
PHYSICAL REVIEW B VOLUME 52, NUMBER 24 15 DECEMBER 1995-II

inelastic processes versus diffraction effects: Polar-angle energy-loss spectra
of the graphite E edge

R. Gunnella, I. Davoli, R. Bernardini, and M. De Crescenzi
Dipartimento di Matematica e Fisica, Sezione dell Istituto 1Vazionale di Fisica della Materia,

Universita di Camerino, 62032 Camerino, Italy
(Received 14 March 1995)

We report the angular behavior of the reAection energy-loss features above the carbon K edge in high-
ly oriented pyrolitic graphite. The intensity variations of the m* and o.* structures have been used to
evaluate the fine details of the basic mechanism governing the interaction between primary electrons of
low kinetic energy ( —500 eV) and a core electron transition. We have considered the most probable
scattering events, namely: single inelastic scattering, energy loss preceded by diffraction, and diffraction
preceded by energy loss. In our experimental condition we have evidenced that the main channel of in-
teraction is essentially constituted by inelastic scattering followed by diffraction processes. Our experi-
ment resolves the degeneracy proposed by theoretical calculations that assign an equal probability to the
two transitions assisted by elastic scattering. The energy-loss process does occur at a very small scatter-
ing angle from the primary beam direction (parallel-q exchanged) and this explains the capability for
low-energy electrons to investigate the orientational dependence of the density of states and the bond-
length direction of an adsorbed surface atom as currently done in surface x-ray-absorption measure-
ments.

I. INTRODUCTION

The development of electron spectroscopies based on
inelastic scattering fine structure is driven mainly by the
need for structural methods which allow the investigation
of the geometrical environment of different atomic
species in the surface region. The EELFS (extended
energy-loss fine structure) technique, ' using low-kinetic-
energy electrons (500—2000 eV) in the reflection
geometry, has proven to be a useful tool for local
structural investigation of clean surfaces, thin films, and
chemisorbed species. ' The main appeal of this tech-
nique, besides its very easy experimental accessibility, is
the way in which the data are processed. The radial dis-
tribution function, coordination numbers, and thermal
effects may be determined following the procedure used
for EXAFS (extended x-ray-absorption fine structure)
spectroscopy.

In the last decade a considerable number of experimen-
tal and theoretical works has been devoted to assessing
the equivalence of the structural determination obtained
in experiments having an electron-gun source with those
obtained using highly polarized synchrotron radia-
tion. The crucial point which guarantees this
equivalence is to suppose valid the dipole approximation
appearing in the matrix element of the electronic scatter-
ing. While in transmission-mode-detected EELFS (Ref.
8) the first Born approximation is widely accepted, the
energy loss in the reAection mode deserves several criti-
cisms connected with the large value of the transferred
moment q which invalidates the dipole approxima-
tion. ' In particular, Saldin has clearly shown that the
dominant processes contributing to the EELFS spectrum
are those involving elastic backscattering and small-angle

energy-loss scattering. " This offered a suggestive ex-
planation for the dominance of the dipole selection rule
even in those cases where the experimental geometry
should favor a large momentum being transferred. On
the basis of this interpretation, the EELFS signal at the
same time involves inelastic scattering of the incident
beam and backscattering elastic events supplied by a
reciprocal-lattice vector Cx. These considerations, which
are of fundamental importance every time a primary elec-
tron beam interacts with a solid surface, in our opinion
need to be deeply investigated. Indeed a complete under-
standing of the energy-loss mechanism requires us to as-
sess the contribution of the various mentioned processes.
To this aim we performed angular-resolved near-edge
spectra on HOPG (highly oriented pyrolitic graphite),
and the observed intensity variations of the ~* and o.*

