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A systematic study has been conducted of the resonant behavior of the valence-band photoelec-
tron spectrum of MoS, for Av=26-70 eV, spanning the Mo 4p —4d transition region. A broad
Fano-like resonance appears at ~42 eV in the constant-initial-state (CIS) intensity plot of the d ,
peak near the valence-band maximum [~2 eV binding energy (BE)], confirming its predominantly
Mo 4d character. A second shoulder on the higher-Av side of the maximum in the dzl CIS intensity
plot is suggested to result from transitions to unoccupied states in the 5sp band ~ 10 eV above E,
by comparison with a partial-yield spectrum and previous inverse-photoemission data. The region
of the valence band in the range 3-4.5-eV BE also exhibits resonant behavior, indicating Mo 4d
character, although somewhat less than for the d , peak. The 5-7-eV BE range does not exhibit
resonance behavior at the Mo 4p edge and, therefore, contains negligible Mo 4d character. A
feature at ~30 eV in the CIS intensity plot for the 5-7-eV BE range could not be definitively as-
signed in this study, but may be due to a resonance between direct photoemission and a process in-
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volving absorption and autoionization of electronic states that contain Mo 5s and 5p character.

I. INTRODUCTION

The electronic structure of the layered transition-metal
dichalcogenide MoS, has been examined extensively over
the last 20 years. Theoretical studies have used band-
structure calculations’? and molecular-orbital (MO)
treatments,>* while experimental studies have included
angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS),>5 angle-resolved x-ray photoelectron spectros-
copy (ARXPS),® angle-integrated ultraviolet photoelec-
tron spectroscopy,”® inverse-photomission spectroscopy
(IPES),’ x-ray-emission spectroscopy (XES),"* and x-
ray-absorption spectroscopy (XAS).!°

Previous experimental studies>*®~% have indicated
that the lowest binding-energy (BE) feature in the
valence-band spectrum correlates to the a| molecular or-
bital arising from the Mo 4d_, atomic orbital, which is

presumed to be predominantly nonbonding due to limited
overlap with S 3p orbitals. (The nonbonding nature of
this orbital in MoS, is caused by its angular nodes, which
occur close to the Mo-S internuclear axes.) This assign-
ment is illustrated in Fig. 1, where a valence-band photo-
electron spectrum is plotted alongside a generalized MO
diagram for MoS,. (The diagram is determined from a
trigonal prism comprised of one Mo atom surrounded by
six S atoms, representing one-half of the unit cell of MoS,
in the hexagonal 2H structure.) The remaining levels in
the valence-band spectrum have been previously con-
sidered to be predominantly S 3p —based orbitals. The or-
dering of these S 3p-based MO’s has not been experi-
mentally determined and depends on the bonding interac-
tions of the full S 3p orbitals with the empty Mo 4d,5s,5p
orbitals.®> Only the S 3p and 3s ligand levels are con-
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sidered in the bonding schemes because the S 3d and
higher atomic orbitals are many electron volts above the
S 3p levels. However, the Mo 5s and 5p orbitals must be
included since they are only 2—-6 eV above the Mo 4d lev-
els. Symmetry considerations for the D;, point group
show that the Mo 4d orbitals can mix into MO’s having
aj, e', and e’ symmetry, while the Mo 5s orbital must
mix into aj MO’s and the Mo 5p level will mix with a5
and e’ MO’s (see Fig. 1).> This paper explores the
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FIG. 1. (a) A generalized molecular-orbital (MO) diagram
for MoS, (Refs. 3 and 4), plotted on the same (qualitative) ener-
gy scale as (b) a valence-band photoelectron spectrum of MoS,.
The spectrum was taken for A~v=60 eV. The MO diagram is
based on an MoS trigonal prism, which represents one-half of
the 2H-MoS, unit cell. The diagram includes the bonding in-
teractions between the Mo 4d, 5s, 5p, and the S 3p orbitals.
Symmetry considerations for the D, point group show that the
Mo 4d orbitals can mix into MO’s having a}, e’, and e"’ symme-
try, while the Mo 5s orbital must mix into a{ MO’s and the Mo
5p level will mix with a and e’ MO’s.
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S3p-based levels in more detail by determining the
effects of variations of the Mo orbital character on the
valence-band photoelectron spectroscopy (PES).

