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Low thermal conductivity in bournonite PbCuSbS;: A comprehensive study
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Two natural bournonite specimens have been characterized by structural, chemical, spectroscopical, magnetic,
and thermodynamic analyses. This study confirms a stoichiometric composition of PbCuSbS; and the crystal to
be of an outstanding quality allowing us to consider its properties as being intrinsic for this material. Elec-
tronic structure calculations, electrical resistivity measurements, and spectroscopical characterizations reveal
PbCuSbS; to be a direct n-type semiconductor with an optical energy gap E;‘" = 1.69 eV, huge Seebeck
coefficient and electrical resistivity (e.g., ~—1200 £V K~! and ~1000  m at room temperature, respectively).
The thermal conductivity in PbCuSbS; is found to be very low [k (T) ~2-0.5 W m~! K~! in the temperature
range 100-600 K] and is dominated by optical phonons (7 > 100 K), which poorly transport heat, strongly
scatter the acoustic ones and substantially intensify the phonon-phonon umklapp processes. Additionally, large
atomic displacement parameters and the presence of low-energy optical phonons have been identified, evidencing
“rattling” effects associated to Cu and Pb atoms in the crystal structure. All these result in high Griineisen
parameters (yg = 4.8-3.2) and very short phonon mean free path ([, = 11-3 A for 100-300 K). Thus, the
low thermal conductivity in bournonite reflects a combination of different factors leading to a huge phonon

anharmonicity.

DOLI: 10.1103/PhysRevB.106.195201

I. INTRODUCTION

Semiconductors with low thermal conductivity (k) [1] have
found applications in the development of thermal isolators
and coatings [2], photovoltaic cells (PV) [3], optoelectronic
devices or thermoelectric generators (TEG) [4-6]. In general,
the thermal transport in a crystalline material is considered
as to be mainly mediated by electrons and/or by the quasi-
particles arising from lattice vibrations, which are known as
phonons [7,8]. The electronic part of the thermal conductivity
(k1) is inversely proportional to the electrical resistivity (p)
and could be directly calculated from the Wiedemann-Franz
law: kg = p~'LoT, with Lorenz number Ly = 2.44 x 1073 W
Q K2, which is slightly dependent on the charge carrier
concentration in semiconductors. Obviously, contribution of
K¢l to heat transport in materials with high electrical resistivity
is negligibly small and thus heat transport is mediated almost
completely by phonons (i.e., «pp).

Steady progress in the theoretical understanding of the
problems of many-body interactions and of strong correla-
tions among the energy carriers, observed over the past few
decades, has significantly contributed to «(7) simulations,
thus enabling design of solids with targeted properties [1,7,9].
Additionally, the impacts of phonon-dislocations interactions
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[10,11], of many-phonon [12] as well as exceptionally strong
phonon [13] scatterings on «(7') and even thermal transport
beyond the phonon picture [14] are discussed in the literature.

It has been shown that nonmetallic crystals are character-
ized by low phononic thermal conductivity if they reveal: (i)
high atomic mass; (ii) weak interatomic bonding (fulfillment
of both these conditions would indicate low Debye tempera-
ture, 6p); (iii) complex crystal structure (number of atoms per
primitive unit cell should be >2 resulting in the appearance of
optical branches in the phonon dispersion, which contribute
very little to heat transport due to their small group velocities);
and (iv) high anharmonicity (i.e., high Griineisen parameter
¥G, which gives relation of the vibrational frequencies with
unit-cell volume changes) [15]. Numerous natural and syn-
thetic pnictides and chalcogenides (e.g., SnSe [16], CaZrSes
[17], ZnSb [18], CusSn;Sie [19], TlInTe, [20], etc.) fulfill
these requirements and thus are characterized by low thermal
conductivities. Further factors leading to a «pp reduction in
these materials are found in their enhanced phonon anhar-
monicity, originating from point defects, boundary scattering,
rattling effects, bonding inhomogeneity, resonant bondings,
among others [1,7,9,21-23].

Naturally occurring bournonite with chemical formula
PbCuSbS; is a sulfosalt commonly found in hydrothermal
systems [24,25] and crystallizes with a noncentrosymmetric
orthorhombic crystal structure (space group Pnm?2;) [26]. It is
reported to melt congruently at 1125 K [27] or to decompose

©2022 American Physical Society
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at 785 K [28]. A theoretical study showed this mineral to
be a p-type semiconductor [29] and energy gaps of 0.69 eV
[28,29] or 1.41 eV [30] were obtained from the calculated
electronic structure, or with £, = 1.22 eV [31], as observed
from optical calculations. There were numerous attempts to
estimate the energy band gap of PbCuSbS; applying spectro-
scopic methods, which resultin £, ~ 1.2-1.3 eV [32-35] and
1.55 eV [36]. Studying the electrical transport properties of a
synthetic bournonite, the so-called bipolar effect was observed
[37] (i.e., by increasing temperature the conductivity changes
from semiconducting to metallic-like at ~560 K), as well
as positive Seebeck coefficients (i.e., p-type semiconductor).
A synthetic sample is also found to be a diamagnet [32].
Additionally, the interest in naturally occurring and synthetic
chalcogenides is triggered by their interesting properties for
possible semiconductor applications [38—48].

The most spectacular property of PbCuSbS; is its very low
phonon-mediated thermal conductivity (i.e., k ~ 0.5-2 W
m~ 'K~ in the temperature range 100-300 K) [28]. The anal-
ysis of the chemical bonding situation based on the electron
localization function (ELF) calculations attributed the low « in
bournonite to the presence of lone-pair electrons on Pb>* and
Sb* jons [28]. Therein, they are believed to contribute to the
electrostatic repulsion between the s-electron distributions of
neighboring atoms, as a source of anharmonic phonon scatter-
ing. The low thermal conductivity of the bournonite triggered
studies of its possible application in PVs [30,31,33-36] and
TEGs [29]. However, both of them failed due to impossibility
to achieve a good crystallinity in the thin films and therefore
a rather high electrical resistivity, respectively. Nevertheless,
there are many routes to optimize the synthesis of bournonite
thin films as well as to tune its electrical transport properties,
which make this material still promising on both respects.

