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First-principles studies of the structural and electronic properties of pyrite FeS
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We present a study of the structural and electronic properties of Pyritegee®rmed using both localized

basis set and plane wave first-principles calculations. Calculations performed using either Gaussian or plane
wave basis sets yield results consistent with each other. Small differences in the computed geometries are
shown to be due to the choice of pseudopotential employed in the plane wave calculations. The computed
densities of states are relatively insensitive to the form of basis set and pseudopotential used. We find that
density functional and hybrid approaches predict properties such as geometry and densities of states in good
agreement with experiment but that the agreement between the results from Hartreé@+HFocklculations

and experiment is poor. The reasons for the poor performance of HF theory in this system are examined and are
found to be due to the neglect of electronic correlation.
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[. INTRODUCTION tems. Simulation is becoming established as a complemen-
tary technique to experiment for the study of minerals as it

Metal sulphide minerals are of vast industrial and eco-<can provide invaluable primary information on well charac-
nomic importance. This is because they are the main sourdéerized systems and allows for structural, chemical and sto-
of metals such as zinc, copper and lead. In addition, preciodghiometl’ic effects to be isolated. The additional information
metals such as gold and platinum group elements are oftgprovided by simulation can facilitate the interpretation of
associated with the sulphide oreSulphides exhibit a wide experimental results. Recent work has demonstrated that
range of physical, electronic and chemical properties whicttomputer simulations based ab initio techniques can pro-
are under investigation for a range of possible applicationyide remarkable insights into a diverse range of industrially
including solar cellg, solid state batteridsand catalysis. important systems and processes such as the oxidation of

Of the sulphide minerals, pyrite structured keS the metal$? and the chemistry of water on catalytically impor-
most common fornd,and serves as a useful model system fortant metal oxides®~*°
understanding the chemical and physical properties of this Most ab inito schemes are based on either the Hartree—
class of minerals. Its relatively simple structure, illustrated inFock (HF) approximation, in which electronic exchange is
Fig. 1, makes it amenable for study using a rangaloinitio
techniques. The chemistry of sulphides, and in particular
FeS, is of great importance from an environmental perspec-
tive since pyrite is a major component of waste material
from mining processes. The oxidation and subsequent disso-
lution of FeS results in the formation of sulphuric acid
which causes a significant increase in the acidity of lakes,
rivers and stream.This increase of acidity can have an
adverse effect on marine wildlife and needs to be carefully
monitored and controlled in order to minimize the environ-
mental impact of any mining operation.

There have been a number of recent experimental studies
of the bulk and surfaces of pyrite using a wide range of
techniques including x-ray photoelectron spectroscopy
(XP9S),%" low energy electron diffractiofLEED), ultraviolet
photoelectron spectroscogyyPS and scanning-tunnelling
microscopy (STM).® inverse ultraviolet photoemission
spectroscopy'® and x-ray adsorption spectroscopyHow-
ever, in many cases, properties such as the atomic structure
of surfaces and interfaces, the nature of defects and the
chemistry and energetics of molecular adsorption are diffi-
cult, if not impossible, to determine using available experi-
mental techniques.

The increased sophistication al initio methods coupled
with a growth in computer power means that it is now pos-
sible to model rather complex physical and chemical sys- FIG. 1. A bulk unit cell of Pyrite, Feg
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treated exactly but correlation effects are neglected and TABLE I. The optimized S Gaussian basis set, represents
density-functional theoryDFT) in which both exchange and the exponents and & C,, and G, represent the coefficients of the
correlation are approximated. In DFT, in the form of the4SP. 5sp and 3d functions.

exchange-correlation functionalf p] is approximated ei-

ther using the local density approximatiéhDA)?° or the Shell % Cs Co Ca
generalized-gradient approximatigGGA).>3> A number of 4sp 0.280 1.0 1.0
computational investigations of bulk iron pyrite ReBave  s5gp 0.126 1.0 1.0
been performed using various DFT based methods; these iay 0.300 1.0

