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

D. VoB, P. Kriger, A. Mazur, and J. Pollmann
Institut fur Theoretische Physik Il - Festkmerphysik, UniversitaMunster, D-48149 Muster, Germany

(Received 7 July 1999

We report onab initio bulk and surface atomic and electronic structure calculations of,WBe 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 sek,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 ofttiS&Ims. 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 properti&€163-1829)04843-7

[. INTRODUCTION mum(VBM) in k space, in particular, have been subject of a
number of detailed experimental and theoretical
Within the last decade the properties of many |ayered'nvestigatio_nsg.‘llStraubet al® and Finteiset al® have com-
transition-metal dichalcogenides have been investigated iRared their angle-resolved photoelectron spectroscopy
detail. WSe, which belongs to this group of materials, is a (ARPES and angle-resolved inverse photoelectron spectros-
semiconductor with a fundamental band gap of 1.2 eV. I€OPY (ARIPES data with the results of their full potential

consists of sandwich layers of about 3.3 A thickness com!Ully relativistic linear augmented plane-waveAPW) cal-

rising a metal layer in the middle and two chalcogen la ers?ulatlons. Trav!ng et al. compareq their ARPES .and
P g Y g Y RIPES data with the results of their fully relativistic linear

one above and one below the metal layer. Thegg San.dwwrﬁuffin-tin orbital (RLMTO) and extended linear augmented
layers are separated from each other by 3.1 A giving rise tQ

. | plane-wave (ELAPW) calculations. While the Ilatter
fche Iaye_red structure of the material. The_re Is a strpry author$! find the VBM near thel' point, the former
interaction within the layers but only a fairly weak van der

: . : _ ) author? find it near the sixfold degenerateé point. In the
Waals interaction between neighboring sandwich layers. Thgeajled results of these refererft®&!there are more subtle

bulk crystal, in consequence, shows significant anisotropyeviations, in addition. The partially controversial results of
effects in relevant physical properties. These can be used {@ese publicatiofs!! have been vividly discussed during
open up a wide range of possible applications. The physicahe |ast few years.
properties of layered transition-metal dichalcogenides can, very recently, Finteist al® have reported in an ERRA-
e.g., be monitored in the laboratory by intercalating layers offUm, that their finding concerning the type of the band gap
other materials between the sandwiches giving rise to largelyirect versus indiregtoriginated from an incorrect structure
different properties, as one example. parameter used in their calculations yalue, see below
Furthermore, there are very interesting possibilities of crestill, there are differences in the results of the two different
ating microscopic structures by manipulating a WSerface  approaches, cited above. There remain questions with respect
on anm scale or even on an atomic scale by the tip of ato the basis set, the potential, the self-consistency procedure,
scanning tunneling microscop&TM).1? The creation of the lattice constants, and the importance of relativistic cor-
such structures aimsize can be achieved by the variation of rections.
the tip distance from the sample surface, as well as, by ap- To contribute to a more basic understanding of important
plying voltage pulsed? The resulting structures, which ap- physical properties of transition-metal dichalcogenides, in
pear as hills with a diameter of a femm were found to be general, and of WSe in particular, we have carried out a
time-stable when their creation was achieved by voltageystematicab initio case study of the atomic and electronic
pulses. Besides, they could be erased in a well-defined®waystructure of WSg investigating the influence of calcula-
In addition, the size of the gap and the high resistanceional details(basis set, pseudopotentials, scalar or fully rela-
against photocorrosion makes this material interesting fotivistic calculations, experimental or theoretical lattice con-
photovoltaic applications. Indeed, WsSis known as a pro- stanty on the resulting properties. By applying these
totype for electrochemical solar ceft§.Efficiencies up to  approaches within the same methodological framework, we
17.1% for an n-WSe /I~ ,I,/Pt solar cell have been can identify which features in the results are mere artifacts of
reported’ In this context, the electronic structure of WSe the approximation used and which are true physical proper-
in general, and the exact position of its valence-band maxities of WSe.
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In addition, we have thoroughly investigated the buildup T [~ ...
of the bulk band structure with the number of sandwich lay-
ers. For this purpose, we have investigated films of one up to e o
five sandwich layersi.e., three up to fifteen atomic layers ~f----
In particular, the five sandwich system can be regarded as a

