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First-principle electronic structure investigations of transition-metal sulfidgSdCand related alloys with
the unique structure of pentlandite are carried out using density-functional theory within the local-density
approximation. The total-energy calculations fors&pand (Fe,Ni}Sg alloys have been computed and we
predict equilibrium lattice parameters that are on average 1% smaller than in the experiment. The heats of
formation have been calculated, the theoretical prediction fgSgbeing in excellent agreement with that
available in the Thermocalc database. The predicted heat of formation for §N&Egalloy is very close to
CoySg, reflecting the fact that the Fermi level is found to fall in a pseudogap for an average number of valence
electrons per atora/a=7.58. Furthermore, we determined the individual bond energies fgCmd CaS;
to stress the contribution of the octahedral metal cobalt to the stability of th&; @bhase.
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[. INTRODUCTION in the formation of the semiconductor band gaps in different
transition- and precious-metal sulfides has been emphasized
Transition-metal sulfides are a major group of mineralsin recent first-principle calculatiorls’

that provide the crystal chemist with a number of diverse The purpose of this paper is to perform a systematic study
structural types to study. Among these, the pentlandite struc®f the electronic structure in order to clarify the relationship
ture is taken by sulfides with chemical formulas that do not€tween the shape of the electronic density of ste3S)
usually display normal chemical valence, such as in the cas@d the structural stability of G8; and related alloys. We
of the only known binary phase of pentlandite,sSg* The have performed total-energy minimization with respect to the
structure of the pentlandites (Fe,j8; and CgS; was de- vplume keepmg the two internal coordmates of the pgntlan—
termined by Lindquistet al? by means of powder diffrac- dite structure fixed. The heat of formation as a function of

tion. This structure was confirmed subsequently by Pearso

and Buergeiand Gellef with smg_le-cry_stal methods. The energies, have been calculated. We have found that the high
structure of CgSg has been refined in the space group bility of Ca,S, and FeNi,S; phases is correlated with
Fm3m (225 and the primitive unit cells of G&; and stabiiity of Ca J F8Nla P ;

- . ._.___their Fermi levels falling in a pseudogap corresponding to an
CosSg are shovyn in Fig. 1, and the crystal aton_nc _pos't'onsaverage number of electrons per atefa=7.58. We have
are presented in Table I. There are fours&punits in the  c5icyiated the individual bond energies for bothy&pand
conventional cubic unit cell, with the sulfur atoms forming CosSs in order to stress the important contribution of the
an almost cubic close-packed framework. Two nonequivalengtanedral metal cobalt to the stability of the4Sg phase.
metallic sites are present in the unit cell, the one represented The gutline of this paper is as follows. The computational
by the four octahedral site8](O), the other by the 32 tet- details are described in Sec. IIl. The calculated electronic
rahedral sitesM (T).> The primitive unit cell consists of 17 density of states and predicted heats of formation are pre-
atoms with one octahedral metal atdi(O), eight tetrahe- sented in Sec. lll. The relative stability of ¢ versus
dral metal atomsM(T), two linking sulfurs S[) and six  CogS; is discussed in Sec. IV. We conclude in Sec. V.
face-capping sulfurs $j atoms.

The electronic density of states for £ has been calcu-
lated usingab initio density-functional methods within the
generalized gradient approximatiofGGA). It has been The electronic structure and the total energy have been
stressed that the stability of g8 phase results mainly from calculated self-consistently using the Tight-binding linear-
the formation of the structure-induced pseudogap at thenuffin-tin-orbital (TB-LMTO) technique within the atomic-
Fermi energy. The electronic structure of the polyhedral sphere approximation with combined correction (ASA
clusters in CgSg has been analyzed using the extended+ CC).° Exchange and correlation were included using the
Huckel calculations. In particular, it has been stressed thatvon Barth—Hedin formula within the local-density-functional
the metal-metal bonding effects confined to the cube clustedescriptiont® In the ASA+CC, the one-electron potential
are found to be severely affected by through-bond couplingntering the Schidinger equation is a superposition of over-
with their nearest-neighboring sulfide atoms. On the othefapping spherical potential wells with positidt and radius
hand, the crucial role played by the strothgp hybridization  sg, which leads to a kinetic-energy error that is proportional

verage valence electron per atom fopy, MgS;, and
,N)oSg alloys, together with their corresponding cohesive

