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Thermoelectric properties and scattering mechanisms in natural PbS
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X-ray diffraction and energy dispersive x-ray spectroscopic analyses showed a natural galena (PbS) crystal
from Freiberg in Saxony (Germany) to be a single phase specimen [rock salt (NaCl) structure type, space group
Fm3m, a = 5.932(1) Å] with stoichiometric composition and an enhanced dislocation density (δ ≈ 1011 cm−2).
The latter parameter leads to an increase of the electrical resistivity in the high-temperature regime, as well
as to the appearance of phonon resonance with a characteristic frequency ωPR = 3.8(1) THz. Being in the
same range (i.e., 3–5.5 THz) with the sulfur optical modes of highest group velocities, it results in a drastic
reduction (by ∼ 75%) of thermal conductivity (κ) at lower temperatures (i.e., < 100 K), as well as in the
appearance of a characteristic minimum in κ at T ≈ 30 K. Furthermore, the studied galena is characterized by
phonon-drag behavior and by temperature dependent switch of the charge carrier scattering mechanism regime
(i.e., scattering on dislocations for T < 100 K, on acoustic phonons for 100 K < T < 170 K and on both acoustic
and optical phonons for 170 K < T < 300 K). The combined theoretical calculation and optical spectroscopic
study confirm this mineral to be a direct gap degenerate semiconductor. The possible origins of the second-order
Raman spectrum are discussed.

DOI: 10.1103/PhysRevB.107.195203

I. INTRODUCTION

A significant growth of the energy consumption in the past
few decades together with its low transformation efficiency
(i.e., total losses of ≈ 70% in form of a heat [1]) gave a new
impetus in studies of thermoelectric (TE) materials. Allowing
conversion of thermal gradients into electricity, a technology,
which became already irreplaceable in the space exploration
and is believed to posses a potential for energy harvesting
in our daily life [2–5]. However, there are still challenges
related to the insufficient efficiency for practical applications
of known TE materials. A measure of TE efficiency is defined
by the dimensionless figure-of-merit zT = S2T/ρ(κph + κel ),
where S stays for Seebeck coefficient, ρ as the electrical
resistivity, κph and κel represents the phononic and electronic
thermal conductivities, respectively [6,7]. Obviously, high zT
can be observed for TE material being simultaneously good
electrical and a bad thermal conductor, which is a physical
contradiction. To overcome it, two main routes are normally
considered: (i) the optimization of the electrical transport
(given as power factor PF = S2/ρ), by tuning the charge car-
rier concentration n and/or their mobility μ via electron/hole
doping [8–15], and/or (ii) the reduction of thermal conduc-
tivity by alloying of the material and/or by creating grain
boundaries, point defects, bonding inhomogeneity, “rattling”
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or anharmonic effects, etc., which should result in additional
phonon scattering mechanisms [2,16–23].

Among the different factors, which could significantly
reduce the thermal conductivity of a material and which
has rarely been considered with respect to a possible im-
provement of the TE efficiency [24] is the so-called phonon
resonance (PR). It has been reported for some mixed halides
(e.g., K1−xLixBr and K1−xLixCl) [25], Na1−xMxCl1−yHay

(M = Li+, K+, Rb+, Ag+, Tl+, Ha = F−, Br−, I−) [26],
Rb1−xCNxCl [27]) crystallizing with rock-salt structural ar-
rangement [NaCl type, space group (SG) Fm3m]. In these
materials, a resonant interaction occurs between phonons
and nonparamagnetic lattice point defects (induced by the
dopants) and is characterized by a resonant frequency ωPR, at
which a minimum in κph is observed [25,28]. Another scenario
when PR behavior become possible is if the phonons are scat-
tered by the vibrations of a filler-cation incorporated inside
an enlarged anionic void (i.e., by the “rattling” effect). This is
reported for some intermetallic Ge-containing clathrates [24].
Indeed, besides the materials crystallizing with NaCl structure
type and filled Ge-clathrates PR was recently reported only
for the doped hexagonal AlN [29] and monoclinic Cu2Se
(SG C2/c) [30]. Interestingly, the PR behavior in the latter
was detected by inelastic neutron scattering and is not mani-
festing itself by a clear minimum in κph.

Galena (PbS) is a naturally occurring and widespread
narrow gap (theoretically calculated values are EDFT

g ∼
0.2–0.5 eV [31–38], those from electronic absorption spectra:

2469-9950/2023/107(19)/195203(15) 195203-1 ©2023 American Physical Society

https://orcid.org/0000-0002-9803-9717
https://orcid.org/0000-0003-0874-8833
https://orcid.org/0000-0002-4701-0201
https://orcid.org/0000-0002-2623-5081
https://orcid.org/0000-0002-3087-9154
https://orcid.org/0000-0002-5572-0393
https://orcid.org/0000-0002-5003-620X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.195203&domain=pdf&date_stamp=2023-05-30
https://doi.org/10.1103/PhysRevB.107.195203


ESTEBAN ZUÑIGA-PUELLES et al. PHYSICAL REVIEW B 107, 195203 (2023)

E abs
g ∼ 0.37–0.40 eV [39,40] and from optical absorption

measurements Eopt
g ∼ 0.40–0.44 eV [33,41]) semiconducting

diamagnetic sulfide, crystallizing with the rock-salt structure
type [42–44]. Since this mineral can be found in form of large
(i.e., > 1 cm3) and pure crystals, it was industrially used
in the production of radio receivers in the beginning of the
last century [45]. Moreover, the semiconducting properties
of galena are easily tunable due to unlimited solubility of
selenium and tellurium (i.e., PbS1−xSex and PbS1−xTex) in it
[46,47]. Among the numerous applications, these materials
belong to the group of those with the most promising TE
efficiency [6,48–51].

One more intriguing property of PbS is a metallic-like
resistivity (i.e., ρ increases with T ), which is mainly due
to enhanced charge carrier concentration varying in the
atypical for a semiconductor range of 1016−19 cm−3 and
good mobility [μ ∼ 101−3 cm2(V s)−1] [36,39,40,52–57].
In combination with relatively high Seebeck coefficients
(|S| ∼ 100–300 μV K−1) [34,39,52,55] and moderate thermal
conductivity (κ ∼ 2–5 W m−1 K−1 [36,39,52,55]) one obtains
zT ∼ 0.2–0.4 at 600 K. Interestingly, the number of reports
devoted to the low temperature properties of galena is rather
small [54,56–58].

