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Atomic and electronic structure of WSe2 from ab initio theory:
Bulk crystal and thin film systems

D. Voß, P. Krüger, A. Mazur, and J. Pollmann
Institut für Theoretische Physik II - Festko¨rperphysik, Universita¨t Münster, D-48149 Mu¨nster, Germany

~Received 7 July 1999!

We report onab initio bulk and surface atomic and electronic structure calculations of WSe2. The calcula-
tions are based on the local-density approximation employing nonlocal, normconserving pseudopotentials
together with Gaussian orbital basis sets. We have carried out a fairly general case study including analyses of
the effects of basis set,k integration, structure parameters, and relativistic corrections on the band structure and
the atomic properties. We find that the energy of particular band-edge states is extremely sensitive with respect
to the lattice parameters and to spin-orbit coupling. Our results for the bulk atomic and electronic structure
resolve recent controversies in these quantities, as discussed in the literature, and shed light on their origins. In
particular, it had been suggested that surface effects might be the cause of the deviations. To resolve this issue,
we have studied surface atomic and electronic properties for a number of WSe2 thin films. Our results allow us
to quantitatively interpret experimental results from angle-resolved photoemission spectroscopy and to predict
the influence of the film thickness on electronic properties.@S0163-1829~99!04843-2#
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I. INTRODUCTION

Within the last decade the properties of many laye
transition-metal dichalcogenides have been investigate
detail. WSe2, which belongs to this group of materials, is
semiconductor with a fundamental band gap of 1.2 eV
consists of sandwich layers of about 3.3 Å thickness co
prising a metal layer in the middle and two chalcogen laye
one above and one below the metal layer. These sand
layers are separated from each other by 3.1 Å giving rise
the layered structure of the material. There is a strongp-d
interaction within the layers but only a fairly weak van d
Waals interaction between neighboring sandwich layers.
bulk crystal, in consequence, shows significant anisotr
effects in relevant physical properties. These can be use
open up a wide range of possible applications. The phys
properties of layered transition-metal dichalcogenides c
e.g., be monitored in the laboratory by intercalating layers
other materials between the sandwiches giving rise to larg
different properties, as one example.

Furthermore, there are very interesting possibilities of c
ating microscopic structures by manipulating a WSe2 surface
on a nm scale or even on an atomic scale by the tip o
scanning tunneling microscope~STM!.1,2 The creation of
such structures ofnmsize can be achieved by the variation
the tip distance from the sample surface, as well as, by
plying voltage pulses.3,4 The resulting structures, which ap
pear as hills with a diameter of a fewnm, were found to be
time-stable when their creation was achieved by volta
pulses. Besides, they could be erased in a well-defined w3

In addition, the size of the gap and the high resista
against photocorrosion makes this material interesting
photovoltaic applications. Indeed, WSe2 is known as a pro-
totype for electrochemical solar cells.5,6 Efficiencies up to
17.1% for an n-WSe2 /I2,I2 /Pt solar cell have been
reported.7 In this context, the electronic structure of WSe2,
in general, and the exact position of its valence-band m
PRB 600163-1829/99/60~20!/14311~7!/$15.00
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mum ~VBM ! in k space, in particular, have been subject o
number of detailed experimental and theoretic
investigations.8–11Straubet al.8 and Finteiset al.9 have com-
pared their angle-resolved photoelectron spectrosc
~ARPES! and angle-resolved inverse photoelectron spect
copy ~ARIPES! data with the results of their full potentia
fully relativistic linear augmented plane-wave~LAPW! cal-
culations. Traving et al.11 compared their ARPES an
ARIPES data with the results of their fully relativistic linea
muffin-tin orbital ~RLMTO! and extended linear augmente
plane-wave ~ELAPW! calculations. While the latter
authors11 find the VBM near theG point, the former
authors8,9 find it near the sixfold degenerateK point. In the
detailed results of these references8,9,11 there are more subtle
deviations, in addition. The partially controversial results
these publications8,9,11 have been vividly discussed durin
the last few years.

