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The semiconducting CoSbS is well-known for its thermoelectric performance at high-temperatures
but it is also of interest because of its colossal low-temperature thermopower. Here, we address the
temperature dependence of its optical response over a broad spectral range, from which we reveal
several ingredients determining the thermoelectric properties at cryo-temperatures. We discover co-
herent phonon modes and with the additional support of scanning transmission electron microscopy
investigations we provide evidences for in-gap impurity states driving the formation of correlated
electrons in the valence band. Their implications, with respect to the high thermoelectric power at
low temperatures, are discussed within the framework of the phonon-drag transport of low-mobility
heavy quasiparticles.

Converting heat (mostly of waste nature) into electric
power (and vice versa) is nowadays attracting great inter-
est and is at the center of novel and sustainable green and
carbon-neutral technologies for power generation [1–3].
This demands the development of efficient thermoelectric
materials for which the thermopower Seebeck coefficient
S, the electrical (σ) and thermal (κ) conductivities sup-
portively conspire in order to enhance the well-known
figure of merit zT = (S2σ/κ)T (T being the tempera-
ture). The ideal scenario would consist in being able to
enhance S and/or σ, together with a reduction of κ [1, 4].
One can immediately realise that this is a quite challeng-
ing endeavour, since the Wiedemann-Franz law requires
the electronic part of the thermal conductivity being pro-
portional to the electrical one [5]. Therefore, innovative
strategies in order to seek the optimal balance among
those relevant parameters were intensively searched. A
key one exploits semiconducting materials with an appro-
priately well-designed electronic structure for which an
overwhelming enhancement of S over the phonon thermal
conductivity can be implemented. Colossal Seebeck ef-
fect in high purity semiconductors with ballistic phonons
[6, 7] and considerable reduction of the thermal conduc-
tivity by phonon coherence in nanostructures and nano-
materials [8] are just two possible avenues.

Besides the obvious technological interest in the ther-
moelectric materials at high T , some efforts have been
recently devoted to scrutinise opportunities for thermo-
electric cryo-devices. Such cryo-thermoelectric materi-
als provide an arena for the study of the additional in-
terplay between electronic correlations, which cannot be
neglected at cryogenic T , and the thermopower factor
(S2σ) as well as the thermal conductivity. In this context,
PbTe is an emblematic example, since Tl substitution for
Pb yields a metallic state, with no carrier freeze-out to
the lowest T , and a superconducting ground state for Tl
concentrations above xc ∼ 0.3% [9, 10]. From the over-
all optical response of Tl-doped PbTe, it clearly emerges

that the effective optical mass m∗/me is the key quan-
tity, showing a strong enhancement for x > xc [11]. The
enhancement of m∗/me originates from the formation of
resonant impurity states [12] and advances in principle
the intriguing possibility that superconductivity may be
the consequence of the pairing of “heavy” quasiparti-
cles via quantum valence fluctuations [13], even under-
lining some Kondo-like physics in thermoelectric mate-
rials [14]. The concept of a sharp peak in the density-
of-states (DOS) originating from narrow bands near the
Fermi level (εF ) because of electronic correlations was
originally introduced by Mahan and Sofo [15] as comple-
mentary yet alternative approach to the optimisation of
the phonon transport in order to boost the thermopower.

Other promising materials are FeSb2 and CoSbS,
which nicely allow establishing a link between thermo-
electric properties and phonon transport as well as cor-
related charge carriers. Indeed, the former displays a
low-T colossal Seebeck effect [16], related to substan-
tial electron-electron correlations [17] or enhanced by the
phonons dragging of massive electrons [18]. The title
compound also exhibits a giant low-T thermopower con-
sistent with the accumulation of heavy electrons at the
semiconducting gap edges [19]. While the building-up
of the electronic correlations on cooling in semiconduct-
ing CoSbS may be understood within a Kondo-insulator-
like scenario, as evinced from the T dependence of the
Pauli susceptibility [19], their role as well as the impact
of the phonon transport are not fully disentangled and
are still matter of debate. In semiconducting materi-
als, the phonon transport is primarily relevant and Her-
ring [6] proposed a phenomenological approach, for which
the phonon-drag component of the Seebeck coefficient is
Sph ∼ lphµ

−1
el , where lph is the phonon mean-free path

and µel the carriers mobility. Beyond the solely electronic
(diffusion-like) contribution to S [20], enhancing lph and
concomitantly reducing µel both seem of paramount rel-
evance for novel thermoelectric materials.
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Figure 1. (color online) Real part σ1(ω) of the optical con-
ductivity at FIR energy scales (1 eV = 8.06548×103 cm−1) at
four selected T [21]. The insets show the complete spectrum
at 300 K (please note the logarithmic energy scale) and the
crystal structure of CoSbS [25].