structures have been compared with the theoretical
EELFS intensity. The main conclusion of this work is
that for primary electrons of low kinetic energy
(E ~26,E), where b.E is the energy loss, and the experi-
mental geometry adopted in this work [the cylindrical
mirror analyzer (CMA) electron analyzer], the dominant
channel of interaction with a core electron is essentially
constituted by inelastic scattering followed by diffraction
processes (I. +D). For a higher primary beam energy
the other possible interaction, constituted by elastic
scattering followed by energy loss, becomes more and
more important, and the intensity ratio between the two
processes approaches 1. Because of the tunability of this
interaction mode obtained by varying the primary elec-
tron energy and the scattering geometry, a wider possibil-
ity in the investigation of both the bond-length direction
and the electronic state symmetry of atoms on surfaces is
provided by reAection energy-loss measurements at atom-
ic core levels. At the moment this peculiarity is reserved
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The experiment was carried out in a standard UHV
system equipped with a single-pass CMA (cylindrical
mirror analyzer) properly modified to detect the angular
distribution of the outgoing electrons. ' The modification
consisted in screening 354' of the 360' circular ring of
the usual CMA detection area. In this way a detection
cone of 6 ' positioned at 42. 6 ' with respect to the incident
electron-beam direction was obtained.

The sample used was a HOPG freshly peeled off by an
adhesive tape directly in the UHV system (better than
2 X 10 ' Torr). The low-energy electron-difFraction
(LEED) pattern showed an array of spots with circular
symmetry, testifying to the misoriented nature of the
micro-single-crystalline structure around the c axis of the
sample. This means that the sample has a random orien-
tation within the ab planes, while it is well oriented along
the c axis.

A primary beam energy of 500 eV and a modulation
voltage of 0.5 V has been used to detect the electron
energy distribution in first derivative mode. The parame-
ters were chosen in order to achieve the best energy reso-
lution during the energy-loss experiment (0.7 —0.8 eV).

III. THEORY

As is well known in energy-loss spectroscopy, the Born
approximation is applicable when the electron primary
beam energy is at least seven times the ionization energy
of the electronic level involved in the transition. ' This
condition is very rarely verified during an energy-loss ex-
periment done in the reQection mode, and a different ap-
proach based on the distorted-wave Born approximation
(DWBA) must be considered. ' Following the work of
De Crescenzi et al. , the EELFS cross section in the
DWBA can be written for the case of a collection of
muffin-tin potentials as

do 4 s kk

dQ kI 7T L L I

IA(q„,G. )I'

qn

X ImIi ' 'MI(q„) YL (Q„)

&«L,",I. MI(qn)YI. (qn)]

where the momentum transferred q„=k; —k, +Cx„ is the
result of an energy loss EE=k of an incident electron
with momentum k;, as scattered electron with momen-
tum k„and the interaction with the crystal by means of
reciprocal-lattice vectors Cz„. In the present discussion

only to SEXAFS (surface-EXAFS) (Ref. 12) and XPD
(x-ray photoelectron diffraction) measurements. '

After a brief description of the experimental apparatus
in Sec. II, the formalism used in the calculation of the
EELFS cross section is reported in Sec. III, where em-
phasis is placed on the existing parallel between EELFS
and x-ray-absorption spectroscopy (XAS). Experimental
results and theoretical considerations about the role of
the possible diffraction processes during EELFS are dis-
cussed in Sec. IV. The conclusions of the work are re-
ported in Sec. V.

II. EXPERIMENT

T

M, (q„)= P& (r )j &(q„r )Rl(r)r'«,
a

(2)

written in terms of the spherical Bessel functions j&(q„r ).
The terms Pl (r) and Rl(r) are the one-electron radial

0

wave functions of the secondary electron in the initial
and final states, respectively. The matrix element is cal-
culated over the volume of the ionized atom of muffin-tin
radius r .

With

0,0 —
I ( 7—1+G)

—1]0,0 (3)

we indicate the multiple-scattering operator obtained by
inversion of the matrix built by means of the atomic
scattering matrix T and the propagator G between
different atomic sites in the solid. YI (q„}'s are the real
spherical harmonics of angular momentum (I,m}, being
the basis functions for the final-state multiple-scattering
wave function. As can be seen from Eq. (1), only scatter-
ing processes in which the electron emitted by the ionized
atom is backscattered by the surrounding atoms, give rise
to a fine structure (EELFS) in the energy-loss spectrum.