Very recently, Finteiset al.10 have reported in an ERRA
TUM, that their finding concerning the type of the band g
~direct versus indirect! originated from an incorrect structur
parameter used in their calculations (c value, see below!.
Still, there are differences in the results of the two differe
approaches, cited above. There remain questions with res
to the basis set, the potential, the self-consistency proced
the lattice constants, and the importance of relativistic c
rections.

To contribute to a more basic understanding of import
physical properties of transition-metal dichalcogenides,
general, and of WSe2, in particular, we have carried out
systematicab initio case study of the atomic and electron
structure of WSe2, investigating the influence of calcula
tional details~basis set, pseudopotentials, scalar or fully re
tivistic calculations, experimental or theoretical lattice co
stants! on the resulting properties. By applying the
approaches within the same methodological framework,
can identify which features in the results are mere artifacts
the approximation used and which are true physical prop
ties of WSe2.
14 311 ©1999 The American Physical Society
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In addition, we have thoroughly investigated the build
of the bulk band structure with the number of sandwich la
ers. For this purpose, we have investigated films of one u
five sandwich layers~i.e., three up to fifteen atomic layers!.
In particular, the five sandwich system can be regarded
model of the experimentally investigated surface system

The paper is organized as follows. In Sec. II, we brie
describe the theoretical method applied. Setion. III is
voted to the presentation and discussion of our theore
results. Structural and electronic properties of the WSe2 bulk
crystal are discussed in Sec. III in comparison with ARP
and ARIPES data from experiment. In Sec. III A, we rep
structural and electronic properties of thin WSe2 films of
varying thickness in comparison with respective data.
short summary concludes the paper in Sec. IV.

II. METHOD OF CALCULATION

The calculations have been carried out employing den
functional theory within local-density approximatio
~LDA !.12 We have used the normconserving, nonlo
pseudopotentials of Bachelet, Hamann, and Schlu¨ter13 in the
nonseparable form of Ref. 13, as well as, normconserv
nonlocal pseudopotentials of Gonze, Stumpf, and Scheffl14

in the fully separable form of Kleinman and Bylander.15 The
exchange-correlation energy was taken into account u
the Ceperley-Alder16 form as parametrized by Perdew an
Zunger.17

As a basis to represent the wave functions, we use
Gaussian orbitals ofs, p, d, ands* symmetry per sandwich
layer and spin. Since two sandwich layers are containe
the bulk unit cell, we employ 200 localized orbitals in o
basis for abulk calculation. These orbitals are localized
the atomic positions, namely 40 at each W and 30 at eac
atom. As decay constants of the Gaussians we employ 0
0.45, 1.18, and 3.10 for tungsten and 0.17, 0.41, 1.00
selenium~in atomic units!. A linear mesh of about 0.2 Å in
real space is used for the representation of the charge de
and the potential. Test calculations with an extended b
set including Gaussians that are localized between the s
wich layers, as well as, denser meshes exhibit only neglig
changes in the electronic properties. The spin-orbit inter
tion is considered in each step of the iteration. It is treated
an on-site approximation, i.e., only integrals with the sa
location of the Gaussian orbitals and the spin-orbit poten
are taken into account. In our calculations of the proper
of WSe2 filmswe have employed supercells of one up to fi
sandwich layers separated by appropriately thick vacu
layers. Brillouin-zone integrations in thebulk calculations
have been carried out using 12 specialk points in the irre-
ducible part while in ourthin film calculations we have use
6 specialk points.

III. RESULTS AND DISCUSSION

WSe2 consists of single Se and W layers. Each sin
layer forms a two-dimensional hexagonal lattice. Three
such layers, one W and two Se layers, build Se-W-Se sa
wich layers. In each sandwich layer, the Se atoms of the
Se layers reside on top of each other while the W ato
between these two Se layers are positioned in every se
-
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empty site of the two-dimensional hexagonal Se lattice~cf.
Fig. 1!. Therefore, the tungsten atoms have a trigonal p
matic coordination with regard to selenium. The parallel p
sition of one sandwich layer relative to the next determin
the vertical size of the bulk unit cell, which contains tw
sandwich layers in the case of WSe2. In this unit cell, the W
atoms of one sandwich layer reside on top of the Se atom
the next layer and vice versa. Hence, the stacking orde
the two-dimensional hexagonal lattices is -ABA-BAB- ~cf.
Fig. 1!. The space group of the structure, which is call
2Hb , is the non symmorphousD6h