In this paper we report on the magnetic, thermodynamic,
spectroscopic, electrical and thermal transport properties of
well established poly- and single crystalline natural bournon-
ites specimens. A combined theoretical and experimental
study allowed us to clearly estimate intrinsic characteristics of
this material as well as to shed light on the dominant physical
mechanisms leading to the low thermal conductivity in the
mineral.

II. EXPERIMENTAL

Natural poly- and single crystalline samples originating
from mines in Neudorf im Harz (Germany) and Vibora
(Bolivia) (further referred in text as sample #1 and #2, re-
spectively) were selected after prior analysis using an optical
microscope.

Further, they were characterized by powder- (PXRD) and
single crystal x-ray diffraction (SCXRD). The PXRD patterns
were collected on an image plate Guinier camera Huber G670
(Cu—Ka; radiation, A = 1.540562 A, 5° < 20 < 100°,
AB® = 0.005°). Temperature dependent synchrotron PXRD
measurements (A = 0.61992 A) were performed at the beam-
line BM20 of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The sample was enclosed in a
quartz-capillary of 0.3 mm under Ar atmosphere. The tem-
perature control was performed using a gas blower calibrated
with Ag as standard. Phase analysis was carried out with

WinXpow program package [49]. The SCXRD data were
collected on a Bruker D8 Tornado diffractometer, equipped
with a PHOTON area detector and Mo—K« radiation (A =
0.71073 A). The data analysis and image integration were
performed with the CrysAlisPro software [50]. Both PXRD
and SCXRD crystal structure refinements were performed
using the WinCSD program package [51].

The chemical analysis by inductively coupled plasma—
optical emission spectroscopy (ICP-EOS) was performed with
an ICP-EOS 5100 equipment (Agilent Technologies). The
obtained total chemical compositions of both specimens are
presented in Table S4 in Supplemental Material [52]. This
study confirms the stoichiometric composition PbCuSbS3 as
well as a small impurity amount in bulk material (i.e., <1
wt.%), which is not detectable by PXRD.

A representative area of the samples #1 and #2 were em-
bedded in a conductive resin, grinded and polished. The final
polishing was performed with 0.25 um diamond powder.
The obtained surfaces were analyzed by scanning electron
microscopy (SEM) and spectroscopic ellipsometry. Local
chemical composition and microstructure analyses were car-
ried out using a SEM-JEOL JSM 7800F microscope equipped
with Bruker Quantax 400, XFlash 6]|30 (silicon drift detector)
EDXS spectrometer. This study confirmed again both miner-
als to be single phase and with the stoichiometric composition
PbCuSbS; (Table S4 in Supplemental Material [52]). The only
difference between the samples was that the surface of the
specimen #1 revealed numerous cracks and fluid inclusions
(“bubbles”) (Fig. S1 in Supplemental Material [52]), which
are characteristic of the minerals of hydrothermal origin [53].

Low temperature (LT, 7 < 300 K) magnetic susceptibil-
ity [x(T)] and specific heat capacity [c,(T)] were measured
with VSM and HC modules of DynaCool-12 from Quantum
Design.

High temperature (HT, 300 K < 7 < 600 K) electrical
resistivity p(7") and Seebeck coefficient S(7') were obtained
on a ULVAC ZEM-3, whereas thermal diffusivity [D(T )] was
measured via Laser Flash Method (LFA 457 MicroFlash, Net-
zsch). The thermal conductivity was calculated according to:
k(T)=D(T )c,d, where d is the density.

Spectroscopic ellipsometry was performed on polished
samples at 55°, 60° and 65° incidence angles, in the 0.73—-6 eV
range using an M2000 J.A. Woollam ellipsometer.

Nonpolarized Raman spectra were collected with a Horiba
LABRAM System-HR-800 (CCD camera, 600 grooves per
mm grating, HeNe laser 633 nm, 50X objective N.A of
0.5). Initial spectrometer calibration was performed with
Si[111]-standard by use of its 520.6 cm~' peak. Neon
calibration-lamp spectra were recorded after each measure-
ment to track and correct any shift during the Raman
measurements. Temperature-dependent Raman spectra and
Raman thermal conductivity were obtained with a Linkam
THMS-600 cooling-heating stage. The stage was continu-
ously cooled by liquid nitrogen vapor flow between 100 and
400 K and the samples were fixed with silver paste to the
stage, to prevent sample drift and to provide better thermal
contact.

Optothermal Raman (OTR) technique was utilized to get
Raman thermal conductivity between 100 and 400 K [54-56].
The Raman spectra at each temperature were recorded by
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performing a series of measurements with different absorbed
excitation powers (e.g., 6.5, 45, and 400 uW). The small-
est absorbed excitation power was used as calibration curve
(thermometer) and thermal conductivity was obtained from
the Eq. (1) [56],

dAw

dT
s/ —ddAI;“

ey

where s = 1.5 um is the laser spot size on the sample,
dAw/dT (cm™' K~!) is the slope of the calibration curve
and dAw/dP (cm~! W) is the slope of power-dependent
Raman peak shift (Fig. S2 in Supplemental Material [52]).
Absorbed power was obtained by multiplying the laser power
(after objective) by an absorption value of 0.65 (at 633 nm),
obtained from ellipsometry measured extinction coefficient
and refractive index.

Electronic structure for bournonite within the generalized
gradient approximation (GGA) of the density functional the-
ory (DFT) was calculated using the full-potential FPLO code
(version 18.00-52) [57]. This scalar relativistic calculation
was performed using the exchange-correlation functional by
Perdew and Wang [58]. The k mesh included 12 x 12 x 12
points in the first Brillouin zone. The energy dependent di-
electric tensor (¢;; with i, j =x, y, z) is composed of intra- and
interband contributions. They are obtained from the Drude-
model with plasmon frequencies originating from electronic
structure calculations and the DFT-calculated imaginary part
of the dielectric function (e;), respectively. The symmetry
analysis of the ¢;; function revealed a negligible optical
anisotropy, thus its real (¢;) and imaginary (€;) parts corre-
spond to the average from all symmetry directions.

