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Low-energy-electron-transmission (LEET) spectra of krypton and xenon films deposited on a platinum
substrate exhibit a peak at an energy somewhat below the center of the respective I 3/pn =1 exciton
band. The peaks were systematically studied as a function of the film thickness. They were attributed to
a process in which an electron loses a large part of its energy by creating a I 3/2n = 1 exciton and conse-
quently ends up in the conduction band of the rare-gas solid beneath the vacuum level. A simple model
was formulated, taking into account the shape of the optical-absorption band and the image forces at the
sample boundaries. Fitting the position, width, and height of the experimentally observed peaks in the
thickest films ( —100 monolayers or more) lead to the determination of the conduction-band energy Vo

and exciton band parameters in good agreement with the results of photoelectric and optical-absorption
experiments. However, for thinner films the LEET peaks were much broader than predicted by theory.
The possible reasons for this behavior are discussed in brief.

I. INTRODUCTION

During the past decade, many systematic studies were
made concerning the evolution of electronic states
characteristic of extended three-dimensional solids or
liquids. In this respect, one of the central aims of the
study of clusters has been to bridge the gap between
atomic or molecular properties and those of the solid.
state. The evolution of various properties with cluster
size has been investigated in many different substances. '

Particularly relevant to the present work has been the
study of clusters of rare gases, where the evolution of op-
tical absorption and emission bands was described and
analyzed in detail. For the rare gases, evidence is also
available on the evolution of several properties with the
increase of the density from the dilute gas to the triple-
point liquid and even the solid. ' These properties in-
clude energies of high Rydberg states of a molecular im-

purity (in the gas phase), the threshold of intrinsic'o
and impurity" ' photoconductivity, intermediate' '
and Mott-Wannier exciton energies"' (in the liquid and
the solid), electron and exciton effective masses"' (in
the liquid and the solid), electron mobilities, ' ' and the
energy Vo of a thermalized conduction electron. ' '

This work deals with the evolution of bulk electronic
properties of solid films of rare gases with layer thickness.
Obviously this problem is relevant for other thin semi-
conductor or insulator layers as well, e.g. , quantum wells.
Rare-gas solids are of particular interest, since they are
the simplest photoconductors. Moreover, ballistic elec-
trons were studied in rare-gas solids (RGS's) in 1985:

electron interference effects in thin films of solid argon
and methane enabled direct determination of the disper-
sion (electron energy versus wave number) of the conduc-
tion band, including the energy Vo of its minimum. '

The experiments described in this paper consisted of
studying the transmission of low-energy ((15 eV) elec-
trons through multilayer RGS films deposited on a Pt
substrate. The transmitted currents were recorded as a
function of the electron energy and the sample thickness.
The structure observed in these low-energy-electron-
transmission (LEET) spectra arises from two basic mech-
anisms. (a) In the absence of inelastic scattering the
transmitted current decreases rapidly with the increase of
the sample thickness, since elastic scattering involves
backscattering: electrons may return to the surrounding
vacuum instead of arriving at the substrate. (b) Inelas-
tic scattering can cause an increase of the electron
transmission, especially if the total energy of an electron
after the loss by inelastic scattering lies below the vacu-
um level and above the energy Vo of the bottom of the
conduction band (measured with the vacuum level as a
reference; we deal with cases where Vo (0). ' If such
an inelastic scattering event takes place, then the electron
cannot be scattered back into the vacuum, since its ener-

gy is now below the vacuum level. On the other hand, it
can be readily collected by the metal substrate.

A pronounced rise was, indeed, observed in the
LEET spectra of thin films of krypton and xenon at the
electron energy near to that of the I 3/pn =1 exciton. In
the present work, this rise has been studied systematically
as a function of the sample thickness. The results were
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1 zed b means of a simple model, taking expressly
into account the change of the electron energy
image force, and assuming that the energy loss is deter-
mined by the band shape of the exciton. For t e t ic er
films a very goor ood fit to the data could be obtained, using
t e exci onh iton parameters from optical-absorption spectros-

e deter-copy. Th fitting procedure also led to t e dee
mination o o in of V

'
b th substances. For thinner films,
ted broadening of the exciton featurehowever, an unexpec

appeared. Comparison with optical and ig-
reso u ion e el t' electron-energy-loss (HREEL) data showed
that this broadening is not due to changes in e ex

'

band. It is closely related to the electron transmission
d in thin filmswithin the band gap as previously observed n

of several substances with Vo) 0 (e.g. , argon, nitrogen,
31and n-hexane ).

