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The electronic structure of the Chevrel-phase compound Fe,MoS; has been studied by photo-
emission and Auger-electron spectroscopy. Core-level shifts suggest a large charge transfer from the
Fe atoms to the MogS; clusters and a small Mo-to-S charge transfer within the cluster. Line-shape
asymmetry in the core levels indicates that the density of states (DOS) at the Fermi level has a finite
S 3p component as well as the dominant Mo 3d character. Satellite structure and exchange splitting
in the Fe core levels point to weak Fe3d—S 3p hybridization in spite of the short Fe-S distances
comparable to that in FeS. The x-ray and ultraviolet valence-band photoemission spectra and the
Mo 4d partial DOS obtained by deconvoluting the Mo M, s V¥V Auger spectrum are compared with
existing band-structure calculations, and the Mo4d —S 3p bonding character, the structure of the
Mo 4d-derived conduction band etc., are discussed. In particular, it is shown that the conduction-
band structure is sensitive to the noncubic distortion of the crystal through changes in the interclus-
ter Mo4d—S3p hybridization. A pronounced final-state effect is found in the Mo M, sN,;V
Auger spectrum and is attributed to strong 4p-4d intershell coupling.

I. INTRODUCTION

There has been considerable interest in the Chevrel-
phase compounds M, MogXy (M=Pb, Sn, Cu, rare-earth
metals etc., and X=S§, Se, or Te) which exhibit remark-
able superconductive properties such as high superconduc-
tive transition temperatures T, high critical fields H,,
and weak depression of superconductivity by magnetic
rare-earth ions.! These properties are supposed to arise
from the electronic structure of these materials resulting
from their unique crystal structures consisting of quasi-
molecular MogX; clusters as shown in Fig. 1. The depen-
dence of the structural stability on the valence electron
number has also been discussed based on the gross elec-
tronic structure of the Mog X3 cluster.>3

Several theoretical studies including cluster calcula-
tions*~% and energy-band calculations®~® have been car-
ried out. A typical density of states (DOS) (for EuMogSg
calculated by Freeman and Jarlborg®) is shown in Fig. 2.
According to these calculations, conduction-band levels
within a few eV of the Fermi level Er are derived
predominantly from nonbonding Mo 4d states, and
Mo4d—Xp bonding levels are formed about 3—8 eV
below Ep. The Mo 4d conduction bands near Er have
very small dispersion giving rise to a high DOS and con-
sequently high T, and H!. The Mo4d—X p antibonding
levels are formed above Ep separated by a gap of 0—1 eV
from the conduction bands. The principal role of the M
atom is to distort the MogXg host lattice and to donate
electrons to the Mo- and X-derived energy levels.

Experimentally the electronic structures of PbMogSs,
SnMogSg, Cu, M0ogS; in the valence-band region have been
studied by x-ray and ultraviolet photoemission spectros-
copy (XPS and UPS)>!° and by x-ray emission spectros-
copy.!® While general agreement with the theoretical re- FIG. 1. Crystal structure of Fe,Mo¢Ss. Fe atoms statistically
sults mentioned above has been reported, several occupy two inequivalent sites, Fe(1) and Fe(2).
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FIG. 2. Theoretical DOS of EuMoS; after a self-consistent
LMTO band-structure calculation by Freeman and Jarlborg.?

discrepancies have been noted such as relative intensities
of features in the bonding-level region,'® a too deep exper-
imental peak position of the Mo4d-derived conduction
band,'” and too low photoemission intensity at EZ.
Furthermore, there are some disagreements between dif-
ferent band calculations®=® as for the positions and
widths of the conduction band and Mo-S bonding bands.
However, detailed comparison between theory and experi-
ment has not been performed so far in order to clarify the
above points.

In the present work, a Chevrel-phase compound
Fe,Mo¢S; has been studied by XPS, UPS, and Auger-
electron spectroscopy. In this material, superconductivity
is destroyed by the magnetic Fe atoms.! Fe as well as Cu,
Ni, etc., has small atomic radii as compared to Pb, Sn,
rare-earth metals etc., and occupies different interstitial
sites than the latter atoms (Fig. 1). The noncubic lattice
distortion is thus different between these two types of
M,MogS; compounds (i.e., rhombohedral angle a>90°
for small M atoms and a <90° for large M atoms).!! In
order to make an unambiguous comparison between ex-
periment and theory, we took into account different cross
sections for different atomic orbitals, instrumental and
lifetime broadening, and a many-body line-shape function.
It was found that the conduction-band structure is quite
sensitive to the noncubic distortion mostly through the in-
tercluster Mo4d—S 3p hybridization. Core-level XPS
spectra were used to obtain information on the electronic
structure through their binding-energy shifts, line shapes,
satellite structures, and exchange splittings. Auger-
electron spectroscopy was also utilized to obtain the local
DOS at the Mo site.