In this paper, we have investigated a natural PbS crystal
originating from Freiberg (Germany) by structural, spectro-
scopical, magnetic, and thermodynamic methods. It has been
found to be of outstanding chemical purity and to be character-
ized by enhanced dislocation density. The latter is obviously
a reason for unusually high charge carrier concentration, as
well as phonon resonant behavior, which is rare for semicon-
ductor. The natural galena from Freiberg is found to reveal a
phonon-drag behavior in the low-temperature regime and to
show three different mechanisms of charge carrier scattering
on phonons, which become activated with increasing temper-
ature.

II. EXPERIMENTAL

Natural PbS single crystal with the dimensions 2×1.6×1.2
cm3 originates from Freiberg in Saxony (Germany). In this
region galena occurs in four different hydrothermal stages
[42,59]; however, the accurate identification of the formation
stage of our specimen is complicated due to its high purity
(see discussion below).

The sample was characterized by powder- (PXRD) and
single crystal x-ray diffraction (SCXRD). The PXRD pat-
terns were collected on an image plate Guinier camera Huber
G670 (Cu–Kα1 radiation, λ = 1.540562 Å, 5o � 2� � 100o,
	� = 0.005o). The SCXRD data were collected on a Bruker
AXS D8 Quest diffractometer, equipped with a Photon100
area detector and Mo–Kα radiation (λ = 0.71073 Å).
The analysis of the data and image integration were per-
formed with the CrysAlisPro software [60]. Both PXRD and
SCXRD crystal structure refinements were performed using
the WinCSD program package [61].

A representative area of the sample was embedded in a con-
ductive resin, grinded and polished. The final polishing was
performed with 0.25 µm diamond powder. The obtained sur-
faces were analysed by scanning electron microscopy (SEM)
and spectroscopic ellipsometry. Local chemical composition

and microstructure analyses were carried out using a SEM-
JEOL JSM 7800F microscope equipped with Bruker Quantax
400, XFlash 6‖30 (silicon drift detector) energy dispersive
x-ray (EDX) spectrometer.

Spectroscopic ellipsometry was performed on polished
samples at 50o, 55o, 60o, and 65o incidence angles, in the
0.73–6 eV range using an M2000 J.A. Woollam ellipsometer.
Fourier transform infrared (FTIR) absorption measurements
were performed in the midinfrared spectral range on a Bruker
Tensor 27 spectrometer, in the energy range 0.12–0.40 eV.

Nonpolarized Raman spectra were collected in a Horiba
LABRAM System-HR-800 (CCD camera, 600 grooves per
mm grating, with a HeNe laser 633 nm and an 50X objec-
tive N.A, of 0.5). The initial spectrometer calibration was
performed by use of the 520.6 cm−1 peak from a Si[111]
standard. Neon calibration-lamp spectra were recorded after
each measurement to correct any shift during the Raman
measurements. Temperature-dependent Raman spectra were
obtained with a Linkam THMS-600 cooling-heating stage,
continuously cooled by liquid nitrogen vapor-flow between
100–300 K. To prevent any drift of the sample and enhance
the thermal contact, it was fixed to the stage with silver paste.
All presented results correspond to the average of 10 different
measured points.

Optothermal Raman (OTR) technique with a thermal
model for single crystals and/or bulk materials was utilized
to get Raman thermal conductivity between 100-300 K. For
more details on this experiment we refer to the Supplemental
Materials (SM) [62] and our recent papers [63,64].

Low temperature (LT, T � 300 K) magnetic suscepti-
bility [χ (T )], specific heat capacity [cp(T )], charge carrier
concentration [n(T )], and mobility [μ(T )], as well as elec-
trical resistivity [ρ(T )], Seebeck coefficient [S(T )], and total
thermal conductivity [κ (T )] were measured with VSM, HC,
VdP-Hall, and TTO modules of DynaCool-12 from Quantum
Design. High temperature (HT, 300 K � T � 600 K) ρ(T )
and S(T ) were obtained on a ULVAC ZEM-3 device.

The electronic structure for galena within the general-
ized gradient approximation (GGA) of the density functional
theory (DFT) was calculated using the full-potential FPLO
code (version 18.00-52) [65]. The calculation was per-
formed applying the scalar relativistic approximation using
the exchange-correlation potential by Perdew and Wang [66].
The k mesh included 20×20×20 points in the first Brillouin
zone.

For the first principles simulation of PbS Seebeck coef-
ficients, its crystal structure was optimized using Quantum
Espresso [67]. Then, its electronic transport properties were
calculated applying the BoltzTrap code [68]. The generalized
gradient approximation (GGA) with PBE parametrization
[69] has been used for the exchange-correlation functional
[70]. The interactions between the ions and electrons were
described by the projector augmented wave method (PAW)
together with a plane wave cut-off of 90 Ry and a converged k-
grid with 20×20×20 k points. The energy cut-off was chosen
according to convergence tests and its criteria was set up to
10−8.

For the determination of phonon dispersion relations
(PDR) and phonon density of states (PDOS), DFT calcu-
lations were performed within Vienna Ab initio Simulation
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Package (VASP) [71]. The exchange and correlation function-
als, based on the generalized gradient approximation (GGA),
were parameterized using Perdew-Burke-Ernzerhof (PBE)
scheme [69]. Projector augmented wave (PAW) pseudopoten-
tials [72] were used to represent the interaction between ions
and electrons. For the energy cut-off of plane waves, we have
used a converged 400 eV value together with a convergence
criterion of 10−7 eV in the self-consistent-field calculations.
The geometric optimization process is performed with k
grid of 8×8×8. In the calculations of PDR and PDOS, the
second-order interatomic force constants (IFCs) are obtained
from supercell finite-difference method as implemented in
PHONOPY code [73]. We have used a 4×4×4 supercell
and a 2×2×2 k grid in order to obtain second-order IFCs.
Additionally, in order to account for the long range dipole in-
teractions in the dynamical matrix, the required parameters of
Born effective charges and dielectric constants were obtained
from density functional perturbation theory (DFPT) [74] with
a denser 21×21×21 k grid. The third-order force constants
were also obtained with finite-difference method with 4×4×4
supercell and a 2×2×2 k grid by using the thirdorder.py
script [75]. By considering the interactions to fourth-nearest
neighbors, we used 156 different supercell configurations with
a 0.01 Å displacement of atomic perturbations. After ob-
taining the third-order IFCs, the phonon transport properties
are calculated by solving the phonon Boltzmann transport
equation (pBTE) as implemented in the ShengBTE code
[75]. We considered the phonon-phonon interactions as well
as the isotopic scattering and boundary scattering mecha-
nisms [76]. The q grid in the ShengBTE calculations was
32×32×32 and the scalebroad factor was tested for 0.1 and
1.0. Since the difference between two factors found to be
less than 2.5%, subsequent calculations have been performed
with 0.1.

