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Experimental band gap and core-hole electron interaction in epitaxial G, films
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This work employs a common experimental energy scale for photoemission, inverse photoemission, and
x-ray absorption data, which is essential for a reliable experimental determination of energy sep@afpons
between occupied and empty states of solids. For epitaxial layerggopr€pared on layered Vgesingle
crystals we demonstrate a good agreement between experiment and previous quasiparticle calculations of the
HOMO-LUMO distance and the band gap. Comparison of inverse photoemission and x-ray absorption data
from the same sample on a common energy scale shows that conduction-band states cannot be derived from
absorption data and enables us to determine the direct experimental value of the core-hole electron interaction
U in solid Gyy. [S0163-182@08)08743-9

I. INTRODUCTION and inverse photoemission results we determine an experi-
mental value for the core-hole electron interaction of solid
In recent years many investigations on the electronicCso-
structure of pristine and dopedy¢have been performedl!
But as far as the region around th_e Fermi Ie_veI is concerned Il. EXPERIMENT
there are still several open questions. For instance, the ex-
perimental energy distance between the center of the HOMO All results described in this paper were obtained on
(highest occupied molecular orbitabands and the LUMO  Cgo(111) films® grown epitaxially on the layered material
(lowest unoccupied molecular orbitdlands varies from 3.5 VSe,, which serves as an ideal substrate in view of a suit-
to 3.8 eV1~3 while theoretical calculations predict only 3.0 able lattice constara=3.35 A matching to a third of the
eV.* What is the correct value and how can it be determinedPearest neighbor distance in fcg,C Together with the weak
How do sample preparation, its structure, and the underlyingan der Waals forces at the surface the substrate supports
substrate affect the measurements? What is the adequate repitaxial growth of Gy even for the first monolayer. Before
erence level when photoemission and inverse photoemissicgvaporation of g, the substrate material was cleaved along
spectra are measured separately? How will charging influthe hexagonal0001) facein vacua Thickness of the grown
ence the results? How does the Cs dbsorption spectrum, Cg, layers was determined by scanning tunneling micros-
which is often believed to mirror empty stafeSfit the re-  copy. The metallic character of VSevas expected to pre-
sults obtained on the empty conduction-band states by invent charging effects in inverse photoemission. After the
verse photoemission? Can we give an experimental value faCARPIP measurements the chemical purity of thg €ys-
the core-hole electron interaction? tals has been studied applying Auger spectroscopy. No con-
With regard to the above questions it is the aim of thistamination by other elements has been observed.
work to perform a thorough study of the electronic structure Angle-resolved photoemissioltARPES spectra were
of Cgo around the gap by means of combined angle-resolvetaken at room temperature with Headiation of a gas dis-
photoemission and inverse photoemissid@ARPIP,*2  charge lamp and synchrotron radiation from the undulator
C 1s core photoemission and x-ray absorption near-edg&eamline BW3 and W3.2 of the positron storage ring DORIS
spectroscopy(XANES). Applying these techniques in a Il at Hamburg Synchrotron Radiation LaboratotyASY-
combined way to the same sample provides a well-definetd AB) for photon energies 15 e¥hv<350 eV. For an ac-
unique energy scale and allows a detailed comparison of vaeurate photon energy calibration of the SX 700 monochro-
lence and conduction band states and a determination ofator the binding energies of suitable core levels were
C 1s core-hole electron interaction. determined in first and second order before and after each
We will first focus on the reliable determination of the measurement. The remaining uncertainty was estimated to be
HOMO-LUMO distance and the band gap of epitaxial lower than 20 meV. The electrons were detected with an
Cso(111) films by means of combined angle-resolved photoangle resolution better than 0.5° by use of a 180° spherical
emission and inverse photoemission. In our investigations afinalyzer mounted on a two axes goniometer. Total energy
several monolayers of g grown on single-crystalline VSe resolutions of 90 meV and 175 meV were chosen fon He
we demonstrate that the HOMO-LUMO distance appears t@and synchrotron radiation, respectively. XANES investiga-
be significantly lower than the values achieved previously ortions were performed in the constant final energy mode of
different sampled=3 We have obtained good agreement be-photoemission for low kinetic energi€8.6 eV).
tween recent quasiparticle calculatibfsnd our experimen- The angle-resolved inverse photoemissiGARIPES
tal data. Combination of photoemission and XANES yieldsspectra were taken by using a compact grating spectrometer
conduction-band states relative to the HOMO in the presenceith parallel detection of photons in the energy range of
of a core hole. By comparison with combined photoemissiorl0 eV<hy<30 eV1?!* Electrons were focused on the
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sample with~1 mn? spot size and angle divergenee2°.
Energy and momentum resolution are typically 400 meV and
0.05 A1, For combined angle-resolved photoemission and
inverse photoemission data a common energy scale is estab
lished directly by detecting the electron energy from the in-
verse photoemission electron gun with the photoemission
electron energy analyzer. Therefore it is possible to measure_,
very accurate valuest(20 meV) for the energy separation =
(gaps between occupied and empty states and, in addition, 5
to obtain independently the position of the Fermi level on the s
same scale without using the latter as energy reference d
level 121°

