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The Layered Transition Metal Dichalcogenides as
Materials for Storage Clean Energy: Ab initio
Investigations
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Abstract—Transition metal dichalcogenides have potential
applications in power generation devices that convert waste heat into
electric current by the so-called Seebeck and Hall effects thus
providing an alternative energy technology to reduce the dependence
on traditional fossil fuels. In this study, the thermoelectric properties
of 1T and 2HTaX2 (X= S or Se) dichalcogenide superconductors
have been computed using the semi-classical Boltzmann theory.
Technologically, the task is to fabricate suitable materials with high
efficiency. It is found that 2HTaS2 possesses the largest value of
figure of merit ZT= 1.27 at 175 K. From a scientific point of view,
we aim to model the underlying materials properties and in particular
the transport phenomena as mediated by electrons and lattice
vibrations responsible for superconductivity, Charge Density Waves
(CDW) and metal/insulator transitions as function of temperature.
The goal of the present work is to develop an understanding of the
superconductivity of these selected materials using the transport
properties at the fundamental level.

Keywords—Ab initio, high efficiency, power generation devices,
transition metal dichalcogenides.

1. INTRODUCTION

AYERED transition metal dichalcogenides MX2 (M=

transition metal, X= S, Se, or Te) are of particular
importance for their rich variety of the physical properties.
These two-dimensional (2D) compounds are relatively simple
and Pauli paramagnet systems which exhibit a range of CDW
transitions [1], [2], superconducting behavior at low
temperatures [3], optical band gaps [4], [5], usefulness for
solar cells [6], [7], and potential as catalysts for hydrogen
evolution [8] and CO2 reformation [9]. Then, they have been
widely used in electrochemical applications, metallurgical
process control, coal gasification, and environmental pollution
control [10].

The properties of CDW in a transition metal dichalcogenide
TaX2 have been the subject of intensive studies [1]. Around
room temperature, the compounds show the nearly
commensurate (NC) CDWs with hexagonal domains separated
by domain walls, where the CDW phases abruptly change.
With decreasing temperature, the domain size becomes large,
and the NC CDWs are transformed into the commensurate (C)
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CDW states with a resistivity jump at low temperatures [11].
On the other hand, almost 30 years ago, of high temperature
superconductors having Tc's exceeding 100 K. Most recently,
a range of Fe-pnictide and chalcogenide compounds have been
shown, unexpectedly, to exhibit SC in the 50 K range [12].
This fact, a coexistence of superconductivity and CDW states
are predicted in these material classes. The diversity of the
behaviors from family to family might indicate that both
orbital and spin scenarios are necessary to fully understand the
iron based superconductors [13].

The energy storage procedures are reviewed, together with a
discussion of electricity generating methods and future
electricity use [14]. The areas such as improved engine-
management of internal combustion engine vehicles and
improved batteries for electric vehicles, where progress
depends very much on materials developments, are surveyed
in more detail. The need for developing a cheap, yet effective
method of converting solar energy into electrical or chemical
energy stimulated rapid advancement of semiconductor
electrochemistry in the past decades. For designing and using
such materials, the crystallographic data, electronic and
thermoelectric transport properties are of considerable
significance. Depending on the temperature, pressure, and the
chalcogen atoms, many polymorphic modifications as 1T
(octahedral coordination) and 2H (trigonal prismatic
coordination) polytypes are shown. Experimentally, growth of
these compounds was made via the chemical vapor transport
(CVT) by the usual iodine method [15]. At ambient
conditions, hexagonal 2H type is the stable structure for TaX2.
These compounds are of great interest because the behavior of
resistivity, particularly of 1T TaS2 (Se2) has been termed
anomalous because the proposed band structure of 1T-
materials by Wilson and Yoffe predicts a partially filled high
density of states (DOS) d-band metal [16]. Many literatures,
including some review articles are available. However, data
hamper uses in establishing a robust data base of the
theoretical study of thermoelectric transport properties of
TaX2 dichalcogenides are barely debated.

