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Electronic band structure of single-crystal and single-layer WS2:
Influence of interlayer van der Waals interactions
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The valence band structure of the layered transition metal dichalcogenide WS2 has been determined experi-
mentally by angle resolved photoelectron spectroscopy and theoretically by augmented spherical wave band
structure calculations as based on density functional theory. Good agreement between experimental and cal-
culated band structure is observed for single crystal WS2. An experimental band structure of a single layer was
determined from an electronically decoupled film prepared on a single crystalline graphite substrate by metal-
organic van der Waals epitaxy. The polarization dependent photoemission selection rules of the single layer
film are appropriate for a free standing film. The experimental single layer band structure shows some differ-
ences compared to band structure calculations using bulk atomic positions within the layer. We conclude that
relaxation of the single layer occurs as a consequence of the missing interlayer interactions leading to close
agreement between electronic structure of the single layer and single crystal. As a consequence of the missing
interlayer interactions the valence band maximum for the single layer is located at theK point of the Brillouin
zone.
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I. INTRODUCTION

The electronic structure of semiconducting layered ch
cogenides has been studied for decades both theoreti
1–13 and experimentally11–20 because of their interestin
quasi-two-dimensional crystallographic structure. Recent
view on electron spectroscopical studies of these mate
are given in Ref. 19. Strong covalent chemical bonds
present inside the layers while the interactions between
layers are usually described as van der Waals–like. A
result there is strong dispersion of the energy bands par
to the layers while only small dispersion is observed perp
dicular to the layers.

Interlayer interactions are of particular importance for t
layered materials since they are responsible for the an
ropy of their physical and chemical properties. Any applic
tion involving heterointerfaces between different layered m
terials depends on the electronic coupling across the van
Waals gap. Such interfaces can be prepared by van der W
epitaxy on different two-dimensional as well as thre
dimensional~e.g., Si, GaAs! substrates.21,22 A variety of at-
oms or molecules are known to intercalate into the van
Waals gap of layered chalcogenides modifying the interla
interaction.23–25 Also the preparation of fullerenelike an
nanotube materials of such compounds has been achi
recently.26,27 A better understanding of the electronic stru
ture of layered compounds in dependence on the arra
ment of the layers, which determine the interlayer inter
tions, is thus highly demanded.

WS2 and its isoelectronic compounds WSe2, MoSe2, and
MoS2 are semiconductors with bandgaps between 1 and
eV28. To our knowledge the only published calculation of t
electronic structure of WS2 is the semiempirical tight bind
ing calculation of Bromleyet al.7 Very recently a band struc
0163-1829/2001/64~20!/205416~14!/$20.00 64 2054
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ture calculation has been performed by Seifertet al. for
single-wall WS2 nanotubes.6 In contrast to WS2, a number of
band structure calculations exist for WSe2, MoSe2, or
MoS2.7–13 Since these are isolectronic to WS2 they can be
expected to have very similar electronic structures. There
also several experimental determinations of the electro
band structure of WSe2,11–13 MoSe2,11,17 MoS2,11,14,15,17and
MoTe2 ~Refs. 17,18! using angle-resolved ultraviolet photo
electron spectroscopy. No experimental band structure
WS2 has been published so far.

In the 1960’s and 1970’s a number of authors have ca
lated two-dimensional electronic structure of layered mat
als such as, e.g., single layer GaSe~Refs. 3! or single layer
transition metal dichalcogenides.7,9 Using density functional
theory a calculation of three- and two-dimensional~single
layer! band structures for MoS2 has been presented by Kob
yashi and Yamauchi in order to understand scanning tun
ing microscopy images of transition metal dichalcogen
surfaces.10 A MoS2 single crystal band structure was calc
lated using a plane wave basis set. In comparison a si
layer band structure was calculated using a LCAO~linear
combination of atomic orbitals! wave function basis. The
band structures calculated for single crystal and single la
are very similar. The differences, which are present, e.g.,
the overall valence band width, most likely traced back to
different calculation method used, because very similar
ferences are observed for slabs of four layer thickness, wh
results for both basis sets are presented by the authors.29

A crucial point in calculations of isolated slabs of layer
materials is the assumption of their crystallographic str
ture. There exist crystallographic data onexfoliatedsingle
layer MoS2 and WS2.30,31 In this approach single layers ar
produced from single crystals by intercalation of Li into th
van der Waals gap and subsequent dissolution in water.
©2001 The American Physical Society16-1
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A. KLEIN et al. PHYSICAL REVIEW B 64 205416
solution of the chalcogenides in water as single layers oc
only after intercalation with a considerable amount of
Intercalation, however, leads to a structural phase trans
mation from the 2H to the 1T modification accompanied b
an increase of thea lattice constant as determined from x-ra
diffraction.30,31An intercalation induced phase transition h
already been described previously in the literature32 and has
also been suggested from photoemission studies of Li in
calated WS2 ~Ref. 33! and MoS2 ~Ref. 34! single crystals.
These exhibit clear changes of the electronic structure w
increasing Li content.33,34 Hence the existing structural da
correspond to the 1T modification of MoS2 or WS2 and can
therefore not be used to determine the atomic positions
trigonal prismatically coordinated Mo or W dichalcogenide

Because of the lack of experimental data on single la
trigonal prismatic coordinated WS2 Kobayashi and Yamau
chi have assumed identical atomic positions within the lay
for any of the structures in the calculations.10 This procedure
is not justified as the lattice constants may be significan
different because of the missing interlayer interactions. Ho
ever, the same approach has been used by Fanget al.4 They
calculated the electronic structure of bulk TiS2 and TiSe2, as
well as of TiS2 and TiSe2 slabs with different number o
layers. In their calculation single crystal TiS2 and TiSe2 are
found to be semimetallic while a single slab of TiS2 with
identical atomic positions compared to the bulk crystal str
ture is a semiconductor.4 This shows that a major electron
property of these material can depend on interlayer inte
tions. However, it is noted that there is no general agreem
in the literature about the semimetallic nature of bu
TiS2.5,35 In any case, the experimental test of such theoret
predictions would require the determination of the electro
structure of isolated single layer material.

In contrast to atoms, molecules or small clusters the
perimental determination of the electronic structure of
tended two-dimensional single layers of atomic thickness
quires the deposition onto a suitable substrate. Suffic
crystalline quality is thereby generally achieved by t
strong interaction with a crystalline substrate, which, unf
tunately, also modifies the crystallographic and electro
structure of the layer. In the case of layered chalcogenide
is possible to prepare epitaxial films on van der Waa
terminated surfaces without the constraint of latt
matching.21,22When films are deposited onto substrates w
strongly different electronic structure the electronic states
the film cannot couple with the substrate. This has b
shown experimentally for InSe films deposited on highly o
ented pyrolytic graphite~HOPG!.36 Such an electronically
decoupled layer can be considered as a free-standing fil
the sense of its electronic properties. In order to determ
the dispersion of the energy bands along the layers si
crystalline films are required, which can only be prepared
single crystalline substrates and not on HOPG. An exp
mental determination of the electronic structure of sin
layer HfS2 deposited on a single crystal WSe2 substrate has
been presented by Kreiset al.37 Single layer thickness is
confirmed byin situ scanning tunneling microscopy on th
same samples. However, thek-resolved dispersion of indi
vidual electronic bands could only partly be determined
20541
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this system because of intense substrate emissions. The
of significant electronic substrate/film interactions has a
not been shown explicitly.

