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Scattering mechanism of electrons interacting with surfaces
in specular reflection geometry: Graphite
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We have studied the scattering mechanism of electron-energy-loss process in specular reflection geometry
highlighting the presence of an elastic collision that always accompanies the inelastic one. It implies that two
independent channels contribute to the inelastic cross section depending on whether the inelastic event pre-
cedes or follows the elastic one. Our results indicate that neither one of the channels is favored by propensity
rules. Nevertheless, suitable experimental conditions permit to enhance contribution to the cross section of one
channel with respect to the other. The possibility to single out the contribution of a given channel allows to
determine without ambiguity the momentum exchanged in the inelastic collision. This is of fundamental
relevance for several electron impact spectroscopies, such as electron-energy-loss spectros@pg)and
specular reflection geometry. These results are derived from measuring the current of elastically and inelasti-
cally specularly reflected electrons as a function of the primary electron beam kinetic ¢hemyve). The
incident beam energy was varied between 150 and 450 eV, the target was an highly oriented pyrolitic graphite
and the range of losses investigated was 6—35 eV. A simple kinematics model that accounts for refractive
effects due to the surface potential barrier, gives good agreement with the observed diffraction pattern of the
elastically reflected electrongS0163-18299)01519-7

[. INTRODUCTION (e,2e)experiments. This spectroscopy rely on an unambigu-
ous momentum balance in order to reconstruct the target
The elastic and inelastic scattering of electron has beewalence bantland the associate momentum den8ity.
widely used to study the properties of matter. In particular More precisely, the paper is aimed at discerning under
the specular reflection geometry has been used to study thehich experimental conditions the double collision model
surface properties of solids. In this particular geometry, dueavill be more appropriate than the single collision one to
to the short mean-free path in the matter, the penetratiodescribe electron scattering spectroscopies from surfaces.
depth is reduced to the first few layers thus, enhancing the From the theoretical point of view the problem has been
surface signal for both elastic and inelastic events. widely dealt with by several authors. Among others we re-
In this paper, we deal with the fundamental question ofmember the work of Mills and coworkersn the interaction

which is the dominant mechanism for inelastic scattering ofof electron with collective excitations of solids. They come
electron in specular reflection geometry. The question ofo the conclusion that in specular reflection geometry the
whether the inelastically scattered electron is originated by énelastic event is followed or preceded by an elastic event.
single inelastic event or by a sequence of elastic and inelastithis conclusion is valid in a wide range of energy loss, from
events is still partially unanswered. To answer it is of funda-meV to tenth of eV. Analogous conclusion are reached by
mental relevance in order to correctly interpret the results ofSaldirf in his work on the ionization of the inner shgllS)
the various electron-energy lo§SEL) spectroscopies in re- of carbon where the energy loss is about 290 eV; in this case
flection geometry. In fact, the concomitant presence of théhe transition involved is not any more collective but a
elastic event changes drastically the momentum exchangesingle-particle one. These works then suggest that in reflec-
in the inelastic one. In the single-scattering model the inelastion geometry the inelastic event is always assisted by an
tic event accounts for the large momentum exchanged, whichlastic collision and this is true in a wide range of energy
is necessary to reflect the electron from the surface. In thoss independently of the particular type of excitation. As a
double scattering model, the reflection originates from theconsequence two channels contribute to the energy-loss cross
elastic interaction with the solids and the inelastic event issection: elastic before los® L)and elastic after lossL(
essentially in forward direction and it is associate to a smalt-D). Saldirf foresees that the two channels should have
momentum transfer. It is only in the latter case that the di-amplitudes of comparable magnitude and that interference
pole approximation can be applied to calculate inelastic crossffects are possible.
section® The knowledge of the electron scattering mecha- From the experimental point of view the double mecha-
nism on surfaces is also necessary to the interpretation afism associated with the reflection EEL process is widely
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accepted and used to analyze the experimental data butpdies in order to perform automatic scan of the electron en-
clear evidence for validity of this model is still missing. A ergy in the range 50-600 eV. Voltages of the focusing
search for such an evidence was first attempted in the thirtieslement and deflector plates are driven by the same analog
and the presence of a double mechanism pointed out, but tteignal that sets the beam energy. This is done in order to
primitive experimental conditions did not allow to clearly achieve constant size and position for the beam spot during
disentangle contributions of the two channelsHD or D the energy scans. The manipulator is a commercial VG
+L) of scattering. model HPT-WX while the electron analyzers have been de-

