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A material catalogue with glass-like thermal
conductivity mediated by crystallographic
occupancy for thermoelectric applicationf

Zihang Liu, (2 #* Wenhao Zhang,#?® Weihong Gao® and Takao Mori (2 *3°

Discovering materials with intrinsically low lattice thermal conductivity ki is an important route for
achieving high thermoelectric performance. In reality, the conventional synthetic approach, however,
relies on trial and error. Herein, we proposed a new crystallographic parameter, namely the site
occupancy factor, as an effective indicator to identify a material catalogue with low 4. Taking CugTesS,
in which some Cu atoms show partial occupancy, as the representative sample, it was found that this
compound exhibited ultralow ki with weak temperature dependence from 5 K to 350 K. The
appearance of a boson peak and unusual two-level tunneling states in the heat capacity measurement
revealed the low-lying optical modes and dynamic diffusion disorder, respectively. This glass-like
thermal property in a crystalline material arose from the combination of the anharmonic and anisotropic
vibration of the Cu atom, the ionic bond feature around the Cu atom, and the global weak bonding,
confirmed by the calculated phonon dispersion, electron localization function, and potential energy
curves. Utilizing the proposed indicator of partial occupancy, we searched in the Crystallography Open
Database for further potential candidate materials with low k5. As a further test of the efficacy of this
strategy, two unearthed compounds were synthesized and both were indeed found to exhibit very low
Kt around 0.6 W m™2 K1 at 300 K. Our work explored the close relationship between crystallography
and thermal property in crystalline materials and revealed the impact of partial occupancy in complex
lattice dynamics, opening up new avenues towards discovering materials with low 4.

The thermoelectric effect enables the direct conversion of heat into electricity and vice versa, which has received intensive interest for powering IoT devices and
cooling applications. Discovering materials with an intrinsically low lattice thermal conductivity «i,. is an important route for decoupling these interrelated
thermoelectric parameters and therefore achieving high thermoelectric performance. The conventional synthetic approach used long-term has been based
largely on laboratory trial and error, or complex quantum calculations. In this study, we proposed a new crystallographic parameter, namely the site occupancy
factor, as an effective indicator to identify a material catalogue with low k. using the REST-API framework. In a representative material, CusTe;S, which
contains Cu with partial occupancy, an amorphous thermal conductivity was observed and, more importantly, the thermoelectric performance can be further

enhanced by Ag alloying on the Cu site. The corresponding phonon mechanism of low k. was attributed to the anharmonic and anisotropic vibration of the Cu
atom, the ionic bond feature around the Cu atom, and the global weak bonding. Our study offers fresh insights into discovering materials with low «,, for

thermoelectric applications.

Introduction

The ability to tune the thermal conductivity is vital in diverse
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technological applications. One important aspect is to discover
or design inorganic materials with a low thermal conductivity
as potential thermal barrier coatings and thermoelectric
materials.”> The thermoelectric effect enables the direct con-
version of heat into electricity and vice versa, which has received
interest for powering Internet of Things (IoT) devices and
cooling applications.>> The dimensionless thermoelectric
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figure of merit (27), defined as ZT = (5°¢/k )T, dominates the
conversion efficiency, where S, o, Ky, and T are the Seebeck
coefficient, the electrical conductivity, the total thermal
conductivity (including lattice thermal conductivity x,, and
electronic thermal conductivity «.ie) and the absolute tempera-
ture, respectively. The parameter . usually follows the Wie-
demann-Franz law, and is linearly proportional to ¢ and
T. Considering the intertwined or contradicted thermoelectric
parameters (S, ¢, and x.),® optimizing the charge carrier
concentration”® or suppressing ki, through nano-microstruc-
tural engineering'®"® is the common method to increase ZT.

