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Photoelectron difFraction from core levels and plasmon-loss peaks of aluminum
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Photoelectron diffraction has been measured from a (001) single-crystal surface of aluminum.

Anisotropies of the photocurrent of 73% and 65% have been observed in azimuthal scans of 2s and

1s core-level intensities comprising the [011]direction. Azimuthal intensity scans have also been

measured for the plasmon-loss peaks accompanying the 2s core lines. The forward-scattering-

related intensity maxima along (011) directions are reduced with increasing plasmon number n.
This suggests that defocusing effects due to multiple photoelectron scattering along rows of atoms

are important. The rate at which the forward-scattering maxima are suppressed with increasing n
0

indicates a defocusing length of the order of 45 A in Al, which is longer than what had been previ-

ously calculated for the case of Cu. Furthermore, the invariance with n of diffraction features away

from the [011]direction gives support to the idea that photoelectrons and Kikuchi electrons exhibit

essentially the same diffraction effects.

INTRODUCTION

X-ray photoelectron diffraction (XPD) is a particular
mode of detecting photoelectrons in a photoemission ex-
periment that allows one to obtain structural informa-
tion. ' In short, the experiment consists of measuring the
photoelectron current with high angular resolution from
an oriented single crystal either under varying polar and
azimuthal angles, or under fixed geometry as a function
of the photon energy. The observed intensity variations
of the photoelectron current can be analyzed in terms of
the structure of the sample. Since photoelectrons have a
relatively small mean free path, this technique can be
used to study the surface atomic structure, which makes
it a useful tool in modern surface science.

In order to be applicable as a general tool, the benefits
and shortcomings of this technique should be known as
thoroughly as possible. This is most easily achieved by
studying XPD from single crystals of which the crystal
structure is well known. So far mostly transition metals
have been investigated, for the obvious reason that for
them, good single crystals are available and also because
they are frequently used as substrates for adsorbate stud-
ies. Hardly any XPD work has been done on the classi-
cal simple metals like Na, Mg, or Al. They have the ad-
vantage of a relatively simple, well-understood electronic
structure ' and a small atomic number Z, which should
make an analysis of the data less complicated. In addi-
tion, they show well-developed plasmon losses, with a
plasmon-creation mean free path A „which is, approxi-
mately 1 —,

' times the total mean free path A„,.
Measuring XPD patterns of plasmon-loss peaks ac-

companying core lines allows us to vary the relative
weight of the emitters contributing to the total intensity
from different depths below the surface. We shall demon-
strate how the effects of multiple-scattering processes,
such as occurring along rows of atoms, can be investigat-
ed in this way. In this context it should be mentioned

that the individual electron-atom scattering events that
give rise to the observed diffraction patterns are strongly
peaked into the forward direction at energies higher than
a few hundred eV. ' This can, in principle, be regarded as
a focusing of the electron wave into directions of near-
neighbor atoms. It has been suggested on the basis of
multiple-scattering calculations, ' that if more than one
scattering atom is placed along the emission direction,
these forward-scattering effects are markedly reduced due
to a dephasing of the electron wave after passing the
atoms nearest to the emitter. Already four atoms follow-
ing an emitter can completely destroy the forward-
scattering enhancement expected in a single-scattering
theory. This effect has been termed defocusing. ' It is
the intention of this paper to gain some experimental in-
sight into the importance of these defocusing effects. We
shall also use our plasmon-loss XPD data to draw some
qualitative conclusions about the scattering and
diffraction of a related kind of inelastically scattered elec-
trons, namely Kikuchi electrons.

We shall present XPD data from a (001) surface of Al,
measured as a function of the azimuthal angle P at a con-
stant polar angle of 8=45' with respect to the sur-
face normal. An extremely high anisotropy A =(I,„I;„)/I,„of—

73%%uo is observed for the 2s line of Al
(Ek;„=1136eV), if an angular resolution b,Q of less than
1' is used, which just barely permits data taking with
sufficient statistics in a reasonable time. For the 1s line,
data with slightly less angular resolution of 60 ~ 3' yield
A =65%. These values are at least as large as those ob-
tained for the classical test cases of Ni and Cu. The an-
isotropies measured in the plasrnon lines decrease with
increasing plasmon number.

