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Excitation of surface plasmons on metals by low-energy electrons: The role of interference effects
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We present quantitative theoretical studies of the wave-vector dependence of the cross section for ex-

citation of surface plasmons by low-energy electrons incident on the Ag(100) surface. The analysis as-

sumes the dipole mechanism provides the dominant coupling between the electron and the surface
plasmon. The theory provides a very good account of the systematic features reported recently by Roc-
ca and Valbusa. As emphasized in earlier theoretical discussions, under conditions used in the experi-
rnents, the interference between two excitation channels —"loss then reAection" and reflection then
loss"—enters importantly in the description of the excitation process. In addition, it is essential to in-

clude the inAuence of the image potential on both the amplitude and phase on the scattering amplitude
for elastic, specular reAection from the surface.

I. INTRODUCTION

Currently there is great interest in the use of electron-
energy-loss spectroscopy to study the dispersion relation
of surface plasmons on a variety of simple metal sur-
faces. ' As a result of these studies, quantitative data
on the surface-plasmon dispersion are now in hand„ for
several surfaces. Most intriguing also is the experimental
discovery of certain surface modes of multipole charac-
ter, which had been predicted some years ago in theoret-
ical studies by Eguiluz and Quinn.

It is in fact the case that the surface-plasmon disper-
sion on Al(111) was studied many years ago by Porteus
and Faith, by the electron-energy-loss method. The
rather broad loss peaks reported in these early studies
proved difficult to interpret unambiguously. ' T'Pe struc-
tures reported in the new generation of experiments are
quite sharp, and thus provide direct and unambiguous in-
formation on surface-plasmon dispersion.

In their studies of surface plasmons on Ag(100) by
electron-energy-loss spectroscopy, Rocca and his co11a-
borators also examined the variation of the excitation
cross section with wave vector, in the near-specular
geometry, to find a rather complex behavior that depend-
ed on beam energy and scattering geometry. ' The cross
section did not exhibit a maximum when the surface-
plasmon wave vector Q~~ vanishes, as elementary con-
siderations might suggest should happen. These authors
argued (correctly as we shall see) that interference effects
in the matrix element which controls the excitation pro-
cess are responsible for the complex behavior of the cross
section. The electron may excite the surface plasmon on
the incoming portion of its trajectory, then back reAect
off the surface at the scattered energy, or it may reAect
first at the incident energy, then excite the surface
plasmon on the exit portion of its trajectory. The authors
of Ref. 4 argued that such interference effects have yet to
be incorporated into the theory of surface-plasmon exci-
tation, and suggested a modified version of a formula de-
rived by Persson' in another context might prove suit-
able for the purpose.

It is the case, however, that a rather general theory of
electron energy loss in the backscattering geometry was
formulated a number of years ago, "with explicit applica-
tion to electronic excitations at surfaces, including sur-
face plasmons. The theory applies to the case where the
excitation process involves a small angle defIection, and
the dipole mechanism is dominant. The interference
effect discussed by Rocca and collaborators is incorporat-
ed fully in the theory, and the potential importance of
these effects under conditions realized in their experi-
ments was noted and discussed quite explicitly. ' The in-
terference effect is included also in earlier discussions of
dipole scattering from surface vibrations, ' though in
general the interference effects play a minor role in the
excitation of vibrational losses; this is because the energy
transfer and angular deAections are quite small. Howev-
er, we note the very interesting discussion given by Froit-
zheim and Kohler, of their infIuence on the cross section
for exciting the CO stretching vibration, on the Ni(111)
surface. ' Also when beam energies in the near vicinity
of fine-structure resonances are employed, the issue arises
once again, as discussed some years ago' in the analysis
of excitation of vibrational modes of hydrogen adsorbed
on W(100), in the impact scattering regime.