Elastic constant calculations of bournonite were performed
using the Quantum-Espresso code [59], based on plane waves
and pseudopotentials [60]. For the exchange-correlation func-
tional the Perdew-Burke-Ernzerhof (PBE) [61] one has been
used together with the projector augmented wave (PAW)
method. The plane wave cut-off has been fixed to 90 Rydberg
based on convergence tests. For the Brillouin zone sampling a
Monkhorst-Pack grid [62] with 8 x 8 x 8 k points including
the origin was chosen. There are nine independent elastic
constants due to the symmetry of the space group, which are
further referred as C11, C22, C33, C44, C55, C66, C23, C12, and
Cj3. These elastic constants are represented in Voigt notation.
To calculate the elastic constants, C;;, this requires properly
chosen distorsions of the unit cell, which can be represented
by nine distortion matrices D;; describing the distorsion of
the unit cell. The amount of distorsion was controlled by
numerical value in the range of —0.05 to 0.04 [63].

III. RESULTS AND DISCUSSION

A. Crystal structure

A small crystal suitable for x-ray diffraction (SCXRD)
measurement was mechanically extracted from the crashed
piece of sample #2. The obtained data set could be indexed
with the orthorhombic unit cell parameters (UCP) given in
Table I. The observed reflection conditions for Okl with
k +1 =2n, 0kO with k = 2n and 00/ with [ = 2n indicate
two possible space groups: Pnm2; and Pnmm. This fact as

TABLE I. Crystallographic data for the single crystal refinement
of PbCuSbSs.

Sample #2
Refined composition PbCuSbS;
Space group Pnm?2, (N° 31)
From PXRD a (A) 7.8060(8)
From PXRD b (A) 8.1479(8)
From PXRD ¢ (A) 8.7017(9)
Radiation, 1 (A) Mo-K,, 0.71073
Calculated density d (g cm™) 5.8694

Scan; step (°); N (images) ¢ and ; 1; 2021
Maximal 20 (°) 61.4

Ranges in h, k, [ -11<h<11
11 <k 11
12112

Absorption correction Numerical

T (max)/T (min) 1.00/0.55

Absorption coeff. (mm™~") 39.68

N (hkl) measured 44587

N(hkl) unique 940

Riw 0.025

N (hkl) observed 43739

Observation criterion F(hkl) < 40 (F)

Refined parameters 64

Rr; Ry 0.023; 0.032

Residual peaks (e A~3) -1.56/1.87

well as the observed dimensions of UCPs prompted us to
use for the further refinement the structural model reported
for bournonite in the space group Pnm?2; (N°31) [26]. The
refinement converged with low values of reliability factors
(Table I), atomic coordinates and anisotropic displacement
parameters listed in Table S2 in Supplemental Material [52].
The refined crystal structure fit well with earlier reported
models for bournonite [26,28,33,64]. We also used the values
from Tables I and S5 to perform Rietveld refinement of our
powder XRD data. The refined profiles are given in Fig. 1.

o l-exp 25
I-calc 2.0
l-exp - I-calc 1.5

‘300 450 600 750

Intensity (counts)
(o]
s
[3,]

10 20

0 50 60

30 4
20 (deg)

FIG. 1. PXRD pattern and Rietveld refinement for sample #2.
Inset: Temperature dependent unit-cell parameter increments (1) in
%, after synchrotron data.
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FIG. 2. Arrangement of the coordination polyhedra in the crystal
structures of bournonite (PbCuSbS;), stibnite (Sb,S3), galena (PbS),
and chalcopyrite (CuFeS,).

PbS

The facts that all observed intensities could be quantitatively
described (i.e., no impurity phases are observed in agreement
with performed chemical and EDX analyses) and the refine-
ment converged with low reliability factors (i.e., Ry = 5.5%
and Rp = 4.0%) validate the used structural model.

The temperature dependent synchrotron PXRD up to
925 K performed on PbCuSbS; revealed almost linear in-
crease of UCPs a and b with the temperature, whereas the
¢ parameter decreases. The relative thermal expansion (1, %)
(Fig. 1 inset) is of 1.7%, 1.1%, —0.4%, and 2.4% for a, b, c,
and unit cell volume V, respectively in the temperature range
300-800 K. The observed volumetric n values are typical for
the majority of the intermetallic compounds [8]. Interestingly,
earlier studies reported for bournonite melting points at 633 K
(for hydrothermally synthesized nanocrystalline sample) [32]
or 785 K [28], and 1125 K [27] for synthetic bulk specimens.
In this paper, we could index PXRD patterns with orthorhom-
bic bournonite UCPs up to 800 K and above this temperature
peaks belonging to its structure could not be identified. Con-
sidering a broad maximum in the recorded profile, which is
obviously due to an amorphous phase, we came to the conclu-
sion, that the sample began to react with the quartz capillary
at T > 800 K, and thus bournonite is thermally stable only up
to this temperature.

The arrangement of the coordination polyhedra in the crys-
tal structure of bournonite is presented in Fig. 2. [CuS4]
tetrahedra and [SbS3] fragments are similar to these occurring
in the chalcopyrite CuFeS, and stibnite Sb,S3. Even more, as
one can see from Table II the interatomic contacts dc,_s and
dsp—s are in agreement with those reported in literature for the
corresponding minerals (i.e., 2.3 A and 2.45 A, respectively)
[65,66]. Taking into account that the interatomic distances are

TABLEII. Interatomic contacts d with sulfur in the crystal struc-
ture of PbCuSbSs.

