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We have measured the collective electronic excitations of tli&1A] 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.

Dynamical screening of electrons at metal surfaces to asion slope in A(100) and a positive one in AL11). Data
external time-dependent probe has attracted much atténtiofrom high-energy-loss experimefisn Al thin films indicate
because it influences many physical properties. Simple meg positive dispersion. More recent electron-energy-loss
als have been treated theoretically using the jellium model imeasurement&on Al(111) were unable to solve the intrigu-
order to describe important effects such as the energy trangig problem because the data showed no clear linear and
fer between incident particles and substrate and the excitaegative initial dispersion. Moreover, the same EELS
tion of normal modes of electrons at the surface. measurements® on Al(111) did not show the multipole

Detailed density-functional-response calculations predictnode and the result was ascribed to the very low cross sec-
that two collective surface modes exist at the surface of @on of this nondipole mode. As possible explanation of the
simple metaf the ordinary surface plasmdnyhich has a  above results, it has been also suggéstedt the collective
monopole character perpendicular to the surface, and the sexcitations of Al surfaces could be influenced by lattice ef-
called multipole surface plasmbn® characterized by the fects, which are usually neglected in calculations. Some
fact that the integral of the electronic density perpendiculatheoretical’ works have, indeed, shown that a proper de-
to the surface is zero. Both modes have been foundcription of the dynamical response of Al requires the inclu-
experimentally at the surface of alkali-metal films by sion of band-structure effects.

electron-energy-loss spectroscqBELS). Those early mea- This state of the art calls for new experimental investiga-
surements also confirmed the negative dispersion of the sutions in order to establish if dielectric properties of Al sur-
face plasmon predicted by the thedry. faces contain features ascribed to lattice effects or if the ob-

According to theoretical studi€sthe dispersion of the served discrepancies are of mere experimental nature. The
surface plasmon is related to the positibfw,) of the cen- aim of this Report is to present high-resolution electron-
troid of the induced electronic charge. The energy dispersioenergy-losfHREELS measurements of the electronic exci-
of the surface p|a5mon is given by the re|aﬁ6n tations of A(111). Our results give clear and unambiguous
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density of electrons in the bulk of the material amds the :

mass of the free electron. df{ wg) is outside the jellium edge
(positive value ofd), asq increases, less electrons per unit 47°

volume experience the plasmon electric field, resulting in a £ 49 °
lower surface plasmon frequericynegative dispersion if 3‘1:
d(ws) is inside the jellium,(negative value ofl), asq in- 53 °|

creases much more of the plasmon electric field overlaps the
region of high electron density of the metal, resulting in a
higher surface-plasmon frequen(ositive dispersion
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found for alkali-metal filméwas not confirmed by measure- 6 2 4 6 8 10 12 14 16 18 20
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ments performed on high-density metals such as aluminum.
The surface-plasmon dispersion of Al surfaces was measured FIG. 1. Energy-loss spectra of @l11) at different scattering
by inelastic low-energy electron diffractionfILEED)  anglesfs. The incident angle i®;=45" and the primary energy
investigationd. The results showed a negative initial disper-beam is 50 eV.
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evidence that the surface-plasmon dispersion curve is negaround the specular direction while keeping the crystal and
tive, in agreement with the prediction of the jellium model the monochromator in a fixed position. The primary electron
for simple metals. Furthermore, loss spectra taken at smalleam is inelastically scattered with an eneiy E;,—# w,
parallel momentum transfeq, reveal the presence of the wherefiw is the loss energy. The momentum transfer paral-
multipole surface plasmon, thus supporting the observatiofel to the surfacey is given by
of recent photoyield experiments.

The electronic excitations of AL11) were measured in an %.9y=v2m[ VE; sin6,— VE;— hw sin 6]. 2
ultrahigh-vacuum systen{base pressure 610 ' Torr)
equipped with standard facilities for surface Owing to the finite angular acceptance of the analyzer,
characterization® The spectrometer consists of two 50-mm each spectrum taken at a certain scattering angle integrates
spherical deflectors with a collection angle®fL°. The en-  within a window ing; space given by
ergy resolution of the spectrometer was degraded to 180
meV in order to increase the signal-to-noise ratio for off- 89y=2m[ JE; cos#,— VE—hw cosbs] 565,  (3)
specular spectra. All measurements have been made at room o )
temperature. The crystal was prepared by cycles of Ar Where 665 coincides with the angular acceptaneeof the
bombardment and annealing at 750 K until no impurityanalyzer:® Thus, if the angular acceptance is smaller than
traces could be seen on the surface as monitored by Aug#he width of the dipole cone, as in the present experiment,
and x-ray photoemissio(XPS) spectroscopies. The @l11) fiq, represents the experimental resolutiongnspace. A
surface showed an excellent LEED pattern characterized bgood ¢ resolution is obtained by using a low primary-
sharp spots and very low background. We paid much care telectron beam energy, but the conditibm<<E;, valid for
the surface cleanliness, since it was shown that the surfacthe dipole scattering regime, must be fulfilled. The primary
plasmon dispersion may change sign by adsorptiohan  electron energy used in the present experiment was a good
adlayer. The EELS measurements were carried out with anompromise among space resolution, dipole scattering ap-
incident electron energy of 50 eV and an incident angle ofproximation, and surface sensitivity.
45° with respect to the surface normal. The dispersion of the Curves in Fig. 1 show loss spectra of the4l1) surface
surface plasmon was obtained by moving the analyzerecorded at different scattering angles. The loss spectrum
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obtained in the specular geometry is characterized mainly by
a single peak at 10.55 eV and is related to the ordinary sur- 4.2 -
face plasmon. For off-specular scattering angles two other
features arise in the loss spectra, and the surface-plasmor—~
exhibits a clear energy dispersion. o
The energy and width of the surface plasmon and of the 2 44 o
other collective excitations were obtained after background
subtraction and fitting of the experimental loss spectra. The
result of this procedure is shown in Fig. 2. It is worthwhile to
pay attention to the fact that non-dipole-active modbe
multipole surface plasmdh are better observed for small
values of momentum transfey;. Loss spectra could easily
be fitted by three Gaussian line peaks. The peak at the high-
est loss energy in the spectrum of Figc)2(about 15.34 ey
corresponds to the excitation of the Al bulk plasmon. We
note that, with an incident electron beam of 50 eV, the bulk W
plasmon is not very intense in the spectrum taken in the
specular directior(Fig. 1). In contrast, in loss spectra ob-
tained for an incident beam energy of 30 eV, the bulk-
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plasmon excitation is well evident even in specular spectra. -0.2 0.0 0.2 0.4 0.6
The third peak(13.20 eV} in Fig. 2(c), located between the . 1
bulk- and the surface-plasmon losses, is the multipole plas- (@) q (A)

