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1. Introduction

Transition- and main-group-metal chalcogenides exhibit useful

physical and chemical properties that are of interest for tech-
nological applications. The low thermal conductivity, k, pos-

sessed by many such chalcogenide materials, plays a key role
in areas related to rewriteable data storage[1–3] and thermal

barrier coatings,[4–6] for example. A low k is essential in rewrite-

able devices based on phase-change systems in order to
reduce heating during operation, due to rapid local melt

quenching processes.[1–3] Thermal barrier materials naturally re-
quire low thermal conductivities, due to the desire to protect

the underlying substrate.[5, 6] Another related application is for
thermoelectricity,[6–10] which is a renewable, solid-state, and
ecologically benign method of energy conversion. Materials

with a low k are imperative for both power generation and
cooling applications. This is clearly evident from the definition
of the dimensionless figure of merit (ZT = S2T/1k, where S is
the Seebeck coefficient, T is the absolute temperature, and 1 is

the electrical resistivity, the value through which thermoelectric
(TE) materials are evaluated.[8–10]

Targeting materials with thermal conductivities in a specific

range constitutes major efforts that extend in various direc-
tions, including developing novel ab initio simulations tech-

niques,[11] and utilizing phase transitions[12] and topological

phases in materials.[13] To obtain materials with a low k, many
different approaches, such as nanostructuring in bulk,[6, 14–16] al-

loying solid solutions with local anisotropic structural disor-
der,[17–20] and phonon-mode softening through cage-structure

filling,[21, 22] have been employed. In all cases the structure-

bonding relationships within a given material class is crucial
for understanding the underlying mechanism(s) associated

with low k. Recently, Skoug and Morelli[23] have shown a corre-
lation between lone-pair electrons (s2 pair in group 15) and

kmin (the minimal thermal conductivity) in ordered crystalline
chalcogenides. The distortion that lone-pair electrons of
group 15 elements and neighboring chalcogen atoms is direct-

ly related to low k by inducing unusually high lattice anharmo-
nicity. Natural minerals such as tetrahedrites, as well as modi-
fied tetrahedrites, possess intrinsically low k, due to Sb lone-
pair s2 electrons[24, 25] and have been considered to be promis-

ing thermoelectric materials. Doping, impurities, and other fac-
tors are not expected to have an important effect on anhar-

monic processes as they are intrinsic to the particular material.
This feature is especially useful for thermoelectricity as it pres-
ents pathways to optimize the electronic properties by meth-

ods that do not typically affect this inherently low lattice k.
Nevertheless, significant effort is still needed to obtain a fun-

damental microscopic understanding of the particular process-
es that contribute to anharmonicity. The lone-pair electrons/

low thermal conductivity correlation is an important step in
identifying systems for the potential applications described
above. A microscopic understanding of the lone-pair s2 elec-

trons and the mechanisms responsible for enhanced anharmo-
nicity, however, is missing. To advance in this important direc-

tion, suitable systems must be investigated in detail to deter-
mine underlying relationships between the lattice structure

An understanding of the structural features and bonding of
a particular material, and the properties these features impart

on its physical characteristics, is essential in the search for new
systems that are of technological interest. For several relevant
applications, the design or discovery of low thermal conductiv-
ity materials is of great importance. We report on the synthe-
sis, crystal structure, thermal conductivity, and electronic-struc-
ture calculations of one such material, PbCuSbS3. Our analysis

is presented in terms of a comparative study with Sb2S3, from

which PbCuSbS3 can be derived through cation substitution.
The measured low thermal conductivity of PbCuSbS3 is ex-

plained by the distortive environment of the Pb and Sb atoms
from the stereochemically active lone-pair s2 electrons and
their pronounced repulsive interaction. Our investigation sug-
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and the transport properties. We have identified two materials,

bournonite (PbCuSbS3) and stibnite (Sb2S3), that can serve as
test cases for such a detailed study. Our focus is on the role of

the stereochemically active lone-pairs s2 electrons, and their in-
teractions, as a mechanism in obtaining low k materials.

In this work, first principles simulations together with experi-

mental efforts are undertaken to reveal how similar structures,
which possess lone-pair s2 electrons, can have different thermal

transport properties. We consider the evolution of structure-
property relations for PbCuSbS3 and its parent material, Sb2S3.

