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a b s t r a c t

Reflection electron energy loss spectra have been measured for silver using incoming electrons with ener-
gies between 5 and 40 keV, in a surface and volume-sensitive geometry. Bulk and surface loss functions
are extracted from these data and various consistency checks are applied to the obtained loss functions.
Depositing minute amounts of Al onto the Ag surface causes a severe reduction in surface features. The
intensity of the surface feature seems now to increase as the probe energy is increased. A mechanism by
which this can occur is discussed. The relation between the bulk loss function and the dielectric function
is discussed, and a comparison with the results of transmission electron energy loss spectra and optical
data is made.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Reflection electron energy loss spectroscopy (REELS) has at-
tracted interest for over 50 years [1]. It was established early that
the spectra contain information about surface and volume loss fea-
tures [2,3], and that there is a close relation between these features
and the dielectric function of the material. Knowledge of the
dielectric function is important, not only to describe the interac-
tion of photons and energetic electrons with a material, but also
for the description of electron–electron correlation effects in ab ini-
tio calculations, as the electron–electron interaction is effectively
reduced by screening due to the medium, and this reduction is de-
scribed by the dielectric function. Experimental information about
the dielectric function is thus extremely important.

However, extracting the dielectric function from a REELS spec-
trum turns out to be a real challenge and has attracted a lot of the-
oretical interest [4,5]. A main hurdle is that simultaneous
understanding of both surface and bulk loss processes is required
and this problem has been addressed in several papers in the last
few years (see e.g. [6–10]). It has even been suggested that at the
lowest energies interference between volume and surface oscilla-
tions will make separation impossible [5,11,12], and a REELS spec-
tra cannot be considered to be a simple linear combination of
surface and volume components. We assume that this problem
does not occur in the present measurements which are at relatively
high energies (5 keV and above).

Silver is a ideal material for study as the REELS spectrum is fea-
ture-rich and contains a very strong peak in the vicinity of 3.7 eV,
which is due to both surface (3.63 eV) and volume (3.78 eV) plas-
mons. These surface plasmon features play an important role in
the development of plasmonic devices [13,14]. Surface and volume
plasmons were resolved in high-resolution transmission measure-
ments [15], but reflection electron energy loss measurements usu-
ally lack the required resolution. While our current experimental
resolution prohibits us from resolving the two components indi-
vidually, by changing the energy and geometry of the incident elec-
trons we are able to reduce or enhance either contributions. At
larger energy loss values there is second plasmon near 8 eV fol-
lowed by additional structure due to interband transitions.

At an interface a different loss mode is possible. For a free elec-
tron material the interface plasmon is at an energy

xi ¼
xplffiffiffiffiffiffiffiffiffiffiffi
1þ �
p ; ð1Þ

with xpl the plasmon energy and � the dielectric constant of the
overlayer material [16]. For a surface the dielectric constant is that
of the adjacent vacuum (� = 1) and the surface plasmon is at 1ffiffi

2
p xpl.

As noticed before for silver the bulk and surface plasmon are much
closer in energy than these values, due to the influence of the 4d
bands. Daniels studied the influence of a carbon overlayer on Ag
[17]. Near the Ag plasmon energy the dielectric constant of carbon
is >1, and the surface plasmon shifts to lower energy loss values
after carbon deposition (and becomes much more strongly
damped). Here, we investigate what happens, if we deposit alumi-
num on an silver surface. Near 4 eV the Al dielectric function is

0039-6028/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.susc.2008.04.011

* Corresponding author.
E-mail address: maarten.vos@anu.edu.au (M. Vos).

Surface Science 602 (2008) 2069–2077

Contents lists available at ScienceDirect

Surface Science

journal homepage: www.elsevier .com/locate /susc



Author's personal copy

severely negative, and 1 + � becomes negative and the imaginary va-
lue of xi in Eq. (1) suggests that no interface plasmon will exist.

