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1. Introduction

Since last three decades, there is a considerable interest in
the layered transition-metal dichalcogenides (MX,: M = transition-
metal from IV B, VB, VI B or VIII group, X=S, Se or Te) due to
their electrical, optical and magnetic properties [1]. In photo elec-
trochemical cells [2,3], they can be used as electrode materials.
These dichalcogenides exhibit band gap well matched with the
solar spectrum, hence can be treated as prototype materials for
photovoltaic and opto-electronic devices [4]. Iron pyrite (FeS,)
which is also known as Fool’s gold is non-magnetic semiconduc-
tor. Its crystal structure resembles with the rock salt NaCl, where
Na and Cl sites are occupied by Fe ion and S anion pairs, respec-
tively. The electronic structure of FeS, has been investigated both
theoretically and experimentally at room temperature and nor-
mal pressure [5-10]. Among later studies, Muscat et al. [11] have
reported density-functional theory (DFT) calculations using plane
wave pseudopotentials and Gaussian basis sets. Kokubun et al. [12]
have measured the experimental anisotropy in the atomic scatter-
ing factor and compared their data with the ab initio calculations.
Hung et al. [13] have computed the electronic properties using
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plane waves. Furthermore, X-ray absorption and emission spec-
troscopy based experimental studies on FeS, have been reported
by several workers [14-18]. Although there have been few band
structure calculations, the computation of momentum densities
and hence the Compton profiles still remains untouched.

It is worth mentioning that Compton scattering is a well known
probe to explain the ground state electron momentum distribu-
tion in metals, alloys and compounds [19]. Within the impulse
approximation, the Compton profile is the projection of electron
momentum density p(p) and can be deduced from the spectral
distribution of Compton scattered photons. The Compton profile
technique has advantages like its insensitiveness to surface effects
and crystal defects and also its applicability in low defect materials.
The Compton profile, J(p;), is defined as

J(Pz)=/ / p(p) dpxdpy, (1)
Px Y Py

where p; is the component of the electron momentum along the
scattering vector (chosen as the z-axis). In the absolute profiles,
it may be difficult to identify the fine structures in the Compton
line shapes. The anisotropy in the Compton profiles (Ju —Juir)
measured along crystallographic directions removes systematic
problems like background contribution, failure of impulse approx-
imation, residual effects of multiple scattering, etc.
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To explore the electronic properties of FeS, using electron
momentum densities, in this paper, we report for the first time the
experimental and theoretical directional Compton profiles of this
pyrite. The anisotropy in the momentum densities is interpreted in
terms of energy bands and density of states (DOS) computed using
DFT approach at the level of linear combination of atomic orbitals
(LCAO). To check the utility of FeS, in photovoltaics, we have also
computed the optical properties (imaginary part of dielectric tensor
and absorption coefficient) using full potential augmented plane
wave (FP-LAPW) method.

2. Experiment

For the measurement of directional Compton profiles, the first-ever lowest
intensity 100 mCi 24 Am Compton spectrometer [20] was used. Single crystals of
FeS, ([110] and [100] directions) of thickness 4 mm and diameter 20 mm were
received from Jim Porter of Warwick University, UK. The orientations of the samples
were confirmed using X-ray diffraction. The incident photons of energy 59.54 keV
were scattered from crystalline samples along I'-M [110] and I"-X [100] direc-
tions, at an angle 165 =+ 1.5°. The scattered photons were detected by a high purity
Ge detector (HPGe, Canberra GL0O210P). The diameter of incident beam at the sample
position was kept to be about 8 mm. The overall momentum resolution of the spec-
trometer, which incorporates the detector resolution as well as the divergence of
incident and scattered beams, was 0.55 a.u. (Gaussian full width at half maximum).
To obtain the directional Compton profiles the single crystals along [100]and [110]
directions were exposed by y-rays for 119.4 and 141.0 h, respectively. The integrated
Compton intensities for [100] and [1 10] directions were found to be 2.43 x 107 and
2.78 x 107 photons, respectively. To extract the true Compton profile, the raw data
were corrected for background and a number of energy dependent corrections like
instrumental resolution, sample absorption, scattering cross-section, etc. [19,21].
The instrumental resolution correction was limited to stripping off the low energy
tail in the measured data. The effect of multiple (up to triple) scattering of photons in
the sample was simulated by the Monte Carlo procedure [22] and subtracted from
the profiles. The ratio of multiple to single scattering events (in the momentum
range 0-10a.u) was found to be 10.2%.

