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We describe highly accurate (0.2—1%) intensity measurements for the inelastic scattering
0

of 75-keV electrons in -1000-A-thick polycrystalline aluminum films in the region of
0

(0.0—3.1)-A ' transferred wave vector and (0—100)-eV energy loss. The work was per-

formed on the Cornell University electron spectrometer-microscope-computer system.

These measurements clarify some experimental problems associated with multiple scattering
which obscure the single scattering distribution. We present a new method for eliminating

the distribution of intensity attributable to multiple scattering involving quasielastic events.

This subtraction method is accurate to -0.01% of the single-bulk-plasmon intensity. Next,
we extend an earlier correction method to obtain the single scattering energy-loss function
Im( —1/e) from the residue of the first process, which consists of multiple plasmons and

quasiparticle transitions. Details of the specific procedures are included. We point out
several features in the result —the bulk-plasmon intensity, dispersion, and width, the quasi-

particle continuum, and a simultaneous two-plasmon scattering. The latter is, for the first
time, characterized completely as to intensity, dispersion, and energy width. Finally, we

present a comparison of the measured bulk-plasmon dispersion with some recent model cal-

culations.

I. INTRODUCTION

There has been considerable interest recently in
the exploration of low-energy excitations (0—100 eV}
in free-electron-like metals' and in silicon ' with
both electron energy loss and inelastic x-ray scatter-
ing. ' In this energy region, predominant processes
include valence interband transitions, plasmons, '
and surface plasmons. ' " Of these, the plasmons
and interband transitions have been modeled reason-
ably successfully by several workers. ' ' These
models have not included electron exchange and
correlation interactions, however, and so there has
been further work' ' to include these effects. The
experimental investigations mentioned above'
were conducted in order to determine the magnitude
of these interactions to guide the theoretical effort.

We describe here in detail the methods and results
of experimental electron-energy-loss measurements
on aluminum which have been previously briefly
communicated. ' The work extends earlier ef-
forts' and points out problems associated with
multiple electron scattering which obscure the
desired single scattering energy-loss structure of the
materials. It also provides accurate methods for
correction of these effects and reveals energy-loss
features which have not been observed before.

As described, the basic feature bearing on the

strength of the electron-electron interaction is the
dispersion co(q} of the bulk plasmon, where we use co

as the energy in eV and q as the wave vector in A
Also, the width y(q} of the plasmon indicates the
strength of the collective coupling to other process-
es, most notably the single-quasiparticle excitations.
It is therefore desirable to obtain these parameters,
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FIG. 1. Low-energy scattering region for electrons in

aluminum, showing the bulk-plasmon and the quasiparti-

cle (single pair) excitations. For Al, q, =1.3 A and

kF =1.75 A —'.
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found from the intensity I(q, co) of the scattered
electrons (see, for instance, Raether'0 for a descrip-
tion of electron-energy-loss scattering}.

In Fig. 1 we show diagrammatically the expected
behavior of I(q, co), together with the results of ex-
periments previous to the present work. ' The
behavior reasonably expected may be predicted from
a random-phase-approximation (RPA) calcula-
tion' ' and in this figure is shown only schemati-
cally. The main result, found both in theory and ex-
periment, is that a collective bulk-plasmon excita-
tion is found rising (for aluminum) from co& ——15 eV
to co(q, )=22 eV near the critical wave vector
q, =1.3 A ' where the plasmon dispersion enters
the quasiparticle excitation region. This area ex-
tends over a region encompassing 2' about the
classical kinetic energy of the valence dectrons.
%'ithin this region the behavior of the plasmon ap-
pears to be different for the theoretical and the ex-
perimental results. BrieAy, the dispersion should
depart slowly from the small-q form, quadratic with

q, according to the strength of interactions of the
plasmon with the quasiparticle states. The experi-
mental results suggest a clear underestimation of
these effects by the theory.

%'ith the use of an electron microscope equipped
with an electron-energy-loss spectrometer, ' the au-
thors obtained by photographic means, the scattered
intensity as a function of energy loss and scattering
angle. The resulting photograph, for a polycrystal-
line Al film, is shown in Fig. 2(a}. Evident in this
figure are plasmon losses at 15, 30, and 45 eV,
quasielastic losses at 0 eV, quasiparticle losses visi-
ble up to ihe plasmon energy, and many combina-
tions of the above. At 22 eV, the point at which up-
ward dispersion stops in the previous experiments, a
horizontal line has been added to the photograph.
The bulk plasmon clearly continues through this line
to higher energies. %by then did the previous ex-
periments not show this results The answer is evi-
dent in Fig. 3, and has been discussed in detail. '

This figure is a contour-map representation of the
scattered-intensity data, as a function of energy loss
on the vertical axis and scattering angle on the hor-
izontal axis, for 32X256=8192 separate measure-
ments. Clearly evident are the multiple bulk
plasmons (AA, BB,CC,DD,EE), quasielastic scatter-
ing (FF},surface plasmons (6), and multiple losses
involving plasmons and quasielastic events
(II,JJ,EE), surface plasmons and quasielastic events
(HH), and finally plasmons, quasielastic events, and
surface plasmons (I.I.,MM) The results for. the
previous electron-energy-loss experiments may be
understood by following the peak intensity of the
bulk plasmon (AA) outward in scattering angle. At
q =1.8 A, this intensity is comparable to the in-
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FIG. 2. (a) Photographic intensity as a function of en-

ergy loss and scattering momentum transfer (or angle).
The dotted hne at 22 eV shows the previously obtained
asymptotic plasmon dispersion. (b) Photographic intensi-

ty as a function of energy loss and image position. The
marker indicates a crack in the sample.

tensity of the peak I.I.. Following the maximum in
intensity (as a function of energy loss) to larger an-
gles moves the dispersion along the I.I. peak rather
than along the plasmon peak. Therefore, a flat
dispersion, comparable to the experimental curve in
Fig. 1, results when the true dispersion is actually
something quite different.