z
model of the experimentally investigated surface systems. W § ---------- @
The paper is organized as follows. In Sec. Il, we briefly g A o
describe the theoretical method applied. Setion. Il is de- Se <>~ _____ 1
voted to the presentation and discussion of our theoretical &
results. Structural and electronic properties of the Yu&ek w
crystal are discussed in Sec. Il in comparison with ARPES
and ARIPES data from experiment. In Sec. Il A, we report
structural and electronic properties of thin WS#ms of

varying thickness in comparison with respective data. A
short summary concludes the paper in Sec. IV.

Il. METHOD OF CALCULATION

The calculations have been carried out employing density : ]
functional theory within local-density approximation —
(LDA).}2 We have used the normconserving, nonlocal a/V3
pseudopotentials of Bachelet, Hamann, and Seffftin the
nonseparable form of Ref. 13, as well as, normconserving&,ln
nonlocal pseudopotentials of Gonze, Stumpf, and Sch¥ffler

in the fully separable form of Kleinman and Byland@iThe . . . .
exchange-correlation energy was taken into account usin mpty site of the two-dimensional hexagonal Se lat{ie

the Ceperley-Aldéf form as parametrized by Perdew and ig. 1. Therefore, the tungsten atoms have a trigonal pris-
Zunger!? matic coordination with regard to selenium. The parallel po-

As a basis to represent the wave functions, we use 10 ition of one sandwich layer relative to the next determines

Gaussian orbitals o, p, d, ands* symmetry per sandwich the vertical size of the bulk unit cell, which contains two

layer and spin. Since two sandwich layers are contained iﬁandW'Ch layers in the case of V\.és‘m this unit cell, the W
the bulk unit cell, we employ 200 localized orbitals in our atoms of one sandwich layer reside on top of the Se atoms of

basis for abulk calculation. These orbitals are localized at the next layer and vice versa. Hence, the stacking order of

the atomic positions, namely 40 at each W and 30 at each S8¢ two-dimensional hexagonal lattices SBA-BAB- (cf.
atom. As decay constants of the Gaussians we employ 0.1 ig. 1). The space group of the structure, which is called

0.45, 1.18, and 3.10 for tungsten and 0.17, 0.41, 1.00 fo,Hb’ is the non symmorphqu@éh or P6s/mmc, respec-
selenium(in atomic units. A linear mesh of about 0.2 A in tively. The corresponding Brillouin zone together with the

real space is used for the representation of the charge densffyeducible part and the high-symmetry points is shown in
Ig. 2. The experimentally determinéd®®values of the lat-

and the potential. Test calculations with an extended basi
ce parameters foa range from 3.280 to 3.286 A and for

set including Gaussians that are localized between the san X ) i
wich layers, as well as, denser meshes exhibit only negligibl©mM 12.950 to 12.976 A. The half diameter of the sandwich
layer has been measuréasz=0.129 c, resulting inz val-

changes in the electronic properties. The spin-orbit interac A ,
tion is considered in each step of the iteration. It is treated i€S from 1.671 to 1.674 A. The distance between the sand-

an on-site approximation, i.e., only integrals with the same/ich layersw=c/2—2z s therefore, found in the range from

location of the Gaussian orbitals and the spin-orbit potentia?'133 to 3.140 A.

are taken into account. In our calculations of the properties

of WSe, filmswe have employed supercells of one up to five A, Structural and electronic properties of bulk WSe,
sandwich layers separated by appropriately thick vacuum
layers. Brillouin-zone integrations in thieulk calculations
have been carried out using 12 spedigboints in the irre- The optimization of the bulk crystal structure is done by
ducible part while in outhin film calculations we have used total energy minimization with respect to the lattice param-
6 specialk points.

FIG. 1. Crystal structure of WSe The structure parameters
dw are indicated, as well.

