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Elastic scattering effects in the electron mean free path in a graphite overlayer studied by
photoelectron spectroscopy and LEED
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The energy dependence of the mean free péE) in graphite at low kinetic energigdelow ~50 eV) is
studied using the synchrotron radiation excited Sicdre level photoemission signal from a SiC substrate
attenuated by an epitaxial graphite overlayer. Diffraction structura (), appearing as strong intensity
minima in the Si » signal, is found to reflect band gaps in the unoccupied states of graphite. Furthermore,
\(E) is derived based on analysis of very-low-energy electron diffraction data supported by calculations of the
complex band structure of unoccupied states, whei€) appears from the Bloch wave damping factor.
Conceptually different, the two methods yield equivalefi). The strength of the diffraction structure XfE)
manifests a significant elastic contribution to electron scattering at low energies, sharply increasing in the band
gaps of the unoccupied states.
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[. INTRODUCTION method: an overlayer of the material under study is grown on
top of a substrate, and attenuation of a substrate signal, usu-
The electron mean free pakhplays a crucial role in sur- ally a signal from a core level seen by photoelectron spec-
face sensitive electron spectroscopiesjch as photoemis- troscopy(PES, is measured: Alternatively, \ can be deter-
sion spectroscopy, determining the relative strength of théined from low-energy electron diffractiofLEED). The
surface and bulk contributions in the experimental spectraunderlying assumption here is the logic of the one-step pho-
Knowledge of the energy dependencelodllows tuning of  toemission theory, which assumes that the surface sensitivity
the electron kinetic energy to enhance or suppress the surfaé the PES experiment comes from the decay of the time-
or bulk contributions, thus improving the reliability of the reversed LEED wave function over a few atomic layers. In
attribution of the different components. the LEED method\ appears in the damping factors of the
\ is limited, first, byinelastic electron scattering due to Bloch wave constituents in the LEED wave functfhThe
the electron-electron and electron-phonon interactions. ltguantitative LEED pattern is described by the diffracted elec-
strength is expressed by a finite electron lifetimer, phe-  tron current as a function of primary enerdy), for each
nomenologically, by the imaginary pavt=#/27 of the op-  point. In fact, the maximum LEED spot intensities given by
tical potential describing the electron absorptidriThe in-  thel(V) maxima mirror the diffraction minima of, whereas
elastic scattering results in an energy dependenaewhich  the broadening and the relative amplitudes ofIthé struc-
is described by the well-known “universal curve” having atures express the inelastic scattering. The LEED results are
broad minimum around 50-100 é¥.This dependence is relevant for the photoemission experiment because the
fairly similar for many materials. In addition, is limited by =~ LEED state is related to the photoemission final state by time
elastic electron scattering. This is due to diffraction off the reversaf
crystal potential in certain energy and wave vector regions. Here, we apply both methods to study the energy depen-
From the band structure point of view, these are band gaps idence of\ in graphite as a prototype layered material, focus-
the unoccupied staté$:5The elastic scattering results diif- ing on the diffraction structures at very low energibslow
fraction minimaof N whose position and strength are criti- ~50 eV). The overlayer method is applied to a single-crystal
cally material dependent. Such a diffraction structura @  graphite film prepared by thermal epitaxial growth on
particularly notable at very low energies, where the strengtt8iC 8% and employs PES measurements of the [Sicare
of the elastic and inelastic scattering can be comparable. It ievel signal. The LEEQor, in this energy range, very-low-
particularly pronounced for layered materials with theirenergy electron diffractiofVLEED)] method in our imple-
highly modulated crystal potentiat! mentation employs a different algorithm for accurate evalu-
The most common method to measrés theoverlayer  ation of V; from broadening of thé(V) spectral structures,
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and full[non-muffin-tin(MT)] potential calculations of com- E

. . ermi level
plex band structufé with the experimentaV/; values. Some - state
aspects of the theoretical analysis, arising from aliinitio
evaluation of the LEED wave functions wittf; explicitly
incorporated into the Hamiltonian, include determination of

hv=
|60 eV

-

the transmitted current and attenuation length directly from Kmev
the wave functions. This makes it possible to establish a —

relation between energy dependence of electron transmission eV
and photocurrent attenuation, and offers insight into the phe- \\ Ry
nomenon of inelastic scattering. We find the results of the \\_

overlayer and LEED methods in good agreement. Finally, 100 6V
details and methodology of the two methods are compared 110 eV
and discussed. ;MV

130 eV|
IIl. PHOTOEMISSION ATTENUATION IN OVERLAYER \\;Oev
\\1509\4
The PES experiments were performed on the SA73 beam- & 160 oV
line of the SuperACO storage ring at LURE, France. All 20 15 10 0
measurements were performed at normal emission. Linearly Binding energy relative to E, {eV)
polarized monochromatic light from the plane grating mono-
chromator was used with a polar incident angle of 45°.
The graphite/SiC overlayer system was prepared as d
scribed previousK° by thermal epitaxial growth on the Si-
terminated surface ofH6-SiC (0001). The substrate was cut
from a commercial 0.3-mm-thick nitrogen-dopedH-&iC
wafer(CREE Researghlt was fixed on a hollow Mo sample
holder with an electron bombardment heating system on thg" ) e
underside. After introduction into the ultrahigh-vacuum Wide v range. The experimental EDCs are shown in Fig. 2.