II. EXPERIMENT

Th h' h-resolution electron-transmission spectrome-
ter used has been described in detail in the pas .

sed in an ion-pumped ultrahigh-vacuum system
of 10 Pa at the lo-hing a base pressure of the order o a a

cation of the experiments. The electron sourcee was a tro-
32 ner etic electrons

resolution —80 meV) were collected on a platinum rib-
bon serving as su s ra eb t t for the xenon and krypton films.
A thin ceramic platelet between the ribbon and a copper
block ensure goo ed d thermal contact and electrical isola-
tion. The temperature of the block could be vane e-
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FIG. 1. Low-energy-electron-transmission ion (LEET) curves of
krypton films. Vertically staggered. Pt-current without film,
collected by the cleaned and annealed platinum ribbon sub-
strate. The graphs are marked by the number of monolayers.
(a) 0—11.3 eV. (b) Enlarged, 8—11.3 eV.
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G 2 LEET curves of xenon films. Vertically staggered.
Pt-current without film, collected by the cleaned and anneanealed
platinum ribbon substrate. The graphs are marked by the num-
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tween 15 and 300 K by means of a closed-cycle helium re-
frigerator. The currents measured were of the order of
10 9 A.

Before condensing the gases, the platinum ribbon un-
derwent several cycles of heat treatment. A cycle consist-
ed of heating in oxygen at a pressure of the order of 10
Pa to =1500'C for 10—20 s, followed by cooling to room
temperature and heating again to an orange glow for
about a minute. The effectiveness of the treatment was
checked by recording (at room temperature) the current
collected on the bare Pt substrate as a function of elec-
tron energy: the treatment was considered satisfactory, if
the obtained curve was smooth with no local minima or
maxima [see the uppermost curves of Figs. 1(a) and 2(a)].
The Pt ribbon surface cleaned in this manner had been
previously characterized by the observation of low-
energy-electron-diffraction (LEED) threshold interfer-
ence structures. The analysis indicated the presence of
disordered Pt microcrystals with a large number of a mi-
crofacets having the (111) plane parallel to the surface
with a strong azimuthal disorder. RGS's are expected to
grow on Pt (111) crystallites according to the fcc (ill)
orientation with similar azimuthal disorder. The films
were grown from Matheson research grade gases without
further purification. The solid krypton films were
prepared by condensing the gas onto the cleaned and an-
nealed Pt ribbon at —17 K; to ensure better crystallinity
the xenon films were deposited at around 30 K. The cali-
bration of the sample thickness was made by means of
the LEET spectrum itself: a thick layer of the rare gas
was deposited and the LEET spectrum was recorded.
Upon gradual heating this spectrum changed almost con-
tinuously with the temperature, as the RGS film eva-
porated, up to a point where the spectrum became sta-
tionary; at this temperature and beyond (until the next
change in the spectrum) the transmission spectrum corre-
sponds to that of 1 monolayer. By trial and error we
determined the dose of the rare gas necessary to obtain
(at 17 K in Kr, 30 K in Xe) such a transmission spec-
trum: this dose served as a standard for calibration.
With this procedure, the thickness of the sample was
determined to an accuracy of about +10%, assuming
layer-by-layer growth.

Eventual charging of the films manifested itself by a
gradual washing out of various features in the LEET
spectrum and by changing the energy of the initial sharp
rise near zero energy. In films thinner than —150 mono-
layers no charging was detected during an experiment.
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FIG. 4. The half-width w of the excitonic feature in krypton
films, as a function of the number of monolayers K: asterisk, ex-
periment; solid line, theory.
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FIG. 3. The energy E of the maximum of the excitonic
feature in krypton and xenon films, as a function of the number
of monolayers E:asterisk, experiment; solid line, theory.

