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Electronic structure of FeS2: The crucial role of electron-lattice interaction
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Using the results of fully self-consistent all-electron first-principles calculations for semiconducting iron
pyrite we discuss the major factors governing the semiconducting properties as well as the chemical bonding
of this material. The calculations are based on density functional theory within the local density approximation
and employ the augmented spherical wave method in its scalar-relativistic implementation. The electronic
properties are dominated by strongly hybridized Fe 3d and S 3p states. The chemical bonding is analyzed
using anab initio implementation of the crystal orbital overlap population. Chemical stability is shown to
result mainly from the Fe-S bonding. While the upper part of the valence band is formed mainly from Fe
3dt2g-derived states the conduction band comprises theeg-derived levels. The conduction band minimum, in
contrast, is exclusively due to S 3p states, this fact explaining the observed high optical absorption. For the
same reason the optical properties are strongly influenced by the short sulfur-sulfur bonds. We demonstrate that
only small deviations in the sulfur pair bond lengths involve rather drastic changes of the near-gap electronic
states which might even turn the indirect band gap into a direct one. These findings allow us to understand the
rather high sensitivity of the optical band gap to the incorporation of defects. Finally, our results open per-
spectives for photovoltaic applications of FeS2. @S0163-1829~98!04011-9#
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I. INTRODUCTION

The pyrite-type transition metal disulfidesMS2 with M
5Fe, Co, Ni, Cu, Zn, Ru have long been attracting scient
and technological interest because of a broad range of e
tronic, magnetic, and optical properties~see, e.g., Refs. 1–7
just to mention a few!. Among these compounds are sem
conductors like the van Vleck paramagnet FeS2 and the
wide-band-gap diamagnet ZnS2. In contrast, CoS2 is a ferro-
magnetic metal (TC'130 K) while CuS2 becomes
superconducting.2,8–10 Much interest has also been focus
on the antiferromagnetic insulator NiS2 which undergoes two
magnetic phase transitions at TN1

'54 K and

TN2
'31 K,2,9–12 and has been interpreted in terms of t

Mott-Hubbard-type picture for highly correlated electro
systems.6,10 In general, the changing influence of electr
correlations across the series, which is related to the suc
sive filling of the eg manifold of the crystal-field-splitd
bands, remains a central issue. A systematic study is fav
by the fact that the pyrites from FeS2 to CuS2 and the se-
lenides of Co and Ni form solid solutions.10,13 As a conse-
quence, the occupation of theeg band can be continuousl
varied, thus allowing for the construction of comprehens
phase diagrams.10

A lot of both experimental and theoretical work has be
performed on the pyrite-type transition metal disulfide
Whereas x-ray photoemission spectroscopy~XPS!, ultravio-
let photoemission spectroscopy~UPS!, x-ray absorption
spectroscopy~XAS!, and bremsstrahlung isochromate spe
570163-1829/98/57~11!/6350~10!/$15.00
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troscopy~BIS! were used to determine the occupied and u
occupied electronic states14–21 optical measurements wer
used to evaluate the band gap.20,22,23 As a matter of fact,
many different numbers for the optical band gap were p
lished ranging from 0.7 eV to 2.62 eV~see, e.g., Refs. 24–2
for an overview!. As Ferreret al. and Ennaouiet al. pointed
out this diversity traces back mainly to differences
samples, experimental techniques, and treatment of the
perimental data.25,26 Most reliable results are obtained from
photoconductivity measurements which yield 0.9–0.95
and agree with optical and conductivity experiments.22,26Ra-
man and IR experiments were guided by the peculiarities
the pyrite structure with its interplay of metal-sulfur and re
tively short S-S bonds27–30 and accompanied by force con
stant calculations.31 Susceptibility, magnetization, neutro
diffraction, Mössbauer, and perturbed angular correlat
~PAC! measurements finally aimed at the low-spin–hig
spin question, the formation of local moments, and the re
lution of the magnetic structure especially of the Ni memb
of the series.8,9,11–13,32–34

As concerns the theoretical description of theMS2 com-
pounds qualitative one-electron band schemes and phase
grams were supplied already by the end of the 1960s.2,4,35–37

They were complemented by more accurate band calc
tions mainly on FeS2 ranging from non-self-consisten
tight-binding38,24 and semiempirical calculations39 to self-
consistent state-of-the-art studies21,40,41which, except for the
work by Khan, show a remarkably good agreement. Ho
ever, there are still distinct discrepancies concerning the
act shape of the bands. In particular, the upper valence
6350 © 1998 The American Physical Society
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57 6351ELECTRONIC STRUCTURE OF FeS2: THE CRUCIAL . . .
lower conduction bands of FeS2 and hence the location o
the valence band maximum and conduction band minim
are not yet fully resolved. These complications might
traced back to the fact that even the latest calculations
volved limiting approximations such as, e.g., an uncomp
basis set21 or use of the rigid core approximation.41 In view
of the high standard band theory has reached the situatio
unsatisfactory and calls for a renewed calculation in orde
reactivate materials research on these compounds.