clude X, with LDA;*® linear muffin-tin orbital atomic sphere
aproximation(LMTO-ASA) within the LDAY” more recent
LMTO-ASA calculations using both the LDA and GGA; Gaussian basis set and DFT within the plane wave pseudo-
pseudopotential-mixed plane wave Gaussian basis LDA angotential formalism.
GGA;*® and full-potential nonorthogonal local-orbital mini-
mum basis band-structure method within the LEPACalcu- Il. METHOD
lations of the band structure by these methods predict the
F&" ion to be in the low-spin, diamagnetic configuration  All calculations have been performed using the periodic,
(filled t,4 states, empty gestate$, with calculated band gaps linear combination of atomic orbitald. CAO) formalism as
in reasonable agreement with experiment varying fromimplemented in therysTAL9g” package and the plane wave
around 0.3° to 0.85 e\?° pseudopotential technique using thesTEF software pack-
Calculations of the optimal cell volume are typically age.
found to be underestimated by LDA, while application of In the LCAO methodology employed within the
gradient corrections in the form of the GGA tends to over-CRYSTAL98 code, the Bloch orbitals of the crystal are ex-
correct yielding slightly larger predicted cell volun@svith panded using atom centred Gaussian orbitals with s, p or d
respect to experiment. Studies including geometry optimizasymmetry. The main approximation in the current calcula-
tions of the pyrite unit cell have tended to result in a pre-tions is the choice of the local basis set. Initial attempts to
dicted S-S bond length greater than the experimentally meaerform a single point energy calculation of bulk Fef the
sured value. Calculated bulk moduli are usually inexperimental cell parameters with the Fe basis set from
reasonable qualitative agreement with experiment, with valTowler et al?* and a S basis set used in previous studies of
ues of about 185 GB%and 165 GPA! A value of 675 GPa  sulphide$® resulted in convergence problems with hundreds
(overestimating the experimental value by roughly fourfold of SCF cycles needed to achieve convergence. Tests revealed
obtained by Temmermaat al’ has been attributed to the that the cause of these problems was due to the S basis set
neglect of sulphur coordinate relaxation. which was optimized for the %S ion in PbS. The diffuse
To establish the reliability of the results produced fromouter exponents required to describe tifé $on in galena
simulation, it is essential that the theoretical framework agesult in linear convergence problems when used to describe
well as the particular computational parameters of theS™ ions in pyrite due, in part to the significantly shorter S—S
method utilized are tested and validated against experimentabnd length in Fescompared to PbS. We have used the
results, and can therefore be shown to reliably model théasis set from Miaret al?® incorporatingd-symmetry polar-
system in question. However, this is often limited by theization functions as a starting point and reoptimized the outer
approximations which are made in differeald initio tech-  4sp and 5sp exponents with respect to the total energy for the
nigues in order to make a calculation computationally trac-S™ ion in free space before reoptimizing in bulk EeS8 the
table. By evaluating what influence some of the differentexperimental geometry. Using the resulting Basis set, for
approximations in common use have on the computed propwhich the reoptimized 4sp and 5sp basis functions are pre-
erties of the system of interest, it is possible to judge thesented in Table I, a single point bulk Fe&lculation can be
reliability of a given type of theoretical approximation for converged in a few tens of SCF cycles. It is more difficult to
predicting a particular set of properties. The level of accu-determine whether a basis set is converged when using lo-
racy and applicability of some of the most commaiminitio  calized basis functions as opposed to plane waves. Nonethe-
techniques has yet to be quantified for metal sulphide minless we perfomed tests using an hierarchy of modified Fe and
erals such as FegS S basis sets incorporating different numbers of valence and
Before undertaking the study of the surface properties and-symmetry functions. Higher angular momentum f- or
chemistry of pyrite, it is essential to have a good understandg-symmetry functions are not available in tlo®ySTAL98
ing of the bulk material. Hence, in the current work, we seekcode. We found that the Fe basis set from Towler and the
to further our understanding of the relationship between thenodifed S basis set described above gave the best compro-
electronic structure and the physical and chemical propertiesiise between computational expense and accuracy.
of FeS. In addition, we seek to determine the reliability of A variety of self consistent treatments of exchange and
these theoretical techniques and computational parameters esrrelation have been used including HF, the LDA to DFT,
a prerequisite for future studies of the surfaces and interfacetie GGA to DFT and the B3LYP functional based on Becke’s
of pyrite. We present the results from one of the first studieshree parameter hybrid functiondB3LYP) employing a
using two differentab inito methodologies on FgSnamely  combination of HF and DFT exchand®The DFT-LDA cal-
the use of HF and DFT in conjunction with a localized, culations were performed using LDA exchafgand the
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correlation functional parametrized from Monte Carlo nodes present in the original valence orbitals around the core
calculation®® by Perdew and Zung& whereas the GGA region, which are required for orthonormalization with the
calculations employed the exchange and correlation funceore orbitals, are removed producing “smooth,” nodeless
tionals by Perdew, Burke and Ernzeri®f! The B3LYP hy-  pseudo-valence orbitals, which reproduce the exact valence
brid functional used in this study is a modified version of orbitals outside a prescribed core cutoff radiusThe use of
Becke's original three-parameter exchange-correlatiora larger g in generating the pseudopotentitiius generating
functionaf® as suggested by Stepheetsal 3 where the ex-  a “softer” pseudopotentialallows the use of a lower plane

change and correlation is given by wave cutoff and thus enables more efficient computation.
LDA . 588 Lyp The effects of pseudopotential hardness on,F&8ictural

Exc=(1-ag)Ex™" +aEx +a,AEx"+acEc and electronic properties have been examined by comparing
+(1_ac)E\éWNa 2 results acquired using Ultrasoft pseudopoterftfabegainst

those obtained from using Troullier—Martins
where axAE;'(SS is Becke'’s gradient correction to the ex- pseudopotential‘g’. Wave function minimization is achieved

change functional® and the correlation is given by a com- by simultaneous all-bands optimization using a conjugate-
bination of the Lee, Yang and PafitYP)>* and the Vosko, 9dradients algorithm. The optimization of the unit cell was
Wilk and Nussaif® functionals. Becke’s original three em- Performed by minimization of the stress tensor on the cubic
pirical parameters a,=0.2, a,=0.72, anda.=0.81) are supercell through a BFG‘%_scheme._lnternaI sulphur coordi-
used, which were found to optimize the atomization energiegjates were optimized using a conjugate-gradient algorithm.
ionization potentials and proton affinities of a number of Ihe sampling of the Brillouin zone was performed using the
small molecule€® Solid state calculations using this func- Monkhorst—Pack scheme. Tests were performed to ensure

tional have been shown to yield band gaps in excellenthat a sufficienK-point density was used for convergence of
agreement with experimefi. the lattice parameter and total energy. Fast Fourier trans-

