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Inelastic low-energy-electron-diffraction measurements on single-crystal Al (111) and Al (001) were made. The
data required for comparison of the short-wavelength surface-plasmon dispersion on these two faces was
obtained. Ultrahigh-vacuum procedures, including in situ sample cleaning and Auger analysis, were used to
insure sample cleanliness. The elastic (00) beam energy profiles from Al (001) were measured over extensive
ranges of energy and incidence angles in four azimuths. These profiles, which show abundant dynamical
effects, were used to select conditions amenable to a kinematic analysis of the inelastic data. The inelastic data
from Al (001), which is in the form of angular-selective loss profiles, is similar to that previously obtained
from Al (111) except for an additional loss peak found on the former face. A close comparison of the energy
positions of the surface-plasmon loss peak on the two faces, using simple conservation-law data analysis,
shows the dispersion to be face dependent. The results of a more sophisticated kinematic analysis, which
supports and quantifies this conclusion, are discussed briefly.

I. INTRODUCTION

The dispersion of short-wavelength surface
plasmons, particularly in relation to the electronic
structure of metal surfaces, is still an unresolved
issue. Although extensive calculations have been
reported, 17 adequate experimental information on
well-characterized surfaces is lacking. It has
been known for some time that certain contami-
nants have a pronounced influence on the energy
required to excite surface plasmons.® However,
Auger spectroscopy and similar methods now
available for direct assessment of cleanliness
have not previously been applied to this problem.
Differences in surface crystallography may also
alter the dispersion via resulting differences in
the electron density profile at the surface. This
unexplored effect, which requires well-defined
surface structures for its observation, is the
principal object of the present study. Because of
the difficulty in preparing nominally clean single-
crystal samples of suitable geometry, dispersion
data based on high-energy electron forward scat-
tering®!? has been restricted to polycrystalline
films of undetermined structure. Results based
on plasmon thresholds in the secondary electron
yield'® have also been limited to uncharacterized
films. The method based on inelastic low-energy
electron diffraction (ILEED), 416 on the other
hand, is applicable only to well-defined structures.
Here the signal is produced only by flat, ordered
portions of the sample surface!” which yield well-
defined elastic low-energy electron diffraction
(ELEED), thereby providing unequivocal identifi-
cation of the pertinent crystallographic face. Un-
til recently, however, ILEED measurements ap-
propriate for a quantitative dispersion analysis!®
have been reported only for epitaxially prepared
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Al (111) surfaces in a paper'® henceforth designated
as I, The present paper extends I to sputter-
cleaned Al (111) and Al (001) single-crystal sur-
faces, thus enabling a comparison of the surface-
plasmon dispersion and lifetime (SPDL) on sur-
faces which differ either in method of preparation
or in crystallographic orientation. It also provides
a basis for a proposed study of the effect of or-
dered Na overlayers.?® The work on the Al (001)
surface has been coordinated with independent
work in another laboratory?! and with further
development of procedures used to analyze ILEED
data, 22

Unfortunately, the intimate relationship between
ELEED resonance maxima and ILEED loss spec-
tra presents a formidable difficulty in extracting
quantitative dispersion information from the raw
data. Considerable progress has been made as a
result of a concentrated theoretical effort with
close experimental cooperation.?”2® The major
problem is to properly account for dynamical, or
multiple-elastic, scattering effects. Criteria for
obtaining kinematic data, i.e., data in which
multiple-scattering effects may be neglected, have
become increasingly restrictive with experience.
It was shown previously, for example, that early
results on Al (111) based on data in angular profile
form must be discarded in favor of later results
based exclusively on loss profiles,?® More recent
work? indicates, particularly in the case of Al (001)
that the loss-profile data are more sensitive to
dynamical influences than previously realized.
This has necessitated a more restrictive selec-
tion of favorable ILEED measurement conditions
based on peak positions in the elastic energy pro-
files. A complete analysis will be reported else-
where. 22 The present paper is confined to a very
elementary analysis, and is devoted mainly to a
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description of the data base and experimental as-
pects of the study.

Following a brief review of theoretical consider-
ations in Sec. II, in Sec. IO we describe the ap-
paratus and procedure used to prepare the clean,
single-crystal surfaces., In Sec. IV A we present
a comparison of plasmon loss-peak positions for
the macroscopic single crystal vs epitaxial Al
(111) surfaces, with the conclusion that no signifi-
cant differences occur. In Sec. IV B we focus at-
tention on single-crystal Al (001). An extensive
survey of the (00) beam elastic energy profiles is
first presented. This provides a basis for select-
ing the parameters for the ILEED data, which
follows. 1In Sec. IVC we compare the surface-
plasmon dispersion for the two different crystal
faces, as obtained directly from conservation of
energy and momentum, It is concluded that a
consistent difference exists between these two sets
of results, In Sec. V we present a summary of
the work,

II. THEORY

The procedure for extracting the SPDL from
ILEED measurements is basically as described in
I and in the theoretical literature.'¥!® The analy-
sis applied in the present paper is an elementary
one based on the conservation-law model (CLM), 1519
However, since the measurements have been aimed
at the more sophisticated treatment given in the
analytical paper, % the requirements, advantages,
and recent improvements of this method will also
be reviewed,

