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The valence band structure of the layered transition metal dichalcogenidé&g®een 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 VA8 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 locatedkatpitiat of the Brillouin
zone.
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[. INTRODUCTION ture calculation has been performed by Seifettal. for
single-wall WS nanotube$.In contrast to W$, a number of
The electronic structure of semiconducting layered chalband structure calculations exist for WSeMoSe, or
cogenides has been studied for decades both theoreticaliyioS,.” ! Since these are isolectronic to Wgey can be
113 and experimentalf}=° because of their interesting expected to have very similar electronic structures. There are
quasi-two-dimensional crystallographic structure. Recent realso several experimental determinations of the electronic
view on electron spectroscopical studies of these materialsand structure of WSé'*MoSe,t't" MoS,, 114151 7and
are given in Ref. 19. Strong covalent chemical bonds aré/oTe, (Refs. 17,18)using angle-resolved ultraviolet photo-
present inside the layers while the interactions between thelectron spectroscopy. No experimental band structure of
layers are usually described as van der Waals—like. As &S, has been published so far.
result there is strong dispersion of the energy bands parallel In the 1960’s and 1970’s a number of authors have calcu-
to the layers while only small dispersion is observed perpentated two-dimensional electronic structure of layered materi-
dicular to the layers. als such as, e.g., single layer Ga&efs. 3)or single layer
Interlayer interactions are of particular importance for thetransition metal dichalcogenidés.Using density functional
layered materials since they are responsible for the anisotheory a calculation of three- and two-dimensiolsingle
ropy of their physical and chemical properties. Any applica-layer) band structures for MgShas been presented by Koba-
tion involving heterointerfaces between different layered mayashi and Yamauchi in order to understand scanning tunnel-
terials depends on the electronic coupling across the van défig microscopy images of transition metal dichalcogenide
Waals gap. Such interfaces can be prepared by van der Waajarfaces?® A MoS, single crystal band structure was calcu-
epitaxy on different two-dimensional as well as three-lated using a plane wave basis set. In comparison a single
dimensional(e.g., Si, GaAspubstrate$™?? A variety of at-  layer band structure was calculated using a LCA@ear
oms or molecules are known to intercalate into the van decombination of atomic orbitaJswave function basis. The
Waals gap of layered chalcogenides modifying the interlayeband structures calculated for single crystal and single layer
interaction?®=2° Also the preparation of fullerenelike and are very similar. The differences, which are present, e.g., for
nanotube materials of such compounds has been achievée overall valence band width, most likely traced back to the
recently?®?’ A better understanding of the electronic struc- different calculation method used, because very similar dif-
ture of layered compounds in dependence on the arrangéerences are observed for slabs of four layer thickness, where
ment of the layers, which determine the interlayer interactesults for both basis sets are presented by the autfors.
tions, is thus highly demanded. A crucial point in calculations of isolated slabs of layered
WS, and its isoelectronic compounds WSéMoSe, and  materials is the assumption of their crystallographic struc-
MoS, are semiconductors with bandgaps between 1 and 1.&ure. There exist crystallographic data erfoliatedsingle
eVZ. To our knowledge the only published calculation of thelayer MoS, and WS.3%3! In this approach single layers are
electronic structure of WSis the semiempirical tight bind- produced from single crystals by intercalation of Li into the
ing calculation of Bromleyet al.” Very recently a band struc- van der Waals gap and subsequent dissolution in water. Dis-
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solution of the chalcogenides in water as single layers occurthis system because of intense substrate emissions. The lack
only after intercalation with a considerable amount of Li. of significant electronic substrate/film interactions has also
Intercalation, however, leads to a structural phase transforot been shown explicitly.
mation from the ™ to the IT modification accompanied by In this work we describe the experimental determination
an increase of tha lattice constant as determined from x-ray Of the electronic valence band structure of single layer, WS
diffraction 2> An intercalation induced phase transition hasby angle-resolved photoelectron spectroscopy using synchro-
already been described previously in the literattiemd has  tron radiation as excitation source. The films were prepared
also been suggested from photoemission studies of Li inte®y metal-organic van der Waals-epitaxy on single crystalline
calated WS (Ref. 33 and MoS (Ref. 34 single crystals. graphite substrate$~*°We will further present an experi-
These exhibit clear changes of the electronic structure witfinental determination of the valence band structure of single
increasing Li content>3*Hence the existing structural data crystal WS and theoretical band structure calculations based
Correspond to the L. modification of Mo$S or WS, and can On density functional theory for both Single Iayer and Single
therefore not be used to determine the atomic positions drystal.
trigonal prismatically coordinated Mo or W dichalcogenides. ~ The paper is organized as follows. In Sec. Il the crystal-

Because of the lack of experimental data on single layelographic structures of single crystal and single layer,WS
trigonal prismatic coordinated WWS<obayashi and Yamau- are presented. We will also show symmetrized orbital com-
chi have assumed identical atomic positions within the layerginations at thd” point of the Brillouin zone for the space
for any of the structures in the calculatiofisThis procedure  groups of both structures. In Sec. Ill the method and results
is not justified as the lattice constants may be significantlyof band structure calculations are described together with a
different because of the missing interlayer interactions. Howdiscussion of the observed differences for single crystal and
ever, the same approach has been used by Eaatf They Single Iayer. The experimental setup is outlined in Sec. IV A.
calculated the electronic structure of bulk Jighd TiSe, as  Experimental results and a comparison with theory for the
well as of TiS and TiSe slabs with different number of single crystal are presented in Sec. IV B. Section IV C is
layers. In their calculation single crystal Fi@nd TiSg are  dedicated to thin film preparation and to the experimental
found to be semimetallic while a single slab of Ji@ith ~ band structure of the single layer, which is discussed in re-
identical atomic positions compared to the bulk crystal struclation with theory and with the single crystal band structure.
ture is a semiconductdrThis shows that a major electronic For this purpose we have evaluated polarization dependent
property of these material can depend on interlayer interag?hotoemission selection rules along thesymmetry line.
tions. However, it is noted that there is no general agreeme,ﬁinally the results and conclusions are summarized in Sec. V.
in the literature about the semimetallic nature of bulk
TiS,.>%°1n any case, the experimental test of such theoretical
predictions would require the determination of the electronic !l CRYSTALLOGRAPHIC STRUCTURE AND ORBITAL
structure of isolated single layer material. SYMMETRY

In contrast to atoms, molecules or small clusters the ex- \yg helongs to the layered transition metal dichalco-
perimental determination of the electronic structure of ex-

ded di ional sinale | ¢ ic thick genides, which crystallize in a two-dimensional structure
tended two-dimensional single layers of atomic thic Ness rézomnosed of covalently bondeét-M-X sandwiches X=S,

quires the deposition onto a suitable substrate. Sufficient,.\1 = Mo W Ta Nb.V.Ti.Zr Hf.1 There is only weak inter-
crystalline quality is thereby generally achieved by theact’ion acro'ss, th’e Iély,er’s éenerally referred to as van der

strong interaction with a crystalline substrate, which, unfor_'WaaIs—Iike. The crystal lattice of theH2 polytype of WS

tunately, also modifies the crystallographic and electroni -
structure of the layer. In the case of layered chalcogenides,cﬁzloprg?n ;O( Dt‘t] ? T: T;Zmzr:o;%?ﬁypzeﬁgounﬁ CS (f”a(izse e(;g(roup
3 6h) - -