Finally A„(q„,G„},which represents the weight of the
diff'raction accompanying the energy loss (direct and ex-
change process), is

2

A„(q„,G„)=&4vr 1+ p(G„,k, , k, ),
/k, —kf' (4)

which is related to the two-electron wave function
through a Fourier transform

ql,+(R,k;)4, (R, k, )= pe " p(G„,k;,k, ),
G„

(5)

where q=k; —k, .
It has been demonstrated that because of the 1/q„

we make the assumption that at electron energies charac-
teristic of this spectroscopy (E ~ 500 eV) substantial
penetration of the electrons (10—15 A) allows us to con-
sider an interaction of electrons with a three-dimensional
(3D) reciprocal lattice. This approximation could be
questionable in an application to surfaces where only the
two-dimensional reciprocal lattice is involved, because of
the semi-infinite nature of the solid. ' But in our case, or
more generally far enough from the high end of the
LEED region (500—600 eV), we may estimate a much
greater number of probed planes in the solid making this
spectroscopy experience genuine 3D structural effects.
To properly deal with this problem a much more refined
theory, taking into account full LEED wave functions, as
proposed by Saldin, " is necessary but out of the aim of
the present work. In Eq. (1) the EELFS cross section is
written in atomic units of Ry, and is represented by the
sum over all the momenta ranging from q;„=k,- —k„
and q,„=k; +k, . Nevertheless it has been demonstrat-
ed by several authors ' ' that the effective value of the
momentum transfer cannot exceed the value of
q,„=V'AE during a reffection experiment.

Also, in Eq. (1) we have the 1 component of the matrix
lq 1

element of the transition operator e



52 INELASTIC PROCESSES VERSUS DIFFRACTION EFFECTS: 17 093

dependence only the minimum momentum contributes to
Eq. (1)." It is then possible, in a first approximation, to
drop the index n in Eq. (1) and consider q„=q;„hereaf-
ter in the paper. In this approximation, the calculation
of Eq. (1) is done using two clusters of 66 and 70 carbon
atoms (corresponding to a radius of about 6 A) for the
two symmetry-distinct ionization sites of the graphite
structure. The cluster potential has been built following
a well-established procedure used in XAS calculation. '

The potential used was Xcx. The maximum angular
momentum used in the calculation was 1=4.

In this work we have used the method of the extended
continuum described by Tyson et al. ' In this method,
bound and continuum states are considered to have the
same analytical behavior in terms of the same kind of
Bessel and Hankel functions, as propagating waves to de-
scribe the final state of the secondary electron. In fact
this method does not make any use of an outer sphere
surrounding the whole cluster in order to properly de-
scribe the wave-function localization occurring in the
case of the bound state. In the extended continuum
method the interstitial constant potential is extended
everywhere in space; also, electronic states with an ener-
gy greater than the interstitial potential but smaller than
zero (i.e., bound states) are considered as a propagating
solution of the Schrodinger equation.

The advantage of this method is to consider bound
states as very narrow scattering resonances ultimately
leaking away from the cluster region in a continuum
state, instead of decaying exponentially as true bound
states do. In this way the same single continuum calcula-
tion gives the energy separation between bound-state
features and features of the continuum of the spectrum.
Actually the main drawback of this method is the error
introduced by the propagating wave normalization ap-
plied to the final bound state. This results in an underes-
timate of the bound-state transition strength.

We applied this method to the case of the graphite. In
the K-edge excitation region two main features appear in
the XAS spectrum due to the strong two-dimensional na-
ture of this solid: one narrow transition to a p, (z
along the c axis) symmetry sr*-band state near 285 eV,
and one transition to a broader p o.*-band 8 eV above
the former one. The empty m band, which has been
shown to be very Rat over a large portion of the Brillouin
zone from the theoretical band-structure calculation,
has been located by comparison with experiments 2 eV
above the Fermi level and about 3 eV below the continu-
um threshold. ' Due to this characteristic of the band
structure, the transition to the m.* band can be thought as
a transition to a well-localized state, excitonic in nature,
of different character from the o.* transition, which is as-
sumed to be a shape resonance of the continuum of the
states.

