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Vibrational electron spectroscopy of molecules in solids: Effect of the conduction-band
density of states

M. Michaud, M. Lepage, and L. Sanche
Départment de Me´decine Nucle´aire et de Radiobiologie, Faculte´ de Médecine, Universite´ de Sherbrooke, Que´bec, Canada, J1H 5N4

~Received 21 January 1999!

The role of the conduction-band density of states~CB DOS! for electron scattering in the condensed phase
is investigated using electron-energy-loss spectroscopy of a molecular target isolated in a host medium. As an
experimental model we study O2 embedded in an Ar matrix, since O2 in the gas phase offers smooth resonant
vibrational cross sections spanning most of the energy range where the CB DOS of solid Ar is known. The
vibrational energy-loss intensities of matrix isolated O2 exhibit strong variations as a function of the incident
energy~i.e., excitation functions!, in contrast to its gas-phase counterpart. Except for a relative change in
intensity, the features in the excitation functions remain essentially at the same energy for different scattering
angles and follow the inverse of the CB DOS. We show that under resonant scattering condition this effect
arises more specifically from changes in the resonance lifetime due to variations in the CB DOS of the host
medium. Using a simple Boltzmann-type multiple-scattering analysis, the vibrationally scattered electron in-
tensities from matrix-isolated species are further discussed in terms of transport phenomena subjected to the
CB DOS.@S0163-1829~99!02324-3#
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I. INTRODUCTION

During the last three decades, electron resonant scatte
or the formation of transient anion states has been consid
to be the key mechanism responsible for strong vibratio
excitations of molecules as well as dissociative electron
tachment reactions induced by low-energy electrons in b
gas1–3 and condensed phase experiments.4–7 An electron
resonance occurs whenever an incident electron is capt
into an empty orbital of an atom or a molecule during a tim
longer than the normal scattering time. Electron resonan
are classified into two major categories: single particle
shape resonances, which consist of an incident elec
trapped by a molecule in its ground state and two-part
one-hole or core-excited resonances, which consist of an
cident electron trapped by a molecule in an excited s
~e.g., the parent state!. Electron trapping below or above th
energy of the parent state is referred to as a Feshbach
core-excited shape resonance, respectively.1 Typical life-
times of core-excited resonance are 10213 to 10215s; those
of shape resonances about 10214 to 10216s. In the short-
lifetime limit, we may have an efficient displacement of t
nuclei prior to autodetachment and decay into a vibration
excited ground or electronic state of the molecule. For lon
lifetimes and repulsive anion states, we may have disso
tion of the molecule into a negatively charged and one
more neutral fragments.

In gas-phase high-resolution electron-energy-l
~HREEL! spectroscopy, electron resonances are indicate
the selective excitation of vibrational modes, as well
strong variation in the incident energy dependence of
corresponding scattered electron intensities~i.e., excitation
functions!. Recent advances in the measurement of elec
scattering cross sections in the gas phase8–12 along with the
availability of more elaborate theoretical calculations13–15

proved to be profitable in understanding the vibrational a
PRB 590163-1829/99/59~23!/15480~15!/$15.00
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electronic excitations of O2 by electron impact. Within the
0–3 eV range, the vibrational cross sections of O2 in the
ground state are dominated by a series of sharp peaks d
the long lifetime and spin-orbit splitting of the2Pg

resonance.9 Above 5 eV, the cross sections are characteriz
by a broad band centered around 9 eV.9 Several anion state
related to the(...1pu

41pg
23su) electronic configuration

have been calculated to lie within this energy range16

Among these, the short-lived4Su
2 anion state, which as a

quartet may only decay into the triplet ground state and t
not expected to be seen in the singlet states~e.g.,
a 1Dg ,b 1Sg

1!, is the generally accepted candidate resp
sible for the vibrational enhancement. For the lowest el
tronic statea1Dg(v50) both theoretical and experiment
data indicate a gradual rise above threshold forming a br
band around 4 eV, which according to the theory15 is due to
the high-energy wing of the low-lying(...1pu

41pg
3), 2Pg

resonance. This feature is followed at about 8 eV by a br
peak with a high energy tail, which is predicted by theory
originate from the(...1pu

31pg
4), 2Pu resonance. The latte

resonance, being relatively long lived, is also responsible
the dissociative electron attachment process around 6.58

Former HREEL measurements performed in th
laboratory17 showed that vibrational and electronic excit
tions of multilayer films of O2 condensed on a polycrysta
line niobium substrate exhibited, as a function of the elect
impact energy~i.e., excitation functions!, broad resonance
akin to those seen previously in the gas phase.18 The lowest
electronic statea 1Dg(v50), which lies at an energy los
close to thev54 ~i.e., ;1 eV!, was found to have a reso
nance maximum around 7 eV followed by a high-energy t
From the comparison with the gas-phase data, this reson
was then attributed primarily to the2Pu transient anion state
whose potential energy curve is crossing the Franck-Con
region within the incident energy range 6–8 eV. The sh
features seen at low energy in the gas-phase vibrational c
15 480 ©1999 The American Physical Society
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sections, and which are due to the2Pg resonance, were no
observed in the condensed phase. While in the gas-p
vibrational cross sections, the resonance maximum abo
eV did not vary with the exit vibrational channel, the ener
at which the maximum vibrational enhancement occurred
the condensed phase appeared to shift from about 6 eV in
v51 up to 9.8 eV in thev54 channel of theX 3Sg

2 state.
This apparent shift of the resonance maximum with incre
ing v was attributed to a change in the admixture betwe
the above2Pu transient anion state and the short-lived4Su

2

anion state, whose potential curve is crossing the Fran
Condon region within the 8–12 eV range. Similarly to t
gas phase, the latter resonance was not expected to d
into the electronic channela1Dg.

In formal terms, an electron resonance is described a
discrete state embedded in a free-electron continuum.19 By
virtue of its coupling with that continuum, each discrete st
of energy«d is shifted in energy by a small valueD and
acquires an energy widthG5\/t, wheret corresponds to
the lifetime of the resonance.19,20 More specifically, in the
case of a diatomic molecule withR as the internuclear coor
dinate, a transient anion state is simply described in the fi
nuclei limit21,22 by an energy- andR-dependent complex po
tential as

Vopt~R,E!5Vd~R!5D~E!2 1
2 iG~E!, ~1!

whereVd(R)[«d(R)1VG(R) is the potential energy curv
of the discrete state,E5ET2VG(R) is the kinetic energy of
the scattered electron withET the total energy of the system
The electronic decay width functionG(E) is given explicitly
by

G~E!5\/t~E!52p(
k

uVd,ku2d~E2Ek!>2puVd,Eu2D~E!,

~2!

whereVd,k is the coupling matrix element responsible for t
decay andEk the energy of the free-electron continuum. U
der sufficiently small variations of the matrix element wi
the wave vectork, the density of free-electron statesD(E)
appears explicitly with the summation overk.23

The origin of the vibrational excitation can be rationaliz
with the following semiclassical considerations. Defining t
resonant transition energy according toEr(R)
[ReVopt@R,Er(R)#2VG(R), one may further reduce
Vopt(R,E) to anR-only dependent complex potential

Vopt~R!5Vd~R!1D@Er~R!#2 1
2 iG@Er~R!#. ~3!

