sampled in the reciprocal space. The convergence
criterion of total energy was set to 10~ eV and full optimiza-
tion of structures was done until the force on each atom is
0.05eV A~!. The crystal structure was relaxed to cubic crystal
structure and space group symmetry P43n with lattice pa-
rameters, a ~11.3136 A and ~11.3064 A for CVS—Ses, and
CVS—Ses3,S,, respectively. Furthermore, PHONOPY soft-
ware was used to calculate the phonon dispersion curve and
a supercell of size 1 x 1 x 1 and 1 x 1 x 1 k points was
considered for both the structures [32].
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FIG. 2. (a), (b) Room temperature Raman spectra. (c), (d) Phonon dispersion curve and corresponding atom projected density of states for

CVS—Ses; and CVS—SesS,, respectively.

III. RESULT AND DISCUSSION
A. X-ray diffraction

Figure 1(a) shows the XRD patterns of finely ground
powder samples of CVS—Ses;, and CVS—Se3pS,. Most of re-
flections are matching with earlier results of colusites having
space group P43n and cubic crystal structure [1]. However,
few reflections with very weak intensity (~26.2, 34.7, and
41.6°) refers the presence of secondary phases (Cu and Se
phases). Due to complexity in the material system and synthe-
sis process, minor compositions of secondary phases (~2%)
are present. Regardless the synthesis procedure, the presence
of secondary phases are common in these large unit cell com-
plex structure compounds with V and Sn are the common
cations, and offers negligible contributions to TE properties
[1,33,34]. The Rietveld refined XRD pattern is shown in
Fig. S1 of Supplemental Material (SM) [35], having refined
lattice parameters (@ = b = ¢) ~11.3155 A and unit cell vol-
ume (V,)~1448.84 A3 for cubic CVS—Ses,. Further, the right
shift of (222) diffraction peak of CVS—Ses(S, with respect
to CVS—Ses, [Fig. 1(b)] represents the lattice contraction
(a~11. 2881 A and V, ~ 1438.34 A3) due to lower radii
sulfur in selenium sites. In comparison with earlier study of
Cuy6 V2 SngS3; colusite, the larger radii Se atom enhances V.
in CuysV,SneSes, by a factor of ~15%, signifying the en-
hanced unit cell dimensions [36]. The cubic crystal structure
of CVS—Ses; is shown in Fig. 1(c) with five cationic sites, Cu

atom occupies 12f, 8e, and 6d, V occupies 2a and Sn occupies
6¢ atom; and Se atom occupies two anionic sites at 24i and
8e. All cations are tetrahedrally coordinated with Se anion
and construct a large three-dimensional (Cu/V /Sn)—Se4 net-
work structure having 66 atoms in the primitive unit cell
[1]. The microstructural FE-SEM images and elemental color
mapping (Fig. S2, SM [35]) on clean and polished surface
verifies the homogeneity and the uniform distribution of all
the constituent elements. Furthermore, among all the cations,
the shallow potential well of Cu atoms compared to Sn and
V atoms shows the presence of soft or weak chemical bond-
ing [Fig. 1(d)]. A small perturbation or thermal excitation
is sufficient to disturb the Cu atoms from their equilibrium
positions. The deeper potential energy well for Sn and V
atoms shows the presence of rigidity in the crystal lattice.
In this regard, the effect of Cu disturbance can play a vital
role towards the thermal and vibrational properties of these
materials.

B. Raman measurements

Figures 2(a) and 2(b) represent the Raman spectra of
CVS—Se;; and CVS—Ses0S; in the low-frequency regimes
where the acoustic-optical phonon interactions play signif-
icant role towards thermal transport. Structurally, the large
unit cell compounds with 66 atoms in the unit cell (n) re-
sults in maximum 195 (3n-3) optical modes with A, E, Ty,
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FIG. 3. Temperature-dependent (a) electrical conductivity, o, (b) Seebeck coefficient, S, inset represents the power factor, S2 o, and (c),
(d) electronic dispersion curve for CVS—Ses, and CVS—Se;(S,, respectively.

