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The role of the conduction-band density of staie8 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,@mbedded in an Ar matrix, since,@ 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 isolateg éxhibit 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.[S0163-18209)02324-3

. INTRODUCTION electronic excitations of by electron impact. Within the
0-3 eV range, the vibrational cross sections of i@ the
During the last three decades, electron resonant scatterinffound state are dominated by a series of sharp peaks due to
or the formation of transient anion states has been considergfe |ong lifetime and spin-orbit splitting of theZHg
to be the key mechanism responsible for strong vibrationatesonancé.Above 5 eV, the cross sections are characterized
excitations of molecules as well as dissociative electron atby a broad band centered around ggeyevera| anion states
tachment reactions induced by low-energy electrons in bothejated to the(...lqru“lwg 23¢,) electronic configuration
gas—® and condensed phase experiménfsAn electron have been calculated to lie within this energy ratfye.
resonance occurs whenever an incident electron is capturgtmong these, the short-livedS ; anion state, which as a
into an empty orbital of an atom or a molecule during a timeqyartet may only decay into the triplet ground state and thus
longer than the normal scattering time. Electron resonancegot expected to be seen in the singlet statesg.,
are classified into two major categories: single particle ory 1Aq,b 125), is the generally accepted candidate respon-
shape resonances, which consist of an incident electrogiple for the vibrational enhancement. For the lowest elec-
trapped by a molecule in its ground state and two-particlgronic statea’A,(v=0) both theoretical and experimental
one-hole or core-excited resonances, which consist of an infata indicate a gradual rise above threshold forming a broad
cident electron trapped by a molecule in an excited stat®and around 4 eV, which according to the thédig due to
(e.g., the parent stateElectron trapping below or above the the high-energy wing of the |0W-|yin@---177u41773), ZHg
energy of the parent state is referred to as a Feshbach orrgsonance. This feature is followed at about 8 eV by a broad
core-excited shape resonance, respectivelypical life-  peak with a high energy tail, which is predicted by theory to
times of core-excited resonance are 1Vto 10" *°s; those  originate from the(...1m,*11y), ?II, resonance. The latter
of shape resonances about 3to 107 1°s. In the short- resonance, being relatively long lived, is also responsible for
lifetime limit, we may have an efficient displacement of the the dissociative electron attachment process around 6% eV.
nuclei prior to autodetachment and decay into a vibrationally Former HREEL measurements performed in this
excited ground or electronic state of the molecule. For Iongelaborator)}7 showed that vibrational and electronic excita-
lifetimes and repulsive anion states, we may have dissocidions of multilayer films of @ condensed on a polycrystal-
tion of the molecule into a negatively charged and one otine niobium substrate exhibited, as a function of the electron
more neutral fragments. impact energy(i.e., excitation functions broad resonances
In gas-phase high-resolution electron-energy-lossakin to those seen previously in the gas phHdskhe lowest
(HREEL) spectroscopy, electron resonances are indicated bglectronic Stat&ilAg(UIO), which lies at an energy loss
the selective excitation of vibrational modes, as well asclose to thev=4 (i.e., ~1 eV), was found to have a reso-
strong variation in the incident energy dependence of th@ance maximum around 7 eV followed by a high-energy tail.
corresponding scattered electron intensities., excitation From the comparison with the gas-phase data, this resonance
functions. Recent advances in the measurement of electrowas then attributed primarily to th&1,, transient anion state
scattering cross sections in the gas pfa<along with the  whose potential energy curve is crossing the Franck-Condon
availability of more elaborate theoretical calculatibhd®  region within the incident energy range 6—8 eV. The sharp
proved to be profitable in understanding the vibrational andeatures seen at low energy in the gas-phase vibrational cross
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sections, and which are due to tﬁHg resonance, were not As such, the amplitude of the vibrational excitation or the
observed in the condensed phase. While in the gas-phageobability of overtone excitations, is connected to the en-
vibrational cross sections, the resonance maximum above &gy imparted to the nuclei Ty . In the short capture-time
eV did not vary with the exit vibrational channel, the energylimit, ATy can be calculated from the classical work done
at which the maximum vibrational enhancement occurred irwhile the molecule evolves along the shifted anion potential
the condensed phase appeared to shift from about 6 eV in trenergy curve/,(R) =V4(R) +A[E,(R)] from an initial (R;)
v=1 up to 9.8 eV in thar=4 channel of th@(32§ state. to afinal (R) nuclear coordinate. Assuming for simplicity, a
This apparent shift of the resonance maximum with increaszero initial nuclear velocity from the ground electronic state,
ing v was attributed to a change in the admixture betweera small nuclear displacement in the anion state with a con-
the above?Il,, transient anion state and the short-liv&¥l,  stant forceF (R;)=F (R;)=dV,(R)/dR]; and a fixed life-
anion state, whose potential curve is crossing the Franckime m{E,(R;)]=E(R¢)], we readily obtain

Condon region within the 8—12 eV range. Similarly to the

gas phase, the latter resonance was not expected to decay ATNE(ZMred)*lFrz(Ri)fz[Er(Ri)], 4
into the electronic channeilAg.

In formal terms, an electron resonance is described as whereM 4 is the reduced mass of the molecule correspond-
discrete state embedded in a free-electron contintiuBy ~ ing to the nuclear coordinate. The energy imparted to the
virtue of its coupling with that continuum, each discrete statenuclei ATy is thus a combination of two factors: the strength
of energyeq is shifted in energy by a small valuk and  of the resonant vibrational couplirig(R) and the resonance
acquires an energy width=#/7, where 7 corresponds to lifetime 7 E,(R)]. The former factor, which is derived from
the lifetime of the resonand@?® More specifically, in the the potential energy curvéy(R), describes the response of
case of a diatomic molecule wifR as the internuclear coor- the nuclei when the electron is mostly localized on the mol-
dinate, a transient anion state is simply described in the fixedcule. The latter factor, which is connected to the density of
nuclei limi??2by an energy- an®-dependent complex po- statesD(E) [cf. Eq. (2)], is particularly sensitive to the be-
tential as havior of the electron outside the target and hence, to the

host medium.
Vop( REE)=Vy(R)=A(E) - 3iT(E), ) In the gas phasé.e., vacuun, the energy dependence of
D(E) has a monotonous behavior. The same is not true in
the condensed phase especially when the electron wave-
length is of the same order of magnitude as distance between
the scatterers. More specifically in an ordered solid, a propa-
b gating electron, which experiences multiple elastic scatter-
y ings, becomes a Bloch electron whose endtgyas a func-
tion of its wave vectok defines an energy-band structéfe.
T(E)=#/7(E)=27>, |Vq|?8(E—E)=27|V4e|?D(E), The conduction-band density of stat@B DOS is defined
k whenever a quantity that depends on the electron wave vec-
(2 tor throughE, is averaged over all directions &2* The
whereV , is the coupling matrix element responsible for the €N€r9Y dependence of the CB DOS differs substantially from
decay ancE, the energy of the free-electron continuum. Un- solid to solid and usually present; pronpunced variations
der sufficiently small variations of the matrix element with Compared to the monotonous behavior of its gas-phase coun-
the wave vectok, the density of free-electron stategE) ~ terpart. The CB DOS is best understood theoretitalind
appears explicitly with the summation over3 experlmentallfr6' in large band-gap matgnals such as rare

The origin of the vibrational excitation can be rationalized gaszgggd(RGS. In the case of pure solid films of Ar, Kr, and
with the following semiclassical considerations. Defining theX® . We found that the energy dependence of the energy-
resonant transiton energy according  toE,(R) loss intensity arising from multiple scattering on phonons
=ReVy,{R,E/(R)]-V(R), one may further reduce and defects can virtually reproduce the CB DOS up to about

: 14 eV above the vacuum level, as calculated by Bacalis
V.o R,E) to anR-only dependent complex potential - 30 ’
opl(R/E) y aep piexp Papaconstantopoulos, and Pickétt.

