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Electronic structure and thermoelectric properties of marcasite (m) and synthetic pyrite (p) phases of FeX,
(X = Se, Te) have been investigated using first principles density functional theory and Boltzmann transport
equation. The plane wave pseudopotential approximation was used to study the structural properties and
full-potential linear augmented plane wave method was used to obtain the electronic structure and

thermoelectric properties (thermopower and power factor scaled by relaxation time). From total energy

calculations we find that m-FeSe, and m-FeTe, are stable at ambient conditions and no structural

Received 30th October 2013
Accepted 9th December 2013

transition from marcasite to pyrite is seen under the application of hydrostatic pressure. The calculated

ground state structural properties agree quite well with available experiments. From the calculated
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. Introduction

The performance of a thermoelectric (TE) material depends on
S*aT
K
and « are the Seebeck coefficient, electrical conductivity, absolute
temperature and the thermal conductivity (which includes both
electronic . and lattice contribution «j, i.e. kK = k. + ;) respec-
tively, the efficiency of a thermoelectric device increasing with ZT.
The best of the commonly available TE materials have a value of
ZT in the order of unity." From the above expression for ZT, it is
evident that finding materials with high ZT (more than unity) still
remains an open challenge, as it needs to satisfy the conflicting
requirement of high thermopower like an insulator and behave
as a good conductor like a metal. Also it implies the need for
materials with good electrical conductivity and poor thermal
conductivity resulting in weak electron scattering and strong
phonon scattering. In the last few years efforts have been made
for identifying strategies to improve the value of the ZT. Several
reports have been published by different research groups with
focus on band structure engineering to enhance S and ¢ and
usage of nanostructure technology for reducing the lattice

the dimensionless figure of merit, Z7, given by ,where S, o, T
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thermoelectric properties, we find that both m and p forms are good candidates for thermoelectric
applications. However, hole doped m-FeSe, appears to be the best among all the four systems.

thermal conductivity. Recently, Shi et al.,* reported that the
multiple-filled skutterudites show an improved figure of merit of
1.7 at 850 K, which is the highest value reported in skutterudites.
Biswas et al.,? reported that PbTe-SrTe doped with Na shows a ZT
of 2.2 at 923 K due to the hierarchical structure which maximises
the phonon scattering.

There are well known constraints in developing good TE
materials, like toxicity and scarcity of the elements which prevent
the usage of the above materials in large scale industrial appli-
cations. Nevertheless, the search for such new TE materials still
continues despite the above mentioned restrictions. Recently,
the natural minerals of the tetrahedrite (Cu;, ,M,Sb,S;3) and
tennantite (Cu;p ,M,AS;Sq13), where M is a transition metal
element such as Zn, Fe, Mn, or Ni, have shown potential ther-
moelectric application due to their intrinsic low lattice thermal
conductivity.** Such studies have motivated us to explore ther-
moelectric properties of other families of minerals such as FeSe,
and FeTe,. The reasons behind selecting the transition metal
chalcogenides family are their excellent optical and magnetic
properties,” and the potential for widespread applications.
Recently, the polymorphic phases of FeSe, have been shown to
be good for solar cell absorber application.? Several experimental
reports are available attempting to understand the electrical
resistivity, Hall coefficient and thermoelectric power of these
compounds. The electrical resistivity and Hall coefficient of
FeSe, have been measured in sintered poly-crystals.”** Dudkin
et. al, have measured the electronic resistivity of FeTe,. The
same authors have also reported the thermoelectric properties of
FeSe, and FeTe,, measured at ambient temperature and the high
temperature results have been reported by Harada.'” The ther-
moelectric properties of pyrite-type FeSe, and FeTe, prepared at
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high pressure of 65 kbar was given by Bither et al.*®* There are no
theoretical studies on these compounds to understand the
thermoelectric properties.

In this work, we present a detailed theoretical study of the
electronic structure and thermoelectric properties of both the
marcasite and pyrite phases of FeX, (X = Se, Te), for which
the available experimental data are indicative of good TE
potential, which however is not realized so far. The paper is
organized as follows: in Section II we describe the method used
for the calculations and Section III presents the results and
discussion, followed by the conclusions in Section IV.