The measured k is found to be smaller in the former case and
this is attributed to the stereochemically active lone-pair s2

electrons. The structural transformation associated with deriv-

ing bournonite from stibnite has important implications, espe-
cially for the electrostatic interactions between neighboring s-

electron distribution, as well as their electronic-structure prop-
erties. This study not only elucidates novel features of the role

of the interactions of lone-pair s2 electrons, but it is also the
first detailed investigation of the bournonite compound. Our
work can, thus, provide general guidelines as to the origin of

interactions of lone-pair s2 electrons for reducing the thermal
conduction, while simultaneously enhancing the electronic
properties.

2. Results and Discussion

2.1. Crystal Structure

Here, we report powder X-ray diffraction (PRXD) data for

PbCuSbS3. The measurements indicate the presence of single-
phase bournonite[26] that is crystallized in the noncentrosym-

metric orthorhombic phase, with space group Pmn21 and two
crystallographically independent 2a positions for Pb, one (4b)

for Cu, two (2a) for Sb, and four (two 2a and two 4b) for S. The

lattice parameters for this orthorhombic structure were first es-
timated and then refined. The initial positions of all the atoms

in the structure were obtained from previous data, after stand-
ardization.[27, 28] The observed and calculated XRD pattern and

difference profile and projected crystal structure along the
crystallographic a axis are given in Figure 1.

The crystal structures of PbCuSbS3 and Sb2S3 both have or-

thorhombic lattices, however, PbCuSbS3 has the Pmn21 space
group, whereas Sb2S3 has the Pnma space group.[29] The

projections of the two crystals in Figure 2 show that these
systems are comprised of weakly bound quasi-1D chains con-

sisting of Sb sharing polyhedra along selected directions (crys-

tallographic a axis for PbCuSbS3 and crystallographic b axis for
Sb2S3).

The PbCuSbS3 crystal structure can be derived from that of
Sb2S3 by considering the cation cross-substitution in binary sys-

tems to obtain ternary and quaternary materials.[30–33] The
Sb2S3–PbCuSbS3 relationship can be understood by recogniz-

ing that one of Sb3 + cations in the Sb2S3 lattice remains,

whereas the other is replaced by Pb2 +Cu1 + , thus Sb2
6+ in Sb2S3

becomes Pb2 +Cu1 +Sb3 + in PbCuSbS3. In the crystal structure

Pb replaces Sb in the polyhedral, whereas the Cu atoms are in
the tetrahedral interstitial sites. As a result, the 1D units

become smaller and rotate so that (110) PbCuSbS3 diagonals
correspond to the crystallographic a and b directions of Sb2S3

(Figure 2).[34]

The characteristic experimental and calculated distances be-
tween the inequivalent Sb atoms in a unit cell are listed in
Table 1. Sb2S3 has two crystallographic sites where Sb atoms
reside. The Sb1 atoms form a trigonal pyramid with one S1

and two S2 atoms on the ends of the 1D ribbons. The Sb2
atom in at center of the ribbon and is surrounded by two S2

and three S3 atoms forming two square pyramids with
a common base.[29]

There are two inequivalent Sb atoms and four inequivalent S

atoms in the PbCuSbS3 unit cell with the relevant distances
also given in Table 1. This leads to two types of Sb-based trigo-

nal pyramids. One type is formed by Sb1, S2, and two S3
atoms and the other is formed by Sb2, S1, and two S4 atoms.

There are also two crystallographic sites where Pb atoms

reside in the unit cell. Their coordination is such that the Pb1
atom is surrounded by six S atoms forming a highly distorted

octahedron, whereas the Pb2 atom is surrounded by seven S
atoms in a monocapped trigonal prism. The average coordina-

tion angles for the various shapes are also given in Table 1.
Our results show that a good agreement between the experi-

Figure 1. a) PXRD data for PbCuSbS3 including profile fit, profile difference,
and profile residuals from Rietvelt refinements. Phase-fraction refinement
shows 1.6 % PbS. b) Perspective view of PbCuSbS3 along the crystallographic
a axis. Pb: gray circles, Cu: blue circles, Sb: brown circles, and S: yellow cir-
cles.