IS pQSS|bIe to prepare e_p|taX|aI films on van der Waa.ls_tended over two layers with the S atoms of the second layer
terminated surfaces without the constraint of lattice

matching?>22When films are deposited onto substrates with"" top of the W atoms of the first layer and vice versa. The
strongly different electronic structure the electronic states oy\énitt(;r:é 2:2 ”}Vzntrl')gogilh&::r;aii ggogdllggtgnénlaittlce
the film cannot couple with the substrate. This has beeﬁ_ 12 323 AM T%e . ar)r:lmeter detérmin;] .the relative po-
shown experimentally for InSe films deposited on highly ori- .~ ' P ' 'mining P
ented pyrolytic graphitd HOPG.%® Such an electronically sitions of the §ulfur atoms. along z IS given by 0.6225. T_he
decoupled layer can be considered as a free-standing film ﬁ;]rystallographlc structure is shown in Fig. 1 together with

the sense of its electronic properties. In order to determinéheAhgﬁa?eogale'?zgwmé%r:)?ﬁ osed of one S-W-S stackin
the dispersion of the energy bands along the layers single 9 y 2 P 9

crystalline films are required, which can only be prepared or’fmit' It has a threefold rotational axis® (axi9. The plane

single crystalline substrates and not on HOPG. An eXperi_contalnmg the W atoms is a mirror plane. As a result of this

mental determination of the electronic structure of singlemirror plane.the symmetry propertieg of the single layer can
layer HfS, deposited on a single crystal WSgubstrate has not be described by one of the two-dimensional space groups
been presented by Kreist al3” Single layer thickness is but rather by the three-dimensional space grde@m2
confirmed byin situ scanning tunneling microscopy on the (D%h). Compared toP6m2 the space group6;/mmec of
same samples. However, tleresolved dispersion of indi- the single crystal has the inversion as additional symmetry

vidual electronic bands could only partly be determined foroperation.
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a) & ow Q@ s Interlayer bonding states of thg, orbitals arel’; andT'; .
The intralayer interactions of thg, andp,, orbitals along
b) A—A— c are m-like resulting in a weaker splitting of the resulting
} /{___ — L energy states of about 1.2 elgee Sec. I). The interlayer
e ;H-lzl'—/ S interactions of the states derived frgm andp,, orbitals are
S L _z<\1 T K{(P) generally very weak. A small energy splitting of 0.1 eV is
M(Q Z observed betweeli; andI'{ . Almost no splitting is ob-
a b served betweeli. andl'y (see Fig. 2 and Sec. Il
FIG. 1. Crystal structuréa) and Brillouin zone(b) of 2H-WS,. In the transition metal dichalcogenides there is pro-

The labels given in brackets for some of the high symmetry poim@ounced hybridiza.\tiong Qetwegn_ th_e chalcogemderbitals
in the Brillouin zone are sometimes used for two-dimensional sys@Nd the metadl orbitals™" Hybridization betweemp, andd,2
tems. at I' forms the electronic states at the valence band maxi-

mum in many of those compourldsTheI'; andI'y states

The high symmetry points at the Brillouin zone boundaryMix with the d,, andd,z_,2 orbitals, while thel's andT'g
for two-dimensional hexagonal materials are usually labelegtates mix withd,, andd, , orbitals. We will use the terms"
asQ and P. For convenience we use throughout this pape@nd x™ in this article for the corresponding energy states,
the same labels as for the single crystal whergk) corre- ~ Where the superscript indicates the intralayer interadsee
sponds toQ(P) (see Fig. 1L Symmetrized combinations of also Fig. 2. In accordance with this convention thé &and
valence orbitals belonging to the irreducible representation§ combinations of the, orbitals atl” are referred to az"
are given in the literature for both space grotps:*?Elec- and the 3" and 2 combinations ag".
tronic states being symmetriantisymmetri¢ with respect to
reflection at the horizontal mirror plane of the single layer
were labeled in this work with superscripts(—), respec-
tively, instead of the sometimes used primed and unprimed A. Single crystal WS,
symbols. Electronic states of the single crystal labeled with
superscripts+(—) are symmetric(antisymmetri¢ with re-

Ill. BAND STRUCTURE CALCULATIONS

The band structure calculations are based on density func-
! . ; d S tional theory (DFT) and the local density approximation
spect to inversion. A view of symmetrized combinations Of(LDA) 4344 \Ne employ the augmented spherical wave
sulfur p, andp, orbitals atl" are shown in Fig. 2. Al the  (Aq\w) method® in its scalar-relativistic implementatidsee

states deriveq frorp, and Py ork_)itals are degenergte. Refs. 46—48 for more recent descriptionSince the ASW
The four different combinations for each orbital can bemethod uses the atomic sphere approxima(i@BA),“g we

classified into bonding and antibonding states with respect tBad to insert so-called empty spheres into the open crystal

mtralqyer _and. interlayer mtera_ctlons qlong the ,CrySta"O'structure of M-WS,. These empty spheres are used to
graphicc direction. For thep, orbitals the intralayer interac- model the correct shape of the crystal potential in large

tion is o-like and gives rise to a strong bonding/antibonding,,qiqs. 1n order to minimize the sphere overlap, we have re-

splitting. The two intralayer bonding states dfg andl’, . cently developed an algorithfi,which solves the problem
of finding optimal empty sphere positions as well as radii of
(@) I,y T, Iy () I, (I3) all spheres automatically. By inserting six empty spheres into
the hexagonal unit cell of 2-WS, we kept the linear over-
lap of any two physical spheres below 11%, and the overlap
of any pair of physical and empty spheres below 22%.
The Brillouin zone sampling was done using an increased
+ 5 - number ofk points ranging from 36 to 576 points within the
-z -z irreducible wedge of the hexagonal Brillouin zone. This way
we were able to ensure convergence of our results with re-
. . . spect to the fineness of tHespace grid. Self-consistency
(b) 5  Tp(rg) I5(r3) T (r3) was achieved by employing an efficient algorithm for con-
vergence acceleratioh.Convergence criteria for the atomic
ﬁ ﬁ ﬁ ﬁ charges and the total energy were §0electrons and
. . . . 108 Ryd, respectively.
In Fig. 3 we show the calculated band structure of single
ﬁ_ XLﬁ ﬁ_ x‘_ﬁ crystal WS. As for its isoelectronic compounds WsSe
MoS,, and MoSe,'! " the calculation reveals that W3s

FIG. 2. Possible combinations of, (a) andp, (b) orbitals in a  @n indirect semiconductor with the valence band maximum

WS, unit cell with symmetry labels used for the irreducible repre-at the center of the Brillouin zone. The conduction band
sentations of th®6;/mmcspace grougRefs. 9,42 Combinations ~ Minimum lies betweenl” and K with a bandgap ofE,
of single layer states are obtained by omitting the second layer~1.2 eV, close to the experimental value of 1.34%€Where