The ILEED process may be accurately regarded
as a coherent two-step scattering of electrons
having primary energy E~100 eV, by a well-char-
acterized, ordered surface, The steps, which
may occur in either order, consist of (a) inelastic
forward scattering, in which the electron loses
energy w and excites a surface plasmon of equal
energy 7w (p,) and momentum p, parallel to the
surface, and (b) elastic diffraction in the back
direction, corresponding to an ELEED resonance.
The analysis is simplified considerably when (b)
corresponds to specular (00) diffraction and (a) is
restricted to electrons scattered into the plane of
incidence. Thus, in the usual experimental ar-
rangement, the source and detector, which deter-
mine the incidence and éxit (polar) angles 6 and 6’,

respectively, are coplanar with the surface normal.

This plane or azimuth may be specified either by
the crystallographic direction corresponding to
the projected (on the surface) exit direction, or by
the angle ¢ measured between the projected exit
direction and a designated reference direction in
the surface plane. With this two-dimensional
scattering geometry it can be shown, ! by invoking
conservation of energy and conservation of mo-
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mentum parallel to the surface, i.e., the CLM,
that

pu=(72/2m) 2 [(E — w)/2sine’ — EV/2sing]. (1)

This equation applies to both diffraction-before-
loss (DL) and loss-before-diffraction (LD) order-
ing of the two-step scattering. The relationship
between plasmon momentum and measured experi-
mental quantities permits evaluation of the sur-
face-plasmon dispersion (SPD) via conservation

of energy, i.e.,

hws(pn):w . (2)

The intensity of scattered electrons may be
presented as a function of any one of the three
variables, E, 6, or w, with the remaining vari-
ables, including ¢ and 6, held constant. These
three types of inelastic profiles are known as
energy, angular, or loss profiles, respectively,
Ideally, an intensity peak occurs in each profile
at the point where Egs. (1) and (2) are simulta-
neously satisfied. Each loss profile, for example,
contains a surface-loss peak whose position w,
together with the values of E, 6 and ¢’ at which
the profile was measured, provides p, via Eq. (1)
and 7w,(p,) via Eq. (2). Each loss profile thus
provides one point on the SPD. Different loss
profiles measured at different values of 6’ provide
different points, permitting in principal a deter-
mination of the entire SPD. In practice extreme
values of [p,| are excluded by experimental limi~
tations. At small values of |p,|, inadequate
angular resolution and, to a lesser degree, a large
ELEED background, preclude exploration of the
retardation region in detail. At large values of
Ipyl, the coherent inelastic signal becomes lost
in the incoherent inelastic background. Values
of E near the energy E of a strong peak in the
elastic energy profile (ELEED intensity vs E) are
the most favorable for ILEED measurements be-
cause of the large elastic scattering, From an ex-
perimental standpoint the value of E =~ Eg+7w,,
where the LD process predominates, is especially
favorable as a result of the relatively high ratio of
ILEED to ELEED intensities.'® The large varia-
tions of the elastic scattering with energy and
angle associated with the elastic peaks can have
an important influence on peak positions in the
inelastic profiles. The failure to account for this
effect is the chief limitation of the CLM method
for determining the SPD. To be adequate in this
respect, the analysis of ILEED requires a theory
which can relate inelastic peak positions to elastic
scattering characteristics. Also, determination
of the surface-plasmon lifetime (SPL) requires a
theory which provides inelastic peak widths. Be-
cause of its inability to provide information on in-
tensities, such considerations are beyond the
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scope of the CLM.

The method used in the analytical paper 2 is
based on a previously described kinematical two-
step model'* which permits detailed calculation
of intensities in the inelastic profiles. Inputs to
calculations based on the model are (a) a kinematic
representation of the elastic profile, (b) trial
SPDs and (c) the SPL obtained from a dynamical
analysis of observed peak widths in inelastic pro-
files. The final SPD is obtained by fitting theo-
retical to measured profiles. Loss profiles are
used to present the inelastic signal, since it has
been found that data in this form is least subject
to dynamical scattering influences. Angular pro-
files are used only to determine the background
arising from incoherent inelastic scattering. Fur-
ther refinements of the analysis which are not in-
corporated in the CLM method include subtraction
of the background, correction for overlap of the
bulk-plasmon loss peak, and correction for instru-
mental resolution,

Three conditions must be satisfied for the va-
lidity of the kinematic model analysis of the ILEED
data. First, it must be possible to represent cer-
tain peaks in the elastic energy profiles by Bragg
peaks. This is especially critical in the case of
the LD process, where the diffraction condition
depends on the scattering angle. In the analysis
of Al (001), it became evident not only that the
observed peaks must be relatively free from dy-
namical structure, but also that their energies
must obey the kinematical relationship®

ﬁz T 2 i]
= -2 — eme— — 2 3
Ep=coS 9[ Vot (d) n (6)]

over a range of 6 corresponding to the range of
scattering angles to be analyzed. Here, V, is the
“inner potential” correction, d is the lattice spac-
ing, and n is the order of the diffraction maximum.
An extensive experimental study of the (00) elastic
profile is required in order to find suitably large
ranges of E and 6 where these conditions are sat-
isfied. Examples of raw elastic profiles used in
this study are presented in Sec. V. The second
requirement is that the SPD determined on the
basis of data sets corresponding to different dif-
fraction conditions, i.e., different E5z, E, 6, and
¢, be consistent. The SPDL of the semi-infinite
solid is assumed to be of the form