Figure 2. Crystal lattice views of a) PbCuSbS3 along the crystallographic
a axis. The Cu¢S bonds and some Pb¢S and Sb¢S bonds were omitted for
clarity (for a full view see Figure 1 b). b) Sb2S3 along the crystallographic
b axis. Pb: grey, Cu: blue, Sb: brown, and S: yellow.
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mental and calculated lattice parameters and coordination

angles is obtained.

In obtaining the PbCuSbS3 lattice from Sb2S3 one finds that
the Cu atoms is positioned in the tetrahedral void regions. This

results in the breaking the bonds in the square S pyramidal
base in Sb2S3, therefore the unit (a–c projection) becomes

broken. Consequently, the PbCuSbS3 1D-unit becomes smaller
with a b–c projection (Figure 2). Other structural data is also

given in the Supporting Information.

2.2. Electronic Structure

To further understand these materials and to analyze their rela-

tion in terms of other properties, we present results from the
ab initio simulations of their electronic structure. Figure 3

shows the band structures of PbCuSbS3 and Sb2S3 along select

symmetry lines in the Brillouin zone. We note that spin–orbit

coupling (SOC) significantly affects the energy bands of
PbCuSbS3. If this relativistic effect is not taken into account,

PbCuSbS3 is a semiconductor with a direct band gap (Eg) at
the G point with Eg = 0.686 eV. With SOC the lowest conduction

band decreases with relatively large splitting in the S–Y and Y–
G directions. PbCuSbS3 is, thus, an indirect band gap semicon-

ductor in the G–Y path with Eg = 0.385 eV. The direct gap at G

is also reduced to 0.445 eV.
Sb2S3 is a semiconductor with an indirect energy gap in the

G–Z path and the role of the SOC is mainly to reduce this
value. We obtain Eg = 1.311 eV with no SOC and Eg = 1.254 eV

with SOC. For both materials the band structures are very simi-
lar. There are features with a many-valley character (local

Table 1. Characteristic distances (æ) between inequivalent atoms in the unit cell for a) PbCuSbS3 (top panel) and b) Sb2S3 (bottom panel). Average coordi-
nation tetrahedral angles are also given (X = S atom). – means that these particular bonds are not possible. Experimental data for Sb2S3 are taken from
Ref. [26] . Experimental values are denoted as I and calculated values are denoted as II.

a) S1 S2 S3 S4 Lattice parameters and angles
I II I II I II I II I II

Cu 2.22(2) 2.284 2.34(2) 2.351 2.34(2) 2.341 2.40(2) 2.400 a, b, c 7.810, 8.150,
8.700

7.854, 8.280,
8.900

Pb1 2.84(2) 2.845 3.02(3) 3.168 2.71(2) 2.832 3.49(2) 3.541 X¢Pb1¢X �96.18 �95.38
Pb2 – – 2.90(3) 2.843 3.39(2) 3.406 2.93(2),

3.14(2)
2.864,
3.273

X¢Pb2¢X �97.18 �97.58

Sb1 – – 2.44(2) 2.514 2.46(2) 2.489 – – X¢Sb1¢X �95.38 �95.48
Sb2 2.56(3) 2.480 – – – – 2.38(2) 2.489 X¢Sb2¢X �93.48 �94.38

b) S1 S2 S3 Lattice parameters and angles
I II I II I II I II

Sb1 2.537 2.571 2.514 2.557 – – a, b, c 11.282, 3.830,
11.225

11.440, 3.866,
11.316

X¢Sb1¢X �91.18 �91.08
Sb2 – – 2.675 2.702 2.850,

2.449
2.876,
2.456

X¢Sb2¢X �85.88 �85.88
X¢Sb2¢X (planar) �89.78 �89.78

Figure 3. Energy-band structure for a) PbCuSbS3 and b) Sb2S3 without (top) and with (bottom) spin-orbit interaction. Calculated total (black line) and projected
DOS with included spin-orbit coupling for c) PbCuSbS3 and d) Sb2S3.
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minima) along the highly symmetric directions of the Brillouin
zone, therefore, many potential transitions are possible.

