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Abstract

The typical strategy to design high performance thermoelectric materials is to dope a semi-
conducting material until optimal properties are obtained. However, some known thermoelectric
materials such as LazTes, MozSb7, Yb14MnSbi1, and NbCoSb are actually gapped metals, i.e., their
band structure displays a gap slightly above or below the band crossed by the Fermi level. This
key feature makes these metals comparable to degenerate semiconductors and thus suitable for ther-
moelectric applications. In this work, we perform a computational high-throughput search for such
gapped metals exhibiting attractive thermoelectric properties. Several thousands of metals are found
to present this key feature, and about one thousand of them show decent thermoelectric properties
as evaluated by a computed zT. We present the different chemistry of gapped metals we discovered
such as clathrates, Chevrel phases, or transition metal dichalcogenides and discuss their previous

studies as thermoelectric and their potential as new thermoelectric materials.

1 Introduction

Thermoelectric (TE) materials, which convert heat into electricity via the Seebeck effect, have attracted
considerable interest as power generation devices. In addition to being scalable and reliable, TE gener-
ators are silent and require no moving parts. Sufficiently cheap and efficient TE devices therefore have
massive potential to recover waste heat from a variety of industrial and consumer processes, such as au-
tomotive exhaust, home heating, and large-scale commercial processes [1-3]. However, when compared
with competing technologies, industrial TE devices are both expensive and inefficient. Thus, they have

been relegated to relatively niche use cases despite their potential impact.
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TE efficiency is measured by the figure of merit, 27"
T — S20T
Klat 1+ Kel
where the numerator, known as the power factor (PF), is proportional to the square of the Seebeck
coefficient S, the electrical conductivity o, and the temperature T. kj5; and ke are the lattice and
electronic contributions to the thermal conductivity, respectively. The sum of these two contributions is
the total thermal conductivity, kiot. Optimizing 2T is nontrivial, as conflicting trends in o, S, and ke
often cause one property to increase at the cost of another. Further, achieving low lattice conductivity
by adjusting carrier scattering characteristics and crystal structure is highly complex. Despite these
difficulties, recent investigations have developed materials with z7'~2 [4-6] by tuning at least one property
among the band structure, carrier scattering, and lattice thermal conductivity [1,6-14].

The majority of TE research is focused heavily on semiconductors. Typically, intrinsic semiconductors
have a high Seebeck coefficient but low electrical conductivity. While doping can be used to increase the
carrier concentration and hence o, this consequently decreases S. Therefore, in order to approach the
maximum PF, a compromise must be found between S and o.

In contrast, despite their high electrical conductivity, metals are often disregarded as potential TE
materials due to their low Seebeck coefficient. Interestingly, there are some exceptions: a few metals have
a sufficiently high S to achieve high PF and z7T. The most well-known are LaszTey [15], MozSbr [16],
Yb14MSb;; (M=Mn|Mg|Zn) [17-21], and NbCoSb [22,23]. Experimental measurements show that these
materials have both a low resistivity (linearly increasing with temperature) and a high Seebeck coefficient
(also increasing with temperature). Such behavior is typical of degenerate (highly-doped) semiconduc-
tors. Ab initio band structure calculations show that, while these materials are indeed metals with some
bands crossed by the Fermi level, there is an energy band gap below or above the latter. Adopting the
nomenclature of Malyi et al. [24], we refer to a gap below (resp. above) the Fermi level as an internal
(resp. external) gap and to these special metals as gapped metals. Their band structures, schematically
illustrated in Fig. 1 for both internal and external band gap, are very similar to those of degenerate
semiconductors. This similarity also holds for the transport properties (also sketched in Fig. 1). Ac-
cording to Mott’s formula [25], a rapid variation of the Density of States (DOS) produces an increase of
the Seebeck coefficient; since the presence of a band gap (in gray in the figure) makes the DOS sharply
decrease, the Seebeck coefficient increases significantly and the PF presents a distinct peak. If the Fermi
level is shifted (e.g., by doping) towards the band gap, the TE performances of these gapped metals can
be enhanced as in degenerate semiconductors. This is in clear contrast with what happens in "regular"
metals, which have a Fermi level located in an energy region where the DOS is rather constant over a
wide range of energy. Thus, the presence of a gap near the Fermi level is the key feature of these special

metals.

Page 2 of 30



Page 3 of 30

Journal of Materials Chemistry A

DOS PF Seebeck

internal gap external gap

Energy

Figure 1: Sketch of the band structures of a gapped metal with internal (leftmost) and external (right-
most) band gap and of the corresponding transport properties: Power Factor (PF), Seebeck coefficient,
electrical conductivity (o). The position of the Fermi level Ex in the undoped (doped) case is shown

with a red (green) line. In the case of an internal (resp. external) gap, the material is considered as

n-type (resp. p-type).