Symmetry labels for single layer states as used in this paper ar@re 14 filled bands in the Brillouin zone. The 28 electrons per
given in brackets. unit cell are supplied by 4 electrons from W 8, 2x2
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FIG. 3. Band structure of single crystal W8alculated using FIG. 4. Band structure of single layer W8alculated using the

the augmented sperical wave method. The zero of binding energgugmented sperical wave method. The zero of energy corresponds
corresponds to the position of the valence band maximum. Symmaep the energetic position of the valence band maximum. Symmetry

try labels forI" (A) of the corresponding valence states are indicatedapels for the center of the Brillouin zofdgare indicated at the left
at the left(right) axis of the graph. axis.

electrons from W §, and 4x 4 electrons from S g8 orbitals.  atomic positions in the single layer are thus assumed to be
The S 3 electrons, which have also been included in theidentical to the single crystal as also done in the literatdfe.
calculation, form separate bands which are outside the ersubsequent layers are consequently separated by one sand-
ergy window in Fig. 3. wich unit. The dimensions of the Brillouin zone are identical
In the top plane of the Brillouin zoneAtL-H) there is  to those of the single crystal because of the same size of the
generally a double degeneracy of each bafthe interac- unit cell used in the calculation. Due to the loss of the full
tions across the van der Waals—plane are evident from the lifymmetry of the 2H structure in our supercell calculations
of degeneracy when going froto I'. There are three pairs the Brillouin zone sampling included 63 to 1088points
of occupied bands which show considerable splittind’at within the irreducible wedge.
and are degenerate A&t The corresponding energy bands are  The calculated band structure is shown in Fig. 4. Any
mainly derived from 8,2 orbitals with a binding energy of remaining interactions perpendicular to the layers are found
0.21 eV atA, and from 3P, orbitals at 2.46 and 6.90 eV, to be small. This is indicated by the lack of binding energy
respectively. The strong difference of 4.44 eV between thelispersion for all bands alonfA and from the identical
binding energies of the two® bands atA is due to the band structures in th&-M-K and theA-L-H planes. Ac-
intralayer bonding/antibonding splittingsee Fig. 2 The  cording to Fig. 4 single layer WSis a (two-dimensional
splitting of each of these three bands latis due to the semiconductor with the valence band maximuml'atThe
interlayer bonding/antibonding combinations. With increas-conduction band minimum is at th€ point of the Brillouin
ing binding energy the three topmost filled valence states atone at a binding energy of 1.6 eV, which corresponds to
I are the 4, 27, and 1" states. This order indicates an the calculated energy gap of the single layer. In contrast to
overlap between the Sp3(27) and W & (1%,47) states.  the single crystal band structure there are only seven filled
The Az bands at binding energies of 3.12 and 1.91 eV abands below the Fermi energy because the unit cell extends
A show almost no splitting df and no dispersion alonigA. over one sandwich layer and contains only one W and two S
They are derived from the Sp3 (py) orbitals. The energy atoms.
difference of 1.21 eV corresponds to the intralayer bonding/ The overall appearance of the single layer band structure
antibonding splitting between the” (I'2 andT'y) andx~ s very similar to the single crystal band structure as can be
(rs andl“g) states(see Fig. 2 Each of these states is still expected from the small interlayer interactions in layered
doubly degenerate &t. A small splitting of less than 0.1 ey compounds and as also observed for band structure calcula-
between the pairs of the 5and 6" states is present &tas  tions of other material$”*° However, some differences in
already mentioned in Sec. II. In principle the’ B~ and  the dispersion of the bands are particularly observed around
57,6" states should split into two pairs of bands due tothe€K/H points. These can be attributed to different hyridiza-
spin-orbit coupling, which is not included in our calculation. tion as a result of different crystal symmetries of the two
structures(see Sec. )
Binding energies corresponding to thd,5and to the ®,
orbitals atl” are 0, 1.69, and 5.91 eV, respectively. The in-
A unit cell for the calculation of the single layer band tralayer bonding/antibonding splitting qf, at I' is hence
structure was constructed by replacing all atoms of the sect.22 eV, slightly smaller than the 4.44 eV calculated for the
ond layer in the single crystal unit cell by empty spheres. Thesingle crystal atA (see above The binding energies of the

B. Single layer WS,
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pared to the single crystal states. This is indicated by the
arrows in Fig. %a). A somewhat smaller but corresponding
difference is observed for the W% states. These shifts are
not restricted to thd" point but are present in the same
magnitude throughout the whole Brillouin zone as indicated,
e.g., for the3, direction in Fig. §b).

While the calculated band widths and dispersions of the
energy states are very similar for both single layer and single
crystal, the electronic states derived frartike orbitals have
a lower binding energy in the single layer. We attribute this
to the missing interlayer interactions, which are expected to
affect these states. This result, which is theoretically pre-

FIG. 5. Comparison of calculated band structures of single crysgiCted from the _presented band st.ructur.e calculations, is not
tal (dashed linesand single layersolid lineg WS, alongT'A (a) qbserved experimentally as described in the following sec-
andT'M (b). The single layer binding energies are rigidly shifted !1ON- . o _
upwards by—0.31 eV so that theix ™ andx~ states afl’ have The dn‘ferences_ in single crystal and single layer pand
almost identical binding energies than those of the single crystal. Ii$tructure cannot directly be compared to the two available
(b) the extremal values of the” andy™ orbital combinations af  band structure calculations, because,TiBef. 4 has a dif-
andM are indicated by circles. Arrows indicate the shift of the ferent crystal structure compared to YW®n the other hand
states of the single layer compared to the single crystal states. a different wave function basis has been used in the calcula-

tion for MoS, single crystal and single lay&t?° The effect
x* andx~ combinations af’ are 3.46 and 2.22 eV giving a ©f the wave function basis can therefore not clearly be dis-

difference of 1.24 eV. This is almost the same as the 1.21 e\inguished from the change of dimension in the latter work.
difference atA calculated for the single crystal band struc-
ture. IV. EXPERIMENTAL BAND STRUCTURES

binding energy [eV]

A. Experimental setup
C. Comparison of calculated band structures . .
The valence band structures were determined using angle-

As mentioned above, the intralayer bonding combinationgesolved photoelectron spectroscopy with synchrotron radia-
of the Sp, andp, orbitals k" andy ™) are degenerate &  tjon as excitation source. A commercial VG ADES 500 spec-
This degeneracy is lifted whenhas a componentinthey  trometer was attached to the TGM 7 beamline of the BESSY
plane. In thel'M (=X) direction, e.g., which is parallel to | storage ring in Berlin, Germany. The system is equipped
they axis, thep, band disperses upward@® lower binding  with an angle resolving electron spectrometer mounted on a
energieg with increasingk, while the p, band disperses two-axis goniometer and a rear-view low energy electron
downwards. For the single crystal thg andp, bands both  diffraction (LEED) optics. The analyzer pass energy was set
show a small splitting into pairs of bands aloBdecause of to 15eV giving an experimental resolution oAE
the interlayer interaction. At thé! point of the Brillouin <200 meV for excitation energigsy<40 eV. The angle of
zone the difference in binding energy betweenh@ndp,  incidence of the incoming photons was set to 45° with re-
bands amounts to almost 6 g¥ee Fig. $ The downward spect to the surface normal. Photon energies between
dispersion of thep, band is not readily identified in Figs. 3 =16—80 eV from a single monochromator grating have
and 4, since they hybridize betwe&nand M with the up-  been used. Binding energies were calibrated by means of the
ward dispersing™ bands. Fermi cutoff of a metallic sample and intensities were nor-