intensity [

Ill. RESULTS AND DISCUSSION

For a detailed discussion of the electronic structure
around the gap of any semiconducting material it is essential
to achieve a reliable common energy scale for all spectro-
scopic techniques applied. Furthermore, uncertainties in the
spectroscopic results due to the preparation of different
samples for either valence or conduction-band studies have
to be ruled out. Therefore, we have applied all different ex- ; 2 .
perimental techniquegphotoemission, inverse photoemis- — o 2
sion, and XANES$ in situ to the same sample. In addition, it —9-8-7-86-5-4-3-2-1 0 1 2 3 4 5 8 7
has been carefully checked for charging and band bending, E~Ep [eV]
which may lead to shifts of inverse photoemission relative to
photoemission spectra. For the metallic substrates like,VSe FIG. 1. CARPIP spectra for differentggcoverages on single
and Au we did not observe any charging induced shiftscrystalline VSg (1 ML = 1 monolaye}. The photoemission mea-
Combined photoemission and inverse photoemission spectfgrements were performed with an excitation energy
of epitaxial layers of g, on VSe with increasing thickness =21.22 .e.V, yvhilg the inverse photoemission data were recorded
from one to seven monolayef§IL ) are shown in Fig. 1. The for an initial kinetic energy of 18.78 eV.
spectrum of the pure V$esubstrate is depicted at the bot-
tom. From the VSg spectra the position of the Fermi level trons (photong from 15 to 25 eV corresponding to tHeL
due to the metallic character of the substrate is discernibledirection of the Brillouin zone. Each spectrum was normal-
All spectra were recorded at the same excitation energy ifzed to the(charge and to the spectral sensitivity of the grat-
photoemission(21.22 eV} and inverse photoemissigfi8.78  ing spectrometgrbeam current.
eV). Already for one monolayer the complete structure of The sum over all spectra is shown in Figa3 which can
bulk fcc G is apparent. But there are also weak underlyingde€ compared to the partial density of states albitg The
substrate signals that are most prominent in the energy gaphergy separation between the HOMO and the LUMO
The signals of VSg decrease substantially with increasing amounts to 3.36 eV, which is slightly larger-@0 meV)

Ceo CoOverage. There are no differences in the spectra fothan the value obtained from the spectra shown in Fig. 1
three to seven monolayers and the substrate features vaniBacause ok, dispersion effects. To compare these experi-
completely. mental results with theory one can extract a partial density of

From the 7-ML spectrum representing bulk,@ve deter-
mine a center to center distance between the HOMO and the
LUMO bands of 3.34 eV. This value is also obtained fggC |
on a polycrystalline gold substrate. It should be noted here 2 |~
that for the semiconducting substrate GeS we observe a sig-5
nificantly larger energy separation of 3.74 eV that is in line -‘,:_'

[
g
g

|

with previous studies on semiconducting substratesthis P
case charging as large as 0.1 @W occurs leading to the =
observed shift in the inverse photoemission spe(sea Fig. 8

2). With the use of metallic substrates, however, no charging
effects were observable.

For a comparison of the experimental data with the theo-
retical gap(derived from band structure calculatioh®ne
has to consider the uncertainty in determinkngin the (in-
versg photoemission process. In general, the valuekpf FIG. 2. CARPIP spectra of seven monolayegg 6n different
changes with varying photon energy of the electronic transisubstrates. The photoemission spectra were taken with 21.22-eV
tion. Thus, we measurg@hversg photoemission normal in- photon energy. An initial kinetic energy of 20.90 eV was used for
cidence spectra with initial energies of the incoming elec-nverse photoemission.
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FIG. 3. () CARPIP spectrum for 7 ML g on VSe integrated cnlis
alongT'L. (b) Partial density of state®DOS alongT'L resulting p e CARPIP -9
from the quasiparticle calculation of Ref. [4hown in part(c)] Zd ' 1%”%-382:“”
. . . - - =18.
convoluted with the experimental resolution. o /j
© :_N_* hv=302.91eV
states alond’L from the quasiparticle calculation of Ref. 4. "‘\‘
The result is shown in Fig.(B) together with the Gaussian
convolution to account for the experimental resolution. The intensity [arb. units]

resulting theoretical HOMO-LUMO separation is found to

be 3.10 eV, which is about 260 meV smaller than the experi- G 4. Comparison of a XANES spectrufthe kinetic energy
mental one. . . f the analyzer was set to 8.60 e&hd core photoemission with the