This feature of gapped metals never been searched for explicitly in the context of TE applications.
However, exceptional gapped metals have been discovered while studying chemically similar semicon-
ductor phases; we enumerate some of these metals below. LaszTes was found by investigating the metal-
insulator transition from Las_,Tey (0 < 2 < 1) to LagTes with La vacancies [15,26]. The carrier con-
centration and hence the PF could be tuned by varying the amount of La vacancies. Metallic MozSbr
and semiconducting MbgSbsTey are two of the 25 compounds that crystallize in the Ir3Ge; structure-
type. In their solid solution MozSb7_,Te,, the Te concentration allows the tuning of the Fermi level
towards a high ZT [16]. All the Yb;4MSby; (M=AlMn|Mg|Zn) compounds, which belong to the 14-1-11
Zintl family [27], present a stable phase with comparable band structures. However, while the Al-based
compound is a semiconductor, the other three are metals [18,20,28|. The notable difference in the band
structure of the latter compounds is that the Fermi level is inside the valence bands, but an external band
gap (corresponding to the one of the Al-based compound) is present. Experiments showed that a metal-
insulator transition takes place when replacing Al with Mn. This can be exploited to tune the PF by
moving the Fermi level while the bands remain essentially unchanged [19]. The half-Heusler NbCoSb has
been recently discussed in terms of odd valence electron count [23]. While many half-Heusler compounds
have 18 valence electrons which fill the bands [29] and hence induce semiconducting behavior, NbCoSb
has 19 valence electrons. The 19th electron starts filling the conduction band and leads to a metallic
character. Experimentally, this compound is stabilized by Nb vacancies and approaches the 18-electron
configuration. In the same family, VCoSb was also proposed, and experimental measurements confirm a
high PF value [30]. In these cases, both the vacancies (as in LagTes and NbCoSb) or the complex crystal
structure (as in Mo3Sb; and Yb14MSbi;) turn to have also the beneficial effect of reducing the lattice

thermal conductivity and improved z7T'.
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Not only has the presence of an internal or external gap in metallic system never been searched
explicitly, it has also been often overlooked. For example, Parker et al. [31] considered NiSbS not worthy
of further investigation because it was predicted to be metallic, yet they did not realize that the presence
of an internal band gap could have an impact on the transport properties. Four years later, the same
material NiSbS was studied by Miyata et al. [32], and a high PF was measured.

In order to adopt a more systematic approach for finding gapped metals, modern high-throughput
(HT) density functional theory (DFT) is of particular interest. HT-DF'T gives access to a large quantity of
computed properties for thousands of materials [33-35] and enables the search for specific features. This
approach is effective in performing large scale investigations, discovering new materials, and enabling the
use of machine learning techniques in various sub-disciplines of material science [36-38]. In the search
for new TE materials, recent HT investigations have, however, focused on semiconductors, imposing a
threshold on the band gap value [39-42,42,43|, and therefore disregarding metallic compounds.

In this work, we use a database of band structures built by HT computing to detect these exceptional
metallic compounds presenting a band gap close to their Fermi level. We show that these gapped metals
are common and can be found in a large variety of chemical systems, compositions, and space groups.
By looking at their transport properties, computed with a constant relaxation time, we show that about
one thousand materials can reach moderate theoretical zT" values when the chemical potential is shifted
towards the energy gap, e.g. by doping. We discuss the candidates previously studied in the literature
and propose some new potential TE materials for further investigation.

We note that there is precedent for probing these gapped metals for functional applications other
than thermoelectrics. The presence of a gap close to the Fermi level in metallic systems and its influence
on the electronic and optical properties has been already discussed mainly in the field of transparent
conductive oxides [24,44-47] and recently for applications in low-loss plasmonics [48]. Therefore, given
that this key feature of the band structure can potentially be exploited for other applications, we report

all the gapped metals found by this screening along with their calculated properties (in SI).

2 Screening method

In order to identify metallic compounds with transport properties of interest, we screen the Materials
Project (MP) database [33] for metallic compounds whose band structures are present in the dataset of
Ref. [49] ( ~15,000 materials, while there are ~20,000 in the complete MP dataset as of today). Extensive
details on the band structure calculations are available in their original publications [49,50]. Most
band structures considered here were computed using the generalized gradient approximation (GGA),
while only a few compounds (e.g., metallic transition metal oxides) used the +U correction (GGA+U).
Candidate materials are identified by searching for band gaps in a range of 4 eV centered on the Fermi
level and retaining only the closest one. In the case of an internal (resp. external) gap, the material is
considered as n-type (resp. p-type).

Furthermore, a constraint is imposed in terms of stability by retaining only the phases with an

energy above the convex hull lower than 0.05 ¢V /atom. This value accounts for the inherent error
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of DFT in evaluating the stability of compounds [51]. We note that thermodynamic instability at the
theoretical composition has often been observed experimentally in the class of materials we are discussing.
For example, NbCoSb is likely unstable due to a reported energy above Hull of about 0.02 eV /atom
in MP. Experimentally, Nb vacancies are found to stabilize the compound and also increase the PF.
Other examples include Chevrel phases and clathrates which possess an energy above hull higher than
0.05 eV /atom yet are experimentally accessible.

The transport properties reported in Ref. [49] were calculated relying on the constant relaxation
time approximation (CRTA) using the BoltzTraP code [52]. While in that dataset the properties were
reported divided by the value of the relaxation time, here we set its value to 7 = 1074 s, as commonly
used. We focus on the averages of the eigenvalues of the PF, the Seebeck coefficient, the conductivity,
the electronic contribution to the thermal conductivity, and the carrier concentration at 4 temperatures
(300, 600, 900, and 1200 K). The ranking of the different materials is based on the optimal value of
the PF. The optimal PF is determined as its maximum value in the energy range between the Fermi
level and the band edge (the conduction or valence band maximum, VBM and CBM, respectively) if the
corresponding carrier concentration is lower than 10?2 cm™. Otherwise, the PF value at a concentration
of 10?2 cm™ was taken. For the other transport properties, we retain the values at the chemical potential
corresponding to the optimal PF. This constraint on the carrier concentration allows us to consider a
PF which is more likely to be reachable via doping without destabilizing the host.

It is worth noting that the transport properties of NbCoSb are not in the dataset of Ref. [49] and that
the band structure of Yb;,MnSby; is not currently available in the MP database. Given the importance
of these two materials as benchmark for our screening, we added them separately by calculating the
band structure and the corresponding transport properties with the same methodology used for the
other materials.