Samp“ng Of K_Space has been performed using Pack_'.torms (FFT) were L.Jsed to eVaante matl’iX element-s. The FFT
Monkhorst grid&37 of shrinking parameter 8, yielding 45 integration mgsh is related to the numbgr of baS|s_funct|ons
symmetry inequivalent K-points for bulk FeSTests reveal used to describe the crystal, and thus varies according to both
that increasing the number of K-points produces no signifii"ane wave cutoff energy as well as the supercell yolume.
cant difference in the computed structure or energy of théor cell volume optimizations, the FFT mesh density pre-
crystals(the total energy of the bulk crystals is converged toScribed is preferably higher than that required for total en-
within about 1E—5 ey, CRYSTAL98 computes the matrix el- €rdy convergence of the initial supercell. . .
ements of the Coulomb and exchange terms by direct sum- We have calculated the bulk modulus, B, and its deriva-
mation of the infinite periodic lattice. The truncation of thesetVe, "13” of pyrite by fitting the Murnaghan equation of
summations is controlled by five Gaussian overlap criteriaStaté” to the computed energy-volume curve.
details of the control of these parameters is available
elsewheré?38 The values of the overlap criteria chosen in
the current study were highTOLS parameters set to 10,
1077, 10"/, 10" " and 10 % in order to converge numerical A. Electronic structure

errors to 1 meV in the total energ§The structural optimi- Experimentally, FeSexists as a diamagnetic mineral with
zations were converged to a tolerance of 0.01 A in cell Pathe metal ions in a low-spin B& configuration?® We have

rameters ar|1d IhO“ ev ir fthe to"ﬁ' energy using a modified yorformed tests to determine the lowest energy electronic
Broyden—Fletcher—Goldfarb—ShaniBFGS minimization  gicture by performing single point calculations at the ex-

algorithm?° . . : il
. . perimental geometry with the Ee ions converged in either
CASTEPis based on the DFT framework with the crystal- ,o high-spin (paramagnetic or low-spin (diamagnetit

line orbitals expanded in a truncated plane wave basis, imo%’tates. We find that the LDA. GGA and B3LYP calculations
porating all terms with kinetic energy below a prescribedyield a diamagnetic ground state, lower in energy compared

energy cutoff k. The exchange-correlation energy hasi, yhe paramagnetic state by 17.0, 12.3 and 3.90 eV, respec-
been computed using functionals based on the LDA parany ey However, HF theory predicts the paramagnetic state to
etrized by Perdew—Zungéas used in th€RYSTAL98 calcu-

lati q ¢ ionals b d 4 Wt be the most stable by 2 eV. These differences are due to
ations and GGA functionals by Perdew and Wanglests . alation effects in P& and will be discussed in Sec. IV,

were performed to ensure that lattice parameters and total
energy are converged with respect to plane wave cutoff to -
within the tolerances described in Sec. IIl. The basis set con- \BLE Il The charge state of the Fe and S idifts|e]) com-

vergence was checked by performing geometry optimizaPUtEOI using a Mulliken scheme.

Ill. RESULTS

tions using a range of increasing plane wave cutoffs unti ethod Fe S

satisfactory convergence in the geometry and total energy

was achieved. HF 1.66 —-0.83
Fe and S core orbitals were removed by applying the.DA 1.19 —-0.59

frozen-core approximation, whereby a pseudopotential i$SGA 1.24 -0.62

generated which replaces the core states and incorporates thgt yp 1.19 —0.59

nucleus as well as the core states as a single entity. Radial
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We have performed an analysis of the charge on the Fe
and S sites using the Mulliken scheffeWe note that the
partitioning of the charge density among individual atoms is
arbitrary and, in the case of the Mulliken analysis, depends 1
on the local basis functions used. In the current calculations ' h
the use of a consistent basis set approximation means tha n :':
variations in the population analysis with functional and A
structure do provide a useful guide to changes in the nature
of the electronic state. The Mulliken charge populations of
the Fe and S sites are given in Table Il. HF theory yields a |
charge of+1.66|e| on the Fe sites whereas DFT and B3LYP ! )
predict pyrite to be far more covalent with a charge on the Fe & i \
sites of about+-1.2|e|. The tendency for HF theory to over- ‘
estimate ionicity has been reported in previous studies of
semi-ionic systems such as B¢y

