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Formation of anionic excitations in the rare-gas solids and their coupling
to dissociative states of adsorbed molecules
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It is experimentally demonstrated that (electron plus exciton) core-excited resonances are formed by
low-energy electron scattering in the Ar, Kr, and Xe rare-gas solids at 11.6+0.2, 9.7+0.2, and 7.7+0.2
eV, respectively. These resonance states can be efhciently coupled with dissociative Rydberg anion states
of adsorbed H20, C2D6, and C6D6, but not with valence-dissociative states of adsorbed 02 or C6D6.
These resonances are revealed as narrow (full width at half maximum AE =0.2—0.4 eV) enhancements
in the dissociative attachment yields of the adsorbed molecular species, at incident electron energies just
below that of exciton formation in the condensed rare gases. Above the exciton energies, in contrast, the
dissociative attachment mechanism in the adsorbed molecules can be attenuated, or completely
quenched. All observations are characterized as "quasi-two-electron-jump" processes due to sizable
overlaps between the associated Rydberg orbitals.

I. INTRODUCTION

In recent years the interaction between electronically
excited solids and adsorbed (or solvated) molecular
species has been shown to facilitate important photo-
chemical mechanisms and has been demonstrated to have
significant potential for the selective modification of
solids and adsorbate systems. These processes include,
but are not limited to, the oxidation of semiconductor
surfaces, ' molecular fragmentation via photoelectron
attachment, charge separation of di-halogen species, '

and the efficient preparation of excited species via excita-
tion transfer from the host solid to the dopant species.
Following the results of Marsh et al. , several groups
have found that excitations of metal substrates induced
by the absorption of UV radiation can cause the desorp-
tion and dissociation of many molecular adsorbates; the
mechanisms for this coupling include direct excitation of
the (adsorbate+substrate) system, and the attachment of
photogenerated electrons to the adsorbate, leading to dis-
sociative electron attachment (DEA). These photoelec-
tron driven processes can occur for electrons excited to
above or just below the vacuum level of the substrate. In-
vestigations of the nature of the initially excited states of
the solid "host, " and the nature of the coupling with the
target species, have increased our understanding of ener-
gy deposition, transport, and trapping (localization) pro-
cesses in the solid phase, especially for metal and semi-
conductor surfaces.

In addition to the work on metal and semiconductor
surfaces, there is a growing body of results obtained using
optical excitation of molecular solids, leading to exciton
formation; the temporal and spatial evolution of the ex-

cited states can be used to determine exciton di6'usion pa-
rameters, trapping probabilities, and excitation transfer
probabilities. The rare-gas solids (RGS) of Ne, Ar, Kr,
and Xe have been instrumental in these works because
they provide an almost perfectly inert host matrix and be-
cause the exciton energies of the RGS (8—16 eV) are
similar to or greater than the energies of the first excited
states of most molecular species. In the simplest concep-
tion of this class of experiments, the target species of in-
terest is dissolved in a rare-gas matrix or on a multilayer
film. The host+target matrix system is then photolyzed
at wavelengths corresponding to the excitation of the
RGS, and the consequences of excitation transfer are
measured, such as photoelectron yields from the target
species, ' '" molecular luminescence, ' or molecular disso-
ciation. ' By considering the sensitivity of the transfer
process to the thickness and composition of the
host+target matrix, it is possible to determine the mobil-
ity of the initially prepared excitonic states of the solid, as
well as characterize the various quenching processes
which reduce the efFective transfer probabilities of the ini-
tial excitation to the target species.

Even though many difFerent types of particles could be
utilized to initially excite molecular solids and rare-gas
matrices, the experimental emphasis to date has been on
initial excitations which can be prepared optically. How-
ever, much of the work cited above could be performed
using low-energy electrons as a source of the initial exci-
tation. Electron stimulated desorption (ESD) measure-
ments of atoms and molecules in their ground or metasta-
ble states are illustrative of the excitation transfer pro-
cesses which have been measured using low-energy elec-
trons as the primary energy source. ' Of course, there
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are basic differences between the interactions of electrons
and photons in the molecular solid which may have
determinant implications for the energy deposition, and
the subsequent transport, exchange, and localization pro-
cesses in solids and at their surfaces. The formation of
transient intermediate anions (combining an energetic in-
cident electron with one of the atoms or molecules of the
solid) is probably the most important consequence of
these differences in the mechanism of the primary interac-
tion. ' Such transient anion states can either decay by
ejecting the additional electron, by capturing it per-
manently, or by dissociating into a stable anion fragment
and a neutral fragment. This later process is referred to
as dissociative electron attachment.

In our work on ESD of anions formed by DEA from
adsorbates on solid Kr and Xe we have found that the
ESD yields can be significantly perturbed by the presence
of the rare-gas substrates; specifically, the anion desorp-
tion yield often displays strong enhancement peaks super-
imposed on the normal ESD yield distributions. These
peaks appear at incident electron energies slightly below
the energies of the lowest exciton energies of the RGS.
As will be discussed below, such narrow features are in-
consistent with all mechanisms which involve elastic elec-
tron scattering in the RGS, or simple inelastic scattering
of the incident electron in the solid to form excitons. We
therefore postulate that the observed enhanced desorp-
tion yields are the result of a two-step process, initiated
by the formation of anionic resonant states of the RGS,
which is followed by the coupling of this resonance state
of the RGS with the dissociative states of the adsorbed
target species. The initial resonance state of the RGS
binds the incident electron to the excitation, and there-
fore can be expected to follow the diffusive motion of the
exciton as it traverses the rare-gas film. Such compound
states are well documented in isolated electron —rare-gas
atom collisions, ' ' and have been predicted to exist in
two-dimensional Xe layers. ' Yet prior to our original
study, they were unobserved in the RGS. Recent calcula-
tions by Munn, Mabbott, and Pope' support the ex-
istence of anionic excitations in molecular solids.

Whereas the study of electronically excited states of
solids has traditionally focused on the preparation, dy-
namics, and eventual decay of the neutral exciton states,
the present work will illustrate that an equally wide area
of study is possible for the study of excited anionic states
in the condensed phase of insulating materials. Like their
electrically neutral counterparts, anionic excitations pro-
vide a mechanism for the quasielastic transport of energy
in a medium' and for the coupling of this excitation to
"impurity dopant" species contained in (or on) the medi-
um. As will be shown, the resonant formation of these
anion states provides an energetic specificity to the
preparation of excited states which is normally not acces-
sible during nonresonant inelastic electron-scattering
events.

The format of this article is as follows. We first pro-
vide a summary of the dissociative electron attachment
process. Experimental results for HzO, C2D6, C6D6, and
02 deposited on solid Ar, Kr, and Xe are presented after-
wards. The evidence which leads us to conclude that the

observed enhancements in the desorption yields are due
to the resonant formation of anionic excitations in the
RGS is given, followed by a theoretical explanation of the
mechanism by which the core-excited anion resonance
can move-hop within the RGS, and by which it couples
to adsorbed "target" molecules. Finally, the possible ap-
plication of these results is presented, along with direc-
tions for future work.

II. DISSOCIATIVE ELECTRA' ATTACHMENT
AT SURFACES

proceeds via a resonant anion state, here denoted
( ABC),which then dissociates to produce anionic and
neutral fragments; it is implicitly assumed that 3 has a
positive electron affinity and therefore the 3 species is
stable with respect to electron autodetachment. The al-
ternative decay channel for the (ABC) resonance state
into 2 +BC may also be possible. If the energy release
during a dissociation event at a solid-vacuum interface
imparts sufficient kinetic energy to the anion fragment to
induce desorption, the ESD yield can be monitored using
a mass spectrometer positioned near the surface. For a
given incident electron energy E, , the kinetic energy in

vacuum of the desorbing 2 fragment, Ek, is given by

E~ =(1 f3)[E, E—* Eb+—EA( —A )+E,i j E„, —(2)

where P is the ratio of the anion mass to the mass of the
parent molecule, E* is the internal energy of the
fragment(s) following dissociation, Eb is the bond energy
along the dissociation coordinate, EA( A) is the electron
affinity of the 2 fragment, and E,~

is the polarization
barrier which must be overcome by the anion fragment
during desorption. Above a few eV, the electronic struc-
ture of the (ABC) transient anion state often corre-
sponds to that for the attachment of an electron to a neu-
tral excited "parent" state, i.e., ( ABC )*
+e ~( ABC); if, as is usual in the case of DEA, the
electron-excited state interaction potential supports a
bound state of the electron, the excited anion state
( ABC)* will lie energetically below the energy of the
neutral parent state, and the resonance is described as a
core-excited Feshbach state (two-particle, one-hole). It is
interesting to note that the dissociation of the lowest of
these states is often the lowest-energy dissociation pro-
cess observed for the parent species. As an example, the
lowest-energy DEA process in gas-phase H20 at 6.5 eV
proceeds via the B&( lb2) (3a, )2( lb& )' (3s:4a, ) anionic
state, while the lowest optically accessible excited state
at 7.44 eV is the 'B, state, ' with the electronic
configuration (Ibz) (3a&) (Ib&)'(3s:4a, )'. It is also ap-
parent from Eq. (2) that the DEA process at low incident
energies will favor the desorption of light fragments (i.e. ,

small P), even if the dynamics of the dissociation event
favors the formation of more massive fragments. As an
example, in the gas-phase DEA of HzO, both H and 0

The DEA process, which for a polyatomic species
ABC can be schematically written as

e + ABC ~( ABC) ~ A +BC,
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III. EXPERIMENT

The apparatus used in these studies has been described
previously ' and is shown schematically in Fig. 1. The
atomic and molecular species of interest are prepared and
purified in an attached gas manifold and deposited under
UHV conditions onto a clean 0.0075-in. -thick platinum
foil substrate. This foil is supported on the cold tip of an
APD-202 mechanical close-cycle refrigeration unit in or-
der to obtain sample temperatures of —17 K. The foil
can be resistively heated to clean the surface and to
desorb the condensed films. The metal surface and over-
layer film are exposed to an electron beam produced by a
home built hemispherical electron monochromator, with
a central electron trajectory radius of 1.00 in. , and
operated at a relatively high pass energy of —3.4 eV in
order to increase the electron current delivered to the tar-
get. The output lens used to focus the electron beam
onto the target consists of a double-zoom electrostatic
system to maintain a relatively constant current vs energy
profile for the electron Aux across the energy region of in-
terest. The angle of incidence for the electron beam was
70' from the surface normal. The present apparatus does
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Mass Filter
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FICs. 1. Schematic view of the experimental apparatus. The
components shown are housed in a conventional UHV chamber
within two concentric layers of magnetic shielding.

anions are known to be formed with 6—8 eV elec-
trons; ' the thermodynamic onset for 0 desorption
from a multilayer H20 film, however, would be approxi-
mately 15 eV above the thermodynamic onset for H
desorption.