Il. COMPUTATIONAL DETAILS
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FIG. 1. Crystal structure of pentlandite: The primitive unit cel{@f CoySs and(b) Co;Ss. M(O), octahedral metaM (T), tetrahedral
metal; S(), linking sulfurs; Sf), face-capping sulfurs.

to the fourth power of the relative sphere overlapg: ,* must be represented by additional interstitial spheres, which
where are usually repulsive. The positions of these interstitial
spheres are chosen among the nonoccupied symmetry posi-
Sg+ Sk tions of the space group. Then their radii are chosen in such
= R-R| - 2 a way that the maximum overlap between an atomic and an
interstitial sphere is 18% and the maximum overlap between

In many mineral structure types such as the pentlanditeéwo interstitial spheres is 20%. This procedure is automated

the use of only atom-centered spheres within ASA would! the computer prograrh. _ _

cause substantial error, either due to large overlap and mis- 1 1€ @bove procedure leads to dri six|2 and eight 3,
representation of the potential, or due to neglect of charge iREW interstitial sphere symmetry positions per unit cell for
the van der Waals gap. Therefore, it is necessary to pack tHe®Ss: The interstitial spheresl, 12, andI3 occupy the

van der Waals gap with interstitial spheres. In general, théit€S 4(0,0,0), &(1/4,1/4,1/4), and 34 —0.369;-0.369,
requirement for choosing the sphere positions and radii is” 0-369). respectively. For the case of (Fed$, the inter-
that the superposition of the spherical potentials approxiStitial spheres are labeldd. to I15 since their sphere radii
mates the full three-dimensional potential as accurately agiffer significantly due to the Fe/Ni distribution over the oc-
possible, so that the overlap error for the kinetic energy relahedral and the tetrahedral sites. The .ba5|s _s.et consisted of
mains acceptable. Here, following Ref. 11, the full potential(F& CO.N) 4s, 4p, 3d; S 3s, 3p, 3d and interstitial spheres

i first represented by the superposition of neutral-atom Hart 2S: 3p, 4d. All k space integrations were performed by the
tree potentials. The atomic-centered spheres are then deté@irahedron method. Convergence to self-consistency was
mined by tracing the potential along the lines connecting@chieved with the use ofx¢4x4 number ofk points in the
nearest-neighbor atoms and finding the saddle points. For lgfeducible zone that leads to a precision of 1Ry/f.u..
given atom with positiorR, the distance to the closest saddle The experimental internal parameters for,(3 have been
point is taken as the radius of its sphere and usually touche&pt fixed during our calculations, allowing only the lattice
the sphere constructed in the same way from the other atorRarametera, to vary, thereby minimizing the total energy
The ASA radii are then obtained by inflating these atom-With respect to volume. We have used the same internal co-
centered nonoverlapping spheres until they either fill space

or until their overlapwgrg: reaches a maximum of 16%. In ~ TABLE Il. The predicted equilibrium lattice parametea.(),

the latter case, the potential between the atomic potentiarquilibrium volume V), binding energy ), and bulk modulus
(B) for CogSg and (Fe,Ni}Sg. The experimental values are in pa-

WRR/

TABLE |. Crystal structure positions of pentlandite renthesis, Ref. 2.
(Co,Fe,Ni}S; Co(O) and Co(l) denote the octhedrafl (O) and
tetrahedraM (T), respectively. Co/Fe/Ni entered as Co. Materials 8eq Veq E B
A) (A%atom) (eViatom (GPa
Atoms Positions X y z
CopSs 9.918(9.928 14.33 —5.968 152.8
Co(O) (4b) 0.5000 0.5000 0.5000 FeSs 9.948 14.46 —5.290 152.3
Co(T) (32f) 0.1261 0.1261 0.1261 NigS; 10.118 15.21 —-5.131 122.7
S() (8c) 0.2500 0.2500 0.2500 FeNi Sg 9.938(10.129 14.42 —5.327 149.5
S(f) (24e) 0.2629  0.0000  0.0000 FeNicSs  9.991(10.100  14.64 ~5262  140.7
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FIG. 2. Heats of formationAH;) for (Fe,Co,Ni}Sg alloys as a .
. - [—TFeS)]
function of the average number of valence electrons per a&a) ( 200 J/\/J/"MA A\V\I\/\/\