The surface excitation parameter (SEP) is the average number of
surface excitations an electron experiences in crossing the vac-
uum–solid interface once. The SEP for medium-energy electrons
is given in Ref. [18] as

Psðh; E0Þ ¼
affiffiffiffiffi

E0
p

cos h
; ð2Þ

where E0 is the incident electron energy, h is the angle of the surface
crossing with respect to the surface normal and a is a material
parameter, being equal to 2.896 eV1/2 for free electron materials.
Thus one can change the probability of exciting a surface plasmon
by either changing the probe electron energy or by changing the an-
gle of incidence of the incident beam to the surface. It is this prop-
erty that enables to distinguish between volume and surface
features of the energy loss spectra. As the excitation probability
scales as 1=

ffiffiffiffiffi
E0
p

one has to increase the energy 4-fold to get a reduc-
tion of a factor of 2 of the fraction of detected electrons that expe-
rienced surface losses.

Note that the surface (and interface) plasmons are not purely an
additional loss feature. Already the early theory by Ritchie [3] pre-
dicted a corresponding decrease in the excitation probability of a
bulk plasmon near the surface, that was recently demonstrated
by analysis of experimental REELS [19]. The width of the surface
scattering zone is given by v/xs [3], where v is the speed of the
electron as it crosses the surface and xs is the surface plasmon fre-
quency. As a consequence, the depth over which the bulk plasmon
excitation is reduced due to the surface, increases with the square
root of the energy. The thickness of the overlayer required to re-
place the surface plasmon by an interface plasmon increases with
energy as well [16].

In the past theory and experiment were confronted with each
other using Monte Carlo simulations, reconstructing the experi-
ment and using theoretical estimates of the loss functions etc., as
an input. For example, in an extensive study Ding et al. [20] com-
pared theoretical depth-dependent loss function with experimen-
tal REELS spectra using Monte Carlo simulations. They identified
another surface loss feature, besides the sharp loss feature near
3.7 eV. This feature, near 7.5 eV, is much broader in energy, but
also displays a maximum in cross section at the surface.

Recently, a new scheme was developed to determine the single
scattering surface and volume loss functions directly from the
experimental data [21]. This calculation requires as input two loss
spectra for which the contributions due to surface and volume loss
functions are different, for example loss functions measured at dif-
ferent energies and or geometrical configurations. The technique
involves deconvoluting the loss function to remove multiple scat-
tering while simultaneously separating surface and volume com-
ponents. This method was successfully applied to Ag and Au
using high-energy REELS data from the spectrometer at the Austra-
lian National University [22,23]. This spectrometer can be used to
measure REELS spectra in an energy range between 5 and 40 keV,
and is hence ideally suited to provide the input data for the extrac-
tion of the surface and volume excitation function by the afore-
mentioned theory. Further the complex dielectric function was
derived from the volume and surface loss function, by fitting it
with a set of Drude–Lindhard oscillators [23]. The dielectric func-
tion obtained in this way satisfies Kramers–Kronig relation and
the bulk loss function is given by Im{�1/�} and the surface loss
function by Im{(� � 1)2/�(� + 1)}. The REELS-derived dielectric func-
tion appeared to be in better agreement with density-functional
theory calculations than the dielectric function obtained by optical
means [24].

The method developed by Werner to derive the loss functions
from a REELS spectrum is far from trivial. If it can be validated then

REELS can become an important tool to derive dielectric functions
over a wide energy range, and a large variety of samples. Thus, it is
highly desirable to be able to judge the validity of the obtained sur-
face and volume loss functions by experiments. This paper tries to
explore to what extent this is possible for the case of silver, by
studying the effects of changing energy and geometry, as well as
the influence of adding a thin overlayer to silver.

2. Experiment

The measurements presented in this work were performed on
the high energy electron spectrometer at the Australian National
University, shown in Fig. 1. The electron energy analyzers have
been described in detail elsewhere [25] and are operated at a pass
energy of 200 eV. Measurement can be done with either gun A or
gun B. Both guns are equipped with a BaO cathode, operating at
low temperatures to minimize the energy spread. The cathode is
held at a potential of �500 V. The sample is positioned in a high
voltage hemisphere which is held at the required voltage (ie., 4.5,
9.5, 19.5 and 39.5 kV). Thus electrons with an energy of 5, 10, 20
and 40 keV are incident on the target. Electrons which scatter from
the target are decelerated and focussed into the entrance of a
hemispherical electron energy analyzer. Ripple and drift of the
main high voltage power supply do not affect the resolution of
the experiment, as it is used both to accelerate the incoming elec-
trons and decelerate the scattered electrons, and hence does not
change the energy of the detected electron inside the hemispheri-
cal analyzer. The analyzer is held at a (comparatively low) voltage
such that electrons with the desired energy pass through the ana-
lyzer and are detected by a pair of micro-channel plates followed
by a resistive anode. facilitating two dimensional analysis of the
electron position. Electrons over an energy range of 30 eV can be
detected simultaneously and analyzed accurately for their energy.
The combined resolution of gun and analyzer is always better than
0.5 eV.

