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ABSTRACT: First-principles calculations were carried out to
study the phase stability and thermoelectric properties of the
naturally occurring marcasite phase of FeS, at ambient
conditions as well as under pressure. Two distinct density
functional approaches were used to investigate these proper-
ties. The plane wave pseudopotential approach was used to
study the phase stability and structural, elastic, and vibrational
properties. The full potential linear augment plane wave
method has been used to study the electronic structure and
thermoelectric properties. From the total energy calculations,
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it is clearly seen that marcasite FeS, is stable at ambient conditions, and it undergoes a first-order phase transition to pyrite FeS,
at around 3.7 GPa with a volume collapse of about 3%. The calculated ground-state properties, such as lattice parameters, bond
lengths, and bulk modulus of marcasite FeS, agree quite well with experimental values. In addition, phonon dispersion curves
unambiguously indicated that the marcasite phase is stable under ambient conditions. Furthermore, we did not observe any
phonon softening across the marcasite-to-pyrite transition. The possible reason for the transition was analyzed in the present
study, which has not been attempted previously. In addition, we calculated the electronic structure and thermoelectric properties
of both marcasite and pyrite FeS,. We found a high thermopower for both phases, especially with p-type doping, which enabled
us to predict that FeS, might have promising applications as a good thermoelectric material.

1. INTRODUCTION

Experimental and theoretical studies of iron-based sulphides
have been of considerable interest in the last few decades in the
geophysical context because of their occurrence on earth’s
surface and marine systems as well as on the surfaces of other
planetary systems." These compounds exhibit a wide range of
interesting structural characteristics, such as epitaxial inter- and
overgrowth of their polymorphic phases at lower temperatures.
Also, they are found to exist in a variety of iron- or sulfur-
deficient forms, which has implications for their mining and
geochemical processing.”™” Among the iron-based sulphides,
FeS, is the most abundant natural mineral, and it is available in
two closely related polymorphic structures, namely, marcasite
and pyrite. Marcasite FeS, is the commonly available mineral in
hydrothermal systems and in sedimentary rocks, whereas pyrite
FeS, is the most abundant mineral on the earth’s surface.
Several works have investigated the similarities and differences
between marcasite and pyrite crystal structures.'”"> In both
structures, the Fe atoms are octahedrally coordinated with six S
atoms and the S atoms are in tetrahedral coordination with
three Fe atoms and one S atom. In detail, marcasite FeS,
crystallizes in the orthorhombsic structure (space group Pnnm, Z
= 2) with Wyckoff position 2a(0,0,0) for Fe and 4¢(u,v,0) for S.
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The Sulfur octahedra, with which the Fe atoms are octahedrally
coordinated, share the [110] edges (see the crystal structure in
Figure 1a). On the other hand, pyrite FeS, crystallizes in a cubic
structure (space group Pa3, Z = 4) with Wyckoff position
4a(0,0,0) for Fe and 8c(uuu) for S. Thus, in the pyrite
structure, the Fe atoms are situated at the corners and face
centers, whereas the S atoms are placed in the form of S—S
dumbbells oriented along the (111) directions with their
centers at the body center and edge centers of the cube. A
number of experiments have been performed on bulk pyrite
and also on surfaces aiming to study the spectroscopic
properties because of their potential applications in the
photovoltaic industry.”>~>* Jagadessh and Seehra performed
electrical resistivity measurements on natural marcasite, and its
energy gap was found to be 0.34 eV.>* The dynamical
properties of these compounds have been measured by
different experimental and theoretical methods."®**™> Apart
from these experiments, several theoretical studies have also
been carried out to explore the structural properties of FeS,

Received: July 13, 2013
Revised:  September 3, 2013
Published: September 11, 2013

dx.doi.org/10.1021/jp406928v | J. Phys. Chem. C 2013, 117, 21120-21131


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

°© o .

[+
O

57%)) o

o
SPo
y o

o
C

0°@¢
o 2 ? ©
Lot O O !@

q‘(’y# o 0
o, QCO&”o

Q«

(©

Figure 1. Marcasite supercell spanned by lattice translation vectors @' = @ +

pyrite. Here, 4, b, and € are the lattice translation vectors of the conventional unit cell of the marcasite structure. The (a) (=

c,b’—

—d+¢and? = b compared with the conventlonal unit cell of

¢ and (b) @’ — ¢ faces

of the marcasite supercell are almost squares, whereas the (c) @’ — b’ face of marcasite is a rhombus.

using combinations of density functional theory (DFT),
Gaussian and plane wave basis sets, and all-electron and
pseudopotential approaches. The mechanical properties of
pyrite FeS, have been explored at different pressures using
classical interatomic potentials, and marcasite is predicted to
react in a manner similar to pyrite when compressed.*® The
electronic structure calculations for FeS, were performed using
a nonempirical atomic orbital method, and the band gaps are
reported for pyrite and marcasite forms of FeS,.*" Ahuja et al.**
have given a detailed discussion of the interband transitions in
pyrite FeS, through optical properties. Merkal et al.*?
performed both experimental and theoretical investigations
and concluded that cubic symmetry exists under high-pressure
conditions.