More recently, different authdts®have successfully em- veloped in our group: they consist of an hemispherical dis-
ployed the double scattering mechanism to analyze their expersive element plus a system of electrostatic lenses. Only
perimental data of reflection EEL spectroscopy, thus givingone of the two electron analyzers is used for this experiment.
an indirect confirmation of the validity of this mechanism. The principal features of this analyzer are: angular resolution
The problem of highlighting double collision process hasof 1.5° full width at half maximum(FWHM) and energy
been recently dealt with by Gunnek al!! that studied the resolution of 400 meV at 20 eV of pass energy. For what
relative probability of the two channelB,+L andL+D, in  concerns the absolute value of the incident energy we esti-
core excitation of graphite. They studied the angular behavmate a reproducibility of- 500 meV and a precision of 1
ior of reflection EEL features appearing in the region of car-eV.
bonK edge in highly oriented pyrolitic graphiftlOPQ at a The analyzer is polarized by programmable power sup-
fixed incident energy of 500 eV. The energy loss of the in-plies and a single acquisition program permits control at the
volved transitions are 285 eV é1>7*) and 292 eV (3  same time the electron gun energy and the analyzed energy.
—o*). In their experimental condition, the+D channel By controlling these two parameters the probability of the
dominates the cross section. To reach this conclusion it wagnergy loss is measured as a function of the primary energy
necessary to compare experimental data with theory. and of the scattered electron energy.

The present paper achieves two main go@)sto experi- To avoid radiation damage of the surface a low current
mentally demonstrate that in the reflection energy-loss scawas used: typically 25 pA at 200 eV for the elastic IV curves
tering the double collision model is correéi) to investigate and 350 pA at 200 eV for the inelastic IV curves. The inci-
the relative probability of the two channels+D and D dent current on the sample is monitored during the experi-
+L. ment to take into account the variation of the electron flux

The intensity of elastic and inelastic electron currentwith the kinetic energy. The whole set of spectra was col-
specularly reflected from HOPG has been measured as lacted in the pulse counting mode.
function of the incoming electron energy at fixed geometry The IV raw data were normalized to the incident current
(IV curve). In the low-energy electron diffractiofLEED) and for the transmission of the electron analyzer. The latter
technique the analysis of IV curve of elastically scatteredhormalization takes into account that the analyzer was set at
electron is a standard procedure to get structural informatiofixed pass energ§20 eV) and consequently the transmission
of the target? In particular, the specular reflection geometry changes as a function of the retarding fadfice., the ratio
has been already used to study the mean interatomic distanbetween the analyzed energy and the pass endvgyerthe-
in amorphous materiaf$by measuring elastic IV and to give less, to measure the relative amplitude of maxima in the IV
structure information in terms of surface holografnby  elastic curve was not one of the main thrust of this work and

measuring inelastic V. it was not verified that this quantity is purged by all possible
In order to analyze the elastic IV curve refraction of elec-Systematic errors.
tron at the surfacéoriginated by the inner potentjainust be The HOPG samples were peeled in air with Scotch tape

taken into account® We have used a kinematic model to and quickly inserted in the vacuum chamber where it was
interpret the IV data with inner potential as a fitting param-then annealed at 600 °C; the base pressure, in the vacuum
eter. As a consequence, whenever the target geometry ¥essel was %10 Ptorr.
known, this method provides an independent determination Surface order and cleanness were monitored measuring
on the inner potential value. the width of the elastic peak angular distribution around the
The paper is organized in five sections: the experimentaspecular reflection. Typical FWHM was 1.5 degrees. Using
apparatus and some information on the sample preparatidaw-incident electron current the width of angular distribu-
are presented in the following section; in Sec. lll are pre-ion does not change after several days of measurements.
sented and discussed the data regarding the elastic scatteringThe quality of the surface was also monitored comparing
and the inner potential determination; in the fourth sectiorthe EEL spectrum taken just after the annealing to those
are presented and discussed the data on the inelastic scatt@ken at later times. In particular, the relative intensity of the
ing while conclusions are drawn in the last section. loss peak at 6 eV, assigned to a transition which involve
surface states, is known to be very sensitive to the cleanness

and order of the surfacgé.
II. EXPERIMENT

The experiment was performed at the Department of
Physics of the Universitdi Roma Tre with a new apparatus
originally developed for electron and ion spectroscopies. It
mainly consists of an electron gun, a sample manipulator and In Fig. 1 is reported the intensity of the elastic electron
two electron analyzers. The electron gun optics is a commerurrent specularly reflected from HOPG surface as a function
cial one by Varian powered by programmable power supof the kinetic energy of the incident electr@¥V curve). The