electron 
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electron 
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electron 
energy 
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Fig. 1. Outline of experimental apparatus (top). Schematic of the experiment sho-
wing the relative positions of the two electron guns and sample position (bottom).
The sample can rotate around the vertical axis over an angle a. For the sample
orientation drawn here a = 0�.
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The spectra obtained with the two electron guns differ, as their
geometry is different. Gun A is positioned at 45� below the hori-
zontal plane (see Fig. 1), and electrons which emerge in the hori-
zontal plane at an angle of 45� with the vertical plane containing
the gun, are collected and analyzed by the hemispherical electron
energy analyzer. The scattering angle is then 120�. The sample sur-
face normal is both in the horizontal plane containing the analyzer
and in the vertical plane containing the gun (the sample is in the
position sketched in Fig. 1, i.e., a = 0). Measurements were done
in this configuration are considered to be relatively ‘volume-sensi-
tive’ as neither the incoming or outgoing trajectories are glancing.
Measurements done with gun B have the incident and detected
electrons in the same plane and the scattering angle is 45�. The
sample is then rotated (a = 112.5�), and in this configuration the
incoming and outgoing trajectories are relatively glancing (22.5�
to the surface). These measurements are thus ‘surface sensitive’
and the SEP is larger. Furthermore, by changing the electron energy
over a 5–40 keV range the inelastic mean free path and hence the
surface sensitivity can be varied.

The silver samples are prepared from 99.99% purity silver wire,
which has been formed into disks. The surface is then cleaned by
either ion bombardment with Xe ions or by evaporating a new sur-
face from the same wire. Aluminium is deposited by evaporation of
99.95% purity aluminium wire from a resistively heated BN cruci-
ble. The base pressure of the preparation areas are below 5 �
10�9 torr and samples are moved from these areas to the measure-
ment chamber <1 � 10�10 torr immediately after they are prepared
to ensure surface quality is maintained.

3. Extracting the surface and volume loss function from Ag
REELS spectra

The decomposition of REELS data into surface and bulk compo-
nents needs to take into account that an electron can create any
number of surface and bulk excitations (ns and nb, respectively),
and determining the frequency that any combination of ns and nb

occurs requires detailed knowledge of both elastic and inelastic
scattering processes. The shape of the contribution of events with
(ns,nb) surface and volume losses is the (ns,nb)-fold convolution of
the distribution of surface (ws) and bulk (wb) losses in an individual
collision. The observed spectrum is then proportional to the sum of
these (ns,nb)-fold convolutions, weighted by the number of elec-
trons arriving at the detector after experiencing (ns,nb) losses oc-
cur, the so-called partial intensities Cnb ;ns . Commonly, a REELS
spectrum is divided by the area of the elastic peak (i.e., the zero-or-
der partial intensity C0,0) for normalization purposes, so that the
relative number of electrons that have participated in (ns,nb) sur-
face and bulk collisions is then described by the reduced partial
intensities cnb ;ns

¼ Cnb ;ns=Cnb¼0;ns¼0 and the elastic peak area is unity
after normalization, c0,0 � 1. When two loss spectra with a differ-
ent sequence of partial intensities are measured, the single scatter-
ing loss distributions wb(T) and ws(T) can be found by means of the
formula [26]:

ws;bðTÞ ¼
X2

k¼0

X2

l¼0

ak;lYk;lðTÞ �
Z T

T 0¼0

X2

k¼0

X2

l¼0

bk;lYk;lðT � T 0ÞwðT 0ÞdT 0;