SinceVopt(R)2VG(R) is usually not constant, the energy
a resonance can be seen to be, in effect, tunable with a s
change of the internuclear distanceR. The available energy
range is essentially limited by the overlap of the nucle
wave function of the transient anion with that of the grou
state~i.e., the Franck-Condon factor!. Alternatively, this en-
ergy range can be seen as the result of resonant scatt
events taking random snapshots of a molecule whose r
nance energy fluctuates due to the nuclear motion abou
equilibrium position in the ground state. In the case of
4Su

2 anion state of O2, the energy range can be as large
10 eV.
se
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As such, the amplitude of the vibrational excitation or t
probability of overtone excitations, is connected to the e
ergy imparted to the nucleiDTN . In the short capture-time
limit, DTN can be calculated from the classical work do
while the molecule evolves along the shifted anion poten
energy curveVr(R)5Vd(R)1D@Er(R)# from an initial (Ri)
to a final (Rf) nuclear coordinate. Assuming for simplicity,
zero initial nuclear velocity from the ground electronic sta
a small nuclear displacement in the anion state with a c
stant forceFr(Rf)>Fr(Ri)5dVr(R)/dRu i and a fixed life-
time t@Er(Ri)#>t@Er(Rf)#, we readily obtain

DTN>~2M red!
21Fr

2~Ri !t
2@Er~Ri !#, ~4!

whereM red is the reduced mass of the molecule correspo
ing to the nuclear coordinateR. The energy imparted to the
nucleiDTN is thus a combination of two factors: the streng
of the resonant vibrational couplingFr(R) and the resonance
lifetime t@Er(R)#. The former factor, which is derived from
the potential energy curveVd(R), describes the response o
the nuclei when the electron is mostly localized on the m
ecule. The latter factor, which is connected to the density
statesD(E) @cf. Eq. ~2!#, is particularly sensitive to the be
havior of the electron outside the target and hence, to
host medium.

In the gas phase~i.e., vacuum!, the energy dependence o
D(E) has a monotonous behavior. The same is not true
the condensed phase especially when the electron w
length is of the same order of magnitude as distance betw
the scatterers. More specifically in an ordered solid, a pro
gating electron, which experiences multiple elastic scat
ings, becomes a Bloch electron whose energyEk as a func-
tion of its wave vectork defines an energy-band structure24

The conduction-band density of states~CB DOS! is defined
whenever a quantity that depends on the electron wave
tor throughEk is averaged over all directions ofk.24 The
energy dependence of the CB DOS differs substantially fr
solid to solid and usually presents pronounced variati
compared to the monotonous behavior of its gas-phase c
terpart. The CB DOS is best understood theoretically25 and
experimentally26,27 in large band-gap materials such as ra
gas solid~RGS!. In the case of pure solid films of Ar, Kr, an
Xe,28,29 we found that the energy dependence of the ener
loss intensity arising from multiple scattering on phono
and defects can virtually reproduce the CB DOS up to ab
14 eV above the vacuum level, as calculated by Baca
Papaconstantopoulos, and Pickett.30

In this paper, we extend our recent work31 where the ef-
fect of the CB DOS on the electron resonance lifetime and
impact on the energy deposited in a molecule was repor
We proposed to monitor the deposited energy by looking
the electron-induced vibrational excitations of a molecu
target isolated in a host medium that offers a free-elect
continuum different from the vacuum. As an experimen
model, we chose to embed O2 in an ordered solid Ar matrix,
since O2 in the gas phase offers smooth vibrational cro
sections arising from the relatively short-lived4Su

2 anion
state, which covers most of energy range where the CB D
of solid Ar is known. In the present work, we first investiga
the incident energy dependence of the vibrational and e
tronic excitations of a multilayer solid film of O2 condensed



e

n

le
p
di
ri
n

ic
y
u

e-
a
gy

o
n
ed
h
or

lm
r

ra
th

m
vi
al
-

pl
e
it
e

nc

f
ne
a

ur
g
d

im

gh

o

s
b

old

een

.
es
and
ad-
se
put-

in
ents
due
be

sh-
ence

is-
tion

y
lim-
e

of
%,
red

r of

g no
vi-
f
hal

up

he
f the
re.
de-

ery
a-

era-

all
al
ent
ut

15 482 PRB 59M. MICHAUD, M. LEPAGE, AND L. SANCHE
on the Pt~111! substrate. This is followed by a study of th
crystal structure of the pure and O2-doped solid films of Ar
deposited under the same conditions. Then, the vibratio
HREEL spectroscopy of matrix isolated O2 is presented as a
function of the incident energy for different scattering ang
and matrix-film thicknesses. Using a simple Boltzmann-ty
multiple-scattering analysis, the experimental results are
cussed in connection to changes in the electron scatte
cross section and electron-transport property. The vibratio
excitation function are separated into two phenomenolog
contributions:~a! an extrinsic contribution identified merel
as an energy-dependent superimposed phonon backgro
which follows the variation in the CB DOS of the host m
dium, and~b! an intrinsic contribution that manifests as
modulation of the scattered intensities with incident ener
which correlates to theinverseof the CB DOS. The origin of
the latter contribution is further shown to be essentially tw
fold. First, under electron resonant scattering conditio
changes in the electron scattering cross section is observ
distinct intensity changes among the energy losses, suc
selective vibrational excitations. This is shown to result m
specifically from changes in the resonance lifetime~i.e., life-
time of an isolated anion specie! due to variations in the CB
DOS of the host medium. Second, at sufficient high-fi
thickness, the electron transport property is found to be
sponsible for a common and limited modulation of the vib
tional scattered intensities that may follow the inverse of
CB DOS.

II. EXPERIMENT

A. Apparatus

The electron-scattering measurements were perfor
with an improved HREEL spectrometer of the type pre
ously described32 and that consists of two hemispheric
electrostatic energy selectors~i.e., monochromator and ana
lyzer!. The angle of incidenceu0 of the monochromator can
be varied between 8° and 90° from the normal to the sam
The angle of analysisud of the analyzer is fixed at 45° at th
opposite azimuth. Double-zoom electron lenses at the ex
the monochromator and at the entrance of the analyzer w
adjusted so as to allow the recording of an excitation fu
tion over the widest possible incident energy range~e.g.,
1–19 eV! allowing minimal variation in the transmission o
the instrument. In the present experiment, the combi
resolution of the selectors was set at 15 meV full width
half maximum ~FWHM! for a current of 0.3 nA on the
sample. The incident electron energyE0 was calibrated
within 60.1 eV with respect to the vacuum level by meas
ing the threshold of the electron current transmitted throu
the samples. Sample charging or decomposition could be
tected from comparing the spectra recorded at different t
intervals.

The apparatus is also equipped with a reflection hi
energy electron diffraction~RHEED! gun ~Kimball Physics!,
which aims the sample at a glancing incidence, and
resistive-anode imaging detector~Surface Sciences!. The lat-
ter can be positioned to collect either the RHEED image
the low-energy electron diffraction~LEED! pattern for an
energy just above the emergence of the diffracted beam
vacuum. The whole system is housed into an UHV cham
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maintained at a base pressure of 8310211Torr by the com-
bined action of an ion pump and a liquid-N2 cooled titanium
sublimation pump.

B. Samples preparation

The samples initially prepared in a gas-handling manif
are condensed from the gas or vapor phase onto a Pt~111!
single crystal~Johnson and Matthey! attached on a low-
temperature sample manipulator. The latter, which has b
described in details previously,33 allows cooling to 16 K and
heating up to 1100 K, as well as6100° azimuthal rotation,
50° flip, and60.5-cmX, Y, andZ translations of the sample
The gas-handling manifold consists of two different sourc
connected to a small calibrated volume through bypass
precision-leak valves. This volume is connected via an
mission valve to a capillary having an opening located clo
to the crystal. The crystal was cleaned by sequences of s
tering with Ar1 ions followed by annealing and heating
the presence of oxygen at about 900 K. These treatm
gave HREEL spectra free from vibrational energy losses
to contaminating atoms or molecules. The crystal could
further characterized from the observation of LEED thre
old interference structures present in the energy depend
of the specular beam intensity~i.e., 00 beam atu05ud

545°!.34 Its orientation was determined from the energy d
persion of the threshold interference structures as a func
of the incident azimuthal anglef0 along with the intensity of
the emerging diffracted beams.35 Because of the symmetr
seen in the present experiment, the azimuthal angle was
ited to the range 0°<f0<60°, where emergence of th

(1̄0) and (01̄) beams occurs.
The O2 and Ar gases were supplied by Matheson

Canada Ltd. with a stated purity of 99.998% and 99.9995
respectively. The purity of the leaked gases was monito
by a quadrupole mass spectrometer~0–200 amu! facing the
crystal. The thickness of the deposited film or the numbe
condensed layers was estimated at610% from the calibrated
amount of gas needed to deposit a monolayer, assumin
change of the sticking coefficient for the adlayers, as pre
ously described.36,37 Furthermore, from the observation o
the elastic specular intensity as a function of the azimut
angle, the Ar film was found to grow on Pt~111! in an or-
dered hcp arrangement with minimal addition of defects
to 50 layers.