Since the intermediate ( ABC)* state is resonant in
nature, the dependence of the dissociation process on the
incident electron energy can provide detailed information
on ground-state to excited-(anionic)-state excitation prob-
abilities, dissociative potential-energy surfaces, and disso-
ciation branching probabilities; further information is
available in the analysis of the kinetic energies of the
desorbing fragments, although the mass selectivity of
the desorption process must be carefully considered in
the DEA of adsorbed species. This technique allows us
to determine the perturbations on the anion states and
dissociation processes which are introduced by the con-
densed phase.

not have provision to directly measure the energy distri-
bution of the incident electron beam, although the design
specifications predict a distribution with a full width at
half maximum (FWHM) of 85 —95 meV; the energy reso-
lution of similar devices in our laboratory (which directly
measure the energy distribution using a second, identical,
hemispherical analyzer) correspond closely to design
specifications. The anion yield distributions are not
found to change when the width of the energy distribu-
tion of the electron source was increased to —135—140
meV. The electron beam current measured to a clean
platinum target was typically 5 X 10 ' A. The electron
energy scales of all results presented here are referenced
such that 0.0 eV corresponds to the vacuum level (E„„),
using one of two methods. In the case of solid Xe and for
the pure molecular solids, where the bottom of the con-
duction band is below the vacuum level, E„„can be
determined within +0.3 eV by measuring the onset of
current Aow to the metal surface as the electron energy is
slowly increased. In the case of Kr multilayer films,
sharp structures are visible in the transmission curves
(current to the metal as a function of electron energy)
which can be correlated to those observed in previous
studies, where E„„was determined more accurately
than is possible in the present apparatus; the definition of
E„, for the Kr films is therefore believed to be accurate
to within +0.2 eV. Multilayer Ar films are somewhat
anomalous in that Vo lies 0.25 eV above E„,. However,
we have detected no changes in the onset of electron
transmission when the platinum foil is covered by Ar
films, and we therefore have taken the onset of the
transmission through the Ar film to represent E„„.The
precision in peak positions for a given set of experiments
is +0.040 eV, for a given definition of E„„.The lower-

energy dispersion of the present electron monochromator
provides more accuracy and reproducibility than was
previously possible using a commercial electron gun; in
particular, the observed resonant structures in the anion
yield distributions of condensed H20 are slightly lower in

energy than previously reported.
The incident electron current was swept across the

0—15 eV energy range, where it induces DEA in adsorbed
target species and leads to the formation of both ad-
sorbed and desorbed anion fragments. A portion of the
desorbing anion Aux enters a Balzers quadrupole mass
filter oriented at 20 from the surface normal, and the
mass-selected anions are detected using a channeltron-
type detector and conventional pulse-counting electron-
ics. The electron monochromator, target assembly and
mass filter are contained within a single UHV chamber,
with typical base pressures of —2X10 ' Torr. The
magnetic field in the experimental region and monochro-
mator is reduced to —10 mG by two layers of 0.010-in.
magnetic shielding foil (Advanced Co-netics AD-78). In
order to avoid surface/film charging by the incident elec-
tron beam and/or trapped charged particles, and to mini-
mize contamination from residual background gases,
most results shown here are the summation of the anion
yields measured using 2 —10 individual films. The typical
duration of an experiment (between film deposition and
deliberate evaporation from the platinum surface) was 5
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TABLE I. Suppliers and purities of materials used in these
experiments.

a) H:6MLH2

Ar
Kr
Xe
H,o
C2D6

02

Supplier

Matheson
Matheson
Matheson
In house
MSD Isotopes
Aldrich
Matheson

Stated purity

99.9995%
99.995%%uo

99.995%%uo

Double distilled, deionized
99%%uo

99.5%%uo

99.998%

)
a
(3
CD
V)

O
C3

O
x

LA
CV

U
Q)

O

b) D: 5 ML C2D6

x4

c) D: 6 MLC6D6

x 125

min; under the conditions of the experiment, we expect
that less than 0.03 of a monolayer (ML) of contamination
from the background ambient gas pressure can deposit in
this time, thus ensuring that the composition of the film
is as-deposited. Deuterated adsorbates were often used to
avoid interference by DEA of HzO contamination, which
could introduce the aforementioned H desorption for
E; =6—11 eV.

The materials used in these experiments are listed in
Table I, along with their stated purity and supplier. The
liquids (H20 and C6D6) were subject to several freeze-
thaw cycles under vacuum in the vacuum manifold prior
to use; all other materials were used as delivered. The
thickness calibration of the deposited films has been pre-
viously described. The absolute accuracy of this
method is believed to be 50%; the relative precision of
the deposition is estimated to be +10%. The accuracy of
the deposition method for water is considerably lower,
because of the slow desorption of the water from the
walls of the dosing manifold onto the sample. In the case
of water, the quoted coverage is estimated by comparison
of the signal levels with that obtained from pure, multi-
layer water films deposited directly on the platinum foil.

IV. RESULTS AND DISCUSSION

The experimental results presented here are all ob-
tained by monitoring the anion desorption Aux while
slowly varying the incident electron energy across the re-
gion of interest. The anion yield distributions for the
pure molecular solids H20, C2D6, C6D6, and 02 will be
presented first, followed by the results obtained using
RES substrates. As would be expected from a compar-
ison of such dissimilar adsorbates, the details of each sys-
tem show significant variations, which will be discussed
in turn; as will be seen, however, all systems show sys-
tematic behavior which can be understood in terms of a
model which will be presented in Secs. VI and VII.

A. ESD from pure H,O, C,D„C,D6, and O, films

Figure 2 shows the H (D ) anion desorption yields
obtained from -6-ML-thick-films of H20, C2D6, and
C6D6, along with the 0 yield desorbing from 5 ML of
Oz, all films were supported on clean platinum substrates.
Each anion yield exhibits a single broad desorption peak
in the 0—12 eV energy region; H (D ) is by far the most
abundant anion species detected from each of the hydro-

d) 0:5MLO
x4

0 2 4 6 8 10 12 14
Electron Energy (eV)

FICx. 2. Anion desorption yields for pure multilayer films of
H20, C2D6, C6D6, and 0& of the indicated thicknesses, deposited
directly on the cryogenic platinum substrate. All energy scales
are referenced to the vacuum level.

gen (deuterium) containing solids; the resonant
desorption of CD2 and CD& was also observed from
the pure, multilayer hydrocarbons, but with less than 1%
of the intensity of the D signal. 0 is always the
dominant anion desorbed from films containing molecu-
lar oxygen.

The H yield distribution for 6 ML of HzO/Pt [Fig.
2(a)j shows an asymmetric profile with an onset at 5.5 eV,
a maximum at 7.4 eV, and a broad tailing to higher E;.
The ESD of H from pure H20 films has been discussed
in detail previously. The intense ESD maximum is be-
lieved to arise from the dissociation of the
B i ( lb' ) (3a t ) ( lb i ) (3s:4a i ) anion state, while the

desorption yield at higher incident energies is the result
of the decay of the A, (lb2) (3a, )'(lb, ) (3s:4a, ) anion
state, in addition to some inelastic electron scattering in
the multilayer H20 film. Like all anionic Rydberg-type
excited states, these electronic configurations consist of
two electrons orbiting the positive molecular-ion core at
relatively large radii. The maxima of the DEA cross sec-
tions in gas-phase H20 are at 6.5 and 8.6 eV, respective-
ly. ' A third DEA channel leading to H formation
via the decay of the B2( lb2)'(3a, ) ( lb, ) (3s:4a, ) anion
state at 12.6 eV in the gas phase is not expected to be seen
in the ESD data, since it generates only 0.2%%uo of the
anion yield produced by the main B& resonance. The
shifts of the Bj and 3, states to higher excitation ener-
gies in the condensed phase are believed to be the result
of the Rydberg-orbital contributions to the electronic
configurations of these excited states; the first optical
absorption of ice at 8.75 eV (Ref. 31) is similarly blue-
shifted from the 7.44-eV gas-phase absorption to the 'B,
state. ' The blueshift of condensed-phase Rydberg tran-
sitions (with respect to the gas phase) appears to be a gen-
eral phenomena, while valence transitions tend to be
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slightly redshifted in the condensed phase, due to in-
creased polarization interactions of the excited state with
the host matrix. In addition, it is possible that the excit-
ed B

&
state has significantly weaker hydrogen bonds be-

tween adjacent molecules than the ' A, ground state, due
to the promotion of a 1b& "lone pair" electron; this could
contribute as much as 0.4 eV to the observed blue shifts
found in condensed water. Recently, Bernheim and Wu
have reported that the H desorption yield from H20
layers chemisorbed on aluminum substrates has a max-
imum anion yield at 5.8 eV; part of the discrepancy be-
tween the energies they report for the maximum anion
yield and our own results for water films is due to their
use of the midpoint of the leading edge of their transmis-
sion curve to define 0 eV, which is —1.4 V above the on-
set of transmission to the metal. The electronic structure
and image potential acting on the transient anion species
will also be significantly perturbed for the chemisorbed
species, thus introducing additional energy shifts with
respect to our physisorbed multilayer results. It is in-
teresting to note that Bernheim's anion yield is much
more symmetric than that seen here, suggesting that the
second A, state does not contribute significantly to the
anion field from chemisorbed H20/Al(111). The sensi-
tivity of the A

&
state to the molecular environment will

be discussed further in Sec. IVB. Although the shape of
the DEA H yield profile shown here corresponds ap-
proximately to that seen in the gas phase, it is impor-
tant in the present context to verify that the observed
yields correspond to the existence of a resonance state at
the energy of the incident electron. In addition to the con-
tributions from the decay of the A, anion state, two in-
elastic scattering processes could lead to the observed
asymmetry of the ESD yield of Fig. 2(a). Inelastic elec-
tron scattering in the multilayer films prior to the DEA
event could allow electrons with E, above the resonance
to induce dissociation, and therefore anomalously in-
crease the formation of anions as E, is increased; the
enhanced desorption probability anticipated for frag-
ments with higher kinetic energies could also anomalous-
ly increase the detection of anions at higher E, . Both of
these inhomogeneous processes could prevent the mea-
sured ESD profile from being proportional to the DEA
probability. We cannot directly determine the magnitude
of these inhomogeneous contributions in our results,
however, we believe that they are relatively minor pertur-
bations to the observed ESD yields. Paralleling the ob-
servations for the DEA of gas-phase water, the width of
the H ESD yield function is 30%%uo broader than the D
yield [measured under identical electron scattering condi-
tions in a (D20+H20) film], suggesting that inelastic
scattering within the film does not significantly inhomo-
geneously broaden the nascent distribution; the lower in-
tensity near -9 eV for D desorption with respect to
H desorption also follows the gas-phase observations.
The maximum kinetic energy for the desorbing H
fragment from multilayer H20 films has been shown to
closely obey the conservation of energy expressed in Eq.
(2); this would not be true if there were no state-to-state
transitions and therefore we conclude that the B& and

2& anion states can be prepared by a vertical Franck-

Condon-type excitation from the ground state with elec-
trons of 5.5 —10.5 eV. As will be seen below, it is impor-
tant that the observed ESD anion yields reflect the pres-
ence of dissociative anion states in the condensed phase.