In this work we describe the experimental determinat
of the electronic valence band structure of single layer W2
by angle-resolved photoelectron spectroscopy using sync
tron radiation as excitation source. The films were prepa
by metal-organic van der Waals-epitaxy on single crystall
graphite substrates.38–40 We will further present an experi
mental determination of the valence band structure of sin
crystal WS2 and theoretical band structure calculations ba
on density functional theory for both single layer and sing
crystal.

The paper is organized as follows. In Sec. II the cryst
lographic structures of single crystal and single layer W2
are presented. We will also show symmetrized orbital co
binations at theG point of the Brillouin zone for the spac
groups of both structures. In Sec. III the method and res
of band structure calculations are described together wi
discussion of the observed differences for single crystal
single layer. The experimental setup is outlined in Sec. IV
Experimental results and a comparison with theory for
single crystal are presented in Sec. IV B. Section IV C
dedicated to thin film preparation and to the experimen
band structure of the single layer, which is discussed in
lation with theory and with the single crystal band structu
For this purpose we have evaluated polarization depen
photoemission selection rules along theS symmetry line.
Finally the results and conclusions are summarized in Sec

II. CRYSTALLOGRAPHIC STRUCTURE AND ORBITAL
SYMMETRY

WS2 belongs to the layered transition metal dichalc
genides, which crystallize in a two-dimensional structu
composed of covalently bondedX-M -X sandwiches (X5S,
Se;M5Mo,W,Ta,Nb,V,Ti,Zr,Hf!.1 There is only weak inter-
action across the layers generally referred to as van
Waals–like. The crystal lattice of the 2H polytype of WS2
belongs to the nonsymmorphic hexagonal space gr
P63 /mmc (D6h

4 ). In the 2H polytype the unit cell is ex-
tended over two layers with the S atoms of the second la
on top of the W atoms of the first layer and vice versa. T
W atoms are in a trigonal prismatic coordination. Latti
constants are given by Schutteet al. as a53.153 Å andc
512.323 Å.41 The z-parameter, determining the relative p
sitions of the sulfur atoms along z is given by 0.6225. T
crystallographic structure is shown in Fig. 1 together w
the hexagonal Brillouin zone.

A single layer of WS2 is composed of one S-W-S stackin
unit. It has a threefold rotational axis (c axis!. The plane
containing the W atoms is a mirror plane. As a result of t
mirror plane the symmetry properties of the single layer c
not be described by one of the two-dimensional space gro
but rather by the three-dimensional space groupP6̄m2
(D3h

1 ). Compared toP6̄m2 the space groupP63 /mmc of
the single crystal has the inversion as additional symme
operation.
6-2
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ELECTRONIC BAND STRUCTURE OF SINGLE-CRYSTAL . . . PHYSICAL REVIEW B 64 205416
The high symmetry points at the Brillouin zone bounda
for two-dimensional hexagonal materials are usually labe
as Q and P. For convenience we use throughout this pa
the same labels as for the single crystal whereM (K) corre-
sponds toQ(P) ~see Fig. 1!. Symmetrized combinations o
valence orbitals belonging to the irreducible representati
are given in the literature for both space groups.3,7,9,42Elec-
tronic states being symmetric~antisymmetric! with respect to
reflection at the horizontal mirror plane of the single lay
were labeled in this work with superscripts1~2!, respec-
tively, instead of the sometimes used primed and unprim
symbols. Electronic states of the single crystal labeled w
superscripts1~2! are symmetric~antisymmetric! with re-
spect to inversion. A view of symmetrized combinations
sulfur px andpz orbitals atG are shown in Fig. 2. AtG the
states derived frompx andpy orbitals are degenerate.

The four different combinations for each orbital can
classified into bonding and antibonding states with respec
intralayer and interlayer interactions along the crysta
graphicc direction. For thepz orbitals the intralayer interac
tion is s-like and gives rise to a strong bonding/antibondi
splitting. The two intralayer bonding states areG1

1 andG4
2 .

FIG. 1. Crystal structure~a! and Brillouin zone~b! of 2H-WS2.
The labels given in brackets for some of the high symmetry po
in the Brillouin zone are sometimes used for two-dimensional s
tems.

FIG. 2. Possible combinations ofpz ~a! andpx ~b! orbitals in a
WS2 unit cell with symmetry labels used for the irreducible rep
sentations of theP63 /mmcspace group~Refs. 9,42!. Combinations
of single layer states are obtained by omitting the second la
Symmetry labels for single layer states as used in this paper
given in brackets.
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Interlayer bonding states of thepz orbitals areG1
1 andG3

1 .
The intralayer interactions of thepx andpy orbitals along

c are p-like resulting in a weaker splitting of the resultin
energy states of about 1.2 eV~see Sec. III!. The interlayer
interactions of the states derived frompx andpy orbitals are
generally very weak. A small energy splitting of 0.1 eV
observed betweenG5

2 and G6
1 . Almost no splitting is ob-

served betweenG5
1 andG6

2 ~see Fig. 2 and Sec. III!.
In the transition metal dichalcogenides there is p

nounced hybridization between the chalcogenidep orbitals
and the metald orbitals.9,7 Hybridization betweenpz anddz2

at G forms the electronic states at the valence band m
mum in many of those compounds11. TheG5

1 andG6
2 states

mix with the dxy anddx22y2 orbitals, while theG5
2 andG6

1

states mix withdxz anddyz orbitals. We will use the termsx1

and x2 in this article for the corresponding energy state
where the superscript indicates the intralayer interaction~see
also Fig. 2!. In accordance with this convention the 11 and
42 combinations of thepz orbitals atG are referred to asz1

and the 31 and 22 combinations asz2.

III. BAND STRUCTURE CALCULATIONS

A. Single crystal WS2

The band structure calculations are based on density fu
tional theory ~DFT! and the local density approximatio
~LDA !.43,44 We employ the augmented spherical wa
~ASW! method45 in its scalar-relativistic implementation~see
Refs. 46–48 for more recent descriptions!. Since the ASW
method uses the atomic sphere approximation~ASA!,49 we
had to insert so-called empty spheres into the open cry
structure of 2H-WS2. These empty spheres are used
model the correct shape of the crystal potential in la
voids. In order to minimize the sphere overlap, we have
cently developed an algorithm,50 which solves the problem
of finding optimal empty sphere positions as well as radii
all spheres automatically. By inserting six empty spheres i
the hexagonal unit cell of 2H-WS2 we kept the linear over-
lap of any two physical spheres below 11%, and the over
of any pair of physical and empty spheres below 22%.

The Brillouin zone sampling was done using an increa
number ofk points ranging from 36 to 576 points within th
irreducible wedge of the hexagonal Brillouin zone. This w
we were able to ensure convergence of our results with
spect to the fineness of thek-space grid. Self-consistenc
was achieved by employing an efficient algorithm for co
vergence acceleration.51 Convergence criteria for the atomi
charges and the total energy were 1028 electrons and
10-8 Ryd, respectively.