It is apparent, therefore, that measurements of
this type require an accurate multiple-scattering
treatment. The treatment used was briefly outlined
earlier. In Sec. II of this paper we present a de-
tailed formulation of the scattering problem and dis-
cuss the approximations necessary to arrive at a
manageable procedure. The extent of the required
accuracy is not realized in general. The presence of
the loss I.I. adds about 1% to the intensity present
m=22 eV and q=1.8 A '. Therefore, both the
measurements and the correction procedures have to
be accurate to 0.1—0.2%. We outline in Sec. III key
aspects of an experimental apparatus capable of col-
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not been observed before, and present comparisons
with recent calculations.

II. MULTIPLE-SCATTERING
CONSIDERATIONS
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FIG. 3. Intensity contour map for the 910-A specimen.
Note the extreme range of intensity (10'). The line NN
denotes the path covered in energy-momentum space to
generate the second spectrum in Fig. 6. The map was
generated by combining 32 such scans from 0—100 eV.

We begin by defining a scattering distribution

X,(q, co) such that

f Xg(q, co)d'qdco=Xr

with

d o'c d P d (1/A)
X, =n =Xq

da)d q da)d q da)d q

Here cr, is a conventional cross section, n is the den-

sity of scattering centers, P(q, co) is the scattering
probability, A is a differential mean free path, and

AT ——XT
' is the mean free path due to all excitations

in the sample. We divide the sample into slices M
thick and compute the scattered intensity
I (z +M, q, co) in terms of I(z, q, co) using

dI(z'q'co) = —I(, , )X
dz

+ I zq', m'

lecting data with these accuracies and describe the
specific experiment performed to obtain the results
in Fig. 3. We then continue in Sec. IV with a
description of the specific procedures by which
multiple-scattering effects were removed to obtain
the "electronic" single scattering function E,(q, co)
from the data, where

E,(q, co)= 1 1 1
2

Im
2/ctoEO q +qs e(q, co)

qE 0 2E0

e is the dielectric constant for the material, k0 is the
incident electron momentum, E0 is the incident elec-
tron energy, and a0 is the Bohr radius. This pro-
cedure consists of two parts. The first is a method
to remove multiple scattering at large wave vectors
which include quasielastic events (the losses FF, HH,
II, LL, JJ, MM, and KK in Fig. 3). We believe this
is the first suggestion of this method. The second
involves a three-dimensional application of a
method developed by Misell and Jones ' of deriv-
ing the single scattering from the resulting "elec-
tronic" scattering (the losses G, AA, BB, CC, DD,
and EE) using Fourier transforms as suggested by
Johnson and Spence. Finally, we will point out
some features of the resulting distribution that have

XX,(q —q ', co —co')dco'd q'

The first term on the right represents the intensity
scattered away from the state (q, co), and the second
term —the multiple-scattering term —represents the
intensity scattered into (q, co) from a state (q ', co').
Since the second term is a convolution integral, Eq.
(2) can be solved in Fourier space, giving eventual-
ly at the bottom of a slab of thickness t,

I(t, co,q) =Is(q, co)e e (3)

where the carets denote Fourier transform and the
transform variable. If we note that Io(q, co)e is
the Fourier transform of the unscattered beam at the
bottom of the sample, then in principle X,(q, co) can
be obtained from measurements of I (t, q, co). Practi-
cal difficulties exist, however. To successfully in-
vert Eq. (3) all intensity should go smoothly to zero
near the transform limits. For purely electronic
scattering this can be readily achieved with a film of
reasonable thickness but severe problems are en-
countered with large-angle quasielastic scattering.
Since the quasielastic scattering will also be coupled
with forward scattered electronic scattering then
problems also arise at moderate energy loss. We ex-
plore this problem and outline a solution.



27 EXPERIMENTAL ENERGY-LOSS FUNCTION, Im[ —I/e{q, ro)], . . . 5227

QUASI-
ELA

&, {~-~'}
SMON

(4)

Qsr(q) fEM(q' ~)d'q' .
We verify this form in the following manner. We

first notice that the multiple-scattering structure in

Eq. (3) can be written

e '=1+tX,+ —,t2X, + . =1+XM

FIG. 4. Geometric construction showing the composi-
tion of quasielastic plus plasmon scattering at the point q.
The multiple scattering is broken up into terms involving

only multiple quasielastic scattering and multiple plasmon
scattering. The total intensity at q is obtained by an in-

tegration over all q '.

In Fig. 3 we have shown a contour map of the
electron intensity scattered from a 910-A-thick foil
specimen as a function of energy loss m and scatter-
ing momentum transfer q. As noted above, the mul-

tiple quasielastic plus electronic scattering shows up
most strongly in the lines running parallel to the q
axis at 15.3 eV (II), 30.6 eV (JJ), etc. , which
represent bulk-plasmon scattering associated with
wide-angle quasielastic scattering. At scattering
angles corresponding to a momentum transfer -1.3
A ' this multiple scattering becomes the dominant
feature in the intensity map. To a first approxima-
tion, such scattering can be described by the convo-
lution integral

fQM(q —q ')EM(q ',~)d'q'

where Qsr( q —q ') is the wide-angle multiple quasie-
lastic scattering associated with small energy loss
(less than the instrumental broadening) of wave vec-
tor q —q ', and EM(q ', co) is the multiple electronic
scattering as indicated in Fig. 4. Experimentally,

Q~(q —q ') is slowly varying over much of the area
of interest and may be approximated by QM(q).
Then the convolution integral becomes