4 or P63/mmc, respec-
tively. The corresponding Brillouin zone together with th
irreducible part and the high-symmetry points is shown
Fig. 2. The experimentally determined18,19,9values of the lat-
tice parameters fora range from 3.280 to 3.286 Å and forc
from 12.950 to 12.976 Å. The half diameter of the sandw
layer has been measured18 asz50.129•c, resulting inz val-
ues from 1.671 to 1.674 Å. The distance between the sa
wich layersw5c/222z is therefore, found in the range from
3.133 to 3.140 Å.

A. Structural and electronic properties of bulk WSe2

1. Structural properties of WSe2

The optimization of the bulk crystal structure is done
total energy minimization with respect to the lattice para

FIG. 1. Crystal structure of WSe2. The structure parametersz
andw are indicated, as well.

FIG. 2. Bulk Brillouin zone together with the irreducible part
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etersa andc, as well as, to the half diameter of the sandwi
layerz. Using pseudopotentials in the fully separable form
Ref. 14 and neglecting spin-orbit interaction, we obtaina
53.285,c512.748, andz51.678 Å, which is 0.132•c. This
gives an intersandwich layer distancew of 3.018 Å. Includ-
ing spin-orbit interaction in our calculations, yields structu
parameters within 0.3 to 0.7 % of the former results. Sin
inclusion of the latter leads to small deviations only, we n
glect the numerically very time consuming incorporation
the spin-orbit interaction for the structure optimizations p
sented in this paper. In both cases, the differences betw
our theoretically determined lattice parameters and the
perimental values are small. The deviations are in the o
of 1% for a, 3% for c, and 1% forz, resulting in a deviation
of about 4% forw. Likewise, using the pseudopotentials
Ref. 13 in the nonseparable form in our calculations, yie
structure parameters, which differ up to 2% from the resu
mentioned above, as well.

The relatively large difference between the measured
calculated values ofw andc, respectively, may be related t
an insufficient description of the long-range interactions
tween the sandwich layers within the local dens
approximation.19

2. Electronic properties of WSe2

The experimental and theoretical lattice parameters
almost the same, as discussed above. Therefore, we
show in Fig. 3 the bulk band structure of WSe2 as resulting
for the theoretical lattice parameters.

The electronic configuration of the Se atoms
@Ar#3d104s24p4 and that of the W atoms is
@Xe#4 f 145d46s2. In consequence there is a fairly strongp
2d interaction between the W and the Se layers within e
sandwich layer, while the interaction between neighbor
sandwich layers is only weak and of van der Waals ty
While the lowest valence bands at214 eV exhibit strong
Se4s character, the valence bands above28 eV, as well as,
the lower conduction bands originate mainly from hybridiz
Se4p2W 5d states.

We do not address each particular band of these b
structures in great detail but rather focus on a few sal
features. The upper valence bands have a width of 7.42

FIG. 3. Bulk band structure of WSe2 for the theoretical lattice
constants. Note that the band structure shows an indirect gap.
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when the theoretical and 7.19 eV when the experimental
tice constants are used in the calculations. The calcula
optical gap energy is 0.77 and 0.86 eV, respectively, in
two cases. Thus, the well-known underestimate of the
energy within LDA amounts to 39% and 32%, respective
The experimental band gap energy is about 1.2 eV.20 The
conduction-band minimum~CBM! results from both calcu-
lations at 55% of theG-K distance, which happens to coin
cide with the measured value.11 The valence-band maximum
results in the center of the Brillouin zone at theG point in
both cases using the theoretical, as well as, the experime
structure parameters. The difference between the energy
ues of the topmost valence band at theG and theK point is
about 32 meV larger when we employ the theoretically o
timized structure parameters, as compared to the calcula
employing the experimental structure.