In Fig. 3 we show the calculated band structure of sin
crystal WS2. As for its isoelectronic compounds WSe2,
MoS2, and MoSe2,11–13 the calculation reveals that WS2 is
an indirect semiconductor with the valence band maxim
at the center of the Brillouin zone. The conduction ba
minimum lies betweenG and K with a bandgap ofEg
'1.2 eV, close to the experimental value of 1.34 eV.28 There
are 14 filled bands in the Brillouin zone. The 28 electrons
unit cell are supplied by 234 electrons from W 5d, 232
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A. KLEIN et al. PHYSICAL REVIEW B 64 205416
electrons from W 6s, and 434 electrons from S 3p orbitals.
The S 3s electrons, which have also been included in t
calculation, form separate bands which are outside the
ergy window in Fig. 3.

In the top plane of the Brillouin zone (A-L-H) there is
generally a double degeneracy of each band.9 The interac-
tions across the van der Waals–plane are evident from the
of degeneracy when going fromA to G. There are three pair
of occupied bands which show considerable splitting aG
and are degenerate atA. The corresponding energy bands a
mainly derived from 5dz2 orbitals with a binding energy o
0.21 eV atA, and from 3pz orbitals at 2.46 and 6.90 eV
respectively. The strong difference of 4.44 eV between
binding energies of the two 3pz bands atA is due to the
intralayer bonding/antibonding splitting~see Fig. 2!. The
splitting of each of these three bands atG is due to the
interlayer bonding/antibonding combinations. With increa
ing binding energy the three topmost filled valence state
G are the 42, 22, and 11 states. This order indicates a
overlap between the S 3p (22) and W 5d (11,42) states.

The A3 bands at binding energies of 3.12 and 1.91 eV
A show almost no splitting atG and no dispersion alongGA.
They are derived from the S 3px (py) orbitals. The energy
difference of 1.21 eV corresponds to the intralayer bondi
antibonding splitting between thex1 (G5

1 and G6
2) and x2

(G5
2 andG6

1) states~see Fig. 2!. Each of these states is sti
doubly degenerate atG. A small splitting of less than 0.1 eV
between the pairs of the 52 and 61 states is present atG as
already mentioned in Sec. II. In principle the 51,62 and
52,61 states should split into two pairs of bands due
spin-orbit coupling, which is not included in our calculatio

B. Single layer WS2

A unit cell for the calculation of the single layer ban
structure was constructed by replacing all atoms of the s
ond layer in the single crystal unit cell by empty spheres. T

FIG. 3. Band structure of single crystal WS2 calculated using
the augmented sperical wave method. The zero of binding en
corresponds to the position of the valence band maximum. Sym
try labels forG ~A! of the corresponding valence states are indica
at the left~right! axis of the graph.
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atomic positions in the single layer are thus assumed to
identical to the single crystal as also done in the literature4,10

Subsequent layers are consequently separated by one
wich unit. The dimensions of the Brillouin zone are identic
to those of the single crystal because of the same size o
unit cell used in the calculation. Due to the loss of the f
symmetry of the 2H structure in our supercell calculatio
the Brillouin zone sampling included 63 to 1088k points
within the irreducible wedge.

The calculated band structure is shown in Fig. 4. A
remaining interactions perpendicular to the layers are fo
to be small. This is indicated by the lack of binding ener
dispersion for all bands alongGA and from the identical
band structures in theG-M -K and theA-L-H planes. Ac-
cording to Fig. 4 single layer WS2 is a ~two-dimensional!
semiconductor with the valence band maximum atG. The
conduction band minimum is at theK point of the Brillouin
zone at a binding energy of21.6 eV, which corresponds to
the calculated energy gap of the single layer. In contras
the single crystal band structure there are only seven fi
bands below the Fermi energy because the unit cell exte
over one sandwich layer and contains only one W and tw
atoms.

The overall appearance of the single layer band struc
is very similar to the single crystal band structure as can
expected from the small interlayer interactions in layer
compounds and as also observed for band structure calc
tions of other materials.4,9,10 However, some differences in
the dispersion of the bands are particularly observed aro
theK/H points. These can be attributed to different hyridiz
tion as a result of different crystal symmetries of the tw
structures~see Sec. II!.

Binding energies corresponding to the 5dz2 and to the 3pz
orbitals atG are 0, 1.69, and 5.91 eV, respectively. The
tralayer bonding/antibonding splitting ofpz at G is hence
4.22 eV, slightly smaller than the 4.44 eV calculated for t
single crystal atA ~see above!. The binding energies of the

gy
e-
d

FIG. 4. Band structure of single layer WS2 calculated using the
augmented sperical wave method. The zero of energy corresp
to the energetic position of the valence band maximum. Symm
labels for the center of the Brillouin zoneG are indicated at the left
axis.
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x1 andx2 combinations atG are 3.46 and 2.22 eV giving
difference of 1.24 eV. This is almost the same as the 1.21
difference atA calculated for the single crystal band stru
ture.

C. Comparison of calculated band structures

As mentioned above, the intralayer bonding combinatio
of the Spx andpy orbitals (x1 andy1) are degenerate atG.
This degeneracy is lifted whenk has a component in thexy
plane. In theGM (5S) direction, e.g., which is parallel to
the y axis, thepx band disperses upwards~to lower binding
energies! with increasingk, while the py band disperses
downwards. For the single crystal thepx andpy bands both
show a small splitting into pairs of bands alongS because of
the interlayer interaction. At theM point of the Brillouin
zone the difference in binding energy between thepx andpy
bands amounts to almost 6 eV~see Fig. 5!. The downward
dispersion of thepy band is not readily identified in Figs.
and 4, since they hybridize betweenG and M with the up-
ward dispersingz1 bands.

For a better comparison the calculated single layer
single crystal band structures alongGA andGM are shown
together in Fig. 5. In this figure the single layer data a
shifted upwards in energy so that thex1 andx2 bands atG
for single layer and single crystal yield similar binding ene
gies. Such a rigid binding energy shift for a comparison
the two band structures is reasonable since interlayer in
actions will have only a small effect on thex and y states.
This is further confirmed by the almost identical band wid
of the S 3p x1 and y1 bands, which is indicated by th
circles in Fig. 5~b!.

Despite all similarities there is a striking discrepancy b
tween the two band structures. When the binding energie
the single layer states are shifted so thatx1 andx2 states are
in accordance with the corresponding single crystal ener
as done in Fig. 5, the S 3p z1 and z2 states of the single
layer have more than 1 eV lower binding energies atG com-

FIG. 5. Comparison of calculated band structures of single c
tal ~dashed lines! and single layer~solid lines! WS2 along GA ~a!
and GM ~b!. The single layer binding energies are rigidly shifte
upwards by20.31 eV so that theirx1 and x2 states atG have
almost identical binding energies than those of the single crysta
~b! the extremal values of thex1 andy1 orbital combinations atG
and M are indicated by circles. Arrows indicate the shift of thez
states of the single layer compared to the single crystal states.
20541
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pared to the single crystal states. This is indicated by
arrows in Fig. 5~a!. A somewhat smaller but correspondin
difference is observed for the W 5dz2 states. These shifts ar
not restricted to theG point but are present in the sam
magnitude throughout the whole Brillouin zone as indicat
e.g., for theS direction in Fig. 5~b!.

