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Surface resonances at transition metal dichalcogenide heterostructures
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Layered transition metal dichalcogenides do generally not exhibit characteristic electronic surface states
localized perpendicular to the layers. Employing van der Waals epitaxy together with angle-resolved photo-
emission spectroscopy we show how surface-layer-derived electronic states can be generated on these materi-
als. For a heterojunction consisting of one Kfé&pilayer adsorbed on bulk Wgepurely two-dimensional
behavior as well as three-dimensional coupling of the epilayer to substrate bulk states is observed despite a
large lattice mismatch between epilayer and substrate. The experimental results are discussed in the context of
electronic structure calculations.
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The broken translational symmetry at surfaces of crystaltronic coupling to the substrate, i.e., in the third dimension,
line materials, in general, can lead to localized surface statatrough surface-derived states. The latter coupling across the
and surface resonances. These features are twdeterointerface between two different TMDC layered mate-
dimensionally periodic parallel to the surface. If the energyrials could be the key for an understanding of the van der
of these states lies within a band gap of the projected ban@aals epitaxy of these materials.
structure of the bulk material, they are exponentially local- In this work we report results of angle-resolved photo-
ized perpendicular to the surface. Surface resonances overlafectron spectroscopfARPES with synchrotron radiation
in energy with bulk bands and usually extend several layershowing the evolution of electronic surface resonances at the
into the bulk because they can mix with bulk states. surface of a layered material. A semiconductor heterostruc-

Two-dimensional layered materials of the transition metakyre consisting of a S-Hf-S triple layer—i.e., of one HfS
dichalcogenide(TM_DC) family, consisting of chalcoge_n- “monolayer” on p-doped WSg—serves as a model system
metal-chalcogen triple layers bonded by van der Waals inteftg; assessing the properties of surface-layer-derived states
actions only: generally do not exhibit surface derived states.ong their coupling behavior to bulk states of the substrate
This is dye to the absence of bfo'“?“ bonds at .the|r Sur],c"’“:‘?’naterial. In our investigations of this system we demonstrate
(’Iileizr:reonécl:J rs]:;itss_ \van?csr? \\/,vvivelzafgjenlct;znssﬁ:; (Qilgye :?gsr'i'é§$hat the surface-layer-derived electronic states are either fully

. . . . ocalized in the surface layer or couple to bulk states of the
states in the following—can relatively easily be generated . . . . . .
underlying substrate material. This coupling occurs in spite

however, by heteroepitaxial growth of one kind of a . . )
chalcogen-metal-chalcogen triple layer on a different Iayereéaf the broken translational symmetry due to the lattice mis-

substrate material. Even in the case of a large lattice misr_natch parallel to the layers. The interpretation of our experi-

match between epilayer and substrate such adlayers can ntal data is supported by the results of our band structure
grown smoothly with their own lattice constant by van derCalculations and layer-resolved electron densities of states.

