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In general, optical and acoustic phonons have different energy scaling and are separated by an energy gap.
However, the two phonon branches can also interact and provide an inherently poor thermal conductivity in
complex minerals with a large number of atoms per unit cell. For instance, the copper-chalcogenide based
minerals with high crystalline anharmonicity are inherently poor thermal conductors. We have studied large
unit cell CuygNb,SngSes;, CuyeNb,SneSes; s, and CuygNb,ySngSespTe, synthetic minerals with a strategically
tailored anionic disorder. These compounds have a p-type degenerate behavior with carrier concentration
(~2.7-~15.3) x 10® cm~3, at 300 K and a very low lattice thermal conductivity, (~0.76-~1.49) Wm~' K~!
at ~625 K. Here, the softening of Cu-Se bonds and hence the crystal framework play an important role for
very poor thermal conductivity. The existence of two low frequency Raman active optical modes (at ~55 and
72 cm~') associated with soft Cu and Se atoms, three localized Einstein modes in specific heat, suggest a high
scattering of acoustic and optical branches with very short phonon lifetime (~0.3-0.6 ps). The excess vibrational
density of states at low energies with compressed and flat optical branches strongly hinders the heat transport.
The involvement of the Te atom at Se sites results in a lowering of the acoustic phonon cutoff frequency and the
softening of optical phonons, significantly. Overall, Cu,sNb,SneSesoTe, has the lowest thermal conductivity at
~625K and is a promising thermoelectric material because of robust acoustic-optical phonon scattering, very
low sound velocity, and high crystalline anharmonicity.
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I. INTRODUCTION

The fundamental understanding of the heat transport inside
the complex crystal structure materials is crucial because the
thermal energy is carried by both phonons as well as free
charge carriers inside the crystalline material [1]. In recent
times, minerals have been studied extensively due to their in-
trinsic properties of ultralow lattice thermal conductivity (k;).
While the free charge carriers are crucial for both good electri-
cal conductivity and electronic thermal conductivity (x.), the
phonons primarily contribute to the «;. Thus, higher phonon
scattering is an essential requirement for poor «;, which can
give better thermal management in electronic devices and
thermoelectric (TE) technology [1]. For this, the charge and
heat carriers have to be decoupled to tune them separately. The
minimization of heat transport in a material can be achieved
via alloying [2], nanostructuring [3], soft-phonon modes [4],
nanoscale defects [5], atomic rattlers [6], large unit cell [7],
superionic materials [8,9], and strong crystal anharmonicity
[10,11]. Based on the vibrations of the involved atoms, the
acoustic and optical phonon branches have a different en-
ergy scaling with a forbidden energy gap [12]. However, in
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complex structure materials, the strong interaction between
acoustic and optical phonons in the low frequency regime can
lead to an inherently poor «; [13—15].

The chalcogen family of compounds (S, Se, and Te) have
shown the greatest impact in many advanced technologies in
light and thermal energy harvesting [16—18]. Various binary,
ternary, and quaternary copper chalcogenides and their deriva-
tives with transition elements (Fe, Mn, Zn, Co, Nb, V, Ni) have
very low k; and can be considered as potential thermal energy
harvesting materials [16]. Especially for TE research, mate-
rials such as colusites, CuysA,BS3, (A = Nb, V, Mo, W, Cr,
Ta; B = Ge, As, Sn) [19-23], chalcopyrites, Cu(Ga, In)Te,
[24], tetrahedrites, Cujp—, M, (Sb, As),Si3 (M = Mn, Fe, Co,
Ni, Cu, and Zn) [25-28], argyrodites, A{i}_,  M" X% (A =
Ag, Cu; M = Si, Sn, Ge, Ga; X =S, Se, Te) [9,29], su-
perionic MCrX, (M = Ag, Cu; X =S, Se) [30], sulfide
bornite, CusFeS, [31], kuramite, CuzSnS, [32], and kesterite,
Cuy(Cd, Zn)Sn(S, Se), [33,34] show low «; due to complex-
ity in the crystal structure [16]. The major reasons are large
unit cells with crystalline anharmonicity, excessive vibrational
density of states, and poor sound velocity, which result in
enhanced phonon scattering and inherently low «; in these
materials [4,29,35,36].