II. Methodology

All the total energy calculations based on first principle density
functional theory (DFT) were performed using pseudopotential
method as implemented in the plane wave self-consistent field
(Pwscf) program™ and full-potential linear augmented plane
wave (FP-LAPW) method as implemented in the WIEN2k.** The
Pwscf method is used to perform the structural optimization,
whereas FP-LAPW method is used to study the electronic and
transport properties. The total energies are obtained by solving
the Kohn-Sham equations self consistently within the Gener-
alized Gradient Approximation (GGA) of Perdew-Burke-Ern-
zerhof (PBE)."® A plane wave kinetic energy cut off of 50 Ry is
used and the first Brillouin zone in the reciprocal space is
sampled according to the Monkhorst-Pack scheme'” by means
of a 8 x 8 x 8 k-mesh in order to ensure that the calculations are
well converged. The electron-ion interactions are described by
Vanderbilt type ultrasoft pseudo potentials*® and the following
basis sets Fe: 35 3p° 3d° 4s?, Se: 4s® 4p” and Te: 55 5p” are used
as valence states. Variable-cell structural optimisation has
been performed by using BFGS (Broyden-Fletcher-Goldfarb-
Shanno) conjugate gradient algorithm as implemented in
Pwscf. To determine the ground state structure of FeSe, and
FeTe, and possible phase transformation, we have calculated
the total energy with applied hydrostatic pressure for both
marcasite and pyrite crystal structures ranging from —8 GPa
(expansion) to 8 GPa (compression) with a step size of 1 GPa.
The threshold criteria of 1 x 10° Ry for total energies, 1 x 10™*
Ry Bohr™* for total forces and 0.002 GPa for total stress were
used for structural relaxation at each pressure.

To study the electronic properties, we have used FP-LAPW
method as implemented in the WIEN2k code. As it is well
known, the first principles calculations often underestimate the
band gap within the standard local scheme of the exchange-
correlation functional (LDA or GGA) and they also fail to
describe accurately the localised electrons in d or f states, in
transition metal and rare earth compounds.* In order to over-
come these drawbacks of the standard exchange methods, we
have used the Generalized Gradient Approximation (GGA) along
with the onsite Coulomb repulsion U (GGA+U). Here we have
used 1000 k-points for calculating the electronic structures of
both marcasite and pyrite forms. All our calculations are per-
formed using the optimized parameters from the Pwscf calcu-
lation with an energy convergence up to 10~ ° Ry per unit cell
between the successive iterations. Further we have calculated
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the properties like thermopower (S), electrical conductivity (a/7)
using BOLTZTRAP*® code with as many as 100 000 k-points,
within the Rigid Band Approximation (RBA)**** and the
constant scattering time (1) approximation (CSTA). According to
the RBA approximation, doping a system does not alter its band
structure but varies only the chemical potential, and it is a good
approximation for doped semiconductors to calculate the
transport properties theoretically when doping level is not very
high.**”** However certain types of dopant can drastically modify
the nature of electronic structure near the gap giving rise to
resonant states®>”*® in which case the RBA can fail.>® According to
CSTA, the scattering time of the electron is taken to be inde-
pendent of energy and depends only on concentration and
temperature. The detailed explanation about the CSTA is given
in ref. 30-32 and the references cited therein. It is evident that
CSTA has been quite successful in the past in predicting the
thermoelectric properties of many materials.>"**3¢

[ll.  Results and discussion
A. Ground state properties

FeSe, and FeTe, crystallize in both the marcasite and the pyrite
structures.’” The marcasite form of both the compounds are
available in nature whereas pyrite structure is a synthetic
mineral. The atomic arrangements of the marcasite phase can
be considered within either of the two space groups Pnn2 or
Pnnm. However, we did not find any significant energy differ-
ence between these two arrangements (see Fig. 1(b) for FeTe,).*®
In general, most marcasite type minerals are available in the
space group Pnnm, and hence we have used this space group for
detailed electronic structure calculations for both the
compounds. In order to verify their structural relation between
the marcasite and pyrite we have calculated the total energy
under the application of the hydrostatic pressure from —8 to
8 GPa. The total energy variation with the pressure for both the
compounds is shown in Fig. 1(a) and (b). We find an energy
difference of 1.9 mRy per unit cell between the marcasite and
pyrite structures of FeSe,, whereas we found the energy differ-
ence between the marcasite and pyrite phases of FeTe, to be
3.5 mRy per unitcell (see Fig. 1(b)). The optimized structural
parameters are shown in Table 1 along with available experi-
mental results. The agreement between theory and experiment
is quite good.