Waals epitaxy(VDWE).2 This way, it is possible to grow a All results d.esc_ribed here were obtained on clean,HfS
large variety of insulating, semiconducting, or metallic Monolayers epitaxially grown on bulk WseGrowth param-
TMDC heterojunctions? which are of technological impor- ©€ters (sulphur pressure gp~2-3x10"° mbar, substrate
tance in the field of photovoltaitsand in high-energy- temperaturdg=650 K, and a low hafnium fluxwere cho-
density batterie§. WSe,, e.g., is a prototype for high- sen to yield a growth rate of about one Hffionolayer per
efficiency solar cell$. hour. Preparations were characterized employing low-energy
More recently, Kleiret al® have shown that surface states electron diffraction(LEED) andin situ scanning tunneling
on InSe layers prepared by van der Waals epitaxy on graphitaicroscopy (STM). Subsequently the samples were trans-
do not couple to substrate states and exhibit a purely twoported under ultrahigh-vacuum conditions to the Hamburg
dimensional character, therefore. In this case, the energy @ynchrotron Radiation Laboratory. Photoemission spectra
the InSe surface layer states lies within a projected gap of theere taken at the HONORMI beamline using our angular
graphite substrate band structure so that the surface-layespectrometer for photoelectrons with high-energy resolution
derived states do not interact with the substrate states. ASPHERE(Ref. 9 (the overall energy resolution was cho-
On the contrary, here we are dealing with the oppositesen to beAE=65 meV).
case in which the energy of all surface-layer-derived states The calculations of the band structures and charge densi-
coincides with the projected substrate bulk bands. In particuties of 2H,-WSe, and 1T-HfS, were performed employing
lar, we investigate which states exhibit merely two- density functional theoryDFT) within a local-density ap-
dimensional character and which display in addition elecproximation(LDA).1° Norm-conserving, nonlocal pseudopo-
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FIG. 1. STM pictures of(a) 69% of 1 ML and(b) 1 ML
HfS,/WSe, [(a) empty states, 2V bias,=0.5 nA, substrate tem-
peratureTg,,;=600 K (b) 1 V bias, 1,=0.24 nA, T¢,=650 K].
inset(a): corresponding LEED imageE(;,= 150 eV).
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tentials as suggested by Bachelet, Hamann, and &cHiu ::,f,ﬁz(eV) Hf82 (eV) (z\v/)
have been used. The exchange-correlation energy was taken
into account using the Ceperley-Aldérform as param-
etrized by Perdew and Zung€rTo represent the wave func-
tions, Gaussian orbitals «f, p, d, ands* symmetry have
been employed. For Wsand HfS we have used 100 and
120 orbitals per unit cell and spin, respectively, which were 0
localized at the atomic positions. The decay constants of the
Gaussians were chosen to {e17, 0.45, 1.18, 3.10or W,

{0.17, 0.41, 1.0pfor Se,{0.17, 0.45, 1.10, 2.5Cor Hf, and (c) = "Weorz (d)
{0.17, 0.47, 0.90, 1.%Gor S (in atomic unit3. A linear mesh B Ay

of less than 0.2 A in real space was used for the represen- y
tation of the charge density and the potential. The spin-orbit |
interaction was taken into account in each step of the itera-

tion in an on-site approximation; i.e., only integrals with the

same location of the Gaussian orbitals and the spin-orbit po- I

tential were taken into account. The lattice parameters used e T
in the calculations ara=3.280 A,c=2x6.475 A, andz = i 0o e 2 01

—0.12% for WSe,, anda=3.635 A, c=5.837 A, andz E-ENz (ev) E-EL2 (eV)

=0.2% for HfS,, wherez is the distance between the metal o o
layer and the enclosing chalcogen layers. FIG. 2. Angle-resolved photoemission ddteormal emission,

Epitaxial growth of the first Hf$ monolayer is character- /= 0) with various photon energiés of (a) HfS, bulk crystal and
ized by STM and LEEDFig. 1). During the initial stages of _(b) 1 ML HfS, /WSe (tc_)p) anc_i correspond_lng spectra as gray _scale
growth two-dimensional Hfgislands are formefFig. 1(a)]. |_mag_es(bottom). The dlsper5|or_1 of peak is foIIovyed by a solid
The corresponding LEED pictufnset in Fig. 1a)] consists line in the spectra as well as in the gray scale imag@sPhoto-

emission spectranormal emissionk=0) athy=27 eV and 21
of two hexagonal patterns with the outer one belonging to LV of 1 ML HfS,/WSe (solid line) and WSe spectra(dotted ling
WSe and the inner one to HfSdue to its larger lattice