Colusites are such types of materials which have a simple
cubic crystal structure having large number of atoms per unit
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cell, high electronic transport, and poor thermal transport due
to structural complexity [15,20,37]. In colusites, high electri-
cal transport can be tuned with strong hybridization between
the transition (Cu-3d) and chalcogen (S-3p) orbitals [19,38].
Here, the presence of unoccupied states above the Fermi level
(EF) results in a p-type semiconductor; the electron-deficient
character can also be counted by the valency of Cut (Z =
29, 3d'%), Nb* (Z = 41, 3d°), Sn**(Z =50, 4d'°), and
2= (Z =16, 3 p6) ions [39]. Most of the available literature
on colusites focuses on chemical tailoring at the cationic sites
keeping sulfur as the anion [38,40,41]. It is observed that
sulfur sublimation can induce large atomic scale defects, anti-
site defects, and interstitial defects which can result in strong
phonon scattering and poor ;. [19,20,42,43].

In this study, we investigated the origin of poor thermal
transport in synthetic minerals, CuysNb,SngSes, (CNS-Ses;),
Cu%szSn6Se31_5 (CNS-SCg]j), and Cuz(,NbZSn6Se30Tez
(CNS-SespTe,). A significant reduction in k; is observed from
CNS-Se;; to CNS-SejgTe, at high temperatures. The low
values of k; in CNS-SejpTe; is due to large anharmonicity
and high phonon scattering from point defects and anion site
disorders. The excess phonon density of states results in a
boson peak at low temperature as investigated by heat capacity
analysis. Further, the local Einstein modes interact with the
low energy optical modes, suggest multiphonon scattering in
the material system. The large number of atoms in the prim-
itive cell results in the shrinkage of the first Brillouin zone,
which leads to folded of high frequency vibrational modes
as compressed optical modes with significant reduction in the
velocities (flat bands) near zone boundaries [44]. The exper-
imental work is supported by first principle calculations on
electronic band structure and phonon dispersion, which also
confirms the involvements of Cu and Se atoms and associated
phonon modes for low «;. The heavier Te atom results in
enhanced crystalline anharmonicity by lowering the acoustic
phonon cutoff frequency and softening of optical phonons.
Overall, we developed the connection between the nature of
chemical bonding and transportation of heat carrying phonons
inside the complex crystal structure minerals of crystalline
solids.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CNS-Se;;, CNS-Ses;s, and
CNS-SejpTe, were synthesized in the laboratory via the solid
state melt-grown technique [8,10]. High purity (~99.99%)
elemental Cu, Nb, Sn, Se, and Te were weighed in sto-
ichiometric ratio and placed in quartz tubes of ~10 mm
diameter, and the tubes were flame-sealed at a vacuum of
~1073 mbar. The sealed tubes were heated to ~1320 K with
a rate of ~0.3 K min~! and kept at ~1320 K temperature for
~48 h. Later, the tubes were cooled down to ~670 K with
a rate of ~0.6 K min~!, followed by further cooling to room
temperature with a rate of ~1 K min~!. The obtained ingots
were ground and subjected to hot-pressing at 720 K under a
uniaxial pressure of 30 MPa in Ar atmosphere for a period
of ~1 h to get the pellets for transport measurements. Mass
density (d,,) of the obtained hot-pressed pellets was found to
be ~5.7gcm™3 for CNS-Ses, and CNS-Ses; 5; ~5.6 gcm™>
for CNS-Se3gTe,, as assessed via the Archimedes principle.

