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We present the results of an experiment aimed at studying the archetypal properties of the
aluminum bulk plasmon at an organic/metal interface. Electron-electron coincidence spectroscopy
is used to determine the contribution of aluminum bulk plasmon decay to the ionization of a thin
copper phthalocyanine (CuPc) film. The latter directly depends on the amplitude of the bulk
plasmon electric field (generated in the metal substrate) protruding inside the molecular overlayer.
The emission of low energy electrons (LEE) from the clean substrate is dominated by plasmon-
assisted ionization events. These events are not observed when the molecules are adsorbed onto the
surface. Our findings suggest that - for the considered system - the bulk plasmon wave is confined
within the medium in which it is generated and the interaction of the plasmon field with electrons
located in the molecular overlayer does not lead to the emission of low energy electrons.

I. INTRODUCTION

The quantum of elementary excitation associated with
the coherent oscillation of the valence band electrons of a
solid is called plasmon. The term was first introduced in
1956 by Pines due to the resemblance of these collective
modes to the electronic plasma oscillations in gaseous
discharges.! Plasmons are commonly distinguished as ei-
ther bulk and surface modes. A bulk plasmon (BP) is
a longitudinal wave that propagates through the volume
of the metal. The wave produces electron density varia-
tions along its direction of propagation. A surface plas-
mon (SP) corresponds to an electromagnetic wave prop-
agating along a solid/vacuum interface.? The induced
charge density is such that the component of the plas-
mon electric field perpendicular to the interface is en-
hanced near the surface and exponentially decays with
distance with a penetration depth of the order of the
plasmon wavelength on the vacuum side and one or-
der of magnitude lower on the metal side due to skin
effect.®> This strong, confined electric field is responsible
for several plasmon-mediated enhancement phenomena
with applications in the fields of optoelectronics,*® en-
ergy storage and conversion,®® biosensing.? A detailed
knowledge of plasmon excitation and decay mechanisms
is therefore of crucial relevance in order to improve effi-
ciency of many phenomena that constitute background to
technologically important processes, such as energetically
demanding chemical reactions,'® photovoltaic devices'!
and photoelectrochemical systems.'?

Despite the vast amount of literature on the investiga-
tion of surface plasmons, less attention has been devoted
to the study of bulk plasmons. In particular not too
much is known about the characteristics of bulk oscilla-
tions at the boundary between a metal and a dielectric
medium. One question which is not answered yet is if
the bulk plasmon wave is confined within the medium in
which it is generated or if its influence can extend beyond

the surface. In this paper we address this question by in-
vestigating the spectrum of low energy electrons (LEE)
generated by a bulk plasmon decay when a thin molecu-
lar film is deposited onto the metal surface.

It is well established that both bulk and surface plas-
mons can undergo a non-radiative decay through the
transfer of a plasmon quantum to a single electron-hole
pair. The decay acts like a photoemission process in
which the plasmon plays the role of the photon with the
exception that, depending on the plasmon momentum,
non-vertical electronic transitions are possible.'?

When a mono-energetic electron beam of sufficiently
high primary energy impinges on a metal surface, fea-
tures associated with the excitation of plasmons are com-
monly observed in the kinetic energy distribution of back-
scattered electrons. Plasmon energies in free-electron
metals are of the order of 10 — 20 eV, thus their de-
cay often results in the emission of electrons in the low
kinetic energy, or secondary electron (SE) energy region
of the spectrum. Unfortunately, the rather featureless
spectrum associated with SEs prevents one from disen-
tangling the contribution of the plasmon decay to the
total secondary electron spectrum. One possible way to
overcome this drawback is to use an electron-electron co-
incidence spectroscopy. This technique consists of de-
tecting correlated electron-pairs. In the specific case dis-
cussed here, the sample is excited by means of an electron
beam giving rise to a one-electron-in, two-electrons-out
(e,2e) process. Back-scattered electrons carry informa-
tion about the excitation, in this case a plasmon, that
was stimulated in the sample, while the emitted electrons
provide information about the decay process.