chamber, the sample was heated to 850 °C under a Si fluk'€Y have been normalized with respect to the incoming
from a resistively heated Si wafer. This cleaning procedurePoton flux measured using the photocurrgrgmitted from
gold-plated grid at the entrance to the analysis chamber

which removes the native surface oxide, leads to a Si-ric o )
3 3 reconstruction as observed by LEED. The sample wa nother normalization using the level of the secondary elec-

then annealed for several minutes at temperatures abo&'@?r_‘ b_ackg_round on th_e high kingtic energy s_ide of .th'E 2
1100 °C without the Si flux, which leads to the gradual de-€Mission yielded practlcally_ identical spectral |_ntens)t|_es
velopment of a(6y3x 6\s’§)R30° LEED pattern. At these h'A c_:orEment to be made is thg rathher Iovr\: ¥ mtenhslty.
temperatures, SiC dissociates and Si sublimates, Ieaviq IS 1S hecat:r.?e QNe are meashurlng I rcf[;gﬁg gra? I:'tte over-
C-rich surface layers that tend to form a graphite structure. YEr whose tickness Is much greater e sateflites
These cycles were repeated several times, increasing the ale to the SIiC substrate surface reconstruction are no longer
nealing temperature in the rang250 140@°’C The LEED visible in LEED, implying that the overlayer thickness is at
spots characteristic of graphite become more and more ir{?aSt three timea. of the_ low energy(around 100 _eVeIec—
tense, revealing a layer-by-layer growth of an epitaxial™®"S: A reasonable estimate of the overlayer thickness from

. 1014
graphite film. our previous characterizatiofid* seems to be 20 A. Thus

Crystallographic quality of the grown graphite film was the Si”2b signal is strongly atten_uated. The empirical *uni-
confirmed by a sharpt 1 LEED pattern without any visible versal” curve suggests an inelastic mean free path of between

rings indicative of azimuthal disorder. Its electronic :structure5 and 10 A at_the Kinetic energies measured. Based on t_he
was characterized by valence band PES measurements ineép(_d/)‘) relation, we would expect an attenuation of the Si

wide range of incident photon energies. With the normal underlayer signal of at least some 85% compared to that

emission geometry, they correspond to the |ayer_expected frorr_1 c_Iean S(G00Y. In order_to improve the sig-
perpendicularTA direction of the bulk Brillouin zone of nal level, we limited the energy resolution to about 300 meV

graphite. The results are presented in Fig. 1. We clearly ob(°Pt@ined by convoluting the bandpass of the monochro-

serve well developedr (close to 5 eV belowEs) and 7 mator and the energy resolution of our hemispherical ana-
(which disperses around 10 eV beldgy) states, character- YZ€D:

istic of the bulk band structure. The spectra are indistinguish- o

able from those of a bulk single crystat®1213This confirms B. Si 2p line shapes

the identity of the overlayer electronic structure to that of The Si 2 line shape characterizes chemical states of the
bulk graphite, which is a prerequisite for legitimate compari-Si atoms at the graphite/SiC interface. Through the whole
son of the PES and VLEED results. experimental series the overall width of the $i2eak stays

A. Experimental procedure and results

y

FIG. 1. Valence band spectra taken in a photon energy range of
60-160 eV. Ther and 7 states characteristic of crystalline graphite
%fppear clearly.

The Si 2 core level emissiorfa binding energy of 99.2
eV in bulk Si and 101.5 eV in bulk SiCspectra were mea-
gured as series of energy-distribution cur¢eBCs9 within a
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FIG. 2. Raw Si D spectra taken at normal emission angle for (b) Binding energy relative to E,

photon energies between 180wer spectrumand 128 eV(upper

spectrumwith steps of 1 eV. The energy scale is the binding energy ~ FIG. 3. Results of the core level analysis for two specta
determined with respect to the measured Fermi level. hv =147 and(b) hv =132 eV, corresponding to kinetic energies re-
spectively outside and inside the final-state band gap for fhe 2
emission coming from the SiC substrate. The energy is given with
respect to the Fermi level.