Alternatively, discovering materials with an intrinsically low
Kiae 1S another important route for achieving high ZT in
thermoelectrics.’®*® Nearly all good thermoelectric materials
are heavily doped semiconductors. The transport of thermal
energy in crystalline semiconductors is predominantly by
atomic vibrations, which can be quantized by the quasiparticle
‘phonon’. The parameter k. can be approximately estimated
based on the simple kinetic theory:

1
Klat = gCV Vplp (1)

where C, is the specific heat capacity at constant volume, v, is
the phonon group velocity, and [, is the phonon mean free path
(MFP). Typical crystal features, such as the heavy element
constituent, complex structure, or a large number of atoms in
the unit cell,"*" are valid empirical rules for discovering
materials with low xj,, due to the lower v, and short MFP of
phonons. It should be emphasized that in boride compounds,
in the context of disorder, partial occupancy of rare earth sites
is assumed to contribute to the observed glass-like thermal
property,'®?*** but the related mechanisms have not been
explicitly analyzed in detail. Recently, the large suppression of
thermal conductivity from lone pair coordination,>*?* resonant
bonding,?*® bonding heterogeneity,?*° rattling atoms,*' 33
strong anharmonicity,>**> and liquid-like behavior**™° has
been identified. The microscopic understanding of these phe-
nomena requires time-consuming theoretical investigation on
lattice dynamics, making it difficult to use them as a guide in
the search for low thermal conductivity materials in advance.
The conventional synthetic approach to discovering materi-
als with low xj,; values has for a long time been based on
significant laboratory trial and error. Some recently developed
methods, including high-throughput computation,** inverse
design approach,** and machine learning®® have accelerated
the discovery process, all of which, however, rely on complex
quantum calculations and/or models. Herein, we report, for the
first time, that the crystallographic site occupancy can be used
to enable the simple and efficient search for materials with low
Klae- According to the theory of harmonic lattice vibration, [,
would be infinite in a perfect lattice but becomes finite once the
periodicity is broken. Thus, the reduction in translational
symmetry will lead to a reduced «kj,. Partial occupancy is a
source of such reduction in periodicity, which can be easily
checked by looking at crystal structures, therefore serving as
the first indicator of lattice thermal conductivity. For CueTe;S,
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which contains Cu atoms showing partial occupancy, the
observed temperature dependence and the magnitude of
as well as low-temperature heat capacity measurements, were
similar to those of amorphous materials, and are closely related
to the partial occupancy. Density-functional theory (DFT) cal-
culations reveal that the corresponding microscopic mecha-
nism originates from the anharmonic and anisotropic vibration
of the Cu atom, the ionic bond feature around the Cu atom, and
the global weak bonding, which unveils the unusual phonon
conduction of crystalized compounds with partial occupancy.

Results and discussion

Pristine CugTe;S exhibits a phase transition around 404 K from
the low-temperature o phase to the high-temperature 3 phase,
displayed in Fig. 1a. Both a-CueTe;S and B-CugTe;S crystallize
in the cubic system with different space groups of P2,3 and
P43n,** respectively. The high-temperature phase can be seen
as a Cu-filled Cr;Si structure type and the low-temperature cell
is 8 times bigger. One unusual feature in these two crystal
structures is the distinct site occupancy factor (sof) of the Cu
atoms. In a-CueTe;S, 4 out of 11 Cu sites are fully occupied
while the other Cu atoms show partial occupancy. By contrast,
all Cu atoms in B-CugTe;S are fully disordered with lower
partial occupancy. In crystallography, there are two kinds of
partial occupancy with a sof value of less than unity in terms of
an average unit cell: there are mixtures of atoms that share the
same crystallographic site (substitutional disorder) or there are
mixtures that contain fewer atoms than there are symmetry
equivalent sites to occupy. The latter is the one occurring in our
currently investigated system of CueTe;S, signifying the spatial
fluctuations of Cu atoms at some Wyckoff positions. If there is
no strict description, partial occupancy in the following context
means the latter condition. It should be mentioned that filler
atoms in skutterudite also show the partial occupancy
feature,” which, however, has received little attention about
its effect on lowering the xj,. Fig. 1b shows that the powder
X-ray diffraction (XRD) refinement result exhibits a reasonable
fit with the model of collection code 427 560 in the Inorganic
Crystal Structure Database (ICSD) and no strong peaks of the
impurity phase are observed within the detection limit. The
microscale homogeneity was further confirmed by scanning
electron microscopy (SEM) and energy dispersive spectrometry
(EDS) composition mapping analysis (Fig. S1, ESI{). The com-
position analysis shows that the atomic percentage of Cu, Te,
and S elements is 60.57, 29.62, and 9.81, respectively, which is
close to the nominal composition. The thermogravimetry (TG)
curve for the synthesized CugTe;S ingot from 373 K to 773 K
under a N, flow atmosphere confirms that the weight drop is
almost negligible over the entire temperature range (Fig. S2,
ESIT). Besides, the sintering temperature of CueTe;S is at a
relatively low temperature (723 K), which seems not to be
high enough for inducing the sulfur loss. Overall, the effect
of sulfur loss on the thermoelectric properties of Cug¢Te;S
can be neglected, although sulfur loss sometimes occurs in