Many experiments confirm the correlation between
plasmon excitation and LEE emission.!>2% In addition,
(e,2e) spectroscopy has been proven very effective in dis-
entangling secondary electrons generated by decay of a
selected plasmon excitation!®>!? and in highlighting the
extreme surface sensitivity of the plasmon decay?’. In
those works it was pointed out that the energy- and
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FIG. 1. (Color online) (a) Schematic of the experimental
apparatus used to detect the reflected (analyzer 1) and sec-
ondary electrons (analyzer 2) in coincidence. A specular scat-
tering geometry is adopted in which the reflected electrons
have the same angle to the surface normal than the primary
electrons (0, = 0;).

angle- distribution of electrons emitted in coincidence
with plasmon excitation is closely related to the band
structure of the solid. It was additionally observed that
the maximum of the plasmon decay cross-section occurs
when electrons from surface states are excited.'®20 This
is valid for both bulk and surface plasmons and suggests
that the bulk plasmon oscillation also presents a non-
vanishing intensity at the metal surface. That being the
case, it raises the question of how the metal bulk plasmon
decay is influenced by modification of the surface, such
as the adsorption of an organic overlayer.

To this end we prepared a thin (4 A) copper-
phtalocyanine (CuPc) layer on Al(111). We performed
(e,2e) spectroscopy on both the clean and covered sur-
face and observed the disappearance of the plasmon de-
cay contribution to electron emission in the second case.
This suggests that the influence of the bulk plasmon does
not extend in the molecular layer but is confined in the
half-space of the aluminum crystal.

II. EXPERIMENTAL DETAILS

The coincidence setup has been described in more de-
tail elsewhere.'®29 Thus, we recall here only the funda-
mental aspects of the experiment that are illustrated in
Fig. 1. In the (e,2e) experiment the sample is excited by
means of an electron beam of energy Ey = 103 eV. The
electron-pairs are detected by means of two hemispherical
analyzers. The first one (analyzer 1) is used to detect the
back-scattered electrons at kinetic energies within several
eV of the primary beam energy, while the second one (an-
alyzer 2) scans over the SE spectrum. The accepted polar

angles are +1.0° and £+2.0° for analyzer 1 and 2, respec-
tively. The electron beam hits the sample with an angle
0; = 15° with respect to the normal to the surface. In
order to maximize the coincidence intensity, a specular-
reflection geometry was employed where the incoming
electrons are back-scattered at an angle 6, = 6; = 15°.
The mutual angle between the analyzers is 90° so that the
take-off angle of SE with respect to the sample surface
equals 0,. Analyzer 1 and 2 have an energy resolution
of 01 = 1.2 eV and oy = 2.8 €V, respectively. The to-
tal energy resolution for the coincidence experiment is
given by 0cpinc = \/0% + 05 and amounts to 3.0 eV. The
setup is additionally equipped with a He-discharge lamp
(hv = 21.2 eV), a deuterium lamp (hv = 4 — 10 eV)
and Al K, X-ray source (hv = 1486.7 eV) to perform
valence-band and core-level photoemission experiments.

The Al(111) single-crystal was cleaned by several cy-
cles of ArT-ion sputtering (1.5 keV) and annealing at
720 K. This procedure results in a very sharp low energy
electron diffraction (LEED) pattern and X-Ray photoe-
mission spectroscopy (XPS) signal of common contami-
nants below the detection limit. The surface was oriented
with the T' — M high-symmetry direction lying within
the scattering plane defined by the wave vector of the
incident (ko) and scattered (ki) electron. CuPc films
were grown in-situ via sublimation of CuPc powder (pre-
pared according to the method described in Ref. 21)
in a Knudsen-type evaporator held at a temperature of
570 K. The substrate was at room temperature during
evaporation. In this condition the CuPc molecules are
randomly oriented and do not form any ordered struc-
ture on the substrate. The evaporation rate was mon-
itored by means of a quartz crystal microbalance and
set to 0.25 A/min. The thickness of the molecular layer
was additionally checked via monitoring the intensity of
the C 1s XPS line. The work function of the system de-
creases with the amount of deposited molecules. It moves
from 4.2 eV (clean aluminum) to 3.7 eV when the CuPc
thickness grows up to 3 A. This value does not change for
larger CuPc thickness. This suggests that the completion
of a CuPc layer (ML) is obtained at a thickness of 3 A.
Therefore the coverage selected in this experiment (4 A)
corresponds to ~ 1.3 ML. The integrity of the CuPc film
was constantly monitored and no sign of degradation was
observed during electron exposure. Despite that the sub-
strate cleaning procedure was repeated and a new CuPc
layer evaporated every 48 hours. The acquisition time of
each point in the coincidence spectra is 5 hours for the
Al(111) and 16 hours for CuPc/Al(111).