Although numerous studies that analyze pyrite and marcasite
from various perspectives are available, a precise study of both
polymorphic forms of FeS, is needed to explain the phase
stability of FeS, at ambient conditions. In the present work, we
have studied both polymorphic forms of FeS, and have
accounted for the first-order phase transition between marcasite
and pyrite at high pressure and at zero temperature
accompanied by a reasonable volume collapse which was not
shown in any of the earlier studies; we have also speculated on
the reasons driving the transition. Sun et al.** have also studied
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the relative stability of FeS, with the aim of exploring the
photovoltaic performance of FeS,. Similarly, it is also
interesting to note that FeS, possesses a fairly good
thermopower,> which previously has not been addressed
theoretically. Thermoelectric (TE) materials have potential
applications, including power generation and refrigeration, and
have been a focus of research for experimentalists and
theoreticians for the past few decades as they search for
higher-performing materials. TE materials can convert waste
heat into electric power; hence, they can play a vital role in
mitigatmg the present energy crisis and environmental
pollution.***” The performance of a TE material is quantified
by the dimensionless figure of merit, ZT, which is given by

S%6T
K

ZT =

where S, 0, T, k are the Seebeck coefficient, electrical
conductivity, absolute temperature, and thermal conductivity
(which includes both the electronic , and lattice contribution
K, that is, kK = k, + k;), respectively. It is clear that the value of
ZT can be increased by making the values of thermopower and
electrical conductivity high while keeping the value of thermal
conductivity low. Assuming that the value of k can be reduced
to the amorphous limit, a way of maximizing ZT is to maximize
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$’6. We have calculated for the first time the thermoelectric
properties of FeS, in both polymorphic phases from this
perspective.

The rest of the paper is organized as follows: In Method of
Calculations, we describe the method used for the theoretical
calculations. Structural properties are presented in Results and
Discussion. In Electronic and Thermoelectric Properties, we
discuss the electronic structure and thermoelectric properties.
The Conclusion includes a summary of our findings.

2. METHOD OF CALCULATIONS

All the total energy calculations were performed using a plane
wave self-consistent field program (Pwscf) based on density
functional theory, a plane wave basis set, and a pseudopotential
method.*® The total energies are obtained by solving the
Kohn—Sham equation self-consistently within the generalized
gradient approximation (GGA) of the Perdew—Burke—
Ernzerhof (PBE) potential®® A plane wave kinetic energy
cutoff of 50 Ry is used, and the first Brillouin zone is sampled
according to the Monkhorst—Pack scheme®® by means of a 8 x
8 X 8 k-mesh to ensure well-converged results. The electron—
ion interactions are described by Vanderbilt-type ultrasoft
pseudopotentials,*' and the pseudopotentials are treated with
nonlinear core corrections with the following basis set as
valence states: Fe, 3s*3p®3d®s” and S, 3s*3p*. The variable-cell
structural optimization has been performed using the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm as
implemented in Pwscf. To obtain information about the relative
phase stability of marcasite and pyrite phases as a function of
pressure, we have calculated the cohesive energy of both the
phases at pressures ranging from —3 GPa (expansion) to 9 GPa
(compression) with a step size of 0.5 GPa. For each pressure,
structural optimization of the unit cell has been carried out by
relaxing positions of all the atoms together with the necessary
changes in the shape and volume. The threshold criteria of 1 X
107° Ry for total energies, 1 X 10~* Ry/bohr for the maximum
force, and 0.002 GPa for total stress were used for the structural
relaxation. The phonon dispersion calculations are performed
within the framework of density functional perturbation theory
(DFPT). Dynamical matrices were set up and diagonalized for
phonon wavevectors corresponding to a Monkhorst—Pack grid
of 4 X 4 X 4. To calculate the elastic properties of FeS,, we
have used the CASTEP package,**** which is also based on the
plane wave pseudopotential method. To obtain well-converged
parameters, we have used a plane wave cutoff of 800 eV and a
Monkhorst—Pack*® grid with a minimum spacing of 0.025 A~
using GGA—PBE exchange—correlation functional with ultra-
soft pseudopotential. The elastic constants can be computed by
calculating the elastic energy as a function of elastic strain.
More specifically, the curvature of the elastic energy as a
function of a value of a particular type of elastic strain gives the
value of a particular combination of elastic constants. By
repeating the calculations for an adequate number of
independent strains, we can obtain the required number of
independent equations for the elastic constants which can be
solved to obtain the values of the independent elastic constants.
For each strain, the coordinates of the ions are fully relaxed,
keeping intact the shape of the unit cell corresponding to the
given strain. After obtaining the single-crystal elastic constants,
we have calculated polycrystalline properties such as the bulk
modulus, shear modulus, sound velocities, and Debye temper-
ature using the Voigt—Ruess—Hill (VRH)* approximation
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(see Ravindran et al.*® for a detailed discussion on these
calculations).