B. Band structure and density of states

The electronic properties of FeX, (X = Se, Te) are calculated
using the optimized parameters obtained from the Pwscf
calculations. Since LDA/GGA underestimate the band gaps in
semiconductors and insulators, and as the studied compounds
have partially filled Fe d-levels, we used GGA+U method and
adjusted U to get a reasonable value of the band gap. In our
calculations we have used a value of Ug. = 0.52 Ry (7.07 eV) for
the Fe d electrons in both the structures and both the
compounds. This value of U is slightly on the higher side
compared to values used in the literature (3-5 eV) for metals and
semiconductors. The calculated band structures along high
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Fig. 1 Variation of the total energy with pressure (a) FeSe; (b) FeTe,.

symmetry directions in the Brillouin zone for both the
compounds and both marcasite and pyrite structures are shown
in Fig. 2-5, along with the density of states (DOS).

Both the compounds are indirect band gap semiconductors
irrespective of their crystal structures. From the partial density
of state (PDOS) analysis, we find that there is a strong hybridi-
zation between Fe-d and chalcogen p-bands. The Fe d-bands are
partially filled and Se p-bands are partially empty. The top of the
valence band is predominantly Fe-d whereas the bottom of the
conduction band is predominately chalcogen p. However a
closer look at the PDOS shows that the states within an energy
range 0.25 eV just below the valence band maxima (VBM)
(responsible for charge and energy transport) are an equal
mixture of Fe-d and chalcogen p states. In contrast, the states
near the bottom of the conduction band minima (CBM) are
mostly of chalcogen p-character. In the marcasite phase of
FeSe, (m-FeS,), the CBM and VBM are located along the I'-Y and
I'-X directions respectively whereas for FeTe, (m-FeTe,) they are
along the I'-Y and I'-X directions, although there is another
CBM along the I'-Z direction nearby in energy. In contrast, in
the pyrite phase both of them (p-FeSe, and p-FeTe,) show
similar behavior, CBM is at the I" point and the VBM lies along
the I'-M direction. Quite interestingly, in p-FeTe,, there are
other nearly degenerate VBM along the I'-X directions. The
nature of CBM and VBM and states near their neighborhood
will have significant effect on the thermoelectric properties of
these two compounds, as discussed later in the paper.

The theoretical values of the band gaps are 1.23 eV for
m-FeSe, and 0.69 eV for p-FeSe,, in good agreement with earlier
theoretical calculations by Ganga et al.® given in Table 2. The
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corresponding band gaps in the Te compounds are respectively
0.33 and 0.34 eV. The overall reduction in band gap in tellurides
is consistent with other known chalcogenides (Bi,Ses, Bi,Te; etc.
where the gap decreases in going from Se to Te). However, the
sensitivity of the band gap to the structure in FeSe, and lack
thereof in FeTe, is an important difference between these two
compounds. As regards comparison with experiment (see Table 2),
theoretical values of the band gap in m-FeSe, (1.234 eV in this
work using GGA+U and 0.86 eV by Ganga et al. using GGA) are in
reasonable agreement with experiment (0.95-1.03 eV). GGA
underestimates whereas GGA+U overestimates the band gap.
However in m-FeTe, the discrepancy between theory (0.328 eV
using GGA+U) and experiment (0.92 eV) is quite large and in the
wrong direction compared to m-FeSe,. We expect experimental
band gap in m-FeTe, to be smaller than that of m-FeSe,. In view of
this we are calling for more experiments on the optical properties
on FeTe, to measure its band gap. To further understand the
difference between the two compounds we have calculated the
effective masses in the neighborhood of different VBM and CBM.
The calculated results are shown in Table 3. The rapid increase in
the DOS near the CBM in the marcasite phase for both the
compounds suggests that these will be excellent n-type thermo-
electric. In contrast, the pyrite structure is more favorable to p-type
thermoelectric due to multiple valence band extreme close in
energy. These qualitative ideas will be tested by explicit calcula-
tions of thermopower in the next section.

