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Influence of Al concentration on the energy loss spectrum of the sub-
strate was observed. Also the dependences of the loss amplitude and energy
on the primary energy and the layer thickness were studied.
PACS numbers: 79.20.-m, 73.20.Μf

1. Introduction

Energy loss spectroscopy (ELS) is a source of information on energies of both
surface atom excitations and the electron gas collective oscillations — plasmons.
According to the theoretical model [1] the plasmon energy depends on the electron
gas density. There are two plasma oscillation frequencies ωb and ωs , the latter
is attributed to an abrupt change of the electron density at a surface (surface
plasmon), while the former is a frequency of the plasma oscillations in the bulk
(volume plasmon). Occurrence of the surface and volume plasmons is connected
with a free electron gas of density characteristic of a given metal. A metal deposited
on a surface of another metal changes the frequency of the substrate plasmons
which is a result of mixing of the electron gas from the substrate and adsorbate.
When a density of an electron gas of the adsorbate layer reaches a value attributed
to a solid also the plasmons with energy characteristic of the adsorbate should
appear [2]. So, for thin layers occurrence of both substrate and adsorbate plasmons
is expected as long as the penetration depth of the primary electron beam is larger
than the adsorbate thickness. for the lowest coverages θ → 0 when the electron
gas of the substrate and adsorbate is mixed [2] the adsorbate plasmons should
not be expected, however, in some papers [3-7] such features were reported and
interpreted as plasmon losses.

Our studies concern the appearance of the plasmon losses of the adsorbate
and disappearance of the plasmon losses of the substrate during the adsorbate
deposition. We chose the aluminium coverage to our study for its relatively simple
electronic stucture, for this metal the free electron model is tue without any
exceptions and the excitation energy of the electrons from inner shells is 78 eV or
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more. For Al the plasmons, which are due to the penetration or reflection of high
energy electron beam [8] as well as to the emission of photoelectrons from inner
levels [9] or Auger electrons [10], are well known. The earlier work [11] reports
a layer-by-layer aluminium growth on the Mo(110) surface and for low coverage
(θ < 1 ML, 1 ML = 14.12 x 10 14 atm/cm2) annealing at 900 K changes the surface
density of the adsorbate. For these reasons it seems to be an ideal system for our
study.

2. Experimental

The measurements were performed in UHV system at a pressure of residual
gasses of 3 x 10 -10 torr. The sample surface was perpendicular to the [110] direction
with an accuracy of ±0.050. The surface was thoroughly cleaned by prolongated
heating to 1200 K with simultaneous oxygen exposure (at a pressure of 10 -7 torr)
and then subjected to short oxygen exposures and flash-heating at 2000 K. The
carbon and molybdenum Auger signal ratio was 1:600, the same was in the case
of oxygen and molybdenum. Aluminium was evaporated from a tungsten cup, this
source needed a very careful work (especially outgassing of interior parts of the
system) to avoid the aluminium oxidation [11].

The energy loss spectra were measured using a spherical analyser with a
retarding field. Due to such an analyser the crystallographic changes of the adsor-
bate layer did not influence the amplitude of the measured losses, the spectra were
recorded in dN/dE mode, the modulation voltage was 0.5 V peak-to-peak and the
time constant was 1 s. The energy of the electron beam used to investigate the
coverage influence on the observed losses was Εp = 94 eV. The primary electron
current was ranging from a few tenths to a few μA, which was dependent on Ε.

Measurements of the coverage dependent features were performed on freshly
evaporated layers, their thickness was determined using the AES. Studies of the
primary energy Εp influence were carried for a few layers of various thicknes for
increasing and decreasing Ep -values to exclude an influence of residual gasses on
the examined surfaces. Each measurement cycle was followed by the measurement
of the oxygen and carbon Auger signals, their relation to pure molybdenum did
not exceed 1:100.

3. Results

The loss spectrum of a thick aluminium layer (thickness exceeding 50 ML
was determined from the evaporation time) is shown in Fig. 1. In the Al layer two
losses as well as their multiplicities occur. The loss of energy of about 11 eV is
visible from the lowest coverage; its amplitude vs. coverage plot is presented in
Fig. 2. This amplitude is also influenced by the crystallographic structure of the
layer. Changes of the layer stucture due to annealing are also shown in Fig. 2.
The amplitude and energy changes of the loss attributed to the surface and volume
plasmons of the substrate due to the aluminium deposition are presented in Fig. 3.
Also the changes of the loss energy and amplitude related to the volume plasmon
of the adsorbate are presented in this figure. It follows from the figure that the
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plasmon amplitude decreases quickly, and gradual changes of the plasmon energy
are observed, while the volume plasmon in Al appears for the 3 ML coverage,
but the energy characteristic of this loss is attributed to the loss for the coverage
exceeding 10 ML.

Dependences of amplitudes and energies of chosen losses on the primary
energy are presented in the next three figures. Figures 4 and 5 show the results
obtained for two predominant losses in molybdenum and aluminium, respectively.
Measurements performed for 0.87 ML aluminium coverage are presented in Fig. 6.
This figure shows data obtained for both the adsorbate and substrate. They reveal
that the low energy losses (at about 11 eV) have a maximum at Ε = 200 eV.
Energy of these losses depend on the primary energy, for Ep > 200 eV, the loss
energies are increased of about 0.5 eV. The results obtained for different coverages
agree well with those presented in Fig. 6. The loss amplitudes shown in Figs. 3-6
were normalized to the elastic peak amplitude. The energy was measured between
the bending points of the loss and elastic peak (the midpoints of the derivative
amplitudes).