ð3Þ

where the quantity Yk,l(T) is the (k, l)th order cross convolution of
the two REELS spectra and the coefficients ak,l and bk,l are a function
of the reduced partial intensities and bk,l are different for the surface
ws(T) and bulk wb(T) loss distribution. The bulk and surface partial
intensities are uncorrelated to a good approximation [19]:

Cnb ;ns ¼ Cnb
� Cns ; ð4Þ

implying that the bulk and surface partial intensities Cnb
and Cns can

be calculated separately. Plural surface scattering is commonly as-
sumed to follow Poisson statistics:

Cns ðhÞ ¼
PsðhÞns

ns!
e�PsðhÞ: ð5Þ

The volume partial intensities Cnb
represent the number of electrons

that arrive in the detector after being nb-fold inelastically scattered
in the solid and are given by an integral over all possible lengths of
the paths s taken by the particle in the solid, Q(s), multiplied with
the probability for suffering nb collisions as function of the path-
length [6]:

Cnb
¼
Z 1

0

s
ki

� �nb e�s=ki

nb!
QðsÞds: ð6Þ

Examples of calculations for the pathlength distributions corre-
sponding to the present experiments are shown in Fig. 2. These
quantities were calculated with a Monte Carlo simulation [7]. Elas-
tic scattering cross sections of silver, being the only quantities
required as input for these calculations, are well established at
these high energies, and largely independent of details of the atomic
potential used [27].

The corresponding reduced volume partial intensities calcu-
lated with Eq. (6) are presented in Fig. 3, using the TPP-2 values
as a rough estimate of the inelastic mean free path [28]. Note that
we use the TPP-2 formula here at much higher electron energies
than originally intended in Ref. [28], but there is no clear physical
reason why the formula would fail dramatically at higher energies.
Table 1 summarizes some of the relevant values of parameters
used for the transport calculations. Note that for the reduced vol-
ume partial intensity c1 ¼ Cnb¼1;ns¼0=Cnb¼0;ns¼0, the accuracy of the
inelastic mean free path used is almost completely irrelevant, a
rough estimate is sufficient. This can be seen by employing the
common rules of error propagation to Eq. (6). For the reduced par-
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Fig. 2. Pathlength distributions for electron backscattering for various energies and
for the surface- (top) and volume- (bottom) sensitive geometry as calculated by
means of a Monte Carlo simulation.
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tial intensities one finds that an uncertainty Dk in the IMFP leads to
an error in the first-order reduced partial intensity given by

Dc1

c1
¼ Dk

k

����
����j1� c1j: ð7Þ

Since the pathlength distributions are very broad compared to the
value of the IMFP (see Table 1) the difference between the reduced
partial intensities of subsequent order is always considerable smal-
ler than unity, implying that c1 is always quite close to unity. In con-
sequence, the error in the partial intensities due to an uncertainty in
the IMFP is always negligible for a reasonably realistic estimate of
the IMFP. For the SEP, the empirical predictive formula in Ref.
[29] was used from which the surface partial intensities were
calculated.

Measurements of the REELS spectra were performed in both
geometries (using gun A and gun B) at four energies 5, 10, 20,
40 keV. The Ag elastic peak is aligned with 0 eV and all spectra
are normalized to an elastic peak area of 1. The spectra can roughly
be described by a surface/volume component around 4 and 8 eV
with volume transitions between 4 and 150 eV. Above 50 eV most
of the intensity consists of multiple bulk and or surface losses.

Examples of spectra, obtained using gun A and gun B, are given
in Fig. 4 as well as the obtained loss functions, using Eq. (3) [21]. It
is important to choose the difference in energy between the two
spectra, used as input, as large as possible as the extraction of
the surface and volume loss function requires that both processes
contribute in clearly different relative intensity to both spectra.
The spectra taken with gun A (a rather volume-sensitive geometry)
the surface excitations are not too strong at either energies. Also
the statistics of the spectra taken with gun A is generally not as
good as the statistics of spectra taken with gun B, as the (elastic)
differential cross section at 45� is, at these energies, much larger
than the differential cross section at 120� scattering angle. For
these reasons the error in the extracted surface loss function from
spectra taken with gun A is relatively large and this is reflected in
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Fig. 3. (Bulk) partial intensities corresponding to the pathlength distributions
shown in Fig. 2 calculated by means of Eq. (6) for the surface sensitive (top) and
bulk sensitive (bottom) geometry.