In order to assess an approximate 27", a minimum limit for the lattice thermal conductivity is derived
from the calculated elastic constants reported in the MP database. Details regarding the elastic constant
DFT calculations are available in Ref. [53]. Since the calculated elastic constants are not available for
all the compounds in the MP, a machine learning (ML) model is used to predict the missing values. A
general-purpose materials data mining package (Matminer [54]) and its AutoML extension (Automat-
miner [55,56]) are used to train, validate, and deploy the model. Automatminer automatically searches
multiple machine learning models (including hyperparameters) and descriptor-generation (featurization)
techniques to optimize end-to-end data pipelines for predicting materials properties directly from crystal
structures. Separate AutoML pipelines are developed to predict shear and bulk moduli independently,
and both pipelines are trained on DF'T-computed elastic constants from the MP. The best pipelines found
by the AutoML algorithm use subsets of compositional and structural descriptors such as MagPie [57,58]
elemental statistics, Sine Coulomb Matrix [59] eigenvalues, and elementary symmetry and density de-
scriptors. These descriptors are used as input to the optimized models found by AutoML: Extra Trees
and Gradient-boosting trees models for predicting shear and bulk moduli, respectively. Exact sets of
descriptors and final pipeline hyperparameters are available in the supporting information (ST Section

2 an relative Tables). Using the elastic constants calculated by DFT and ML, the Cahill-Pohl [60, 61]
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lower bound on lattice thermal conductivity in the high temperature (glassy) limit is calculated using the
approach of Ref. [40]. The ML model produces elastic constants resulting in a minimum lattice thermal
conductivity mean absolute error of 0.061W/m - K (test set mean average deviation of 0.370W/m - K);
this error was computed using 20% test sets of DFT-computed elastic moduli as ground truth. Further
details on this method are provided in Sec. 2 of SI.

Combining together these computed quantities, an approximated optimal 27T is calculated and used
for the final ranking of the compounds. A 27=0.2 threshold at 600 K has been set to separate the
interesting candidates from the rest, as discussed in the next section.

Before discussing the results of the screening, we would like to emphasize the main limitations of our
approach. The major approximation is the use of the CRTA, an approach which neglects the formal
dependence of the relaxation time on the energy and the wavevector. This is a necessary choice for
calculating transport properties on a large scale, as any other scattering model either requires a large
computational time or is material-dependent. Though CRTA yields transport properties that do not
always match the experimental values, it remains a valuable method, especially for ranking materials [40,
49]. The other limitations are related to the accuracy of the band structures, in particular the use of the
GGA functional and of pseudopotentials for Rare-Earth (RE) elements. The GGA functional is known
to underestimate the band gap [62]. Though this is not an issue for the assessment of 2T given that a
larger gap is generally beneficial for the Seebeck coefficient, it can still lead to some false positives in
our screening process. Indeed, when d-orbitals are involved, GGA may predict a material to be metallic,
while more advanced functionals would show that it is actually semiconducting (with a non-zero gap).
This problem will be discussed further in the following sections.

Similarly, the use of a single pseudopotential for each element (necessary for the HT approach) can
also lead to false positives when RE elements are present. Indeed, the latter often have multiple oxidation
states which may not be well represented by a single pseudopotential (in particular, for oxidation states
that make one of the frozen electron participate in bonding). These types of false positives were also
found during the screening process and will be discussed in the following sections.

Finally, another possible issue with compounds containing RE elements relates to the positions of
f-electrons which are often not well described within standard GGA. It is therefore reasonable to expect a
few discrepancies with respect to experiments. In some cases, both more accurate functionals, e.g LagTey
[63], and experimental measurements, e.g. Yb14MnSby; [64], show that f-electrons are far from the Fermi
level and do not contribute significantly to transport properties. In other cases (e.g. PrsTey [63]), the
f-electrons can be close to the Fermi level (and hence to the band gap) enhancing the variation of the DOS
and the Seebeck. We chose to retain the RE-containing materials with the caveat that more accurate
calculations might be needed for those cases in order accurately locate the f-electrons and assess their

impact on transport properties.
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3 Results and discussion

Our band structure screening reveals that, among the ~15,000 metallic compounds considered in this
screening, about 30% present at least one band gap within 2 eV of the Fermi level. As a first result, it
is notable that this key feature is surprisingly common in metals. In Fig. 2, we report the calculated
PF, the total thermal conductivity, and the estimated z7 at 600 K for the materials remaining after
the screening based on stability. We also plot these properties (computed in the same way) for the
most well-known TE materials, both metals and semiconductors. The use of a single temperature eases
the comparison between many compounds. The temperature of 600 K is a good compromise to find a
moderate zT for compounds that have typically the best 2T at very different temperatures (i.e. BixTes
and Yby4MnSb;; at 300 K and 1000 K, respectively). This comparison is used to validate our approach
representing a benchmark for assessing the quality of the ranking obtained by the screening method. As
shown in the plot, the most well-known TE materials all have high values of calculated zT'. Therefore,
it may be assumed that this screening provides an approximately correct ranking of TEs, despite the
strong approximations involved. It is reasonable to expect that the best gapped metal TEs will reside
in the same zone of the plot as the most well-known TEs. By also considering the uncertainty in the
computed 2T, a value of 0.2 at 600 K for the calculated zT can be chosen as a threshold to separate those
compounds that are likely to be more promising from the rest. We would like to stress again that this
computed 27 is used as a descriptor to rank materials and detect promising compounds. Therefore, it
is not necessarily expected to agree with the measured 27 value, as it will be shown later. After setting
this threshold of the 27T, 1156 gapped metals remained. In Table 1, they are reported according to the

number of elements in the chemical system.
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Figure 2: Values at 600 K of calculated total thermal conductivity ko, computed optimal PF and 2T
for all the gapped metals and energy above Hull lower than 0.05 eV /atom. Star markers represent the
TE materials considered here as reference, dot markers represents other known TE materials. The blue

solid line represents the chosen threshold of z7'=0.2.