III. RESULTS

Figure 1(a) shows a set of LEET spectra for krypton, as
a function of the sample thickness, including the current
versus electron energy of the cleaned and annealed plati-
nurn substrate. The excitonic feature of interest for this
paper lies between 9 and 10 eV; an appropriate enlarge-
ment of the region above 8 eV appears in Fig. 1(b). A
similar set of transmission curves for xenon is presented
in Fig. 2(a); an enlargement appears in Fig. 2(b). There is
a strong similarity between the curves of Figs. 1(a) and
2(a). In both sets there is a high, broad peak at the lowest
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FIG. 5. The half-width w of the excitonic feature in xenon
films, as a function of the number of monolayers I(: asterisk, ex-
periment; solid line, theory.
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FIG. 6. The height H of the excitonic feature in krypton
films, as a function of the number of monolayers E: asterisk, ex-
periment; solid line, theory.

current collected at the corresponding electron energy by
the clean platinum surface.

Figure 3 shows the value of E as a function of sample
thickness for both krypton and xenon. Figures 4 and 5
represent the half-width w for krypton and xenon, respec-
tively; Figs. 6 and 7 represent H. In these figures calcu-
lated curves also appear; see the discussion section below.
Clearly, there is a good agreement between the experi-
mental and calculated curves in Fig. 3. However, the cal-
culated half-widths w agree with the experimental ones
only for the thickest layers: the calculated peaks do not
show the marked broadening observed in the experiments
(Figs. 4 and 5). Moreover, the calculated heights H drop
appreciably faster with decreasing thickness than the ex-
perimental ones (Figs. 6 and 7).

IV. THEORETICAL MODEL

electron energies; at these energies the electrons move in
the conduction band of the RGS, above the vacuum level.
The small humps between the peak just above E =0 and
between the features around 10 eV in Kr and 8 eV in Xe
had been interpreted as being associated with the elec-
tronic band structure. Returning to the excitonic
features of Figs. 1(b) and 2(b), it can be seen that for the
thinnest layers shown these are barely visible. In still
thinner layers they could not be observed at all. On the
other hand, the excitonic bands seem to be fully
developed already in films of about 50 monolayers.

It should be noted that only the left-hand side of the
peaks (up to the maximum or to the center of the shoul-
der) can be readily analyzed; this will be explained in the
discussion section. In order to deal with the thickness
dependence of the various features of the peaks, we
defined the energy of the maximum E, its half-width at
half maximum w, and its height H [see Figs 1(b) and 2(b)].
In cases where a shoulder was only observed, the value of
E was determined from the local minimum of the first
derivative of the LEET spectra. H was normalized to the
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FIG. 7. The height H of the excitonic feature in xenon films,
as a function of the number of monolayers X: asterisk, experi-
ment; solid line, theory.

A. The recursion formulas

Consider a stream of electrons of energy E entering a
sample extending from z =0 (sample-vacuum interface)
to z =L (sample-substrate interface); the sample consists
of K monolayers of thickness a; in other words, L =Ra.
For the moment we ignore inelastic scattering. Then, in
any layer k of K monolayers the current density is the
sum of two current densities: Jo (k, E) Aowing towards
the substrate and Jo (k,E) fiowing in the opposite direc-
tion. Jo (k, E) is generated by backscattering in layers
with k') k. Both Jo+(k, E) and Jo (k, E) will refer to
the plane between the (k —1)th and the kth layer. To
simplify the notation, we will suppress from now on the
energy dependence, except where it is essential for clari-
ty. The current density Jo(k) in the kth layer is

Jo(k) =Jo (k)+Jo (k)

with any k satisfying 1 ~ k ~ K, provided the sample does
not become charged. In particular, assuming that elec-
trons are not rejected at the metal substrate

Jo(K) =Jo (K), (2)

since under this assumption Jo (IC)=0. Equation (2) is
very useful as it enables the determination of the forward

The aim of our analysis was to formulate a model ena-
bling a consistent discussion of the thickness dependence
of the spectra, using, as far as possible, only data known
from experiment. For this reason we did not employ the
full probabilistic calculation of particle transport. The
actual model is a variant of the two-stream model; it
differs from the latter by using an integer variable instead
of a continuous one, namely, the ordinal number of the
monolayers instead of the distance from the sample sur-
face. Moreover, the shape of the excitonic peaks, as ob-
served in optical spectroscopy, is incorporated directly in
the model. The simplifications of the two-stream model
will be pointed out in the course of the following descrip-
tion of the model. Comparison with the two-stream mod-
el by Marsolais and Sanche will be presented in the Ap-
pendix.
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dJo (k)
Jo (k+1)= Jo (k)+ [1—f(E)] . (3)

The derivative refers to losses incurred by elastic back-
scattering and f (E) is the fraction of hot electrons that
are scattered inelastically into the conduction band below
the vacuum level.