Vopt(R)=Vd(R)+A[Er(R)]—%iF[Er(R)]. 3) In this paper, we extend our recent Warkvhe_re.the ef- '

fect of the CB DOS on the electron resonance lifetime and its
SinceVyp{R) —Vs(R) is usually not constant, the energy of impact on the energy deposited in a molecule was reported.
a resonance can be seen to be, in effect, tunable with a smalfe proposed to monitor the deposited energy by looking at
change of the internuclear distan®e The available energy the electron-induced vibrational excitations of a molecular
range is essentially limited by the overlap of the nucleartarget isolated in a host medium that offers a free-electron
wave function of the transient anion with that of the groundcontinuum different from the vacuum. As an experimental
state(i.e., the Franck-Condon facjorAlternatively, this en- model, we chose to embed, @ an ordered solid Ar matrix,
ergy range can be seen as the result of resonant scatterisgnce Q in the gas phase offers smooth vibrational cross
events taking random snapshots of a molecule whose resgections arising from the relatively short-livett, anion
nance energy fluctuates due to the nuclear motion about thetate, which covers most of energy range where the CB DOS
equilibrium position in the ground state. In the case of theof solid Ar is known. In the present work, we first investigate
4EJ anion state of @ the energy range can be as large asthe incident energy dependence of the vibrational and elec-
10 eV. tronic excitations of a multilayer solid film of Ocondensed

whereVy(R)=¢4(R) + V¢(R) is the potential energy curve
of the discrete statds=E;—Vg(R) is the kinetic energy of

the scattered electron with; the total energy of the system.
The electronic decay width functidn(E) is given explicitly



15482 M. MICHAUD, M. LEPAGE, AND L. SANCHE PRB 59

on the P111) substrate. This is followed by a study of the maintained at a base pressure of 80~ Torr by the com-
crystal structure of the pure and-@oped solid films of Ar - pined action of an ion pump and a liquid;Mooled titanium
deposited under the same conditions. Then, the vibrationa)yplimation pump.

HREEL spectroscopy of matrix isolated, @ presented as a

function of the incident energy for different scattering angles

and matrix-film thicknesses. Using a simple Boltzmann-type B. Samples preparation
multiple-scattering analysis, the experimental results are dis- - , , )
cussed in connection to changes in the electron scattering 1 1€ Samples initially prepared in a gas-handling manifold
cross section and electron-transport property. The vibration&i'€ condensed from the gas or vapor phase onto(H Bt
excitation function are separated into two phenomenologica$ingle crystal(Johnson and Mattheyattached on a low-
contributions:(a) an extrinsic contribution identified merely temperature sample manipulator. The latter, which has been
as an energy-dependent superimposed phonon backgrourftgscribed in details previousty allows cooling to 16 K and
which follows the variation in the CB DOS of the host me- heating up to 1100 K, as well as100° azimuthal rotation,
dium, and(b) an intrinsic contribution that manifests as a 50° flip, and+0.5-cmX, Y, andZ translations of the sample.
modulation of the scattered intensities with incident energyThe gas-handling manifold consists of two different sources
which correlates to thmverseof the CB DOS. The origin of connected to a small calibrated volume through bypass and
the latter contribution is further shown to be essentially two-precision-leak valves. This volume is connected via an ad-
fold. First, under electron resonant scattering conditionsmission valve to a capillary having an opening located close
changes in the electron scattering cross section is observed @sthe crystal. The crystal was cleaned by sequences of sput-
distinct intensity changes among the energy losses, such @ring with Ar" ions followed by annealing and heating in
selective vibrational excitations. This is shown to result morghe presence of oxygen at about 900 K. These treatments
specifically from changes in the resonance lifetife, life-  gave HREEL spectra free from vibrational energy losses due
time of an isolated anion spegidue to variations in the CB 5 contaminating atoms or molecules. The crystal could be

DOS of the host medium. Second, at sufficient high-filmg, 1her characterized from the observation of LEED thresh-

th'Ckn?SS' the electron transport property is found to pe "®51d interference structures present in the energy dependence
sponsible for a common and limited modulation of the vibra-

tional scattered intensities that may follow the inverse of themc thoe 34speculg ' bgam mtensn(y.e._, 00 beam atfo= 0y .
CB DOS. =45°).”" Its orientation was determined from the energy dis-
persion of the threshold interference structures as a function
of the incident azimuthal angl¢, along with the intensity of
Il. EXPERIMENT the emerging diffracted beam3Because of the symmetry
A. Apparatus seen in the present experiment, the azimuthal angle was lim-

. ited to the range 0% ¢y=<60°, where emergen f th
The electron-scattering measurements were performe 9 o gence ot the

with an improved HREEL spectrometer of the type previ-(10) and (09 beams occurs. _
ously describe®} and that consists of two hemispherical The G and Ar gases were supplied by Matheson of
electrostatic energy selectofise., monochromator and ana- Canada Ltd. with a stated purity of 99.998% and 99.9995%,
lyzer). The angle of incidencé, of the monochromator can respectively. The purity of the leaked gases was monitored
be varied between 8° and 90° from the normal to the samplddy & quadrupole mass spectrome(@+200 amui facing the
The angle of analysig, of the analyzer is fixed at 45° at the crystal. The thickness of the deposited film or the number of
opposite azimuth. Double-zoom electron lenses at the exit agfondensed layers was estimated-di0% from the calibrated
the monochromator and at the entrance of the analyzer we@mount of gas needed to deposit a monolayer, assuming no
adjusted so as to allow the recording of an excitation funcchange of the sticking coefficient for the adlayers, as previ-
tion over the widest possible incident energy rarigey., ously described®3’ Furthermore, from the observation of
1-19 eV allowing minimal variation in the transmission of the elastic specular intensity as a function of the azimuthal
the instrument. In the present experiment, the combinedngle, the Ar film was found to grow on @11 in an or-
resolution of the selectors was set at 15 meV full width atdered hcp arrangement with minimal addition of defects up
half maximum (FWHM) for a current of 0.3 nA on the to 50 layers.
sample. The incident electron enerdsy was calibrated A well-known method to study isolated molecules in the
within =0.1 eV with respect to the vacuum level by measur-condensed phase consists of trapping a small amount of the
ing the threshold of the electron current transmitted througlspecies of interest into RGS matrix at very low temperature.
the samples. Sample charging or decomposition could be dghis technique has been developed over the past three de-
tected from comparing the spectra recorded at different timeades particularly for the investigation of unstable and very
intervals. reactive system&, Owing to our method of sample prepara-
The apparatus is also equipped with a reflection hightion, we choose to isolate On solid films of Ar, which
energy electron diffractioRHEED) gun (Kimball Physics, offers a comparable atomic mass and condensation tempera-
which aims the sample at a glancing incidence, and dure. In practice, 10° Torr of O, and 10 Torr of Ar were
resistive-anode imaging detect@urface SciencesThe lat-  mixed together in the calibrated volume from which a small
ter can be positioned to collect either the RHEED image omamount (1-2& 10 3 Torr) was condensed onto the crystal
the low-energy electron diffractiofLEED) pattern for an held at a temperature of 16 K. The accuracy of the present
energy just above the emergence of the diffracted beams imixture may vary from an experiment to another by about
vacuum. The whole system is housed into an UHV chamber-20%.
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FIG. 1. High-resolution electron-energy-loss spectrum of a 10-
layer film of O, condensed on Pt11) for an incident electron en-
ergy of 7.9 eV. The angle of incidenag was set at 10° with the
azimuth ¢ at 10° and the analyzet, fixed at 45°.
0 2 4 6 8 10 12 14
lll. RESULTS ELECTRON ENERGY (eV)
A. Pure solid film of O FIG. 2. Electron impact energy dependence of ¥i&, , v