around 2.6-2.7 e? Given the natural g linewidth, there
are obviously several components to the Hilide. To de-
convolute them, we fitted the spectra using thaNBOW
program(©Spectral Software 1987-90, a program produced
specifically for analyzing core level spedtrdhe fit param-  strate is not sharp, but embeds a continuous Si depth profile.
eters were chosen close to those normally used with the Jihis is not surprising given that the formation of the graphite
2p: nearly linear background; spin-orbit splitting 0.6 eV; layer is done via Si sublimation, and previous studies indeed
branching ratio 2; Doniach-Sunjic line shape with a Gaussiasuggest a depth profilé:*> The formation of graphite layers
width of 0.7 eV (including the experimental resolution and requires considerable Si mobilitjor example, the complete
the Si 2 spin-orbit splitting; Lorentzian width 0.2 eV; zero Si depletion of three Si-C bilayers is necessary in order to
asymmetry. This latter assumption is justified by the lowform a single dense graphite layedohanssoet al® dem-
density of states at the Fermi level, seen in the valence barenstrated the existence of multiple Si sites as a function of
spectra in Fig. 1. the SiC surface reconstruction and the near surface graphite
The best fits of the Sispectra obtained for two differ- content. For the(6V3X 6V3)R30° reconstruction they also
enthy values are presented in Fig. 3. The four componentseport four components, two of which are related to the bulk
(because of the Gaussian width and poor statistics we do n&C, and the other two to the surface or subsurface regions.
distinguish the 5, from the 2,,,) are labeled, 14, 1,, and  All of this is evidence that the final interface between the
I5. Their energy positions are quite reproducible within thegraphite overlayer and the SiC substrate, as perfect as the
experimental statistics over all spectra obtained with 22 diflayer itself may be, largely extends into the bulk and drasti-
ferent photon energies. The most tightly bound pBa&nd  cally differs from the SiC structure itself. We have suggested
the least tightly bound pealg are found at 101.5+0.38 eV the existence of a C-rich, essentially ordered diamondlike
and 99.24+0.11 eV Following a recent study on thermal phase which is a precursor to graphite formafidhis pre-
Si depletion of SiC? the peakB corresponds to Si atoms in cursor phase is characterized by C-C bonds with
the regular tetrahedral environment of the b@kperturbeyl  sp>-hybridized C atoms, which is compatible with a particu-
SiC substrate under graphite. The other compongpts,,  lar C 1s component observed around 285.5%Wpart from
andl; displaced toward the Fermi level, i.e., to weaker bind-the small peak assigned to unperturbed “bulk” peak, the
ing energies, are attributed to C-rich SiC under the graphit¢hree components of the Sp2vhich largely dominate the
overlayer. emission may thus be ascribed to specific defect or regular Si
The existence of four Sif2components implies that the sites in this C-rich precursor, i.e., to Si bonded to fewer than
interface between the graphite overlayer and the SiC sulfeur C neighbors.
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the tail of the wave function in the SiC substrate. Owing to
» ‘/‘\\ the strong spatial localization of SpXtates, the photoion-
= . f’\ ization cross section is determined by the shape of the wave
£ / Ve | -e function (s andd orbitalg in the close vicinity of the nucleus.
E I The energy interval over which these functions change con-
E b // s d siderably is of the order of 100 el¢he distance between two
g successive nodes at 1.8 a.u). Thus, we expect the varia-
& \\/ tion of the atomic photoionization cross section to be of mi-
nor importance for the energy dependence of the [Sin2
0 25 30 3 20 5 =m0 tensity. However, this point cannot be easily verified

final state energy E-E, (eV) experimentally by PES measurements on uncovered SiC be-
cause, as noted above, the SiC surfaces reconstruct and are
FIG. 4. The energy dependence of the §ii@tensity, i.e., the  considerably different from the atomic arrangements at the
area under the [2 peak, showing the attenuation in three energy graphite/SiC interface. Of the other factors determining the
regions, labeled, ¢, andd: 25-34, 36-42, and 44-48 eV, which g;j 2y, intensity, the inelastic contribution toin the overlayer

correlate in both energy position and width with the expected final-may be considered constant over a few eV. Thus. we attribute

state band gaps indicated by dotted lines. The energy is given with, "o hserved structure in the Sp 2nergy dependence to a
respect to the Fermi level, allowing a direct comparison with theStrong elastic scattering in the final state due to band gaps. In
VLEED calculated final-state band structure. . . - .
particular, there are three strong attenuation regions of the Si
o _ 2p signal seen in Fig. 4, within 25-34 eV, 36-42 eV, and
C. Si 2p intensity energy dependence 4448 eV. These regions line up well in both position and
In th|s paper we are main|y interested in the overa” S| 2 width with the band gapS found in the final states centered at