The D desorption yield from multilayer C2D6 films

[Fig. 2(b)] shows an onset near 7.5 eV and a maximum
near 10 eV, as described previously. The DEA desorp-
tion peak is unstructured and highly symmetric. The
profiles and intensities of the H desorption yields are re-
markably similar for all n alkanes larger than methane.
The DEA profile for gas-phase ethane measured by Dor-
man has a single, unstructured maximum for H for-
mation at 9.5 eV, with a FWHM of -2 eV; onsets for
anion formation were not reported. Unlike the case for
H20, the DEA processes in ethane vapor are poorly
characterized, and no state-specific investigations for the
transient anion states involved have been published. We
will attempt to characterize the electronic structure of
the dissociative (C2D6) resonance state by comparing
the DEA results with the gas- and condensed-phase opti-
cal absorption spectra for ethane, assuming that the opti-
cally accessible dissociative states are related to the
parent states of the dissociative anion state. The lowest
optical absorption in gas-phase ethane has an onset near
7.9 eV and a broad maximum of 9.4 eV. ' Buenker and
Peyerimhoff' have calculated that the first excited
valence state of ethane should be —15.5 eV above the
ground state, i.e., -6 eV above the first observed transi-
tion energy; Sandorfy has concluded that the lowest op-
tical absorptions of all acyclic paraSns therefore corre-
spond to electron promotion from the le or 3a, molec-
ular orbital to the 3s or 3p Rydberg orbital. The triplet
states of the n alkanes are expected to be only slightly
lower in energy than the optically accessible singlets.
The optical absorption spectra of solid and liquid
ethane" are similar to the gas-phase absorption spec-
trum, and it is believed that the electronic structures of
the excited states in the condensed phase are closely re-
lated to those of the gas phase. Jordan and Burrow
have determined that no transient anion states exist for
the n alkanes below 5 eV, and we may therefore assume
that the anion yields reported here and by Dorman cor-
respond to the dissociation from the lowest anionic state
of ethane. If the electronic structure of the lowest tran-
sient anion state of (CzD6) is related to the electronic
structure of the lowest optically prepared excited state of
(C2D6)* (i.e., the optically prepared state is related to the
parent of the anion resonance state), we would conclude
that the transient anion state would consist of a vacancy
of the le or 3a& molecular orbital, with two electrons in

the Rydberg-like 3s or 3p orbital. It is extremely unlikely
that the proposed valence state calculated to be near 15
eV (Ref. 37) (or its nearby triplet counterpart) would be
the parent of the anion resonance state since they would
be separated by over 7 eV in the gas phase.

The D desorption yield from multilayer C6D6 films

[Fig. 2(c)] has an onset at 6.6 eV and a single maximum at
8.9 eV; the isotropic purity of the C6D6 was verified by
the absence of an H desorption yield from freshly de-
posited C6D6 films. To the best of our knowledge, these
are the first published D (or H ) yield distributions
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from gas-phase or adsorbed benzene. The ESD yield has
a FWHM of —3 eV, and is slightly asymmetric, suggest-
ing the presence of overlapping dissociative anion states
(as proposed for ESD from pure H20 films), or perhaps
indicating the presence of inelastic-scattering processes
which distort the measured ESD profile from the nascent
D distribution. Fenzlaff and Illenberger have detected
the formation of CzHz and C6H5 via the DEA process
in benzene vapor, with anion yield maxima at -9 and 8

eV, respectively, and appearance potentials of —6 and 7
eV, respectively. The width of their C6H5 anion yield is
clearly less than that of the CzHz profile. von Trepka
and Neuert ' have reported 15 anion fragments to be
formed in the DEA of gas-phase benzene, including a
strong H channel with an appearance potential of 7.9
eV; they reported that the appearance potentials for the
various fragmentation channels span a range of 4.7 eV,
although no explicit anion yield curves were shown for
the benzene results. In the case of condensed-phase ben-
zene, there is insufficient kinetic energy release to desorb
a C6D5 fragment; the formation of C6D5 with
sufhcient kinetic energy to overcome the —1-eV polariza-
tion barrier of the surface, and hence desorb, would re-
quire an energy release of -42 eV during dissociation,
according to Eq. (2).

In an effort to characterize the nature of the electronic
states which give rise to the DEA of benzene, we can
again attempt to correlate the DEA data with the optical
absorption data, in order to determine the parentage of
the resonance state. The optical spectrum for gas-phase
benzene below -7.5 eV is characterized by three strong
valence absorptions ('Bi„, 'B,„, and 'E,„with maxima
near 5.9, 6.2, and 7.0 eV, respectively). ' ' Above this
spectral region, there are at least four series of sharp
Rydberg transitions leading to the first and second ion-
ization limits (9.27 and 11.49 eV, respectively) which are
superimposed on a broad quasicontinuum of valence ab-
sorptions. Electron energy-loss spectroscopy (EELS) of
gas-phase benzene has detected four transitions to trip-
let valence states ( Bi„, E,„, B2„,and E2, with maxi-
ma at 3.9, 4.7, 5.6, and 6.2 eV, respectively), as well as
several series of optically forbidden Rydberg transitions
above 8 eV. The EELS spectra of benzene films (and ben-
zene in Xe matrices) measured by Sanche and Michaud
show the maxima of the transitions to excited singlet and
triplet valence states to be within 0.3 eV of the gas-phase
transition energies; no specific Rydberg transitions were
observed in their work. Katz et al. have observed the
lowest optical Rydberg transitions of benzene to be blue
shifted by 0.2—0.4 eV from their gas-phase energies when
dissolved in the RGS, although subsequent work by
Angus and Morris failed to observe one of the C6D6/Xe
Rydberg absorptions at 7.5 eV. Due to the congestion of
electronic states in the 5 —12 eV region for benzene, it is
not yet possible to precisely identify the parentage of the
observed DEA resonance(s); it is probable, however, that
the Rydberg contributions can only dominate the reso-
nance states which are at least 8 eV above the ground
state. We expect that the density of Rydberg-derived
states will increase as the ionization limits are ap-
proached, since the gas-phase Rydberg series converge to

these asymptotes.
Azria and Schulz have detected seven anion reso-

nance states of (C6H6) below 12 eV using EELS; all de-

cay into vibrational excitations of the neutral molecule,
while the broad 8 eV g resonance also leads to DEA. Al-
lan has suggested that the g resonance state may be a
E,„o.* state, with both the promoted and incident elec-

trons temporarily occupying the o' valence orbital. Al-
ternatively, Robin has suggested that two Rydberg
states (two electrons in 3s or 3p orbitals, bound to a core
excitation from the e2go molecular orbital) could be
better candidates for the resonant states which lead to
DEA, since the widths of the DEA anion yields of Fenz-
laff and Illenberger are approximately 25% narrower
than the resonances reported by Allan or by Azria and
Schulz. In view of the very different anion yield distri-
butions reported for the C6H5 and CzHz fragmenta-
tion channels, " and the different onsets for the various
fragmentation channels, ' ' it is almost certain that
several dissociative anion states overlap in the 7 —10 eV
region; from the observations based on the optical data
for benzene it is expected that DEA events which occur
at higher incident electron energies are more likely to in-
volve Rydberg states than those at lower energies.

Figure 2(d) presents the 0 desorption yields from
pure multilayer oxygen films; heavier anions are also ob-
served to desorb in lower yields, but will not be dis-
cussed here. The dominant desorption feature is the
broad, asymmetric peak near 7—9 eV, with a weaker
desorption signal at —13 eV, followed by a gradually in-

creasing dipolar dissociation process above 15 eV. The
gas-phase DEA of Oz to form 0 proceeds exclusively
via the H „anion resonance at 6.7 eV; this resonance
state has the electronic configuration (2cr~ ) ( 1sr„) ( lvrs ),
with both the incident electron and the promoted 1vr„

electron occupying the 1m* valence molecular orbital.
The large width of the ESD yield near 6—9 eV is a convo-
lution of the II„and X+ states, while the feature near
13 eV is assigned to a X —+ X„+ transition in the
solid; ' ' X ~X transitions are symmetry forbidden in
the gas phase, but allowed in solid Oz and Oz clusters'
because of the relaxation of the cylindrical symmetry in
these high-density environments. A similar relaxation of
this selection rule is found in the optical spectra of
condensed-phase oxygen. ' All available data suggests
that the states involved in the DEA of gas-phase and
condensed-phase Oz are exclusively within the valence
manifold.

