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A theory of inelastic scattering of electrons by surface plasma oscillation is pre-
sented for low-energy electron diffraction and photoemission. The calculations give re-
sults which lend quantitative support to the interpretations of some prominent inelastic
effects as due to surface plasmon excitation in recent experiments by Lander and Mor-
rison in low-energy electron diffraction and by Smith and Spicer in photoemission.

Excitation of surface plasmons (SP) in a degen-
erate semiconductor by tunneling electrons has
been observed in metal-semiconductor junctions.!
Subsequent theory? based on an inelastic electron-
surface plasmon (el-SP) interaction model yields
results that agree with experiment both in magni-
tude and line shape. Recently, precise measure-
ments®* with low-energy electron diffraction
(LEED) of the inelastic spectra of electrons in
the system W(100-Cs) [Cs evaporated on a (100)
face of tungsten] have revealed SP excitation in
the Cs surface layer. This process was observed
to have a high scattering cross section. More-
over, the data* for Cs coverage up to the forma-
tion of a “duolayer” have been interpreted by
MacRae et al. as providing evidence for nonme-
tallic character of layers of low density due to
transition to a Wigner-Mott state. In this Letter
we present a calculation of the el-SP scattering
in LEED. The results are not only consistent
with the observation of large SP excitation, but
also provide a framework for re-examining the
Mott-transition hypothesis. The theory is easily
extended to treat el-SP scattering in photoemis-
sion processes.

We idealize the Cs adsorbed on W as a film of
thickness d bounded on one side by a semi-infi-
nite W plasma.® The dielectric functions are tak-
en to be €y=1-w?/w? for W and €= 1-w 2/w?

for Cs. Here wy, and w -, are bulk plasma fre-
quencies of W and Cs, respectively. The disper-
sion of SP with inclusion of retardation effects®
is shown in Fig. 1. Retardation effects are unim-
portant in our calculation because, in the small
region @ <wg, /c of @ space where they are sig-
nificant, the SP fields are small.® We note that
the SP for the present problem is not given by
either Ree(w)=-1 or by formula (1) of Ref. 4,
as was assumed there.” The high-frequency
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FIG. 1. Schematic dispersion relations for surface
plasmon oscillations in vacuum-Cs~-W interfaces. The
wc in the legends is identical to w¢, in the text.
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mode plays no role for incident electrons at 10-
eV energy. The el-SP interaction can be ex- ;
pressed in terms of the creation and annihilation
operators caf, ¢g of an SP excitation of wave
vector (_5 obtained from quantization of the SP
wave field.? Explicitly, it is

e (@) =5 (103 /209@Q) ) 2psx)e T
X (cgt+cg). (1)

@gx) is equal to 4,(@)e ~ O for x >d, the vacuum
region; A,(@)e o"+A ,'(@)e ™ for d>x>0 the Cs
region; and A (Q)eo" for 0>x, the W region.® ®
and the A’s are involved functions of Q and the
parameter n=wc,/wy. However, as n° <1 we
can expand these quantities in powers of n?. To
lowest order in n?, A= (e2%/-e72%) A,=(1
+e2%) Ayrx(=1-¢72%) A =~ (1-¢"*%)p?, and
D~ (2% + 1-¢7299_¢749%9) The el-SP interac-
tion in the W region is smaller by a factor of n?.
The total potential of the scattering surface is
the sum of the crystal potential

V() =Trvr (F-R)=2eUc (e’ ST @)

and the SP potential V(r) ep(T). Here vy is the
atomic potential at site R and the G’s are the
reciprocal vectors of the lattice planes. Then

the scattering process is analogous to the brems-
strahlung of an electron in the field of a nucleus. [

Tfl' = Vf]' +Egig7‘g[(E—Eg+i€)_

upon iteration. The first two terms are the 1- and 2-SP processes.

As the electron is being scattered by the lattice,
it emits SP’s under the influence of the lattice
potential.

