PHYSICAL REVIEW B, VOLUME 64, 113407

Low-energy electron transmission experiments on graphite
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Low-energy-electron transmissiébEET) spectra were measured for graphite using electron energies below

30 eV. The observed LEET spectra have broadened square-wave-like features, and comparison with the
conduction-band density of states above the vacuum level measured by ultraviolet photoemission and inverse
photoemission spectroscopies indicated that the conduction-band density of states was not observed in the
LEET spectra except band gaps. It is concluded that band gaps are more strongly reflected in LEET spectra
than other features in the density-of-states. It is expected that electron-interference effects along the surface
normal dominate LEET features, even for a very thick sample, where the energy dependence of electron-

transmission probability through a one-dimensional periodic potential along the surface normal does not reflect

the variation of the density of statésxcept band gaps
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[. INTRODUCTION also reflects the CB-DOS through inelastic scattering of in-
cidence electrons.
Low-energy-electron transmissiofLEET) has been On the other hand, it has been also shown for very thin

shown to be sensitive to crystalline order and to the elecfilms deposited on conductive substrates that a quantum in-
tronic band structure in the direction of beam incidehte. terference of an injected electron between two interfaces,
Attempts have been made to correlate LEET spectra with th8lm-vacuum and film-substrate interfaces, is reflected in
conduction-band density of staté8B-DOS above vacuum LEET.>™“ This has been considered to be a d|fferen.t cat-
level>~%5 For example, Plenkiewicet al® argued from the- €90ry of phenomena from that where the CB-DOS s re-
oretical consideration on electron-transmission phenomenfected in LEE;—' S v und q
in a quasielastic regime, that LEET spectra can be express?ﬁl I?asepl OLnEtE'I?S;‘e Tany ng’ S Itdli Cotrﬁ.mlf?.ly un ers“too

by the CB-DOS with some modification by the energy- at main eatiifes observed for thick Tims are re-

” _ 1,2 ; _ _ i -
dependent electron mean free path, and showed a fare agré%éﬁﬂ]éﬁéhg r(cﬁ])ngsrfaégsegfrl;gg lr?]vgtggerﬁgv\:gggft?:kz}; ic
ment between theoretical CB-DOS and that deduced fro ' '

b d LEET tra f lid il Th | nd Davié? pointed out that no correspondence can be seen
ohservg h LEES'IE)?C ra for sol Ixenlon Ilmsd e%/ acsgbetween the reflection spectra that are correlated with LEET
showed that eatures are closely related to the Spectra and the CB-DOS except band gaps.

DOSlA:/arlatlon for solid-argon fllm7s9 Furthermore, Caron Although we can be convinced that the band gaps existing
et al.™” touched upon the correlation between the LEET feaiong the surface normal appear as clear minima of LEET
tures and the one-dimensional CB-DOS for platinum ribbongpectra as the result of electron reflection at the surface, it is
with preferentially[111] oriented crystallites. These results not straightforward to understand that LEET maxima reflect
have been basically obtained by a theoretical analysis of thﬁeaks in the CB-DOS. The latter is becatgenost of LEET
LEET spectra, and the theoretical model was based on a#xperiments, which intended to show that LEET spectrum
idea that the injected electron current through the surfaceeflects the variation of the CB-DOS, were performed for
barrier is proportional to the CB-DOS of a target for the polycrystalline specimens with various crystal orientations,
elastic-scattering reginme’~° From fully experimental point (i) discussion was made by comparison between experimen-
of view, a direct experimental correlation between LEETtal results and theoretical CB-DOS, afii) the theoretical
maxima and the high CB-DOS parts was pointed out for thirmodel of LEET was based on an assumptioi that the
films of n-alkane® In the target-current measurements duringelectron-injection probability through the surface barrier is
angle-resolved inverse  photoemission  spectroscopproportional to the CB-DOS. In polycrystalline systems,
(ARIPES of graphite, Schir, Schliter, and SkibowsRP  many band gaps may exist along the surface normal due to
observed remarkable current modulation, and they discussadrious orientations of crystallites, and thus there is a possi-
the origin of the current modulation observed at normal-bility that experimental LEET maxima happen to appear at
incidence condition using the CB dispersion parallel todhe energy positions between adjacent gaps, where nonzero val-
axis inT'-A direction. ues of the CB-DOS exist. In this case, the LEET maxima do
Michaud and co-worket4'® demonstrated using energy- not necessarily reflect peaks of the CB-DOS. Furthermore, it
tuned high-resolution electron-energy-loss spectroscopy thas, in general, not so easy to obtain an accurate CB-DOS by
the incidence-energy dependencies of the quasielastic anbeoretical calculations. For better understanding of the cor-
inelastic electron intensities have one-to-one correspondencelation between LEET features and the CB-DOS variation,
with the CB-DOS for electrons backscattered to various ditherefore, it is desirable to compare LEET features with the
rections. These results seem to suggest that LEET spectru@B-DOS structure observed by other CB spectroscopies.
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In order to evaluate the correlation between LEET fea- , .
tures and the CB-DOS or to clarify an origin of main LEET X
features experimentally, we measured LEET and ultraviolet
photoelectron specti@P9 of a cleaved surface of graphite.
Graphite shows a clear variation of the CB-DOS that was
experimentally observed in secondary-electron region of