Resonant photoelectron spectroscopy (RPS) has been
used increasingly to aid in understanding the photoemis-
sion process and to probe the electronic structure of ma-
terials.!! Most of these RPS studies have focused on res-
onance effects associated with the 3p —3d absorption in
transition metals and their compounds,'' especially ox-
ides.!> However, the utility of RPS in investigating the
degree of final-state hybridization, or mixing of atomic
levels, in both first-row and higher-row chalcogenides,
has recently been demonstrated. For example, RPS was
used to reveal considerable metal d and chalcogen p mix-
ing in the valence band of TaSe, (Ref. 13) and intercalat-
ed TiS,,'* while the Chevrel-phase MogSe; exhibited
negligible mixing of these states.!’

Resonance effects have also been seen for the molybde-
num dichalcogenides. In one study, the photon-energy
region just below the Mo 4p —4d absorption edge of
MoS, was investigated. The drop in intensity of valence-
band peaks at Av=30-40 eV was ascribed to an ‘““antires-
onance.”’ Resonance effects were also seen in ARUPS of
MoSe,,? which has an electronic structure very similar to
that of MoS,.

In this paper we present a systematic study of reso-
nance effects in the valence-band spectra of MoS, in
which we have determined the Mo 4d contribution to the
various regions of the valence band. The photon energies
used (i.e., Av=26-70 eV) span the Mo 4p —4d absorp-
tion edge. The well-defined structure of the MoS, valence
band allowed for the separation of different resonance be-
havior occurring in its various BE regions. In general,
the results agree with those of the theoretical studies and
have clarified the results of the experimental studies.

II. EXPERIMENTAL

Photoelectron spectroscopy was conducted at beam
line UV-8b at the National Synchrotron Light Source at
Brookhaven National Laboratory. The sample prepara-
tion procedures,!%!7 electron spectrometer,'® and mono-
chromator!® have been described previously. The design
of the angle-integraiing electron spectrometer is based on
an electrostatic ellipsoidal mirror, which allowed data
collection over an area of ~m/2 sr, centered approxi-
mately about sample normal. Therefore, the valence-
band spectra represent an average over the Brillouin zone
of MoS,. The relative intensity of the monochromatized
synchrotron radiation was determined by measuring the
total current resulting from the electron emission from
the (carbon contaminated) Au-coated final focusing mir-
ror with an electrometer. The spectra were normalized
by dividing the photoelectron current by the photon in-
tensity determined in this manner in order to cancel the
effects of variation in the beam current. The resolution of
the system (including contributions from the analyzer
and monochromator) was estimated to be 0.3-0.4 eV for
the photon-energy range 26—-70 eV.

Because of the low-photon energies (hv=26-70 V)
and, therefore, low kinetic energies used in the present
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study, the valence-band spectra represent only the top
two molecular layers at the surface (i.e., ~4—6 deep®).
However, the MoS,(0001) surface is virtually bulklike,
since it is not reconstructed and exhibits no surface
states. The lack of surface states is due to the layered
structure of MoS,: cleavage of the crystal along its van
der Waals gap to produce a (0001) surface does not break
any covalent bonds.3

Clean (0001) surfaces were produced by cleavage of
natural molybdenite crystals in air, followed by annealing
at ~ 1125 K for 20 min in a sample preparation chamber
(~1X107'° Torr base pressure). [The MoS,(0001) sur-
face does not decompose unless heated to 1300-1400
K.'7] This annealing procedure is known to remove vir-
tually all contamination from the surface without forma-
tion of defects.?"?> In addition, heating the sample to
greater than 923 K removes excess S, if originally
present, from the MoS, lattice.”® After annealing, the
sample was immediately transferred under vacuum into
the spectrometer chamber (~3X 107 !! Torr base pres-
sure) for analysis. Photoelectron spectra showed sharp
Mo 3d, S 2p, and valence-band spectra that were indica-
tive of a clean, ordered MoS,(0001) surface. Under the
conditions present in the spectrometer chamber, the
highly inert MoS,(0001) surface could remain clean for a
period longer than that required for data collection.