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Structure and electrical transport properties of CugTesS. (a) Crystal structure; (b) XRD refinement result; (c) electronic band structure and DOS;
and (d) temperature-dependent electrical conductivity p and Seebeck coefficient S from 5 K to 350 K.

Cu-chalcogen compounds during sintering, leading to the
introduction of disorder and a low K. %"’

For our DFT calculation, a cubic unit cell containing 160 atoms
is used. The minimum 2 x 2 x 2 supercell would contain more
than 1000 atoms, which becomes impractical for DFT calculation.
We generate the fixed structure by filling the partial occupancy
site but keep the symmetry of the resulting cell as the space group
P2,2,2, for calculation efficiency. According to the crystal sym-
metry and those crystallographic sites with partial occupancy, the
configuration of partial occupancy that needs to be considered is
reduced. In the end, 4 of them with the smallest ground state
energy for the phonon calculation are chosen. The detailed
calculation method in terms of the partial-occupancy-structure
was displayed in the ESI.} The results of electronic and phononic
structures are almost identical, suggesting that the specific choice
of Cu site does not have a big impact on the physical properties.
We show one of the band structures in Fig. 1c while the others are
displayed in Fig. S3 (ESIt). No band gap is found in its electronic
band structure with a finite DOS at the Fermi energy, indicating a
metallic character. The larger density of states just below the
Fermi level leads to p-type conduction. The measured low-
temperature electrical resistivity p and Seebeck coefficient S in
Fig. 1d also support this conclusion of metallic conduction. The
temperature dependence of p is positive from 5 K to 350 K, in
which the relatively small residual resistivity ratio (RRR pzoox/psk =
5.7) and the high p at 300 K ~2.6 pQ m are an indicator of poor
metallic behavior. The positive S is near constant at low tempera-
ture but changes to a linearly positive temperature dependence
from 200 K to 350 K.

After subtracting the k.. component based on the Wiede-
mann-Franz law, it was found that CusTe;S exhibits an extremely
low ki, Over the entire measured temperature range in Fig. 2a.

This journal is © The Royal Society of Chemistry 2021

For example, the peak i, value is less than 0.7 Wm ™' K™, lower
than those of typical low thermal conductivity materials such as
In,Ses,*® Zn,Sbs,* and o-MgAgSb,” while the room temperature
Kia¢ value is around 0.3 W m ™! K~ which is even lower than those
of amorphous SiO,.”° The weak temperature dependence resem-
bles glass-like behavior. The slow increase in ki, at low tempera-
ture is mainly due to the increase in phonon heat capacity and,
based on eqn (1), we can deduce a weakly temperature-dependent
I, at low temperature. The disappearance of the peak-shape
dependence in xj,(7) also occurs in some crystalline materials
with a strong structural disorder, including (KBr);_(KCN),,>
complex boride compounds,'®?"** skutterudites and clathrates
with a filler*>** as well as ionic semiconductors.>**>* This simi-
larity in magnitude and temperature dependence between
CueTe;S and amorphous materials is ascribed to the Cu atom
partial occupancy, as well as the resulting atomic-level dynamic
heterogeneity, the ionic bond feature around the Cu atom, and the
global weak bonding, revealed by the following DFT calculations.
The low-temperature heat capacity C, was measured to
probe the related phonon contribution mechanism, which
was present as Cp/T° as a function of T over the T range from
2 K to 20 K in Fig. 2b. The complete C, data from 2 K to 350 K
are displayed in Fig. S4 (ESIf). A hump from 10 K to 20 K,
referred to as the “boson peak,” is observed, which is related to
the excess phonon density of states (DOS) resulting from these
low-lying optical modes.”® In addition to amorphous solids,
this behavior has recently been reported in some crystalline
solids, such as clathrates,®® Cu;SbSe;,>° o-MgAgSb,*® and
CsSnBrl,.>® More importantly, there is a clear upturn below
3 K in CugTe;S, which did not occur in these abovementioned
systems but which has been observed previously in rare earth
borides.”>> This can be explained by the two-level tunneling