and T, possible Raman mode symmetries. We have observed
five low-frequency Raman active modes (below 100cm™!)
for both materials, positioned at ~27, 36, 47 (T;), 58 (T)),
and 71 cm™! (A;). The phonon dispersion curve [Fig. 2(c)]
shows the flat and compressed optical modes from ~40
to ~80cm~!, mainly associated with the vibration of soft
bonded Cu atoms. The Cu cations are strongly vibrating
relatively among all the cations as evident from the atom
projected density of state calculations [Fig. 2(c)]. The eigen-
vector visualization of Raman active modes are shown in Fig.
S3, SM [35]. At X, M, and R symmetry points, the lowest
possible optical phonon modes are observed [Fig. 2(c)] and
the eigenvector visualization are shown in Fig. S4, SM [35].
The interaction of these modes with heat carrying acoustic
branches changes the phonon’s momentum. The sulfur incor-
poration provides the disorder in the anionic sites of crystal
lattice, which reduces the overall stiffness of the lattice and
decreases the effective mass through the mass discrepancy.
Furthermore, the unattributed peaks at ~27 and 36 cm™~!
may be related to the crystal structural distortions. Overall,
a compress and almost flat phonon dispersion curve is ob-
served [Fig. 2(d)], which is clearly signifying the poorer sound
propagation and strong crystal anharmonicity in CVS—SesoS;
than CVS—Ses,. For both compounds, the atomic density of
states calculations suggesting that the vibrational properties
are highly dominated by the softly bonded CuSe, tetrahedra.

The acoustic branches are lies below 40 cm™!, further signi-
fying the poor thermal properties in these complex structured
materials, due to their low acoustic phonon cutoff frequency.
We have also calculated the phonon lifetime (t;) of the
active modes through the obtained full-width half-maxima
(FWHM’s) via, 1, = m, and obtained 7; < 1 ps [9].
The short 7; of Raman active modes suggests the strong
phonon scattering.

C. Electrical transport

Temperature dependence of electrical conductivity (o)
decreases with the increase in temperature suggesting the
degenerate semiconductor behavior [Fig. 3(a)]. The ordered
CVS—Ses; compound has the lowest o, whereas, the sulfur
doped CVS—Se;pS; has increased o. The positive Seebeck
coefficient (S) shows that holes are the majority charge car-
riers [Fig. 3(b)] and lies in the range of ~50-150 uV K~!
for 300773 K. The electrical transport properties are also
verified through the theoretical calculations. The electronic
dispersion curve calculations further suggesting similar re-
sults as observed experimentally. The extended valance band
states above the Fermi level (Ey) [Fig. 3(c) and 3(d)] implies
holes are the major charge carriers. Further, the introduc-
tion of sulfur dopants enhances the room temperature carrier
concentrations from ~3.7 x 10® cm™ (for CVS—Ses,) to
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FIG. 4. Temperature-dependent (a) total thermal conductivity (ki), and (b) lattice thermal conductivity, (x;) for CVS—Ses, and
CVS—Se3pS;. (¢) The variations of «; vs unit cell volume (V,) in Cu-based complex crystal structure chalcogenides [12,15,36,40-50] and,

(d) comparison of room-temperature «; for various cation substituted and doped colusites compounds having multiple phonon scattering
channels [34,51-55].

~8.6 x 10 cm™> (for CVS—Se3(S,). The anomalous in- D. Thermal transport measurements
crease in the Seebeck coefficient for CVS—Ses,S, even with
increase of carrier concentrations is due to flatness in the
bands (Fig. S6, SM [35]) observed near the Fermi energy
levels, which overall increases the carrier effective mass
[37-39]. The inset Fig. 3(c) shows high power factor (PF =
0S8?)~400 W m~' K=2 in CVS—Se3S,, whereas the or-
dered CVS—Ses; compound shows low PF ~90 uW m- K2