1. Structural properties of WSe

i A |
Ill. RESULTS AND DISCUSSION | I
WSe, consists of single Se and W layers. Each single rk L H
layer forms a two-dimensional hexagonal lattice. Three of e T~
such layers, one W and two Se layers, build Se-W-Se sand- M K -~
wich layers. In each sandwich layer, the Se atoms of the two

Se layers reside on top of each other while the W atoms
between these two Se layers are positioned in every second FIG. 2. Bulk Brillouin zone together with the irreducible part.
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] S TABLE I. MeasuredA E=EJ{(T)—E[R*{K) values as resulting
3 N from various experiments.
- F i Method VBM AE (meV) Ref.
o N
S Ny Ny - ARPES r 400 21
o 2_%&% 3% /] ARPES r 30 11
E;ﬁ / 7] ARPES K —-80 9
_4-
| ]
5| ]

when the theoretical and 7.19 eV when the experimental lat-
tice constants are used in the calculations. The calculated
optical gap energy is 0.77 and 0.86 eV, respectively, in the
two cases. Thus, the well-known underestimate of the gap
-16 Tt L energy within LDA amounts to 39% and 32%, respectively.
The experimental band gap energy is about 1.2%Vhe

FIG. 3. Bulk band structure of WSdor the theoretical lattice ~ conduction-band minimuniCBM) results from both calcu-
constants. Note that the band structure shows an indirect gap.  lations at 55% of thd'-K distance, which happens to coin-
cide with the measured valdéThe valence-band maximum

etersa andc, as well as, to the half diameter of the sandwichresults in the center of the Brillouin zone at thepoint in
layerz Using pseudopotentials in the fully separable form ofboth cases using the theore_t|cal, as well as, the experimental
Ref. 14 and neglecting spin-orbit interaction, we obtain structure parameters. The difference between the energy val-
—13.285 c=12.748 and=1.678 A which is 0.132. This  ues of the topmost valence band at thand theK point is
gives an intersandwich layer distaneeof 3.018 A. Includ- ~ @bout 32 meV larger when we employ the theoretically op-
ing spin-orbit interaction in our calculations, yields structurefimized structure parameters, as compared to the calculation
parameters within 0.3 to 0.7 % of the former results. Sinc€€MPIoying the experimental structure.
inclusion of the latter leads to small deviations only, we ne- L€t us look at the two most prominent uppermost valence
glect the numerically very time consuming incorporation ofands in some more detasee Fig. 3 as they result from
the spin-orbit interaction for the structure optimizations pre-OUr fully relativistic calculations. As the main effect of the
sented in this paper. In both cases, the differences betwedRClusion of spin-orbit interaction, we observe a removal of
our theoretically determined lattice parameters and the exhe degeneracy of these bands aléagi-L, which obtains if
perimental values are small. The deviations are in the ordefPin-orbit interaction is neglected. In contrast, a splitting
of 1% for a, 3% forc, and 1% forz, resulting in a deviation _along F.—K—M is observgd even without including spin-orbit
of about 4% forw. Likewise, using the pseudopotentials of interaction. At theK point, these upper two valence bands
Ref. 13 in the nonseparable form in our calculations, yieldXhibit mainly metab,/d,2_2 (about 76%) and chalcogen
structure parameters, which differ up to 2% from the result’x/Py (about 23%) character. Therefore, the respective
mentioned above, as well. states originating from th@—d hybridization are directed
The relatively large difference between the measured anBarallel to the sandwich layers. Frokito H, i.e., perpen-
calculated values off andc, respectively, may be related to dicular to the layers, this characteristics does not change very
an insufficient description of the long-range interactions bemuch. Therefore, the two uppermost valence bands show

tween the sandwich layers within the local densityonly a weak dispersion alonff-H (about 0.1 eV for the
approximationt? upper band On the other hand, the dispersion perpendicular

to the layers of the topmost valence band atwhich exhib-

its mainly metald,> (about 67%) and chalcoggm, (about

) ) ] 21% character, is twice as large. For the second topmost
The experimental and theoretical lattice parameters ar@gjence bandabout 98% Se,) the dispersion along-A is

almost the same, as discussed above. Therefore, we onlyith 0.8 eV even larger indicating the interaction between

show in Fig. 3 the bulk band structure of WiSas resulting  the sandwich layers.