III. RESULTS

A. Crystal structure and sample characterization

Single crystal x-ray diffraction (SCXRD) was performed
on a mechanically extracted piece from the crashed spec-
imen. The obtained dataset were indexed with a unit-cell
parameter given in Table I. The analysis of the extinction
conditions indicated a face-centred lattice without additional
extinctions [i.e., five possible space groups (SG): F23, Fm3,
F432, F43m, and Fm3m]. This prompted us to choose the
known for PbS structural model of rock salt (SG Fm3m)
[44,54,77] as a starting one for the further refinement. It
converged with the parameters listed in Table I. During the re-
finement special attention was paid to the correlation between
atomic displacement (Biso) and occupational parameters (G).
The attempts to decrease the occupancies by artificially re-
duced Biso always resulted in the increased reliability factors,
which brought us to the conclusion that the studied mineral
is of stoichiometric composition. This finding is in good
agreement with the performed electron dispersive x-ray spec-
troscopy (EDX) analysis (Table I). The obtained structural
model was also successfully applied for the refinement of the
powder XRD (PXRD) data (Fig. 1, RI = 0.022, RP = 0.063).
No additional peaks were observed in the refined PXRD

TABLE I. Crystallographic data for PbS, [Z=4; Pb in 4a (0, 0, 0);
S in 4b (1/2, 1/2, 1/2)].

Refined composition PbS
EDXS composition Pb1.1(1)S0.9(2)

Space group (SG) Fm3m (No 225)
From PXRD a (Å) 5.932(1)
Radiation, λ (Å) Mo-Kα , 0.71073
Calculated density d (g cm−3) 7.51(2)
Scan; step (o); N(images) φ and �; 1; 1498
Maximal 2�(o) 65.82
Ranges in h, k, l –8 � h � 7

–9 � k � 8
–9 � l � 9

Absorption correction Numerical
T (max)/T (min) 1.00/0.55
Absorption coeff. (mm−1) 79
N(hkl) measured 935
N(hkl) unique 37
Rint 0.023
Observation criterion F (hkl) � 4σ (F )
Refined parameters 5
RF ;RW 0.020; 0.022
Residual peaks (e Å−3) –0.22/0.28
dPb−S (Å) 2.980(1)
Biso(Pb)a (Å2) 1.574(4)
Biso(S)a (Å2) 1.47(1)

aBiso = B11 = B22 = B33; B12 = B13 = B23 = 0.

pattern, which confirms again the purity of the studied here
mineral.

As it is known the structural arrangement of rock salt can
be obtained by the centring of the edges (by S atoms in case
of the PbS structure) of simple f cc structure (the sublattice is
formed by Pb atoms in PbS) (inset to Fig. 1). As expected,
the interatomic distances in the refined here PbS structure
(Table I) are in good agreement with the sums of the corre-
sponding ionic radii (i.e., dPb2+−S2− = 3.03 Å) [78].

The crystallite size (D in Å) is related to the full-width
at half-maximum (β in rad) of PXRD reflections by the

FIG. 1. PXRD pattern and Rietveld refinement for natural PbS,
as well as structural arrangement of Pb and S atoms in galena.
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FIG. 2. Total and atomic resolved electronic density of states for
PbS. Inset: The band structure of galena with highlighted valence
(VB) and conduction (CB) bands, red, and blue lines respectively.

following equation [79]:

β cos θ = kλ

D
+ 4ε sin θ (1)

where k = 1 is a crystallite shape constant, λ corresponds
to the x-ray radiation wavelength and θ denotes the Bragg
angle. Hence, the strain component ε = 2.5(1)×10−3 is es-
timated from the slope of Williamson-Hall plot (i.e., β cos θ

vs sin θ dependence, Fig. S1 in SM [62]) whereas its
linear extrapolation to θ = 0 is the crystallite size D =
kλ/β cos θ = 214(52) Å. Further, the dislocation density
δ = D−2 = 2.3(5)×1011 cm−2 is calculated [80,81].

B. Electronic and phononic structures

The electronic density of states (DOS) calculated from the
structural data presented in Table I are shown in Fig. 2. The
valence band (VB) for PbS is consisting of three separate re-
gions: (i) a narrow low-energy band extending from −13.6 eV
to −11.8 eV dominated by S-2p states (not shown in Fig. 2);
(ii) a band (−8.9 eV to −6.1 eV) due to mixing of Pb-6s,
S-3s, and S-3p, and (iii) a broad high-energy band extending
from −5.24 eV to the Fermi level EF consisting of S-3p and
Pb-6p electrons. In the electronic structure of PbS, the VB is
separated from the conduction band (CB) by an energy gap
EDFT

g = 0.23 eV. This value is in agreement with the earlier
reports [33,35–37]. In the energy range 0.23–5.45 eV, there
are empty Pb-6p and S-3p states.

The closest to the Fermi level (EF) bands in both VB and
CB are nearly parabolic (inset of Fig. 2). Since the conduc-
tion band minimum (CBM) and the valence band maximum
(VBM) at L point are in front of each other, PbS is obviously
a direct semiconductor.

The sharpness of CBM and VBM indicates them to be
light bands and assumes rather small effective masses (m∗)
of the charge carriers. And indeed, the calculated from m∗ =
h̄(d2 �E/d�k2)−1 values for m∗

h (holes) and m∗
e (electrons) are

� |0.2| (Table II). Also, the effective masses [m∗ ≈ 0.11(3)]

TABLE II. Effective holes (m∗
h) and electrons (m∗

e ) masses nor-
malized to electron rest mass (me = 9.11×10−31 kg) for VBM and
CBM from the band structure calculations.

VBM (m∗
h/me) CBM (m∗

e /me)

�-X 0.11 0.09
W 0.11 0.11
K-� 0.17 0.14
L 0.11, 0.11 0.12, 0.14

reveal nearly isotropic behavior with the only exception for
the VBM at K-� for which a small deviation from the average
is observed.

The calculated phonon band structure in comparison with
experimental data obtained in [82] from inelastic neutron scat-
tering (INS) at RT are shown in inset of Fig. 3. As one can
see, there is an excellent agreement between the theory and
experiment for the acoustic modes, whereas the longitudinal
optical (LO) modes become slightly lowered throughout the
Brillouin zone. The calculated at 0 K transversal optical (TO)
modes are largely underestimated at � point compared with
experimental data. This underestimation is acceptable since
lead chalcogenides [83–85] are well known to reveal an in-
crease of TO modes frequencies with increasing temperature.
Also, the second-order Raman spectra studies for PbS show
similar increment of frequencies with increasing temperature
[86,87]. One important feature of the phonon dispersion is the
gap between acoustic and optical modes. This gap, together
with a dip behavior of TO phonons close to � point, presents
a dispersion nesting behavior between longitudinal acoustic
(LA) and TO modes [85].