Crystal structure and phase purity study were identified by
x-ray diffraction using a Rigaku Smart lab rotating anode
diffractometer through CukK, as the radiation source (A ~
1.5406 A) with the scan rate of 2°min~! and step size of
0.02°. The Hall measurements and low temperature heat ca-
pacity (C,) were performed using physical property measure-
ment system (PPMS, Quantum Design). The high temperature
(320-640 K), resistivity (p), and Seebeck coefficient (S) mea-
surements were performed using a ZEM-3 ULVAC instrument
on bar-shaped pellets. Further, the total thermal conductiv-
ity (ko) Was calculated using the relation ko = DCpd,y
(where D and C), are the thermal diffusivity and specific heat,
respectively, and are estimated by using a NETZSCH-Laser
flash apparatus and Dulong-Petit limit) [20,45]. The ko Was
the sum of electrical («x.) and lattice (k;) parts of the ther-
mal conductivity, where k; = ko—(LT /p), where p, L, and
T are the electrical resistivity, Lorenz number, and absolute
temperature, respectively. Field emission scanning electron
microscope (FE-SEM) and energy dispersive Xx-ray spec-
troscopy of the polished pellets were examined from JFEI,
USA, make Nova Nano SEM-450. High resolution transmis-
sion electron microscopy (HR-TEM) was performed through
a FEI Tecnai G2 20S-twin microscope operating at 200 kV
under vacuum conditions. The Raman spectroscopic measure-
ments were carried out using a Jobin-Yvon Horiba LabRAM
HR evolution Raman spectrometer, where a 532-nm excita-
tion laser was used to excite the samples and Raman spectra
were recorded with 1800 grooves/mm grating and an ultralow
frequency filter was used for eliminating the Rayleigh line to
access low frequency Raman modes. A Linkam stage was
used for high temperature dependent (300-500 K) Raman
studies. Furthermore, the details of the Rietveld refinement,
elemental distribution of mapping, structural details, Raman
spectroscopy, and thermal transport analysis can be found in
the Supplemental Material [46].

III. COMPUTATIONAL DETAILS

The electronic structures were investigated using density
functional theory within the Vienna Ab initio Simulation
Package (VASP) framework [47,48]. The projector-augmented-
wave method [47,49], combined with the Perdew-Burke-
Ernzerhof [50] approximation for the exchange and correla-
tion terms of the functional, was employed. A plane-wave
cutoff of 400 eV was set, and the structures were relaxed
using a 4 x 4 x 1 Monkhorst-Pack grid for integrations over
the Brillouin zone. A tolerance of 10~ eV was established for
the total energy and band energies, and calculations were con-
tinued until the absolute value of all components of the force
was lower than 0.01eV A~'. To determine the phonon band
structure, a real-space approach was utilized to extract the
force constants, as implemented in the PHONOPY package [51].
For calculating the interatomic force constants, 2 x 2 x 1 su-
percells and displacements with an amplitude of 0.01 A were
used, and forces were computed with VASP.

IV. X-RAY DIFFRACTION AND
MICROSTRUCTURAL ANALYSIS

X-ray diffraction (XRD) patterns of finely ground pow-
ders of hot-pressed CNS-Ses,, CNS-Ses; 5, and CNS-SesoTe,
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FIG. 1. (a) Powder XRD pattern of CNS-Ses,, CNS-Ses; 5, and CNS-SesTe,, (b) enlarged 222 peak showing lattice expansion of
CNS-SesoTe, and contraction of CNS-Ses; s with respect to CNS-Ses,, and (c¢) cubic crystal structure of CNS-Ses;.

