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Surface-plasmon studies on Al (111)and Al (001) single-crystal surfaces using inelastic low-

energy electron diffraction

J. O. Porteus and %. N. Faith
Physics Division, Michelson Laboratory, China Lake, California 93555

(Received 24 March 1975)

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&elective 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, ~ 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), '~ '8 on the other
hand, is applicable only to well-defined structures.
Here the signal is produced only by flat, , ordered
portions of the sample surface17 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 analysis1
have been reyorted only for epitaxially prepared

Al (111) surfaces in a paper'9 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. '0 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 g

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. ~' ' 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
work24 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. ~a 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. III 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
(ill) surfaces, with the conclusion that no signifi-
cant differences occur. In Sec. IV 8 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. In 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
II EED 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 (C LM). ~5' '9

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 u and excites a surface plasmon of equal

energy h&, (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 exit (polar) angles 8 and 8',
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 P 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-

mentum parallel to the surface, i.e. , the CLM,
that

P„= (h'/2m) ' '[(Z —u)' 'sine' —Z' 'sine]. (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 energyy l. e.

p

@~a(Pv) =
~

The intensity of scattered electrons may be
presented as a function of any one of the three
variables, E, 0', or m, with the remaining vari-
ables, including P 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 Eqs. (1) and (2) are simulta-
neously satisfied, Each loss profile, for example,
contains a surface-loss peak whose position ge,

together with the values of E, 0 and 6' at which
the profile was measured, provides p„via Eq. (1)
and h~, (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 Ip~~ l are excluded by experimental limi-
tations. At small values of lp, I, inadequate
angular resolution and, to a lesser degree, a large
ELEED background, preclude exploration of the
retardation region in detail. At large values of

I p~~ I „ 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 = E~+8+»
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 22 is

based on a previously described kinematical two-
step model'4 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~'

A'
E =cos '8 —V +-—— n'

2&l d

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.

III. 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 &1 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 8' by record-

over a range of 8 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 8 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 E~, E, 8, and

Q, be consistent. The SPDL of the semi-infinite
solid is assumed to be of the form

a.,(pH) =n.,+ C, pl+C2pB

r, (p„)=r, +D, p„,

(4a)

(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 h&„Cy C2 I' and Dy must intersect for
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FIG. 1. Signal So 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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TABLE I. Comparison of peak positions in loss-pro-
file data from Al (111)macroscopic single-crystal ( )
with those from Al (111) epitaxial samples (go~): (112)
azimuth, 8=15', E&=49 eV.

(eV)

50

60

gl

(deg)

8
10
12
13
14
15
16
17
18
19
20
22
24
26
28

8
10
12
13
14
15
16
17
18
19
20
22
24

Surface
Km Rl@

(eV)

0.0
0.0

-0.1
0.0
0.0

—0.3
0.4
0.0
0.0

-0.1
—0. 1
—0.2
—0.2

0. 1
-0.2

0.4
0.0
0.0

—0.1
—0.1
-0.2
-0.1

(+)
(eV)

0.2
0.1
0.1
0.1
0.4
0.4
0.8
0.2
0.1
0. 1
0.1
0.1
0.2
0.2
0.4
0.2
0. 1
0.1
0.1
0.2
0.3
0.3

(eV)

0.0
0.0

0.0

0.2
0.1
0.0
0.0
0.0

—0.1
—0.1

0.2

—0.2
—0.2
—0.1
-0.3
—0.1
—0.1

(+)
(eV)

0.2
0.2

0.2

0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.4

0.2
0.2
0.2
0.2
0.2

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 8 = 15' and
8=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 8=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. I9 and I10, i.e. ,
(112) azimuth, 8=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 m —I, 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
Al (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 P =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 8 discussed in Sec. IV B
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' ~ 8~ 29'
(68=2') in each of the following azimuths: (100)
(Q =0'), (310) (Q = 16.4'), (210) (&f&

= 26. 6'), and
(110) (Q =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' ~ 8» 15' and again in the range 21' —8 —29'.
However, a comparison with Bragg peak positions
based on Eq. (3), with Vo chosen for the best fit 2