For a better comparison the calculated single layer anghalized with respect to the photoemission current of the Au
single crystal band structures aloh@ andI'M are shown coated focussing mirror of the beamline.
together in Fig. 5. In this figure the single layer data are The takeoff angle corresponding to normal emission of
shifted upwards in energy so that tké andx~ bands af’ electrons is verified using the white light of synchrotron ra-
for single layer and single crystal yield similar binding ener-diation reflected from the surface. To determine the angular
gies. Such a rigid binding energy shift for a comparison ofdependence of the valence band structure the crystal was
the two band structures is reasonable since interlayer intetriented using LEED to measure the emission along the high
actions will have only a small effect on theandy states. symmetry directiond"M andI'K. Two different angular ge-
This is further confirmed by the almost identical band widthometries where used making use of the linear polarization of
of the S P x* andy™ bands, which is indicated by the the synchrotron radiation at the beamlifie-plane polariza-
circles in Fig. §b). tion is obtained when the analyzer is rotated horizontally—in

Despite all similarities there is a striking discrepancy be-the plane of polarization of the synchrotron ligi@ut-of-
tween the two band structures. When the binding energies gflane polarization is achieved when the analyzer is rotated
the single layer states are shifted so thatandx ™~ states are vertically—perpendicular to the polarization plane. This re-
in accordance with the corresponding single crystal energiesults in different selection rules for photoemission and can be
as done in Fig. 5, the SBz" andz™ states of the single used for identification of band symmetriésee, e.g., Refs.
layer have more than 1 eV lower binding energief @om-  52,53.
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FIG. 6. Valence band photoelectron spectra of single crystaft-62 €V compared to the calculated value of 1.21 eV, which
WS, taken in normal emission. Excitation energies are indicated. IS & reasonable agreement.

There is another transition at a constant binding energy
BE=1.1 eV, which exhibits drastic changes in intensity with
varying photon energgsee Fig. 6. This band is not reflected
1. Photoemission results in the band structure calculations shown in Fig. 3. Corre-

A WS, sinale crvstal arown by chemical vapor trans Ortsponding transitions are also found for other layered transi-
2 SINY y 9 y P PO ion metal dichalcogenides, which also have no correspon-

with dimensions % 5X0.01 mm was fixed on the sample dence in the calculated band structureee Refs. 11—
holder by Ag epoxy anq dried at 100 °C for 11I(;|. The sample13,15,17, and references thebeinThe photon energy
was cleaved in ultrahigh vacuunp€2x10"""mbar). A genendence of this peak for MoSeearly indicated that this
mirrorlike cleavage plane e.xh|b|t|ng a high quality hexago-peak is predominantly of Mo di charactet! The corre-
nal LEED pattern was obtained. sponding transition observed for single crystal )(Big. 6)

In Fig. 6 we show normal emission valence band spectrahows two intensity maxima for excitation energies around
in dependence on photon energy, probing the dispersion af3 and 43 eV, respectively. Almost identical intensity varia-
electronic states alongA. The binding energies of the pho- tions are observed for a valence band emission at 1.5 eV
toemission peaks as determined from Fig. 6 are shown ipinding energy from single layer W$see Fig. 1(b) below].

Fig. 7. For the single layer this transition clearly corresponds to

The observed photon energy dependence is very similar temission from the topmost valence states atwhich are
published results for MoSe™" WSe,'*** MoS,,"> and  composed mainly from W &,2 orbitals (see Sec. IV € The
MoTe,.* There are a number of nondispersing states alongispersionless single crystal transition develops directly from
I'A, which correspond to the quasi-two-dimensional structhe single layer W 8,2 state with increasing film thickneSs
ture of layered transition metal dichalcogenides. In particu{see also Fig. 1®)]. It is therefore clearly a feature which is
lar, two pairs of spin-orbit split states, corresponding to thepresent already in a single layer and does not depend on
x* andx~ combinations of S B orbitals hybridized with W three-dimensional band formation.
5d orbitals, are expectef.One of these pairs can be clearly  Different explanations for the dispersionless peak are dis-
identified at binding energies BE4.0 and 3.7 eMsee Fig. cussed by Coehooret al!! Self-intercalation has been con-
7) giving a spin-orbit splitting oA E¢,= 0.3 eV. An identical  sidered unlikely for MoSg'* which is also assumed for
value has been determined for the isoelectronic WBe WS,. Localization ofd electrons due interaction with the
spin-resolved photoemissih.The second pair is less evi- lattice (vibronic polaron is one of the possible
dent from the data. We have tentatively attributed the enerexplanations® Dispersionless features in normal photoemis-
getic positions of the spin-orbit split™ bands to binding sion might also occur for surface states or surface reso-
energies of 2.0 and 2.45 eV, as indicated by dashed lines inances. However, layered transition metal dichalcogenides
Fig. 7. Again the value oA E;,=0.45 eV for the spin-orbit are generally considered as free of surface states because of
splitting is in good agreement with the spin-resolved data fothe weak interlayer interactions. No clear evidence for pho-
WSe, by Yu etal® The difference between the averagetoemission from surface states of layered transition metal
binding energies of th&™ andx™ states is hence given by dichalcogenides exists so fésee, e.g., Ref. 57 Neverthe-

B. Single crystal WS
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less to attribute the mentioned transition to a surface state ™ K
seems to be reasonable because the di Brbital in the
surface layer can only bond to the second layep,Sand 65° 65°
therefore is characterized by a nonbulk-like coordination 80° 6|°
leading to an electronic state localized at the surface. For 55°

WSe, this experimentally observed state may be situated 50° W\M
within an energy gap alongA as suggested by the calcula- 45° __/\Mo
‘J\/\U/Ls

tion presented by Travingt al? The binding energy of the
transition observed for WsSapproximately coincides with
the calculated binding energy of the interlayer antibonding
z~ state (", ). This lies between the interlayer bondiﬁq
and antibondind’, d,2 states, which can be expected as the
binding energy of an eventual nonbondidg surface state.
A dangling bondliked,. surface state would agree with the
observed evolution of thd,2 state with film thickness®

The lowest binding energy BE0.29 eV for all transi-

—/VL/\/\&

_/\_/\/\Mz

tions in normal emission is observed lat=16 eV. With M/\/k
15°

10°

increasing photon energy the binding energy of this transi-

tion increases to BE1.1 eV. Further increasingv leads __/\——/\/\/\__
again to a backshift of its maximum to lower binding energy. ——-—"‘-/W ?
However, the minimum binding energy reached lak N\ [N