Table 1
Values of some characteristic lengths for electron transport in Ag for energies
between 5 and 40 keV

E (keV) ki (Å) ke (Å) ktr (Å) v/xs (Å)

5 53 18 281 69
10 94 27 785 97
20 168 41 2304 137
40 307 160 13158 196

ki: Inelastic mean free path, ke: elastic mean free path, ktr: transport mean free path,
v/xs: width of the surface scattering zone for the 3.87 eV surface plasmon in Ag. For
the Al surface plasmon the width of the surface scattering zone is a factor of about
2.5 smaller.
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the ‘noisy’ curves obtained. The bulk loss function, derived from
this measurement should be fairly reliable, as the surface losses
contribute, especially in the 40 keV spectra, only modestly. The dif-
ferences in the spectra taken with gun B (in a surface sensitive
geometry) are larger, the 5 keV measurement is dominated by sur-
face excitations. The obtained surface loss function from this mea-
surement is indeed less ‘noisy’ than the one obtained with gun A
and should be more reliable. The two estimates of the surface
and bulk loss function of gun A and B are completely independent,
and the level of agreement obtained is thus a good indication of the
validity of both experiment and theory. Qualitatively the agree-
ment is good, peaks appear in the surface and bulk loss function
in the same energy position in both measurements. However, there
are slight variations in the intensity of the loss features, and this
difference can be viewed as an estimate of the combined error of
the experiment and theoretical calculation. The main discrepancy
is in the intensity in the 20–30 eV region. Note that the bulk loss
feature is here more intense for gun B, whereas the surface loss
function is in this energy range more intense for gun A.

A different approach is to compare the bulk loss function with
that obtained using the procedure described by Tougaard and
Chorkendorff (TC) [4]. It is a straightforward procedure, without
adjustable constants but it does not take into account surface exci-
tations. Hence, its results are expected to be poor under surface
sensitive conditions, but maybe reasonable for 40 keV measure-
ment in a volume-sensitive geometry. The result of this analysis
is given in Fig. 5. The loss function obtained by the TC procedure
(‘wTC’) is clearly dependent on the incoming electron energy E0

and geometry, and its intensity in the low loss area (where surfaces
losses can be expected) is largest for the more surface sensitive
geometry. Also in Fig. 5 is shown the volume loss function as ob-
tained in this work. It is not identical to any of the TC results,
but clearly for the most volume-sensitive geometry and highest
energy the TC result start approaching the current result. Also from
this figure it is clear by extrapolation, that for even more volume-
sensitive measurements the TC result would be even closer to the
present one.

Within the framework of partial intensity analysis (PIA) wTC can
be approximated by wTC

PIA: a linear combination of the contribution
due to the partial intensities a1,0, a0,1 and a1,1 [21]:

wTC
PIA ¼ a1;0wb þ a0;1ws � a1;1wb �ws: ð8Þ

In Fig. 6 we show for the 5 and 40 keV measurements using gun A
that indeed the TC result can be described by Eq. (8) and the ob-

tained partial intensities. However, even in the high-energy mea-
surement in the bulk sensitive geometry this analysis indicates
that 50% of the feature near 3.7 eV is still related to the surface loss
function ws.

From the surface and bulk loss function shown in Fig. 4, it ap-
pears clear that a peak near 3.7 eV is present not only in the surface
loss function, but also in the bulk loss function. It is obvious that
the peak near 3.7 eV is most intense under surface sensitive condi-
tions. Clearly surface excitations are important here and Ding et al.
[20] concluded (using lower energy REELS data) that the 3.7 eV
peak is for all practical purpose a surface plasmon. It is well known
that surface and volume plasmon of Ag should be very close in en-
ergy, due to the interaction with the 4 d bands. These peaks have
been separated in high-resolution transmission experiments [15]
using a monochromatised electron beam. Can we determine from
these REELS measurements, without resorting to an extensive
mathematical analysis, if a feature near 3.7 eV is present in the
bulk loss function. This will be discussed next.