mon. We find that at ;=0 the energy of this feature is about

0.87w,, as expected.

The surface multipole mode has been theoretically 4.5 -
predicted®® but never observed before in an electron-
energy-loss experiment on Al surface$iowever, it has
been observed in a recent angle- and energy-resolved pho-
toyield experiment on AlL11).}? Present EEL measurements
and published photoyield data give the same energy for the
multipole mode but a different full width at half maximum
(FWHM). In fact, we find(at gj=0) a FWHM of 2.1 eV
against 3 eV measured by photoyield experiments. The rea-
sons for these differences are not yet clear. With our mea-
surements, however, we are inclined to give more impor-
tance to the scattering geometry, which appears to be
necessary to enhance the multipole plasmon over bulk con-
tributions. On the other hand, af=0, we find that the -
intensity of the multipole mode is about 57% of that of the 2.5
surface plasmon and is even more intense than the bulk plas- H@H
mon. Many factors may influence the excitation of the mul- O | gy HOH
tipole plasmon, but since it is a genuine surface ntote 20 - H@H
scattering geometry and the choice of the energy of the inci-
dent beam may play an important role and may be crucial for ' ' ! '
its detection. Measurements are in progress to verify its ex- -0.2 6o  ,02 0.4 0.6
istence also in Al thin films. (®) q (A )

Figure 3a) displays the energy of the surface plasmon as
a function of g over a range ofg from —0.2 A~ to
+0.6 A1 The bars show the integration window in the
space due to the angular resolution of the analyzer. Th
surface-plasmon dispersion is negative up to 0.2 Athen
the loss energy increases and the dispersion becomes pogiade in order to ascertain whether the observed negative
tive. As expected, the dispersion curve shows symmetric dispersion is a genuine dispersion or rather a result of super-
behavior with respect tq;=0, supporting the data obtained position of different resonances. If an interference effect ex-
by the fitting procedure of the spectra. The solid line wasists, it should be more important for spectra takeuat 0,
drawn through the points by using a fourth-order polynomialwhere a strong multipole contribution is present as can be
curve to stress the behavior of the dispersion. At smgall  observed in Figs. (&) and 2b). For these two spectra the
the surface-plasmon energy decreases from 10.86 gV ( presence of the multipole peak slightly shifts the experimen-
=0) to 10.55 eV (=0.2 A™*). Due to the small variation tal surface-plasmon peak to higher loss energies with respect
of the surface-plasmon energy with respect to the width ofo the values obtained by our fitting procedure. On the other
the three losses in the spectra, some discussion has to band, forgq;>0, the multipole mode is less important and its
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FIG. 3. (a) Surface-plasmon energy as a function cyf for
Al(111). (b) Surface-plasmon full width at half maximum as a func-
gon of gy for AI(112).
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presence does not affect the energy of the surface plasmon I8). Interestingly, the FWHM curve has a behavior similar to
Figs. 2c)-2(f). If we plot the surface-plasmon peak energythe g, dependence of the surface-plasmon loss of Fig. 2,
without any fitting procedure versug, we obtain a qualita- suggesting a physical link between these two quantities as
tive similar curve as the one shown in FigaB confirming ~ already demonstrated in a recent theoretical work.

the negative energy dispersion that we obtained in a more In conclusion, we report on the experimental evidence of
accurate analysis of the experimental data. The full width athe initial negative dispersion of the surface-plasmon loss of
half maximum of the surface plasmon versysis reported the AI(;ll) §urface as predicted by theory within the jellium
in Fig. 3(b). Data seem to indicate a weak negative initial@PProximation for small wave vectay transfer. Further-
dispersion followed by an increase of the surface-plasmof’ore, We give clear evidence that the multipole mode of
width. At g;=0 we find a FWHM of 2.3 eV in good agree- alumlngm surfaces is detectable by angle-resolved high-
ment with the reported value of 0.45.” A negative initial resolution electron-energy-loss spectroscopy measurements.

dispersion of the FWHM was also reported for (AgO This work was funded by the Italian MURSTOFIN 97
(Refs. 15 and 16 Mg(000)) (Ref. 17, and graphitegRef. = 021178261008and by a special project of CNR.
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