II. EXPERIMENTAL

The samples were prepared by direct synthesis from
stoichiometric mixture of FeS, MoS,, and Mo powders
sealed in quartz tubes. The products were then pressed
into pellets having a diameter of 7 mm and were annealed
at 1000°C for 24 h. Two samples with compositions of
Fe; ,sMo0¢S7 75 and Fe; 3;M0¢S7 g9, Were obtained. The
slight deficiency in the S content was necessary to produce
single-phase materials.!?

The XPS and Auger-electron spectra were excited by
unmonochromatized Mg Ka radiation (hv=1253.6 eV)
and the UPS spectra by Hel (Av=20.1 eV) and Hell
(hv=40.8 eV) resonance lines. The emitted electrons
were collected with a Physical Electronics 15-255 double-
pass cylindrical mirror analyzer. Binding energies in XPS
spectra have been calibrated with the Au 4f,,, (84.0 eV)
and Cu 2p3, (932.6 eV) core levels. Results for
Fe, ,sMo0¢S; 75 and Fe, sMo0¢S; ¢ are almost identical un-
less otherwise stated.

The samples were cleaned by scraping with a diamond
file in the spectrometer chamber (base pressure in the
10~ torr range). Even after extensive filing, a small
amount of iron oxide (~Fe,0;) contamination could not
be eliminated, but it did not increase under the vacuum
for more than 10 h. Therefore, the contamination prob-
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FIG. 3. Fe 2p core-level XPS spectrum of Fe; ;Mo0¢S; 9 (bot-
tom), which has been obtained by subtracting the contribution
from iron oxide (oxidized in air) (middle) from the law data
(top). The plasmon energy (w,~~22.5+0.5 eV) obtained from the
energy loss peaks of the Mo and S core levels is shown. The
2p3,, peak positions of Fe metal (Ref. 17) and various Fe com-
pounds (Refs. 20 and 22) are also indicated.
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ably arises from grain boundaries or pores of the sintered
samples. From the core-level intensities,'> approximately
20% of Fe atoms were found in the oxide form, while no
sign of oxidation was seen in the Mo and S core levels.
The oxide contribution in the Fe core levels, therefore, has
been subtracted as shown in Fig. 3. This level of the iron
oxide contamination is expected to be too low to affect the
XPS and UPS valence-band spectra appreciably judged
from the theoretical cross sections of Mo, 4d, S 3p, Fe 3d,
and O 2p orbitals'*!5 except for weak, broad background
emission.

Spectra shown in this paper have not been corrected for
the electron kinetic energy dependence of the analyzer
transmission, whereas theoretical, fitted curves for the
valence-band and core levels have taken this dependence
into account. The latter curves have also included the Mg
Kas 4 ghost of the XPS radiation source.

III. RESULTS AND DISCUSSION
A. Core levels

From the empirical dependence of the structural stabili-
ty on the valence electron number, it has been postulated
that the M atoms donate electrons to the Mo¢Sg clusters
and that a Mo-to-S charge transfer occurs within the
cluster.!~* The self-consistent linear-muffin-tin-orbital
(LMTO) band calculations by Freeman and Jarlborg® have
shown a charge transfer of 1—1.5 electrons from the M
atom to the cluster. They have also shown that Mo in the
Chevrel phase has ~4.5 d electrons and ~1.5 sp elec-
trons, while Mo metal has ~5.1 d and ~0.9 sp elec-
trons.' This means that electronic charges are less local-
ized around the Mo cores in M, Mo¢S;, since the d orbi-
tals are spatially more localized than the sp orbitals. The
non-self-consistent calculations by Nohl, Klose, and An-
dersen’ have reached a similar conclusion. Such charge
transfers can be tested by measuring core-level binding en-
ergy shifts.

The binding energies of the Mo, S, and Fe core levels
and those in elemental solids are listed in Table 1. The
binding energy of Fe 2p;,, is higher than that in Fe metal
by ~1 eV, and agrees with FeS.?® This suggests that the
Fe atoms are in the divalent (Fe**:3d%) configuration in
Fe,Mo¢Ss, as Fe is divalent in FeS. Indeed, magnetic sus-
ceptibility measurements have shown that the Fe atoms in
Fe,MogS; are in the divalent and high-spin state.?! How-
ever, the following differences are noted between FeS and
Fe,MogSs: (i) the Fe 2p spectrum of Fe, MogSs shows a
weak feature at ~717 eV which might be assigned to a
charge-transfer satellite accompanying the Fe 2p;,, level
(Fig. 3); (ii) the exchange splitting of the Fe 3s level ~5.7
eV (Fig. 4 and Table I) is much larger than that in the
high-spin FeS, 4.4 eV,% or that in Fey ;3NbS,, in which Fe
is also high-spin and divalent, 4.5 eV, but is close to that
in a highly ionic compound FeF,, 6.0 €V.2* The absence
or weakness of the core-level satellites in the 3d
transition-metal sulphides as compared to the oxides has
been attributed to strong 3d—S 3p hybridization?>? or ef-
fects of itinerancy of 3d electrons.?’ The exchange split-
ting of the Fe 3s level has been found to be reduced by
3d-ligand hybridization in some compounds.?>?* There-

TABLE 1. Binding energies of core-level peaks in Fe,MogSg
compared with those in elemental solids (in eV).