III. RESULTS AND DISCUSSION
A. Plasmon excitation

Fig. 2 displays the electron energy loss (EEL) spectra
of Al(111) (top) and 4 A CuPc/Al(111) (bottom) ob-
tained with a primary electron energy Fy = 103 eV. The
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FIG. 2. (Color online). Top: Electron energy loss spectrum of
Al(111) (black points). The red continuous line represents the
best fit obtained summing the contribution of surface (SP),
bulk (BP) and multipole (MP) plasmon. Bottom: Electron
energy loss spectrum of 4 A CuPc/Al(111).

EEL intensity is reported as a function of the kinetic
energy of the scattered electron (Ep, bottom axis) and
of the energy loss (E, = Ey — E1, top axis). The ex-
perimental geometry is the same used in the coincidence
experiment. The total energy resolution (source + ana-
lyzer) is 0.45 eV. The spectrum of Al(111) is dominated
by two intense structures associated with the bulk (E =
15.1+0.1 V) and surface (Er, = 10.5+0.1 V) plasmon.
A third peak at intermediate energy (Fr = 13.0£0.2 eV)
corresponds to the excitation of a multipole surface plas-
mon (MP)?? i.e. a surface plasmon whose charge dis-
tribution has a multipole character.?? A fourth structure
appears on the low-energy loss side of the spectrum and
it corresponds to a quasi-vertical transition between oc-
cupied and unoccupied surface resonance close to the M
point of the Al(111) surface Brilluoin zone.?*

The deposition of 4 A CuPc leads to a sizable change of
the EEL spectrum. The intensity of the BP is strongly
attenuated while the MP and SP loss features are not
clearly discernible from the background. The evolution
of the Al surface plasmon as a function of the CuPc¢ thick-
ness was already studied in a previous work.?' At the
early stages of the growth the SP energy shifts to lower
values when the thickness of the molecular layer is in-
creased. When the CuPc thickness grows up to 3 A the
SP energy decreases to about 8 eV and it is not possi-
ble to resolve it from the (7 — 7*) molecular transitions

observed as a broad structure appearing between 4 and
8 eV energy loss. This behavior is ascribed to the forma-
tion of an interface plasmon, i.e. a surface plasmon wave
propagating in the metal substrate and whose energy is
modified by the dielectric response of the CuPc layer.2!
The thickness of the molecular layer is such that contri-
butions from the substrate (e.g. the bulk plasmon loss)
are still detectable in the EEL spectrum. This is be-
cause the electron inelastic mean free path (IMFP) at
the energies used in these measurements is large enough
to let the back-scattered electrons have a high probability
of travelling through the molecular layer and reach the
vacuum without suffering an inelastic scattering. The
IMFP of organic compounds can be calculated using the
Tanuma, Powell and Penn (TPP-2M)2?5 formula. It re-
sults that for CuPc the IMFP of the back-scattered elec-
trons (Acupe) corresponds to nearly 10 A. This value is
larger than the thickness of the molecular layer (4 A) and
ensures the possibility to obtain information about the
organic/inorganic interface. At the same time the small
IMFP of Al (A4 = 5.2 A)?® ensures that more than 90%
of the detected electrons are back-scattered from a depth
< 10 A from the interface. Moreover, the high surface
sensitivity of electron energy loss spectroscopy is addi-
tionally increased in the (e,2e) experiment as observed in
all electron-electron coincidence experiments.'”27:28 The
bulk plasmons selected by the coincidence experiments
discussed in the next subsection are therefore generated
in the first atomic planes of the metal substrate. This re-
sults in the largest superposition between the bulk plas-
mon electric field and molecular electrons wavefunctions.
This superposition is an essential condition to observe
the emission of electrons from the CuPc layer driven by
bulk plasmon decay.?’

