
PHYSI CA I RE VIEW 8 VOLUME 6, NUMBE R 12 15 DE CE MBER 1972

Scattering of Low-Energy Electrons from Rare-Gas
Crystals Grown on the (100) Face of Nb.
I. Electron Diffraction and Desorption

H. H. Farrell and Myron Strongin
Bwookhaven National I aboxatoxy, Upton, Neu &oak 11973

and

J. M. Dickey
Queens College of the City University of Neu lovk, Elushing, Nese Foxk 3. 1367

(Received 26 July 1972)

Using low-energy-electron diffraction, we have studied the morphology of thin crystals of the
inert gases, neon, argon, krypton, and xenon, which were grown epitaxially on a single-crys-
tal niobium substrate. Neon, argon, and krypton showed marked desorption in the presence of
the electron beam even under conditions where it was possible to maintain these crystals in-
definitely in the absence of the electron beam. Possible desorption mechanisms are discussed.

I. INTRODUCTION

Using low-energy-electron diffraction (LEED)
and a retarding-grid energy analyzer we have
studied the morphology, intensity vs energy char-
acteristics, el.ectron-energy-loss spectra, and
low-energy Auger spectra of thin crystals of the
inert gases neon, argon, krypton, and xenon. In
this work we discuss the LEED studies, experi-
mental arrangements, and some measurements of
desorption from the surface. In the following
paper' we discuss the energy-loss spectra. The
crystals were between 20- and 100-A thick and
were grown by condensing the gases, typically at
pressures of 1X10 Torr for 1 min, on carefully
cleaned single-crystal niobium (100) substrates at
temperatures near 7 'K. As previously reported
for argon, the three lighter gases showed marked
desorption in the presence of the electron beam
even under conditions where it was possible to
maintain these crystals indefinitely in the absence
of the electron beam. The xenon crystals that
were investigated appeared to be stable at least
over the time span of the experiment, i. e. , 2-4 h.

II. APPARATUS

The apparatus we have used in these studies is
described in a separate paper. ' We briefly discuss
some of the design features by reference to Fig. 1.
Ohmic heating is accomplished by passing current
through the sample. This presents a nontrivial
design problem since the leads must be capable of
supplying currents of up to 50 A to the sample, and
then the heat leak must be small at cryogenic tem-
peratures. This was solved by stainless-steel
links in the electrical leads (D) which isola. te the
apparatus at liquid-helium temperatures from heat
leaks coming down the heavy lead wires from ni-

trogen temperature and room temperature. It is
seen that the sample current flows from (D) to
plate (B) and finally through the sample to plug (A).
Good cooling is provided by plug (A), which pro-
jects into the ].iquid-helium Dewar and is sur-
rounded by liquid helium. Part (B) is electrically
isolated from ground, but is in moderate thermal
contact with the 4. 2 'K plug (A) through a thin
mica cheet (C). Hence at cryogenic temperatures
part (B) is cooled through the mica to about 5 'K,
as measured by a carbon thermometer (J ) on (B).
During the heating period liquid nitrogen was added
to the helium Dewar. The sample could be heated
to about 1900 C and (B) only reached a tempera-
ture between room and liquid-nitrogen tempera-
ture because of the good contact with the plug (A),
which projected into the liquid nitrogen. To vary
the sample temperature at low temperatures, heat
was applied to the heater (H) on (B). The LEED
apparatus is a standard Varian 360 system in which
the diffraction pattern of the backscattered elec-
trons is displayed on a fluor escent scr een. The
screen and attendant grids may be used as an en-
ergy analyzer by biasing the grids and using the
screen as a collector.

III. MORPHOLOGY

In an earlier work, we had observed that argon
crystallizes in register on a Nb (100) substrate with
pseudo-12-fold symmetry. ~ This was attributed to
the growth of domains on basal hexagonal mono-
layers of argon with two different orientations on
the niobium substrate, viz. , those with the argon
atoms aligned along the niobium (10) direction and
those aligned along the (01) direction. An hcp
crystal would have true sixfold symmetry in the
(0001) face, while an fcc crystal has only three-
fold symmetry for the (111)face. As there are
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FIG. 2. I EED pattern from the (111) face of neon ad-
sorbed on Nb(100). Dark rectangle in foreground is a
cryogenic shield surrounding the sample. Note trace of
pseudo-12-fold symmetry.