PbCuSbS3 is a smaller gap indirect semiconductor compared
with the parent Sb2S3, which is attributed to the symmetry

breaking effect of the Cu and Pb atoms.
The calculated density of states (DOS) shows that the Cu d

states and S p states are the main contributors in the highest
valence region, whereas the p states of Pb and Sb make up

the conduction band edge (Figure 3 c). For Sb2S3, the highest

valence region contains the p states of S and Sb. Some hybridi-
zation between the Sb s states and the p states is also found
(Figure 3 d). Below the Fermi level there are three groups of
well-separated bands in both materials. These features are indi-
cative of the quasi-1D lattice structures and subsequent trans-
port, due to the weakly bound ribbons in the structure

(Figure 2).[35]

The DOS in the valence regions around (¢10, ¢8) eV and
(¢14, ¢12) eV are mostly composed of the s states of the con-

stituent atoms (Figure 3 c,d). Bournonite has two peaks from
the s states of Pb (�¢8.2 eV) and Sb (�¢9 eV) for the first

region, whereas the corresponding DOS for stibnite is com-
posed almost entirely by the Sb s states (¢9.1, ¢6.2) eV. Also,

the s states from S are mostly situated in the second region of

(¢14, ¢12) eV for both materials with a small peak from the
Sb atoms at (¢13.6 eV) for the bournonite material.

2.3. Electron Localization and Chemical Bonding

The bonding in the materials is further analyzed through the

calculated electron localization function (ELF), electronic struc-

ture, and bond lengths. The results for the ELF are shown in
Figure 4 for different zone projections. The ELF reflects the

electron density localization with typical values of 0�ELF�1,
as ELFffi1 corresponds to perfect localization (red), whereas

ELFffi0.5 corresponds to an electron gas (green).[36, 37] The bond-
ing in the PbCuSbS3 lattice is rather complex in character. The

atom–atom length analysis shown in Table 1 reveals that

almost all atom–atom distances are larger than the threshold
for covalent bonding set by the sum of the covalent radii
(2.47 æ for Sb¢S, 2.55 æ for Pb¢S, 1.86 æ for Cu¢S; see the Sup-
porting Information). However in bournonite, Sb¢S = 2.480 and

2.489 æ, which are close to the threshold of 2.47 æ of the cova-
lent radii sum; thus, one may infer that weak covalent electron

coordination is possible. This is confirmed by the calculated
ELF results shown in Figure 4 b–d, where this partial covalent
bonding for Sb2¢S4 and Sb2¢S1 is displayed. There is associat-
ed p-electron hybridization, which can be traced in the DOS in
the (0, 4.4) eV region, according to Figure 3 c. At the same
time, the Cu atoms couple with adjacent S atoms in a primarily

ionic manner (Figure 4 b). Specifically, the S1 atom accepts two
valence s electrons from the two Cu atoms reflected in the

DOS in the region (¢5.8, ¢4.3) eV, where the Cu s states and
the S p states can be found. The Cu atom also donates three d
electrons to the other neighboring S atoms, which can also be
found in the (¢4.0, 0) eV DOS region. For Sb2S3 the bonding is
also of mixed character with weak covalently shared electrons,

as already analyzed in Refs. [38 and 39], and also shown in the
ELF results displayed in Figure 4 e–g.

The analysis regarding the covalent/ionic character agrees

well with the simple bond valence and Madelung site poten-
tials calculations shown in Table S2 in the Supporting Informa-

tion. The iconicity of these materials, can also be estimated
from the relation fi = 1/2(1¢cos(p(EAS/EVB)), where EAS is the

energy gap between the two lowest valence bands and EVB is
the total valence band width.[39] We find that the PbCuSbS3

ionicity factor is fiffi0.134 and it is mainly due to the Pb and Cu

atoms donating electrons to the neighboring S atoms. Sb2S3

iconicity is calculated to be fiffi0.089 and it is primarily due to

the Sb2 and S3 atoms.[40]

From the cation–anion relations in PbCuSbS3, the oxidation

states of each atom, and the type of bonding discussed above,
one finds that the Cu s and d electrons, the Pb p electrons,

and most of the Sb p electrons (some shared due to the weak

covalency, as discussed above) are transferred to the p shell of
the S atom. As a result, Pb and Sb become closed shelled and

are characterized with the formation of lone-pair s2 electrons.
For Sb2S3, p electrons are transferred from the Sb atom to the

S atom, which also leads to a closed shell Sb with lone-pair s2

electrons. The projections shown in Figure 4 clearly depict the

lobelike extensions around the Sb atoms in both materials,

which are classic signatures of lone-pair s2 electrons.[41] It is im-
portant to note, however, that the relative orientation of the
s clouds in bournonite and stibnite is different. The Sb1 and
Sb2 lobes in PbCuSbS3 share a common plane of symmetry
with directly opposite orientation, however, the Sb s clouds in
Sb2S3 do not share such a common plane (Figure 4 a, e).