(UPS,2-2%  secondary-electron-emission  speéfta,and 2
ARIPES!®2'The present results indicate that LEET maxima 5 4
are not related to CB-DOS peaks observed by other methods, o He 1 UPS
and only LEET minima coincide with the band gaps. Fur- & 11 (pA)
thermore, it is pointed out that the electron-transmission 2 B ¢
probability through a one-dimensional potential array along 2 130F A ARIPES
the surface normal, which does not essentially reflect the 3 r Schifer et al.
CB-DOS, seems to be reflected in the LEET. £ |20t
IIl. EXPERIMENT 101 ';'_EEOTP;")

The highly oriented pyrolytic graphitédHOPG, Union ok

Carbide samples, that consist of oriented polycrystal with ' e 6 ' 2'0 L
vac

the basal planes parallel to the surface, warsitu cleaned Elect Energy (V)
by heating typically at 670 K for 13 h in the preparation ectron ay
chamber, and_their LEETgand I—{g | UPS were measured ata g5 1. LEET spectra and He | UPS of graph(HOPG.
vacuum condition of 10°-10 “"Torr. Thickness of the Normal-incidence ARIPESRef. 16 of HOPG is compared.
cleaved samples was about 1 mm. In the LEET experiments,
the incident electron beam was normal to the sample surface,
and the incidence curremt was kept at X 10 11A, inde- the ARIPES above the vacuum Igvel. If sharp CB-DOS
pendent of the incident electron enerfy The LEET mea- Pe€aksX, X', and A were reflected in the LEET spectrum,
surements were carried out using a spectrometer describddey should be detected separately, since energy separations
elsewheré® and the He | UPS were measured using thebetween peakx, X', andA are~0.8 eV for peakX andX’,
apparatus described in Ref. 29. and~1.1 eV for X’ andA, each of which is larger enough

The energy resolution was better than 0.4 eV for LEETthan the experimental energy resolution. These results lead to
spectra as estimated from the injection-peak widthEat a conclusion that main LEET features do not reflect any
=0 eV in the first derivative of the spectra, and 0.3 eV forpeaks in the CB-DOS, which were observed in other CB-
UPS from the observed Fermi edge of an evaporated golDOS spectroscopies. Furthermore, it is interesting to notice
film. that CB-DOS peaks in the ARIPES are located at both sides
of each rectanglelike LEET feature.

These somewhat confusing results led us to compare an
idealized electron-transmission-probability spectrum for the

Figure 1 shows LEET and He | UPS of HOPG, wheresimplest one-dimensional potential system with the corre-
ARIPES of graphite measured along the surface normal bgponding CB-DOS and with the observed LEET in order to
Schder, Schliter, and SkibowsRkf is compared. In the UPS, see what is happening in LEET. For this, we first compared
a sharp peakk and a shouldeiX’ are seen at the kinetic the CB-DOS and an electron-transmission-probability spec-
energy of about 3 eV with an energy separation-@.8 eV trum computed for a one-dimensional square-well potential
in the secondary-electron region, as reported previdisfy. array with constant inner potentisll, shown in Fig. 2upper
Their kinetic-energy positions are independent of the incipane). The computations were performed fgp=—3 eV,
dent photon energy, and they have been already ascribed Yo =—-23eV, a=0.6A, and b=2.75A, where a+b
scattered electrons accumulated in the high CD-DOS parts:3.35 A was selected to correlate the interplanar distance of
(I's ,T'y) that originate fromo™* conduction band$=2°Al-  graphite. The number of the square-well potentialsvas
though these CB-DOS peaks were not observed in th&000 for the computation of transmission-probability spectra
ARIPES, the reason is still controverstilThe other fea- with two values of phenomenological electron attenuation
tures seen at larger kinetic energies in the UPS are due fengtha = and 30A, anch=100 000 for the DOS. Here
valence band$>?* The LEET spectrum has two rectangle is not important when it is enough large. Although the model
like features in this energy range, and we could not detecseems to be too simple and too crude, it is worth understand-
any LEET features, which correlate to th& CB-DOS fea- ing the correlation between features in the transmission-
tures even in the second derivative of the spectra. Furtheprobability spectrum and the CB-DOS. The computed CB-
more, when we compare the LEET spectrum with theDOS and electron-transmission-probability spectra are
ARIPES ¥ which reflects the CB-DOS along the surface nor-compared in Fig. 2. In the computed one-dimensional CB-
mal, we cannot see any traces in the LEET spectrum thdPOS, as is well known, sharp DOS peaks appear at the band
correspond to the prominent CB-DOS ped&ks B andC) in edges. The transmission probability spectraNere and 30