. R | | |
=30 eV is BE=0.42 eV, which is significantly larger than é é Alf é (I, é é 4 2 0

the binding energy ahv=16 eV. A similar behavior has

also been reported for WgéRef. 129 as well as for VSg

and TiS®. Strocovet al. have attributed this behavior to  FIG. 8. Valence band spectra excited with=21 eV synchro-

increased broadening of the photoemission final state aton radiation along th& M andT'K direction of a H-WS, single

higher kinetic energies. This leads to an asymmetrical broadsrystal for in-plane polarization geometry. Take off angles of pho-

ening of the photoelectron peak at critical points of the octoelectrons are given on the right.

cupied band structurgn-band shifting. This effect will defi-

nitely affect the observed behavior of the YW&lence band sponding energy states are mainly derived fraga 2 and

maximum, but we would like to mention an additional effect dy, orbitals?**

mentioned in the paper of Stroce¥ al, which might be of The lowest binding energy for any off-normal emissions

importance in the present case. Since the surface sensitivit§y found at theK point with BE=0.72 eV. This value is

of the photoemission experiment changes drastically at loW-49 €V larger than the lowest binding energy obtained along

kinetic energies, the shift of the valence band maximuml A. The experimentally determined valence band maximum

binding energy can be caused by a surface induced initif single crystal W§ is thus at thd" point of the Brillouin

state effect. A lower binding energy of the topmost valenceZOne; in agreement with the band structure calculation.

band observed at lower kinetic energy would correspond to a _ _

larger energy gap at the surface. This would be in agreement 2. Comparison with theory

with the larger band gaps of single layers, which are ob- A comparison of experimental and calculated band struc-

served for Ti$,* InSe® and WS (see below tures of single crystal WSalong the high symmetry direc-
Photoelectron spectra in dependence of electron emissidionsI'M andI'K is shown in Fig. 9. Except for the bands at

angle were taken at photon energibs»=16 and hr  the valence band maximum Etthe experimental data taken

=21 eV, respectively. Spectra taken withv=21 eV are with 16 eV (A) and 21 eV (O) excitation energy gave very

shown in Fig. 8. Pronounced binding energy shifts and intensimilar binding energies. This is of course the result of the

sity variations are clearly identified. The topmost filled va-small energy dispersion perpendicular to the layers.

lence band, which is composed mainly of thedy orbitals The experimentally observed band &t with BE

at I', disperses to higher binding energies with increasing=5.4 eV has no correspondence in the calculation. At this

emission anglé. At #=25° alongI’K [Fig. 8b)] the peak binding energy there are a number of bands bott ahdM.

splits into two peaks and disperses upwards to lower bindingn addition the observed transition has a rather low intensity

energies with increasing emission angle. At #goint of  (Fig. 8). This band is therefore most likely due to indirect

the Brillouin zone, corresponding t=45°, the splitting of  transitions.

the two topmost valence band is given Af,,=0.48 eV. The two bands with lowest binding energylatin Fig. 9

The splitting is again due to spin-orbit interactions andare the extremal values of tikg dispersion of the™ band.

agrees with the value for W&t is significantly larger than These values are well reproduced by experinteaé Fig. 6.

for the molybdenum dichalcogenidésas can be expected In Fig. 9 there is only one experimental band at this binding

from the higher ordinal of W compared to Mo. The corre- energy, as only data for a single excitation energy are shown.

intensity [arb. units]
8

2
)

binding energy [eV]

205416-7



A. KLEIN et al. PHYSICAL REVIEW B 64 205416

o o <
< _—
o
(]
;‘ .
2,
>
- -
% graphite , 60 min
g :
£ - - -
Y — 0 :
T T T T T T T T ‘ ', - -
00 05 10 1500 05 1.0 15 .
. . 105 min 165 min
ky (A7) k (A7)

) . FIG. 10. LEED pattern for single crystal graphite and with in-
FIG. 9. Experimental and theoretical valence band structure ofreasing WS film thickness E,i,= 72 eV). Deposition times are

WS,; single crystal. Experimental data are shown for in plane po-ndicated. The contrast is strongly enhanced to emphasize the re-

larization andhv=21 eV (O) andhv=16 eV (A). The experi-  sjdual ringlike diffraction feature of the growing film.
mentally determined valence band maximum is set to 0 eV binding

energy. Calculated bands are shifted in energy to best match th&radually replaced by the WSdiffraction pattern, which

experimental data. mainly appears as a hexagonal mesh aligned to the graphite

spots. Applying strong contrast enhancement to the LEED

The agreement between experimental and cglculatgd barb ttern a partial misalignment of the W& m to the graphite
structure is very good. The valence band maximum is con:

. ) Lo substrate can be identified from the ringlike pattern at dif-
(S)Ij;[etrqu;r)iﬁggir?tztgfepe();gte(r)ifrrtlgitBa:Irlllgl{[Ir?ef)?;ednglrggI%Z-re (%‘raction angles corresponding to the growing overlayer lat-
with respect to the relative binding energies of the band ice constantsee Fig. 1) However, for nonoptimized depo-

derived from orbitals in the basal plane™( andx~ band3 %mor_] conditions only a ringlike diffraction pattern is
d the bands derived f bital dicular to th obtained for the overlayer.
an € bancs derived Trom orbitals perpendicuiar 10 e \ye have evaluated the LEED intensities along two differ-

planes. In addition the experimentally determined bandwidt%nt diagonal lines in the pattern obtained after 60 min of

4 : ; .
OT the x b.and,'whmh”has been discussed |r; SFC: I[s€e WS, deposition. The ratio of the distance between opposite
Fig. 5(b)], is quite well reproduced by our calculation. spots of graphite and WSs 1.25(*0.01) for both lines. In
contrast the ratio between the W@&nd the graphite bulk
C. Single layer WS lattice constants from literature data is 3.153/2:4628.
1. Thin film growth This difference indicates a 2.5% smaller in-plaag lattice

L . constant for the single layer WSompared to the single
Thin films of WS, were grown by metal-organic van der ¢ystal. However, the difference might also be within the

Waals epitgéy (MOVDWE) using W(CO) and § as  general uncertainty of the LEED experiment and the uncer-
precursor$®® The partial pressures, which are crucial for tainty of the WS bulk lattice constant.
S

successful film deposition, were monitored using a mas
spectrometer during deposition. Deposition was performed in
a home made deposition chamber with a base pressure below i
10-% mbar, which was connected to the spectrometer !N Fig. 11(@ we show valence band photoelectron spectra
vacuum system allowing for direct sample transfer betwee$*citéd withh»=16 eV as a function of deposition time. For
film deposition and analysis. Single crystalline graphite sublOW coverage there are two strong and one weak emission at
strates have been cleaved in air and clamped to a molybd@nding energies of 1.5, 4.2, and 3 eV, re;spect.lvely. The
num sample holder. A clean surface was obtained after healinding energy of the peak at 1.5 éMabeledI’; in Fig. 11)
ing in vacuum toT>800°C for 30 min at pressures IS independent on coverage. For increasing coverage a new
<108 mbar. The quality of the surface was checked withPeak appears at lower binding energi€s J. This observa-
LEED and valence band photoemission. tion is in agreement with previous measurements on InSe
The low deposition rate in MOVDWE, 2 h of deposition grown on pyrolytic graphité® The occurrence of théd’,
correspond to approximately one monolayer, has been remission indicates the growth of the second layer as the
lated to the missing bonding sites of the precursor moleculesplitting of the topmost level is due to the interlayer interac-
on the van der Waals plarié Epitaxial growth of the WS  tions (see also Fig. 2 For deposition times of one hour or
film follows from the LEED patterns which are shown in less thel’, emission is absent. We therefore assume that
Fig. 10. A clear hexagon is observed for the graphite subenly islands of single layer thickness are present for these
strate. With increasing deposition time the graphite spots areoverages.