3. Computational methodology
3.1. LCAO calculations

The energy bands, DOS and Compton profiles of FeS, were cal-
culated using LCAO method as embodied in CRYSTALO3 code [23].
This code makes use of local basis sets of Gaussian-type orbitals
GTOs and is a reliable tool for computing the electronic and asso-
ciated properties of variety of materials [see, for example, 23-25].
The code facilitates Hartree-Fock (HF) and DFT with a local density
approximation (LDA) and a generalised gradient approximation
(GGA). It may be noted that in HF scheme exact interaction between
the electrons is accounted while the correlation effects are ignored.

In DFT approximation, the total ground state energy of an elec-
tron system is written as a functional of electron density po(r).
In case of DFT-LDA, the exchange-correlation density functional
energy (Exc) is defined from uniform p(r) as

AL p(r)] = / p(r)exclp(rldr 2)

In DFT-GGA approximation, the energy Exc depends not only on
p(r) but also on gradient of p(r).
Mathematically,

ExeMo(r)] = /p(")ch[p(r), IV o(r)ldr 3)

In the present DFT-LDA calculations, we have considered the
exchange potential of Dirac-Slater [23] and the correlation poten-
tial of Perdew and Zunger [26], while in case of DFT-GGA both the
exchange and correlation potentials were taken from Perdew et al.
[27].

To see the role of hybrid HF/DFT method, we have also con-
sidered the B3LYP functional form, which involves Becke’s three

Table 1

Optimised basis sets, Gaussian exponents (in a.u.~2) and contraction coefficients
for Fe and S in solid state FeS,. Asterisks denote atomic orbitals assumed to be
unoccupied at the beginning of the self consistent field process.

Atom  Orbitals Exponents Coefficients
s p d
Fe 1s 315379.0 0.000227
45690.0 0.0019
9677.3 0.0111
2520.88 0.0501
759.746 0.1705
262.964 0.36924
102.801 0.4033
42.9733 0.1434
2sp 798.262 —0.0052 0.00850
191.162 —0.068 0.0608
63.6885 -0.1314 02114
25.3625 0.2517 0.3944
10.7338 0.6433 0.398
3.764 0.2825 0.2251
3sp 48.1434 0.0122 -0.0215
17.4579 -0.2278 —0.085
6.9972 —0.8801 0.201
3.0791 0.9755 1.3024
4sp 1.2071 1.0 1.0
4sp* 0.3827 1.0 1.0
3d 33.8149 0.051
9.2879 0.2566
3.0936 0.5688
1.036 0.6734
3d* 0.2924 1.0
S 1s 109211.0 0.0002520
16235.206 0.0019934
3573.0286 0.0111177
943.23811 0.0498945
287.26179 0.1661455
99.914226 0.3627018
38.602137 0.4108787
15.531224 0.1457875
2sp 281.22171 —0.0057780 0.0081427
67.106575 —0.0665855 0.0565570
21.794135 —0.1203552 0.2039582
8.2097646 0.2741310 0.3973328
3.4178289 0.6463829 0.3946313
1.5452225 0.2925792 0.1544345
3sp 3.8509 —0.2047 —0.0955
1.4966 -0.4339 0.3543
0.564 1.0553 2.1747
3sp* 0.186 1.0 1.0

parameter hybrid exchange and Lee-Yang-Parr correlation func-
tionals. Within the B3LYP scheme, the exchange-correlation energy
Exc is defined as [23]

EB3YP = (1 —a) x (E{PA + b x AERFKE) +a x EFF + (1 -¢)
x EYWN + ¢ x ERYP (4)

where AEBECKE js Becke’s gradient correction to the exchange func-
tional ERPA. ELYP and EYWN are the correlation energies due to
Lee-Yang-Parr [28] and Vosko-Wilk-Nusair [29], respectively. In
Eq. (4), we have used the standard values of pre-factors (a=0.20,
b=0.90 and c=0.81). For faster convergence of self-consistence
field (SCF) cycles, the BROYDEN scheme [30] was applied. The
all electron Gaussian basis sets for Fe and S were taken from
http://www.tcm.phy.cam.ac.uk/~mdt26/basis_sets/. The energy
optimisation of the basis sets was undertaken using the BILLY soft-
ware [23]. The optimised basis sets are given in Table 1. Following
the default tolerances in the CRYSTALO3 code, the SCF calculations
have been performed at 328k points in the irreducible Brillouin
zone (IBZ). The lattice constant for FeS, (cubic structure with space
group Pa3) was taken as 5.416 A [11].

