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Electronic structure of MS (M =Ca,Mg,Fe,Mn): X-ray absorption analysis
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Experimental x-ray absorption spectra were measured near the Kudfiud L , ; edges of MgS, Cas, MnS,
and FeS. An agreement between full multiple scattering theoretical simulations and experiment is reached
for comparatively large clustergéconsisting of 9-13 shellsof sulfides with the NaCl-type structure
(MgS,Cas,Mn§ while a small cluster of four shells appears sufficient for the NiAs-type structure of FeS. It
was shown that in the Mg,FesS solid solution, iron sulfide changes its structure from NiAs-tyB8)(to
NaCl-type B1) under the influence of the MgS matrix. The partial electronic densities of unoccupied states
have been calculated for MgS and Cas. It is found that the bottom of the conduction band of MgS is formed
by Mg s and Ss states and of CaS by Ghstates and $, s, andp states. A special kind of hybridization has
been found: it is shown that the sulfprstates are “squeezed out” of the energy region of the tstates.
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[. INTRODUCTION of many monosulfides has been widely investigated. In con-
trast, the electronic structure of the conduction band has re-
The monosulfides of Ca, Mg, and Mn have the rocksaliceived much less attention due to limitations of theoretical
(B1) structure and occur in EH enstatite chondrite meteorealculations and experimental approaches. Some experimen-
ites, where they appear to result from metamorphism undeal measurements carried out by different metfiotishave
very reduced conditionsManganese sulfide also occurs in yielded information on aspects of the electronic structure of
low-temperature deposits in the Earth’s crust. Iron monosulthe investigated sulfides, for example, the experimental esti-
fide has a hexagonal NiAs-typ@&8) structure under ambi- mation of band gaps. But only theoretical methods yield a
ent pressure and temperature. FeS is a nearly ubiquitoumplete description of the electronic energy band structure.
phase in most meteorites and is the iron sulfide of lunamhe electronic band structures of CaS, SrS, and BaS have
rocks. It occurs also, albeit sparingly, in magmatic sulfidebeen calculated by the method of linear augmented plane
assemblages of mafic/ultramafic rocks. waves(LAPW).1* The self-consistent Hartree-Fock method
One of the most fruitful methods allowing study of the including correlation has been applied to compute the
local arrangement of atoms and electronic structure of thenergy-band structure of MgS, SrS, and CasS, and the total
presently investigated compounds is x-ray absorption neadensity of occupied states in the valence band of MgS and
edge structuréXANES) spectroscop§.But, in order to ex-  SrS® The band structure and the total density of states for
tract the necessary information from the experimental spedVigS have been established by Stepangtlal 1° based on
tra, one needs to perform theoretical analyses. There haube totally self-consistent linear augmented plane-wave
been several XANES studies on metal sulfides. In particulamnethod. The structure of sulfyr valence bands along high
FeS has been investigated by a large number of researchexgmmetry directions of the first Brillouin zone and total den-
due to its wide range of interesting properties. Sugiura angity only for occupied states &3 andB1 crystal phases of
co-workers=> were the first to record the B-edge and Fe MgS has been determined by Lichanot, Dargelos, and Lar-
K-edge absorption spectra of iron sulfides. The first multiplerieu using anab initio Hartree-Fock linear combination of
scattering calculation of the i§-edge absorption spectrum of atomic orbital approach. Band structures of alkali-earth-
FeS was performed by Kitamura, Sugiura, and Murambtsumetal sulfides have been calculated by Ching, Gan, and
The FeK andL, 3 and SK x-ray absorption edges have been Huand?® using the self-consistent orthogonalized linear com-
recorded and are discussed in terms of the calculated bardmination of atomic orbitalfOLCAO) method in the local
structures by Womest al” The SK-edge XANES ofthe @  density approximation(LDA). Kalpana et al’® used the
transition monosulfides VS, CrS, MnS, FeS, CoS, and NiSight-binding linear muffin-tin orbitalTBLMTO) method to
were recently investigated by Zajdet al® and compared determine the band structure Bl andB3 phases of MgS
with linear muffin-tin orbital (LMTO) numerical calcula- and MgSe and to calculate the total density of states of the
tions. But very little attention in the literature has been givensulfides. Schematic band-structure models for MgS, CasS,
to the investigation of calcium, magnesium, and manganesand MnS were presented by Farretlal? It is necessary to
sulfides. note that in the above-mentioned papers only the total den-
Some of the physical properties of the studied sulfidesity of states of investigated compounds has been studied.
cannot be explained without a detailed study of their elecUp to now the projected density of staté®OS) of the
tronic structure. The electronic structure of the valence bandhonosulfides were not obtained. In the present paper we re-
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port the projected density of states in the conduction band acKANES spectra of synthetic niningerite were obtained by
CaS and MgS calculated in the wide energy range. Farrell and Fleet? It is known that FeS has the NiAs-type
There are several possible approaches for theoretical calB8) structure under standard conditions. But it was found
culation of XANES spectr&a?'®? Calculations can be made that FeS changes its local structure from NiAs-ty®8Y
by real-space multiple-scattering formalishi® or k-space  phase to a new configuration influenced by the MgS matrix.
(band-structure codes used normally for DOS It was suggested that this new iron sulfide phase was of
calculations®?* Although modern band-structure methods NaCl-type B1) structure. The solid solution MgyFeS has
are full potential(they do not use the muffin-tin approxima- theé homogenous rocksalB() structure when &x<0.68;
tion) and can incorporate the core-hole effect through a larg@t x>0.68 there are two-phase mixtures of Mg-&,esS
supercell, their demands on computational resources are ekB1) and FeSB8). The SK-edge XANES spectrum of the
cessive and they are limited to a low-energy region above thBypothetical cubic B1) FeS phase was derived from the
x-ray absorption edge. Recently, several new methods hav@Pectrum of Mg z74~ 6255. One goal of the present inves-
been tested for XANES simulatioR%2® Application of the  tigation was to verify on the basis of a theoretical model that
Bethe-Salpeter formalisth has not improved the existing the local cubic configuration of iron sulfide really exists in
agreement between theory and experiment. The finitethe Mg —,FeS solid solution.
difference metho®® (FDM) is shown to be very expensive
with respect to computing time and gives the same results for
close-packed solids as the muffin-tin multiple-scattering
theory. It improves agreement between theoretical and ex-
perimental XANES only for unpacked materials such as All samples were prepared from high-purity elements by
plane complexes. Thus, it was recommended in Ref. 26 thatiry reaction within evacuated sealed silica glass tubes. CaS
“. .. the multiple scattering method should be used whenswas prepared by direct reaction of crushed Ca metal and S,
ever possible ... and only in case of low symmetry, andveighed to excess of the stoichiometric proportion, at 600 °C
when the discrepancy with experiment remains too imporovernight and 800 °C for 1 h. The product was then ground
tant, the FDM should be used.” and reloaded with excess S into a 20-cm-long sealed silica
On the other hand, very recently, successful full multiple-glass tube and heated in a horizontal tube furnace at 700 °C
scattering analysis of XANES in transition-metal oxitles overnight and 800 °C for 1 h, maintaining a thermal gradient
and condensed zinc oxideo high pressuré) have been re- along the tube sufficient to allow any excess S to condense at
ported. Based on the agreement between theory and expetire cool end. The CaS product was then reacted at 1000 °C
ment, it was concluded that nonspherical corrections do ndior 3 days, then ground and annealed at 1000 °C for 4 days,
appear to be significant for transition-metal oxides, excepteground and annealed at 1000 °C for 1 h, and quenched in
for very small variations in relative peak intensity within water. MgS was prepared by direct reaction of Mg powder
only a few eV above the edge. The results of Ref. 27 verifiedand S, weighed to a slight excessl wt %) of the stoichio-
also that the ground-state DOS obtained within the fullmetric proportion, contained in a 6-mm-diam alumina cru-
multiple-scattering approach using clusters of about 150 ateible, which was set on a graphite pedestal within a sealed
oms are in good agreement with those of full-potential linearsilica glass tube, and heated in a vertical tube furnace at
augmented plane-wavie APW) band structure calculation 450 °C overnight, 600 °C for 1 day, 700°C for 1 day, and
done with thewieN code?* No evidence for multiplet- 800 °C for 1 h. The MgS product was then reground, simi-
electron or sharp multielectron features due to many-bodyarly loaded in a sealed silica glass tube with a slight excess
effects has been found iK-edge XANES spectra of (~1 wt%) of S, and then heated in the presence of graphite
transition-metal oxides. at 600 °C for 2 h, 900 °C for 2 h, and 1000 °C for 3 days.
In this study, we present experimental and theoreticaMnS was prepared by direct reaction of hydrogen-reduced
XANES spectra near the sulfld andL, 3 edges of Mg, Ca, (~800°O Mn powder and S, weighed to a slight excess of
Mn, and Fe sulfides. Some initial theoretical analysis of sul~1 wt %, at 450 °C overnight, 600 °C for 2 days, and 700 °C
fur K-edge XANES has been presented previotidlyr clus-  for 1 h. Stoichiometric Fe$troilite) was prepared similarly
ters limited to nine shells in size. It is necessary to note thaby direct reaction of hydrogen-reducéd900 °CQ Fe sponge
the L edges of light elements such as sulfur, unlike khe and a stoichiometric proportion of S at 450 °C overnight,
edges, have not been widely studied. This is due to the fa@d00 °C for 1 day, and 700 °C for 2 days.
that experiments in this low-energy regi@¢h00—1000 eV Sulfur K- and L-edge XANES spectra were collected at
are more difficult to perform because a high-vacuum systenthe Canadian Synchrotron Radiation Facili§SRP and Al-
is required. In the literature, there are several studies imddin storage ringUniversity of Wisconsin at Madison,
which the experimental and theoretickl-edge XANES  Wisconsin. The storage ring operates at either 800 MeV or 1
spectra of sulfur are discuss&d>! But the S L-edge GeV with a ring current of 60—180 or 40—80 mA, respec-
XANES spectra of CaS, MgS, and MnS have not been meaively; the XANES spectra were not markedly affected by
sured previously. The theoreticall$ 3edge XANES spectra differences in operating energy. TheKSandL-edge spectra
of CaS, MgS, and MnS are calculated here. were measured on a double-crystal monochromdd@M)
We also study the local structure of a solid solution of ironbeam line and a Mark IV Grasshopper monochromator beam
and magnesium sulfides, which corresponds to the minerdine, respectively, in both total electron yigfdEY) and fluo-
niningerite (Mg_.FeS). The experimental SK-edge rescence yieldFY) modes as a function of incident photon