Much interest has focused on iron pyrite FeS2 for its
promising capabilities as a material for photovolta
applications.26 This is, of course, related to the high quantu
efficiency (.90%) and the high absorption coefficien
(>105 cm21 for hn.1.3 eV) but also benefits from th
nontoxity of the constituents.42,43 Yet, the rather small value
of the optical band gap prohibits optimal use of the so
spectrum. For this reason, many investigations aimed a
creasing the band gap, e.g., by alloying with other materi
Recently, we found a considerable increase of the opt
band gap by about 0.07 eV on the implantation of only
very small amount (,531020 cm23) of Zn into FeS2.44

From the absence of any indications of additional phases
the fact that Zn and Fe are frequently associated in mine
we conclude that the Zn atoms homogeneously substitute
Fe atoms. The aforementioned concentration then co
sponds to a Zn content of'2% and an average Zn-Zn dis
tance of about 15 Å. In view of this small concentration
well as the fact that ZnS2 is a wide-gap semiconductor wit
3d states located well below the valence band maximum
explanation of this gap widening exclusively in terms of t
electronic states seemed unlikely. Since Zn has a la
atomic radius as compared to iron, we propose instea
mechanism based on crystal structure distortions cause
the incorporation of Zn impurities into iron pyrite and a co
siderable electron-lattice interaction.44 The latter would
transform the structural deviations into the observed chan
of the electronic structure.

In order to get more support for these ideas and to res
in general the above-mentioned uncertainties of the e
tronic structure we initiated the present first-principles stu
In doing so, we decided to concentrate for the time being
pure FeS2 and to leave a systematic investigation of t
mixed system Fe12xZnxS2 for later work. Hence, we study in
a first step the effects of symmetry-conserving deviatio
from the measured crystal structure without actually tak
the Zn impurities into account. In addition, we address
chemical bonding by using the concept of crystal orb
overlap population45 ~COOP! which was recently imple-
mented into the augmented spherical wave~ASW! method.46

The paper is organized as follows: Starting out with
short summary of the crystal structure data in Sec. II
outline the method of calculation in Sec. III. Turning to th
results we present in Sec. IV A the calculations using
experimentally reported crystal structure whereas in S
IV B we look in more detail at the influence of deviation
from the ‘‘real’’ crystal structure on the electronic structur
Section V finally summarizes the most important results.

II. CRYSTAL STRUCTURE

At room temperature FeS2 crystallizes in the pyrite struc
ture which is based on a simple cubic~sc! lattice with space
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group Pa3̄(Th
6) ~Refs. 32, 33, and 43! and lattice constan

a55.4160 Å.33 We display the crystal structure in Fig. 1
The positions of the atoms and the crystal structure par
eter are listed in Table I where the Wyckoff positions (4a)
and (8c) are special cases of the general positi
~24d!: 6 ~x,y,z!, 6 ~ 1

22x,2y,1
21z!, 6 ~2x,1

21y,1
22z!,

6~1
21x,1

22y,2z! ~and cyclic permutations ofx,y, andz).
The pyrite crystal structure is best described in terms

the NaCl structure with the sublattices occupied by iron
oms and the centers of gravity of sulfur atom pairs, resp
tively. These sulfur dumbbells are oriented along the^111&
axes. Being 2.161 Å their bond length is still shorter than
Fe-S distance of 2.265 Å. Whereas the sulfur atoms are
rahedrally coordinated by one sulfur and three iron atoms
six nearest-neighbor sulfur atoms at each iron site fo
slightly distorted octahedra. Due to the deformations of
octahedra, the local symmetry at these sites is reduced f
cubic (Oh) to trigonal (C3i). The distorted FeS6 octahedra
are interlinked by common corners and, due to the format
of the ^111& sulfur pairs, have rotated away from the Cart
sian axes by about 23°. For a two-dimensional crystal
situation is sketched in Fig. 2. Obviously, the formation
the ^111& sulfur pairs does not destroy the square pla
coordination of the iron atoms. Instead, the squares built
the sulfur atoms just shrink and rotate. Since the orienta
of the dumbbells conforms with the cubic point group, t
underlying Bravais lattice is no longer face centered
simple cubic and the unit cell comprises four formula uni
Yet, as we will see below, some features of the electro
structure may still be understood in terms of the fac
centered-cubic~fcc! lattice.

According to Bradley and Cracknell the space groupPa3̄
(Th

6) is exceptional among the 230 space groups as it is
only one which is neither an invariant subgroup of any larg
space group based on the simple cubic Bravais lattice n
member of a pair of isomorphic space groups.47 For this
reason, the irreducible wedge of the first Brillouin zone
given in Fig. 3 is twice as big as that of the more famili

FIG. 1. Crystal structure of FeS2. Iron and sulfur atoms are
printed in black and light gray, respectively.

TABLE I. Crystal structure parameters~from Ref. 33!.

Atom Wyckoff positions Parameter

x

Fe (4a)
S (8c) 0.38484
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6352 57V. EYERT, K.-H. HÖCK, S. FIECHTER, AND H. TRIBUTSCH
monoatomic case and we have to distinguish the hi

symmetry pointsX5(0,1
2 ,0) andX85( 1

2 ,0,0).

III. METHOD OF CALCULATION

Our calculations are based on density functional the
~DFT! and the local density approximation~LDA !.48,49 As a
calculational scheme we employ the ASW method50 in its
scalar-relativistic implementation51,52 ~see Refs. 53 and 54
for more recent descriptions!. This is the same method a
that used in the previous study on FeS2 by Folkertset al.21

Since the ASW method uses the atomic sphere approx
tion ~ASA!,55 we had to insert so-called empty spheres in
the open crystal structure of FeS2. These empty spheres a
pseudoatoms without a nucleus which are used to mode
correct shape of the crystal potential in large voids.56 In or-
der to minimize the sphere overlap we have recently de
oped an algorithm57 which solves the problem of finding
optimal empty sphere positions as well as radii of all sphe
automatically. As a result, by inserting 32 empty spheres
the simple cubic unit cell of FeS2 we were able to keep th
linear overlap of any two physical spheres below 10
and the overlap of any pair of physical and empty sphe
below 18%. The positions of the empty spheres are lis
in Table II. In addition to the empty sphere positions t
algorithm proposed the following sphere rad
Fe,2.243aB ;S,2.223aB ;E1 ,1.630aB ; andE2 ,1.543aB .