In addition to the valence-band spectra, constant-
final-state (CFS) spectra of the MoS,(0001) surface were
taken for detected electron kinetic energies in a window 3
eV wide centered at 10 eV as hv was varied from just
below the Mo 4p —4d absorption edge to 55 eV. An Al
foil was used to filter out second- and higher-order light
from the monochromator.

III. RESULTS

Valence-band spectra were taken for the following
twenty-two photon energies: hv=26, 28, 30, 32, 33, 34,
35, 36, 38, 40, 42, 44, 46, 48, 50, 53, 55, 57, 60, 63, 65,
and 70 eV. Representative spectra are shown in Fig. 2.
As discussed in the Introduction, the lowest binding-
energy peak, labeled f, represents an electronic energy
level that is primarily Mo 4d22 in character.>*” Peaks la-

beled a through e represent regions of the valence band
that have varying contributions from Mo and S orbitals.
The broad peak at ~ 14 eV represents a predominantly S
3s level, but may contain a small amount of Mo character
(e.g., Mo 5s character! and Mo 5p character’*). In addi-
tion, two broad Auger transitions appear at ~15 and
~25 eV kinetic energy. Their intensities were negligible,
except at higher photon energies for which they appeared
at higher BE’s than the S 3s peak. Therefore, they did
not appear to affect our measurement of relative peak
areas, as discussed below.

The most conspicuous result shown by Fig. 2 is the
large enhancement of peak f in the vicinity of the Mo
4p —4d absorption peak, reaching a maximum at ~42
eV. There are also discernible changes in the relative in-
tensities of the higher BE peaks (i.e., peaks a—e) in the
valence band. Peaks ¢ and d also exhibit some enhance-
ment in the same region of Av as for peak f. In contrast,
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FIG. 2. Valence-band photoelectron spectra of the

MoS,(0001) surface for photon energies that span the Mo
4p —4d absorption edge. Only about half of the spectra used in
this study are displayed for clarity. The spectra are referenced
to the Fermi level (E;). The S 3s peak appears at 14 eV.

peaks a and b only seem to exhibit enhancement at low
values of A v.

We have investigated these changes in more detail by
deconvolution of the valence-band spectra using curve-
fitting techniques. We have chosen this method rather
than directly measuring constant-initial-state (CIS) spec-
tra because of the partial overlap of neighboring features
in the valence-band spectra and the inability of directly
measured CIS spectroscopy to remove background
effects. The various components of the spectra were
determined by fitting with Gaussian peaks (see Fig. 3).
The background was approximated by a combination of a
Shirley background?* and a small Gaussian tail.

Initially, the fitting procedure was applied only to the
spectra for the following photon energies: Av=26, 32,
36, 44, 55, 63, and 70 eV. The peak energy positions,
widths, and heights were allowed to vary. A mean
Gaussian width and a mean energy position were deter-
mined for each peak, and these average values were then
used for fitting all of the valence-band spectra taken for
this study (see Table I). During this second process, only
the heights of the peaks were allowed to vary. This pro-
cedure minimized effects due to small changes in peak
shape, while emphasizing the change in areas of the vari-
ous peaks. The lack of Gaussian shape of peak f was
compensated for by the use of two Gaussian peaks, f,
and f,.

Areas of the resultant peaks were determined and are
plotted versus photon energy in Fig. 4. These plots essen-
tially represent CIS spectra. The resonance behavior of
peak f, the d22 peak, is seen by the presence of a broad

Fano-like resonance!! in its CIS intensity plot, reaching a
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FIG. 3. Peak-fitting results for deconvolution of the Av=236
eV valence-band spectrum into Gaussians. The raw data are
overlaid with the results of the fit in the upper part of the figure.
The Gaussian components that make up the fit are shown in the
lower part of the figure. The background consists of a Shirley
background (Ref. 24) along with a small Gaussian tail. The
Gaussian tail can be seen plotted along the left side. The energy
positions and widths of the peaks are shown in Table 1.

maximum at ~42 eV. Additionally, the CIS intensity
plot for peak f is enhanced at ~50 eV, and exhibits a
small peak at ~31 eV.

