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bstract

Elastic scattering of energetic electrons over large angles (in this study 40 keV and 120◦) implies momentum and hence energy transfer from an
lectron to a nucleus. Due to the large mass of the nucleus (relative to the mass of an electron) this energy transfer is small, but it has recently been
hown that it can be resolved in a modern spectrometer. Hence the elastic peak of an overlayer/substrate system splits into different components
orresponding to atoms with different mass. Here we extend this type of experiment to the plasmon part of a reflection energy loss spectroscopy

REELS) spectrum. It is shown that, for suitable systems, the plasmon peak of an overlayer/substrate system is split by the same amount as
he elastic peak. This is a consequence of the fact that detection of an electron in REELS always requires a large-angle elastic scattering event.

oreover, we show that the relative intensity of the plasmon components contains information on the depth distribution of the scatterers.
2007 Elsevier B.V. All rights reserved.
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. Introduction

For a long time elastic scattering of electrons from atoms
as assumed not to change the kinetic energy of the electron.
ecently it has been demonstrated experimentally that for large-
ngle scattering of energetic electrons this is not strictly true
nd elastic peaks appear at energy loss values depending on the
ass of the scatterer [1,2]. The scattered electron transfers an

mount of momentum q to a single atom, and this atom acquires
on average) a mean kinetic energy Er(M) = q2/2M with M
he mass of the atom. The energy of the electron is reduced by
his recoil energy. Thus, the notion that in elastic collisions the
inetic energy of the electron does not change has to be replaced
y the notion that the sum of the kinetic energy of the electron
nd the scatterer is conserved. Scattering from a compound will
esult in a number of elastic peaks, each peak corresponding to

scatterer with a certain mass. As the cross sections for elastic

cattering are assumed to be well-described by theory, one can
se these spectra to obtain information about the composition

∗ Corresponding author. Tel.: +61 2 6125 4985.
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f the sample [2]. Such an experiment is, in many ways, the
lectron analogue of Rutherford Backscattering Spectroscopy
RBS) using light ions (usually He+ ions with MeV energy) and
ence the term electron Rutherford Backscattering Spectroscopy
ERBS) was coined to describe these experiments.

We will see later that one difference between ERBS and RBS
s that in ERBS Doppler broadening due to the vibrations of the
toms is resolved. If the atom had a momentum k before the
ollision, then the recoil energy is given by the difference in
inetic energy of the atom before and after the collision:

r = (k + q)2

2M
− k2

2M
= q2

2M
+ q · k

M
. (1)

he first term of the final result determines the average recoil
nergy and the second term describes the Doppler broadening of
his peak. Thus, (besides the energy resolution of the experiment)
he width of the elastic peak is determined by the momentum
istribution of the atoms.

In RBS one uses electronic stopping to determine the depth

f the scatterer. The ion creates many electronic excitation on its
ay in and out of the solid and hence gradually loses its kinetic

nergy. If the mass of the scatterer is known, then from the mea-
ured kinetic energy, one can determine the depth of the scatterer.

mailto:maarten.vos@anu.edu.au
dx.doi.org/10.1016/j.elspec.2007.05.003
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Fig. 1. A sketch of the experimental setup employed in this paper. The sample
surface normal is horizontal. The electron gun is in the vertical plane through
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ntil now this aspect was missing in ERBS, all information was
ontained in electrons that did not create electronic excitations
t all. Information about the depth distribution can be obtained
n ERBS by changing the measurement geometry. For example,
y choosing either the incoming or outgoing trajectory more
lancing along the surface one obtains spectra with a higher sur-
ace sensitivity [3,4]. At first sight this appears all that one can
o. Separation of the elastic peaks is of the order of a 1–3 eV,
maller than the energy loss in an electronic excitation (typically
f the order of 10 eV). Thus, if an inelastic collision occurs, one
enerally does not know anymore the kinetic energy lost due to
he elastic scattering event. Nearly free-electron materials are an
xception,as we will show here.