Ill. ELASTIC SCATTERING: PRESENTATION
AND DISCUSSION
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[ ' ' ' ' ' ' ] with Eq. (1) usingV, as a free parameter. The best overall

L 2 Elastic IV curve - fit, of the measured maxima in th¥ curve, is obtained with

- j - V,=16x1 eV. This value is in good agreement with those
reported in literaturé® In Fig. 1 the arrows represent the

position of maxima calculated with expressitl) and with

V,=16 eV.

In Fig. 1, the continuous line represents the result of the
IV predicted by a kinematics model that takes into account
refraction and absorption of incident electron at the surface.
In this model the first Born approximation was applied, con-
sequently the cross section is the product of two terms: the
structure factor and the atomic form factor, both depending
, : ; on the exchanged momentum transfer. The first term deter-

100 200 300 400 500 mines the oscillatioridiffraction). The atomic form factor is
Incident energy (eV) cqlculated using a.screened 'Coulo'mb potential _and deter-
mines the attenuation of the intensity as a function of the

FIG. 1. The black dots represent the intensity of elastic electrorprimary energy. The wave function of the electron inside the
specularly reflected from HOPG surface as a function of the kinetisample is modified by the complex inner potential that takes
energy of incident electron. The arrows indicate the position ofinto account the interaction of the primary beam with the
diffraction peak maxima calculated with expressidn and with  conduction- and valence-band electron. In particular, the real
V,=16 eV. Behind each arrow is indicated the value of the diffrac-part of the inner potential influences the position maxima
tion ordern. The continuous line is the result of the calculation while the imaginary part determines the shape of the peaks.
explained in the text. The continuous curve in Fig. 1 has been calculated using the

real and imaginary part of the inner potential as free param-
incidence angle of the electron beam w@s=34°. Each eters and fitting them to the experimental data. The best fit
point of the spectrum represents the intensity of the currenlvas obtained with 1561 eV for the real part and 7:51
of reflected electrons as derived from a Gaussian fit of theV for the imaginary part of the inner potential. The values
elastic peak measured scanning the analyzed energy. In thi$ the real part of the inner potential obtained with the two
spectrum there are three features that must be highlighteehethods are equal within the error bars.
first of all the strong modulation in the intensity that can be  Two noticeable discrepancies are found between experi-
ascribed to the Bragg interference between electron reflecta@lent and theory. At low energy, the experimental peak shape
from successive planes alo®axis of graphitd? The sec- is more complex than the theoretical one. The purely kine-
ond feature is the decay of the intensity of the peaks as enatic approach adopted is not adequate to account for mul-
function of the increasing energy. Last observation is on theiple scattering events that became relevant at low-incident
profile of the diffraction peaks: in the case of the peaks laenergies. These dynamic effects show up in the IV curve
beledn=7,8 it is evident the presence of a shoulder at lowerwith a further peak near peak=5 and with a shoulder in
kinetic energy that evolves in a doublet for=5. peaksn=7 andn=8. At high energy the calculated shape

In the case of the HOPG, the periodicity in the planeagrees well with the experiment while the relative intensity
perpendicular to theC axis is lost and the one existing is of the peaks in not well accounted. As already discussed in
along theC axis is the origin for the observed diffraction the experimental section to accurately measure relative inten-
effects. sity was not the aim of this paper.

To explain the position of the maxima in the curve of Fig.
1, the Bragg diffraction theory is adequate within the space
of the solid. In fact incoming electrons are strongly refracted
from the barrier potential encountered at the surface: their
direction inside the solid is different from the one they had
outside’® The positions of the maxima is well accounted if  |n Fig. 2 are reported the IV spectra taken at different loss
refractive and diffraction effects are considered at the samenergies as a function of the kinetic energy of incoming elec-
time; under these conditions, the Bragg law can be writteron. Each spectrum is measured at a fixed energy loss
as: AE, ,ssScanning the incoming electron eneigyand setting

the analyzed energlf, according to the following relation
122 1
Emax= ( n®— Vo) (1)

2m.d? cos 6’ Ea=Ei—AE|oss 2

Intensity (arb. units)