With the present instrument, we reinvestigated electron= 0,1,2,3 vibrational, and thelAg(v=0) electronic loss scattered
induced vibrational and electronic excitation of,Gor the ~ intensities from a 10-layer film of Hcondensed on P11). The
case of multilayer films of @condensed on the @tL1) sur- angle of |nC|den_ceaO was set at 10° with the azimutp, at 10° and
face. We show in Fig. 1 the HREEL spectrum for a 10-Iayerthe anquzereq fixed at 45°. Also shown is the energy dependence
film and an incident electron energy of 7.9 eV. The angle of’! the inelastic background intensity located just before thel
incidenced, was set at 10°, the azimut, at 10°, and the loss peak 0nset9&E=0.16 e_zV along with that contributing to each
analyzer fixed at 45°. The large peak near zero-energy Ios(':‘snergy'IOSS profilédashed lines
corresponds to the electron scattered elastically and
quasielastically(i.e., phonon scatteringrom the film. The ization of the surrounding medium by the anigre., elec-
smaller peaks with a separation of about 0.2 eV are ascribettionic polarization energy A polarization energy value of
to the vibrational progressiorw&1,2,3...) of themol-  1-2 eV is typical of van der Waal solids. On the other hand,
ecule in its ground stat¥®S ;. The peak at 0.98 and 1.18 the small appearance of the 4-eV feature may be due to the
eV are excitations of the=0 and 1 in the lowest electronic comparison between the gas and the solid not being made at
statea’A . The incident electron-energy dependence of theexactly the same scattering angle. In fact, the angular depen-
major losses is shown in Fig. 2 for the same film thicknesglence of thea 'Ay(v=0) gas-phase cross section, which
and scattering angles. Also shown in this figure is the scatexhibits maxima around 0° and 180° along with a small
tered electron intensity of the inelastic background locatediump near 90°, actually goes through a minimum at 125°,
just before they=1 peak onset aAE=0.16 eV along with Which corresponds to the present scattering angle.
that contributing to each energy logdashed lines Al- The vibrational excitation functions of On the solid
though performed on a single-crystal substrate and for a difPhase differ in many respects from the gas-phase results.
ferent scattering geometry, the present excitation function&irst, the well-known sharp peaks due to fHié, resonance,
are comparable to our former measuremEntsith the  which dominate the vibrational cross sections up to 3 eV in
maxima having generally the same relative intensities anéhe gas phasgare notoriously absent in the solid phase.
energies. Furthermore, as one can see in Fig. 2, the excitation func-

The excitation function for tha'A4(v=0) loss in Fig. 2  tions for theX 3% 4, v=1,2,3 vibrational losses are charac-
bears some resemblance to the gas-phase experimental drdzed by three broad overlapping bands compared to one in
theoretical data. The closest similitude is found with the enthe gas phase. The second band has its maximum at about
ergy dependence of the differential cross section measured &t5 eV in thev=1 channel, whereas the third one is found
90° scattering anglelIn the present measurement, however,around 9.3 eV in they=3. The magnitude of the former
the 21, resonance maximum is found at a slightly lower band, decreases more rapidly than the latter with increasing
energy(i.e., 6.8 eV and the 4-eV feature akin to the wing of vibrational number, thus producing an apparent shift of the
the 2Hg resonance is more shallow. The shift of the reso-overall resonance maximum. In analogy with the gas-phase
nance can be mostly accounted for by the electronic polarassignment, the 9.3-eV feature, which is also absent in the
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alA,(v=0) excitation function, is ascribed to td& | tran- [ T T T A T
sien% anion state. The 6.5 eV feature, which corruesponds to Ar(30 Iay?rs)lPt(1o11)
the energy of the maximum in the*A,(v=0) excitation 0,=45 0,245
function, is attributed to théIl, resonance as in our former [\ 4 =0’
study. This assignment is actually substantiated with the re-
cent gas-phaSelata where the presence of a weak shoulder
at about 8 eV in the vibrational cross sections for higher
overtone modesu=6-8) agrees with theéIl, resonance
maximum in thaalAg(v=0) channel. Finally, there is in the
vibrational profile of Fig. 2, what seems to have been over-
looked in our former results, a shoulderlike featurdi.e.,
first band around 4 eV. The latter appears to be of the same
origin as the 4-eV feature observed in ﬂaﬂa&g(v=0) pro-
file in both gas- and solid-phase data. At first glance a vibra-
tional enhancement within the 2—5 eV incident energy range
is rather surprising since in the gas phascept for a very
small and continuous signal in the=1 cross section, there
is virtually no intensity in the overtone channels throughout
this incident energy range. The presence of this new feature
along with the absence of the sharp peaks at low energy in ¢, = 50°
the solid phase may well be due to the lowering of ?dTég ) X158
anion state by the electronic polarization of the surrounding -
medium. For instance, if théHg anion potential energy ¢, = 60°
curve is shifted down with a new location at about 1 eV X2
below thexsﬁg neutral ground state at the equilibrium po- 2 4 5 8 10 12 14
sition in the solid phase; then the resulting energy separation ELECTRON ENERGY (eV)
as a function of the internuclear distance is similar to that
between the same anion state andah@g electronic state in FIG. 3. Energy dependence of the specular reflection of the
the gas phase. Hence, in analogy to the excitation mechaniskteident electron bearti.e., 00 beam at,= 64=45°) from a 50-
for the alAg electronic state in the gas phase, only the hithayerfiIm of Ar condensed on Pi11) as a function of the azimuthal
energy wing of thezl'[g resonance with no sharp structure orientation of the crystad,. We note that the profjle is the same
would contribute to the vibrational excitation in the solid already after ag,=60° rotation (i.e., sixfold rotation axis and
phase. shows a mirror symmetry about,=30°.

It should be noticed, however, that a contribution from the
3 * transient anion states, which are forbidden by the mirrorg,= f4=45°) from a 50-layer Ar film as a function of the

plane symmetry selection rule in the gas phase., azimuthal anglep,. We note that the profile is the same
3~ X "), cannot be excluded here owing to the loss of theafter only ag,=60° rotation(i.e., sixfold rotation axisand
cylindrical symmetry of @ in the condensed phase. EVi- shows a mirror symmetry about,=30°. As first pointed
dence of the relaxation of this rule was originally given by gt by Woodruff and Holland® one may recognize here the

Azria, Parenteau, and Sanchérom ion kinetic energy and o icome of the time-reversal invariance or the reciprocity
electron-energy-dependence measurements of thgi€@d . rem

from condensed © In contrast to the measurements in the The reciprocity theorem, which applies in many areas of

gas phase, where a single peak assigned to’Ihg reso- ; : -
nance is found around 6.5 eV, the condensed phasgi€X ]E)hysms, leads to symmetries over and above those arising

i S ki 55, 15, 203 and 12 S ee sl st Mo sy e o
eV and generally ascribed t8ll,, *2, (1), *2;(l), and gle crystal,

25+ (1) anion states, respectively symmetry and the threefold axis gives rise to a sixfold sym-
g.u ' ' metry axis for the 00 beam. The same is true as well in the
computation of the specular elastic reflection of the semi-
infinite Ar(111) crystal, as we previously verified in Ref. 37.
B. Pure solid film of Ar Calculations of the 00 beam intensity, which are plotted in

We searched for the crystal structure of 10 to 50-layefrig. 4b) of that work, were performed for the same scatter-
solid film of Ar deposited on the Pt11) by monitoring the  ing angles and incident energy range as in the present experi-
LEED patterns for several incident angles and energies. Th@ent. Above 12 eV no correction for the additional absorp-
diffracted spots displayed the hexagonal geomdirg., tion due to energy losses to electronic excitations were
threefold crystal axisexpected for a film growth along the included. Except for the absence of the sharp peak at 4.7-eV,
normal to the(111) planes of a fcc single crystal of Ar. The which develops only aroung,=0° and 60°, there is a good
diffracted beams were found at exactly the same azimuth butorrelation between the calculated and present experimental
emerged for an incident energy lower than theif1P1) profiles. Moreover, the overall large specular reflectivity be-
counterparts. In Fig. 3, we show the energy dependencew 6 eV with the broad maximum around 5 eV are reason-
(2—14 eV of the specular elastic reflectidne., 00 beam at ably reproduced.