The densities of stateO9) for bulk FeS computed
with the HF approximation, DFT and hybrid functionals us- .
ing CRYSTAL98 are presented in Fig. 2 and the main features i
of the DOS are summarized in Table Ill. The valence band is I N
predominantly composed of S 3p and 3d states hybridized BREEREREEEA LSS t ‘ ‘
with Fe 3d states whereas the conduction band is mainly due
to the unoccupied S 3d statésee Fig. 3in agreement with
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recent theoretical studié& The two peaks at around 13 to 18 3 A B3LYP |
eV correspond to bonding and antibonding S 3s stéfas :. o
3) . P N A Ve
The LDA and GGA predict FeSto be a conducting ma- DS AV i
terial whereas HF and B3LYP calculations predict a band 2% 71° 71 =% % 0 5 o 1520

gap of 11 and 2 eV, respectively. The reason behind the over-

estimation of the band gap by HF theory arises from a lack FIG. 2. The computed densities of states of Fe@mputed us-

of screening in the exchange term leading to an overstabiling crysTaL9s with HF, LDA, GGA and B3LYP treatments of ex-
zation of the occupied states. It is also interesting to note thathange and correlation. Solid lines represent states due to Fe ions,
HF theory predicts that the Fe 3d states lie at the bottom ofiashed lines represent states due to S ions. The Fermi level has been
the valence band at arourdé eV whereas LDA, GGAand setto 0 eV and the y-axis is in arbitary units.

B3LYP place these states at top of the valence band, about

—1 eV. Furthermore, the gap between the bonding and antgap can be sensitive to the choice of radii and location of
bonding S 3s states is significantly overestimated by HFempty muffin-tin spheres within the crystal latticgee, for
theory (4.5 e\) compared with experimeli8 eV); see Table example, Eyeret al*® and Folkertst al*%). Their choice of

lll. Clearly, HF theory yeilds a significantly different elec- atom-centered and empty sphere radii location, while giving
tronic structure to the other treatments of exchange and cominimum linear overlap between spheres, probably resulted
relation tested. It is of interest to note that Eyettal,*®  in a computed band gap which is in fortuitous agreement
using the augmented spherical waeSW) method within ~ with experiment.

the LDA, acquired a computed band gap of 0.95 eV, in al- The DOS computed with LDA and GGA usinCASTEP
most exact agreement with the current most accurate expemde presented in Fig. 4. TreasTEP calculations also predict
mental value(0.95 eV} (see Table I}, in contrast to our a metallic ground state within the LDA and GGA treatments
findings using the LDA. However, it has been found that theof exchange and correlation. Peak positions and band widths
computed electronic structure of pyritend hence the band are in excellent agreement with the results computed using

TABLE lll. The positions and widths of the main featur@s eV) in the computed densities of states.

Method Band gap S 3pwidth S 3§ S 3so, Fe 3d S2p S2s

HF 11 7 135 18 55-65 171 234
LDA Conductor 8 125 15 0-15 152 204
GGA Conductor 7.5 125 15 0-15 152 205
B3LYP 2 7 12.5 15.5 0-1 156 211

CASTEPLDA Conductor 8 12.5 15 0-15

CASTEP GGA Conductor 7.5 12 145 0-15

LDA-ASW (Ref. 48 0.95 7.5 13.3 16.4 0-15

Expt. (Refs. 6,7,58,65,66 0.95 6 13 16 0-1 162.5
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FIG. 3. The projected densities of states for pyrite computed FIG. 4. The densities of states of Re®mputed usingAsTEP
within the LDA. Dashed lines represent the total DOS. with LDA, GGA treatments of exchange and correlation. Solid lines
represent states due to Fe ions, dashed lines represent states due to

CRYSTAL98 (see Table Il and are in good agreement with S fons.

experiment. the failure of the HF approximation to predict the structure
of FeS will be discussed in Sec. IV. Calculations of the cell
volumes performed withcASTEP using the LDA yield an
underestimate of the cell volumey 3.1% while the GGA

The structure of pyrite FeSs defined by the cell length corrects for this overbinding effect leading to an increased
& and the sulphur internal coordinate, ¢see Fig. 1. The  cell volume(although it is still underestimated by 1.0% with
pyrite structure is cubic, similar to NaCl but with the anionsrespect to experimentSimilar trends were reported in the
replaced by & dimers with their molecular axes orientated crysTAL98 results.
along the four crystallographicl11) orientations. Each sul- We have performed tests to check that the cell parameters
phur atom is coordinated to another sulphur aitine other  are converged with respect to the basis set and to determine
half of the S dimen and three Fe atoms. Each Fe atom isthe influence of the pseudopotential on the computed results.
coordinated to six sulphurs with equal Fe—S bond distancefn the case of thecRYSTAL98 calculations, we find that the
but the octahedron is compressed along one axis. computed lattice constant is very sensitive to the presence of