It is also the case, however, that the theory, with full
incorporation of the interference effects just discussed,
has never been compared with experimental data in a de-
tailed manner, under conditions where the interference
affects the excitation cross section importantly. One re-
quires as input the complex scattering amplitudes (not in-
tensities) which describe the elastic reAection of the elec-
tron off the surface, at both the incident energy and an-
gle, and also for that associated with the trajectory of the
scattered electron. Intensities for the elastic scattering
from the surface Ilow-energy electron diffraction (LEED)
intensitiesj must be available to serve as a guide, in addi-
tion to the inelastic cross-section data, before an analysis
can be made with confidence.

The very interesting data reported by Rocca and co-
workers allow us the opportunity to address this question
now. They report, as noted earlier, the wave-vector
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dependence of the cross section for exciting surface
plasmons. In addition, they have measured the energy
variation of the elastic scattering intensity of the specular
beam at three angles of incidence, in the energy regime
used in the surface-plasmon studies. At the low impact
energies employed in this work (and which are employed
in most studies of surface-plasmon excitation by low-

energy electrons), the image potential infiuences the elas-
tic scattering intensities importantly. Indeed, fine-
structure resonances are evident in the data. We have,
however, enough information in hand to construct an
adequate model of the image barrier for Ag(100), from
these data. Through use of this image barrier, in com-
bination with a multiple scattering calculation of the elas-
tic scattering amplitudes, we can explore the theoretical
predictions for the wave-vector dependence of the
surface-plasmon cross section. We have achieved a very
good account of the data in this manner.

The outline of this paper is as follows. In Sec. II we re-
view the theory of surface-plasmon excitation in the di-
pole regime, with attention to casting the results into a
form that can be placed alongside the data on Ag(100).
Also, while we have no adjustable parameters in our cal-
culation of the surface-plasmon cross section (once we
have chosen an image barrier that accounts for the elastic
scattering data), there are approximations we invoke, and
we discuss these in Sec. II. Section III is devoted to
analysis of the low-energy electron diffraction data, and
our image barrier, while the final results are presented
and discussed in Sec. IV.

II. GENERAL COMMENTS

In this section, we review the basic theory of electron
energy loss by means of the dipole mechanism, as dis-
cussed in Ref. 11.

The discussion begins by considering any elementary
excitation (surface plasmon, particle-hole pair, nuclear
motions associated with lattice vibrations) which
produces a fiuctuation 5p(r, t ) in charge density
within the substrate, with the form 5p(r, t)
=5p& (z)e px(i Q r i cot ), wher—e z is normal to the

surface, and the subscript ll
refers to either a vector

which lies in the x-y plane, or the projection of a vector
onto the x-y plane. It is assumed

Q~~
is small, in the

sense that lQ~~ lao ((1 with ao a lattice constant or micro-
scopic length characteristic of the substrate, and that
5p& (z) varies slowly with z, on this length scale. Small

values of
l Q~~ l

are encountered in the near-specular
energy-loss studies of interest here.

Such a charge Auctuation produces a long-range elec-
tric field outside the crystal, in the vacuum above it. If
P(r, t) is the electrostatic potential from which this field is
calculated, the fact that the dependence of P(r, t) with r~~

(a) I

//////////R '///////////

/////// R,'/////////////

FIG. 1. A schematic illustration of the two excitation pro-
cesses incorporated into the theory of the excitation of surface
plasmons by the dipole mechanism. We have (a) excitation of
the surface plasmon on the incoming leg of the trajectory, and
(b) excitation on the outgoing leg.

must be of the form exp(iQ~~ r~~), and the requirement
V P =0 outside the crystal, lead to the form

(r' t) ~Q exp iQII
Il

~llz i cot) —Thus. , when

small, the potential extends far into the vacuum above
the substrate.

The electron scatters inelastically from the electric field
above the crystal, in this picture. It may do so as it ap-
proaches the crystal, as depicted in Fig. 1(a), or as it ex-
its, as depicted in Fig. 1(b). One calculates the contribu-
tion from each leg to the excitation matrix element, and
adds them before squaring to form the total cross sec-
tion. " They then interfere, and the central question ex-
plored in this paper is the inhuence of the interference
effects, with emphasis on the situation where the complex
amplitudes for elastic reAection from the surface, RI and
R„differsubstantially.