X2

SCATTERED INTENSITY
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ENERGY LOSS (eV) FIG. 5. Electron impact energy dependence of the quasielastic
Ipeak AE=0eV) and thev=1,2 vibrational losses for a 20-layer
film of 1% O, in Ar deposited on PL11). The angle of incidence

0, was set at 10° with the azimut, at 10° and the analyzet

FIG. 4. Vibrational electron-energy-loss spectra of a 20-laye
film of 1% O, in Ar deposited on R111) for different incident
energiesk,. The angle of incidence, was set at 10° with the fixed at 45°. Also shown is the energy dependence of the phonon

azimuth ¢, at 10° and the analyzedy fixed at 45°. The scattered background intensity(i.e., multiple losses to phononsat AE

mtens_lt_y s_cale, although arbitrary in absolute !ntensny, and the=0.18 and 0.37 eV, and which are located just beforeuthel,2
magnification factors are the same for all recordings.

peak onsets.

. Molecules of G isolated in an Ar matrix
c . O energy-loss range of thg,=2.5 eV spectrum are merely due

We investigated solid Ar doped with up to 1.5% of O to traces of N and CO, which both possess extremely large
under identical conditions of temperature, deposition rateyibrational cross sections within 1-3 eV incident energy.
and film thicknesse§.e., 10 to 50 layefsas in the previous The intensity of the @ vibrational and electronic losses,
section. The same LEED pattern and specular reflectivityvhich are superimposed on the phonon background, is
profiles were observed therefore indicating that, for a suffistrongly dependent on small differences in the incident en-
ciently low-impurity concentration, the crystal structure of ergy as one can immediately see from comparing the spectra
the matrix film corresponds to that of the pure solid film. atE,=7.9 eV with that atE,=7.2 or 9 eV.

1. High-resolution electron-energy-loss spectra 2. Excitation functions for different electron-energy losses

In Fig. 4, we report the HREEL spectra of a 20-layer film  To better illustrate the variations in the vibrational exci-
of 1% G, in Ar for different incident energies. The angle of tations for differentE,, we recorded the scattered electron
incidencef, was set at 10° and the azimuify at 10° with  intensity as a function of the incident energy for a few se-
the analyzer fixed at 45°. The scattered intensity scale, alected energy losses. We display in Fig. 5, for the same ma-
though arbitrary in absolute intensity, and the magnificatiorntrix and scattering angles as in Fig. 4, the excitation function
factors are the same for all recordings. In all spectra, thdor the elastic peakAE=0 eV) and thev=1,2 vibrational
large peak near zero energy logsH=0 eV) corresponds to losses. Also shown in this figure is the energy dependence of
the electrons scattered elastically and quasielastically frorthe phonon background intensiy.e., multiple losses to
the film. The exact peak position and the extent of thephonon$ at AE=0.18 and 0.37 eV, which are located just
energy-loss tail on the right side, which arises essentiallpefore they =1,2 peak onsets, respectively.
from multiple losses to phonon modes of the matri&., the The excitation function for the elastic peak reveals several
phonon background both depend on the incident energy. maxima, which either disappear or change position with the
With an intensity gain of 100, the vibrational progressionangle of incidenced,. This can be seen by comparing the
(v=1,2,...) of GQinits ground statx 329’ and the lowest elastic profile measured #@,=10° in Fig. 5 with the result
electronic transitiorailAg at 0.98 eV are easily revealed. The at §,=60° and for¢y=10° in Fig. 6. This is also true upon
weak additional structures appearing in the 0.2-0.4 e\thanging the azimuthal angles as one can further see from
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FIG. 6. Electron impact energy dependence of the quasielastic FIG. 7. Electron impact energy dependence ofdhke2 vibra-
scattered intensityXE=0 eV) from a 20-layer film of 1% Qin Ar tional scattered intensity and phonon excitation functiabeledb)
deposited on P111) for an angle of incidencé,=60° and analysis from a 20-layer fiim of 1% @ in Ar deposited on F111) for an
04=45° as a function of the azimuthal orientation of the crystalangle of incidenced,=60° and analysi®y=45° as a function of
bo. the azimuthal orientation of the crysta},.

the ¢o=0° and¢y=30° recordings in Fig. 6. This behavior vacuum level. Experimentally, a key characteristic of these
is attributed to coherent multiple elastic scattering proces€B DOS features is that they grow slowly with the thickness
that is also responsible for the LEED features in a well-of the RGS film?
ordered solid film. Still, the profiles in Fig. 6 bear a resem- The vibrational excitation functions in Fig. 5 reveal, be-
blance after apy=60° rotation(i.e., sixfold rotation axijs  sides the features related to the phonon background, several
and show a mirror symmetry abougt=30°. new features: two relatively intense ones at 3.2 and 7.9 eV, a
In contrast to the @results in the gas phasas well asin ~ smaller one at 9.9 eV, and a shoulder at 5 eV. These new
the pure solid film(Fig. 2), the excitation functions for the features may be classified bslonging solelyto a G, vibra-
v=1 and 2 vibrational losses in Fig. 5 are much more structional excitation functior(i.e., intrinsic) as opposed to those
tured with the presence of many narrow features. From comakin to the phonon backgrouride., extrinsig, which being
paring to their respective phonon background excitatiormerely additiveis not truly part of the vibrational scattered
functions atAE=0.18 and 0.37 eV, one can ascribe at onceintensity. Except for a relative change in intensity, however,
the origin of some of these features to the phonon backboth the intrinsic and extrinsic features remain at the same
ground emerging in the vibrational excitation functions. Thisenergy upon increasing,. This can be seen from compar-
phenomenon is due to the relatively large intensity of theng the vibrational and phonon excitation functiofesbeled
phonon energy-loss tail, which extends from the elastic peak) pertaining to thev =2 mode atf,=10° and¢y=10° in
to thev =1 loss and beyond. For instance, we estimate fronFig. 5 to the same ones but recorded figr=60° in Fig. 7. In
Fig. 4 that this energy-loss tail contributes to about 30%the latter figure the azimuthal angle values are exactly the
(109 of thev =1 (2) intensity at the incident energy of 7.9 same as for the elastic peak in Fig. 6. It should be further
eV, and up to~90% (~60%) at both 7.2 and 9.0 eV incident mentioned that to avoid spurious charging effects, a different
energies. It should be noted that this effect is not limited onlyazimuthal recording was performed on a new matrix prepa-
to the matrix-film experiment and that the same phenomenoration, which may admit slight variations in both, @ncen-
can arise in pure molecular film as we found previously intration and film thickness. Bearing in mind these experimen-
the vibrational HREEL spectroscopy of solid.&t Owing to  tal limitations, one can see for both the-2 and the phonon
the relatively small @ concentration, the present features in excitation functions about the same characteristic profiles af-
the phonon background excitation functions are almost théer a ¢o=60° rotation and nearly a mirror symmetry about
same as those observed in pure solid films of%°In the  ¢o=30°. At first glance this observation may be rather sur-
latter case, we show&t° that such energy-dependent fea- prising since, unlike elastic scattering, multiple inelastic scat-
tures actually reflects the theoreti®aCB DOS above the tering within an ordered film is an incoherent process and as
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FIG. 9. (a) Electron impact energy dependence of the met
=1 and 2 vibrational intensities, resulting from the subtraction of
the corresponding phonon background, for a 20-layer film of 1% O
in Ar deposited on R111). The angle of incidencé, was set at 10°

