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The Ne medium is described using a microscopic model. The structures that appear in the energy dependence
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the present case, the electron impact excitation probability is shown to directly reflect the host medium density
of electronic states.
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I. INTRODUCTION

A molecule can be excited by collisions of low energy
electrons. Vibrational as well as electronic excitation can be
very efficiently induced in particular when transient negative
ion intermediates are formed in the course of the electron
collision.1 The formation of short lived negative ion reso-
nances has been found to be the dominant mechanism for
efficient energy transfer from a low energy electron to a mol-
ecule, for isolated molecules1 as well as for molecules lo-
cated near solid environments.2–4 However, in the latter case,
one can wonder about the role of the surrounding medium in
electron-molecule energy transfer and more generally of its
importance for the electron-induced reactivity: does the en-
vironment of a molecule favor or unfavor the electron-
induced reactivity? In this context, a probe molecule phys-
isorbed on top of a solid surface or inside a host medium is
a very attractive system to study for the understanding of the
role of the environment; a physisorbed molecule is hardly
perturbed by the environment and the surrounding medium
only affects the electron scattering properties, so that the
study concentrates on the host medium effect. The case of a
molecule physisorbed on a solid metal surface has been the
subject of several detailed studiesssee, e.g., references in
Refs. 2–4d. In this case, significant modifications of the in-
elastic scattering processes5,6 have been observed and ratio-
nalized in terms of a reduction7–10 or an increase11–13 of the
lifetime of the negative ion intermediates as compared to the
isolated molecule case; the important role of the asymmetry
introduced by the metal-vacuum interface has also been
stressed.9,10

Recently, experimental studies of electron impact excita-
tion of molecules located inside a thick dielectric layer con-
densed on a metal substrate have been reported.14,15The rich
structures that appear in the dependence of the inelastic pro-
cesses on the electron incident energy have been related to
the electronic properties of the host medium. Similarly, ear-
lier studies of the electron impact phonon excitation in con-
densed Ar have also shown strong correlation with the bulk
Ar density of electronic states.16,17The interpretation of these

experimental studies have involved different effects:18 prob-
ability for the electron to enter and leave the dielectric me-
dium, transport through the medium, effects of the medium
density of states. Depending on the process under discussion,
these effects lead to a direct or inverse correlation between
the excitation probability and the host medium density of
electronic states.

The purpose of the present theoretical study is to illustrate
the role of the electronic structure of the host medium in an
inelastic electron scattering process. A simple and realistic
probe system is built for this purpose; it consists in an oxy-
gen molecule embedded inside a dielectric host medium, a
piece of Ne crystal. Ne has been chosen as the host medium
for computational convenience. We show that the electronic
excitation of the O2 molecule by electron impact inside a
finite size Ne crystal directly reflects the density of electronic
states of the Ne solid and the quantization effects due to the
finite size of the embedding medium.

The paper is organized in the following way. Section II
presents the model system and Sec. III its theoretical descrip-
tion. Section IV presents the results for the excitation
probability by electron impact of the oxygen molecule
embedded in a finite size Ne solid together with a discussion
of these results in terms of density of electronic states of
the host medium. This leads to conclusions developed in
Sec. V.

II. MODEL SYSTEM: ELECTRONIC EXCITATION BY
ELECTRON IMPACT OF AN OXYGEN MOLECULE

EMBEDDED IN A RARE GAS CLUSTER

The present work studies inelastic scattering of low en-
ergy electrons by a probe system, formed by a molecule
inside a host medium. The target is an oxygen molecule em-
bedded inside a Ne crystal of variable finite size. The exci-
tation from the ground electronic state O2spg

2dX 3Sg
− to the

two first excited states O2spg
2da 1Dg,b 1Sg

+ is very effi-
ciently induced by electron impact at low energy. For a free
O2 target, this process extends from threshold to tens of eV
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and presents, to a large extent, a structureless energy depen-
dence. It has been carefully studied both experimentally19–21

and theoretically.22–24The case of O2 molecules physisorbed
on metal surfaces has also been studied.25,26The sX→ad and
sX→bd electronic excitations correspond to spin forbidden
transitions and require an electron spin exchange between
the target and the collisional electron. This is very efficiently
performed via a two-step resonant mechanism, in which the
incident electron couples to the target molecule to form a
O2

−spg
3d resonance of2Pg symmetry and the outgoing elec-

tron is any of the three equivalentpg electrons of the reso-
nant intermediate, leading to the formation of the three states
of the O2spg

2d configuration. This two-step excitation
mechanism is resonant but with a meaning that differs from
the usual one,22 since it is not mainly active at the resonant
energysthe inelastic channels are closed at this energyd but
in an extended energy range in the high energy wing of the
resonance.