T (p) =Tiws + Cypy +Cabf (4a)
Fs(j).,) =Ts+Dipy (4b)

where Eqs. (4a) and (4b) express the real and
imaginary (damping or lifetime) parts, respective-
ly. Regions of ambiguity of all dispersion con-
stants 7w, C,, C; TI';, and D, must intersect for

all data sets in order for the analysis to be re-
garded as successful. The third requirement is
that loss profiles computed from a rigorous dy-
namical model be essentially equivalent to those
given by the kinematic two-step model. Since use
of the dynamical model places heavy demands on
computer time, only a very limited application of
this requirement is possible in practice.

11I. EXPERIMENTAL PROCEDURE

Except for modifications required for the dif-
ferent method of sample preparation used here,
the experimental apparatus and procedures are
identical to those described in I. Thediffractom-
eter uses an emission-stabilized tungsten-fila-
ment source, whose intensity characteristics are
exemplified in Fig. 1. The detector is a moving
Faraday cylinder equipped with 2° collimating
apertures and a retarding field analyzer, which,
together with the source, gives a measured en-
ergy spread of S1 eV. The detector signal S,
consists of the dc-amplified current due to elec-
trons having energy greater than the retarding
potential E,. For elastic data, unnormalized
energy profiles are obtained by direct analog
plotting of S, with E, set to exclude all but elasti-
cally scattered electrons. Consistency of non-
specular beam energies and angles with the bulk
lattice spacing is used to establish the energy
origin, The intensity normalization, which would
be extremely tedious in this situation, is omitted,
since the pertinent information on peak structure
and position is directly available from the raw
data. For inelastic data, several scans are per-
formed at each fixed collector angle 6’ by record-
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FIG. 1. Signal S; from the source as a function of the
energy E of the electron beam measured with the detector
facing the source. Curves A and B, which differ by a
nominal factor of 5 change in intensity, characterize dif-
ferent operating conditions used to obtain the elastic en-
ergy profiles presented in Figs. 3—6.
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FIG. 2. Sample preparation chamber viewed toward
the gun end of the diffractometer. The sample C may be
rotated to face either the Auger analyzer A or the sputter
gun P, The Auger analyzer may be moved in the direc-
tions of the arrows for focusing.

ing S on digital magnetic tape as E, is repeatedly
stepped through the desired range. Average in-
elastic intensities I =dS/dw and their standard
deviations o; are computed directly from the tape
using Egs. (I1) and (I2), respectively.?® Included
in the computation are normalization of S using
the source signal S, (Fig. 1), an obliquity correc-
tion for variation of the active sample dimension,
and a conversion of E, to w based on the peak posi-
tion of the elastic component from independently
measured inelastic profiles,® Data points with
error bars are machine plotted either as angular
or as loss profiles.

The sample preparation chamber shown in Fig.
2 of I has been replaced by that shown in Fig. 2
of the present paper. Except for location, the
electron bombardment heater H, ion gauge G, and
window W remain unchanged. New items include
the Auger cylindrical mirror analyzer A with in-
tegral electron gun, sputter gun P, and argon inlet
L. Focusing motion for A is provided by a con-
centric bellows and screw, which permit transla-
tion along the analyzer axis as indicated. Motion
of the sample C is restricted here to translation
along, and 360° rotation about the chamber axis,
which lies along the sample surface and normal
to the plane of the figure.

A modification of the pumping system enables
rapid and complete evacuation of the argon sput-
tering gas. The original Orb-ion pump has been
supplemented with a 60-liter/sec noble-ion pump
connected through a 4-in, bakeable valve. To
achieve adequate ultrahigh vacuum during the mea-
surement interval, the Orb-ion pump and its at-
tendant cooling are not normally turned on until
after sputter-cleaning is completed and the system
has been pumped into the low 10~%-Torr range.
Immediately following this and prior to annealing,
the bakeable valve is closed. The noble-ion pump
is then turned off and its magnets removed to
provide a virtually field-free measurement space.
Since the pumping speed of the noble pump working
alone during bakeout is inadequate to handle the
gas load, the Orb-ion pump is also operated at
this time, but without cooling.