For nearly free electron metals, for example aluminum, most
nelastic scattering events are due to plasmon creation. This exci-
ation has a well-defined energy, which varies slightly with the

omentum that the plasmon carries. At zero plasmon momen-
um the plasmon energy is Ep=15.0 eV, this value increases
radually with the plasmon’s momentum [5]. The mean deflec-
ion of a 40 keV electron due to plasmon excitation is �0.1◦
6]. Thus, deflection due to plasmon creation will not signifi-
antly affect the elastic scattering angle required for the electron
o be detected and, as a consequence the experiment measures
lasmons with different momenta equally well. In our spectrom-
ter the separation of the elastic peak and the maximum of the
lasmon peak was found to be 15.2 eV for Al films.

Experiments measuring the energy loss distribution of elec-
rons scattered from a surface are usually referred to as reflection
lectron energy loss spectroscopy (REELS) [7]. REELS exper-
ments are usually done at electron energies E0 of 0.2–5 keV,

uch lower than the experiment described here (40 keV). At
hese much higher energies we have to consider the recoil
nergy Er(M). The energy at which an electron is detected
fter deflection from an atom and a plasmon excitation is thus:
0 − Er(M) − Ep. In this paper we will demonstrate that, for

uitable systems the plasmon peak is indeed split into two com-
onents depending on the mass of the atom that caused the elastic
eflection. Further we will demonstrate that the intensity ratio of
hese components provides us with information about the depth
istribution of the scatterers.

It is important to note that there is an important difference in
he way depth resolution is obtained in an an RBS and an ERBS
pectrum. In RBS one only needs to know the average energy
oss per unit distance traveled. The energy distribution of the
lectronic excitations created does not matter. In ERBS, using
he method described here, retrieval of depth information relies
n sharp, well-defined structures in the energy distribution of
he created excitations.

. Experimental details

The experiments were done in the Electron Momentum
pectrometer at the Australian National University. This spec-
rometer is described extensively elsewhere [8]. We equipped
he spectrometer with an additional gun for ERBS measure-
ents (Kimball Physics ELG-2 with a barium oxide cathode for

ow thermal spread of the beam). The actual geometry for this

a
0

t

his surface normal, the detector is in the horizontal plane through this surface
ormal. Both incoming and outgoing electrons make an angle of 45◦ with the
urface normal.

un is sketched in Fig. 1. Both analyzer and gun are on a cone
ith half-angle of approximate 45◦. The gun is in the vertical
lane through the axis of the cone. The analyzer in the horizon-
al plane. The corresponding scattering angle is 120◦. The peak
eparation in these 120◦ scattering experiments [4] is about 5
imes larger than the separation in the earlier experiment using
45◦ scattering angle [9].

In the case of elastic scattering experiments the electron gun
mits a 500 eV electron beam. The analyzers operate at a pass
nergy of 200 eV, and the analyzers are floating at −300 V in
rder to measure the elastic peak. The sample and its surround-
ngs are at a potential of 39.5 kV. Hence electrons are scattered
rom the sample with an energy of 40 keV. In order to assure
hat the elastic peak can be measured with good resolution the
rift and ripple of the −300 (analyzer) and −500 V (filament)
ower supply should have a combined ripple and drift of less
han 100 meV. Drift and ripple of the 39.5 kV power supply can
e much larger than this value, without affecting the outcome of
he measurement.

The opening angle of the analyzer is 1 × 10−4 sr. The ana-
yzer is equipped with a two-dimensional detector, allowing an
nergy window of 30 eV to be measured simultaneously. Simul-
aneous detection of a range of energies is essential in order to
omplete these measurements in a manageable time, in spite of
he small opening angles and the small large-angle elastic cross
ections.

The beam current used varied from less than 1 nA for mea-
urements of Pt films, to about 10 nA for the measurement of
arbon films. The spectra were obtained in �2 h, so the total
harge accumulated by the sample was 2–5 �C for the Pt case
nd 70–90 �C for the HOPG samples. The beam spot size was

.1 mm2.

The sample can be rotated around the vertical axis, and
his angle is called α. In this experiment α = 0◦ and the sur-
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ace normal of the sample is along the axis of the cone (and
in = θout = 45◦). Aluminum was evaporated from a boron-
itride crucible, and the thickness of the evaporated films were
etermined from the reading of the crystal thickness monitor.
he crystal thickness monitor was calibrated using (ion) RBS.