Il. EXPERIMENT AND METHOD OF CALCULATION
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energy> both beam lines actually collect the current yield spectral features, but the TEY spectra are currently used for
(CY) but this has traditionally been referred to as “TEY.” presentation and interpretation due to their more favorable
The DCM is described by Yangetal®* and uses an signal-to-noise ratio. All spectra were calibrated to kheor
InSh(111) crystal with an energy resolution of about 0.6 eV Ls-edge peak of native S at 2472.0 and 162.5 eV
[full width at half maximum(FWHM)] at 1840 eV; the Dar-  (2ps2),***° respectively, after removal of a linear preedge
win width of the crystal corresponds to an energy resolutiorPackground. To discern relative changes in subtle XANES
of 0.9 eV for the SK edge. The Grasshopper beam line isfeatures_, all spectra were scaled relative to the mf_;lximum
described by Taret al®® and uses an 1800 line/mm holo- P&ak height at the edge.S andL-edge spectra for native S
graphic grating with an energy resolution e0.1 eV in the ~ Were cplleqted at the beginning of each beam time session
S L-edge region. The superior resolution at thé 8dge is fo_r calibration purposes a_r!d show_ed ex_cellent agreement
attributed to inherently narrower natural linewidths and nar-With respect to relative position and intensity of spectral fea-