Our automatically generated result differs considera
from the choice taken by Folkertset al. who, likewise rely-
ing on the ASA, faced the same problem of selecting go
empty sphere positions and atomic sphere radii.21 These au-
thors discussed two possible solutions, one using no em
sphere at all and the other with one type of empty sph
Checking their numbers we found that the first choice le
to a linear overlap of up to 34% whereas with the seco
choice one can reduce the maximum linear overlap to 3

FIG. 2. Two-dimensional analog of the pyrite structure. Big a
small solid circles designate iron and sulfur atoms, respectiv
Small open circles mark the ideal positions conforming with
rocksalt structure.

FIG. 3. First Brillouin zone of the simple cubic lattice.
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between physical spheres and 34% between a physical
an empty sphere. Folkertset al. reported on substantial dis
crepancies of the electronic structure calculated with th
two sphere geometries. At the same time, their second ch
resulted in a better agreement of the calculated electro
properties with the experimental data from XPS, BIS, a
optical experiments.21 Nevertheless, as we will demonstra
below, there are still substantial improvements of the el
tronic structure when we use the above listed empty sph
positions and sphere radii from our own algorithm. As
recalculation of the work of Folkertset al. with their second
choice of sphere radii, however, revealed, the shortcomi
of their band structure result only to a lesser degree from
sphere geometry alone but are rather due to the fact that,
their choice of sphere radii, the selected basis set for
variational procedure was not fully complete.

The basis set used for the present calculations compr
Fe4s, 4p, and 3d orbitals, S3s, 3p, and 3d orbitals,
and 1s and 2p orbitals of the empty spheres. In addition, 4f
states of Fe and S as well as empty sphere 3d states were
included as tails of the aforementioned orbitals~see Refs. 50,
53, and 54 for more details on the ASW method!.

The Brillouin zone sampling was done using an increa
number ofk points ranging from 11, 24, and 76 to 176 poin
within the irreducible wedge. This way we were able to e
sure convergence of our results with respect to the finen
of the k space grid. Self-consistency was achieved by e
ploying an efficient algorithm for convergence acceleratio58

the convergence criterion for the atomic charges and the t
energy being 1028 electrons and 1028 Ry, respectively.

In addition to the calculation of the band structure and
~partial! densities of states we opted for an evaluation of
COOP. The concept of COOP’s has been introduced
Hoffmann45 in order to allow for a discussion of chemica
bonding. Roughly speaking the COOP consists of the den
of states weighted with nondiagonal elements of the mat

ci* ~k!Si j cj~k!5ci* ~k!^xki~r !uxk j~r !&cj~k!, ~1!

whereSi j represents an element of the overlap matrix of
basis functionsxki(r ) and thecj (k) are the coefficients en
tering the expansion of the wave function in terms of t
basis functions. A more detailed description of the COO
in particular in the context of first-principles DFT calcula
tions has been given in Ref. 59. Positive contributions to
COOP indicate a bonding of the respective orbitals wher
negative terms in Eq.~1! point to antibonding states. Th
evaluation of the COOP has been recently implemented
the ASW method46 and already successfully applied to th
interpretation of bonding properties of various compound59

IV. RESULTS AND DISCUSSION

A. Calculations using the experimental crystal structure

To the first approximation, the electronic structure
FeS2 may be discussed in terms of a molecular orbital p

y.

TABLE II. Empty sphere positions.

Atom Wyckoff positions Parameters

x y z

E1 (8c) 0.1935
E2 (24d) 0.4446 0.1373 0.1980
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57 6353ELECTRONIC STRUCTURE OF FeS2: THE CRUCIAL . . .
ture where the formation of (S2)22 pairs leads to five occu
pied sulfur states per pair. The remaining antibondingps*
band, in contrast, will be located above the insulating g
Accordingly, iron turns out to be in a 3d6 configuration and
has a low-spin (t2g)6(eg)0 state in octahedral coordination
Since the distortion of the FeS6 octahedra lowers the sym
metry of the crystal field at the iron site from cubic (Oh) to
trigonal (C3i), thet2g levels are further split into a low-lying
twofold degenerateeg

p level and a highera1g singlet.36,37For
clarity the originaleg level is then designated as theeg

s state.
Nevertheless, since the deviations from octahedral symm
are rather small, we still expect that the crystal field splitti
is dominated by its cubic part.

To start with the presentation of our ownab initio results
we show in Fig. 4 the band structure of FeS2 along selected
high-symmetry lines within the first Brillouin zone of th
simple cubic lattice, Fig. 3. The corresponding density
states~DOS! is given in Fig. 5 where we have added th
dominant partial densities of states.

In Figs. 4 and 5 we clearly identify five groups of band
In the energy range between 17 and 10 eV below the vale

FIG. 4. Electronic bands of FeS2 along selected symmetry line
within the first Brillouin zone of the simple cubic lattice, Fig. 3
Here and in the following figures energies are given relative to
valence band maximumEV .