core level intensity dependence oo. From the Einstein 29, 39, and 46 eV relative 1B, as indicated Fig. 4deter-
equation for photoemission, the photoelectron kinetic energynination of the final-state band gaps from VLEED is pre-
is given byE,;,=hv-Eg—e¢sp HereEjg is the binding en- sen'_[ed below in Sec. )ll Our da.ta thus give direct eyldence
ergy anded)sp the Spectrometer work functi(ﬁdetermined, of .d|ffract|0n S-tructure ol I’esu|t|ng from Strong elastic scat-
as usual, from Fermi level measurements on the metdPring in the final-state band gaps.
sample holder The variation ofhv is equivalent to varying ~ An earlier study of the final-state energy dependence of
the kinetic energy of the photoelectron coming from the Sithe bulk core level emission in graphite clearly demonstrated
2p core level after having traversed the graphite overlayerthe effect of the final-state band gaps at certain kinetic ener-
The intensity variation of the Sip2signal withhv should ~ gies for the C & line.” Very recently a theoretical study of
therefore give a direct image of any strong elastic scatterin§€ effects of the overlayer electronic structure in photoelec-
due to band gaps of the unoccupied states through which tHEON transmission has been reportédHowever, to our
photoelectron transport takes place. knowledge our study gives the first experimental evidence of
To extract the Si @ intensity dependence, we have nor- the effect of final states in photoemission coming from a
malized each EDC to the continuous background level at #ubstrate-overlayer ~system. Recent experiments on
eV from the peak centroid position on the high-kinetic- GaA100-c(4x 4) showed evidence for similar effects.
energy side. This allows a direct comparison of the spectraSuch experiments allow a reliable distinction between the
eliminating effects due to the synchrotron beam lifetime. Weelastic and inelastic scattering contributionsito
have also systematically measured tgencoming photon
flux using a gold grid at the entrance to the analysis chamber.

The normalized intensities obtained by the two methods dif- ll. VLEED

fered by less than 5%. The overall intensity of the $i 2 A. Nature of the final-state wave function

manifold (i.e., the integral area of the four SpZomponents .
after subtraction of the continuous linear backgrouas a We recall that the relevance of LEED to the photoemis-

function of the final-state energy of the Sp 2entroid with sion experiment is based on the fect .that_the LEED state is
respect to the Fermi level is plotted in Fig. 4. In principle, €x@ctly the time-reversed photoemission final staecom-
our evaluation of the Siintensity energy dependence from Ment on the nature of the corresponding wave funcién)
a series of EDCs is analogous to taking a constant initiaiShould be made. In the mean free path analysis it is com-
state(CIS) spectrum with the Siginitial state. We did not monly implied that this wave function is described by one,
perform CIS measurements because of technical difficultiesingle, exponentially decaying Bloch wayg(r). The corre-
however, via the core level shifts in the EDCs we have adsponding penetration depiis given by the imaginary part
ditionally obtained useful information on the chemical envi-Imk, ~ of the surface-perpendicular wave vector as
ronment of Si atoms at the graphite/SiC interface. (21mk, )™, where the factor 2 comes from the amplitude
To identify the origin of the observed Sip2intensity ~ squaring for intensity. In fact®(r) is a superposition
variations, we have first analyzed the wave functions geneAc¢x(r) of different Bloch wave constituents, each corre-
ated by our LEED calculation@see below. We have found sponding to different bands i&(k). This can in principle
that the character of the final-state wave function changesomplicate the mean free path analygb. If a few ¢, are
smoothly with energy, suggesting similar smooth variation ofcomparable in amplitude, which is typical of highly hybrid-
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ized band structures, the decay of the tabdl) becomes, above equation so as to fit the calculated spectrum to the
strictly speaking, nonexponential and should be described bgxperiment! New R factors were used to compare the ex-
some effectivex depending on the individual penetration periment and calculations in terms of broadening and ampli-
depths\, =(2 Imk, )™ of the ¢,(r) constituents as well as tude reduction of the spectral structufsse the Appendix
their relativeA, amplitudes.(2) In addition to the intrinsi- The experimental points were fitted to a superposition of an
cally bulk ¢, with large \, (propagating in th&/;=0 limit) arctangentlike function and a polynomial function. The
the total®(r) can contain intrinsically surface, with small ~ former models the increase ¥f through plasmon lossés.

\¢ (evanescent even in th¢ =0 limit). However, as the In the absence of absorption the LEED wave function in
penetration depth of such surfagg is much smaller than the bulk half space far from the crystal surface is a superpo-

the interlayer distance, they are normally neglected in théition of propagating Bloch waves which carry current into
electron transport picture. the crystal interior. The absorption results in decay of the

LEED function into the crystal interior, breaking down this
picture. Nevertheless, the current at the crystal-vacuum inter-
B. Computational scheme face is unambiguously determined by the asymptotic values
The theoretical LEED spectrum is derived from a self-Of the incident and reflected currents in the vacuum, and can
consistent local density approximation density functionalP€ interpreted as the transmltf[ed current. To distinguish from
theory LDA-DFT based band structure calculation. Thethe case oV;=0, we refer to it as thabsorbed currentlt
Kohn-Sham equations are solved with the extended linea§an be showhthat this current is determined by the electron
augmented plane wavéELAPW) k-p method!®20 The  density distribution in the decaying LEED state in the crys-
method of constructing the crystal potential and typical com{@!, integrated from the matching plane to the bulk infinity:
putational parameters are described elsewHeFar graph- oV
ite, our calculations have employed a basis set which in- T:_'J |(r)|?dr .
cluded 585 energy-independent APsiergy cutoff 28 Ry hJg

and the extension of the radial basis?$ebntributed another . . . ) .
104 basis functions. Here the integration is over the unit cell of the semi-