Figure 4(a) shows the decreasing ki, for CVS—Ses,,
and CVS—Se;pS, with rise in temperature. The low ki in
these compounds is due to the large number of atoms in the
primitive unit cell (N), where N shows inverse dependence
with k1, hence, lower heat transportation [8,12]. At higher
temperatures, the amplitude of lattice vibration increases
leading to scattering, which further lowers the kio,. The sulfur

a~T773 K. substitution in the regular crystal framework of CVS—Ses;
5F —-CVS-Se,, 5T b —-9-CVS-Se, S, (©
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FIG. 5. Temperature dependent C, for (a) CVS—Ses,, (b) CVS—Se30S,. The data is best fitted using 1D-3E model due to localized
vibrational modes at low-energies, and (c) a hump in the C,/T> vs T plot, shows the presence of disorder and relatively high vibrational
density of states in CVS—Ses3,S,.
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provides the atomic scale disorder and largely disrupts the
heat-carrying phonon. Furthermore, the « is calculated by
subtracting the electronic thermal conductivity (k.) from ko
as, K| = Kiotal — Ke, Where the «. (Fig. S9) is estimated via
the Wiedemann-Franz law, k. = oLT. The Lorenz number
(L) (Fig. S10, SM [35]) is calculated by fitting the reduced
chemical potential (1), which is derived from the temperature-
dependent Seebeck coefficient, single parabolic band, and
acoustic phonon scattering [56-58]. The obtained «; shows
a decreasing trend with increase in temperature [Fig. 4(b)]
due to anharmonic umklapp processes (T~! dependence) [59].
At high temperature, the phonon-phonon scattering becomes
dominant, creating additional phonon scattering channels,
which further lowers to glasslike «; value ~0.51 Wm~! K~!
(at 773 K) in CVS—Se;3pS,. The experimental observed )
is just above the minimum theoretical thermal conductivity
(Kminimum )> Which is calculated using the Cahill’s model for
pristine CVS—Ses; [60]. The diffusive-mediated thermal con-
ductivity (kgiffuson) 1S the lowest possible experimental thermal
conductivity for bulk disordered materials related to the aver-
age energy of vibrational density of states of a materials and
the number density of atoms [61]. The enhanced disorder with
S doping in CVS—Se;(S; further lowers the «; of CVS—Ses;
to the Kminimum l€vel. Recently, a unified theory regarding the
minimum and glasslike « is presented for the thermal trans-
port properties of materials [62,63]. The formulation remains
accurate for anharmonic, disordered, complex materials with
closely spaced and large broadening phonon branches. Fur-
thermore, in general, with increasing the unit cell volume (V,),
the k; of the material decreases [5,7,12]. Figure 2(c) shows
the inverse relation between «; and V. for various complex
structured large unit cell materials. Moreover, Fig. 2(d) shows
the comparison of room-temperature x; of CVS—Ses(S, and
various cation substituted and doped colusites materials. The
significant low «; in CVS—Se;3S, indicates the potential to-
wards the thermal applications.

E. Heat capacity analysis

For the detailed analysis about the localized vibrations,
disorders, crystal anharmonicity, and acoustic-optical phonon
interaction, we have studied and explored the low-temperature

C, properties [Figs. 5(a) and 5(b)]. Using single Debye model
fitting of C,/T vs T2, the negative value of electronic heat
capacity (y) term (in the temperature range of ~1.8-29 K,
however, the C,/T vs T? analysis in milli kelvin temperature
range might be helpful for more detailed study) (Fig. S11,
SM [35]) signify that the C, analysis can not be examined
from single Debye model alone [64]. Therefore, we try to fit
the temperature dependence C, data through Debye and addi-
tional localized Einstein modes, as represented by following
equation:

3 OEn

T
=y + BT+ Y | 4O T2 ——— |,
n=1 (e T — 1)

where first, second, and third term represents the electronic
(Sommerfeld), lattice (Debye), and multiple localized oscil-
lators (Einstein) contributions of heat capacity, respectively.
Here A, is the prefactor and ®g, is the Einstein temper-
ature for the n™ Einstein oscillators [65]. For CVS—Ses,
the three characteristic localized Einstein modes positioned
at ~25 (17), 60 (42), and 100 K (70cm™"), interacts with
acoustic and optical modes in the low-frequency regions. For
CVS—Ses3)S,, the similar fitting parameters are shown in the
Table S1, SM [35]. The large y (~0.05-0.2J mol~! K2) in
complex structured large unit cell compounds has been well
observed in earlier reports [9,48,66—69]. The high y values
are originated from the correction term used for multiple
Einstein modes (as nonlinearity come into play; factors other
than linear term) in addition to the Debye modes [70]. Hence,
the deviation in the Debye T3 law (non-Debye behavior) can
be understand by the presence of these excess vibrational
density of states. Further, Fig. 5(c) shows a hump at low
temperature, known as bosonlike peak, a characteristic peak
for materials having high disorder and excess vibrational den-
sity of states at low frequency. The significant higher C,/T*
shift (high magnitude) of peak value suggests the presence of
larger vibrational density of states and more glassy nature in
CVS_SC3OSZ [68]

G
T

F. Sound velocity measurements and crystal anharmonicity

The relatively soft vibrations of Cu atoms and rattling-
like localized vibrations at low-frequency regime can result
in the soft elastic lattice and poor sound velocity. To study
in detail, we have estimated the longitudinal (v;), transverse
(vy), and average (vy,) sound velocities as listed in Table I.
The observed vy ~1998 m sec™! (CVS—Ses,) and ~1634 m
sec™! (CVS—Ses3S,) again signify the poor thermal transport
properties. The experimental values are well supported by
the theoretical results, as evident from the flat vibrational
branches (less slope in dispersion curve) and the strong in-
teractions among them. In the large unit cell compounds, the
large real space dimensions (lattice parameters) leads to the
shrinkage of first Brillouin zone dimensions (in reciprocal
space), which results in folding back of high-frequency vi-
brational modes as compressed and flat optical modes [6].
Hence, the flat optical branches in the dispersion curves car-
ries negligible heat energy, so most of heat energy is carried
by the acoustic branches. The poor sound propagation and
strong acoustic-optical interaction also lowers the crystal’s

115202-6



ULTRALOW LATTICE THERMAL CONDUCTIVITY IN ...

PHYSICAL REVIEW B 109, 115202 (2024)

S
=3
S
>
e L]

3000

Cu,V,Sn Se,,-This work

2000

Cu,V,Sn Se, S,-This work

Average sound velocity, v, (m s™)

Cu-based complex crystal structured materials

Average Griineisen parameter, 7.

Cu-based complex crystal structured materials

FIG. 7. Comparison of (a) average sound velocity (v,,) and (b) average Griineisen parameters, (y) of eco-freiendly Cu-based complex
structured sulfides and selenides [1,20,22,43,45,49,72—77] The v,, for all these materials is calculated from the reported v, and be v, values, by

1
3 /
=) "

ing the formul =
using the formula, v, (v’_3+2vt

v for all these compounds is calculated through the formula, yg = %(

highest normal mode of vibrations, so the Debye tempera-
ture (®p). The obtained ®p is lowest than many Cu-based
complex structured materials (Fig. S12, SM [35]). We have
also quantified the thermodynamically average Griineisen pa-
rameter (yg) from the sound velocity measurements, which
informs about the presence of crystal anharmonicity and char-
acterize the connection between the crystal volume, phonon
frequency, and «j. The strong crystal anharmonicity (large
yg) causes large damping effects, enhances the scattering
processes and ultimately lowers the k. The obtained average
yg are ~1.86 (CVS—Ses;) and ~2.27 (CVS—Se3S,), which
is significantly higher than many state-of-the-art TE materials
such as Bi,Tes, Sb,Te; PbTe, PbSe, and PbS [71] Among
CVS—Ses3; and CVS—SesS,, the disorder and mass contrast
offered by the substituted sulfur atom in CVS—Se;S; hinders
the heat transport effectively through high weighted average
Griineisen parameter and mode Griineisen parameter for the
acoustic modes (Fig. S13, SM [35]). The observed vibra-
tional modes have much lower frequencies for CVS-Ses; if
compared from CuysNb,SngSes, [9]. The excess vibrational
density of states is well driven through localized Einstein

