PHYSICAL REVIEW B VOLUME 60, NUMBER 20 15 NOVEMBER 1999-lI
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Transition metal disulfides of pyrite structure have recently attracted much interest again due to their large
variety of electronic, magnetic, and optical properties. The semiconductor iron pyrite)(Eb8ws, for
instance, an unusual blueshift of the optical gap under pressure. We present a full-potential total energy
calculation of iron pyrite using density functional theory with a nonorthogonal local orbital minimum basis
scheme. A sophisticated decomposition of the crystal potential and density into a lattice sum of local overlap-
ping nonspherical contributions gives our approach a high numerical efficiency and makes it well suited for
open structures like pyrite. For the decomposition of the exchange and correlation potential we introduced a
technique of partitioning of unity based on Voronoi polyhedra. We obtain a sufficiently good agreement
between our calculations and experimental values for the lattice constant, the positions of the sulfur atoms in
the lattice, the bulk modulus, and the frequency of thephonon mode to make a reliable study of the effect
of isotropic external pressure on the electronic structure of pyrite and to obtain insight into the optical prop-
erties of pyrite[S0163-182809)06843-3

[. INTRODUCTION lished by Zeng and Holzwartlf,who used a pseudopotential
formalism within the frozen core approximation for their cal-
Transition metal disulfides of pyrite structure have been inculations. In their paper, they mainly focused on the valence
the interest of scientific research for a long time due to theielectron distribution and cohesive energy comparing results
large variety of electronic, magnetic, and optical propertiesof the local density approximatiofLDA) and generalized
In this paper we will focus on the properties of the semicon-gradient approximatiodGGA) for the exchange and corre-
ductor iron pyrite Feg with its promising capabilities for lation potential. In a recent publication of Nguyen-Manh
photovoltaic applications? et al*® the equation of state and the reflectivity spectrum of
Experimental data on the electronic structure of iron py-iron pyrite under pressure were calculated using a tight-
rite have been reported from numerous works, includingoinding linear muffin-tin orbitals method.
photoelectron spectroscopgnd optical measurements of the ~ Further theoretical studies of the influence of external
band gap. The values for the optical band gap vary in a broagressure on the electronic structure have, to our knowledge,
range from 0.7 eV to 2.62 eV. An overview is given in Refs. not been published yet and the understanding of this influ-
4 and 5. Most reliable values are reported from photoconducence is still quite incomplete. Experimentally, it was found
tivity measurements yielding values of approximately 0.9 tothat the implantation of small amounts of Zn into keS
0.95 eV. Data on the lattice structure and dynamics are avail<<5x 10?° cm™3) increases the optical gap by an amount of
able from x-ray diffractiorf, ultrasonic measurements, 0.07 eV In theoretical calculations, even a small change of
shock wave compressidn,and Raman and infrared the sulfur position in the lattice results in a drastic change of
spectroscopy. 12 the band gap. On this basis, it was speculated that under
Self-consistent band-structure calculatfond® of pyrite  application of external pressure, the compression of S-S
show quite a remarkable agreement. However, due to itbonds is larger than that of Fe-S bonds in order to explain the
open structure, pyrite is still a challenge for theoretical cal-experimentally observed blueshift of the band daphis,
culations of the electronic structure and the ground state erhowever, is in contradiction to the experimental findings of
ergy. It was shown by Folkertst all’ that when using a Will et al.® where a reduction of the sulfur parameter under
muffin-tin approximation, it is necessary to include so-calledapplication of external pressure is reported. In order to solve
empty spheres in the calculation, and in the most recent cathis contradiction, we determined the theoretical sulfur posi-
culation of Eyertet al® the number of empty spheres in the tion for several lattice constants with our self-consistent full
unit cell was even increased to 32 before the results becanmotential band-structure calculation scheme which will be
stable. The pyrite structure has two structural degrees of freaetiscussed briefly in the next section. In Sec. Ill we present
dom, namely the lattice constaaj and the Wyckoff param- the results of our theoretical calculations for mechanical
eterxg determining the positions of the sulfur atoms in the properties like lattice parameters, bulk modulus, and the A
unit cell. Theoretical values of these parameters were pulphonon mode. A discussion of the band structure and the
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corresponding density of states for different external conditions was rather elongated in certain directions. Thus, keep-
tions gives a natural explanation for the experimental finding the basic idea, we chose a new definition given in the
ings discussed above. next subsection.