. Results and discussion

We inserted a freshly cleaved highly oriented pyrolytic
raphite (HOPG) sample and a platinum foil into the vacuum
hamber. The HOPG sample was measured as is, and the Pt
ample after sputter-cleaning using 3 keV Xe+ ions. These spec-
ra are shown in the top of Fig. 2. Spectra shown in this figure
re normalized to the same integrated charge (beam current ×
easurement time). This charge measurement was only approx-

mate, as the contribution of secondaries and reflected electrons
o the measured beam was not corrected for. The maximum

ntensity of the Pt spectrum (60,000 counts) is, however, 750
imes the normalized maximum intensity of the HOPG sample
80 counts). This large difference can be understood from the
arge difference in cross section (see Table 1) in combination to

f
e
t
v

ig. 2. Comparison of measured REELS spectra of HOPG and Pt before and after Al d
n the recoil energy of Al and C and Al and Pt, respectively. The dashed lines marke
espective elastic lines.
py and Related Phenomena 162 (2008) 1–7 3

he much larger width of the HOPG elastic peak. For scattering
rom carbon atoms, the Doppler broadening is large, chiefly due
o the small mass of the carbon atoms (see Eq. (1)), and deter-

ines completely the width of the C elastic peak [9]. The width
f the Pt peak, with its large mass will be mostly determined by
he experimental energy resolution.

The zero point of the energy scale is only known approxi-
ately. It was adjusted in such a way that the elastic peak is not

t zero energy loss, but at Er(M) (5.7 eV for the HOPG film
nd 0.36 eV for the Pt film). Besides the main elastic peak the
pectra show the familiar energy loss features at an additional 6
nd 25 eV energy loss for HOPG corresponding to the � and the
+ � plasmon [10]. For Pt several less pronounced additional

oss structures are seen at positions in agreement with the energy
f volume electronic excitations as reported in the literature [11].

After Al deposition a new peak is observed near the original
lastic peak. This peak appears at the same energy loss value

or both the Pt and HOPG substrate. It is at, or very close to, an
nergy loss value of 2.52 eV, i.e. the Er(M) value of Al, and is
hus attributed to electrons scattering elastically from Al. This
alidates the energy-zero alignment procedure followed. The Al

eposition. The dashed lines marked elastic peak are separated by the difference
d first and second plasmon are separated by 15.2 eV and 2 × 15.2 eV from the
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Table 1
Various calculated and observed quantities pertaining to elastic scattering for different elements

Elements Er (eV) �Er (Al) (calculated; eV) �Er (Al) (observed; eV) Width (FWHM; eV) dσ/dΩ (cm2) λin (Å)

C 5.70 3.17 3.08 2.0 5.0 × 10−23 405
O 4.27 1.74 – 1.6 9.0 × 10−23 –
Al 2.53 0 0 1.1 2.44 × 10−22 528
Xe 0.52 −2.01 −2.01 0.84 6.33 × 10−21 –
Pt 0.36 −2.17 −2.13 0.66 1.70 × 10−20 237

The calculated mean recoil energy Er cannot be directly compared to the experiment, as the zero energy loss position of the spectra is only approximately known.
The calculated difference between the recoil energy of various elements with the recoil energy of Al can be compared to the experiment. The observed width of
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he elastic peak is determined by both experimental resolution and Doppler bro
btained from the ELSEPA package [12], the inelastic mean free path was obtai
alue obtained from Ref. [14].

eak appears at the high-energy loss side of the main peak in the
ase of the Pt film, and at the low-energy loss side for the HOPG
lm. Its width is larger than the width of the Pt peak but smaller

han the width of C peak, consistent with decreasing Doppler
roadening with increasing atom mass.

Besides the additional elastic peak two new peaks appear at
arger energy loss values. We interpret both peaks to be due
o Al plasmon excitations. The splitting of the two plasmon
eaks is the same as the splitting of the elastic peaks. Thus,
he interpretation for the cause of the splitting of the plasmon
eak is straight-forward. The plasmon creation itself causes only
minor deflection of the energetic electron (� 1◦) and a large-
ngle elastic scattering event from either a heavy or a light atom
s required for the electron to be detected. The recoil energy
oss of this scattering adds to the energy loss of the plasmon
xcitation. The plasmon peak appears thus not at 15.2 eV but at
5.2 + 0.4 eV (elastic scattering from Pt), 15.2 + 2.5 eV (elastic
cattering from Al) and 15.2 + 5.7 eV (elastic scattering from
). We refer to these peaks in the rest of this paper as the Pt
lasmon peak, Al plasmon peak and C plasmon peak, respec-
ively. In all cases the plasmon refers to the collective excitation
n the Al film, and Pt, Al and C refers to the atom from which
he electron scattered elastically over a large angle.

