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Initial- and final-state effects in the conduction bands of 2H-MoS,(0001) studied
by k j-resolved inverse photoemission spectroscopy
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The conduction-band structure of the lamellar semiconductor molybdenum disulfide MoS,(0001) has
been studied by k -resolvec_l_ inverse photoemission spectroscopy (KRIPES) along two major symmetry
directions (M'I’' M and K'T K) of the surface Brillouin zone. Among the three observed features, the
lowest-energy one ( A4) is attributed to antibonding combinations of Mo 4d and S 3p states. After decom-
position, the experimental dispersion of its individual components is compared with theoretical band-
structure calculations. An overall agreement is found with three calculations, except for a dispersionless
shoulder observed just above the Fermi level near the T point. This peak is interpreted as resulting from
a narrow impurity band. The relatively high intensity of the A features is explained by a resonant opti-
cal transition with initial states found at 9.5 eV above the Fermi level, which are also detected in the
modulations of the target current. Moreover, from both KRIPES and target current measurements, the
intensity of the various 4 components is observed to behave differently along the two equivalent but op-
posite azimuths TM and T M'. This reflects the asymmetric atomic arrangement of MoS, in this direc-
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tion.

1. INTRODUCTION

The lamellar transition metal dichalcogenides T.X, are
characterized by a two-dimensional crystal structure with
strong chemical bonding in a quasi-two-dimensional
sandwich-type layer and only weak interaction between
the layers. The sandwich layers are formed by X-T-X re-
petition units, where X can be S, Se, and Te while T
stands for a transition metal of the IVB, VB, or VIB
group. There are three possible symmetries of the
cleaved surfaces of these crystals: trigonal, hexagonal,
and rhombohedral but different stacking sequences be-
tween the layers lead to different sizes for the unit cell in-
dicated by a number n before the layer symmetry.! Due
to their anisotropic optical, mechanical, and transport
properties and intercalation possibilities, these lamellar
compounds have been extensively studied with various
experimental  techniques.?™!2 Moreover, modern
‘heteroepitaxial techniques, known as van der Waals epi-
taxy, use cleaved surfaces of such lamellar materials as
starting substrates because their weak bonding favors the
crystalline growth, even in the absence of a good lattice
match between substrate and adsorbate. 13

Among the TX, family, 2H-MoS, is a semiconductor
where each molybdenum atom links to six sulfurs with
covalent prismatic trigonal bonding [Fig. 1(a)]. 2H
means that the symmetry of each layer is hexagonal and
that the unit cell contains two sandwich layers of S-Mo-S
rotated by 60° and translated with respect to one another
is shown in Fig. 1(b). The crystal symmetry belongs to the
D¢, space group and the three-dimensional Brillouin
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zone (BZ) is shown in Fig. 1(c). From band-structure cal-
culations, it follows that the top of the valence band is sit-
uated at I" and that the bottom of the conduction band is
reached halfway between I" and the K point. The experi-
mental value of the indirect band gap is 1.2 V.3 Recent-
ly, the valence-band dispersion of 2H-MoS, has been
measured by angle-resolved photoemission spectroscopy*
(ARPES) in both directions parallel and perpendicular to
the basal plane. This result has been used to test the oc-
cupied band structure of the material as predicted by
different theoretical approaches?1471° reviewed by
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FIG. 1. Schematic drawing of the MoS, crystal showing (a)
the trigonal prismatic coordination of the molybdenum atom
linked to six sulfurs with a =3.160 A and ¢ =12.294 A as struc-
ture parameters (Ref. 1); (b) [110] cross section of the hexagonal
unit cell (Ref. 2); (c) first Brillouin zone of a hexagonal Bravais
lattice.
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several authors. !> The best agreement was found when
a self-consistent approach was used. On the other hand,
one single angle-integrated experiment has been reported
on the unoccupied band structure.’

In this paper, we reported on k-resolved inverse pho-
toemission spectroscopy (KRIPES) and target current
spectroscopy (TCS) measurements of the conduction-
band dispersion of 2H-MoS, along two major symmetry
directions. The results will be compared with three
theoretical predictions. With the combination of
KRIPES and TCS, a resonant optical transition is found
for the higher intensity of the lowest-energy band ob-
served in the photon spectra. An asymmetric intensity ra-
tio is clearly observed in the M'T" M direction which is re-
lated to the structure of the material.