While the calculated band widths and dispersions of
energy states are very similar for both single layer and sin
crystal, the electronic states derived fromz-like orbitals have
a lower binding energy in the single layer. We attribute th
to the missing interlayer interactions, which are expected
affect these states. This result, which is theoretically p
dicted from the presented band structure calculations, is
observed experimentally as described in the following s
tion.

The differences in single crystal and single layer ba
structure cannot directly be compared to the two availa
band structure calculations, because TiS2 ~Ref. 4! has a dif-
ferent crystal structure compared to WS2. On the other hand
a different wave function basis has been used in the calc
tion for MoS2 single crystal and single layer.10,29 The effect
of the wave function basis can therefore not clearly be d
tinguished from the change of dimension in the latter wo

IV. EXPERIMENTAL BAND STRUCTURES

A. Experimental setup

The valence band structures were determined using an
resolved photoelectron spectroscopy with synchrotron ra
tion as excitation source. A commercial VG ADES 500 spe
trometer was attached to the TGM 7 beamline of the BES
I storage ring in Berlin, Germany. The system is equipp
with an angle resolving electron spectrometer mounted o
two-axis goniometer and a rear-view low energy electr
diffraction ~LEED! optics. The analyzer pass energy was
to 15 eV giving an experimental resolution ofDE
<200 meV for excitation energieshn<40 eV. The angle of
incidence of the incoming photons was set to 45° with
spect to the surface normal. Photon energies betweenhn
516280 eV from a single monochromator grating ha
been used. Binding energies were calibrated by means o
Fermi cutoff of a metallic sample and intensities were n
malized with respect to the photoemission current of the
coated focussing mirror of the beamline.

The takeoff angle corresponding to normal emission
electrons is verified using the white light of synchrotron r
diation reflected from the surface. To determine the angu
dependence of the valence band structure the crystal
oriented using LEED to measure the emission along the h
symmetry directionsGM andGK. Two different angular ge-
ometries where used making use of the linear polarization
the synchrotron radiation at the beamline.In-planepolariza-
tion is obtained when the analyzer is rotated horizontally—
the plane of polarization of the synchrotron light.Out-of-
plane polarization is achieved when the analyzer is rota
vertically—perpendicular to the polarization plane. This r
sults in different selection rules for photoemission and can
used for identification of band symmetries~see, e.g., Refs
52,53!.
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B. Single crystal WS2

1. Photoemission results

A WS2 single crystal grown by chemical vapor transpo
with dimensions 53530.01 mm was fixed on the samp
holder by Ag epoxy and dried at 100 °C for 1 h. The sam
was cleaved in ultrahigh vacuum (p,2310210 mbar). A
mirrorlike cleavage plane exhibiting a high quality hexag
nal LEED pattern was obtained.

In Fig. 6 we show normal emission valence band spe
in dependence on photon energy, probing the dispersio
electronic states alongGA. The binding energies of the pho
toemission peaks as determined from Fig. 6 are shown
Fig. 7.

The observed photon energy dependence is very simila
published results for MoSe2,11,17 WSe2,12,13 MoS2,15 and
MoTe2.18 There are a number of nondispersing states al
GA, which correspond to the quasi-two-dimensional str
ture of layered transition metal dichalcogenides. In parti
lar, two pairs of spin-orbit split states, corresponding to
x1 andx2 combinations of S 3p orbitals hybridized with W
5d orbitals, are expected.54 One of these pairs can be clear
identified at binding energies BE54.0 and 3.7 eV~see Fig.
7! giving a spin-orbit splitting ofDEso50.3 eV. An identical
value has been determined for the isoelectronic WSe2 by
spin-resolved photoemission.54 The second pair is less ev
dent from the data. We have tentatively attributed the en
getic positions of the spin-orbit splitx2 bands to binding
energies of 2.0 and 2.45 eV, as indicated by dashed line
Fig. 7. Again the value ofDEso50.45 eV for the spin-orbit
splitting is in good agreement with the spin-resolved data
WSe2 by Yu et al.54 The difference between the avera
binding energies of thex1 andx2 states is hence given b

FIG. 6. Valence band photoelectron spectra of single cry
WS2 taken in normal emission. Excitation energies are indicate
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1.62 eV compared to the calculated value of 1.21 eV, wh
is a reasonable agreement.

There is another transition at a constant binding ene
BE51.1 eV, which exhibits drastic changes in intensity w
varying photon energy~see Fig. 6!. This band is not reflected
in the band structure calculations shown in Fig. 3. Cor
sponding transitions are also found for other layered tra
tion metal dichalcogenides, which also have no corresp
dence in the calculated band structures~see Refs. 11–
13,15,17, and references therein!. The photon energy
dependence of this peak for MoSe2 clearly indicated that this
peak is predominantly of Mo 4d character.11 The corre-
sponding transition observed for single crystal WS2 ~Fig. 6!
shows two intensity maxima for excitation energies arou
23 and 43 eV, respectively. Almost identical intensity var
tions are observed for a valence band emission at 1.5
binding energy from single layer WS2 @see Fig. 11~b! below#.
For the single layer this transition clearly corresponds
emission from the topmost valence states atG, which are
composed mainly from W 5dz2 orbitals~see Sec. IV C!. The
dispersionless single crystal transition develops directly fr
the single layer W 5dz2 state with increasing film thickness55

@see also Fig. 11~a!#. It is therefore clearly a feature which i
present already in a single layer and does not depend
three-dimensional band formation.

Different explanations for the dispersionless peak are
cussed by Coehoornet al.11 Self-intercalation has been con
sidered unlikely for MoSe2,11 which is also assumed fo
WS2. Localization of d electrons due interaction with th
lattice ~vibronic polaron! is one of the possible
explanations.56 Dispersionless features in normal photoem
sion might also occur for surface states or surface re
nances. However, layered transition metal dichalcogen
are generally considered as free of surface states becau
the weak interlayer interactions. No clear evidence for p
toemission from surface states of layered transition m
dichalcogenides exists so far~see, e.g., Ref. 57!. Neverthe-

al

FIG. 7. Binding energies of valence band emissions of the d
shown in Fig. 6. The horizontal dashed lines indicate tentativ
attributed binding energies of the spin-orbit split pairs of thex1

(3.7 and 4.0 eV) andx2 (2.0 and 2.45 eV) states, respectively.
6-6
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ELECTRONIC BAND STRUCTURE OF SINGLE-CRYSTAL . . . PHYSICAL REVIEW B 64 205416
less to attribute the mentioned transition to a surface s
seems to be reasonable because the W 5dz2 orbital in the
surface layer can only bond to the second layer Spz and
therefore is characterized by a nonbulk-like coordinat
leading to an electronic state localized at the surface.
WSe2 this experimentally observed state may be situa
within an energy gap alongGA as suggested by the calcul
tion presented by Travinget al.12 The binding energy of the
transition observed for WS2 approximately coincides with
the calculated binding energy of the interlayer antibond
z2 state (G2