The p(r) was calculated from the sum of the squared moduli of
the occupied crystalline orbitals in a momentum space represen-
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Fig. 1. Selected energy bands (E-k relation) along high symmetry directions of the
first Brillouin zone using LCAO-DFT-GGA method for FeS,. In the lower panel the
total and partial density of states (DOS) are also shown. The positions of I", X, M
and R vertices correspond to (0, 0, 0), (1/2, 0, 0), (1/2, 1/2, 0) and (1/2, 1/2, 1/2),
respectively.

tation. Within the notations of CRYSTALO3 package [23], the p(p) is
expressed as

1 2
p(p) = v;; /B de|wj(k,p)| Oler — &j(k)] (5)

where 6 is the Heaviside step function, &f is the Fermi energy, &;(k)
is the k-dependent eigen value of the jth orbital and Vpz stands for
the volume of the BZ. An integration of p(p), as givenin Eq. (1), leads
to Compton profiles. All the experimental and theoretical profiles
were normalised to 26.39 e~ in the momentum range 0-7 a.u. [31].
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Fig. 2. Difference between the convoluted theoretical and experimental absolute
Compton profiles for (a) J110 and (b) J100. The statistical error (+0) is also shown.

3.2. FP-LAPW calculations

In order to obtain the optical properties using FP-LAPW scheme,
we have used the WIEN2k code [32]. In this formalism, we have
also used local orbitals (lo) for the high lying semi-core states. This
method is supposed to give accurate results for optical properties
because no shape approximation is made for the potential or charge
density. The radius of Muffin-tin sphere (Ryr) was chosen to be
2.26a.u. for Fe and 2.00a.u. for S. Like LCAO, we have used GGA
functional in FP-LAPW as proposed by Perdew et al. [27]. It may
be noted that these functionals have no adjustable parameters and
are based on a diffuse radial cut off for the exchange hole in real
space. Moreover, an analytic expansion of the exchange energy for
small gradients is accounted in these functionals. The convergence
criterion was set to 0.01 mRy which is sufficient due to use of lo and
APWs. In the present calculations, 249 (7 x 7 x 7) k points were
considered in the irreducible wedge of BZ. The value of RyrKmax
was kept equal to 7 (Kmax is the maximum modulus of reciprocal
lattice vector). The maximum radial expansion was set equal to 10.

To derive the optical properties, one needs to calculate mainly
the frequency dependent dielectric function &(w) [33] which is
given as

s(w) = e1(w) + igz(w) (6)

The imaginary or absorptive part of frequency-dependent
dielectric function &,(w) depends on the joint density of states and
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Fig. 3. Experimental and theoretical Compton profile anisotropies (J110 —J100) for
FeS,.Before deducing the anisotropies, the theoretical profiles have been convoluted
with a Gaussian function of FWHM 0.55 a.u. The statistical error in the experimental
data (+o) is also shown.

the momentum matrix elements. The direct interband contribution
to the £,(w) is calculated by summing up all possible transitions
from occupied to unoccupied states,

(7)

e2h 2
&2(w) = WE /BZ |Mcv(k)|“8lweu(k) — w]d3k.
v,Cc

The integral is taken over the first BZ. The momentum dipole
elements are represented by Mcy(k). The transition energy hwcy (k)
is derived from the valence and conduction bands. The real compo-
nent £1(w) is obtained using the Kramers-Kronig relations which
is defined as,

81(a))=1+313/ V@) 4y
T Jo

(8)

W _ o2

Here P denotes the principal value of the integral.
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The absorption coefficient which plays a major role in optical
properties is given by

(9)

12 1/2
(@) = 20 ( [e1(@) + 82(02))] el(a») .
It is worth mentioning that Wien2k code does not facilitate the
computation of momentum densities.

4. Results and discussion
4.1. Energy bands and Compton profiles

In Fig. 1, we have presented energy bands and DOS of FeS, using
LCAO-DFT-GGA. The topology of energy bands from other LCAO
based calculations is almost same; therefore we have not shown
them. Cross-over of energy bands along the two special symmetry
directions [110] (I"-M in the first BZ) and [1 00] (/"-X) make the
energy bands quite interesting. In Fig. 1, the energy bands are found
in different groups with several degenerate states. From the DOS
curves, it can be seen that the lowest bands originate mainly from
anion S 3s states, while the second group of bands mainly consists of
S 3p states. The top most group of valence bands is formed by Fe 3d
and S 3p states, with major contribution from the Fe 3d. The region
close to Fermi level is dominated by fully occupied Fe 3d,» states
(separately not shown) with a small admixture of S 3p states. The
conduction bands mainly arise from the hybridised Fe 3d,2,> + dxy,
3dxz+y, and S 3p antibonding states. Fig. 1 also depicts that elec-
tronic properties of FeS, are dominated strongly by hybridisation
of Fe 3d and S 3p states. Now we compare our experimental and
theoretical Compton profiles and interpret them in terms of energy
bands.