ZT > 0.2
binaries 141
ternaries 624
quaternaries 314
quinaries 7
total 1156

Table 1: Number of compounds with computed optimal 27" > 0.2 at 600 K.

In order to get a sense of the discrepancies between the calculated values of the transport proper-
ties and the experimental measurements, we consider four of the most well-studied gapped metal TEs:
LagTeyq, Mo3Sb7, Yb14MnSby1, and NbCoSb. According to the transport properties at 600 K reported
in Table 2, the predicted optimal z1T of LagTe, is in agreement with the experimental value, even if
by serendipity. For MosSby;, the calculated optimal 2T overestimates the experimental value by nearly
600%, mainly because the theoretical optimal carrier concentration is higher than the experimental one,
leading to a higher expected Seebeck coefficient. In the case of NbCoSb, the calculated transport prop-

erties disagree with experiment via a mismatch in the carrier concentration; the calculated optimal 2T
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is nearer to the experimental value (within 50%) only by chance. For Yb;4MnSby;, a good agreement
is found for all the transport properties, but the optimal carrier concentration is quite different. This
comparison shows that the match between calculated and experimental transport properties is not per-
fect. The use of experimental carrier concentration to compute the transport properties does not always
improve the accuracy. This is certainly related to the approximations used in the calculations, but also
to the fundamental difference between theoretical crystalline compounds and experimental samples that
makes the comparison even more difficult. Therefore, we emphasize that the computed values of zT'
reported here are not intended to predict the real ones, but rather to rank materials, suggest potential

candidates, and understand general trends [40].

Compound n S 0 Klat Kel Kiot 2T
LagTey th.Qopt. 2.2 8 40 04 54 58 0.3
th.Qexp. 0.2 133 08 04 1.18 1.58 0.6
exp. [26] 0.2 215 01 — — 06 04
MosSbr th.Qopt. 0.9 162 20 07 19 26 1.2

th.Qexp. 40 60 68 07 70 7.7 02
exp. [16] 4.0 100 09 1.7 15 32 0.2

NbCoSb th.@opt. 86 64 150 09 190 199 02
th.@exp. 55 85 100 09 130 139 03
exp. [22] 55 140 0.7 27 — 39 03

th.Qexp. 05 40 05 04 03 0.7 0.1
exp. [19] 05 146 02 — — 0.7 04

Table 2: Comparison between theoretical (th.) and experimental (exp.) transport properties (Seebeck
coefficient S in uV/K, electrical conductivity o in 10° S/m, and thermal conductivity x in W/(K m)) at
600 K for four known gapped metallic TE materials. The theoretical transport properties are reported
for both the optimal (@opt.) and experimental (Qexp.) carrier concentrations (n in 10%! ¢cm™) are
reported. For the thermal conductivity, k1. is the lattice contribution (either the experimental value or

the theoretical minimum limit in the Cahill model) and k. is the calculated electrical contribution.

With our approach, it is still possible to observe the importance of the presence of a band gap close
to the Fermi level. As shown in Fig. 3 (and extensively in SI Figs. 3,4,5,6), in all these phases, the
calculated optimal PF increases with temperature as expected from the presence of the band gap. This
is mainly due to the increase of the Seebeck coefficient with temperature which drives the increasing of
the PF. The presence of a nearby band gap is a fundamental reason why the known gapped metals have
high experimental zT" (~1) at high temperature (~800-1200 K). This behavior can be extended to nearly
all the gapped metals found by this screening. Indeed, as shown in SI Table 6, 99% of the materials with

zT > 0.2 reach their maximum optimal 27" at temperature higher than 300 K.
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Figure 3: Calculated optimal PF w.r.t. to the temperature of the four known gapped metallic TEs . In

the legend, the band gap is reported in eV.

Doping is the other way to move the Fermi level towards the band gap while increasing the PF. A
general trend for ternaries is shown in Fig. 4 using histograms of the position of the Fermi levels in the
undoped and optimized (i.e., in the sense of optimal PF used in this screening) compounds. In SI Figs. 1
and 2 similar histograms are shown for all the other compounds. In Fig. 4(a), without filter on the
computed zT', the undoped compounds have a flat distribution of the Fermi level positions (histogram
bars in blue), while in the case of the optimized compounds the Fermi level has moved towards the VBMs
or CBMs (histogram bars in orange). This effect is even more pronounced if the limit on the carrier
concentration is removed (histogram bars in green), with most of the compounds having a Fermi level at
a distance lower than 0.5 eV. Furthermore, in Fig. 4(b) we show this effect holds particularly for those
gapped metals with an optimal computed 27 higher than 0.2. The distribution for the undoped case is
less spread than in the case without zT' the zT filter. This means that the Fermi level is already quite
close to the band gap in those gapped metals that reach a high 27T with a limited carrier concentration.
Looking at the PF and the band structures reported in SI for most of the materials discussed later, it
can be observed in details that the PF usually peaks close to the beginning of the band gap (VBM or

CBM), whereas it decreases going inside the bands.

10
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a) ternaries, all ZT@600K b) ternaries, ZT@600K > 0.2
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Figure 4: Distribution of the Fermi level in the gapped metals (a) with no filter on the optimal 2T
applied and (b) with a optimal 27" > 0.2 at 600 K. VCBM stands for VBM (CBM) in case of an external
(internal) gap. Blue bars represent the undoped state, the orange bars the optimized case with the limit

of the carrier concentration at 10?2 cm 3, and green bars the optimized case without that limit.