Figure 4. Calculated electron localization function in various projections for: a–d) PbCuSbS3, and e–g) Sb2S3. The projections shown were chosen to represent
the different types of bonding and lone-pair s2 electron characteristics.
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The characteristics of Pb lone-pair s2 electrons are deter-
mined by the coordination of the Pb atoms. As the Pb1 atom

is surrounded by six S atoms and the Pb2 atom by seven S
atoms, the s electron cloud becomes spherical-like in form. Its

slight protrusion indicates that the electronic distribution is
slightly offset, due to the short extension of the s-pair elec-

trons as opposed to the electronic Sb s-pair being far from the
atom with clear localization preference (Figure 4 a, b). We also

note that the lobelike representation of the anion atoms is ap-

parent in the ELF ; the localization of the S s-pair electrons in
PbCuSbS3 is stronger and the s clouds share a plane of symme-
try similar to the Sb s electrons. For Sb2S3, the localization
trend is less pronounced and the s clouds of S do not share

such a coordination symmetry.

2.4. Thermal Conductivity

The k data measured for both PbCuSbS3 and Sb2S3 at below

300 K are shown in Figure 5. The k values decrease rapidly
with increasing temperature. Both materials show relatively

low thermal conductivity at 300 K, however, k for PbCuSbS3 is

lower than that of Sb2S3. The inset of Figure 5 shows high- and
low-temperature k data for PbCuSbS3. There is good agree-

ment between the high- and low-temperature data for
PbCuSb3 ; this is an indication of the homogeneity of the poly-

crystalline specimens. The k values decrease rapidly up to
100 K for both materials, indicative of Umklapp scattering of

phonons, which is typical of crystalline solids.[42] Above 100 K,
k decreases gradually with increasing temperature. The inset

of Figure 5 also shows that there is no “upturn” in the data at

high temperatures, thus indicating that there is little or no bi-
polar contribution to k in the measured temperature range.

2.5. Discussion

The measured thermal conductivity can be understood by ana-
lyzing the lattice structure–electronic structure relationship be-

tween PbCuSbS3 and Sb2S3. PbCuSbS3 can be derived from
Sb2S3 through the cation substitution method, which is

a widely used approach to obtain derivative compounds from
binary ones.[30–33] In general, the derivatives can have different
structures and other properties compared with the parent
compound. Here, however, there are many similarities in the

lattice and electronic structure of Sb2S3 and PbCuSbS3 ; this is
quite beneficial for understanding their phonon characteristics.
Although the k values for both materials are relatively low, the

k value for PbCuSbS3 is lower despite its lower energy gap, ac-
cording to the electronic structure calculations (Figure 3).

Both materials have cationic atoms with lone-pair s2 elec-
trons (Sb for Sb2S3 ; Sb and Pb for PbCuSbS3). These are stereo-

chemically active electronic distributions characterized by

atomic s–p hybridization (Figure 3). The presence of such lone-
pair electrons has been associated with low k values,[23] which

is the case for PbCuSbS3 and Sb2S3. In addition, there is a corre-
lation between the coordination number (CN) of the cationic

atom and the average angles X¢M¢X (M is a cation atom pos-
sessing lone-pair electrons and X is a neighboring atom).[23]

The X¢M¢X angle should be very close to 908 for CN�6, 95–
968 for CN = 4 or 5, and >998 for CN = 3 with k values tending

to decrease with an increase in the average bond angle. This
increase is related to the induced distorted coordination envi-

ronment from the lone-pairs s2 electrons facing outward, as in-

dicated by the valence-shell electron-pair repulsion theory.[43]

The Sb atoms in PbCuSbS3 and Sb2S3 have CN = 3 with average

angles less than 998 (Table 1). For the Pb atoms, however, CN�
6 and the respective angles are found to be greater than 908
(Table 1). Therefore, the larger average angle X¢M¢X/low k
trend is not clear for PbCuSbS3 and Sb2S3.