The method used to prepare the clean Al single-
crystal surfaces is identical to that used in a pre-
vious study.?® The crystal is first reduced to the
form of a § -in, -diamx 0. 060-in. -thick disk using
a spark cutter. The surface is then mechanically
ground and polished to within 0,01° of the desired
crystal planes as measured by an x-ray goniometer
which accommodates the polishing jig. To ensure
removal of damaged material and most of the sur-
face oxide, each crystal is electropolished in
perchloric-acid—ethanol solution immediately be-
fore placing in vacuum. Final cleaning is done in
the sample preparation chamber by alternate one-
hour intervals of ion bombardment and annealing
at 500 °C. Initially, less than ten hours of this
treatment are normally required to reduce all
resolvable contaminant Auger peaks occurring
below 1400 eV (mainly O, C, and Nb) to levels
<0.1% of the intensity of the 67-eV Al peak, as
observed with a 2-keV probe beam. Subsequent
cleaning performed prior to each set of measure-
ments requires two hours or less. As a precaution
against contamination during sputtering, the sam-
ple is provided with a recessed shoulder which ac-
commodates the mounting frame. As an added
precaution, the mounting frame is made of high-
purity Al to prevent direct contact with the Nb
sample palette described in I. The sample is al-
lowed to cool to 100 °C or less before any mea-
surements are made. Auger analysis and LEED
data repetition after measurement periods extend-
ing up to four hours in a vacuum of 2x107!° Torr
or better indicate no detectable increase in con-
tamination levels.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Single-crystal Al (111)

In order to permit comparison of earlier results
from epitaxially prepared Al (111) with those from
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TABLE I. Comparison of peak positions in loss-pro-
file data from Al (111) macroscopic single-crystal (w,,)
with those from Al (111) epitaxial samples (w,): (112)
azimuth, §=15°, Eg=49 eV.

Surface Bulk
E 6 Wy — We (%) Wy — W,y ()
(eV) (deg) (eV) (eV) (eV) (eV)
50 8 0.0 0.2 0.0 0.2
10 0.0 0.1 0.0 0.2
12 -0.1 0.1
13 0.0 0.1 0.0 0.2
14 0.0 0.4
15 -0.3 0.4
16 0.4 0.8
17 0.0 0.2 0.2 0.2
18 0.0 0.1 0.1 0.2
19 -0.1 0.1 0.0 0.2
20 -0.1 0.1 0.0 0.2
22 ~0,2 0.1 0.0 0.3
24 -0.2 0.2 -0.1 0.2
26 0.1 0.2 -0.1 0.2
28 -0.2 0.4 0.2 0.4
60 8 0.4 0.2
10 0.0 0.1
12 0.0 0.1
13 -0.1 0.1
14 -0.1 0.2
15 -0.2 0.3
16 -0.1 0.3
17 -0.2 0.2
18 -0.2 0.2
19 -0.1 0.2
20 -0.3 0.2
22 -0.1 0.2
24 -0.1 0.3

the corresponding surface of a macroscopic single
crystal, data on the latter type of sample was
taken under conditions corresponding to those re-
ported in I. Elastic energy profiles of the (00)
beam measured in the (112) azimuth at 6 =15° and
0=25°, 40 eV=E =140 eV, agree with those given
in Fig. I6 to within the instrumental reproducibil-
ity. Likewise, in the (110) azimuth at 6=15°, a
limited scan (40 eV=<E=100 eV) shows satisfac-
tory agreement with Fig. I7. Direct comparison
of the nonspecular beam profiles is not possible
because of double positioning of crystallites in the
epitaxial film, whereas, in the case of the (00)
beam, reciprocity provides sixfold symmetry of
the intensity.!® We conclude that, aside from the
double positioning, relative ELEED intensities
show no significant departure of the epitaxially
prepared samples from the characteristics of a
macroscopic clean single crystal.

ILEED profiles were also measured under con-
ditions corresponding to Figs. 19 and 110, i.e.,
(112) azimuth, 6=15°, E=50, 60 eV. Except for
a significantly lower incoherent background with

the present sample, the two sets of data are in
remarkably good agreement. A comparison of
loss-profile results is given in Table I, where the
differences w,, — w, between loss peak positions
measured on the macroscopic and epitaxial sam-
ples are listed for both surface and bulk plasmons,
together with uncertainties. In the case of the
surface plasmon, the difference exceeds the un-
certainty limits, which represent roughly 90%
probability, in only 2 out of 22 situations. For
the bulk plasmon the uncertainty is exceeded in
only one situation. Thus it can be concluded that
to within the accuracy of present measurements
the ILEED characteristics, and hence the SPDL,
are independent of which method of sample prep-
aration is used. On this basis we shall consider
the results of I as representative of clean single-
crystal Al (111) in comparing with the results of
A1(001) which follow.

B. Single-crystal Al (001)

The Al (001) surface has fourfold symmetry,
with ELEED beams occurring at integral order
positions in a square reciprocal net. In the con-
vention used here, the (10) and (01) directions of
the net correspond to the (100) and {(010) crystallo-
graphic directions, or to the azimuths ¢ =0° and
90°, respectively, Selecting the optimum con-
ditions for the ILEED study of Al (001) differs
somewhat from that described in I in that theo-
retical considerations now tend to override signal-
to-noise considerations, particularly those re-
garding the selection of 6 discussed in Sec, IVB
of I. In accordance with Sec. II above, a greater
emphasis is now placed on excluding dynamical
situations via evaluation of elastic energy profiles,
and somewhat less emphasis is placed on maximiz-
ing the prominence of the surface-loss peak.