Energy Environ. Sci., 2021, 14, 3579-3587 | 3581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ee00738f

Open Access Article. Published on 21 April 2021. Downloaded on 5/3/2026 3:32:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
10}
kv [
‘TE 1 L
=3
kli
0.1
0.01 e
1 10 100
T(K)
0.005 : ——
(b)
T 0.004 + .
‘s
o e gl N
£ o003} N _
'y LN
~. l.‘\ N m  Measured data
(@) ~ — - — Debye model
0.002 - Rt — - —Debye + 1E
— - —Debye + 2E
— - —Debye + 3E
0.001 L
1 10

T(K)

Fig. 2 Thermal properties of CugTesS. (a) Temperature dependent lattice
thermal conductivity x5, of CugTesS from 5 K to 350 K, in comparison with
other typical materials with a low thermal conductivity, including In,Ses,*®
Zn4Sbs,*° a-MgAgSb,?® Cu,Se,* and amorphous Si0».%° (b) Temperature-
dependent heat capacity C,, depicted as Cp/T3 as a function of T. The
dashed lines are fitting results based on the Debye model, Debye-1
Einstein oscillator model (Debye + 1E), Debye-2 Einstein oscillator model
(Debye + 2E), and Debye-3 Einstein oscillator model (Debye + 3E).

states in amorphous solids,>® corresponding to two neighbor-
ing equilibrium positions. As pointed out by Phillips, “we can
say that tunneling states will occur in materials with an open
structure”.”® This unusual phenomenon in CugTe;S should be
ascribed to the unique crystallographic occupancy, in which the
existence of atomic partial occupancy results in Cu atoms
tunneling among several possible crystallographic sites with
low formation energy. Therefore, the migration of Cu may also
occur in CugTe;S, especially at high temperature, and has
commonly occurred in Cu-chalcogen compounds, like Cu,Se
and Cuy,,,Sb,S;3.°¢% In general, the atomic partial occupancy,
as the fundamental mechanism, leads to the possible atomic
migration and complex lattice dynamics.

The experimental C,/T° data show a strong deviation from
the classical Debye model dependence and, therefore, the
Debye-Einstein model with a different number of oscillators
was utilized, as shown in the following equation:

n eOEi/T
C/)T=56+BT>+> A;(O)2 (T3 —— (2
o/ B ; (Or)2-(T?) (n/T _1)! (2)
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where the first term is the electron contribution in which ¢ is
the Sommerfeld constant, the second term is the Debye lattice
contribution, and the final term is related to the Einstein
oscillator at a specific Einstein temperature O;. Herein, until
introducing three Einstein oscillators, the data show perfect
fitting. The fitting parameters for these three models were given
in Tables S1 and S2 (ESIf). The existence of the Einstein
oscillator indicates the strong coupling between acoustic pho-
nons and low-frequency optical phonons,>® which would effec-
tively affect the contribution of acoustic phonons to heat
conduction. Besides, the obtained Debye temperature 0p is
about 147 K, lower than that of other typical low thermal
conductivity materials, such as o-MgAgSb (201 K)***° and
Cu,Se (295 K).>* 1t signifies the extremely weak chemical
bonding, namely the low v, and slow phonon propagation in
CueTe;S. This can be further confirmed by the experimental
sound velocity measurements (the longitudinal sound
velocity 11 ~ 2648 m s ' and the transverse sound velocity
v 71323 ms ' at 300 K). According to eqn (1), the calculated I,
at 300 K is about 3 A, close to the interatomic bonding length,
which indicates that it is approaching the minimum thermal
conductivity.