The theory can be developed starting from the
two-potential formula®: The T matrix for U+V
scattering is T =(@AUIx; D+ VI xi ff
are outgoing- and incoming-wave solutions for U
scattering and satisfy the Lippman-Schwinger
equations

+ 1 +

Xi.l =P EIE Tie Uxi . r - (3)
Similarly ¢,* satisfy these for U +V scattering.
Xr ;* are the LEED wave functions'® and are rath-
er complicated. For the present purpose of cal-
culating only the el-SP scattering we take U
=U,(x) [the G =0 component in Eq. (2)], thus ig-
noring diffraction. Then the eigenfunction of U,
e.g., Xr Wwill be a product of a SP wave function
$n, 2 plane wave e’F 7  for electron motion par-
allel to the interface, and a normal wave function
gkfx ~(x). The state f= {&/,, ﬁ;, ns} has total ener-
gy

E=1%(ks 2 +K(%)/2m + 2 3w o(nro+ 3). (4)

For a real SP emission process, the U, term of
T;; vanishes because the n,-SP state is orthogo-
nal to the initial 0-SP state. The remaining term
{x¢"|V]y;*) = T4 obeys the T-matrix equation

1:Vfi+Egingl~(E—Eg+i€)_!+'" (5)

The intensity of electrons scat-

tered via 1-SP emission of wave vector @ and energy 7w to a final state / defined as the ratio (flux of
electrons in state f)/(incident electron flux) is given by

(l)(Q)'<hz>f|kd€[ P [V 28 (E ~E ).

The matrix element Vs, guarantees momentum conservation, K +Q=K;.

tion is
o . m \ VgV |?0E=E )der,
(2) N_| — L £
R/Q,Q )—<ﬁz>f E;g gl | [4kifer]

and f is derived from the initial state by the emission of two SP 6 and 6’.
excitation is strongly attenuated by Landau damping (LD).
portant and account for the broad line shapes in all SP emission processes.?

(6)

Similarly the 2-SP contribu-

(7)

We re-emphasize that SP
These lifetime effects are extremely im-
To include damping, it

is sufficient!! to replace the 6 function in Rf(l) by a Lorentzian whose width I" is the SP decay width.
The totality of back-scattered electrons with 1-SP emission is given via

R=333R/ Q)= [(dR/depde,.

®)

dR /de; defined by the identity is the quantity to be compared directly with the LEED inelastic spec-
trum. Evaluating the V and summing over Q, we get

1

dR m? rme® = Tlwo r
de, N =g (5 >fdQ:D(Q
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where
2m 1/2
Dxf= <_‘h—z €f—k2> .

The €, dependence of (dR/des) gives the line
shape of the SP loss in LEED. It can be deduced
from the €, dependence of the integrand in (9),
which is mainly due to the large LD and the dis-
persion of the SP. dR/de,peaks at €7=€;~wc,/
V2 because there is a large volume of phase
space (Q21/d) for which wo=wc,/V2. There is
a physical restriction on the size of @ because
SP with wavelengths smaller than the interelec-
tronic spacing are so strongly damped as to be
nonexistent. This means that the integration
over Q should be carried out only up to Q¢, a
cutoff wave number. Since ¢g(x) is negligibly
small inside the W region, the details of the
wave functions there are not important. For nu-
merical calculations we have therefore adopted
a model for U(x) as a potential well of width d
and depth U next to another well of depth Uy, ex-
tended indefinitely in one direction; the form of
the potential inside the W is unimportant. U,
(Uy) is taken as the sum of the work function and
The Fermi energy of Cs (W). The scattering
states £, and &; can be obtained analytically.
We take I to be a(Q/k¢s) due to the LD of SP and
ke =wgs /vp.® a determines the size of the LD
and in turn the width of dR/de;. The magnitude
of dR /de is in the main determined by Q..