I

[Q~(q)5(co) e [5(qco)+,EM(q co}]j-

where XM includes all contributions to the scatter-

ing, but excludes the unscattered beam. XM in this
case is, of course, thickness dependent. We can
break up XM into the corresponding electronic
multiple-scattering EM and quasielastic multiple-
scattering QM by inserting X, =E,+Q, into Eq. (4),

tX, tE, tg, tE, , tQ, , tE,

so that

I+~M (I+EM)+Qsr(l+E~)
or, in real space,

5( q, co)+Xsr( q, co) = [5(q, co) +EM( q, ra)]

+QM(q ~)~[5(q,~)

+E~(q ~)]

where the asterisk denotes a convolution integral.
The first term of this result includes only the multi-

ple electronic scattering terms, which go smoothly
at zero at large scattering angles; the second term
contains a mixture of electronic and quasielastic
terms, which do not. If this term can be evaluated,
a simple subtraction indicated by Eq. (5) cleanly
separates the two types of scattering. We continue
with some approximations for this term.

We first note that the quasielastic scattering in-
volves energy losses much smaller than our instru-
mental resolution. Therefore, we approximate

Qsr(q, co) by QM(q)5(co). Second, we use the fact
mentioned above that QM(q) varies slowly with an-

gle. We therefore expand Qsr( q ) in a Taylor series
about some qo. The last term in Eq. (5) becomes

(7)

[Q~(q, co)[5(q,co}+EM(q,co)]], -, =Q~(qo) 5(~)+fE„(q,~)d'q +

where the ellipsis represents terms in even moments of EM. This verifies the assertion above that these convo-

=fQM(qo q')5(q —')d'q'5(~)

+f [Q~(qo)+Q~(qo) I qo q'I +Q—u(qo)(qo —q')'+ ]EM(q' ~)d'q' (6)

QM(qo)5(~)+QM(qo) fEM(q ', io)d'q'+Quar( qo) f (qo —q ')'E( q ',~)d'q'+

where we have used the fact that EM is a symmetric in q for our polycrystalline specimen in going from (6) to
(7) to eliminate the term linear in q. We finally obtain the form for quasielastically aided multiple scattering at
a particular wave vector qo.
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pears appropriate to comment on the role played by
the Fourier-transform procedures. First we note
that use of Fourier transforms is dictated by Eq. (3).
However, instrumental resolution factors also be-
come important in measurements such as these,
which extend over several instrumental runs. Both
energy and angular resolution problems have be-
come prominent in our experiments, not so much re-
flecting intrinsic widths, but day-to-day shape fluc-
tuations as well. Such variations are readily corn-
pensated for by using Fourier-transform techniques
to deconvolute the variable instrumental shape and
to reconvolute a standard shape to avoid develop-
ment of high-frequency noise. These procedures
lead to a considerable improvement in multiple-
scattering subtraction techniques, since spectra
clearly depend not only on the intensity of the in-
strumental function but also on its shape. Our pro-
cedures in these respects are shown later in Eq. (11)
and are described in more detail in the explanation
accompanying that equation.

III. EXPERIMENTAL DETAILS

With the comments given above immediately in
mind, we outline here the experimental features.
The specimen was condensed at a rate of 10—
50 A/sec onto (100) NaC1 at room tempera-
ture using electron-beam-evaporated 99.999%-pure
Al. A background pressure of 5X10 mm Hg was
used and thicknesses were measured with a quartz-
crystal thickness monitor. These procedures pro-
duce a polycrystalline Al film with a (111)preferred
orientation. Earlier work was carried out on po-
lycrystalline films. ' ' Further, the extensive data
acquisition and processing can be reduced consider-
ably because the resulting intensity is a function
only of q =(q +qz)'/2 rather than of q„and qz in-
dependently, as with single crystals. For a (111)pre-
ferred orientation the first significant Bragg ring is
the (220) at 4.4 A '. Since we wish to record data
out to -3 A ', elimination of the (111) and (200)
rings at 2.6 and 3.1 A ', respectively, is valuable.
No cracks were visible in the sample and the grain
size was on the order of 200—500 A. Finally, since
we scan out to 100 eV, the thickness should ensure
that the scattered intensity at 100 eV should be
small enough to minimize truncation errors in the
Fourier transform. Thicknesses less than 1500 A
are observed to satisfy this condition. We note that
the signal-to-noise ratio deteriorates rapidly for
thicknesses less than 200 A although multiple
scattering is still appreciable. Since we therefore
have to deal with multiple scattering, the thicker
films offer improvement in the signal-to-noise ratio.
The films were floated off the NaC1 onto distilled

water, picked up on copper grids, and transferred
into the microscope in a few hours.

The Cornell University instrument —a Hitachi
HU-11A electron microscope and a Wien-filter
spectrometer —and the mode of operation have been
described elsewhere. ' Briefly, 75-keV electrons are
focused into a (2—5)-pm-wide spot on the specimen.
The angular divergence is =(1—3))&10 rad, giv-

ing an angular resolution of approximately 0.11
A '. The energy resolution is limited by thermal ef-
fects at the filament and is =0.4—1.8 eV depending
on the operating temperature. For our earlier exper-
iments, a regular tungsten filament was used, but we
also used a LaB6 filament for some experiments.
The latter filament gives a higher intensity with a
smaller energy spread and thus eases the time limita-
tions on counting.