Elastic energy profiles of the (00) beam have
been recorded for 40 eV=E=200 eV, 9°=60=29°
(A6=2°) in each of the following azimuths: (100)

(¢ =0°), (310) (p =18.4°), (210) (¢ =26.6°), and
(110) (p =45°). Selected examples, which illustrate
the problem of finding Bragg-like peaks suitable
for a kinematic analysis, are presented in Figs.
3-6. Figures 3 and 4 present the complete set

of elastic energy profiles for the (100) azimuth.
The prominent peak near E =70 eV appears to be
relatively free of dynamical structure in the range
9°=6=15° and again in the range 21°<=6=29°,
However, a comparison with Bragg peak positions
based on Eq. (3), with V, chosen for the best fit??
(see also captions for Figs. 3-6), shows Bragg-
like behavior only in the former range. The peak
position in the latter range is nearly independent
of 6; the intensity is in fact merely redistributed
between adjacent peaks as 6 is varied. The strong
peak near E =140 eV also is inadequately described
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FIG. 3. Unnormalized elastic energy profiles of the

(00) beam from Al (001) in the (100) azimuth for 9° <6
<19°. Positions of the n=3 and n=4 Bragg peaks (solid
circles) are based on Eq. (3) with V=15 eV. Relative
scale factors based on the profile at the upper left are
given to the right of each curve. Parenthesized scale
factors include the nominal factor-of-5 intensity ratio
between curves A and B of Fig. 1. Normalization curves
B or A apply, respectively, depending on whether the
scale factor is or is not enclosed in parentheses.

by Eq. (3), except in the range 11°=6=17°,
Figure 5 shows elastic energy profiles at small
6 for the (310) azimuth. The peak near 70 eV
shows nearly Bragg-like positioning for 9°=#6
=17°, approaching the corresponding situation in
the (100) azimuth. The strong peak near 140 eV,
on the other hand, is again somewhat less favor-

able in this respect. Both peaks show consider-
able scatter about positions based on Eq. (3) for
6>19°, i.e., for angles greater than those shown
in Fig. 5. As the azimuth angle is further in-
creased toward ¢ =45°, the situations generally
appear less favorable. In the (110) azimuth (Fig.
6), the 70-eV peak position is very dynamical even
at small values of 6, while the approximately
kinematic 6 range of the 140-eV peak is extremely
limited. From these results it would appear that
the peak near 70 eV, 6=15°, ¢ =0° or 18.4°, is
the most favorable for kinematic ILEED analysis.
The case of the same peak at §225°, ¢ =0, on

the other hand, provides an example of an unfavor-
able, dynamical situation, The peak near 140 eV,
¢ =0° or 18.4°, offers favorable possibilities at
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FIG. 4. Unnormalized elastic energy profiles of the
(00) beam from Al (001) in the (100) azimuth for 21 =<6
<29°, Positions of the »=3 and n=4 Bragg peaks (solid
circles) are based on Eq. (3) with V=15 eV. Relative
scale factors are based on Fig., 3 and have the same sig-
nificance.
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FIG. 5. Unnormalized elastic energy profiles of the
(00) beam from A1(001) in the (310) azimuth for 9° <@
=19°. Positions of the =3 and n=4 Bragg peaks (solid
circles) are based on Eq. (3) with V(=13 and 14 eV,
respectively. Relative scale factors are based on Fig.
3 and have the same significance.

a higher energy.

A list of the ILEED data, showing values or
ranges of parameters, is given in Table II. The
angles ¢ and 6 and the Bragg peak were selected
largely on the basis of the above considerations
regarding the elastic energy profiles. Values of
E were generally chosen to include the observed
elastic peak energy E5 where the DL process
dominates, and also a value several eV above Eg,
where the LD process dominates. Dynamical
structure on the high-energy side of the peak dic-
tates how large the latter E value can be made
without encroaching on kinematic approximation
of the elastic interaction. In the case of coarse-
grid data (A6, =2°, Aw=0.4 eV), the 6’ range
is made large enough to determine the incoherent
inelastic background correction. The w range,

on the other hand, is sufficient to include both
surface- and bulk-loss peaks for evaluation of
peak shifts due to overlap. In the case of fine-
grid profiles (A6, =1°, Aw=0.1 eV), these
ranges have been compressed to encompass only
the coherent signal from the surface plasmon.
This allows correspondingly longer measurement
times and closer data spacings, which permits
more precise determination of peak positions as
described in I.

Series of the coarse-grid loss profiles are pre-
sented in Figs., 7-12. Data points, including
standard deviations, are shown connected by
smooth curves. Figures 7 and 8 represent the
conditions ¢ =0, 6=12°, with E=Ez=69 eV, and
E=Ez+7eV="16 eV (n=3), respectively. These
two figures are approximately analogous to Figs.
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FIG. 6. Unnormalized elastic energy profiles of the
(00) beam from Al(001) in the (110) azimuth for 9° <9
=19°. Positions of the =3 and n=4 Bragg peaks (solid
circles) are based on Eq. (3) with Vy=14 eV. Relative
scale factors are based on Fig. 3 and have the same
significance.
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TABLE II.

List of inelastic data on Al (001) surface.

