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it is nevertheless interesting to note that in the
region of 0.55 By (i.e.„near the free-electron
Fermi energy) the values of A, are rather close to
unity. In the spirit of Lee and Heine's minimum-
perturbation potential, this energy corresponds to
a host potential chosen so that the atomic cell is
electrically neutral, meaning that the perturbation
will be confined to and screened within the impurity
cell. Considering A, to be a renormalization fac-
tor for the wave function inside the impurity muf-
fin-tin cell, a value of unity therefore could be in-
terpreted to imply that the host has little influence
on the wave function inside the impurity cell.

In conclusion, we have proved an identity that
allows band-structure calculations-in particular,
phRse-shift parametrlzRtlons —to be used directly

to describe impurity scattering in terms of the
scattering phase shifts of the impurity. To fit ex-
perimentally observed Dingle temperatures re-
qui. res little or no more calculation than is often
already available from the procedure of phase-
shift parametrization. %'hen fitted to a set of im-
purity pllRse shifts~ 'tile CRlclllRtioll Rll'tolllatlcRlly

provides Rn inversion scheme for Dingle tempera-
tures that gives not only the point scattering but

also, with a little additional calculation, P(k, fl'),
the probability of scattering from a point 4 to 0',
required for calculating transport properties.
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Measurement of.both the low-energy (true-secondary) and high-energy (characteristic-loss
regions of the secondary-electron-emission spectrum of several types of polycrystalline alu-
minum have been made in order to explain structure seen at very low energies (0-20 eV),
The data indicate that the structure is due to hot electrons losing energy by the creation of
plasmons rather than by excitation of single electrons by decaying plasmons, as had been
previously suggested.

I. INTRODUCTION

The strong coupling between electrons and plas-
mons has made electron-beam transmission and
reflection experiments the major source of infor-
mation on collective electron oscillations in solids.
The most extensive work has been done by analyz-
ing the energy of a beam of monochromatic high-
energy electrons (primary energy E~ about 10-50

keV) after transmission through a thin solid sam-
ple. ' In addition to the unscattered beam at energy
E~, peaks are found in the energy distribution
curve (EDC) which are shifted to lower energy by
the energy of one or more bulk plasmon S~~ or a
surface plasmon h(d, . 2 These are, of course,
electrons that have created one or more plasmons
in the material while passing through. Plasmon
Joss peaks have also been observed in the EDC's
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of electrons reflected or scattered from bulk sam-
ples. In fact, inelastic low-energy-electron dif-
fraction (II RED) is currently the most productive
tool for obtaining detailed information about plas-
ma oscillations. 3 By analyzing not only the energy
but also the momentum of the scattered electrons,
it has been possible to determine the dispersion
relation for surface plasmons. 4

Once plasmons have been created in a material,
several modes of decay are available to them. '
The most probable mode, at least for long-wave-
length plasmons, is through plasmon-phonon inter-
actions. For short wavelengths in the vicinity of
the plasmon cutoff wave number, it is possible for
a plasmon to excite a single electron. Other com-
peting modes are radiative decay' and creation of
an exciton.

Two years ago, von Koch reported the observa-
tion of peaks in the low-energy region of the second-
ary-electron spectrum of aluminum and several
other materials which were attributed to the exci-
tation of a single electron by a decaying plasmon.
The peaks occurred at an absolute kinetic energy
equal to the plasmon energy (not shifted down by
the sample work function), and both bulk and sur-
face plasmons were reported. No special proper-
ties of the samples were given, and no restrictions
on the momentum of the analyzed electrons were
mentioned.

In the course of studies of the secondary-emis-
sion characteristics of a variety of metals, semi-
conductors and insulators, we have never observed
such large amplitude structure in the low-energy
region. In general, the slow-electron spectrum
below about 50 eV consists of the large, smooth,
"true" secondary peak, with the only structure
being Auger peaks. Some additional weak struc-
ture is seen in heavy elements like gold and silver. 7

and carefully prepared single-crystal surfaces
have shown structure due either to dUfraction ef-
fects or to concentration of electrons at regions of
high density of states in the excited conduction
bands.

We report here detailed studies of the shape of
the slow-secondary-electron spectrum from sam-
ples of polycrystalline aluminum that are in dis-
tinct disagreement with the results of von Koch.
Only weak structure is observed, and it occurs at
the energies predicted by theory. By using poly-
crystalline rather than single-crystal samples and

by collecting the electrons emitted at all angles„
diffraction effects are not present and band-struc-
ture effects should be minimized. (Measurements
on other materials will be discussed in Sec. VI. )
The data indicate that plasmons enter as possible
loss channels for hot secondary electrons rather
than as sources for them. The effects of both bulk
and surface plasmons can be seen.