2. Photoemission results
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=16 eV for films of increasing thickness. The deposition times are 8 6 4 2 0 8 6 4 2 0
indicated on the left. Spectra are normalized to the incoming photon binding energy [eV]

flux. (b) Photon energy dependence of normal emission valence

band spectra for WSafter 1 h of deposition. FIG. 12. Valence band spectra of thin film W8eposited on

single crystal graphite aftel h of deposition. The spectra are taken

The observation of the transition from single layer toWith hv=21 eV excitation energy along tigM andI'K direction.
double layer coverage further indicates that the ViilBns Takeoff angles .of photoelectrong arg given on the rlght. Emissions
are electronically nearly decoupled from the graphite Subfrom the graphltg substrate are |r_1d|cated by solid Elrcles. The va-
strate in agreement with the observation on the InSe fifins. lence band maximum of the film is observed at 45° takeoff angle
One can therefore assume that the valence band structur%lé)ngr K.
determined from the deposited W3Ims are not strongly . L
disturbed by the substrate. The two-dimensional nature of th lly found_ at thek point of the Brillouin zone. The valence
electronic structure of the deposited film is further proven b and maX|mum_of smgle I_ayer WSs hence_moﬂly com-
the energy independent binding energies of the transitions iHosed of the spin-orbit splid,2_y2 andd,y orbitals.
normal emission, which is shown for the single layer film in ) )

Fig. 11(b). 3. Comparison with theory

Angular dependent valence band spectra taken from the The experimental valence band structure of the single
single layer film withhv=21 eV are shown in Fig. 12. The layer WS alongI'M andI'K is derived from the data shown
spectra were taken along th&M and 'K symmetry lines in Fig. 12 and from additional data which are taken with
with in-plane detection geometry. Emissions from the graphhv=21 eV in out-of-plane detection geometry. The resulting
ite substrate are not completely attenuated for this film thickband structure is shown in Fig. 13 together with the calcu-
ness at all emission angles and are indicated by solid circletated band structure. Data from in-plane geometry are shown

The emissions from the WSayer are clearly visible as a as open circles while data from out-of-plane geometry are
result of the strong photoionization cross sections of the conshown as open triangles. Symmetry labels for the calculated
tributing W 5d and S 3 levels® They dominate for most bands are indicated fdf and M.
emission angles those from the graphite substrate. Transition It is remembered that the general difficulty of photoemis-
from the graphite substrate at this photon energy are nation experiments to determine the absolute valuk infside
observed for most emission angf8sThe sharp structures of the substratésee, e.g., Refs. 52,580es not affect the data
the WS emission indicate well-defined transitionskrspace  in Fig. 13. The perpendicular componentkoin monolayers
and allow accurate binding energy determination. is always zero. One can therefore expect a direct one-to-one

The binding energy of the topmost energy level in normalcorrespondence of experimental and theoretical band struc-
emission is 1.5 e\fFigs. 11b)], while alongI'K the lowest tures. But the agreement between experiment and theory for
binding energy for film derived emissions is 1.2 eV observedhe single layer shown in Fig. 13 is less good than the agree-
at takeoff angle 45{Fig. 12. Hence, in contrast to the WS ment found for the single crystésee Fig. 9. To understand
single crystal(Sec. IV B and also in contrast to the band the differences observed between experiment and theory in
structure calculation for the single lay€Sec. Ill B), the va-  more detall it is helpful to identify the symmetry of the ex-
lence band maximum for the single layer film is experimen-perimental bands. With this knowledge individual experi-
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TABLE Il. Selection rules for photoemission along tBedirec-
tion for polarization along the three principal axeg¥). Ln-plane
Qolarization gives components of Ehe elect[ic field vedy and
E||z, out-of-plane polarization giveB||x andE||z.

S
D
> polarization initial state : 3] py 35 p
()]
s E|x final state: X, 3, 3 37
o) R . . _ _
,_§ Ely final state : =7 3] DR
£ Elz final state: =, =, 3, 37

: dimensional irreducible representationg , >; , >, , and

' ' ' S5, where the notation of Bassaat al® and of Bromley

- i et al is adopted. The superscriptsand— denote even and
kylA ] kA ] odd symmetry with respect to reflection at the basgl

ane.

The selection rules for direct optical transitions aldig

T T T
00 05 10 1500 05 10 1.5

. . I
FIG. 13. Experimental and theoretical valence band structure oP

a WS single layer. Experimental data are shown for=21 eV . . .
with in-plane ) and out-of-plane 4) detection geometry. The 2r€ presented in Table Il for light polarized aloxgy, andz,

experimental values are shifted to the same binding energies as [Is?spectlvely. In our experimental setup in-plane polarization

Fig. 14. Calculated bands are rigidly shifted in energy to give bes{:orre_spo_nds to light polarized in thez plane with _equ_al
agreement with the experimental data. contributions alongy and z, and out-of-plane polarization

corresponds to light polarized ke plane with equal contri-
mental bands can be directly attributed to certain theoretical?lm(?nS along gnd Z S .
: X " : . Since theX, direction, which is parallel tg, lies in theyz
bands for a direct comparison of critical point energies. . N
mirror plane, the photoemission final state must have even

Because of missing data in the literature we have evalu- mmetry with respect to . Otherwise zero intensitv at the
ated the photoemission selection rules for emission along th y >SP 53 0 + 1Y
etector is obtained>® Therefore onlyS; and 3, final

direction for the single layer. With the selection rules the . .
x 9 Y tates are allowed. Table Ill lists the allowed transitions for

point group symmetry of the single layer can be checked. | th ¢ tri Using in-ol larizati
there is significant interaction of the layer with the substrate’©t! Measurement geometries. Using in-plane polarization,

g + P— g
then the symmetry of the layer should be reduced giving ris@n!Y transitions from; and2, initial states are allowed,
to increased hybridizatiofsee, e.g., Ref. 61 while transitions from all initial states are allowed for out-

The appropriate point group for t direction of single ~ Of-Plane polarization. With the knowledge of the allowed
layer WS is Pmn2 (CL.). No change of symmetry occurs transitions we have identified unambiguously the symmetries
when theM point is reazcv:h.ed The symmetry labels given inof the experimentally observed transitions, which are also
Fig. 13 for theM point are therefore also appropriate for the t2oulated in Table lll. The transition around 6 eVMite.g.,