for the theoretical lattice parameters. ~ An overview on the results of experimental and theoreti-
Theloelgctrgnlc configuration of the Se atoms iscg]investigations determining the position of the VBM in the

[Ar]3d’ 4s°4p’ and that of the W atoms s pgyillouin zone is given in Tables | and I, respectively. Two

[Xe]4f*"5d"6s”. In consequence there is a fairly stropg  positions ink space, one df and the other a, are favored

—d interaction between the W and the Se |ayerS within eaCI&S VBM by these Studies' To ease the Comparison Of the

sandwich layer, while the interaction between neighboringesyits from the literature and from our calculations, we de-

sandwich layers is only weak and of van der Waals typefine the quantityAE as the energy difference between the
While the lowest valence bands atl4 eV exhibit strong  pighest occupied valence bandlatand atK as

Se4s character, the valence bands abev8 eV, as well as,
the lower conduction bands originate mainly from hybridized AE=EMI) - EM¥K). (1)
Se4p— W 5d states.

We do not address each particular band of these band/ithin this definition, a positive value i E indicates that
structures in great detail but rather focus on a few salienthe VBM is atl’, and a negative value means that the VBM
features. The upper valence bands have a width of 7.42 el atK. In Table Il we have labeled the different results of the

g
S

2. Electronic properties of WSe
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TABLE Il. AE=EjP{I)—-ER(K) values as resulting from 200 1.0
various LDA calculations.
Method Spin-orbit VBM AE (meV) zlc Ref. 1001 0.9
ASWA No r 500 0.121 18
LAPW Yes r 98 0.129 10
LAPW Yes r 41 0.13f 10 . 0 0.8
RLMTO Yes K —18 0.125 11 > o
ELAPW no r 224 0.125 11 £ ’5{‘
PPGOA Yes r 39 0.128 This work 2 _100- Loy
PPGO Yes r 71 0.132 This work
PPGO No r 173 0.132  This work
aaugmented spherical wav@SW) method. ~2007 0-6
steudopotentiaI calculation with Gaussian orbif@®GQ basis
set.
‘Experimental lattice parameter. —300 ; y T ' 05
dParameter optimized witha andc at their experimental values. 163 166 169 172 175 178
Theoretical lattice parameter. z (4)

various calculations by the method used for the calculations, FIG. 4. AE=EJ(I)—EF(K) (left axis, filled circle$ and gap
the geometry used, i.e., theoretical or experimental lattic@nergy(right axis betweenl” and the CBMtriangles and between
parameters, and whether they have been carried out with d and the CBM(squaresfor fixed a andw values as a function of
without spin-orbit interaction. The comparison of the theo-the sandwich layer thickness

retical results from the literaturésee the first five lines in

Table 1), shows that most of these calculations have emenergy as a function afor w also marks this transition ik
ployed different crystal parametegs ¢, and especiallyz.  space. With increasing sandwich layer thicknessf@ a
Furthermore, some of these calculations have neglected thgqq yajue ofw, we observe for smalt a slowly increasing
spin-orbit interaction. Ir) addition, the different calqulatlons ap energy, defined by the indirect gap betw&eand the
have been based on different methods. Thus, a direct co “BM. After the VBM changes to th& point the gap is

parison of these results is not stralghtforwarq at all. D|ﬁer defined by the indirect gap between K and the CBM. It de-
ences in the results can very well be due to differences in the : i

Creases with approximately the same raté\&s because of
methodology used.