B. The Voronoi shape functions

Il. CALCULATIONAL SCHEME Our aim is to find a set of function(r) with the prop-
A. General aspects erty

The full-potential nonorthogonal local-orbital minimum
basis band-structure method used in this paper is described in & fsr—R—g)=1 @)
detail elsewheré® Here we focus on the main aspects of the
scheme. The extended states are expressed as a linear cofith R+ s being a lattice site with atom type Additionally,
bination of local orbitals. These orbitals are solutions to arweé demand that each functidi has compact suppof
atomlike Schidinger equation in the spherically averaged (the domain outside of whichs=0) which excludes all lat-
crystal potential. The orbitals may be classified by virtue oftice sites from its interior except the center. This implies
their overlap. States from different sites, which do not over-fs(0)=1. For the sake of applicability in band-structure cal-
lap, are treated as core states. All otigutually overlap- culations we further want the shape functions to have the
ping) states are valence states. The calculation of the valensymmetry properties of the underlying lattice. Especially in
states is modified by introducing an additional confining po-cases when there are large portions of empty space in the
tential of the form (/ro)*. It serves to compress the far lattice, it is desirable to have the most “isotropic” support,
ranging tails of the orbitals. This compression enhances theince then the product of any functiar{r) with the shape
suitability of the valence basis orbitals for the band-structurgunction gives the most spherical result, reducing the number
calculation and raises the orbital energies, necessary for ti@f Im components to be taken into account in a spherical
description of scattering states. The compression radii havearmonics expansion.
been shown in Ref. 20 to scale basically with the 3/2 power The last requirement is fulfilled by the Voronoi cells.
of the nearest-neighbor distanag= (xor\w/2)¥2 The pa- They are defined in analogy to the Wigner-Seitz cell but for
rametersx, are chosen to depend on the angular momentunan arbitrary point set. The cell is the intersection of all closed
| of the orbitals. half-spaces bounded by planes/|#%=1/2, wherer=R
Consequently, the valence orbitals are no longer orthogo+ ' —sis a vector pointing from the center of the cell to any
nal even at the same site. The main advantage of the conether site. In fact, only sites of some vicinity of the center
pression procedure is a high basis flexibility although thesite do contribute to the definition of the boundary. The
basis dimension is kept at its minimum value. A proper ad-Voronoi cells do not overlap, but for our purpose we need
justment of the compression radii with respect to the mini-the compact supports from different sites to overlap. Thus
mization of the total energy gives an optimized basis set. we enlarge the cells by using an eight times larger cell with
The density and the potential are represented by a latticer/|7?=1.
sum of local overlapping nonspherical contributions. The Then we define a function
nonsphericity is taken into account by a spherical harmonics
expansion of the local contributions up to a cut-off angular TN Tr
momentumL ,,,. Due to the overlap of the local potentials, fS(r)_H} h(|7'|_2>
there is no shape restriction of the potential. We need no
atomic spheres and therefore, we needtimne consuminyg  With r being the offset vector from the siteand with an
Fourier expansion for the interstitial potential. auxiliary function having the property(x) =1 for x<0 and
The calculation of the density from the wave functionsh(x)=0 for x=1. T, indeed fulfills all demands described
contains two types of expressions. The net density is formedbove except for the unity condition Ed.). This, finally, is
of orbitals at the same site only and its decomposition is achieved by normalizing the shape function each time a
easily achieved. The overlap density is formed of orbitals avalue is needed
two different sites. To decompose this contribution into local

parts centered at the corresponding sites, we employ a one- B Tq(r)
dimensional partitioning of unity along the axis joining the fs(r)= _
two sites. 2 Tar=7)