The total and atomic resolved phonon density of states
(PDOS) are presented in Fig. 3. The low-frequency acoustic
modes in PbS are completely constituted by the vibrations
of the heavy lead atoms whereas light sulfur atoms compose

FIG. 3. Total and atom-projected phonon density of states of
PbS. (Inset) Calculated phonon dispersion relations (PDR) with la-
beled longitudinal and transversal acoustic (LA and TA) and optical
(LO and TO) modes of PbS in comparison with inelastic neutron
scattering data (red circles) from [82].
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FIG. 4. Low-temperature specific heat capacity cp(T ) together
with the fit (red line) to Eq. (2) for 2–10 K. Inset a: Temperature de-
pendence of the specific heat capacity [cp(T )] including the two-term
Debye model fit (magenta line) and Dulong-Petit limit (gray dashed
line). Inset b: Temperature dependence of the corrected magnetic
susceptibility [χ (T )].

the optical modes of higher frequencies. The flat band of
low TO branch in the X − K − � direction indicate the large
amount of localized states in the 3–3.5 THz range forming a
peak. All observed in the performed calculations features are
resembling those reported for PbS in [37,88,89].

C. Magnetic susceptibility and heat capacity

The temperature dependence of the corrected by the dia-
magnetic increments [90] magnetic susceptibility [χ (T )] of
PbS is shown in inset b of Fig. 4. It is negative and nearly
temperature independent, which indicate galena to be a dia-
magnet. The weak curvature in χ (T ) (i.e., decrease from 2
to ≈ 70 K with further increase up to 300 K, both changes
are negligibly small, i.e., by ≈ −5×10−7 emu mol−1) is
atypical for diamagnetism. Such an effect can be related to
either a steep slope of the DOS near the Fermi level in a
metallic system [91] or to the dependence of χ from the
charge carrier concentration. The latter scenario is reported in
n-doped GaAs, where a weak curvature in χ (T ) is also a case
[92]. Since PbS is not a metal and it reveals no temperature
dependence of charge carrier concentration [n(T )] (cf. inset of
Fig. 8) obviously neither of the proposed scenarios is explain-
ing its χ (T ). The only explanation would be the contributions
of some micro impurities, which agrees well with the high
sensitivity (i.e., ppm range) of the used magnetometer.

The specific heat of PbS in the temperature range 2–10 K
can be described (red line in Fig. 4) by ansatz,

cp(T ) = γ T + βT 3 + δT 5 (2)

with the Sommerfeld coefficient of the electronic spe-
cific heat γ = 2.0(1.5)×10−4 J mol−1 K−2 and phononic
contributions β = 7.02(9)×10−4 J mol−1 K−4 [correspond-

TABLE III. Parameters from heat capacity fit to Eq. (3) in com-
parison to reported values.

This paper Fit [88] NXRD [88] PXRD [77,88]

�D1 K 109(1) 110(3) 120.2(6) 116
�D2 K 306(3) 326(5) 324(2) 317

ing to the Debye temperature θD = 173(1) K] and δ =
7.96(8)×10−6 J mol−1 K−6. A very small γ corresponding to
a finite density of states at the Fermi level is observed for PbS
in line with the temperature independent charge carrier con-
centration (cf. Fig. 8) as well as previous reports for such sim-
ilar semiconductors as, e.g., FeS2 [93,94], PbCuSbS3 [63], etc.

Considering the phononic spectra for galena, authors of
[88] derived two Debye terms from cut-off frequencies ob-
tained from integration of the calculated partial PDOS for
the Pb2+ and S2− ions and thus applied the following model
[Eq. (3)] to describe cP(T ) in the whole temperature range:

cp(T ) = γ T +
2∑

i=1

CDi(T ) (3)

with

CDi(T ) = 3NDiR

(
T

�Di

)3 ∫ �Di/T

0

x4ex

(ex − 1)2
dx (4)

where γ is fixed to the value above, NDi = 6 is a total number
of phononic modes for PbS, R gas constant, �Di Debye tem-
perature, and x an integration variable. A fit to such a model
excellently works in the temperature range 2–250 K (inset a
to Fig. 4). The obtained parameters are collected in Table III.
They agree well with those previously reported from cp(T )
measurements as well as from neutron- and x-ray diffraction
experiments. On the other hand, the two-term model fails
in the description of cp(T ) of PbS for T > 250 K despite
the Dulong-Petit limit (3nR = 49.86 J mol−1 K−1) is already
reached at 274(1) K (grey dashed line in inset a of Fig. 4). This
discrepancy is related to the estimation of the sample surface
area and infrared emissivity contribution to cp(T ) measure-
ments, as discussed in [95]. No features (i.e., no maximum in
the cp/T 3 vs T presentation) indicating any “rattling” effect
are observed.

D. Spectroscopic ellipsometry and Raman spectroscopy

The obtained PbS ellipsometric spectra has been fitted
by a two-phase model bulk galena/ambient. The performed
fit confirmed the Kramer-Kronig consistency of the optical
constants. Then, the real (ε1) and imaginary (ε2) parts of the
dielectric function were calculated. The obtained ε1 and ε2

are in good agreement with the earlier published data in [96]
(inset to Fig. 5).

The absorption coefficient (α) has been obtained from di-
electric function and IR absorption measurements. The further
analysis of the plot of (αE )1/2 vs photon-energy reveals a
single slope (Fig. 5) indicating PbS to be a direct band-
gap semiconductor in agreement with performed theoretical
calculations. The optical band gap Eopt

g = 0.38(1) eV was es-
timated by linear extrapolation of (αE )1/2 to zero absorption.
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FIG. 5. Experimental absorption coefficient (α) in IR range of
PbS against the photon energy (E ), the red line represents the linear
projection to zero absorption. Inset: Experimentally estimated real
(ε1) and imaginary (ε2) parts of dielectric function from ellipsometric
spectroscopy in comparison with data from [96] (magenta lines).

And again, this value fairly agrees with the calculated one
EDFT

g = 0.23 eV. A narrow band gap in the studied sample
is additionally evidenced by the fact that ε2 is still showing
absorption at the lowest measured energy (∼ 0.7 eV) (inset of
Fig. 5).

The obtained Eopt
g is in good agreement with the values

from the analogous optical measurements [33,41,97], from
electronic absorption spectra [39,40] as well as theoretically
calculated ones [38].

In accordance with the group theory analysis, the first-
order Raman modes are forbidden for compounds crystalliz-
ing with the rock-salt structure type. However, second-order
spectrum can be in general observed for such structures
[98,99], which is the case for PbS [86,100], PbSe, PbTe,
Pb1−xSnxSe [101] etc. The appearance of Raman active modes
in galena has been attributed to the combined scattering effects
of longitudinal (LA) and/or transversal (TA) acoustic and
optical (LO and TO) phonons.