Atom d, A Atom d, A

Pbl —181 2.7947(6) Cu —182 2.285(1)
—283 2.8832(6) —181 2.335(1)
—283 3.1811(7) —154 2.342(1)
—284 3.3431(5) —183 2.416(1)

Pb2 —182 2.7964(7) Sbl —284 2.4613(5)
—254 2.7995(5) —1S1 2.4631(8)
—181 3.1021(7) Sb2 —182 2.4365(6)
—283 3.4713(5) —283 2.4609(6)

close to the sums of ionic radii for a respective coordination
number (CN) [rcyi+) = 0.6 A, rgysr) = 0.76 A for CN = 4
and r-) = 1.84 A for CN = 6] one can assume Cu and
Sb ions to be in the oxidation state 1+ and 34, respectively
[67]. On the other hand, [Pb2S¢] octahedron with strongly
shifted vertices and a mono single capped trigonal prism
[Pb1S,] differ from an ideal structural unit occurring in the
structure of galena (PbS) (Fig. 2) [68]. Such a difference is
also reflected in the interatomic distances. So, if in galena
PbS dpy_s is of 2.967 A and thus very close to the sums of
ionic radii [i.e., dpp2+_gs>- = 3.03 A], in bournonite it is ~8%
shorter. With this respect our study agrees well with reported
values [28,32,33,64]. However, this finding could also indi-
cate the oxidation state of Pb atoms in the crystal structure
of PbCuSbS; to be larger than 2+. This simple structural
analysis would be in contradiction with the widely accepted
[Pb?*][Cu'*][Sb*F][S~2%]5 ionic formula [28,29], thus indi-
cating that this point requires further careful studies.

The crystal structure of bournonite is also characterized
by numerous empty voids. The calculation of the so-called
“packing index” (pi), using Platon software [69], indicated
only ~80% of the structural arrangement to be filled. This
index is comparable with pi of such prominent cage com-
pounds as, e.g., tetrahedrite (Cu;»SbsS13) (pi = 64%) [70,71]
or Chevrel phase (Mo3S4) (pi = 78%) [72], which assumes
a strong phonon scattering due to rattling effects and thus a
lowered thermal conductivity [7,73,74].

B. Electronic structure

The electronic density of states (DOS) calculated for
bournonite based on the structural data given in Tables I and
S5 is presented in Fig. 3. The DOS is reminiscent of those re-
ported in [28-30]. The valence band consists of three regions:
(i) a low-lying extending from ~-14.5 eV to —12.3 eV, which
is mainly due to S-3s states; (ii) an intermediate (~-9.3 eV
to ~—7.1 eV) composed of Pb-6s, S-3p and Sb-5s; and finally
(iii) a high-energy one ranging from ~-5.7 eV up to Fermi
level Er and being due to the contribution of generally S-3p
and Cu-3d electrons. The valence and conduction bands in the
electronic structure of PbCuSbS; are separated by an energy
gap E, = 0.5 eV, which is by a factor of ~3 lower than the
spectroscopically estimated one (see discussion below). The
tendency of the density functional theory (DFT) to underes-
timate the E, is discussed elsewhere [8,75,76]. The fact that
Pb-6p, Cu-4s, and Sb-5p states are almost depopulated (i.e.,
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FIG. 3. The total and atomic resolved electronic density of states
for PbCuSbS;. Inset: The band structure of bournonite.

are situated in conduction band) (Fig. 3) would confirm the
positive charges of these ions in agreement with the observed
structural peculiarities (see analysis above) and previous study
[77].

The calculated band structure of bournonite (Fig. 3 inset)
reveal it to be a direct semiconductor, since the valence band
maximum (VBM, red line in Fig. 3 inset) and conduction band
minimum (CBM, blue line in Fig. 3 inset) are in front of each
other close to the I" point. As it is reported earlier, accounting
for the spin-orbit coupling (SOC) is leading to an indirect
gap together with its reduction by a factor of ~2 (i.e., E; =
0.385eV) [28].

C. Magnetic and thermodynamic properties

The temperature dependencies of magnetic susceptibility
x(T) corrected by diamagnetic increments [77,78] for both
samples are presented in Fig. 4 (inset). In contrary to the
previous report [32], where synthetic bournonite is found to be
a diamagnet, we observe a weak Pauli paramagnetism in the
natural specimens. Interestingly, if one would correct the mag-
netic susceptibility of a synthetic specimen by diamagnetic
increments, it would also reveal a weak Pauli paramagnetism
[32]. x(T) is nearly the same and temperature independent
for both studied specimens down to 125 K and then shows a
strong upturn, which obviously can be attributed to Fe-minor
admixture or As impurities in samples #1 and #2, respectively
(Table S4 in Supplemental Material [52]).

The temperature dependencies of the specific heat for
both studied bournonites in ¢,/ T3(T) presentation (Fig. 4)
reveals a clear maximum centered at 7 =~ 12 K followed
by a less pronounced shoulder. Such a behavior is known
for cage-compounds (e.g., intermetallic clathrates [79], filled
skutterudites [80], and Remeika phases [81]), where large
vibration of a weakly bounded guest atom incorporated in
oversized atomic cage is causing a “rattling” effect. This is
leading to the appearance of low-energy optical modes in the
phonon spectrum of a material, reflected in a maximum in

c,/T* (mJ mol” K*)

30 40 50 60 70
T (K)

2 5 10 20

FIG. 4. Temperature dependent specific heat capacity for both
specimens in the c,/T3(T) presentation, together with fits (solid
lines) to Eq. (2). The separate contributions for sample #2 are given
as dotted and dashed lines. Inset: temperature dependent magnetic
susceptibility after diamagnetic corrections.

cp/ T3(T) as well as enhanced values of atomic displacement
parameters (ADP) of the rattlers (i.e., guest atoms). In the
crystal structure of the bournonite latter would be a case for
Cu, Pbl, and Pb2 atoms (Table S5 in Supplemental Material
[52]). Therefore, we analyzed the measured specific heat ap-
plying the model given by Eq. (2) [82,83],