The calculated phonon dispersion in Fig. 3a shows the
extremely soft acoustic phonons with an ultralow cutoff
frequency around 0.6 THz at the Brillouin zone boundary,
comparable to these materials with intrinsically low thermal
conductivity, e.g., AgoGaSes (0.54 THz),*® MgAgSb (0.6 THz),”*>°
and PbTe (0.78 THz).”® This corresponding origin is due to the
combination of weak chemical bonding and a large primitive
cell ~3176.1 A®. The former leads to the low v, defined as the
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Fig. 3 The calculated lattice dynamics and ELF plot in CugTesS.
(a) Phonon dispersion, (b) the projected phonon DOS, and (c) the
Gruneisen parameter.
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slope of the acoustic dispersion relation, while the latter
restricts the zone boundary of the first Brillouin zone. It is
known that the low cutoff frequency is directly associated with
the low ki, according to the Debye model prediction. Besides,
the hybridization between acoustic phonons and low-frequency
optical phonons can be also observed. In one of the calculated
configurations, we even found some low-lying optical phonons,
solely involving the partially occupied Cu atom (Fig. S5, ESIT),
leading to the anticrossing behavior.>® These calculations are
supportive of the observation of the boson peak in our C,
analysis.

The corresponding projected phonon DOS in Fig. 3b reveals
that the main contribution of low-energy phonons (<2 THz)
originates from the Cu atom, including fixed Cu atoms and
partial-occupancy Cu atoms. It indicates that the Cu atom is
responsible for the complex lattice dynamics of CugTe;S. The
calculated average Griineisen parameter y, characterizing the
strength of the anharmonicity of the lattice vibration, is about
1.58, close to the obtained value based on the sound velocity of
~ 2.0, demonstrating the relatively strong lattice anharmonicity
in CugTesS. The typical expression of Umklapp scattering that
dominates the high-temperature phonon scattering in solids is
shown in the following:*°

wﬁuﬁ<l)

472 N1/3

TV2/33)2 (3)

Klat =
where M is the average atomic mass, v is the average sound
velocity, V is the volume per atom, and N is the number of
atoms per primitive cell. Together with the low v ~ 1484 ms™*
and the large N =~ 160, the resulting strong Umklapp scattering
in CugTe;S limits the heat conduction.

To understand the chemical bonding environment in
CugTe;S, we further calculated the electron localization func-
tion (ELF) since the ELF is a simple measure of electron
localization in an atomic and molecular system.®® The ELF
values are defined between 0 and 1, in which ELF = 1 means the
perfect localization and ELF = 0.5 corresponds to the electron
gas. From the three-dimensional and the two-dimensional ELFs
in Fig. 4a and b, respectively, the following can be learned: (1)
the Te atom possesses an asymmetrically distributed electron
cloud, with a higher density regime approaching the direction
where there is a large interatomic space due to the existence of
the Cu atom partial occupancy. (2) The strongly localized
electron on the Cu atom illustrates the ionic bond feature while
the Te atom with the neighboring Te atom shares electrons as
an indication of covalent bonding. The physical binding feature
of the Cu atom accounts for the global weak bonding environ-
ment in CugTe;S.

To further gain insight into the lattice anharmonicity and
chemical bonding strength in CugTe;S, the potential energy
surface can be a conceptual tool for analysis. The potential
energy as a function of displacement in Fig. 5 was calculated on
four different crystallographic sites, respectively. Both the Te
atom and the S atom show a rather harmonic potential that is
also relatively isotropic along the three Cartesian directions. By
contrast, a non-parabolicity was observed for the Cu atom,

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Calculated ELF plots in CugTesS. (a) The three-dimensional ELF, as
the 1/8 corner of the unit cell with 0.5 < x, y, z < 1 and viewed from the
[111] direction, and (b) the two-dimensional ELF projected onto the (001)
plane.

including the fixed Cu atom and the partial-occupancy Cu
atom, indicating the anharmonic feature. Besides, their intera-
tomic force constants (IFCs) are also smaller, especially for the
partially occupied Cu site, suggesting loose spring constants of
vibration around the equilibrium position and anisotropic
behavior. In this scenario, Cu atoms, due to the partial occu-
pancy, do not belong to the static disorder category but show
dynamic disorder with anharmonic and anisotropic vibration,
which underscores the origin of this unusual glass-like kj,c on
the atomic scale.