Our ab initio results indicate that there are other factors

stemming from the lone-pair s2 electrons and contributing to
the lower k value of PbCuSbS3 compared with that of Sb2S3

(k= 0.81 W m¢1 K at 300 K and 0.48 W m¢1 K at 600 K for
PbCuSbS3 and k= 1.16 W m¢1 K at 300 K for Sb2S3). The lobelike

s-electron distribution is present for Sb atoms in both materi-
als, however, their orientation is different. The Sb lone s2 elec-

tron clouds in PbCuSbS3 share a common symmetry plane

with lobes directly from each other (Figure 4), thus indicating
that their electrostatic repulsion is the strongest. For the Sb s-
electron lobes in Sb2S3, this electrostatic repulsion is weakened,
due to the lack of a common symmetry plane and the lobes

extending in different directions, not across from each other as
in PbCuSbS3 (Figure 4). We further note that the mutual orien-

tation of the lone-pair s2 electrons of the Pb atom is very simi-
lar to those of the Sb atoms. The almost circular electronic
clouds across from each other (Figure 4) are also repelled elec-

trostatically.
The electrostatic repulsion between the lone-pair s2 elec-

trons of neighboring atoms can contribute as anharmonic scat-
tering, thus limiting thermal conduction. As this effect is en-

hanced in PbCuSbS3, k is lower compared with that of Sb2S3.

Even though both materials have atoms with inert lone-pair s2

electrons, k for the compound with the smaller energy gap

(PbCuSbS3) has lower values, due to the stronger effect of the
mutual electrostatic repulsion. A distinct picture of the overall

transport in these related materials emerges. The electronic
conduction is primarily along the quasi-1D chains as the pro-

Figure 5. Measured temperature-dependent thermal conductivity for
PbCuSbS3 (red circles) and Sb2S3 (blue triangles). The inset shows the entire
temperature range data for PbCuSb3.

ChemPhysChem 2015, 16, 3264 – 3270 www.chemphyschem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3268

Articles

http://www.chemphyschem.org


cess is more conducting in bournonite, due to the contribu-
tions of the Cu and Pb atoms. The distorted coordination envi-

ronment and the electrostatic repulsion from the inert s elec-
trons from the Sb and Pb atoms are perpendicular to the

chains. This decoupling between the anharmonic phonon-scat-
tering process and the electronic conduction can be beneficial

in enhancing the thermoelectric properties of a material, for
example. Future studies of doping to enhance electronic con-

duction and not to disturb the s-pair orientation could be ex-

tremely beneficial, not only for this system but for other mate-
rials as well.

3. Conclusions

The crystal structure, electronic properties, and thermal con-
ductivity of PbCuSbS3, a material with a noncentrosymmetric
orthorhombic crystal structure, were investigated. Our study
indicated that PbCuSbS3 possesses two types of stereochemi-
cally active lone-pair electrons (6s2 from Pb and 5s2 from Sb)

resulting in low k values above 200 K. The properties of this
compound were also compared with that of Sb2S3, from which

PbCuSbS3 can be derived through cation substitution. This

comparative analysis was instrumental in understanding the
role of the lone-pair electrons in the transport properties of

these materials. The similarities and differences discussed
herein are especially beneficial for understanding the electro-

static repulsion between the s-electron distributions of neigh-
boring atoms, as a source of anharmonic phonon scattering.

Our results show that such interactions are responsible for the

lower k values for PbCuSbS3, despite its smaller energy gap,
compared with those of Sb2S3. This approach of utilizing the

presence of stereochemically active lone-pair electrons and
manipulating their interactions to obtain materials with low k
values can be expanded to other compositions,[23, 44] thus al-
lowing for future investigations into materials for phase-

change data storage, thermal barriers, and thermoelectric ap-

plications.