<

g)

6
(deg)

Ep
(eV)

E
(eV)

6 A bfay w Aw
(deg) (deg) (eV) (eV)

(100)
{100)
(100)

{(100)
{(100)

{(100)
(310)
(310)
(210)

S o o |

12
12
15

25
25

25
13
13
15

69
69
140

76
161

161
71
71

140

69, 76
69, 76
132, 138,
144, 148

70, 76, 82

155, 161
167, 171

161, 167

71, 78
71, 78
134, 140,
146, 150

3-23 2 7-18 0.4
4-13 1 9.5-11.5 0.1
0—-30 2 7-18 0.4

10—-40
10—-40

[

7-18 0.
7-18 0.4

n
S

16—-24 1 10-12
2-24 2 7-18
1 9.5-11.5
2

7-18

4-13
0~-30

SO OO
NN

19 and I10 with regard to the respective predomi-
nance of the DL and LD processes, and show simi-
lar dependences of peak intensities on §’. Gener-
ally, the surface-loss intensity is greater for 6’
<@, This can be explained in part by the fact that
the spherical surfaces of constant electron energy
in & space are more nearly parallel to the sample
surface when 6’ <6, which means that a greater
number of plasmon states are included within the
acceptance angle of the collector.?® However, the
reason for the large intensity asymmetry about

6’ =6 in the LD situation, e.g., Fig. 8, is not
entirely clear, 7

The SPD is evident in the shift of the surface-
loss peak (w=10~12 eV) to higher w as Ip,!| in-
creases in accordance with Eq. (1). The bulk-loss
peak (w=14-16 eV) undergoes a similar shift
which is less simply related to the bulk-plasmon
dispersion.!® Also associated with the increase
in Ip,| is a decrease of the surface-plasmon sig-
nal due to increased damping. Correspondingly,
the position of the surface loss is more strongly
influenced, and eventually dominated by the in-
coherent background. The influence of the over-
lapping bulk-plasmon peak may also be important,
particularly for 6’>6 in the LD-dominant situation
where the relative intensity of the surface loss
peak is especially low.

The presence of extra loss peaks must also be
considered. Such peaks may originate from (a)
dynamical effects, (b) ILEED from higher-order
elastic beams, or (c) one-electron excitations.
Experience from Al(111) indicates that the first
type of extra peak, which is more prominently dis-
played in the angular-profile data, appears in the
loss-profile data only at angles well away from
the specular direction.!®® Probable examples
are seen in Fig. 7 at w~12,5 eV in the 6=5° and
23° profiles. The possibility that extra peaks of
the second type are involved here cannot be defi-
nitely eliminated. However, their occurrence
within the range of the figures is unlikely at these

21°

02101

19°

TR
IR
:/\/\:\\
N

| (ARBITRARY UNITS)

0y30

1°

%90~ 0=12° b

00 1 1 1 1 1 1
5

1
1
6 10 w (V) 14 8

FIG. 7. Coarse-grid energy-loss profiles from
Al (001) measured at a 69-eV Bragg-like peak at §=12°,
Displaced zero levels are indicated by tick marks along
the vertical axis. Error bars for coarse-grid data rep-
resent standard deviations based on 16 repetitive scans.
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FIG. 8. Coarse-grid energy-loss profiles from Al (001)
measured at 7 eV above a 69-eV Bragg-like peak at 6=12°,

primary energies, where the angular separation
of elastic beams is relatively large. A probable
example of the third type of peak is found in Fig.
7 at #'=11° and 13°, and in Fig. 8 at 6’ =13°,
lying between the surface- and bulk-loss peaks.
The near-specular extra peak has also been ob-
served by Wendelken, who used a differential-type
analyzer.?' This peak did not appear in our data
from Al (111), which implies that the state of the
excited electron and/or the excitation probability
have a pronounced surface dependence. The re-
striction to near-specular angles indicates a value
of |p,| which is very small compared to that of the
primary electron. This favors a one-electron type
of excitation as opposed to a collective mode.
Increasing 6 from 12° to 25° and compensating

2105

for the change in E yields Figs. 9 and 10, which
are otherwise analogous to Figs. 7 and 8, respec-
tively. The nonspecular extra peaks are especially
prominent here, as might be expected in view of
the relatively dynamical elastic profile in this
situation, The near-specular extra peak is again
in evidence in both figures. Changing the azimuth
from ¢ =0 to ¢ =18.4°, but leaving 6 and E nearly
the same, transforms Fig. 8 into Fig. 11. Here
an extra peak is seen at ' =4°, with little evidence
of the near-specular peak, although the latter is
weak but still visible in the corresponding data at
E =FEjg in this azimuth, Figure 12 presents an ex-
ample of loss profiles at ¢ =0° associated with the
higher-energy (n=4) Bragg peak, i.e., at E=Ey
+6 eV =167 eV. The near-specular peak is virtu-

320
N /\/\ |
30°.

Q2401 g0

18°
0200~ B
<100>
6=25°
16° E=76 oV
0480 1 1 | 1 1 1 1
10°
6 0 e W 18

FIG. 9. Coarse-grid energy-loss profiles from Al (001)
at a 76-eV elastic peak at §=25°,
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FIG. 10. Coarse-grid energy-loss profiles from
Al (001) measuredat 6 eV above a 76-eV elastic peak at
6=25°.

ally absent, both at this energy and at E =Ey, al-
though multiple nonspecular peaks are evident in
the DL situation. Other data involving the n=4
Bragg peak are similar in this respect. The gen-
eral suppression of the near-specular peak at the
higher primary energies is an additional argument
against its possible dynamical origin.