B. ESD from H20/Ar, H20/Kr, and H20/Xe films

The preliminary results for the HzO/Kr and HzO/Xe
systems were the object of our earlier work. The H
ESD yields shown in Fig. 3(a) shows the effect of deposit-
ing approximately 0.1 ML of HzO on 20 ML of solid Kr.
It is unlikely that the HzO exists in monomeric form on
the RGS at these coverages, due to its strong hydrogen-
bonding interactions with adjacent HzO molecules. The
distinctive difference which is introduced by the RGS
substrate is a new, narrow ESD peak at 9.6—9. '7 eV. This
new peak is clearly absent in the pure multilayer HzO
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FIG. 3. H desorption yields for submonolayer H20 deposit-
ed on rare-gas films of the indicated thickness. The data of
(a) —(c) were obtained using Kr substrates, while the data of
(d) —(f) were obtained using Xe substrates. The quantities of ad-
sorbed H20 are estimated by comparison with the signal levels
for pure, multilayer H2O films.

fit(E; ) = Amp*exp[ —(F.; Fo ) Iw ]+B—, (3)

tribution from the adsorbed H20.
Aside from the narrow signal enhancement, the profiles

of the direct contributions from the submonolayer
H20/Kr and submonolayer H20/Xe films are remark-
ably similar to those from pure multilayer H20 films. To
demonstrate the relationship between the anion yields
from pure and rare-gas supported H20 more clearly, Fig.
4 presents the same data presented in Figs. 3(a) —3(f), nor-
malized by the smoothed H yields from pure H2Q films

[e.g., the signal of Fig. 2(a)]. This manipulation em-
phasizes the fact that the observed narrow peaks are
enhancements of the DEA probability within a particular
energy region; subtracting the direct contributions would
imply that the two portions of the total signal were un-
correlated. In the absence of an interaction with the
RGS, this ratio would be a relatively flat "base line, "
which would indicate the quantity of water adsorbed
onto the RGS; a base-line ratio of 1.0 need not corre-
spond to 1.0 ML of HzO, because of the possibility of
anion desorption from the second and third layers of the
multilayer data of Fig. 2(a), as well as the possibility that
the absolute anion yield is sensitive to the anion-platinum
separation. The effects of the interaction with the RGS
are seen as approximately Gaussian-shaped enhance-
ments near 9.6—9.7 and 7.7 eV on the Kr and Xe sub-
strates, respectively. The heavy line drawn through each
set of experimental data is the fit to the formula

film results of Fig. 2(a), and has no counterpart in the
DEA of gas phase, ' cluster phase, ' or condensed
phase H20. The relative contribution of this new peak
becomes more apparent as thickness of the RGS is in-
creased to 80 ML [Fig. 3(b)]. In the discussions that fol-
low, we shall refer to the unenhanced contributions to the
total anion yield as the "direct" contributions, and focus
our attention on the narrow enhancement of the desorp-
tion yields. Figure 3(c) shows the effect of increasing the
quantity of water deposited on the 80-ML Kr substrate;
the direct contributions have increased because of the in-
creased surface coverage, and the enhanced peak is seen
to broaden significantly. More importantly, it is apparent
that the relative contribution of the enhancement with
respect to the direct contributions decreases as the cover-
age of H2O is increased, even when this coverage is far
less than a complete monolayer, although the probable
aggregation of H2O on the RGS implies that the dose-
based coverage is only approximately related to the actu-
al microscopic isolation for the target molecules on the
RGS. We have previously demonstrated that the posi-
tion of the enhancement is not sensitive to the incident
angle of the electron beam.

Similar results were obtained using Xe spacer layers;
Figs. 3(d) —3(f) show the anion yield distributions for
-0.02 ML of H20 supported on 25 and 100 ML of Xe,
and with an increased coverage of the 100 ML of Xe by
water. An enhanced anion desorption is detected at
7.7+0. 1 eV, which rises above the direct anion yield dis-

a) H: 0.1 ML H20 / 20 ML Kr d) H: 0.02 ML H2O / 25 ML Xe

~
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b) H: 0.1 ML W20/80 ML Kr
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c) H: 0.2 MI H20/80 ML Kr

e) H: 0,02 ML H20/100 ML Xe

f) H: 0.2 ML H2O /100 ML Xe
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FIG. 4. Ratio of the data of Figs. 3(a)—3(f} to the data of Fig.
2(a); the full scale of each frame is 1.0. The solid line drawn

through each data set represents the best fit of a Gaussian line

shape superimposed on a constant background, as described in
the text.
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where E0 is the center of the enhancement, w is the 1/e
width of the feature, and B represents the base line. This
functional form was chosen simply as a convenient
method to quantify the results; Lorentzian line shapes fit
the data less satisfactorily than the Gaussian line shape.
Above —10 eV, the base lines of the ratio plots are seen
to decrease slightly; as will be discussed below, this could
be due to a reduction in the inelastic electron scattering
in the submonolayer H20 films or due to a continuing in-
teraction between the anion states of H20 with the RGS.

Although the enhancement for the H20/Kr ratio data
is well described by the Gaussian line shape, there exists a
slight residual broadening at the base of the enhancement
using 3—10 ML of Kr. The reason for this is not clear,
and it is not found for any of the other gases used as ad-
sorbates in this study. It should be noted, however, that
the energy of the enhancement corresponds very closely
to the anticipated energy of the A

&
anion state in con-

densed water, and it is possible that the enhancement
process for the A

&
state is more sensitive to the local en-2

vironment than is the B
&

state. The FWHM of the
Gaussian line shape is approximately 0.23 —0.3 eV; the
FWHM of the electron energy distribution from the elec-
tron monochromator induces only -20-meV broadening
to the enhancement feature. Even without considering
the deconvolution of the experimental resolution, the ob-
served enhancements are the narrowest features reported
to date using ESD. Unlike the results for H20/Kr, the
width of the enhancement observed with Xe spacers does
not decrease as the rare gas thickness is increased, and no
broadening is observed at the base of the enhancement.

The amplitude of these features can be used to quantify
the enhancement under a specific set of film conditions;
the ratio of the amplitude to the constant base line is pro-
portional to the amplitude per unit coverage, or the gain
of the DEA probability induced by the RGS. Figure 5
displays the gain as a function of the thickness 5I of the
RGS layers; these data were taken in the limit of ex-
tremely low coverages of the RGS by H20, with base-line
ratios always being less than 0.1 ~ The lines drawn
through the data represent the best fit to the functional

10
H: H20/Kr

8 - 0 H; H20/Xe

6-
CG

V
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Rare Gas Thickness (ML)

FICz. 5. Experimental gain of the H desorption yield from
submonolayer H20 which is induced by the Kr and Xe sub-
strates (solid and open circles, respectively), shown as a function
of the rare-gas thickness 6l in monolayers. The lines drawn
through the experimental points are the best fit to the functional
form gain (51)=G„Il —exp( —5l/LO) j, as described in the
text,

form

gain(51) = G [ 1 —exp( —5l ILo ) ] (4)

where G is the gain in the limit of an infinitely thick
rare-gas substrate, and L0 defines the length scale by
which the experimental gain approaches this limit. The
fit parameters for the H20/Kr system were G =3.1,
Lo = 19.8 ML; the fit parameters for the HzOIXe system
were G =7.9, L0=21.7 ML. The Xe substrates there-
fore enhance the anion yields more effectively than do the
Kr substrates. These limits are only obtained with rather
thick layers of the RGS. From our present understand-
ing of DEA on surfaces, ' ' we would expect that as the
distance between the transient (HzO)* anion and the
metal substrate is increased, the desorption yield of H
will increase due to the reduced quenching of the excited
B& and 2

&
anion states by the image forces of the plati-

num support. This would be manifested as an increase in
both the direct and the enhanced contributions to the to-
tal signal such that the ratio of the enhancement to the
base line (i.e., the gain) will not be sensitive to this effect.
Furthermore, the inAuence of the metal should be small
beyond separations corresponding to —10 ML. ' The
observed increase of the gain with increasing thickness of
the RGS can arise from two interrelated processes. If the
origin of the enhancement is in the bulk of the Kr and Xe
RGS, rather than selectively at the surface, the thickness
dependence of the yield would be the result of a transport
mechanism from the bulk to the surface, with charac-
teristic "diffusion" lengths of the order of 20 ML. Alter-
natively, the mechanism of the enhancement may be ex-
tremely sensitive to the presence of the metal substrate; in
this case, the observed thickness dependence would
reflect the reduced quenching of the intermediate excited
states of the solid as the average distance to the metal is
increased. Both of these processes involve transport
mechanisms in the RGS.

No enhanced anion yields were detected for submono-
layer H20 supported on thick Ar substrates. It is prob-
able that much of the rather weak direct ESD yields
above E, —10 eV from pure multilayer HzO films [Fig.
2(a)] are produced by inelastic electron scattering in the
film prior to DEA, and therefore the true DEA cross sec-
tion at these incident electron energies could be negligi-
ble. Alternatively, the coupling between the initial exci-
tation of the Ar RGS and the target molecules could be
significantly weaker than for the Kr and Xe substrates.

Because of the difficulty of depositing a precise known
submonolayer quantity of H20 onto the rare-gas solids
and the unknown degree of aggregation on the RGS, it
was not possible to perform a systematic investigation of
the sensitivity of the enhancement to the quantity of HzO
deposited onto a fixed thickness of Kr or Xe. Qualita-
tively, the enhancement is seen to broaden as more water
is deposited, and the significance of the enhancement
with respect to the direct signal is found to decrease until
it is lost in the anion yield distribution of the pure H20.
The gain is found to decrease as more HzO is deposited,
even in the submonolayer HzO regime. This point will be
expanded upon in more detail in presenting the C2D6 re-
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suits, since the n alkanes are amenable to more precise
control during deposition than is water vapor.

C. C2D6/Ar, C2D6/Kr, and C2D6/Xe

)
C3
CD

O
C3

O
x

a
CD

C
O

I I

a) D: 0.1 MLC2D@17 MLAr

x 25

b) D: 0.2 MLC2D6/80 ML Kr

c) D: 0.05 ML C2D6 1 50 ML Xe
x2

0 2 4 6 8 10 12 14
Electron Energy (eV)

FICx. 6. D desorption yield for submonolayer C,D6 support-
ed on Ar, Kr, and Xe substrates of the indicated thicknesses.
Above the energy of the enhancement feature, the anion desorp-
tion yield is sharply reduced, as can be seen by comparison with
Fig. 2(b).