FIG. 1. Sample assembly. A. , copper plug which ex-
tends into helium bath for thermal contact and forms the
vacuum seal to the miniflange at the base of the helium
Dewar (this block also grounds the sample and provides
the return path for the heating current). 8, copper
block attached to hot lead D to sample, and is insulated
from A. by the mica C. D, hot lead to sample with piece
of stainless tubing to isolate sample assembly from
liquid-nitrogen temperatures. E, Nb strip for crystal
holder. F, Nb crystal. G, hot junction of Au —Fe/chromel-
P thermocouple; the cold junction of the thermocouple is
on block A. H, heater. J, carbon thermometer. K,
helium Dewar. I-, nitrogen Dewar. M, copper shield
which fits on bottom of the helium Dewar; the aperture
size for electron beam is about 4 mm. N, copper shield
which fits on bottom of the nitrogen Dewar; the aperture
size for electron beam is about 4. 8 mm.

two ways to construct an fcc crystal from a basal
hexagonal monolayer, both modif ications could
give pseudo-12-fold symmetry when grown on hex-
agonal monolayers aligned in the two directions
previously described. In the earlier work, it was
not possible to distinguish between these two struc-
tures. ' ' However, in the present work it is pos-
sible to assign the fcc structure on the basis of
intensity data to be discussed below.

The fortuitous match between the niobium lattice
parameter 3. 29 A, and the corresponding distance
between the close-packed rows in the (111) argon
plane 3. 32 A, was taken as the rationale for the
violation of the conservation of rotational symmetry
usually found in epitaxial growth. When krypton
was crystallized on a Nb (100) substrate, the same
diffraction pattern was obtained as for argon. This
was not surprising as the lattice parameter for
krypton is only about 8 Jq larger than that of argon:
5. 59 vs 5.43 A. Neon, however, represents a

rather different case, since its lattice parameter
4. 52 A is considerably smaller. Thus, it was
somewhat surprising when diffraction patterns
were observed for neon condensed on a Nb (100)
substrate that were similar to those for argon and

krypton (Figs. 2-4). This may be taken as an in-
dication of the relative stability of the (111) face
of the face-centered-cubic inert-gas crystals
despite the sacrifice in free energy necessary to
overcome the -18/p lattice mismatch between the
neon (111) face and the niobium (100) face. Both
krypton and neon were also shown to be face-
centered cubic on the basis of their LEED inten-
sities and, in fact, sufficiently large krypton and
neon crystallites could occasionally be grown to
show definite threefold symmetry superimposed on

the residual pseudo-12-fold symmetry.
Xenon (Fig. 5), however, did not condense with

a (111) face parallel to a Nb (100) substrate under
the conditions studied (-6-60'K and rates of

FIG. 3. LEED pattern from the (111) face of argon
adsorbed on Nb(100). Four distinct domains are present.
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FK". 4. LEED pattern from the (111) face of krypton
adsorbed on Nb(100). Four distinct domains are present.

depositionbetween 0. 05and 2 Langmuir) (1 Langmuir
is exposure to gas at 10 ~ Torr for 1 sec). Several
different variations were observed that all appeared
to be related to the formation of a xenon (100) face
slightly out of register with the niobium substrate.
In the presence of minute quantities of niobium
oxide on the substrate surface, xenon produced
large diffuse diffraction features in the c(2x 2)
position at temperatures somewhat below liquid-
nitrogen temperature. At 7 K, these diffuse fea-
tures had segregated into a quartet of four diffrac-
tion spots centered approximately around the
c(2&& 2) position. When xenon was crystallized onto
a niobium substrate at 7 K in the absence of any
niobium oxide, what appeared to be a poorly de-
fined (7 && V)-45' structure with strong features in

the (~7 +), (~7 —', ), (+ —', ), and (+ +) was observed.
The (+ +) and (7 +~) spots appeared to be the same
as two of the member of the previously described
quartet. %hen this structure was annealed, pure
Xe (111) crystallites could be grown that were at
least as large as the diameter of the LEED beam,
i.e. , 1 mm or larger.