Co(T) =Y CoiT)+ Y _ Cej(T)+yT )
i J

where Cp;(T'), Cg;(T') and y T stays for the Debye-, Einstein-,
and electronic contributions to the specific heat capacity, re-
spectively. In the model, the Debye term should describe the
phonon spectrum of the strongly bonded framework whereas
the Einstein term is staying for the low-energy optical modes
arising from the “rattling” motion. Since bournonite reveal a
complex noncentrosymmetric crystal structure, as well as a
framework consisting of two sorts of atoms with very different
atomic masses (i.e., Sb and S), one could expect that only
one Debye contribution would be insufficient to describe such
a complicated phonon spectrum. Therefore, in the first fit
attempt we assumed i = 2. On the other hand, the enhanced
ADPs are observed for three metallic atoms (Table S5 in
Supplemental Material [52]), which would suggest three “rat-
tling” modes. However, taking into account almost the same
ADPs and similar coordination polyhedra for Pb1 and Pb2 we
assumed that their contributions are very similar and could
be not distinguished. Therefore, two (j =2) Cg;(T) terms
(corresponding to Cu and Pb) were included in the fit,

T 3 (;‘)Di/T x4ex
Cp(T) = 3NpR[ — ——dx, (3
o)(T) D <®Di> /(; 1™ 3)

98/ T

O\
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TABLE III. Fit parameters for natural PbCuSbS; specimens.

Fit parameter #1 #2

Npy 10.0(2) 10.0(2)
Op; (K) 536(5) 678(4)
N 5.3(8) 5.8(4)
Op; (K) 131(1) 124(4)
Ngi 0.9(2) 0.7(1)
O (K) 53(2) 55(1)
Ng» 2.0(5) 2.2(1)
O, (K) 99(4) 123(1)

y (mJ mol~'K~?) 2.9(3) 3.7(4)

As it is known, total heat capacity C,(T) as well as its
terms Cp;(T) [Eq. (3)] and Cg;(T) [Eq. (4)] are dependent
on the numbers of modes: Ny,: = Np; + Ng;. Considering the
stoichiometry of bournonite one can expect N = 18, with
Np; = 12 (due to Sb and S atoms) and Ng; = 6 (due to
Cu and Pb atoms). And indeed, the fit resulted in Ny, ~ 18.
However, the assignments of the separate modes are deviating
from the initial assumption [i.e., Np; & 15-16 and Ng; ~ 3
(Table III)]. Seemingly, the phonon spectrum of bournonite
is much more complex and does not allow us to achieve the
accurate description using the simplified model, which was
perfectly working in the case of the Nay4Si;3¢ clathrate [82].

On the other hand, using the values of ADPs for Cu and Pb
atoms presented in Table S5 in Supplemental Material [52],
one could calculate the characteristic Einstein temperatures
at RT from Uiy, = kT /[m(27v)?] (with v and m as the fre-
quency of the “rattling” vibration and the mass of an atom,
respectively) and ®g = hv/kg. The values O (Cu) ~ 101 K
and Og(Pb) ~ 62-64 K are in good agreement with ®g; and
®p, given in Table II1. This finding would confirm Cu and Pb
atoms to be responsible for the “rattling” effect in bournonite.

The Sommerfeld coefficient y of the electronic specific
heat is different from zero, which might be attributed to the
presence of some metallic impurities (Table S4 in Supple-
mental Material [52]). With this respect the investigated in
this work samples should be considered as being much less
contaminated in comparison to the specimen studied in [32]
(.e., y = 10.9 mJ mol'K~?).

D. Raman spectroscopy

Normalized Raman spectra with respect to most intense
peak (324 cm™!) for both natural specimens are shown in
Fig. 5. They revealed similar spectral features indicating iden-
tical composition and crystallinity, in agreement with XRD
and SEM-EDXS characterizations. Experimentally, bournon-
ite’s Raman bands are found between 100 cm™' and 400
cm~!, demonstrating a broad region below 250 cm~! and
sharper peaks above it. The group theoretical inspection
predicts 69 Raman active modes for bournonite (I'= 20A;
+15A; + 14B;+ 20B,).

The Raman spectra of sulfides containing XS3; pyrami-
dal groups (either interlinked or isolated) are dominated by
stretching and bending modes [84]. This is correct for a broad
range of chalcogenides, such as tetrahedrite-tennantite (X =
As-Sb) solid solutions, stibnite (X = Sb), bismuthinite (X =

320 330 340 350
Raman Shift (cm™)

Normalized Intensity (a.u.)

—— #1
400 pW, 633 nm

100 150 200 250 300 350 400
Raman Shift (cm™)

#2

FIG. 5. Room-temperature Raman spectra measured on natural
PbCuSbS; samples. Inset: Temperature dependence of the strongest
peak in Raman spectra for sample #2.

Bi), and bournonite (X = Sb), where the most intense band
at 324 cm~! with a weaker one at 339 cm™! are assigned to
Sb-S stretching [84,85]. The second most prominent Raman
band at 292 cm~! and its shoulder (275 cm™!) are assigned
to S-Sb-S bending modes. Interestingly, it has been proposed
that Sb units having different average Sb-S distances may
result in strong Sb-S stretching modes instead of one Sb-S
stretching and one S-Sb-S bending mode [85]. Furthermore,
XRD refinements indicating identical (Table I) average Sb-S
distances would support the former statement.

E. Spectroscopic ellipsometry

The ellipsometric spectra were fitted using a two-phase
model: bulk bournonite/ambient, where the bournonite op-
tical response was described by applying four Gaussian
oscillators model, which implies the Kramer-Kronig consis-
tency of the optical constants. The energies of the Gaussian
oscillators obtained from the fit were 2.31 eV, 3.01 eV,
4.25 eV, and 7.95 eV. The real (¢) and imaginary (€;) parts of
the dielectric function obtained from ellipsometry for the sam-
ple #2 together with the theoretically calculated are plotted in
Fig. 6. They are in good agreement, especially considering
that our calculations did not include the Hubbard term (U). Its
incorporation is known to improve the electron localization
and thus, improves the precision of the estimation of intra-
and interbands contributions to the dielectric function [8].