We now discuss the other gapped metals with calculated 27" > 0.2 at 600 K and compare them
with observations from literature. A comparison with the studies presented in literature allows us to
validate the present screening, highlight some limits, and suggest some overlooked metals as potential
thermoelectric materials. Among all the compounds found in this screening, we will discuss here those
belonging to the well-studied families of TE compounds, and we point out others that are interesting yet
less studied for TE applications. Given both the breadth and raw number of compounds, we focus only
on binaries and ternaries. Also, we tend to discard the compounds with a complex band structure, i.e.,
those which have mixed flat and dispersive bands or which have strong features giving a high calculated
optimal PF far from VBM or CBM. While these could be promising compounds for TE applications,
they are beyond the simple scheme of the gapped metals discussed here. Examples are Cl-, Br-, I-based
compounds reported to have quite high optimal PF and very low kot (see RuBr3, mp-23294, space group

Cmcem, shown in SI Fig. 7).

3.1 Binaries

We begin by discussing the binary compounds in the order in which they appear in Table 3.

Clathrates

The first group of compounds belongs to the clathrates family [65]. The general formula of type-I
clathrates is AgXys where X is Si, Ge, or Sn and A is a guest atom, such as Na, K, Ba, or Cs. They are
usually unstable metallic phases in full stoichiometry, where vacancies, group 13 elements (Al, Ga, or In),
or transition metals are used to replace X site to stabilize the structure. We note that important clathrates

as BagXys with X=Si, Ge are not found in our screening because they have a high energy above Hull
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(> 0.05 eV /atom). The more stable phases here reported show n-type carriers, a quite small computed
thermal conductivity (~1 W/(K m)), and a moderate PF (~30 uW/(K? cm)). As examples, the crystal
structure of K4Gegs is shown in Fig. 8, its band structure and its computed transport properties are
shown in Fig. 5. Clathrates have been studied for TE applications [66,67] mostly because of their low
thermal conductivities, a phenomenon often related to the phonon glass—electron crystal concept [68].
Another fundamental characteristic is the high chemical tunability that can change these phases from
being metals to both n- and p-type semiconductors. This can be understood using the Zintl concept
as explained in Ref. [66]. Among the most well-known is BagGaysGesg, which reaches a 27" ~ 1.35 at
900 K [69]. BagGaisGesg combines a low thermal conductivity with a high Seebeck at high temperatures
- high Seebeck with increasing temperature is a sign of the presence of a band gap. The Fermi level
tunability of CsgSngg with Sn vacancies or replacing Sn with Zn or Ga was theoretically investigated in
Ref. [70]. Also, the band gap assessment of KgGagSisg by optical measurement was reported in Ref. [71].
Moreover, as shown in Ref. [72], the inclusion of Ni atoms in BagSiss moves the Fermi level towards the
band gap and increases the PF and the zT. However, including Ni also completely changes the bands

near the band gap edges. The tunability of the band gap with transition metals is reported in Ref. [73].

mobility was recently reported [74].
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Figure 5: Band structure and calculated transport properties of the clathrate K4Gegs (mp-27800).

Transition metal dichalcogenides

The compounds with space group P63/mmc and composition 1-2 include NbSy and TaSs, predicted
here to be n-type with a high optimal 2T (~0.7 and ~0.3 respectively). These compounds are known
transition metal dichalcogenides and are in the same family as the known semiconducting MoSs. NbSs,

TaS, were reported as metals in Ref. [75]. Taking the band structure of NbSs in Fig. 6 (crystal structure
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in Fig. 8) as representative of the two (see SI Fig. 9 for TaSs), a band gap above and a second one below
the Fermi level are found. Here we report the calculated optimal z7T in the hypothesis of moving the
chemical potential towards the closer band gap, the one below the Fermi level. In the case of NbSes (SI
Fig.10, the lower band gap is closed, therefore the upper band gap is taken into account by our screening
and the material is considered p-type, but with a low 27 (<0.1). In the literature, the existence of
one or two band gaps in these materials was recently considered for optical applications in Ref. [76]. A
low Seebeck coefficient was reported in Ref. [77] for NbSy with Li intercalation. Moreover, calculated
band structure using HSE confirms the presence of the two band gaps for TaSy [48]. Electron-phonon
scattering in TaSy was recently studied theoretically [76], but no Seebeck coefficient was reported. In
general the effect of the doping on the Seebeck coeflicient seems not to have been investigated extensively

in this class of metallic compounds.
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Figure 6: Band structure and calculated transport properties of the transition metal dichalcogenide

NbSy (mp-10033).

The effect of Ta doping on the transport properties of TiSs (SI Fig. 11) was investigated in Ref. [78].
TiS, reaches a 2T value close to 0.4 at 700 K, and various nanostructuring techniques are reported to
decrease its thermal conductivity by exploiting its layered structure. The pristine TiSy compound shows
an n-type behavior. Ta doping decreases the negative Seebeck coefficient and increases the conductivity
with a PF found at 7 uW/(K? cm). This material is found by the present screening because the band
structure shows a band gap near 2 eV above the Fermi level. However, the calculated optimal PF
(~50 uW/(K? cm), reported by this screening) is actually much closer to the Fermi level than to the
gap. This is likely due to the particular shape of the bands that include a pseudo-gap around the Fermi
level (see SI Fig. 11).
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LazTes family