In this report, superconductivity, CDW and metal/insulator
transitions for 1T and 2H TaX2 phases in dependence of the
temperature, have been investigated. Heat capacity, Hall
effect, Pauli magnetic susceptibility, electrical and thermal
conductivities, Seebeck effect and figure of merit are
computed, by means of the semi-classical Boltzmann theory.
The relationships between superconductivity, CDW on metal —
insulator transitions and thermoelectric transport properties
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have been discussed, in order to understand the physical
anisotropy of TaX2 compounds. Indeed, at low temperatures,
the atoms move out of their equilibrium positions generating a
significant periodic lattice distortion, which causes transition
phases and the appearance of the CDW states. For the simplest
case of 1T TaSe2, the room temperature superlattice is realized
when the existing CDW rotates into an orientation from which
it then becomes commensurate. Wilson et al found that this
condition produces a gap in the electron DOS at the Fermi
level [1]. For 2H polytypes though CDW formation is
withheld to low temperatures, probably because of the more
complex band structure [16]. Thus, many efforts have been
devoted to combine crystallographic and electronic structure
properties for the purpose of optimizing the thermoelectric
performances. For instance, electronic DOS at the Fermi level
is required to maximize the ZT (figure of merit), which was
recently demonstrated experimentally in terms of band
engineering. at the Fermi level is required to maximize the ZT
(figure of merit), which was recently demonstrated
experimentally in terms of band engineering. The main
motivation of this review is to extend the previous
experimental and theoretical study, by addressing the
electronic structure and thermoelectric properties of TaX2
compounds.

II. METHODOLOGY

In order to obtain more insight into the effect of the
superconductivity and phase transformations to the electrical
and thermal conductivities in the TaX2 dichalcogenides which
tantalum ions are coordinated in trigonal prisms of sulfur ions
[17] or octahedral sites, the transport properties are computed.
Several models have been proposed to explain the interlayer
magneto-transport in high-Tc superconductors [18].

Thermoelectric properties such as Hall coefficient, Seebeck
tensor, electrical and thermal conductivities are derived by
making use of Boltzmann’s transport theory incorporating the
constant relaxation time approximation. The interactions have
the consequence that the conduction carriers are not in their
equilibrium states. There are two approaches to such a non-
equilibrium transport, namely the Green — Kubo theory [19]
and the semi — classical Boltzmann transport theory [20], [21].
The former relates transport coefficients to the correlation
function of the current or heat flux. The later treats effect of
various scattering mechanisms on transport properties in terms
of relaxation times. The Boltzmann transport theory has
proven its validity in numerous applications where calculated
transport coefficients can be readily compared with
experimental results. Accordingly, it is shown how to merge
the electronic structure — as derived from a first-principles
approach — into the Boltzmann theory for deriving the
electronic transport coefficients. In this study, the Boltzmann
theory that has been used describes the electron system by
introducing a distribution function, which is given by the
Fermi function when electrons are in the equilibrium state. A
program package called BoltzTrap [18] is adopted to
incorporate the necessary output from the Wien2k
calculations. It is based on a smoothed Fourier interpolation of

the band energies where the space group symmetry is
maintained by using star functions [22]. From this analytical
representation, the necessary derivatives are calculated for the
transport  distributions. The electrical conductivity is
calculated using the relation [23], [24].

III. RESULTS AND DISCUSSIONS

A. Specific Heat

The temperature dependence of the heat capacity (specific
heat) of TaX2 from 0 to 700 K is presented in Fig. 1, which
shows a discontinuity at the anomaly temperature, suggesting
that the compounds have a first order phase transition in the
temperature range 70-180 K. From these data, we were able to
get that the strong interaction between the electrons and
phonons have been responsible for the formation of the
commensurate charge density wave (CCDW) phases. This
result is in agreement with the specific heat value observed by
[25] for 2H-TaS2 using an AC calorimeter method.
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Fig. 1 Evolution of specific heat versus temperature of TaX2