2). This lies between the interlayer bondingG1
1

and antibondingG4
2 dz2 states, which can be expected as t

binding energy of an eventual nonbondingdz2 surface state.
A dangling bondlikedz2 surface state would agree with th
observed evolution of thedz2 state with film thickness.55

The lowest binding energy BE50.29 eV for all transi-
tions in normal emission is observed athn516 eV. With
increasing photon energy the binding energy of this tran
tion increases to BE51.1 eV. Further increasinghn leads
again to a backshift of its maximum to lower binding energ
However, the minimum binding energy reached athn
>30 eV is BE50.42 eV, which is significantly larger tha
the binding energy athn516 eV. A similar behavior has
also been reported for WSe2 ~Ref. 12! as well as for VSe2
and TiS2

58. Strocov et al. have attributed this behavior t
increased broadening of the photoemission final state
higher kinetic energies. This leads to an asymmetrical bro
ening of the photoelectron peak at critical points of the
cupied band structure~in-band shifting!. This effect will defi-
nitely affect the observed behavior of the WS2 valence band
maximum, but we would like to mention an additional effe
mentioned in the paper of Strocovet al., which might be of
importance in the present case. Since the surface sensi
of the photoemission experiment changes drastically at
kinetic energies, the shift of the valence band maxim
binding energy can be caused by a surface induced in
state effect. A lower binding energy of the topmost valen
band observed at lower kinetic energy would correspond
larger energy gap at the surface. This would be in agreem
with the larger band gaps of single layers, which are
served for TiS2,4 InSe,36 and WS2 ~see below!.

Photoelectron spectra in dependence of electron emis
angle were taken at photon energieshn516 and hn
521 eV, respectively. Spectra taken withhn521 eV are
shown in Fig. 8. Pronounced binding energy shifts and int
sity variations are clearly identified. The topmost filled v
lence band, which is composed mainly of the Wdz2 orbitals
at G, disperses to higher binding energies with increas
emission angleu. At u525° alongGK @Fig. 8~b!# the peak
splits into two peaks and disperses upwards to lower bind
energies with increasing emission angle. At theK point of
the Brillouin zone, corresponding tou545°, the splitting of
the two topmost valence band is given byDEso50.48 eV.
The splitting is again due to spin-orbit interactions a
agrees with the value for WSe2. It is significantly larger than
for the molybdenum dichalcogenides11 as can be expecte
from the higher ordinal of W compared to Mo. The corr
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sponding energy states are mainly derived fromdx22y2 and
dxy orbitals.9,11

The lowest binding energy for any off-normal emissio
is found at theK point with BE50.72 eV. This value is
0.49 eV larger than the lowest binding energy obtained alo
GA. The experimentally determined valence band maxim
of single crystal WS2 is thus at theG point of the Brillouin
zone, in agreement with the band structure calculation.

2. Comparison with theory

A comparison of experimental and calculated band str
tures of single crystal WS2 along the high symmetry direc
tionsGM andGK is shown in Fig. 9. Except for the bands
the valence band maximum atG the experimental data take
with 16 eV (n) and 21 eV (s) excitation energy gave very
similar binding energies. This is of course the result of t
small energy dispersion perpendicular to the layers.

The experimentally observed band atG with BE
55.4 eV has no correspondence in the calculation. At t
binding energy there are a number of bands both atK andM.
In addition the observed transition has a rather low inten
~Fig. 8!. This band is therefore most likely due to indire
transitions.

The two bands with lowest binding energy atG in Fig. 9
are the extremal values of thek' dispersion of thez1 band.
These values are well reproduced by experiment~see Fig. 6!.
In Fig. 9 there is only one experimental band at this bind
energy, as only data for a single excitation energy are sho

FIG. 8. Valence band spectra excited withhn521 eV synchro-
tron radiation along theGM andGK direction of a 2H-WS2 single
crystal for in-plane polarization geometry. Take off angles of ph
toelectrons are given on the right.
6-7
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A. KLEIN et al. PHYSICAL REVIEW B 64 205416
The agreement between experimental and calculated b
structure is very good. The valence band maximum is c
sistently found at theG point of the Brillouin zone. Through-
out the Brillouin zone experiment and theory do also ag
with respect to the relative binding energies of the ba
derived from orbitals in the basal plane (x1 andx2 bands!
and the bands derived from orbitals perpendicular to
planes. In addition the experimentally determined bandwi
of the x1 band, which has been discussed in Sec. III C@see
Fig. 5~b!#, is quite well reproduced by our calculation.

C. Single layer WS2

1. Thin film growth

Thin films of WS2 were grown by metal-organic van de
Waals epitaxy ~MOVDWE! using W(CO)6 and Sn as
precursors.38,39 The partial pressures, which are crucial f
successful film deposition, were monitored using a m
spectrometer during deposition. Deposition was performe
a home made deposition chamber with a base pressure b
1029 mbar, which was connected to the spectrome
vacuum system allowing for direct sample transfer betw
film deposition and analysis. Single crystalline graphite s
strates have been cleaved in air and clamped to a moly
num sample holder. A clean surface was obtained after h
ing in vacuum toT.800 °C for 30 min at pressuresp
,1028 mbar. The quality of the surface was checked w
LEED and valence band photoemission.

The low deposition rate in MOVDWE, 2 h of depositio
correspond to approximately one monolayer, has been
lated to the missing bonding sites of the precursor molec
on the van der Waals plane.39 Epitaxial growth of the WS2
film follows from the LEED patterns which are shown
Fig. 10. A clear hexagon is observed for the graphite s
strate. With increasing deposition time the graphite spots

FIG. 9. Experimental and theoretical valence band structure
WS2 single crystal. Experimental data are shown for in plane
larization andhn521 eV (s) and hn516 eV (n). The experi-
mentally determined valence band maximum is set to 0 eV bind
energy. Calculated bands are shifted in energy to best match
experimental data.
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gradually replaced by the WS2 diffraction pattern, which
mainly appears as a hexagonal mesh aligned to the grap
spots. Applying strong contrast enhancement to the LE
pattern a partial misalignment of the WS2 film to the graphite
substrate can be identified from the ringlike pattern at d
fraction angles corresponding to the growing overlayer
tice constant~see Fig. 10!. However, for nonoptimized depo
sition conditions only a ringlike diffraction pattern i
obtained for the overlayer.

We have evaluated the LEED intensities along two diff
ent diagonal lines in the pattern obtained after 60 min
WS2 deposition. The ratio of the distance between oppo
spots of graphite and WS2 is 1.25(60.01) for both lines. In
contrast the ratio between the WS2 and the graphite bulk
lattice constants from literature data is 3.153/2.4651.28.
This difference indicates a 2.5% smaller in-plane~a! lattice
constant for the single layer WS2 compared to the single
crystal. However, the difference might also be within t
general uncertainty of the LEED experiment and the unc
tainty of the WS2 bulk lattice constant.