Optical spectroscopy is a suitable experimental tool
in order to shed light on the phonon spectrum as well
as on the overall charge dynamics and thus to address
the role of the electron-phonon coupling. In our CoSbS
single crystal, we discover very narrow infrared (IR) ac-
tive phonon modes at low T , signalling their large mean-
free path. Moreover, the Fano-like asymmetric shape of
some of them hints at the coupling with the electronic
background, due to in-gap impurity states, as revealed
by a complementary scanning transmission electron mi-
croscopy study. On the other hand, the charge dynam-
ics at high energies bears testimony to the presence of
rather flat bands, as fingerprint of massive electronic
states (i.e., with low mobility). These findings support
the idea that quasi-ballistic phonons in a correlated semi-
conductor pave a promising way for the realisation of a
high thermoelectric power at cryo-temperatures.

Figure 1 highlights the T dependence of the real part
σ1(ω) of the optical conductivity at far-infrared (FIR) en-
ergy scales and its inset the whole absorption spectrum at
300 K [21]. We immediately recognise the insulating-like
nature of the optical response in CoSbS and the dom-
inating IR-active phonon absorptions. The Pbca (61)
space group [19] of the title compound foresees a total
of 27 IR-active modes (i.e., 9 B1u, 9 B2u and 9 B3u).
Since we are collecting the optical response with respect
to the ab-plane of CoSbS (right inset of Fig. 1 [25]), that
number reduces to 18 (B2u and B3u). We clearly ob-
serve 12 distinct absorption features in σ1(ω). Quite all
modes are very sharp at any T and tend to get narrower
and even resolution-limited at low T , therefore anticipat-
ing long phonons lifetimes. Furthermore, some selected
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Figure 2. (color online) Enlargement of σ1(ω) at energies
where the sharp absorption onset at about 5000 cm−1 takes
place for three selected T . The intercept of the linear ex-
trapolation (thick dashed lines) of its leading edge with the
energy axis defines Eg. The inset shows its T dependence.
The four harmonic oscillators (HO), describing the gap edge,
are shown at 10 and 300 K [21], thus highlighting the spectral
weight [30] reshuffling between and the lineshape narrowing of
the Lorentz HOs (L1 to L4), pointed out in the text. Reddish
and bluish colors refer to 300 and 10 K, respectively. The
dotted lines are the total fits at 10 and 300 K (Eq. S1 in
Ref. 21), while the grey dash-dot line is the T -independent
contribution given by the additional HOs at high frequencies
(Fig. S3 in Ref. 21).

modes display an asymmetric lineshape, which underlines
some electron-phonon coupling similar to observations
elsewhere, for instance in graphene [26] or topological
materials [27]. The implications of these latter impor-
tant aspects of our data will be addressed below. Before
going any further, it is worth emphasising that the nar-
row gap semiconductor FeSb2 also displays very sharp,
yet mostly symmetric phonon modes upon lowering T
across the metal-insulator transition [28, 29].

At higher energy scales (inset of Fig. 1), the optical
response is shaped by several interband transitions, pre-
dominantly leading to the steep onset of absorptions in
σ1(ω) at about 5000 cm−1. Its tail then merges into the
FIR background of the phonons. We associate that dom-
inating absorption edge (Fig. 2) to excitations across
the semiconducting gap (Eg), while the shallow low-
frequency tail may reveal the excitations between impu-
rity states and the conduction band edge (red and green
arrow, respectively, in the DOS sketch of Fig. 3(a)). The
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Figure 3. (color online) (a) Proposal for the DOS evolution
when crossing 200 K, with the relevant excitations (arrows)
either across Eg or involving the impurity states (see text).
The same color code as in panel (b) allows relating the excita-
tions to their spectral weight (SW ) evolution. The thickness
of the arrows indeed mimics the T dependence of their relative
SW changes (increasing with thickness). (b) T dependence
of (total) SW , normalised at 300 K, encountered in selected
components of the Lorentz phenomenological fit [30]: elec-
tronic background at FIR energy scales (inset of Fig. S4 in
Ref. 21), HOs L1 and L2 as well as L3 and L4 (Fig. 2 and
Fig. S3 in Ref. 21).