Figures 13-15 present examples of fine-grid
profiles corresponding to Figs. 7, 8, and 12,
respectively. The small extra peak in Fig. 8 at
6'=13°, w=11.4 eV is again observed in Fig. 14.
A peculiarity which is clearly seen in Fig. 15is a
shifting of the surface-loss peak to lower energies
as 0’ decreases from the specular direction. This
effect is attributed partly to the incoherent inelas-

tic background, which tends to dominate the co-
herent signal at smaller |p,| as E is increased
higher above the surface plasmon threshold 7w,.
Dynamical effects may play an important role
here, however, especially since the elastic energy
profile in this case is relatively dynamical.

C. Comparison of SPD on different crystal faces

By applying the CLM via Egs. (1) and (2), as
discussed in Sec. II, points on the SPD may be
obtained from each set of loss profiles measured
at a given ¢, 6, and E. Examples of SPDs de-
rived from data listed in Paper I and Table II of
the present paper are presented in Figs, 16 and

16°.
0601~ b
14°
0420
10°
- 80 M 4

1
1
6 10 w (V) 14 8

FIG. 11. Coarse-grid energy-loss profiles from

Al (001) measuredat 7 eV above a 71-eV Bragg-like peak

at #=13° in the (310) azimuth,
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FIG. 12. Coarse-grid energy-loss profiles from
Al (001) measuredat 6 eV above a 161-eV Bragg-like
peak at 6=25°,

17, In Fig. 16, where E~ Ep, the DL process
dominates, while in Fig, 17, where E>Ej, the
LD process dominates, The left-hand side of both
figures represents the Al (001) surface, and the
right-hand side Al (111), with opposite panels
representing similar values of 6 and E. A com-
parison is thus provided of the SPD measured
under similar experimental conditions on the two
surfaces. The vertical location of each point in
the figures indicates the position w of a surface-
loss peak in a loss profile, as measured to the
center of a Lorentzian fitted to the peak. To
achieve maximum precision, fine-grid data were
used where available in preference to coarse-grid
data. Vertical error bars represent the uncer-
tainty in w with approximately 90% probability

limits. No correction has been made for incoher-
ent background or peak overlap. Uncertainty in
in the relative horizontal location of the points is
governed almost entirely by the 6’ uncertainty
(50.2°).

Although Figs. 16 and 17 show differences be-
tween individual panels, certain general features
are displayed consistently. One such feature is
the ultimate positive character of the SPD, i.e.,
nAw(p,) tends to increase with |p,| when |p,| is
sufficiently large. The combined effects of inco-
herent background and dynamical influences, which
cause the SPDs to appear to bend down at larger,
Ip,! in certain cases, have already been discussed
in connection with Fig. 15. The apparent asym-
metry of the SPDs about p,=0 is inadmissable on
physical grounds, since the surface is symmetrical
with respect to plasmon propagation in opposite
directions. An apparent displacement toward
pu<0, which is most evident near p,=0 in Fig. 17,
may be attributed in part to the overlap of the bulk-
loss peak. This has an increasing tendency to
raise the apparent energy of the surface loss as
6’ increases in the vicinity of 6’ = 6 because of the
rapidly diminishing relative intensity of the surface
loss in this region. Additional asymmetry which
is dispersion dependent can be explained by the
two-step model.2%2° This, together with the in-
dividual differences between data sets, emphasizes
the need for an analysis based on a more sophisti-
cated model.

Comparison of results from the two crystal
faces in Fig. 17 shows a consistently lower SPD
for the Al (001) face near p,=0. It has been pointed

T T T T T
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E=69 eV
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<
- 70

60
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FIG. 13. Fine-grid energy-loss profiles correspond-
ing to Fig. 7. Error bars for fine-grid data represent
standard deviations based on 64 repetitive scans.
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FIG. 14, Fine-grid energy-loss profiles correspond-
ing to Fig. 8.

out?® that diffraction effects can lower the appar-
ent SPD as derived from the CLM as 6’ — 6, unless
the LD process actually dominates, i.e., unless
E - Ep is sufficiently large. The examples from
Al1(001) in Fig. 17 do in fact represent values of
E - Eg which are 2—-6 eV lower than the 10-eV
value represented by the examples from Al(111).
In spite of this, the available evidence does not
support a significant dependence of %w,(p,) on E.
For example, no significant difference exists be-
tween the E =144 eV “worst case” and E =148 eV
(E5=140 eV) panels of Fig. 17 near p,=0. Like-
wise, the ¢ =0, 6=25°, E=171 €V (E5=161 eV)
data is in excellent agreement with the results
presented in Fig. 17 for E=167 eV, Also, the
data at ¢ =26,6°, 6=15°, E=145 and 150 eV (Ep
=140 eV) are in good agreement. In Fig. 16, the
vertical differences between the SPDs from the
two faces are smaller, but still significant. The
most kinematical situation, ¢ =0, 6=12°, E=69
eV, it will be recalled, also contains a relatively

strong, extra loss peak near 6’ =6. The resulting
overlap is partially responsible for the larger
value of 7wy(p,) near p, =0 in this case. With al-
lowance for the influence of the extra loss peak,
the evidence for the face dependence of the SPD is
entirely consistent.