Fe, MogS¢® Elemental solids®
Mo 4p3,, 35.8° (35.6) 35.5
4p|/2 37.7) 37.6
4s 62.8 63.2
3ds,, 228.1 (228.0) 2279
3ds,, 231.3 (231.2) 231.1
S  2p;3p 161.9° (161.7) 162.5
2p1p (162.9) 163.6
2s 226.0
Fe 3s 93.0, 98.7¢ 91.3, 95.3
2P3/2 708.2 706.8

*Numbers in parentheses are those obtained by least-squares fit-
tings, and are generally different from the peak energies due to
asymmetric broadenings or unresolved spin-orbit structures.
®Mo metal is from Ref. 17; solid S is from Ref. 18; Fe metal is
from Refs. 17 and 19.

‘Peak energy for the unresolved spin-orbit doublet.

9Two peaks are due to exchange splitting. Large errors are
(£0.3 eV) expected from poor statistics.

fore, the presence of the satellite and the large exchange
splitting point to more ionic character in the Fe—S bond
in Fe,Mo¢S;g than in FeS. The weakness of the Fe-S hy-
bridization may be supported by the large mobility of the
Fe atoms?® and by the oxidation study presented in Sec.
IIID. Fe is coordinated by six S atoms with the Fe-S dis-
tance of 2.46 A in FeS and 2.42 A in Fe, 13NbS,,2° while
in the rhombohedral phase of Fe,MosSg by four § atoms
with the Fe-S distance ranging from 2.3 to 2.6 A.® (In
FeS,, where Fe is in the low-spin state due to strong
Fe3d—S3p hybrldlzatlon,31 the Fe-S distance is 2.26 A.)
The weak Fe-S hybridization may partly be due to the
smaller coordination number in Fe,MogS;. Also, the
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FIG. 4. Fe 3s core-level XPS spectrum of Fe; ;MogS; ¢ (solid
curve). Contributions from iron oxide contamination have been
subtracted from the raw data (dots) as in Fig. 3. A background
due to the plasmon satellites of the Fe 3p and Mo 4s lines is
shown by the dashed curve.
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Mo-to-S charge transfer and/or the Mo-S hybridization
might have resulted in weak Fe-S hybridization in spite of
the short Fe-S distance. For M=Pb or Sn, the normal
M-S(2) bonding has been suggested based on the normal
M-S(2) distance,®> which is consistent with the fact that
S(1) is coordinated by four Mo atoms and S(2) by three
Mo and one M atoms. From this argument the Fe-S(1)
and Fe-S(2) distances would be expected to be systemati-
cally different, but this is not the case. Thus we suppose
that the electronic interactions between the M atoms and
the MogSg clusters are weaker than would be expected
from crystal chemistry consideration. In fact, band-
structure calculations with and without M atoms have
given quite similar results except for M-derived energy
levels.®

The Mo core-level shifts relative to Mo metal, ~0.3 eV,
which are much smaller than in another metallic system
MoO,, ~ 1.0 eV,3%33 suggests only a small charge transfer
from the Mo-to-S atoms. The S 2p level shifts to lower
binding energies by ~0.8 eV as compared to solid S. This
shift, however, is partly due to metallic screening of the
core hole (solid S is a semiconductor) and cannot be total-
ly attributed to the charge transfer in the initial ground
state.* Nevertheless, the S 2p binding energy is similar to
that in metallic FeS (161.6 €V),?° and would be consistent
with the charge transfer from the Mo-to-S atoms.