rower photon widths due to use of a low-energy grazingtures.
incidence monochromator. Our S K-edge XANES spectra of labeled sulfur com-

The TEY recording mode probes the near surféesti- POunds, including metal sulfides, compare very favorably
mated at<100 A depth for the< edge and<50 A depth for ~ With measurements on @l monochromator beam lines
the L edge and is sensitive to near-surface impurities and(€-g- Refs. 41 and 42This is because the core-hole lifetime
alteration, whereas the FY mode is more representative diroadening is significantly greater than the resolution of the
the bulk materiali.e., >1000 A depth for thek edge and Si(111) crystal. Also, the edge featufer white ling of the
~100 A depth for thel edgé®3). Thus, collection of spec- XANES spectra is considerably broadened by fine structure
tra in both the TEY and FY modes simultaneously for the'eflecting complexity in the final states. We emphasize that
same sample, and particularly for theedge, provides infor- NO new features are evident inkSedge XANES spectra of
mation on near-surface homogeneity and structural continuMetél monosulfides recorded using a13l) monochro-
ity. Transmission measurements have not been made in tHBator- _

XANES region on the DCM or Grasshopper beam lines. For 11e computer codé G4xanEs was used in the present
XANES spectroscopy, differences between TEY and Fycalculations. The algorithm of the full multiple-scattering
modes are attributed to bulk sensitivity and scaling onlymethod was described earlférAtomic charge densities
However, for extended x-ray fine-structufEXAFS) spec-  Were obtained with the help of a self-consistent Dirac rou-
troscopy, which is not presently investigated, differences irfine. Phase shifts of the photoelectron were calculated in the

amplitude between TEY and FY modes can introduce smaffamework of the crystal muffin-tifMT) potential scheme
differences in measured bond lengths. with touching MT spheres. The MT radii and the MT con-

The grain size of the samples wa®.3 mm in diameter; Stants were obtained according to an established procedure of
. - . ’ ’ i 1 3 1 i
therefore, individual crystals were far too small to cleave.MT potential constructioft? The MT approximation accord-

For bothK- andL-edge studies, the sample was crumbled, ifind o the Mattheiss prescriptishwith Slater exchanged(
necessary, but not ground, and uniformly distributed on™ 1.0) was used while constructlng the crystal potentlaI.Th|§
double-sided conducting carbon tape affixed to a clea@PProach was successfully applied recently for the analysis
stainless-steel disk. For theedge XANES, the sealed silica ©f XANES in various compounds:” _
glass sample tubes were opened in air immediately before FOr comparison purposes, we made calculations of the S
measurement. However, the relatively high reactivity of theK-edge XANES of MgS and FeSBg phasg using the
metal sulfides and the near-surface sensitivity ofltrerige  FEFF8:2 packagé based on the self-consistent Hedin-
measurements made it essential to collectltfezglige spectra Landquist potential, with results very close to those obtained
on samples with minimal exposure to air and moisturePy our method, except for slightly larger broadening in the
Therefore, for-edge measurements, sample preparation, inhigh-energy region gf the XANES spectra fegFrs2
cluding opening of the sample tubes, and transfer into the It is well knowrf® that within the dipole approximation
experimental chamber of the Grasshopper were performed e x-ray absorption coefficient(E) for the SK edge is
a nitrogen-filled glove bag attached to the port of the specgdiven by
trometer sample chamber.