The host material is chosen as a piece of an fcc Ne crys-
tal, with the bulk lattice parameter. To characterize the role
of the electronic structure of the host medium in the excita-
tion process, a series of calculations were performed consid-
ering larger and larger pieces of Ne crystal. Calculations with
Ne can be performed on larger sized clusters than for other
rare gasssee discussion at the end of Sec. III Bd, motivating
the present choice of Ne as the host medium. The Ne host
was defined as all the Ne atoms of an fcc crystal located
inside a sphere of given radius. The probe molecule is at the
center of this quasispherical cluster; it is located either at an
insertion or at a substitution site of the crystal and is sur-
rounded by an increasing number of shells of rare gas atoms
sa shell is defined as the ensemble of Ne atoms at the same
distance from the center of the clusterd. The systems corre-
spond for the smallest size to the shell formed by the first
nearest neighbors around the probe molecule and for the
largest size to a cluster of around 600 atoms. With this step-
wise construction, the electronic structure of the medium
changes with the size of the Ne clustersin particular, as
shown below, finite size quantization effects occurd and the
corresponding changes in the energy dependence of the oxy-
gen excitation probability by electron impact are studied.
It must be stressed that our purpose was to build step by
step a piece of bulk material of fcc structure and not to
study the case of a molecule embedded inside a real rare gas
cluster. As discussed in Ref. 27, small clusters generally
exhibit an icosaedral structure. Nevertheless, for conve-
nience, below we call clusters the pieces of fcc Ne crystal we
consider.

III. THEORETICAL APPROACH

Electronic excitation by electron impact is calculated and
the influence of the electronic structure of the host medium is
studied directly on the excitation probability. The electron is
scattered by the compound system formed by the molecule
and the rare gas atoms that form the cluster or molecular
solid. The potential that scatters the electron is the superpo-
sition of the interaction potential of the electron with the
molecule and with all the individual rare gas atoms. The

electron is elastically scattered by the rare gas atoms but
inelastically scattered by the molecule located inside the
piece of Ne solid. The description is based on the coupled
angular modesCAMd method.28,9 This method is able to de-
scribe elastic and inelastic electron scattering by a nonspheri-
cally symmetric potential. In particular it can describe inelas-
tic electron molecule scattering by a multichannel effective
range theory approximation. Such a method has been already
used in previous works in particular to treat electronic exci-
tation by electron impact of O2 molecule physisorbed on a
metal surface.25

A. Electron-Ne interaction

A model potential has been determined to describe the
electron interaction with a single free Ne atom. This potential
has been built to reproduce the properties of electron scatter-
ing by a Ne atom at low energy. A local expression of the
potential only function of the electron-atom distancer and
independent of the electron angular momentum, has been
used,

Vsrd = A0exps− A1r
2d −

a

sr2 + A2d2 . s1d

It includes a long range polarization interactionspolarizabil-
ity a=2.66a0

3d, with a saturation termA2=1.0a0
2. The

sA0,A1,A2d parameters have been adjusted to reproduce the
s,p, andd phase-shiftssA0=2.5 andA1=0.7 in atomic unitsd
in the few eV energy range. The agreement between the
phase-shifts calculated with the adjusted present model po-
tential and phase-shifts as given in the literature in the 0 to 6
eV range29–32 is quite satisfactory. A similar approach has
been adopted earlier for the electron-Ar potential.33,34 The
present electron-Ne model potential is not as attractive as the
e-Ar potential in Refs. 33,34. In particular, it does not bind
any core level.

The quality of the electron-Ne model potential is checked
by computing the band structure of the bulk medium and in
particular by determining the energy position of the bottom
of the Ne conduction band. Two calculations have been per-
formed either including or not including the mutual polariza-
tion of atomsssee the discussion in Ref. 34d. Each rare gas
atom is polarized by the collisional electron and also by all
the other rare gas atoms. This last term occurs through the
electron induced dipoles on all the other rare gas atoms. The
electric field on each rare gas atom is then obtained via a
self-consistent proceduressee Ref. 34d. This mutual polariza-
tion of the Ne atoms corresponds to the Ne atoms screening
the field of the collisional electron, i.e., to the dielectric char-
acter of the Ne solid. The calculated band structure, with the
mutual polarization fully included, is in good agreement with
previous calculations.35 The bottom of the conduction band
is found at 1.06 eV above vacuum in agreement with recent
s1 eV in Ref. 36d and olders1.4 eV in Refs. 37,38d measure-
ments. The effective mass of the electron at the bottom of
the conduction band has also been computed; it is found
to be approximately equal to the free electron mass
sm* =1.03med. The influence of the mutual polarization of
Ne atoms is estimated by running a similar calculation but
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without including the mutual polarization. This increases the
attractive strength of the polarization potential and leads to a
decrease by 0.11 eV of the energy of the bottom of the con-
duction band with respect to the vacuum level; the effective
mass is unchanged. Minor changes in the shape of the band
structure also appear. In the present study on Ne clusters, the
mutual polarization is not included in the calculation and
only minor effects on the excitation probability are expected
from this approximation.