The microscope can be regarded for present pur-
poses as a flexible electron optical bench. Either an
image or a diffraction pattern can be recorded pho-
tographically or transferred to the plane of the spec-
trometer entrance slit. The spectrometer then
focuses an image of this slit onto a lower screen and
disperses the electrons perpendicular to the slit as a
function of energy loss. Thus if the slit is selecting
scattering angles in a diffraction pattern, then the
spectrometer will give intensity as a function of en-

ergy loss and scattering angle. This spectrum can be
photographed and this mode gives the photographs
presented in Figures 2(a) and 2(b). For precise data,
however, this is inadequate and it becomes necessary
to resort to electron counting. A brief description of
our arrangements has been published elsewhere.

The detection system is built around a minicom-
puter which controls the spectrometer and records
the data. Specifically controlled on line are three de-
vices: the electron spectrometer, x-y deflection coils,
and the electron counter. Since, in the diffraction or
scattering mode (as opposed to the image mode) the
scattered electron intensity is a function of energy
loss and of q„,qz, the x and y components of the
wave vector q, then the on-line control enables the
computer to set a counting window at a chosen
value of ~, q„,and q~. Information is passed to
the spectrometer circuits situated at high voltage by
using GaAs light-emitting diodes (LED's) coupled
by 15 cm of fiber-optics light pipe to diode light
detectors. The speed of the system is such that a po-
sition in energy-momentum space can be defined in
=270 psec, allowing count times as small as 1 msec.
Therefore, rea1 time observation of data acquisition
is convenient. Direct consequences of this capability
are as follows. It becomes possible to compensate
for long-term fluctuations in beam intensity by
sweeping the spectrometer quickly and accumulat-
ing many scans. A full scan from 0 to 100 eV
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FIG. 6. Energy-loss scans for selected scattering angles
and for the image. Notice the dispersion of the bulk
plasmon at 15—20 eV, the dominance of multiple scatter-
ing above 1.8 A ', and the resemblance of this scattering
to the image scan.

would take between 0.5 and 2.5 sec depending on
settings corresponding to 256 points stepped at 0.4
V with counting times varying between 2 and 10
msec. The number of scans chosen depended on
intensity —at larger scattering angles -2000 scans
were taken corresponding to about 45 min inte-
gration. During such lengthy periods, beam align-
ment also drifts on the order of 10 rad {0.02
A ')—enough to disturb the angular relationship of
the scans. Accordingly, the computer periodically
scanned in angle across the inelastic beam at 23 eV
to determine the maximum, i.e., the incident beam
direction, and fed back a compensating deflection to
the x-y deflection coils to compensate for such
drifts. Instrumental vacuum in the specimen
chamber was kept -10 mmHg and a liquid-Nz
anticontamination device was used. Nevertheless,
contamination became visible in the spectra after
-10min. Accordingly, every 3—4 minutes the scan
was halted and a new sample area was brought into
view. Finally, it proved necessary to focus the elec-
tron beam on the sample by observing the shape of
computer-controlled angular scans as a monitor.
Reproducibility of the angular divergence, and so
the angular averaging of scattered intensity, depend-
ed on the most sensitive range of the second con-
denser lens control and could not be achieved by
visual inspection of the final screen alone.

The counting system included a plastic scintillator
coupled via fiber optics to an EMI-9502S photomul-
tiplier. A 100-MHz programmable counter detected
and counted pulses for times of 1—128 msec and
data was then transferred from the counter to the
computer. This system is capable of linear response
over more than 7 orders of magnitude. We note also
that the energy calibration over 0—100 V is good to
+12 meV, i.e., to 10 . Angular calibrations were
achieved by using Bragg reflections.

A number of specimens were studied during the
course of this work. However, a complete study was
carried out on only two specimens: one of 500-A
thickness with a tungsten-filament electron source
of a full width at half maximum (FWHM) of 1.8
eV, and a specimen of 910-A thickness using LaB6
filament of 0.9 eV FWHM. Our other data are con-
sistent with these specimens and we will focus on
these two. The basic experiment consisted of
recording 32 energy scans at intervals of 0.1 A ' be-
between 0- and 3.1-A ' scattering vector. Each
scan was composed of 256 points, 0.4 eV apart be-
tween 0 and 100 eV. In addition, scans of the image
{the integrated cross section) of each specimen were
recorded. In Fig. 6 we show a selected series of
these scans. These data compare, of course, to that
recorded photographically in Fig. 2{a), and a typical
path for a scan is identified in Fig. 3. Thus, the
scans in Fig. 6 show bulk plasmons A, B, and C as
the prominent features at low angles. As the
scattering angle approaches 1.2 A ' we see the
development of multiple quasielastic plasm on
scattering I,J which by 1.8 A ' has clearly become
the dominant term in the scattering. The similarity
of the image spectrum to that at 2.5 A ' is also evi-
dent. These scans were then used to produce the
contour map shown in Fig. 3, of measured intensity
as a function of co and q. It is perhaps worthwhile
emphasizing that, for the most part, the accuracy of
the intensity measurements reported here surpasses
the ability of the draftsman and printer to reproduce
them on plots of this nature.

Our concern has been predominantly with the re-
gion 1.4—2.2 A ' and the energy region between 20
and 30 eV, where the question concerns the existence
of peaks A and LL (Fig. 3) and their appropriate
identification. We have already published intensity
scans in momentum-transfer (q) (or angle) at con-
stant energy' ' providing evidence for continuation
of peak A up to 28 eV& and a precise {0.2' statistics)
energy scan at 1.8 A ' showing evidence of two
peaks at 22.4 and 24.7 eV. We reproduce the latter
figure here as Fig. 7 for the sake of continuity in the
development of our argument. These two peaks are
reflected also in the 0.2 contour at q =1.8 A ' in
Fig. 3, corresponding to the development of LL
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FIG. 7. Scan a at 1.8 A ' showing the existence of two

peaks between 20 and 30 eV. The lower peak is a
multiple-scattering event and is exactly reproduced in the
image scan b. The difference between the two, scan c,
shows only the upper peak (after Batson, Chen, and Sil-
cox, Ref. 20.)
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FIG. 8. Subtraction of the image spectrum from the
0

spectrum at 1.7 A '. This result emphasizes that, al-
though 0.2%%uo statistics are required to see the two peaks in
Fig. 7, this accuracy is not required to perform satisfacto-
ry correction if only gross features are desired.

away from A. Figure 7 clearly shows the existence
of these two peaks and the reason (the need for
0.2% statistical accuracy) that they have not been
observed before.