KXPKRIMKNTAL

The experiments were performed with a modified VG
ESCALAB Mark II spectrometer, equipped with a
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three-detector unit that made the data accumulation with

high angular resolution down to full acceptance cones of
EQ (1' possible. The spectrometer was equipped with a
Mg Ea (fire = 1253.6 eV) and Si Ka(fire= 1740.0 eV) twin
anode. The latter source allowed, with reasonable
signal —to —background ratio, the measurement of the Al
1s line, with a binding energy Ez of 1560 eV. The angle
between the k vectors of the x rays and the detected elec-
trons is 54'. The crystal could be cleaned by argon-ion
bombardment and heating to 600 K. After repeated cy-
cles of bombardment and heating there were still small
signals of C 1s and 0 1s visible, corresponding to less
than 10% of a monolayer, but no trace of oxidized Al
could be detected in the Al core lines. Sharp low-energy
electron diffraction (LEED) spots provided the picture of
a well-ordered unreconstructed surface. The first surface
plasmon could always be observed, which confirms the
high quality of the sample. In the XPD measuring pro-
cedure the background under the photoemission lines
was always immediately subtracted using a linear approx-
imation, unless stated otherwise. The data presented in
this paper were taken under a fixed polar angle of F9=45',
with respect to the surface normal, scanning the azimu-
thal angle P. This results in a symmetry of the XPD pat-
terns, which rejects the fourfold symmetry of the (001)
surface.

RESULTS AND DISCUSSION

Data

A fu11 360' azimuthal scan at 0=45 for the Al 2s line
from Al(001) is shown in the top part of Fig. 1. The data
clearly show the expected fourfold symmetry. The angles
of the main peaks correspond to an electron detection
along the (011) directions. The anisotropy is A =65%.
These data were taken with an angular resolution of
AQ ~ 3'. The bottom part of Fig. 1 shows a correspond-
ing scan with the energy window set on the first bulk-
plasmon-loss peak accompanying the 2s line (fico =15
eV). The anisotropy still amounts to A =52%. In Fig. 2
similar data are given for energy windows set on the 2s
core line and on the first, second, and, third plasmon-loss
peak accompanying this line. Due to low count rates in
the latter peaks, only slightly more than one quadrant of
the fourfold geometry has been measured. The poorer
statistics of the data of consecutive plasmon losses are a
consequence of the decreasing signal-to-noise ratio in
going from the 2s line to the plasmon-loss peaks (see Fig.
3}.

Figure 3 shows energy spectra for the 2s and 1s lines in
the P position of maximum count rate along [011]and at
b, /=45' off this direction. The energy spectra for both
core lines show that the relative intensities of successive
plasinon-loss peaks decrease slower for the off-symmetry
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FIG. 1. Azimuthal XPD curves from a (001) single crystal of
Al, measured with Mg Ka radiation for the 2s core line

(E& = 118 eV) and the first associated plasmon-loss peak
(Ace~ =15 eV). The fixed polar angle was 0=45, which results
in a scanning through the (Ol1 ) directions in 90' intervals,
showing strong forward-scattering maxima. The intensity was
determined during the measuring process by subtracting a linear
background in an appropriate window around the peak. The to-
tal electron acceptance angle was AA ~ 3'. Note that the azirnu-
thal angle scale shows an arbitrary offset corresponding to ex-
perimental manipulator settings.
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FIG. 2. Azimuthal XPD curves from a (001) single crystal of
Al, measured with Mg Ka radiation, for the 2s core level
(E&=118 eV) and the first three (n=1,2, and 3) associated
plasmon-loss peaks (Ace =15 eV). The polar angle was 0=45 .
The scans in the azimuthal direction covered a range of 120', in-
cluding two (011) directions (main maxima for the no-loss
line).
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FIG. 3. Energy spectra from a (001) single crystal of A1. Top
panel: Al 2s spectra, measured with Mg Ka radiation
(Ace=1253. 6 eV) at 8=45' and /=0' along the [011]direction
(bold line), i.e., in the intensity maxima in Fig. 1, and in a
minimum of the diffraction intensity at /=45' away from [011]
(thin line). Bottom panel: same as above, but for the A1 1s line
measured with Si Ka radiation (%co=1740.0 eV).

FIG. 4. Top two curves: Comparison of experimental (bold
line) and theoretical (thin line) Al 2s XPD patterns from
Al(001). The experimental electron acceptance angle was set to
AA 1' and Mg Ka radiation was used for excitation. The
theoretical curve represents a single-scattering calculation with
a 3X3X3 unit-cell cluster. Bottom two curves: same as above
for the Al 1s core line, but Si Ka radiation has been used for ex-
citation, and the acceptance angle was set to EQ & 3'.

direction than for the [011]direction, in agreement with
the data in Fig. 2.