B. CAM (coupled angular mode) approach

The CAM method is a scattering method developed for
the description of scattering of electrons by a nonspherically
symmetric potentialVsrWd,

fT + VsrWd − EgcsrWd = 0. s2d

In the present case,VsrWd is the superposition of the electron
molecule potential and of the individual electron atom
model potentials. The Schrödinger equations2d is solved in
spherical coordinates centered at the molecule. The electron
wave function is expanded over an angular basis formed by
spherical harmonics centered at the moleculeY,msr̂d and
characterized by the electron momentum, and its projection,
m, on the quantization axis, taken along the molecular
axis. The total wave function for the collisional system is
then written as the following expansion over thesl ,,md
channels associated with the electronic statesfl of O2 de-
fined below

uCl = o
l

o
,m

1

r
Y,msr̂dF,m

l srdufll, s3d

where theF,m
l srd are the corresponding radial wave functions

for the collisional electron. The nonspherical interactionVsrWd
felt by the electron around the molecular center due in par-
ticular to the presence of the rare gas atoms induces cou-
plings between the spherical harmonics. Due to these
couplings, the radial partsF,m

l srd of the electron wave func-
tion are given by a system of coupled equations that is
solved by propagation. This requires to propagate the
radial part of the electron wave functions from the molecular
center to the region outside the Ne cluster, that is to say
beyond all of the electron atom potentials. An extended an-
gular basis must then be used to properly describe the wave
function.

The electron molecule interaction is treated in the multi-
channel effective range theorysERTd approximation.39

This description for the electronic excitation has been de-
scribed in detail in previous works.22,25In the ERT approach,
the electron space is cut in two regions, an inner region in-
side a sphere centered on the molecule and an outer region.
Expansions3d is used in the outer region and matches the
wave function of the inner region. The inner region is
not explicitly described in this approach and is replaced by a
boundary condition for the wave function in the outer
region. For the oxygen molecule, the ERT boundary condi-
tions are given in Ref. 22. The coupled equations for the
radial electron wave functions are solved in the outer region

from the inner region boundary up to large radial distance
where the scatteringS matrix is extracted. The excitation
“probability” Pl→l8 from thel to thel8 electronic states is
given by

Pl→l8 = o
i,j

uSij
l→l8u2, s4d

wherei and j are angular mode indexes.Pl→l8 expresses the
strength of the excitation process and enters the expression
of the excitation cross section together with a flux termspro-
portional to the inverse energyd and statistical factors. The
excitation probabilities are computed for the present model
system and discussed.

Our purpose here is to demonstrate that an inelastic
process induced by electron impact reflects the electronic
properties of the host medium. In that perspective, a “re-
duced” version of the O2 electronic excitation description
has been adopted.22 This version only includessasfl chan-
nelsd the three electronic statessX 3Sg

−,a 1Dg, and b 1Sg
+d

corresponding to thepg
2 configuration. It does not

include the six electronic states associated with thespu
3pg

3d
configuration and corresponding to the decay of the
spu

4pg
3d2Pg resonance by ejection of apu electron. The

main advantage of this “light” version is to significantly re-
duce the size of the propagation matrixsthe number of
coupled electronic channels is reduced from 9 to 3d then
allowing to increase the size of the Ne clusters which can be
considered. In this reduced version, the excitation probabili-
ties to the pg

2 channels are larger than in the full
calculation.22 This is not surprising since in the “light” ver-
sion the resonance cannot decay into thepu

3pg
3 channels

and the outgoing flux is then only shared among the three
pg

2 final channels.
Site effects have been considered with the molecule lo-

cated either in an insertion site at the center of the fcc cubic
cell or in a substitution site with the molecule replacing one
of the Ne atoms of the fcc lattice. In both cases, the molecu-
lar axis is oriented along the,100. direction, which is
chosen as thez-axis for the spherical harmonics definition.
This orientation preserves the high symmetry of the com-
poundsmolecule+clusterd system. This choice of orientation
limits the computational demand without resulting in a
model system with too specific a behavior as discussed be-
low. With these choices of location and orientation of the
molecule, the symmetry of the surrounding medium is such
that the electron-medium interaction potential can only in-
duce couplings between spherical harmonics with angular
momentum such thatD, andDm are even numbers. For any
other orientation, these selection rules would be lifted. Fur-
thermore, since the resonant excitation implies the capture of
a dp electron, only even angular momenta, and odd values
of its projectionm on the molecular axis can contribute to the
excitation process.