II. PLASMON-ELECTRON INTERACTIONS

When a beam of electrons is incident on a solid,
the electrons can excite one or more plasmons be-
fore being transmitted or diffracted out of the ma-
terial. These electrons emerge with energy E~
-n&her& -n,kv„where n& and n, are the number
of bulk and surface plasmons created, and these
peaks constitute part of the characteristic energy-
loss region of the secondary-electron spectrum
just below the elastically reflected primary beam.
For materials like aluminum with very strong elec-
tron-plasmon coupling, these plasmon-loss peaks
make up the bulk of the structure in this region.

The spectra of slow, "true" secondary electrons
(E & 50 eV) emitted from a sample under bombard-
ment by higher-energy primaries constitute quite
a different picture. Excluding Auger electrons,
these slow secondaries consist of hot electrons
generated in the bulk of the sample that have dif-
fused to the surface, losing energy on the way.
("Bulk" may mean only tens of angstroms in from
the surface, depending on primary-energy and
secondary-electron diffusion lengths. ) In the sim-
plest terms, the energy distribution of these elec-
trons, n(E), is a product of the hot-electron energy
distribution just inside the sample surface, ns(E),
and the escape probability for these electrons. "o n

The latter is a smooth function of the form

P(E) = I - [(q +E,)/E]'",
where E is the hot-electron energy, E~ is the Fer-
mi energy, and q is the sample work function.
(Energy is measured from the bottom of the con-
duction band in this expression. ) P(E) goes from
zero at the vacuum level to unity a few volts above
it and is responsible for the peak in n(E) at 2-5 eV.
Any additional structure in n(E) is due to structure
in n„(E). The shape of n„(E) is determined by the
various loss channels available to hot electrons as
well as secondary-electron generation, elastic
scattering and diffraction of hot electrons, etc. It
has the same general shape for all materials, how-
ever, increasing rapidly as the hot-electron energy
approaches the Fermi level. '

If plasmon creation is available as a loss mech-
anism for hot electrons, then one can make some
qualitative statements about its effect on n„(E).
Consider the band diagram in Fig. 1. Here y is
the work function of the sample, and the energy
scale on the right-hand side is absolute kinetic en-
ergy measured in vacuum. Electrons with energies
above the dashed line at EJ, +h~~ have all loss
channels available to them. They can create bulk
or surface plasmons (for a clean surface, hr»,
=hors/v 2) or lose energy by scattering from con-
duction electrons, phonons, excitons, etc. Once
they have dropped below E&+Sar~, however, they
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in free-electron-like metals (see Sec. VI). Also,
the electron-plasmon coupling is different enough
from the photon-plasmon coupling that one cannot
extrapolate from photon scattering experiments.
In silver, for example, surface plasmons have been
observed by light scattering, "and yet no structure
due to either surface or bulk plasmons is seen in
low-energy-electron scattering experiments.

III. EXPERIMENT

A. Samples

PIG. l. Energy diagram showing limits of plasmon-
loss modes. The energy scale on the right-hand side is
kinetic energy measured in vacuum.

can no longer create a bulk plasmon; there are no
available final states for the electron. Similarly,
once they have dropped below E~+h~, , surface-
plasmon creation is no longer a possible process.

Assuming that all nonplasmon loss processes
give a smoothly varying contribution to n„(E) in
this energy ra~ge, ' ' we can see the effects of the
closing of plasmon-loss channels on n„(E). Above

E++h~&, where both plasmon-loss modes are
available, the rate of energy loss of the hot elec-
tron will be very large. Due to the dependence of
energy-loss rate on electron energy, this gives an
nz(E) which increases rapidly with decreasing E
Between Ez+K~u, and E~+hur~, n„(E) will increase
more slowlywithdecreasing E, andbelow E~+ h, the
rate of change of n„(E) will be still smaller. This
is sketched in Fig. 2. The resultant n„(E), and
hence n(E), will have discontinuities in slope at
kinetic energies of k~~ —y and hen, —p, measured
in vacuum.