together with the MS; stoichiometry. The dashed lines connecting
the binary values for the 9:8 and 8:8 stoichiometries are drawn to
aid the eye. The single experimental value fop&ois taken from

0
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the Thermocalc database, Ref. 13.

FIG. 4. Total density of states for g8 and related alloys

[(Fe,Ni)ySg], where the Fermi energy is taken as the zero of en-
ergy. The arrows show the position of the pseudogap with respect to

ordinates for (Fe,NpS;. Self-consistency was deemed to the Fermi energy.

have been achieved at 79 mRy per unit cell.

lll. HEATS OF FORMATION AH{[(M,N)oSg]=AH{(MNg_,S5)=1L/1TE(MNg_,Ss)

The heat of formation may be calculated by subtracting —XE(M)—=(9—X)E(N)—-8E(S)], (2
the binding energies of the elemental systems from that of

the compound. Hence, the heat of formation per atom of

pentlandite M,N)oSg is given by

whereM, N are chosen from Co, Fe, or Ni. The energies of
the elemental transition metal systems Co,Fe, and Ni were

150.0 . evaluated in the magnetic spin-polarized state in hcp, bcc,
100.0 | E —cadl ] and fcc structures, respectively, whilst elemental S was cal-
. === Col—j i i
T ootp culated using the experimental ground-state strucftifidne
50.0 MM 1 predicted equilibrium lattice constanég,, atomic volume
0.0 | e LMY ; Veq, binding energyE, and bulk modulusB are given in
10000 | o2l Table Il. The binding energies are measured relative to the
) ~ Gomes free atomic state values calculated assumingl®o Fed’s,
g 5000 1 Ni d%s, and Ss?p*. We see that the predicted lattice con-
€ o0 : ey A, : stants are in good agreement with experiment for those al-
€ 1500 [ | — s1-d| - loys found experimentally, the largest error being 2% for
& 1000 | .: , T | ] Fe;Ni,Sg. We furthermore observe that g has the stron-
E, 50.0 | ;k;': o 1 gest binding energy and largest bulk modulus, which corre-
8 00 [t SR e kb spond to its smallest equilibrium atomic volume.
o 3000 | — il The heat of formation for (Co, Ni, Fg$s alloys as a
Q 2000} It.“, Csos| function of the average number of valence electrons per atom
100.0 “.,;l': o . (efa) is shown in Fig. 2, together with Mg in which the
0.0 o e . octahedral metal atoms have been removed. We see that the
1500.0 | 8 only available experimental value, namely, that forg&§p
1000.0 1 from the thermocalc databageaLpHaD),'® agrees very well
500.0 | M /\//"LV mr)\/\ with our prediction. It is clear from this figure that 8 has
0.0 ‘ ‘ o] the largest heat of formation as compared to the other phases.
-16.0 -120 -80 -4.0 0.0 4.0 8.0 R ) o o
Eirgy. (&) This indicates highest stability for the g8 stoichiometry.