With the presentsO2 in Ned system, convergence of the
calculation of the scattering wave functionssthree electronic
states and spherical harmonic expansion up to,=30d can be
reached for the case of clusters as large as 600 atoms occu-
pying a sphere of 25 Bohr radius. One can stress that the
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choice of Ne as the host medium has several advantages that
make convergence possible for clusters of significant size.
The main point concerns the model potentials1d describing
the e-Ne interaction which does not bind core levels. This
means that the magnitude of the potential is moderate and
that the description of the electron scattering wave function
does not need very small spatial stepssradial and angulard, as
it would in the case of potential binding core levels. The
choice of Ne as the host medium then makes possible a con-
verged calculation for rather large clusters, large enough to
allow a discussion of the excitation probabilities in terms of
Ne bulk electronic structure.

C. Excitation probability and density of electronic states

O2 excitation has been calculated for electron impact en-
ergy from threshold up to 12 eV. This calculation is quite
similar to the calculation performed for O2 molecule phys-
isorbed on a metal substratessee further details in Ref. 25d.
The O2 molecule is located at both insertion and substitution
sites inside clusters of one to 17 shells of Ne. Figures 1sad
and 1sbd schematically present the location of the nearest
rare gas neighborssfirst shell of Ne atoms around the mol-
eculed for a molecule embedded, respectively, at an insertion
fFig. 1sadg or a substitutionfFig. 1sbdg site.

In order to interpret the results for the excitation probabil-
ity, calculations of elastic scattering of an electron by Ne

clusters without the O2 molecule, have also been performed
using the same CAM approach. The electron wave is then
only scattered by the atoms of the medium. For a spherically
symmetric target, scattering can be described by one phase-
shift for each spherical wave. The associated time delay
t=qsdd, /dEd is related to the energy dependence of the
phase-shiftsd,. It brings information on the energy position
of resonances and allows the extraction of their width. The
time delay can also be related to the change in the density of
states induced by scatteringssee for instance in Ref. 40d. In
the present case, the scattering is not spherically symmetric
and scattering is represented by a scattering matrixS. The
energy dependence of this matrix leads to the generalized
time delay matrix41 Q=sq /2idS+sdS/dEd. The S and Q ma-
trix generalize the above properties of the phase shifts. Using
the CAM approach for the cluster without the O2 molecule,
one can get the scatteringSmatrix and the time delay matrix,
Q. The difference between the traces of the time delay ma-
trices calculated with and without the cluster of atoms then
reflects the changes induced by the cluster. In particular,
peaks in the trace difference as a function of collisional en-
ergy point at the location of the quasistationary states of the
system.10,28This calculation is performed using the same an-
gular momentum expansion, i.e., the same symmetry restric-
tion as that used in the study of the O2 electronic excitation
probability. This then allows a direct discussion of the effect
of the cluster electronic structure on the electron impact ex-
citation.

Finally, the total density of states of bulk Ne has also
been computed for the present approach neglecting the
mutual polarization of the Ne atoms. This is performed by
diagonalization of the electron-Ne interaction potential
in a plane wave basis. The corresponding total density of
states is also used below in the discussion of the electronic
excitation of the embedded molecule. This bulk total density
of states does not include the symmetry restriction imposed
by the resonance, in contrast with the above discussed cal-
culations of the time delay for a finite size cluster.

IV. RESULTS AND DISCUSSION

A. Excitation probability by electron impact of an oxygen
molecule embedded in a rare gas cluster

Figures 2sad and 2sbd present the probability for the elec-
tron impact excitation of the isolated molecule from the
ground state to the two first excited statessX-a and X-bd
from their energy thresholds0.98 eV for theX-a transition,
1.65 eV for theX-b transitiond up to 12 eV. In the case of an
isolated molecule, the excitation probabilities are rather
large, they reach 0.4 and 0.2, respectively, at 12 eV. The
factor 2 between them corresponds to the factor 2 between
the corresponding parentage coefficients.22,42,43 These are
equal to 3/2, 1, and 1/2 for theX,a, and b states, respec-
tively. In the present model description of the O2 electronic
system, the opening of thepu shell has not been included and
this leads to an overestimation of the excitation probabilities
to thea andb states by roughly a factors7/3d2 correspond-
ing to the squared ratio between the number of involved
electrons.22,43

FIG. 1. Schematic representation of a diatomic moleculeslight
gray spheresd at the center of one-shell rare gas fcc clusterssonly
the first nearest neighbors of the molecule: dark gray spheresd at an
insertion sitesad or at a substitution sitesbd.
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Figures 2sad and 2sbd also present the excitation probabil-
ity for a molecule surrounded by the first Ne shell formed
by the nearest Ne neighborsssee a schematic picture in Fig.
1d. The molecule is located either in an insertion sitefFig.
2sadg at the center of the conventional cubic cell of a fcc
crystal, or in a substitution sitefFig. 2sbdg. The number of
neighbors is then, respectively, six or 12 Ne atomsfsee in
Figs. 1sad and 1sbdg. The radius of this first “shell” is either
4.2a0 sinsertion sited or 6.0a0 ssubstitution sited, with a cell
parameter, the fcc cube side, equal to 8.4a0. For the insertion
site, the Ne atoms are located on thex,y, andz axis of the
CAM reference frame and thus in the nodal planes of the
resonantpg orbital. For the substitution site, only four Ne
atomssout of 12d are located in the resonantpg orbital nodal
plane.