tional scattered intensity from 1%, Ar deposited on R111) as with the azimuthe, at 10° and the analyzed, fixed at 45°. The
a function of the film thickness. The angle of incidergewas set short vertical bars |nd|c_ate the incident energies a_t which the
at 10° with the azimuthp, at 10° and the analyzet, fixed at 45°. energy-loss spectra of Fig. 4 were recordébj.Conductlgn-band
density of stateCB DOS for the fcc structure of solid Ar as
such is not expected to be sensitive to crystal orientatiorcalculated in Ref. 30.
However, as discussed in further details in the next section,
an incoherent process is actually subjected to an entrand@cident energies at which the HREEL spectra of Fig. 4 were
(Pe) and then to an exitR.,) probability at the solid- recorded. Fov =2, the resulting curve correlates well to the
vacuum interface for a given scattering geometry. Thes@Xxcitation function at 8 layers in Fig. 8, where mostly the
probabilities arise essentially from the specular elastic refledntrinsic features can be observed since the CB DOS features
tion (i.e., 00 bear along with the presence of diffracted are still not fully developed. Except for a relative intensity
beam intensities. Although in genem}, and Py, vary dif-  change, each maximum in Fig(ed is found at the same
ferently with the electron energy, their azimuthal dependencénerdy independently of the incident angle and azimuthal
is reflecting the same symmetry properties at the surface @irientation of the crystafcf. Fig. 7). Such a behavior sug-
the crystal. gests that the maxima arise primarily from an electron scat-
More importantly, the intrinsic features in a vibrational tering property that is averaged over various directions of
excitation function differ experimentally from the extrinsic €lectron propagation within the crystéle., various free-
ones as they grow and saturate more quickly with the thick€lectron statgsand, thus depend on the CB DOS. In Fig.
ness of the film. In Fig. 8, the =2 excitation function is 9(b), we display the CB DOS of solid AiRef. 30 for which
reported as a function of the film thickness for the sameVe fixed the bottom of the lowest conduction band at the
geometrical scattering conditions as in Fig. 5. As one carneasured valfé of 0.25 eV above the vacuum level. In
immediately see, the intrinsic features are already visibl&€ontrast to what we found for the phonon background exci-
within the 4—8-layer range whereas the extrinsic onedation functions, which are proportional to the CB DOS,
emerge only for larger film thicknesses. At 20 layers, themaximain Fig. 9a) correlates respectively witminimain
intrinsic features are superimposed on the phonon backhe CB DOS.
ground, which under the present energy loss, reflects the CB
DOS. The features in the phonon background grow steadily IV. DISCUSSION
with the film thickness, up to about 50 layers, where they
largely dominate the excitation function with an overall in-
tensity about twice as large as that at 20 layers. Electron propagation in condensed matter occurs via mul-
The incident electron-energy dependence of the net intertiple elastic and inelastic scattering within and between
sity of thev=1 and 2 vibrational loss, resulting from the atomic or molecular sites. For a small concentration of mol-
subtraction of the corresponding phonon backgro(fig.  ecules isolated in an ordered RGS matrix, this scattering pro-
5), is shown in Fig. €a). The short vertical bars indicate the cess may be separated for convenience into three parts. First,

SCATTERED INTENSITY

x3

SCATTERED INTENSITY

CB DOS

2 4 6 8 10 12
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FIG. 8. Electron impact energy dependence ofdhe2 vibra-

A. Multiple scattering model
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the coherent multiple elastic scattering within and betweerof the incident energy should exhibit practically the same
matrix sites is implicitly embodied by using Bloch electron profile after a¢py=60° azimuthal rotation of the crystal and
waves inside the solid along with the corresponding transa mirror symmetry aboup,=30°. As one can see in Fig. 7,
mission and reflection probabilities at the boundaries. Nextthese findings realize quite well for the vibrational and pho-
the Bloch electrons are allowed to interact with the mol-non excitation functions, considering that our measurement
ecules(i.e., impurities, defects, and phonons, as distinct col- could not be performed under exactly the same experimental
lision events, by introducing suitable scattering probabilitiesconditions as mentioned previously.

Finally, the subsequent multiple incoherent scattering un-

folding from the latter individual events is treated as a clas-2. Bloch electron scattering on impurities, phonons, and defects

sical transport phenomena. For an electron propagating in a conduction band of a

RGS (i.e., Bloch electropwith an energy below the elec-
tronic excitation threshold, scattering events occur primarily

First, let us consider the effect of coherent elastic scatteron phonons and defects. Owing to the small amount of en-
ing in an ordered solid film. For a pure RGS film the LEED ergy transferred during each collision, this may also be
approach is appropriate and it reduces to the matching of thermed quasielastic scattering. In the presence ah@uri-
electron wave function outside the crystal to that of the saméies there is, in addition to scattering on more defects, a prob-
energy insidé® Outside and sufficiently far away from the apility to excite the vibrational and electronic states of the
crystal, we have the incident plane wave, the specular elastiguest molecules. In formal terms, all these processes are de-
reflection(i.e., 00 beam and the diffracted beame., re-  scribed by introducing the scattering probability per unit
flected Bragg beamarising from the periodicity of the sur- |ength (SPUL Q(E,. ,k’,E, k) that a Bloch electron ini-
face. Inside the crystal the electron, which experiences mukially in a state| x,/) of energyE,, is scattered into a final
tiple elastic scattering, can be either in a surface or artate|y,) of energyE,. Here, to simplify the notationk’
extended Bloch staté.e., transmitted 00 and Bragg beams andk stand for both the electron wave vector and the band
whose energ§, as a function of its wave vectdr defines  index. We note also that the present prototype for the SPUL
an energy-band structure. The bottom of the lowest condugs more suited for a wave vecti(k’) expressed in terms of
tion band atk=0 may be found either above or below the jts direction along with its length corresponding to the scalar
vacuum level and corresponds to the electron affinity of thesnergy variableE,(E,). Following the golden rulé? the
solid V5. As an immediate effect, the energy threshold forspuL is given by
an excitation function within a solid is accordingly located at
higher or lower energy than in the gas phase. While the Q(Ey k' ,Ey k) =[vg(k") 7(Eys K E.K)] Y (58
intensity of a diffracted beam requires a full knowledge of
the multiple scattering inside the solid, its directions isWith
merely given from the conservation, within a reciprocal sur-
face lattice vectoy, of the electron momentum parallel to 7 “(Exs,K’,Ex.K)
the surface.

As a consequence of coherent elastic scattering within the , 5
crystal, we have the probability,, that an incident electron :(277/%); Pil O FITI i) 0(Ep + 81— B &),
enters into the solid as a Bloch electron and conversely the ' (5b)
probability P, that a Bloch electron leaves the solid along
an exit direction(i.e., direction of observation The prob- In Eq. (53), 7(Ey ,k',Ey k) is a relaxation timeg(i.e., the
ability P, is defined from the sum of the intensity of the time between scattering eventsvhich depends upon the
transmitted Bloch waves in the solid. This quantity also cor-andk directions, andjg(k)zﬁ‘1|VkEk| the electron group
responds to the complement of the sum of the specular elagelocity. The double summations in E¢b) with the ther-
tic reflection or the 00 beam and the reflected Bragg bearmodynamic probabilityp; of finding the target in the initial
intensities(i.e., total elastic reflection Likewise, the prob- statesli) of energye; are included here because bdiphand
ability P, is defined from the sum of the intensity of the the final statesf ) of energye; (e.g., phonon and vibrational
transmitted Bloch waves corresponding to the electron beingtate$ are not probed as such during an electron scattering
“incident” along the exit direction(i.e., going backward  experiment. At very low temperature, since the solid is
upon using time-reversal symmefly. The probability —mostly in its ground state, one may consider that a Bloch
P.{Pey thus depends on the entrar(exit) angle as well as electron suffers scattering only toward lower energy states.
the electron energy. Their variation upon the azimuthal oriFinally, T is the transition operator that includes all electron
entation of the crystal is also stronger when the incidenscattering mechanisms in the bulk of the solid. Within the
angle is far away from the normal to the surface. In the cas®&orn approximation reduces td/, which, in the pure crys-
of a fcc (111 crystal, P (Pe,) should exhibit in general a tal, is simply given by the electron-defect potential and
threefold symmetry axis, the same as the total elastic refle@lectron-phonon interaction. However, this approximation is
tion. However, if at low energy the specular elastic reflectionnot valid for electron resonant scattering op ©e., the for-
turns out to be the only beam preséot significantly larger mation of transient negative iondVhen an electron attaches
than the Bragg beam intensitjest should results dquas) on a molecule, hence occupying an empty molecular orbital
sixfold symmetry axis for bottP,, and P,. Hence, for in- that may be bonding or antibonding, and then autodetaches;
coherent collision processes havingyindrical symmetry  the induced vibrational and electronic excitations may in-
the resulting backscattered intensity measured as a functictrease by orders of magnitude. Instead in this caisejght