The lattice parameters of the optimized structures of,FeSd-symmetry polarization functions on the sulphur atoms as
as computed using HF, LDA, GGA and B3LYP treatments ofreported for PbS? Removal of the d-symmetry functions
exchange and correlation witRysTAL98 and with LDAand  leads to a systematic increase in the cell volume of between
GGA usingcAsTEP are presented in Table IV. All the opti- 1% and 2% and an increase in the total energy of the system,
mized structures presented in Table IV are for f@Sthe irrespective of the treatment of exchange and correlation.
low-spin diamagnetic state although we note that HF theoryThis suggests that quadrupolar polarization effects must be
yields a paramagnetic ground state for éBhe values of @  taken into account in order to yield reliable structural param-
computed using the€rysTaL9s code with LDA GGA, and eters.
B3LYP treatments of exchange and correlation are in good With regards to the plane wavasTEPcalculations, tests
agreement with experiment, with LDA underestimating byrevealed that when using Ultrasoft pseudopotentials on Fe
0.37% and GGA and B3LYP overestimating by 1.9% andand S, a plane wave cutoff energy of 400 @érresponding
3.7%, respectively. However, the cell volume computedio a 27x27x27 FFT mesh and Monkhorst—Pack k-point
within the HF approximation is in poor agreement with ex- grid density of 8<8x 8 were sufficient for convergence of
periment, with an overestimate of over 10%. The reason fothe total energy to 0.06 eV/unit cell. These computational

B. Structural properties
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TABLE IV. The computed cell parameters for pyritg, ia the cell parameter in A and, ¥s the internal
coordinate in fractional units.

HF LDA GGA B3LYP
Method 3 Xs & Xs N Xs =N Xs
CRYSTAL98 6.000 (10.8 0.397 5.386 (-0.37 0.378 5.520 (1.9 0.380 5.614 (3.7) 0.387
CASTEP 5.247 (-3.1) 0.382 5.360 (-1.0 0.384
VvASP (Ref. 53 5.299 (-2.2 0.383
Zeng(Ref. 19 5.441 (0.46 5.455 (0.72)
FP (Ref. 20 5.302 (-2.1)) 0.386
Expt. (Ref. 67 5.416 0.385

parameters result in convergence of the lattice parameters tmmputed withcRYsTAL98 using HF and B3LYP are in good
within 0.01 A for g and 10 “ for the internal sulphur coor- agreement with experiment whereas the LDA and GGA bond
dinate. Using the harder, Troullier—Martins pseudopotentialslistances are over 5% too large. Overstimates of the S-S
for Fe and S, an f; of 890 eV and Monkhorst—Pack grid of bond distances of a similar magnitude were also reported in
8x8x 8 were required for convergence of the total energyrecent localized basis set DFT calculatidfsThe current
gy and x to the same tolerance levels. cAsTEPresults yield S—S bond distances in excellent agree-

As noted above, the lattice parameters calculated withinment with experiment and with recent plane wave GGA
the LDA using Ultrasoft pseudopotentials converge to apsimulations?®
proximately 5.247 A and 0.3818 fop and x,, respectively, The bulk moduli and their derivatives of FeSomputed
deviating from the experimental values by3.3% and with CRYsTAL98 using the LDA, GGA, and B3LYP function-
—0.83%, respectively. Using the GGA functionals results inals and withcasTEPusing the LDA and GGA are presented
lattice parameter values which are in better agreement witin Table VI. ThecasTeEP calculations were performed using
experiment (g of 5.360 A and x of 0.3845, studies reduc- Ultrasoft pseudopotentials, other computational parameters
ing the discrepancy in the cell volume and internal coordi-for CRYSTAL98 and CASTEP calculations were as described in
nate to—1.0% and—0.13% with respect to experiment. It Sec. Il. The bulk moduli predicted by the two programs were
can be seen that Ultrasoft pseudopotentials consistently oveaimost identical within the LDA yielding a value of around
estimate the Fe-Fe cohesive energy, even with incorporatiod10 GPa and the GGA giving 164 GPa. This level of agree-
of gradient corrections. This suggests somewhat poor trangnent is probably somewhat fortunate considering there is a
ferability of the Fe pseudopotential due to inadequate desmall difference in the computed cell volumes from the two
scription of the outer-core region as a result of an overly higrcodes. B3LYP yields a lower bulk modulus than DFT, prob-
core cutoff radius. This is further supported by GGA calcu-ably due to the overestimate of the cell parameter. The GGA
lations where we performed a cell optimization using theand B3LYP bulk moduli are in reasonable agreement with
harder Troullier-Martins pseudopotentials. The calculation€xperimental determinations of around 150 &P al-
predicted lattice parameters of 5.478 A and 0.3847, deviatinghough some experiments have measured the bulk modulus
from experimental values by-1.14% and—0.08%. This to be as high as 215 GP&The value of the volume deriva-
result is consistent with previous findings from GGA calcu-tive of the bulk modulus is significantly harder to determine
lations on transition metals and transition metal solids, wher@xperimentally(and is often just assumed to bg athough
GGA consistently underestimates the cohesive energy ar@he experimental study has measured it to bé’5rbgood
hence overestimates the cell lengthwe have found similar agreement with the current GGA and B3LYP results.
trends in lattice parameter variation with pseudopotential
hargness from recent plane wave calculations on pure bcc
Fe:

The nearest S—S bond distances predicted by the different We find that plane wave and Gaussian basis set calcula-
theories are summarized in Table V. The S—S bond distandgons give results consistent with each other with LDA, GGA

IV. DISCUSSION

TABLE V. The computed S—S bond distances in A.