From the experimental and calculated real (¢;) and imagi-
nary (€,) parts, the optical constants and absorption coefficient
of bournonite are determined (see Fig. 7). The optical bandgap
Eg,)pt can be obtained by linear projection of the latter to zero
absorption. The experimentally obtained E;,’pt values 1.83 eV
and 1.69 eV for samples #1 and #2, respectively agree well
with the theoretically calculated one of 1.49 eV. The spec-
troscopic contribution of the fluid inclusions on the studied
surface of the specimen #1 lead to an increase of the energy
gap by 0.14 eV (see Fig. S1 in Supplemental Material [52]).
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81, 82

E (eV)

FIG. 6. Comparison of real (¢;) and imaginary (e;) parts of the
dielectric function evaluated from ellipsometry data for sample #2
and obtained from DFT calculation.

Consequently, E;° " = 1.69 eV is considered as to be represen-
tative of the stoichiometric PbCuSbSs.

The dielectric function calculated using density functional
theory compared with the experimental determined one shows
good agreement of the shape and of the absorption edge. In
order to assign the bands seen in €;, the electronic density of
states was computed. Figure 3 shows the total DOS and the
relevant atomic projection of the DOS. The allowed optical
transitions should have energies matching the energy differ-
ence of the bands involved in the transition. Inspecting the
DOS for energy differences around 1.5 eV one finds pos-
sible transitions between Cu-3d and Pb-6p. Using the peak

6 L L
6 —~
] &
— (3]
- 4'2
£ S
o 4T ¥
S 28
~ (&]
b= @
; 04
o 2
»
0
<
i A

1 2 3
E (eV)

FIG. 7. Experimental absorption coefficients of natural
PbCuSbS; plotted against photon energy (E). Inset: Theoretically
calculated absorption coefficient. The linear extrapolation
(continuous lines) to zero absorption (dashed lines) shows the
experimental and calculated optical band gaps for bournonite.
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FIG. 8. Temperature dependent electrical resistivity of bournon-
ites in Inp(7 ~!) representation (full lines represent the fits to Eq. (5),
with respective energy gaps). Inset: Temperature dependent Seebeck
coefficients.

positions in the DOS close to the band gap for these states
(Cu-3d at —0.37 eV and Pb-6b at 1.1 eV) one finds indeed an
energy difference of ~1.49 eV. The optical band gap being
larger than the electronic band gap suggests an indirect band
gap semiconductor, which seems to be at odds with the band
structure shown in Fig. 3. However, this behavior may also
be caused by large dipole matrix elements for the interband
transition around 1.49 eV dominating the optical spectra in
that energy window.

F. Electrical transport

The temperature dependencies of electrical resistivity in
the Arrhenius plot and Seebeck coefficient are shown in Fig. 8
and inset therein, respectively. The resistivity of both stud-
ied samples varies in the ~10> Q@ m range (Table IV) and
decreases with increasing temperature as p o e'/T, which
indicate a semiconductor-like behavior. This finding is in con-
tradiction to previously reported bipolar effect in a synthetic
bulk bournonite [37]. Since the specimen studied there was
poorly characterized (neither Rietveld refinement on XRD,
nor chemical analysis, or EDX study were performed) one can
assume such an effect may originate from a metallic impurity
or off-stoichiometry of that sample.

TABLE IV. Electrical transport parameters for PbCuSbS; ob-
tained from fits above 500 K.

E;pt Eg/)* 00 X 10~4 p375K P Fmax
Sample eV) (eV) (2m) (Qm) (uWmK™?)
#1 1.83(1) 0.91(1) 5.6(09) 377 7
#2 1.69(1) 0.94(1) 4.8(8) 128 35

195201-7



ESTEBAN ZUNIGA-PUELLES et al.

PHYSICAL REVIEW B 106, 195201 (2022)

The electrical resistivity was fitted in selected temperature
ranges according to the Arrhenius equation,

p(T) = poe™ /20T ©)
where po is the residual resistivity and E? is the energy
gap. The parameters obtained from that fit are collected in
Table IV. As expected, the energy gaps EJ are by ~50%
smaller in comparison with the optical ones. The Arrhenius
plot characterizes the electrical transport band gap (Ef) and
assumes it as constant in the fitted temperature range. Our
experimental values led to two different ranges, EJ ~ 0.5-
0.64 eV close to RT and ~0.94 eV at HT (Fig. 8). The former
value would be in agreement with the DFT transport gap with
an E, ~ 0.5¢V (Fig. 3), closer to the former one at RT.

From the observed py and 037K values one could assume
a better electrical quality of sample #2. It indicates a larger
impurity concentration introducing additional charge carries
in the specimen. This finding is in agreement with magnetic
susceptibility and specific heat measurements, where crystal
#2 is found to reveal higher values of x (7T") (Fig. 4) and of the
Sommerfeld coefficient y (Table III), respectively.

The absolute S(7") values of sample #1 (inset to Fig. 8)
are comparable with that reported for the synthetic bournon-
ite in [37]. Also, negative Seebeck coefficients would imply
electrons to be the charge carriers in the mineral and not
holes as it is shown in the previous experimental [37] and
theoretical [29] studies. Interestingly, the DFT simulations
reported in [29] resulting into p-type conductivity were based
on the energy optimization of the possible formation of hole-
like defects/vacancies in the crystal structure. Hence, two
scenarios became possible: (i) the electron-mediated type of
electrical transport should hint towards absence of such de-
fects in the here studied samples or (ii) DFT is strongly
underestimating the formation energies of the structures with
Pb vacancies as well as with Pb atoms substituted by Cu. Con-
sidering the relations |S| oc n~! and p o< n~! one has also to
conclude, a rather low charge carrier concentration (n) in the
bournonite, which is typical for a nondoped semiconductor.

To estimate the TE efficiency of the studied samples, the
so-called power factor PF = S?T p~! is calculated. Its max-
imal values are presented in Table IV. They are by nearly
three orders of magnitude lower than those of the state-of-the-
art materials [86]. Obviously, a tuning of electrical transport
properties (electron/hole doping aiming the enhancement of
charge carrier concentration/mobility) is needed to improve
the TE performance of the bournonite.