The electron penetrates into the crystal a bit, of course,
and will interact with the surface plasmon while inside
the crystal. As noted in a review article some years ago, '

when coupling of the electron to the surface plasmon
while inside the crystal enters the excitation matrix ele-
ment importantly, one expects to see the bulk-plasmon
line in the loss spectrum, in addition to the surface
plasmon. Such a bulk-plasmon loss appears in the early
work of Proteus and Faith, on Al(111). In the experi-
ments which motivated the present analysis, there is no
hint of the bulk-plasmon loss. ' We shall then assume
that the dipole excitation model described above applies
in this instance.

The theory gives the scattering efFiciency S per unit
solid angle, per unit energy, which we write here as
d S /d Q(k, )dE. One has"

ds e~Ul k 1

dQ(k, )dE m. A cos81 kI Qii

lung~~)(R, +Rr)+'(Rl Rs )(co—
vl Q~~~) I

—1

1+e(co)
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In this expression, the energy loss is Ace. The quantities
vi and v are the velocities normal and parallel to the sur-
face for the incoming electron, k, and kl the wave vec-
tors of the scattered and incident electrons, and 01 the
angle of incidence. Once again, RI and R, are the
reAection amplitudes; the intensity of the specular beam
at the incident energy is IRI I

. Finally e(co) is the com-
plex dielectric constant of the substrate.

For a material such as a simple metal that supports a
surface plasmon, Im{ —I/[1+@(rv)]J has a peak at the
long-wavelength surface-plasmon frequency m„for which
Re[@(co,)]=—1. The simple theory of Ref. 11 does not
provide an account of the inhuence of the wave-vector
dependence of the surface-plasmon frequency on the loss
spectrum. Our interest is in the matrix element for exci-
tation of the wave, and its dependence on Q~~i. This is
contained in the prefactor of Im{ —I/[I+a(ro)] I in Eq.
(2.1), and is affected little by the small (but very interest-
ing) frequency shifts introduced by dispersion.

Early theories of dipole excitation of surface modes
employ a classical trajectory analysis of the excitation
event. ' When the physical content of such a calculation
is translated into the language of quantum mechanics,
such calculations assume R, =RI = 1, which is surely un-
physical for any real material. In this limit, as discussed
earlier, "' ' Eq. (2.1) reproduces the results of the clas-
sical trajectory analysis. For small energy vibrational
losses, one may assume usually R, =—Rl, and one then
sees the excitation cross section assumes the form provid-
ed by classical trajectory analysis, except the excitation

d S
dO, dE

dQ + - de d'S
(2.2)

d0, —~ k, cos8, dQ(k, )dE

where also dg„/dg, =k, cosg, .
One may evaluate the integral in Eq. (2.2) analytically,

provided we treat R, as a constant. We do so by evaluat-
ing R, for a scattered trajectory which lies in the scatter-
ing plane. This is a distinct approximation, particularly
in energy regimes where there is structure in the
reAectivity. However, it would be most difficult to
proceed without invoking this step.

If we define R =(RI+R, )/2, and also let
b =(RI—R, )/(RI+R, ), one has

probability provided by this theory is multiplied by IRI I,
a factor which dramatically reduces the loss probability,
and introduces additional energy dependence. When
RIOR„as in the experiments of interest here, the full
quantum-mechanical treatment of Ref. 11 must be used.

The experiments of Rocca, Biggio, and Valbusa do not
probe the scattering efficiency per unit solid angle
displayed in Eq. (2.1). In the experiment, the entrance
slits of the detector are long, narrow slits oriented normal
to the scattering plane, ' which we assume to be the x-z
plane. The slits subtend an angle 60, of roughly 2'. We
thus form a scattering efficiency (d 5ld8, dE) by in-
tegrating Eq. (2.1) over the momentum transfer Q nor-
mal to the scattering plane, noting the relation'
dg dg~ =dA(k, )k, cos8, . Hence

emU —1
Im

~'A'k, cos8, I +e(iv)

X 41R I'

Ulgx+(M Uiigx )

+
2

u j g, + (co —
uii g„

vugg, ln[F(g„)] 2~i IR I'(~ —~')(iv —

unrig.