Method HF LDA GGA B3LYP
CRYSTAL98 2.143 (-0.9 2.274 (5.2 2.295 (6.2 2.197 (1.6
CASTEP 2.145 (-0.9 2.154 (-0.9

VASP (Ref. 53 2.148 (-0.6)

Zeng(Ref. 19 2.294 (6.2 2.300 (6.9

FP (Ref. 20

Expt. (Ref. 67 2.162
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TABLE VI. The computed bulk moduliin GP3 and their derivativesin parenthesgof pyrite.

Method LDA GGA B3LYP
CASTEP 208 (4.4 164 (5.2

CRYSTAL98 209 (7.9 164 (3.5 113 (5.7
Expt. 143(4, assumeds4 148(5.5) 55 157(-) 56 215(5.5 57

and B3LYP treatments of exchange and correlation all yield-—3.9 eV obtained from B3LYP lies betweer 12.3 eV
ing.structural parameters in reasonable agreement with eX6GA) and +2 eV (HF).
periment. ThecRySTAL98 andCAsTEPcalculations performed | the current study, B3LYP calculations of the band gap
within the LDA overestimate binding energy, leading to anof pyrite predict a value of around 2 eV. The experimental
underestimate in the cell volumes. GGA functionals correc{,g e, determined using a number of different techniques has
for the overbinding and result in increased cell volumes byo measured to be between 0.7 and 2.62 eV. with the most
about 2%. The differences in the cell parameter computeygeliable values0.9 to 0.95 eV co.ming fro.m pho1toc0nduc-
;Jhsénigglﬁgggsegggl Cg\ps);lrz;ism grt?obnabtlri sdTuEi tvc\)/rfgfe;sseinOf tivity measurements® As the B3LYP calculations are of the
. round state of the system, a disagreement with respect to

CR;STALQS an "ﬂl electron t? asis gsg;lwas used thO:c’ughomgxperiment is not sur)[/Jrising Howe%/er a recent studF;/ has
Other GGA studies using the VA ane wave code with . o '

9 0§howed that calculations using the B3LYP treatment of ex-

different computational parameters and parametrization h . . .y
the Ultrasoft pseudopotential gave slightly different latticech@nge and correlation give predictions of the band gap of a
wide range of minerals with an accuracy comparable to that

parameter$l.1% for g, 0.25% for %) compared to the cur- , 4
rent CASTEP results. of far more computationally expensive quantum Monte Carlo
The HF approximation fails to predict accurate structuraiSimulations®
parameters due to the nature of the spin on the Fe ions. Since Considering the findings reported in Ref. 36, it seems sur-
pyrite is diamagnetic, the Bé ions are in a low-spin con- Prising that B3LYP overstimates the band gap of pyrite by a
figuration with fully occupied 4, and empty g states. Elec- factor of 2. However, the overestimate of the band gap may
tron correlation effects will tend to reduce the electron—be understood by considering the influence that defects
electron repulsion in the fully occupied orbitals leading to anwould have on the real crystal. Spectroscopic studies have
increase in the binding of the electrons in these states. Thigrobed the defect nature of natural and synthetic pyfite.
results in a decrease in the 2Feionic radius and hence a Luck®® found that pyrite crystals are exclusively sulphur de-
smaller lattice cell length. It seems likely that the completeficient, with the empirical formula better expressed as
neglect of correlation effects in HF theory would contribute FeS_, with x ranging from 0.05 to 0.25. Birkholet al®
to the large overestimate of the cell parameter with respect tgsed ligand field theory arguments to suggest that the 5-fold
experiment. To test this hypothesis, we have performedtetragonal pyramidialcoordinated Fe ions resulting from
supplementary geometry optimizations using HF theory withsulphur vacancies would have a modified splitting of the Fe
a posterioricorrelation corrections. We find that the addition 3d orbitals compared to the 6-foltbctahedrally coordi-
of correlation effects, even at such a crude level, leads to aated, stoichiometric Fe ions. The crystal field splitting in the
significant reduction in the overestimate of the cell parameteb-coordinate Fe ions would result in the formation of new
(5.89 A with correlation corrections, 6.00 A uncorredted defect states lying between the valence and conduction bands
Similarly, structural optimizations performed at the LDA and would lead to a reduction in the measured band gap, and
level of theory but without computing the correlation energyas such may account for the discrepancy between the calcu-
results in an increase in the cell parame®A70 A, com- lated and experimentally measured values.
pared to 5.386 A with correlationOur calculations also re- Other features of the densities of states computed using
vealed that the LDA, GGA and B3LYP methods give low- CRYSTAL98 are in excellent agreement with experiment. The
spin (diamagneti¢ solutions as the ground state of pyrite, splitting of the S 3s states has been attributed to the forma-
with computed total energies which are lower than the hightion of bonding @},) and antibonding ¢,) states arising
spin (paramagneticstate by 17, 12.3 and 3.9 eV, respec-from overlap between sulphur nearest neighbors. The degree
tively, while Hartree—Fock theory predicts the high-spinof overlap and hence the gap between the states is dependent
state to be more stable by 2 eV. This erroneous prediction isn the S—S bond distance. In Fig. 5, we show the DOS
due to the lack of correlation in HF theory, as discussed ircomputed using the LDA for a range of S—S bond distances
Sec. IlIl. The “pure DFT” methods incorporate correlation to from 2.66 A (x=0.358) to 1.91 A (x = 0.399 at the op-
some extent, resulting in improved calculated structural patimized LDA cell volume. The S—S bond distance has been
rameters and the correct prediction of spin state. The value ofaried by changing the internal coordinate of the S ions. The
the energy of the low-spin state relative to the high-spin stateffect of changing this bond distance on the splitting of the S
acquired using B3LYP is in line with expectations; since thestates is dramatic. The gap between theand o, varies
B3LYP functional is a linear combination of HF and GGA, it from 5 eV at 1.91 A to about 0.5 eV at 2.47 A with the gap
is not unreasonable to expect it to give a value which liegdisappearing at larger separations. We note that our LDA
between those acquired using these two methods, i.e.,calculations of the DOS at thes»parameter as computed
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isotropic pressures ranging froml5 GPa to+20 GPa(see