(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 8; the intensity is in fact merely redistributed
between adjacent peaks as 8 is varied. The strong
peak near E =140 eV also is inadequately described
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able in this respect. Both peaks show consider-
able scatter about positions based on Eg. (3) for
e&19', i.e. , for angles greater than those shown
in Fig. 5. As the azimuth angle is further in-
creased toward P =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 8, while the appxoximately
kinematic e range of the 140-eV peak is extremely
limited. From these results it would appear that
the peak near 70 eV, 8 —15, g =0' or 18.4', is
the most favorable for kinematic ILEED analysis.
The case of the same peak at 8= 25', P =0, on
the other hand, pxovides an example of an unfavor-
able, dynamical situation. The peak near 140 eV,
P =0' or 18.4, offers favorable possibilities at

I

f

I

{28)

3{+ 120
s {evj

FIG. 3, Unnormalized elastic energy profiles of the

(00) beam from Al (001) in the (100) azimuth for 9 ~ g

~19'. Positions of the g=s and kg=4 Bragg peaks (solid

circles) are based on Kq. (3) with V0=15 eV. Pelative
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'» 8» 17 .
Figure 5 shows elastic energy px'ofiles at small

8 for the (310) azimuth. The peak near VO eV
shows nearly Bragg-like positioning for 9 ~ 0

—17, approaching the corresponding situation in
the (100)azimuth. The strong peak near 140 eV,
on the other hand, is again somewhat less favor-

FIG. 4. Unnormalized elastic energy profiles of the
(00) beam from Al (001) in the (100) azimuth for 21 ~ 8
~ 29'. Positions of the n = 3 and n= 4 Bragg peaks (solid
circles) are based on Kq. (3) with Vo —-16 eV. Relative
scale factors are based on Fig. 3 and have the same sig-
nificance.
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013o
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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 (68' =1', Am=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 Q =0, 8=12, with E=E~ =69 eV, and
E=Es+7 eV =76 eV (n=3), respectively. These
two figures are approximately analogous to Figs.

01'
Ogo

019o
80 100 120

E {ev)
140 160 180

FIG. 5. Unnormalized elastic energy profiles of the
(00) beam from Al(001) in the (310) azimuth for 9'«0
«19'. Positions of the n=3 and n=4 Bragg peaks (solid
circles) are based on Eq. (3) with Vp= 13 and 14 eV,
respectively. Relative scale factors are based on Fig.
3 and have the same significance.

z

K

K+ 011o
Cl
K

"013o
z
Q

U
I-

a higher energy.
A list of the ILEED data, showing values or

ranges of parameters, is given in Table II. The
angles p and 8 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 E~, where the DL process
dominates, and also a value several eV above EJ„
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 (&8' =2', dao=0. 4 eV), the 8' range
is made large enough to determine the incoherent
inelastic background correction. The zv range,

016o

017

01go 60 100 120
E (ev)

'l40 'l60 180

FIG. 6. Unnormalized elastic energy profiles of the
(00) beam from Al(001) in the (110) azimuth for 9'«g
«19 . Positions of the n=3 and g='4 Bragg peaks (solid
circles) are based on Eq. (3) with Vp =14 eV. Relative
scale factors are based on Fig. 3 and have the same
s ignif ic ance.



Az

(100)
(goo)
~100)

(100)
(100)

(100)
(3].0)
(',310&

&210)

8
(deg) (deg)

p 12
p 12
o

0

18.4
26.6

25
13
13
15

EJB

(eV)

69
69

140

76
161

161
71
71

14P

E
(eV)

69, 76
69, 76

132, 138,
144, 148
7O, 76, 82
155, 161
167, 171
161, 167
7], 78
71, 78

140,
146 150

3 23
4-13
p-30

10 4P
1O-40

24
4-13
p-30

& em+

(deg)

1
2
1
2

FAITH0 ~ W.