In Fig. 2 we show the spectra obtained for films where both
lasmon components have similar intensities. Note that this
ccurs at rather different overlayer thicknesses for the HOPG
nd the Pt substrate. This is a consequence of the different elastic
cattering cross section of both elements.

After Al deposition we also see a strong second plasmon for
he Pt substrate. Even the second plasmon is clearly composed
f two components, although the splitting is less resolved pre-
umably due to the larger intrinsic width of the second plasmon
eak (� √

2 times larger than the width of a single plasmon
xcitation). For the Al depositions on a HOPG substrate, the
ntensity of the second plasmon is less than the statistical uncer-
ainty. This small intensity is no surprise as the Al film thickness
s less than the inelastic mean free path, and hence the chance
f two plasmon excitations occurring in this film is small.

It is clear from inspecting Fig. 2 that the intensity distribu-

ion of the two plasmon-derived peaks is not proportional to
he intensity distribution of the two elastic peaks. For example,
or the 75 Å Al-on-HOPG case the plasmon-derived peaks have
bout the same intensity, whereas the elastic Al peak is much

s
t
A
d

ng. The differential elastic scattering cross section dσ/dΩ at 120◦, 40 keV was
om the TPP-2M formula [13] except in the case of graphite, where we used the

tronger than the elastic C peak. For the 1200 Å Al-on-Pt case
he intensity of the two components differs by an order of mag-
itude for the elastic peak, but only by about a factor of two for
he single plasmon-loss peak. In this case even the second plas-

on is clearly split, and for this peak the intensity is fairly evenly
istributed over both components. We will argue that with larger
nergy loss the spectrum reflects the composition of the sample
t increasing depth. This requires a more quantitative descrip-
ion of the experiment and we use curve fitting to decompose the
lastic peak and the plasmon loss peak in the two components.

In order to restrict the number of free fitting parameters we
rst studied a pure Al film. Unfortunately, as is obvious from
ig. 3, the Al elastic peak shows a shoulder at larger energy loss.
his shoulder appears consistent with the presence of oxygen at

he surface that is within the detection limit, even at these, rather
igh, electron energies. A peak decomposition assuming that
he separation is that calculated for oxygen was done. The area
f the oxygen-related elastic peak is �6.5 times smaller than
he main peak (see insert Fig. 3). Assuming that this peak is
ue to oxygen atoms in an Al2O3layer, and cross sections as in
able 1, then about 1/3 of the Al peak would be due to Al3+ ions

n the oxide layer. Prolonged sputtering with Xe+ ions at 3 keV
emoves the shoulder (lower panel Fig. 3). However, now a new
eature appears at the high-energy loss side. We attribute this to
mplanted Xe+ ions, and indeed the observed peak separation is
hat expected for Al–Xe (see Table 1).

The plasmon peak of the as-inserted sample could not be fitted
ery well with a single Gaussian and a linear background. The
eak appears broader at the high-energy loss side. This is pre-
umably a consequence of the dispersion of the plasmon, as we
ample plasmons with different momentum values equally well,
s explained in Section 1. The slower decay at larger energy
oss will thus be due to plasmons with larger momentum and
ence energy. Empirically we fit the plasmon with two Gaus-
ian components, separated by 1 eV. The main component had
full width at half maximum (FWHM) of 1.45 eV. The sec-

nd component at higher energy loss values is broader (FWHM
.6 eV) and less intense (area 0.45 of the area of the main peak)
see Fig. 4). After sputtering a new shoulder appears in the loss

tructure at the low-energy loss side. We interpret this to be due
o electrons that were scattered elastically from Xe instead of
l. We decomposed this feature assuming the structure could be
escribed by two pairs of Gaussians. One pair due to electrons
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Fig. 3. Spectra from an Al foil before and after sputtering with 3 keV Xe+ ions.
Before sputtering the elastic peak has a shoulder at the high-energy loss side. The
insert shows decomposition of this elastic peak in two components, using the
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eparation calculated for oxygen and Al. After sputtering a strong contribution
ue to implanted Xe+ ions appear at the low-energy loss side of the Al peak.