FIG. 5. Total and partial densities of states~DOS! of FeS2.
.
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band maximum we observe two groups, each compris
four single bands. Bands are most easily counted along
line M -R where they are fourfold degenerate. According
the partial densities of states these bands almost exclus
trace back to the S 3s states which form a bonding an
antibonding subset of about 2.5 and 1.8 eV width, resp
tively. Whereas the large splitting between these two gro
of '3 eV is due to the short S-S distance the intrinsic ba
widths of both groups mainly result from the dispersi
across the fcc lattice formed by the sulfur pairs. This
conclude from the level sequence at theG point into a lower
nondegenerate and an upper threefold degenerate state
latter of which results from folding the fcc bands into th
simple cubic Brillouin zone~for the antibonding group of
bands the sequence of levels is reversed!. Further support
comes from the striking similarity of the density of states,
particular of the bonding bands to that of a band calcula
within the tight-binding approximation for a fcc lattice.60

These two groups of bands and especially the asymme
shape of their densities of states compare nicely to the res
of the previous band calculations as well as to the XPS c
level spectra of van der Heideet al.18 who find the corre-
sponding peaks at216.4 and213.3 eV, respectively. The
downshift of the experimental peaks by'1eV relative to the
calculated ones may be explained by the screening of
remaining core hole.

In the energy range from27.3 eV to21.5 eV we find a
group of 20 bands which derive from hybridized Fe 3d and
S 3p orbitals with larger contributions from the latter. Ju
below the valence band maximum a fourth group of
bands appears which mainly originates from iron 3d states
with a small admixture from sulfur 3p states. In the follow-
ing discussion we will designate these two groups of ba
as the lower and upper valence bands, respectively. The
duction band finally comprises likewise 12 bands. They
of Fe 3d and S 3p character with the relative contribution
gradually changing as the energy increases. In particular
S 3p states show up in the pronounced double peak
'3.5 eV. All other states of Fe and S which are not
cluded in Fig. 5 play only a negligible role in the give
energy interval.

The optical band gap separating occupied and unoccu
states amounts to'0.95 eV. This is in very good agreeme
with the experimental values ranging from 0.9 to 0.95 eV
deduced from optical and conductivity measurements.22,26

Nevertheless, we point out that density functional theo
being a ground state theory, is not intended to properly
count for the size of the optical band gap~see, e.g., Ref. 59
and references therein!. Still, the tendency of the LDA to
underestimate the optical band gap is rather sensitive to
driving force for the band separation and has been foun
be somewhat reduced in somed band materials where crysta
field splitting is of the same order of magnitude and, depe
ing on the nature of the near-gap states, might influence
size of the band gap.61 This seems to be the case here.

As already mentioned, from the fact that the iron ato
are located at the centers of rotated and slightly distor
FeS6 octahedra we expect a considerable crystal field sp
ting of the Fe 3d levels into a lowert2g and uppereg mani-
fold. This is well demonstrated by the partial Fe 3d DOS
given in Fig. 6 where we have included only one single ir

e
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6354 57V. EYERT, K.-H. HÖCK, S. FIECHTER, AND H. TRIBUTSCH
atom. Note that due to the tilting of the FeS6 octahedra by
23° we had to rotate the frame of reference before perfo
ing the projection on the partial 3d states. Figure 6 clearly
reveals the almost perfect energetical separation of
3d t2g andeg groups of bands by the crystal field splittin
The former states appear mainly in the upper valence b
without any substantial bonding-antibonding splitting. Th
is different for theeg levels which, formings bonds and
hence having a much larger overlap with the sulfur 3p or-
bitals, experience a considerable splitting into bonding a
antibonding states with the main peaks at'23.5 and 2 eV,
respectively.

Next we turn to the S 3p states. The corresponding pa
tial densities of states of those two sulfur atoms which
near the center of the cubic unit cell are shown in Fig
where we have now rotated the frame of reference such
the localz axis lies parallel to thê111& line connecting both
sulfur atoms. As Fig. 7 clearly reveals, the 3px and 3py
partial DOS are still identical while the 3pz curve shows
distinct deviations. In particular, the latter dominates the
occupied and hence antibonding S 3p states. This become
rather obvious from the characteristic double peak of thepz
DOS at about 3.5 eV. The bonding counterpart is found
26.75 eV whereas the 3px and 3py curves dominate in the
energy range between'24 and'21.5 eV. Hence, among

FIG. 6. Partial Fe 3d densities of states~DOS! of FeS2. Note
that the selection of orbitals is relative to a rotated reference fra
~see text!.

FIG. 7. Partial S 3p densities of states~DOS! of FeS2. Note
that the selection of orbitals is relative to a rotated reference fra
~see text!.
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the three sulfur 3p bands, thepz states show the larges
bonding-antibonding splitting. This is not suprising since t
3pz states forms bonds between the two sulfur atoms of
pair whereas the 3px and 3py orbitals experience a muc
smaller overlap viap bonds.