broadened and normalized to match p¥dRef. 16. (d) Difference
constant [ayse, = 3.286 A, Ars, = 3.635 A. (Ref. 14].  pepyeen spectra of 1 ML Hi3WSe, and WSe shown in(c).
From the relative size of both patterns a lattice mismatch of
11%=*1% is ascertained. Thus HfSrows with its own slightly changes its binding energy. This difference is easily
bulk lattice constant as a consequence of the weak interaexplained considering a Mulliken analysis of the respective
tion between substrate and epilayer. The alignment of botlalculated bands. Emissigxmainly originates from S 8,
patterns shows that the Hf$lusters have the same crystal- and S 3, derived electronic states which are primarily lo-
lographic orientation as the Wgsubstrate. The islands in- calized within the layers and interact only very little perpen-
crease in size to form the first monolay@rML) upon coa- dicular to the layers. In contrast, peBlcorresponds to elec-
lescencdFig. 1 (b)]. Note that the second monolayer at this tronic states which are derived by more than 90% from
stage of growth has almost not started, yet, and a wellS 3p, orbitals. These possess large overlap across the van
defined thickness of one monolayer HfiS obtained. der Waals gap, leading to the distinct dispersion of bBnd
Considering first the electronic structukfk,) perpen-  with electron wave vectok, .
dicular to the surface of bulk HfSwe applied ARPES at Angle-resolved photoemission spectra for one monolayer
normal emission with various photon energias[Fig. 2(a)]. HfS, on bulk WSeg are shown in Fig. (). Due to the sur-
Two pronounced peaks markédand B are observed which face sensitivity of photoemission, mainly contributions of the
are associated with sulphur derived states. EmisBiatis-  HfS, layer are visible in the spectra. Structurdsand B
plays a large dispersion of800 meV while peakA only  correspond to Hfgsurface-layer-derived states and may be
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compared to structures andB of bulk HfS,. Again, peakA bulk WSe, ARPES bulk HfS,

does not show an¥, dispersion in analogy to the corre- . AE, TMLHSS, ; - 2

sponding weakly dispersing structure of the bulk material 0- ot . - ,,/ ] L 4

since the respective states are primarily localized within the __ 1 37:, I { 1 ] ;

HfS, monolayer and do not couple to WSeulk states, 5 | Sy o, o 7 R 0

therefore. These states are completely localized at the surfac&,;‘; -2 u- ﬁ ]

and may be regarded as purely two-dimensional surface®,;, 1V & kN T - -1

layer-derived states. w3 o B ™, ] B i_2 %
In contrast, pealB which is associated with S 8 orbit- 4 E } 2 c f =

als does show a distingt, dispersion between photon ener- E 8 c } 3 ] - -3 %_j

gies from 21 eV to 27 eV. This becomes also obvious com- (@) T A A } ] E 0

paring the gray scale images. An additional emission labelec " b Z -4 _/_ -4

Y with increasing intensity at higher photon energies occurs 4 5 7 Dt 5

within the band gap of Hfg This peak is due to the Wge R \

substrate and does not alter the observed dispersion of pee Wk M int. [arb. units] 8 LA A

B. To estimate the WSecontributions to the photoelectron T

current a WSg bulk spectrum is broadened and normalized (b) (c) (d)

to match peak in the spectra at#=21 eV and 27 e\[see .
Fig. 2(c)]. Subtracting the broadened WSspectra from the FIG. 3. (a) Electronic band structure of bulk Wgalong theA

. . . line. (b) Brillouin zone of 2H,-WSe, (c) Photoelectron spectrum of
HIS, monolayer spectrgsee Flg.' )] leaves the dlspers_lon 1 ML HfS,/WSe (normal emissionk;=0, hv=24 eV) shifted
of peak B unchanged amounting te-250 meV [see Fig. I

o g L2 by valence band offs&X E,,,, with respect to the WSeband struc-
,Z(d)]' This |s.a rem%rkable _result_m view of the earlier find- ture shown in(b). Gray area displays energy interval over which
Ings by Klein et al” who investigated InSe adlayers on peakB disperses with various photon energi@. Electronic band
graphite. These authors observed that at a thickness of 0@ cture of bulk Hf$ along A. Centers of the bandwidth are

monolayer of InSe on graphite the InSe valence states do Ng{arked by circles.
interact with the substrate at all; i.e., they are electronically

fully dlecoupled and do not show any dispersion, thereforeof a HfS, monolayer and the bulk bands develop from them
The dispersion of peaB in our current system can only be while qoing from one monolaver to a bulk crvstal

caused by an interaction between the HfS8onolayer and going y ystal.