Because of the decrease in the concentration of hot
electrons due to inelastic scattering, the current carried
by the hot electrons alone cannot be determined from the
dependence of the total current on K [Eq. (2)]. However,
the fraction of hot electrons backscattered in any layer
should be independent of the actual value of Jo+ (k) and
therefore

dJo+ (k)
Jo+ (k) dk

dJo(k)
Jo(k) dk

(4)

current density in any layer of a sample.
The currents discussed until now are carried by hot

electrons with energies well above the vacuum level.
These have to be distinguished from the current carried
by electrons that had suffered inelastic scattering and
now have energies between the bottom of the conduction
band and the vacuum level. Such an electron will be
thermalized very quickly and fall to the bottom of the
conduction band. After getting there it will have an ex-
tremely low probability of escaping back into the sur-
rounding vacuum, since for such a process it would need
an energy of the order of Vo~ -0.5 eV (see below). Ac-
cordingly, we assume that every electron scattered
inelastically remains in the sample and will eventually be
collected by the substrate. This implies that all thermal-
ized electrons arriving at the free surface of the sample
will be rejected back into the sample.

It follows that if inelastic scattering also occurs, pro-
ducing conduction-band electrons, this will cause: (i) a
decrease of both the incoming and backscattered currents
(Jo+ and Jo ) carried by the hot electrons and (ii) a gen-
eration of current J &+ Rowing towards the substrate, car-
ried by the conduction-band electrons. The incoming
hot-electron current Jo+ is now given by the recursion
formula

K dJo(k)
J, (K)=QJo (k) 1+ f(E) .

1 Jo
(7)

Equation (7) together with the recursion formula (5) en-
ables the calculation of the total conduction-band
current, provided [dJo(k)/dk]/Jo(k) and f (E) are
known. Equations (5) and (7) do not violate the require-
ment of continuity of the current: this is ensured by the
ingoing and backscattered hot-electron currents. In the
above considerations we neglected the second-order pro-
cess of inelastic scattering by previously backscattered
electrons.

B. Calculation of the probability f (E)

The probability for an electron of energy E in the kth
layer to be scattered inelastically and lose the energy g is
nonzero, if the final state is an allowed one. As stated
above, such an inelastically scattered electron will see a
barrier at the sample surface and therefore will normally
not escape into the surrounding vacuum. In other words,
all inelastically scattered electrons will contribute to the
LEET current if

V, &E—q&0. (8)

df = exp — dg,
&2m a 2a'

where E& is the position of the maximum of the band, o,

the width of the Gaussian, and 2 is a constant of propor-
tionality related to the scattering cross section (see
below). In view of condition (8), the total probability for
inelastic scattering will be

The actual value of the probability df to lose energy be-
tween the q+dg is considered to be dependent on the
characteristics of the scatterer. We assume now that the
scattering process is the creation of an exciton that can
be approximately described as an absorption band of
Gaussian shape and that df (at any given q) is propor-
tional to the relative height of the band. In other words,

By substitution into Eq. (3) we obtain
E —vof(E)= J exp

2 trQ E

(g —E, )
dq . (10)

2(x
dJO(k)

Jo (k+1)=Jo+(k) 1+ [1 f(E)] . (5)—
Jo k dk

The term containing the derivative can be determined by
experiment from the thickness dependence of the total
current at an electron energy where inelastic scattering is
negligible.