The general features found for both adsorption sites
are the following: the magnitude of the excitation probability
does not change much compared to the isolated molecule
case, it is however smaller in the threshold energy range. In
the insertion case, the first shell of nearest Ne neighbors does
not induce strong modifications in the excitation probability.
This is not much surprising since all the Ne atoms are
localized in the nodal planes of the O2

− resonance and the
short range and the long range parts of the electron-Ne inter-
action are not very strong. The situation is somewhat differ-
ent in the substitution case and the shape of the excitation
probability is changed compared to the isolated molecule
case. In that case, eight Ne atomssamong the 12d are in the
lobes of the resonantpg orbital and then influence the exci-
tation probability more efficiently than in the insertion site
case.

Figures 3sad and 3sbd compare the inelastic excitation
probabilities for the O2 molecule embedded in Ne clusters
formed of one, two or three shells of nearest atoms, with the
molecule either at an insertionfFig. 3sadg or substitution
fFig. 3sbdg site. The three-shell clusters built around an in-
sertion or substitution sites contain 42 and 38 Ne atoms,
respectively. The magnitude of the excitation probabilities is
not modified by this increase of the cluster size. However,
for both sites, the three-shell cluster results exhibit marked
structures in the energy dependence of the excitation prob-
abilities with maxima around 6 and 9–11 eV. These struc-
tures appear with the third shell in both cases, although
slightly shifted. It can be stressed that for the substitution site
the second shell does not induce any modification compared
with the one shell cluster and that important modifications in
the shape of the excitation probabilities only appear with the
third shell.

Figures 4sad–4sdd present the inelastic excitation prob-
abilities for larger clusters of nine and 17 shells of Ne atoms
around the insertion and substitution sites. These clusters
contain, respectively, 236 and 610 Ne atomssinsertion cased
and 176 and 458 Ne atomsssubstitution cased. A shifted en-
ergy threshold for the excitation probability is observed for
both molecular sites, an effect that was already present in
smaller clusters. For a molecule at the insertion site, the ex-
citation probability to the a state presents well-marked struc-
tures with two broad maxima around 6 and 10 eV. Inside
these broad peaks, the excitation probabilities also exhibit
many peaks with a small amplitude. Their number increases
when increasing the cluster size from nine to 17 shells. Be-

FIG. 2. sad Excitation probability from the ground state
O2spg

2dX 3Sg
− to the first two excited states of O2spg

2da 1Dg and
b 1Sg

+ as a function of the electron impact energyseVd. Compari-
son of the excitation probabilities for a free molecule to a molecule
at an insertion site surrounded by a one-shell Ne clustersonly the
nearest Ne neighborsd. Full line, X-a excitation; dotted line,X-b
excitation; thick lines for the embedded molecule; thin lines for the
free molecule.sbd Same assad for the substitution site.

FIG. 3. sad Excitation probability from the O2 ground state to
the a 1Dg and b 1Sg

+ excited states as a function of the electron
impact energyseVd. Comparison of the excitation probabilities for a
molecule at an insertion site surrounded by a one-, two- or three-
shell Ne cluster.X-a excitation, one-shell clustersthin full lined,
two-shell clustersdashed-dotted lined, three-shell clustersthick full
lined. X-b excitation, one-shell clustersthin dotted lined, two-shell
cluster sshort dashed-dotted lined, three-shell clustersthick dotted
lined. sbd Same assad for the substitution site.
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low, we will show that these structures can be related to the
electronic structure of the Ne cluster. In particular the small
amplitude oscillations in the probabilities are attributed to
the quantization of the electron motion in the finite size clus-
ter. The larger the cluster radius, the smaller the energy pe-
riod of these oscillations. The vertical bars point to quantized
energy values calculated with a model described below.

Similar structures are observed for clusters with a molecule
at the substitution sitefFigs. 4sbd and 4sddg. However, in this
case, the overall energy shape of the excitation probabilities
is quite different. The excitation probabilities keep rather
small below 8 eV and increase abruptly between 8 and 9 eV
for the excitation to the a state, reaching a value as high as
0.7. One can stress that due to the competition between exit
channels, a large excitation probability in one channel cannot
be associated with a large probability in the other. This com-
petition effect is probably playing a role in the delayed in-
crease of theb-excitation at 10 eV, as compared to the
a-excitation.