To derl_ve the experimental energy gap the deviation Ofesults of combined angle resolved photoemission and inverse pho-
260 meV is to be added on the theoretical gap of 2.60 eV abemission.

the L point. We obtain an experimental energy gap atlthe

point of the Brillouin zone of 2.86 eV. It is noteworthy that

this value is unaffected by dispersion effects. Calculation®loying a transportable UHV chamber. The combination of
within the GW approximation predict a fundamental gap of Photoemission and inverse photoemission data is described
2.15 eV at theX point.4 This value cannot be derived from above. For an additional combination of these results with
angle-resolved CARPIP data alofid. alone. In particular, XANES data we first took photoemission spectra of the va-
determining gap values from onsets of spedsae, e.g., lence bands and the Cslore level of Gg. This gives an
Refs. 1,2 can generally not be applied since the results deenergetic distance between the HOMO and the €care
pend on the experimental resolution. It should be noted herkevel of 282.70 eV. Applying XANES to the same sample
that calculations including solid state screening effects givave take the C & level as zero of the photon energy scale
evidence for a larger HOMO-LUMO splitting by about 0.25 and consequently can plot XANES data relative to the en-
eV for the topmost and 0.14 eV for the second layer ofergy of the HOMO. The result of the compilation of the

Ceo(111) because of a lower coordination number at thecARPIP, C % core photoemission and XANES results on a
surface'® This should result in a broadening and small shift .ommon energy scale is presented in Fig. 4.

of the HOMO and/or LUMO, which, however, has not been o prominent XANES maximum at the lowest photon
observed in the spectra for 1 and 2 ML of Fig. 1.

In order to investigate the core-hole electron interaction o
solid Gsgwe have taken C 4 XANES spectra. Theoretically
it is well established that XANES results are dramatically
affected by including core-hole electron interactioisee,

nergy represents the first possible transition from thes<C 1
f;vel into a state 284.50 eV above the G lgével. The com-
parison of the XANES data with the inverse photoemission
spectrum reveals that there are almost no similarities regard-

e.g., Ref. 17 and references thejeim particular, oscillator ing absolute energy positions, energy differences between

strength is transferred to lower photon energies. Althougl{"@Xima, or intensities. Note that the first strong peak in the
there is a reasonable agreement between experimental aft@NES spectrum is located within the fundamental band
theoretical XANES results for a variety of materials thor- 9@P of the CARPIP spectrum 1.54 eV below the LUMO.
ough calculations for solid & as well as experimental data This clearly demonstrates that the information about the un-
elucidating core-hole electron interactions are still lacking.occupied states one might infer from XANES is extremely
For the experimental study of core-hole effects it is essentignodified by the presence of the core hole. In particular, the
to be able to compare XANES results with inverse photo-shift between the LUMO and the first XANES peak is a
emission data on a common energy scale. Thereforejirect measure of the Coulomb attraction U of the core hole
XANES was applied to the same sample used for the comand electron on the same site in solighCMore generallylJ
bined photoemission and inverse photoemission investigas defined adJ=E,—E,— A with E, the ionization energy,
tions by transferring it to BW3/SX700 at HASYLAB em- E, the electron affinity, and the energy of the first excited
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FIG. 5. On the left hand a series of CFS data recorded for=284.50 eV explains the origin of the intensity modulations in
varying kinetic energies {of the electrons in the range from 272- figure 5. The binding energy labelled with the symbols denote the
278 eV is shown. The solid lines are the results from simulating theforresponding binding energy of the participator valence electrons.
spectra according to equatidh) using the resonant photoemission

spectrum and the XANES data depicted in figure 4. The right part¢ANES spectrum in Fig. 4 with respect to the shape and the
of this figure illustrates the participator process. energy positions of the peaks can be ascertained. But there

are remarkable intensity modulations of the features with in-

state. By means of CARPIP we have experimentally detercréasing Eq. For instance, the highest intensity of the
mined E;=6.83 eV andE,=3.49 eV. Combination of 284.50-eV transition is found fdgE;=272 eV. It reaches a
photoemission and XANES gives the first excited state 1.8@ninimum if E; is increased to 276 eV and witl;
eV above the HOMO. Thus the Coulomb attraction adds up=277 €V the intensity increases again. The intensity of the
to U=6.83 eV—3.49 eV—1.80 e\=1.54 eV. To the 285.93-eV peak falls drastically with increasiBg. To dem-
best of our knowledge this is the first experimental resulonstrate that valence band information is inherent in CFS
giving a value for the core-hole electron interaction of solidSpectra at these energies we simulated CFS spectra under the
Ceo- assumption that the participator process is the main decay