In addition to this specific example of CusTe;S, we further
search for potential candidates of compounds with partial
occupancy in the entirely open-access Crystallography Open
Database (COD) via the REpresentational State Transfer (REST)
Application Programming Interface (API) approach that offers
great convenience, flexibility and scalability for users to access
and use data from the targeted database. Detailed information
on the REST-API method can be found in the ESIL.{ To reduce
the number of candidates, we only consider binary or ternary
compounds containing Te, Se, Sb, Ge, or S elements and we
check the structure information from their Crystallographic
Information File (CIF) files using the python PyCifRW package.

Energy Environ. Sci., 2021, 14, 3579-3587 | 3583
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We selected two compounds (BisCuSg and CrsTeg) and experi-
mentally synthesized them, both of which are single phase
(Fig. S6, ESIt). Their corresponding crystal structure is given in
Fig. S7 (ESIt) where the partial occupancy is shown and high-
lighted. After measuring their thermoelectric properties (Fig. S8
and S9, ESI{), both of them are found to possess an ultralow ki,
with weak temperature dependence (Fig. 6), where the corres-
ponding room-temperature value is around 0.64 W m™* K *
and 0.55 W m~ ' K ! for Cr;Teg and Bis;CuSg, respectively. It
should be mentioned that the relative densities of Cu¢TesS,
BisCuSsg, and CrsTeg are above 97% (Table S3, ESIt), which
would guarantee that the measured thermoelectric properties,

1.2 T T T

0.9+ Cr,Te, 5
< ° o
g o6f ° . . 1
kE

0.3} Bi,CusS,

00 1 1 1

300 400 500 600

Temperature (K)

Fig. 6 Temperature dependent lattice thermal conductivity iz of
BisCuSg and CrsTeg.
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especially for thermal conduction, are not affected by the pore
effect. Besides, the Lorenz number L used in the Wiedemann-
Franz law is shown in Fig. S10 (ESIt).

The obtained data in Fig. 7a include 6320 compounds, in
which 1587 compounds contain the partial occupancy feature.
Combining xj,¢ data from our current work, and other typical
compounds reported with and without partial occupancy,
Fig. 7b highlights their anomalously low ), values in partially
occupied compounds in comparison with common
semiconductors,®" with the x- and y-axes indicating their unit
cell volume and average mass per atom, respectively. It should
be noted that although compounds with partial occupancy
often tend to have a large unit cell volume due to the reduction
of translational symmetry, their xj, values are significantly
lower than those of Zintl compounds that possess a complex
crystal structure and heavy atomic mass.®>®

Table S4 (ESIt) lists the corresponding parameters of these
common semiconductors and Zintl compounds, as well as the
compounds with partial occupancy of Fig. 7b. Therefore, the
most significant discovery is the direct observation of low k. in
compounds with partial occupancy, demonstrating the close
relationship between intrinsic crystal disorder and thermal
properties. This new indicator of atom site occupancy, with
no need for time-consuming phonon calculations, enables
simple and efficient screening to search for new materials with
low Kja¢.