4. Discussion

The energies of the observed Al losses 11.12 and 15.5 eV are very close to the
energies of the surface and volume plasmons in aluminium [8]. In molybdenum the
loss energies 22 and 25 eV, (the electron gas density is the same in both elements)
are considered analogously to tungsten as losses related to the surface and volume
plasmons, respectively. The half-width of these losses are large, therefore they
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cannot be distinguished. Figures 3, 4 and 6 show jointly amplitudes and energies
of both those features. However, the interpretation of the 10.8 eV loss in the paper
[12] is not clear, the corresponding loss in tungsten is determined as a interband
transition. This loss cannot be observed during the Al evaporation as in Al there
is a loss with similar energy. The coverage dependences of loss amplitudes and
energies measured during the aluminium deposition are plotted in Figs. 2 and 3.
Considering the fact that the thickness of a layer in which the plasmons can be
created by the electron beam of energy of 94 eV, cannot exceed 3 ML (the creation
depth is 1.5 times larger than the penetration depth [9]) it is not clear why the
substrate plasmon disappears when the adsorbate thickness exceeds 2 ML. The loss
energy decrease agrees with the expected value only for the coverage θ 1 ML
and then is enhanced non-monotonically to 21.2 eV and for θ = 1.3 ML abruptly
increases to 22.4 eV. This coverage is characteristic of not annealed aluminium
layer, namely for such coverage a rare (3 x 1) stucture of the layer is transformed
into a close (2 x 2) stucture. In the former case the layer density is 0.67 of the
substrate density so (1.3 ML corresponds to 2 layers of density 0.67), and in the
latter case a density is equal to 1.02 of the substrate density. Assuming the surface
layer contribution to the electron density of a layer in which the plasmon is created,
the energy change should be equal to 2 eV, however the observed change is 1 eV.
On the other hand, energy of the just appearing volume plasmon is of 1.5 eV higher
than the value characteristic of a thin layer, which may suggest that the electron
density in such a layer is higher than in metallic aluminium due to the contribution
of the substrate, but this is inconsistent with theoretical results which indicate that
for coverage lower than 1 ML both the substrate and adsorbate plasmons should
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occur [2]. However, the thickness of this layer seems to be too large. We obtained
here a discrepancy, for substrate the thickness of the layer in which plasmons may
be created is 2 ML, while for the adsorbate this thickness is 10 ML.

The results presented in Figs. 4-6 suggest that the low-energy losses in both
Mo and Al are surface dependent. The primary energy increase enlarges the pene-
tration depth and reduces time of the electron transfer through the surface layer,
which produces a decrease of the process yield. It can be assumed that the pro-
cess of generation of these losses is related to the layer which is penetrated by
the electrons of energy 200 eV. Relations between the amplitudes of the surface
and volume plasmons in Al, obtained for high primary energies are consistent with
the results obtained for photoelectrons [9]. Tle loss energy changes related to the
primary energy changes which are visible for pure molybdenum can be explained
by the fact that for low primary energies the surface plasmon with energy 21 eV
predominates, while for Ep > 300 eV the volume plasmon prevails. This may be
due to larger penetration depth, which results in changes in relation between both
losses, the loss with higher energy increases.

The results obtained for 0.87 ML of Al coverage are presented in Fig. 6. They
show that the surface layer density is different, so the energy of the surface-volume
plasmon is lower than for pure Mo, but with increasing primary energy the plas-
mon energy increases up to the value characteristic of pure Mo. The 10.8 eV
loss amplitude increases with decreasing primary energy and reaches a maximum
at Εp = 200 eV. The surface plasmon of such thin Al layer has a maximum at
Εp = 150 eV. For the layers of thickness of 1.5 and 0.34 ML these maxima occur at
200 and 100 eV, respectively. Similarly, for the annealed layer the maximum occurs
at 250 eV. After heating the plasmon energy is higher of 0.5 eV due to the change
of the layer thickness, the density of the annealed layer is 1.3 of that before anneal-
ing, which should change the plasmon energy of 1.5 eV. For the annealed layer the
maximum occurs at 250 eV, the same as a convexity on the curve attributed to the
surface plasmon in a very thick aluminium layer. Therefore the observed Al losses

. may be interpreted as results of two different processes with close energies. The
one attributed to lower energy predominates for small coverages and is related to
the surface. After annealing the second process of energy higher of about 0.5 eV
predominates. This process prevails also for Εp > 250 eV. The corresponding loss
is related to the layer consisting of close-packed islands, in which the conditions on
the plasmon generation are fulfilled. It can be assumed that the electron density
in the island is similar to the electron density for 1 ML adsorbate coverage, so this
loss may be accumulated with the surface plasmon creation. The loss with lower
energy is attributed to the process analogous to the process corresponding to the
10.8 eV loss in Mo. This is indicated by similar dependences of both amplitudes on
Ε. The annealing of thin layers confines partly this process, the most intensively
for θ < 1.3 ML. A physical interpretation of this loss is not clear, however it should
not be attributed to the surface plasmon creation because it occurs also for θ —f 0,
when the electron gas of the substrate and adsorbate is mixed [2]. This may be
explained as due to excitation of the negative charge connected with the adsorbed
atom, or due to the ionization process, however the loss energy is twice as large as
the ionization energy of a free atom. So the transfer of all valence electrons into
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the adsorbate should be expected. When a close-packed island is formed (due to
annealing) the probability of electron transfer is lower.

5. Summary

Despite of relatively simple electronic stucture of aluminium and well-known
process of plasmon excitation, the interpretation of the results obtained is difficult
and complex. It seems that two independent processes with close energies are
related to two different mechanisms of the electron excitation.

Another conclusion drawn from the observations is that for the coverage
lower than 1 ML the substrate and adsorbate electron gas is mixed. The volume
plasmon appears for the coverage exceeding 3 ML and its energy is higher than
that for the solid material.
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