First we consider the thick Cs plasma of ten mo-
nolayers with d=~30 A. Experiments®* have
shown that a large fraction of the back-scattered
electrons have undergone 1- and 2-SP processes
in this case. By use of Eq. (1) and a similar ex-
pression for 2-SP emission, we find the theoreti-
cal 1- and 2-SP contributions agree with experi-
ment for a value of @~ of 1.5 X107 cm™?! (which
is roughly equal to k,) and for a value of a of 6
(which gives Imw ~ Rew at ). These values
for @ - and o are then used to determine the 1-
SP contribution R for various Cs coverages. The
results depicted in Fig. 2 show that R starts from
zero at d =0, rises rapidly for small d, and satu-
rates as d - «. This behavior is in agreement
with the LEED experiments, 34314

The method presented can be applied to SP ex-
citation in photoemission if we adopt Berglund
and Spicer’s model® for the process. Thus the
photoexcited electron can emit SP’s on traveling
to and escaping across the surface. The contri-
bution to the energy distribution curve due to SP
emission can be calculated in the same way as in
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FIG. 2. Total back-scattered electrons with 1-SP
emission as a function of d. See text for definitions.

LEED, except that new sets of scattering states
&~ and &;7 have to be used and d has to be taken
to be infinite. Numerical calculations for Cs at
photon energy ~10 eV with the same @ and « as
determined previously in LEED predicts that pho-
toelectrons which have suffered 1-SP inelastic
scattering constitute a sizable fraction (~3) of
the primary and show a broad peak at wc, /V2
whose width is ~2 eV, This result has verified
that the excitation of SP can contribute signifi-
cantly to photoemission processes, as was first
pointed out by Calcott and MacRae'® and recently
observed in the alkali metals by Smith and Spic-
er.V

Finally, we re-examine the hypothesis of the
occurence of a Mott transition in the intermedi-
ate second layer with (2 X2) structure.* For the
SP mode under consideration the fields are neg-
ligibly small for @ «<1/d. Consequently, the SP
of present interest exist as well-defined collec-
tive oscillations only for 1/d<Q <Q. As the Cs
coverage diminishes, 1/d increases and @~ de-
creases. It is obvious that for coverages such
that 1/d2Q ¢ the SP cease to exist at all. Now,
if the (2 X 2) layer has a composition such that
for the corresponding electron density n, @
$1/d and if, in the hexagonal array, the electron
density n, gives a @ o substantially greater than
1/d, then the present theory explains quite well
the absence of SP losses in the intermediate (2
X 2) structure. On the other hand, if # is com-
parable with n,, then, since the dependence of @ ¢
on n is very weak and d is independent of n for
this coverage, we expect SP loss at the comple-
tion of the (2 X2) structure to be of comparable
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magnitude to that when the hexagonal array is
completely formed. In this case, an alternative
explanation is called for and the Mott-transition

hypothesis remains as a possibility. The problem

can be settled by further experiments to clarify
the nature of the (2 X2) layer.
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Evidence for the decay of surface plasmons into one-electron excitations has been ob-
tained in photoemission measurements from a slightly roughened surface of aluminum.
A simple theory has been developed which explains the resultant photoyield in terms of
both the drop in reflectance resulting from roughness-aided plasmon coupling, and the
relative penetration depth of the fields associated with these excited plasmons.

Optical excitations of volume plasma oscilla-
tions have long been observed. Ives and Briggs*
first noted anomalies in the photoemission of
metals near the volume plasma frequency, and
Steinman? has since shown that these anomalies
may be interpreted as the decay of volume plas-
mons into one-electron excitations. This plas-
mon-electron coupling occurs through the macro-
scopic Coulombic fields associated with the op-
tically excited volume plasmons.

Surface plasma oscillations were first noted by
Ritchie,® while Stern and Ferrell* later described
the macroscopic Coulombic fields associated
with these oscillations. The existence of such
oscillating macroscopic fields implies that a sur-
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face-plasmon-one-electron coupling should oc-
cur which is analogous to the volume-plasmon-—
one-electron decay mechanism described above.
The analogy breaks down in one respect, how-
ever. Optically excited volume plasmons are
coherently excited, and their associated fields
screen the excitation field to yield a unique op-
tical-field decay length. Surface plasma oscil-
lations, on the other hand, are most easily op-
tically excited through the intermediary of mo-
mentum-conserving charge inhomogeneities such
as surface roughness.® These surface excita-
tions are not coherent with the incident optical
field, and are characterized by macroscopic-
field decay lengths which are independent of the