Besides discussing the main peaks of the Fe 3d and
S 3p DOS we focus the reader’s attention in particular
the peak of the 3pz DOS at'23.9 eV as well as on the
lowest edge of the conduction band which is exclusively d
to the 3pz orbitals without any contributions from the othe
two 3p or the Fe 3deg orbitals. The latter fact is clearly
demonstrated in Figs. 8 and 9 where we display the near-
electronic bands in a special representation. In both figu
each band at eachk point is given a bar, the length of whic
is a measure for the contribution from a specified orbital.
particular, we derive the dominating influence of the Fed
states to the upper valence band from the long bars in Fig
According to Fig. 9 these bands have no bars indicative
S 3p states. For the conduction bands we observe str
Fe 3d contributions in the energy window from'1.5 to 3.0
eV, whereas for energies above this range and especial
the lowest edge of the conduction bands S 3p dominate.
The change of band character from Fe 3d to S 3p can be
clearly observed in the lowest conduction band along the
R2G. As can be seen in Fig. 9, at theG point this band is
exclusively due to S 3p states but, due to hybridization wit

e

e

FIG. 8. Electronic bands of FeS2. The width of the bars given
for each band indicates the contribution due to the Fe 3d orbitals.

FIG. 9. Electronic bands of FeS2. The width of the bars given
for each band indicates the contribution due to the S 3p orbitals.
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57 6355ELECTRONIC STRUCTURE OF FeS2: THE CRUCIAL . . .
the Fe 3d states, loses this dominance as one goes to thR
point. In contrast, in the middle between both points the b
at 2.5 eV takes over the S 3p character and keeps it until th
R point is reached at about 3.7 eV. From a different point
view we interprete the band starting atG at '1.0 eV and
dispersing almost linearly to 3.7 eV at theR point as the
S 3p band which hybridizes with the dispersionlesseg
bands in the energy region between 1.5 and 2.5 eV half
betweenG and R. The situation is thus not unlike that i
elementary Cu where the lowests-like state hybridizes with
the 3d states just below the Fermi energy but again assu
the original 4s character aboveEF .59

As for the S 3s bands the states at23.9 eV and at the
conduction band minimum originate from a dispersion of
sulfur 3p bands accross the underlying fcc lattice. Hence,
formation of the sulfur-dominated bands evolves mainly
two steps. First, due to the close coupling of the sulfur pa
the S 3p states are strongly split into bonding and antibon
ing states which, in case of the 3pz orbitals, leads to the
rather sharp double peaks at26.75 and 3.5 eV. Once thes
effective sulfur pair states have been formed they dispe
across the fcc lattice but are folded back to the smaller B
louin zone of the simple cubic lattice. As a consequen
both the bonding and antibonding subband have a cons
able bandwidth. Finally, we arrive at the rather surpris
conclusion that the optical band gap separates Fe 3d t2g
and S 3pz orbitals and hence, although being strongly infl
enced by the crystal field splitting, cannot be described
clusively in terms of it. In contrast, the different orbital com
position of the valence band maximum and the conduc
band minimum provides a natural explanation of the h
optical absorption.

We complement the previous discussion by address
the chemical bonding of FeS2 via the crystal orbital overlap
population as shown in Fig. 10. The COOP curves disp
the rather ‘‘canonical’’ behavior being positive~bonding!
and negative~antibonding! in the low- and high-energy re
gions of a band. In case of the sulfur-sulfur overlap this
nicely visible for both the valence and the conduction ba
separately, the absolute values being higher in the latter.
low 24.5 eV we find bonding S-Ss and p bands. The
corresponding antibonding states, in contrast, are sepa
in energy. S-Sp* states lead to the negative COOP in t
interval from 24.5 to 21.5 eV whereas S-Ss* states

FIG. 10. Total and partial crystal orbital overlap populatio
~COOP! of FeS2.
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dominate in the upper half of the conduction band. Sul
states in the upper valence band and the lower half of
conduction band finally are rather nonbonding. As a con
quence of the complete filling of the sulfurp andp* bonds
the net contribution of the occupied sulfur-sulfur bonds
the chemical stability is rather small. The same holds for
metal-metal bonding, the effect of which is almost negligib
due to the large Fe-Fe separation. The dominating contr
tion to the chemical stability results from the overlap
Fe 3d and S 3p orbitals. They lead to a COOP curve whic
is positive throughout the lower valence band and nega
only in the t2g-derived band and in the conduction ban
Bonding Fe 3d–S 3p contributions result froms bonds of
theeg and S 3p states as well asp bonds formed by overlap
of the t2g and the 3p states. The corresponding antibondin
p* and s* orbitals, in contrast, show up in the upper v
lence band and the lower half of the conduction band,
spectively. Since a large portion of these antibonding sta
is shifted to the bands above the insulating gap, the ir
sulfur bonding can be identified as the decisive factor for
stability of FeS2.

There is an overall good agreement of the calculated e
tronic structure with experimental data. This holds especia
for the photoemission measurements which find the up
valence band of 0.8–1.3 eV width at 0.8–0.9 eV below
valence band maximum15,16,18,21whereas the calculation lo
cates this band at about20.6 eV. According to Liet al. the
S 3p dominated bands extend from28.6 to 21.8 eV.15

XPS spectra by Ohsawaet al. clearly reveal a main peak a
24 eV and a pronounced shoulder at about27 eV.16 From
our calculation we get the S 3p contribution in the interval
from 27.3 to 21.5 eV with dominant peaks at about
23.2 eV and27 eV. Again attributing the relative shift o
the lower edge to screening effects we observe almost q
titative agreement. FromKb emission andK absorption
spectra Sugiuraet al.extract values of 2.7 and 5.9 eV for th
position of the upper valence and conduction bands, res
tively relative to the main peak of the occupied S 3p
bands17,19 which compare very good with the calculate
numbers of 2.6 and'6.5 eV, respectively. Finally, the cal
culated positions of the unoccupied S 3p states conform
very well with the value of 3.3 eV as derived from BI
measurements by Folkertset al.21 Still, it would be interest-
ing to compare our results to angle-resolved photoemiss
data which, however, do not seem to be published so far
passing we mention that our results confirm the magn
measurements by giving a low-spin state for the Fed
orbitals.8