Comparison between clusters of different sizes1,3,9,17
shellsd shows that the overall energy dependence of the ex-
citation probabilities builds up starting from the three shells
case; beyond, the increase of the cluster size only leads to
minor modifications, except for the oscillations due to the
finite size of the cluster. This overall energy shape results
from the specificity of the O2 molecule excitation, the cou-
pling of the O2

− resonance with its environment and the bulk
properties of the rare gas solid. Below we discuss in more
detail the relation with the electronic structure of the Ne
cluster.

B. Discussion

The present excitation probabilities are not so easy to in-
terpret since several effects are involved. In such an excita-
tion process, the incident electron has first to enter the
cluster, to propagate through the cluster, i.e., to be scattered
elastically by the Ne atoms, to suffer an inelastic scattering
by the molecule and to again propagate through the
cluster and be scattered back into vacuum at an energy dif-
ferent from the incident one. This means that the electronic
properties of the medium appear twice in the excitation prob-
ability: once at the incident energy and once at the final
energy. Furthermore, in a two excited channel system, com-
petition between the two channels is also present. To better
interpret these different effects, we examine below the den-
sity of electronic states of the Ne cluster as a function of the
energy.

First, let us consider the total density of states of bulk Ne
shown in Fig. 5. It has been computed for an infinite Ne
crystal, using the potentials1d but without the mutual polar-
ization of the Ne atoms taken into account, i.e., with the
same Ne description as the above inelastic scattering calcu-
lations. However, it is the total density of states, without the
symmetry restriction appearing in the molecular excitation
process discussed above. This density of states has been
computed with a finite number ofk values and it has been
convoluted with a Gaussian function of FWHM equal to 80
meV to remove possible artefacts brought by this finite cal-
culation. In Fig. 5, one recognizes the conduction band of Ne
starting at 0.98 eV above vacuum and exhibiting the para-
bolic structure of a quasifree electron band at low energysthe
black dots line is a parabola starting at the bottom of the
conduction band and adjusted to the low energy part of the
present density of statesd. Above, it exhibits two well-marked
broad peaks at 6 eV and 9.5 eV, separated by a broad mini-

FIG. 4. Excitation probability from the ground state to the two
first excited statesa 1Dg andb 1Sg

+ of O2 as function of the electron
impact energy. Full lines for theX-a excitation, dotted lines for the
X-b excitation, thick lines for the embedded molecule, and thin
lines for the free molecule case. Vertical short ticks point to the
successive quantized energies in the,=2 symmetry for the incident
and inelasticX-a channel.sad, scd The O2 molecule is located in an
insertion site of the rare gas fcc crystal; the molecule is surrounded
by the rare gas atoms corresponding to the first ninesad and first 17
scd shells of nearest neighbors.sbd, sdd The O2 molecule is located
in a substitution site of the rare gas fcc crystal; the molecule is
surrounded by the rare gas atoms corresponding to the first ninesbd
and first 17sdd shells of nearest neighbors.
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mum. This broad minimum in the density of states is located
in the energy range of theX- and L-band gaps and also
appears in LDA calculations.35 It is thus a characteristic of
the Ne bulk density of states.

Figures 6sad–6sdd present the difference between the
traces of the time delay matrices calculated with and without
the cluster of atoms. The calculation is performed in the
CAM approach, using the same symmetry restrictions as for
resonant scattering. The scattering center is located either at
an insertion site or at a substitution site and the cluster size is
nine or 17 shells. These calculations then correspond to the
same symmetry as the inelastic probabilities in Fig. 4. Two
main features appear in all the results in Figs. 6sad–6sdd snine
or 17 shells, insertion or substitution sited, a minimum in the
7–8 eV range, corresponding to the minimum observed in
Fig. 5 in the total density of states and a series of peaks in the
energy range where the total density of states is parabolic,
i.e., free-electron like. We interpret the peaks in the low en-
ergy region as quasistationary states that are a consequence
of the finite size of the Ne cluster, i.e., a consequence of
quantization inside the cluster. The electron wave inside the
cluster is partially reflected at the cluster border. Quantized
levels appear when the reflected electron waves interfere
constructively. The period of the oscillations in Fig. 6 varies
with the cluster size: the larger the size of the cluster, the
shorter the oscillation period. The cluster radius is 19.3a0 for
the nine-shell and 27.6a0 for the 17-shell cluster around an
insertion site and 17.9a0 and 25.3a0 for the corresponding
clusters around a substitution site. The oscillation period ap-
proximately changes as the square of the inverse of the clus-
ter radius.