Experimental and Theoretical Section

PbCuSbS3 and Sb2S3 were synthesized by conventional solid-state
reactions from purchased binary compounds PbS (99.9 %; Alfa
Aesar), Cu2S (99.5 %; Alfa Aesar), and Sb2S3 (99.9 %; Alfa Aesar) for
PbCuSbS3, and Sb lumps (99.5 %; Alfa Aesar) and S (99.999 %; Alfa
Aesar) for Sb2S3. For PbCuSbS3, the binary compounds were
ground together in the desired stoichiometric ratio before being
loaded into a quartz ampoule. This reaction ampoule was sealed in
a quartz tube, heated to 843 K and subsequently held at this tem-
perature for 4 days before the furnace was turned off and the reac-
tion tube was cooled to room temperature. The product was then
ground into a fine powder, cold pressed into a pellet, and an-
nealed at 673 K for one month to promote homogeneity. For den-
sification into polycrystalline pellets, two of which were needed for
the k measurements, spark plasma sintering (SPS) was employed.
The product was ground into a fine powder and sieved (325 mesh)
inside a N2-filled glovebox before loading into graphite dies. Densi-
fication was accomplished at 623 K and 100 MPa for 30 min under
vacuum. The density of each pellet (�92 % of the theoretical den-
sity) was determined by measurement of their dimensions and

weight after polishing the surfaces of the pellets. For Sb2S3, a stoi-
chiometric mixture of Sb and S was heated to 973 K for 1 day and
quenched in air. Ingot was ground and sieved inside N2-filled glo-
vebox for hot pressing, which was carried out at 573 K and
100 MPa for 7 hrs with N2 flow with �96 % density.
PXRD data were collected with a Bruker D8 Focus diffractometer in
Bragg–Brentano geometry using CuKa radiation and a graphite
monochromator, and examined by the Rietveld method using the
GSAS suite of programs.[45] EDX was employed using an Oxford
INCA X-Sight 7582M equipped with a scanning electron micro-
scope (SEM, JEOL JSM-6390LV). The exact composition was ob-
tained by a combination of Rietveld refinement and elemental
analysis obtained from 12 random positions on each pellet for
PbCuSbS3. Thermal gravemetric analysis (TGA) data indicated a loss
of weight at 673 K then weight gain again above 795 K. The main
exothermic peak from differential thermal analysis (DTA) data also
appears in this temperature region, at 785 K, corresponding to the
melting point of PbCuSbS3.[46]

Temperature-dependent steady-state k measurements from 12–
300 K for both PbCuSbS3 and Sb2S3 were conducted in a custom
radiation-shielded vacuum probe with an 8 % conservative esti-
mate of the uncertainty.[47] The pellet was cut using a wire saw into
a 2 Õ 2 Õ 5 mm3 parallelepiped for low temperature (�300 K) k
measurements. High-temperature thermal diffusivity measure-
ments were made under a flow of Ar with an Anter flashline
system. The uncertainty in the thermal diffusivity measurements
were approximately 5 %. High-temperature k values (above 300 K)
were determined using the equation k= D·a·Cp, where D is the
measured density, a is the thermal diffusivity measured using one
of the two pellets (Figure 3, inset), and Cp is the specific heat. Cp (�
Cv) was estimated with the Dulong–Petit limit (Cv = 3 nR, where n is
the number of atoms per formula unit and R is the ideal gas con-
stant). This evaluation may sometimes result in an underestimation
of Cp at high temperature, however it is a relatively good method,
as it eliminates the uncertainties associated with Cp measure-
ments.[48]

The electronic-structure calculations were performed utilizing den-
sity functional theory (DFT) simulations through the VASP Pack-
age.[49] The code relies on the projector-augmented wave method
with a plane-wave basis set and periodic boundary conditions. The
exchange-correlation energy was calculated with the Perdew–
Burke–Ernzerhof (PBE) function.[50] Ionic relaxation was performed
with 500 and 300 eV cutoffs for bournonite and stibnite, respec-
tively. The force and total energy difference relaxation criteria were
10¢2 and 10¢4 eV æ¢1, respectively. The cell was allowed to change
shape and volume during the structural relaxation with 11 Õ 11 Õ 11
and 11 Õ 21 Õ 11 k-points meshes for PbCuSbS3 and Sb2S3, respec-
tively. The tetrahedron integration method with Blochl correction
was used for the self-consistent calculations on the same k-grid.
The spin–orbit correction was also taken into account. The VESTA
software package was used to perform the crystal structure and
the ELF function.[51]
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