B. Hall Coefficient

Fig. 2 shows the temperature dependence of the Hall
coefficient (RH) of TaX2. The values of RH were positive for
1T TaX2, negative for 2H TaSe2, and scarcely dependent on
temperature for these samples, indicating a typical metallic
nature with hole and electron conduction, respectively. These
values were negligible and almost independent of temperature
for all compounds, except for 2H TaS2. In this last system two
regions are detected: at low temperatures, 2H TaS2 shows an
anomalous sign change in the Hall coefficient, probably
associated with a magnetic ordering at about ~ 90 K, then
becomes stable starting from 300 K. Indeed, a small degree of
magnetic ordering is also present in this compound in the low
temperature region. This is illustrated in Fig. 3 which
represents the temperature dependence of Pauli magnetic
susceptibility of TaX2 dichalcogenides, at which the Hall
coefficient begins the rapid change from p- to n-type
conducting. Second region begins above 300 K with small
positive and constant value of RH independently of the
temperature. Hall coefficient can also be calculated from the
electrical conductivity. The decreasing tendency of RH with
decreasing temperature below 300 K for 2H TaS2 indicates
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that this compound is semiconductor rather than metal, and
then anomalous behavior at the transition temperature has
been observed, presumably due to the apparition of the CDW
phase. The large change in the Hall coefficient near the CDW
transition is similar to that observed for third-row transition
metal dichalcogenides NbS2 and VSe2 at the CDW transition.
Experimentally, similar results were found by A.H. Thompson
et al. of 2H TaS2 with RH= +2.2 x10"1 m3 C! at 300 K [26].

C.Pauli Magnetic Susceptibility and Superconductivity

The Pauli magnetic susceptibility is proportional to the
DOS at the Fermi surface in any electron gas. The temperature
dependence of magnetic susceptibility is displayed in Fig. 3.
The susceptibility increases with decreasing temperatures,
following the Curie-Weiss law. For all compounds, the results
show that the susceptibility is relatively temperature
independent at higher temperatures. It can be seen in the figure
that the superconductivity transition temperature is about K
with different intensities for all compounds.

electrons and holes as compared to the rest of the samples. The
presence of donor levels may be a possible origin of this
conductivity, hardly assuming the existence of a large amount
of vacancies. Indeed, the energy band calculations clarify
these issues. The somewhat large concentration of holes
observed in 2H TaS2 may indicate that a small number of Ta
vacancies remain even in the stoichiometric sample. At high
temperature, high-mobility and low-density holes compensate
the contribution of electrons to the Hall conductivity.
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Fig. 3 Evolution of Pauli magnetic susceptibility versus temperature
of TaX2

D.Hall Mobility

Fig. 4 shows the temperature variations of the Hall mobility.
The rather small values of pH suggest that there are many
scattering factors in the samples, i.e. impurities, vacancies,
dislocations, grain boundaries, etc. A singular behavior has
been noticed for 2H TaS2 with the mixed conduction of
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Fig. 4 Evolution of Hall mobility versus temperature of TaX2
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Fig. 5 Evolution of carrier concentration versus temperature of TaX2

From the Weidmann-Franz law, it is evident that throughout
the studied temperature range, heat transport is essentially due
to the lattice contribution. At the lower temperatures the
absence of any T- Law behavior has been observed, generally
ascribed either to electron — phonon interaction or to scattering
by static dislocations. However, for layer structures, one also
has to take into account the anisotropy of the phonon
branches. Such an approach was carried out for graphite by
[27].

E. Carrier Concentrations

The carrier concentrations (n) shown in Fig. 5 are calculated
assuming one carrier type, from room temperature Hall
constants. The values of charge concentrations are found to be
21.34, 7.56 and -31.20 cm? for 1T TaX2, 2H TaS2 and 2H
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TaSe2 respectively, indicating that the transport in 1T TaX2
has been carried by the holes because the positive values, and
the transport in 2H TaS2 has been carried by electrons because
the negative value of charge concentration. These numbers
show small or no variations with temperature in the whole
range 0-700 K, suggesting that the samples are metals.

F. Seebeck Coefficient

To investigate the conduction mechanism in more detail,
Seebeck coefficients have been determined from 0 to 700 K
for all samples in Fig. 6. A broad peak has been observed in
the temperature range 70-180 K. Three transition regions are
observed: coexistence of superconductivity and CDW phases
at low temperatures from 0.7 to 10 K. Further, an
incommensurate and then commensurate CDW phase are
shown at 180 K and 70 K, respectively. Finally, linear
temperature dependence above the CDW transition from 300
to 700 K for the normal phases is noticed. Around the lower
temperatures, strong influences of the CDW phase transitions
on the electronic states exist. Since the CDW consists of the
coupled modulations of the conduction electron density and
atomic positions, it produces an energy gap at the Fermi
surface, because of phonon effects. The anomalies are sharper
compared to those observed in the electrical resistivity and the
Pauli magnetic susceptibility.
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Fig. 6 Evolution of Seebeck coefficient versus temperature of TaX2