B. Plasmon decay

Fig. 3 shows the secondary electron spectra (dashed
line) of the clean Al(111) surface (top) and of 4 A
CuPc/Al(111) (bottom) produced when the surfaces are
exposed to an electron beam with a primary energy of
103 eV. The CuPc spectrum is peaked at low kinetic en-
ergy (F2 < 3 eV) and its intensity decreases at higher
energy. The Al(111) spectrum presents a broader shape
with a maximum around Fs =6 eV.

The fact that differences are observed between the spec-
tra of the clean and covered surface is not surpris-
ing because the emission of SE is a material depen-
dent phenomenon. For example, it depends on the
density of occupied and unoccupied electronic states of
the system®%3! and on the morphology of its surface.3?
In addition LEE generated in plasmon decay processes
also contribute to the SE spectrum. However, non-
coincidence measurements alone are not sufficient to de-
termine the origin of the observed differences.

Fig. 3 also shows coincidence spectra (circles with error
bars) obtained when the analyzer detecting the back-



scattered electrons is set to the characteristic energy
of the aluminum bulk plasmon (E; = 87.9 ¢V) while
the second analyzer scans the SE spectrum (3 < Ep <
13 eV). The coincidence rate is reported as a function of
the kinetic energy of the emitted electrons. The spec-
trum of the clean aluminum surface (top panel) differs
from the corresponding SE spectrum. The coincidence
rate increases with the kinetic energy of the emitted elec-
tron and reaches its maximum value of 1 x 10~2 Hz at
Ey = 8 eV. For higher energies the intensity suddenly
decreases and vanishes for Fy > 12 eV.

Previous work has shown that a relevant plasmon de-
cay channel proceeds through the formation of a single-
electron hole pair.'>19:20 In other words the (e,2e) pro-
cess can be interpreted in terms of a scattering event in
which the energy and momentum of the excited plasmon
are transferred to one electron-hole pair, when the elec-
tron is emitted from the sample. Energy and momentum
conservation laws have to be satisfied in this event:

Ey = (Ey — E1) — By, — ¢a, (1)
q) = ko — k. (2)

Equation (1) asserts that the kinetic energy of the emit-
ted electron, Es, corresponds to the difference between
the energy lost by the scattered electron, Fo — E1 = hwy,
and the binding energy in the initial state, Ej. ¢4 is the
work function of the analyzer used to detect the low en-
ergy electrons. Equation (2) ensures the conservation of
the wave vector component parallel to the surface. The
wave vector of the target electron inside the sample (qj)
is given by the difference of the wave vector of the emit-
ted electron (kg ) and of the excited bulk plasmon (k).
The latter corresponds the momentum transferred by the
incoming electron to excite the bulk plasmon.

Owing to the above mentioned conservation laws the
coincidence spectrum can be correlated to the band struc-
ture of the investigated system. Figure 4 shows the elec-
tronic structure of Al(111) calculated by Heinrichsmeier
et al.2 The light gray region is the projection of the bulk
structure onto the surface. The dark gray region corre-
sponds to a broad surface resonance. Sharper surface res-
onances are indicated by the filled circles connected by
the black lines. Using equations (1) and (2) we are able
to determine the binding energy and crystal wave vector
of the target electron for each point of the coincidence
spectrum. These are represented by the orange squares
superimposed to the electronic structure of Fig. 4. Each
point is surrounded by a rectangular box accounting for
energy resolution and wave vector acceptance of the elec-
tron energy analyzers.