To generate Fig. 3 we have found it necessary, as
mentioned above, to compensate for day-to-day fluc-
tuations in the instrumental conditions. We there-
fore deconvolute from the data the incident energy
spectrum and reconvolute a standard (Gaussian
form) analogous to the method used in Eq. (11)
below. In addition, normalization is necessary in the
angular axis. This was accomplished primarily by
fitting each energy-lass scan intensity to an angular
scan at either zero energy or at the plasmon energy,
whichever intensity is larger.

2.9eV kcu=0. 9eV (a)

q = l.4 A

—3.I 25

we show two such spectra, an energy scan taken at
1.7 A ' and an image scan with the co=0 peaks
normalized as outlined below. We note that the
peaks in the image spectrum occur precisely at peak
points of the multiple-scattering peaks. For exam-
ple, the first quasielastic peak occurs at 15.3 eV in
both the scans rather that at 14.9 eV as is observed
in a q =0 scan. Similarly, the intensity ratio in the

IV. ANALYSIS OF EXPERIMENTAL DATA

First, we wish to eliminate the Lz 3 core excita-
tion loss at 72 eV. Accordingly, an exponentially
decaying tail (matched in intensity and slope at 65
eV) replaces the measured intensity above 65 eV.
Although the most probable shape for this tail is
actually the power law hE, we found the ex-
ponential form slightly more convenient. Since the
total intensity in this region was about 0.1% of that
at the plasmon intensity, the exact shape was not
important for this work.

IO l5
m (eV)

20 25

(b)

A. Quasielastic multiple scattering

We now come to the problem of removing the
multiple quasielastic electronic scattering. As dis-
cussed in detail earlier the approach is to use an im-
age spectrum suitably normalized to the quasielastic
peak at co=0 eV as an approximation to the
quasielastically aided multiple scattering. In Fig. 8,

0 I 0 20 30 40 50 60 70 80
m (eV)

FIG. 9. (a) Replacement of an instrumental resolution
of uncertain shape with a Gaussian of standard width and
position. Note that although the Gaussian has a higher
FWHM, it encompasses less intensity, leading to smaller
scattered peaks. (b) Comparison of an image subtraction
with and without resolution standardization.
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FIG. 10. Subtraction carried out using the q =0 A
scan rather than the image scan. The result here is clearly
inadequate because the instrumental angular resolution is

much smaller than qE. This may not have been the case
in Ref. 1 where it has been used.
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FIG. 11. Intensity contour map after application of the
image subtraction. Note the enhancement of the Bragg
plus plasmon scattering (GG).

peaks is correct, as is evident in the subtracted spec-
trum also shown in Fig. 8. To be specific, if we let

QM(qp, tp) and Zt(tp) be the energy distribution of
the peak at to=0 (defined to cover the region —1.0
eV &~& 2.0 eV), for the energy scan at qp and the
image scan, respectively, and if IM(qp, cp) and It{co)
are the complete intensity distributions, then the
subtracted, normalized scan involving only elastic
and electronic scattering (IE} is given in Fourier
space (tp only) as

IE(q„t0)=G(co) exp[tE, (qp, co)]

IM(qp, cp) It(tp}=G(r0) —,(11)
QM {qp,@

where G{tp) is the Fourier transform of a standard
instrumental resolution. In this case G(tp) is chosen
to be a Gaussian at a position of 3.125 eV and
FWHM of 1 eV. In Figs. 9 and 10 we illustrate the
need for these procedures. Thus in Fig. 9(a) we
show the result of replacing the instrumental resolu-
tion, in a measured intensity scan, with the standard
Gaussian. It should be noted that not only do peak
positions shift but also changes in peak heights
occur reflecting changes in incident beam width and,
therefore, total incident intensity. In this example,
in fact, a Gaussian of broader width than the instru-
ment actually encompassed less intensity, leading to
smaller peaks. In Fig. 9(b) we show the effect of at-
tempting the image subtraction without compensat-
ing for changes in the incident beam energy shape.
Residual intensity spikes at the strong multiple-
scattering plasma peaks are clearly evident. Finally,

in Fig. 10, we show an example of the use of a q =0
scan as the quasielastically aided scattering term. '

The inadequacies of this procedure are clearly evi-
dent in the residual quasielastic-plasmon peaks left
at 15, 30, and 45 eV, even though the quasielastic
peak at 0 eV has been completely removed. Com-
paring this result with Fig. 8, it should now be evi-
dent that the use of relationship (11), i.e., taking ac-
count of quasielastic electronic multiple scattering
using image scans and appropriate normalization
procedures, is necessary to achieve a satisfactory
stripping of the quasielastic electronic scattering.
Finally, Fig. 7 shows in more detail the achievable
accuracy of this method. We emphasize that what
is involved is the fitting of the image spectrum with
the scan at q only in the immediate vicinity of co=0
eV. Once this is done, no further approximations
need be considered. We therefore have the ideal sit-
uation wherein no fitting procedures are required in
the region of our desired intensity measurements.
The amount of multiple-scattering corrections at en-

ergy losses greater than 2 eV are not adjusted, after
the initial normalization at zero energy, as they are
in iterative techniques.