DCM (K-edge measurement conditions included a pho- a(E):|mL(E)|2N§(E)' @
ton energy range of 2450-2525 eV at a step size of 0.25 €\yhere N3(E) is the partial density of unoccupied S states

with count times determined by counting statisties3.3 s with p symmetry andn, (E) is the normalized dipole transi-
per step, and 2 scans per sample, giving a total run time oftjon matrix element given by

approximately 27 min per sample. The Grasshoherdge
measurement conditions included a photon energy range of

155-190 eV at a step size of 0.07 eV, with a count time of 1 f dr @,(r,B)A(N)¥e(r)
s per step and 4 scans per sample, giving a total run time of 2 !
approximately 40 min per sample. Data reduction and analy- f dr d)f(r,E)}

sis used thesAN and BGAUsS data analysis prograrifsand

FORTRAN77 codes.L-edge spectra were normalized againstwhere® (r,E) is a solution of the radial Schrodinger equa-
incident intensity (), which was measured simultaneously. tion at energyE for the MT potential (=1 for theK edge,
Both TEY and FY modes oE-edge spectra yielded similar A(r) is the electron-photon interaction operator, ahgE)

m(E)= @
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is the coreK-level wave function. In the calculation, phase
shifts with orbital momentunil) up to 3 have been included. A

For the SL, redge XANES, the situation is more com-
plicated. There are two dipole-allowed channgis+{(d and
p—s). We have calculated thelS; edge as a sum of partial
p—s and p—d cross sections. The 5,3 edge has been
obtained as a superposition of the_gand SL; shifted by
the value of spin-orbit splitting of 1.1 eV. It is well known
that the spin-orbit interaction changes thg/L 5 branching
ratio for several transition-metal, ; edges from 1:2see, for
example Ref. 49 and several theoretical approaches have
been suggested to estimate this ratio theoreticifiy.But
according to our knowledge there is no indication in the
literature of a significant deviation of the branching ratio
from 1:2 for the sulfurl, 3 edge. That is whyas the exact
value of the branching ratio for thelS, ; edges in the com-
pounds under the study is not knowne tried the 1:2 ratio
(L,:L3) with quite reasonable results for the superimposed
sulfur L, andLg edges.

In order to perform a direct comparison with experimental 0 ' ' ' ' ' '
data one must take into account two factors. One factor is the 0 10 20 30 40 50 60
filling of the occupied states following the Fermi distribu-
tion. The other factor is the broadening of experimental spec- Energy (eV)
tra due to the core-hole lifetime, the finite mean free path of
the photoelectron, and the experimental resolution. For the FIG. 1. Comparison of experimentalksedge XANES for MgS
bandwidth of the core hole, we used 0.59 eV for the Swith theoretical XANES spectra calculated for the cluster of nine
K-edge XANES and a 0.05 eV for thelS sedge XANES. shells(147 atomg The theoretical spectra were calculated in both
The energy-dependent function obtained by Muller, Jepserground-state potentigkolid line) and fully relaxed potential using
and Wilking'® was used for the mean free path of the photo-the Z+ 1 approximationdashed ling The broadening factors and
electron. The experimental energy resolutions are 0.9 for &ermi distribution were taken into account in the calculations.
K-edge XANES and~0.1 eV for the SL, ;-edge XANES.

All these factors contribute to the imaginary part of a com-chosen as the origin of the energy scale. The spectra were
plex MT potential. aligned relative to the position of peak

In addition, one must compare the experimental data with |t was discussed earlidsee Eq.(1)] that in the dipole
the theoretical calculation made using a relaxed potentighpproximation the transition rate of x-ray absorptiéor ex-

(i.e., taking into account the presence of the core)hdleis  ample, at the K edge is proportional to the transition ma-
effect was treated in th&+1 approximatior’” We found  trix element and projecte@ density of sulfur unoccupied
that for theK edge the contribution of the core hole is rather states. An important difference between the calculation of the
small, while for the 9., ; edge, the core-hole effect is more density of states and the x-ray absorption spectra lies in the
important. fact that, for the density of states, one needs to use the
ground-state potential of the electronic system, whereas for
the x-ray absorption case one needs to use the potential of
Ill. RESULTS AND DISCUSSION the excited state, because the absorbing atom is no longer in
the ground state. However, in this study it was found that the
A. Sulfur K edge of MgS, Cas, and MnS spectrum calculated within a potential of the core hole using