In Fig. 4 azimuthal scans for the 2s and 1s lines are
compared for an angular range of 120'. For these two
lines the kinetic energy is very different, namely, 1136 eV
(2s, Mg Ea) and 180 eV (ls, Si Ea), which corresponds
to electron mean free paths of =20 and =5 A, respec-
tively. The data for the 2s line have been taken with a
resolution of AQ ~ 1' in order to check whether there are
any structures in the curves, which are lost by using a
resolution of EQ 3'. This does not seem to be the case.

While, at present it is not possible to give a comprehen-
sive theoretical analysis of the data in Figs. 1-3, they can
be used to arrive at some qualitative conclusions. In the
following discussion, the fact that the spectra contain not
only the extrinsic but also an intrinsic contribution will
be neglected. The term extrinisic here stands for that
part of the spectrum that is produced in the "normal"
photoemission process: photoexcitation, travel to the
surface and creation of bulk losses, and escape through
the surface creating surface losses; in contrast, the intrin-
sic part consists of the electron-hole pairs accompanying
the main line and those losses that are created instantane-
ously in the photoemission process (Mahan-Noziere-
DeDominicis effect' '"). The neglect of the intrinsic part
is safe for Al, because it accounts for at most 15% of the
intensity.

P scans

The maxima in the intensity scans in Figs. 1, 2, and 4
always correspond to electron detection along densely
packed rows of atoms in the (011) directions. It has
been demonstrated recently by Xu et al. , that under
these conditions, defocusing effects in the forward
scattering of the electrons are expected as a result of
multiple-scattering processes. In particular, Xu et aI.
show that the forward-scattering enhancement associated
with near-neighbor scattering along the [011] direction
(8=45', /=0') from a Cu(001) and Ni(001) surface is
completely destroyed by multiple-scattering effects, if the
emitter is the 5th atom below the surface in the [011]
row. Already, for a chain of three atoms (emitter and
two scatterers below the surface) the scattered intensity is
reduced in the multiple-scattering case as compared to
the situation where only single-scattering events are tak-
en into account.

Although these calculations do not directly apply to
Al, we shall make a qualitative comparison of these cal-
culations with our data. If we assume an isotropic mean
free path A„, of the electrons, about two-thirds of the ob-
served photocurrent originate from a depth A„, along the
trajectory of the electron detection direction below the
surface. For the 1s line of Al, with a kinetic energy of
180 eV and a corresponding total mean free path of
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FIG. 5. Detection probability of photoelectrons with n =0,
1, and 2 plasmon losses as a function of the reduced depth
d/A„t in a homogeneous medium. These distributions show a
maximum at d/A„t=n. The numbers in parentheses give the
depth from below which 50% of the electrons having experi-
enced n plasmon losses originate, therefore representing a medi-
an depth of emission. Apl which is the mean free path for the
creation of a discrete plasmon loss, is chosen to be equal to A„,.

0= 5 A, this means that approximately two-thirds of the
photocurrent along [011]come from the first three layers.
(Al is fcc with ao=4. 05 A and a nearest-neighbor dis-
tance of ao/'&2=2. 86 A. ) On the other hand, for the 2s
line (E„;„=1136eV) two-thirds of the photocurrent origi-
nate from the eight first layers below the surface. Using
the results by Xu et al. for Cu chains, and assuming
that defocusing effects destroy the anisotropies of
emitters below the fifth layer completely, one would ex-
pect a reduction of the overall anisotropy of the 2s line of
50%, with respect to that of the 1s line. Actually, howev-
er, at the same resolution of AQ ~ 3', the anisotropies are
the same (compare Figs. 1 and 4). One must therefore
look for a factor that will offset the effect of the mean free
path. The kinetic energy of the 1s line is 180 eV and that
of the 2s line 1136 eV. Since the magnitude of forward
scattering increases with increasing kinetic energy, the
XPD effect will be enhanced for the 2s line relative to
that of the 1s line, making the overall effect more equal,
in agreement with our observation.