B. Bragg multiple scattering

In Fig. 11 we show the intensity contour map re-
sulting from the calculations of Eq. (11}. Several
features have been made more visible by this pro-
cess. First, it can be seen that the losses HH, II, JJ,
KK, etc. have been cleanly removed. In addition,
the loss LL at 22 eV and 1.8—3.0 A ' is absent,
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leaving the bulk plasmon (AA) much more prom-
inent. As highlighted by the dotted line (ZZ), the
edge of the quasiparticle continuum is beginning
to appear. Finally, the Bragg plus plasmon scatter-
ing (GG) appears for q &2.2 A '. This intensity
must be eliminated before the processing may be
continued. The expected intensity for this scattering
is estimated from

Ia gg +Ip]( q, co)

= f In»gg(q —q ')Ip~(q ',co)d q', (12)

where the integration can be cut off at q values less
than that at which this correction becomes neces-
sary. Therefore, the result of Fig. 11 is used for
Ipi( q ', co) and In„gg is experimentally measured.

After this correction, we have a result including
only the valence electron, or "electronic, " scattering.
This falls off nicely at large energy loss and scatter-
ing angles. We note in passing that a numerical in-
tegration over angle of either these data, or the origi-
nal raw data, matches the aperture investigation of
the image distribution closely, thus justifying the
derivation of Eq. (10). (Indeed, the draftsman was
unable to reproduce the differences; so we eliminate
an illustration).

C. Single scattering

The multiple-scattering corrections are continued
by implementing the Misell-Jones method for deriv-

ing the single scattering electronic distribution. We
invert Eq. (11)and find for E,

momentum). As pointed out above, we have re-
duced the required number of measurements by us-

ing a polycrystalline sample with rotational symme-

try about q =0. The two-dimensional Fourier
transform for q„and q~ may therefore be replaced
by the one-dimensional Fourier-Bessel transform
(FBT).

We therefore compute Eq. (13) using a fast
Fourier transform ' for the co variable and a FBT
for the q variable. Secondly, as is evident in Fig. 11,
the scattered intensity varies 7 orders of magnitude
over the range of measurements. Transform tech-
niques with 24-bit floating-point accuracy experi-
ence truncation errors for even 10%%uo accuracy if this
dynamic range is not reduced. Equation (1) indi-

cates, however, that a large part of this variation is
merely the term 1/(q +qE). We may approximate

2
this term with an exponential e ~, which has a

A2

well-defined FBT (e Pg ). We therefore subtract
this exponential form, Fourier-Bessel transform the
residue, and add the appropriate exponential
transform to the result.

D. Obtaining the energy-loss function

Finally, we wish to obtain the energy-loss func-
tion Im[ —I/e(q, co)]. Here we must also include
some practical considerations. In this experiment
the instrumental resolution G(q, co} has a width
larger than 2qE. Therefore, the measured value of
E,(q, co) is blurred. This blurring can be evaluated
approximately by averaging over an effective aper-
ture:

G(q, co)tE, (q, co) =G(q, co)ln
„

G(q, co)
(13) 70

60-

Here G(q, co) is identified with Io(q, co)e and is
the standardized unscattered beam determined as a
function of q by Eq. (11), when those results are
combined to form Fig. 11. Here, as in Eq. (11),
G(q, co} is used also to control noise in the resulting
spectra. Notice that the specimen thickness does not
appear as a parameter of the calculation. In this
single scattering derivation, it appears only in the
absolute magnitude of the single scattering function,
not in its shape. We finally may obtain an average,
(E,(q, co) },by dividing Eq. (13) by the total volume
under tG(q, co) to give the differential inverse mean
free path for "electronic" scattering. We note here a
computational difficulty. First, the above Fourier
transforms are strictly three dimensional in charac-
ter (co,q„,qz with q, 0 through conservation of

50-

40-)
cn

3 30- ~—-
B

2m
/

IO-
C ~C

E r
F

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 I.6 I.8 2.0 2.2 2.4 2.6 2.8 3.0
q(A )

FIG. 12. Im( —1/e) for the 910-A sample. Notice the
bulk plasmon (AA), the quasiparticle edge (EE), the two-

plasmon event (BB),and the surface plasmon (CC) ~
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271 QpEp ' m(bqz) o p q +qE+(b,q) 2q bqcosp—

(~q" )'
Im —— ln 1+

26upEp & (hq„)' q'+qE
(14)

where 2hqz is the width of the resolution function
G(q, co). This result has a significantly different
shape from Eq. (1). We therefore invert Eq. (14)
and use the result to calculate Im( —I/e). This re-
sult containing the structure intrinsic to the sample
composition is shown in Fig. 12.

E. Consistency checks

A comparison of the results for the 500- and 910-
A samples shows —15% agreement in the absolute
intensity at most measurement points. Above 2.0
A ', they are different by about a factor of 2. This

I

difference appears to be consistent with the statisti-
cal accuracy of the measurements at these wave vec-
tors, i.e., above 2.0 A ' the resulting, corrected in-
tensity is —1% of the measured intensity at the
same point while we have obtained measurement ac-
curacies of 0.2—1%. Examples of spectra at dif-
ferent scattering angles are shown in Fig. 13. The
only significant shape difference lies in the statisti-
cal accuracy of the two. Significantly better results
were obtained from the 910-A sample both because
the higher-brightness electron LaB6 source was used
and because a thicker sample provides more scatter-
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FIG. 14. (a) Comparison of the one-dimensional single scattering derivation for q =0 A ', with the q =0 A ' result

from E,(q, co). (b) Comparison of the one-dimensional single scattering result for the image spectrum, with the integral
over q of E,(q, co).

ing, and, hence, more information with which to
perform the above analysis.