From the density, the Hartree potential is easily calculated
by means of the Poisson equation. The only potential contriwhere the sum runs effectively over all sites withN Q.
bution which does not properly fit to our local decomposition# S (including s=s'). This normalized function is not
is the exchange and correlatiorc) potential. This nonlinear stored since it turned out that its numerical computation is
function of the density has to be decomposed into parts cerfast enough.
tered at the lattice sites and falling off rapidly while ap-  The shape functions defined in this way are smooth func-
proaching the neighboring sites. In Ref. 19 we introduced aions which approach zero at the neighboring sites with any
technique of partitioning of unity resulting in local shape wanted power law due to the choice lofr). For a similar
functions. However, we realized that this definition, thoughtechnique see, e.g., BeckeHowever, the Becke functions
generally valid, was not well suited for the present calcula-do not have a compact support, which enlarges the domain
tions, since the compact support of the resulting shape fundrom which the shaped potential is sampled.
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FIG. 1. Variation of the total energy with respect to the com-
pression parametess,. FIG. 2. Variation of the total energy with respect to the cut-off

momentumL 5y

The set of sites defining the suppélt may be enlarged
without changing()s by adding shells of sites further away. eters. Except for Refs. 13 and 18, an optimization of the two
Sometimes, when atomic positions in the unit cell shall befree parameters of the pyrite structure with respect to the
varied, the topology of the Voronoi cells depends on somegotal energy has, to the authors’ knowledge, not been pub-
position parameter. Then, one can construct cells which apished yet. In order to compare our own results to published
ply to all parameter values by just forming the union of the caicylations, we first calculated the electronic structure of
sets of vectors- for all parameter values. FeS using the experimental data for the lattice constant and
sulfur positions

In Figs. 3 and 4 we show our calculated band structure of

Our calculations are based on nonrelativistic density funcFe% along selected high symmetry lines and the correspond-
tional theory (DFT) in local density approximatiofiLDA)  jng density of states. The agreement with the results of a
using the Perdew-Zunger parametrizatfoof the exchange recent calculation by Eyewt all® is quite good. The band
and qorrelation potentia_l of the homogeneous electrqn 98%ap between occupied and unoccupied states is approxi-
As minimum orbital basis set we used Fg, 4p, 3d orbit- a6y 0.85 eV and coincides well with the experimental
als and S 8, 3p, 3d orbitals. In order to optimize our mini- values of approximately 0.9-0.95 eV. However, we should

[nﬁzln |biila:l?||’s,dwe \éairr;e&thle ptaran][;eXErthe cgrr}:lr}ln% piO- fmention that DFT in LDA usually does not give accurate
entia oduce € 'ast section. the optimal ChoICe Ol 65 for the band gap of semiconductors.

parameters minimizing the total energy are shown in Fig. 1. The band structure is split into five groups of bands in the

Since Fe 4 and 4p orbitals contribute only a little to the range between 18 eV and 5 eV relative to the valence-band

occupied band states, the total energy remains rather inse :
sitive to the choice ok, for these orbitals. A change of the maximum(VBM). The character of the bands can be evalu-

unit cell volume basically does not change the optimum seftt€d using the partial density of states shown in Fig. 4. The
of x, parameters. However, a variation of the sulfur positiontWo groups between-10 and—18 eV have almost entirely

in the unit cell leads to different, parameters, and due to the character of S Sstates, which form bonding and anti-
the relatively strong dependence of the total energy on thedeonding subsets. The asymmetric shape of the corresponding
parameters, we had to adjust the set of parameters for these

calculations.

In order to check the convergence of our results, we per-
formed various calculations with increasing cut-off momen-
tum L.y The result is given in Fig. 2. The total energy
varies less than 2 m Hartree per atom betweggp,=8 and
12. (Note thatlL ., is not a variational parameter, hence the
most accurate total energy result is not the lowest)oRer
all that follows, a cut-off momentum df,,,,= 12 was used.
Convergence with respect to the fineness ofktlspace grid
was ensured by a sequence of calculations with an increasin
number of 11, 24, 45, and 11© points in the irreducible
wedge of the Brillouin zone.

C. Details of the present calculation

energy [eV]

,,,,,,

IIl. RESULTS AND DISCUSSION

A. Electronic structure
. A . <
using the experimental lattice parameters R r X M R X M T

Most of the calculations of the electronic structure pub- FIG. 3. Band structure of iron pyrite calculated with the experi-
lished so far were done using the experimental lattice paranmental lattice parameters.
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FIG. 4. Partial Fe @, S 3p, and S 3 densities of states of FgS
(solid lineg and total density of statddashed linescalculated with
the experimental lattice parameters.

density of states was also found in previous calculations an
is consistent with x-ray photoelectron spectroscgiyS
core level spectra of van der Heigg al®> who locate the
04(3s) peak at—16.4 eV and therj; (3s) peak at-13.3 eV.