We shall now show how the XPD data from the
plasmon-loss peaks accompanying the 1s and 2s lines can
be used to arrive at more quantitative conclusions about
the defocusing effect. We emphasize, however, that in
view of the complexity of the problem, our conclusions
must remain vague at this point. Assuming that the
creation of plasmons is an independent process, the
creation probability for n plasmons as a function of the
depth d of the photoemitter below the surface can be cal-
culated and is given in Fig. 5 for n =0 (main line), 1, and
2. In this estimate the plasmon creation length Az~ was
set equal to the total mean free path A„„a procedure
also used by Raether. Since the exact magnitude of the
ratio Azt/Ato, is not known, and since it is of the order of
unity [the analysis in Ref. 7(a) gives a value of 1.4 for this
ratio], this approximation is not unreasonable. The
curves in Fig. 5 show Poisson distributions that peak at 0,
1, and 2 times A„, for the creation of zero, one and two
bulk plasmons, respectively. The width of these distribu-
tions increases with increasing n. Figure 5 also indicates

the depth within which 50% of the electrons having ex-
perienced n =0, 1, and 2 plasmon losses are produced.
This depth therefore represents a median emission depth
of the respective electrons. In the no-loss line we obtain a
value of 0.69 A„,. However, 50%%uo of the electrons con-
tained in the first plasmon-loss line have an origin deeper
than 1.68A„,. The electrons in the second bulk plasmon
originate from an even broader spacial area with more
than 50%%uo coming from deeper than 2.67A«t below the
surface. With A„,=20 A at a kinetic energy of about
1100 eV, the electrons in the first bulk plasmon come
from a median depth of =34 A below the surface, and
those in the second plasmon from =53 A below the sur-
face. It is evident from the data in Fig. 2 that between
the first and second plasmon production the forward-
scattering efFect along the [011]direction gets wiped out.
This gives us an approximate value of =45 A for the
length over which this forward-scattering efFect exists.
This number is much longer than the defocusing length
calculated by Xu et al. for Cu chains.

This large difFerence between the calculation by Xu
et al. and our data needs a comment. The calculations
of Xu et al. were performed for Cu, whereas our experi-
ments were performed on Al, and it is not evident what
kind of changes the calculations produce as a function of
atomic number. This point has to be checked. Secondly,
one may suggest that it is a very large intrinsic contribu-
tion to the plasmon production, that produces the anom-
alous behavior in the intensities of the XPD patterns.
Unfortunately, the available data on this point are very
convicting.

The plasmons accompanying a core line in photoemis-
sion can be described as I„=b "In!+aI„„where n
numbers the plasmons and b and a are the intrinsic and
extrinsic plasmon creation rate, respectively; the intensity
of the zero-loss line Io is normalized to unity in this for-
mula. If one assumes that a =0.65, which the data seem
to agree upon, for the intrinsic contribution to the first
plasmon peak one gets 15, 24, and 38% using b =0. 1,
0.2, and 0.4, respectively; for the second plasmon peak
the corresponding percentages are 1, 4, and 11 %. As far
as b for Al goes, the analysis of Steiner et al. "yields
0.1, that of Pardee et al. ' ' (b/a) ((0.1, that of Penn "'
0.2 (this author quotes no number, so it has to be extract-
ed from the text with the corresponding uncertainty) and
that of van Attekum and Trooster ' ' 0.2. All these au-
thors use very different forms of data analyses, and this
may be responsible for the large spread in the results.
However, it seems that any reasonable data analysis rules
out values for b that are larger than 0.2, and that the
most likely value is b=0. 10+0.05. Any value below
b =0.2 can, however, not explain the large drop in XPD
anisotropy seen in Fig. 2, and even an unreasonable high
value of b =0.4 could not account for the high anisotro-

py seen in the first plasmon peak. We are therefore left
with the conclusion that calculations of the defocusing
length for Al have to be performed along the lines of Xu
et a1. before a final judgement on the data of Fig. 2 can
be given.

Plasmon creation does also involve a small change in
momentum of the primary electron. The main intensity
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of the scattered electrons after the production of one
plasmon goes into a cone with a total opening angle of
EPL/Eo 1', where Eo is the primary energy of the elec-
tron, which is taken here as 1000 eV. Thus, even after
the production of two plasmons, a total divergence of the
primary electron beam of 2 should fall into the accep-
tance angle of 3 chosen for the experiments involving
plasmon creation. Therefore defocusing by plasmon pro-
duction cannot be the main reason for the drop in rela-
tive intensity in the [011]maxima for successive plasmon
lines as shown in Figs. 1 and 2.