II. EXPERIMENT

The experiments have been performed in an UHV
chamber (base pressure 107 !° Torr) equipped with a low-
energy electron diffractometer (LEED) and the inverse
photoemission system consisting of a BaO
electron gun and an elliptical mirror to focus photons
emitted in a large solid angle towards a Geiger-Miiller
photon counter. Together with its SrF, high-pass win-
dow, this detector operates at an isochromatic energy of
9.5 eV. The global energy resolution of this system is
about 350 meV while the angular resolution is defined by
the dispersion of the electron beam which is about 3° in
the optima! conditions. More details about this spec-
trometer have been given elsewhere.?! A KRIPES spec-
trum is obtained by scanning the kinetic energy of the in-
cident electron at a certain polar angle 6. The k-
dependent band features are investigated by rotating the
electron gun in a vertical plane perpendicular to the sam-
ple from either side of the surface normal along high
symmetry directions within the surface planes associated
with ' ALM and T" 4HK [see Fig. 1(c)] of the Brillouin
zone. In that configuration, TM (T K)and TM' (T K’)
correspond to opposite azimuths of the same direction of
the surface BZ, scanned, respectively, by positive and
negative angles of rotation of the electron gun.

A basal surface was obtained by covering the surface of
a natural 2H-MoS, single crystal with an adhesive tape
and stripping it inside an introduction chamber under a
pressure of 1078 Torr. The sample was then immediately
transferred in vacuo to the analysis chamber where the
base pressure was 107! Torr. Such a low pressure allows
ample time for the KRIPES measurements on this very
inert surface. A sharp hexagonal LEED pattern was ob-
served. As the sample was mounted on a rotating holder,
the azimuth ¢ can be adjusted manually to align the two
main directions into the plane of incidence of the electron
beam. We point out that the accuracy of the azimuth
alignment is also limited by the roughness of the surface
obtained from the above-described cleavage procedure.
The energy reference of the KRIPES spectra was set at
the Fermi level and measured from the cutoff of the emis-
sion from a clean tantalum foil, which was in good elec-
tric contact with the sample.
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III. RESULTS AND DISCUSSION

A. Experimental conduction-band dispersion

Figure 2 shows the KRIPES spectra recorded in the
T'M and T M’ directions from both sides of the surface
normal. The intensities have been normalized to the
transmitted sample current. The experimental data are
presented with dots while the corresponding solid lines
are obtained by the sum of a linear background and a set
of Gaussians. One example of such a set is plotted at the
bottom of Fig. 2. Only the significant peaks are marked
and will be considered in the later discussion, while the
others are only used to fill the whole energy range. The
number of Gaussians is kept constant in all the fitting
procedure and their widths are smaller than 1 eV.

Three distinct features are seen in Fig. 2.

_ (1) The higher-energy feature (C) only appears near the
I" point. It splits into two peaks for 6==5° and disap-
pears after 10°.

(2) A nondispersive peak (B) appears at 6 eV around
6= —30° but it is less significant on the other side of posi-
tive angles (see left panel of Fig. 2).

(3) Most of the observed photons are concentrated in
the lower-energy feature ( 4). It starts with a sharp peak
(A,) with two shoulders (labeled as 4,, A3) sitting on
both sides. A, reaches its maximum intensity near the
zone boundary. 4, always remains dominant over the
whole BZ and starts to split into 4, and A around
6=115°, where A4, disappears. A large dispersion of the

Normalized photon counts (arb. units)
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FIG. 2. Inverse photoemission spectra recorded in the T' M
(positive angles) and I' M’ (negative angles) directions. A typi-
cal fitting with a set of Gaussians after linear background sub-
traction is shown for the experimental spectrum at 6=0°. The
intensities are normalized to the target current.
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order of 1.5 eV is clearly observed for the band 45. A
shoulder splits out again from A4, around 6= —30°
which is labeled as A45. This latter splitting is not so
clearly observed on the other side.

The KRIPES spectra recorded in the K'T K direction
are plotted in Fig. 3. Similarly to the M'T M direction,
three features can be distinguished: (1) peak C appears
near the BZ center but it does not seem split in this case;
(2) peak B comes oui after 6= —30° but is essentially
significant for the negative polar angles as observed in the
M'T M direction; and (3) for the lowest-energy feature
(A), four bands can be tracked. As a shoulder sitting at
the lowest energy of the conduction band, the intensity of
A, reaches its maximum at 6=130° corresponding to
the middle of T K. As in the T' M direction, two split
structures originating from A, are visible. The first one
(A3) emerges around 12.5° on both sides and its intensity
increases very fast until 40° where the second splitting
(A%5) occurs. The origin of this second structure is not
clear as it seems to stem from A; for the positive polar
angles, but from A, for the negative ones. In any case,

its energy dispersion is almost symmetric with respect to

Let us point out that KRIPES measurements are
affected by the distribution of the initial states involved in
the radiative transitions of the incident electrons. If the
initial states are uniformly distributed in the (E,k)
plane, the KRIPES spectra will reflect the density of the
final states over the whole BZ. On the contrary, struc-