To study the electronic properties, we have used the full-
potential linear augmented plane wave (FP-LAPW) method
based on first-principles density functional calculations as
implemented in WIEN2k.*® It is well-known that for
semiconductors and insulators the electronic band gap
calculated using DFT with standard exchange—correlation
functionals, such as LDA and GGA, is usually about 30—40%
less than that found by experiment because of self-interaction
and the lack of derivative discontinuities of the exchange
correction potential with respect to occupation number.*”** In
the present work, we have used a modified GGA, known as
Tran and Blaha modified Becke—Johnson potential (TB-
mBJ),* which is found to be quite successful in reproducing
the experimental band gaps as compared to those found using
standard GGA.***°75% Here we have used 9 X 8 X 12 and 15 X
1S X 15 Monkhorst—Pack k-meshes for the self-consistent
calculations, resulting in 175 and 176 k-points in the irreducible
part of the Brillouin zone, respectively, for the marcasite and
pyrite phases. Spin—orbit coupling has been incorporated in
our calculations. All our calculations are performed using the
optimized parameters from the Pwscf calculation with an
energy convergence up to 107 Ry per unit cell between the
successive iterations. Furthermore, we have calculated the
thermopower (S) and 6/7 using the BOLTZTRAP** code with
well-converged parameters (using as many as 100 000 k-points
in the Brillouin zone) using the self-consistent calculation
within the rigid band approximation (RBA)*>*® and the
constant scattering time (7) approximation (CSTA). According
to the RBA approximation, doping a system does not vary its
band structure but varies only the chemical potential. The RBA
is a good approximation to calculate the transport properties for
doped semiconductors when the doping level is not very
high.56_60 According to the CSTA, the scattering time of the
electron is independent of energy and depends on concen-
tration and temperature. A detailed explanation about the
CSTA is given in refs 61—63 and the references therein. It is
evident that CSTA has been quite successful in gredicting the
thermoelectric properties of many materials.**~®

3. RESULTS AND DISCUSSION

3.1. Phase Stability of FeS,. The structural phase stability
of the marcasite and pyrite phases of FeS, has been studied to
find the ground state of FeS, at various pressures. As a first step,
we have performed total energy calculations as a function of
volume for both marcasite and pyrite FeS, structures by varying
pressures from —3 to 9 GPa. Here, the negative and positive
pressures represent expansion and compression of the unit cell,
respectively. As shown in Figure 2, the total energy curves
clearly show marcasite is energetically favored over pyrite with
an energy difference of ~0.03 Ry/atom. A similar result has
been obtained by a recent study on FeS, using a different
numerical implementation.'® Even though similar studies exist
in the literature, none of them clearly identified marcasite as the
ground state of the polymorphic FeS,. From Figure 2, we found
a possible structural phase transition from marcasite to pyrite
FeS, at a V/V, value of ~0.98, where V is the theoretical
volume and Vj is the experimental volume. To obtain the
transition pressure, we have also plotted the enthalpy difference
versus pressure (Figure 3a). From this plot, the pressure for the
marcasite-to-pyrite phase transition is determined to be 3.7
GPa. As shown in Figure 3b, there is a volume collapse of ~3%,
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Figure 2. Total energy curves as a function of relative volume for FeS,;
circles and squares represents marcasite and pyrite, respectively.

which indicates the first-order character of the phase transition
from the marcasite to pyrite structure. In the present study we
specifically address the ground-state as well as high-pressure
properties of marcasite FeS,, which was not reported
previously. It is interesting to note that there are no
conspicuous signatures of the marcasite-to-pyrite transition in
the phonon dispersion, Raman, or IR spectra of marcasite FeS,
at ambient or high pressures. We shall discuss this in more
detail in later sections.

3.2. Structural Properties. The calculated structural
properties, such as lattice constants, volume, internal
parameters (u and v) of sulfur, and bond lengths of Fe—Fe,
Fe—S, and S—S for marcasite FeS,, are compared with
experimental and other theoretical reports and are summarized
in Table 1. The calculated lattice parameters and volume are in
reasonable agreement with the calculations of Spagnoli et al.'®
and Sithole et al® The minor differences found when
compared to the results of Sithole et al.%’ are due to different
parametrizations of the exchange—correlation functional used
in their calculations.