For a valence hole, however, one can give an estimatéhannel. The energy level diagram of the participator process
based on screened gas phase values. Taking experimen&shown in Fig. Sright side. A core electron is excited to
data for the G, molecule[E,;=7.6 eV!® E,=2.65 ev!® an unoccupied state. Then it annihilates the core hole in a
andA=1.7 eV (Ref. 20] one getsU=7.6 eV—2.65 eV dlre_ct recombination process and the released energy is used
—1.7 eV=3.25 eV. Putting G in a solid and including t© emcta_va]ence electron Ieading to the same final state as in
screening would reduce the ionization energy and increaselotoemissior{resonant photoemissipnA simple approxi-
the electron affinity by the same amo@htThe screening Mmation for the photoemission intensities measured by CFS
model described by Shirlegt all® suggests that solid state Yields
screening effects should redudeby about 1.6 eV from what CE
it would be in the gas phase. This changes the ionization 1¥"hw, B~ f(hw)N(E;— h»)N(Ey) @
energy and electron affinity for the molecule th, with f(hv) describing the absorption as given by XANES
=6.8 eV andE,=3.45 eV. These estimated values areandN(E;—hwv), N(E;) giving the initial and final density of
very close to the values we have measured on sofigl C states. The resonant photoemission spectrum of Fig. 4 serves
Since the valence-hole and the electron are not always on ttes N(E;—hv) while N(E;) is assumed to be constant at
same Gy molecule the full strength of the screening potentialthese relative high kinetic energies. The results of the simu-
is not felt. This may reduce) by another 10982 Thus, for  lation are shown as solid lines in Fig. 5. The agreement
the valence-hole electron interaction the estimateUis between the measuremddbtted spectrieand the simulation
=1.5 eV, which, in fact, is very similar to our experimental (solid lineg is very good. Another more illustrative explana-
result for the core-hole electron interactih54 e\j. tion for the intensity variations of the CFS spectra is given in

In order to investigate the decay channel of the excitation§ig. 6. Obviously the density of states in the valence band is
observed in the XANES spectrum we took resonant photoscanned by the series of CFS data. Therefore a CFS spectrum
emission spectra in the constant final energy m@feS for  in the used energy range can be explained to be a XANES
high energies. They are shown in Fig(dotg for final ki-  spectrum, whose intensities are modulated with the valence-
netic energies between 272 eV and 278 eV. Intensities arkand structure. A resonant photoemission spectrum of the
normalized with respect to the incident photon flux. A closevalence bands is shown in Fig. 6. The symbols denote the
similarity of the 272-eV and the 274-eV CFS data with theinitial energies of the participator electrons emitted from the
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valence bands for the CFS peaks observed at 284.50-eV amfl 3.36 eV, which is only about 260 meV larger th&w
285.93-eV photon energy, respectively. The intensity moduealculations' Combination of photoemission and x-ray ab-
lations of the first two CFS peaks can be traced easily. sorption on the same sample in comparison to inverse pho-
The results of the CFS spectra at high kinetic energiesoemission data demonstrates experimentally that the
together with the simulation demonstrate that the electron-XANES spectra associated with empty states are signifi-
C 1score hole pair directly recombines with the emission ofcantly affected by core-hole effects. Thus, conduction bands
a valence electroifparticipatoy. This direct recombination may not be simply derived from absorption data. We deter-
supports the strong localization of the G tore electron mine the C & core-hole electron interaction of solid§o
excitation. XANES spectra, in contrast, only probe the ab-1.54 eV, which is comparable to the gas phase estimate for
sorption due to excitation of the core electron and cannothe valence hole when screening is included. Constant final-

give direct information about the decay channel. energy spectra at high kinetic energies can be well described
by simulating a participator process which supports a strong
IV. CONCLUSIONS localization of the C % excitation.

In summary, employing a common energy scale for pho-
toemission, inverse photoemission and x-ray absorption data
of epitaxial Gy films on the metallic layered material Vse
enabled us to determine reliable experimental values for the The authors wish to acknowledge E.L. Shirley for fruitful
HOMO-LUMO distance, the band gap, and the core-holediscussions and K.-U. Gawlik, A. Mier, and A. HuR for
electron interaction of solid §. Combined photoemission technical support. This work was supported by the BMBF
and inverse photoemission yields a HOMO-LUMO distanceProject Nos. 05 605 FKB and 05 622 FKB.
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