The theoretical directional Compton profiles computed within
the frame work of DFT with LDA, GGA and hybrid HF/DFT (B3LYP)
method using CRYSTALO3 code are listed in Table 2. For an exten-
sive use of our experimental data, we have also incorporated the
numerical values of our experimental Compton profiles. In this
table, the experimental values of J; 19 and J; g at p,=0 are found
to be 13.638+0.014 e/a.u. and 13.463 £0.014 e/a.u., respectively.
This data can be understood by the fact that the projection of
the momentum density along [110] so-called J;1¢(p;) is greater
than J; 9o(pz), which shows that electrons are more delocalised in
position space in [110] direction. In Fig. 2, we have plotted the
difference between the convoluted theory and the experiment for
(a) [110] and (b) [100] directions. From Fig. 2, it is clearly seen

30f(@ A il Expt. 4 (c) Is X4
- FP-LAPW
25 4
20 - B 2—& X3
—_ v,
3 15}
Pl R
10} 0420 Er
0 f== & X2
300 [-(b) 5 .2
250 e E% Tg &
5 200 | 44
g 1501
E1oof P
0L e g !
% : : s 8 10 12 R r A X M £ T
Energy (eV) k

Fig. 4. (a) Dielectric function &2(w), (b) absorption coefficient I(w) and (c) energy bands of FeS, computed using FP-LAPW method.
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Table 2

Experimental and theoretical (unconvoluted) directional Compton profiles of FeS,. For comparison with the present experiment, all the theoretical profiles are convoluted

with a Gaussian FWHM of 0.55 a.u.

pz (au.) J(pz) (inefa.u.)
[100] [110]
DFT-LDA DFT-GGA B3LYP Expt. DFT-LDA DFT-GGA B3LYP Expt.

0.0 13.877 13.870 13.844 13.463 + 0.014 13.877 13.988 13.944 13.638 + 0.014
0.1 13.735 13.729 13.698 13517 £ 0.014 13.735 13.845 13.801 13.653 + 0.014
02 13522 13.517 13.481 13.339 £ 0.014 13.522 13.621 13.580 13.531 £ 0.014
03 13234 13.228 13.188 12.964 + 0.014 13234 13.309 13276 13.192 £ 0.014
04 12.855 12.849 12.804 12.564 + 0.014 12.855 12.906 12.877 12.728 + 0.014
0.5 12.373 12.367 12.319 12.166 + 0.014 12.373 12.399 12.372 12.241 + 0.014
06 11.786 11.782 11.737 11.641 £ 0.014 11.786 11.789 11.764 11.696 + 0.014
0.7 11.110 11.106 11.072 10.936 + 0.014 11.110 11.089 11.068 11.033 + 0.014
08 10.365 10.364 10.346 10.180 + 0.014 10.365 10.326 10310 10273 + 0.014
1.0 8.802 8.805 8.822 8.748 + 0.014 8.802 8.740 8.738 8.691 + 0.013
12 7.350 7.354 7.389 7.154 + 0.012 7.350 7.293 7.295 7.228 + 0.012
14 6.175 6.178 6.208 6.226 + 0.011 6.175 6.141 6.141 6.146 + 0.012
16 5304 5305 5322 5.289 + 0.010 5304 5288 5289 5353 £ 0.011
18 4,669 4,669 4679 4781 + 0.010 4,669 4662 4,664 4779 + 0.010
2.0 4177 4178 4186 4325 + 0.010 4177 4176 4181 4.300 + 0.009
3.0 2.589 2.590 2.593 2,620 % 0.008 2.589 2.585 2.601 2.612 % 0.007
40 1.658 1.658 1.659 1.722 + 0.006 1.658 1.658 1.666 1.661 + 0.006
5.0 1.128 1.128 1.129 1.170 + 0.005 1.128 1.129 1.129 1.153 + 0.005
6.0 0.806 0.806 0.806 0.797 + 0.005 0.806 0.806 0.805 0.800 + 0.004
7.0 0611 0.611 0611 0.594 + 0.004 0611 0.611 0.610 0.562 + 0.004

that the calculations based on various schemes of DFT, namely
LDA, GGA and B3LYP give almost similar trend. All the theoreti-
cal profiles overestimate the momentum densities in the vicinity
of p;=0a.u, while a reverse trend is seen in the intermediate
momentum range 1.4-3.0a.u. This means that there may be few
electrons partially occupying the region just above the Fermi level.
This can be partly explained by thermal excitations, which are not
accounted in our theoretical calculations. Further, the LCAO calcu-
lations are non-relativistic and in Kohn-Sham DFT approximation
there is approximate inclusion of exchange and correlation effects.
To check the best agreement between theory (J™) and experiment
(JExPt with 40 error), we have also made x? fitting which is defined
as

. 2

2 J™(p2) —JP¥(p)

X _Z [ o(pz) :| ' (10)
pz=0

The summation extends over the experimental data points.