To study these two prominent features of the EELFS
spectrum, we use the extended continuum method prop-
erly modified to be applied in EELFS. The problem of the
normalization of the wave function has been solved by
comparing a theoretical calculation with polarized XAS
experiment reported by Rosenberg, Love, and Rehn at
the carbon E edge of graphite as shown in Fig. 1. ' The
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FIG. 1. Comparison between the x-ray-absorption measure-
ments at the K-edge of graphite as reported by Rosenberg,
Love, and Rehn (Ref. 21) (solid line), and full multiple-
scattering calculation (dashed line). The data are collected near
the magic" angle (54') used to average the polarization effects.
The ionization threshold is located in the theoretical spectrum
at 289 eV.

calculation has been convoluted with core-hole and in-
strumental broadening, and reproduces quite well all the
main features present in the XAS spectrum. In particu-
lar the intensity of the two transitions (o' and n*) under.
study can be well compared with the experimental ones.
We conclude that in the case of graphite the extended
continuum method is accurate enough to determine the
transition amplitude, and it can also be used in the
EELFS case to find the behavior of the two transitions as
a function of the transferred momentum.

IV. RESULTS AND DISCUSSION

In Fig. 2, panel (a) shows a set of EELFS near-edge
spectra detected above the carbon K edge of graphite.
Several curves are collected as a function of the angle 0.
The angle is measured from the normal to the surface (c
axis), and the direction of the electron analyzer. In panel
(b) the same curves are numerically integrated to better
enhance the angular dependence of the o. and m* struc-
tures.

The intensity of the two transitions m* (285 eV) and o *

(292 eV), as the peak-to-peak value of the first derivative
spectrum, has been plotted in Fig. 3 for several values of
the polar angle 0. This method gives the same results as
those obtained by the nonderivative N(E) spectra as
demonstrated in quantitative Auger spectroscopy. On
the other hand, we preferred not to introduce additional
artifacts due to the deconvolution of the numerically in-
tegrated spectra.

It appears clearly from Fig. 3 that the two features
each have a different trend. While m has a be11 shape
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FIG. 2. (a) Energy-loss data at the E-edge HOPG detected as
the first derivative of the electron yield N(E), and as a function
of the detection angle of the experimental apparatus discussed
in the text. (b) Numerical integral of the energy-loss data shown
in (a). m* and o* features are indicated.

mode is in our opinion the key to establishing the correct
model of the energy-loss process.

In Fig. 4 we report schematically the wave-vector
geometry involved in the energy-loss processes detected
with our experimental apparatus. The advantage of the
present experimental setup is that the transferred
momentum can be considered constant in the modulus
during the whole angular scan because of the fixed
geometry between the incident beam and the analyzer
aperture. Panel (a) reports the single inelastic scattering
in which k,- and k, are the wave vectors of the incoming
and scattered primary electron beam, respectively, while
q is the transferred momentum absorbed directly by the
core electron transition. The limit of applicability of the
dipole selection rule in the single inelastic model comes
out from the huge amount of q required for the back-
scattering of the primary electrons. Alternatively, several
authors"' ' have proposed two competitive mecha-
nisms in which the large part of the q is supplied by the
sample lattice through an elastic refILection with a tridi-
mensional reciprocal-lattice vector Cr. The two mecha-
nisms sketched in panels (b) and (c) can be described by
the two pairs of equations

with the maximum located at about —40' emission angle
(corresponding to the c axis parallel to the incident elec-
tron beam) o * displays a monotonic behavior. The
di6'erent anisotropies of the two structures are deeply
connected with the layered nature of the graphite.
Indeed, experimental data performed in the transmission
mode have alread. y shown the orientational dependence
of the m* and o.* features. ' The presence of a sizable
orientation dependence also observed in the reAection
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FIG. 3. Peak-to-peak intensity of the m* and o.* features of
the HQPG K edge reported in Fig. 2(a). The angular behavior
is reported both as a function of the angle between the c axis
and the aperture of the electron analyzer, and between the c axis
and the primary beam direction.