)1+ +—
vllg [vig +( ullg ) ] [ g +(
Vlgx+2(& Uiigx )

ln[F(g, )]—1)' l~ —v„g.[v',g.'+(~ —u„g,)
(2.3a)

where

F(g. )= {I~ —v„g.l+[v', g.'+(~ —v„g.)']'"j .
1

x

(2.3b)

The last term in Eq. (2.3a) has a weak logarithmic
singularity as Q ~0. In fact, as mentioned earlier, in
the experiment, the detector samples a range of Q,
values, corresponding to 60+ —2 . In our numerical
work, we simulate the effect of averaging over a range of
Q by replacing Ig I

in Eq. (2.3b) by (Q +Q, )'i, with

Q, chosen equal to the value of b, g that would corre-
spond to a spread in scattering angle of 2. Since the
singularity is in the logarithm, our final results are rather
insensitive to the means we use to simulate the averaging
over Q .

There is one final issue. The kinematical prefactors in
the basic expression for the plasmon excitation cross sec-
tion in Eq. (2.1) [the factor in large parentheses, which
appears in front of Eq. (2.1)] are calculated under the as-
sumption that the electron wave function in the vacuum
above the crystal is well approximated by a plane wave,
unmodified by the image potential. It is a rather involved
matter to improve this expression, and we retain the form
in Eq. (2. 1) in what follows.

We have reviewed the content of the dipole theory of
surface-plasmon excitation here, along with its limita-
tions so the reader can appreciate that there are indeed
approximations in the expression used for the calcula-
tions reported below. For this reason, we can expect
some discrepancies between theory and experiment, al-
though on the whole we will find the agreement to be
quite satisfactory. As remarked earlier, once we adjust
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the barrier so the elastic reAectivity data is reproduced to
our satisfication, there are no adjustable parameters in
our calculation of the surface-plasmon cross section.

—
VQ, z+0

3

g a„z", z& ~z ~0
Ret V(z)]= n=o (3.1a)

III. THE ELASTIC SCATTERING AMPLITUDES

In order to proceed further, we need to know Rr and
R, . To generate these, we use the standard multiple
scattering theory for low-energy electron diffraction, as
presented by Van Hove and Tong. ' The procedure is to
use phase shifts calculated from a self-consistently gen-
erated band-structure potential to obtain the single-site t
matrix that describes the scattering from a single atom
embedded in the substrate. In the present work, we em-
ployed the phase shifts for the Ag potential generated by
Jepsen and co-workers. The single-site t matrix is then
used to calculate layer diffraction matrices for a single
layer of Ag atoms.

Because of the two-dimensional periodicity of each lay-
er, an electron with wave vector kr incident on a plane of
Ag atoms can scatter elastically only into a finite number
of directions, which are determined by conservation of
wave-vector components parallel to the surface. If the
subscript

~~
denotes the projection of a vector onto a plane

parallel to the surface, or a vector which lies within this
plane, then kF =kr +gll' h r gll 'p

Il

lattice vector. Thus, all possible scatterings off a single
silver layer can be described by a matrix linking the in-
cident wave with the various scattered waves. To calcu-
late the reAection amplitude of the whole crystal, one
needs to stack the layers to form the crystal, and sum
over all possible scatterings. We have proceeded here by
using the renormalized forward scattering (RFS) method
developed by Pendry ' to combine the diffraction ma-
trices for each layer, to form the total amplitude of the
beams rejected from the crystal.

Standard LEED calculations, designed to apply to
beam energies in excess of 50 or 100 eV, contain an im-
portant approximation that works very poorly at the low
beam energies of interest here. One assumes that the po-
tential at the interface between the crystal and the vacu-
um is a simple step, from the vacuum to an inner poten-
tial appropriate to the substrate. Moreover, one assumes
the electron wave diffracts across the step without
reflection. In the present case, where beam energies are
in the 10—20-eV image, we require a description of the
influence of the image potential on the reAection ampli-
tudes Rr and R„and we must match the wave function
and its derivative properly at the surface.