Among the binaries, we also note the large family of 28 phases with the same stochiometry and space
group (I43d) of LagTey. Most of these 3-4 phases have similar n-type band structure, yet 5 show a
vertically mirrored band structure with the Fermi level in the valence band just below the VBM at I'.
In Fig. 7 we report the band structure and the calculated transport properties for the interesting case
of BayBi3, along with its crystal structure in Fig. 8. In Ref. [79], BayBi3 is reported to be stable and to
have good metallic conductance. Notably, in Ref. [80], Bi vacancies are reported to form spontaneously
to increase the stability of the material. This is actually beneficial for the TE properties; since vacancies
cause the holes in the valence band to be filled and move the Fermi level towards the band gap, Bi
vacancies actually improve the PF. More recently, topological behavior was discovered in this compound
due to band crossing near the Fermi level [80,81]. To our knowledge, this system has not been investigated

as a thermoelectric material.
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Figure 7: Band structure and calculated transport properties of BayBis (mp-30892).
Others

In Ref. [82], a metal-semiconductor transition via Ru doping of In3Ir has been reported. The chemical
doping with Ru (0 < « < 1) shows a drastic change in the transport as expected by the presence of
the band gap. The low conductivity, however, limits though the value of 2T to 0.05. The presence of
a flat band just above the CBM could be the origin of the low conductivity. In SI Fig. 12, the band
structure and the computed transport properties are shown for Inzlr. A similar metal-semiconductor-
metal transition has been studied in Fe,Co;_,Si and Fe,Mn;_,Si alloys [83]. The compounds at the
extremities, MnSi and CoSi, are both found in our screening as gapped metals, while FeSi is a small
band gap semiconductor. They have a very similar band structure, but are distinct due to position of the

Fermi level: in CoSi, the Fermi level is above the band gap, while it is below the band gap in MnSi, as
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shown in SI Figs. 13 and 14. The optimal computed 2T is quite low for both due to their high minimal
thermal conductivities and low power factors. The PF can be improved if the constraint on the carrier
concentration is dropped, i.e., the Fermi level is allowed to reach the band edges. In similar cases of alloys
of two gapped metals, the limit on the carrier concentration used in this screening might be dropped.

Yb;Siy and Ybs;Gey appear to be metallic in our screening but experimental measurements showed a
typical semiconducting behavior of the resistivity [84]. In these materials, Yb has mixed valence (+2 and
+3) depending on the site it occupies, which leads to a completely filled valence band. On the contrary,
the band structures used for this screening were calculated with a Yb pseudopotential with only two
f-electrons (simulating the +2 valence), thus the valence band is not filled and the material is a metal.
On the one hand, this represents a case where our approach fails; on the other, it shows that the screening
sheds light on materials that were probably overlooked as TE materials. Indeed, YbsSiy and YbsGey
are not extensively studied: no accurate band structure has been reported and no Seebeck coefficient
measured to our knowledge. As shown in SI Fig. 15, assuming this compound as semiconducting, YbsSiy
shows an interesting conduction band with high computed optimal PF (~30 yW/(K? cm)). We note
that its GGA band gap is quite small ~0.08 eV, but use of a better functional may compute a larger
gap.

Liy5Siy is a crystalline phase that appears when increasing lithium concentration in silicon anode of
lithium ion batteries [85]. To our knowledge, this system has not been investigated as a thermoelectric
material. Its band structure and transport properties are shown in SI Fig. 16.

A series of interesting binaries gapped metals found in this screening but not reported in literature
as TE materials are listed in the last two sections of Table 3. Their band structures and transport

properties are reported from Fig. 17 of Sec. 7.1 of SI.

Figure 8: From left to right, the crystal structure of K4Gess, NbSs, and BayBis.

3.2 Ternaries

In the following, we continue discussing the ternary compounds in the order in which they are listed in

Table 4.
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Chevrels

The compounds in the second group are rhombohedral ternary chalcogenides of formula M, MogXg (X =
chalcogen, M = Cu, Ag, Ni, Fe, Ti, rare-earth, etc.) known as Chevrel phases [86]. The common building
block MogXg is arranged in such a way that leaves space in the structure for inserting additional metal
atoms (M) of a large variety of species. The choice of filling atom is crucial in determining the structural
and electronic properties of these phases. The phases reported here show p-type carriers, a very small
computed thermal conductivity (< 1 W/m K), and a moderate computed PF (~30 pW/(K? cm)). As
an example, the band structure and the computed transport properties are shown for Ca(Mo3Sy)2 in
Fig. 9, while its crystal structure is in Fig. 12. These phases have been studied mostly for their remarkable
superconductivity [87], but also for their good TE [88-93] and catalytic [94] properties. The most studied
phases for TE applications have transition metals on the M atom. Given their small size, they can fill most
of the empty sites in the structure, leading to a fine tuning of the carrier concentration. Although other
species, e.g. La, Pb, can be used to tune the Fermi level, they can only fill some of the empty sites due to
their bigger size, resulting in reduced tunability. This explains the existence of the Chevrel compounds
CuyMogSg with 4 Cu filling atoms, and LaMogSg with only one La filling atom. They show positive
Seebeck coeflicient, low-to-medium conductivity, and low thermal conductivity resulting in a best 27" that
ranges from 0.17 to 0.4 at high temperatures ~1000 K. It appears that the low thermal conductivity
stems from filling atoms that enhance the phonon scattering. The increasing Seebeck coefficient with the
temperature is likely due to the near band gap. Disappointingly, experimental data show both Seebeck
coeflicient and electrical conductivity are not high enough to reach a good PF. Theoretical work suggests
that the electronic performances and mobility could demand on the type of X element used to tune the
carrier concentration [95]. We note that most Chevrel phases experimentally studied in literature (i.e.
TiMogSes) are not found in this screening because their computed energy above hull is higher than the
considered threshold of 0.05 eV. We also note that most TE experimental work has focused on Chevrels
with X as a transition metal. Our work suggests that reinvestigating Chevrel phases with alkali-earth
and rare-earth elements might be of interest. For instance, Ca(Mo3S,)2 emerges from our screening and
could have its carrier concentration tuned by substituting Ca by La.