Also, CDW of the compounds is more sensitive to the
change in the DOS at the Fermi surface, it has been noticed a
sharp feature at the transition, where the carrier density
changes, illustrated by the Hall coefficient curves. These
discontinuities are due to the strong interaction between the
free carriers and phonons. The positive Seebeck coefficient
reveals the dominance of the holes such as the charge carrier
conduction, whereas the negative sign of the thermoelectric
power is adequate of the electrons as charge carriers dominant.
At high temperature, all compounds show positive values of
Seebeck coefficient occurred if the electrons of higher energy
in the d band of tantalum are more scattered, compared to the
low-energy electrons. The larger value of Seebeck coefficient
is discerned of 2H TaS2 equal to -94 pV/K at 180 K, reaches
maximum then declines continuously above 300 K, in good

agreement with the value of Seebeck coefficient found in
experimental results for PbSe2 equal to +99 pV/K at 400 K
studied by [28]. Results presented in this study are in good
concordance with those of [29], [30] using the Born von
Karman model and those presented by A.H. Thompson et al.
of 2H TaS2, with S=-7 pV/K at 300 K [26].

G. Electrical Resistivity

Fig. 7 shows the temperature dependence of the electrical
resistivity in the range 0 to 700 K. The resistivity gradually
decreases  with  decreasing  temperature,  exhibiting
superconductivity behavior and CDW transitions at low
temperatures. This indicates that at temperatures just above the
superconducting Tc, most likely dominated by grain boundary
or impurity scattering [31] who can facilitate the Ilattice
distortion (CDW transition), like the effect of pressure shown
by [32], where it has been noticed that in the presence of
hydrostatic pressure, the CDW transitions shift to high
temperature. The strains and the impurities inside the crystals
give rise to the increased overlap of the tantalum’s narrow d
band with the s-p bands of sulfur (or selenium), in turn
increasing the CDW onset temperature, observed for 2H TaS2
in good agreement with the experimental results obtained by
[26].

1 L I I | |
74
‘AAAAAAAAAAAAAA‘AAAAAAALAA
‘A‘.Al‘ ) LLA‘A,A,A‘A A,
- 61 L _
> .
: A.AAA‘A -
Z°] s 2
= ~ s
/

N ! - = -2H-TaS,
= ! - - -2H-TaSe,
2 F
ol
3 !
£ 24
: A TYYYYYYYYY

14 7

I,
k
0 T : I I | |
0 100 200 300 400 500 oo )

Temperature (K)

Fig. 7 Evolution of electrical resistivity versus temperature of TaX2

The value of p= 1.5 x10°° Qm at 300 K [26] has been found,
a change of slope at 75 K and 82 K for CDW transitions have
been measured by [33] and [34] of 2H TaS2 and 2H TaSe2
respectively, in good agreement with our calculations. Also, a
superconducting transition at 0.8 K has been found by [35] of
2H TaS2. Secondly, the more electronegative sulfur renders
the structure of TaS2 more ionic than that of TaSe2, so that a
larger electrical resistivity is expected for the 2H TaS2, and a
large value of Seebeck coefficient. This anisotropy establishes
that these compounds are quasi-two dimensional metals, as
expected from crystal structures data and the electronic
density d states [36]. This temperature dependence of
resistivity for TaX2 implies that the strains and the impurities
(vacancies or dislocations) play a significant role of this
behavior.
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H. Electrical Conductivity

Curves of electrical conductivity have the same shape and
become lincar above CDW transitions (Fig. 8).
Superconducting transitions have been observed at 3 K for 1T
TaX2,2.2 K and 0.8 K for 2H TaS2/Se2, respectively. Fleming
and Colman [37] have reported that the superconducting
critical temperature of TaS2 was enhanced to about 3.5 K for
2H Fe 0.05 TaS2. This exponential decay of electrical
conductivity has been probably due to the drastic alteration in
the Fermi level. It can be seen that two regimes characterize
the conductivity versus temperature: (1) 0 K<T< 100 K,
abrupt and important decrease of the electrical conductivity of
all compounds is observed, indicating the occurrence of
conductor- semiconductor phase transition; (2) around T 100
K, conductivity decreases slightly when the temperature
increases. Such a variation is characteristic of a metallic
behavior. This result supports the experimental observation
made by [35] and [38] that at the transition temperature, a
metal — insulator/metal — semiconductor transition is occurring
in TaX2. Indeed, metal-metal bonding may arise from a direct
overlap of metal orbitals. However, an indirect interaction
between metal atoms is also possible. It is shown that the
presence of a highly medium polarization around positively
charged metal atoms leads to an effective metal-metal
interaction. In insulating ionic compounds, the anions serve as
the medium polarization. This leads to a clustering of metal
atoms in layers or chains in compounds with highly
polarizable anions. In compounds with metallic conduction,
like TaX2 the conduction electrons provide the medium
polarization. The instability of conduction electrons in linear-
chain and layered compounds leads to CDW and the
associated clustering of metal atoms [39].
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I. Thermal Conductivity