2. Photoemission results

In Fig. 11~a! we show valence band photoelectron spec
excited withhn516 eV as a function of deposition time. Fo
low coverage there are two strong and one weak emissio
binding energies of 1.5, 4.2, and 3 eV, respectively. T
binding energy of the peak at 1.5 eV~labeledG1

1 in Fig. 11!
is independent on coverage. For increasing coverage a
peak appears at lower binding energies (G4

2). This observa-
tion is in agreement with previous measurements on In
grown on pyrolytic graphite.36 The occurrence of theG4

2

emission indicates the growth of the second layer as
splitting of the topmost level is due to the interlayer intera
tions ~see also Fig. 2!. For deposition times of one hour o
less theG4

2 emission is absent. We therefore assume t
only islands of single layer thickness are present for th
coverages.

of
-

g
he

FIG. 10. LEED pattern for single crystal graphite and with i
creasing WS2 film thickness (Ekin572 eV). Deposition times are
indicated. The contrast is strongly enhanced to emphasize the
sidual ringlike diffraction feature of the growing film.
6-8
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ELECTRONIC BAND STRUCTURE OF SINGLE-CRYSTAL . . . PHYSICAL REVIEW B 64 205416
The observation of the transition from single layer
double layer coverage further indicates that the WS2 films
are electronically nearly decoupled from the graphite s
strate in agreement with the observation on the InSe film36

One can therefore assume that the valence band struc
determined from the deposited WS2 films are not strongly
disturbed by the substrate. The two-dimensional nature of
electronic structure of the deposited film is further proven
the energy independent binding energies of the transition
normal emission, which is shown for the single layer film
Fig. 11~b!.

Angular dependent valence band spectra taken from
single layer film withhn521 eV are shown in Fig. 12. Th
spectra were taken along theGM and GK symmetry lines
with in-plane detection geometry. Emissions from the gra
ite substrate are not completely attenuated for this film thi
ness at all emission angles and are indicated by solid circ

The emissions from the WS2 layer are clearly visible as a
result of the strong photoionization cross sections of the c
tributing W 5d and S 3p levels.59 They dominate for mos
emission angles those from the graphite substrate. Trans
from the graphite substrate at this photon energy are
observed for most emission angles.60 The sharp structures o
the WS2 emission indicate well-defined transitions ink space
and allow accurate binding energy determination.

The binding energy of the topmost energy level in norm
emission is 1.5 eV@Figs. 11~b!#, while alongGK the lowest
binding energy for film derived emissions is 1.2 eV observ
at takeoff angle 45°~Fig. 12!. Hence, in contrast to the WS2
single crystal~Sec. IV B! and also in contrast to the ban
structure calculation for the single layer~Sec. III B!, the va-
lence band maximum for the single layer film is experime

FIG. 11. ~a! Valence band photoelectron spectra taken withhn
516 eV for films of increasing thickness. The deposition times
indicated on the left. Spectra are normalized to the incoming pho
flux. ~b! Photon energy dependence of normal emission vale
band spectra for WS2 after 1 h of deposition.
20541
-

res

e
y
in

e

-
-
s.

n-

on
ot

l

d

-

tally found at theK point of the Brillouin zone. The valence
band maximum of single layer WS2 is hence mostly com-
posed of the spin-orbit splitdx22y2 anddxy orbitals.11

3. Comparison with theory

The experimental valence band structure of the sin
layer WS2 alongGM andGK is derived from the data show
in Fig. 12 and from additional data which are taken w
hn521 eV in out-of-plane detection geometry. The resulti
band structure is shown in Fig. 13 together with the cal
lated band structure. Data from in-plane geometry are sho
as open circles while data from out-of-plane geometry
shown as open triangles. Symmetry labels for the calcula
bands are indicated forG andM.

It is remembered that the general difficulty of photoem
sion experiments to determine the absolute value ofk inside
the substrate~see, e.g., Refs. 52,53! does not affect the data
in Fig. 13. The perpendicular component ofk in monolayers
is always zero. One can therefore expect a direct one-to-
correspondence of experimental and theoretical band st
tures. But the agreement between experiment and theory
the single layer shown in Fig. 13 is less good than the ag
ment found for the single crystal~see Fig. 9!. To understand
the differences observed between experiment and theor
more detail it is helpful to identify the symmetry of the e
perimental bands. With this knowledge individual expe

e
n
e

FIG. 12. Valence band spectra of thin film WS2 deposited on
single crystal graphite after 1 h of deposition. The spectra are take
with hn521 eV excitation energy along theGM andGK direction.
Takeoff angles of photoelectrons are given on the right. Emissi
from the graphite substrate are indicated by solid circles. The
lence band maximum of the film is observed at 45° takeoff an
alongG K.
6-9
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A. KLEIN et al. PHYSICAL REVIEW B 64 205416
mental bands can be directly attributed to certain theoret
bands for a direct comparison of critical point energies.

Because of missing data in the literature we have ev
ated the photoemission selection rules for emission along
S direction for the single layer. With the selection rules t
point group symmetry of the single layer can be checked
there is significant interaction of the layer with the substr
then the symmetry of the layer should be reduced giving
to increased hybridization~see, e.g., Ref. 61!.

The appropriate point group for theS direction of single
layer WS2 is Pmm2 (C2v

1 ). No change of symmetry occur
when theM point is reached. The symmetry labels given
Fig. 13 for theM point are therefore also appropriate for t
S line. The corresponding character table forPmm2 is
shown in Table I. For convenience the orientation of t
crystallographic axis is the same as for the crystal so thy
corresponds to the twofold rotational axis ofPmm2. In stan-
dard character tables ofC2v the directionsy and z are ex-
changed compared to Table I. There are four o

FIG. 13. Experimental and theoretical valence band structur
a WS2 single layer. Experimental data are shown forhn521 eV
with in-plane (s) and out-of-plane (n) detection geometry. The
experimental values are shifted to the same binding energies
Fig. 14. Calculated bands are rigidly shifted in energy to give b
agreement with the experimental data.

TABLE I. Character table for theS direction of the hexagona
Brillouin zone ~point groupPmm2). The axes and symmetry op
erations are labeled according to theP6̄m2 space group resulting in
yiS and the symmetry operations E~identity!, C2 ~twofold rotation
along y), sh ~reflection atxy), andsv ~reflection atyz), respec-
tively.

S a S b E C2 sh sv

z2,x22y2 y 11 1 1 1 1 1
xz 12 2 1 1 21 21
xy x 21 4 1 21 1 21
yz z 22 3 1 21 21 1

aSymmetry labels according to Refs. 7,3.
bSymmetry labels according to Ref. 62.
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dimensional irreducible representationsS1
1 , S1

2 , S2
1 , and

S2
2 , where the notation of Bassaniet al.3 and of Bromley

et al.7 is adopted. The superscripts1 and2 denote even and
odd symmetry with respect to reflection at the basalxy
plane.

The selection rules for direct optical transitions alongS
are presented in Table II for light polarized alongx, y, andz,
respectively. In our experimental setup in-plane polarizat
corresponds to light polarized in theyz plane with equal
contributions alongy and z, and out-of-plane polarization
corresponds to light polarized inxz plane with equal contri-
butions alongx andz.