The relative change of lattice parameters a, b, and ¢ with
respect to external pressure up to 5 GPa are shown in Figure
4a. We found that marcasite FeS, is relatively less compressible
along the b-direction than it is along the d- and ¢- directions.
The pressure coefficients

Table 1. Ground-State Properties of Marcasite FeS, at
Ambient Pressure Compared with Other Experimental and
Theoretical Reports

parameters  present work experimental results from other calculations
a (A) 4.439 4.436° 44345, 43737
b (A) 5.408 5.414% 5.404¢, 5.3817
c (A) 3.388 3.381¢ 3.387%, 3.4077
u () 0.206 0.200% 0.203¢

v (S) 0.375 0.378% 0.3807

V (A% 81.33 81.20° 81.16, 80.17¢
B, (GPa) 150.1 146.5°

B 54 4.9°

Fe—Fe (A) 3.38 3.36% 3.3867

Fe—S (A) 223 221¢ 22297

S-S (A) 2.20 2.19% 2.195%

“Ref 67. PRef 68. “Ref 18. “Ref 69.

1 dx

y(x) = T

P=0

(where x is a, b, or c) of the lattice parameters are found to be
2.2 X 1073 1.8 X 1073 and 1.9 X 1073 GPa, respectively. This
means that y(b) < y(c) < y(a), implying least compressibility is
along the b-axis. The Fe—S; (i = 1, 2) bond lengths
monotonically decrease with pressure (Figure 4b). The
variation of fractional coordinates (u and v) of sulfur as a
function of pressure is found to be less significant. Overall, the
structural parameters of marcasite FeS, show minor changes
under pressure, which implies that marcasite FeS, shows almost
isotropic behavior with external pressure despite crystallizing in
an orthorhombic structure. The bulk modulus (B,) and its
pressure derivative (B'), calculated using the Birch—Murnaghan
equation of state, are 150.1 GPa and 5.7, respectively, for
marcasite FeS, which are in good agreement with the earlier
experimental values of 146.5 GPa and 4.9, respectively.*®

3.3. Mechanical Properties. To obtain the mechanical
stability of marcasite type FeS, we have calculated elastic
properties of this material. Elastic constants are the
fundamental material parameters that describe the resistance
of the material against applied mechanical deformation. Because
marcasite FeS, crystallizes in an orthorhombic structure, it has
nine independent elastic constants, namely, C;;, Cy,, Cs;3, Cyy,
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=
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Figure 3. Phase transition from marcasite to pyrite per unit cell. (a) Change in enthalpy and (b) Corresponding volume collapse with respect to the

pressure.
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Table 2. Single-Crystal Elastic Constants (C

ijs

GPa), Bulk Moduli (Bx, X =V, R, or H), Shear Moduli (Gy, X = V, R, or H) and

Sound Velocities (v, v, v,,, km/sec) and Debye Temperature (@(D), K) of FeS,”

Cll C22 C33 C44 CSS
303.1 4543 322.8 105.9 1582

By By By @y Gy
166.5 164.8 165.7 141.7 1339

Ces Cp Cis Gy

153.9 47.0 106.4 55.8
Gy vy 0, O, 0(D)
137.8 8.35 5.25 578 6349

“All quantities are calculated at the respective theoretical equilibrium volume obtained with the PBE functional.

Css) Ceer Ciay C3, and Cy;. To calculate the elastic constants, we
have performed complete structural optimization of the
experimental structure using CASTEP. The calculated single-
crystal elastic constants at the theoretical equilibrium volume
are tabulated in Table 2. All the calculated single-crystal elastic
constants satisfied the Born’s mechanical stability criteria for
orthorhombic structure,” thereby implying that the marcasite
type FeS, is mechanically stable under ambient conditions.
From the calculated values it is clearly observed that C,, > C;;
> Cy;, which implies that marcasite FeS, is stiffer along the b-
direction than along the ¢- and d- directions. The single-crystal
bulk modulus calculated from elastic constants is 164.8 GPa,
which is in reasonable agreement with the 150.1 GPa value
obtained in this work using the Birch—Murnaghan equation of
state. By using the calculated single-crystal elastic constants, we
further computed the polycrystalline aggregate properties such
as bulk moduli (By, X =V, R, or H), shear moduli (Gy, X =V,
R, or H) using the Voigt, Reuss, and Hill approaches. The
calculated polycrystalline bulk modulus for marcasite type FeS,
is 165.7 GPa from single-crystal elastic constants, which is in
reasonable agreement with the single-crystal bulk modulus. It is
seen that By > Gy for polycrystalline FeS,, which implies that
the quantity that limits mechanical stability is Gy. Apart from
these, we also calculated the Debye temperature (@(D)) using
sound velocities. ©(D) is a fandamental quantity that correlates
several physical properties such as specific heat, thermal
conductivity, and melting point of the crystal with elastic
constants. At low temperatures, @(D) can be estimated from
the average sound velocity (v,,), which is the average of
longitudinal(v;) and transverse(v,) sound velocities. The
calculated values of v, v, v,, and (D) are shown in Table
2. This is the first qualitative prediction of the mechanical
properties of marcasite type FeS,.