In order to gain further information from the Mo and S
core levels, we fitted the spectra to asymmetric line shapes
given by Mahan® broadened with Gaussian and Lorentzi-
an functions [full width at half maximum (FWHM) of 2G
and 2y, respectively]. The background due to inelastically
scattered photoelectrons was assumed to be proportional
to integrated photoemission intensity (excluding the back-
ground itself). The cutoff energy £ (Ref. 35) was fixed at
4 eV, because this gave reasonable fits to all the core levels
and the quality of the fits was not sensitive to small
changes in £ The intensity ratio of the sin-orbit doublet
was fixed to be the statistical ratio, while the lifetime
widths were allowed to differ between the two lines in or-
der to take into account the Coster-Kronig decay of the
j=I—% core hole into /++. The different lifetime
widths were necessary for each of the Mo 3d and 4p
spin-orbit doublets as in Mo metal,*® suggesting that Mo-
derived empty levels are available about the spin-orbit
splittings (3.2 eV and 2.1 eV for Mo 3d and 4p, respec-
tively) above Ef in order for the Coster-Kronig transition
to occur. The j=+ and + components of the S 2p level,
on the other hand, were found to have the same lifetime
widths within the uncertainty of the fitting procedure.
This indicates that S-like states are not available about the
S 2p spin-orbit splitting (1.2 eV) above Ej (i.e., the gap
just above Er may be larger than 1.2 eV or the S-derived
DOS may be small for that excitation energy) or the tran-
sition matrix elements for the S L,L;M, ; Coster-Kronig
process are small.

Figures 5 and 6 show the experimental and fitted spec-
tra for the Mo 3d and S 2p core levels. The singularity
indices as well as the lifetime and Gaussian widths are
listed in Table II. According to Folmer and deBoer,?” the
singularity index a is proportional to the square of the lo-
cal DOS at the core-hole site near Ep, if screening by only
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FIG. 5. Mo 3d core-level XPS spectrum of Fe;;sMo06S; 7s.
Data points have been fitted to a Mahan’s asymmetric line
shape (Ref. 35) (solid curve). The dashed curve represents the
background.

one atomic-orbital component at the core-hole site is con-
sidered. For the Mo core levels we obtained a=0.18,
whereas @ =0.12 has been obtained for Mo metal.3® (As a
is weakly dependent on the assumed & value, a=0.15
which was obtained by using the same £ as that for Mo
metal®® should better be compared with the a of Mo met-
al.) Thus we conclude that the Mo 4d DOS around Er in
Fe, MogS; is as high as or a little higher than that in Mo
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FIG. 6. S 2p core-level XPS spectrum of Fe; ;Mo0¢S75 fitted
to a Mahan’s line shape as in Fig. 4.
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TABLE II. Parameters for the line shapes of the Mo 3d and
S 2p core levels in Fe; 3MoS; 9. Energies are in eV.

2y
a j=l+7 j=l—7 26
Mo 3d 0.18 0.48 0.72 0.98
Mo 4p 0.16 1.14 1.62 1.51°
S 2p 0.11 0.34° 0.34° 1.10

2Larger than that of Mo 3d because a larger pass energy was
used.
b2y’s for j=I++ and / — 5 have been assumed to be the same.

metal, consistent with the band calculation results. The
singularity index can also be given by*°

a=Y qf/2214+1), (1
!

where g; is the partial screening charge having an angular
momentum / and satisfying the Friedel sum rule > ¢;=1.
If only Mo 4d electrons take part in the core-hole screen-
ing at the Mo site, we obtain from Eq. (1) a=0.1, which
is roughly consistent with the present result. The S 2p
level also yields a finite @ (=0.11), implying finite S-
derived DOS at Ep. In fact, the S3p—like DOS at Ep
has been calculated to be finite i.e., 20—30% of the Mo 3d
DOS.”® Equation (1) gives a>0.125 if the screening
charges are restricted to s and p symmetry at the S site,
but higher / components will reduce the lower limit. The
cutoff energy £=4 eV used here is of the order of the
average one-electron excitation energy within the Mo 4d
DOS as can be seen from Fig. 2. Thus structures in the
DOS (e.g., the gap just above Ef) are smeared out in the
excitation spectrum as observed in the core-level line
shapes as in other transition metals,*® An asymmetric line
shape itself is not always due to a finite DOS at Ep but
may, in the case of semimetals, be due to an excitonic ef-
fect between the core hole and conduction electrons.*
However, from the theoretical DOS, which have given fi-
nite Mo 4d and S 3p components at E, and its good
agreement with experiment as shown below, it can be con-
cluded a posteori that the symmetry is indeed due to the
finite DOS at Er and that the excitonic effect would not
be important.