FIG. 4. Schematic pictures showing (a) single scattering
event; (b) loss followed by a diffraction process; and (c)
diffraction followed by a loss event. k; and k, are the incident
and scattered electron momenta. q;„ is the transferred
minimum momentum, and 6 is the reciprocal-lattice wave vec-
tor. In (a) we also sketch the angular scan performed in this
work by varying the angle I9 (the angle between the collection
direction and the direction normal to the surface).
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k; =k,'+G, k, =k,' —q;„.
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(6b)
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Depending on the successive interaction between the pri-
mary electrons and the core transition and the crystalline
lattice, two alternative processes have been identified:
loss before diffraction (L +D) and diffraction before loss
(D +L ), respectively. Since the matrix elements of the
two processes have the same probability of occurring, it
is difticult to find an energy-loss experiment in which this
degeneracy is clearly solved. ' In previous experi-
ments made both in the valence-band region (0—30 eV)
and the core near-edge region, the predominance of one
of them has not been definitely resolved. ' ' On the oth-
er hand, the strong difference concerning the actual
amount of the wave vector q between the first model and
the two other models is fundamental in assessing the va-
lidity of the dipole approximation. The q values involved
in our experimental condition are 17 A ' for model (a)
and 4 A ' for models (b) and (c). The main goal of the
present work is to exploit the projection of the q vector
with respect to the graphite c axis in order to discrim-
inate between the (D+L) and the (L+D) mechanisms
as a function of detection polar angle 0. In the experi-
mental conditions provided by our apparatus during the
angular scan, the momentum vector, according to the
three models outlined above, assumes the following
values:

yg 0.4

0—

-80 -40 0 40
detection angle (deg)

FIG. 5. Angular behavior of the various components of the
HOPG near-edge features m* and cr* in the case of the (L +D)
process. The m (open dots) is completely dipolar in character
with p, symmetry, while the o.* transition (black symbols) ac-
counts for several components with di6'erent symmetries:
monopolar contribution (o.,*) and dipolar contribution (o.~
and o. ).

Pz

q=k, —k, ,

q=q;„[—sin(8 —42')x —cos(8—42')z ],
q=q;„(sin8x+cos8z ),

(7b)

(7c)

where (7a), (7b), and (7c) specify the three models shown
in Fig. 4, and 0 is the detection angle, i.e, the angle be-
tween the direction of collection of the electrons and the
normal to the surface, scanned during the experiment in
the xz plane.

Calculation of the EELFS cross section proceeded in
the following way. After the two transitions of interest
were located on the energy scale, we calculated mono-
pole, dipole, and successive terms in the expansion of the
Eq. (1). In Fig. 5 are shown the different contributions in
the case of the (b) event of Fig. 4, namely monopolar and
dipolar contributions to the cross section. An averaging
operation over the orientation of the ab plane of the
graphite has been operated. In particular we reported a
curve representing the peak anisotropy of the m. transi-
tion which is due almost completely to the transition to a
p, symmetry state. The remaining curves are instead rel-
ative to the o.* transition to a s, p~ ~, and p, symmetry
states.

We have found that transitions to states with I =2 or
greater make a contribution of less than 3% to the whole
cross section according to the result reported in Ref. 5.
The m* transition can be considered purely dipolar with a
p, symmetry, while the o.* shape resonance contains, in
addition to the p symmetry, a strong contribution
from the monopolar transition (o," ) and only a slight in-
tensity from the p, symmetry. This can explain the

different behavior found in XAS (Ref. 21) when com-
pared to the present EELFS results. While in XAS the
absence of the monopolar contribution due to the selec-
tion rules can determine, in some polarization conditions,
a great attenuation of the o * resonance with respect to
the m*, in EELFS the o. transition is definitely different
from zero even for a minimum value of the momentum
transferred.