3.4. Phonon Dispersion and Zone-Centered Frequen-
cies. We have studied the phonon dispersion of marcasite FeS,
as a function of pressure from ambient conditions to 5 GPa
using DFPT.”" Because instability of one or more phonon
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modes would be indicative of dynamical instability of the
structure, we have carried out the study of phonon dispersion
in the entire first Brillouin zone to investigate the dynamic
stability of the marcasite structure. The unit cell of marcasite
FeS, contains 6 atoms; hence, it has 18 phonon modes for each
wavevector, out of which three are acoustic and the remaining
15 modes are optical modes. According to the group theoretical
analysis, the optical modes at I'-point can be represented as

T =2A, + 2B, + By, + By, + 2A, + By, + 3B,

+ 3B,, (1)
In this analysis, the A, mode is inactive, whereas the modes A,,
Byg Byg and Bj, are Raman active and By, B,,, and B;, modes
are infrared active. The calculated zone center frequencies at
ambient pressure are shown in Table 3 accompanied by
experimental and other theoretical results. The calculated
values are in reasonable agreement with experiment. In an
earlier study, Spangnoli et al.'® reported the zone center
frequencies for both pyrite and marcasite structures, and their
results show both the structures have zone centered modes
with real frequencies, implying stability of the modes. We also
find a similar situation in our case. We have also calculated zone
center frequencies as a function of pressure, and we observe no
imaginary frequencies at zone center. The calculated zone-
centered vibrational frequencies up to S GPa are shown in
Figure Sa. From this figure it is clear that there is no softening
of zone-centered frequencies, and it allows us to confirm that
marcasite is dynamically stable up to 5 GPa.”” It is to be
emphasized that there are no signatures of the impending
pressure-induced structural phase transition in the phonon
spectra. In addition, the calculated dispersion curves along high-
symmetry directions and the corresponding phonon density of
states for marcasite FeS, at P = 0 GPa and P = 4 GPa are shown
in Figure Sb. There is considerable overlap between the
acoustic and optical modes, which can be clearly seen from the
phonon dispersion. The optical mode frequencies from 310 to
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Table 3. Comparison of Present Calculated Phonon
Frequencies with Experimental and Other Theoretical
Vibrational Frequencies (cm™) of Marcasite FeS, at 0 GPa

mode present work experimental theoretical®

A, 202.64 inactive 207
B,, 248.82 325 248
By, 288.64 293 279
Ay 305.23 323 317
B,, 317.95 404 323
B3g 320.20 367 339
Bzg 322.60 308 342
B, 361.90 353 360
A, 366.57

B;, 367.76 387 373
Ag 377.43 386 388
Blg 379.25 377 382
B, 392.13 432 385
B, 399.79 404 409
B, 456.56 455

g
Ref 27. URef 18.

390 cm™' are dominated by S atoms. We do not find any
imaginary phonon frequencies in the phonon dispersion curves
along any direction of the Brillouin zone at ambient or high

pressure. This clearly establishes the dynamical stability of
marcasite FeS,. However, because linear response theory is
based on harmonic approximation, anharmonic effects are
ignored in the present calculations. It is plausible that
anharmonic effects may also play a role in driving the observed
structural phase transition. We have also calculated Raman and
IR spectra of marcasite FeS, from ambient pressure to 5 GPa.
From this, we found that Raman peak intensities decrease with
increasing pressure, whereas IR peak intensities increase with
increasing pressure. However, the peaks are shifted to higher
frequencies in both cases. The calculated IR and Raman spectra
at ambient and S GPa are shown in Figure Sc¢,d.