Despite the intrinsically low x,; of CugTesS, the small S, e.g.,
6 wV K ' at 300 K, results in the low thermoelectric perfor-
mance. The sudden change of thermoelectric properties of

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 The importance of partial occupancy as a function of unit cell
volume and average mass per atom. (a) The obtained database of potential
candidates of compounds with partial occupancy; and (b) a comparison of
Kiat @Mong common semiconductors (including elements, 1-V-VI,, l,—IV—
Vls, I3=V=Vlg, 1=V=Vly, ll,=IV, =V, IV=VI, and Vs-VI, compounds),! Zintl
compounds®?®* (including CoSbs, CaZn,Sh,, YbZn,Sb,, CasAlSbs, SrsGas-
b3, YbyInSby, and Ybi4MnSbg) and compounds with partial occupancy
(including AgsGeTee,®* BagGaisGeso,®® BanSb,Ses®®  CusBisSeq,®”
CusFeS,,%8 CusSn;Si6,%° CunSnSes,”® GeiSbaTe;” and ZngSb,” as well
as CugTesS, BisCuSg and CrsTeg). Only some important compounds are
named in Fig. 7b.

CueTe;S around 440 K was due to the phase transition, which
was confirmed by the differential scanning calorimetry (DSC)
analysis (Fig. S11, ESIt). The peak value turns out to be about
439 K, consistent with our thermoelectric properties measure-
ments. Ag alloying on the Cu site was further used to optimize
the electrical transport properties. It has been reported
that the cation vacancy formation energy can be tuned in
(Cu, Ag),Te,”>”* in which Cu,Te possesses the lowest formation
energy, probably due to the small Cu atomic radius. Here a
similar tendency is also observed that Ag alloying in CugTe;S
leads to a significantly increased p (Fig. 8a), in agreement
with Ag alloying in Cu,Te.”® Specifically, the room-
temperature p value of CuyAg,Te;S is two orders-of-
magnitude higher than that of pristine CugTesS. Besides, the
temperature dependency changes from the metallic type to the
semiconductor type as well. Simultaneously, a remarkable
enhancement of S is observed after Ag alloying (Fig. 8b), with
the maximum room-temperature value surpassing 200 uv K.
Thanks to the increased p, K is obviously reduced (Fig. 8c),
where the room-temperature value is about 0.3 W m™~ ' K ' It
should be noted that the small discrepancy in S (and ko)

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Temperature dependent  thermoelectric properties  of
Cug_xAgxTesS (x = 0, 1, and 2). (a)-(d) Electrical resistivity p, Seebeck
coefficient S, total thermal conductivity ko, and ZT, respectively.

between ZEM-2 (laser flash) and PPMS data is due to the
radiation heat loss during the PPMS measurement. As a result,
Ag alloying in CugTe;S enables a significant improvement of ZT
(Fig. 8d), the maximum Z7, to about 0.7 at 600 K, which is
comparable to the well-optimized Cu,Te based materials at the
same temperature range.”>

It is highly possible that other donor dopants, such as
divalent ions on the Cu site or halogen ions on the Te/S site,
can also be effective for improving the ZT of CusTe;S. Besides,
since CugTe;S based materials show an extremely low ki,
increasing the power factor by modulation doping’® and mag-
netic effects’® may be also promising for the overall enhance-
ment of thermoelectric performance.

Conclusions

In conclusion, we provided new insights into the unique
chemical bonding and the complex lattice dynamics of
CueTe;S, which contains the Cu atom with partial occupancy,
and first proposed the use of crystallographic occupancy for the
simple and efficient screening of materials with low k... The
low-temperature lattice thermal conductivity and heat capacity
results of CugTe;S resemble the amorphous property. Based on
DFT calculations, the corresponding microscopic mechanism
originates from the anharmonic and anisotropic vibration of
the Cu atom, the ionic bond feature around the Cu atom, and
the global weak bonding. The importance of partial occupancy
in thermal properties was further confirmed using the REST-
API framework in the Crystallography Open Database, from
which we identified a potential material catalogue in which
compounds with partial occupancy exhibit an anomalously
lower ki, compared with common semiconductors and Zintl
compounds. According to the obtained database, another
two compounds with partial occupancy, namely BisCuSg
and CrsTeg, were experimentally synthesized, both of which
exhibited a low Ky, of around 0.6 W m~* K ' at 300 K. More
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importantly, Ag alloying on the Cu site in CugTe;S further
significantly increased the electrical resistivity and achieved
an enhanced ZT, which emphasizes the possibility of optimized
performance in these compounds with partial occupancy via
chemical doping or alloying for thermoelectric applications.
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