At 100 'K, the two-dimensional unit mesh in the
xenon (100) face is characterized by a lattice pa-
rameter of 4.36 A which is about 6% smaller than
the Nb (100)-c(2x2) distance of 4. 66 A. Thus, it
is probable that the xenon attempts to grow with its
(100) face parallel to the niobium (100) face with
xenon atoms occupying every other position in the
substrate unit mesh. At the higher temperatures,
the xenon lattice parameter will be closer to that
of the niobium and this, possibly coupled with the
relatively high thermal motion of the xenon atoms
at these temperatures, may be adequate to produce
the observed diffuse c(2X2) patterns. At lower
temperatures, the mismatch will become more
severe and misalignment may occur. Thus, the
quadrupling of these features at the low tempera-
tures may result from the option of our different
crystal. lographically equivalent directions in the
substrate relative to which misalignment may
occur. It is possible that the presence of a small
amount of niobium oxide (which has fourfold sym-
metry and a lattice parameter slightly smaller than
niobium') may provide nucleation sites for the
growthof relativelylarge (&-50 A) xenon (100) crys-
tals, while its absence forces the growth of rela-'
tively small (& -50 A) xenon (100) crystallites,
which give rise to the more complicated diffraction
patterns observed for xenon on the very clean nio-
bium substrates. However, the information avail-
able for this more complicated structure is, be-
cause of the poor quality of the diffraction patterns,
too limited to allow for a more detailed analysis.

The majority of the Auger and energy-loss spec-
tra were done on this structure, while most of the
LEED intensity data reported below were performed
on the annealed Xe(111) structure.

IV. INTENSITY DATA

All of the intensity data reported in this paper
were performed on the first-order diffraction beams
from the various crystalline faces near normal in-

(a) (c)

FIG. 5. LEKD patterns from xenon adsorbed on the (100) face of niobium. (a) Diffraction pattern from (100) face of
Xe adsorbed near liquid-helium temperatures in the presence of a trace of an oxide on the niobium surface. Note quad-
rupling of diffraction features. These are not resolved at higher temperatures. (b) Diffraction pattern from Xe ad-
sorbed near liquid-helium temperatures on a clean Nb(100) surface. (c) Diffraction pattern from the (111) face of Xe
obtained by annealing structure shown in (b).
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cidence. Because of the rapid desorption rates of
neon and argon, it was impossible to obtain high-
quality intensity vs energy plots. It was, however,
possible to make visual estimates of the energy
positions of the intensity maxima. However, kryp-
ton data of fair quality and xenon data of excellent
quality for the (111)face were obtained.

The (111)face of face-centered-cubic crystals
has threefold symmetry. Thus, there are two
types of first-order diffraction beams. In the
kinematic approximation, these two types of beams
will have intensity maxima at different electron en-
ergies. However, at lower energies, these two
types of maxima will fall relatively close together
and form doublets. When the actual crystalline
domains were sufficiently small, the resulting dif-
fraction patterns were composed of beams that
were superpositions of both types of domains. As
we did not consistently grow large single crystals
of neon, argon, or krypton, the resulting intensity
data reflect this superposition. The visual esti-
mates of intensity maxima fall within the doublet
region, while the photometrically measured curves
for krypton show this doubling in detail. The data
for xenon were measured from relatively large
single crystals and resulted in relatively pure
spectra. As was found by Ignatjevs, Pendry, and
Rhodin for the (00) beam from Xe(111), the data
are relatively kinematic, particularly in the higher
voltage regions. ' However, at lower voltages,
there is definite dynamical behavior (e. g. , 60-eV
region on xenon). This relatively kinematic be-
havior may be, in part, a manifestation of the
large Debye-Wailer factors and strong inelastic
processes that will be discussed below. An alter-
native explanation evokes a certain amount of strain
or disorder on the surface of the crystal.

The intensity vs energy curves for krypton and
xenon are given in Figs. 6 and 7, and the measured
and estimated intensity maxima positions for all
of the gases are given in Table I along with values
calculated from a free-electron or kinematic model.

V. CHARACTERISTIC-ENERGY-LOSS SPECTRA

The kinematic nature of the intensity vs energy
plots for the diffracted beams and the large desorp-
tion rates of the lighter inert-gas crystals indi-
cated the possible existence of unusual inelastic
interactions between the incident electrons and the
crystalline films. To investigate these interac-
tions, we made a fairly detailed study of the char-
acteristic-energy-loss spectra, which is discussed
in the following paper. ' Those features that are
pertinent to this paper are as follows. (a) We ob-
served large losses for all of the inert-gas crystals
in the general vicinity of the niobium plasmon-loss
region (e.g. , -10-20 eU). (b) These losses were
much larger than generally observed in metallic
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I"IG. 6. Intensity of the first-order diffraction beam
from the (111) face of krypton as a function of energy
near normal incidence. Several domains were present
simultaneously so that the resulting diffraction features
were superpositions of first-order diffraction beams of
both types.