The Raman spectra measured at different points of the
studied sample were identical, confirming its homogeneity,
stoichiometric composition, no impurities and high crys-
tallinity. A typical spectrum measured at 100 K and normal-
ized to the highest intensity, together with peak descriptions,
is presented in Fig. 6. In agreement with the previous reports
for synthetic and natural samples [86,87,100], we observe
five different bands between 150–500 cm−1 indicated further
as P1, P2, P3, P4, and P5 (Fig. 6). The peak positions and
their second-order origins proposed in the literature [100] are
collected in Table IV.

The Raman spectra for PbS measured at different tem-
peratures are shown in inset to Fig. 6. They reveal a clear
shift of all observed bands with the exception of P2 (Fig. S2
in SM [62]). To characterize the observed shifts the tem-

FIG. 6. Raman spectra recorded at 100 K for PbS including peak
description and labels. Inset: Temperature dependent evolution of
the Raman spectra for PbS, red dashed lines represents the shift of
corresponding peak centres.

perature dependencies of the peaks positions were fit to
ω(T ) = ω0 + ω1T . The obtained fit-parameters are collected
in Table IV.

The temperature evolution of the P1 band reveals a neg-
ative slope, which indicates phonon softening arising due to
thermal expansion and phonon anharmonicity as described by
Balkanski-Klemens model [102]. This observation suggests
P1 band to originate either from LO modes near the � point
(cf. Fig. 3) [86] or from the appropriate excitations allowed
by the well-known Fröhlich resonance mechanism [103]. The
former scenario is rather impossible, since the first-order Ra-
man spectra are forbidden in the case of PbS as discussed
above, whereas the latter one seems to be the most reliable.

On the other hand, P2, P3, P4, and P5 bands reveal anoma-
lous positive slopes (Table IV and Fig. S2 in SM [62]), that
can be referred to the phonon hardening, which may again oc-
cur in compounds revealing first-order Raman spectra. Also,
this rare case is only observed for PdO [104] and VO2 [105].
Such a behavior in PbS can be attributed to two-phonon
scattering nature of these bands [86,87]. However, the un-
derstanding of two phonon scatterings processes is hampered

TABLE IV. Raman peak positions (ω100) in the spectrum mea-
sured at 100 K together with the parameters obtained from the linear
fits of the temperature dependencies of peak positions to ω(T ) =
ω0 + ω1T as well as reported origins of the corresponding Raman
bands appearing due to scattering of different phonons (e.g., LA, LO,
TO) [100]. All values are given in cm−1.

Mode ω100 ω0 ω1 Peak origin

P1 204(2) 207.4(5) –0.023(2) LO or 2TO
P2 223(2) 223(1) 0.003(6) LO or 2TO
P3 345(4) 333(3) 0.11(1) LA + LO
P4 438(1) 435(1) 0.034(5) 2 LO
P5 461(1) 457.1(7) 0.033(2) 2 LO
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by the absence of a theoretical model that would describe the
temperature dependence of the second-order Raman modes.

Using the optothermal Raman (OTR) technique, as de-
scribed and discussed in SM [62] and in our previous papers
[63,64], we calculated the phononic part of thermal conductiv-
ity, which agree well with those from the direct measurement
(see Fig. 9 below). However, further proceeding aiming sepa-
ration of the scattering of optical phonons, which are Raman
active, into three-phonon and four-phonon decay mechanisms,
as it was successfully performed for bournonite applying
Klemens-Balkanski model [63] was impossible. This is again
because of the second-order origin of Raman active modes in
PbS.

E. Electrical transport

In agreement with the previous reports
[33,36,40,52,53,55,106], we observe low (as for a
semiconductor) and increasing with temperature electrical
resistivity [ρ(T )] for PbS [Fig. 7(a)]. Such a behavior together
with large Seebeck coefficient [S(T )] [see Fig. 7(b)] and
temperature independent charge carrier concentration (inset
to Fig. 8) indicates galena to be a degenerate semiconductor.
However, as one can see from Fig. 7(a), the specimen studied
here reveals a factor of ∼ 2–4 larger resistivity above RT
compared with synthetic analogues. This is most probably
due to some minor impurities [i.e., reducing ρ(T )] in the
latter samples. However, to clarify this point a chemical and
spectroscopic analyses after sintering of synthetic specimens
should be performed.

The temperature dependencies of Seebeck coefficients of
the here investigated natural PbS together with those of some
synthetic samples are depicted in Fig. 7(b). All of them are
negative, indicating electrons to be the dominating charge
carriers. The only exception [showing positive S(T ) and thus
a p-type conductivity] is the specimen synthesized by the
hydrothermal method and most probably contaminated with
components of the used dissolving agent (e.g., NaOH) [52].
The natural specimen reveals the largest absolute values of
S(T ), which indicates a lower charge carrier concentration
in agreement with the observed ρ(T ) trends (i.e., tentatively
ρ−1 ∝ n and S ∝ n−1) [107]. Also, the minima in S(T ) for
synthetic samples are obviously shifted towards higher tem-
peratures. To understand such an effect we calculate the
energy gap for the mineral using the Goldsmid-Sharp formula
[108] ES

g = 2e|Smax|Tmax = 0.51 eV. This value is somewhat

larger than the optical one (i.e., ES
g /Eopt

g ≈ 1.13), which in-
dicates either a breakdown of Maxwell-Boltzmann statistics
(used to derive the Goldsmid-Sharp formula) or that this
material has a very large/small majority-to-minority carrier
weighted mobility (μ) ratio (A) given as [109]

A = μmaj

μmin

(
m∗

maj

m∗
min

)3/2

. (5)

Using the approach proposed in Fig. 4 of [109], we found
A = 3 to 5 for our sample. It confirms that the shifted minima
in S(T ) towards higher temperatures are due to smaller A-
values. In accordance with Eq. (5) such a scenario is possible
if μmaj would become smaller (i.e., appearance of additional

(a)

(b)

(c)

FIG. 7. Temperature dependencies of the electrical resistivity (a),
of the experimentally obtained (data from [52] were multiplied by
−1 for better visualization) and theoretically calculated [assuming
charge carrier concentration 1.5(3)×1018 cm−3] (gray area) Seebeck
coefficient (b) and of power factor (c) for natural PbS in comparison
with earlier reported nondoped synthetic samples. Inset to (a): S(T )
for 4–20 K, orange line shows the fit ∝ T −3.4(1) corresponding to
phonon-drag behavior.

scattering centers in the sample) or if μmin would increase
(possible in the case of some small off-stoichiometry of the
specimens).