These data clarify the results of Ref. 7, in which a dip
was seen in the photoelectron intensity of the d,» peak at

~35 eV for photoelectron spectra taken in the range
hv=30-40 eV. As Fig. 4 shows, this dip is relatively
small compared to the subsequently large rise at 38—42
eV. This minimum is due to the Fano line shape, which
exhibits a small minimum at photon energies slightly
lower than the absorption-edge energy. !

Peaks ¢ and d show resonance profiles that are similar
to peak f, albeit lower in intensity (see Table II). Peaks a
and b do not exhibit the broad resonance beginning at
hv=~42 (see Table II), but do exhibit zv=30 eV peaks
of greater intensity than for the other valence-band

TABLE I. Energies and widths of Gaussian peaks used in
deconvolution of valence-band spectra.

Binding energy Gaussian FWHM®

Peak designation® eV) (eV)
a 6.63 1.30
b 5.44 0.62
c 4.63 0.89
d 3.36 0.80
e 2.74 0.39
fi 2.10 0.43
£ 1.81 0.97

*See Fig. 3.

®Full width at half maximum.
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FIG. 4. CIS intensity plots for photon energies spanning the
Mo 4p —4d absorption edge in MoS,. The curves were pro-
duced by calculating the areas under Gaussian peaks deter-
mined from peak-fitting (see Fig. 3). The horizontal line under
each curve represents zero intensity for that curve. All curves
are on the same scale. The percentage enhancements of each
peak measured through the edge are shown in Table II. The
peak designations are shown in Figs. 2 and 3.

peaks. The CIS intensity plot for peak e has a maximum
at 40 eV, but the width is considerably smaller than for
peaks ¢, d, and f.

Note that we found no evidence for either shake-up
peaks or satellites in the valence-band PES. (The lack of

TABLE II. Resonant enhancement of peaks in the valence
band measured through the Mo 4p-—>4d edge. Resonant
enhancements were measured from percentage increases of CIS
intensity plots between the pre-edge value at 34—-36 eV and the
maximum at 40-45 eV.

Resonant enhancement

Peak designation?® (% increase)®

a 36120
b 74140
c 215+20
d 177420
e 158460
fi 181+40
f2 342420
“See Fig. 3.

®Uncertainties were estimated based on uncertainty of determin-
ing minima and maxima in CIS intensity plots (Fig. 4) in addi-
tion to uncertainty of measuring peak areas in valence-band
spectra.
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shake-up processes in the valence band is also supported
by the absence of shake-up peaks in the core-level spec-
tra.!”) The resonant enhancement of peaks c and d is not
consistent with resonant enhancement of a satellite in this
energy region for two reasons: (1) A resonantly enhanced
satellite peak appearing between peaks ¢ and d would be
expected to fill in the valley between them, but the valley
is still well defined at Av=42 eV, when the resonant
enhancement is at its maximum. (2) Resonant enhance-
ment of a satellite peak is accompanied by a reduction in
intensity in another region of the valence band,!! but no
such reduction is seen in the intensities of any peaks in
the present study.

A constant-final-state (CFS) spectrum of the
MoS,(0001) surface was taken for a detected electron ki-
netic energy of 10 eV, and is shown in Fig. 5. This CFS
spectrum can also be denoted a “partial-yield spectrum,”
since the final state at 10 eV consists mostly of secondary
electrons, and gives information similar to x-ray-
absorption spectra. The 43-eV feature is due to the tran-
sition Mo 4p —Mo 4d, while the 51-eV feature is due to a
transition from the Mo 4p level to higher energy unoccu-
pied Mo 5s and 5p levels (denoted the “Mo 5sp band” for
the purposes of the present study). These observations
are supported by a recent inverse-photoemission spec-
troscopy (IPES) study in which the IPES spectrum shows
a peak ~ 10 eV above the Fermi energy (Ej), in addition
to intensity from 4d states that peak ~1 eV above E.°
Comparison of the IPES with x-ray-absorption spectra
for the S K and Mo Ly edges'® indicated that these
higher-energy states are primarily Mo 5s and/or Mo 5p
in character, with a small amount of mixing with Mo
states.