Comparing our results to the previous band calculatio
we likewise arrive at satisfactory agreement as concerns
band positions and edges. This is true in particular for
calculations by Bullett,24 by Folkertset al.,21 and by Tem-
mermanet al.,40 their densities of states being almost iden
cal to ours. Visible deviations shows the calculation of Zh
et al. which place the S 3s-derived and occupied
3p-derived bands considerably lower,41 this fact being in
conflict with the values given by Sugiuraet al. for the rela-
tive band positions.17

Although all electronic structure calculations includin
our own agree in finding an indirect band gap, there ex
some deviations concerning the extremal band positions.
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viously, they trace back to the differences showing up for
near-gap electronic states which we already mentioned in
Introduction. Concentrating on only the latest state-of-the
work we witness, however, some agreement coming
Folkertset al. reported on a valence band maximum~VBM !
lying not on a high-symmetry line but somewhere within t
first Brillouin zone and found the conduction band minimu

~CBM! at '0.7(1
2 , 1

2 , 1
2 ) ~in units of 2p/a).21 From their

band structure it seems likely that the VBM is located n
the X point. The latter fact would compare well with th
findings of Zhaoet al. who locate the VBM at theX point
and the CBM at the center of the first Brillouin zone.41 With
respect to the VBM we conclude from the band structure
well as from a scan through the first Brillouin zone on
mesh of 30330330 points that the valence band maximu
is located at the point (0.0,0.0,0.4136), which indeed is
the vicinity of theX point and thus compares well with th
result of Zhaoet al.41

At a first glance, agreement for the CBM seems to be l
satisfactory. Yet, besides clearly locating the CBM at theG
point and thus confirming the results of Zhaoet al., we were
able to assign the deviating result of Folkertset al. to their
use of an incomplete basis set. This was clearly reveale
a recalculation of their work. To be specific, with the sphe
geometry and basis set reported by these authors we g
occupation of the Fe 4f states of 0.45 electrons which is n
accounted for by an inclusion of these states into the sec
matrix ~see, e.g., Refs. 50, 53, and 54 for details on the AS
and related methods!. We are thus able to note agreement
the remaining band studies and to summarize the resul
the effect that the VBM and CBM reside near theX point at
(0.0,0.0,0.4136) and at theG point, respectively.

B. Role of pressure and crystalline distortions

Still, we did not yet pay much attention to the facto
which might influence the optical band gap. Indeed, it wo
be desirable to identify mechanisms which change the siz
the indirect nature of the gap or modify the composition
the near-gap states. More insight into such mechani
would finally allow us to address the question of why inco
poration of small amounts of Zn into FeS2 leads to the ex-
perimentally observed widening of the optical band gap.44

Since it is unlikely that the changes of the electron
structure of FeS2 on the substitution of Zn for Fe can b
explained from the differences in the electronic configu
tions alone, we propose a rather strong influence of the
companying distortions of the crystal structure due to
larger atomic radius of Zn in addition to a considerab
electron-lattice interaction. Nevertheless, we decided to
for the time being with pure FeS2 and to study from a more
general point of view the sensitivity of the electronic stru
ture to symmetry-conserving deviations from the measu
crystal structure. Obviously, such an investigation not o
serves as a necessary prerequisite to a solution of the
mentioned problem but is an interesting topic in itself.

To start with, we simulated in a first step the applicati
of external pressure and performed a fully self-consistent
culation for FeS2 with the lattice constant reduced by 5%. A
a result, there are mainly two effects. As expected, hyd
static pressure leads to a broadening of all bands with
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noticeable reorderings of the electronic states. At the sa
time, there is a corresponding reduction of the total and p
tial DOS. Second, the main peaks of the lower valence
the conduction band experience rather large shifts to lo
and higher energies, respectively. For the lowest and hig
peaks the shifts are even as large as about 1 eV. In partic
the pronounced S 3pz-dominated double peaks at abo
26.75 and 3.5 eV move to'27.5 and'4.4 eV, respec-
tively. To a lesser degree the same happens to the p
between24 and22 eV as well as at 2 eV. These large shif
of all electronic states away from the valence band maxim
add to the effect of the aforementioned band broadening a
as a consequence, the size of the optical band gap rem
essentially unchanged.

This result conforms quite well with pressure experime
mentioned by Schlegel and Wachter.22 These authors repor
on a hydrostatic pressure study by Batlogg who finds a sl
blueshift of 231026 eV bar21 of the optical absorption
edge. According to Schlegel and Wachter this can be
plained by the increased crystal field splitting between
iron 3d t2g and eg levels on the application of pressure.22

Although fully correct, in view of the information gained i
the previous subsection this interpretation appears to be
complete. In particular, it cannot explain the largest sh
appearing for the S 3pz bands which, however, were no
accessible by the measurements of Schlegel and Wacht

Guided by the discussion of Sec. IV A we describe t
gross features of the electronic structure in terms of th
different energies, namely, the crystal field splitting,DCEF,
the bonding-antibonding splitting due to the overlap
Fe 3d eg and S 3p orbitals,Degp , and, finally, the strong

bonding-antibonding splitting due to the S-S 3pz overlap,
Dpz

. In this rather crude scheme we have not included sp

tings due to the 3d t2g-3p p-type overlap as well as thep
bonds within the sulfur pairs both of which are much smal
than the previous three energies. On the application of
tropic pressure, all three of the aforementioned energies
likewise increased, this resulting in an overall spreading
the band structure. As a consequence, we witness not on
band broadening but at the same time the bands shift apa
a similar degree. Since the crossover from bonding to a
bonding states as well as the separation of the 3d t2g and the
main part of theeg states appears near or at the valence b
maximum, the optical band gap finally is not affected.