A first step in the multiple-scattering analysis of XANES theZ+1 approximation(dashed line in Fig. Jldoes not give
data is the determination of the minimum size of the clustebetter agreement with the experimental spectrum compared
of neighbor atoms around the absorbing S atom, withinwith the spectrum calculated within the ground-state poten-
which the scattering of the photoelectron can reproduce thgal. This finding means that one can use the experimental
entire fine structure of the XANES. So, the comparison ofx-ray absorption spectra to study unoccupied electronic
the experimental &-edge XANES spectra of MgS with the states in the conduction band, if the transition matrix element
theoretical simulations carried out for different sizes of clus-is a smooth function of the energy. This is the case for the S
ter was undertaken. Good agreement between theoretical akdedge XANES spectrum of MgS. Thus, the shape of the
experimental spectra is reached for the comparatively largexperimental K-edge XANES of MgS can be used to study
cluster containing nine coordination shells. The comparisomf the p density of sulfur unoccupied states of MgS.
of the experimental and theoreticakSedge XANES spectra In Fig. 2(@) the experimental and theoretical KSedge
of MgS is shown in Fig. 1. The scale is utilized for conver- XANES spectra of calcium sulfide are presented. The theo-
gence in comparing the experimental data with the calculatetktical spectrum is calculated in the ground-state potential for
spectra, where the zero value of the muffin-tin energy isan atomic cluster size of 251. It was found that the spectrum

9 shells
(relaxed)

Normalized absorption

9 shells
" (unrelaxed)
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FIG. 2. Comparison of experimental Ksedge XANES for(a)

CaS and(b) MnS with theoretical XANES spectra for a 13 shell ~ FIG. 3. Comparison of experimentalksedge XANES for FeS
(251 atom cluster. The theoretical spectra were calculated in(B8 phasg with theoretical XANES spectra calculated in ground-
ground-state potential. The broadening factors and Fermi distribustate potentialsolid line) and fully relaxed potential using the
tion were taken into account in the calculations. +1 approximationdashed ling The cluster size of four shel(87

atomsg was used to calculate spectra. All of the broadening factors
calculated for a cluster size of 13 shells is in better agreeand Fermi distribution were taken into account in the theoretical
ment with experiment with respect to the relative intensity ofSpectra.
peaksA andA’ as compared with the spectrum calculated for

a cluster of nine shells. Therefore, we conclude that the, spectrum of Mg dFe, 62:S by Farrell and Flee? In the
XAN.ES Spec”‘!m for the SK_edge in CaS reSUI_tS from the resent research, theoretical analysis of XANES spectra was
multiple scattering of an excited photoelect(on inside a larg sed to study the changes of local structure around sulfur
clugter of 13 shell$251 atomg The comparison .Of the ex- atoms in the Mg_,Fe S solid solution. We have calculated
perlmelntal S<I-edge XAINEIS scgj)ectrl;m of Mnj with the the- Ehe theoretical &-edge XANES spectrum of FeS in tiBd
oretical simulations calculated in the ground-state potentia, . :
for an atomic cluster size of 251 is shogvn in FigbR It €vas phage in order _to S.hOW that NaCI-typ.Bl() phase of iron
aﬁuh‘lde really exists in the Mg ,Fe S solid solution. We also

found that optimum agreement between the experiment lresent the comparison of thekSedge XANES spectra of

i gljes?greS?;QNOESMOJGQAS?Slgagﬂe?éjsrltgigxaaafﬁusre?gr‘resiron sulfide in bothB8 andB1 phases in order to establish

the changes that occur in the KSedge XANES spectrum

cubic crystals having large number of colinear atomic cham%\/hen the structural transition takes place.

(Mg5,CaS,Mn$one needs to take into account many atomic In the process of calculations it was found that the

shells (up to 13 for XANES calculations. This finding is )
conﬁrmert)j by results of previous calculations for othergcubicXANES spectrum fqr the & edge.ln FeSE8) results from
structure< the r_nultlple scattering of an excited photoelectr_on inside a
relatively small cluster of four shell87 atoms. In Fig. 3 we
_ , _ present the theoretical sulfit-edge XANES of FeS KE8)
B. Local atomic geometry of iron sulfide calculated in both the ground-state potentiairelaxed and
It is well known that iron sulfide, unlike magnesium, cal- the Z+ 1 approximation(fully relaxed. The experimental S
cium, and manganese sulfides, has NiAs-type structure &t-edge XANES of FeSHK8) is also shown in Fig. 3. Evi-
ambient pressure and temperature. However, when the strudently, the theoretical &-edge XANES calculated for the
ture of the Mg_,FeS solid solution was studiédlit was  ground-state potential and fully relaxed potential do not dif-
found that the configuration of iron sulfide changed to an-fer significantly (although the spectrum calculated in tAe
other type ak=0.68. The K-edge XANES spectrum of the +1 approximation agrees slightly better with the experimen-
hypothetical cubic B1) FeS phase has been derived fromtal one in the relative intensity at peak positinns
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FIG. 4. Comparison of experimentalkSedge XANES of rock-
salt FeS(B1 phas¢ with theoretical XANES spectra calculated for
the cluster size of 13 sheli®51 atoms The dashed line corre-
sponds to the fully relaxed potential calculatioah+1 approxima-
tion); solid line to the ground-state potential calculation.