IV. DISCUSSION

The enhancement of peak f can be described as result-
ing from a resonance between two photon-induced pro-
cesses that have the same initial and final states. Since
peak f represents a state that is primarily Mo 4d in char-
acter, this resonance results from an interference between
the direct photoemission process

Mo 4p%4d? —4pS4d'+e (e) (1)

and the two-step process involving absorption followed
by autoionization

Mo 4p®4d>—4p34d? (2a)

Mo 4p°4d*—4p%4d'+e(¢) , (2b)

where € is the energy of the emitted electron.
The maximum of the d , resonance at 42 eV is at a

higher BE than that expected from the BE of ~37 eV
(Ref. 25) for the Mo 4p core level in MoS,. This delayed
resonance is commonly seen for other transition metal
compounds,'? and has been explained in terms of ex-
change interaction in the configuration produced after ab-
sorption.!! The large width of the resonance (as com-
pared to the width expected for a theoretical line shape!')
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depends on the nature of the conduction-band states, but
also has been explained as being due to solid-state
effects.!!

The partial-yield spectrum (Fig. 5) exhibits peaks at 43
and 51 eV, which correspond well with the energy posi-
tions seen for the curve maximum and shoulder on the
CIS intensity plot for peak f. This result, with the IPES
(Ref. 9) and x-ray-absorption'® results previously dis-
cussed, indicates that the shoulder at ~50 eV in the CIS
intensity plot for peak f is due to resonance of the direct
photoemission process shown in Eq. (1) with a channel
involving absorption to unoccupied Mo s,p levels,

Mo 4p°®4d?—Mo 4p34d?5(sp)! (3a)
followed by autoionization,
Mo 4p34d?5(sp)'—>Mo 4p®4d'+e(€') , (3b)

where €’ is the energy of the emitted electron (e’ —e~8
eV). The origin of the small pre-edge peak in the CIS in-
tensity plot for peak f (Fig. 4) will be discussed below.

If a shake-up process had occurred, instead of the au-
toionization in Eq. (3b), it probably would have resulted
in a 4d O5(sp)1 final state,

Mo 4p>4d?5(sp)' —Mo 4p34d°5(sp)'+e " (€"), (3¢)

where €''=e, which would appear 8—10 eV below the
corresponding initial state in the valence-band spectrum.
The presence of shake-up peaks is common for first-row
transition metals as a result of d-d electron repulsion,
which favors decay mechanisms involving d electrons,
but does not generally occur in second- and third-row
transition metals.?® Therefore, it is not surprising that
shake-up does not occur in MoS,, which, in addition to
being in the second transition series, has only two d elec-
trons (Mo is in the 4+ state), so that d-d repulsion is rela-
tively small.
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FIG. 5. Partial-yield spectrum (or CFS) of MoS, for photon
energies spanning the Mo 4p —4d absorption edge. This spec-
trum was produced by measuring the intensity of electrons with
10 eV Kkinetic energy as the photon energy was ramped. The
sharp edge seen at 36 eV is due to cutoff of second-order light
from the monochromator by an Al filter.
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The conclusion that peak f is predominantly of Mo 4d
character based on resonant enhancement at the Mo 4p
edge is in agreement with most studies on the electronic
structure of MoS, (see Sec. I). However, in an ARUPS
study of MoSe,, whose electronic and crystal structure is
similar to MoS,, the existence of a nondispersing excita-
tion involving a “polaronic” state was seen ~1 eV below
the valence-band maximum (VBM).2 Existence of this
dispersionless transition was not apparent in an ARUPS
study of MoS2,5 however, the energy resolution may have
been poorer than that in Ref. 2. If a transition involving
a polaronic state exists for MoS,, then it would be expect-
ed to appear at a BE of ~2 eV (i.e., referenced to E) in
the present study. In addition, the study of Ref. 2 found
another dispersionless state in MoSe, that was predicted
to have considerable Mo d character at ~1.5 eV below
the VBM (i.e., at ~2.5 eV referenced to Ex). The need
to use two Gaussians (f; and f,) to describe the varia-
tion in the peak shape of peak f, and the small widths of
peaks e and f,| (compared to those for peaks a, b, ¢, d,
and f,), indicates that peaks e and f; (at 2.7 and 2.1 eV,
respectively) are the dispersionless peaks found in Ref. 2
for MoSe,. The larger width of peak f, is consistent with
its interpretation as the predominantly d_, peak at the