[Fig. 1(a)] show the crystalline nature and phase purity
of the prepared samples. All these compounds crystallize
into cubic crystal structure with space group P43n [19].
The Rietveld refinement of CNS-Sesz;, CNS-Ses s, and
CNS-Se3pTe, are shown in Figs. S1-S3 of the Supplemen-
tal Material [46], and the estimated lattice parameters for
stoichiometric CNS-Ses, are ~11.3038A (@ =b =c¢) and
unit cell volume (V,) ~ 1444.35 A3 [52]. Further, the lat-
tice parameters for Se deficient CNS-Ses; 5 are ~11.2928 A
(a =b=c)and V, ~ 1440.14 A3, whereas for CNS-Se;oTe,
are ~11.3635 A (a = b = ¢) with a largest V, ~ 1467.36 A3.
Figure 1(b) shows the enlarged view of the 222 peak
(~27.3°), where the peak shift with respect to the CNS-Ses,
sample represents the contraction and expansion of lattice
parameters due to the introduction of the Se vacancy in
CNS-Sejs; 5 and the heavy Te atom in the CNS-Ses(Te, sample
[19,53]. In comparison with the sulfur based colusite, the
lattice parameters and corresponding V, are increased due to
the involvement of larger radii Se and Te atoms [38]. The
polyhedral cubic crystal structure of CNS-Ses, with seven
crystallographic sites is shown in Fig. 1(c). Here, the Cu
cations have three Wyckoff positions, Cu; (12f), Cuy (8e),
and Cuyyy (6d), while Nb and Sn cations are present at single
sites (2a) and (6¢), respectively. Further, the Se anions have
Sey (24i) and Sey; (8¢) Wyckoff positions [54]. The x, y, and z
positions of all the atoms with multiple Wyckoff positions are
also shown in Table S1 of the Supplemental Material [46].
All cations like Cu (Cuy, Cuy, and Cuyy), Nb, and Sn are
tetrahedrally coordinated with Se; and Sey; anions and form
a three dimensional (Cu/Nb/Sn)-Se4 network.

The HR-TEM images in Fig. 2 show that all three
samples are crystalline in nature. While the XRD pattern
shows the global crystalline nature, TEM images are the
local representation of the (200) planes of the crystal struc-
tures. Microstructural analysis and the elemental mapping of
the constituent elements on the clean and polished surface
have been studied using the FE-SEM (Figs. S4-S6 of the
Supplemental Material [46]), which confirms the homoge-
neous distribution of elements and phase purity without any
traces of segregation.

V. RAMAN SPECTROSCOPY
AND PHONON CALCULATIONS

CNS-Ses, has a cubic (P43n space group) unit cell with 66
atoms (N) and thus have a maximum of (3N) ~ 198 phonon
modes out of which (3N-3) ~ 195 are optical modes [42,55].
From the group theoretical calculations, the Raman and IR
active modes can possibly have Ay, E, T;, and T, symmetries
where A; are singly, E are doubly, and 7} and 7, are triply
degenerate modes [20,41,55]. Here, we have observed two
low frequency 7; (~55cm™') and 7; (~73cm~') Raman
active modes for all the samples [Fig. 3(a)]. The phonon
dispersion and the atom-projected density of states (DOS)
calculations for CNS-Ses, [Figs. 3(b) and 3(c)] show the
compressed, flat, and several low frequency optical modes
owing to a large number of atoms in the unit cell. Furthermore,
the strong acoustic-optical phonon interactions in the region
~40-55cm~! leads to more vibrational modes at X, M, and R
symmetry points. These low frequency (ranging 40-80 cm™!)

FIG. 2. The bright field HR-TEM images of (a) CNS-Ses,, (b) CNS-Ses; 5, and (c) CNS-Se;Te,.
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FIG. 3. (a) Room temperature Raman spectra of CNS-Ses,, CNS-Se;; 5, and CNS-SesqTe; in the low frequency region. The black curve
represents the experimental data, blue and red curves are the individual and commutative peak fit. (b) The phonon dispersion curve and
(c) atom-projected DOS for CNS-Ses,. (d) The phonon dispersion curve and (e) atom-projected DOS for CNS-SesTe,.

flat modes are largely due to the mixed vibrations of Cu and Se
atoms (CuSe, tetrahedra). The Cu and Se atoms have multiple
Wyck off positions (described as Cuy, Cuy, Cuyy, Sep, and
Seyp) in the crystal lattice of CNS-Ses;, and the large varia-
tion of Cu-Se bond lengths results in inhomogeneous bond
strength (Fig. S7 and Table S2 of the Supplemental Material
[45]) in CuSey tetrahedra. Figure S8 of the Supplemental
Material [46] shows the visualization of both the low-lying
modes of CNS-Ses, which also involves the large contribu-
tions of Cu and Se atoms.