Since theS direction, which is parallel toy, lies in theyz
mirror plane, the photoemission final state must have e
symmetry with respect tosv . Otherwise zero intensity at th
detector is obtained.52,53 Therefore onlyS1

1 and S2
2 final

states are allowed. Table III lists the allowed transitions
both measurement geometries. Using in-plane polarizat
only transitions fromS1

1 and S2
2 initial states are allowed

while transitions from all initial states are allowed for ou
of-plane polarization. With the knowledge of the allowe
transitions we have identified unambiguously the symmet
of the experimentally observed transitions, which are a
tabulated in Table III. The transition around 6 eV atM, e.g.,
~see Fig. 13!, is obviously related to theS1

2 band, as it is
observed for out-of-plane polarization only.

In contrast to Table III, theS2
1 band, starting atG3

1 and
dispersing upwards towardsM2

1 ~see Fig. 13!, is not ob-
served for any of the two polarizations. Photoemission fr
the corresponding single crystal band is only observed
larger emission angles with weak intensity between t
stronger emissions~compare Figs. 8 and 9!. The two stronger
emissions are also observed for the single layer and are
to transitions from the neighboringM1

1 andM2
2 bands. We

therefore assume that theS2
1 band is not observed for th

single layer because of a low photoionization cross sect
To support this assumption we have calculated angular

of

in
st

TABLE II. Selection rules for photoemission along theS direc-
tion for polarization along the three principal axes (yiS). In-plane
polarization gives components of the electric field vectorEW iy and
EW iz, out-of-plane polarization givesEW ix andEW iz.

polarization initial state : S1
1 S1

2 S2
1 S2

2

EW ix final state : S2
1 S2

2 S1
1 S1

2

EW iy final state : S1
1 S1

2 S2
1 S2

2

EW iz final state : S2
2 S2

1 S1
2 S1

1

TABLE III. Allowed and observed transitions for photoemissio
of single layer WS2 alongS for light polarization in the emission
plane and perpendicular to it.

allowed observed

in-plane S1
1 , S2

2 S1
1 , S2

2

out-of-plane S1
1 , S1

2 , S2
1 , S2

2 S1
1 , S1

2 , S2
2

6-10
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ELECTRONIC BAND STRUCTURE OF SINGLE-CRYSTAL . . . PHYSICAL REVIEW B 64 205416
pendent photoionization cross sections using the theory
atomic orbitals with fixed orientation presented by Goldbe
et al.63 The S2

1 band is composed fromdxy and from x1

combinations of the S 3p orbitals. Our calculation predicts
considerably lower transition probability for emission fro
thedxy orbitals than for the otherd orbitals in the respective
emission directiony, in agreement with the above assum
tion.

Angular variations of photoionization cross sections
also suggested to be responsible for low emission intens
of the lowerS2

2 band, which starts atG3
2 dispersing down-

wards towardsM2
2 . Although this band seems to agree e

cellently with experimental transitions, the correspond
data points are due to the transition from theS1

1 band, which
starts atG3

1 dispersing downwards. This band hybridiz
halfway betweenG andM with the upward dispersing ban
from the bottom mostG1

1 band. The lowerS2
2 corresponds

to the data points which are observed for in-plane polar
tion only around theM point. Transitions at lower emission
angles are observed for out-of-plane polarization only. Th
findings are in agreement with cross section calculations
ing dyz orbitals.

The observed photoemission selection rules are thus f
consistent with those expected for thePmm2 point group, at
least for theGM direction. It is, however, assumed that th
agreement between experiment and the full symmetry for
single layer also holds for the other directions. Any resid
electronic interactions with the substrate, which should
duce the symmetry, can therefore be considered as
small.

With the one-to-one correspondence of theoretical and
perimental bands it is now possible to compare the exp
mentally determined critical point energies with those p
dicted by the band structure calculations. The result is sho
in Table IV where binding energies are given in eV wi
respect to the topmost band atG.

Reasonable agreement between experimental and the
ical values atG is found for the upper 11 and the 22 state.
The lower 11 state (z1) and the 31 (x1) and 32 (x2) states
show larger discrepancies. At theM point reasonable agree
ment is obtained for the lower 11, the 12 and the two 22

states. Rather poor agreement is achieved for the other s
The too low binding energy of the calculated topmostM1

1

state corresponds to the observation for the topmost ban

TABLE IV. Calculated and experimental binding energies
critical pointsG and M of single layer WS2. Experimental values
are given with an uncertainty of<0.1 eV for comparison where
available. The binding energies are given in eV with respect to
topmost band atG.

G1
1 G2

2 G3
2 G3

1 G1
1

theory 0 1.65 2.18 3.43 5.88
experiment 0 1.57 2.58 6.56

M1
1 M2

1 M2
2 M1

1 M2
2 M1

2 M1
1

theory 1.36 1.52 1.98 3.73 4.02 5.27 6.8
experiment 0.87 2.42 4.70 3.68 5.65 6.8
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K. The deviation at this point leads to a different location
the valence band maximum ink space as determined b
band structure calculation and experiment.

A possible explanation for the differences between th
retical and experimental band structures of single layer W2
is the relaxation of the crystal structure. In the calculatio
we have assumed identical atomic positions for single la
and single crystal within the slab since no detailed crysta
graphic data are available for the single layer. As mention
above the LEED pattern obtained for single layer indicate
2.5% smaller in-plane lattice constant. Further hints fo
different lattice constant of the single layer give the expe
mentally determined band structure. Some of the bands h
maxima or minima at the corner of the Brillouin zone. Thek
values of theM and K points as expected from the bul
lattice constant are indicated by the vertical dashed line
Fig. 13. The extrema of the upperS2

2 band and of the two
topmost bands aroundK are clearly observed atk values
which are larger than the expected position. By fitting pa
bolic functions to the extrema of these bands a decreas
the lattice constant for single layer WS2 of 5% compared to
the bulk lattice constant is deduced. However, the estima
uncertainty of this value is rather high and no deviation fro
the lattice constant is observed from other extrema at thM
point. In addition we would expect a decrease of the in-pla
lattice constant of 5% to increase the band width of thex1

band. In contrast the experimentally determined band wid
are very similar for single crystal and single layer as d
scribed in the next section. Therefore no convincing exp
mental evidence for a relaxation of the single layer can
extracted.

4. Comparison with single crystal band structure

The experimental valence band structures of single cry
and single layer WS2 along GM and GK are compared in
Fig. 14. Open symbols show dispersion of energy bands
single crystal WS2 obtained with photon energieshn
521 eV ~circles! and hn516 eV ~triangles!. Data from
scans with out-of-plane polarization are omitted. Filled sy
bols show dispersion of energy bands for the WS2 film after
1 h of deposition obtained withhn521 eV and in-plane po-
larization ~circles! and out-of-plane polarization~triangles!,
respectively. The binding energy of the valence band ma
mum of the single crystal band structure is set to 0 eV, wh
the band structure of the single layer is shifted in energy
best match the single crystal data.