Normalized photon counts (arb. units)
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FIG. 3. Inverse photoemission spectra recorded in the T K
(positive angles) and T K’ (negative angles) directions. A typical
fitting with a set of Gaussians after linear background subtrac-
tion is shown for the experimental spectrum at 6=0°. The in-
tensities are normalized to the target current.
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tures in the initial-state density will affect the KRIPES
peak intensities and emphasize particular points of the
conduction bands. For the band mapping, we will mainly
concentrate on the lowest-energy feature A4, for which
calculations are available. With the peak positions (E)
determined by the above-described fitting procedure, and
considering that because of the presence of the surface,
the electron momentum is conserved only for the com-
ponent parallel to the surface (k), we obtain the follow-
ing equation:

|k;||:

2m
ﬁZ

1/2
(Ef-i-ﬁw—dbs)‘ sind , )

where 0 is the angle of incidence of the electron beam, m
is the free electron mass, E £ the energy of the final state
referenced to the Fermi level, #iw the photon energy, and
¢, the sample work function, which is 4.9 eV for 2H-
MoS,.!! The experimental bands are plotted in Fig. 4 for
the M'T M and K'T K directions, respectively, where the
full dots correspond to well-resolved peaks while the
open dots represent shoulders, whose positions are less
accurate. Five individual branches (labeled as 4, 4,,
A%, A%, and A4;) which are symmetrically distributed on
both sides of the BZ can be distinguished. The lower-
lying branch A4, is almost flat for both directions, while
A, is only observed near the T point in the M'T M direc-
tion. From the BZ center, a degenerated peak A, splits
into three branches: A4,, A5, and 4.
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FIG. 4. Energy dispersion of the conduction-band states ex-
tracted from the measurements of Figs. 2 and 3, in the M'T M
and K'T K directions, respectively.
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B. Comparison with the theoretical predictions

The conduction-band structure of 2H-MoS, has been
calculated by several authors. For comparison with the
experimental data, we have selected three different
theoretical predictions which agree at least partially with
the experimental data. These calculations are based on
the augmented spherical wave? method (ASW), the aug-
mented plane wave! (APW), and the layer method
(LM).'® As it is known, the experimentally measured
E (k) dispersion direction does not exactly match one
symmetry direction of the calculation, like M or AL
(see Fig. 1), but rather corresponds to a complex path
within the selected plane, like I'ML A. Figures 5 and 6
reproduce part of the predicted conduction bands in the
high symmetry directions of the three-dimensional BZ.
The theoretical directions are indicated at the top of the
plots, while the experimental orientations in the surface
BZ are indicated at the bottom. The superposition is

FIG. 5. Comparison between three different theoretical pre-
dictions (solid lines) and experimental data (dots) for the M'T" M
direction. Theoretical models: (a) augmented spherical waves;
(b) augmented plane waves; and (c) layer method. Full dots indi-
cate peaks which are well resolved experimentally, open sym-
bols refer to shoulders.
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done by rigidly shifting the predicted bands in order to
align the degenerate band A4, at the I" or 4 point.

All three different approaches predict that the 4 band
is highly degenerate at the I' point and is then split into
several branches towards the zone boundaries. The pre-
dicted width in the I'M direction is 3.5, 2.2, and 2.7 eV
for ASW, APW, and LM, respectively, while it is 3.6, 3,
and 4 eV in the I'K direction. As can be seen in Figs. 5
and 6, these calculated bandwidths are always larger for
I'K and T'M than for AH and AL. The measured width
of the A, band including its split branches is 2.2 and 2.8
eV for T K and T M, respectively. Considering that the
experimental data correspond to projections in the
I'MLA and TKHA planes, an overall agreement is
found. For instance, in Fig. 5(a), the experimental points
in the I' M direction went out of the prediction for the

FIG. 6. Comparison between three different theoretical pre-
dictions (solid lines) and experimental data (dots) for the K'T' K
direction. Theoretical models: (a) augmented spherical waves
(ASW) from Coehoorn, Haas, and de Groot (Ref. 3); (b) aug-
mented plane waves (APW) from Mattheiss (Ref. 14); (c) layer
method from Wood and Pendry (Ref. 16). Full dots indicate
peaks which are well resolved experimentally, open symbols
refer to shoulders.
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AL direction, but they are well fitted by the projection of
the I'M prediction.