FIG. 5. Comparison of experimentalkSedge XANES for both
rocksalt(B1) FeS and NiAs-typéB8) FeS with theoretical relaxed
spectra. Dashed lines correspond to B8 structure of FeS solid lines
to B1 structure.

In Fig. 4 we compare the experimentally derived Schanges its configuration from NiAs-typB8) to NaCl type
K-edge XANES spectrum of FeSRef. 32 (rocksalt; B1 in Mg, _Fe S solid solution under the influence of MgS at a
phase with theoretical spectra calculated for a cluster size ofconcentration of iron iongx) below 0.68. More detailed dis-
13 coordination shell§251 atomg It was established that cussion of this phenomenon can be found elsewfiett.
good agreement between theoretical and experimental spec-
tra of NaCl-type FeS takes place only for a large cluster of
nine shells or larger because the theoretical spectrum repro-
duces peak only when the number of coordination shellsin  In this paper we present experimental and theoretical
the cluster reaches nine. The calculation taking into accourXANES spectra near the 5, ; edge of metal monosulfides.
the fully relaxed potential does not differ from XANES cal- The SL edge is located at 162.5 eV, and is split by 1.1 eV
culated in ground-state potentidig. 4). due to the spin-orbit interaction. According to dipole selec-

In Fig. 5, we compare the experimentakKSedge XANES  tion rules, the electronic transition corresponding td S
spectra foB1 andB8 phases of FeS with theoretical simu- XANES includes twoAl==*1 channels: p—d and p
lations. The spectra were aligned relative to the position of—s. We present 3., edge XANES spectra in all studied
peakA. One can see that the intensity of pealof theB1  compounds calculated as the sum of two dipole-allowed
phase spectrum is smaller compared with the spectrum of thehannels. However, because of a small relative value of the
B8 phase of FeS. The same behavior is observed in the thé&ansition matrix element for thp—s channel in the near-
oretical spectra. The peaBs D, andE of theB1 phase shift edge energy region, the contribution of {he-s partial cross
in the low-energy region relative to tH&8 phase. This dis- section to the total $,3; XANES spectrum of MgS, CaS,
placement occurs in both experimental and theoretical spedinS, and FeS was found to be almost negligible. As an
tra. The experimental XANES spectrum of tB& phase has example in Fig. 6 we report the calculations for two partial
a peak marked a€, but this detall is absent in the experi- cross sections {—d and p—s) corresponding to the S
mental spectrum of thB8 phase. The same behavior is ob- L3-edge XANES in CasS.
served for the theoretical XANES spectra. In Fig. 7 the comparison of the experimental $;edge

Thus, we have obtained good agreement between “exXANES in MgS with the theoretical XANES spectra is re-
perimental” and theoretical 8-edge XANES spectra d1  ported. The spectra were aligned in energy relative to the
phase iron sulfide. So, the results of the present theoreticalosition of peakA. In the process of making the calculations
investigation confirm the hypothedisthat the iron sulfide it was established that the IS, 5 edge in MgS results from

C. L, 3 edge of sulfur
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FIG. 6. Calculated cross section for $23d and S FIG. 7. Comparison of experimental IS, yedge XANES for

—4es transitions for the large size clusté3 shellgin the ground- 155 with theoretical XANES spectra calculated in both ground-
state potential of CaS. The dashed line corresponds to the S 2giate potential and relaxed potentighshed ling The theoretical
—3d transition, and the dotted line to the $24es transition.  ghacira were calculated taking into account all of the broadening
The total SL 3-edge XANES spectrum of CaS calculated with con- t5tqrs and Fermi distribution.