A detailed description of oub initio method to calculate infinite cry_stal (infinite in the surface perpendicular direc-
scattering wave functionghe LEED functions within the ~ tion) andT is the current through the base®@fat the crystal-
complex band structure approach has already beeK2cuum |_nterfacé.The accuracy (_)f the calculations can _be
presented! Here we only briefly sketch the computational characterized by the residual mismatch of thg transmitted
procedure. currentT caIcuIateq from the above formula with the total

We first solve theinversecomplex-band-structure prob- Ccurrent calculated in the vacuum half space.

lem: given the crystal surface projection of the Bloch vector, 10 characterize the electron transport properties of the
k, and energyE, we find the complex, values and the individual Bloch waves, which are determined by both their

corresponding & (r) Bloch waves that satisfy the A, amplitude and\, penetration depth, we usegxrtial ab-

Schradinger equation inside the crystllo circumvent the sorbed currents };I'as.the _partial electron density integrated
numerical instability of the matching formalism, we seek the®Ve' the crystal interior via the formula

total ®(r) wave function as a linear combination @f(r) oV,
that continues smoothly into the vacuum half space, has a Te=—| |Ac(r)|?dr
correct vacuum asymptotics, and minimizes the deviation it

[(H-E)®]| from the exact solution everywhere in vacuém. \hich generalizes thev,=0 elastic currents HAJ2(%/
Su<_:h avarlatlo_nal matching procec_iure th_en leads to a SySte%)[¢f<(5/ﬂfL)¢k‘¢k(¢9/t9h)¢*k] for nonzero absorptioh.
of linear equations on thé, (r) amplitudes in the crystal and Although in this case the(r) interference ind(r) means

diffracted amplitudes in vacuum. The common choice of thethat the totalT is not exactly equal to the sum of the indi-

maiching plane at half the interlayer distance from the OUtyidual Ty, these figures well characterize the relative contri-

"Butions of the Bloch wave constituents to the total current
transmitted by the LEED state.

By solving the LEED scattering problem with the experi-
ental energy-dependeit we thus obtain the totad(r)
wave function in the crystal expanded in the individggl(r)

with the experimentsee belowy, and no further optimization
of its position has been undertaken.

To describe the absorption due to inelastic scattering, wg,
introduce the optical potentidl; into the Schrédinger equa-

tion as Bloch waves. This immediately gives our objectivencor-
K2 ) porating both inelastic and elastic scattering effects. An al-
‘%AJFV(V)"Vi —E|¢(r)=0. ternative LEED scheme to determine was recently ad-

vanced and applied to Cu.The multiple scattering
The larger theV; value, the more smeared and reduced informalism with MT potential was used. Thé& energy depen-
amplitude the LEED spectral structures. THewas chosen dence was taken from optical data. Significant anisotropic
to switch on at the matching plane. Its energy dependencéiffraction structure for Cu has been found in good agree-
Vi(E) was extracted from the experimental normal-incidencement with the experiment. However, our scheme does have
VLEED spectrum by varying the functionV;(E) in the the advantages dfl) naturally taking into account the full-
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FIG. 5. Upper panel: Dependence of the optical potetigt) E-E;[eV]
on the final-state energy determined from the sharpness Gf(&)e )
structures using th&, factor (circles and from their normalized FIG. 6. (Color onling Top panel: Real and complex band struc-

amplitude using the, factor (crosse} see text. The dashed curve ture E(Rek,) of graphite in thel'A direction, calculated with the
shows the analytical fit used in the LEED calculation. Lower panel:€xperimentaV;(E). The length of the tick parallel to the energy axis
The loss function fog=0 for two directions of they vector;q L c, is proportional to the current carried by the Bloch constituent of the
full line, andqlic, dashed line. LEED function forV;=0. In the lower graph of the upper panel is
shown the complex band structure calculated with the experimental
V;(E). The partial adsorbed currentg are shown as the thickness,
i.e., perpendicular to the energy axis, of the curves. Middle panel:
Electron transmission spectidE) anddT/dE of graphite; experi-

potential effects by employing the ELAPW method; d2d
being self-contained in that thé energy dependence is de-
rived also from LEED. Note that in our scheme the IDGbye'ment(full line) and theory(dashed lingcalculated with the experi-

Waller factor is a',feadY |_ncorporated IntG. . mentalV;(E). Bottom panel: Dependence of the attenuation length
The next step in refining the above calculations Wogld pq\k:(z Imk, )~1 of individual ¢, on energy calculated with the ex-
to extend them to the real case of the whole graphite/SiGerimentalV,(E). The thickness of the curves is proportional to the
overlayer system. However, as can be deduced from Fig. 3ssociated,. Shown are onlyp, whoseT, exceeds 1% of the total
there are several interface sites for Si with very differentcurrent T as the total penetrating electron density. Open circles
neighborhoods, suggesting a complicated interface structurehow the experimental Sig?signal of Fig. 3 whose intensity scale
Uncertainty about the geometry of such an interface has hins given on the right. The inset shows the region from 25 to 50 eV;
dered calculations for the realistic graphite/SiC system. it compares the theoretical curve shifted by 0.7 eV to higher ener-
gies with the energy dependence of the signal attenuation.