Interestingly, the heats of formation of 4Mi,Sg and

FIG. 3. Total, local, and partial density of states of,6&9  F&NisSg lie very close to this minimum as expected from
where the Fermi energy is taken as the zero of energy. Col, CoZheir occurrence in nature. However,gB5g and NySg on the
S1, and S2 represent (@), Co(T), S(I) and S), respectively. other hand, fall on the upper portion of the plot indicating
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1000.0 energy. The change in the position of this pseudogap with
7500 | respect to the Fermi energy across the pentlandites from
FeySg to NigSg is illustrated in Fig. 4. We can now under-
500.0 | 1 stand the V-shaped behavior in the 9:8 heats of formation. As
. 1 the number of electrons per atom increases, initially addi-
M tional bonding states are occupied until the Fermi energy
= 00 - - ‘ reaches the middle of the pseudogap aroefd=7.58,
:; —y 1 Wherea;ter\;heh antigoSdri]ng sta;fe:| a]te fiIIeISI. IS-|8enhce, Whe ob-
s — serve the V-shaped behavior ¢ from FeS; throug
< 5000 | 1 CoySg to NigSg. The 8:8 phases also show the same
= V-shaped behavior, because their DOS in Fig. 5 display a
2 EsRa T WVN\\ 1 similar d rela=7.31. Wi ine, h
@ pseudogap arourela=7.31. We examine, however,
g oo : : ‘ 4 :W the loss in stability of nearly 0.3 eV per atom in going from
the 9:8 to 8:8 phases in the following section.
750.0 | ]
500.0 | | IV. STABILITY OF Co ¢S; VERSUS CqS;
250.0 W\ 1 In this section we explore the stability of the 9:8 stoichi-
6.0 . . ‘ i N ometry versus the equiatomic 8:8 stoichiometric sulfide,
-8 -6 -4 -2 0 2 4 6 which we see from Fig. 2 has a 35% smaller heat of forma-

Energy (6V) tion. Table Il compares the individual bond energies of the

FIG. 5. Total density of states for f8, CosSs, and NS two different stoichiometries where the bond energy between

where the Fermi energy is taken as the zero of energy. The arrov@tomsi andj is defined by
show the position of the pseudogap with respect to the Fermi en- ii
P P gap P EgondZZTrBij®ji , (3)

ergy.
where the trace runs over the different atomic orbitals on the

that they may be unstable pentlandite phases. Furthermore,two sites.g;; and®;; , represent the bond integral and bond
is shown clearly that the MB; framework has a much re- order matrices, respectively. To clarify the importance of the
duced heat of formation, thereby demonstrating the loss ofctahedral coordinated metal at¢@o) to the stability of the
stability compared to the B stoichiometry. CoySs stoichiometry, we compare the individual bond ener-

The V-shaped trend in both the 9:8 and 8:8 curves in Figgies between G and C@Sg. The bond energies and bond
2 can be understood from the behavior of the correspondindistances are shown in Table Ill. The bond energy varies
DOS, which are plotted in Figs. 3—5. We first consider thedepending on the number of nearest-neighbor atoms and the
partials,p, andd DOS for CqSg in Fig. 3. Our TB-LMTO  distance between the individual atoms. The bond distances
DOS are very similar to those calculated previously by thefor CogSg, which are obtained by relaxing the structure using
plane-wave Viennab initio simulation programvasp).® In  the plane-wavecasTep code!* show values similar to
particular, we see that the octahedral Co sites have their CoySg. As expected, there is no bonding between the octa-
band split into the filled,, levels and unfilled antibonding hedral metal, C@®) and sulfur, S{), because the octahedral
gq levels, as discussed in detail elsewhkewe find that the coordinated metal atoms GDJ have been removed in the
total DOS shows a small pseudogap opening up at the FerngogsSg framework, whereas the bond energy is large for

TABLE Ill. Bond energies for CgS; and C@Ss.