Let us look at the two most prominent uppermost valen
bands in some more detail~see Fig. 3!, as they result from
our fully relativistic calculations. As the main effect of th
inclusion of spin-orbit interaction, we observe a removal
the degeneracy of these bands alongA-H-L, which obtains if
spin-orbit interaction is neglected. In contrast, a splitti
alongG-K-M is observed even without including spin-orb
interaction. At theK point, these upper two valence ban
exhibit mainly metaldxy /dx22y2 ~about 76%) and chalcoge
px /py ~about 23%) character. Therefore, the respect
states originating from thep2d hybridization are directed
parallel to the sandwich layers. FromK to H, i.e., perpen-
dicular to the layers, this characteristics does not change
much. Therefore, the two uppermost valence bands s
only a weak dispersion alongK-H ~about 0.1 eV for the
upper band!. On the other hand, the dispersion perpendicu
to the layers of the topmost valence band atG, which exhib-
its mainly metaldz2 ~about 67%) and chalcogenpz ~about
21%! character, is twice as large. For the second topm
valence band~about 98% Sepz) the dispersion alongG-A is
with 0.8 eV even larger indicating the interaction betwe
the sandwich layers.

An overview on the results of experimental and theore
cal investigations determining the position of the VBM in th
Brillouin zone is given in Tables I and II, respectively. Tw
positions ink space, one atG and the other atK, are favored
as VBM by these studies. To ease the comparison of
results from the literature and from our calculations, we d
fine the quantityDE as the energy difference between t
highest occupied valence band atG and atK as

DE5Evb
max~G!2Evb

max~K !. ~1!

Within this definition, a positive value ofDE indicates that
the VBM is atG, and a negative value means that the VB
is atK. In Table II we have labeled the different results of t

TABLE I. MeasuredDE5Evb
max(G)2Evb

max(K) values as resulting
from various experiments.

Method VBM DE ~meV! Ref.

ARPES G 400 21
ARPES G 30 11
ARPES K 280 9
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various calculations by the method used for the calculatio
the geometry used, i.e., theoretical or experimental lat
parameters, and whether they have been carried out wit
without spin-orbit interaction. The comparison of the the
retical results from the literature~see the first five lines in
Table II!, shows that most of these calculations have e
ployed different crystal parametersa, c, and especiallyz.
Furthermore, some of these calculations have neglected
spin-orbit interaction. In addition, the different calculatio
have been based on different methods. Thus, a direct c
parison of these results is not straightforward at all. Diff
ences in the results can very well be due to differences in
methodology used.

To clearly identify the influence of the structure para
eters used in the calculations and the effects of including
neglecting spin-orbit interaction onDE, we have analyzed
these different cases on equal footing within the framew
of one and the same method. The results are shown in
lower part of Table II. Our investigations using the theore
cally optimized crystal structure yield a difference ofDE
5102 meV between the calculation with and without sp
orbit interaction taken into account. However, the valen
band maximum is atG in both cases. Including spin-orb
interaction and employing the experimental lattice structu
the difference in energyDE of the topmost band atG andK
decreases to only 39 meV, which is in excellent agreem
with the experimental value of 30 meV found by Travin
et al.11 In Table II, we see a sensitive dependence ofDE on
the ratioz/c and on spin-orbit interaction.

We have, therefore, studied the dependence ofDE and of
the energy of the indirect optical gapEg on z andw, i.e., on
half the sandwich layer thickness and the separation betw
the sandwich layers. With increasingz for fixed a andw, as
well as, with increasingw for fixed a andz, these quantities
show significant changes. The results are plotted in Fig
and 5. These calculations were carried out at the experim
tal values ofa and w or z, respectively. The plots show a
almost linear dependence ofDE as a function ofz and w.
With increasing values, in both cases, the position of
VBM in k space changes fromG to K for slightly higher
values than the experimental ones. The change of the

TABLE II. DE5Evb
max(G)2Evb

max(K) values as resulting from
various LDA calculations.