One way to study this is by measuring the area of the 3.7 eV fea-
ture as a function of energy. This is done by fitting this part of the
measured spectrum with a Gaussian and a Shirley-type back-
ground function. As the feature is quite sharp, its area (relative to
the elastic peak) does not depend dramatically on details of the as-
sumed background function. The results are shown in Fig. 7. A
marked difference of the 3.7 eV peak intensity is found between
both geometries. This is expected as the angle of the incoming
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and scattered electrons to the surface normal (and hence cosh in
Eq. (2)) is reduced in the volume-sensitive configuration. If the sur-
face loss function as shown in Fig. 4 is correct then the sharp peak
at 3.7 eV forms only a fraction of all the surface excitations. Hence,
we cannot compare the total intensity directly with that of Eq. (2),
and a scaling factor of 5 was used to get about the right amount of
the 3.7 eV feature in both geometries at low energies. This indi-

cates that only �20% of the surface loss function is associated with
the 3.7 eV feature, in reasonable agreement to the surface loss
function of Fig. 4.

The experimentally-found decrease with increasing energy of
the 3.7 eV feature is less than that predicted by Eq. (2). This is a
clear indication that the 3.7 eV feature is not only due to surface
excitations. From the difference in measured and estimated inten-

Fig. 7. The probability of a surface excitation in a REELS experiment (two surface crossings, i.e. 2*SEP as calculated using Eq. (2) compared to 5 � I3.7/I0. (I3.7 is the area of the
3.7 eV feature, I0 the area of the elastic peak.). Solid line and squares are for the bulk sensitive geometry, dashed line and dots for the surface sensitive geometry. The factor of
5 is explained if only 20% of the surface loss function is associated with the sharp feature near 3.7 eV, in reasonable agreement with the shape of the surface loss function
shown in Fig. 4. The insert shows the ‘background’ that was used to extract I3.7 from the raw experimental data, for the 5 keV glancing measurement.

Fig. 8. Spectra of Silver measured with gun A (volume-sensitive geometry). Deposition of 5 Å of Al on a clean surface changes the spectrum, especially the peak near 3.7 eV
and low incoming energies.
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sity of the 3.7 eV feature one would estimate that approximately a
third of the 3.7 eV peak measured at 40 keV in the volume-sensi-
tive geometry is due to the volume plasmon, in reasonable agree-
ment with the decomposition of wTC shown in Fig. 6. The surface
peak around 8 eV is also affected, but due to the larger peak width,
variations in its intensity are harder to discern. Thus the presence
of a sharp peak in the volume loss function in Fig. 4 near 3.7 eV is
consistent with the observed energy dependence of the intensity of
the observed 3.7 eV feature.

Another way to change the Ag surface peak is to modify the sur-
face. This was achieved by evaporating 5 Å of aluminium onto the
silver surface. This reduces the intensity of the 3.7 eV peak consid-
erably. The effect of Al deposition is largest for the 5 keV surface
sensitive geometry. In the volume-sensitive geometry the remain-
ing intensity at 3.7 eV is fairly independent of E0, which could be
seen as an argument that the remaining intensity is due to volume
excitations.

Interestingly in the glancing geometry, where the intensity of
the 3.7 eV feature was initially much larger at 5 keV, compared
to 40 keV, Al deposition leads to a reversal of the energy depen-
dence of the intensity of this peak. Now the 3.7 eV peak is more
pronounced for the 40 keV measurement. One explanation is that
at 40 keV the 5 Å Al layer is not thick enough to extinguish the
Ag surface plasmon, whereas at 5 keV it is. Such a dependence of
the required thickness on energy was predicted by Stern and Ferrel
[16]. The reason that this reversal is not so evident for the volume-
sensitive geometry is that the contribution of the surface plasmon
is always quite small, especially at higher energies.