Although our screening likely discards potentially interesting phases, it also finds additional ones
which were not reported in the literature as TE materials; therefore, these unreported phases may be
candidates for further study. Among them our eyes fall on PbMogSg, a known superconductor with a
unique band structure containing a highly-pocketed valence band and the highest computed optimal PF

among the Chevrels (see SI Fig. 23).
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Figure 9: Band structure and calculated transport properties of Ca(MozS4)2 (mp-8530).

Cu-containing

CusSbSs (Fig. 10 and Fig. 12) is found to have a calculated optimal z7'~1.4 and to be slightly unstable
(energy above Hull about 0.04 €V). As reported recently in Ref. [96], this compound was stabilized in the
cubic structure by doping with Fe and tuning the hole carriers by Sb doping. The zT was measured to
be 0.8 at 600 K. Cuy2SbsS13 (SI Fig. 24) was reported in Ref. [97] to have a p-type metallic behavior and
a zT'~0.4 at 600 K. The calculated optimal 27 is ~1, with a ki, very close to the experimental lattice
thermal conductivity at 600 K, predicted Seebeck slightly overestimated and ¢ and ke underestimated.
CuzSbXj3 (X = S, Se) (SI Fig. 25) were found in the screening, but experimentally they are reported
as semiconductors which must be doped to achieve reasonable p-type TE performance. Including spin-
orbit coupling (SOC) [98] or using HSE [99] in the calculation opens a band gap in the band structure.
CuaSnTes (SI Fig. 26) has also been reported to be a standard semiconductor with a band gap opening at
the Fermi level when HSE is used to calculate the band structure [100]. These two cases demonstrate one
of the limits of our screening for the cases where the SOC and the exchange-correlation term dominates

the characteristics of the bands.
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Figure 10: Band structure and calculated transport properties of CuzSbSs (mp-647606).
Others

TagSiTeg (Fig. 11), a layered ternary telluride with a stacking (as shown in Fig. 12) similar to that of
MoSs, has been recently proposed as a topological semimetal. This material experimentally shows the
typical metallic dependence of resistivity on temperature, and its Hall measurements show that hole
carriers dominate the transport [101]. Another study focused on the band crossing at Fermi level pro-
vided evidence of its semimetallic nature combining ARPES measurements and ab-initio band structure
calculations [102,103]. Both studies do not mention the presence of the near band gap and its potential
effect on the Seebeck coefficient. LijosMgsSiy and CazCrN3 have been identified as potential electrides
in Refs. [104] and [38], respectively. However, since these classes of materials are usually less stable at

high temperatures, they might not be suitable for TE applications.
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Figure 11: Band structure and calculated transport properties of TagSiTeg (mp-505206).

High predicted 2T oxides are also found in this screening: Lis(CuOs)s (SI Fig. 27) LagTisOq2 (SI
Fig. 28), Co(BiOg3)2 (SI Fig. 29), Nag(CuOz)2 (SI Fig. 30), LiNizO4 (SI Fig. 32). These oxides have theo-

retically predicted structures and no transport properties are reported in literature. ProSbOs (SI Fig. 31)

was synthesized in the orthorhombic phase, resulting in a semiconductor [105] whose TE properties were

investigated experimentally in its family REoSbOs [106].

,-‘T\ @®cu @sb Os
b

Figure 12: From left to right, the crystal structure of Ca(Mo3S4)2 , CuzSbSs, and TagzSiTeg.

A series of interesting gapped metals found in this screening but not reported in literature as TE

materials are listed in the last two sections of Table 4. Their band structures and transport properties

are reported from Fig. 33 of Sec. 7.2 of SI.

19


https://materialsproject.org/materials/mp-505206

Journal of Materials Chemistry A

4 Conclusions

We have reported on a HT screening to search for gapped metals with attractive thermoelectric properties.
By scanning the band structures and the transport properties in the MP database, it has been found
that the key feature of these metals, i.e. a band gap near the Fermi level, is a quite common feature.
The presence of this band gap has been discussed as crucial for enhancing the TE performance of these
metals, making them comparable to semiconductors. Although, many of the gapped metals found here
are already reported in the literature as TE materials, the present analysis represents the opportunity
to review all these well-known compounds in the context of the gapped metals concept. Also, other
interesting but less studied compounds emerged and are proposed for further investigations. Finally,
given that the key feature of the band structure could be potentially exploited for other applications,

the present report on gapped metals could also be of great value in other material science fields.
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MP;q Formula  Spacegroup type 2T PF Kel N Kmin
Clathrates

mp-27800 K4Gess  Pm3n n 145 3772 093 5.63 0.63
mp-186 NaySip3  Pm3n n 095 3098 076 7.09 1.19
mp-531 K4 Sias Pm3n n 0.83 28.04 0.81 6.7 1.22
mp-13909 K4Snos Pm3n n 1.37  26.17 0.81 3.79 0.34
mp-2496 CssSnss  Pm3n n 1.61 25.89 0.65 3.74 0.31
TMDs

mp-10033 NbSs P63/mmc n 0.67 753 6.19 10.11 0.51
mp-1984 TaS» P63/mmc n 0.28 42.62 877 10.09 0.44
mp-2207 NbSeq P63/mmc p 0.09 1543 10.26 10.01 0.39
mp-2156 TiS, P3ml1 p 044 5716 724 1.71 0.57