3.5. Transition from Marcasite to Pyrite. On the basis of
the total energy calculations of marcasite and pyrite FeS, shown
in Figure 2, we infer the possibility of a structural phase
transition from ground-state marcasite to the pyrite structure. It
is also worth noting that earlier experiments found pyrite to
exist only at high pressures.'**® Interestingly, we did not
observe any phonon softening or structural variations in
marcasite FeS, by our calculations under pressure. Generally,
most of the MX, type compounds crystallize in pyrite,
marcasite, or arsenopyrite structures. These structures are
closely related to each other.”> Marcasite structure is further
classified into regular marcasite and anomalous marcasite
depending on the c¢/a ratio and bond angle (M—X-M)

e
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Figure S. Vibrational properties of marcasite FeS,. (a) Zone-centered vibrational frequencies from 0 to 5§ GPa (b) Phonon dispersion along high-
symmetry directions and total phonon density of states at 0 and 4 GPa (c) Raman spectra at 0 and S GPa, and (d) IR spectra at 0 and S GPa.
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between neighboring cations in the edge-shared octahedra. A ¢/
a ratio around 0.53—0.57 and bond angle less than 90°
correspond to regular marcasite, whereas anomalous marcasite
has a ¢/a ratio of 0.73—0.75 and a bond angle greater than 90°.
In the present study, the calculated c/a ratio and bond angle for
marcasite FeS, are found to be 0.76 and 98.6°, respectively.
From this it is clear that FeS, belongs to the class of anomalous
marcasite.

We now proceed to describe the mechanism that drives the
marcasite-to-pyrite transition under hydrostatic pressure. The
similarities and differences between the two competing
structures are quite evident when the marcasite supercell
spanned by lattice translation vectors @' =d + ¢, b’ = —d + T,
and ¢’ = b is compared with the conventional unit cell of pyrite
(Figure la—c). Here, d, b, and ¢ are the lattice translation
vectors of the conventional unit cell of the marcasite structure.
Both cells contain the same number of atoms. The Fe atoms
and the centers of the S, dimers have the same fractional
coordinates in both cells. While all faces of the pyrite unit cell
are squares, the @' — ¢' and b’ — ¢’ faces of the marcasite
supercell are almost squares, whereas the @' — b’ face of the
marcasite is a rhombus with a 105.37° angle between @’ and b'.
Furthermore, while the orientation of the S, dimers with
centers lying on lines parallel to the 4@’ direction of marcasite
cell are the same, it flips by /2 along alternate lines in the
pyrite structure. In the present calculation we found that the
marcasite structure is most compressible along @, less
compressible along ¢ and least compressible along b-direction.
Therefore when a sufficiently large hydrostatic pressure is
applied, there is a differential compression along d as compared
to the ¢-direction of marcasite cell. This results in reducing the
angle between @’ and b’. When the pressure is increased further,
this differential change can trigger a flipping of the S, dimers
along alternate lines parallel to d’ direction by /2, thereby
facilitating a discontinuous transformation of the rhombus into
a square. This, together with relaxation of atomic positions,
leads to the marcasite-to-pyrite transformation.

4. ELECTRONIC AND THERMOELECTRIC PROPERTIES

4.1. Band Structure and Density of States. Quite a good
number of electronic structure calculations are reported in the
literature aimed at understanding the band structure and
density of states of both marcasite and pyrite structures. It is
well-known that the thermoelectric properties are quite
sensitive to the details of the band structure. It is therefore
clear that the reliability of the computed thermoelectric
properties would depend on the accuracy of the electronic
structure calculations. From this perspective, we have repeated
the band structure and density of state calculations using TB-
mB]J potential, which is well-known to reproduce accurately the
experimental band gap values.*®*°7>® The calculated band
structure for both orthorhombic marcasite at 0 GPa and cubic
pyrite at 4 GPa along the high-symmetry directions of the
Brillouin zones (see Figure 6ab) are shown in Figure 7ab.
From the band structure analysis, we have seen that the
conduction band minimum (CBM) and valence band
maximum (VBM) are located at two different high-symmetry
points in the Brillouin zone, making the material an indirect
band gap semiconductor in both structures. The calculated
band gap of marcasite is found to be 1.603 eV, and in pyrite it is
1.186 eV. In the case of marcasite, we predict the band gap to
be much higher than the experimental band gap of 0.34 eV*°
obtained from resistivity measurement. It must be mentioned
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Figure 6. Brillouin zone of (a) Marcasite and (b) Pyrite.