Method Spin-orbit VBM DE ~meV! z/c Ref.

ASWa No G 500 0.121 18
LAPW Yes G 98 0.129c 10
LAPW Yes G 41 0.131d 10
RLMTO Yes K 218 0.125 11
ELAPW no G 224 0.125 11
PPGOb Yes G 39 0.129c This work
PPGO Yes G 71 0.132e This work
PPGO No G 173 0.132e This work

aAugmented spherical wave~ASW! method.
bPseudopotential calculation with Gaussian orbitals~PPGO! basis
set.

cExperimental lattice parameter.
dParameterz optimized witha andc at their experimental values.
eTheoretical lattice parameter.
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energy as a function ofz or w also marks this transition ink
space. With increasing sandwich layer thickness 2z for a
fixed value ofw, we observe for smallz a slowly increasing
gap energy, defined by the indirect gap betweenG and the
CBM. After the VBM changes to theK point the gap is
defined by the indirect gap between K and the CBM. It d
creases with approximately the same rate asDE, because of
an almost constant gap between the topmost valence ba
G and the CBM. On the other hand, with increasing distan
of the sandwich layersw, the indirect gap increases als

FIG. 4. DE5Evb
max(G)2Evb

max(K) ~left axis, filled circles! and gap
energy~right axis! betweenG and the CBM~triangles! and between
K and the CBM~squares! for fixed a andw values as a function of
the sandwich layer thicknessz.

FIG. 5. DE5Evb
max(G)2Evb

max(K) ~left axis, filled circles! and gap
energy~right axis! betweenG and the CBM~triangles! and between
K and the CBM~squares! for fixed a andz values as a function of
the distancew between the sandwich layers.
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Indeed, we observe a much larger gap~see below! for a
WSe2 film of one sandwich layer, for which no interactio
with other layers exists at all.

In Fig. 6, the bulk band structure of WSe2, projected22

onto theki plane in the bulk Brillouin zone, is shown to
gether with experimentally determined band energies. T
calculation has been carried out for the optimized structu
parameters. We use the projected band structure~PBS! of the
bulk crystal for comparison, since the available experimen
ARPES and ARIPES data are not resolved with respec
k' . We show in Fig. 6 bands alongM -G-K and L-A-H as
solid or dashed lines, respectively. The data points sh
ARPES and ARIPES results from Finteiset al.9 and from
combined photoemission and inverse photoemission exp
ments of Travinget al.11

The two experimental data sets are in excellent mu
agreement. Only for the observed conduction bands there
small deviations. Comparing the data with our theoreti
results, we find a very good agreement between meas
and calculated valence bands both with respect to their
persion, as well as, to their absolute energy position. Thi
quite obvious, in particular, for sections of the valence ba
that exhibit only a marginal dispersion in thek' direction
~see, for instance, most of the valence bands near thK
point!. A marked exception from this good corresponden
between our theoretical results and the data is most obv
in the projected energy gap at around25 eV near theG
point. The measured band is almost dispersionless and t
is no counterpart for it in our theoretical results. The sa
obtains for the observed band near24 eV at M /L, which
shows a more pronounced dispersion fromM to G. These

FIG. 6. Experimental band structure of Finteiset al. ~Ref. 9! and
of Travinget al. ~Ref. 11! ~circles and triangles, respectively; ope
symbols denote weak and full symbols denote pronounced s
tures! in comparison with the PBS~point pattern! and the bulk band
structure fork'50 ~solid lines! andk'5p/c ~dashed lines!.
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differences between the observed data and the theore
band structures hold for the results of our, as well as, of
other calculations8–11 mentioned above.

The comparison between our results and the experime
data shows, in addition, very clearly the importance of
spin-orbit coupling for a correct description of the band
Without spin-orbit interaction, the two uppermost valen
bands at theH point coincide. In this case, the gap betwe
the topmost bands atK/H in the PBS closes. In experimen
a splitting of about 0.5 eV at the topmost lines atK/H is
observed. The results of our calculation are in very go
agreement with this finding. The same holds for the disp
sion of these bands alongG-K-M .