top of the valence band discussed in the Introduction.
The interpretation of peaks e and f| as representing tran-
sitions involving levels of predominantly Mo 4d character
is consistent with the observation of their resonant behav-
ior near the Mo 4p —4d absorption edge (see Fig. 4). The
small width of the CIS intensity plot for peak e may be
due to the inability to accurately deconvolute a peak with
such a small intensity, or it may be due to the lack of
strong coupling to the 5sp band due to the localized na-
ture of the electronic level represented by peak e.

The resonance behavior of peaks ¢ and d is consistent
with the presence of considerable Mo 4d character in
these regions of the valence band. In contrast, the lack of
the broad resonance between 40 and 60 eV for peaks a
and b indicates only a small contribution from Mo 4d
states. These results allow partial assignment of the
valence-band peaks to MO levels (i.e., as the initial
states). The Mo 4d behavior of peaks ¢ and d indicates
that they represent the e’ and e’ MO levels, since these
levels are expected to contain Mo 4d character along
with S 3p character.>* The lack of 4d resonance behavior
for peaks a and b is consistent with their representing the
a’ level and the bonding a level [as opposed to peak f,,
which represents the “nonbonding” a(d_,) level].>* The

aj level should contain predominantly S 3p and Mo 5p
character, with negligible Mo 4d character, while the
bonding a level is expected to contain mostly S 3p and
Mo 5s character, with a small Mo 4d22 contribution.>*

The virtual lack of Mo 4d resonance behavior in peaks a
and b indicates that this 4d_, contribution is small indeed

in whichever of these two peaks represents the bonding
aflevel.

These conclusions are in good agreement with the re-
sults of Haycock, Urch, and Wiech.* They proposed an
ordering for the MO levels based on their XES data,
which essentially indicated Mo 4d character in the low
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BE region, S 3p character in the middle and high BE re-
gions, and Mo 4p in the high BE region of the valence
band. As a result, they proposed the following ordering
(with increasing BE): nonbonding aj,e”,e’, bonding ai,
and a5. Their proposal that e’ is at higher BE than e”’,
and that the a level is at higher BE than the bonding a
level, appeared to be motivated by the presence of Mo 5p
character in the higher BE region of the valence band.
However, XES was not conducted for transitions that
might probe other orbitals; for example, Mo 5s, which
would certainly affect the ordering of the bonding @ and
ay levels.

Our results are also qualitatively supported by band-
structure calculations. For MoSe,, which is very similar
to MoS,, partial density of states for Mo and Se
were determined from augmented-spherical-wave band-
structure calculations in Ref. 2, and indicated that Mo 4d
character was present in the middle of the valence band,
but in decreasing amounts for increasing BE. Results
from a self-consistent pseudopotential calculation' also
indicated Mo 4d character in the middle of the valence
band.