C. Thermoelectric properties

From the analysis of the DOS, the sharp increase in the DOS at
the band edge suggests that the investigated compounds may

Table 1 Ground state properties of FeX, (X = Se, Te) with GGA functional along with the available experimental results

FeSe, FeTe,
Marcasite Pyrite Marcasite Pyrite
This work Exp.” This work Exp.” This work Exp.© This work Exp.”
a (A) 4.7627 4.8002 5.746 5.7859 5.2845 5.275 6.3083 6.2937
b (A) 5.7439 5.7823 6.2865 6.269
c(A) 3.5872 3.5834 3.9058 3.872
14 (As) 98.13 99.46 189.71 193.70 129.75 128.04 251.04 249.30

@ Ref. 39. ? Ref. 13. ¢ Ref. 40.
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Fig. 2 (a) Band structure (b) density of states of marcasite FeSe, within the exchange correlation of GGA+U with a value of U, = 0.52 Ry as

implemented in WIEN2k*? code at theoretical equilibrium volume.

have good thermoelectric properties, particularly large
thermopower. To further explore this, we have studied the
thermoelectric properties of both the marcasite and pyrite FeX,
using the Boltzmann transport equation as implemented in
BOLTZTRAP code.” All the properties are calculated using the
Rigid Band Approximation (RBA)***** and the relaxation time 7 is
assumed to be independent of energy.**** In Table 3 we see that
the effective masses change with symmetry directions for both
m and p structures. Since most of the experiments are done in
poly-crystalline samples, we have calculated the average of
thermopower and conductivity over three orthogonal axes. The
calculated thermoelectric properties such as thermopower (S in

uv K1), electrical conductivity (¢/t in Q" m~" s ') and power
S%q .
factor scaled by ¢ (— inWm™K? s’1> for both the elec-
T

tron (n.) and hole (n;,) doping are given in Fig. 6-9. The melting
temperatures of the marcasite phase of both the compounds are

o
&

Energy (eV)
=]
1
Density of states (states/eV)

Fig. 3 (a) Band structure (b) density of states of pyrite FeSe, within
implemented in WIEN2k*? code at theoretical equilibrium volume.
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around 850 K, so we have calculated these properties up to 800
K for this structure. The pyrite structure on the other hand is
found to be stable up to 1300 K, and we have calculated S and
S*a

- up to 1200 K.

The observed reduction in the absolute value of the ther-
mopower with the decrease in the concentration is a peculiar
feature of bipolar conduction (both electrons and holes
contribute significantly to transport) at fixed temperature which
we have seen in the case of p-FeSe, (Fig. 7), m- and p-FeTe,
(Fig. 8 and 9) which is due to the small band gaps of these
compounds (see Table 2). From Fig. 6, we find that in m-FeSe,
the thermopower values are almost similar for both electron
and hole doping, whereas the electrical conductivity is higher in
the case of hole doping in comparison with the electron doping.
A similar behaviour is also seen in the power factor values. For
p-FeSe,, we have seen that up to ~600 K all the thermoelectric

— Total
—— Fe-total
—— Se-total

o 1 1 P 3 =
-3 -2 1 0 1 2 3
Energy (eV)
(b)

the exchange correlation of GGA+U with a value of Ug, = 0.52 Ry as
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quantities are better in the hole doping case which is also
consistent with the results of DOS, but at high temperatures
(800 K and 1000 K) we find evidence of bipolar conduction. So
p-FeSe, can be a good thermoelectric up to 600 K. In the case of
m-FeTe, we find that electron doping is more favourable
compared to the hole doping, whereas in p-FeTe, hole doping is
favourable compared to electron doping. We find evidence of
bipolar conduction in m-FeTe, above at 600 K and p-FeTe,
above 800 K. So both m- and p-FeTe, can be used as thermo-

electric material below 600 K.

As per the earlier study, the optimum value of the magnitude
of S usually falls in the region of 200-300 pV K™ to get a figure
of merit (Z7) to be ~1. In our study the hole concentration is
between 2.10 x 10™° to 7.96 x 10*° em ™3, 1.78 x 10?° to 5.56 X
10%° cm? for m- and p-FeSe, respectively. In case of FeTe, the
optimum value in the marcasite phase is found in the electron
concentration range of 1.46 x 10" to 5.40 x 10*° cm ™2 and for
the pyrite phase it is found for the hole concentration range
1.36 x 10*° to 5.31 x 10*° cm™* at 600 K.

Energy (eV)
o

Density of states (states/eV)

Fig. 5
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(a) Band structure (b) density of states of marcasite FeTe, within the exchange correlation of GGA+U with a value of Uge = 0.52 Ry as
implemented in WIEN2k#*? code at theoretical equilibrium volume.