LagTey family

mp-23310 YbyBiz  143d p 0.71 1359 082 435 0.32
mp-1295 YbsSbs  143d p 0.71 1499 0.89 4.63 0.37
mp-30892 BayBis 143d p 0.89 1457 0.75 3.12 0.23
mp-30893 SryBis 143d p 0.74 1481 0.79 3.62 041
mp-1098 YbyAsz  143d p 0.7 16.85 1.0  5.56 0.45
Others

mp-630976 InsIr P4y/mnm  n 1.16 33.57 124 948 0.49
mp-22236 InzCo P45 /mnm n 1.03 44.09 195 9.16 0.61
mp-20559 GasCo P43/mnm n 0.51 41.57 3.94 10.15 0.91
mp-20101 YbsSiy Pnma p 0.76 1223 0.41 8.6 0.55
mp-21300 YbsGey,  Pnma p 0.84 11.96 04 853 046
mp-569849 Li;5Siy 143d p 0.41 2839 283 242 1.36
mp-24202 ThyH;;  143d n 1.08 3785 1.05 477 1.04
mp-1777 LijsGey 143d p 044 2796 284 234 0.95
mp-676024 LiszSbyp  C2/m P 1.2 54.32 2.03 3.97 0.7
mp-9546 YboCs 143d n 0.63 34.07 229 10.11 0.96
mp-29973 SrN C2/m n 043 20.76 2.21 10.06 0.68
mp-32727 Y3Sey C2/m n 0.5 24.73 245 4.95 0.52
mp-28424 K4Ps3 Cmcm p 0.41 14.44 1.63 3.76 0.48
mp-624299 CurSy Pnma P 0.91 28.95 1.08 54 0.83

Table 3: Binary gapped metals with high computed optimal z7T" at 600 K. For each material, the optimal
power factor (PF) in pW/(K? ¢cm), the optimal carrier concentration (n) in 102* cm™3, and the thermal
conductivity £ in W/(K m) are also reported. For the latter, k¢ is the calculated optimal electrical
contribution and Ky, provides the minimum limit for the lattice contribution as obtained in the Cahill
model. The figure of the crystal structure, the band structure, and the related calculated transport

properties of all these compounds are provided in the SI.
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Journal of Materials Chemistry A

MP;q Formula Spacegroup type 2T PF Kel N Kmin
Chevrels

mp-8530 Ca(Mo3Ss)2  R3 p 094 29.13 096 6.58 0.89
mp-3043 Sr(MosS4)2  R3 p 096 27.65 0.89 6.35 0.85
mp-555066 MogPbSs R3 p 1.0 3225 1.14 6.2 0.79
mp-2945 Yb(MozSs)2  R3 p 096 29.33 1.02 6.63 0.82
Cu-containing

mp-647606 CuzSbS; [43m p 1.38 29.61 059 3.15 0.7
mp-647164 Cui2SbsS13 143m p 1.09 16.18 0.33 2.56 0.56
mp-5702 CusSbSy 142m p 0.58 38.13 3.21 10.07 0.72
mp-9814 CuzSbSey [42m p 1.24 4337 157 10.0 0.53
mp-13089 CusSnTes Imm?2 ) 1.17 7436 3.38 10.06 0.42
Others

mp-505206 TazSiTeg Pnma P 1.29 13.87 0.34 3.32 0.3
mp-28754 Nb3GeTeg Pnma p 0.76 11.03 043 3.28 0.44
mp-505137 Nb3SiTeg Pnma p 095 1245 0.33 333 046
mp-25248 Liy(CuO2); C2/m n 0.65 30.86 148 6.16 1.38
mp-754804 LasTisO12 Amm?2 n 0.65 53.02 348 2.53 145
mp-765403 Co(BiO3)- P321 p 0.62 25.64 1.58 7.83 0.92
mp-559817 Naz(CuOs3)2 P2;/c n 0.61 34.77 241 7.01 1.01
mp-676273 PraSbOq P1 p 044 7464 9.47 787 0.65
mp-755956 LiNizOy4 Cmmm p 042 54.11 5.96 10.09 1.8
mp-11176 Cag(Silr), I43m p 0.37 27.17 3.59 926 0.79
mp-22418 Sr3(Snlr), [43m p 0.56 3527 3.31 6.89 0.5
mp-27835 K2OsBrg Fm3m p 2.46 46.33 0.93 5.7 0.2
mp-639910 Y(SngRuy)s  142m p 1.02 33.17 123 321 0.72
mp-36966 NaSmsSes C2/c n 0.84 29.14 1.6 6.22 049
mp-37312 Na(LagSes)s I42d n 0.81 10.11 0.31 1.55 0.44
mp-753216 LiAgoF, Cmce p 0.81 49.82 298 838 0.71
mp-675367 NbsIrSs P1 n 0.73 46.27 3.06 6.33 0.72
mp-569313 MgsSiglrs F43m p 0.73 36.35 1.8 399 1.14
mp-8331 LijoMgsSiy  I43d n 0.72 39.64 185 6.02 1.46
mp-4139 Nb,GaSg F43m n 0.6 19.4 1.14 3.41 0.8
mp-12906 SrsCrN3 P63/m n 0.68 13.68 045 649 0.76
mp-675056 Nag(TiS2)10 Cm n 045 26.16 2.66 3.89 0.81
mp-8670 CazCrNs Cmcm n 0.45 13.35 0.44 8.58 1.32

Table 4: Ternary gapped metals with high computed optimal 27" at 600 K. For each material, the
optimal power factor (PF) in uW/(K? cm), the optimal carrier concentration (n) in 10%! ¢cm
the thermal conductivity x in W/(K m) are also reported. For the latter, k¢ is the calculated optimal
electrical contribution and k;, provides the Ininirélélm limit for the lattice contribution as obtained in

the Cahill model. The figure of the crystal structure, the band structure, and the related calculated

transport properties for each compounds are provided in the SI.
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