A well-known method to study isolated molecules in t
condensed phase consists of trapping a small amount o
species of interest into RGS matrix at very low temperatu
This technique has been developed over the past three
cades particularly for the investigation of unstable and v
reactive systems.38 Owing to our method of sample prepar
tion, we choose to isolate O2 in solid films of Ar, which
offers a comparable atomic mass and condensation temp
ture. In practice, 1023 Torr of O2 and 1021 Torr of Ar were
mixed together in the calibrated volume from which a sm
amount (1 – 2031023 Torr) was condensed onto the cryst
held at a temperature of 16 K. The accuracy of the pres
mixture may vary from an experiment to another by abo
620%.
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III. RESULTS

A. Pure solid film of O2

With the present instrument, we reinvestigated electr
induced vibrational and electronic excitation of O2, for the
case of multilayer films of O2 condensed on the Pt~111! sur-
face. We show in Fig. 1 the HREEL spectrum for a 10-lay
film and an incident electron energy of 7.9 eV. The angle
incidenceu0 was set at 10°, the azimuthf0 at 10°, and the
analyzer fixed at 45°. The large peak near zero-energy
corresponds to the electron scattered elastically
quasielastically~i.e., phonon scattering! from the film. The
smaller peaks with a separation of about 0.2 eV are ascr
to the vibrational progression (v51,2,3, . . . ) of the mol-
ecule in its ground stateX3Sg

2 . The peak at 0.98 and 1.1
eV are excitations of thev50 and 1 in the lowest electroni
statea1Dg . The incident electron-energy dependence of
major losses is shown in Fig. 2 for the same film thickne
and scattering angles. Also shown in this figure is the s
tered electron intensity of the inelastic background loca
just before thev51 peak onset atDE50.16 eV along with
that contributing to each energy loss~dashed lines!. Al-
though performed on a single-crystal substrate and for a
ferent scattering geometry, the present excitation functi
are comparable to our former measurements17 with the
maxima having generally the same relative intensities
energies.

The excitation function for thea1Dg(v50) loss in Fig. 2
bears some resemblance to the gas-phase experimenta
theoretical data. The closest similitude is found with the
ergy dependence of the differential cross section measure
90° scattering angle.8 In the present measurement, howev
the 2Pu resonance maximum is found at a slightly low
energy~i.e., 6.8 eV! and the 4-eV feature akin to the wing o
the 2Pg resonance is more shallow. The shift of the res
nance can be mostly accounted for by the electronic po

FIG. 1. High-resolution electron-energy-loss spectrum of a
layer film of O2 condensed on Pt~111! for an incident electron en
ergy of 7.9 eV. The angle of incidenceu0 was set at 10° with the
azimuthf0 at 10° and the analyzerud fixed at 45°.
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ization of the surrounding medium by the anion~i.e., elec-
tronic polarization energy!. A polarization energy value o
1–2 eV is typical of van der Waal solids. On the other ha
the small appearance of the 4-eV feature may be due to
comparison between the gas and the solid not being mad
exactly the same scattering angle. In fact, the angular de
dence of thea 1Dg(v50) gas-phase cross section, whic
exhibits maxima around 0° and 180° along with a sm
hump near 90°, actually goes through a minimum at 12
which corresponds to the present scattering angle.

The vibrational excitation functions of O2 in the solid
phase differ in many respects from the gas-phase res
First, the well-known sharp peaks due to the2Pg resonance,
which dominate the vibrational cross sections up to 3 eV
the gas phase,9 are notoriously absent in the solid phas
Furthermore, as one can see in Fig. 2, the excitation fu
tions for theX 3Sg

2 , v51,2,3 vibrational losses are chara
terized by three broad overlapping bands compared to on
the gas phase. The second band has its maximum at a
6.5 eV in thev51 channel, whereas the third one is foun
around 9.3 eV in thev53. The magnitude of the forme
band, decreases more rapidly than the latter with increa
vibrational number, thus producing an apparent shift of
overall resonance maximum. In analogy with the gas-ph
assignment, the 9.3-eV feature, which is also absent in

-

FIG. 2. Electron impact energy dependence of theX 3Sg
2 , v

50,1,2,3 vibrational, and thea1Dg(v50) electronic loss scattere
intensities from a 10-layer film of O2 condensed on Pt~111!. The
angle of incidenceu0 was set at 10° with the azimuthf0 at 10° and
the analyzerud fixed at 45°. Also shown is the energy dependen
of the inelastic background intensity located just before thev51
loss peak onset atDE50.16 eV along with that contributing to eac
energy-loss profile~dashed lines!.
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a1Dg(v50) excitation function, is ascribed to the4Su
2 tran-

sient anion state. The 6.5 eV feature, which correspond
the energy of the maximum in thea1Dg(v50) excitation
function, is attributed to the2Pu resonance as in our forme
study. This assignment is actually substantiated with the
cent gas-phase9 data where the presence of a weak shoul
at about 8 eV in the vibrational cross sections for high
overtone modes (v56 – 8) agrees with the2Pu resonance
maximum in thea1Dg(v50) channel. Finally, there is in th
vibrational profile of Fig. 2, what seems to have been ov
looked in our former results,17 a shoulderlike feature~i.e.,
first band! around 4 eV. The latter appears to be of the sa
origin as the 4-eV feature observed in thea1Dg(v50) pro-
file in both gas- and solid-phase data. At first glance a vib
tional enhancement within the 2–5 eV incident energy ra
is rather surprising since in the gas phase,9 except for a very
small and continuous signal in thev51 cross section, there
is virtually no intensity in the overtone channels througho
this incident energy range. The presence of this new fea
along with the absence of the sharp peaks at low energ
the solid phase may well be due to the lowering of the2Pg
anion state by the electronic polarization of the surround
medium. For instance, if the2Pg anion potential energy
curve is shifted down with a new location at about 1 e
below theX 3Sg

2 neutral ground state at the equilibrium p
sition in the solid phase; then the resulting energy separa
as a function of the internuclear distance is similar to t
between the same anion state and thea1Dg electronic state in
the gas phase. Hence, in analogy to the excitation mecha
for thea1Dg electronic state in the gas phase, only the hig
energy wing of the2Pg resonance with no sharp structu
would contribute to the vibrational excitation in the sol
phase.

It should be noticed, however, that a contribution from t
S1 transient anion states, which are forbidden by the mir
plane symmetry selection rule in the gas phase~i.e.,
S2

}S1!, cannot be excluded here owing to the loss of
cylindrical symmetry of O2 in the condensed phase. Ev
dence of the relaxation of this rule was originally given
Azria, Parenteau, and Sanche39 from ion kinetic energy and
electron-energy-dependence measurements of the O2 yield
from condensed O2. In contrast to the measurements in t
gas phase, where a single peak assigned to the2Pu reso-
nance is found around 6.5 eV, the condensed phase O2 yield
is showing several features at about 6.5, 8.5, 10.5, and
eV and generally ascribed to2Pu , 2Sg

1(I ), 2Su
1(I ), and

2Sg,u
1 (II ) anion states, respectively.

B. Pure solid film of Ar

We searched for the crystal structure of 10 to 50-la
solid film of Ar deposited on the Pt~111! by monitoring the
LEED patterns for several incident angles and energies.
diffracted spots displayed the hexagonal geometry~i.e.,
threefold crystal axis! expected for a film growth along th
normal to the~111! planes of a fcc single crystal of Ar. Th
diffracted beams were found at exactly the same azimuth
emerged for an incident energy lower than their Pt~111!
counterparts. In Fig. 3, we show the energy depende
~2–14 eV! of the specular elastic reflection~i.e., 00 beam at
to
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u05ud545°! from a 50-layer Ar film as a function of the
azimuthal anglef0 . We note that the profile is the sam
after only af0560° rotation~i.e., sixfold rotation axis! and
shows a mirror symmetry aboutf0530°. As first pointed
out by Woodruff and Holland,40 one may recognize here th
outcome of the time-reversal invariance or the reciproc
theorem.