sideration of both S g—3d and S »—4es channels and the

experimental spectrum are also shown. the experimental &, sedge XANES spectrum than those
carried out with the core-hole potential.
the multlple Scattering Of an eXCited phOtoe|eCtl’0n inside a Figure 10 ShOWS the Comparison Of the experimenta| S
large cluster of nine §hel|@47 atoms _It is .shown that jthe L, redge XANES spectrum d88 phase FeS with theoreti-
spectrum calculated in thé+ 1 approximationdashed line  caj calculations. Only two featurés andD) can be seen in
in Fig. 7) is in poorer agreement with the experimental onethe spectrum for a cluster consisting of 1 skiélatoms. The
(the first peakA of the theoretical spectrum calculated in the ¢|yster of 2 shells(19 atom$ reproduces all fine details
relaxed pc_)tential is_ split while peak of the experimental (A B,C,D,B of the experimental XANES, but it does not
spectrum is not split agree well with experiment in the intensity of the first peak
In Fig. 8 the experimental &, ; edge of CaS has been A |ncluding four shell¥37 atoms in the calculation results
Compared with the theoretical full multiple-scattering Simu-in good agreement W|th the experiment in respect to peak
lations. In the case of the IS, ; edge of CaS it is found that position and intensity. The calculation with tfi®+1 ap-
the spectrum calculated using te-1 approximation(see  proximation (dashed line in Fig. 10does not change the
dashed lingagrees better with experiment in the energy PO-shape of the experimental XANES significantly.
sition of peaks than that calculated in ground-state potential.
The SL, redge XANES spectrum of CaS was calculated for
different cluster sizes. It was established that all main details
of the experimental spectra are described by a large cluster The studied monosulfides have attracted attention as com-
containing 13 shell$251 atomg pounds with a large diversity of physical properties related to
Figure 9 compares the experimental sulfyr;-edge x-ray  their energy band structure. Attempts to understand the elec-
absorption spectrum of MnS and theoretical spectra calcuronic structure of the metal sulfides were made earlier by
lated in both fully relaxed potentialdashed ling and  different theoretical methods. Analysis of the electronic band
ground-state potential. The spectra are aligned relative to thetructure of magnesium sulfide predicts an indirdctX)
position of peakE. In the process of the calculations it was band gap>'%°In materials with an indirect band gap the
found that a large cluster of 13 she{®51 atomgis needed bottom of the conduction band and the top of the valence
to reproduce all details of the experimental LS s-edge band lie at different wave vectors. The band gap in MgS is
XANES in MgS. It is evident that the calculations carried outbounded by Sp states in the upper part of the valence
with a ground-state potential are in poorer agreement wittband®®°and Mgs state$®'° (and to a less extent, & in

D. Density of states
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FIG. 8. Comparison of experimental IS, ;-edge XANES for FIG. 9. Comparison of experimental IS, yedge XANES for

CaS with theoretical XANES spectra calculated in both ground-MnS with theoretical XANES spectra calculated with the ground-
state potential and fully relaxed final-state potent@ddshed ling state potential and fully relaxed potenti@ashed ling The theo-
The theoretical spectra were calculated taking into account all of theetical spectra were calculated taking into account all of the broad-
broadening factors and Fermi distribution. ening factors and Fermi distribution.

the conduction band. Different estimates of the band gap N R )
width of MgS are given in the literature. Stepanyekal® equal to 5.3§3ev. CaS:Bu:Sn?* thin films were studied by
using the totally self-consistent linear augmented plane-wavéhanget al,™ and a band gap equal to 4.48 eV was ob-
method have found that the value of the band-gap width i$ained. Thus, we can conclude that the experimental mea-
2.69 eV. This result is in a good agreement with that calcusurements of band-gap width differ from the theoretical esti-
lated by Kalpanaet all® (2.7 e\) using the tight-binding mations. Overall, the experimental band gaps are
linear muffin-tin orbital (TBLMTO) method. But the significantly larger than the theoretical gaps. The above-
Hartree-Fock calculation performed by Pandstyal’® has mentioned theoretical results were obtained by analyzing the
resulted in band-gap value of 6.48 eV. Ching, Gan, andand-structure calculations and densities of states of studied
Huand?® based on the OLCAO method have determined thatompounds. But in the literature we can find only total DOS
the gap width of MgS is equal to 4.59 eV. calculations for occupiéd*®>"1%r unoccupied staté&%® of

In CaS the band gafestimated variously as 2.143 &, MgS and CaS. The projected DOS of investigated sulfides
3.2 eV¥or 7.6 eV(Ref. 15] lies between the § stated*'®  has not been computed.
in the valence band and @estates® in the conduction band. In this paper we present curves proportional to the pro-
Pandeyet al® disagree with the view of Stepanywt al'*  jected electronic densities of unoccupied states in the con-
and Ching, Gan, and Huaffithat CaS is an indirectl{-X) duction band of MgS and CaS, which can be used in the first
band dielectric. It is claiméd that CasS is a direct-band-gap approximation as a draft scheme for the DOS in the com-
material. pounds under study. In Fig. 11 the partial DOS in the con-