The absolute values of Seebeck coefficient for natural
PbS smoothly decreases with decreasing temperature down to
∼170 K. The kink at Tk = 166 K is due to the change of
the scattering mechanism, as evidenced by the temperature
dependence of charge carrier mobility (see analysis below).
Further, S(T ) decreases almost linearly down to ∼20 K and
below this temperature it is following S(T ) ∝ T n dependence
[see fit in inset to Fig. 7(a)]. Since, such a behavior occurs at
T � �D/5 ≈ 35 K and n = −3.4(1) ≈ −7/2 obtained from
the fit, a phonon drag conduction mechanism takes place in
single crystalline PbS. As it is known, for the realization
of this scenario theory predicts n = −7/2 in the absence of
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FIG. 8. Temperature dependence of charge carrier mobility for
natural PbS on the temperature (lower scale) and on T a with
a = −1/2, −3/2 and −5/2 (upper scale) corresponding to the
scattering by dislocations, acoustic as well as combined acoustic
and optical phonons, respectively. Inset: Temperature dependence of
charge carrier concentration.

grain boundary scattering [110]. This would also explain the
absence of the effect in the synthetic bulk polycrystalline
samples [54] [Fig. 7(b)].

The theoretically calculated (using BoltzTrap code) S(T )
is nicely reproducing our experimentally obtained dependence
in the temperature range ∼30–500 K [Fig. 7(b)]. However, the
theory does not simulate the phonon drag effect below ∼30 K.
The deviation of theoretical values above ∼500 K is due to the
code assumption that the relaxation time is constant and that
the bipolar conduction is not taken into account [68].

The temperature dependencies of the thermoelectric power
factor [PF (T )] are depicted in Fig. 7(c). PF (T ) for natural
PbS passes through a maximum at ∼90 K and in the whole
studied here temperature range its values are comparable with
those of such state-of-the-art thermoelectric materials as, e.g.,
SnSe (undoped PFmax ∼ 0.3 mW m−1 K−2 at 300 K or doped
PFmax ∼ 1.13 mW m−1 K−2 at ∼ 575 K) [111], Cu2Se1−xSx

(PFmax = 0.8 mW m−1 K−2 at 800 K) [112] or doped Mg3Sb2

(PFmax = 0.9–2 mW m−1 K−2 at 700 K) [113,114]. Interest-
ingly, values of PF (T ) are very close for all presented samples
for T � 300 K, which is due to the fact that the larger |S|(T )
counterbalances the higher ρ(T ).

The temperature dependence of charge carrier concentra-
tion [n(T )] (Fig. 8) was deduced from the measured Hall
coefficient (RH) using relation RH = 1/en. It is nearly temper-
ature independent in the 50–300 K range with n ≈ 1018 cm−3.
This value is 6–8 orders of magnitude larger than those for
classical semiconductors (n ≈ 1010−12) [107] and is nearly
the same as for the materials revealing the nowadays highest
known TE efficiency (e.g., SnSe [111], half-Heusler and some
Zintl phases [115]). One of the reasons of such an enhanced
n(T ) in PbS is the high dislocation density δ ≈ 1011 cm−2.
It has been shown that in the alkali-metals halides, the crys-
tal electric field stability is disrupted on the atoms at the
dislocation edges thus, generating charged interstitials and/or

vacancies [116]. Such a mechanism is relevant in the isostruc-
tural PbS, where both the interstitial Pb atoms and ionized
S vacancies occur [57]. Also, dislocations have been shown
to induce an n-type conductivity and enhanced charge carrier
concentration in HgCdTe [117], Ge [118], Si [118,119], GaN
thin films [120], etc.

The charge carrier mobility was further calculated from
μ = (enρ)−1. Its temperature dependence clearly reveals
three regions (Fig. 8) corresponding to different scattering
mechanisms [110,121]. So, for T = 25–100 K, the depen-
dence μ ∝ T −1/2 is observed, which indicates the domination
of scattering by dislocations. This finding agrees well with
high dislocation density δ ≈ 1011 cm−2 � 108 cm−2 (Fig. S1
in SM [62]) [110,121]. Further T increase results in the dom-
inance of the charge carrier scattering on acoustic phonons,
which is then reflected in the μ ∝ T −3/2 dependence and
is occurring in the ∼100–170 K range. And finally, above
∼170 K the charge carrier scattering occurs on both acoustic
and optical phonons and thus, μ(T ) becomes proportional
to ∝ T −5/2. The switch to this third scattering mechanism is
also visible as a kink at Tk = 166 K in S(T ). The μ ∝ T −5/2

dependence is confirmed for synthetic PbS up to ∼850 K [53].
The experimental effective mass of the charge carriers (m∗)

normalized to the electron rest mass (me) has been calculated
assuming energy independent scattering and parabolic-bands
(corroborated by band structure calculations) with the formula

S(T ) = 8π2k2
B

3eh2

( π

3n

)2/3
m∗T (6)

where kB is the Boltzmann constant, h is the Planck constant,
e is the elementary charge of an electron. The m∗ were found
to vary from 0.4 to 0.12 in the temperature range of 30–660 K,
which is in fair agreement with the theoretically obtained
values given in Table II.

F. Thermal transport and thermoelectric performance

The temperature dependence of the phononic thermal con-
ductivity [κph(T )] of natural PbS is shown in Fig. 9. Since
galena was found to be a degenerate semiconductor (see dis-
cussion above) a deviation from the commonly used Lorenz
number L0 = 2.44×10−8 W � K−2 is expected. Thus, its
values were calculated from equation (7) [122],

L(T ) = 1.5 + exp

(
−|S(T )|

116

)
(7)

where |S(T )| is given in µV K−1 and L(T ) in 10−8 W � K−2.
The obtained temperature dependence of the Lorenz number
is presented in Fig. S3 in SM [62]. As expected, they strongly
deviate from the average L0 value at higher temperatures.
Having L(T ), we further calculate the electronic thermal con-
ductivity, given now as κel = [L(T )/ρ(T )]T . It is found to be
negligibly small (i.e., less than ∼ 4% of κtot, inset to Fig. S3 in
SM [62]), thus indicating the phononic part (κph = κtot − κel)
to be the dominant one.