1+v,
2-3v,

, where v, and be v, be the longitudinal and transverse sound velocities, respectively. Whereas, average

), here, v, is the Poisson ratio of the materials [67].

vibrational modes in both V- and Nb-based compounds
[9]. Overall, the x; for V-based CVS—Ses, is ~1/2 to the
Nb-based CNS—Ses;, throughout the temperature studied re-
gion signifying the poor heat transportations [9]. The low
acoustic phonon cutoff frequency [Figs. 3(c)-3(d)] also results
in poor elastic properties (bulk and shear modulus) due to soft
chemical bonding by Cu atoms. Figures S14-S15 (SM [35])
shows the comparison of low bulk and shear modulus for
CVS—Ses3; and CVS—Se3pS, than other complex structured
compounds, which makes them a potential candidate for poor
elastic and thermal transport applications. As the substitution
of S in the Se sites results in the enhanced disorder and
mass contrast in the crystalline framework. Thus, a relatively
higher Poisson’s ratio (~0.37) for CVS—Se3(S, suggests that
it is more prone to lateral deformation under the application
of an axial load, which is resulting in significantly smaller
shear modulus in comparison with CVS—Ses,. Furthermore,
regarding the TE figure of merit (ZT = Z—S:’Z] T), ~6% sulfur-
doped CVS—Ses3S; has ZT~0.42 at 773 K (Fig. 6), which is
almost five times higher than CVS—Ses;.

TABLE 1. The longitudinal (v;), transverse (v;), and average sound velocities (v,,); minimum (Kminimum) and diffuson (kgiguson) thermal
conductivities; Poisson ratio (v,), Debye temperature (®p), average Griineisen parameters (y), bulk modulus (B), and shear (G) modulus of

complex structured CVS—Se;; and CVS—Se;pS, materials.

CVS—SC32 CVS—SCgoSz
Longitudinal sound velocity, v; (ms™') ~3423 ~3150
Transverse sound velocity, v, (m s7h ~1786 ~1450
Average sound velocity, v,, (ms™') ~1998 ~1634
Minimum thermal conductivity, «minimum (W m™' K1) ~0.50 ~0.43
Diffuson thermal conductivity, Kgiruson (W m~' K1) ~0.31 ~0.27
Poisson ratio, v, ~0.31 ~0.37
Debye temperature ®p, (K) ~212 ~174
Average Griineisen parameters, y ~1.86 ~2.27
Bulk modulus, B (GPa) ~41.0 ~38.9
Shear modulus, G (GPa) ~17.5 ~11.5
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Overall, the weakly bonded Cu atoms in the crystal frame-
work results in poor sound propagation (low v; and v,),
soft elastic lattice properties, which altogether increases the
phonon damping and strongly hinders the phonons trans-
portations. The presence of disorders at the anionic sites of
CVS—SesS; leads to low v, and high average y values
[Figs. 7(a) and 7(b)], which make it a poor thermal conduc-
tive material than many Cu-based large unit cells, complex
structured, and ecofriendly sulfides and selenides.

IV. SUMMARY

In summary, the large number of atoms in the unit cell
can bring the different energy scaled acoustic and optical
phonon branches together. The strong interaction between
the branches hinders the heat-carrying phonon’s momentum
strongly by virtue of which the x; of the materials can be
tuned. The poor sound propagation, large Griineisen param-
eter and weakly bonded Cu atoms altogether reveals about the

strong acoustic-optical phonon interactions and poor thermal
properties in the complex structured large unit cell materials.
The flat dispersion curves for optical branches further signify
that most of the heat is carried by the acoustic branches. The
presence of several low-frequency optical modes is originated
from the soft bonded Cu atom vibrations. Further, the pres-
ence of structural disorder and excess localized vibrational
density of states leads deviation in the Debye T3 law. The
tailoring of sulfur atom in selenium sites affects both electrical
and thermal transport properties, significantly. Overall, due
to ultralow x;~0.5 W m~! K~! in CVS—Ses3S,, the copper-
based complex structured material can be considered as a
potential candidate for future energy harvesting applications.
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