Although we have shown that the Fe 3d —S 3p hybridi-
zation in the ground state is small in Fe, MogS;, it is not
negligible. Indeed, the magnetic ordering?® would be due
to a superexchange interaction between the Fe ions medi-
ated by the MogS; clusters through the 3d—S 3p hybridi-
zation. Thus the 3d—S 3p hybridization is expected to re-
sult in a mixing of the Fe 3d character and consequently
finite magnetic polarization at Ep, since the S 3p DOS
has been found to be finite. (Direct Fe-Mo mixing would
be less important because of the large Fe-Mo atomic dis-
tance, >3 A.) This naturally explains the absence of su-
perconductivity in M,MogXg (M=Fe, Co, Ni, etc.). Such
a mechanism should be extremely weak for M rare-earth
metal because of the much weaker hybridization for the
rare-earth 4f electrons.
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B. Valence band

The valence-band spectra shown in Fig. 7 consist of
three gross features at 0—2.5 eV, 2.5—9 eV, and 10—18
eV. The latter region is derived from the S 3s states.
Considering the photon energy dependence of the atomic-
orbital cross sections, namely rapid increase of the S 3p
cross section below hv~30 eV with a Cooper minimum
around hv~50 eV (Ref. 15) and relatively slow increase
of the Mo 4d cross section below Av~70 eV and above
hv~100 eV,* the former two regions can be assigned to
Mo 4d nonbonding and Mo4d—S3p bonding bands,
respectively. This is consistent with the general electronic
structure obtained by the various calculations*—? outlined
in Sec. I. No photoemission features due to Fe 3d states
have been identified in contrast to the Cu 3d emission in
Cu,MogS;,”!° owing to low Fe concentration, low Fe 3d
cross section,'*!%%2 and broad (~1 eV) energy spread of
the final-state Fe 3d° multiplet.?>??

In order to compare the band calculation results with
the present spectra, the calculated DOS was convoluted
with Gaussian, Lorentzian, and asymmetric*’ broadening
functions, and backgrounds due to inelastically scattered
electrons were assumed. The lifetime broadening of
valence-band holes increases from ~0 at Ep toward
higher binding energies, and we assumed a linear relation
for the Lorentzian FWHM,*

2y =2yo+a(E—Eg) . 2

Further, cross-section modulation effects due to the dif-
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FIG. 7. Valence-band XPS and UPS spectra of Fe; ;:M0¢S.o.
In the insert, the He1 (hv=21.2 eV) spectrum is shown in an ex-
panded scale.
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TABLE III. Parameters used to generate valence band photoemission spectra form theoretical DOS.

Energies are in eV.

Cross-section ratios

a 2y¢ a 2G S 3p to Mo 44 S 3ptoS 3s
XPS 0.14 0.14 0.18 0.51 0.8 0.6
Hen 0.14 0.0 0.18 0.28 0.0

®Nonzero for XPS due to the Lorenzian width of the unmonochromatized Mg K a radiation source.

ferent photon energy dependence of the Mo and S atomic
orbital components were considered. Parameters used to
generate theoretical valence-band spectra are listed in
Table III. For XPS, the best resemblance to the experi-
mental data was obtained by using a S 3p cross section
which is larger than the theoretical cross section'* by a
factor of ~2. Similar enhancement has been observed for
metal oxides*’ and hydrides,* and would be due to modi-
fication of the wave functions of the nonmetal atomic or-
bitals by chemical bonding or solid-state effects.

In Figs. 8 and 9, the valence-band spectra are compared
with the three band-structure calculations: the calcula-
tions by Nohl, Klose, and Andersen (NKA)’ for PbMogSg
using the non-self-consistent LMTO method, by Freeman
and Jarlborg (FJ)® for EuMoeS;s using the self-consistent
LMTO method, and by Bullett® for MogS; using an
ab initio linear-combination-of-atomic-orbitals method
(non-self-consistent).*’ (Bullett® has also presented the
DOS of PbMogSs, but its Mo 4d conduction band has
been calculated to have too much weight near Er to be
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FIG. 8. Theoretical XPS valence-band spectra derived from
the DOS by Nohl, Klose, and Andersen (Ref. 7), Bullett (Ref. 6),
and Freeman and Jarlborg (Ref. 8) (solid curves) compared with
experiment (dots). For broadening, background, and cross-
section modulation, see the text and Table III.

compared with the present Fe,MogSg spectra.) The non-
cubic distortion has not been included in the FJ calcula-
tions;? the result for EuMogSs and that for SnMogSg have
given almost identical DOS (except for Sn- and Eu-
derived states).® For each calculated DOS, the position of
Er has been corrected for the different electron numbers
in Fe,MogSs_, by assuming that an Fe atom or a S defi-
ciency donates two electrons to the conduction band.

One can see in Figs. 8 and 9 general agreement between
theory and experiment. As for the Mo-S bonding band,
the NKA result is in good agreement with the experiment
including the high-energy shoulder at 7 eV, while in Bul-
lett® this shoulder has not been well reproduced. In the FJ
result, on the other hand, the position of the bonding
states as a whole is calculated to be too deep by as much
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FIG. 9. Theoretical valence-band Hell UPS spectra derived
form the band calculations compared with experiment as in Fig.
8.
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as ~1.5 eV. In a previous report Kurmaev et al.'® noted
disagreement between the self-consistent LMTO calcula-
tion and their XPS results, and attributed it to cross-
section modulation effects rather than the energy posi-
tions. However, the LMTO result would not reproduce
the experiment by using any Mo to S cross-section ratio,
and we conclude that the energy positions have been cal-
culated too deep.