IV. INELASTIC SCATTERING: PRESENTATION
AND DISCUSSION

whereV, is the real part of the inner potential,is the order consequently, each excitation spectrum represents the prob-
of the Bragg diffraction,g is the incidence angle of the in- ability of lossAE, ,¢sas a function of the incident energy. In
coming electron and is the spacing between planes: in this the figure is also reported the spectrumA#, ,s.=0 eV,
cased=3.35 A" half the periodicity along th€ axis. Ex-  that is the spectrum of elastically reflected electron.
pression(1) can be used to estimate the value of the inner The energy losses selected for measuring the excitation
potentialV, . In fact, the position of the maxima can be fitted spectra are visualized by arrows in Fig. 3 where they are
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FIG. 4. Energy position of the maxima in the excitation spectra
of Fig. 3 as a function of the selected energy loss. Each point of this
figure corresponds to a maximum in the excitation spectra of Fig. 3.
In particular are reported the positions of the 6 maxima present in
each spectrum of fixed energy lossKE, ,sJ: 3 for the main peaks
(open symbol,n=6,7,8) and 3 for the associated replica peaks
(solid symbol. The peak positionsXE,o are measured with re-
spect to the corresponding peaks in the elastic IV curve of Fig. 1.

150 200 250 300 350 400 450

Incident Energy (eV) the successive spectrAE, ,c>10 eV) the peaks present in
the elastic spectrum split in two components: the first peak of

FIG. 2. Excitation spectra taken at different energy loss. Eachhe doublet remains at the same energy of the corresponding
;pgctrum is taken at fixed energy loss as a function of j[he energy ‘Heak in the elastic spectrum while the second component
!nC|dent electron. l_:or each point the analyzed energy is set accordy;is away as the energy l0a<, ... increases. In the fol-
ing to the expressio(@). lowing discussion we will call main peaks those component

of the inelastic spectrum that appear at the same energy of
the elastic one; the new component of the inelastic spectrum
&Will be called replica; finally, we define doublet a specific
main peak together with his replica.

The two components of the doublet can be resolved only
AE>13 eV and the splitting between main peak and
replica is found to be almost identical to the energy loss
value. This finding is clearly summarized in Fig. 4 where
position AE,,¢ of the maxima of the main and replica
peaks, relative to the corresponding elastic excitation peak,
are reported. From this figure is evident that the main peak of
each doublet remains substantially at the same energy posi-
tion of the spectrum taken at lossO eV (AE,,s=0) while

the replica shifts at higher energy by a quantity equal to the
corresponding loss: in fact the points corresponding to the
position of the replica are aligned along the straight line of
equationAE ;= AE| oss.

The major features appearing in Fig. 2 and Fig. 4 can be
explained by the following model: the EELS in specular re-
flection geometry is the result of a double scattering mecha-
nism: the incident electron undergoes two independent colli-

35 30 25 20 15 10 5 o sion: elastic and inelastic. As already mentioned the elastic
AE, (eV) process can follow or precede the inelastic one giving rise to
s two independent channels:+D andD +L, respectively. In

FIG. 3. Typical reflection EEL spectrum taken at 203 eV of this framework the EEL cross section is the product of the
incident electron energy and incident angle of 34°. The loss regiolastic cross section times the inelastic one. Much of the
(@) is taken with an incident current of 350 pA while the elastic modulation present in Fig. 2 is ascribable to the elastic com-
region (O) is taken with an incident current of 25 pA. Part of the ponent of the cross section because the forward inelastic
loss region is enhanced to point out the presence of two structuregdmponent changes smoothly with the incoming energy.
whose maxima are at 13 and 20 eV. The arrows indicate the energy To test the validity of this model it is sufficient to analyze
loss selected for measuring the excitation spectra reported in Fig. 2ne doublet. The main peak is originated by th2-+L)

reported alongside a typical HOPG EEL spectrum as me
sured with an incident energy of 203 eV.