The lowest-energy branch A4, is found around 0.4 eV
above the Fermi level in both major directions. This
dispersionless band is visible at all incident polar angles,
but its intensity is higher for the k values for which a
state is predicted in this low-energy range by the ASW
and LM calculations. It is likely that this peak results
from two contributions: one from the splitting of 4, and
the other one from a flat “impurity” band since cleavage
of 2H-MoS, usually produces a sulfur-rich surface.® In
fact, a narrow occupied band situated just below the Fer-
mi level is observed by photoemission in nearly all 7X,
layered compounds.?> It is thus reasonable to argue that
the observed A4, peak reflects the corresponding anti-
bonding counterpart of this state.

On the other hand, the presence of the 4; band near
the BZ center is more evident in T M than in T K. This
band qualitatively follows the same curvature as the up-
permost branch expected from the ASW calculations but
its absolute energy is significantly higher. This fact to-
gether with the intensity asymmetry will be explained by
an initial-state effect to be discussed later.

C. Intensity asymmetries

Although the peak positions of all the observed bands
symmetrically disperse in the (E,k;) space, an asym-
metry of the intensities can be clearly seen in Figs. 2 and
3. For instance, 45 is more intense for the positive polar
angles in the T K direction and a higher asymmetry of
the peak intensities is observed in the M'T' M direction.
This asymmetry observed in the inverse photoemission
spectra is not an artifact but stems from the intrinsic
atomic structure of 2H-MoS,. Indeed, similar effects
have already been reported on the photoemission spectra
of the 1T-TiTe, surface.’

A schematic view of a 2H-MoS, crystal is displayed in
Fig. 7, where the high symmetry directions of the BZ are
indicated together with the atom positions in the real
space. The cleaved basal surface is terminated by a hex-
agonal sulfur monolayer. The underlying Mo layer fills

'M [2130]

» TK [1010]

1st layer

Os
QMo}

@
} 2nd layer

QMO
-

FIG. 7. Projection, along the c axis, of the atomic arrange-
ment of the Mo and S atoms in two adjacent layers of 2H-MoS,
with the indication of the two basis vectors (a and b) in the
direct space and the two high symmetry directions (TK and
T M) of the BZ.

I'M' [2130]
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only three hollow sites presented by the hexagonal net-
work while the third sulfur layer matches exactly the first
one. The unit cell contains another S-Mo-S sequence ro-
tated by 60° and translated in order to find a molybdenum
belonging to the second sandwich, right under the central
sulfur atom of the first sandwich. In this sense, the atom-
ic structure along [2130] and [2130], corresponding to
I’ M and I" M’ in the reciprocal space, is not identical. A
similar structural asymmetry can be found for the
H/Si(111) surface. Instead of p-d hybridization,
H/Si(111) is an s-p coupled system on which both intensi-
ty and dispersion asymmetries have been reported by
KRIPES (Ref. 21) and ARPES.?

In the case of TX,, the intensity asymmetry is well
known in the valence-band dispersion experiments.
Moreover, recent scanning tunneling microscopy (STM)
results on MoS, have shown that the lowest conduction-
band states exhibit node planes through the S atom and a
strongest tunneling current intensity is obtained over the
subsurface Mo sites when the distance between the tip
and sample is large.?* This implies that there is a long
lobe of hybridized p-d antibonding band located near the
Mo sublayer pointing out the first sulfur layer, which is
clearly asymmetric along the M'T' M direction. On the
contrary, it should be symmetric along T' K. Neverthe-
less, as described above, we have observed some intensity
asymmetry in this direction, which could be explained by
the sample roughness resulting from the cleavage pro-
cedure and/or by a slight misalignment of the azimuth ¢.
Taking these facts into account, we can understand why
the contribution of these asymmetric components be-
comes more and more important near the boundary of
the BZ.

The intensity asymmetry along the M'T M direction is
also observed in the target current spectra. As men-
tioned above, the target current is always recorded dur-
ing the KRIPES measurements and used to normalize
the photon counts. On the other hand, as it has been
demonstrated on graphite surfaces, the modulation of the
TCS reflects the band structure of the unoccupied states
above the vacuum level since the other effects can merely
cause a continuous background.?* Low-energy electron
transmission (LEET) spectra, which can provide informa-
tion similar to that provided by TCS, have recently been
measured by Ueno et al.?> on an in situ cleaved MoS,
surface. Comparing with our angle-resolved TCS, their
LEET spectrum is similar to the TCS spectra recorded
near the T point.