The contribution to the current J,(k+1) in the
(k+1)th layer by the conduction-band electrons (i.e.,
electrons that underwent inelastic scattering) is V, &E—q &DE &0. (8')

Actually an electron scattered into a conduction-band
level just above the vacuum level should also have more
chance to arrive at the substrate than an electron with
high initial energy because of density-of-state and refrac-
tion effects. In order to take this possibility into ac-
count in a very rough fashion we relaxed somewhat con-
dition (8) writing

dJOJ,(k+1)= Jo (k)+ f (E) .
hE is of the order of 0.1 eV. Accordingly, Eq. (10) be-
comes

By substitution and summing up the contributions of
all K layers of the sample we get

E —
Vof(E)= f exp (10')

(rt E,)—
dn

2(x
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E was determined by comparing the results of the calcu-
lations for the thickest layers with experiment.

If the electron moves in a layer far from both surfaces
of the film, the energy E is equal to the energy Eo of the
incident electron, measured from the vacuum level. In

the vicinity of the surfaces the correction 8' due to the
image forces will be non-negligible:

E =ED —8',
where

8'= ——
2 ea 2(K —k) „, ' nK

1

2[(n —1)K+k]
1

2[(n +1)K —k]
(12)

compared with the experimentally observed H, w, and
E of the excitonic peak with the same K, referred to as
E, . E, ur, and H appearing in Figs. 3 —7 were obtained
from such comparisons, after the parameters Vo, El, a,
b,E, and A (see below) were optimized.

The central consideration in the optimalization pro-
cedure was the requirement that the thickest films should
behave like bulk solid krypton and xenon, i.e., our pa-
rameters should be in accord with the exciton parameters
and with the values of Vo determined by the best optical
and photoelectric spectroscopic data. E& is determined
to a very high accuracy by optical spectroscopy, so we
chose our values of E& to agree with the best "optical"
E, . Vo is known less exactly ' (especially for
Kr) and thus we allowed deviation by up to 0.15 eV from
photoelectric and spectroscopic data. ' The width of
the excitonic peak [represented by the Gaussian width a
in Eqs. (9), (10), and (10')] for solid krypton and xenon is
known to be strongly dependent on the sample thickness
and the quality of the crystallization; ' therefore,
we let it vary up to 0.16 eV. For comparison, we note
that the smallest value of e is about 60 meV, reported for
very thin films ~ (=30 nm). With these restrictions we
tried to obtain a good agreement between experimental
and calculated values of E and w for the thickest films.
At first we put hE =0; this initial choice was satisfactory
for Kr, but for Xe we had to choose hE =0.18 eV to ob-
tain good agreement. The final values of the fitting pa-
rameters and their comparisons with optical and pho-
toelectric results are summarized in Table I.

After optimizing the parameters E&, w, a, and AE we
found the dimensionless constant A directly from the
height of the experimental peak in the thickest samples.
3 measures the inelastic scattering into the conduction
band, to beneath the vacuum level [see Eq. (10)]. Since

~ Vo ~
is considerably larger than a, there will be a range of

values of E, at which the value of the factor multiplying
A in Eq. (10) (including the integral) will be very near to
unity. For such a value of E we have 2 =noS, where no
is the number of atoms in one layer per unit area and S is
the cross section for creating an exciton by inelastic
scattering of hot electrons. For fcc (ill) layers parallel
to planes of the Pt(111) surface, we have
no=7. 18X10' cm for Kr and no=6. 15X10'" cm
for Xe. From here one obtains S ( Kr ) = 10 ' cm and
S (Xe)= 5 X 10 ' cm . However, neglecting the
refIections at the interfaces may appreciably afFect the

with M, z =(1—e)/(1+@), E being the dielectric constant
of the rare-gas solid, K the number of layers, k the index
of the layer in question, and a the distance between adja-
cent close-packed layers (111). In the actual calculations
the infinite sum was truncated at n =10. It should be
noted that the energy pertaining to Eqs. (1)—(10) is also
E, not Eo.