S line. The corresponding character table emn? is (see Fig. 13 is obviously related to th&, band, as it is
shown in Table I. For convenience the orientation of thePPServed for out-of-plane polamzatlon only. .
crystallographic axis is the same as for the crystal soyhat I contrast to Table Ill, thes, band, starting af’s and
corresponds to the twofold rotational axisRfn2. In stan- ~ dispersing upwards towarddl, (see Fig. 18 is not ob-
dard character tables @,, the directionsy and z are ex- served for any of the two polarizations. Photoemission from
changed compared to Table I. There are four onethe corresponding single crystal band is only observed for
larger emission angles with weak intensity between two

TABLE |. Character table for th& direction of the hexagonal strqnger emissiongompare Figs. 8 anq)QThe two stronger
Brillouin zone (point groupPmme). The axes and symmetry op- €MISSions are also obseryed for thr—i single layer and are due
erations are labeled according to fi8m2 space group resulting in (© ransitions from the nelghborlrig!l andM, bands. We
y||2 and the symmetry operations(HEentity), C, (twofold rotation therefore assume that tf¥®, band IS not Observed for th?
alongy), oy, (reflection atxy), and o, (reflection atyz), respec- ~ Single layer because of a low photoionization cross section.

tively. To support this assumption we have calculated angular de-
>4 5 b E C, ap a, TABLE Ill. Allowed and observed transitions for photoemission
2.2 2 N of single layer W$ alongZ, for light polarization in the emission
zZxy y 17 1 1 1 1 1 plane and perpendicular to it.
Xz 1 2 1 1 -1 -1
8% x 27 4 1 -1 1 -1 allowed observed
yz z 2- 3 1 -1 -1 1
in-plane DR Py 37,35
aSymmetry labels according to Refs. 7,3. out-of-plane T.37,35.3; 1.370.3;

bSymmetry labels according to Ref. 62.
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TABLE IV. Calculated and experimental binding energies of K. The deviation at this point leads to a different location of
critical pointsI” and M of single layer W$. Experimental values the valence band maximum ik space as determined by
are given with an uncertainty 0£0.1 eV for comparison where pand structure calculation and experiment.
available. The binding energies are given in eV with respect to the p possible explanation for the differences between theo-
topmost band ar'. retical and experimental band structures of single layes WS
N ~ ~ N N is the relaxation of the crystal structure. In the calculations

Iy I'; I's I's Iy we have assumed identical atomic positions for single layer
theory 0 165 218 343 588 and single crystal within the slab since no detailed crystallo-
experiment 0 1.57 2.58  6.56 graphic data are available for the single layer. As mentioned

M MI O M; MP M; M; M abc;ve the III_EE_D platterr; ot_Jtalned for single I?]yer;]ndlca}tes a
experiment 0.87 242 470 3.68 565 6.82 . N

P mentally determined band structure. Some of the bands have
maxima or minima at the corner of the Brillouin zone. The

L . . I f theM K poi f h Ik
pendent photoionization cross sections using the theory fq¥a ues of theM and K points as expected from the bu

i i ith fi i i attice constant are indicated by the vertical dashed lines in
atomic orbitals with fixed orientation presented by GoldbergFi 13. The extrema of the UnbEE band and of the two
etal® The 33 band is composed frord,, and fromx* g. L3. PP&r,

combinations of the S8 orbitals. Our calculation predicts a topmost bands arountl are clearly observed a values
X i o ) o Pre which are larger than the expected position. By fitting para-
considerably lower transition probability for emission from

X . . . lic function he extrema of th n r f
thed,, orbitals than for the othedt orbitals in the respective bolic functions to the extrema of these bands a decrease o

emission directiory, in agreement with the above assum _the lattice constant for single layer W8f 5% compared to
tion v, 9 P~the bulk lattice constant is deduced. However, the estimated

_ Co : uncertainty of this value is rather high and no deviation from
Angular variations of photqlonlzatlon cross §ec'g|ons a8he lattice constant is observed from other extrema atvthe
also suggested to be responsible for low emission intensiti

i ) _ . Soint. In addition we would expect a decrease of the in-plane
of the lowerX, band, which starts 4t dispersing down- Iittice constant of 5% to incrgase the band width ofxﬁrt)a
wards towardsl, . Although this band seems to agree ex-pang. |n contrast the experimentally determined band widths
cellently with experimental transitions, the correspondingg e very similar for single crystal and single layer as de-
data points are due to the transition from Eig band, which  scribed in the next section. Therefore no convincing experi-
starts atl'; dispersing downwards. This band hybridizes mental evidence for a relaxation of the single layer can be
halfway betweerd” andM with the upward dispersing band extracted.
from the bottom most'; band. The lowe , corresponds
to the data points which are observed for in-plane polariza-
tion only around theéM point. Transitions at lower emissions  The experimental valence band structures of single crystal
angles are observed for out-of-plane polarization only. Thesand single layer WSalongI'M andI'K are compared in
findings are in agreement with cross section calculations usrig. 14. Open symbols show dispersion of energy bands for
ing dy, orbitals. single crystal W$ obtained with photon energiebv

The observed photoemission selection rules are thus fully=21 eV (circles and hy=16 eV (triangles. Data from
consistent with those expected for tRenn2 point group, at  scans with out-of-plane polarization are omitted. Filled sym-
least for thel’'M direction. It is, however, assumed that the pols show dispersion of energy bands for the MiBn after
agreement between experiment and the full symmetry for the h of deposition obtained withv=21 eV and in-plane po-
single layer also holds for the other directions. Any residualarization (circles and out-of-plane polarizatioftriangles,
electronic interactions with the substrate, which should rerespectively. The binding energy of the valence band maxi-
duce the symmetry, can therefore be considered as vefyium of the single crystal band structure is set to 0 eV, while
small. the band structure of the single layer is shifted in energy to

With the one-to-one correspondence of theoretical and eXpest match the single crystal data.
perimental bands it is now possible to compare the experi- The most striking differences between the single crystal
mentally determined critical point energies with those pre-and the single layer band structure are some additional bands
dicted by the band structure calculations. The result is showgbserved for the single crystal. These are the splitting of the
in Table IV where binding energies are given in eV with topmost valence band &t and the occurrence of emissions
respect to the topmost band Iat at binding energies of 5.5 eV aroudd and of 2-2.5 eV

Reasonable agreement between experimental and theorgkoundM. The splitting of the topmost valence band is due to
ical values afl" is found for the upper 1 and the 2 state. interlayer interaction, which has been discussed above and in
The lower 1" state ¢") and the 3" (x") and 3™ (x) states  Ref. 36. Indirect transitions from regions of high density of
show larger discrepancies. At thé point reasonable agree- states are assumed to account for the nondispersing band at
ment is obtained for the lower™] the 1~ and the two 2 5.5 eV close td as discussed in Sec. IV B 1. The band at
states. Rather poor agreement is achieved for the other stateése M point is most likely not observed for the single layer
The too low binding energy of the calculated topmdsf  due to low photoionization cross sections as discussed in the
state corresponds to the observation for the topmost band ptevious section.