To further confirm the origin of these oscillations and to
assign the corresponding peaks, we estimated the peak
position by a simple model. The rare gas cluster is consid-
ered as a sphere of radiusR in which the electron is moving
freely. As the simplest view as possible, it is assumed that
the sphere radiusR is equal to the radius of the shell of
the outermost rare gas atoms, the potential inside the cluster
is constant and equal toV0sRd and the electron mass is
equal to the free-electron mass,me. Quantized states for the
electron inside such a sphere are then associated with

the successive zeros of the,=2, 4, … spherical Bessel
functions at the sphere radiussthe , restriction comes from
the symmetry restriction of this calculationd. Their energies
are

Es,,Rd = V0sRd +
1

2me
Sz,

R
D2

, s5d

wherez, is the first zero of the spherical Bessel function of
index ,.

FIG. 5. Total density of states of bulk Ne as a function of the
electron energy above vacuum level. Full line, total density of states
sarbitrary unitsd. Dotted line, parabola adjusted to the low energy
density of states.

FIG. 6. Time delay calculationsdifference of the trace of the
time delay matrix obtained in CAM calculations with and without
the Ne clusterd. sad, scd Calculated at an insertion site of the rare gas
fcc crystal with ninesad or 17 scd shells of rare gas atoms.sbd, sdd
Calculated at a substitution site of the rare gas fcc crystal with nine
sbd or 17 sdd shells of atoms. The symbols point to the properties of
the sphere model. Vertical bars, constant potential energyV0sRd,
bottom of the effective conduction band in the cluster. Full tri-
angles, energies of the first quantized levels in the,=2,4,6,8
symmetries.
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Symbols have been drawn in Fig. 6, that point to the
quantization energies obtained by the above model. The con-
stant potential inside the sphere,V0sRd, is adjusted in each
figure so that the predictions ofs3d reproduce the peaks po-
sition in the 0–6 eV energy range. As can be seen in Figs.
6sad–6sdd, the agreement is quite satisfying, thus confirming
our interpretation of the origin of the structures in the time-
delay calculation. It is noteworthy that the peak energies cor-
respond to quasistationary states, the electron can escape by
transmission into vacuum at the cluster border. The peaks in
Fig. 6 are rather broad, thus corresponding to a large electron
transmission probability at the Ne-vacuum interface. One
can also note that only the resonances corresponding to the
first zero of the spherical Bessel function are marked by sym-
bols in Fig. 6. Other higher lying resonances associated with
the higher zeroes do not appear; apparently, they are associ-
ated with smaller peaks. The constant potentialV0sRd deter-
mined from Fig. 6 amounts to 1.0 to 1.1eV depending on the
adsorption site and cluster size. This does not exactly corre-
spond to the bottom of the Ne bulk conduction band as it has
been obtained in the present studys0.95 eV, calculation with-
out mutual polarizationd. This small difference corresponds
to the contribution of the attractive polarization potential of
the Ne atoms that, in the complete crystal, lie outside the
cluster sphere. This contribution can be simply estimated
in a continuous medium approximation and is equal to
s−2pan/Rd, wheren is the density of Ne atoms. This differ-
ence amounts to −0.16 eVs−0.17 eVd for the nine shells and
−0.11eVs−0.12 eVd for the 17 shells at the insertionssubsti-
tutiond sites, respectively. Taking these energy shifts and the
bulk conduction band bottom into account, one then predicts
an effective band bottom for the 9s17d-shells cluster,V0sRd,
in the s1.06–1.12 eVd range quite consistent with the
value s1.0–1.1 eVd obtained from the adjustment in Fig. 6.
This again fully confirms our assignment of the peaks in the
electronic structure of the cluster and we now have a rather
precise picture of the density of states in the cluster: there is
a minimum around 7–8 eV surrounded by two maxima
around 6 and 9.5 eV and the low energy region which
is free-electron like presents a series of oscillations due to
the quantization of the electron motion in the finite size
cluster.

One can go back now to the interpretation of the struc-
tures in the excitation probabilities in Fig. 4 and show that
the structures in the excitation probability reflect the cluster
density of states. Let us start with the excitation of thea 1Dg
state in an insertion sitefFigs. 4sad and 4scdg. The results for
both the nine- and 17-shell clusters exhibit a broad minimum
in the region around 8 eV which we can directly connect
with the minimum in the density of states visible both in bulk
Ne and in the Ne clusters. It appears at an energy slightly
higher than in the density of states due to the fact that the
electron probes the density of states twice, at the incident and
at the outgoing energies. The structures in the low energy
part can be attributed to the quantization of the conduction
band. Vertical bars in Fig. 4 have been drawn corresponding
to the energies expected for the quantized levelsfformula
s3dg. Since an inelastic process is considered, the quantized
levels can appear as initial or final states, so that there are

two sets of vertical bars, shifted one with respect to the other
by theX-a excitation energy. Since the resonance energy is
of dp symmetry, it acts as a further filter on the incident
wave and we consider now all the possible quantized states
associated with a,=2 wave. The correspondence between
the vertical bars and the structures in the excitation probabil-
ity is satisfying in particular for the 17-shell cluster, although
not perfect. Discrepancies can be attributed to defects in the
accuracy of formulas3d sin particular, it is not obvious what
the effective radius of the cluster isd as well as to possible
effects of the coupling of the incident wave to the resonant
orbital. The structures at low incident energy do not appear
due to a very weak efficiency of theX-a excitation. One can
also mention that with the current picture of the process, the
electron arrives on the O2 molecule with an energy decreased
by V0sRd and so the overall excitation probability must be
shifted by this quantity, qualitatively accounting for the
shifted excitation threshold between the free and the embed-
ded molecules.