1. Coherent multiple elastic scattering
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be separated into a resonant and backgraied nonreso- Q,(E—E’) results from all short-range interactions, which
nany components, upon applying the projection operatorinclude electron resonance processes, whereas the aniso-

formalism?® tropic partQ;(E—E’) is more akin to long-range interac-
_ _ _ _ _ tions such as dipole scattering. Assuming that the SPUL val-
3. Incoherent multiple elastic and inelastic scattering ues are not changing significantly about an initial eneggy

The various incoherent multiple elastic and inelastic scat@s it is usually the case fdt’ lying within a small energy-
terings suffered by a Bloch electron in the bulk of a solid, 0SS rangeE—E', we showed previousf{ that by applying
following its entrance and prior to its exit at the film-vacuum the Fourier transform with
interface, can be described by using the time-independent
Boltzmann transport equation in absence of external fields. A e * _ o
basic phenomenological approach to this transport problem, Qri(E—E")=(1/2m) ledsQ,,f(s)exp[ S(E-ED],
when the detail of the angular distribution of the backscat- (6)
tered electron intensity is not needed, is to solve the transport
equation for plane-parallel systems in the “two-stream”to the transport equation, along with appropriate boundary
approximatior®®4” In this approximation we consider in- conditions, yields the following expression:
stead of Q(Ey ,k’,E,,k), the simpler quantity,Q.(E
—E'), which represents the angularly integrated SPUL for
an electron to lose or gain an enerfgy—E, with E’ andE
its energy before and after the collision. The possible angular
anisotropy of a scattering event is simply accounted for byfor the backscattered intensity as a function of the final en-
splitting Q:(E—E") into two components by introducing of ergy E. In this expressionly(s) is the Fourier transform of
a coefficient of angular anisotropy(E—E’).*’ Thus, we the incident current energy distribution entering into the film.
have an anisotropic partQ{(E—E')=y(E—E')Q{(E It is generally taken to be a unit-normalized Gaussian distri-
—E’), where scattering only in the forward direction is de- bution centered aE, of FWHM equal to the instrumental
fined, and an isotropic part Q(E—E’)=[1—-y(E resolution. The ternR(s), which is the key quantity here, is
—E')]Q:(E—E'"), where backward scattering is equal to thethe Fourier transform of the reflected current energy distri-
forward one. As a physical interpretation, the isotropic partoution from a film of thicknes& and is given explicitly b§f

J(E)=(1/27r)f°c dsly(s)R(s)exp(—isE), (7

R.(M—1/R.)—(1/R..)(M—R.,)exd —2e B(s)L(1-R./1+R.)]

RS = M—TR)—(M-R.)exd —2¢ BSL(I-RJIFR)] (83
|
where natively referred to as a thickness saturation regime. What is
1o more important and not obvious priori in looking at Eq.
1-[1-2Q(s)/B(s)] (8b) is that each SPUL component happens to be normalized

R.=R.(s)= (8b)

1+[1-2Q.(s)/ B(s)]V*
The latter expression describes the Fourier transform of th
reflected current energy distribution, but in the limit of a
semi-infinite filnf® [i.e., L—]. The quantity3(s) is de-
fined fromB(s)= a— Q;(s) wherea is the total SPUL given

to the total SPULa. In other words, in this regime, the
intensity change of an energy-loss feature is not only the
fesult of a variation in the corresponding SPUL value, but
may also be due to a variation in the total SPWL
At intermediate film thicknessdge., L~\), Eq. (8) pre-
dicts the presence of both thickness saturated along with
by nonsaturated energy-loss features in the electron reflectivity.
o This phenomenon, which results essentially from the number
aEa(E')=J dEQ(E—E'). (9)  of scattering events involved in an energy-loss process, can
- be qualitatively understood with the help of Fig. 10. Suppose
The latter, which is also considered constant within a smalft film of thicknessL. within which the incident electrons of
energy-loss rangéi.e., «(E)=«a(E’)], corresponds to the energyE, [i.e., | (Eg)] cascade dovx_/n_ to a final energywith
inverse of the total mean free paFP) (i.e.,a=\"1). The ~ an average energy loss per collision &, such thatk,
term M is the reflection coefficient of the underlying sub- >Eo—E=JE. For those electrons that enter, scatter, and
strate and may include elastic as well as inelastic processd§en leave the film, thus generating a backscattered intensity
Finally, & is a phenomenological parameter that arises from?(E). one can define theaximum probed depth
considering an angular average in a stream dire¢fion.
At large film thicknessesi.e., L>\), as one can see in Lp(EO,E)E%)\(Eo)(EO—E)/aE,
Eq. (8b), the electron reflectivity turns out to be independent
of the film thickness, the parameterand the nature of the where\(E,) is the electron MFP, which is considered con-
substrate. Since experimentally an HREEL spectrum is natant only within a small energy-loss rangg— E aboutE,
longer changing with increasing coverage, this limit is alter-[i.e., A (Eo) =\ (E)]. For a givenk(Ey), L,(Eg,E) can vary
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strateM, is much larger than that of the semi-infinite film
R.., EQ. (88 can be reduced to

R _.o(S)=M¢teQi(S)L+Me2eQyi(S)L+Me2eQyi(S)L.

In this expression, the second term on the right-hand side is
the inelastic contribution originating directly from the film.
Only the isotropic SPUL componer®,;(s), is present here
owing to the backscattering geometry. The following two
terms account for the inelastic contributions that are medi-
ated by the elastic reflection from the substrate. Both isotro-
pic and anisotropic SPUL componen€,;(s) and Qs;(s),
multiplied by the substrate reflectivityl, are contributing.
The factor two merely accounts for the electron path being
twice that of the direct contribution. Therefore, the inelastic
reflectivity, though it depends somewhat upon the nature of
the substrate, is on the whole directly proportional to the
SPUL values as well as the thickness of the film.

Attributing the relative intensity change of the intrinsic

FIG. 10. For those electrons of enery that enter into the film  features for different scattering angles to the entraRge
and cascade down with an average energy loss per cgllisidE_of and exit P, probabilities and looking at Eq$8) and (10),
to a final energyE and then leave the film, one can definenaxi-  the correlation between the intrinsic features and the inverse
mum probed deptfor the backscattered |ntenS|Q(E), given by  4f the CB DOS may be twofold in principle. First, such a
Lp(Eo,E)=1/2\(Eo) (Eo—E)/SE, where \(E,) s the electron ¢4 ppa|ation may be traced back to variations in the individual
mean-free path considered constant within a _small energy-los\:;ibrational SPUL, Q(E—E’). Under electron resonance
rangeg, — £ aboutE, . The consequence of a varyitg(Eo, E) on condition, the vibrational excitation is dependent on the reso-
the backscattered intensilyE) for a film of thicknesd. is different L S - - -
whether theA or B limit is effective along with the corresponding nance lifetime, which in tF”” varies W't.h the inverse of the
SPUL eventQ, or Q. CB DOS of the host me_d|u_m, as described by Ej. Sec- _