In the measurements where the 3.7 eV intensity changes sig-
nificantly, one observes also a small shift of the peak position fol-
lowing deposition of 5 Å of aluminium. This shift is of the same
order as the separation found for the surface and volume plas-
mon in transmission EELS experiments (0.15 eV) [15]. This sup-
ports the interpretation that the peak near 3.7 eV was before Al
deposition mainly a surface excitation, but the remaining inten-

sity after Al deposition is dominated by volume excitations.
The magnitude of the shift is indicated in the top left panel of
Fig. 9. This shift becomes less noticeable in the higher energy
measurements and in the more volume-sensitive measurements.
This seems to indicate that, indeed, a significant fraction of the
3.7 eV peak of a clean surface is, at higher energies, due to a vol-
ume plasmon.

It has been shown that the ‘‘roughness” of a surface can also ef-
fect the surface plasmon [30,31]. To eliminate the effect of deposi-
tion from the REELS spectra a silver sample was prepared and
sputter cleaned. A further silver layer (�100 Å thick) was deposited
on the clean surface. The obtained spectra were identical to that
from sputter-cleaned silver surface.

By evaporating Al on Ag we replaced the vacuum-Ag interface
by an Al–Ag interface. The surface plasmon becomes an interface
plasmon. For Al �1 is negative near 4 eV, and hence the intensity
should shift to higher energies, closer to the energy of the Al plas-
mon. Indeed an increase in intensity is seen between 8 and 15 eV.
This contrasts to the results of Daniels for carbon deposition on Al.
For carbon �1 is larger than 1 at these energies, and one expects
based thus a shift of the C–Ag interface plasmon to lower energies
compared to the Ag surface plasmon. This is indeed what was seen
by Daniels [17].

4. Comparison with optical and transmission electron energy
loss measurements

It would be a big step forward, if the results of the decomposi-
tion of the REELS measurements could be compared to the out-
come of other techniques. The main candidates for this
comparison are transmission electron energy loss spectroscopy
(EELS) experiments and optical absorption/reflection measure-
ments. Both techniques can be used to measure Im{�1/
�(x,q = 0)}, but there are some problems, if we want to compare
the volume loss function with these quantities.

Fig. 9. The same as Fig. 8 but now measured using gun B i.e., in the surface sensitive geometry. The apparent shift of the main peak after Al deposition is indicated in the 5 keV
measurement.
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During an inelastic excitation the fast electron is deflected over
a small angle h and there is a small momentum transfer q from the
medium to the fast electron (q � kh for small h). The energy of the
excitation tends to change with q (dispersion). This complicates
the comparison of our present result with those obtained by trans-
mission electron energy loss experiments and optical means,
where usually q ’ 0. The theory is well described in e.g. [32], and
we summarize here only some of the essential points.

The cross section decreases with increasing h and is given by

rðhÞ ¼ c

h2
e þ h2 ; ð9Þ

with c a constant and he = x/2E0, with x the energy of the loss fea-
ture. The energy of the excitation is generally also a function of q
and changes often like x(q) = x0 + Cq2 with C that varies from e.g.
0.6 Ef/x0 (plasmon excitations, Ef is the Fermi Energy) to 1/(2me) (fi-
nal state a free electron, mass me), but negative values of C occur as
well, e.g., in the case of Cs [34]. For Ag the dispersion of the first loss
features has been determined experimentally [35], and are positive.
In a REELS experiment one has no information over h (as it is ob-
scured by the large angle elastic scattering event(s) required to de-
flect the electron in the analyzer), hence each energy loss feature
contributes to a somewhat extended range of energies.

In transmission electron energy loss experiments the detector
(with a very small opening angle) is generally placed at h = 0 and
the resulting loss function corresponds to Im{�1/�(x,q = 0)}. Mov-
ing the detector away from h = 0 one observes the dispersion of the
loss features. In optical spectroscopy one obtains the real and
imaginary part of � at q = 0 and calculates from this Im{�1/
�(x,q = 0)} [36]. If we want to compare our measurements to any
of these techniques then we have to correct our measurements
for the contributions with q 6¼ 0. This is equivalent to extracting
Im{�1/�(x,q = 0)} from the REELS measurement.

In Ref. [23] Werner et al. tried to deconvolute the Im{�1/
�(x,q = 0)} from the measured loss distribution by assuming a free
electron like dispersion of the plasmon features and excitation
cross sections as given in Eq. (9). As a consequence of the deconvo-
lution the tail at the high-energy loss side of the features decreases
and their relative intensity changes (due to different values of he).
The results are shown in Fig. 10. Our estimate of Im{�1/�(x,q = 0)}
is compared with the optical data given by Palik [24] and the one
derived by Daniels [33,37] from transmission electron energy loss.