The Te involvement results in the lowering of the acoustic
phonon cutoff frequency (w,, ~ 30 cm™!), whereas in the case
of CNS-Ses,, the cutoff frequency is ~50cm™'. The large
primitive cell dimensions and the involvement of larger radii
Te atoms in the Se site result in enhanced lattice parameters
(discussed in the XRD section) and reduced Brillouin zone di-
mensions, which lower the acoustic phonon w,, significantly,
since w,, is directly related to the size of the first Brillouin
zone [44]. Due to the low w,,, a significant portion of opti-
cal phonons occupy the low frequency regions close to the
acoustic phonons [Fig. 3(d)]. Furthermore, from the phonon
density of states of CNS-Ses;, the lowest possible optical
mode is observed at ~45cm™~!, whereas in CNS-SesoTe,,
the lowest possible optical mode is observed at a very low
frequency ~25cm™~!. The heavier Te atom is also expected to
change the bond strength and results in a significant softening
of the optical phonons. A significant softening is observed
in both Raman active modes, and can be understood via
the relation between the spring constant (k), reduced mass
(m), and characteristic frequency (v) through v =,/% [56].

Additionally, from CNS-Se3; to CNS-SesgTe;, the acoustic
branches show the significant band flatness [Figs. 3(b) and
3(d)] and the increased phonon density of states [Figs. 3(c)
and 3(e)] conveying the relatively poor phonon propagation
and low «; in CNS-SesgTe,.

To study the temperature response of Raman active modes,
we have performed the temperature dependent Raman mea-
surements (shown in Fig. S9 of the Supplemental Material
[46]) and calculated the phonon lifetime (7; = m) for
the modes from full width at half maximum (FWHM) [57].
The estimated 7; is found to be in the range ~0.3-0.7 ps,
ultrashort, in the temperature range 300-500 K (Table S3 of
the Supplemental Material [46]). The low t; further suggests
smaller phonon mean free paths, faster scattering rate, and
ultimately hinders the heat carrying phonon transportation in-
side the solids [57]. Thus, the soft Cu-Se bonding and heavier
Te atom affect the vibrational properties and are expected to
affect the transport properties as well, significantly.

VI. ELECTRICAL AND THERMAL
TRANSPORT PROPERTIES

Temperature dependent electrical resistivity p(7) in-
creases with increasing temperature suggesting the degenerate
semiconductorlike nature of charge transport [Fig. 4(a)],
which is comparable with the earlier studies of sulfur based
colusites [40]. Here, stoichiometric CNS-Ses, has the low-
est p(T) due to the ordered unit cell, whereas CNS-Se3;Te,
has the highest p(7") because of the presence of Te anions
in the Se site. The room temperature Hall carrier densities
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FIG. 4. Temperature dependence of (a) p, (b) S; inset represents the power factor S?/p and electronic band structure of (c) CNS-Ses, and

(d) CNS—SC30T€2.

are (ny) ~ 1.53, 1.08, and 0.27 x 102! cm~3 and mobilities
(g) are ~6.25, 5.37, and 11.80cm? V™! s~! for CNS-Ses,,
CNS-Ses; .5, and CNS-Se3pTe,, respectively. Clearly, the Se
vacancies are electron donors which are decreasing the ny
with compensation, while the presence of Te is creating
more disorders in the samples. The positive S(7") shows that
holes are the majority charge carriers and the CNS-Se;yTe,
has the highest S at high temperature [Fig. 4(b)]. Here,
the ny is one order less for CNS-Ses;pTe, as compared
to CNS-Ses;, which justifies the high p(7) and S(T) in
CNS-Se3gTe,. Further, CNS-Se3; s and CNS-SezgTe, have
the high PF (52/p)~490 uW m~! K2, whereas CNS-Ses,
has PF~434uWm~'K~2 at high temperatures [inset of
Fig. 4(b)]. The metallic p(T) temperature dependence for all
the samples is because of the identical electronic structure
near the Er. The unoccupied states above the Ef lead to p-type
behavior of the compounds. The contribution of various atoms
toward the electronic density of states above and below the Ep
for CNS-Ses; and CNS-SesoTe, are shown by different colors
in Figs. 4(c) and 4(d). In CNS-Se;(Te,, the contribution of 3d
states of Te towards electronic transport results in a change
in the total density of states (Fig. S10 of the Supplemental
Material [46]), which enhances the S(T').