A B
ond, as suggested qualitatively by the concept of the maxi-
mum probed depth in the cag it may as well be due to

greatly with the magnitude ofE involved in the multiple-  variations in the electron transport property, which under the
scattering sequence leading to an energy-loss featuldat thickness saturation regime depends upon the MFP or the
=Eo—E. For instancel ,(Eq,E) is decreasing by more inverse of the total SPUk(E).
than one order of magnitude with the leading energy-loss
event changing from a phonon excitation 8£~0.01 eV
(caseA in Fig. 10 to thev =1 vibrational excitation abE
~0.2eV (caseB in Fig. 10. BesidesL ,(Eq,E) is directly
proportional to N\(Eg). The consequence of a varying
Lo(Eo,E) on the backscattered intensilyE) for a film of
thicknessL is different whether thé\ or B limit is effective
along with the corresponding SPUL eve@t, or Qg, as
illustrated in Fig. 10. In theA limit, where Eq—E=ndE,
with n>1 and L, a(Eg,E)>L, the backscattered intensity

varies according td(E)~ (L/Lya)! (Eo) QL and therefore g gficiently large vibrational coupling strengfhe., F, (R)

in effect asJ(E)=Qa/N(Eq) = Qaa(Eo). This may reflect —qyv,(R)/dR] exists. Taking the slope dfS anion poten-
approximately the CB DOS as shown previously for multipletial energy curve at a resonance energy of 9 eV along with
phonon losses in RGS. In th limit, where Ec—E=6Eg  the energy widthl' of 3.4 eV, as obtained by Noble and
andLg(Eq,E)<L, the backscattered intensity is thicknessBurke'® from R-matrix method, we calculate that an energy
saturated withJ(E)~1(Eo)QgLps and thus behaves as as large as 0.1 eV can be imparted to the niti&ince in
J(E) = QA (Ep)=Qg/a(Ep). Since in this case(E) de- effect the energy of the resonance depends upon the internu-
pends on the ratio of a SPUL value to the total SPA(E,), clear distance, i.eE,(R) =V,(R) —Vs(R), the same applies
the intensity of an energy-loss maximum may be modulatedver the resonance energy range of about 10 eV owing es-
by a factor that is roughly inversely proportional to the CB sentially to the overlap of the nuclear wave function of the
DOsS. transient anion with that of the ground stdtee., Franck-

At small film thicknessesi.e., L<\), let us consider the Condon factor. Alternatively, this energy range can be seen
inelastic reflectivity arising from various single inelastic as the result of resonant scattering events taking random
events but along with coherent multiple elastic scatteringsnapshots of a molecule whose resonance energy fluctuates
which is already embodied in the Bloch electron wavesdue to the nuclear motion about the equilibrium position in
Considering further that the elastic reflectivity of the sub-the ground state. In absence of potential energy curve cross-
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B. Variation of the resonant scattering probability

The presence of features akin to the CB DOS in a reso-
nant vibrational excitation function is expected from the
semiclassical model with the transfer of energy to the nuclei
given by Egq.(4). As such, this formula illustrates that a
significant energy absorbed by the nuclei and thus the pres-
ence of a vibrational progression in a HREEL spectrum is
not necessarily the result of a long-lived transient anion state,
as it is often thought to be the case, but may also occur in the
case of a relatively short-lived anion state provided that a
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ings within the Franck-Condon regigrthe factorF,(R) in
Eq. (4) varies slowly as a function of the internuclear dis-
tanceR. More importantly, as the transient anion potential (b)
energy curve/,(R) is, in a first approximation, only slightly

and rigidly shifted down by the polarization of the surround-
ing medium,F,(R), which is derived from it, is virtually the
same in both gas and condensed phase. On the contrary, the

0.3

Q(E-E") 0.2
oE")

0.1

0.0
0 2 4 6 8 10

lifetime of the resonance] E,(R)], whose inverse is explic- m ELE (meV)
ity given by =
) ) ] a(E,)L=14.5
7 E(R)]=(27/%)|Vq g |°DIE/(R)], 0.04 | X

[cf. Eq. (2)] is directly linked to the CB DOS of the host 0.02
medium, i.e.,.D[E,(R)]. The remaining factor, which con-
tains the matrix element responsible for the dekz’a)ér, is 0.00

akin to a tunneling effect. More specifically for a spherically
symmetric target, it arises from the electron penetration
through the centrifugal barrier and yields essentially a mo- g4
notonous behavior in enerd§ Owing to its relatively short-
range character, it is also not expected to change signifi-
cantly on going from the gas to the condensed phase.
Consequently, the amount of energy transferred to the nuclei
[c.f., Eg.(4)] and thus theexcitation of overtonealong with 0.00 [ s o
the!r vibrational scatterlng p_robabllmes vary, via the' modifi- 00 02 04 06 08 10 12
cation of the resonance lifetime, according to tpgpositeof
the CB DOS of the host medium. It should be further no- ENERGY LOSS (eV)
gﬁ:ﬂbgh?; Pr:gr}irsgsngﬂccévﬁfrézl;}eé tr_:_?]i;ngr?/esrﬁ?esétlgsgé:isn:gna FIG. 11. (a) Normalized electron scattering probability per unit
I length Q(E—E)/a(E) for elasti i h ita-
tally in Fig. 4 from comparing, for instance, the extent of the ength Qi( )/a(E) for elastic scattering and phonon excita

- . N - tions, which follows approximately the phonon frequency distribu-
vibrational progression in the HREEL spectrumgj=7.9 tion in solid Ar, used in the two-stream model to generatéjrthe

with that at 7.2 eV or the one observedta=5 with that at  5ckscattered energy-loss distributisfE) from a 20-layer film of

4 eV. More generally, the strongest variation should beyo, o, in Ar for two different values of the dimensionless variable
found in the case of molecules embedded in ordered solids Qf(g,)L.

crystals provided that, before and after the formation of a

transient anion state, the electron propagates within a well- Using Eqgs.(7) and (8) with I,(s) the incident current
defined energy-band structure. energy distribution centered aroukg and having a FWHM
equal to the instrumental resolutidie., 15 meV, we show
in Fig. 11b) the calculated backscattered intensit¢E)
from a 20-layer film as a function of the energy IA&

The effect of the variation in the electron transport prop-=E,—E for two different values of the dimensionless pa-
erty, which is qualitatively explained with the idea of the rametera(E,)L. With the above choice of parameters, the
maximum probed deptim the A and B limit, can be more elastic, phonon background, vibrational progression, and
exactly illustrated by calculating the backscattered intensitylectronic intensities are close to what is observed experi-
J(E) from a 20-layer film of 1% @ in Ar with the two-  mentally for the same film thickness and intensity géiy.
stream approximation. In relation to the calelet Q; o(E  4). The calculated energy-loss tail, which is due to multiple
—E')/a(E) be a normalized electron SPUL for phonon ex- scattering on phonons, increases witfEy)L as in the case
citations that follows approximately the phonon frequencyof pure solid film of Ar?® On the contrary, the superimposed
distribution in solid Ar, as shown in Fig. 14, with a con-  features, which are essentially duedimgle vibrational- or
stant coefficient of angular anisotropys(E—E’) of 0.5.  electronic-loss events on,@n the matrix, are attenuated on
The elastic reflectivity of the underlying substra®, is  the whole witha(Eg)L.
fixed at 0.3 and for simplicitye is taken equal to one. It Taking the same fixed parameters, we present in Fig. 12
should be mentioned that these parameters are the samethe variation of]J(E) for the elastic peak aAE=0 eV, the
those used to explain the CB DOS effects in the pure solid =1,2 vibrational losses along with the phonon background
film of Ar.?® In connection to the casB, let us consider atAE=0.18 and 0.37 eV as a function a{Ey)L. Here, the
along with these parameters, a smajld@@ncentration with a  value of a(E,) is practically the total SPUL for phonon
constant isotropic electron SPUR, g(E—E’). The latter is  excitations since the relatively small and fixéce., ~1.3
simply chosen to follow the relative values of the gas-phase<10~2 layer?) contribution from the @ molecules. The
electron scattering cross sections for the vibrationatrend in the multiplication factors follows the inverse of the
X %%, (v=0,1,2,3,4,5,6) and electroni'A4(v=0) excita-  vibrational SPUL valuegTable |). The calculated intensity
tions at an impact energy of about 9 eV, as shown in Table lof the elastic peaksolid line) is the same over most of the

x1

0.02

C. Variation of the electron transport property
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TABLE I. Angularly integrated electron scattering probability per unit Ier@%(lO’?’ layer 1) for the
excitations of the vibrationaX 3% ; (v=0,1,2,3,4,5,6) and electroni'A 4 (v=0) modes of Qisolated in
an Ar matrix(1% volume. hv (meV) is the excitation energy of a mode. Tg g values follow approxi-
mately the corresponding gas-phase cross sections at an incident electron energy of 9 eV.