V. DISCUSSION

The experimental results were analyzed in the frame-
work of the theoretical model described above, using Eqs.
(5), (7), (10'), (l l), and (12). The currents were normal-
ized to the currents measured at the same electron ener-
gies, collected by the clean platinum electrode (without
the sample). The layer number dependence of the current
density Jo(K,E„) was determined at an electron energy
E, just below that of the excitonic feature. We found
that the following relationship holds to a very good ap-
proximation:

(13)Jo(K,E„)=Ioexp( —a, K azK )—
with a& =4.9X 10 and az = —2X 10 for Kr, while
a& =2.7X10, a&= —6.58X10 for Xe. Using Eq.
(13) we substituted ( —a&

—
2azk ) for the terms involving

the derivative in Eqs. (5) and (7).
In order to compare the calculated and experimental

excitonic features, sets of values were chosen (in a
manner described below) for Vo, E, , a, and E. With each
set the expression

J,„,(K,E)=Jo(K,E)+J, (K,E) Jo(K,E„)—(14)

was calculated for fixed values of E and with E varying in
the region of the excitonic peak. The values of J,„, thus
obtained were then convoluted by a Gaussian in order to
take into account the finite resolution of the system:

(15)

For both Kr and Xe we chose o. =0. 1 eV. In actual fact
the limits of the numerical integration of (15) were taken
from 8.8 to 11 eV for Kr and from 7.1 to 9.3 eV for Xe.
Subsequently, the peak position E, half-width m, and
height H of I,„,(K,E) for a given K were determined and

I,„,(K,E ) = exp — ,„J,( Kg) gd.
1 q E-

27TCT 20
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TABLE I. Comparison of parameters obtained by fitting the
theoretical model to experiments on the thickest films to param-
eters obtained by absorption spectroscopy and photoelectric ex-
periments. E, is the energy of the first exciton peak (I 3/2n = 1),
a is Gaussian width. Vo is the energy of the conduction elec-
tron with respect to the vacuum level and AE is the
conduction-band correction (see text).
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FIG. 9. Example for measured (asterisk) and calculated (solid
line) current peak in a xenon film with E = 133.
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FIG. 8. Example for measured (asterisk) and calculated (solid
line) current peak in a krypton film with E =86.

values obtained for A and S.
The fitting procedure dealt with only the values of E

w, and H, and not with the transmission curves directly.
Even so, it can be seen (Figs; 8 and 9) that the fit to the
transmission curves (in thick films) is also reasonable.
We note in passing that we did not attempt to analyze the
excitonic features beyond the maximum. The reason is
that in this region a larger portion of the electrons are
scattered into states within the conduction band that are
just above the vacuum level. As we stated in connection
with Eq. (10'), it is reasonable to assume that such elec-
trons have fewer chances to get scattered back from the
sample than the hot electrons with energies well above
the vacuum level, because of density-of-states effects and
refraction. Since our quantitative knowledge about
these electrons is practically nil, we did not analyze the
curves beyond the "inelastic" maximum (or shoulder).

While the results of the calculations —using optical
and photoelectric data —fit the present experimental re-
sults for the thick films well, there is a considerable
discrepancy between the calculations and experiment for
the thinner films. For such films the observed peaks are

much broader and higher (especially for Xe) than the cal-
culated ones. The broadening is towards lower electron
energies. According to the model employed successfully
for the thicker films, this should be attributed either to
thickness-dependent changes of some parameter, or to
processes feasible only in the thinner films. The various
possibilities will now be discussed.

a. Excitons. A pronounced broadening of the exciton
band in the thinner films would explain the effects ob-
served. However, there is no theoretical basis to postu-
late such changes of the band shape. Moreover, the
optical-absorption band corresponding to the exciton cer-
tainly does not broaden with decreasing layer thickness:
on the contrary, it narrows slightly when the sample be-
comes thinner. ' One should also note that the
electron-exciton interaction in thin krypton and argon
films has been studied recently by means of
high-resolution electron-energy-loss spectroscopy
(HREELS): there is not indication in the experiments
for any broadening of the excitonic band. It should be
noted that for HREELS the conduction-band energy Vo
is irrelevant.