To clearly identify the influence of the structure param—anailg]tcﬁlset f;%n@tagﬂﬂg 2,?;\évreﬁ2ntgev\t/ﬁﬁr:;]?:?te;i:ﬁncgst:g:geat
eters used in the calculations and the effects of including op : ' 9

neglecting spin-orbit interaction oAE, we have analyzed of the sandwich layersv, the indirect gap increases also.

these different cases on equal footing within the framework
of one and the same method. The results are shown in the 200 ' ' 9 ' ' 1.0
lower part of Table Il. Our investigations using the theoreti- !
cally optimized crystal structure yield a difference &E
=102 meV between the calculation with and without spin- 100 -
orbit interaction taken into account. However, the valence-
band maximum is al’ in both cases. Including spin-orbit
interaction and employing the experimental lattice structure,
the difference in energk E of the topmost band dt andK
decreases to only 39 meV, which is in excellent agreement
with the experimental value of 30 meV found by Traving
et al'! In Table Il, we see a sensitive dependencé & on
the ratioz/c and on spin-orbit interaction.

We have, therefore, studied the dependencéBfand of
the energy of the indirect optical g&f, onzandw, i.e., on —200 1
half the sandwich layer thickness and the separation between
the sandwich layers. With increasiador fixed a andw, as
well as, with increasingv for fixed a andz, these quantities -300 . , , , , 0.5
show significant changes. The results are plotted in Figs. 4 2.90 3.00 3.10 3.20 3.30 340 3.50
and 5. These calculations were carried out at the experimen- w (A)
tal values ofa andw or z, respectively. The plots show an
almost linear dependence &fE as a function ofz and w. FIG. 5. AE=ETI")—EN™(K) (left axis, filled circle$ and gap
With increasing values, in both cases, the position of thenergy(right axis betweerl” and the CBM(triangles and between
VBM in k space changes fromi to K for slightly higher K and the CBM(squaresfor fixed a andz values as a function of
values than the experimental ones. The change of the gape distancev between the sandwich layers.

0.9

AE (meV)
(49) *4

—100 -

0.6




PRB 60 ATOMIC AND ELECTRONIC STRUCTURE OF WSg. . . 14 315

differences between the observed data and the theoretical
band structures hold for the results of our, as well as, of all
other calculatiorf§ ! mentioned above.

The comparison between our results and the experimental
data shows, in addition, very clearly the importance of the
spin-orbit coupling for a correct description of the bands.
Without spin-orbit interaction, the two uppermost valence
bands at thed point coincide. In this case, the gap between
the topmost bands &/H in the PBS closes. In experiment,

a splitting of about 0.5 eV at the topmost lineskatH is
observed. The results of our calculation are in very good
agreement with this finding. The same holds for the disper-
sion of these bands alodg-K-M.

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

Summarizing this part of the discussion, our calculated
band structure of WSeis in gratifying agreement with the
observed photoemission and inverse photoemission results of
Finteiset al® and Travinget al,'* respectively. Concerning

M/L /A K/H M/L the position of the VBM, we have shown that only small
_ _ changes of the distance between the sandwich layers or of

FIG. 6. Experimental band structure of Fintetsal. (Ref. 9 and  their thickness influence the position of the VBM drastically.
of Travinget al. (Ref. 1) (circles and triangles, respectively; open Therefore, sample preparation is a very important issue in
symbols denote weak and full symbols denote pronounced strugpig hroblem. Furthermore, in our opinion a satisfactory the-
tsl::ﬁftfjr;;cf)g?fai??sm ﬁﬂg spsr%i'nipﬁlezg:;ﬁe?ﬁnbeﬂk band  , etical determination of the electronic structure of W8e

L L the gap energy region with an accuracy of better than a few
Indeed, we observe a much larger gaee below for a tenths pf an eV .is at least questionable .vviFhin LDA because
WSe, film of one sandwich layer, for which no interaction of the mherent inaccuracy of the description of Iong—range
with other layers exists at all. correlations. The latter, however, can be expect_ed to b_e im-