One of the more interesting features of this study
was the rapid desorption rates of neon, argon,
and, to a lesser extent, krypton when exposed to
the electron beam under conditions where it was
possible to maintain these crystals for long peri-
ods of time in the absence of the electron beam.
With neon, for example, this desorption allowed
several minutes working time near 30-eV pri-
mary energy but this time was reduced by about
two orders of magnitude near 100 eV. In Fig. 9
we show the desorption of neon with several pri-

systems. (c) Unlike plasmon losses, those for
the inert-gas crystals corresponded to the excita-
tion of single electrons to higher lying excited
states rather than the excitation of collective modes.

In general, in this energy region we were ob-
serving the excitation of an electron from the outer-
most filled P level (e. g. , 2P for neon) to a higher
lying state. For the lighter gases, these excita-
tions are fairly localized and the resulting spectra
are similar to those for free atoms in the gaseous
state. For the heavier inert gases there is a con-
siderable overlap in the excited state and the ex-
citations are more delocal. ized so that the resulting
spectra more closely resemble those for Wannier
excitons. In addition to losses of this type, we
have also observed losses at higher energies that
correspond to the excitation from inner electronic
shells (e. g. , 5s and 4d for Xe). In Fig. 8 we show

a typical characteristic-loss spectra for Ne.

VI. DESORPTION
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FIG. 7. Intensity of several first-order diffraction
beams from the (111) face of xenon as a function of en-
ergy. Essentially one single crystal of xenon was pres-
ent, so there is little superposition of beams from do-
mains of different orientations. The data were obtained
near, but not precisely at, normal incidence so that dif-
fraction beams of the same type, e. g. , a and c orb and
d do not provide coincidental intensity vs energy plots.

TABLE I. Energy (eV) of intensity maxima in the fsrst-
order diffraction beams from the (ill) face of Ne, Ar,
Kr, and Xe.

Ne
C ale. Expt.

Ar
C ale. Expt.

Kr
Cale. Expt.

Xe
C ale. Expt.

35 36-40
52 58-62
69
87

104 103-110
121
138

24
36
48
60
72
84
96

38
45
65

80

107
122

24 26
36 31
48 45
60 55
72 74
84 85
96

108

19 21
29 25
38 36
47 44
57 58
66 67
76

mary electron energies as measured y gd b the hei ht
of the 17-eV-electron-energy-loss peak in the loss

trurn. The neon crystals for the 40-, 50-,spec rum.
onola ersand 60-eV measurements were about 20 mono ay

thick while that for the 30-eV measurement was
hat thinner. Note the rapid increase in de-somew a in

sorption rate with primary energy. T e ini ia
transient period of an apparent lower rate is prob-
ably due to saturation of the energy-loss spectrum
owing to the limited penetration of the electrons.

These data are meant to be qualitative rather

rameters (such as the current density) were not

closely controlled. In fact, the data varied marked-

ly from day to day. Current densities were in the
vicinity o p, mm't f 5 A/mm at 50 eV and considerably
less at the lower voltages.

IO 20 30

ENERGY (eV)

40
I

50

FIG. 8, Characteristic-energy-loss spes ectra from the
(111) face of neon obtained with 42-eV primary electrons.

d b monitoringlitative desorption rates were obtained byQua i a ive
the height of the large loss peak at about 1 r' eV7 eV below the
primary peak.

In Fig. 10 we show the desorption of neon with

approxima e yt l 30-eV primary electrons as mea-
sured by the height of the electron-energy-loss
peak and as measured by the intensity of one of

the first-order LEED beams. These two techniques
are sensitive to two different quantities. Outside
of the saturation region, the height of the electron

while the intensity of the LEED beam is propor-
tional to the square of the number of atoms present
in an ordere as ion.d f h'on Note the initial rise in the
intensity curve. isTh's most probably corresponds
toas ig anl ht nealing of a mildly disordered crys-
tal with the electron energy available from e in-
cident electrons.