Far from the crystal, the image potential must have the
form —e /(4 z —zo ~ ), where zo is the location of the im-

age plane, and z is normal to the surface. Closer in, ex-
change and correlation effects introduce terms which
vary initially as 1/~z —zo ~

. There is no full microscop-
ic theory of how the image potential joins onto the inner
potential, so we must resort to a model. We use that pro-
posed by Malstrom and Rundgren. A cubic polynomial
is employed to connect the inner potential to the asymp-
totic form far from the crystal. The image potential has
both a real and imaginary part, given by

2

4z —zo

1

z zo

3

yb„z", z~z~o
Im[ V(z)] = n =o (3.1b)

fz —zo['
'

The crystal is in the upper half space, clearly, and
z, &zo &0. Inside the crystal, the inner potenti" 1 has a
real part Vo and an imaginary part Vr. The coeKcients
of the two cubic polynomials are constrained to make the
potential and its first derivative constant at z =0, and
also at the matching point z&. We then use this fo~m to
calculate Rr and R„with, of course, multiple scatte. ing
from the ion cores incorporated when the electron is in
the crystal. We can incorporate the inhuence of the im-
age potential into the multiple scattering analysis by in-
troducing appropriate reAection matrices from it; th=se
are diagonal in the wave-vector representation outlineA
earlier, since the image potential depends only on z.

If E, =E—A'
(k~~~+ g~~) /2m, for the energies of interest,

we need to int "grate the Schrodinger equation

dP 2m+—
fE,—V(z) ]$—=0

dz
(3.2)

from z =0 to z =z&, in the course of constructing the
reAection matrices. This is done numerically. For z &z, ,
the solution of the Schrodinger equation may be de-
scribed by Whittaker functions. Through matching of
the numerically generated function and its derivative at
z =z& to the Whittaker functions, we can construct the
reAection and transmission matrices for the image bar-
rier, and then incorporate these into appropriate
modifications of the RFS routines. In this scheme, the
image barrier is t."eated formally as an additional layer
added to the semi-infinite crystal.

One must determine the free parameters in the model
by fitting data on the variation with energy or angle of
the various LEED beams. Here, we examine the energy
variation of the specular beam for three angles of in-
cidence, 73.15 off the normal, 60' off the normal, and
49.3 off the normal. As a starting point, we chose the
various parameters to be the same as those found earlier
to give good agreement with data on Cu(100). These
parameters were zo = —0.3 A, z ] = 2.0 A V] = 1 ~ 0
VA Vz 1 5 e'"A Vo 11 eV and Vl 1.0 eV

where the origin of the coordinate system is half the
nearest-neighbor distance above the outermost layer of
Cu nuclei. This is a reasonable starting point, since Cu
lies directly above Ag in the Periodic Table.
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This s's set of parameters, when applied to Ag with the
same convention used to locate z =0 (half thz = a t e nearest-

ig or g tstance) gave rather poor agreement with
the data. In particular, the large peak about 1 eV below
the beam emergence threshold was found to be too low in

rgy. is imp ies we must choose parameters that
make the image potential well narrower, an e6ect that

Aft r
moves the resonance responsible for this eak uor is pea upward in
energy. After a search, we found reasonable agre teemen

zo eexperiment with the choice z = —0.01 A,
zI = —2 5 AeVA, V&=1 5 eVA V =11 eV
V =1.0.0 eV. We did not optimize the fit to the data, but
simply searched for a parameter set that reproduced the
principal features in the data reasonably well.