that this observation is similar to the results obtained using
other exchange—correlation functions.* In the case of pyrite,
there is a wide range of reported band gap values, from 0.7 to
2.62 eV,'#133L7477 and this spread in values of the energy gap
may be due to the experimental limitations as mentioned by
Ennaoui et al. and Ferrer et al."*'® The photoconductivity
measurements show a consistent band gap for the pyrite in the
range of 0.9—0.95 eV, which is in good agreement with the
optical and conductivity experiments.'®”” This value is also in
good agreement with our present calculations and the recent
calculations performed by Hu et al”® We also investigated
dependence of the value of band gap on the position of S atoms
in the marcasite unit cell. Unlike the extreme sensitivity of E,
seen in earlier calculations for the pyrite structure,”” we did not
find any significant variation in the band gap of marcasite with
position of S atoms. From the band structure analysis, we find
that the CBM is located between I' and X points in the
Brillouin zone, whereas in the case of pyrite we find it at the
center of the Brillouin zone. The VBM in the case of marcasite
is located along the I'=Y direction with a highly dispersed
band, whereas in the case of pyrite it is clearly seen at the X
point with less dispersion toward the I'" point. These bands
mainly arise from the Fe d and S p states in both structures, but
in the case of marcasite, the contribution of these states is low
compared to that of the pyrite. The principal aim of the present
work is to calculate the thermoelectric properties of FeS, and
its variation with carrier concentration. It is necessary to
estimate the effective masses of the carriers in various electron
and hole pockets to achieve this task. We have calculated the
mean effective mass of the carriers at the conduction and
valence band edges by fitting the energy of the respective bands
to a quadratic polynomial in the reciprocal lattice vector k. The
calculated effective masses for both marcasite and pyrite
structures in some selective directions of the Brillouin zone
are tabulated in Table 4. It is quite clear that the bands are less
dispersive in the pyrite structure in almost all of the high-
symmetry directions. This would imply large effective mass for
the carriers belonging to these bands and hence a high
thermopower. However, presence of carriers with large mobility
is required for obtaining a higher electrical conductivity. Thus,
there is a possibility of obtaining large a ZT factor in materials
possessing multiple pockets of carriers with large and small
effective masses; the former leads to large S, and the latter
enhances 6.°*®* It is interesting to note that the electronic
structure of both phases of FeS, reveals the presence of
multiple carrier pockets with substantially different effective
masses, suggesting that they may have good thermoelectric
properties.
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Figure 7. Band structure of (a) Marcasite and (b) Pyrite along the high-symmetry directions of the Brillouin zone.

Table 4. Calculated Effective Mass of the Marcasite and
Pyrite in Some Selected Directions of the Brillouin Zone®

direction valence band conduction band
marcasite I-x 0.118 0.490
-y 0.081 0.058
-z 0.062 0.099
pytite r-x 0.512 0.019
I'-M 0.656 0.116
I'-R 0.096 0.033

“ Values are given in the units of electron rest mass.

The calculated density of states (DOS) along with the I-
projected DOS for both structures are shown in Figure 8a,b. In
Figure 8b, it is clearly seen that there is a sudden increase in the
DOS at the VBM (Eg), and this is also quite evident from the
low dispersion seen in the band structure (Figure 7b). In the
case of marcasite (Figure 8a) we find an increase in the DOS of
the valence band up to —0.2 eV, then it dips a little near —0.2
eV and then increases again. We find a similar increasing trend
in the DOS in the case of the conduction band for both

structures with a small variation in the marcasite. It is also
evident from the above band structure and DOS that p-type
doping is more favorable than n-type doping for obtaining
better thermoelectric properties. Optimized doping level and
transport properties are discussed in the next section.

4.2. Thermoelectric Properties. The recent experimental
study of Xu et al*® reveals that natural minerals are good
candidate materials for achieving high thermoelectric efhiciency.
In view of this, we have attempted to calculate the
thermoelectric properties of both marcasite and pyrite phases
of FeS,. To this end, we have calculated the thermopower and
electrical conductivity/scattering time (0/7) as a function of
carrier concentration and temperature using the Boltzmann
transport equation approach as implemented in the BOLTZ-
TRAP** code. These properties were calculated at ambient
pressure for the marcasite phase and at high pressure for the
pyrite phase. The results are discussed below.

The thermopower plays a vital role in deciding the
performance of the thermoelectric material because of the
direct proportionality of the figure of merit to the square of the
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thermopower (ZT = (S?6T)/k). The thermopower calculated
using the electronic structure data depends on the carrier
concentration and temperature. In view of the constant
scattering time approximation that is employed, energy
dependence of 7 is ignored. The calculated thermopower as a
function of hole and electron concentrations at different
temperatures are shown in Figure 9a,b. Here we have given the
results for 300, 400, and 500 K for marcasite and 700, 800, and
900 K for pyrite, as marcasite is reported to be stable only
below 573 K (300 °C), found to exist in a mixed state between
573—673 K (300—400 °C), and completely transformed to
pyrite above 673 K (400 °C).>®'"%* We observe the
thermopower increases with decreasing carrier concentration
for both electron and hole doping, which implies the absence of
bipolar conduction in the optimum concentration region. At
low carrier concentrations (hole concentration of 1 X 10" cm™
at 900 K for pyrite), we can see a decrease in the thermopower,
which indicates the onset of bipolar conduction in those
regions. We also found the Pisarenko behavior (i.e., logarithmic
variation) in the thermopower in the range of 10'°—10*' cm™,
which is an optimum working region for any good thermo-
electric material. In this region, we find the thermopower of
marcasite with a hole concentration of 1 X 10" cm™ to vary
between 550—610 uV/K for the temperature range 300—500 K.
In the case of pyrite, the thermopower is higher, ~750 uV/K up
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to ~800 K, followed by a reduction at ~900 K due to the
bipolar conduction. The difference between the thermopower
values of marcasite and pyrite may be due to differences in
effective masses of the carriers near the Fermi level of both
structures (see Figure 7ab). Hole doping leads to larger
thermopower as compared to electron doping in both
structures. The computed range of thermopower is in good
agreement with the earlier experimental investigation of Maria
Telkes® for both structures. This indicates that the marcasite
and pyrite phases of FeS, are good thermoelectric materials
with both hole and electron doping, but hole doping is
preferred over electron doping. (As discussed above, this is also
evident from Figure 8b.) In addition, we can also see that
marcasite is favorable for low-temperature (up to 500 K)
thermoelectric applications and pyrite is favorable for high-
temperature (up to 900 K) thermoelectric applications.