Both optical-absorption spectroscopy and
HREELS (Ref. 30) are able to resolve the n =1 surface
exciton, at an energy 0.25 —0.4 eV below that of the n =1
bulk exciton. In the LEET measurements presented here
the surface exciton is not resolved. However, for K =16
the area under the surface exciton peak in, e.g. , the
HREELS measurements, is less than 5% of the bulk ex-
citon peak in solid Kr and less than 10% in solid argon.
The ratio decreases further with increasing SC. It follows
that the observed broadening in LEET in the thinner
films cannot be attributed to the unresolved contribution
of surface excitons.

b. Conduction-band energy. To explain the observed
effects,

~ Vo ought to increase considerably with decreas-
ing thickness. There does not seem to be any theoretical
or experimental justification to postulate such a behavior
of Vo.

c. Other possibilities. According to the theoretical
model presented, the low-energy tail of the excitonic
feature would arise from electrons scattered inelastically
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into the band gap and proceeding somehow within the
forbidden gap to the platinum surface. Indeed, transmis-
sion of electrons of energy E & Vo was observed '

through thin layers of substances having a positive Vo
(argon, nitrogen, n-hexane). For argon, which seems to
be the case nearest to the one presented in this paper,
quantum tunneling was postulated, but the very long
penetration lengths (up to 20 monolayers) present a seri-
ous difficulty. ' Accordingly, it was suggested that states
within the band gap (presumably associated with imper-
fect crystallization) assist the tunneling process. ' The
present case may be similar; however, we ought to as-
sume now tunneling in even thicker films, up to about 50
monolayers. A major difficulty with this interpretation is
the fact that even in liquid rare gases there is no evidence
for any localized states below the bottom of the conduc-
tion band. '

Whatever the actual mechanism of the broadening of
the excitonic feature, it seems that it is unavoidable to
postulate a two-step process with a virtual intermediate
state. Existence of band-gap states, as mentioned above,
is one of several possibilities. One also might consider
the interaction of the inelastically scattered electron with
another entity as well, like a phonon in the rare-gas solid,
or a surface plasmon in the metal substrate. As a result
of the interaction and the inelastic scattering the electron
would go directly to the bottom of the conduction band
and from there to the metal. Even so it should be
stressed that the present results (also taking into account
the transmission of argon films at electron energies below
the bottom of the conduction band) are insufficient to
specify the actual mechanism responsible for the features
observed in the thinner films.

ACKNOWLEDGMENTS

The authors wish to thank the Medical Research
Council of Canada for making the experimental part of
this work in Sherbrooke possible. Most calculations were
made in Jerusalem with the support of the U.S.-Israel
Binational Research Foundation, Grant No. 88-00107.
I.T.S. is indebted to B. Laikhtman and L. Shvartsman for
discussions.

APPENDIX

The relationship between the two-stream formulation
of the hot- and thermalized-electron currents by Marso-

lais and Sanche and the phenomenological model de-
scribed this paper is presented below.

Equations (6) of Ref. 25 read as

= —(Q„,+Q;)Jo +Q„,Jo
dz

(Al)

= —(Q„,+Q, )Jo +Q„,Jo
dz

(A2)

dJ+ = —
Q ~,J. +Q J,J + ( Q J; +Qfj,. )Jo +Q ~ Jodz

(A3)

dJ
Q,',J, —+QJ,JJ++(QJ;+Qj';)Jo +Qj;Jo

(A4)

Here the incoming and backstr earning hot-electron
currents Jo and Jo are regarded as a function of the dis-
tance z from the surface of the sample: in the notation of
the present paper z =ka. J&+ and J. are corresponding
currents carried by electrons that underwent inelastic
scattering into the jth inelastic channel. In the present
case j = 1 and J&+, J

&
denote currents thermalized to the

bottom of the conduction band. The Q's are scattering
probabilities: Q„, refers to isotropic elastic scattering, Q;
to the total inelastic scattering, Q„, to elastic scattering of
electrons that had been inelastically scattered previously,
Q„, to isotropic inelastic scattering of the hot electrons
carrying the currents Jo+ and Jo, and finally Qf~; to the
forward inelastic scattering of the same.

In the paper we put Qj, =0 and QJ; =0. Moreover, in-
stead of Eqs. (Al) and (A2) we used the experimentally
determined J(k) at an electron energy where Q, =0 and
we substituted subsequently for —Q„,Jo+ +Q„,Jo the ex-
pression dJo (k)/dk in Eqs. (Al). With these changes
the differential equations (Al) and (A3) become then the
difFerence equations (3) and (6). In the present paper the
shape of the optically observed exciton absorption band is
employed to calculate the probability for inelastic scatter-
ing. The image forces both at the free surface and at the
sample-substrate interface are taken into account. These
points are not accounted for in Ref. 25.
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