C. Results erage effect of plasmon excitations on the energy depen-

. ) . dence of the electron lifetime can be obtained from the func-
The experimentaV;(E) energy dependence is presented injon |_(4) for q=0. In the lower panel of Fig. 5 we show our

the upper panel of Fig. 5. It was derived from the experimengg|cylated loss function in the long wavelength limit for
tal normal-incidence VLEEDI(E) spectrurfi reproduced in gL candqllc, wherec is the layer-perpendicular unit vector.
the middle panel of Fig. édespite the spectrum being mea- Note the remarkably strong anisotropy of the loss function of
sured in the target current mode, which reflects essentiallgraphite compared to transition metal dichalcogenfd&ur
the total electron reflectivity integrated over all diffracted spectra agree well with the recent experimental and theoret-
beams, we use the term VLEED in reference to the dominarital result§* for q=0.25 AL It has been shown that by
physical mechanism forming the spectral structurdhe changing the orientation of thg vector fromq L c to glic
Vi(E) dependence shows a sharp increase at around 25 e\the high-energy bulk plasmon gradually moves from 28 to 18
In fact, the V, optical potential is associated with the eV and the loss function above 20 eV becomes more and
imaginary part of the electron self-enerdly whose energy more diffuse?* These results correlate well with the increase
dependence is expected to reflect singularities of the energyf V; between 20 and 30 eV observed in our experimental
loss functionL(w)=-Im[1/e(q, w)]. A rough idea of the av- V,(E) dependence.
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The complex band structure calculated with the experi-energy positions and width, especially taking into account
mentalV;(E) is shown in the top panel of Fig. 6 &Rek,).  the self-energy corrections to the calculated curve. Note that
Compared to th&;=0 limit, also shown here, the effect¥f  the photoemission intensity depends upon(erp\), where
is to smooth the band dispersions and smear the band gagss the overlayer thickness, so only the energy positions may
markeda to d. The Ty values, characterizing partial contri- be compared directly. The agreement is convincing in view
butions of the individual damped Bloch waves to théotal ~ of the statistics of the PES measurements, and given the
current transmitted by the LEED state, are represented by thgyssible energy dependence of the photoexcitation matrix el-

thickness of the curves. It is important to note that despitgment and scattering at the substrate-overlayer intetthee
the multitude of bands only a few of them are effective in thegfract of the latter o\ was discussed by McFeebt al2®).

electron transport. . . In particular, these effects should explain also the difference
sp;—c?c?unTlgfdgara%i?teel ;Jp';'r?r}lgozggvﬁ E{:i g(%%ﬁ:gﬁf;l onin the relative strength of the twe(E) minima in the PES
TheirdT/dE energy derivatives are also shown to emphasiz nd VLE.ED. data. Unfortunately, due to drawbacks of our
the spectral structures. Excellent agreement of the theoreticghmoem'SSIOn ;etup we CO.UId not extend the PES measure-
and experimental results confirms our theoretical descriptio ent to lower kln_etlc energies where the_ VLEED da_\ta show
of the LEED process. Systematic shifts of the experimentaf?uch stronger diffraction structure. All in all, we find the
structures from their caiculated positions by some 1 eV tPVerlayer and VLEED methods give concurrent pictures of
higher energies manifest deviation of the quasiparticle selfthe\(E) behavior. The agreement achieved between the PES
energy = from the LDA-DFT exchange correlation, ex- and VLEED results proves the relevance of our theoretical
pressed by the\(ReX) self-energy correctionsThe pro-  approach in which the graphite overlayer was replaced by
nouncedT(E) minima, yielding a characteristic minimum- bulk graphite.
maximum structure in thelT/dE spectra, reveal the final-
state band gapa to d.°

Finally, the lower panel of Fig. 6 shows thg,
=(2 Imk, )™ penetration depth of the individuai(r) Bloch The overlayer method has so far been the most common
waves. Only the waves whodg partial currents exceed 1% Mmethod to determina.. Its advantages are physical clarity '
of the total current into the crystal are shown. Thus, theand straightforward data analysis. There are, however, seri-
evanescenty,(r) rapidly decaying into the crystal interior, OUs limitations:(1) Preparation of a crystalline overlayer
and ¢, (r) with small excitation amplitudes,, ineffective in ~ With sharp interface is experimentally difficult and not fea-
the electron transport, are omitted. Below 25 eV only ones'ble_ for all materlals.;(Z).\./anatlons in the photoexcnatlon_
o (r) is seen. Its\, immediately gives our objective energy matrix element can significantly influence the substrate sig-

dependenca(E). Above 25 eV a fewp,(r) with significant nal; (3) determination of\ in absolute units from angle-
transport properties are seen. As discussed above, their ex @ﬁpentqlent rf?ea;surements can be hamperdd,ayependent
tence in principle modifies the decay of tfidr) total wave tiiraction erects.