cattered elastically from Xe and one pair for electrons scattered
rom Al. The two Gaussians in each component have the same
ntensity ratio and 1 eV separation as the two Gaussians in the
as inserted’ Al plasmon fit. The displacement of the two com-
onents was taken from the separation of the components of the
lastic peak. The width was considered to be the convolution of
he plasmon loss width and the width of the elastic peak due to

oppler broadening. Thus, the plasmon loss feature of the Xe-

elated component was somewhat sharper than the plasmon loss
eature of Al-related component. In this way we can fit the two
eak structures, while having only 4 fitting parameters (intensity

(
1
o
o

able 2
he ratio of the intensity of the elastic peaks, the intensity ratio of the Al elastic peak

he ratio of the plasmon peaks

ample X a = IAl
el : IX

el IAl
el : IAl

pl

e sputtered Al Xe 1:0.32 1:0.52
5 Å on HOPG C 1:0.71 1:0.08
25 Å on HOPG C 1:0.13 1:0.24
00 Å on Pt Pt 1:0.48 1:0.59
200 Å on Pt Pt 1:0.11 1:0.59
py and Related Phenomena 162 (2008) 1–7 5

f the main component, intensity of the second component, and
wo parameters for the linear background).

The same procedure outlined for the sputtered sample was
ollowed for the Al-HOPG and Al-Pt data. All fits are shown in
ig. 4. The procedure seems to work reasonably well. However,
ifferent fitting procedures could be developed that give quali-
atively somewhat different results. For example the assumption
hat the intensity under the plasmon can be described by a lin-
ar background is questionable. We do not expect, however, that
he main trends, as will be discuss in the next section, would
e very different. We also fitted the main elastic peak, using a
ingle Gaussian for each component and a Shirley background.
hese fits were completely unambiguous. In this way we obtain

he various intensity ratios reproduced in Table 2. We will now
iscuss these ratios.

The first column of results shows us the ratio of the areas
f the elastic peaks IAl

el : IX
el . After sputtering the Xe peak area

s significant, however the cross section of Xe is � 26 times
he cross section of Al. A Xe concentration of a few % in the
ear surface area would result in such a peak. For the HOPG
ample a modest Al layer of 75 Å results in two elastic peaks of
omparable size. Tripling the Al thickness changes the elastic
eak ratio by more than a factor of 5. As the plots in Fig. 2 are
ormalized to the same integrated charge we can see the cause
f this large change. The Al intensity more than doubles, as
he layer gets three times as thick, and the HOPG intensity is
ttenuated by close to a factor of 2.

The situation is different for the Pt substrate. Now we need
very thick (900 Å) Al layer in order to get the elastic peaks

f the same order of magnitude. Increasing the Al layer from
00 to 1200 Å changes the ratio by more than a factor of 4.
ow however, this change is almost exclusively due to increased

ttenuation of the Pt signal. The Al intensity is virtual constant,
s it is is already very close to the Al intensity of an infinitely
hick Al layer.

If one makes a number of simplifying assumptions (homoge-
ous Al layer thickness, abrupt substrate/overlayer interface, and
single elastic scattering approximation for the electron trajec-

ories) then it is fairly straight forward to calculate intensity ratio
or the elastic peaks based on the material properties reproduced
n Table 1. This procedure was described in Ref. [4]. For the
00 Å thick Pt layer we obtain a Al to Pt peak ratio of 1:0.28

observed 1:0.48) and for the 1200 A layer 1:0.055 (observed
:0.11). Clearly the agreement between calculated values and
bserved values is poor. This can be seen as an indication that
ne of the fore-mentioned assumptions is not valid. In the Al-

to the Al plasmon peak and this ratio for the second component (X) as well as

IX
el : IX

pl b = IAl
pl : IX

pl a : b

1:0.10 1:0.06 0.06/0.32 = 0.19
1:0.14 1:1.2 1.2/0.71 = 1.7
1:0.59 1:0.33 0.33/0.13 = 2.5
1:1.53 1:1.24 1.24/0.48 = 2.6
1:1.81 1:0.33 0.33/0.11 = 3.0
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ig. 4. Overview of the fits of the Al plasmon peak for pure Al before and after
he fitting procedure is explained in the main text.