Moreover, several experimental measurements of banduction band of MgS are shown. It is seen thai Sates lie
gaps in magnesium and calcium sulfides have been carrieat the top of the valence band of MgS. The bottom of con-
out. X-ray photoelectron spectroscopyPS measurements duction band is formed by Mg states and S states. Our
on bulk MgS and ZnSe/MgS superlattice made by Suzuktalculations permit an estimated band-gap width for MgS of
et al? indicate that the band-gap width of MgS is 5.27—5.47about 4.6 eV, although this value is only approximate. Recent
eV. Investigation of CaS single crystals by optical reflectivity studies of ZnS band structure clearly indicate that a better
and luminescenc&!resulted in an estimated indirect band- estimation of the band-gap width requires a more sophisti-
gap width of 4.434 eV, a direct gafX) of 5.343 eV, and a cated approach like that @W.*® In Fig. 12 the partial den-
direct gap(I") of 5.80 eV. Optical absorption measurementssities of states in the conduction band of CaS are presented.
in CaS evaporated thin filM& yielded a band gap width It shows that the bottom of the conduction band is mainly
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dicates that the main reason for the prominent difference in
the low-energy part of the sulfu€-edge XANES is the ap-
formed by sulfur state€S d ands states and, in lower degree, pearance of the maximum in Cal3inoccupied states in the

S p state$. We estimate that the band-gap width of CaS isenergy region close to the bottom of conduction band of
about 3.5 eV. Cas.

The analysis of electronic structure of MgS and CaS ex- For magnetic solids it is possible to apply a special kind
plains whyK- andL, ;-edge XANES spectra of MgS differ of x-ray absorption spectroscopy in a magnetic field using
from the corresponding spectra of CaS. It is known that thehe polarized nature of synchrotron radiation to measure the
configuration of external electronic orbit of magnesium isso-called XMCD spectr2® From these spectra one can ex-
3s? and that of calcium is €. Thus, the electronic configu- tract information on spin-dependent characteristics of matter.
rations of Mg and Ca differ only in main quantum number. A second technique to obtain spin-dependent XANES was
Therefore, one might suppose that theKSedge XANES  proposed by Hamalainest al®’ (and analyzed theoretically,
spectra of CaS and MgS will be similar. Moreover, accordingfor the first time, by Soldatoet al>®), but this method is
to Natoli’s rule (Bianconf) for solids of the same crystal seldom used because of the very low intensity of this type of
structure type, there is a simple relation between lattice spa@xperiment. Spin-polarization effects are not detected by the
ing R and relative energy of corresponding XANES peaks,conventional x-ray absorption spectroscopy used in this
AE, namelyR?AE=const. Thus, if one rescales the energystudy. However, we have performed spin-dependent calcula-
scale of CaS XANES by the fact¢:r=(RMgS/RCas)2=O.83 tions of the local DOSLDOS) for one of the compounds in
the resulting spectrum should be identical to the spectrum ofur study, FeS B8 phas@ using theFerFs.2 package and
MgsS, if both compounds have the equivalent electronicfound that, except for Fé stategand slight modifications of
structure. As one can see from Fig. 13 this is not the cases p state$, there is almost no shift in energy of the corre-
because the strong peaK in the low-energy region of CaS sponding LDOS(see Fig. 14 An interesting effect can be
sulfur K-edge XANES is not present in the MgS XANES. seen in Fig. 14: in both spin-up and spin-down panels the
(There are also changes in the high-energy region of the Ca$osition of the maximum of irord states(dashed vertical
spectrum in comparison with the MgS spectriiio analyze lines) correspond to a minimum in the sulfprstates. Thus,
why Natoli's rule cannot be applied to the CaS-MgS pair ofone may say that the § states are “squeezed out” of the
compounds one needs to compare Figs. 11 and 12 where vemergy positions of Fel states, as a result of the specific
present curves proportional to the local projected DOS ofnteraction between iron and sulfur electronic states. For the
these compounds. Comparison of the two figures clearly inunoccupied states such a specific interaction between elec-
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tronic states has been previously found for rare-earth-metadtructure of FeS, although a larger cluster consisting of about
sulfides®® Ce0,,%° orthoferritesS® and stishovité? Thus, 150-250 atoms is required for NaCl-type structufilgs,
one may conclude that in this energy region the interactiofcaS, and Mn$ The shape of the experimental KSedge
between $ states and Fd states in the conduction band of XANES can be used to study the density of sulfur unoccu-

FeS B8) has repulsive character. pied p states of investigated sulfides. It was found that in
Mg, _«FeS solid solution iron sulfide changes its local struc-
IV. CONCLUSIONS ture from NiAs type B8) to rocksalt type B1), influenced

by the MgS matrix. It is shown that Mgiand Ss states lie at
We have applied a full multiple-scattering scheme for the-the bottom of the conduction band of MgS while €and S
oretical analysis of XANES in several monosulfides, obtain-d, s, andp states form the lower part of the conduction band
ing theoretical SK- and L, redge XANES of MgS, CaS, of CaS. A special kind of repulsive interaction between un-
MnS, and FeS. It is shown that good agreement betweeaccupied Sp states and Fe states has been found f&8
theoretical and experimental spectra is reached for a conphase FeS, where [$states are squeezed out of the energy
paratively small cluster of about 40 atoms for the NiAs-typeregion of the Fel states.
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