The situation becomes more complicated in the sec
part of our simulation. Here we concentrate on the variat
of the internalx parameter which determines the sulfur p
sition. To be specific, we again performed fully se
consistent calculations for FeS2 but now changed the interna
sulfur parameter tox50.380 84 andx50.388 84, respec-
tively which are just below and above the experimental va
of x50.384 84 listed in Table I. The resulting band stru
tures are shown in Figs. 11 and 12.

Again, the results are rather surprising. First of all, w
observe a large shift of the optical band gap of about 0.67
when going fromx50.380 84 tox50.388 84, hence moving
the sulfur atoms by less than 1% of the lattice constant. O
viously, this change of the band gap is due to the equiva
shift of the conduction band minimum relative to the cent
of gravity of both the valence and conduction bands wh
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stay essentially inert. From the large shift of the CBM w
might even expect that for larger values of thex parameter
FeS2 turns over to a direct gap semiconductor which,
course, would have great implications for the optical prop
ties. Indeed, this trend was confirmed by an additional c
culation forx50.390 84. A shift of similar size as that of th
CBM is observed only for the single band which in Fig.
can be found at23.9 eV at theG point and moves to
23.6 and24.3 eV in Figs. 11 and 12. Furthermore, there
a noticeable shift of the sulfur 3pz-dominated double peak a
about 3.5 eV which moves by approximately 0.5 eV. As
consequence, the total width of the conduction band is
duced.

We thus conclude that variation of thex parameter affects
almost entirely the S 3p states, especially the 3pz states.
Their response to the changes of the crystal structure is
sentially twofold. First, increase of the sulfurx parameter
leads to a closer coupling of the sulfur pairs and hence
larger bonding-antibonding splitting. This is revealed by t
shifts of the 3pz double peaks. Second, the increase of thx
parameter, while shortening the sulfur-sulfur bonds, at
same time reduces the hopping across the lattice. For
reason the dispersion of the 3pz bonding and antibonding
bands decreases this leading to the observed downshift o
3pz state at23.9 eV at theG point as well as to the corre
sponding upshift of the CBM. From these results we co
clude that the sulfur sublattice of FeS2 should be rather dis
cussed in terms of a molecular S2 crystal. Furthermore, we
identify the reduced dispersion across the lattice as the m

FIG. 11. Electronic bands of distorted FeS2.

FIG. 12. Electronic bands of distorted FeS2.
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mechanism responsible for the rise of the CBM and the
companying widening of the optical band gap. This effec
supported by the shift of the antibonding double peak at
eV which pulls the CBM even further to higher energies.

Of course, the latter effect cannot be obtained by the
plication of pressure which, while likewise increasing t
bonding-antibonding splitting, supports hopping between
S2 molecules by reducing the lattice constant and thus le
to an increase of the 3pz band width. As a result, the CBM
would move down~relative to the antibonding double pea!
which is indeed observed.

Still, we may ask why the Fe 3d-dominated bands and
in particular, the crystal field splittingDCEF as well as the
bonding-antibonding splitting due to the overlap of Fe 3deg

and S 3p orbitals, Degp , are almost unaffected by th

changes of the sulfurx parameter. From the increase ofx we
would rather expect a reduced crystal field splitting a
hence a lowering of theeg states in the lower part of the
conduction band. At the same time, theeg-p overlap, i.e.,
Degp , should decrease and again the lower half of the c
duction band should move downwards. However, we
serve neither of these two effects. This may be explained
a rather simple manner from the projection of the pyr
structure, Fig. 2. Obviously, any change of thex parameter
affects first of all the length of the sulfur-sulfur bond. I
implications for the geometry of the FeS6 octahedron, in
contrast, are much smaller since the movement of the su
atoms relative to the central iron atoms has a substan
tangential component which leads to a much reduced ef
on the size of the octahedron and, even more important,
serves the square planar coordination.

We thus arrive at the conclusion that the crystal field sp
ting plays only a minor role for the optical properties
FeS2. In contrast, it is rather the bond length of the S2 mol-
ecules which turns out to be the key parameter to a dedic
and strong influence on the S 3p states, in particular, 3pz
states, this fact revealing a substantial electron-lattice in
action. The latter in turn tunes the energetical position of
conduction band minimum and thereby the optical band g

In this context it is interesting to recall the results of R
man measurements which demonstrated that the sulfur-s
bond in FeS2 is rather soft as compared to that of other pyr
type transition metal chalcogenides.30 As a consequence, on
expects that on the application of external isotropic press
the interatomic distances are reduced to a different deg
and, in particular, that the sulfur-sulfur bond compression
larger than that of the Fe-S bonds. Hence, the resulting b
structure should include both the effects of scaling of
lattice constant and increase ofx: On the application of pres
sure we would expect the band structure to resemble tha
Fig. 12 with an additional broadening of all bands. This
nally yields a conclusive understanding of the blueshift
the optical band gap as observed by Batlogg, cited in R
22.