: To illustrate the mechanism of three-dimensional coupling
the W.SQ. substrgte across the heterom.terfacg. To underSta.rBjetween overlayer and substrate the charge densities of elec-
the origin of this unexpected three-dimensional electronlctr

coupling and to identify the WSeband involved in the in- onic states of a Hismonolayer and bulk Wseare exem-

) . : . plarily plotted in Fig. 4. A cut perpendicular to the sandwich
teraction with the S B, orbitals the band lineup between : -
HfS, and WSe has to be determined. layers is shown. The charge densities related to the bAnds

The valence band maximum of WSkas been located
0.37 eV above peak in the spectrum taken dv=27 eV A
[Fig. 2(c)] applying band mapping and using symmetry prop- S3p,.3p
erties of the crystal® Since the position of peaK is clearly T s
observable at 1.16 eV above the Hf@alence band maxi- @@Hf@@
mum, we determine the valence band offadf, ,,=1.53 et e
+0.05 evV. "

The WSe band responsible for the coupling can now be
identified. To this end, the electronic band structure of YSe
is plotted in Fig. 8a) along theA line, which corresponds to
the direction perpendicular to the layers in real spdgg.
3(b)]. Figure 3c) displays a photoemission spectrum of one
monolayer(1 ML) HfS, shifted by AE,,,. The gray area
marks the energy interval over which the emission pBak
disperses for photon energies betwden=21 eV and 27
eV. This energy region coincides with the WSkand U
which is responsible for the coupling to the electronic HfS

monolayer states giving rise to peBk FIG. 4. Charge densities of electronic states of a,Hi®no-

Figure 3d) shows the band structure of bulk Hf8long  |ayer atiT'A (bandsA andB) and of bulk WSg at 3T'A (bandsU
the A line. Four groups of bands labeléd-D are associated andv) in the (110 plane. Atomic positions are indicated by solid
with the four peaks in the photoelectron spectrum of 1 ML(Hf and W atomsand open’S and Se atomsircles. At the inter-
HfS, [Fig. 3(c)]. The centers of these bands are marked byface between HfSand WSe the positions of Hf and W atonisee
circles and clearly coincide with the positions of pe&ksD the right panelare marked by vertical lines. This clearly shows the
in the spectrum of Fig. @). These centers are characteristic lateral offsets in the positions of the Hféand WSe atoms.
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andV are clearly localized inside t_he rgspective_ layers. Thecorresponding S 8, derived surface layer states. Conse-
band.SU and B, on the other hand, give rise to a hlgh eleCtronquenﬂy, emissiorB of the Hf% m0n0|ayer exhibits a much
density between the H{Snonolayer and the Weubstrate.  proader peak width than the respective structBref bulk

A Mulliken analysis yields a 30% contribution of Sep4  nfs, [compare Figs. @) and Zb)].

orbitals to bandJ and a 90% contribution of S [8 orbitals In conclusion, we have measured angle-resolved photo-
1 . - 1

to bandB at ;I'A. Thus both bands andB contribute high  emission spectra with various photon energies of one, HfS

charge densities across the interface. monolayer on bulk WSe We have identified two character-

This unexpected coupling is even more surprising in vieWigic syrface-layer-derived electronic features. One of them is
of th% fact that there is a substantial lattice mismatchyrely two dimensional in nature and clearly localized in the
(=11%) between the lattice constants of HE®d WSe. I gpitaxial overlayer. The second is a surface resonance which
consequence the overlap of the $,%&nd the Se B, wave g |ocalized to a considerable extent in the epilayer and ex-
funct|o_ns is partially reduced at the_heteromterface as '”_d'hibits very significant three-dimensional coupling to the
cated in Fig. 4. When one Hf atom is located at a matchingse 45 states of the WSesubstrate despite a large lattice
position(i.e., vertically above a W atomthe neighboring Hf  ismatch. This interaction can be understood in terms of
atoms show already considerable lateral shifts with respect tg5|c1ated band structures of Hfand WSeg clearly match-
the corresponding W atonisee the vertical lines in Fig.) 4 ing dispersive S B, and Se#, bands when properly

Accordingly the lower left sulphur orbitafelated to ban®)  jjigned to account for the experimentally determined valence
can overlap without distortion with the Se substrate orbitaly;,q offset.

(related to bandJ) while the overlap of the following sul-

phur orbitals with the selenium substrate orbitals is reduced The authors wish to thank K. Rof3nagel for fruitful discus-
due to the lateral shifts of the Hf%&toms with respect to the sions. This work was supported in part by the BMBF
WSe, atoms. These inequivalent positions of the sulphur or{Project Nos. 05 SE8 FKA and 05 SE8 PMand the Deut-
bitals may lead to slightly varying binding energies of thesche Forschungsgemeinschaft, Forschergruppe DE 412/21-1.
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