intercept with the frequency axis of the linear extrapola-
tion (thick dashed lines in Fig. 2) of the absorption edge
defines Eg, which displays first a fast decrease from 300
to 200 K and then it is quite constant at about 0.62 eV
for T < 200 K (inset of Fig. 2). The magnitude of Eg

is in broad agreement with values from the dc transport
data in Ref. 31 as well as with its estimations from band
structure calculations [32]. Interestingly enough, there
are several indications that T ∼ 200 K denotes a pecu-
liar T crossover of this material. Indeed, two types of
carriers can be clearly distinguished from the Hall resis-
tivity and display opposite behaviours below 200 K [19];
hole-like carriers with density of about ∼ 1018 cm−1 at
300 K, then increasing by several orders of magnitude
at low T , and electron-like ones for which the density
gets suppressed by six orders of magnitudes between 200
and 2 K. Moreover, while the electron-carriers keep their
mobility almost unchanged at any T , the dominant hole-
ones display a strongly suppressed mobility below 200 K
[19].

In order to further support the quantitative analysis

of our data, we describe the optical response within the
standard phenomenological approach based on Lorentz
harmonic oscillators (HO) [33] for the phonons FIR back-
ground and for the electronic interband transitions (Eq.
S1 in Ref. 21). For the phonon spectrum, we allow each
phonon mode to interact with the electronic continuum
(Eq. S2 in Ref. 21) via the Fano-model [34].

Despite the extended amount of parameters, it is pos-
sible to extract some valuable information. For the rest
of our discussion, we primarily focus our attention on
the spectral weight (SW ) reshuffling occurring among se-
lected fit components as a function of T [30], as guidance
for the T evolution of DOS proposed in Fig. 3(a). It is
worth mentioning that an alternative, equivalent discus-
sion of the (integrated) SW reshuffling is also proposed
in Fig. S7 of Ref. 21. First of all, we observe that the
background at FIR energy scales gains SW by lowering
T (Fig. 3(b) and Fig. S6 in Ref. 21). This signals
the freezing of extrinsic carriers for T < 200 K into an
impurity band (turquoise in Fig. 3(a)) acting as accep-
tor and being located at about 30 meV above the top of
the valence band (red in Fig. 3(a)), as conjectured from
the dc transport properties [19]. An additional (indirect)
evidence for such an electronic background and for the
energy location of the impurity band will be provided
below, when discussing the phonons spectrum. Second,
there is an accumulation of SW at the onset of the gap-
like absorption at Eg (i.e., in HOs L1 and L2), at the
cost of HOs L3 and L4 (Figs. 2 and 3(b), and Fig. S5 in
Ref. 21) upon lowering T . The latter HOs narrow as well
(Fig. 2 and Fig. S5 in Ref. 21). The resulting sharp ab-
sorption edge in σ1(ω) uncovers the presence of weakly
dispersive states involved in the excitations across Eg

(Fig. 3(a)). Therefore, we speculate that populating the
acceptor impurity band drives the enhancement of elec-
tronic correlations in the Co 3d orbitals, which lead to a
massive valence band (orange in Fig. 3(a)) [19, 32]. Con-
sequently, the emerging scenario from the SW reshuffling
at low T in CoSbS is that of a correlated semiconduc-
tor with low µel carriers (predominantly in the valence
band, Fig. 3(a)), a prerequisite for an enhanced ther-
mopower [18, 35]. Since the Seebeck coefficient decreases
with magnetic field [35], we believe that spin fluctuations
favor the formation of correlated states. We shall note
that strong electron correlations and a sharp gap-edge
have been also observed in FeSb2 [28, 29, 36]. The most
recent optical investigation of FeSb2 even identifies the
fingerprint for a one-dimensional semiconductor [29], as
a potential prerequisite for the increase of the Seebeck
coefficient [37, 38]. Nevertheless, this is quite unlikely in
CoSbS, since it does not display typical signatures of low
dimensionality in its electronic structure.

Incoherent high-resolution scanning transmission elec-
tron microscopy (STEM) is rather instrumental in or-
der to probe the existence of structural defects, as pos-
sible origin of the impurity states. For our STEM
measurements [21] we use high-angle annular-dark-field
(HAADF) imaging mode, under which the image inten-
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Figure 4. (color online) (a) High-resolution STEM image
recorded on a HAADF detector with the incident beam along
the [001] direction of the CoSbS single crystal. The image
is filtered in frequency space by applying a periodic mask to
remove the noise. Scale bar: 1 nm. (b-c) Magnified images
from area I and II marked by rectangles in (a) are shown
in (b) and (c), respectively. Scale bar: 0.5 nm. The [001]
projection of the structure model (right inset of Fig. 1) is
embedded in (b) with wine, red and yellow spheres represent-
ing Sb, Co and S, respectively. Overall, the image intensity of
Sb columns in (c) is weaker than that in (b), especially at the
atomic-positions marked by the white and orange arrow, im-
plying relative changes in the Sb occupancy. The color scale,
shown on the right, is used for the intensity of the image in
all panels.