The reciprocity theorem, which applies in many areas
physics, leads to symmetries over and above those ari
from the mere crystal structure. More specifically in the ca
of a fcc~111! single crystal, the combination of time-revers
symmetry and the threefold axis gives rise to a sixfold sy
metry axis for the 00 beam. The same is true as well in
computation of the specular elastic reflection of the se
infinite Ar~111! crystal, as we previously verified in Ref. 37
Calculations of the 00 beam intensity, which are plotted
Fig. 4~b! of that work, were performed for the same scatt
ing angles and incident energy range as in the present ex
ment. Above 12 eV no correction for the additional abso
tion due to energy losses to electronic excitations w
included. Except for the absence of the sharp peak at 4.7
which develops only aroundf050° and 60°, there is a good
correlation between the calculated and present experime
profiles. Moreover, the overall large specular reflectivity b
low 6 eV with the broad maximum around 5 eV are reaso
ably reproduced.

FIG. 3. Energy dependence of the specular reflection of
incident electron beam~i.e., 00 beam atu05ud545°! from a 50-
layer film of Ar condensed on Pt~111! as a function of the azimutha
orientation of the crystalf0 . We note that the profile is the sam
already after af0560° rotation ~i.e., sixfold rotation axis! and
shows a mirror symmetry aboutf0530°.
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C. Molecules of O2 isolated in an Ar matrix

We investigated solid Ar doped with up to 1.5% of O2
under identical conditions of temperature, deposition ra
and film thicknesses~i.e., 10 to 50 layers! as in the previous
section. The same LEED pattern and specular reflecti
profiles were observed therefore indicating that, for a su
ciently low-impurity concentration, the crystal structure
the matrix film corresponds to that of the pure solid film.

1. High-resolution electron-energy-loss spectra

In Fig. 4, we report the HREEL spectra of a 20-layer fi
of 1% O2 in Ar for different incident energies. The angle o
incidenceu0 was set at 10° and the azimuthf0 at 10° with
the analyzer fixed at 45°. The scattered intensity scale,
though arbitrary in absolute intensity, and the magnificat
factors are the same for all recordings. In all spectra,
large peak near zero energy loss (DE50 eV) corresponds to
the electrons scattered elastically and quasielastically f
the film. The exact peak position and the extent of
energy-loss tail on the right side, which arises essenti
from multiple losses to phonon modes of the matrix~i.e., the
phonon background!, both depend on the incident energ
With an intensity gain of 100, the vibrational progressi
(v51,2, . . . ) of O2 in its ground stateX 3Sg

2 and the lowest
electronic transitiona1Dg at 0.98 eV are easily revealed. Th
weak additional structures appearing in the 0.2–0.4

FIG. 4. Vibrational electron-energy-loss spectra of a 20-la
film of 1% O2 in Ar deposited on Pt~111! for different incident
energiesE0 . The angle of incidenceu0 was set at 10° with the
azimuthf0 at 10° and the analyzerud fixed at 45°. The scattered
intensity scale, although arbitrary in absolute intensity, and
magnification factors are the same for all recordings.
,
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e
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V

energy-loss range of theE052.5 eV spectrum are merely du
to traces of N2 and CO, which both possess extremely lar
vibrational cross sections within 1–3 eV incident energ
The intensity of the O2 vibrational and electronic losses
which are superimposed on the phonon background
strongly dependent on small differences in the incident
ergy as one can immediately see from comparing the spe
at E057.9 eV with that atE057.2 or 9 eV.

2. Excitation functions for different electron-energy losses

To better illustrate the variations in the vibrational exc
tations for differentE0 , we recorded the scattered electro
intensity as a function of the incident energy for a few s
lected energy losses. We display in Fig. 5, for the same
trix and scattering angles as in Fig. 4, the excitation funct
for the elastic peak (DE50 eV) and thev51,2 vibrational
losses. Also shown in this figure is the energy dependenc
the phonon background intensity~i.e., multiple losses to
phonons! at DE50.18 and 0.37 eV, which are located ju
before thev51,2 peak onsets, respectively.

The excitation function for the elastic peak reveals seve
maxima, which either disappear or change position with
angle of incidenceu0 . This can be seen by comparing th
elastic profile measured atu0510° in Fig. 5 with the result
at u0560° and forf0510° in Fig. 6. This is also true upon
changing the azimuthal angles as one can further see f

r

e

FIG. 5. Electron impact energy dependence of the quasiela
peak (DE50 eV) and thev51,2 vibrational losses for a 20-laye
film of 1% O2 in Ar deposited on Pt~111!. The angle of incidence
u0 was set at 10° with the azimuthf0 at 10° and the analyzerud

fixed at 45°. Also shown is the energy dependence of the pho
background intensity~i.e., multiple losses to phonons! at DE
50.18 and 0.37 eV, and which are located just before thev51,2
peak onsets.
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thef050° andf0530° recordings in Fig. 6. This behavio
is attributed to coherent multiple elastic scattering proc
that is also responsible for the LEED features in a we
ordered solid film. Still, the profiles in Fig. 6 bear a rese
blance after af0560° rotation~i.e., sixfold rotation axis!
and show a mirror symmetry aboutf0530°.

In contrast to the O2 results in the gas phase9 as well as in
the pure solid film~Fig. 2!, the excitation functions for the
v51 and 2 vibrational losses in Fig. 5 are much more str
tured with the presence of many narrow features. From c
paring to their respective phonon background excitat
functions atDE50.18 and 0.37 eV, one can ascribe at on
the origin of some of these features to the phonon ba
ground emerging in the vibrational excitation functions. Th
phenomenon is due to the relatively large intensity of
phonon energy-loss tail, which extends from the elastic p
to thev51 loss and beyond. For instance, we estimate fr
Fig. 4 that this energy-loss tail contributes to about 30
~10%! of the v51 ~2! intensity at the incident energy of 7.
eV, and up to;90%~;60%! at both 7.2 and 9.0 eV inciden
energies. It should be noted that this effect is not limited o
to the matrix-film experiment and that the same phenome
can arise in pure molecular film as we found previously
the vibrational HREEL spectroscopy of solid N2.

41 Owing to
the relatively small O2 concentration, the present features
the phonon background excitation functions are almost
same as those observed in pure solid films of Ar.28,29 In the
latter case, we showed28,29 that such energy-dependent fe
tures actually reflects the theoretical30 CB DOS above the

FIG. 6. Electron impact energy dependence of the quasiela
scattered intensity (DE50 eV) from a 20-layer film of 1% O2 in Ar
deposited on Pt~111! for an angle of incidenceu0560° and analysis
ud545° as a function of the azimuthal orientation of the crys
f0 .
s
-
-

-
-

n
e
k-

e
k

y
n

e

vacuum level. Experimentally, a key characteristic of the
CB DOS features is that they grow slowly with the thickne
of the RGS film.29

The vibrational excitation functions in Fig. 5 reveal, b
sides the features related to the phonon background, se
new features: two relatively intense ones at 3.2 and 7.9 e
smaller one at 9.9 eV, and a shoulder at 5 eV. These n
features may be classified asbelonging solelyto a O2 vibra-
tional excitation function~i.e., intrinsic! as opposed to thos
akin to the phonon background~i.e., extrinsic!, which being
merely additive is not truly part of the vibrational scattere
intensity. Except for a relative change in intensity, howev
both the intrinsic and extrinsic features remain at the sa
energy upon increasingu0 . This can be seen from compa
ing the vibrational and phonon excitation functions~labeled
b! pertaining to thev52 mode atu0510° andf0510° in
Fig. 5 to the same ones but recorded foru0560° in Fig. 7. In
the latter figure the azimuthal angle values are exactly
same as for the elastic peak in Fig. 6. It should be furt
mentioned that to avoid spurious charging effects, a differ
azimuthal recording was performed on a new matrix pre
ration, which may admit slight variations in both O2 concen-
tration and film thickness. Bearing in mind these experim
tal limitations, one can see for both thev52 and the phonon
excitation functions about the same characteristic profiles
ter a f0560° rotation and nearly a mirror symmetry abo
f0530°. At first glance this observation may be rather s
prising since, unlike elastic scattering, multiple inelastic sc
tering within an ordered film is an incoherent process and

tic

l

FIG. 7. Electron impact energy dependence of thev52 vibra-
tional scattered intensity and phonon excitation function~labeledb!
from a 20-layer film of 1% O2 in Ar deposited on Pt~111! for an
angle of incidenceu0560° and analysisud545° as a function of
the azimuthal orientation of the crystalf0 .
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such is not expected to be sensitive to crystal orientat
However, as discussed in further details in the next sect
an incoherent process is actually subjected to an entra
(Pen) and then to an exit (Pex) probability at the solid-
vacuum interface for a given scattering geometry. Th
probabilities arise essentially from the specular elastic refl
tion ~i.e., 00 beam! along with the presence of diffracte
beam intensities. Although in generalPen and Pex vary dif-
ferently with the electron energy, their azimuthal depende
is reflecting the same symmetry properties at the surfac
the crystal.