The other important factor that influences the thermoelectric
figure of merit is the electrical conductivity 6. While 6/7 is an
intrinsic property of any material, the relaxation time 7 also
depends on nuances of material preparation. Therefore, we first
consider variation of o/t with carrier concentration and
temperature. Results of our calculation of 6/7, as a function
of both the electron and hole concentrations for both
structures, are shown in Figure 10a,b. We found that there is
no significant change in o6/7 with temperature in the
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temperature range of interest when the carrier concentration is
varied from 1 X 10" to 1 X 10*! for both structures. We also
observe that /7 varies from 1 X 10" to 3 X 10" (Qm )™ for
marcasite and from 6 X 10'7 to 3 X 10" (Qms)™" for pyrite
for the optimum hole concentration at the investigated
temperatures. Because no general method exists to calculate
microstructure-dependent relaxation times of electrons, we are
not in a position calculate 6(T) from first principles. However,
we have attempted to estimate the relaxation times of electrons
at a fixed temperature and carrier concentration of the pyrite
phase from the limited experimental data available on naturally
occurring pyrite.** We have then used the same relaxation time
for the marcasite structure because these two polymorphic
phases are closely related. For the naturally occurring pyrite
with an electron concentration of 3.3X 10'® cm™, the resistivity
and thermal conductivity were found to be on the order of 2.17
X 10* Q7' m™" and 24.89 Wm™' K}, respectively, at 578 K.*°
The corresponding relaxation time 7 is estimated to be 101.1 X
107" s; the computed resistivity matches the experimental
value. Using this relaxation time, o is calculated for various
carrier concentrations. The value of ZT thus computed is found
to be 0.32 for a concentration of 3 X 10" at 700 K. Similarly,
we found a ZT value of 0.14 for marcasite at 300 K. The value
of ZT can be increased further by reducing the thermal
conductivity by resorting to a nanostructuring technique®”** as
well as by improving ¢ by using phase-pure materials. Our
theoretical calculations provide the guidelines for further
experimental investigation in this regard.

5. CONCLUSION

In summary, we have reported a theoretical description of the
structural transition of the natural mineral FeS,. From this
study, we conclude that the ground state of FeS, is the
marcasite structure under ambient conditions and it transforms
to the pyrite structure at high pressures. The calculated
structural properties such as lattice parameters, internal
coordinates of sulfur atoms, bond lengths, and bulk modulus
at ambient conditions are in good agreement with available
experimental data and other theoretical reports. We have also
predicted the single-crystal and polycrystalline elastic properties
and confirm that marcasite FeS, is mechanically stable at
ambient conditions. Our calculations using pressure coeflicients
of three lattice parameters and single-crystal elastic constants
confirmed that the marcasite phase is least compressible along
the b-axis. Furthermore, the dynamic stability of marcasite FeS,
is studied by phonon dispersion, and the calculated zone-
centered frequencies at ambient and high pressure are in good
agreement with earlier experimental and theoretical results. It is
interesting to note that the calculated zone-centered
frequencies and the phonon dispersion up to S GPa along
different directions do not show any softening under pressure,
reflecting the dynamic stability of marcasite FeS, up to 5 GPa.
A discussion of the marcasite-to-pyrite structural transition is
presented based on a detailed comparison of the geometry and
energetics of the two structures. We have also calculated the
electronic band gap using semilocal exchange—correlation
functional TB-mBJ and found that both polymorphic structures
are indirect band gap semiconductors. Finally, we have
calculated thermoelectric properties and find that the thermo-
power for the high-pressure phase is relatively higher than that
for the ambient phase. We also predict that marcasite can be
used for low-temperature thermoelectric applications, whereas
pyrite can be used for the high-temperature applications. We

hope that our work on the transport properties will further
stimulate the experimentalists for a detailed study of the
thermoelectric properties of this interesting mineral.
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