sity of atomic columns is approximately proportional to
Z1.7, where Z is the atomic number. Figure 4(a) shows
a STEM-HAADF image from the CoSbS single crystal
viewed along the [001] direction (i.e., c-axis in the right
inset of Fig. 1) with the convergent angle of 21 mrad and
the collection angle from 67 to 275 mrad. The atomic ar-
rangement based on the observed image contrast agrees
with the Pbca symmetry of the CoSbS structure [19],
as shown in the magnified image (Fig. 4(b)) where the
[001] projected CoSbS unit-cell (right inset of Fig. 1) is
embedded. The heavy Sb atoms are clearly seen as the
bright dots, while the Co and S atoms, in the vicinity of
the Sb atoms, have very weak contrast and are shown as
tails of the Sb columns, due to their low atomic weight.

Overall, the crystal does not display any dislocations or
twins formation, which would change the average struc-
ture and lattice parameters [21]. However, a close in-
spection reveals that the peak intensity of the Sb column
varies slightly, as shown in Fig. 4(c) where the peak in-
tensity indicated by the white arrow is higher than that
by the orange arrow. The change of the relative inten-
sity of the projected atomic images (Fig. 4(a-c)) may
be consistent with either Sb vacancies or Sb interstitial
defects within the Sb atomic columns (Fig. S12(a-c) in
Ref. 21). Within an ionic picture, the negative Sb va-
lency in CoSbS in combination with the need of acceptor
states in order to account for the optical and dc trans-
port results calls for the latter possibility (Fig. S12(d)
in Ref. 21). By comparing the image simulations with
the experimental image (Fig. S12 in Ref. 21), we esti-
mate that the relative change of the Sb occupancy varies
within 5% from column to column. Interestingly enough,
Sb point-defect control of thermoelectricity was recently
achieved in FeSb2, via generation of (donor-like) in-gap
states [39].

Finally, we turn again our attention to the phonon
modes, which are rather illuminating towards our under-
standing of the peculiar intrinsic thermoelectric proper-
ties. The small phonon linewidths in CoSbS (Fig. S11(a)
in Ref. 21) are comparable to those discovered in the op-
tical response of FeSb2 [28, 29], for which a quasi-ballistic
phonons regime was advanced [29]. Indeed, this concomi-
tantly pairs with the long phonons mean-free path, de-
rived from the FeSb2 thermal conductivity with Fourier’s
law [18]. Therefore, we may argue that CoSbS is equally
characterised by coherent phonons [40], consistent with
a phonon-drag mechanism as origin for the enhancement
of Sph [18]. Furthermore, our data on CoSbS provide ev-
idence for asymmetric phonon modes, as deployed by the
Fano qi parameter [21, 34]. In fact, 1/qi (Fig. S11(b) of
Ref. 21) is different from zero (i.e., symmetric lineshape),
either negative or positive, for the IR-active phonons be-
tween 200 and 225 cm−1 (i.e., Ph7 and 8 in Fig. S4 of
Ref. 21). This finding bears testimony to some electron-
phonon coupling, further revealing the presence of an
electronic background at those FIR energy scales (∼ 30
meV), as pointed out above. This could even suggest that
a charged-phonon effect [41] takes place, complementary
to the phonon drag model. Again, CoSbS differentiates
from FeSb2, since contrasting reports with respect to the
existence of an electron-phonon coupling appeared in the
literature [28, 29]. Asymmetric phonon modes were only
discovered in the early optical data of FeSb2 [28].

In conclusion, the optical properties of CoSbS at low T
signal the important role of coherent phonons (i.e., large
lph) and heavy (i.e., low µel) carriers, both being an asset

for the enhancement of Sph ∼ lphµ
−1
el [6]. This mixture

of ingredients from lattice dynamics and electronic band
structure turns out to be essential in order to enhance
the thermopower at cryo-temperatures [42]. The bind-
ing aspect for such a mixture in the correlated CoSbS
semiconductor is given by the presence of in-gap impu-
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rity states, originating from interstitial Sb, which seem
to play quite a decisive role. Our data therefore proposes
the selective tuning of impurity states as an affordable
strategy towards the enhancement of the thermoelectric
power.
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