The position of the Mo 4d conduction-band peak has
been calculated to be too shallow in every calculation,
among which the Bullett result for MogSg has given the
deepest peak position. Meanwhile, the photoemission
spectra by IThara and Kimura® have shown that the peak
position is deeper for Cu,MogSg than for PdMo¢Ss and
SnMogS;.° As the rhombohedral angle decreases in the
order of Cu,Mo¢S; (@~94.9°), Fe,MoeSg (2~94.8°),
Mo¢S; (@~91.6°), and PbMogSs (@ =89.2°),!! we may pos-
tulate that the conduction-band peak approaches Ep with
decreasing rhombohedral angle. Thus the discrepancy in
the conduction-band peak position between the experi-
ment and the FJ or NKA result would largely be due to
noncubic distortions different from that of Fe,MogSs. In
fact, the peak position is in excellent agreement between
NKA'’s result for PbMogS; and the UPS spectra’ for
PbMogS; (1.2 eV versus 1.1 eV).*® No evidence for the
reduction of the emission intensity at Er was found as
compared to the calculated DOS after properly taking
into account various broadening effects.

The noncubic distortion may modify the Mo
4d—derived conduction-band structure via (i) the direct
Mo-Mo interaction, or (ii) the intracluster or intercluster
Mo-S interaction. Changes in the intracluster Mo-Mo in-
teraction would not be important because the intracluster
Mo-Mo distances (in the range of 2.6—2.9 A) do not vary
within the compounds listed above to within ~0.02 A
(except for MogSg where the Mo-Mo distance parallel to
the rhombohedral axis is larger than in the other com-
pounds by 0.1 A). The intercluster Mo-Mo interaction
would also be unimportant because the shortest interclus-
ter Mo-Mo distance is as large as ~3.2 A. Probably
changes in the intracluster or intercluster Mo-S interac-
tion with varying noncubic distortion are able to modify
the conduction-band structure. The distortion of the
MogS; cluster from the cubic symmetry modifies signifi-
cantly the energy levels around Er (by 0.5—1 eV) via in-
tracluster Mo-S interactions as has been suggested by
Mattheiss and Fong* or shown by molecular-orbital calcu-
lations for cubic and distorted clusters by Bullett.® How-
ever, while the arrangement of the clusters changes with
varying M atoms, the noncubic distortion of the cluster
does not change and the effect of varying M atoms on the
cluster structure is only to expand or contract differently
the M, octahedron and the Sg cube. The molecular-
orbital calculations by Mattheiss and Fong* have shown
that such a structural change is not important for the
cluster energy-level structure. Therefore, changes in the
intercluster Mo-S interaction seems to be the most impor-
tant factor determining the conduction-band structure.
The Mo dZZ orbitals, which are directed toward neighbor-

ing clusters and thus should be sensitive to changes in the
intercluster atomic distance, are about 1 eV below Ef in

the cluster energy levels,*~° but are spread up to near Ep
due to an intercluster banding effect.” Thus we suspect
that changes in the intercluster Mo d ,—S 3p interaction

are largely responsible for the changes in the Mo 4d
conduction-band structure.

The existence of the gap ~2.5 eV below Ep between
the conduction band and the bonding band is doubted at
least for Fe, MogSs, as the valence band XPS shows extra
intensity around 2.5 eV as compared to theory (Fig. 8). In
particular, a gap of <1 eV as calculated by FJ is too large
for Fe,MogSz and possibly for other M,MosS; com-
pounds.

There exist some differences between the spectra for
Fe].3MO6S7_9 and those for Fel.25M06S7775. In the latter,
the conduction-band peak is shallower than the former by
0.3 eV and the structures in the bonding levels at ~3.5 eV
and ~7 eV are less pronounced. This would be related to
the larger deviation of the Mo-S ratio from the
stoichiometry + due to S deficiency:'> The Mo4d—S 3p
bonding band is mainly derived from the S 3p states, and
would therefore be sensitive to S defects. The
conduction-band peak position would also be affected by
S defects through intra- and inter-atomic Mo-S hybridiza-
tion. (Difference in the position of Er within the conduc-
tion band between the two samples is too small and is op-
posite to the observed shift, if an Fe atom or a S deficien-
cy is assumed to donate two electrons to the conduction
band.)