Unfortunately, it is impractical to proceed be-
yond a qualitative demonstration of the face depen-
dence on the basis of the CLM because of the ne-
glected effects of diffraction, background and over-
lap, and the resulting differences between the vari-
ous data sets exhibited in Figs. 16 and 17. By
simulating the effects peculiar to each measure-
ment situation, the kinematic two-step model is
capable of arriving at a quantitative relationship
consistent with all data sets. However, this re-
lationship may not be entirely unique. Analysis
of the present and other available data?! on A1(001)
admits both??

nwy(p,) =10,2(£0.1) +1.5(+0. 5)p, +0(+2)p?
(52)
and

wg(py) =10,4(£0.1) = 2(£ 1)p, +9(x3)pf . (5b)
In either case,

I,(p,)=1.2(+£0.5)+1(£0.5)p, . (5¢)

| (ARBITRARY UNITS, DISPLACED ZERO LEVELS)

1
10 n 12
w (eV)

FIG. 15. Fine-grid energyFloss profiles correspond-
ing to Fig. 12.
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nw (p,) =10.5(£0,1) + C,(£0.5)p, + Co(£0.5)p2 ,

(6a)
where
2.6 C;+C,=6.5; C,>0, C;2~-1 (6b)
and
T (p,)=1.85(x1)+3(x2)p, . (6¢c)

The analysis based on the kinematic two-step mod-
el thus verifies the face dependence of the SPD ob-
tained via the CLM. The ultimately positive char-
acter of the SPD on both surfaces is also verified.
The latter result disagrees with the flat dispersion
reported from high-energy electron forward-scat-
tering measurements in polycrystalline foils. '
However, when one considers the experimental
uncertainty, in addition to the possible effects of
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FIG. 16. SPDs obtained via the conservation law

model from loss profiles where E ~Ep. Panels on the
left represent single-crystal Al (001), and those on the
right represent Al (111) data from I. Vertical arrows at
the bottom of each panel indicate the specular condition,
i.e., 0/=6.

Equation (5b) is preferred to (5a) in view of the
previously reported value of 7w, (0) =10.5(+0.1)
for Al (111),'81% and a purely theoretical result, *°
based on the random-phase approximation, which
implies that 7w (0) is face independent. It is now
realized that the uncertainty in the higher-order
dispersion constants reported'®!® for Al (111) is
larger than previously estimated, because the
kinematic character of the elastic energy profiles
was not verified. The revised dispersion rela-
tionship for Al (111) may be expressed in the form??
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FIG. 17. SPDs similar to Fig. 16 for situations
where E >Eg.
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different effective surface geometry and structure,
the disagreement seems not unreasonable. The
values of 7w (0) appearing in Egs. (5b) and (6a),
which should be independent of the (clean) surface
characteristics, *° are in fact in satisfactory agree-
ment with the polycrystalline results.

The general conclusion from the kinematic two-
step analysis is that the SPD is ultimately positive,
face dependent, and somewhat “flatter” on the
Al (001) surface than on Al (111), while the thresh-
old 7w(0) is substantially face independent. A
possible interpretation is that this is a result of
the looser packing of atoms on the Al (001) face
which leads to a broader electron-density profile
at the surface. Other influences may be impor-
tant, however, as discussed elsewhere. ??

VII. SUMMARY

ILEED measurements aimed at the determina-
tion of the surface-plasmon dispersion and life-
time have been extended to clean macroscopic
single-crystal Al (111) and Al (001) surfaces. Sur-
face cleanliness has been verified with in situ
Auger analysis, Comparison with earlier mea-
surements on an epitaxial Al (111) sample shows
no significant dependence on sample type other than
a lower incoherer! background from the single-
crystal sample. An extensive study of (00) beam
elastic energy profiles from the Al (001) sample
indicates stronger dynamical effects than previ-
ously realized, causing greater difficulty in find-
ing conditions suitable for a kinematic ILEED

J. O. PORTEUS AND W. N. FAITH 12

analysis. Loss profiles measured near the specu-
lar direction on Al (001) occasionally show an ex-
tra peak lying between the surface, and bulk-loss
peaks. On the basis of its appearance only at
near-specular angles and only on the one face, the
extra peak is attributed to a surface-related one-
electron transition. Using the conservation law
model, surface-plasmon dispersion relationships
derived from the loss-profile data measured under
different conditions show both systematic and in-
dividual inconsistencies resulting from the short-
comings of the model. Nevertheless, a general
qualitative comparison of results from Al (001)
with those from Al (111) is possible, and leads to
the important conclusion that the dispersion is
face-dependent and ultimately positive on both sur-
faces. An analysis based on a more sophisticated
model, which is reported elsewhere, 22 supports
and quantifies this conclusion. The present re-
sults appear not to be in serious disagreement
with those based on high-energy electron scat-
tering in polycrystalline foils'! when experimen-
tal uncertainties and the possible effects of dif-
ferent surface structure and geometry are con-
sidered.
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