The calculated conduction bands show an almost cons
shift of about 0.3 eV to lower energies with respect to t
experimental bands. This is a typical consequence of
LDA underestimate of band gap energies. Except for t
rigid shift, the calculated bands are in good accord with
experimental data.

Summarizing this part of the discussion, our calcula
band structure of WSe2 is in gratifying agreement with the
observed photoemission and inverse photoemission resul
Finteiset al.9 and Travinget al.,11 respectively. Concerning
the position of the VBM, we have shown that only sma
changes of the distance between the sandwich layers o
their thickness influence the position of the VBM drastical
Therefore, sample preparation is a very important issue
this problem. Furthermore, in our opinion a satisfactory th
oretical determination of the electronic structure of WSe2 in
the gap energy region with an accuracy of better than a
tenths of an eV is at least questionable within LDA becau
of the inherent inaccuracy of the description of long-ran
correlations. The latter, however, can be expected to be
portant for WSe2 because of the van der Waals interactio
between neighboring sandwich layers. This is a comm
problem of all LDA calculations of WSe2 cited in this paper.

Deviations between experiment and theory, and in p
ticular thek-space position of the VBM have been suspec
by Finteis et al.10 to be related to the influence of surfac
effects. This expectation, however, is not warranted by
results for thin WSe2 films, to be discussed in the next su
section.

B. Structural and electronic properties of WSe2 films

We have determined electronic and structural proper
of thin WSe2 films employing the well-known superce
method. We have used systems with vacuum regions wi
thickness of one or three sandwich layers, which transla
into distances between two material films of 9.6 and 22.6
respectively. Both yield nearly identical results. This sho
that a vacuum region with a thickness of one sandwich la
is sufficient for good convergence. To study the depende
of the structural parameters on the thickness of the films~i.e.,
the number of sandwich layers! we have explicitly calculated
the structure of films with one up to five WSe2 sandwich
layers in the supercell by energy minimization with resp
to the distance between the sandwich layers and their th
ness. In addition, we have also calculated the lattice par
etera for the single sandwich layer. The resulting paramet
in all cases do not differ by more than 0.2% from the valu

c-
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FIG. 7. Calculated band structure of thin WSe2 films with 1, 2, and 3 sandwich layers~full lines! in comparison with the projected bul
band structure~point pattern!.
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of the optimized bulk structure. Thus, we find no relaxati
of the sandwich layers. Combining single sandwich layers
a bulk crystal yields an energy gain of 17 meV per unit ce
only. This result and the lack of relaxation in the superc
as discussed above, allow to rationalize the two-dimensio
character of the layered WSe2.

Concerning theelectronic structurewe have studied the
transition from a single sandwich layer per supercell up
bulk WSe2 films by carrying out calculations for one up t
five sandwich layers in the supercell. In all of these calcu
tions we have taken spin-orbit interaction into account. T
experimental lattice parametersa andz of the bulk have been
used in these calculations. In Fig. 7, we show the band st
tures of the one-, two-, and three-sandwich layer films.
order to be able to resolve surface states or resonances
show the PBS of the bulk22 as a reference.

By looking at the uppermost part of the valence bands
the PBS around theG point, we observe one, two, and thre
bands for the calculations with one, two, and three layer
the supercell, respectively. The same behavior is most o
ous for the bands around26.5 eV. Interestingly enough, th
three bands near theG point around21.0 and26.5 eV span
almost the full energy range of the underlying PBS.

Comparing the supercell bands with the PBS of the b
crystal~see Fig. 7!, we observe that none of the bands of t
thin films shows any clearly resolvable surface state in
fundamental group. This again highlights the tw
dimensional character and the weak coupling of the sa
wich layers in WSe2 by van der Waals interaction. For th
one layer sandwich the VBM and the CBM are both loc
ized at theK point of the surface Brillouin zone so that th
system has a direct gap. The gap energy of this one sand
layer system is 0.5 eV larger than that of the fundamen
bulk gap. An increase of the film size leads to an increa
number of bands that are filling the projected bulk band
gion. Likewise,DE and the size of the gap decrease as
be seen in Table III.