C. Auger-electron spectra

Auger transitions involving valence electrons can be
used to probe local DOS at the core-hole site. In the case
of a core-valence-valence (CVV) Auger transition, the
spectrum reflects the DOS of two valence holes in the fi-
nal state and, if correlation between the two holes can be
neglected, i.e., if U/W << 1, where U is the Coulomb en-
ergy between the two holes at the same site and W is the
bandwidth, it represents a self-convolution of the local
DOS.* The Mo M, sVV Auger spectrum has thus been
self-deconvoluted by the method of Dose and Scheidt*™
and is shown in Fig. 10. The M,VV /MsVV intensity ra-
tio is reduced from the statistical weight, %, owing to the
M,/MsV Coster-Kronig transitions, and therefore was
determined in a least-squares fitting way to be 0.14. In
the figure, the deconvoluted spectrum is compared with
thescalculated Mo 4d partial DOS of NKA,’ Bullett,® and
FIJ.

From the reasonable agreement between the Mo 4d
DOS and the deconvoluted spectrum, one can say that the
M, sVV spectrum involves largely Mo 4d electrons with a
negligible Mo sp contribution and that the two valence
holes are not strongly correlated. The latter conclusion is
consistent with the valence-band photoemission spectra
which have been reasonably compared with the one-
electron DOS. This is also consistent with the absence of
strong many-body effects in the low-energy scale such as
mass enhancement near Ep."’! Calculations by Tréglia
et al. on CVV Auger spectra for partially filled d bands*
have shown that the spectra deviate appreciably from a
self-convolution when U/ W >0.1. Therefore, an upper
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FIG. 10. Mo M4'5 WAUgCl‘ spectrum of Fe1,25M06$7,75 (bot-
tom) and its self-deconvolution (top) compared with the theoreti-
cal Mo 4d partial DOS. The DOS has been broadened with the
lifetime broadening of the Mo 3ds,, core-level and valence holes
and a Gaussian resolution function (2G ~0.8 eV). The solid
curve superimposed on the spectrum shows the self-convolution
of the top panel.

limit of ~1 eV would be set for U, as the relevant band-
width would be between ~ 6 eV (the nonbonding plus an-
tibonding bands) and ~12 eV (including the bonding
band also).

As in the case of the valence-band photoemission, one
can see from Fig. 10 that the position of the Mo4d—S 3p
bonding band is in good agreement with the NKA (Ref. 7)
and Bullett (Ref. 6) results and the peak position of the
Mo 4d conduction band with the Bullett result.® The
bonding band of FJ is again too deep, and its intensity is a
little too low. The latter fact indicates that the Mo 4d
character in the bonding band is calculated to be too small
in the FJ results, suggesting a too ionic character in the
Mo—S bond. Although self-consistent calculations do
not always give DOS in better agreement with experiment
than non-self-consistent calculations (for example see
Refs. 46 and 53), self-consistent calculations are expected
to give more reliable charge distribution and consequently
more reliable ionic-versus-covalent character of chemical
bonds. The simplified crystal structure in the FJ calcula-
tion may be responsible for the above discrepancy, as

lowered symmetry causes further Mo4d—S 3s hybridiza-
tion which is not allowed in the cubic phase, but the
discrepancy seems too large to be explained only by the
crystal distortion. This may be due to the limit of ap-
proximations made in the LMTO method or of the local-
density approximation itself.

Figure 11 shows two types of core-core-valence Auger
transitions, namely the Mo M sN,V and M,sN,;V
Auger spectra, compared with the convoluted Mo 4d par-
tial DOS. In a one-electron picture, these spectra are
given by a partial DOS at the Mo site. This was in fact
found to be the case for the M,sN,V transition as
demonstrated by a good fit to the convoluted Mo 4d DOS
shown in Fig. 11. In contrast to the M, s N,V spectrum,
the M, sN, ;¥ spectrum could not be fitted to a convolut-
ed DOS in any way: Intense extra emission on the low ki-
netic energy side is evident from the figure. As initial-
state effects (screening of of the initial-state core hole)>*
would be negligible because of their absence in the Mo
M, sVV spectrum, the anomalous M, sN, 3V spectrum is
probably due to final-state effects. Thus we can attribute
the anomaly to a modification of the valence-hole spec-
trum or formation of a splitoff localized valence hole by
the final-state core-hole potential.’>*¢ However, simple
spherically symmetric core-hole potentials alone cannot
explain the experimental results, since the 4s and 4p hole
potentials are expected to be similar. Therefore, we postu-
late that the multiplet coupling of the 4p core hole with
the 4d valence hole is responsible for the final-state effect.
The strong 4p-4d multiplet coupling, if it exists, is due to
a large dipole-type exchange interaction represented by a
Slater integral G,(4p,4d), which is expected to be of the
order of a few tenths eV from those in other elements,>”
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FIG. 11. Mo M sN,V and M,sN,;V Auger spectra of
Fe,Mo¢Ss. The solid curves are convolutions of the Mo 4d
partial DOS which take into account the lifetime widths of the
Mo N, (4s5), N,; (4p), and M, s (3d) core levels. The statistical
N,-N; ratio (0.5 has ©been assumed, while the
M N, V-MsN,;V and MyN,V-M;sN,V ratios have been deter-
mined to be 0.10 and 0.30, respectively. For the M, sNV spec-
trum, in addition to the background which is proportional to the
integrated Auger emission intensity, a parabolic component was
assumed in order to represent the rapid rise toward lower kinetic
energies.
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and would produce a multiplet splitting of the order of
several eV. The 4s-4d multiplet splitting is expected to be
about half of the spread of the 4p-4d multiplet,® and may
not be large enough to split off localized states from the
bandlike states. To make a more definitive conclusion,
the intensities of the multiplet lines should be known for
partially filled, itinerant d bands, but such calculations
have not been performed so far.