From Fig. 2 it is evident that there is a continuous evolu-
tion of the excitation spectra as the energy loss increases. 'f%r
the spectrum aAE, .= 10 eV each peak of the elastic spec-
trum (AE ,s=0 eV) is present with an increased width. In

Intensity (arb. units)
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channel. In this case the elastic reflection occurs with the From Fig. 2 it is evident that in the EEL process there is
same energy of the incident electron and as a consequenne a priori preference for one of the two channels«D

the modulation in the intensity of this process reproduces thandD +L). It is by means of the selection of the experimen-
modulation of the elastically reflected electrsee Fig. 1L tal condition (incident energy, angle of incidence, and se-
The replica is originated from the chanretD. In fact, in  lected los} that the cross section of one channel became
this case the elastic reflection occurs at an energy equal foredominant with respect to the other. It is evident that when
the incident electron energy minus the energy lost in thehe incident energy coincide with a main peak the channel
scattering. Assuming that the modulation in the intensity ofp + L is favorite respect to the +D channel. On the con-
the spectra at fixed loss derive only from the modulation intrary, theL +D channel is predominant at the energy of the
the elastic scattering process, the procéss D) gives rise  replica peak.

to the same modulation of the elastic excitation spectrum The capability of controlling the relative weight of one
shifted in energy by a quantity equal to the selected 0Ssenannel with respect to the other can be useful to remove the
Cor'rect.ness of this assumptl_on is evident looking at the SP€@incertainty in the momentum transfer in an angle-resolved
tra in Fig. 4 where the position of the second component OEg, eyneriment. In fact to each scattering channel is asso-

each peak increases the shift from the first component €X%iated a different momentum transfer and if both channels

ac'FIy by_ the.same ampunt of the selecteq lOSS: Some of thgre present at the same time, the momentum transfer vector
points in Fig. 4 deviate from the straight lineSE, s of the experiment is not defined

=AE| ssandAE[,s=0 more than the estimated uncertainty
of =1.4 eV. This deviation from the linearity has been con-
sistently reproduced by several independent measurements.
We ascribe this deviation to the simplicity of the analysis
used to find the position of the maxima in the inelastic IV
curve. In fact, apparent maxima are strongly influenced by . ] N
the shape of the curve and by the closeness of neighborin We have demonstrated that in our experimental condition
peaks. For instance, the shoulder at lower energy of the pedkicident electron 100-500 eV and small energy losses 0—-35
n=7, AE,,s<= 30 eV influences the position of the apparenteV) the inelastic scattering is always accompanied by the
peak maximum by 3.5 eV. elastic scattering: in particular the latter can follow or pre-
The similarity of the excitation spectra appearing in Fig. 2cede the former scattering giving rise to two independent
with the spectrum at loss 0 indicates that the model is valid channeld+DandD +L. The total cross section of an EEL
irrespective of the kind of excitation selected. experiment is then accounted for by the incoherent sum of
A gquantum theory of the interaction of electron with the the two scattering channels+ DandD + L and the interfer-
matter should include at the same time both channBls ( ence between them is negligible. This is an experimental
+L andL+D) thus taking into account possible interfer- confirmation of the theoretical prediction of Saldin.
ence between them. In the same way, the theory should con- From the energy position of the diffraction peak in the
sider as a single process the two steps of each channeljastic spectrum we were able to obtain the inner potential of
Although this is true in principle, our experimental resultS HOPG. In fact the correct position of the peak are repro-
indicate that in practice the elastic and the inelastic scatteringced only if we consider the effects of the refraction of the
can be considered as separate processes and the chanfighions at the surface. This technique can be usefully em-
D+L andL+D can be treated independently, at least inpoveq to determine the inner potential of the target if it is
the case of HOPG in the experimental conditions investiy ., Swn its structure.

gated. The presence of the elastic event associated to the inelas-

Another qualitative conclusion that can be derived fromy, implies that in an EEL experiment in specular reflec-

the experimental results is about the branching ratio between . . .
on geometry, the momentum transfer in the inelastic event

h hannel ntributin he | r ; rvin 2T : : . .
the two channels contributing to the loss process; obse c'[i minimized. It is then possible to apply the dipole approxi-

the spectra in Fig. 2 it is possible to conclude that the tw . ! .
channelsD +L andL+D, have roughly the same probabil- mation to calculate the cross section of the EEL experiment.
: In summary, the findings of this paper constitute a direct

ity to occur. This result is different from the conclusion of X X . o
the article by Gunnellt alll where it was pointed out a experimental evidence for validity of the double collision

predominance in the probability of thet D channel. These Model commonly adopted in describing EELS dage)ex-
different findings are to be ascribed to the different kinemati-eriments performed under specular reflection geometry.
cal conditions of the two experiments. In fact, in their case

the energy l0os$290 eV) was large with respect to the inci-

dent energy500 eV}, hence the energy at which the imping-

ing electron undergoes the elastic scattering changes much: ACKNOWLEDGMENTS
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V. CONCLUSIONS
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