IIl. RESULTS AND DISCUSSION
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comparison is that prominent electron-transmission phenom-

04382 enon is observed only for the energy regions where the CB-
Vmu DOS is not zero, and the variation of the CB-DOS for the
v, energy regions of the nonzero CB-DOS is not reflected in the
SR S S transmission-probability spectrum. Furthermore, when we
Cal. introduce a finitex to dump the electron wave function, the
J__MS fine oscillation disappears and only a diffused square-wave-
(@) like structure is seen, where only the band gaps appear as dip

features. These results indicate that LEET does not reflect the

— CB-DOS variation except band gaps, and this characteristic
= is essentially similar to that of light transmission through a
S ) =co A photonic crystal, where the DOS of photonic bands is not
£ reflected in the light-transmission spectrum except band
s gaps®>33
= A=30A Here, we compare the computed LEET with the observed
2 Calculation one. In this comparison, we must remember that the above
ig (c) computation was carried out by neglecting energy dependen-
- cies of the electron effective mass®', V,, andV;, and such
a situation may not be adopted for an actual crystal of graph-
ite. Therefore, the comparison was performed for a narrow
) Experiment energy region as shown in Fig. 2. The computed spectrum
T shows a surprisingly meaningful correspondence with the
Eyac= 0 20 observed LEET spectrum of HOPG, although we used the
Electron Energy (eV) simplest one-dimensional square-well potential array and ne-

glected the electron-energy dependencies of potentials, the
FIG. 2. Comparison between computed density-of-stad&S) electron inelastic scattering, and ejection of valence elec-
above vacuum level) and electron-transmission probability spec- trons, etc. In passing, when we introduce energy-dependent
tra[(b) and (c)] for an idealized one-dimensional square-well po- potentials(V, andV;) or energy-dependemt™ as an adjust-
tential array. The experimental LEET on graphit® is also com-  able parameter, the observed LEET curve can be reproduced
pared. In the upper panel, the one-dimensional potential used in tHer wider energy regions. Important physics obtained from
model computations is shown. The computations were performethis simple comparison and from the present experimental
for Vo=—3eV, V;=-23eV, a=0.6 A, andb=2.75A, where evidence that the CB-DOS peaks were not detected in the
a+b=3.35A was selected to correlate the interplanar distance Oof EET, is that variation of CB-DOS is not reflected in the
graphite. The number of the square-well potentiajsvas 1000 for  e|ectron transmission except band gaps. Such results indicate
the computation o_f transmission-probab_ility spectra with two valueshat when the inelastic electron scattering is not dominant,
of phenomenological electron attenuation length=> and 30 A, e electron interference in the periodic potential is mainly
andn=100000 for the DOS. The electron-energy dependencies Ofgflacted in a LEET spectrum even for very thick sample and
the potentl_al structure, electron _eﬁectlve mass, andere fully it does not reflect the CB-DOS, but only band gaps. This
neglected in the model computations. means that the electron-interference effect strongly contrib-
o ) utes to LEET features even for a very thick sample if it is a
A are shown in Figs. @) and Zc), respectively. In the result well-ordered crystal.
with A =22, the value of the transmission probability is zero  Although importance of three-dimensional role in LEET
in the band-gap regions and oscillates in the band regiongas pointed out by Naaman and his coworkers for films with
depending on the number of square-well potentials usednany defects or disordér®3! the present result suggests
This oscillation is not resolved in Fig (), but can be rec-  that main LEET features in a well-ordered system are domi-
ognized as the black area due to the fine oscillation. Thgated by the band-gap reflection and the interference of in-
the band edges, where CB-DOS peaks exist, and shows onyg_-pOS explicitly except the zero value of it, namely band
a square-wave-like curve reflecting the band and band-gagaps. An evidence of such interference effects were also ob-

regions(not shown. This is because the value of the trans-served in well-ordered organic layers of large organic
mission probability at the dip of each fine oscillation be- yglecules?

comes smaller by approaching the band edge and is about

unity at the peak of each oscillation with a small modulation

due_ to _the existenc_e of, altho_ugh Fhe number pf the fine ACKNOWLEDGMENTS

oscillations per unit energy width increases with the CB-

DOS. Forn=30A, a broadened square-wave-like curve is The authors are very grateful to Professor L. Sanche and
obtained without peaks corresponding to the CB-DOSProfessor K. Ohtaka for valuable discussion on electron-
spikes. The important point that we can confirm from thistransmission phenomena.
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