More importantly, the intrinsic features in a vibration
excitation function differ experimentally from the extrins
ones as they grow and saturate more quickly with the th
ness of the film. In Fig. 8, thev52 excitation function is
reported as a function of the film thickness for the sa
geometrical scattering conditions as in Fig. 5. As one
immediately see, the intrinsic features are already vis
within the 4–8-layer range whereas the extrinsic on
emerge only for larger film thicknesses. At 20 layers,
intrinsic features are superimposed on the phonon ba
ground, which under the present energy loss, reflects the
DOS. The features in the phonon background grow stea
with the film thickness, up to about 50 layers, where th
largely dominate the excitation function with an overall i
tensity about twice as large as that at 20 layers.

The incident electron-energy dependence of the net in
sity of the v51 and 2 vibrational loss, resulting from th
subtraction of the corresponding phonon background~Fig.
5!, is shown in Fig. 9~a!. The short vertical bars indicate th

FIG. 8. Electron impact energy dependence of thev52 vibra-
tional scattered intensity from 1% O2 in Ar deposited on Pt~111! as
a function of the film thickness. The angle of incidenceu0 was set
at 10° with the azimuthf0 at 10° and the analyzerud fixed at 45°.
n.
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incident energies at which the HREEL spectra of Fig. 4 w
recorded. Forv52, the resulting curve correlates well to th
excitation function at 8 layers in Fig. 8, where mostly t
intrinsic features can be observed since the CB DOS feat
are still not fully developed. Except for a relative intensi
change, each maximum in Fig. 9~a! is found at the same
energy independently of the incident angle and azimut
orientation of the crystal~cf. Fig. 7!. Such a behavior sug
gests that the maxima arise primarily from an electron sc
tering property that is averaged over various directions
electron propagation within the crystal~i.e., various free-
electron states! and, thus depend on the CB DOS. In Fi
9~b!, we display the CB DOS of solid Ar~Ref. 30! for which
we fixed the bottom of the lowest conduction band at
measured value42 of 0.25 eV above the vacuum level. I
contrast to what we found for the phonon background ex
tation functions, which are proportional to the CB DO
maximain Fig. 9~a! correlates respectively withminima in
the CB DOS.

IV. DISCUSSION

A. Multiple scattering model

Electron propagation in condensed matter occurs via m
tiple elastic and inelastic scattering within and betwe
atomic or molecular sites. For a small concentration of m
ecules isolated in an ordered RGS matrix, this scattering p
cess may be separated for convenience into three parts.

FIG. 9. ~a! Electron impact energy dependence of the nev
51 and 2 vibrational intensities, resulting from the subtraction
the corresponding phonon background, for a 20-layer film of 1%2
in Ar deposited on Pt~111!. The angle of incidenceu0 was set at 10°
with the azimuthf0 at 10° and the analyzerud fixed at 45°. The
short vertical bars indicate the incident energies at which
energy-loss spectra of Fig. 4 were recorded.~b! Conduction-band
density of states~CB DOS! for the fcc structure of solid Ar as
calculated in Ref. 30.
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the coherent multiple elastic scattering within and betwe
matrix sites is implicitly embodied by using Bloch electro
waves inside the solid along with the corresponding tra
mission and reflection probabilities at the boundaries. N
the Bloch electrons are allowed to interact with the m
ecules~i.e., impurities!, defects, and phonons, as distinct co
lision events, by introducing suitable scattering probabiliti
Finally, the subsequent multiple incoherent scattering
folding from the latter individual events is treated as a cl
sical transport phenomena.

1. Coherent multiple elastic scattering

First, let us consider the effect of coherent elastic scat
ing in an ordered solid film. For a pure RGS film the LEE
approach is appropriate and it reduces to the matching o
electron wave function outside the crystal to that of the sa
energy inside.43 Outside and sufficiently far away from th
crystal, we have the incident plane wave, the specular ela
reflection~i.e., 00 beam!, and the diffracted beams~i.e., re-
flected Bragg beams! arising from the periodicity of the sur
face. Inside the crystal the electron, which experiences m
tiple elastic scattering, can be either in a surface or
extended Bloch state~i.e., transmitted 00 and Bragg beam!
whose energyEk as a function of its wave vectork defines
an energy-band structure. The bottom of the lowest cond
tion band atk50 may be found either above or below th
vacuum level and corresponds to the electron affinity of
solid VA . As an immediate effect, the energy threshold
an excitation function within a solid is accordingly located
higher or lower energy than in the gas phase. While
intensity of a diffracted beam requires a full knowledge
the multiple scattering inside the solid, its directions
merely given from the conservation, within a reciprocal s
face lattice vectorg, of the electron momentum parallel t
the surface.

As a consequence of coherent elastic scattering within
crystal, we have the probabilityPen that an incident electron
enters into the solid as a Bloch electron and conversely
probability Pex that a Bloch electron leaves the solid alo
an exit direction~i.e., direction of observation!. The prob-
ability Pen is defined from the sum of the intensity of th
transmitted Bloch waves in the solid. This quantity also c
responds to the complement of the sum of the specular e
tic reflection or the 00 beam and the reflected Bragg be
intensities~i.e., total elastic reflection!. Likewise, the prob-
ability Pex is defined from the sum of the intensity of th
transmitted Bloch waves corresponding to the electron be
‘‘incident’’ along the exit direction~i.e., going backward!,
upon using time-reversal symmetry.40 The probability
Pen(Pex) thus depends on the entrance~exit! angle as well as
the electron energy. Their variation upon the azimuthal o
entation of the crystal is also stronger when the incid
angle is far away from the normal to the surface. In the c
of a fcc ~111! crystal, Pen(Pex) should exhibit in general a
threefold symmetry axis, the same as the total elastic refl
tion. However, if at low energy the specular elastic reflect
turns out to be the only beam present~or significantly larger
than the Bragg beam intensities!, it should results a~quasi!
sixfold symmetry axis for bothPen and Pex. Hence, for in-
coherent collision processes having acylindrical symmetry,
the resulting backscattered intensity measured as a func
n
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of the incident energy should exhibit practically the sam
profile after af0560° azimuthal rotation of the crystal an
a mirror symmetry aboutf0530°. As one can see in Fig. 7
these findings realize quite well for the vibrational and ph
non excitation functions, considering that our measurem
could not be performed under exactly the same experime
conditions as mentioned previously.

2. Bloch electron scattering on impurities, phonons, and defec

For an electron propagating in a conduction band o
RGS ~i.e., Bloch electron! with an energy below the elec
tronic excitation threshold, scattering events occur prima
on phonons and defects. Owing to the small amount of
ergy transferred during each collision, this may also
termed quasielastic scattering. In the presence of O2 impuri-
ties there is, in addition to scattering on more defects, a pr
ability to excite the vibrational and electronic states of t
guest molecules. In formal terms, all these processes are
scribed by introducing the scattering probability per u
length ~SPUL! Q(Ek8 ,k8,Ek ,k) that a Bloch electron ini-
tially in a stateuxk8& of energyEk8 is scattered into a fina
stateuxk& of energyEk . Here, to simplify the notation,k8
andk stand for both the electron wave vector and the ba
index. We note also that the present prototype for the SP
is more suited for a wave vectork(k8) expressed in terms o
its direction along with its length corresponding to the sca
energy variableEk(Ek8). Following the golden rule,44 the
SPUL is given by

Q~Ek8 ,k8,Ek ,k!5@yg~k8!t~Ek8 ,k8,Ek ,k!#21, ~5a!

with

t21~Ek8 ,k8,Ek ,k!