In Fig. 11 the desorption of argon is shown for
several primary energies. T g phou h recise com-
parisons are i icud'ff'cult because of the qualitative
nature of the data, it would appear that the desorp-

bl lar er thantion rates for argon are considera y arg
those for neon at low energies. This is consistent
with genera o sl observation and with the previously

intensi ofpublished data on the decrease in the intensi y o
the LEED beams from argon.

Krypton was considerably more resistant to
erosion by the incident electrons than either argon
or neon. The proximity of the dominant krypton
characteristic-energy-loss pee s to the niobium

plasmon-energy-loss peaks ma e it rather diffi-
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FIG. 10. The desorption of neon with approximate1y
30-eV electrons as measured by two different techniques.
In curve (a) the intensity of the first-order LEED beam

at 33 eV is monitored as a function of time. In curve (b)

the intensity of the dominant characteristic-energy-loss
peak for 30-eU primary electrons is measured as a func-

tion of time.
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FIG. 9. The desorption of neon by electrons with
several different energies as measured by monitoring
the decrease in the height of the dominant peak in the
neon characteristic-energy-loss spectrum as a function
of time.

cult to study the desorption by this technique. In
Fig. 12 data for the desorption of krypton as mea-
sured by both LEED and the energy-loss spectrum
are shown. The apparent larger desorption rate
measured at 70 eV by LEED relative to that at
80 eV measured by the energy-loss spectrum is
most likely an artifact of the N dependence of the
LEED intensity vs the N dependence of the intensity
of the energy-loss measurements.

Xenon was essentially completely resistant to
desorption by the incident electrons over the time
scale of the experiment (several hours). No de-
terioration in the quality of the LEED patterns or
the loss spectrum was noted.

In this first study we were not able to control
some of the important parameters which may be
relevant to the rate of desorption, e. g. , the tem-
perature and, particularly, the electron current
density. Thus the data we have just described can-
not be compared with aquantitative theory, but it
is evident that the rate of desorption decreases in
the sequence Ar, Kr, and Xe, with Ne possibly
occupying an anomalous position after Ar. There
are three possible ways in which the energy of the
incident electrons may cause the desorption: as a
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FIG. 11. The desorption of argon by electrons with
several different energies as measured by monitoring
the decrease in the height of the dominant peak in the
argon characteristic-energy-loss spectrum,

purely thermal effect, or by resulting in the ejec-
tion of an atom after either an elastic or inelastic
scattering event. The latent heats of the rare
gases are listed in Table II and, ascan be seen, are
very small so that little energy is required to eject
an atom from the solid compared to a metal.

First, we must consider possible heating of the
sample by the electron beam, although, of course,
not all the energy brought in by the electron beam
is converted into heat in the sample. A quick cal-
culation shows that at the current densities used
the total power input of the electron beam is about
5&10 4 W/mm~. This is comparable to the energy
of thermal radiation from room termperature in-
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FIG. 12. The desorption of krypton as measured (a)
by monitoring the height of a characteristic-energy-loss
peak with 80-eV primary electrons and (b) by monitor-
ing the intensity of a LEED first-order diffraction beam
at 70 eV.

cident on the crystal. In the absence of the elec-
tron beam, the rare-gas crystals are not noticeably
desorbed after several hours, so this level of en-
ergy input, by itself, is not sufficient to vaporize
the crystal. The difference in the two situations
is that the room-temperature photons have a prob-
able energy of about Q. 1 eV, which is several or-
ders of magnitude lower than the energy of the
electrons and also much less than the energy re-
quired to create an electronic excitation in the solid.

The second possibility is that the energy acquired
by an atom when an electron is elastically scattered
is sufficient to eject the atom from the solid. Be-
cause of conservation of momentum, the maximum
energy that can be transferred is 4Em/M, where
E is the energy of the electron and M is the effec-
tive mass of the atom, which may be larger than
the free mass for an atom bound to a solid. This
mechanism is regarded as responsible for sput-
tering but, in order to cause sputtering of metals,
it is necessary to use gas atoms as projectiles
and it is unlikely that electrons have ever caused
sputtering of metals. '0 However, the binding en-
er gy of the rare gases is an order of magnitude
lower than that of metals, so it is conceivable

TABLE II. Latent heats of the rare gases.