In comparison to Ref. 16, the $Bonding bands are shifted
downwards by an amount of approximately 0.5 eV in our
calculation, which is probably due to the different calculation
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FIG. 5. Total energy vs. lattice constaat calculated with the
theoretical sulfur positions.

conduction band is formed mainly of hybridized F& &nd S

3p and 3 states. Fe g4 and Fe 4 states contribute mainly
to the higher unoccupied bands not shown in Fig. 3. The
band structure is discussed in more detail in Ref. 16.

B. Mechanical properties and influence of external pressure

Next, we want to study the influence of isotropic external
pressure on the structure and properties of,F&BFig. 5 we
show the variation of the total energy with respect to the
lattice constana. The theoretical value of the lattice constant
aiheo= 10.02 a.u. obtained by our calculations deviates from
the experimental valuge,,= 10.22 a.. by about 2% and is
in good agreement with the calculated value of Nguyen-
Manh et al!® The theoretical lattice constant obtained by
Zeng and Holzwarth was about 1% larger than the experi-
mental value. Varying the position of the sulfur atoms in the
lattice (see Fig. 6, we find a theoretical value of the Wyck-
off parameteixs=0.377, which is about 2% lower than the
experimental value 0.386which means that in our calcula-
tion the bond length between neighboring sulfur atoms is
enlarged. Similar results were also found in Refs. 13 and 18.
From the total energy curve in Fig. 5 we obtained a value of
185 GPa for the bulk moduluB=V(4?E/3V?), which is
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total energy E [Hartre?]

schemes used, since bonding bands are more sensitive to tt
interstitial potential than antibonding bands. The next group
of bands in the range between 7.5 and 1.5 eV below the
VBM is formed of hybridized S § and Fe & states with the
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main contribution from S B. The upper valence bands are
formed of Fe 8 and S 3 states and some small admixture
of S 3d with the main contribution from Fed® Finally, the

sulfur parameter xg

FIG. 6. Total energy vs. sulfur parametey, calculated for the
the theoretical lattice constant.
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TABLE |. Comparision between experimental and calculated  0.15

¢ a=98au.
results. ® a=100au

B a=102au.

a (a.u) Xs B (GPa thg (eV)

0.1

theoretical 10.02 0.386 185 0.48
experimental 10.22 0.377 145 0.54
deviation (%) 2 2 28 13 h

0.05

about 30% higher than the literature valBe-145 GPa ob-
served ultrasonicalfyand is in very good agreement with the
calculated valu®=187 GPa of Ref. 18. From other experi- 0.0
mental methods bulk moduli between 118 GRad 162

GP& are reported. The results are summarized in Table | 0376 03763 0377 03775
together with the experimental values. Another interesting sulfur parameter xg

point is the effect of isotropic external pressure on the elec- )

tronic structure of pyrite. A change of the sulfur Wyckoff _ FIG. 8. Total energy in dependence of the sulfur parameter for
parametexs has a considerably strong influence on the bandfifferent _Iattlce constants. Energies are relative to the minimum of
structure of Fe§ When varyingxs with a fixed lattice con- €2 lattice constant.

stant we find that the band gap becomes larger with increas-

ing Xg, which was also found in Ref. 16. For the theoreticaland the question why there is a blueshift of the optical band
lattice parameters minimizing the total energy in our calcugap when pyrite is exposed to pressure remains to be an-
lations, the band gap even vanistEgy. 7). A similar result  swered. The picture becomes clearer if one takes a look at
was also found by Zeng and Holzwarth with their theoreticalthe overall behavior of the density of states for different pres-
lattice and sulfur parameters. A change of the lattice constariyreg(Fig. 9). The steep band near thepoint that causes the
results in a broadening of bands and rather does not influeng@quction of the band gap only contributes to a very shallow
the band gap. Assuming that the sulfur-sulfur bond compresg,j in the density of states, while the steep absorption edge
sion is larger than that of Fe-S bonds when pyrite is exposeg}, transitions into the antibonding Faland S 3 states is

to external isotropic pressure, it was concluded in Ref. 1654y shifted towards higher energies. Simultaneously, the
that an increase ofg can explain the experimental blueshift bonding S 3 and Fe & band complex below-2 eV is

of the Opt'C?" band gap observed by Batlogg as rgported "Whifted towards lower energies, clearly indicating that both
Ref. 9. In Fig. 8 we show the total energy curves in depen-