~ t on A] (PP 1) surf a«ZAa«&& t of j.nel. astic data o

(eV)

7—18
9, 5-11.5

7-].8

7-18
7-18

10-12
7-18
5-11.5
7—18

A so

(eV)

p 4
0.1
p

p 4

p. 1
o.4
o. 1
o. 4

I I Ipredom-I9 and y] 0 with regar
nd show simi-procesof the DL a". . . „g~ aenea-s of peak intensi ieslar dependences o

ss intensi y isa y,
b th f t th te lained in part y

t nt electron energyurfaces of cons an ethe spherical sur
llel to the samplemore nearly para ein 0 space are mo

' & 8 which means that a greatersurface when 0 &,
included within thenumber of plasmmon states are inc u

t " However, thean le of the collector.
t asymmetry aboutreason for the glar e intensity asy

8'=-0 in the LD situation, e.g. , 'g.
entirely clear.

h'ft of the surface-is evident in the s i
0

) h' her zo as Ip„l xn-

(l). The bulk-loss
=10-12 eV to ig

rdance with Eq.creases in accor
imilar shiftundel goes a sl

l related to t e u
d with the increaseAlso associated widispersion.

surface-plasmon sig-in lp I isadeecrease of the sur ac-
Correspondingly,eased damping.

he surface loss is mthe position of the s
inated by the in-and eventually domina e

nfluence of the over-coherent backg round. The i u
a also be importan,
D-dominant situati

- lasmon peak may a so
r 8'&8 in the Lparticularly for

where eth relative intensity o e
peak is especia yll low.

ks must also beof extra, loss pea sThe presence o
' ate from (a)ch peaks may originconsidered. Suc

from higher-orderdynamical effec s,ects (b) ILEED rom
- lectron excitations.elastic beam,s or (c) one-e ec ro

Al 111 indica e'
d tes that the fir

tl d
«xp

eak which is more prtyp of ext a pe
ular-profile a a,

are seen in Fig.
' 't that extra peaks op o . possibili y

t e are involved here ca
'tly l' ' at

within the range of the 'gufi res is un

21o

021o—

19

01yo—

11o

gO

Ogo

E 89eV

I

1&
I I I

14
OSo

10

ner -loss profiles fromFIG. 7. Coarse-grid energy- o
at a 69-eV Bragg-like pe a(o

levels are indicate yDisplaced zero ev
f coarse-grid data rep-Error bars or cothe vertical axis.
d on 16 repetitive scans.resent stan ard d deviations based on



2105

for the change in EJ, yields Figs. 9 and 10, which
are otherwise analogous to Figs. 7 and S, 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 P =0 to P =18.4', but leaving 8 and E nearly
the same, transforms Fig. S into Fig. 11. Here
an extra peak is seen at 8'=4', with little evidence
of the near-specular peak, although the latter is
weak but still visible in the corresponding data at
E =EI, in this azimuth. Figure 12 presents an ex-
ample of loss profiles at P =0' associated with the
higher-energy (n =4) Bragg peak, i.e. , at E = Es
+6 eV =167 eV. The near-specular peak is virtu-
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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 8=12'.
024o

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 8' =11' and 13', and in Fig. S at 8' = l3',
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. 2' 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 IpII I 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 8 from 12' to 25' and compensating

020o—

16o

I I I

10 14
w {eV)

I I

18
016o

FIG. 9. Coarse-grid energy-loss profiles from Al (001)
at a 76-eV elastic peak at 8 = 25'.

SUlt FAC E - P LASMON STUDIES ON Al (111) AND Al (001). . .



34O

& &om

y ynaml ~al

CofOpgf+og Of sp~ og diff

y 'pplylng the CLM
' ~"»«in S D

.
' E'is- (&) end y~

~" ~ Riven y 6 z„d
0» profiies ~ez

the
»ved grpm d t

' . . E&amples o& SPD
a l»ted ln Pa e„

present pepe
per I and Tab]e D

er are prese t
e {)f
&6 and

C c~ground
smaller I

he co-
lgnal t

dominate t

lghel above th
P'() I as g js 1

e surSae l
"~~e~~ed

ec s may playnaIQ1 c3l eff
P asIQQQ thre her,

ep howe~er espec jail
-

roley an important

Profile ln th
y slDce the

lS CRSe ls re]a lvel
s lc energy

&4o

I

$8

Al 003
' Se-grid energy-lo

g —25o
)measured t6

" 'o88prof lie f
eV above

76»om
e~'8&&& peak at

al] bSent both at th.