The apparent intensity dip at q=0 in Fig. 12
probably reflects inaccuracies in Eq. (14). However,
an intensity deficiency of about 6% for the 910-A
sample is also expected at small wave vector
(-q=0.006 A ') due to a surface correction at the
bulk-plasmon frequency as pointed out by Ritchie. '
This deficiency is also expected to be thickness
dependent, becoming about 10%%uo for the 500-A sam-
ple. Therefore, care must be exercised when com-
paring results from specimens of different thickness.

In Fig. 14 we show checks of the three-
dimensional multiple-scattering treatment. We not-
ed above that the previous work utilizing the
Misell-Jones formulation was done for the e vari-
able only. We show two examples of similar
work with the aluminum. First, in Fig. 14(a)
we show the result of an co variable analysis for the
q=0 A ' raw spectrum and compare it to the
q =0 A ' trace from the complete result for
E,(q, co). We expect these results to be comparable
since the scattering is largely in the forward direc-
tion. Next, in Fig. 14(b) we compare the co variable
analysis of the raw image spectrum, with the numer-
ical integration over all angles of E,(q, co). Agree-
ment in both cases is remarkable. These checks

serve to verify that the numerical procedures fol-
lowed to evaluate Eqs. (11), (13), and (14) did, in
fact, closely approximate the analytical forms re-
quired.

V. RESULTS OF THE ANALYSIS

A '= J J E,(q,co)qdqdr0 (15)

We find 4=1370 A for the 500-A sample and 1210
A for the 900-A sample. The evaluation for a sim-
ple free-electron-gas dielectric constant with q
dependence was shown by Raether' to be

A. Characterization of the plasmon

We first point out in Fig. 12 the presence of the
bulk-plasmon AA beginning at co=14.95 eV and

q =0 A ' and dispersing upwards at roughly con-
stant intensity to about 18 eV and 0.9 A '. At this
point its intensity decreases rapidly due to interac-
tion of the plasmon with the quasiparticle continu-
um. We therefore assign this value of 0.9 A ' to q,
in agreement with the results of Gibbons et al. We
may determine a total mean free path for the
plasmon alone by evaluating
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2Qp
A= Ep ln (16)

where ap is the Bohr radius, ez is the plasma ener-

gy, and Eo is the incident electron energy (75 keV).
This expression produces A=1240 A for q, =0.9 A,
in reasonable agreement. If the experimental mean
free path for all angles and energy losses is comput-
ed we find A=725 and 670 A for the 500- and 900-
A samples, respectively. Previous measurements of
A have obtained 920 A (Ref. 34) and 850+150 A
(Ref. 35). It appears likely, therefore, that those
measurements, which relied on an empirical fit of
multiple-scattering peaks at moderately large ener-

gies with Poisson-distributed peak intensities, were
affected by scattering into single-particle continuum
states which are present under the large energy-loss
peaks.

The plasmon dispersion also flattens slightly as it
enters the quasiparticle region, and approaches the
center of the continuum at co=q~/2m. In Fig. 15
we plot the plasmon-peak maximum positions as a
function of q together with the results of Za-
charias' and of Hochberger, Otto, and Petri. We
note a marked difference between the present data
and the previous results. As was pointed out in Ref.
20, we believe that this difference is due to the in-
terference of triple scattering involving quasielastic,
plasmon, and surface-plasmon scattering which we

co=co&+a—q
m

(17)

with co& ——14.95+0.05 eV and a =0.38+0.02. Other
values for cg& are 15, ' 14.8, 14.95, and
14.81—15.3. Other values for a are 0.42, ' 0.41,
and 0.5. From Fig. 12 it is clear that this quadratic
dispersion persists well into the quasiparticle region.
Deviation from this does not occur until the
strength of Im( —I/e) is reduced to 10% of its q =0
A ' value. The plasmon is therefore a well-defined
bulk oscillation at wave vectors well beyond q, .

In Fig. 16 we show the large-angle dependence of
the width of the plasmon. At small angles we note
that the product of the strength and width remains
constant until q, =0.9 A This is easily seen in
Fig. 12 and is in agreement with the theoretical re-
sults of Sturm. A detailed comparison with this

have removed. This is emphasized by the observa-
tion of the fact that curve H is approximately an
intensity-weighted average of the positions of the
plasmon and the triple-scattering peaks as shown in
Fig. 7. Clearly, the wide variation of peak positions
in the experimental results of Zacharias' and of
Hochberger, Otto, and Petri emphasizes the diffi-
culty in estimating the multiple-scattering intensity
by other than an experimental method.

The plasmon dispersion is linear with q out to
about 1.7 A and
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theory is, however, not possible due to the present
instrumental energy-loss resolution of 0.9 and 1.6
eV. We note a smooth increase in the width until

q =2.3 A ', where there is an apparent transition to
a width more characteristic of the quasiparticle re-

gion. This is noticeable in Fig. 13 where the data at
2.0 A ' retains a peaked shape near 25 eV in con-
trast to the broad distribution present at 3.0 A

We therefore generally describe the plasmon as
being unaffected by the continuum until about

q, =0.9 A '. It retains its dynamic characteristics
while being damped until 1.2 A, at which point it
has been reduced to 10%%uo of its original strength.
From 1.7 to about 2.3 A ' it appears to have be-

come a mixture of collective and single-particle
states. Finally, above 2.3 A ' there appear to be
only single-particle states present.

B. Comparison of plasmon dispersion
with theory

The RPA model for the electron gas, as formulat-
ed by Lindhard, ' predicts a value of 15.8 eV for co~

in Al (r, =2.07}. There are, however, several recent
formulations that shift this result toward the ob-
served value of 14.95.