The whole set of TCS data is plotted in Fig. 8, where
the energy reference is the Fermi level. Several features
can be identified as C, A*, and B* bands. All these
bands are symmetrically distributed with respect to the r
point in K'T K direction while only C is symmetric for
the M'T M direction. Due to the fact that there is usually
a smooth background underpinning the current modula-
tion, it is difficult to follow all the peak positions exactly
in order to provide a band dispersion.

As it is commonly accepted, the modulation of the
unoccupied states can be emphasized by using the nega-
tive second derivative ( —d I /dE?) of the TCS data. This
is illustrated for 6=0° in curve (c) of Fig. 9. Compared
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FIG. 8. Target current spectra recorded on 2H-MoS, during
the KRIPES measurements along the two principal directions
I'K and I” M of the BZ.

with the raw TCS data (a), the derivative (c) provides a
better determination of the three bands and reveals some
additional fine structures which are not discernible in the
current spectrum. However, care should be taken when
interpreting these fine structures because the second
derivative of one peak usually produces more than one
peak. This is the reason why we will not use them to map
the bands. Still, useful information can be directly ex-
tracted from our TCS spectra: the sharp C band is only
present near the BZ center and does not disperse
significantly, while the very broad 4* and B* bands are
dispersive.

D. Initial-state effects

Since the intensity of the photon spectrum is deter-
mined by the joint density of states while the TCS only
provide the initial-state modulation, we can expect that
some of the conduction bands can be observed in both
techniques in the common energy range. For this reason,
the corresponding KRIPES spectrum is plotted in Fig.
9(b) together with the TCS (a) and its negative second
derivative (c). One can immediately find that the same
conduction-band state C is present at 9.5 eV in all spec-
tra. In the current spectrum, it represents a direct
matching of the incident electron wave with the
eigenwave function of this state, while it appears in the
photon spectrum as the final state corresponding to the
radiative transition from the initial state situated 9.5 eV
higher. Because there is a dip at 19 eV above the Fermi
level, the peak C observed in the photon spectrum is real-
ly a final-state effect. In the meantime, we recognize that
this peak is observed only near the center of the BZ for
both cases (T’ K and T M), which implies that the lobe of
the wave function of this state is oriented perpendicularly
to the surface, and suggests that it most probably origi-
nates from the sulfur p, states.

In order to show more clearly the initial-state effects on
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FIG. 9. (a) Target current spectrum corresponding to the
KRIPES spectrum (b) measured on 2H-MoS,; at I'; (c) negative
second derivative of the target current spectrum (b).

the KRIPES spectrum, we have rigidly shifted the TCS
and its corresponding second derivative by the detected
photon energy (9.5 eV) towards lower energy, as shown in
Fig. 10. This brings three interesting considerations. (1)
The high intensity of the 4 band can be explained by the
resonant transition between the 4 * and 4 bands. As the
width of the A * band is much larger, the splitting and
dispersion seen in Figs. 2-4 originate mainly from the A4
band. (2) The asymmetry of the observed KRIPES inten-
sities can be partially attributed to an initial-state effect.
As the shape of the 4 * band is determined by the TCS,
an asymmetry observed in the current spectra shall in-
duce an equivalent asymmetry in the density of states. (3)
The A; peak intensity observed in KRIPES can be attri-
buted to an initial-state effect due to a higher density of
states appearing in the A4* band. As it has been men-

A A *
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FIG. 10. Same spectra as Fig. 9, with (a) current and (c) neg-
ative second derivative both shifted by the isochromatic photon
energy of 9.5 eV.
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tioned, the dispersion of the A4, band follows the same
curvature as the predicted A} branch, it can be under-
stood that A4; is in the tail of the 4, band but enhanced
by high initial-state density. The resonance disappears
when the 4 * band disperses towards lower energy while
k, increases, which explains why A3 only appears near

the I point.

IV. CONCLUSION

The conduction band of 2H-MoS, has been investigat-
ed by k-resolved inverse photoemission along two main
symmetry directions, M'I’ M and K'T" K. The dispersion
of the lowest bands (A4) has been compared with three
different calculations and a good general agreement has
been found with the projected band structures. The

lowest-energy state, not predicted by the theoretical ap-
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proaches has been tentatively explained by an impurity
band. On the other hand, the origin of the intensity
asymmetry of the KRIPES spectra along M'T' M has
been attributed to the asymmetrical atomic structure of
the sample. Finally, the same conduction-band state situ-
ated around 9.5 eV above the Fermi level is detected as
an initial state in the TCS measurement and as a final

state in the photon spectra.
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