In Fig. 6, the bulk band structure of WSeprojected? portant for V_\/Sg bgcause of t_he van der Wgalg interactions
onto thek; plane in the bulk Brillouin zone, is shown to- between neighboring sandwich layers. This is a common
gether with experimentally determined band energies. Thigroblem of all LDA calculations of WSecited in this paper.
calculation has been carried out for the optimized structural Deviations between experiment and theory, and in par-
parameters. We use the projected band stru¢RBS of the t|cula}r th_ek—spzal%e position of the VBM have been suspected
bulk crystal for comparison, since the available experimentaPy Finteisetal™ to be related to the influence of surface
ARPES and ARIPES data are not resolved with respect t§ffects. This expectation, however, is not warranted by our
k, . We show in Fig. 6 bands alorg-I'-K andL-A-H as resu_lts for thin WSegfilms, to be discussed in the next sub-
solid or dashed lines, respectively. The data points sho§ection.

ARPES and ARIPES results from Fintes al® and from
(r:;)er?]?slngde?;l\cl)it:geeT;Slllon and inverse photoemission experi- B. Structural and electronic properties of WSe films

The two experimental data sets are in excellent mutual We have determined electronic and structural properties
agreement. Only for the observed conduction bands there até thin WSe films employing the well-known supercell
small deviations. Comparing the data with our theoreticaimethod. We have used systems with vacuum regions with a
results, we find a very good agreement between measuradickness of one or three sandwich layers, which translates
and calculated valence bands both with respect to their disato distances between two material films of 9.6 and 22.6 A,
persion, as well as, to their absolute energy position. This isespectively. Both yield nearly identical results. This shows
quite obvious, in particular, for sections of the valence bandshat a vacuum region with a thickness of one sandwich layer
that exhibit only a marginal dispersion in tike direction s sufficient for good convergence. To study the dependence
(see, for instance, most of the valence bands nearKthe of the structural parameters on the thickness of the filres
point). A marked exception from this good correspondencethe number of sandwich laygrae have explicitly calculated
between our theoretical results and the data is most obviouse structure of films with one up to five WSgsandwich
in the projected energy gap at arounth eV near thel’ layers in the supercell by energy minimization with respect
point. The measured band is almost dispersionless and thete the distance between the sandwich layers and their thick-
is no counterpart for it in our theoretical results. The sameness. In addition, we have also calculated the lattice param-
obtains for the observed band nea# eV atM/L, which  eterafor the single sandwich layer. The resulting parameters
shows a more pronounced dispersion frédnto I". These in all cases do not differ by more than 0.2% from the values
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E—Evgum (eV)

il -7

M r K M M r K M M r K M

FIG. 7. Calculated band structure of thin WSims with 1, 2, and 3 sandwich laye(full lines) in comparison with the projected bulk
band structurépoint patteri.