Figure 6 reports, on the same scale, the evaluation of
the intensity times q for the prominent features of the
X-edge graphite EELFS spectra and the three models
outlined above. In the upper panel the single-scattering
process gives rise to a low intensity (when the momentum
value is taken into account), weakly varying with the an-
gle of incidence of the primary electron beam. On the
basis of these considerations and after a comparison with
the experimental data reported in Fig. 3, the single-
scattering interaction is ruled out as being responsible for
the loss process. In the middle and lower panels of Fig. 6
the (L +D) and the (D +L) contributions are reported,
respectively. We note that the two curves both for the
cr (as a sum of the three main contributions of Fig. 5)
and m* transitions have the same trend in the two
diffraction mechanisms, but are shifted in angle by an
amount of about 42 due to the experimental geometry
involved.

In doing this comparison it must be stressed that for
the three processes we have retained the same prefactor
A„(q„,G„) of Eq. (4), which is quite cumbersome to
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FIG. 6. Theoretical angular behavior of the EELFS intensity
of the HOPG K edge of the ~* (open dots) and o.* (black dots)
features for the three loss mechanisms reported in Fig. 4. The
o.* intensity is due to the contribution of the three components
as shown in Fig. 5.

determine. From the present analysis it is clearly shown
that the (D +L) process [Fig. 4(c)] makes a minor contri-
bution compared to that of the (L +D) process.

Moreover, it can be seen from Fig. 4 that the (L +D)
process needs a lower value of the crystal momentum
necessary for the electron to reach the detector in com-
parison with the (D +L) process, and for this reason it

implies a larger A„(q„,Cx„) factor, which in the first ap-
proximation contains terms of the order of 6 . From a
direct comparison of the calculated anisotropy shown in
Fig. 6 with experimental data reported in Fig. 3, it be-
comes clear that only the curve due to the matrix element
of the (L +D) process agrees over the whole emission an-
gle range. The shift correctly reproduces the different
projection of q;„with respect to the c axis as mathemati-
cally outlined by Eqs. (7b) and (7c), respectively. The
simultaneous occurrence of the two events, although pos-
sible in principle, would give, as a result of the linear
combination, a fIatter curve with an intensity maximum
shifted by 20 not supported by our experimental data.

Increasing the primary beam energy, with the corre-
sponding lowering of the q;„value, a different trend in
the relative intensities of the o.* and ~* components of
the E-edge spectrum has been found by Nassiopoulus and
Cazaux' and Papagno et al. ; in their experiments they
found a sizable increase of o. over ~* components for a
normally incident beam. This behavior cannot be ex-
plained solely on the basis of a (L +D) process, which on
the other hand would show a predominance of m* over
o.* for any primary beam energy. To explain this
behavior one should keep in mind that for higher primary
beam energies the (D+I.) mechanisms becomes more
and more important. In fact, only in this case can one
observe a predominance of o.* over ~*, as reported from
the bottom panel of Fig. 6.

By using first-order perturbation theory for the quanti-
ty reported in Eq. (5), we may give a rough estimate of
the relative weights of the two (L +D) and (D+L) loss
mechanisms. We write the quantity of Eq. (5) taking into
account the incident and scattered wave functions for the
first-order interaction with the solid periodic potential

VGtq. r
4',+(R,k; )%,(R,k, )=

V~
1+ g . e "+

V E„—E +ip E —E„+ip

VG V
+

Eg Eg +G +lp Eg Eg 0 +Ep

From a direct comparison with Eq. (5), we find

&„(q„,(x„)~p(G„k;,k, )

(9)

given by

VG =—g J V(r —R)e " dr
n Q QR

Zg —I(r/X) —r G„.r2

8 dr0 n r

Equation (8) in first approximation represents the three
diffraction events accompanying the energy-loss process
and sketched in Fig. 4. The two of particular interest,
(D+L) and (L+D), which directly rely on the
diffraction from the solid, are also reported in Eq. (9). A
small complex part of the potential (p) is introduced to
dispose of divergences in Eqs. (8) and (9). In the two
above equations the representation of the atomic core po-
tentials by means of the Fourier transform components

8m ZA.