4. Comparison with single crystal band structure
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oal,mAAA : 54, The most convincing explanation for the dissimilarity of
1 g& : @ experimental and theoretical results is the assumption of a
1 2 : s 8 ' structural relaxation of the single layer. There are some hints
Q00 QL“ o0 Ex | . . I ) .
2-%&9 ad 1R 8 al for a slightly reduced in-plane lattice constant of the single
‘3’%1: a ‘Q‘} ; .ﬁ layer from LEED and angle resolved photoemissi@ee
(A}

Sec. IV C 3. In addition, relaxation of the layer height may
be expected. A detailed analysis of energy dependent LEED
intensities curves, which are not available yet, would be nec-
essary to verify this assumptiGfFor single crystal surfaces

of some layered materials relaxation of th&ttice constant
has been observed by LEED analy®is%’ For MoS, a con-

binding energy [eV]
'
45
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[o]
>
»
®©
b ___
» PO 0
e P
é--o &
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71e : i s traction of the interlayer spacing of 5% is reporféd® No
841 M r K relaxation of the in-plane lattice constant or the layer height
T T T —bL r r r is observed. These results may not apply to the single layer
00 05 10 1500 05 10 15 WS, deposited on graphite because of the different substrate-

film interactions, but show that significant relaxation of lat-

ky [A7] ! : ;
tice constants is possible.

ky (A7)

FIG. 14. Experimental valence band structures of,\&®ng the
I’'M- andI'K directions: Single crystal, in plane polarizatidmr
=21eV (O), hv=16 eV (A). Single layerhv=21 eV: in plane
polarization @), out of plane polarizatiom»=16 eV (A). The We have determined the electronic valence band structure
valence band maximum of the single crystal is set to 0 eV. Theof single crystal and single layer W®y ASW band struc-
single layer bands are shifted in energy to best match the singlgjre calculations based on density functional theory and
crystal data. Symmetry labels are indicated for the calculated enangle resolved photoelectron spectroscopy using synchrotron
ergy bands at” andM. radiation as excitation source. A crystalline single layer of

WS, has been prepared by van der Waals epitaxy on a graph-

Apart from these differences there is an excellent agreeite single crystal. An electronically aimost completely decou-
ment between the two experimental band structures. The epled film is obtained as is evident from the clear observation
ergy states are in very good agreement regardless of thedf the transition from single layer to double layer electronic
orientation with respect to the layer structure. This is in con-states with increasing layer thickness. The single layer film
trast to the theoretical band structure calculations, which presbeys photoemission selection rules which are appropriate
dict an upward shift of the derived states relative to they ~ for a nonsupported film and therefore also strongly suggests
derived states for the single lay@ee Sec. Il ¢ electronic decoupling. Electronic decoupling of the film is a

The origin of this discrepancy between experimental andrerequisite for the determination of an undisturbed single
theoretical data is not clear yet. One might, e.g., assumkyer band structure.
residual bonding interactions of the single layer film with the ~Good agreement between experimental and theoretical
graphite substrate. However, the results in Sec. IV C 3 indiband structures of single crystal \W® obtained. The va-
cate that the film is almost completely electronically decoulence band maximum is located at tRepoint of the Bril-
pled from the substrate as it exhibits the symmetry propertieouin zone and is derived mainly from the Wi2 states. In
of a nonsupported film. The electronic coupling of overlayercontrast the valence band maximum of the single layer is
and substrate is inhibited by the large differences in elecexperimentally found at thK point and is derived frondl,,
tronic and crystallographic structut&® Strong modifica- and d,2_,2 states. The differenk position of the valence
tions of the single layer band structure by substrate interadsand maximum is a consequence of the missing interlayer
tions are therefore not expected. interactions.

Another explanation could be that with photoemission In normal emission an intense valence band feature,
only the top layer of the single crystal is probed, whichwhich does not disperse with photon energy, is observed for
might have an electronic structure significantly differentsingle crystal W$ as also reported for a large number of
from the bulk. This effect has been discussed by Fetrgj*  other transition metal dichalcogenides. Its intensity variation
However, for the single crystal a much better agreement bezcompares with the single layer WH% emission. It is there-
tween experimental and theoretical band structure is obfore clearly a feature which is present already in a single
served than for the single layer. Hence the electronic strudayer and does not depend on three-dimensional band forma-
ture of the single layer, which should be comparable to thdion. At least for materials with trigonal prismatic coordina-
electronic structure of the surface within this argumentationtion an interpretation of the dispersionless emission as a dan-
is less well predicted by theory. In addition, the splitting of gling bondlike d,» surface state seems to be possible,
the topmost valence band, which is always observed witlalthough other explanations cannot be ruled out.
photoemission from single crystal Mo and W dichalco- The band structure of the single layer has been calculated
genides, is a clear indication of interlayer interactions. Phoby assuming atomic positions derived from the crystallo-
toemission of single crystalline layered materials will there-graphic structures of bulk WSWith this assumption an en-
fore mainly probe the bulk electronic structure. ergy shift of thez orbitals relative to the,y orbitals com-

V. SUMMARY AND CONCLUSIONS
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pared to the single crystal band structure is predicted. This isurface with the underlying bulk of the same composition are
most likely related to the missing interlayer interaction of theexpected to be comparatively strong, because electronic cou-
z orbitals across the van der Waals gap. The experimentadling is possible due to at least very similar electronic and
band structure of the single layer shows excellent agreemeutystallographic structures. We anticipate from the results
with the single crystal data for bothandx,y derived elec- presented here that any relaxation of the surface will reduce
tronic states. Relaxation of the single layer atomic structurghe differences between the surface and the bulk electronic
is supposed to account for this discrepancy between experstructure for layered materials. The interpretation of photo-
mental and theoretical comparison between the two bandmission data in terms of bulk electronic states will then be
structures. The differences can, however, also be induced Hgss affected.
the graphite substrate. Detailed theoretical calculations might The question of relaxation and the details of the interlayer
clarify this open question. interactions are of great importance for interfaces between
The suggested relaxation of the single layer should resuliveakly interacting dissimilar materials. A great variety of
in almost identical electronic structures of the single layersuch interfaces between two layered materials or between
and the single crystal as observed experimentally. This eledayered and three-dimensional materials can be prepared by
tronic structure obviously is the energetic minimum of WS van der Waals epitaxd. The degree of electronic coupling,
and can be approached with and without interlayer interacand hence the influence of the interlayer interactions on the
tions. Any calculations of electronic structures of single layerelectronic properties of the prepared films and interfaces,
films or nanostructures, which assume atomic positions deshould strongly depend on the differences between electronic
rived from bulk crystallographic structures, might thereforeand crystallographic structures.
not agree with experiment. To clarify this important restric-
tion it is planned to investigate the effect of relaxation on the
band structures of single layer materials. With such calcula-
tions additional insight into the details of the interlayer inter- We gratefully acknowledge receipt of graphite single
actions in layered chalcogenides are expected. crystals by K. Horn(Fritz-Haber-Institut, Berlinand of WS
Relaxation of layered chalcogenides is also important asingle crystal by Th. Matthe@ahn-Meitner-Institut, Berlin
surfaces of layered materials. The available experimentah part of this work was supported by the Deutsche Fors-
data on such effects are very limited and show only a smalthungsgemeinschaft within the Sonderforschungsbereich
but noticeable effeé® %" However, the interactions of the 484 and the Forschergruppe HO955/2.
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