The thermal conductivity versus temperature curves for all
TaX2 compounds are shown in Fig. 9. Large increase of
thermal conductivity has been noticed at the transition
temperatures, from the CDW to the normal phases. The
gradually increase of the thermal conductivity with

temperature shows metallic behavior. This is mainly due to the
increase in the number of phonon's which are seen to be most
strongly affected by the transition. Then, at low temperature
range the lattice contribution is more dominant than the
electronic contribution while with increasing temperature the
electronic contribution becomes predominant. The values of
the thermal conductivities are comparable to those found in
thermoelectric materials such as Bi2Te5 (x = 2.5 W m! K1)
[40], and with the experimental result of [41], and that
observed by [42]. This trend is in good agreement with the
results presented in this study.
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J. Figure of Merit

In Fig. 10, the variation of the figure of merit ZT with
temperature has also been plotted for TaX2. The dimensionless
figure of merit ZT of TaX2 is evaluated by using the data of
the electrical resistivity, Seebeck coefficient and thermal
conductivity. It was observed that the ZT of 2H-TaS 2 is the
largest value, equal to 1.27 at 175 K. Above 300 K, very low
values of ZT are observed for all TaX2, probably due to the
low absolute values of Seebeck coefficients and electrical
conductivities, in addition to the high value of electronic
thermal conductivity.
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In order to utilize the TaX2 dichalcogenides in actual
thermoelectric applications, it is necessary to optimize the
electrical  transport properties. In addition, further
improvements of the figure of merit may be achieved by
doping to optimize the number of charge carriers. When the
charge carrier concentration increases, the Seebeck coefficient
is expected to decrease whilst the electrical conductivity is
expected to increase, and a maximum in the power factor will
be found for a certain charge carrier concentration (10"
carriers cm -3 for broad band semiconductors) [40].

IV. CoNCLUSION

The research of new materials with original properties for
different applications is one of the intents in the activity of
scientists. The study of thermoelectric properties of transition
metal dichalcogenide superconductors is among these
purposes. Thus, the transition metal dichalcogenides and their
intercalates, while s-wave superconductors, contain many
examples that are not at all conventional in their
superconducting and normal state properties [43]. The aim of
this review is to point out that there are many rich scientific
phenomena and new technological opportunities underlying
highly thermoelectric materials [44].

For TaX2 dichalcogenides, understanding of anisotropic
physical properties like CDW transitions, superconductivity,
metal — insulator transitions and the metallic states are needed
to optimize the thermoelectric transport properties for energy
harvesting. In this case, we can establish that the electron-
phonon coupling driven superconductivity at the onset of
CDW states. Then, new and attractive candidates which may
have large figure of merit ZT with high Seebeck coefficient,
large electrical conductivity and low thermal conductivity to
obtain high energy density and rate capability are needed. The
challenge of the applications requires ZT higher than 1.
Experimentally, it is known that the metal — insulator
transition temperature of TaX2 is very sensitive to the purity
of chemicals used for crystal growth and the growth
conditions, such as temperature and pressure [45]. Satisfying
of all these criterions is impossible and the compromise
between those is required. Preparation of the TaX2 with
different compositional deviations from stoichiometry is one
of the ways of changing the carrier concentration optimized by
appropriate doping, and hence affecting the value of power
factor.

The present thermoelectric transport properties are
successfully applied to comprehend the experimental findings
for TaX2 dichalcogenides. In particular, importance of the
transport properties is the variation of stoichiometry of the
samples, phase transformations depending on the temperature,
and more theoretical comprehension of the crystallographic
structures and electronic states of these compounds. The
results in terms of numbers and analysis manifest the
importance and capabilities of first — principles computational
materials design.
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