The temperature dependence of k., shows a decreasing
trend with the rise in temperature [Fig. 5(a)]. Here, the vacan-
cies and the point defects at the anionic sites in CNS-Ses; 5
offer additional phonon scattering sites leading to a reduction

in Ky When compared with CNS-Ses;. On the other hand,
for CNS-SeszgTe,, the mass contrast as well as size differ-
ence offered by Se and Te atoms due to a difference in the
atomic radii [~190 pm (Se) and ~210 pm (Te)] enhances the
phonon scattering leading to a large reduction in the kio,.
The plots of D and «, are presented in Figs. S11 and S12
of the Supplemental Material [46]. The relatively low p(T)
values for the CNS-Sej; and CNS-Ses; 5 result in larger «,
values than CNS-SesqTe,. Furthermore, the lattice contribu-
tion k; shows 1/T dependence due to anharmonic umklapp
processes [Fig. 5(b)] [58]. At high temperature (~625 K),
CNS-Se3Te; has the relatively lowest x;~0.76 Wm~! K~!
due to high disorder, resulting in a TE figure of merit ~0.21,
which is three times larger than stoichiometric CNS-Ses,. To
understand better the inherent poor kio,, We have analyzed
the low temperature heat capacity data and extract the possible
interactions of acoustic and optical phonons.

VII. HEAT CAPACITY

The temperature dependence of C, at low temperature
is shown in Figs. 6(a)-6(c). The anomalous negative value
of the electronic term (y) in fitting with the Debye model
indicates that the C, analysis cannot be examined from a
single Debye mode [59]. Therefore, we have fitted the data
using one Debye-three Einstein (1D-3E) mode model using
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the following equation: where y and B represents the electronic and lattice contribu-
tion of heat capacity; A, B, and C are the material constants,

oOr1/T and Of;, Of,, and Ofj are the three Einstein temperatures
[60]. The large y may be due to the large electronic den-

sity of states near the Er and due to the contribution of

32 other factors (except the linear term) as discussed in ear-

(e92/T — 1) + C®1253T2 lier reports [31,61,62]. The obtained ®f for CNS-Ses, are

G 2 2 23

— = T AL, T -
e BT* + A®E, (e®r1/T — 1)?
Op2 /T

- e

+ B2, T

~23.11K (16.06cm™"), ~54.64 K (37.98 cm™"), and ~95.55
o /T (66.41 cm™") as shown in Table S4 of the Supplemental Ma-
(e©r3/T — 1)2’ terial [46]. The ®Of;, Of;, and Of3 individually contribute to
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FIG. 6. Temperature dependence of heat capacity fitted with one Debye and three Einstein modes for (a) CNS-Ses,, (b) CNS-Ses; s,
(c) CNS-Se3gTe,, and (d) CP/T3 vs T plot.
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of CNS-SC30T€2

the total C,,/T where, @ dominates below ~7 K, @, from
~7 1023 K, and ®g3 above ~23 K. The energy of the Einstein
mode is equivalent to the observed low frequency Raman
active modes T; (~55cm~!) and 7} (~73 cm™!), and thus the
interactions of these modes provide extra phonon scattering in
these samples.