5~2p/\!(
i , f

pi u^xk , f uTu i ,xk8&u
2d~Ek81« i2Ek2« f !.

~5b!

In Eq. ~5a!, t(Ek8 ,k8,Ek ,k) is a relaxation time~i.e., the
time between scattering events!, which depends upon thek8
andk directions, andyg(k)[\21u¹kEku the electron group
velocity. The double summations in Eq.~5b! with the ther-
modynamic probabilitypi of finding the target in the initial
statesui& of energy« i are included here because bothui& and
the final statesuf & of energy« f ~e.g., phonon and vibrationa
states! are not probed as such during an electron scatte
experiment. At very low temperature, since the solid
mostly in its ground state, one may consider that a Blo
electron suffers scattering only toward lower energy sta
Finally, T is the transition operator that includes all electr
scattering mechanisms in the bulk of the solid. Within t
Born approximationT reduces toV, which, in the pure crys-
tal, is simply given by the electron-defect potential a
electron-phonon interaction. However, this approximation
not valid for electron resonant scattering on O2 ~i.e., the for-
mation of transient negative ions!. When an electron attache
on a molecule, hence occupying an empty molecular orb
that may be bonding or antibonding, and then autodetac
the induced vibrational and electronic excitations may
crease by orders of magnitude. Instead in this case,T might
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be separated into a resonant and background~i.e., nonreso-
nant! components, upon applying the projection opera
formalism.45

3. Incoherent multiple elastic and inelastic scattering

The various incoherent multiple elastic and inelastic sc
terings suffered by a Bloch electron in the bulk of a sol
following its entrance and prior to its exit at the film-vacuu
interface, can be described by using the time-independ
Boltzmann transport equation in absence of external field
basic phenomenological approach to this transport probl
when the detail of the angular distribution of the backsc
tered electron intensity is not needed, is to solve the trans
equation for plane-parallel systems in the ‘‘two-stream
approximation.46,47 In this approximation we consider in
stead of Q(Ek8 ,k8,Ek ,k), the simpler quantity,Qt(E
2E8), which represents the angularly integrated SPUL
an electron to lose or gain an energyE82E, with E8 andE
its energy before and after the collision. The possible ang
anisotropy of a scattering event is simply accounted for
splitting Qt(E2E8) into two components by introducing o
a coefficient of angular anisotropyg(E2E8).47 Thus, we
have an anisotropic partQf(E2E8)[g(E2E8)Qt(E
2E8), where scattering only in the forward direction is d
fined, and an isotropic part 2Qr(E2E8)[@12g(E
2E8)#Qt(E2E8), where backward scattering is equal to t
forward one. As a physical interpretation, the isotropic p
th
a
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Qr(E2E8) results from all short-range interactions, whic
include electron resonance processes, whereas the a
tropic part Qf(E2E8) is more akin to long-range interac
tions such as dipole scattering. Assuming that the SPUL
ues are not changing significantly about an initial energyE8,
as it is usually the case forE8 lying within a small energy-
loss rangeE2E8, we showed previously46 that by applying
the Fourier transform with

Qr , f~E2E8!5~1/2p!E
2`

`

dsQr , f~s!exp@2s~E2E8!#,

~6!

to the transport equation, along with appropriate bound
conditions, yields the following expression:

J~E!5~1/2p!E
2`

`

dsI0~s!R~s!exp~2 isE!, ~7!

for the backscattered intensity as a function of the final
ergy E. In this expression,I 0(s) is the Fourier transform of
the incident current energy distribution entering into the fil
It is generally taken to be a unit-normalized Gaussian dis
bution centered atE0 of FWHM equal to the instrumenta
resolution. The termR(s), which is the key quantity here, i
the Fourier transform of the reflected current energy dis
bution from a film of thicknessL and is given explicitly by46
R~s!5
R`~M21/R`!2~1/R`!~M2R`!exp@22«b~s!L~12R`/11R`!#

~M21/R`!2~M2R`!exp@22«b~s!L~12R`/11R`!#
, ~8a!
t is

ized

the
ut

with
vity.
ber
can
se

f

nd
sity

n-
where

R`[R`~s!5
12@122Qr~s!/b~s!#1/2

11@122Qr~s!/b~s!#1/2. ~8b!

The latter expression describes the Fourier transform of
reflected current energy distribution, but in the limit of
semi-infinite film46 @i.e., L→`#. The quantityb(s) is de-
fined fromb(s)[a2Qf(s) wherea is the total SPUL given
by

a[a~E8!5E
2`

`

dEQt~E2E8!. ~9!

The latter, which is also considered constant within a sm
energy-loss range@i.e., a(E)5a(E8)#, corresponds to the
inverse of the total mean free path~MFP! ~i.e.,a[l21!. The
term M is the reflection coefficient of the underlying su
strate and may include elastic as well as inelastic proces
Finally, « is a phenomenological parameter that arises fr
considering an angular average in a stream direction.46

At large film thicknesses~i.e., L@l!, as one can see in
Eq. ~8b!, the electron reflectivity turns out to be independe
of the film thickness, the parameter«, and the nature of the
substrate. Since experimentally an HREEL spectrum is
longer changing with increasing coverage, this limit is alt
e

ll

es.

t

o
-

natively referred to as a thickness saturation regime. Wha
more important and not obviousa priori in looking at Eq.
~8b! is that each SPUL component happens to be normal
to the total SPULa. In other words, in this regime, the
intensity change of an energy-loss feature is not only
result of a variation in the corresponding SPUL value, b
may also be due to a variation in the total SPULa.

At intermediate film thicknesses~i.e., L;l!, Eq. ~8! pre-
dicts the presence of both thickness saturated along
nonsaturated energy-loss features in the electron reflecti
This phenomenon, which results essentially from the num
of scattering events involved in an energy-loss process,
be qualitatively understood with the help of Fig. 10. Suppo
a film of thicknessL within which the incident electrons o
energyE0 @i.e., I (E0)# cascade down to a final energyE with
an average energy loss per collision ofdE, such thatE0
@E02E>dE. For those electrons that enter, scatter, a
then leave the film, thus generating a backscattered inten
J(E), one can define themaximum probed depth,

Lp~E0 ,E![ 1
2 l~E0!~E02E!/dE,

wherel(E0) is the electron MFP, which is considered co
stant only within a small energy-loss rangeE02E aboutE0
@i.e., l(E0)5l(E)#. For a givenl(E0), Lp(E0 ,E) can vary
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greatly with the magnitude ofdE involved in the multiple-
scattering sequence leading to an energy-loss feature aDE
5E02E. For instance,Lp(E0 ,E) is decreasing by more
than one order of magnitude with the leading energy-l
event changing from a phonon excitation atdE;0.01 eV
~caseA in Fig. 10! to thev51 vibrational excitation atdE
;0.2 eV ~caseB in Fig. 10!. Besides,Lp(E0 ,E) is directly
proportional to l(E0). The consequence of a varyin
Lp(E0 ,E) on the backscattered intensityJ(E) for a film of
thicknessL is different whether theA or B limit is effective
along with the corresponding SPUL eventQA or QB , as
illustrated in Fig. 10. In theA limit, where E02E5ndEA

with n@1 and LpA(E0 ,E).L, the backscattered intensit
varies according toJ(E);(L/LpA)I (E0)QA

nL and therefore
in effect asJ(E)}QA

n /l(E0)5QA
na(E0). This may reflect

approximately the CB DOS as shown previously for multip
phonon losses in RGS. In theB limit, where E02E5dEB

and LpB(E0 ,E),L, the backscattered intensity is thickne
saturated withJ(E);I (E0)QBLpB and thus behaves a
J(E)}QBl(E0)5QB /a(E0). Since in this caseJ(E) de-
pends on the ratio of a SPUL value to the total SPULa(E0),
the intensity of an energy-loss maximum may be modula
by a factor that is roughly inversely proportional to the C
DOS.