field to a nonexponential one; however, in our case this effec(,g1 cgohlfnffhpellcggggco;rgzeir:{afsfilg g(]:itt?:rcijﬁ fu'g é%t:ggh'gg to
is small because ong,(r) still much dominates ifT, and 9 ’

the corresponding, is close to the overal. our knowledge, for the first time. Its main advantage com-

. pared to the overlayer method is that it does not require any
. The_VLEE_D_ der_|ved>\(E_) dependence shows pror_10unced special sample preparations. Moreover, it involves one
diffraction minima in the final-state band gaps. Their energ

" incinalv fits the three band © d ob d ysingle—electron state and is therefore free of any matrix ele-
position convincingly Tits the three ban gdpto d observe ment effects. Certain limitations of this method include the
in the experimental PES data from Fig. 4, reproduced her

) e}ollowing. (1) Significant computational effort. However, the
The agreement of the VLEED and PES results improve omputatonal procedure, if under well controlled numerical

even further if theA(ReX) self-energy corrections, observed accuracy, is fully automatic in generatingout of the experi-

in the VLEED spectra, are applied to thé€) curve. Quali-  ania) vvi(E) and band calculations checked against the
’_[atlve_ly, the d_lffractlon structure in(E) is seen to mirror VLEED data. Moreover, the diffraction structureNiGE) can
itself in the minima of theT(E) spectrum due to the electron o aqsessed directly from the structureTiiE) without any
transmission reduction in the band gaps. calculations.(2) The VLEED should be sufficiently rich in

It shou_ld be noted that highly structured final states, a%tructures(which is the case for layered materiais provide
reflected in the VLEED spectra, are typical of the layered onqe sampling of th¥, values in energy. Evaluation of

materials with essentially two-dimensioné2D) character (E) from off-normal VLEED spectra requires taking into

due to sharp_Iayer-perpenpllcular modulatlon_s of the cryst ccount the absorption in the surface barrier which increases
potential which open wide band gaps in the Iayer-With K,

perpendicular band dispersiéh?®

B. Comparison of the overlayer and LEED methodology

Finally, it should be noted that there are, strictly speaking,

IV. DISCUSSION certain differences between the final state as probed in the

LEED and overlayer methods: whereas in the overlayer ex-

A. Comparison of the PES- and VLEED-derivedA(E) periment the tail of the final-state wave function extends into
in graphite the substrate, in the LEED experiment this wave function

The three observed broad diffraction minima in the PESesides within the same material. However, in our case this
signal are reproduced in the VLEED derive(E) as to both  difference is insignificant, as demonstrated by the valence
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band spectra of the overlayer being identical to those of bullkvery need to have an overlayer system, but interpretation of
graphite(see above Sec. I A the VLEED data is less straightforward and involves signifi-
cant computational effort.

The experimentak (E) is characterized, in addition to the
smooth “universal curve” energy dependence of the inelastic

The final-state effectéapart from the selection rules and scattering, by pronounced diffraction structure reflecting
when using polarized lightare not normally accounted for in  variations in the elastic scattering off the crystal potential.
the interpretation of photoemission data from localized state¥he minima in\(E) manifest the final-state band gaps where
such as core levels. There is already growing awareness @e elastic scattering and the strength of photoelectron damp-
the importance of the complex final-state band structure folng sharply increase. The diffraction structurei(E) is par-
accurate band structure stud?eS:*® However, our results tcylarly pronounced for graphite due to its essentially 2D
the photoemission intensity measured from underlayer corgorelation betweei(E) and final-state band gaps can find
levels. This emphasizes the fact that the complex final-statgn,ortant implications not only in photoemission studies in
band structure must be known in order to describe accuratebye vy range, but also in photoelectron diffraction studies
the emission properties of crystalline solids. where it affects the angular and energy-dependent anisotro-

Our results clearly have implications for the physics of hies of the measured core level signal from both overlayer
the core level low-kinetic-energy photoelectron diffraction g, single-crystal systems.