Interestingly, the phononic thermal conductivity approx-
imately follows the Debye T 3 law (i.e., κph ∝ T 3) in the
temperature range 2–5 K (fit is not shown in Fig. 9), which
indicates the absence or minor contribution from point-
inhomogeneities and -defects in the studied crystal. Materials
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FIG. 9. Temperature dependencies of the phononic thermal con-
ductivity κph for the natural crystal of galena obtained from TTO
measurements (black squares), by OTR method (orange diamonds),
simulated from pBTE calculation (for a grain boundary size of 10
µm, gray dots), together with dominating low (brown dashed line)
and high (green dashed line) temperature contributions. The thermal
conductivity in absence of PR behavior is represented as the red
dashed line.

revealing these scattering mechanisms are characterized by
κph ∝ T 3−α dependencies [16,18], as it can be observed,
for e.g., synthetic polycrystalline PbS [α 	 1.3(3) − 1.6(2)]
[54] and FeS2−xAsx [α 	 1.21(1) − 1.33(1)] (point inhomo-
geneities were shown to play here the main role) [94] as well
as for the FeS2 natural crystal [α 	 0.095(4)] (mainly due to
point defects) [93].

Unexpectedly, further temperature increase led to the ap-
pearance of two maxima in PbS in both κtot and κph: a sharp-
(extending from 2 to 30 K and centered at Tmax1 ≈ 8 K) and
of a broad-one (extending from 30 to ∼90 K and centered
at Tmax2 ≈ 54 K). The sharp maximum is nearly coinciding
with those experimentally observed for natural single- [56]
and synthetic bulk polycrystalline [54] samples as well as
with the theoretically calculated ones in this paper (grey dots
in Fig. 9) and reported in [89]. The appearance of a dip at
Tdip ≈ 30 K (i.e., between two maxima) in κtot and κph is a
hallmark of the so-called phonon resonance behavior, which
has been observed in the ionic and isostructural to PbS mixed
halides [25–27].

To shed light on the individual scattering mechanisms and
the phonon resonance (PR) behavior in PbS, its κph has been
analyzed with the modified Debye-Callaway model [16],

κph = k 4
BT 3

2π2vSh̄3

∫ �D/T

0

1

τ−1
tot

x4ex

(ex − 1)2
dx (8)

where x = h̄ω/kBT , vS = 2110 m s−1 is the average speed
of sound [37,53] and τ−1

tot is the total relaxation time. For
classical cases (i.e., a single maximum in κph), the latter is
known to consist of the four main contributions,

τ−1
tot = τ−1

B + τ−1
PD + τ−1

N + τ−1
U (9)

TABLE V. Constants (Cn) of the relaxation times obtained from
Debye-Callaway model together with the respective formulas.

τ−1 Equation [16] Cn

τ−1
B vS/C1 6.1(5)×10−5 m

τ−1
PD C2 x4T 4 1.6(1)×103 s−1K−4

τ−1
N C3 x3T 4 2.1(1)×103 s−1K−4

τ−1
U C4 x2T 2e(−�D/3T ) 1.8(6)×107 s−1K−2

where τ−1
B is staying for relaxation time of phonon scattering

on grain boundaries, τ−1
PD for point defects (these two effects

dominate in the temperature range T < 5 K, brown dashed
line in Fig. 9) whereas τ−1

N and τ−1
U indicate the normal and

umklapp phonon processes, respectively (both dominate κph

for T > 100 K, green dashed line in Fig. 9). The fit to such an
approach [e.g., Eqs. (8) and (9)] is shown by red dashed line in
Fig. 9 and the obtained constants of the respective relaxation
time are collected in Table V.

Since the classical model failed to describe the dip in κph

of PbS, the additional relaxation time τ−1
PR staying for the

PR behavior was introduced in the Eq. (9). τ−1
PR [28] can be

calculated from

τ−1
PR = C5ω

2

[(
ω2

PR − ω2
)2 + (C6/π )2ω2ω2

PR

] . (10)

Now, including this τ−1
PR in Eq. (8) and performing the

fit the following constants C5 = 4.5(1)×1034 s−3 and C6 =
2.9(1) together with characteristic PR frequency ωPR =
3.8(1) THz were obtained (blue line in Fig. 9). The latter value
fits to the frequencies region of 3–5.5 THz, where in PDR
(Fig. 3) the sulfur optical modes with highest group velocities
(Fig. S4 in SM [62]) contributing mainly to the lattice thermal
conductivity are located. This coincidence is explaining the
strong reduction of κph (by ≈70% in comparison with the
classical Debye-Callaway model) in PbS (Fig. 9).

The here obtained ωPR = 3.8(1) THz is by a factor of
≈ 3–5 larger than those observed, for e.g., K1−xLixCl [ωPR =
1.2 THz] and K1−xLixBr [ωPR = 0.74 THz], which could
be due to different origins of PR in these materials. As it is
known, phonon resonance behavior in halides was ascribed to
impurity modes involving oscillations of the network hosting
Li+-ions, which cannot be a case in the single-phase high
quality PbS crystal studied here. Also, it cannot be due to
“rattling” effect as it was observed in clathrates [24]. One
possible scenario explaining PR in PbS would be a resonant
scattering on the charged interstitials and/or vacancies arising
from the enhanced dislocation density (larger by ≈ 4 orders of
magnitude than those reported for synthetic crystals [56], see
discussion above). However, this point would require some
extensive theoretical studies, especially taking into account
reports [123,124] where enhanced dislocation density was
found to reduce κph, however never triggered PR behavior.

The lattice thermal conductivity calculated from phonon
Boltzmann transport equation (pBTE) assuming the scatter-
ing rates consisting of normal and umklapp three-phonon
processes as well as grain boundary size to be of 1 µm is
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FIG. 10. Frequency-dependent normalized phononic thermal
conductivity κph for PbS calculated at diverse temperatures.

given in Fig. 9. It is deviating strongly from experimental data
(see also inset to Fig. 11). This can be explained by few rea-
sons, e.g., in the performed calculations were not included: (i)
the scatterings due to point defects, dislocations, impurities,
etc. and/or (ii) the strong temperature dependence of phonon
branches (particularly TO modes) and four-phonon scatterings
[125]. Hence, one can conclude, that the vibrational frequency
shifts, together with strong higher-order anharmonic effects
at finite temperatures [125], are one of the main reasons for
the underestimation of κph for T > 100 K in the performed
calculations. In Fig. 10 the normalized cumulative thermal

FIG. 11. Temperature-dependent thermoelectric figure-of-merit
(zT ) of natural PbS crystal (the values for T > 300 K were calculated
using κph obtained from the fit to the Debye-Callaway model) in com-
parison to synthetic counterparts. Inset: Total thermal conductivities
(κtot) published for synthetic samples together with the theoretically
calculated ones in this paper from the Debye-Callaway model (black
line) and first principles pBTE.

conductivity for different temperatures are depicted. As it is
clearly visible, the contributions to κph from optical modes
are increasing with temperature (e.g., it is only 5% at 30 K,
reaches 29% at 75 K, and then achieves 45% at 300 K).
Furthermore, the increase of the optical contribution to κph is
also related to the suppression of the acoustic modes with an
increase in temperature [126] (see Fig. S4 in SM [62]).