At small film thicknesses~i.e., L!l!, let us consider the
inelastic reflectivity arising from various single inelast
events but along with coherent multiple elastic scatteri
which is already embodied in the Bloch electron wav
Considering further that the elastic reflectivity of the su

FIG. 10. For those electrons of energyE0 that enter into the film
and cascade down with an average energy loss per collision odE
to a final energyE and then leave the film, one can define amaxi-
mum probed depthfor the backscattered intensityJ(E), given by
Lp(E0 ,E)[1/2l(E0)(E02E)/dE, where l(E0) is the electron
mean-free path considered constant within a small energy-
rangeE02E aboutE0 . The consequence of a varyingLp(E0 ,E) on
the backscattered intensityJ(E) for a film of thicknessL is different
whether theA or B limit is effective along with the correspondin
SPUL eventQA or QB .
s

d

,
.
-

strateMe is much larger than that of the semi-infinite film
R`e , Eq. ~8a! can be reduced to

RL→0~s!>Me1«Qri ~s!L1Me2«Qri ~s!L1Me2«Qf i~s!L.
~10!

In this expression, the second term on the right-hand sid
the inelastic contribution originating directly from the film
Only the isotropic SPUL component,Qri (s), is present here
owing to the backscattering geometry. The following tw
terms account for the inelastic contributions that are me
ated by the elastic reflection from the substrate. Both iso
pic and anisotropic SPUL components,Qri (s) and Qf i(s),
multiplied by the substrate reflectivityMe are contributing.
The factor two merely accounts for the electron path be
twice that of the direct contribution. Therefore, the inelas
reflectivity, though it depends somewhat upon the nature
the substrate, is on the whole directly proportional to t
SPUL values as well as the thickness of the film.

Attributing the relative intensity change of the intrins
features for different scattering angles to the entrancePen
and exitPex probabilities and looking at Eqs.~8! and ~10!,
the correlation between the intrinsic features and the inve
of the CB DOS may be twofold in principle. First, such
correlation may be traced back to variations in the individ
vibrational SPUL, Qt(E2E8). Under electron resonanc
condition, the vibrational excitation is dependent on the re
nance lifetime, which in turn varies with the inverse of th
CB DOS of the host medium, as described by Eq.~4!. Sec-
ond, as suggested qualitatively by the concept of the m
mum probed depth in the caseB, it may as well be due to
variations in the electron transport property, which under
thickness saturation regime depends upon the MFP or
inverse of the total SPULa(E0).

B. Variation of the resonant scattering probability

The presence of features akin to the CB DOS in a re
nant vibrational excitation function is expected from t
semiclassical model with the transfer of energy to the nu
given by Eq. ~4!. As such, this formula illustrates that
significant energy absorbed by the nuclei and thus the p
ence of a vibrational progression in a HREEL spectrum
not necessarily the result of a long-lived transient anion st
as it is often thought to be the case, but may also occur in
case of a relatively short-lived anion state provided tha
sufficiently large vibrational coupling strength@i.e., Fr(R)
5dVr(R)/dR# exists. Taking the slope of4Su

2 anion poten-
tial energy curve at a resonance energy of 9 eV along w
the energy widthG of 3.4 eV, as obtained by Noble an
Burke13 from R-matrix method, we calculate that an ener
as large as 0.1 eV can be imparted to the nuclei.31 Since in
effect the energy of the resonance depends upon the inte
clear distance, i.e.,Er(R)5Vr(R)2VG(R), the same applies
over the resonance energy range of about 10 eV owing
sentially to the overlap of the nuclear wave function of t
transient anion with that of the ground state~i.e., Franck-
Condon factor!. Alternatively, this energy range can be se
as the result of resonant scattering events taking rand
snapshots of a molecule whose resonance energy fluctu
due to the nuclear motion about the equilibrium position
the ground state. In absence of potential energy curve cr

ss
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ings within the Franck-Condon region, the factorFr(R) in
Eq. ~4! varies slowly as a function of the internuclear d
tanceR. More importantly, as the transient anion potent
energy curveVr(R) is, in a first approximation, only slightly
and rigidly shifted down by the polarization of the surroun
ing medium,Fr(R), which is derived from it, is virtually the
same in both gas and condensed phase. On the contrary
lifetime of the resonancet@Er(R)#, whose inverse is explic
itly given by

t21@Er~R!#>~2p/\!uVd,Er
u2D@Er~R!#,

@cf. Eq. ~2!# is directly linked to the CB DOS of the hos
medium, i.e.,D@Er(R)#. The remaining factor, which con
tains the matrix element responsible for the decayVd,Er

, is
akin to a tunneling effect. More specifically for a spherica
symmetric target, it arises from the electron penetrat
through the centrifugal barrier and yields essentially a m
notonous behavior in energy.48 Owing to its relatively short-
range character, it is also not expected to change sig
cantly on going from the gas to the condensed pha
Consequently, the amount of energy transferred to the nu
@c.f., Eq.~4!# and thus theexcitation of overtonesalong with
their vibrational scattering probabilities vary, via the modi
cation of the resonance lifetime, according to theoppositeof
the CB DOS of the host medium. It should be further n
ticed, that higher is an overtone, the more sensitive it is t
change in the resonance lifetime. This is verified experim
tally in Fig. 4 from comparing, for instance, the extent of t
vibrational progression in the HREEL spectrum atE057.9
with that at 7.2 eV or the one observed atE055 with that at
4 eV. More generally, the strongest variation should
found in the case of molecules embedded in ordered solid
crystals provided that, before and after the formation o
transient anion state, the electron propagates within a w
defined energy-band structure.

C. Variation of the electron transport property

The effect of the variation in the electron transport pro
erty, which is qualitatively explained with the idea of th
maximum probed depthin the A and B limit, can be more
exactly illustrated by calculating the backscattered inten
J(E) from a 20-layer film of 1% O2 in Ar with the two-
stream approximation. In relation to the caseA, let Qt,A(E
2E8)/a(E) be a normalized electron SPUL for phonon e
citations that follows approximately the phonon frequen
distribution in solid Ar, as shown in Fig. 11~a!, with a con-
stant coefficient of angular anisotropygA(E2E8) of 0.5.
The elastic reflectivity of the underlying substrateMe is
fixed at 0.3 and for simplicity« is taken equal to one. I
should be mentioned that these parameters are the sam
those used to explain the CB DOS effects in the pure s
film of Ar.28 In connection to the caseB, let us consider
along with these parameters, a small O2 concentration with a
constant isotropic electron SPULQt,B(E2E8). The latter is
simply chosen to follow the relative values of the gas-ph
electron scattering cross sections for the vibratio
X 3Sg

2(v50,1,2,3,4,5,6) and electronica1Dg(v50) excita-
tions at an impact energy of about 9 eV, as shown in Tab
l
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Using Eqs.~7! and ~8! with I 0(s) the incident current
energy distribution centered aroundE0 and having a FWHM
equal to the instrumental resolution~i.e., 15 meV!, we show
in Fig. 11~b! the calculated backscattered intensityJ(E)
from a 20-layer film as a function of the energy lossDE
5E02E for two different values of the dimensionless p
rametera(E0)L. With the above choice of parameters, t
elastic, phonon background, vibrational progression, a
electronic intensities are close to what is observed exp
mentally for the same film thickness and intensity gain~Fig.
4!. The calculated energy-loss tail, which is due to multip
scattering on phonons, increases witha(E0)L as in the case
of pure solid film of Ar.28 On the contrary, the superimpose
features, which are essentially due tosingle vibrational- or
electronic-loss events on O2 in the matrix, are attenuated o
the whole witha(E0)L.