The most striking differences between the single crys
and the single layer band structure are some additional ba
observed for the single crystal. These are the splitting of
topmost valence band atG and the occurrence of emission
at binding energies of 5.5 eV aroundG and of 222.5 eV
aroundM. The splitting of the topmost valence band is due
interlayer interaction, which has been discussed above an
Ref. 36. Indirect transitions from regions of high density
states are assumed to account for the nondispersing ba
5.5 eV close toG as discussed in Sec. IV B 1. The band
the M point is most likely not observed for the single lay
due to low photoionization cross sections as discussed in
previous section.
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Apart from these differences there is an excellent agr
ment between the two experimental band structures. The
ergy states are in very good agreement regardless of
orientation with respect to the layer structure. This is in co
trast to the theoretical band structure calculations, which p
dict an upward shift of thez derived states relative to thex,y
derived states for the single layer~see Sec. III C!.

The origin of this discrepancy between experimental a
theoretical data is not clear yet. One might, e.g., assu
residual bonding interactions of the single layer film with t
graphite substrate. However, the results in Sec. IV C 3 in
cate that the film is almost completely electronically deco
pled from the substrate as it exhibits the symmetry proper
of a nonsupported film. The electronic coupling of overlay
and substrate is inhibited by the large differences in e
tronic and crystallographic structure.21,36 Strong modifica-
tions of the single layer band structure by substrate inte
tions are therefore not expected.

Another explanation could be that with photoemissi
only the top layer of the single crystal is probed, whi
might have an electronic structure significantly differe
from the bulk. This effect has been discussed by Fanget al.4

However, for the single crystal a much better agreement
tween experimental and theoretical band structure is
served than for the single layer. Hence the electronic st
ture of the single layer, which should be comparable to
electronic structure of the surface within this argumentati
is less well predicted by theory. In addition, the splitting
the topmost valence band, which is always observed w
photoemission from single crystal Mo and W dichalc
genides, is a clear indication of interlayer interactions. P
toemission of single crystalline layered materials will the
fore mainly probe the bulk electronic structure.

FIG. 14. Experimental valence band structures of WS2 along the
GM - and GK directions: Single crystal, in plane polarization:hn
521 eV (s), hn516 eV (n). Single layer,hn521 eV: in plane
polarization (d), out of plane polarizationhn516 eV (m). The
valence band maximum of the single crystal is set to 0 eV. T
single layer bands are shifted in energy to best match the si
crystal data. Symmetry labels are indicated for the calculated
ergy bands atG andM.
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The most convincing explanation for the dissimilarity
experimental and theoretical results is the assumption o
structural relaxation of the single layer. There are some h
for a slightly reduced in-plane lattice constant of the sin
layer from LEED and angle resolved photoemission~see
Sec. IV C 3!. In addition, relaxation of the layer height ma
be expected. A detailed analysis of energy dependent LE
intensities curves, which are not available yet, would be n
essary to verify this assumption.64 For single crystal surface
of some layered materials relaxation of thec lattice constant
has been observed by LEED analysis.65–67 For MoS2 a con-
traction of the interlayer spacing of 5% is reported.65,66 No
relaxation of the in-plane lattice constant or the layer hei
is observed. These results may not apply to the single la
WS2 deposited on graphite because of the different substr
film interactions, but show that significant relaxation of la
tice constants is possible.

V. SUMMARY AND CONCLUSIONS

We have determined the electronic valence band struc
of single crystal and single layer WS2 by ASW band struc-
ture calculations based on density functional theory a
angle resolved photoelectron spectroscopy using synchro
radiation as excitation source. A crystalline single layer
WS2 has been prepared by van der Waals epitaxy on a gra
ite single crystal. An electronically almost completely deco
pled film is obtained as is evident from the clear observat
of the transition from single layer to double layer electron
states with increasing layer thickness. The single layer fi
obeys photoemission selection rules which are appropr
for a nonsupported film and therefore also strongly sugg
electronic decoupling. Electronic decoupling of the film is
prerequisite for the determination of an undisturbed sin
layer band structure.

Good agreement between experimental and theore
band structures of single crystal WS2 is obtained. The va-
lence band maximum is located at theG point of the Bril-
louin zone and is derived mainly from the W 5dz2 states. In
contrast the valence band maximum of the single laye
experimentally found at theK point and is derived fromdxy
and dx22y2 states. The differentk position of the valence
band maximum is a consequence of the missing interla
interactions.

In normal emission an intense valence band featu
which does not disperse with photon energy, is observed
single crystal WS2 as also reported for a large number
other transition metal dichalcogenides. Its intensity variat
compares with the single layer W 5dz2 emission. It is there-
fore clearly a feature which is present already in a sin
layer and does not depend on three-dimensional band for
tion. At least for materials with trigonal prismatic coordin
tion an interpretation of the dispersionless emission as a d
gling bondlike dz2 surface state seems to be possib
although other explanations cannot be ruled out.

The band structure of the single layer has been calcula
by assuming atomic positions derived from the crystal
graphic structures of bulk WS2. With this assumption an en
ergy shift of thez orbitals relative to thex,y orbitals com-

e
le
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pared to the single crystal band structure is predicted. Th
most likely related to the missing interlayer interaction of t
z orbitals across the van der Waals gap. The experime
band structure of the single layer shows excellent agreem
with the single crystal data for bothz andx,y derived elec-
tronic states. Relaxation of the single layer atomic struct
is supposed to account for this discrepancy between exp
mental and theoretical comparison between the two b
structures. The differences can, however, also be induce
the graphite substrate. Detailed theoretical calculations m
clarify this open question.

The suggested relaxation of the single layer should re
in almost identical electronic structures of the single la
and the single crystal as observed experimentally. This e
tronic structure obviously is the energetic minimum of W2
and can be approached with and without interlayer inter
tions. Any calculations of electronic structures of single lay
films or nanostructures, which assume atomic positions
rived from bulk crystallographic structures, might therefo
not agree with experiment. To clarify this important restr
tion it is planned to investigate the effect of relaxation on
band structures of single layer materials. With such calcu
tions additional insight into the details of the interlayer inte
actions in layered chalcogenides are expected.

Relaxation of layered chalcogenides is also importan
surfaces of layered materials. The available experime
data on such effects are very limited and show only a sm
but noticeable effect.65–67 However, the interactions of th
y-
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surface with the underlying bulk of the same composition
expected to be comparatively strong, because electronic
pling is possible due to at least very similar electronic a
crystallographic structures. We anticipate from the resu
presented here that any relaxation of the surface will red
the differences between the surface and the bulk electr
structure for layered materials. The interpretation of pho
emission data in terms of bulk electronic states will then
less affected.

The question of relaxation and the details of the interla
interactions are of great importance for interfaces betw
weakly interacting dissimilar materials. A great variety
such interfaces between two layered materials or betw
layered and three-dimensional materials can be prepare
van der Waals epitaxy.21 The degree of electronic coupling
and hence the influence of the interlayer interactions on
electronic properties of the prepared films and interfac
should strongly depend on the differences between electr
and crystallographic structures.
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