Fig. 6) using B3LYP. Note that in this case “negative” ap-
plied isotropic pressures are fictitious quantities, and simply
cause the cell volume to increase with respect to the calcu-
lated cell volume at 0 GPa. Both, and x were found to
decrease with increasing pressiysee Fig. 7. While both
Fe—S and S-S bond distances decrease with pressure, Fe—S
bonds were found to compress more readily than S—S bonds,
in agreement with the calculations of Opalgeal?® As a
consequence, the unit cell also decreases in volume more
rapidly with pressure than S—S bond distances. However, at
higher applied pressures, the rate of compression of Fe—S
and S-S bonds becomes increasingly simigge Fig. 8
since, in general, as bond lengths are decreased, the energet-
ics of compression are increasingly dominated by the repul-
sive component of their interaction curves. Changes in the
pyrite structure with pressure have several significant effects
on the band structurésee Fig. 9. In general, there is an
increased dispersion of bands with pressure, as expected, due
to the enhanced coupling between adjacent unit cells which
arises from a decrease in cell volume. It was also found that
occupied bands are lowered in energy with respect to the
valence band maximurfVBM), while the energies of unoc-
cupied bands are raised. These effects are attributed to en-
hanced covalency between Fe and S as the Fe—S bond dis-
tance is decreased. The formation of a steep lfahdwn in

FIG. 5. The influence of the S-S bond distance on the S 3$0ld in F|g 9 at thel” point was found at around 0 GPa,

bonding and antibonding peak positions computed usSRBTALIS
within the LDA.

using CRYSTAL98 or CASTEP yields a conducting state for
both methods although the predicted value gfaries some-
what(CRYSTAL, 0.378, CASTEP 0.392 We have performed tests,
computing the DOS usingrYSTAL98 at x,=0.382 and find a
conducting state.

The influence of the lattice parameterg,aand X on the

which becomes the conduction band minimy®BM) at
pressures greater than 0 GPa. At th@oint, this band low-

ers in energy with respect to the VBM with increasing pres-
sure, causing reduction of the band gap. Thus, in terms of the
lattice parameters, a decrease incauses reduction in the
band gap due to lowering of the CBM at thepoint. This
behavior may be explained in terms of interactions between
S, dimers in the pyrite “sub-lattice” model, given by Eyert
et al*® The band at CBM is predominantly S 3p in character,

pyrite band structure were determined by calculation of theand is directly related to the S—S bond distance. According to
density of states and band structure at a series of appliedyert, at constant cell volume, decrease in(ixcrease in

M FIG. 6. The total densities of

states for Fes computed using

B3LYP at a range of pressures.
0 Gpa
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FIG. 9. The influence of pressure on the band structure of FeS
computed usingRYsTAL98 with the B3LYP functional.
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band at thd” point and a lowering of the CBM. Note that
this result is contrary to the expectations pointed out by Ey-
ertet al,*® but is consistent with the calculations of Opahle
et al?® The rate of energy lowering of the CBM slows at
541 1 0.386 higher pressures, since the Fe—S botadsl hence cell vol-
ume and S-S bonds compress at more similar rates at
higher pressures, leading to a lower rate of increase in inter-
actions between ;Sdimers. Although our results show that
the band gap decreases with applied pressure, the blue shift
521 T 0384 of the optical band gap that is observed experimentally may
be explained by considering the DOS. The band atlthe
point that causes the band gap reduction only contributes to a
very shallow tail in the DOS%see Figs. 6 and)9n agreement
to earlier studie€® while the antibonding Fe 3d and S 3p
R states immediately above this band are raised in energy with
Pressure (GPa) respect to increasing pressure VBM. Neglecting the steep
band at the CBM, our calculations predict an optical blue
FIG. 7. The cell parameters of Fe&t various pressures as shift of around 0.016 eV per GPa of pressure applied, in
computed using B3LYP. excellent agreement with the value of around 0.02 eV per
GPa obtained by Batloggt al®*? from pressure experi-
S-S bond length causes increased coupling between S ments. Our results therefore suggest that this band may be
dimers, resulting in increased band dispersion at the CBMneglected in interpretation of the optical phenomena of py-
Our results show that there is a decrease in S—S bond lengfite.
with increasing pressure. However, as explained above, since We have investigated possible causes for the poor descrip-
the Fe—S bonds compress more readily than S—S bonds, tkien of the S—S bond length by th&rysTAL98 calculations.
cell volume decreases more rapidly than S—S bond lengthsomparing the S—S bond distance computed using basis sets
with pressure. Thus there is an overall increased couplingith and without d-symmetry polarization functions on the