The Debye temperature and average sound velocity are
estimated from the heat capacity fitting data and shown in Ta-
ble S4 of the Supplemental Material [46]. From CNS-Ses; to
CNS-Sej3gTe,, the «; decreases as the Debye temperature and
average sound velocity of these materials decrease. Further,
the presence of localized Einstein modes, strong acoustic and
optical phonon scattering, low average sound velocity, and ex-
cess vibrational density of states at low temperature strongly
affect the «; of the materials [20]. Thus, the interaction of
low energy phonons results in poor thermal transport and «;.
The excess vibrational DOS at low temperature leads to the
deviation in Debye T law which is a universal feature in
the system having glasslike thermal properties and the peak is
called a “boson peak” (BP) as shown in Fig. 6(d) [63,64]. For
this non-Debye behavior the acoustic and phonon interaction
plays a very crucial role which is associated with soft/loosely
bonded Cu atoms [63—66]. From stoichiometric CNS-Ses, to
alloy CNS-Sej;(Te,, the addition of Te atoms in Se sites results
in a significant increase in C,/T* which might be due to the
increased electronic contribution (y ) and phononic density of
states in CNS-Se3oTe, [63].

Beside these factors, the low «; can also be under-
stood by the crystal anharmonicity which is governed by
the Griineisen parameter (yg) which relates to the crystal
volume and phonon frequency [10]. The large crystal an-
harmonicity in the compound causes large damping effects
and enhances the phonons scattering. We calculated the yg
M50} /2
N2BT )

from yg = ((3.1 x 107%) , where M, is the average

al
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atomic mass in amu, 8> is the atomic volume (volume per
unit), ®p is the Debye temperature, yg is the Gruneisen
parameter, N is the total number of atoms present in the
primitive unit cell, and 7T is the temperature [67]. We ob-
tained yg ~ 1.46, 1.77, and 1.98, for CNS-Ses;, CNS-Ses; s,
and CNS-SejpTe,, respectively, and the values are higher
than many state-of-the-art TE materials like Bi,Tes, Sb,Tes,
PbTe, PbSe, and PbS [68]. The significantly enhanced yg
in CNS-Se;pTe, compared to that in CNS-Ses, is due to
the presence of disorder and mass difference at anionic
site as both anions (Se and Te) are present at the same
site (24i and 8e) and due to the change in crystal volume
[69]. The phonon dynamics of these large unit cell materi-
als can also be investigated for their crystal anharmonicity
and low «; through inelastic neutron scattering, Mossbauer
spectroscopy, and more advanced calculations [14,28,35].
These techniques further provide insightful information about
the structural information, chemical environment of soft-
bonded Cu-atoms, and localized vibrational motions of atoms,
which overall affects the thermal properties of the materials
[13,14,28,35].

A comparative study of k; of CNS-Sej3yTe, with differ-
ent Cu-based binary, ternary, and quaternary chalcogenides is
shown in Fig. 7. The value of «;, lower than most Cu based TE
chalcogenides, can be understood due to the relatively large
Griineisen parameter, soft-bonded Cu-Se crystal framework,
and softening of Raman active modes in CNS-Se3gTe, in
comparison to CNS-Ses;, CNS-Ses; s, and the above shown
compounds. The «; values in these mixed chalcogen series
of materials can further be lowered through more optimized
alloying or substitutions. In the case of tetrahedrites and co-
lusites, the Cu atom contributes significantly at low energy,
and the anharmonic rattling motion and structural disorder
altogether enhance the phonon scattering and thus have lower
k1 [9,14,20,82]. Overall, the interaction of low energy acoustic
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and optical phonons results in poor thermal transport which
can be effective for future applications.

VIII. CONCLUSION

In summary, the scattering of acoustic and optical
phonons in Se based synthetic minerals is account-
able for inherently poor k;. The Griineisen parameter in
CNS-SejpTe, suggests strong crystal anharmonicity lead-
ing to low /clfv0.76Wm’1K’1 at ~625K, where the
structural disorder induced by the Te atom enhances the
phonon scattering. The Te in the Se sites reduces the
k; largely through the lowering of acoustic phonon cut-
off frequency, flattening the heat carried phonon branches

and softening the optical modes. The excess vibrational
density of states results in the appearance of a Boson peak
due to deviation in the Debye T3 law. The low frequency
Raman and Einstein modes are mainly associated with soft-
bonded Cu-Se tetrahedra. Additionally, the phonon lifetime
~1 ps confirms the high scattering rate causing low thermal
conductivity in these compounds. Overall, our results provide
a comprehensive way to study the inherent low «; in large unit
cell crystalline materials.
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