A comparison between the Al(111) band structure and
the regions of the momentum-energy space explored by
the coincidence experiment is useful to understand the
cross-section of the (e,2e) process. In order to induce
electron emission it is essential that occupied electronic
states are available. Thus, we expect to have high coin-
cidence rate when the superposition between aluminum
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FIG. 3. (Color online) Data points with error bars: SE spec-
trum measured in coincidence with the aluminum bulk plas-
mon loss feature of Al(111) (top) and 4 A CuPc/Al(111) (bot-
tom). The dashed (green) lines represent the corresponding
SE spectra measured by analyzer 2 alone.

electronic states and portions of the momentum-energy
space accessed by the experiment is maximum. This is in-
deed the case for Al(111). The lowest coincidence inten-
sity is observed at high (Ey > 11 eV) and low (E; < 4 €V)
kinetic energy of the emitted electron. The high-kinetic-
energy onset observed in the spectrum at Fy = 11.2 eV
corresponds to the emission of electrons from the Fermi
level and it is indicated by the vertical line in Fig. 3. The
intensity reduction at low kinetic energy corresponds to
sampled regions falling in a projected band gap, where no
electron is available for emission. The maximum of the
(e,2e) spectrum (6 < Fy < 10 eV) is observed for initial
binding energy and momentum of the emitted electron
that fall in the projected bulk band of Al(111). In a pre-
vious work it was demonstrated that the aluminum bulk
plasmon can decay through the emission of electrons from
surface states.?0 This evidence suggests that the coinci-
dence signal at Ej, < 3 eV and q > 0.7 A~* contains
contributions from both bulk states and the broad sur-
face resonance. This is because the electric field of the
bulk plasmon has non-vanishing intensity at the surface.
This suggests that in principle it might extend beyond
the interface between the metal and the molecular layer
in the CuPc/Al case.

The (e,2e) spectrum of CuPc/Al(111) (bottom panel)
differs drastically from the one of the clean substrate.
The coincidence intensity is reduced by nearly five times
and it reaches its maximum value (2.5 x 1072 Hz) at the
lowest scanned kinetic energy (Es = 3 eV). The signal



strongly decreases towards higher kinetic energies and
vanishes above the Fermi energy threshold located at
Ey = 11.2 eV. In order to understand the origin of the
coincidence spectrum of the molecular film it is helpful
to compare it to the corresponding ultraviolet photoe-
misssion spectrum. Figure 5 shows the UPS spectrum of
4 A CuPc/Al(111) measured using Hel radiation (green
crosses). The origin of the different structures of the pho-
toemission spectrum have been discussed elsewhere.?3
Here we just highlight the presence of several molecu-
lar levels. The CuPc highest occupied molecular orbital
(HOMO) is observed as a weak structure at a binding en-
ergy of 1.5 eV. Lower lying occupied molecular orbitals
give rise to the three structures observed in the bind-
ing energy range from 3 to 10 eV. When the resolution
of the analyzer is degraded to the value used in the co-
incidence measurement (o = 3 eV) the photoemission
spectrum results in the red dashed curve monotonically
decreasing towards lower binding energies. For compar-
ison the CuPc coincidence spectrum of Fig. 3 is plotted
as a function of the emitted electron binding energy, Ej,
obtained from (1) (open circles). It is evident that the
coincidence and photoemission line show no remarkable
difference. These results suggest that the measured (e,2e)
spectrum can be understood in terms of the emission of
electrons from occupied molecular orbitals. The equiva-
lence between the energy- and momentum- distribution
of (e,2e) and photoemission cross sections has been al-
ready pointed out for metallic surfaces.?*3% Due to its
high surface sensitivity, (e,2e) spectroscopy was used to
determine the energy and momentum distribution of two
surface states of W(001)3* and of an oxygen induced state
of O/W(001).3% As a first result our experiment confirms
that the coincidence technique can be additionally em-
ployed to study the electronic structure of thin films of
organic molecules.

Once it is clear that the CuPc/Al(111) (e,2e) spec-
trum is dominated by the emission of electrons from the
molecular film we want to determine the contribution
of the plasmon excitation to the CuPc ionization. This
is done via recording coincidence spectra in which the
sum energy of the detected electrons, Egym = F1 + Es,
is kept constant. According to the energy conservation
law of (1), the electron sum energy corresponds to the
difference between the energy of the incoming electron
(Eop = 103 eV) and the binding energy of the target
electron (FEp). Thus, in constant sum-energy spectra the
binding energy of the emitted electron is fixed. In this
condition two possible mechanisms can contribute to the
coincidence intensity. When the energy lost by the back-
scattered electron is higher than plasmons’ energies, LEE
can be only emitted by direct electron-electron scatter-
ing. In this case no plasmon is excited and the scattered
electron directly transfers a part of its energy and mo-
mentum to a bound electron. For energy losses close to
plasmons’ excitation energies the contribution of plas-
mon decay adds a second channel in addition to the one
of direct scattering. The results of the constant-sum-