Figure 6 presents the D ESD yields obtained for sub-
monolayer C2D6 adsorbed on Ar, Kr, and Xe RGS films
of 17, 80, and 50 ML thickness, respectively. The direct
contributions to the total desorption signal are visible for
each substrate and are consistent with estimates based on
the known coverage of the RGS by the C2D6. The data
for C2D6/Ar [Fig. 6(a)] show a weakly enhanced desorp-
tion from E, =11.5 —11.7 eV. The direct contribution for
the C2D6/Ar system has a maximum near 9.7 —9.9 eV,
with a FWHM of approximately 2.3 eV; it is therefore
similar to the profile of the anion desorption yield from
pure, multilayer C2D6 [Fig. 2(b)]. The magnitude of the
enhancement using Ar substrates is difficult to quantify
because of its low intensity, but it was approximately
30—50 % of the direct contributions (at the energy of the
enhancement) in the limit of low C2D6 coverages and
represents a gain of only 0.3 —0.5. This is at least five
times less than observed with the Kr or Xe substrates.
We could not detect any significant improvements in the
enhancement by adjusting the thickness of the rare-gas
substrate. The optimum surface coverage of C2D6 for the
detection of the weak feature appears to be -0. 1 ML;
larger coverages tended to completely obscure the
enhancement with the direct contributions, while lower
coverages made detection extremely difficult. Following
the reasoning outlined above, the insensitivity of the gain
to the thickness of the Ar RGS could indicate that the

transport mechanisms are less effective in solid Ar than
found using Kr or Xe substrates. Figure 6(b) presents the
D anion yields from the C2D6 adsorbed on a Kr sub-
strate. Although the position of the enhancement at
9.6—9.7 eV is clear, the position of the maximum signal
for the direct contributions is uncertain since the pure
multilayer films have a maximum very close to the ob-
served enhancements which dominate the yield functions.
It is obvious, however, that the direct anion yield is
asymmetric around the enhancement, with significantly
less signal above the enhanced peak. This can either
reflect a shift of the direct DEA profile to lower E, when

supported on the Kr substrate or a reduction of the direct
contributions for E; above the main enhancement. The
onset for the D desorption signal from the Kr substrate
is similar to that from the pure C2D6 films. Lacking in-
formation to the contrary, and based on our observations
using Ar substrates, we assume that the multilayer results
are an adequate model for the direct contributions on the
Kr (or Xe) substrates, and that the observed asymmetry
reflects a quenching of the direct contributions at in-
cident energies above the energy of the enhanced desorp-
tion yield. In considering the results for CzD6/Xe, we
observe the narrow enhancement near 7.7 eV, and that
the intensity of the direct contributions for E, above the
main enhancement is again significantly lower than that
expected on the basis of the pure multilayer results; at the
energy of the maximum anion yield for the pure CzD6
(9.9 eV), there is almost no detectable signal using the Xe
substrates. These results indicate that in the case of C2D6
target species, the intensity of the direct contribution is
suppressed for E, above the enhanced yields. It should be
noted that in the case of submonolayer 02/Ar, 02/Kr,
and O2/Xe, the onsets for the 0 desorption are all
within 0.25 eV for the different RGS, yet the maxima of
the desorption yield can vary by as much as 0.75 eV; the
assumption of direct contributions which are unaffected
by the RGS should therefore be considered as somewhat
tentative. The onset of the enhancement observed using
Xe substrates occurs within 0.2 eV of the onset for the
direct contributions; as will be shown below, this indi-
cates that the transport mechanism which leads to the
enhanced yields must be elastic or quasielastic. The
shape and intensity of the D desorption yield from
C2D6/Xe was not sensitive to the temperature of the Xe
deposition in the range of 30—50 K.

We have also measured the kinetic-energy distributions
of the desorbing D flux from C2D6/Kr for
E, =8.5 —11.0 eV. As the incident energy is increased
across the energy of the enhancement feature, there is no
significant change in the shape of the distribution, except
for the continuous progression to higher maximum kinet-
ic energies, as expected on the basis of the conservation
of energy during the dissociation process, i.e., Eq. (2).
The absence of singularities or other anomalous struc-
tures in the kinetic-energy distributions suggests that the
dissociation and desorption mechanisms are not modified
in the energy range corresponding to the enhancement.
The enhanced anion yields are linearly dependent on the
incident electron current, as are the direct contributions.

The CzD6/Kr and C2D6/Xe data were quantified using
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the normalization procedure described above for the
HzO/Kr and HzO/Xe data, and display similar trends.
We have measured the effect of depositing increasing
quantities of CzD6 on 40-ML-thick Kr substrates; the
gain (Fig. 7) is a rapidly decreasing function of coverage,
even in the very low coverage regime; it is unlikely that
the ethane is aggregating on the surface. The highest
gain of -6—7 for Kr substrates is found in the limit of
zero coverage, and is twice that found in the case of the
H20/Kr data. Since it is extremely difficult to collect
data at very low coverages, we have quantified the gain as
a function of substrate thickness 6l using a CzD6 cover-
age of -0.2 ML; these data are summarized in Fig. 8 for
the Kr substrate. The line drawn through the data de-
scribes the saturation behavior of the thickness trends, as
described above for the HzO results; the best-fit parame-
ters were G =1.7, L0=18.5 ML. Due to the very low
intensity of the direct contributions at the energy of the
Xe-induced enhancement, it is impossible to calculate the
gain for the C2D6/Xe system with precision; however, it
is apparent from Fig. 6 that Xe is more effective than Kr
in enhancing the DEA probability. In the limit of very
low CzD6 coverages, both are found to enhance the yields
from adsorbed CzD6 more effectively than from adsorbed
HzO. We speculate that the lower gains found with HzO
are due to clustering of the water on the RES such that
the true local coverage of HzO was larger than indicated
by the magnitude of the direct contributions. In general,
the gain of the enhancement is seen to follow the
Ar « Kr & Xe sequence.

D. C6D6/Kr and C6D6/Xe

Figures 9(a) and 9(b) show the D anion yields mea-
sured for 0.25 ML of deuterated benzene deposited on 40
and 60 ML of Kr and Xe, respectively. The overall sig-
nal levels are very low, as also seen in the pure benzene
results of Fig. 2(c); this required the summation of as
many as 48 scans to measure a single anion yield distribu-
tion. The D anion yields observed with Kr substrates
show the familiar enhancement of the anion yields, at
E; =9.5 eV; the 0.38 eV width of the enhancement
feature is significantly greater than observed for the HzO
or CzD6 adsorbates. It is probable that the benzene films
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FICr. 8. Experimental gain of the D desorption yield from
0.2 monolayers of C&D6 on Kr substrates, shown as a function of
the Kr thickness 6l in monolayers. The line drawn through the
points is the best fit to the functional form gain
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were rapidly acquiring excess surface charges during the
ESD experiment, which would explain both the large
widths of the enhanced desorption yields and the slight
shift of the maximum from that observed using HzO or
CzD6. Unlike the results for the HzO and CzD6 adsor-
bates, the enhanced anion yields from the C6D6 on Kr
were not found to be sensitive to the C6D6 coverage
below -0.5 ML. The sensitivity to the thickness of the
Kr RGS was also less pronounced than found with ad-
sorbed HzO and CzD6.

The desorption yields obtained using Xe spacer layers
[Fig. 9(b)] are particularly interesting in that the total
anion yield distribution is remarkably similar to that of
the pure multilayer films of Fig. 2(c). No enhancements
are visible in the ESD yield near 7.5 —8.0 eV. This nega-
tive result was found for all thicknesses of the Xe sub-
strate and all overlayer coverages. To verify that the ap-
paratus and experimental conditions were consistent with
previous studies, HzO from the residual background pres-
sure was allowed to deposit on the C6D6/Xe films; the
enhanced H peak arising from the coadsorbed HzO was

2-
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FICs. 7. Experimental gain of the D desorption yield from
submonolayer CzD6 on 40 monolayers of Kr, shown as a func-
tion of the quantity of C2D6 deposited. The line is drawn to
guide the eye.
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FICx. 9. D desorption yield for submonolayer C6D6 support-
ed on Kr and Xe substrates. Unlike the C6D6 data, the
C6D6/Xe results show no enhancement features, regardless of
the thickness of the Xe substrate or of the quantity of adsorbed
C6D6.
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clearly seen, while no enhanced D from C6D6 was
found.

V. SUMMARY OF ESD RESULTS
USING RGS SUBSTRATES
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FIG. 10. 0 desorption yield from submonolayer 02 on Ar,
Kr, and Xe substrates. No enhancement features are observed,
regardless of the substrate thickness or of the quantity of ad-
sorbed 02.

E. O2/Ar, 02/Kr, and O2/Xe

Previous publications have reported the anion desorp-
tion yields from oxygen deposited on Ar, Kr, and Xe
RGS; data measured with the new higher-resolution
electron source are shown in Figs. 10(a)—10(c). The 0
desorption yield for each system shows a single, dom-
inant peak near 6—7 eV due to the decay of the H„state
of Oz into the DEA channel. The contribution of the
two "forbidden" X ~ X+„DEA processes to the
overall desorption yield is essentially zero when the oxy-
gen is supported on the RGS Alms in submonolayer cov-
erages, which is consistent with the proposed mechanism
which requires breaking the cylindrical symmetry of the
adsorbed 02 by the presence of adjacent 02 molecules.
Even though the 0 signal is strong (and therefore easier
to quantify at low Oz coverages), there are no enhanced
anion desorption features observed for Oz supported on any
of the RGS substrates, regardless of the Oz coverage In.
the case of the Ar substrate, this is perhaps not surprising
since the intensity of the direct desorption yield in the
11—12 eV region is very weak. However, in the case of
the Kr and Xe substrates, there is sufhcient direct intensi-
ty near E, =9.7 and 7.7 eV to expect that the enhanced
desorption yields could be evident. The complete absence
of enhanced yields under conditions which lead to their
observation using other target species indicates that the
02 molecule does not support the mechanism of the yield
enhancements.

The results presented above are summarized here.
(a) The enhanced anion yields are systematically ob-

served near 7.7, 9.7, and 11.6 eV for Xe, Kr and Ar sub-
strates, respectively; these energies are not strongly sensi-
tive to the thickness of the RGS, the identity of the target
molecules, or the angle of incidence for the electron
beam.