Taking the same fixed parameters, we present in Fig.
the variation ofJ(E) for the elastic peak atDE50 eV, the
v51,2 vibrational losses along with the phonon backgrou
at DE50.18 and 0.37 eV as a function ofa(E0)L. Here, the
value of a(E0) is practically the total SPUL for phonon
excitations since the relatively small and fixed~i.e., ;1.3
31022 layer21! contribution from the O2 molecules. The
trend in the multiplication factors follows the inverse of th
vibrational SPUL values~Table I!. The calculated intensity
of the elastic peak~solid line! is the same over most of th

FIG. 11. ~a! Normalized electron scattering probability per un
length Qt(E2E)/a(E) for elastic scattering and phonon excit
tions, which follows approximately the phonon frequency distrib
tion in solid Ar, used in the two-stream model to generate in~b! the
backscattered energy-loss distributionJ(E) from a 20-layer film of
1% O2 in Ar for two different values of the dimensionless variab
a(E0)L.
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TABLE I. Angularly integrated electron scattering probability per unit lengthQt,B(1023 layer21) for the
excitations of the vibrationalX 3Sg

2 (v50,1,2,3,4,5,6) and electronica1Dg (v50) modes of O2 isolated in
an Ar matrix~1% volume!. hn ~meV! is the excitation energy of a mode. TheQt,B values follow approxi-
mately the corresponding gas-phase cross sections at an incident electron energy of 9 eV.

X 3Sg
2

a 1Dg

v50v50 v51 v52 v53 v54 v55 v56

hn 0 190 380 570 760 950 1130 980
Qt,B 10 1 0.5 0.25 0.125 0.063 0.04 0.375
th
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a(E0)L range. This can be understood qualitatively since
elastic SPUL of solid Ar augments proportionally wi
a(E0) while themaximum probed depthdecreases accordin
to the inverse ofa(E0) @i.e., l(E0)#, thus making the result
ing backscattered intensity unchanged. Each phonon b
ground intensities atDE50.18 and 0.37 eV~dashed lines!
increases witha(E0)L up to a saturation point beyond whic
it becomes practically constant. The saturation point in e
case corresponds to the value of the maximum probed de
LpA5 1

2 l(E0)DE/dE, being about equal to the present fil
thickness~L520 layers!. Hence, provided that the film thick
ness is appropriate, the phonon background intensity can
flect variations in the total SPULa(E0) and therefore,
D(E0), as in the pure Ar case.28 The calculated intensitie
for v51 and 2 vibrations~solid lines! exhibit a shallow
minimum with a rise in magnitude for small value o
a(E0)L. For large value ofa(E0)L, both vibrational
energy-loss intensities follow the same general trend as t
respective phonon background, since each of them turns
to be a relatively small quantity superimposed on the lat
However, the net vibrational energy-loss intensity, result
from the subtraction of the corresponding phonon ba
ground, varies essentially according to the common fac
1/a(E0). This is directly apparent in Fig. 12 from the mer
ing of the vibrational curves

FIG. 12. Backscattered intensityJ(E) for the elastic peak (DE
50 eV), thev51,2 vibrational losses along with their correspon
ing phonon background at the energy lossesDE50.18 and 0.37 eV
for a 20-layer film of 1% O2 in Ar as a function of the dimension
less variablea(E0)L. The net backscattered intensityJ(E) for the
overtonev54 results from the subtraction of its correspondi
phonon background.
e
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h
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ut
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at small a(E0)L values where the phonon background
negligible. The same factor is found for the net intensity
the higher overtones~e.g., v54 in Fig. 12! as well as the
electronic energy loss. This common behavior, which
consider to be the key observation here, merely stems f
the fact that fora(E0)L>0.5, we haveLpB<L520 layers.
Under this condition, allsingleenergy-loss contributions ar
already thickness saturated and hence subjected to the S
ratio as mentioned previously in connection with Eq.~8!.

In Fig. 12, the two vertical-dotted lines, at which th
energy-loss calculations in Fig. 11~b! were performed, define
the typical range ofa(E0)L that can explain the phono
background features observed experimentally at 20 lay
Within these boundaries, the calculated intensities forDE
50.18 and 0.37 eV vary from about 10% and 5%~i.e., low
limit ! up to a maximum of about 90% and 50%~i.e., high
limit !, respectively, of their saturated value at the right e
of the figure. The latter behavior is observed experimenta
in Fig. 8, where the intensity of the feature due to the phon
background around 6.8 eV within thev52 profile reaches a
20 layers about 50% of its value at 50 layer, which is close
the saturation. Between the same two limits, the net inte
ties of the vibrational and electronic energy losses are ca
lated to vary altogether by a factor of up to about three. A
result, besides the maximum due to multiple scattering
phonon for large value ofa(E0)L, a small maximum is ex-
pected in the vibrational scattered intensity whenever a m
mum occur in the phonon background. The latter maxim
is more specifically considered asintrinsic since it belongs
solely to the vibrational intensity whereas the former, bei
merely additive, is classified asextrinsic. Given an energy-
loss value and a film thicknessL, the relative amplitude be
tween both maxima depends essentially upon the lower
upper value reached by the total SPULa(E0). For example
in Figs. 11~b! and 12, the value ofJ(E) for v52 at the low
limit is about the same as that at the high limit, whereas
value ofJ(E) for v51 at the low limit, which is a factor of
two larger than in thev52 case, is relatively much smalle
than its high limit value. Assuming that the vibrational an
electronic SPUL values are constant, the net inten
changes due to variation ofa(E0) between the two presen
limits is found to be the same, regardless whether the ine
tic events arise from resonant or nonresonant scattering
the other hand, the observation of distinct intensity chan
among the energy losses, such as selective vibrational e
tations, can only be attributed to variations in the cor
sponding SPUL value. For instance in the HREEL spectr
of Fig. 4, thev53,4,5 overtones atE057.9 eV, which com-
pare in intensity to thea1Dg electronic loss, have almos
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disappeared atE057.2 eV whereas the electronic loss is on
slightly attenuated. The same effect is also observed in go
from E055 to 4 eV with the electronic intensity being alike

V. CONCLUSION

Definitive identification of an electron resonance in t
condensed phase must involve analysis beyond the obs
tion of selective vibrational and electronic excitations as w
as the presence of a strong variation with the impact ene
in the corresponding excitation functions, as in the gas ph
In the condensed phase, multiple elastic, and inelastic e
tron scattering may yield additional features within an ex
tation function. The present work dealt more specifica
with the changes that occur in the electron-induced vib
tional excitation of a matrix-isolated molecule and that a
due to variations in the CB DOS of the host medium. As
experimental model, we chose to study O2 isolated in an
ordered Ar matrix.

Growth of an Ar film on the Pt~111! at 16 K is highly
ordered up to at least 50 layers and proceeds along the
mal to the~111! planes of the fcc single crystal of Ar. Th
crystal structure and the CB DOS of the Ar-matrix film wi
1% volume of O2 are not much different from that of th
pure solid. The scattered electron intensities correspon
to vibrational excitations of the matrix-isolated molecule e
hibit a strong incident energy dependence with two differ
contributions, which can be classified either as extrinsic
intrinsic features. Except for a relative change in intens
all these features remain essentially at the same energ
different scattering angles. The relative change in intensit
attributed to the angular dependence of the electron entr
Pen and exitPex probabilities at the crystal-vacuum interfac
th
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The extrinsic features arise from the energy dependenc
the superimposed multiple-scattering phonon backgro
that reflects the CB DOS of the host medium. The intrin
features, which differ from the extrinsic ones as they gr
and saturate more quickly with the thickness of the fil
correspond to a modulation of the vibrational scattered int
sities as a function of the incident energy. The origin of th
modulation is further shown to be twofold. It can result fro
the variation in the individual vibrational SPUL owing t
changes of the resonance lifetime, which follows the inve
of the CB DOS of the surrounding medium. The higher ov
tone or combination vibrations, which correspond to lar
energy transfers to the nuclei, are the most sensitive mo
to a change in the resonance lifetime. Modulation of t
vibrational and electronic loss intensities can also be cau
by the variation in the electron transport property or MF
which under a thickness saturation regime may follow
inverse of the CB DOS. However, as shown by multip
scattering model calculations, such a variation can only
count for a common and limited modulation.

As a final remark, one may expect in the presence
strong coupling to phonons that variations in the CB DO
should be reflected in the energy dependence of
multiphonon-loss signal similar to the case of vibrational e
citation. With increasing anion lifetime, a larger lattice di
tortion results and thus an increase of energy loss to m
tiphonon excitations of the crystal after the decay of t
resonance.
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