energy measurements are reported in Fig. 6 where the
coincidence rate (symbols with error bars) is plotted as a
function of the energy loss of the scattered electron. For
comparison the corresponding EEL spectrum, recorded
in the same conditions used in the coincidence experi-
ment, is shown (dashed line). Two different sum energies
were investigated, Egum, = 92.5 eV and 97.5 eV. Those
were selected to detect electrons emitted from occupied
states at £ = 6.3+1.5eV and Ep = 1.3+1.5eV, respec-
tively. In the former case (circles) the selected binding
energy corresponds to occupied electronic levels in both
the aluminum substrate and the CuPc overlayer. This is
an ideal choice to compare the contribution of plasmon
decay between the clean and covered surface. However,
owing to energy conservation only electrons associated
with the bulk plasmon excitation can be detected (the
surface plasmon energy is not large enough to emit elec-
trons from states at binding energy higher than 6 eV). In
order to investigate the contribution of surface plasmon
decay in Al(111) a lower binding energy (E, = 1.3 eV)
has been additionally considered (top panel, triangles).
It is evident that the (e,2e) cross-section of the clean
surface resonantly increases when the energy loss of the
incoming electron corresponds to the energy of surface
and bulk plasmon. This effect was already observed by
Samarin et al.'5 and by us!? in earlier works on LiF and
Be(0001), respectively. This means that the contribution
of direct electron-electron scattering is negligible when
compared to the contribution associated with plasmon
decay. In addition the surface plasmon contribution to
the (e,2e) signal is higher than the bulk plasmon one.
This difference cannot be related to the initial state of the
scattering process. In fact, the regions of the momentum-
energy space accessed at the characteristic energy loss of
bulk and surface plasmon are located at analogous por-
tion of the projected Al band structure. In both cases
electrons from bulk states and from the broad surface res-
onance are excited. Thus, the increased surface signal is
most probably related to the extreme surface sensitivity
of (e,2e) spectroscopy. The electric field associated with
surface plasmon has maximum intensity at the surface,
therefore the detection of LEE generated in the decay
of surface plasmons is favored in the coincidence experi-
ment.

The bottom panel of Fig. 6 shows the coincidence spec-
trum of CuPc¢/Al(111) obtained for Ey + E2 = 92.5 eV.
The (e,2e) spectrum does not show the same resonant
behavior as Al(111). The coincidence signal monotoni-
cally increases towards lower energy loss and no intensity
enhancement is observed in correspondence of the bulk
plasmon excitation which is clearly visible in the EEL
spectrum. This implies that the (e,2e) signal is essen-
tially associated with direct electron-electron scattering
and plasmon decay via emission of LEE from the molec-
ular layer is not observed. Although bulk plasmons have
been demonstrated to be able to decay through surface
states of the system in which they have been excited,
it is evident that they do not decay through states of
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FIG. 4. (Color online) Initial binding energy and momen-
tum of LEE emitted in the decay of Al(111) bulk plasmon
(orange squares) obtained from Egs. (1) and (2). The height
and width of the rectangular boxes take into account energy
and momentum resolution of the experimental setup. The ki-
netic energy of the emitted electron is indicated in the right
axis. The background, adapted from Ref. 24, represents the
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FIG. 6. (Color online) Data points with error bars: electron-
electron coincidence spectra of Al(111) (top) and 4 A
CuPc/Al(111) (bottom) obtained at E1 + E2 = 97.5 eV (open
triangles) and E1 + E2 = 92.5 eV (open circles). The coinci-
dence spectra are compared to the corresponding energy loss
spectra (dashed green line).