Experimental studies, however, have provided differing
views on the role of the various atomic contributions to
different areas of the valence band. McGovern et al.®
have conducted variable photon-energy studies of the
valence band of MoS, in the range 60—150 eV, while Ab-
bati et al.” have conducted a higher resolution study in
the range 65-170 eV (in addition to the 30-40-eV range
discussed in Sec. I). In both cases, a large drop in intensi-
ty of the d , peak (peak f in the present study) relative to
the other peaks was seen for photon energies of ~70-120
eV due to a broad Mo 4d Cooper minimum (CM) that is
centered at ~90 eV.?’ In addition, some evidence is seen
for a CM in the rest of the valence band,” although the
effect is somewhat smaller. In Ref. 7 it was proposed that
the highest BE valence-band peak (peak a in the present
study) had more Mo 4d character than the middle of the
valence band (peaks b, ¢, and d in the present study),
which is in disagreement with our results. However,
some of the relative changes in peak intensities may be
explained by the presence of atomic orbitals other than
Mo 4d and S 3p that also have contributions in the
valence band. As discussed above, the XES study of
MoS,, by Haycock, Urch, and Wiech, showed that a
significant amount of Mo 5p character was present in the
higher BE regions of the valence band.* The photoemis-
sion cross section for 5p states drops faster than either
the Mo 4d or S 3p states as the photon energy is increased
at energies just below the CM.?’ After the CM (i.e., for
hv>120 eV), the PES spectra in Ref. 7 show that the rel-
ative intensity of the d_, peak (peak f) increases some-
what, while the relative intensity of the higher BE peak
(peak a) does not appear to recover.” Therefore, the rela-
tive drop in the intensity of peak a near Av=90 eV may
be due to its partially Mo 5p character. It should be not-
ed that, as discussed above, some Mo 5s character may
also be present in the higher BE valence levels. However,
the photoemission cross section for Mo 5s states varies
similarly to the S 3p cross section in the range
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hv=50-150 eV,”’ so that they would not cause the
difference in behavior between peak a and peaks b, ¢, and
d.

The peak at ~30 eV in the CIS intensity plot (Fig. 4) is
more intense for the higher BE regions in the valence
band and is especially intense for peak a. The enhance-
ment in peaks a and b is clearly seen in the valence-band
spectra in Fig. 2. Some of the changes near Av=30 eV
may be due to the presence of the S 3p CM, which occurs
in the range hv=27-40 eV. However, the small width of
the CIS feature at 30 eV would tend to favor a
resonance-related effect rather than a simple variation in
cross section. One possible explanation involves a S
3s—Mo 5(sp) absorption, which could then proceed to
an S-based autoionization involving the levels represented
by peaks a and b. This is not as farfetched as it might
seem, since there is evidence that there is significant Mo
5s character! and Mo 5p character* in the S 3s level, and
in the levels represented by peak a and peak b. However,
a definitive assignment of this CIS feature is beyond the
scope of the present study. Similar studies of other com-
pounds with well-characterized orbital contributions to
the various areas of their valence bands might provide
answers to the question of resonances involving ligand
levels.

V. CONCLUSIONS

We have conducted a detailed study of the resonance
behavior of the valence band of MoS, near the Mo
4p —4d absorption edge using variable photon-energy
photoelectron spectroscopy. Resonance effects in the
different regions of the valence band were examined by
deconvolution using peak-fitting techniques. The areas
under the resultant peaks were displayed as a function of
the photon energy to give CIS intensity plots that allowed
the determination of the various atomic orbital contribu-
tions to molecular orbitals in these regions. The results
agree well with theoretical studies involving band-
structure calculations and molecular-orbital treatments
performed by other groups and helped to clarify results
from other experimental studies.

Specifically, we found a broad Mo 4p —4d resonance
peaking at 42 eV for the CIS intensity plot representing
the “Mo dzz” level near the VBM, confirming that it is

predominantly Mo 4d in character. The CIS intensity
plots representing the middle of the valence band also ex-
hibited resonant enhancement, although with somewhat
less intensity than for the d , level, indicating consider-

able mixing of Mo 4d states with S 3p states. The higher
binding-energy region of the valence band did not exhibit
the Mo 4p —4d resonance, indicating negligible Mo 4d
character. However, CIS intensity plots from peaks in
this region showed a peak at ~30 eV that may be due to
a resonance with an absorption and autoionization in-
volving electronic states with Mo 5s and 5p character.

In addition, we examined resonant effects of two weak
features in the valence-band PES spectra, at 2.7 and 2.1
eV binding energies (i.e., at ~1.8 and ~ 1.2 eV below the
VBM, respectively). The large proportion of Mo 4d char-
acter, small widths, and energy positions of these peaks
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indicate that they are related to a weakly dispersing peak
predicted in the band structure of MoSe,, and a non-
dispersing peak that has been proposed to represent a po-
laron that exhibits mostly Mo 4d character.?
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