Qo 1 + /2G2
(10)

are considered valid for a Coulomb potential screened on
the range of the Thomas-Fermi screening length A, , which
in atomic units can be expressed in terms of the atomic
number Z as 1/Z'' . Qo is the unit-cell volume.

The intensity ratio between the events (D+L) and
(L +D ) comes from the square modulus of the leading
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terms of Eqs. (8) and (9) or what is the same:
2

ID+I,
IL, +D

V
D+L

V
GL, +D

1+A, Gl+D
1+1 GD+L

Considering an experimental geometry with a scattering
angle of 180 (backscattering), it is very easy to estimate
the quantity in Eq. (11) by substituting the value of the
momentum provided by the solid q,„—q;„and
q,„+q;„in the case of (L +D) and (D +L), respec-
tively. In this way we obtain the following relation:

ID+ I.
II +D

»'qminqmax

1+k q;„+X q
2

1 qma

1+g2 2 +g2 2

(12)

On the basis of Eq. (12), it can be observed that the con-
tribution of the (D +L) process increases at higher pri-
mary energy. In fact for E =500 eV the ratio
ID+I /Il +D amounts to 30%, while for E~ it attains uni-

ty of the order of 2 keV.
Several years ago Cheung reported a similar orienta-

tional dependence of the carbon K edge, which resulted
in good agreement with our data. ' However, he con-
sidered only a single scattering picture with a value of

0

q = 17 A ' in demonstrating the complete predominance
of the rnonopolar term on the observed features. Further-
more, using an integrated angular electron analyzer, he
could not discriminate among the several directions of
the momentum transferred in order to check the actual
diffraction mechanisms.

More recently Hitchcock and Tyliszczak studied the
graphite E-edge angular dependence with an E of 2 keV,
showing that the m. contribution is also still present for
an experimental geometry (glancing incidence for the pri-
mary beam and glancing detection) which should present
an almost complete predominance of the o.* component,
according to the two main diffraction-mediated inelastic
processes discussed in the present paper. Nevertheless it
must be considered that in this particular geometry the
q-exchanged value results to be of the same order of mag-
nitude of q;„and parallel to the c axis. As a conse-

quence the single-scattering [Fig. 4(a)] cannot be exclud-
ed on the basis of the argument of 1/q, and a large-w'
component is observed in the spectrum. On the basis of
all these energy-loss experiments, we stress that one can
make use of particular experimental conditions to select
the most suitable loss mechanism to investigate the char-
acter of the near-edge energy-loss structures.

V. CONCLUSIONS

We have shown that for anisotropic materials like
HOPG it is possible to notice a stronger orientational
dependence of the L-edge EELFS data if detected using
an angular-resolved analyzer. The changes in the loss in-
tensity collected for a primary beam of 500 eV as a func-
tion of the sample orientation indicate that (L +D) with
small-angle scattering is the most probable event, ruling
out the single inelastic and (D+L) mechanisms, the
latter usually considered to be predominant in reQection
mode experiments. This result is obtained by comparing
calculations of the angular EELFS cross section in the
framework of the D%'BA and multiple-scattering evalua-
tion of the final-state wave function. The importance of
our investigation relies on the fact that at low primary
beam energies the predominance of the (L +D) process
opens a wide field for applications. In fact, backscattered
electrons can be used for studying the angular near-edge
features' dependence on the atoms, molecules, and layers
adsorbed on ordered surfaces. It may be possible to ob-
tain selective structural and electronic information on the
bond length. Indeed, the projection of the transferred q
with respect to the normal to the surface can play the
same role as the highly polarized electric field of the syn-
chrotron radiation. For higher primary beam energy the
weight of the (D +L) process is found to increase consid-
erably, becoming of the same order of magnitude as the
(L+D) one. In this way we explained the behavior of
the near-edge features in highly anisotropic materials for
the whole range of primary beam energies used.
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