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Surface-plasmon dispersion and multipole surface plasmons in Al„111…
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We have measured the collective electronic excitations of the Al~111! surface by means of angle-resolved
high-resolution electron-energy-loss spectroscopy. Loss spectra reveal both the monopole and the multipole
surface plasmons. The measured dispersion of the monopole surface plasmon is negative, as predicted by
calculations of the dynamic response of the electron at the surface of a free-electron-like sample. The alumi-
num multipole surface plasmon, which was not detected in previous electron-energy-loss investigations, is
clearly observed in present spectra.
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Dynamical screening of electrons at metal surfaces to
external time-dependent probe has attracted much atten1

because it influences many physical properties. Simple m
als have been treated theoretically using the jellium mode
order to describe important effects such as the energy tr
fer between incident particles and substrate and the ex
tion of normal modes of electrons at the surface.2

Detailed density-functional-response calculations pre
that two collective surface modes exist at the surface o
simple metal:2,3 the ordinary surface plasmon,4 which has a
monopole character perpendicular to the surface, and the
called multipole surface plasmon2,5,6 characterized by the
fact that the integral of the electronic density perpendicu
to the surface is zero. Both modes have been fo
experimentally7 at the surface of alkali-metal films b
electron-energy-loss spectroscopy~EELS!. Those early mea-
surements also confirmed the negative dispersion of the
face plasmon predicted by the theory.2

According to theoretical studies,2 the dispersion of the
surface plasmon is related to the positiond(vs) of the cen-
troid of the induced electronic charge. The energy dispers
of the surface plasmon is given by the relation2,7

vs~qi!5vs~0!F12
qid~vs!

2 G , ~1!

where vs5vp /A2 and vp is the bulk plasma frequenc
given by the expressionvp5A4pne2/m, where n is the
density of electrons in the bulk of the material andm is the
mass of the free electron. Ifd(vs) is outside the jellium edge
~positive value ofd), asqi increases, less electrons per u
volume experience the plasmon electric field, resulting i
lower surface plasmon frequency7 ~negative dispersion!; if
d(vs) is inside the jellium,~negative value ofd), asqi in-
creases much more of the plasmon electric field overlaps
region of high electron density of the metal, resulting in
higher surface-plasmon frequency~positive dispersion!.

The good agreement between theory and experim
found for alkali-metal films7 was not confirmed by measure
ments performed on high-density metals such as alumin
The surface-plasmon dispersion of Al surfaces was meas
by inelastic low-energy electron diffraction~ILEED!
investigations.8 The results showed a negative initial dispe
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sion slope in Al~100! and a positive one in Al~111!. Data
from high-energy-loss experiments9 on Al thin films indicate
a positive dispersion. More recent electron-energy-l
measurements10 on Al~111! were unable to solve the intrigu
ing problem because the data showed no clear linear
negative initial dispersion. Moreover, the same EE
measurements7,10 on Al~111! did not show the multipole
mode and the result was ascribed to the very low cross
tion of this nondipole mode. As possible explanation of t
above results, it has been also suggested1 that the collective
excitations of Al surfaces could be influenced by lattice
fects, which are usually neglected in calculations. So
theoretical11 works have, indeed, shown that a proper d
scription of the dynamical response of Al requires the inc
sion of band-structure effects.

This state of the art calls for new experimental investig
tions in order to establish if dielectric properties of Al su
faces contain features ascribed to lattice effects or if the
served discrepancies are of mere experimental nature.
aim of this Report is to present high-resolution electro
energy-loss~HREELS! measurements of the electronic exc
tations of Al~111!. Our results give clear and unambiguo

FIG. 1. Energy-loss spectra of Al~111! at different scattering
anglesus . The incident angle isu i5450 and the primary energy
beam is 50 eV.
12 676 ©2000 The American Physical Society



-
-

-

e

PRB 62 12 677BRIEF REPORTS
FIG. 2. Loss spectra at differ
ent scattering angles after back
ground subtraction. The solid line
is the fitting curve of the spec
trum. vs , vm , and vp represent
the surface plasmon, the surfac
multipole plasmon, and the bulk
plasmon, respectively.
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evidence that the surface-plasmon dispersion curve is n
tive, in agreement with the prediction of the jellium mod
for simple metals. Furthermore, loss spectra taken at s
parallel momentum transfer,qi , reveal the presence of th
multipole surface plasmon, thus supporting the observa
of recent photoyield experiments.12

The electronic excitations of Al~111! were measured in an
ultrahigh-vacuum system~base pressure 5310211 Torr)
equipped with standard facilities for surfac
characterization.13 The spectrometer consists of two 50-m
spherical deflectors with a collection angle of61°. The en-
ergy resolution of the spectrometer was degraded to
meV in order to increase the signal-to-noise ratio for o
specular spectra. All measurements have been made at
temperature. The crystal was prepared by cycles of A1

bombardment and annealing at 750 K until no impur
traces could be seen on the surface as monitored by A
and x-ray photoemission~XPS! spectroscopies. The Al~111!
surface showed an excellent LEED pattern characterized
sharp spots and very low background. We paid much car
the surface cleanliness, since it was shown that the surf
plasmon dispersion may change sign by adsorption14 of an
adlayer. The EELS measurements were carried out with
incident electron energy of 50 eV and an incident angle
45° with respect to the surface normal. The dispersion of
surface plasmon was obtained by moving the analy
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around the specular direction while keeping the crystal a
the monochromator in a fixed position. The primary electr
beam is inelastically scattered with an energyE5Ei2\v,
where\v is the loss energy. The momentum transfer par
lel to the surfaceqi is given by

\qi5A2m@AEi sinu i2AEi2\v sinus#. ~2!