Table2 Band gaps of marcasite and pyrite FeX, (X = Se, Te) along with
available experimental results in eV

FeSe, FeTe,

Marcasite Pyrite Marcasite Pyrite
This work 1.234 0.694 0.328 0.432
Exp/other 0.95-1.03“ — 0.92° —
Other calculation 0.86" 0.67° — —

@ Ref. 39. ? Ref. 8. ¢ Ref. 41.

Our theoretical results for S are compared with the earlier
experimental work of Harada,'> and can be compared with
the thermopower values at room and high temperature for
the m-FeSe, structures. For marcasite the hole and electron
concentrations are found to be 5.8 x 10'® cm ™ and 8.5 x 10"°
cm 2 for a thermopower of +320 pV K~ and —120 pv K" at
300 and 600 K, respectively. Similarly, for m-FeTe, we find the

— Total
—— Fe-total
— Te-total

L .
Energy (eV)

(b)

(a) Band structure (b) density of states of pyrite FeTe, within the exchange correlation of GGA+U with a value of Ug. = 0.52 Ry as
implemented in WIEN2k*? code at theoretical equilibrium volume.
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Table 3 The calculated effective mass of the marcasite and pyrite of
both FeSe, and FeTe, in some selected directions of the Brillouin zone
in the units of electron rest mass

FeSe, FeTe,
Marcasite
Valence Conduction Valence Conduction
Direction band band band band
-z 0.048 0.451 0.019 0.038
Ir-y 0.042 0.041 0.018 0.021
I-x 0.024 0.066 0.017 0.014
Pyrite
I-X 0.012 0.028 0.010 0.027
I-mM 0.028 0.055 0.019 0.046
I'-R 0.032 0.036 0.028 0.025
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Fig. 6 Thermoelectric properties such as thermopower (S), electrical
conductivity scaled by relaxation time (¢/7) and power factor scaled by
relaxation time ($%¢/7) for both electron (left) and hole (right) doping of
marcasite FeSe,.

hole and electron concentration to be 9.2 x 10*° cm ™ and 1.4
x 10*' em ™~ for the thermopower values of 96 uV K~ ' and —74
v K~* at 300 and 600 K. The experimental data on thermo-
electric power and electrical conductivity is used to obtain an
estimation of the relaxation time 7. We find 7 to be 1.01 X
107" s and 2.38 x 107'® s for FeSe, at 300 and 600 K,
respectively. Similarly, for m-FeTe, 7 is found to be 2.3 X
10 " sand 3.1 x 10~ "* s, respectively. We can clearly see that
the relaxation time of m-FeSe, is lower than that of m-FeTe,,
and hence one could expect that FeSe, shows better TE
properties than FeTe,. Overall, both marcasite and pyrite
phases of the investigated compounds are good candidates
for thermoelectric properties, and marcasite FeSe, is found
to be the best thermoelectric material among all the
compounds studied. In order to evaluate these compounds’
figure of merit ZT, one should have the experimental
measurements of their thermal conductivities.
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Fig. 7 Thermoelectric properties such as thermopower (S), electrical
conductivity scaled by relaxation time (o/1) and power factor scaled by
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Fig. 8 Thermoelectric properties such as thermopower (S), electrical
conductivity scaled by relaxation time (¢/1) and power factor scaled by
relaxation time (S%¢/1) for both electron (left) and hole (right) doping of
marcasite FeTe,.

IV. Conclusion

The structural and electronic transport properties of marcasite
and pyrite phases of FeX, are studied using density functional
theory. We did not find any structural transition between the
marcasite and pyrite, and we found that the marcasite structure
of both the compounds is energetically more stable than the
pyrite structure. The calculated ground state properties of FeX,
(X = Se, Te) agree quite well with the available experiments.
Electronic structure calculations show that all the investigated
compounds are indirect band gap semiconductors, in good
agreement with earlier reports. We further calculated the ther-
moelectric properties of these compounds and compared them
with those obtained from available experimental reports. The
calculations show all the investigated compounds to be very
good thermoelectric materials for p-type doping, except
marcasite FeTe, which favours electron doping. Among all the
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Fig. 9 Thermoelectric properties such as thermopower (S), electrical
conductivity scaled by relaxation time (¢/7) and power factor scaled by
relaxation time (S%a/7) for both electron (left) and hole (right) doping of
pyrite FeTe,.

studied compounds we find marcasite FeSe, to be a good p-type
thermoelectric material.
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