D. Surface oxidation

The clean surfaces of Fe,MogS; were fairly stable
against oxidation as can be seen from the O 1s core signal
intensity which remained constant for a long time under
the vacuum of the spectrometer. Oxidation of
Fe, ;Mo¢S; ¢ was carried out by exposing the clean surface
to air for a few minutes. Resulting Mo and S core-level
spectra are shown in Fig. 12. The Fe 2p core level of the
oxidized surface is shown in the middle panel of Fig. 3.
From these figures one can see that most of the Fe atoms
within the escape depth A of photoelectrons are oxidized
to Fe’t (~Fe,05) while Mo and S atoms remain mostly
unoxidized: A weak signal of oxidized Mo (~MoQ;) is
discernable in Fig. 12, but not for S. Effects of oxidation
become more evident in UPS due to smaller electron es-
cape depths: The Hell spectra (A~4 A) have indicated a
buildup of O 2p emission at 3—10 eV and reduction of the
Mo 4d conduction-band emission by a factor of ~0.3,
suggesting oxidation of the Mo atoms (formation of
MoOs-like oxide) near the surface. As for the XPS
valence band, where the escape depth is a few ten A, the
only change upon oxidation is a slight increase of emis-
sion intensity around 3—10 eV probably due to O 2p and
Fe 3d emission.

It is surprising that even such a heavy exposure is far
from oxidizing Mo atoms completely. It seems that the
Mo¢S; clusters are chemically quite inert analogous to the
layered structure MoS,.% The S atoms are particularly
inert as can be seen from the core levels. This is con-
sistent with the conclusion drawn from the Fe core-level
spectra in Sec. III A that the Fe 3d—S 3p hybridization is
weak.

IV. CONCLUSION

The valence band and core levels of the Chevrel-phase
compound Fe, Mo¢Sg have been studied by photoemission
and Auger-electron spectroscopy. The core-level shifts
suggest a large charge transfer from the Fe atoms to the
MogS; clusters and a small Mo-to-S charge transfer
within the cluster. Core line-shape asymmetry indicates
that the DOS at Ef has a finite S 3p component as well as
the dominant Mo 4d component. Thus conduction elec-
trons are partially polarized via Fe 3d—S 3p hybridization,
resulting in the depression of superconductivity. The sa-
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FIG. 12. Mo 3d and S 2p core-level XPS spectra for
Fe, ;MogS, ¢ oxidized by exposing the clean surface to air. Peak
positions for molybdenum oxides and sulpher-oxygen com-
pounds (e.g., Na,SO;) are indicated. Note a weak signal corre-
sponding to MoO; and the absence of any sign of oxidization for
the S 2p core level. The Fe 2p core level for the same surface is
shown in Fig. 3.

tellite structure in the Fe 2p core level and the magnitude
of the exchange splitting in the Fe 3s core level indicate
that the Fe 3d—S 3p hybridization is weak in spite of the
Fe-S distance as short as that in FeS where stronger
Fe 3d—S 3p hybridization exists. This is supported by the
oxidation study and is consistent with the high mobility
of the Fe atoms and the structural properties. The XPS
and UPS valence-band spectra and the Mo 4d partial
DOS obtained by deconvolution of the Mo M, s V'V Auger
spectrum are compared in detail with existing band-
structure calculations by taking into account appropriate-
ly various broadening effects and backgrounds. Satisfac-
tory agreement is obtained with the theoretical DOS in-
cluding the DOS at Ep, although the self-consistent
LMTO calculations seem to lead to somewhat too much
ionic character in the Mo4d—S3p bond. The
Mo4d—derived conduction band near E is shown to be
sensitive to noncubic distortion of the crystal, which de-
pends on the size of the M atom in M,Mo¢S; and real
crystal structures are found to be necessary to calculate
correctly the conduction-band structure. The anomalous
line shape of the Mo M, sN, ;¥ Auger spectrum is attri-
buted to a final-state effect, namely strong 4p-4d inter-
shell Coulomb-exchange interactions.
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