ough Inultipl
gy and at F

th

Qp a],

e DL sltuatlon 0th
pea s are evident ln

Bragg pea& are slmll
. vlng the g —4data invo]

ral s
1D this res

hi
ppression og th

p ct. The gen„

gher primary
. .

peeular pe~at the near-s
energjes ls

e

against its pos
.bl

D additional ar

p oflies corres
present exam l

PQD lng to p~

rlp es o& fine gr d

respectively Th
gs» 8, and y2

e'= ~
' e small ext

A
'. . . eV ls again ob

g- 8 atpeak

lSpecu]jarity ~h. h

o seryed ln F.

shifting pf th
y seen ln Flg

deer
Pe~ "o lo~

s &rom the
energies

effect is attrib t
e specular dlrectloe s ion. This

o e incohex ent lnelas-

! I

)O
w teV)

FIG lie Coax8ee 8e gr M eDer
mea8ured at 7 -eV 8a eV above a 71-eV 8 pea -eV Bragg-like peak



12

030o—

02yo—

CO
I

& &25

K
K
I

IC

2107

for j.ncpher-N

rtainty lnpr eak overlaP.ent background o
al location of the po "lative horizon o

g' uncertainty
in the re R

t e]y by thepverned a™pst en lregpv

di fferences be-
(& 0 ' . i6 and 17 s" w

i features
Although Fig

rtain general ftween indivldu P . ntl ~ One suc
al anels, cer

feature lsed consist '
f the SPD

di p y .t. character o
I is

th ultimate pps
'th Ip I whe

the u
d to j.ncrease wi

ffects pf inco-su ic'
d namic

ff' iently 1Rrge.
Rl influenceskgrpund and y

d down at la ger,
her ent

ear to ben
ssed

SPDS to RPP
been d

cause t e
es have alrea y

~ rtain cR 0

h appar eDection with Fig.
0 is inadmlssab

in conn
SpDs abput p"

' s mmetrical
metry of the

the surface l yhysical grou ~

rppagation»
nds since

.
p psltet to plasmon p p

nt tpward
it& respect o p

t displacemen o
17

oss pea ~

ner of the suthe apparent e +'
f &I g because o

rais
the vicinity o

f the surface
h

inlshlng re a i
mmetry whic

raPldly dl
.

n Additional R y.
n dePendent ca

.
th the ln-

ls dispersio
28, p9 Thj s together

sizes
twP-steP

s between data
sp hlsti-

idua] difference
d on a mpre spp

divl
alysls basethe need fPr a

cated mode ~el.
its frpm the p crystal

D
arison of res

istently low r
Co P

17 shpws a con
s been ppinted

faces in F g'
r p, =0. It hRsfpr the Al (001) face near

II

24

023

Ai (&&i Ai (00&)TUDIES ONpLASMON

has been made

SURFACE

0 correction has
nce

O2t)' 1

I

18
II I

14
01eo

B 1O
w (eV)

sproQ]. esse-grj. d energy -
y Bragg-]. ike

FIG 12. Coar
above a 161-e~redat 6 e& a~ {oo&)m.ea

pe

the DL processwhere E= »
)E the

17. In Fig. 1,
17 where Ewhj] e in

d side« '""
dominates, w

The left-handpminates.
ce and the

LD process "
i (001) surfaepresents the

site panels
ig r s rep

Al (ii ) ~ith opp
A o

right-hand
alues «8 an

side A '
d E. A com-'

n similar
measured

representing
'd d of the SPD

two
rison is thus p

t l conditions
rovl e

~ .
on the

par
e erlmen a

ch oint ln
under similar W

locatlpn pf eac P

u

. The vertical o
- „ofa surface-

center o .
m recisipn, fl g

rse-grid

f a Loren . 'ne- ridRc lev
le in pre ere

e maximu P
f nce to coause wd here availab

sent the unce-r bars rePreVertica& erro
i 90% proba»h"&

data.
'th approxi. matelytainty ln

I

c,1N»
g ~12
p a 69 B+

CO

O
K
LQ
N
Q

h
Q
COI-
z
D

IK

K
I
CO
K

110
100

90

80

70

12

SO
I I

10
W (B

f.ies corresponr -joss pro y eF'ne-grid ener~ -
- rid data represe

FyG. 13~ "
o bars f« fj.ne-grx

titiv'e sc a ~standard de&ia



J. O. POHTEUS AND %'. N. FAITH

0
K
N
G
CJ

a
Q
CO

z

CC

K
I
ChI:

strong, extra loss peak near 8' = 8. The resulting
overlap is partially responsible for the larger
value of h~, (p„) near p„=o 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 R quRlitatlve demonstx'Rtlon of the fRce 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 entix'ely unique. Analysis
of the present and other available data ' on Al(001)
admits both~2

h(u, (p„) = 10.2(+ 0.1)+1.5(+0.5)p„+0(+2)p„
(sa)

40

K~,(p„)=10.4(+0.1) —2(+1)p„+9(+3)p'„. (5b)

In either case,
~100&
8~12
F. ~78 IV

1,(P„)=1.2(+o.s)+1(+o.s)P„. (sc}

FIG. 14. Fine-grid energy-loss profiles correspond-
ing to Fig. 8.

out39 that diffraction effects can lower the appar-
ent SPD as derived from the CLM as 8' 8, unless
the LD process actually dominates, i.e. , unless
E —Eg ls sufflclently lax'ge, The examples from
Al(001} in Fig. 17 do in fact represent values of
E —E~ which are 2-6 e7 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 k~, (p„) on E.
For example, no significant difference exists be-
tween the E =144 eV "worst case" and E =148 eV
(E~ =140 eV) panels of Fig. 17 near p„=o. Like-
wise, the P =0, 8=25', E=171 eV (Es=161 eV)
data is in excellent agreement with the x'esults
presented in Fig. 17 for E =167 eV. Also, the
data at @=26.6, e=15, E=145 and 150 eV (Es
=140 eV) are in good agreement. In Fig. 16, the
vertical differences between the SPDs from the
two faces are smallex, but still significant. The
most kinematical situation, P =0, 8=12, E=69
e7, it will be recalled, also contains a relatively

W

o
K
N
0
V

Q

R

K
K

Cl 20O

FIG. 15. Fine-grid energy-loss profiles correspond-
ing to Fig. 12.
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5+g(pq) 10 5(+0 1) + Cg(+0 5)pg + Ca(+0 5)pii

(Ga)

I I- I I . I I

(112&
15o

50- eV

I:I I I I

c100&
120

69 eV where

t. t otttt
2. 6 C)+Cp ——6. 5; Cq&0, C~ + —1

and

r, (p„) = l.85(+1)+ 3(+ 2)p„. (6c)
&112&

15o
100 eV

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»w

model from loss profiles where E =Ez. 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. , 8'=8.

10-
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25

65 eV

&100&
25

$2 eV

12-

Equation (5b) is preferred to (5a) in view of the
previously reported value of k&, (0) =10.5(+0.1)
for Al (111),'8'9 and a purely theoretical result, so

based on the random-phase approximation, which
implies that h~, (0) is face independent. It is now

realized that the uncertainty in the higher-order
dispersion constants reported" ' for Al (ill) is
larger than previously estimated, because the
kinematic character of the elastic energy profiles
was not verified. The revised dispersion rela-
tionship for Al (ill) may be expressed in the form~~

10-

c110&
254

125 eV

+100~
25

167 eV

12-

t ~

t t t t
't

-04 0
I

-0.4 0 0.40.4
PII (g )

FIG. 17. SPDs similar to Fig. 16 for situations
where E &E~.

SURFACE-PLASMON STUDIES ON Al (ill) AND Al (001). . .
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different effective surface geometry and structure,
the disagreement seems not unreasonable. The
values of h~, (0) appearing in Eqs. (5b) and (6a),
which should be independent of the (clean) surface
characteristics, so 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 tha. n on Al (111), while the thresh-
old h~, (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 leRds to R broRde1 electron-density profile
at the surface. Other influences may be impor-
tant, however, as discussed elsewhere. 32

V11. 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 epitaxia. l 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

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-
dlvlduRl lncons1stencles resulting from the short-
comings of the model. Nevertheless, a general
qualitative comparison of results from Al (001)
with those from Al (ill) 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, 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 possiMe effects of dif-
ferent surface structure and geometry are con-
sidered.
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