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Electron-energy-loss spectra of epitaxial Al foils of {110)orientation show previously
unobserved structures between 1.5 and 10 eV for the momentum transfer k in directions
(100), (110), and (111). For k [[ (100), this structure may be consistently interpreted
within the essential features of the nearly-free-electron-band structure. Interband tran-
sitions show a marked influence on the plasmon dispersion for small k; only for k & 0.75

may it be discussed within the jellium model.

Important information on the electronic struc-
ture of crystalline solids is contained in the di-
electric response function R = [kY(&uk)k] ', where
7(uk) is the macroscopic dielectric tensor for
the macroscopic fields of phase exp[i(k x- u&t) ]
The electron-energy-loss cross section with elec-
trons of some 10 keV kinetic energy is given by'

(e/slav)'(I/k') Im. R.

For a free degenerate electron gas ImR contains
a strong plasmon peak for values lower than the
classical plasmon cutoff k, -~~/V 'Fand weak
structures at lower energies due to single-parti-
cle excitations. ' These structures have as yet
only been observed by Raman scattering from de-
generate semiconductor plasmas. 4 For a nearly-
free-electron metal like aluminum, one should
expect an influence of the crystalline background
of the atomic cores both on the spectrum of the
single-particle excitations and on the dispersion
of the plasmons.

Here we report electron-energy-loss spectra
from Al films of {110)orientation, which were
epitaxially grown by vapor deposition on polished
(110jfaces of rock salt. ' The experimental pro-
cedure has been described elsewhere. ' Energy-
loss spectra were monitored for k in the (100)
(see Fig. 1), (110), and (111)directions. For k
=0 one observes the surface plasmon at the Al-
aluminium-oxide interface at about 6.5 eV. ' lt

disappears for k not far fro~ zero, because its
theoretical cross section decreases as k '.' For

0
k &0.3 A ', new structures appear whose disper-
sion and shape are different for the different
crystalline directions. For k [l(100), two sepa-
rate peaks become apparent in the spectra. The
dispersion of these structures is plotted in Fig.
2.

We assign them to direct nonvertical interband
and intraband transitions, which correspond to
the low-energy single-particle excitations in a
free-electron gas, mentioned above. The struc-
tures for k ll(100) may be explained qualitatively
in the following way: The pseudopotential U,«
splits the free-electron parabolic band at the
Brillouin-zone boundaries of class (100] into par-
allel bands of 2U2po 1.5 eV distance. Optical
(vertical) interband transitions between these
parallel bands (so-called parallel-band transi-
tions') occur niainly near the W points and the
X-S'-X direction in the extended-zone scheme. "
This transition at 1.5 eV is found experimentally
in e,(&u, 0), superimposed on the Drude-type sus-
ceptibility of free elect'rons. "" For k [l(100), k
is parallel to X-W-X on four (100] zone bounda-
ries and parallel to X —I'-X on two (100j zone
boundaries. Therefore, the main effect may be
explained by help of these two orientations. A
quantitative analysis has to consider transitions
throughout the Brillouin zone and k-dependent
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on line X-W-X (a is the cubic-lattice constant).
These relations are plotted in Fig. 2. The exper-
imental points are lower than the theoretical
lines, probably because nonvertical transitions
also start below the Fermi surface, where bE is
smaller for given k. The transition at 1.5 eV for
k =0 has been observed with 0.2 eV resolution by
using a Wien filter, "thereby reproducing earlier
measurements. "

The structures due to nonvertical interband
transitions show an analogy to the so-called zone-
boundary collective mode, postulated by Foo and
Hopfield. ' This mode is a nonvertical interband
transition in alkali metals to the split final states
at the first-Brillouin-zone edge. The Al-ion
cores have an influence on the dispersion of the
bulk plasmon. ' Kloos" and the authors in Ref. 6
found a different dispersion of the plasmon below
and above k = 0.75 A ' for polycrystalline Al. For
k &1.5 A this dispersion is plotted in Fig. 4.
For k&0.75 A ', the dispersion is well described
by

(u = (u~+ n(R/m) k',

with n =0.401+0.007 and 8~~=14.5+0.15 eV, and

may be discussed within the framework of the
jellium model.

The theoretical value of n within the random-
phase approximation with exchange corrections'
is

3E F+ RPA 5g 16E 2

which yields n =0.393 for Al without background
polarizability. With the local field corrections of
Vashishta and Singwi' n is given by

3EF 5 A co~

which yields, with the values tabulated in Ref. 20,

+vs =0.355

It remains an open question why the random-
phase-approximation value shows better agree-
ment with experiment (although the random-phase
approximation yields an unphysical negative elec-
tron pair correlation at short distances) than the
Vashishta-Singwi value (where this inconsistency
has been removed from the theory). Below k

0=0.75 A ',- there is a different dispersion, prob-
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ably caused by the interband transition due to the
pseudopotentials V», and U20, with vertical tran-
sitions at 0.4 and 1.5 eV." The influence of the
band splitting and the relative difference between
interband and intraband transitions become less
when the energy transfer to an electron exceeds
the band splittings. Therefore, it is expected
that the plasmon dispersion will eventually, for
increasing 0, be well described within the jellium
model —as is indeed the case. When t't increases
further and equals a Brillouin-zone-boundary vec-
tor, there is the theoretical possibility of the
splitting of the plasmon dispersion curve and the
formation of plasmon bands. ""Our measure-
ments'4 did not unravel this effect. For still
greater k, the short-range correlation between
the electrons influences the dispersion of the
plas mon. "'
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A simple picture based on colored quarks and gluons yields + p(0) = &, & n(0) = 0, and n p(0)
=1, and explains various features of Poxneron exchange.

I adopt SU(3) g SU(3)' where strong interactions
are mediated by (l x 8) colored gluons and hadrons
are exact color singlet q; q (3 x3; 3*x3*) bound
states. ' A mechanism like the one of Casher,
Kogut, and Susskind (CKS)' is assumed to gener-
ate spontaneous color neutralization which allows
e'e —hadrons at large Q' to be computed from
the pointlike perturbation diagram. I suggest a
generalization which may also provide a recipe

for hadronic two-body, large-s, small-t process-
es.

(i) The computation is first performed in the
gluons quark basis. A transverse-momentum
cutoff is introduced, hopefully making the CKS
one-dimensional model more relevant. Ladder-
type diagrams are naturally selected by the lead-
ing-logarithm approximation applicable to the
cut-off theory. 3
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