(PHD) from overlayer systems: This technique is often em-
ployed to determine the overlayer crystal structure from the
substrate emission modulations in energy Knpddue to mul-
tlple Scattering in the Overlayer. This Usua”y involves com- We acknow]edge the Support of Deutsche Forschungsge_
putationally expensive modeling of the multiple scatteringmeinschaft to E.E.K.(Forschergruppe FOR 353and to
within short-range approaches based on spherical waves agdN.S. (CL124/5-1), and the EC support within the Access to

varying the crystal structure parameters. Equivalently, thResearch Infrastructure program to V.N.S.
multiple scattering can be viewed within a long-range pic-

ture, if the overlayer is thick enough, so as to create band
gaps in the delocalized states in the overlayer for certain
energy and, ranges. Such gaps are directly reflected in the
K, dispersion of the VLEED spectra of the overlayer. By  The inelastic scattering, expressed by the absorption po-
combining VLEED and PHD, we could therefore predict thetential v;, manifests itself in the LEED spectra, whether it be
substrate core level emission modulations without any comthose of individual diffracted beani$V), the integral elec-
putational modeling. It would certainly be worthwhile carry- tron reflection or the transmitted curréHE), as a smearing
ing out a comparative VLEED and PHD study on a well of the spectral structures and a reduction in their amplitude.
defined overlayer model system to investigate such a connege values ofV; can therefore be extracted by comparison

C. Perspectives

ACKNOWLEDGMENTS

APPENDIX: EVALUATION OF V; FROM VLEED
SPECTRA

tion between the two techniques. between theoretical spectra, calculated with diffeNnand
experiment. HoweverR factors used in such a comparison
V. CONCLUSION must differ from the commomR factors which tend to em-

phasize the energy position of the spectral peaks.

Correlation of energy variations in the electron mean free Following the ideas of our previous studi€<® we de-
path A with band gaps in the photoelectron final state hasvelop here differenR factors specialized in evaluation of,
been investigated for graphite as a prototype material wittparticularly suitable for the VLEED energy range and for use
highly structured final states. ThgE) energy dependence with the T(E) spectra. SuchR factors should be designed
was determined in an energy range below0 eV using two  along the following lines(1) In the very-low-energy inter-
conceptually different approaches, the overlayer method andal, the values o/, are comparable with the widths of the
VLEED. In the first approach, we used graphite overlayerband gaps, in which the elastic scattering gives rise to the
grown on SiC and measured Sp Zore level PES signal reflectivity peaks. In this case the width of the spectral struc-
from the substrate as a function of photoelectron kinetic entures is largely due to the elastic reflection, whilemani-
ergy. In the second approach, we used VLEED spectra medests itself in the sharpness of the slopes of the spectral struc-
sured on single-crystal graphite. Here, we have evaludted tures rather than in their widttsee Fig. 6 Our R factors
characterizing the strengths of inelastic scattering, fronscrutinize therefore theerived dTdE spectra emphasizing
sharpness and relative amplitudes of the VLEED spectrathe slopes of the structurg®) Energies of the spectral struc-
structures, and then obtainadas the damping factor of the tures can be influenced by excited-state self-enérgjycor-
LEED wave function in complex band structure calculations.rections with significant energy dependence beyond the DFT-
The two approaches yielded essentially the same behavior dlsed calculations. To make oRrfactors insensitive to the
NE), with some differences tracing back to the matrix ele-energy shifts, we do not use any integral comparison of the
ment effects and influence of the overlayer/substrate interspectra, but determine values of tRdactor locally at each
face in the overlayer method. Methodologically, the VLEED dT/dE extremum.(3) The amplitudes of thelT/dE struc-
method benefits from the absence of such effects and theres are partly influenced by the shape of the background in
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T(E) formed by inelastically reflected electrons, and by ab-tion much larger thaiv;. In the case of graphite this condi-
sorption in the surface barrier region which reduces the amtion was met only below 20 eV. For larger energies, we had
plitudes of the spectral structures without their additionalto use anotheR factor, which relied on the reduction of the
broadening. Ideally, a suitabR factor should be insensitive qT/dE extrema in amplitudeelative to the lowest-energy

to the amplitudes. d by th =(dT/dE) gy, / (dT/dE)?
We have found it convenient to use two suRHactors. one, as expressed by the ramp=( e Joxr

The first one is defined, for eadil/dE extremum, asR; EI Oti that Cl:i)qt:\_?E;‘atl:torsd da.‘tr.e independent Of(;[rlﬁ gonstarjt
:(dT/dE)extr/fE(dT/dE)dE, where (dT/dE), is the ex- ackground inT(E). In addition, we suppressed their sensi-

tremal dT/dE value, and the integration is performed be- tivity to higher-order compoqents by subtracting a quadratic
tween the twodT/dE zeros with the energieg; and E, backgr(_)und from both experimental gnd th_eoretTE(zE[)._To
bounding thedT/dE extremum to yield the corresponding detérmine such a background, we identified the mid-slope
T(E) excursion. While thiR factor provides absolute values POints in theT(E) structures as being placed at the extrema
of V; in eachdT/dE extremum, it is sensitive to the overlap Of dT/dE, and performed second-order polynomial fitting of
of the spectral structures and thus requires an energy sepatfe corresponding(E) values.
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