Owing to the finite angular acceptance of the analyz
each spectrum taken at a certain scattering angle integ
within a window inqi space given by

dqi5A2m@AEi cosu i2AEi2\v cosus#dus , ~3!

wheredus coincides with the angular acceptancea of the
analyzer.15 Thus, if the angular acceptance is smaller th
the width of the dipole cone, as in the present experime
\qi represents the experimental resolution inq space. A
good qi resolution is obtained by using a low primary
electron beam energy, but the condition\v!Ei , valid for
the dipole scattering regime, must be fulfilled. The prima
electron energy used in the present experiment was a g
compromise amongqi space resolution, dipole scattering a
proximation, and surface sensitivity.

Curves in Fig. 1 show loss spectra of the Al~111! surface
recorded at different scattering angles. The loss spect
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obtained in the specular geometry is characterized mainly
a single peak at 10.55 eV and is related to the ordinary
face plasmon. For off-specular scattering angles two o
features arise in the loss spectra, and the surface-plas
exhibits a clear energy dispersion.

The energy and width of the surface plasmon and of
other collective excitations were obtained after backgrou
subtraction and fitting of the experimental loss spectra. T
result of this procedure is shown in Fig. 2. It is worthwhile
pay attention to the fact that non-dipole-active modes~the
multipole surface plasmon7! are better observed for sma
values of momentum transferqi . Loss spectra could easil
be fitted by three Gaussian line peaks. The peak at the h
est loss energy in the spectrum of Fig. 2~c! ~about 15.34 eV!
corresponds to the excitation of the Al bulk plasmon. W
note that, with an incident electron beam of 50 eV, the b
plasmon is not very intense in the spectrum taken in
specular direction~Fig. 1!. In contrast, in loss spectra ob
tained for an incident beam energy of 30 eV, the bu
plasmon excitation is well evident even in specular spec
The third peak~13.20 eV! in Fig. 2~c!, located between the
bulk- and the surface-plasmon losses, is the multipole p
mon. We find that atqi50 the energy of this feature is abo
0.87vp , as expected.5

The surface multipole mode has been theoretica
predicted2,5,6 but never observed before in an electro
energy-loss experiment on Al surfaces.7 However, it has
been observed in a recent angle- and energy-resolved
toyield experiment on Al~111!.12 Present EEL measuremen
and published photoyield data give the same energy for
multipole mode but a different full width at half maximum
~FWHM!. In fact, we find~at qi50) a FWHM of 2.1 eV
against 3 eV measured by photoyield experiments. The
sons for these differences are not yet clear. With our m
surements, however, we are inclined to give more imp
tance to the scattering geometry, which appears to
necessary to enhance the multipole plasmon over bulk c
tributions. On the other hand, atqi50, we find that the
intensity of the multipole mode is about 57% of that of t
surface plasmon and is even more intense than the bulk p
mon. Many factors may influence the excitation of the m
tipole plasmon, but since it is a genuine surface mode,5 the
scattering geometry and the choice of the energy of the i
dent beam may play an important role and may be crucial
its detection. Measurements are in progress to verify its
istence also in Al thin films.

Figure 3~a! displays the energy of the surface plasmon
a function of qi over a range ofqi from 20.2 Å21 to
10.6 Å21. The bars show the integration window in theq
space due to the angular resolution of the analyzer.
surface-plasmon dispersion is negative up to 0.2 Å21, then
the loss energy increases and the dispersion becomes
tive. As expected,1 the dispersion curve shows symmetr
behavior with respect toqi50, supporting the data obtaine
by the fitting procedure of the spectra. The solid line w
drawn through the points by using a fourth-order polynom
curve to stress the behavior of the dispersion. At smallqi ,
the surface-plasmon energy decreases from 10.86 eVqi
50) to 10.55 eV (qi50.2 Å21). Due to the small variation
of the surface-plasmon energy with respect to the width
the three losses in the spectra, some discussion has t
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made in order to ascertain whether the observed nega
dispersion is a genuine dispersion or rather a result of su
position of different resonances. If an interference effect
ists, it should be more important for spectra taken atqi<0,
where a strong multipole contribution is present as can
observed in Figs. 2~a! and 2~b!. For these two spectra th
presence of the multipole peak slightly shifts the experim
tal surface-plasmon peak to higher loss energies with res
to the values obtained by our fitting procedure. On the ot
hand, forqi.0, the multipole mode is less important and

FIG. 3. ~a! Surface-plasmon energy as a function ofqi for
Al ~111!. ~b! Surface-plasmon full width at half maximum as a fun
tion of qi for Al ~111!.
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presence does not affect the energy of the surface plasm
Figs. 2~c!–2~f!. If we plot the surface-plasmon peak ener
without any fitting procedure versusqi , we obtain a qualita-
tive similar curve as the one shown in Fig. 3~a!, confirming
the negative energy dispersion that we obtained in a m
accurate analysis of the experimental data. The full width
half maximum of the surface plasmon versusqi is reported
in Fig. 3~b!. Data seem to indicate a weak negative init
dispersion followed by an increase of the surface-plasm
width. At qi50 we find a FWHM of 2.3 eV in good agree
ment with the reported value of 0.15vp .7 A negative initial
dispersion of the FWHM was also reported for Ag~110!
~Refs. 15 and 16!, Mg~0001! ~Ref. 17!, and graphite~Ref.

*Permanent address: Sincrotrone Trieste S.C.p.A, 34012 Tri
Italy.
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In conclusion, we report on the experimental evidence
the initial negative dispersion of the surface-plasmon loss
the Al~111! surface as predicted by theory within the jelliu
approximation for small wave vectorqi transfer. Further-
more, we give clear evidence that the multipole mode
aluminum surfaces is detectable by angle-resolved h
resolution electron-energy-loss spectroscopy measureme
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