n-Pt case the calculated ratios are most sensitive to the assumed
nelastic mean free path. Thus, deviations of the inelastic mean
ree path from the TPP-2M values could be the cause of the
iscepancy. One can obtain a ‘perfect’ fit of the experimental
ata by changing the Al inelastic mean free path from 528 Å to
90 Å and the Pt inelastic mean free path from 237 Å to 270 Å.
owever, spectra taken at lower Al coverage seem to indicate

hat the assumption that the Pt-Al interface is abrupt is not valid,
nd this will, at least in part, be the cause in the difference of the
bserved and calculated elastic peak ratio for the Pt case.

Next consider the intensity ratio of the Al elastic peak to
he Al plasmon peak: IAl

el : IAl
pl . For very thin layers the path

ength of the trajectories within the Al layer is very short, hence
he chance that a plasmon is created is very small. Increasing the
lm thickness will increase the path length of electrons scattered
lastically from an Al atom in the Al film, and hence the relative
ntensity of the plasmon peak relative to the Al elastic peak
ill increase for very thin films linearly with thickness. On the
ther hand if we make the layer very thick, then the relative
lasmon intensity will approach the value for a bulk film, and will
ot change anymore with thickness. From the observed ratios it
s clear that the 75 Å and 225 Å thick Al films are still in the
egime that the plasmon intensity increases almost linearly with
hickness. For the 900 Å and 1200 Å measurement the intensity
atio seems to be independent of thickness, i.e. we are in the bulk
imit. The value after Xe+ bombardment is somewhat smaller
han for the 900 Å and 1200 Å thick films. It is not clear why

his is the case, and could be an indication of the limits of the
alidity of the very simple fitting procedure followed.

The ratio of the (C, Pt, Xe) elastic peak to the (C, Pt, Xe)
lasmon (IX

el : IX
pl) should be determined by the length of the

d
t
e
T

ring (left column), as well as for Al deposited on HOPG (centre) and Pt (right).

rajectories through the Al film of events scattering from these
toms. This length is shortest for Xe as the mean range of 3 keV
e+ ions in Al (impinging at 45◦) is close to 40 Å [15]. For the

vaporated layers the relative intensity of IX
pl increases roughly

inearly with Al thickness.
In transmission electron microscopy work one can mea-

ure,using a small opening aperture (at zero degrees scattering
ngle), spectra for which only plasmons with zero momentum
ontribute. In that case there is very little intensity besides the
lasmon peak in the loss spectrum. Then the probability that
n electron is detected after being transmitted through a film
f length τ while exciting n plasmons is given by a Poisson
istribution [6]:

n =
(

1

n!

) (
τ

λ0

)n

exp

(−τ

λ0

)
. (2)

he ratio of the intensity of the elastic peak (n = 0) and the first
lasmon peak is then simply, 1 : τ/λ0. From the point of view of
lectrons scattered elastically from the substrate this experiment
esembles a transmission experiment, both the incoming and
cattered electrons are transmitted through the Al layer. Thus,
n this case τ = 2t/ sin 45◦ with t the thickness of the film. Here
0 is the mean free path for the creation of plasmons detected
y the microscope (i.e. those excitation that cause very limited
eflection). It is about twice as large as the mean free path for all
lectronic excitations [5]. In our case we detect in first approxi-
ation all electrons equally well, independent from the degree of
eflection by the inelastic scattering event. This is obvious from
he energy loss spectrum of Al, where about half the intensity of
lectrons with energy loss is not related to the plasmon peaks.
hese events are better described by electron-electron collisions,
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ather than collective excitations. Thus, translation of the elec-
ron microscopy model to the present case is not totally straight
orward. If we apply the electron microscopy model, in spite of
hese reservations, then we get for the ratio for the Pt experiment
value of λ0 � 1700 Å. This value is 3–4 times λ of aluminum

see Table 1), clearly this value is too large.
Next consider the column in Table 2: the ratio of the plas-

on intensities IAl
pl : IX

pl. The ratio is smallest for Xe. This is an
ndication that the Xe ions are close to the surface. The length
f the trajectory of electrons scattering from Xe in Al is small,
ence the probability that an electron scattering from Xe creates
plasmon is small. For both Pt and HOPG the relative intensity
f the Al plasmon to the Pt increases with overlayer thickness.