(b) The line shapes of the enhanced yields are well de-
scribed as Gaussian, with widths (FWHM) of approxi-
mately 0.7, 0.3, and 0.2 eV for Ar, Kr, and Xe substrates,
respectively. The widths are not instrumentally limited
and do not depend strongly on the thickness of the RGS
substrates, except in the case of H from H20/Kr, which
decreases with increasing RGS thickness.

(c) The absolute intensity of the enhanced yields in-
creases with increasing coverage of the RGS by the target
species, but the enhancement per target molecule (i.e., the
gain) decreases as the coverage is increased. The gain of
the enhancement increases according to Eq. (4) as the
thickness of the RGS is increased. The magnitude of the
direct signal is insensitive to the thickness of the RGS.

(d) The anion desorption yield is linearly proportional
to the incident electron current for both the direct and
enhanced signals. The kinetic energy of the desorbing
anion fragments show no anomalous changes as E, is
swept across the energy of the enhancement feature.

(e) The enhancement occurs in the DEA yields which
arise by the decay of core-excited Rydberg resonance
states such as the 8

&
state of H20, but not in the DEA

yields produced by the decay of core-excited Valence reso-
nance states such as the H„state of 02 . Adsorbates
that have overlapping valence and Rydberg bands (e.g. ,
C6D6 ) show the enhanced desorption yields only if there
exist Rydberg transitions which can be associated to
DEA states at the anticipated energy of the enhance-
ment.

(f) For target species which can be expected to show
enhanced yields for all three RGS substrates (e.g. , CzD6),
the gain is in the order of Xe) Kr ))Ar.

(g) Above the energy of enhancement, attenuation (or
quenching) of the direct signal is observed for Xe and Kr
substrates. The magnitude of the attenuation is in the or-
der Xe)Kr ))Ar.

The most important observations which can be made
concerning the nature of the initial excitation are that the
incident electron energies corresponding to the enhance-
ments are below the energy required to form bulk or sur-
face excitons of the RGS, and that the widths of the
enhancements are extremely narrow with respect to the
excitation functions for exciton formation using electron
impact. ' ' The lowest optically accessible excitons of
the RGS are the I 3n =1 surface excitons at 11.8, 9.95,

2

and 8.21 eV for Ar, Kr, and Xe, respectively; the corre-
sponding bulk exciton bands are at 12.1, 10.17, and 8.37
eV, respectively. In the case of bulk exciton formation by
electron impact, the excitation functions for exciton for-
mation will be shifted by a quantity V0. This shift is in-
troduced by the requirement that the inelastically scat-
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tered electron must propagate in a band of the film fol-
lowing the excitation of the solid; the lowest available
band will be the conduction band of the RGS. In the
case of surface excitons, the electron either leaves the film
following the excitation such that the construction and
energy of the conduction band need not be relevant, or it
couples with the surface band structure, in which case its
energy at the threshold for the enhancement must lie be-
tween the vacuum level and Vp. However, the sensitivity
of the enhancement to the thickness of the RGS indicates
that the initial energy deposition need not take place at
the surface. The best available estimates for Vp in the
solid RG-S are +0.25, —0.4, and —0.5 eV for Ar, Kr,
and Xe, respectively, measured with respect to E„,.
The estimated threshold energies which could lead to ex-
citon formation by electron impact in the bulk are
E, =12.35, 9.77, and 7.87 eV for Ar, Kr, and Xe, respec-
tively. These energies are sufficiently close to the experi-
mental energies of the yield enhancements for us to con-
sider if exciton formation could lead to enhanced dissoci-
ation yields. The conventional decay channel for the ex-
citons of the RGS is by photon emission, but, of course,
the DEA process cannot be induced by simple optical ex-
citation or by the transfer of energy from a neutral
species. It is known that desorption of ground-state
species from the RGS can be caused by relaxation of exci-
tons, and it may be postulated that the enhanced anion
yields observed in the present experiments reAect an in-
creased desorption rate of existing anion fragments
trapped at the surface, ' rather than an enhanced disso-
ciation yield. If this "two-step hypothesis" was correct,
we would anticipate that (a) those adsorbates which pro-
duce large quantities of adsorbed anion fragments, such
as 02, would also produce large enhanced desorption
yields, (b) a given adsorbate would have little sensitivity
to the identity of the RGS, (c) the magnitude of the
enhancement would be quadratically dependent on the
incident current, and (d) the profile of the desorption
yield would correspond to the profile for exciton creation
by electron impact. The results for adsorbed 02 and
C6D6 are clearly contrary to prediction (a) and (b), re-
spectively. The first-order dependence of the anion yields
on the incident electron current rules out (c), as well as all
exciton-exciton annihilation processes, which have been
reported for molecular solids. ' The excitation func-
tions for exciton creation in the RGS during electron im-
pact are known to be several eV in width due to the non-
resonant nature of the inelastic-scattering event. Coletti,
Debever, and Zimmerer have measured the total
luminescence yield of solid Ar during exposure to low-
energy electrons and found that the onset of photon emis-
sion corresponds closely to that of exciton formation; in
the range of E, =0—50 eV, there were no structures in the
luminescence yield with FWHM less than 5 eV, showing
again that the exciton formation process in the RGS will
take place over a wide range of incident electron energies.
Similar results have been observed in our laboratory for
Kr and Xe substrates. ' These results are clearly incon-
sistent with prediction (d). Fina, lly, we may consider the
possibility that the incident electron is inelastically scat-
tered from the RGS to -0 eV, and then becomes bound

to the target molecule because of a positive electron
affinity (as recently observed in Ar„02 clusters j); it is

conceivable that subsequent energy transfer from the
newly created exciton could then excite the anion to the
transient anion state which leads to DEA. However, an
enhancement produced by this mechanism would be
several eV broad, and would have zero amplitude in the
case of adsorbed CzD6, which has no low-lying anion
states by which the very low-energy electron could be
bound to the molecule. This mechanism is therefore in-
consistent with the experimental data.

From the above arguments, we may safely conclude
that the observed structures in the anion desorption
yields are inconsistent with any previously identified
mechanisms for energy deposition in (and subsequent
desorption from) the RGS. We therefore must reject the
formation of excitons as participants in the enhanced
desorption yields reported here. Our model for the for-
mation of anion resonant states of the RGS is presented
below, followed by the explanations of how the proposed
anion states give rise to the experimental features and
selectivity in the ESD yields.

VI. ANION STATES OF THE RARE-GAS
ATOMS AND SOLIDS

The anionic resonances of isolated rare-gas atoms are
we11 established; the 2 S resonance state of He* at
19.367+0.01 eV is now commonly used as a primary en-
ergy calibration in gas-phase electron-scattering experi-
ments. In the case of the heavier rare gases, the lowest
resonances are all P3/2 states with the electronic
configurations of np (n+1)s, where n is the highest oc-
cupied principal quantum number of the ground-state
atom. The energies of these states are 11.098, 9.484, and
7.899 eV above the ground-state energy for Ar, Kr, and
Xe, respectively. ' ' The Pp excited neutral states of
these atoms, which represent the parent states of the res-
onances, are at 11.55, 9.92, and 8.32 eV, respectively.
The observation that the resonance states are below the
energies of the parent states identifies the resonances as
core-excited Feshbach states; the incident electron both
excites the target atom and is trapped (bound) by the re-
sulting electron —excited-state interaction potential. The
only accessible decay channel for these lowest resonance
states is by simultaneous emission of one (n + 1)s electron
and relaxation of the remaining (n+1)s electron to the
normally occupied np atomic orbital; the formation of ex-
cited neutral states is not an energetically accessible
channel. The limited number of decay channels implies
both a relatively long lifetime for the resonance and a
rather narrow energy spectrum for the formation of the
resonance state (0.001—0.010 eV). Both characteristics
are strongly contrasted with resonant states which are en-
ergetically above the parent state, i.e., core-excited shape
resonances; these resonances can quickly decay by elec-
tron emission into the parent states, leading to broad ex-
citation spectra.

The condensed phase equivalents of the neutral atomic
excitations are commonly referred to as excitons. In
principle, these states must be considered as excitations
of the extended solid; however, the lowest-energy exci-
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tons of the RGS can also be described in terms of mobile
atomically based excitations ' which can diffuse, or
hop, through the solid. ' The n = 1 excitons in particular
preserve much of their atomic nature; this interpretation
is supported by the fact that the calculated effective orbit-
al radii of the (n + 1)s electrons for the n = 1 excitons in
Ar, Kr, and Xe are only 0.48, 0.63, and 0.74 of the
nearest-neighbor separations of the fcc lattice, respective-
ly. The diffusive motion can lead to long-range energy
transport processes and it will continue until (a) the exci-
tation is electronically relaxed (by photon emission), (b)
the exciton becomes localized by self-trapping and pho-
non creation, or (c) the excitation is transferred to impur-
ities in the solid. The most common fate of the exciton is
self-trapping, which is followed by photon emission and
relaxation to the ground state. Process (b) is known to
occur with high probability in the RGS on the time scale
of picoseconds, while process (c) will be extremely sensi-
tive to the concentration of impurities in the solid. Zim-
merer has estimated that the excitons in condensed Ar,
Kr, and Xe have mean diffusion radii of 50, 200, and 150
A, respectively, prior to their eventual radiative decay.
The tendency of the lighter RGS (Ne, Ar) to very rapidly
self-trap leads to broad Gaussian absorption line shapes
(FWHM-200 meV) and small diffusion radii, while the
higher mobility of the Kr and Xe excitons is manifested
in narrow Lorentzian absorption line shapes
(FWHM-80 meV). The dynamics of exciton decay
mechanisms in the RGS have recently been reviewed by
Zimmerer.

The lowest optically accessible excitons of the bulk
RGS are the first of a Rydberg-type progression of exci-
ton states which converge to the band gap of the solid.
Consistent with the interpretation of the RGS exciton
states as atomically based excitations, Resca et al.
have shown that all bulk exciton states of each RGS can
be described as a Rydberg progression, with the dielectric
constant of the solid modifying the electron-hole interac-
tion potential. We will extend this atomic description of
the excited states of the RGS by proposing the existence
of anion resonance states in the RGS. To date, there
have been no direct observations of such states, although
Dalidchik and Slonim' have predicted that an anionic
exciton band should exist in two-dimensional Xe layers;
the calculated energy of this resonance was -0.5 eV
below the neutral exciton band, suggesting that the in-
cident electron would be bound to the excitation in much
the same fashion as is found in the gas-phase resonances.
The 0.5-eV binding energy of the electron to the neutral
exciton is similar to the 0.4—0.5 eV for the gas-phase res-
onance states with respect to the lowest neutral excitation
energies, and supports our use of models based on gas-
phase atomic systems for the description of the excited
states of the RGS.