The interpretation of the structures in theX-b excitation in
the insertion site and in theX-a and b excitation for the
substitution site follows along the same line, except for the
fact that the structures are shifted to higher energy in the
X-b excitation case due to the larger inelasticity of theb
excitation. Expected quantization peakssnot shown in the
figure for the b stated reproduce the structures in a way
similar to thea state. One can notice that the overall shape of
the excitation probability is different for the insertion and
substitution sites, the latter being smaller at low energy, mak-
ing the dip in the density of states around 8 eV and the
quantized state effects less visible. This is attributed to the
different coupling of the propagating states in the cluster
with the resonantdp wave centered at different places inside
the cluster. One can stress that this site effect involves the
crystallographic structure of the cluster in contrast with the
part of the above interpretation involving the quasifree elec-
tron behavior of the conduction band at low energy.

It is worthwhile to mention that similar characteristics
are obtained for both embedding sitessinsertion and
substitutiond of the molecule inside the cluster. In both cases,
structures appear that are related to properties of the
electronic band structure of bulk Ne and of finite size Ne
clusters. However coupling with the resonant wave is
slightly different for the two embedding sites. A common
behavior is then observed for quite different solid environ-
ments around the molecule. This indicates that the character-
istics that show up in the excitation process are not specific
of the particular molecular axis orientation chosen in the
present study.

V. CONCLUSIONS

It is well known that the environment of a molecule
strongly influences the excitation processes induced by low
energy electrons. We considered a model system consisting
of an O2 molecule embedded in a piece of rare gas bulk
material, represented by a Ne cluster of variable size. This
model system provides the opportunity to study how the
electronic properties of the host medium influence the elec-
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tron impact excitation processes when the molecule is em-
bedded inside a dielectric medium. Electronic excitation to
the two first excited statessa 1Dg andb 1Sg

+d of the oxygen
molecule has been calculated. The electron impact excitation
probability is deeply modified by the host medium, although
it retains the same order of magnitude as for the free mol-
ecule. Structures appear in the collision energy dependence
of the excitation probabilities that can all be related to prop-
erties in the electronic band structure of bulk Ne and of finite
size Ne clusters. In particular, the effect of quantization of
the quasi-free electron Ne conduction band clearly shows up
in the excitation probabilities, both for the incident and for
the outgoing electron.

These results in the O2 in Ne system show that the exci-
tation probabilities reflect directly the host medium density
of states. This corresponds to what has been experimentally
observed in phonon excitation by electron impact in con-
densed ArsRefs. 16,17d and is opposite to the experimental
observations for resonant vibrational excitation of O2 in con-
densed Ar, where the excitation probability shows an inverse
correlation with the density of Ar states.14,15 This different
behavior can be related to the characteristics of the electronic
excitation process; the clue is that the present electronic ex-
citation does not present a usual resonant behavior. In the
resonant vibrational excitation case, the resonance lifetime is
the key parameter, since the longer the lifetime the stronger
the vibrational excitation. It was argued14,15 that the vibra-

tional excitation is increasing with the resonance lifetime
which in turn is inversely dependent on the density of states.
As a consequence, the excitation probability is exhibiting an
inverse correlation with the density of states.14,15 In contrast,
in the present case, the O2

− resonance lifetime is not really
playing a role, the resonant excitation process occurs in the
far wing of the resonance profile and it involves a simple
coupling-decoupling of the electron angular momenta which
is neither favored nor unfavored by a long resonance lifetime
ssee Refs. 22,42 for a discussiond. As a consequence, the
excitation probability has a very smooth energy dependence
for a free molecule. For the embedded molecule, the prob-
ability of the incident electron to travel from vacuum into the
Ne cluster and to reach the molecule reflects the cluster den-
sity of states thus bringing the correlation that is observed on
the present results. The same kind of effect is playing a role
in the case of phonon excitation by electron impact in con-
densed Ar,16,17 where no resonant behavior bringing a life-
time effect is expected.

Finally, one can stress that the features related to the bulk
density of states appear very soon when the size of the clus-
ter increases. Typically, the excitation probabilities for a
three-layer clustersaround 40 Ne atomsd already exhibits the
gross features of the density of states and, roughly speaking,
the changes above three-layer are mainly due to the evolu-
tion of the quantification of the conduction band inside the
finite size object.
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