%'e should note that in the alternative process of
excitation of a single electron by a decaying plas-
mon, considered by von Koch, the electron would
come from the Fermi level or below, not the vacu-
um level, and would hence have a kinetic energy
after escape no greater than h(~~ —y rather than
540g ~

The problem of coupling of hot electrons of all
energies to plasmons is sufficiently complicated3
that it is not possible to make quantitative state-
ments about the size of the effects to be expected
here. Empirically, the largest effects are seen

Three types of polycrystalline aluminum samples
were used in this experiment. One was a 0.012-in.
rolled sheet whose surface was not treated or pol-
ished before use. X-ray fluorescent analysis
showed the major impurities to be (be weight) 0. 5%
Fe, 0. 1% Cu, 0. 08% Ga, and 0. 01% Cr. The sec-
ond sample was ordinary 0. 0015-in. heavy-duty
aluminum foil, on which spectrophotometry, x-ray
fluorescence, and mass spectrometry yielded an
impurity content (by weight) of 0. 84% Fe, 0. 05%
Na, and 0. 03% Zn. The highly reflecting side was
used, and care was taken to maintain the surface
as flat as possible. The last sample was a pellet
of Gallard-Schlesinger 40/200-mesh 99.995+%-
pure aluminum powder pressed in a highly polished
stainless-steel die at 200 kpsi. Mass spectrome-
try showed its impurities to be (by weight) 290 ppm
Si, 190 ppm C, and 140 ppm Fe. The pellet was
dense with a reflecting surface, but not as highly
reflecting as the foil. These samples were chosen

SECONDARY ELECTRON ENERGY

FIG. 2. Effect of plasmon losses on the secondary-
electron energy distribution n(E) .
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FIG. 3. Spherical retarding grid analyzer used to
measure secondary-electron spectra. The dashed rec-
tangle shows the sample position for grazing incidence.

to give a diversity of impurity content and surface
structure. All samples were ultrasonically cleaned
in acetone followed by ethanol before mounting in
the vacuum chamber. The entire vacuum system
was then baked at 250'C for 12-24 at a pressure
below 2&& 10 8 Torr before any measurements were
made. Final cleaning was done by argon-ion sput-
tering, which will be discussed later.

B. Experimental Apparatus

All measurements were made on a Physical
Electronics Industries, Inc. LEED/Auger spectrom-
eter with a four-grid, 180' spherical regarding-
grid analyzer and coaxial electron gun (Fig. 3).
For all measurements reported here, the electron
gun was run at 1000 V with a beam current of about
10 p.A and a current density near 10 mA/cm~. The
sample was grounded, as was the last anode of the
electron gun, and G& was biased at +1.35 V to pro-
vide a nearly field-free region around the sample
and yet eliminate space-charge problems for very-
low-energy electrons. Gz and G3 were biased with
the retarding voltage V& and modulation was also
applied to them for derivative detection. G4 was
grounded to prevent capacitive pickup of the modu-
lating signal by the collector C, and C was main-
tained at +180 V to suppress secondary emission
from the collector.

The work functions of the sample and the analyz-
ing grids must be taken into account in determining
the absolute energy of emitted electrons. Since the
sample and analyzing grids are referenced at their
Fermi levels, zero retarding voltage on the grids
corresponds to an energy y~«above the sample
Fermi level (here the grids are chromium plated,
so p~«= 4. 6 eV}. To convert measured voltages
to energy above the aluminum Fermi level, we just

add 4. 6 eV. The low-voltage cutoff in n(E) is de-
termined by the sample vacuum level, however,
which occurs at a retarding voltage of @Ay cpg

or about+0. 5 V.
For some measurements, a sample holder was

used which permitted the sample to be rotated
about an axis tangent to its surface in order to
change the angle of incidence of the electron beam
(see Fig. 3). Since the secondary electrons mea-
sured were those reaching the collector, not all of
them were collected unless the sample surface was
normal to the electron beam. At grazing incidence
only about half of the electrons are collected (re-
call that the angular distribution of true secon-
daries is almost independent of the angle of inci-
dence), so it was not possible to make quantitative
comparisons of secondary-electron intensity at dif-
ferent angles. The shape of the secondary-elec-
tron spectra was not affected, however, so accu-
rate relative measurements could be made.

The vacuum system employed liquid-nitrogen-
cooled sorption roughing pumps with ion and titani-
um sublimation pumps for ultrahigh vacuum. Mea-
surements wer e made at a total system pressure
of &5x10 ' Torr and a partial pressure of all
gases other than argon of & 2&&10 ' Torr. The
samples were cleaned by sputtering with 500-eV
argon ions at a current density of about 15 pA/
cm~. The sputtering time varied, as mentioned
below. The state of the sample surface was moni-
tored by Auger spectroscopy. After the initial
pumpdown and system bakeout, strong carbon and
oxygen Auger lines were observed. An additional
2 h of sputtering removed all traces of both ele-
ments.