the molecular overlayer, not even when the organic film
thickness is smaller than the wavelength of the field as-
sociated to the bulk plasmon, A\, = 16 A. The current
measurements can not fully illuminate the reason behind
this effect but we will try to give a tentative explanation
in the following. Non radiative plasmon decay is a quan-
tum mechanical process in which the plasmon-induced
electric field, which represents a time-dependent pertur-
bation on valence electrons, can induce the generation
of one elecron-hole pair and eventually the emission of a
low-energy electron.®® In analogy to photoemission the
transition matrix element depends on the scalar prod-
uct of the plasmon vector potential and the electron-
hole dipole moment.?° Thus the transition probability
depends on the relative orientation of the two vectors
and on their amplitude. In the performed experiment the
first contribution is averaged and does not play a major
role. This is because the CuPc molecules are randomly
oriented onto the aluminum surface. In this condition,
the fact that we do not observe any contribution related
to plasmon decay in the coincidence spectrum of CuPc
is most probably a consequence of the fact that the bulk
plasmon vector potential (hence electric field) intensity
is strongly reduced in the molecular overlayer.

Pinchuk and Kreibig have studied the damping of the sur-
face plasmon in metallic nanoparticles.>” They observed
that the plasmon line is broadened when molecules are
adsorbed on their surface. This effect is related to the



presence of an additional plasmon decay channel due to
molecule-induced unoccupied states just above the metal
Fermi level.3” The presence of these states make it possi-
ble for the plasmon electrons to penetrate into the molec-
ular layer and then be reflected back into the metal. The
penetration and reflection process adds additional phase
shifts to the involved electrons and leads to a damping
of the plasmon mode due to a pure dephasing process.
The latter involves elastic scattering and only leads to a
destruction of the phase-coherence of the plasmon wave
without any electron emission. The pure dephasing con-
tribution to the plasmon lifetime depends on the position
and width of the induced states and on the polarizability
of the adsorbed molecules.?” All of these parameters are
related to the strength of the interaction between the sub-
strate and the molecules. Earlier studies of CuPc films
on aluminum showed a strong interaction at the interface
which results in a charge transfer from the substrate to
the organic film in the early stages of the growth.®® This
leads to the formation of a partially filled band resulting
from the hybridization of the CuPc lowest unoccupied
molecular orbital (LUMO) and aluminum states close to
the Fermi level. The induced interface state might be
responsible for the enhancement of the pure dephasing
of the plasmon wave (at the interface) at the expenses of
the electron-hole pair generation channel. Note, however,
that this is a tentative explanation and our experimental
results do not determine the exact cause behind the lack
of interaction between the metal bulk plasmon and the
molecular electrons. In order to get a deeper understand-
ing of the observed phenomenon theoretical calculations
will be essential. Additional experiments performed on
different overlayers (e.g. organic systems with different
electronic structure and polarizability) will be also useful
to determine the effect of the electronic properties of the
molecules on the decay process.

IV. SUMMARY AND CONCLUSIONS

We studied the spatial localization of the aluminum
bulk plasmon looking at the low energy electron emis-
sion of a thin CuPc layer on Al(111). LEE emission and
plasmon excitation are bound together by non-radiative
plasmon decay, a process resulting in the emission of
low energy electrons. The measured (e,2e) spectra of
CuPc/Al(111) revealed that LEE emission is dominated
by direct electron-electron scattering. In this regime
the energy distribution of the (e,2e) signal resembles the
one observed in photoemission experiments, without any
trace of cross section enhancement in correspondence of
the bulk plasmon frequency. This is clear evidence for
the (e,2e) cross section being dominated by direct dipo-
lar scattering of the incoming electron with the molecules
deposited onto the Al surface.

The absence of the contribution associated with plasmon
decay in the SE spectrum of CuPc implies that the inter-
action of the aluminum bulk plasmon with the electrons
in the molecular adsorbate does not lead to the emission
of low energy electrons. We speculate that this is due
to the fact that the plasma oscillation is confined within
the half-space of the Al crystal and its wave function van-
ishes or is strongly damped beyond the organic/inorganic
interface. We tentatively ascribe this result to the elec-
tronic properties of the molecular adsorbate that might
lead to a shortening of the dephasing time of the elec-
tronic collective motion at the interface.

Additional experiments on different metal substrates and
different organic molecules will be helpful to determine if
this effect is proper of the investigated system or if this
is a general property of metal/organic interfaces.
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