between $ dimers, leading to increased dispersion of S 3psulphur ions, we find that the lack of polarization functions
results in an increase in the S—S distance of up to 9% relative

to the S-S distance computed with polarization functions.
Clearly, polarization functions are very important in describ-
ing the S—S bond. To examine these effects further, we have
performed additional tests using tkeaussiangs cod€® to
determine how important d-symmetry and higher angular
momentum polarization functions are in describingnsol-
ecules and § dimers. These calculations were performed
using the 6-311G basis set which does not include any
polarization functions, the 6-3%1G(d) basis which includes
one d-symmetry function on each sulphur atom and, finally,
the 6-311-G(3df) basis set which includes three d-symmetry
functions and an additional f-symmetry function. Although
the systems modeled by the Gaussian calculations were in
FIG. 8. The change of Fe—S and S—S bond lengths with appliethe gas phase, the results, shown in Table VII, illustrate that
pressure as computed using B3LYP. d-symmetry functions are essential for a reasonable descrip-

Internal Coordinate

o

Bond Length (A)

LY
[-Th}

-20 -10 0 10 20
Applied Pressure (GPa)

054107-9



MUSCAT, HUNG, RUSSO, AND YAROVSKY PHYSICAL REVIEW BG5 054107

TABLE VII. Bond distances computed for,®limers in A. ThecrysTaLos results relate to the S—S bond
distance computed in pyrite whereas the Gaussian data arg tmosgf dimers in the gas phase.

Method Basis set HF LDA GGA B3LYP
S5 bond distance in FeS
CRYSTAL98 no d 2.196 2.422 2.461 2.386
d 2.143 2.274 2.295 2.197
Experiment 2.162Ref. 67
S5~ dimer
GAUSSIAN98 6-311+G 2.329 2.352 2.384 2.388
6-311+G(d) 2.180 2.191 2.225 2.231
6-3114G(3df) 2.153 2.133 2.170 2.181
S, dimer
GAUSSIAN9S 6-311+G 2.017 2.069 2.083 2.073
6-311+G(d) 1.879 1.922 1.937 1.927
6-311+G(3df) 1.863 1.897 1.911 1.903
Experiment 1.887Ref. 68

tion of the $ and $~ dimers and that f-symmetry polariza- higher angular momentum polarization functions.
tion functions may be necessary to fully converge the bond The current DFT and B3LYP calculations give a good
distances with respect to the basis set. However, as discuss@gscription of the occupied electronic states. The position
in Sec. I, basis functions with f- or g-symmetry are notand width of the valence bands are in good agreement with
available in thecRysTAL98 code. This may also explain part €xperiment. However, LDA and GGA underestimate the
of the discrepancy between tlorysTaL9s and casTEPre-  band gap and predict pyrite to be a conductor. B3LYP calcu-
sults. lations yield a band gap of about 2 eV, significantly larger
than the accepted experimental value of 1 eV. We believe
that a possible reason for the discrepancy is due to the fact
that experimentally, pyrite is usually sulphur deficient and
In the current study, we have performed calculations orcan be better described by the formula FeSwhere x can
FeS using a variety of theoretical treatments, in particular,vary from 0.05 to 0.25. This large deviation from ideal sto-
HF, DFT and hybrid-functional treatments of exchange andchiometry leads to the formation of new defect states within
correlation, and computational approaches using the alithe band gap and may give rise to the low experimentally
electron LCAO technigue and the plane wave pseudopoterdetermined value.
tial methodology. The current study provides an understanding of how dif-
The computed results are influenced by the selection oferent computational methodologies affect the description of
the treatment of exchange and correlation. Correlation effectthe structural and electronic properties of F@8d serves to
must be taken into account in order to yield the correct elecunderpin further studies of the surface structure and chemis-
tronic ground state and structrual parameters. The HF apry of pyrite FeS.
proximation provides a poor description of pyrite befv-

V. CONCLUSIONS

ing an incorrect ground state. In contrast, calculations ACKNOWLEDGMENTS
performed with DFT and hybrid-function&aB3LYP) meth-
ods provide a reasonable description of feSalculations We thank Accelrys Inc. for provision of @asTePlicense

performed within the LDA generally underestimate the cellduring this study and to Professor Stephen Flet¢baiver-
volume whereas GGA corrects for this effect. The tests in thesity of Loughborough for initiating the collaboration be-
current study reveal that sulphur undergoes significant polatween CSIRO Minerals and RMIT. The calculations were
ization effects. Calculations performed using atomic-orbitalperformed on Silicon Graphics workstations and a parallel
basis sets must take account for these effects and includeC clustef*
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