We are finally able to sketch a possible scenario for
substitution of Zn atoms for Fe. From the larger atomic
dius of Zn as compared to Fe we can easily imagine that e
Zn impurity will push apart its six nearest-neighbor sulf
atoms. This might have two different consequences for
corresponding S2 molecules. They will be either rigidly
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6358 57V. EYERT, K.-H. HÖCK, S. FIECHTER, AND H. TRIBUTSCH
pushed away or else compressed with the distances to
neighboring Fe atoms being essentially unchanged.
course, any combination of both effects might be also p
sible. From the previous discussion, however, we expect
second alternative to be the more likely one. In case
sulfur pairs are compressed we expect the CBM to rise
cause of the mechanisms outlined before. If, however,
bond length of the S2 molecules were preserved, they wou
shift away from the ideal positions of the rocksalt structu
this leading to a structural disorder. Again, the dispersion
S 3pz states across the lattice were affected and we wo
obtain an upshift of the CBM. Hence, in both cases introd
tion of Zn impurities will push the CBM to higher energie
and, most important, while addressing the band dispersio
the 3pz orbitals across the lattice, in both cases the effec
of rather long range. Hence we expect it to show up alre
for a small amount of Zn impurities which indeed is o
served in experiment.

V. CONCLUSION

In the present work first-principles ASW calculatio
were used to describe the electronic properties of iron py
Chemical stability as investigated by the COOP results fr
overlap of crystal-field-split Fe 3d t2g andeg orbitals with
the sulfur ligand 3p states. Hybridization of the latter wit
the eg orbitals leads to lower valence and conduction ba
whereas the relatively narrow upper valence band st
mainly from t2g states.

Formation of strongs bonds within the sulfur pairs lead
to large bonding-antibonding splitting of the S 3pz states.
n
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Dispersion of these states across the lattice causes a co
erable bandwidth and places the antibonding states at
conduction band minimum which is thus rather sensitive
thes bonds. The difference in band characters at the vale
band maximum and the conduction band minimum, final
gives a natural explanation of the high optical absorption

The influence of the electron-lattice interaction has be
probed by simulating both external pressure and change
the sulfur-sulfur distance. The former leads to the expec
band broadening which is accompanied by a spread of
band centers due to an increased crystal field as wel
bonding-antibonding splittings and hence does not cha
the optical band gap. A change of the sulfurx parameter, in
contrast, causes drastic changes which can be partially tra
back to an increase of the bonding-antibonding splitting
the S 3pz bands on shortening the S2 bond length. The main
effect, however, originates from a disturbance of the disp
sion across the lattice, resulting in a reduced bandwidth
the 3pz antibonding band and an upshift of the conducti
band minimim. Being a long-range effect it is sensitive
only small disturbances of the crystal structure.

Hence, FeS2, despite being a transition metal chalcoge
ide with an unfilledd shell, is extraordinary insofar as it
electronic structure as well as its response to crystal struc
distortions is almost entirely determined by the sulfur liga
3p states.
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Büker, M. Bronold, Ch. Ho¨pfner, and H. Tributsch, Sol. Energy
Mater. Sol. Cells29, 289 ~1993!.

27H.-D. Lutz, G. Kliche, and H. Haeuseler, Z. Naturforsch. A36,
184 ~1981!.

28H. Vogt, T. Chattopadhyay, and H. J. Stolz, J. Phys. Chem. Soli
44, 869 ~1983!.

29H.-D. Lutz, G. Schneider, and G. Kliche, J. Phys. Chem. Solid
46, 437 ~1985!.

30C. Sourisseau, R. Cavagnat, and M. Fouassier, J. Phys. Ch
Solids52, 537 ~1991!.

31H.-D. Lutz, P. Willich, and H. Haeuseler, Z. Naturforsch. A31,
847 ~1976!.

32S. L. Finklea III, L. Cathey, and E. L. Amma, Acta Crystallogr.
Sect. A: Cryst. Phys., Diffr., Theor. Gen. Crystallogr.32, 529
~1976!.



.
S

y

,

s

ng

f

f

91.

L.

-

57 6359ELECTRONIC STRUCTURE OF FeS2: THE CRUCIAL . . .
33E. D. Stevens, M. L. DeLucia, and P. Coppens, Inorg. Chem.19,
813 ~1980!.

34W. Müller, H. H. Bertschat, K. Biedermann, R. Kowallik, E
Lahmer-Naim, H.-E. Mahnke, S. Seeger, W.-D. Zeitz,
Fiechter, and H. Tributsch, Phys. Rev. B41, 8624~1990!.

35J. A. Wilson, Adv. Phys.21, 143 ~1972!.
36J. B. Goodenough, J. Solid State Chem.3, 26 ~1971!.
37J. B. Goodenough, J. Solid State Chem.5, 144 ~1972!.
38M. A. Khan, J. Phys. C9, 81 ~1976!.
39S. Lauer, A. X. Trautwein, and F. E. Harris, Phys. Rev. B29,

6774 ~1984!.
40W. M. Temmerman, P. J. Durham, and D. J. Vaughan, Ph

Chem. Miner.20, 248 ~1993!.
41G. L. Zhao, J. Callaway, and M. Hayashibara, Phys. Rev. B48,

15 781~1993!.
42A. Ennaoui, S. Fiechter, W. Jaegermann, and H. Tributsch

Electrochem. Soc.133, 97 ~1986!.
43M. Birkholz, S. Fiechter, A. Hartmann, and H. Tributsch, Phy

Rev. B43, 11 926~1991!.
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