By analogy with the resonances of the rare-gas atoms,
we propose that the binding of the incident electron to
the electronic excitation provides a mechanism for the
simultaneous transport of energy and charge through the
condensed phase. It is the interaction of these anionic ex-
citons with adsorbed target species which give rise to the
enhanced desorption yields. Excitations to the resonance

states in the RGS would only be possible over a narrow
range of energies corresponding to the discrete
electron+excitation bound-state energy, ' at incident elec-
tron energies above the lowest exciton energies, the for-
mation of long-lived resonance states would not be ex-
pected, since they are energetically capable of decaying
into a free electron plus a neutral excitation. If the initial
resonance state is formed in the bulk of the RGS (as op-
posed to at the surface), the probability of forming the
anionic excitons would be determined by the thickness of
the RGS. Further, we propose that the resonance state
will diffuse, or hop, through the solid much like the neu-
tral exciton, until (a) it decays by simultaneous electron
emission and electronic relaxation to the ground state, (b)
the resonance becomes self-trapped, or (c) it couples with
impurities in or on the solid. It is known that the neutral
excitations of the RGS will preferentially diffuse to (and
decay at) the surface of the solid with approximately 4—8
higher probability than at subsurface layers. The num-
ber of anionic excitons which reach the surface will there-
fore increase as the film thickness is increased until the
thickness exceeds some characteristic diffusion length.
Based on the results shown in Figs. 5 and 8, these lengths
are of the order of 100—200 A for Kr and Xe, and are
comparable to the neutral exciton lengths for Kr and
Xe. The diffusion length for the anionic exciton in Ar is

0

probably less than 20 A, and again follows the trends pre-
viously reported for the neutral excitons; the larger width
of the enhancement observed with Ar substrates probably
reAects the increased trapping probability and has a
direct parallel in the optical spectrum of solid Ar. The
anticipated lifetime for a Feshbach-type resonance state
is somewhat less than that of the neutral (nonlocalized)
free exciton, and far less than the relaxation time of the
trapped excitons ( —10 s); it is therefore unlikely that
the resonance state of the RGS will be relaxed prior to
decay. If the resonance state did relax prior to the in-
teraction with the adsorbed target species, the effective
"electron energy" would be 1 —2 eV less than that of the
unrelaxed, mobile anionic exciton, based on the measured
relaxation energies for the neutral excitons as they self-
trap. This would place the energy of the anionic exciton
in solid Xe well below the 7.5-eV onset for DEA in ad-
sorbed C2D6, and therefore no enhancement would occur
for this combination of target/RGS species The str. ong
enhancements which are observed for this system demon-
strate that no relaxation takes place for those resonance
excitations which lead to the enhanced ESD yields. The
present experiments are not sensitive to resonance states
which become self-trapped and relaxed far from the tar-
get species (i.e., in the bulk).

The formation of mobile resonance states within the
RGS, and their subsequent diffusion to the surface, can
explain a priori the present observations by two some-
what different mechanisms. If the resonance states
diffuse to the surface and then decay by autodetachment
of the electron with its initial (unrelaxed) energy, the lo-
cal free-electron current at the surface would be
enhanced in direct proportion to the number of anionic
excitations formed. The enhanced anion desorption yield
via DEA would be increased only within the narrow en-
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VII. MECHANISMS OF EXCITATION
AND CHARGE TRANSFER

The following classes of the excitation+ charge
transfer (ECT) processes are involved in our experimental
results:

X,* +Xb ~X, +Xb

X* + AB ~X+ AB * (dissociative),

X* + AB ~X+ AB*+e

X+ AB* —+X*+AB+e

(5a)

(Sb)

(5c)

(Sd)

where X and AB represent an atomic and molecular
species, respectively, (X)* denotes an electronically excit-
ed (X) species, and the subscripts distinguish identical
species on difT'erent sites in the condensed phase. The
probability for these ECT processes is proportional to the
square of an interaction matrix element of the form
(@;~H,~@f), where H, is the electronic Hamiltonian
operator for the combined system of X, +Xb or X+ AB,
and +; and Nf are the initial- and final-state wave func-
tions for the combined system. The electronic Hamil-
tonian H, contains only one- and two-electron operators,
and therefore the matrix element given above should van-
ish for three-electron processes, provided that the orbitals
involved in the initial- N, and final- +f state wave func-
tions are orthonormal to each other. All ECT processes
(5a) —(5d) formally involve three-electron jumps and are
therefore formally forbidden. We will show below that
under special conditions some of the orbitals involved be-
come nonorthogonal to each other and the formal three-
electron jurnp becomes virtually a two-electron jump.
Each of the ECT processes (Sa)—(Sd) is considered below
along with a brief description of the related two-electron
process. Note that the notation used to indicate the elec-
tronic configurations refers to changes in the orbital occu-
pations with respect to the neutral, ground-state species
[e.g. , the B, state of H2O is simply (1b& ) '(3s:4a, ) ].

A. Process (Sa)

ergy band corresponding to the formation of the reso-
nance state. Alternatively, it is also possible that the res-
onance state directly couples with the adsorbate species
in order to lead to enhanced DEA probabilities and to an
enhanced desorption yield; there is no free-electron inter-
mediate in the second model. The first model cannot ex-
plain the lack of enhanced anion desorption yields from
submonolayer 02/Kr and Oz/Xe, the rapid decrease of
the gain as the coverage of the rare-gas substrate by the
target species is increased, nor the selectivity of the
enhancement in the case of benzene overlayers. The sen-
sitivity of the enhancement mechanism to the electronic
structure of the adsorbate's dissociative states demands
that there exists a direct coupling between the resonance
state at the surface and the adsorbate. The mechanism of
this coupling will be addressed below.

X, +Xb* [npb '(n+1)s„+ ], (6)

where n =3,4, 5 for Ar, Kr, and Xe, respectively. The
hopping probability of the ECT process (6) is approxi-
mately equal to ~((n+1)s, ~(n+ l)sb ) ~ Tz, where Tz is a
hopping probability for a corresponding two-electron ex-
citon transport process:

X,*[np, '(n +1)s,+']+Xb

X, +Xb [npb (n+1)sb ] . (7)

The overlap integral ((n+1)s, ~(n +1)s b) does not van-

ish because (n +1)s, and (n + 1)sb are both Rydberg-type
orbitals. It is shown in the Appendix that Rydberg-type
orbitals belonging to adjacent atoms are not necessarily
orthogonal to each other. The ((n+1)s, ~(n+1)sb )
overlap integral is probably the main cause for the rela-
tive hopping efficiency for the three rare-gas solids stud-
ied in this experiment (Ar ((Kr & Xe). The spatial over-
lap of the exciton radii with the nearest-neighbor atoms
of the solid follow precisely the same sequence as men-
tioned above.

In the case of a valence anionic excitation, e.g. , the H„
state of Oz (1~„) '(17r )+ in condensed Oz, the three-
electron hopping probability will be negligibly small since
the overlap of the valence orbitals for adjacent O2 mole-
cules is negligibly small. Thus valence one-hole two-
particle resonances do not hop in the solid.

B. Process (5b)

ECT between dissimilar species (e.g. , Kr and H20) can
occur when the discrete energies of the initial and final
states of the system are precisely equal. In the case of a
transfer from an atomic excitation (with a narrow energy
spectrum) to a molecular target species, this equivalence
is much more probable if the anionic state of the molecu-
lar species is dissociative and thereby has a broad energy
spectrum for a Franck-Condon transition from the
ground-state molecule. These dissociative, excited anion
states of the target molecules have been extensively ex-
plored via dissociative electron attachment studies for
many species in the gas phase, and more recently, in the
condensed phase.

The transfer of an atomic Rydberg anion excitation to
a dissociative molecular Rydberg state, i.e.,

X* [np '(n+1)s+ ]+AB~X+AB* [V 'R+ ],

condensed phase. In our experiments such a process is
required if the initial site of the anion resonance in the
RCsS is not immediately adjacent to the adsorbed target
molecules. The (excitation+charge) must have sufficient
mobility to reach the surface, or to be mobile on the sur-
face, in order to be transferred to the adsorbed molecules.
In the case of Ar, Kr, or Xe solids, this ECT hopping
process can be written as

X,* [np, '(n+1)s,+ ]+Xb

Process (5a) corresponds to the hopping of the (excita-
tion plus charge) between identical atomic species in the can have a nonzero transition probability, as shown in
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the Appendix. Orbital R denotes a low-lying Rydberg or-
bital, while V denotes one of the normally occupied
valence orbitals. As before, the probability for ECT pro-
cess (8) is approximately given by
T3 =

~
( (n + 1)s ~R ) ~

*Tz, where T2 is a transfer probabil-
ity for the corresponding two-electron process,

X*[np '(n + 1)s+']+AB ~X+ AB*[V 'R +'] . (9)

Notice that AB *[V 'R +'] represents a neutral dissocia-
tive Rydberg state, such as the '8& state of H20.

In the case of a transition from an atomic Rydberg
anion excitation to a dissociative molecular valence state,
e.g. ,

Kr* [4p '5s+ ]+02~Kr+02* [ 1sr„'1m+ ],
the transition probability remains negligibly small be-
cause of the near orthogonality of the Rydberg orbital 5s'
with the valence orbitals of Oz. This point is explained in
the Appendix. The absence of enhanced anion yields
found for DEA involving valence states of the target mol-
ecule arises from the negligibly small ECT probability de-
scribed above.