G. Thermal transport

The temperature dependencies of the thermal conductiv-
ity k(T') for both studied specimens obtained by LFA and
OTR techniques are presented in Fig. 9. They are nearly
the same and agree well with earlier reports for synthetic
bournonite [28]. Since the electronic contribution to «(7)
[obtained from the Wiedemann-Franz law: k. = LoT /(T ),
where Ly = 2.44 x 1078 W Q K2 is the Lorenz number] is
found to be negligibly small (i.e., kg < 107 W m~! K1),
the thermal conductivity of the studied minerals seems to be
mediated by only phonons. Since the phononic contributions
follow the oc 7~ dependence (solid lines in Fig. 9) in the

= 335
£
L
2 £ 330 -
<
= (/2]
¢ % 325
= = —— Three Phonon
€ & Four Phonon
= 320 : . .
‘; 1} 10 200 300 400
£ T (K)
v v #
o #2
0 T T L] L] L]
100 200 300 400 500 600

T (K)

FIG. 9. Optothermal (open symbols) and LFA (filled triangles)
phononic thermal conductivities for PbCuSbS;. Lines represent the
fits to xpn o T~ Inset: temperature dependence of the Raman shift
(red circles) for sample #2 together with fits to Klemens-Balkanski
model for different scattering mechanisms of optical phonons.

temperature range 100-600 K, the phonon-phonon scattering
is dominated by umklapp processes.

To further evaluate anharmonic phonon-phonon interac-
tions and phonon scattering mechanisms we analyzed the
temperature dependence of the Raman shift (Fig. 9 inset)
applying the Klemens-Balkanski model [87]. It allows to
separate the scattering of optical phonons, which are Raman
active, into three-phonon and four-phonon decay mechanisms.
The model is described according to Eq. (6),

2 3 3
W=W+A|l+———|+B|1
ot |:+em—1:|+ |:+e”—1+(e”—1)2:|

(6)

where W, is the intrinsic Raman frequency, A and B
anharmonic constants corresponding to three-phonon and
four-phonon processes, respectively and with m = W, /2kgT
and n = Wy /3kgT. The parameters of the fits to Eq. (6)
(Fig. 9 inset) are collected in Table V. Simulated curves as-
suming A = 0 (i.e., four-phonon decay mechanism only) and
B =0 (i.e., three-phonon process only) are given in Fig. 9
(inset) by green-dotted and blue line, respectively. They, to-
gether with the percentage values given in Table V, clearly
indicate the dominance of three-phonon decay mechanism.
Such dominance is typical in the majority of materials. Re-
cent theoretical studies on three and four phonon scattering

TABLE V. Raman frequency and anharmonic constants from fits
of Raman shift in natural bournonites to the Klemens-Balkanski
model together with estimated three-phonon contribution.

Wy(em™)  A(em™)  B(m™) A x100%

Sample T

#1 332.4(3)
® 333.2(3)

~1.77(30)
~2.48(30)

~0.14(4) ~93
~0.06(4) ~98
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rates have shown that the latter strongly reduce the thermal
conductivity of materials having phonon band gap (e.g., BAs).
On the other hand, for materials having no phonon band gap
(e.g., Si and diamond) three phonon scattering predicts well
the thermal conductivity at low temperatures (T < 600 K)
[88]. However, at sufficiently high temperatures, four-phonon
scattering significantly contributes. Thus the presence of four-
phonon scattering might be also a factor for the observed
reduced «(T).

To further analyze the low « (7') in the studied minerals we
used theoretically calculated elastic constants (C;;) to obtain
the bulk (B ~ 174 GPa), shear (G ~ 91 GPa), and Young’s
(E =~ 2.6 GPa) moduli (for details see sup. Inf.). Having them
and the density of the compound (Table 1), the transversal
(v; &~ 3964 m s ), longitudinal (v; &~ 7136 m s~!), and av-
erage (v,, ~ 4415 m s~') wave velocities could be determined
from the Eqgs. (7), (8), and (9), respectively,

G 1/2
Uy = [E} i (7)

~1/3

B+ %
v1=[ d3] , ®)

1/2 1\
w[sG)] ®

Further, the temperature dependencies of the Griineisen
parameter was calculated from the formula yg = ay vic‘;l.
Herein, oy (T) = 1/V(T)(dV/dT) is the experimentally mea-
sured volumetric thermal expansion coefficient [8], which was
obtained from the fit of the temperature dependence of the
unit cell volume (its increments are plotted in inset to Fig. 1).
The obtained y values vary in the range of 4.8-3.2 and thus,
are much larger than yg = 1-2 normally observed for semi-
conducting materials [21]. These large Griineisen parameters
indicate a significant phonon anharmonicity in bournonite
[15], which is comparable to those in SnSe: a material with
the best known TE performance nowadays [16].

The temperature dependence of the phonon mean free path
(lon) (Fig. 10) is obtained by analyzing the thermal conduc-
tivity within the kinetic theory, where it is defined as kpp =
(cpUmlpn)/3 [1,89]. The observed values are in the same order
of magnitude as those of UCPs (Table I) and above ~125 K
phonons should be scattered within the unit cell (Fig. 10).
Similar situation is reported in some ceramics [90]. On one
hand the extremely small mean free path could indicate a
strong scattering of phonons and thus, corroborate a low «.
Such a consideration is widely discussed in the literature
[1,2,7,9,17,90,91]. However, on the other hand, the phonons
are the excitations of the entire lattice by definition and their
scattering within a unit cell makes less sense. Obviously, the
continuous and semiclassical kinetic theory, within which all
these results were obtained, where phonons are not considered
as quantum mechanical quasiparticles could lead to an inaccu-
rate description of the extremely low thermal conductivities.