On the basis of x? fitting, it is seen that B3LYP gives the
best agreement (overall) with the experiment. The experimental
anisotropies (J110 —J100) along with theoretical data are plotted
in Fig. 3. In the low momentum region, the experimental data
show higher magnitude of anisotropy in comparison to DFT calcula-
tions. The overall trend of the experimental anisotropy is again well
approximated by the B3LYP. Within the limitations of the instru-
mental resolution, the periodicity in anisotropies J; 1o —J1 00 (Fig. 3)
can be understood mainly in terms of energy bands, their crossings
and degenerate states in I'X [100] and I'M [110] branches. Due
to large number of allowed states and cross-overs of bands in I"'M
branch in comparison to I'X (Fig. 1), there is higher value of elec-
tron density which enhances the electron momentum density (and
hence the Compton profile) in the low momentum region of [11 0]
direction. It leads to positive amplitude of the anisotropyJi 10 —J100
near p; =0 as evident from Fig. 3. Using similar logic, the negative
oscillationin ;19 —J1 00 atabout 1.2 a.u. is attributed to degenerate
states in I'X (=0.307 x na.u. where n=4) branch.

4.2. Optical properties

In Fig. 4(a) and (b), we present frequency dependent dielectric
function and absorption coefficient calculated using the FP-LAPW

method. First of all, we discuss the imaginary part of the dielec-
tric function &;(w) of FeS, as shown in Fig. 4(a). In this curve, five
intense peaks are marked as A (at 2eV), B (at 3.6eV), C (at 5.5eV),
D (at 7.2 eV) and E (about 9.4 eV). The formation of these peaks can
be explained on the basis of interband transitions in energy bands
computed using FP-LAPW scheme (Fig. 4c). Peak A may be due to
the transitions from R; — R; (Fe 3d — S 3p). The transition X; — X3
(Fe 3d — S 3p) originates the peak B. The peak C arises due to tran-
sition from X; — X4. The origin of peak D may be understood in
terms of transition from I'; — I'4. Transition from S 3p states to
Fe 3d states (I'y — I'3) gives the broad peak E. It is seen that all
the transitions are mainly between S 3p and Fe 3d states. All these
transitions follow the dipolar selection rule which states that only
transitions changing the angular momentum quantum number [
by unity (Al=+1) are allowed. Our theoretical calculations show a
reasonable agreement with the ultraviolet reflectance spectra mea-
sured by Suga et al. [34] at SOR-RING synchrotron radiation facility.
Now we explain the absorption coefficient I(w) (Fig. 4b) along with
the spectrophotometer based absorption measurements reported
by Ferrer et al. [35]. A comparison of FP-LAPW and experimental
absorption coefficients shows that the theoretical absorption starts
at about 0.60eV while the corresponding experimental value is
found to be 0.70 eV. It is also observed that the amplitude of experi-
mental absorption data is lower than that computed using FP-LAPW
method. Such type of discrepancy can occur due to the broaden-
ing of the experimental data which may influence the intensity of
peaks. It is worth noting that, larger smearing width significantly
lowers the intensity of such peaks. In the low energy region (<3 eV),
the overall features in the experimental data are similar to FP-LAPW
computations. It is known that most of the intense part of the sun’s
emission emerges in the energy range 0-5 eV. A reasonable value of
theoretical absorption coefficient between 3 and 4 eV confirms the
suitability of FeS, in fabrication of solar cells. Therefore, the present
optical data support the predictions related to utility of FeS, in solar
cells as reported by Ennaoui et al. [36].

5. Conclusions
We have computed the directional momentum densities of

FeS, using density functional theory. Our measurement on direc-
tional Compton profiles shows a good agreement with the hybrid
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Hartree-Fock and density functional theory. The anisotropy in the
Compton profiles is partly explained in terms of energy bands.
Like absolute profiles, experimental anisotropy in Compton pro-
files also shows a better agreement with the hybrid functionals.
The optical properties computed using FP-LAPW method with the
GGA functionals of Perdew et al. are in agreement with the avail-
able experimental data. Reasonable value of absorption coefficients
of FeS; in the energy range 3-4 eV shows its usefulness in the fab-
rication of solar cells. Synchrotron based high resolution Compton
profile measurements and relativistic band structure calculations
may further be helpful.
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