C. Process (5c)

Process (5c) is clearly analogous to that of process (5b),
with the key di6'erence being that one of the electrons in
the final state is in a quasifree continuum, propagating
through the medium. As a result, the transfer probability
for the ECT process

X* [np '(n+1)s+ ]+AB~X+AB*[V 'R+']+e

is approximately given by T3 =
~
(( n +1)s ~R )

~

*T2,
where T2 is the transfer probability for the two-electron
process

T3 (13)/T3 (8)-T2 (14)/T2 (9) (15)

because the associated overlap integrals are the same.
Since two-electron transfer rates Tz (14) and T~ (9) are

expected to be of comparable magnitude, we expect that
rates for T3 (13) and T3 (8) will also be similar. In other
words, when the process (8) is observed, the correspond-
ing reverse process (13) is also expected to occur. When
the AB* [V 'R+ ] of process (13) is dissociative, pro-
cess (13) represents a quenching of DEA via the
AB '

[ V 'R +
] resonance state. Since process (13) is

active only above the X*[np '(n+1)s+'] exciton forma-
tion energy, this quenching of DEA should be seen im-
mediately above the enhancement energy feature which
arises from the X* (np ')(n+1)s+ resonance.

E. Two-electron transfer processes

The above-mentioned two-electron transfer processes
(7), (9), and (12) are well-established processes. Process
(7) is simply the hopping of excitations in the RGS,
which has been seen clearly in several experiments, ' '

usually by the anomalously large luminescence (or photo-
electron) yields from dilute dopants in the RGS. Process
(9) is a dissociative excitation transfer which has been re-
ported for molecular species in rare-gas matrices. Pro-
cess (12) is simply Penning ionization, which is a mecha-
nism leading to charge separation in the RGS. ' The
remaining two-electron process, shown as (14), is rare,
simply because it is more difficult to prepare a long-lived
AB* in a well-defined energy than to prepare a long-lived
excitation of the rare-gas host.

Process (13) is almost a reversal of process (8). The ratio
of the transfer rates for processes (13) and (8) is approxi-
mately equal to that for the corresponding two-electron
processes, namely

X*[np '(n + 1)s+ ']+ AB ~ AB +
[ V ']+e (12)

VIII. CONCLUSION

We emphasize that R represents a Rydberg orbital and
hence AB [V 'R+'] represents a Rydberg state. Pro-
cess (11) will compete with process (8) when both are en-
ergetically allowed.

D. Process (5d)

This process is essentially the same phenomenon as
process (5c), where the roles of the atomic and molecular
states interchanged. We include this process to show the
close relationship between processes (5d) and (5b). The
electron detachment process from a molecular Rydberg
anionic state

X+ AB* [ V 'R+ ]~X*[np '( nl+)s+'] A+B+e

(13)

is thereby allowed, with a three-electron transfer proba-
bility given by T3 =

~ ( ( n + 1)s ~R ) ~

*T2, where Tz is the
transition probability of the related two-electron process

X+ AB [V 'R+']~X+[np ']+ AB+e . (14)

The results and theoretical model presented here
demonstrate that it is possible to create anionic excitons
by electron impact in the rare-gas solids; the formation of
these core-excited resonance states is modeled on the es-
tablished mechanism for the formation of anionic excita-
tions (resonances) of the rare-gas atoms, and the motion
of these anionic excitations in the condensed phase is
modeled on the established dynamics of neutral excitons
in the rare-gas solids. These states can couple selectively
with dissociative Rydberg states of adsorbed molecules,
yet do not couple with dissociative valence states. This
characteristic may allow the use of these resonances to
experimentally determine the magnitude of the Rydberg
contributions for dissociative states of more complex
molecules; it is often difficult to make such determina-
tions based exclusively on optical data. To the best of
our knowledge, the enhancements of the anion desorption
yields which are caused by this mechanism are the nar-
rowest features yet observed for ESD.

Anionic excitations of the rate-gas solids provide a
mechanism for the quasielastic transport of energy and
charge through the condensed phase. As mentioned in
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the Introduction, exciton relaxation processes can often
complicate the interpretation of energy transport results
using neutral excitons„ it is possible that the study of
anionic excitations of the RGS can circumvent these
difhculties, and therefore enhance the study of energy and
charge transport phenomena in the condensed phase.
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Xe* [5p '6s ]+Oz~Xe+Oz* [lvr„' lvr+ ] . (A 1)

Here we will assume that the separation between the Xe
and the 02 is the sum of their van der Waals radii. This
implies that the Ualence orbitals of Xe (i.e., 5p and lower)
have negligible overlap with the valence orbitals of 02
(i.e., in& and lower). It is expected that the shape of the
valence orbitals, unlike the orbital energies, are almost in-
dependent of the electronic configuration used to obtain
the valence orbitals, implying that the 1m& and lower ly-
ing orbitals obtained for the 02* have almost the same
shape as those obtained for 02, and that the 5p and
lower-lying orbitals of Xe* are essentially identical to
those of Xe. [This expectation arises from the following
considerations: (i) The major change in the valence orbit-
als occurs because of the changes in the electrostatic po-
tential within the region occupied by the valence orbitals.
(ii) Electrons occupying the Rydberg orbitals produce a
nearly constant potential within the valence region. (iii)
The electrostatic potential is determined by the integra-
tion of the electronic charge distribution across the space
of the orbital(s), so that it is relatively insensitive to the
details of the charge distribution. The result of these
considerations is that the alteration in the valence orbit-
als induced by changes in the electronic configuration is
largely restricted to the energetics of the orbitals, and
does not include dramatic changes to the shapes of the or-
bitals. ] In short the valence orbitals of isolated Xe and
isolated Oz are very good solutions for both [Xe*:Oz]
and [Xe:Oz* ] complexes and therefore the valence or-
bitals of [Xe*:Oz] are almost identical to those of
[Xe:Oz* ].

In contrast, the 6s Rydberg orbital of isolated Xe* is
not a good solution for an orbital of the [Xe*:Oz] com-
plex because of a large spatial overlap between the 6s
Rydberg orbital and the valence orbitals of Oz. Nonethe-
less, there is an orbital of [Xe:Oz], which we will
denote 6s', that is clearly derived from the 6s orbital of
the atomic Xe* . This 6s orbital is orthogonal to all
other (Rydberg and valence) orbital solutions for
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APPENDIX

[Xe*:Oz],but is not necessarily orthogonal to the orbit-
al solutions for [Xe:Oz* ]. The 6s' orbital remains al-
most orthogonal to the valence orbitals of [Xe:Oz* ] be-
cause the valence orbitals of [Xe*:Oz]are almost identi-
cal to the valence orbitals of [Xe:Oz* ], as discussed
above. All of the occupied orbitals in [Xe:Oz* ] are
valencelike. Furthermore, orbitals occupied in
[Xe:Oz* ] are also occupied in [Xe*:Oz]. Consequent-
ly, all of the occupied orbitals in [Xe*:Oz] and
[Xe:Oz* ] are almost orthogonal to each other. This
near orthogonality makes the three-electron jump proba-
bility for process (Al) negligibly small. It is for this
reason that 0 desorption from submonolayer Oz/Kr
and Oz/Xe does not show a resonance enhancement in
the anion yields.

Let us consider another case of process (Sb), that is,

Xe* [5p '6s+ ]+CO~Xe+CO* [V '2~+ ] . (A2)

In the case of (A 1), valence orbitals occupied in
[Xe:Oz* ] are also occupied in [Xe*:Oz]without excep-
tion. In the present case (A2), however, the 2' valence
orbital which is occupied in [Xe:CO* ] is not occupied
in [Xe*:CO]. Following the arguments given for (Al),
we may still conclude that the 6s' orbital of [Xe*:CO]is
almost orthogonal to all valence orbitals occupied in
[Xe:CO* ] except the 2~ valence orbital. Our task is to
estimate the overlap integral between the 6s' and the 2~
orbitals. An operator for orbitals (such as the Fock
operator in the Hartree-Fock formalism or the effective
one-electron operator in the Xa method) yields not only
occupied orbitals but also unoccupied orbitals, so-called
virtual orbitals. Among the virtual orbitals, occasionally
there exist orbitals that are localized similarly to other
valence orbitals and have relatively low orbital energies.
We shall refer to this as a "virtual valence orbital. " The
operator for [Xe*:CO]yields such a virtual valence or-
bital 2~', which is almost the same as the 2~ valence
operator of [Xe:CO* ]. Since 6s' and 2'' are solutions
of a single operator, they are orthogonal to each other.
Consequently, we can conclude that the ns' and 2~ orbit-
als are almost orthogonal to each other. Thus process
(A2), as well as (Al), is forbidden to a first approxima-
tion.

Let us now turn to the third case of process (5b),

X* [np '(n+1)s'+ ]+AB~X+AB* [V 'R'+
] .

(A3)

The critical difference between (A3) and (A2) is that the
orbital R in (A3) is a Rydberg orbital, while the 2~ orbit-
al is a valence orbital. Following the argument given for
process (Al), we may conclude that (i) the (n + 1)s' orbit-
al of [X*:AB] is almost orthogonal to all valence orbit-
als occupied in [X:AB * ]; (ii) the R ' orbital of
[X:AB* ] is almost orthogonal to all valence orbitals oc-
cupied in [X*:AB];and (iii) the valence orbitals occu-
pied in [X:AB *

] are almost identical to those of
[X*:AB]. Thus the unknown overlap integral is
((n+1)s'~R'). If the R' orbital of [X:AB* ] is almost
the same as the one of the virtual orbitals of [X*:AB],
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or if the ns' orbital of [X*:AB]is almost the same as
the virtual orbitals of [X:AB *

], then the integral
(ns'~R') would be negligibly small. This is not the case,
however, because the R orbital of AB ' differs
significantly from all virtual orbitals of AB (and also be-
cause the ns orbital of X' differs from any virtual orbit-
als of X). The electron(s) in the Rydberg orbital R is
largely outside of the molecular region and move under
the Coulomb infiuence of the AB+ [ V '] core. AB (and
also AB*[V, 'Vz], where V„V2 are valence orbitals)
cannot support Rydberg orbitals, since there is no net

positive core by which they could be bound. Similarly,
we can argue that X cannot accommodate Rydberg orbit-
als. In short, there is no reason for the ((n+ 1)s'~R ') of
(A3) to be negligibly small, in contrast to the (6s'~2tr) of
(A2).

The allowed cases of (5a), (5c), and (5d), that is, pro-
cesses (6), (11), and (13), are all due to a nonvanishing
overlap integral between Rydberg orbitals belonging to
different atoms or molecules. This nonorthogonality of
Rydberg orbitals for the above cases can be shown by fol-
lowing the same line of argument as presented for (A3).
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