In Fi s. 2-4'g . —,we see a comparison between theory and
experiment for the intensity of the specular beam as a

ree ang es o incidence.function beam energy, for the th 1 f '

n ig. 2, the data are similar to those in Fig. 7 f th
p by Rocca, Biggio, and Valbusa, but these are newer
data provided also by Rocca and Valbusa. The data in
Figs. 3 and 4 were kindly provided b Ro'

e y occa. In all
ree gures, the data are presented as squares. The

dashed lines are the results of theoretical calculations
w ich ignore the influence of the image potential. The
solid lines are the reAection coeKcients calculated from
t e theory, with the image potential described by the pa-
rameters given above.

InFi s. 3and4'g . and 4, we have a direct comparison bet
'

on e ween
y nd experiment, with the theory "calibrated" with

one multiplicative parameter that produces roughly the
'g prominent image potential generated

resonance just below 10 eV. Note that while we find the
re ectivity rather insensitive to energy above 10.5 eV, a
property evident in the data, in fact thac e experimental
re ectivity is really very small (essentially zero) in this re-

5.0

15.0

12.0
Ag(001) (100) (00) Beam

8~=60'

9.0

6.0

3.0

0.0 ~ 1 ~ ~ 5 ~ ~ ~
I I

8.0 10.0 12.0
Energy (eV)

14.0 16.0

FIG. 3. Thhe same as Fig. 2, except the angle of incidence is
60. There is no "background subtraction" from the theory.
The data have been kindly supplied by Rocca.

gion. We believe this aspect of the data is open to ques-
tion, and ma bey the consequence of overestimating the
background. When we compared theory with the data

', we ound the theoretical energy variations
to lie on top of a "background" not evident in the d t

ere not able to get the theoretical reAectivity to be
a a 0

as small near 10—11 eV (relative to the major peak) as re-
ported in Ref. 5. We have thus subtracted a "back-
ground" of roughly 0.07, in the units of Fig. 2, from the
theoretical curve, when we corn are th-are wi experiment.

art of this problem, of course, may have its origin in the

The sur a
fact that the model barrier has not b f lleen u y optimized.

e surface-plasmon cross sections reported below are
calculated with the full theoretical reflection amplitudes
provided by theory, it should be remarked.

It is also the case that the theory places the emergence
threshold for the (I I) beam about 0.4 eV below that

Ag(001) (100)
m 4 0 (00) Bea?n Hq=73. 24

3.0

~~ 2.0
~ IA

g 1.0

0.0

5 ~

15.0
Ag(001) (100) (00) Hearn

tn 12 0 Hi=4957
IP

9.0
fv

6.0

7.0 11.0 13.0
Energy (eV)

15.0 17.0

FIG. 2. Com ari
LEED s

p 'son between theory and experim t f hmen, ort e
specular beam, for the case where the l f '

is 73.15. The s
e ang e o Incidence

is . . e solid line is the calculation using the model bar-
rier described in the text, with background subtraction" fromC4

e as e line is the specu-the theory as discussed in Sec. III. Th d h d
'

ar intensity calculated with no image b
' . Tharrier. e squares are

the data provided by Rocca.

0.0
9.0 10.0 11.0

Energy (eV)
12.0 13.0

FIG.G. 4. The same as Fig. 2, except the angle of incidence is
T ere is no "background subtraction" from the theory.

The data have been kindly supplied by Rocca.
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found in the data, to judge from the structures in the
specular intensities induced at beam emergence. This has
little to do with our particular model of the image bar-
rier, note, since the beam emergence energy is given by a
simple kinematical consideration. Such discrepancies
have been noted before, and discussed by McRae. So
far as we know, they are not understood. A shift of the
theoretical curve in Fig. 2 upward by 0.4 eV noticeably
improves the agreement between theory and experiment.

Clearly, the model image barrier we have used ac-
counts for the principal features in the data, though
agreement between theory and experiment is not perfect.
We regard the comparison as adequate, and we now ex-
amine the wave-vector dependence of the surface-
plasmon cross section produced by this picture.