The domination of umklapp three-phonon processes is
frequently evidenced by κph ∝ T −1 dependence for high
temperatures. However, it is only seen for the theoretically
simulated thermal conductivities for PbS (e.g., this paper and
[89]). And indeed, the majority of the experimentally mea-
sured κph [36,39,52,55] fit to κ1 + κ0T −1, confirming again
the complexity of thermal transport in simple galena.

The temperature dependence of the thermoelectric (TE)
figure-of-merit [zT (T )] for the natural crystal and undoped
synthetic specimens are shown in Fig. 11. The reduced TE
performance of the here studied PbS crystal is mainly due to
enhanced electrical resistivity, compared to synthetic samples.
The lower zT values are also confirming the purity of the
natural crystal (as it is well known, the simple- or double
doping of PbS, as well as its nanostructuring can improve
its zT (T ) up to 1.23 at 923 K, as, e.g., reported for Cu- and
Sb-doped galena [106]).

IV. CONCLUSIONS

Powder (PXRD) and single crystal x-ray diffraction per-
formed on natural galena (PbS) crystal from Freiberg (Saxony,
Germany) confirmed it to crystallize with the face-centred
rock-salt (NaCl) structure. No additional peaks in PXRD
together with energy dispersive x-ray spectroscopy analysis
indicated that the mineral does not contain impurity phases.
However, the Williamson-Hall plot revealed a tensile micros-
train and an enhanced dislocation density δ ≈ 1011 cm−2. The
low-temperature specific heat capacity is found to be mainly
dominated by phononic contribution whereas magnetic sus-
ceptibility revealed the studied crystal to be a diamagnet. Both
these findings confirm again the outstanding quality of the
investigated specimen.

The theoretical DFT calculations and the evaluation of the
energy dependence of absorption coefficient deduced from
ellipsometric and IR spectroscopies indicated a direct energy
gap of 0.23 eV and 0.4 eV, respectively for the studied PbS.

The five unexpectedly observed Raman active modes (i.e.,
forbidden by the factor group analysis) are obviously of sec-
ond order. The analysis of their temperature dependencies
let us to attribute the low frequency band to the Fröhlich
resonance mechanism, whereas the explanation of the four
high frequency ones is hampered due to the lack of a physical
model that would describe second-order active Raman modes.
The second-order origin of Raman active modes in PbS also
did not allow us to separate the scattering of optical phonons
into three-phonon and four-phonon decay mechanisms as
it is normally a case if having the phononic part of ther-
mal conductivity obtained by the optothermal Raman (OTR)
technique.

As reported earlier for synthetic and natural galenas, we
observe a metallic-like temperature dependence of electrical
resistivity ρ(T ) for the here studied crystal (i.e., increasing
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with T and of ∼10−4 � m order of magnitude). Such a
behavior is mainly due to enhanced, as for a semiconduc-
tor, and temperature independent charge carrier concentration
(n ≈ 1018 cm−3). In our case it can be most probably ex-
plained by interstitial Pb atoms and/or ionized S vacancies
generated along the dislocations edges in PbS. However, the
studied specimen reveals for T > 500 K ρ(T ), which is by a
factor of ≈ 2 − 3 higher in comparison with those of synthetic
galenas. This effect is attributed to the enhanced dislocation
density. Interestingly, the temperature dependence of charge
carrier mobility μ(T ) confirms the domination of scattering
on dislocations for T < 100 K, which is reflected in μ ∝
T −1/2 dependence. Further temperature increase resulted in
the switch to μ ∝ T −3/2 (100 K < T < 170 K) and to μ ∝
T −5/2 (170 K < T < 300 K) dependencies, which confirm
the scattering of charge carriers by acoustic- and by combined
acoustic-optical-phonons, respectively. The former change of
the type of scattering is also reflected by a kink at Tk = 166 K
in the temperature evolution of the Seebeck coefficient S(T ).

The S(T ) dependence is mainly agreeing well with the
simulated one. The only exception is observed for the low-
temperature region (i.e., T < 20 K), where instead of the
expected linear increase it is described by a potential law:
S ∝ T −7/2. Taking into account that such an effect occurs for
T < θD/5 ≈ 35 K, we ascribe it to a phonon-drag behavior.
The energy gap ES

g = 0.51 eV obtained from S(T ) by us-
ing the Goldsmid-Sharp formula is in a fair agreement with
that determined from optical measurements. Furthermore, the
effective masses of the charge carriers calculated from the
temperature dependencies of Seebeck coefficient and carrier
concentration are found to vary within m∗ ≈ 0.4–0.12, which
is again in fair agreement with the values obtained from elec-
tronic band structure calculations.

The thermal conductivity of the natural PbS from Freiberg
is dominated by phonons (i.e., κph) and is unexpectedly reveal-
ing two maxima, which cannot be simulated by taking into
account only normal and umklapp three-phonon scattering
processes. Furthermore, the Debye-Callaway model, which
additionally accounts for scattering of phonons by boundaries

and point defects could describe κph(T ) in the temperature
regions below ∼ 5 K and above ∼ 100 K. The appearance
of a minimum in κph(T ) (i.e., a double maxima) in natural
galena is a hallmark of the so-called phonon resonant be-
havior. Introducing the corresponding term into the classical
Debye-Callaway model we were able to describe κph(T ) in the
whole temperature range obtaining a characteristic resonant
frequency ωPR = 3.8(1) THz. Since this value is in the same
frequency region with the sulfur optical modes characterized
by the highest group velocities (as shown by our simulations)
and thus dominating the thermal transport in PbS, a remark-
able (i.e., by ∼ 70%) damping of κph(T ) is observed. The
appearance of the phonon resonant behavior in natural PbS
from Freiberg we ascribe to a possible resonant scattering
on the charged interstitials and/or vacancies arising from the
enhanced dislocation density.

In summary, the enhanced dislocation density is resulting
in increase of the electrical resistivity and the absolute values
of Seebeck coefficients as well as into reduction of the thermal
conductivity of the studied here PbS crystal. Despite the latter
two factors are beneficial for the thermoelectric performance,
the former one is appeared to be the most crucial, which
resulted in the lowering of the dimensionless figure-of-merit
values at higher temperatures in comparison with the earlier
studied synthetic samples.
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[13] P. Wyżga, S. Grimm, V. Garbe, E. Zuñiga-Puelles, C.
Himcinschi, I. Veremchuk, A. Leithe-Jasper, and R.
Gumeniuk, Improving thermoelectric performance of
indium thiospinel by Se- and Te-substitution, J. Mater. Chem.
C 9, 4008 (2021).
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