Ne
Ar
Kr
Xe

Mass
(amu)

20
40
84

131

Latent
heat (eU)

0. 02
0. 08
0. 11
0. 1.5

Nearest-
neighbor

distance (A)

3.0
3.5
3. 8
4. 1

that electrons could sputter the rare gases. In

sputtering, the yields correlate with sublimation
energy, as might be expected. By this mechanism,
Ne would probably be the most easily detached be-
cause it has the smallest mass and least binding
energy and the other rare gases would be increas-
ingly harder to detach in order of increasing atomic
number. For a 100-eV electron, the maximum en-
ergy acquired by an Ar atom would be about 10 3

eV, which is an order of magnitude less than the
binding energy of 0.04 eV. Although the cross
section for elastic scattering of electrons is high
in the energy range used, little energy is trans-
ferred so this process is unlikely to be the princi-
pal cause of the rapid desorption.

As mentioned earlier, the electron beam loses
energy by inelastic collisions and some of this en-
ergy could cause desorption. The inelastic scat-
tering results in the excitation of an electron into
a higher electronic state or even the expulsion of
an electron. Before this excitation can decay it is
possible that the excited atom or ion may leave the
crystal. This process has, in fact, been observed
in many cases of adsorbed layers of atoms on met-
al surfaces, principally, CO, H, 0, and N, and
is known as electron-impact desorption'0 (EID) and

is the analog for a solid of Franck-Condon disso-
ciation of molecules. The latent heats of the rare
gases are comparable with the heats of physisorp-
tion and chemisorption so a similar process may
be obtain here.

The main features of EID for adsorbed atoms
have been discussed by Redhead" and by Menzel
and Gomer'~ and can be explained briefly as fol-
lows. Using the usual adiabatic approximation to
separate the electronic and nuclear motion, one
finds that the nuclear configuration does not change
appreciably during the electronic transition to a
higher state. This may result in the electronically
excited atom being in a position of high vibrational
potential energy, and thus being able to escape the
solid during its relaxation if the kinetic energy ac-
quired is greater than the binding energy. A

similar argument applies if the loss mechanism
has resulted in the ejection of an electron forming
Bn ion rather than an excited atom. For an atom
to be ejected, the lifetime of the excited electronic
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state must be longer than the relaxation time of the
atom, which is about 10-" sec. It was observed
for cases other than the inert gases that the de-
sorption cross sections usually are much smaller
than the inelastic cross section. This was attrib-
uted to the short lifetime of the excited electronic
state, which is thus usually the limiting factor.
This explains why ejection is so rare and why EID
depends not only on the adsorbed atom, but also
on the state in which it is adsorbed. ' In a par-
ticular case the probability of desorption is de-
termined by both the probability of excitation, i.e. ,
the appropriate cross section, and by the lifetime
of the excited state.

In general it must be remembered that we are
dealing with excited states of a solid, not an iso-
lated atom, and thus the excitations are really ex-
citons, either the Frenkel tightly bound type or the
%annier loosely bound type. In fact, the large loss
peak near 17 eV shown in Fig. 8 for neon corre-
sponds to a, Frenkel exciton. In this language, re-
moval nf an atom will depend on the lifetime of the
exciton and also the extent to which it can be as-
sociated with a particular atom. It is probable
that the Frenke1. excitons are the principle agents
in desorption. This point may be relevant to the
ease of Xe, whose desorption rate is essentially
negligible and where the excitons are expected to

be more Wannier-like, and therefore more de-
localized, because of the greater polarizability.
Since the inel, astic scattering cross sections are
known for the gases, and it is probable that the
cross sections in the solids are similar, one can
say that the cross sections for Ar, Kr, and Xe
are similar and Ne is 1.ess by about a factor oi 10.
Hence the negligible desorption of Xe cannot be
explained on this basis. The higher masses and
binding energies of the heavier gases will certain-
ly play a rol. e, but the nonlocalized character of
the excitation might also be an important factor.
This should occur because the excited electron is
now separated from the atom with the hol. e and the
desorption process must involve an ion, and sec-
ond, there is possibly less vibrational energy given to
an individual atom than in the Frenkel-exciton case.

We also emphasize that we are concerned with
crystals that are only about 20 layers thick and it
is possible that the surface pl.ays an important
role in the desorption process.
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