The temperature dependence of the relative heat flux
AT /Tc = [Ty — Tc]/Tc was estimated from the local temper-
ature rise (7y) induced by the laser and the bulk temperature
(T¢) from OTR method. Knowing this parameter the dom-

6p
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FIG. 10. Temperature dependence of the calculated phonon
mean free path for PbCuSbS; (sample #1). Inset: Temperature depen-
dencies of dominant phonon wavelength (i) and dominant phonon
frequency (wph).

inant coefficient for a 3D-material asp ox e 27/Tc 3.5
is determined as proposed in [92]. Hence, the tempera-
ture dependencies of dominant phonons’ wavelength Ap, =
hvy(aspksT)™" and frequency wpn = vm)»;hl have been cal-
culated. They are referred as dominant, since their values are
representative of the maximum peak located in the PDOS [2].
As it is visible in Fig. 10 (inset), wpy, is well above 3—-5 THz
(average upper limit for acoustic modes) in the whole studied
temperature range, which indicates «py, to be mainly mediated
by optical phonons. Further, these are known to possess a
rather small group velocity due to their antiphase movement.
Being strongly scattered on the acoustic phonons, the optical
ones are not effective for heat transport [7].

IV. CONCLUSIONS

Optical microscopy, energy dispersive X-ray spectroscopy
(EDXS), and powder x-ray diffraction (XRD) revealed natural
poly- and single crystalline bournonites PbCuSbS; originating
from mines in Neudorf im Harz (Germany) (sample #1) and
Vibora (Bolivia) (sample #2) to be single phase materials
whereas chemical analysis indicated them to contain minor
(<1 wt.%) As and Fe impurities, respectively. These findings
allowed us to consider these minerals as model systems for
the comparison of the physical properties of PbCuSbS; of
different origins.

The orthorhombic noncentrosymmetric crystal structure
known for bournonite is confirmed by refinements of sin-
gle crystal and powder XRD data obtained for sample #2.
Comparison of the structural arrangement of PbCuSbS3; with
those of simple minerals as galena (PbS), stibnite (Sb,S3),
and chalcopyrite (CuFeS;) as well as with ionic radii of
Pb**, Cu™, Sb**, and S*~ would indicate correspondingly
oxidation states for all ions with the exception of lead. To
get more insight into the atomic interactions, a combined
spectroscopic-theoretical study including thorough analysis
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of the chemical bonding situation in bournonite is required.
Bournonite crystal structure is also characterized by large
atomic displacement parameters for Cu and Pb atoms hinting
towards their possible rattling.

The electronic structure performed within the density func-
tional theory with the generalized gradient approximation
(DFT-GGA) indicated the Pb-6p, Cu-4s, and Sb-5p states to
be situated in the conduction band and thus to be almost
depopulated. This study showed PbCuSbS; to be a direct
semiconductor with an transport energy gap E, ~ 0.5 eV and

an optical one Eg™" A 1.49 eV.

The temperature dependent measurements of the magnetic
susceptibility (x) and specific heat capacity (c,) indicated
both mineral specimens to be weak Pauli paramagnets and
their Sommerfeld coefficients (y) of the electronic ¢, are
obviously originating from minor metallic impurities. More-
over, heat capacity measurements revealed the presence of
low-energy optical phonons [i.e., maximainc,/ T3(T) presen-
tation], hallmarks of a “rattling” effect. The maxima could be
successfully described assuming two Debye and two Einstein
contributions. The latter would be in agreement with presence
of two sorts of rattlers (i.e., Cu and Pb atoms). Additionally,
the obtained characteristic Einstein temperatures are compara-
ble to those deduced from the atomic displacement parameters
of those atoms.

The Raman spectroscopy confirmed the studied bournon-
ites to be of identical compositions and of the same high
quality. This allowed to resolve some stretching (i.e., Sb-S
at 324 cm~' and 339 cm~') and bending (S-Sb-S at 275
cm~! and 292 cm~!) modes, whereas a broad region between
150-250 cm™! (~5-8 THz) comprehend a larger amount of
modes, which can not be ascribed.

The fit of the ellipsometric spectra allowed to determine
the real and imaginary parts of the dielectric functions, which
were in good agreement with the theoretical calculations.
Further determination of the energy dependencies of the ab-
sorption coefficients and their projection to zero indicated
energy gaps of 1.83 eV, 1.69 eV, and 1.49 eV for samples
#1, #2, and theory, respectively. The enhanced value of E, for
specimen #1 is explained by the fluid inclusions observed on
its surface.

The electrical resistivity for both bournonites is high
(=100 2m) and decreases with increasing temperature as
p o e!/T confirming the semiconducting-like behavior. The
EJ values deduced from the Arrhenius plot close to room
temperature are similar to those observed in our electronic
calculations, representing the electronic transport band gap.

The natural specimens revealed a rather high Seebeck co-
efficient S of few hundreds of £V K~!. The negative sign of
S(T) implies electrons to be the charge carriers in the studied
minerals. Since both |S| and p are inversely proportional to the
charge carrier concentration, the latter is low in PbCuSbSs;.
Consequently, the power factor, estimated as PF = ST p~!
and characterizing the performance of the thermoelectric ma-
terials is nearly three orders of magnitude lower than those of
the state-of-the-art materials.

Analysis of the temperature dependencies of the thermal
conductivity «(7T') obtained by LFA and optothermal Raman
(OTR) technique indicated heat transport in the studied sam-
ples to be weak and mediated only by phonons (i.e., «ph).
Since k,p, follows the o« 7~! dependence, the phonon-phonon
scattering is mainly due to umklapp processes. Further anal-
ysis of the temperature dependence of the Raman shift within
the Klemens-Balkanski model allowed to separate the scatter-
ing of the optical phonons into three-phonon and four-phonon
decay mechanisms, and confirmed the former one to be
dominating. Additionally, the theoretically calculated elastic
constants, allowed us to obtain the sound velocity and fur-
ther estimate the Griineisen parameter yg = 4.8-3.2 and the
temperature dependence of the phonon-mean free path /.
The values of the former are by a factor of ~2-3 higher
than those of simple semiconducting materials and indicated
a significant phonon anharmonicity in bournonite, which is
compatible again with low « (7). And finally, we found the
dominant phonons’ frequency wy in bournonite to be well
above 3-5 THz, thus confirming mediation of k,, by optical
phonons. The latter are known to possess rather low group
velocity due to their antiphase movement, to be not effec-
tive for heat transport and to strongly scatter the acoustic
ones.
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