It is clear that in a real metal the periodic nature
of the ionic background must be taken into account.
This has been done recently by Bross where it was
shown that interband transitions near 14 eV and
higher in Al shift the plasmon energy downward by
0.3 eV. This calculation correctly predicts the ob-
served value of 11.3 eV for the Fermi energy, con-
firming other similar calculations and therefore
justifying the use of an electron effective mass
m*/m =1.025 (Refs. 39 and 40) to correct approxi-
mately for band-structure effects.

Ionic-core to conduction-band transitions also
contribute a further downward shift. These are in-
cluded by calculating a uniform background dielec-

0,
0 I 2 3 4 5 6 7 8 9 IO

q(A )
FIG. 16. Bulk-plasmon width, including the 1-eV in-

strumental broadening.

tric constant eq for L2 3 core excitations. This is es-

timated for Al + ions in the crystal lattice to be
1.039. ' Also, we have confirmed this estimate by
integrating the experimental L2 3 photon absorption
intensity to find the oscillator strength. From this
result we find e~ ——1.037. The E-core contribution
is found to be negligible. This background, when
combined with values of delr}co obtained from
Bross, produces a further shift of 0.27 eV down-
ward.

In Fig. 15 we show the results from Bross includ-

ing corrections given above for the core excitations.
The asymptotic slope at q =0 is in good agreement
with the observed slope. The theoretical value for
coo of 15.23 eV is, however, too large. At this time
there does not appear to be an understanding of this
discrepancy.

For q &q„electron exchange and correlation ef-
fects become important. These have been treated by
Vashishta and Singwi, ' who showed that the disper-
sion coefficient a is lowered from its RPA value of
0.42 to about 0.34. Recently, a modification of this
approach by Gupta et al. was shown to be
moderately successful in matching the dispersion
well above q, . This result, calculated for r, =2.00,
is reproduced here in Fig. 15. It is significantly dif-
ferent from the data only in the region q, & q &2q„
apparently because it does not break away from the
Lindhard RPA result at small enough wave vectors.

If the Gupta result is scaled at small wave vector
to r, =2.07, m*=1.025m, and ez ——1.04, then we
find agreement with the Bross result. It is clear,
therefore, that all these processes are necessary to
begin to understand the experimental result.

C. Short-range correlations

A large q (-2.7—3.0 A '} mode near 23 eV has
been reported by Platzman et al. and has been the
subject of several recent theoretical papers. ' We
are unable to confirm the presence of this mode, al-

though the present result is not inconsistent with its
possible existence. Consideration of Fig. 11 (line
GG) points out that, at least for electron scattering,
significant peaking occurs near 23 eV and 2.8 A
due to Bragg scattering followed by plasmon scatter-
ing as described by Eq. (12). In the present work
this term in the multiple scattering was not dealt
with at a sufficient level of precision. Care should
therefore be exercised in the interpretation of peaks
in this region unless it can be shown that multiple
scattering is small.

D. Two-plasmon scattering

In Figs. 12—14 there is clearly residual intensity
near 30 eV which has not been removed by the
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Misell-Jones single scattering derivation. This indi-
cates that there is some incidence of correlated
scattering of more than one plasmon. That this re-
sult is not a mistake in the processing is confirmed
by direct peak-area measurements of raw data, such
as those shown in Fig. 6, which show an excess of
intensity in the two-plasmon peak above that
predicted by Poisson statistics. This excess is con-
sistent with that shown by the processing.

The behavior of this correlated two-plasmon peak
is shown in Fig. 17 and is as follows: (a) The disper-
sion of its energy with wave vector is linear with q
and follows Eq. (17) with co~=30+0.8 eV and
a=0.29+0.03; (b) its width is approximately con-
stant out to 0.9 A ' and increases swiftly thereafter
in a manner roughly consistent with the width of the
single plasmon; (c) the intensity has a minimum
near q =0 and increases to a maximum near
q =0.2—0.3 A '; (d) the cross section for this pro-
cess is measured to be about 7%%uo of the cross section
for single-plasmon production

These observations most likely agree with the

two-plasmon calculations developed by Ashley and
Ritchie which investigate the possibility of the
simultaneous production of two plasmons. The ab-
sence of a long-lived bound state with a finite bind-

ing energy in this theory is in agreement with the

q =0 asymptotic energy found to be just twice the
single-plasmon energy. Also, the dispersion we have
found is in agreement with that expected for the
convolution of two independent plasmons.

The measurements of linewidth and intensity„
however, suggest a real interaction between the two-
plasmon states. As shown in Fig. 17 the two-
plasmon width does not agree with the convolution
width of two independent plasmons. Also, the
depression of intensity near q =0 suggests a correla-
tion of the plasmon wave vectors, excluding the as-
sociation of two plasmons traveling in opposite
directions. Alternate explanations may be the
failure of Eq. (14), or interference of the negative
surface term, as noted above. The Ashley-Ritchie
theory may be able to explain these observations be-
cause it predicts the formation of a short-lived
bound state of two plasmons which immediately
breaks up to form two independent plasmons. An
investigation of the damping mechanisms for this
model is needed to determine if it can explain the
present results.

Finally, this model predicts a cross section of be-
tween 4 to 10%%uo of the single-plasmon cross section,
in agreement with the present result of 7%. We
note that previous work by Spence and Spargo on
Al and Sn also revealed residual intensity in agree-
ment with this cross-section prediction.

We do not find agreement with the theory of Ru-
valds et al. which predicts a finite two-plasmon
binding energy and significant deviation from the
simple dispersion curve seen in the experiment. We
note that recent work by DuBois and Goldman has
shown an error in the Ruvalds work. The correction
of this error significantly reduces the prediction of a
long-lived coupled mode in a material like Al.
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