of the optimized bulk structure. Thus, we find no relaxationandI’. The orbitals contributing to the highest occupied band
of the sandwich layers. Combining single sandwich layers tat theK point are directed parallel to the surface and, there-
a bulk crystal yields an energy gain of 17 meV per unit cell,fore, the dispersion of these bands is almost independent of
only. This result and the lack of relaxation in the supercellthe thickness of the film. On the other hand, the orbitals
as discussed above, allow to rationalize the two-dimensionalonstituting the highest occupied bandlaare directed per-
character of the layered Wge pendicular to the surface. Therefore, the corresponding states
Concerning theelectronic structurewe have studied the are influenced more significantly by the interaction between
transition from a single sandwich layer per supercell up tadifferent sandwich layers. An increase of the film thickness
bulk WSe films by carrying out calculations for one up to thus leads to a remarkable change in the energy positions and
five sandwich layers in the supercell. In all of these calculadispersion of these bands. This is obvious for the position of
tions we have taken spin-orbit interaction into account. Thehe topmost valence bandslabf one sandwich layer film in
experimental lattice parameteasindz of the bulk have been contrast to the other films and the bulk crystal. In the first
used in these calculations. In Fig. 7, we show the band stru@ase, the bands lie more than 0.6 eV below the bulk VBM, in
tures of the one-, two-, and three-sandwich layer films. Inthe latter case they are split in several bands with the top
order to be able to resolve surface states or resonances, wand almost coinciding with the bulk VBM.
show the PBS of the butk as a reference. To further clarify the changes of the electronic structure
By looking at the uppermost part of the valence bands iras a function of film thickness, we compare our results for
the PBS around thE point, we observe one, two, and three the one and the two sandwich layer films in some more de-
bands for the calculations with one, two, and three layers itail. At theI” point, a Mulliken analysis for the one sandwich
the supercell, respectively. The same behavior is most obviayer shows that the topmost, degenerate band at about 0.6
ous for the bands around 6.5 eV. Interestingly enough, the eV below the bulk VBM consists mainly of Wd52 orbitals
three bands near tHé point around—1.0 and—6.5 eV span  (62%) and to a smaller extent of S@4 (14%) orbitals.
almost the full energy range of the underlying PBS. Therefore, the respective states are perpendicular to the sur-
Comparing the supercell bands with the PBS of the bulkface layers. When a second sandwich layer is added to form
crystal(see Fig. 7, we observe that none of the bands of thethe two sandwich layer film, this band splits into two bands
thin films shows any clearly resolvable surface state in thet I', caused by the interaction between the two layers. In
fundamental group. This again highlights the two-this case the W#,2 orbital contribution is about 30% per
dimensional character and the weak coupling of the sandeach tungsten layéthis is obvious from symmetjybut the
wich layers in WSe by van der Waals interaction. For the orbital contributions from the Se layers are different for the
one layer sandwich the VBM and the CBM are both local-two bands. The two Se layers localized between the two W
ized at theK point of the surface Brillouin zone so that this
system has a direct gap. The gap energy of this one sandwich TABLE Ill. AE=Ej(T") —EJ¥(K) and the gap energy for the
layer system is 0.5 eV larger than that of the fundamentafilms and the bulk.
bulk gap. An increase of the film size leads to an increased

number of bands that are filling the projected bulk band reSandwiches VBM AE (meV) Gap(eV)
gion. Likewise,AE and the size of the gap decrease as can K 642 127
be seen in Table lII. 5 K —65 106
While the band dispersion of the two sandwich layer film I 5 0.96
is already roughly the same as for the bulk, only the films o I 48 0'85
three and more sandwich layers also exhibit the same VB i
position, i.e., al’. The change in the position of the VBM « T 71 0.77

results from the different character of the topmost band§ at
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layers, i.e., in the middle of the two sandwich layers, con-dependence of the position of the VBM on the distance and
tribute 16% each to the upper baftte two other Se layers the thickness of the two sandwich layers within the unit cell.
2% each. These contributions mainly originate from Sg,4  Using our optimized or the experimental crystal structure we
orbitals. For the lower band, on the contrary, the orbitals orfind the valence-band maximum at thepoint. Our theoret-
the Se layers above and below the film are involved withical band-structure results show a very good overall agree-
about 12% of their wave-function amplitudes, while the onesment with ARPES and ARIPES data. Contrary to our find-
in the middle contribute less than 5%. Thus, the interactiorings for the bulk crystal, for thin films with one or two
between the sandwich layers splits the bands and shifts theandwich layers we find the VBM at th¢ point. On the
upper one towards the VBM. A similar band splitting is ob- other hand, for slightly different crystal parameters we ob-
served for the lowest band neai6.5 eV at thd™ point. Here  serve the VBM for the bulk at th& point, as well. We
the bands consist of Wsand W 5,2 (26% and 23%, re- therefore believe that the conflicting results in the experi-
spectively and Se 4,2 (44%) orbitals for the film of one mentally determined position of the VBM could originate
sandwich layer. from specific conditions in crystal growth. The intercalation
From all of our results, we infer, that the sensitive depen-of atoms, e.g., of the used transport gas in the growth of the
dence of the relative energy positions of fRiendK points  sample could give rise to different positions of the VBM,
is mostly due to the sensitivity of states ndaron lattice  because a small change in the separation of the sandwich
parametergsee Figs. 5 and)7 layers or their thickness would yield a different VBM posi-
tion.

IV. SUMMARY
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