Measurements by Schülter [38] are consistent with Daniels mea-
surements. Qualitatively there are many similarities between the
three curves, but quantitatively all three are different. There exist
good agreement in shape between our normalized loss function
Wb(T) and the transmission EELS determination of Im{�1/
�(x,q = 0)} by Daniels. This could be seen as an indication that
the transmission EELS measurements are affected by elastic multi-
ple scattering in a similar way as our reflection REELS measure-
ments. Clearly the validity of the procedure used for extracting
Im � 1/�(x,q = 0) from a loss function needs further development
and testing.

5. Summary and Conclusion

It is of course impossible to get direct experimental confirma-
tion of the procedure used to extract the volume and surface loss
functions (this would make the procedure superfluous), but consis-
tency checks can be done, and comparisons with loss functions ob-
tained with other methods can be made. Here, we summarize the
main observations made.

There is fair agreement between the volume and surface loss
functions obtained using the two guns. Thus, in spite of the fact
that the raw spectra are very different, the obtained surface and
bulk loss function obtained for both geometries are fairly consis-
tent. Peak positions are virtually the same, and the intensity repro-
duces within 10–20%. To what extend the intensity variations are
due to shortcomings in the experiment and theory has to be inves-
tigated further.

In the high-energy limit the contribution of surface excitations
should become vanishing small, and the Tougaard–Chorkendorff
procedure should become a valid way to determine the volume
loss function. None of the current measurements are close to this
limit. However, using the TC procedure for a range of energies
we can see that the obtained loss function starts approaching the
loss function determined by the procedure described in [21]. The
shape of the TC loss function can be described very well using
the partial intensity analysis, as given in Eq. (8).

The decomposition procedure suggests that the peak near
3.7 eV is due to both surface and volume excitations. This contrasts
to the conclusion reached by Ding et al. that, for the energies they
considered (up to 1.5 keV), this feature should be considered as a
pure surface excitation [20]. There is quite clear direct experimen-
tal evidence that in the present energy range both surface and vol-
ume excitations contribute to the 3.7 eV peak:

� The decrease in intensity with increasing energy is slower than
what is expected for a pure surface excitation.

� Deposition of Al causes a dramatic reduction of this feature
under surface sensitive conditions, but only a marginal decrease
in intensity under volume-sensitive conditions, suggesting that
in the latter case much of the intensity is due to volume
excitations.

� There is a small but clear shift in peak position before and after
Al deposition. This shift is in-line with the separation for surface
and volume loss features as found experimentally in transmis-
sion experiments.

Thus we conclude that the presence of a peak near 3.7 eV in the
volume loss function of Fig. 4 is real and not a remnant of the
strong surface excitation peak at this energy.

In summary the surface and volume loss functions derived from
Ag REELS spectra are consistent with many of the observations
made for this well studied system under various conditions both
by ourselves and by others. The next important step is the decon-
volution of the loss function to extract Im{�1/�(x,q = 0)}, and a
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Fig. 10. The loss function Im{�1/�} (dotted line) obtained in this work, compared
Im{�1/�} derived from optical data (dash-dotted line), as given by Palik [24], and
Im{�1/�} as obtained by Daniels [33] from transmission electron energy loss spe-
ctroscopy (black line). Although there are qualitative agreements between the three
determinations of Im{�1/�}, quantitatively they are all different. Surprisingly the
normalized bulk loss function Wb(T) obtained in this work resembles in shape I-
m{�1/�} obtained by Daniels in a transmission electron energy loss experiment very
well.
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first attempt was made to do this. Some discrepancies are found
between our results of Im{�1/�(x,q = 0)} and those obtained by
transmission EELS measurements obtained some time ago at mod-
est energies. It would be helpful if transmission EELS experiments
could be done at higher energies (less multiple scattering) and
well-defined surface conditions, to provide benchmark results for
Im{�1/�(x,q = 0)}, that can be used to test the validity of the same
quantity extracted from REELS experiments.
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