This is substantiated by another finding. The relative
anisotropy measured for the smaller maxima at +30'
from the [Oll] direction is =20%%uo, and it is the same in
the main line, the first, the second, and the third
plasmon-loss peaks. This confirms that defocusing by
plasmon scattering is a weak effect. Defocusing by multi-

ple elastic scattering on the other hand appears to criti-
cally depend on the distance and the direction of adjacent
scatterers, and it is practically absent in the crystallo-
graphic directions leading to these smaller maxima in the
diffraction patterns.

Energy scans

It has been found from an analysis of the plasmon-loss
peaks that accompany the core lines of Na, Mg, and Al,
that the mean free path for plasmon creation A

~
is, ap-

proximately, proportional to the total mean free path
with Az&/A„, =

—,', while theoretical considerations give a
value of about 2 for this number. ' However, these ex-
periments used kinetic energies Ek;„400 eV. Here we

present data with the Al ls line, having a kinetic energy
of only 180 eV for the zero-loss line. From Fig. 3 it is ob-
vious that at this kinetic energy the value A ~/A«, is
larger than that for the 2s line (Ek;„=1136eV) because
the 1s line shows less discrete loss structure than the 2s
line. The reason for this finding may be associated with
the small total escape depth (A„,=5 A) for electrons
with E„;„=180eV in Al. At these small energies the
probability for the creation of losses by electron-
hole —pair production and electron-ion scattering in-
creases as compared to the situation at higher kinetic en-

ergy, giving rise to additional continuous-loss intensity.
Also, the ratio of surface-to-volume plasmon-loss produc-
tion increases, as is evident from the data.

A comparison of the two 2s spectra taken at an intensi-
ty maximum of the no-loss azimuthal scan ([011]direc-
tion) and at a local minimum 45 away from the [011]
direction (see Fig. 3) shows that the apparent bulk
plasmon creation rate is smaller in the direction of max-
imum no-loss intensity than in that of minimum intensi-
ty. This is only another way of viewing the data in Figs.
1 and 2. To be more quantitative: in the direction of
maximum no-loss intensity ([011] direction) we have a
plasmon production rate of a,„=I„/I, , =0.4, and in
the direction of minimum intensity a;„=I„/I„,=0.6.
This latter number is close to the one obtained from a
polycrystalline sample, namely a „„=—', (I„ is the in-

tegrated intensity in the nth plasmon-loss peak accom-
panying the main line with intensity Io). In terms of the
mean free paths one has a =Ag 1/Ap].

It is in this respect interesting to realize that the two
spectra for Al 2s obtained at equal conditions, except
different azimuthal settings P (Fig. 3), end up with almost
the same height of the background far beyond the main
line (Ek;„(1050 eV). A precise measurement (AQ &3')
of the total background signal in the energy window be-
tween 1040 and 1047 eV reveals a small but measurable
anisotropy of 6.5%%uo in a azimuthal scan at 8=45. In this
background scan we find minima along the (011) direc-
tions.

These latter findings confirm the observation made by
Egelhoff'z on a Cu(001) surface, indicating that large
XPD effects are limited to a relatively narrow spectral
range around a photoemission line, outside which the
background shows much less anisotropy. Apparently,
XPD is a spacially, rather short-range process that
focuses main-line intensities into directions of high atom-

ic densities (like the [Oll] direction), but leaves the

longer-range inelastic tails less affected.

Comparison to theory

The measured XPD curves are compared with the re-
sults of single-scattering calculations, for which a cubic
cluster of 3X3X3 unit cells was used (see Fig. 4). These
calculations reproduce the triangle-shaped main signals
that arise from the [011] scattering directions quite well.
The comparison of the results for the 2s and 1s line also
indicates the effects of reducing the kinetic energy from
1136 to 180 eV. The reduced kinetic energy results in a
larger electron wave length, a smaller mean free path,
and in a less pronounced forward-scattering effect for the
scattered electrons. All these effects will tend to suppress
fine structure in the diffraction patterns and also reduce
the sharpness of the main signals, which is actually ob-
served in the data and also reproduced in the calcula-
tions.

In the theoretical simulations, we have made the obser-
vation that the agreement between theory and experiment
gets worse if the cluster size is increased. The calculated
diffraction patterns show structures that are not observed
in the experimental patterns. A similar problem had
been encountered in the interpretation of high-resolution
XPD data from Ni(001). ' In a corresponding Ni 2p3/p
azimuthal scan at 0=45' a 3X3X3 unit-cell cluster cal-
culation shows rather good agreement with experiment.
The calculations employing a 6 X 6 X 6 cluster, however,
led to diffraction patterns which, by comparing them
with the measured ones, can be interpreted as overem-
phasizing the first-order, Bragg-related peaks relative to
the zero-order forward-scattering peaks. Of course this
division is quite artificial, but it allows to discriminate
those peaks in the XPD patterns that can be viewed as
originating from forward scattering along rows of atoms,
and which will not move when the kinetic energy is
varied, from those that are a result of more complicated
scattering, such as from Bragg planes.