IV. PLASMON STRUCTURE IN INELASTIC PRIMARY
SPECTRA

Plasmon-loss peaks are always observed in the
characteristic-loss region of clean aluminum sam-
ples. An example of this structure for normal
beam incidence in a clean sample of aluminum foil
is shown in the top trace in Fig. 4, where n(E) is
plotted versus secondary-electron energy. The
periodic series of peaks spaced by about 15 eV are
multiple bulk-plasmon losses. In some samples,
we have seen as many as ten of these loss peaks,
extending to 150 eV below the elastic peak. It is
this very strong plasmon coupling which gives alu-
minum observable structure in the slow secondary
spectra.

The smaller peak about 10 eV below the elastic
peak (indicated by the arrow) has the proper energy
to be the surface plasmon. Since its unambiguous
identification is necessary to interpret slow-elec-
tron data, however, we studied its behavior as a
function of angle incidence of the primary beam.
Due to the large solid angle of collection used here
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V. SLOW-ELECTRON SPECTRA
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in the high-energy data, and a second discontinuity
in slope has appeared in the low-energy n(E), al-
though it can only be seen clearly in dn(E)/dE.
Its location at 5. 5 V, or 10. 1 eV above the alu-
minum Fermi level, is very close to the surface-
plasmon energy. We believe that it arises from
the closing of the surface-plasmon-loss channel.

Figure 6 shows the same type of data for two
other samples. Figure 6(a) shows an aluminum-
foil sample after about 1 h of sputtering, where
traces of carbon and oxygen remained on the sur-
face. As above, there is no trace of a surface-
plasmon-loss peak at high energies, and only one
discontinuity in slope occurs in n(E) at low ener-
gies. After the foil was thoroughly sputtered
[Fig. 6(b)], the surface peak appears in the char-
acteristic-loss spectrum as does the second slope
change at about 5. 5 V. Figure 6(c) shows the sam-
ple of aluminum sheet after thorough cleaning fol-
lowed by a two-week storage at 1.3x10 Torr.
Again no surface-plasmon effects are present at
either end of the spectrum. (Unfortunately, further
measurements on the sheet sample were not made. )

VI. DISCUSSION

We believe that the above data correlat''ng the
effects of bulk and surface plasmons on high- and
low-energy ends of the secondary-electron spec-
trum indicate that the role played by plasmons in
the true-secondary region is one of an energy-loss
mechanism for hot electrons diffusing toward the
surface rather than as a source for single-elec=
tron excitation. We know of no aluminum Auger
peak near 10. 5 eV, and the peak at 5. 5 eV could
not be an Auger peak due to its extreme sensitivity
to surface conditions. The large difference in im-
purity content of the three samples rules out the
possibility of impurity Auger peaks.

We have looked for the effects of plasmons on
secondary-electron emission in other materials,
but in no case was the interpretation as unambig-
uous as for aluminum. The main limitation is the

strength of the plasmon coupling to low-energy
electrons. While most materials exhibit plasma
lossesin high-energy-electron transmission ex-
periments, very few have clearly identifiable plas-
mon peaks in the characteristic-loss spectrum for
low-energy incident electrons. All materials have
some structure in the characteristic-loss region
below the elastic peak, but much of it is due to
band-structure effects rather than to plasmons.
Materials such as silver, gold, copper, nickel,
and platinum have peaks in this region, but the en-
ergies do not correspond to plasma losses, and
peaks at multiples of the main loss peak do not oc-
cur. Structure is also observed in the slow-elec-
tron spectra of these materials, but again the en-
ergies do not correspond to plasma excitations,
and they are believed to be due to band-structure
effects, Auger transitions, and surface excited
states. ~

The only materials in which we have seen mul-
tiple plasmon characteristic-loss peaks (clearly
indicating a strong plasmon-electron coupling at
low energies) are aluminum, magnesium, silicon,
germanium, and molybdenum. In magnesium, a
change in slope of n(E) occurs at the energy cor-
responding to the bulk plasmon, but we could not
obtain a sufficiently oxide-free surface to get
meaningful results. Silicon and germanium both
have weak structure in dn(E)/dE at their respec-
tive bulk-plasmon energies, but there is no evi-
dence of surface-plasmon coupling, so nothing
could be varied to uniquely identify the origin of the
structure. Molybdenum has an Auger electron peak
so close to the plasma energy that it masks any
plasmon effects.
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