CoySs CosSg
Bond No. of bonds  d(A) Ey, (Ry/bond d(A) Ey, (Ry/bond AE,
Co(0)-S(f) 6 2.389 —0.17838 0.17838
Co(T)-S(l) 1 2.130 —0.31639 2.132 —0.31635 0.00004
Co(T)-S(f) 3 2.206 —0.24522 2.208 —0.24498 0.00024
Co(T)-Co(T) 3 2.499 —0.06368 2.502 —0.06308 0.00060
Co(T)-Co(T) 6 3.478 —0.00067 3.482 —0.00057 0.00010
S(1)-Co(T) 4 2.130 —0.31639 2132  —0.31635 0.00040
S(1)-S(f) 12 3.508 0.00163 3.511 0.00182 0.00019
S(f)-Co(T) 4 2.206 —0.24522 2208  —0.24498 0.00024
S(f)-Co(O) 1 2.389 —0.17838 0.17838
S(f)-S(f) 4 3.379 0.00364 3.382 0.00337 0.00027
S(f)-S(f) 4 3.634 —0.00075 3.638 —0.00117 0.00042
S(f)-S(l) 4 3.508 0.00163 3.511 0.00181 0.00018
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200 - \ \ \ There is no difference in the p-orbital projection of sulfur
150 | = ggggg (gt) ] S(l), so that S[) does not change its stat_e of b(_)ndi_ng be-
100 i tween CgSg and C@Ss. .However, thep-orbital projections
. for the sulfurs Sf) are different. We observe a large peak at
é o0 ] lower energy of~ —4.8 eV on the CgS; projection which is
5 ° ? ol MR lacking in the CgSg phase. This peak corresponds entirely to
£ 300 —Cosss 5oy the nonbonding, orbital of S(f). In the energy range be-
0\3:, 200 - Co988 (S2-p) | | tween —6.04 and—7.5 eV, we note that the orbitals are
2 - | se_parated by a shift of approximatel_y 0.4 eV. This energy
g ! W . shift compares very well with the predicted heat of formation
o 0 = ‘ ‘ 1 discussed above. We believe that this energy shift depends
81500 | i — Co8S8 (Total)| - entirely on the bonding between the octahedral @o@d
| [y | LmCoos8(Toall and Sf) 3p orbitals which is lacking in the G stoichi-
ometry.
] V. CONCLUSION
Energy (6V) We have used the TB-LMTO method to examine the sta-
FIG. 6. Total and partial density of states for4Spand CqS;, bility of the _transition-metal sulfi(_jes with pentlandite struc-
where the Fermi energy is taken as the zero of energy. ture. In particular, we have predicted the heats of formation

of CaySg and (Fe,Ni}S; alloys, finding that CgSg displays

Cas, (0178 Rybond). e o hat the shorer bond " (G965 M0 e WL 8 Vel O
length corresponds to a stronger bond with more negative 2=
d ¥ g W gaty 85.1 kJ/mole from the Thermocalc database. This strong

bond energy. We further observe strong bonding between the °°- . . . .
tetrahedral metal Cay) and sulfur S[) that corresponds to stability of Ca,Ss, and also FeNisSs, is correlated with their

the short bond length of 2.130 A and 2.132 A for{Sgand Fermi levels lying within a pseudogap that separates the

; ; - bonding from antibonding states. Finally, the critical impor-
CogSg, respectively. Most interestingly the bond energy be- o S )
tween the nearest-neighbor atoms for both systems showsf[ nece of the_ octahedral cobalt sites in sta_b|||z|ng the 98 sto-
chiometry is demonstrated by comparing the individual

negligible change of only about 0.0001 Ry/bond on average,. ) ; : .
Thgrgfore we ghave deymostrated that t¥1e stability of t%\ ond energies of the pentlandites with the hypothetical 8:8
' phase in which the octahedral sites are removed.

CoySg compared to Cgfg framework is driven by the bond
Co(0)-S(f) in CogSg which is absent in Cgbsg, the other
bonds being affected to a much lesser extent.

The total and partial densities of states forqy&pand This work was supported by the Royal Society-National
Co3Sg are compared in Fig. 6. It is clear from the total den-Research Foundation collaboration between the University
sity of states that the Fermi energy ongSg stoichiometry  of the North in South Africa and certain universities in the
does not fall in the middle of the pseudogap. The partialunited Kingdom. Computations were performed in the Ma-
densities of states were computed for the @bitals of sul-  terials Modeling Center, University of the North and the Ma-
fur S(I) and S¢) to show the contribution from the bonding terials Modeling Laboratory, Department of Materials, Ox-
between the B orbital of sulfur and the cobalt®orbitals.  ford University.
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