These ratios are determined by the elastic scattering cross
ection of the overlayer and substrate hence we cannot compare
he ratios of the Pt experiment and the HOPG experiment How-
ver, the ratio of the elastic peaks is affected in the same way
y these cross sections. Dividing a = IAl

el : IX
el by b = IAl

pl : IX
pl

he cross section effect will cancel. This ratio a : b is shown in
he last column of Table 2. For the overlayer experiment we get
ow numbers larger than 1. This means that in the plasmon sig-
al from the substrate is relatively larger than from the elastic
eak, i.e. it is more bulk sensitive. This ratio increases gradually
ith overlayer thickness.
For the Xe case the Xe signal originates from a depth much

maller than the inelastic mean free path. Hence here this ratio
s thus smaller than 1. The more-bulk sensitive plasmon signal
hows relatively less intensity of the Xe near-surface impurity.
f course the signal from impurities right at the surface there

hould not have a corresponding Al plasmon peak, and the ratio
: b would be 0.

. Discussion and conclusion

From Fig. 2 it is clear that the Al peak dominates the C peak
fter 225 Å Al deposition, whereas for the Pt case this happens
ear 1200 Å. This is a consequence of the much stronger signal
btained from Pt compared to the signal of C, i.e. due to the dif-
erent elastic scattering cross sections. Thus, the probing depth
n this technique is larger for the Pt/Al experiment than the C/Al
xperiment. Generally the probing depth for overlayer substrate
ystems is large for a low-Z overlayer on a high-Z substrate, and
mall for the reversed situation. This was predicted based on

onte Carlo simulations [16,17] and confirmed experimentally
or the Au–C system [4]. Here we see another consequence of
he large probing depth for the Pt substrate. The large area of the
lasmon corresponding to elastic scattering from Pt, compared
o the Pt elastic peak itself is a sign of the long trajectories inside
he Al layer for these scattering events.

In the HOPG case the Al plasmon was well developed after
5 Å Al deposition. This means that the interface is reasonable
brupt, and compound formation at the interface is limited to
ayers smaller than 75 Å. For the Pt case the Al plasmon is

ot well developed after 75 Å Al deposition, indicating a more
iffuse interface. Thus, monitoring the elastic peak height of
ass-resolved elastic peaks in combination with the shape of the
EELS spectrum can provide useful information. The methods

[

[
[

py and Related Phenomena 162 (2008) 1–7 7

escribed here could provide a unique opportunity to study rather
hick layers by electron spectroscopy, formed either by evapo-
ating on a reactive surface, or by annealing overlayers of more
nert systems, that form compounds. Currently we are studying
he interface formation of these more reactive interfaces by this
echnique.

Depth information, as obtained here, could also be obtained
y tilting the sample as this is known to affect the observed elastic
eak signals strongly [4]. If one would utilize this method in an
lectron microscope, using a well focussed beam, then tilting
he sample would almost inevitably change the position where
he beam impinges on the sample, and spatially-resolved depth
esolution would be hard to obtain. The method described here
oes not have this drawback. An interesting case would be Xe
mplanted Al, where the Xe is known to form bubbles (see, e.g.
18]). By aligning the focussed beam with a single Xe bubble the
ntensity of the Xe derived plasmon would provide a measure of
he depth of a particular Xe bubble.

In summary we have shown that differences in recoil energies
depending on the mass of the scatterer) in elastic scattering can
till be resolved if a plasmon with well-defined energy is excited
y the incoming or outgoing electrons. The relative intensity of
he different plasmon components provides us with information
bout the depth distribution of the scatterer. The combination of
he elastic peak intensities and plasmon peak intensities (and the
nergy loss distribution in general) opens up unique opportuni-
ies to study relatively thick overlayers by electron spectroscopy.
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