While the band dispersion of the two sandwich layer fi
is already roughly the same as for the bulk, only the films
three and more sandwich layers also exhibit the same V
position, i.e., atG. The change in the position of the VBM
results from the different character of the topmost bands aK
o
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andG. The orbitals contributing to the highest occupied ba
at theK point are directed parallel to the surface and, the
fore, the dispersion of these bands is almost independen
the thickness of the film. On the other hand, the orbit
constituting the highest occupied band atG are directed per-
pendicular to the surface. Therefore, the corresponding st
are influenced more significantly by the interaction betwe
different sandwich layers. An increase of the film thickne
thus leads to a remarkable change in the energy positions
dispersion of these bands. This is obvious for the position
the topmost valence bands atG of one sandwich layer film in
contrast to the other films and the bulk crystal. In the fi
case, the bands lie more than 0.6 eV below the bulk VBM
the latter case they are split in several bands with the
band almost coinciding with the bulk VBM.

To further clarify the changes of the electronic structu
as a function of film thickness, we compare our results
the one and the two sandwich layer films in some more
tail. At theG point, a Mulliken analysis for the one sandwic
layer shows that the topmost, degenerate band at abou
eV below the bulk VBM consists mainly of W 5dz2 orbitals
~62%! and to a smaller extent of Se 4pz ~14%! orbitals.
Therefore, the respective states are perpendicular to the
face layers. When a second sandwich layer is added to f
the two sandwich layer film, this band splits into two ban
at G, caused by the interaction between the two layers.
this case the W 5dz2 orbital contribution is about 30% pe
each tungsten layer~this is obvious from symmetry!, but the
orbital contributions from the Se layers are different for t
two bands. The two Se layers localized between the two

TABLE III. DE5Evb
max(G)2Evb

max(K) and the gap energy for the
films and the bulk.

Sandwiches VBM DE ~meV! Gap ~eV!

1 K 2642 1.27
2 K 265 1.06
3 G 2 0.96
5 G 48 0.85

` G 71 0.77
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layers, i.e., in the middle of the two sandwich layers, co
tribute 16% each to the upper band~the two other Se layers
2% each!. These contributions mainly originate from Se 4pz
orbitals. For the lower band, on the contrary, the orbitals
the Se layers above and below the film are involved w
about 12% of their wave-function amplitudes, while the on
in the middle contribute less than 5%. Thus, the interact
between the sandwich layers splits the bands and shifts
upper one towards the VBM. A similar band splitting is o
served for the lowest band near26.5 eV at theG point. Here
the bands consist of W 6s and W 5dz2 ~26% and 23%, re-
spectively! and Se 4pz2 ~44%! orbitals for the film of one
sandwich layer.

From all of our results, we infer, that the sensitive dep
dence of the relative energy positions of theG andK points
is mostly due to the sensitivity of states nearG on lattice
parameters~see Figs. 5 and 7!.

IV. SUMMARY

We have reportedab initio calculations of the geometri
and the electronic structure of thin films, as well as, of b
WSe2, as a prototype for layered VIb transition-metal dich
cogenides. For the bulk crystal, our results show a str
ys
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se
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dependence of the position of the VBM on the distance a
the thickness of the two sandwich layers within the unit ce
Using our optimized or the experimental crystal structure
find the valence-band maximum at theG point. Our theoret-
ical band-structure results show a very good overall agr
ment with ARPES and ARIPES data. Contrary to our fin
ings for the bulk crystal, for thin films with one or two
sandwich layers we find the VBM at theK point. On the
other hand, for slightly different crystal parameters we o
serve the VBM for the bulk at theK point, as well. We
therefore believe that the conflicting results in the expe
mentally determined position of the VBM could origina
from specific conditions in crystal growth. The intercalatio
of atoms, e.g., of the used transport gas in the growth of
sample could give rise to different positions of the VBM
because a small change in the separation of the sand
layers or their thickness would yield a different VBM pos
tion.
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