dence of the sulfur parametex for different lattice con- shifts are caused by an increase in Fe-S covalency under

stants. Although the exact determination of the minima ofPressure due 10 the reduction of the Fe-S bon_d length. For
the curves is close to the limits of our numerical accurac;f)pt'Cal a'bsorptlon measuremen?s, we wquld finally expect
due to the shallow potential and the slight variation ofxge that the Increase of the absorption e_dge IS measu_red. From
parameter, the tendency of a decreastagunder external our calcula_tlons we would expect a dlffgrent behaV|_or of the
pressure is quite clear and was the same for all values of thl%and gap in ph_otoconductlwty and.optlcal_absorpno_n mea-
lattice constant. Furthermore, this is in agreement with thé;urements, which would be an interesting experimental
experimental data of Wilet al® Thus, the scenario outlined check of our results.

in the paper of Eyeret al. cannot be the right explanation

total energy E [mHartree]
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FIG. 9. Comparison between the total density of states for the

FIG. 7. Band structure of FgScalculated for the theoretical lattice constanta=10.0 a.u. ané=29.8 a.u. with optimized sulfur
lattice parameters minimizing the total energy. parameters.
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C. Calculation of the Aj-phonon mode phonon mode. Experimentally, the Raman spectrum of pyrite
As a final check for the reliability of our results, we cal- STOWS one peak at the energy 0.054 eV which is believed to

culated the frequency of th&;-phonon mode at the center of correspond to thé\, phonon modé? Thus, also here we
the Brillouin zone corresponding to the displacement of the?Pt@in good agreement between our calculations and experi-
sulfur atoms with variation oks. In the harmonic approxi-

mation, the Hamiltonian for the lattice vibrations is

2 IV. CONCLUSION
1

Pmsi i
H :%i 23 +§ %i ; umsiCth?luntj , 2 In the present work we investigated the properties of iron
' pyrite by means of total energy calculations. Our full-
whereu,,s; is theith coordinate of the displacement of the potential method with a strictly local representation of all
atoms in the unit cell associated with the lattice vecRy,  functions allowed us for accurate and numerically efficient
and Cpj'= 82V (0)/8xmsi®X%nj are the atomic force con- calculations without use of empty spheres. The calculated

stants. lattice constant and sulfur parameter, bulk modulus, as well
For therth normal mode with wave vectay, the atomic ~ as the frequency of the Aphonon mode are in a typical
displacements are given by LDA agreement with experimental values. The calculated

band structure is consistent with recent calculations and
1 shows a nice agreement with experimental XPS spectra.
= iaRma(r) As in previous calculations, the band gap shows a strong
msi € eSI Qr(q) (3) . .

Mg correlation to the sulfur Wyckoff parameteg and is re-
duced with decreasings. The drastic effect of the sulfur
position on the band gap can at least partially explain the
Itrong influence of impurities on the optical properties. Our
otal energy calculations show that the blueshift of the opti-
cal gap of pyrite under pressure cannot be attributed to a
larger compression of S-S bonds in comparison to that of
Fe-S bonds. We find the opposite effect, i.e., ¥aeis de-
AgtEgt+3Tg+2A,+2E,+6T,. (4 creased under pressure in agreement with experiment. How-

Since the vibration associated with a variationxefis in-  €Ver, the steep band near thepoint that is responsible for

variant under all symmetry operations, it corresponds to th&is reduction contributes only to a very shallow tail in the
trivial A, representation. For this mode, the normal coordi-density of states, while the absorption edge between occu-

For thel” point of the Brillouin zone, there are obvious sim-
plifications for the classification of normal modes with re-
spect to space group representations. For pyrite, the fact
group is isomorphic to the the point groilip and the normal
modes have the following irreducible representations:

nate is given by pied nonbonding Fedstates and unoccupied hybridized Fe
3d-S 3p states is slightly shifted towards higher energies

due to an increase in Fe-S covalent bonding strength. Thus,

Q= V24NMsads, ) we conclude that the blueshift in absorption measurements

wherea is the lattice constant anék is the variation of the under pressure can be attributed to this pseudogap behavior.
Wyckoff parameteg. From the relation

1
V(89)= EwZQTQ= 12w2a25éN Mg= Naﬁé, ©6) ACKNOWLEDGMENTS
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