In order to come to an understanding of the defocusing
effects in A1 we are presently performing multiple-
scattering calculations. First results suggest that the con-
clusions obtained by Xu et al. for Cu chains cannot be
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generally applied to different crystals and photoelectron
energies, at least not in a quantitative way.

Comparison with other electron-scattering data

We shall now try to compare the present XPD results
on Al with similar investigations involving Kikuchi elec-
trons from Al(001) (Ref. 14) and Ni(001) (Ref. 15) crys-
tals. Kikuchi electrons originate from an inelastic
scattering of a primary beam of monoenergetic electrons
in a crystal. These Kikuchi electrons are Bragg rejected
from low-index crystal planes and thereby give rise to the
well-known lines seen in electron-scattering experiments
with primary energies E~ of more than 500 eV. For the
quasielastic peak at a primary energy of 1000 eV Mosser
et al. ' find a polar intensity distribution in a (001) plane
quite similar to the one seen in the present XPD experi-
ment (not shown here), with a pronounced maximum at
8=45', i.e., along the [011]direction. For an energy loss
of b,E=15 eV (first bulk plasmon), this maximum ap-
pears to be slightly reduced in intensity relative to the
background. This is similar to the trend seen in the
present XPD data. The data of Mosser et al. ' also show
that at an energy loss of hE =100 eV the anisotropy in
the Kikuchi-electron intensities has practically disap-
peared, again in agreement with the present XPD data.
It looks as if photoelectrons and Kikuchi electrons of the
same kinetic energy show very similar scattering patterns
in the same crystal. Therefore, a theoretical approach
that explains the Kikuchi-electron intensities and which
is in essence a Bragg-type calculation' must also be able
to explain XPD patterns. This does not invalidate the
cluster-type calculations presented here that are very suc-
cessful in analyzing XPD data; the cluster calculations
are indeed less time consuming and therefore more prac-
tical than the Bragg scattering theories.

Auger electrons can, apart from the excitation process,
be viewed very much like photoelectrons. It has been
found that Auger electrons and Kikuchi electrons show
again quite similar diffraction patterns, ' ' and also that
a cluster theory yields a very satisfactory description of
both types of data. ' It therefore seems that photoelec-
trons, Auger electrons, and Kikuchi electrons behave in a
similar way in a crystal, as far as their scattering and
diffraction is concerned. This implies that the theoretical
models used to describe the diffraction patterns should be

identical. However, while photoelectron and Auger elec-
tron diffraction are usually described by cluster calcula-
tions, Kikuchi electrons are analyzed within a Bragg
scattering picture. This is understandable from a histori-
cal point of view, it is, however, not necessitated from
physical considerations. ' '

CQNCLUSN)NS

Photoelectron diffraction from the 2s and ls core lines
of Al(001) yields well-developed diffraction patterns that
can be described by a single-scattering theory employing
a small 3 X 3 X 3 unit-cell cluster. Setting the energy win-
dow on the plasmon-loss peaks accompanying the 2s core
level allows us to estimate the defocusing length for the
scattering along [011] rows of atoms. If currently avail-
able data on the intrinsic plasmon creation rate in Al are
considered, the major part of the plasmon-loss signals are
due to extrinsic plasmon creation, i.e., the plasmon num-
ber is a measure of the depth at which the original photo-
electron was created. The rate at which the forward-
scattering maxima along (011) directions are suppressed
with increasing n then indicates a defocusing length in Al
of the order of 45 A. This is much longer than that pre-
dicted by a recent multiple-scattering analysis of defocus-
ing effects along linear Cu chains. ' A more detailed
theoretical analysis of such effects is thus necessary, in-
cluding the dependence on atomic number, interatomic
distance within the chain, and the kinetic energy of the
photoelectrons.

Apart from the defocusing effects observed along [011]
rows, the plasmon-loss diffraction patterns show the same
structures as the no-loss data, indicating similar scatter-
ing and diffraction of these inelastic features. This is a
further argument for that photoelectrons, Auger elec-
trons, and Kikuchi electrons all should show similar
diffraction patterns, which should make them tractable
by the same sort of theory.
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