0.40

& 0.30

0

{D 0.20
M

o 0.10

~ 0.00
-O.2 —0.1 0.0 0.1

Wave vector Qll ()( ')
0.2

IV. THE WAVE-VECTOR DEPENDENCE
OF THE SURFACE-PLASMON CROSS SECTION

In Figs. 5 and 6, we display our calculations of the
dependence of the surface-plasmon cross section on wave
vector Qll, for the three scattering configurations dis-
cussed in Refs. 4 and 5. In Fig. 7, we reproduce the data
given as Fig. 3(a) in the paper by Rocca and Valbusa.
The results in Fig. 5 are calculated with R, and Rl gen-
erated without the image barrier, and Fig. 6 incorporates
its inhuence. We see the two results diA'er quite dramati-
cally. The parameter Q, which enters the discussion
which follows Eqs. (2.3) has been set to the value 0.05
A ', and we use the experimentally measured surface-
plasmon frequency rv( Q

ll
) for each Q

ll

in the determina-
tion of the scattered electron energy, and in the prefactor
in Eqs. (2.3). Also vll and v~ in these expressions have
been replaced by the average of the incident and scat-
tered electron velocities, evaluated in the scattering
plane.

These results are to be compared with the data of Roc-

0.20
Ag(001) (100)
No Barrier

FIG. 6. Theoretical calculations of the surface-plasmon exci-
tation cross section, for the case where R& and R, are influenced

by the image barrier. The triangles are for a beam energy
EI=10.5 eV, and the scattering angle 0, =86.2'. The X's cor-
respond to EI=16 eV and 0, =60', and the circles EI =16 eV
and 0, =81.6'.

ca and Valbusa, reproduced as our Fig. 7. We have used
the same conventions in plotting our theoretical results
found in Ref. 4. Thus the circles are calculated for the
case where EI=16 eV, and the scattered angle is 81.6,
the X's are for EI =16 eV and a scattered angle of 60',
and the triangles for EI=10.5 eV and a scattered angle
of 86.2'. While the results in Fig. 5 bear little resem-
blance to the data, those in Fig. 6 reproduce all the prin-
cipal features. The reader should note the error bars in-
cluded in our Fig. 7. There are uncertainties the order of
0.02 A in the data. The data at EI=16 eV and 0, =60'
do not extend far enough to positive values of Qll to see
whether the cross section has the maximum indicated by
theory. It is also the case that while the general shape of

& 0.15

0
~ A

0 10
M

o 0 ~ 05

0.00
-o.2

—X—
i

—0.1 0.0 0.1
Wave vector Qll ()( ')

0.2

15-

LLJ

10
Z Q~ QJ

Z Xou

0
—0. 10 0 0. 10

hlRVE VECTOR Q„(P ')

FIG. 5. Theoretical calculations of the surface-plasmon exci-
tation cross section, with RI and R, calculated without use of
the image barrier. The triangles are for a beam energy
EI = 10.5 eV, and scattering angle 0, =86.2, the X's EI =16 eV
and 0, =60', and the circles for EI = 16 eV and 6I, =81.6'.

FIG. 7. The experimental data of Rocca and Valbusa, on the
variation of the surface-plasmon excitation cross section with
wave-vector transfer. The convention is the same as that used
in Figs. 5 and 6. The figure has been reproduced from Figs. 3(a)
of Ref. 4.
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the other two curves agrees nicely with experiment, the
theory places the minimum in the excitation cross section
at values of Qii that are larger than found in the experi-
ment.

As we have tried to outline during the course of our
discussion, while our calculations of the surface-plasmon
excitation cross section contain no adjustable parameters,
once we have arrived at the image barrier used to gen-
erate the amplitudes R, and RI there are various approx-
imations we have had to introduce at various stages. We
are very pleased with the agreement between theory and
experiment. Our conclusion is that the theory of dipole
excitation put forth some years ago provides an adequate
account of the excitation process, including the interfer-
ence between the "loss then reflection, " and reflection

then loss" contributions to the matrix element. Under
the conditions of the experiment reported by Rocca and
his colleagues, this is controlled by the relative phase of
RI and R, as well as their magnitude. Of course, the
phase of the elastic scattering amplitude is not probed in
LEED measurements.
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