X33y

atA,
v=0 v=1 v=2 v=3 v=4 v=>5 v==6 v=0
hy 0 190 380 570 760 950 1130 980
Qs 10 1 0.5 0.25 0.125 0.063 0.04 0.375

a(Ep)L range. This can be understood qualitatively since the .
elastic SPUL of solid Ar augments proportionally with at ST"?"” (o)L values Whe_re the phonon backgrouqd IS
a(E,) while themaximum probed deptiecreases according neghglble. The same factor is f_ount_d for the net intensity of
to the inverse of(E) [i.e., \(E)], thus making the result- ﬂ;e higher overtonFSe.g.:rz;]_:4 in Fig. 12 ﬁs well af].t?]e

ing backscattered intensity unchanged. Each phonon back-€ctronic energy loss. This common behavior, which we
ground intensities aAE=0.18 and 0.37 eMdashed lines consider to be the key observation here, merely stems from
increases withr(E,)L up to a saturation point beyond which the fact that fora(Eq)L=0.5, we havel jp=<L =20 layers.

it becomes practically constant. The saturation point in eack/nder this condition, alsingleenergy-loss contributions are
case corresponds to the value of the maximum probed deptf!réady thickness saturated and hence subjected to the SPUL
Lpa= IN(Eo)AE/SE, being about equal to the present film ratio as mentioned prewous_ly in connection with E@
thickness(L = 20 layer3. Hence, provided that the film thick- !N Fig. 12, the two vertical-dotted lines, at which the
ness is appropriate, the phonon background intensity can r&N€rgy-loss calculations in Fig. () were performed, define
flect variations in the total SPULx(E,) and therefore, the typical range ofa(Eg)L that can explain the phonon

D(E,), as in the pure Ar casé.The calculated intensities background features observed experimentally at 20 layers.
for y=1 and 2 vibrations(solid lineg exhibit a shallow Within these boundaries, the calculated intensities A&

minimum with a rise in magnitude for small value of =0-18 and 0.37 eV vary from aboutolo% and %he., low
a(Eq)L. For large value ofa(Eg)L, both vibrational Mit) up to a maximum of about 90% and 50%e., high

energy-loss intensities follow the same general trend as theliMit), respectively, of their saturated value at the right end

respective phonon background, since each of them turns 0.8{ the figure. The latter behavior is observed experimentally

to be a relatively small quantity superimposed on the latter™ Fi9- 8, where the intensity of the feature due to the phonon

However, the net vibrational energy-loss intensity, resulting?@ckground around 6.8 eV within the=2 profile reaches at
from the subtraction of the corresponding phonon back20 layers about 50% of its value at 50 layer, which is close to
ground, varies essentially according to the common factop_“e saturation. Between the same two limits, the net intensi-

1/a(E,). This is directly apparent in Fig. 12 from the merg- ties of the vibrational and electronic energy losses are calcu-
ing of the vibrational curves lated to vary altogether by a factor of up to about three. As a

result, besides the maximum due to multiple scattering on
ME,) (layer) phonon for large value of(Ey)L, a small maximum is ex-
pected in the vibrational scattered intensity whenever a mini-
mum occur in the phonon background. The latter maximum
is more specifically considered &gtrinsic since itbelongs
solelyto the vibrational intensity whereas the former, being
merely additive is classified agxtrinsic Given an energy-
loss value and a film thickneds the relative amplitude be-
tween both maxima depends essentially upon the lower and
upper value reached by the total SPW(E,;). For example
in Figs. 11b) and 12, the value oJ(E) for v =2 at the low
limit is about the same as that at the high limit, whereas the
value ofJ(E) for v=1 at the low limit, which is a factor of
two larger than in th& =2 case, is relatively much smaller
than its high limit value. Assuming that the vibrational and
- electronic SPUL values are constant, the net intensity
0 5 10 15 0 % 30 changes due to variation @f(E,) between the two present
(&) limits is found to be the same, regardless whether the inelas-
FIG. 12. Backscattered intensif(E) for the elastic peakXE tic events arise from resonant or nonresonant sc_attering. On
=0 eV), thev=1,2 vibrational losses along with their correspond- the other hand, the observation of distinct intensity changes
ing phonon background at the energy los&&=0.18 and 0.37 ev  @mong the energy losses, such as selective vibrational exci-
for a 20-layer film of 1% Q@in Ar as a function of the dimension- tations, can only be attributed to variations in the corre-
less variablen(Ey)L. The net backscattered intensityE) for the ~ sponding SPUL value. For instance in the HREEL spectrum
overtonev=4 results from the subtraction of its corresponding Of Fig. 4, thev =3,4,5 overtones &,=7.9 eV, which com-
phonon background. pare in intensity to thealAg electronic loss, have almost
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disappeared &= 7.2 eV whereas the electronic loss is only The extrinsic features arise from the energy dependence of

slightly attenuated. The same effect is also observed in goint_ﬂe superimposed multiple-scattering phonon background

features, which differ from the extrinsic ones as they grow
and saturate more quickly with the thickness of the film,
correspond to a modulation of the vibrational scattered inten-
Definitive identification of an electron resonance in thesities as a function of the incident energy. The origin of this
condensed phase must involve analysis beyond the observaodulation is further shown to be twofold. It can result from
tion of selective vibrational and electronic excitations as wellthe variation in the individual vibrational SPUL owing to
as the presence of a strong variation with the impact energ(}hanges of the resonance Ilfet|_me, WhI.Ch follows _the inverse
in the corresponding excitation functions, as in the gas phasé?.f the CB DOS_‘ of _the s_urrOl_Jndlng m_ed|um. The higher over-
In the condensed phase, multiple elastic, and inelastic eledOne or combination V|brat|or_15, which correspon(_j_ to large
tron scattering may yield additional features within an exci-€"€rgy transfers to the nuclei, are the most sensitive modes

tation function. The present work dealt more specifically!® @ change in the resonance lifetime. Modulation of the

with the changes that occur in the electron-induced Vibrayibrational and electronic loss intensities can also be caused

tional excitation of a matrix-isolated molecule and that arePY the variation in the electron transport property or MFP,

due to variations in the CB DOS of the host medium. As arlWhich under a thickness saturation regime may follow the
experimental model, we chose to study Solated in an Inverse of the CB DOS'. However, as s_ho_vvn by multiple
ordered Ar matrix. scattering model caIcuIatpns, such a variation can only ac-

Growth of an Ar film on the Ri11) at 16 K is highly count forf.a clommonkand limited modulat_lon.h f
ordered up to at least 50 layers and proceeds along the nor- AS @ final remark, one may expect in the presence o
mal to the(111) planes of the fcc single crystal of Ar. The strong coupling to phonons that variations in the CB DOS

crystal structure and the CB DOS of the Ar-matrix film with ShOL.'Id be reﬂectgd In _th_e energy dependencg of the
1% volume of Q are not much different from that of the mult]phono_n-lt_)ss S'gnal S|m_|Iar to the case of V|brat|pnal ex-
pure solid. The scattered electron intensities correspondin tation. With increasing anion lifetime, a larger lattice dis-
to vibrational excitations of the matrix-isolated molecule ex-°"on results_ a’?d thus an increase of energy loss to mul-
hibit a strong incident energy dependence with two differemtlphonon excitations of the crystal after the decay of the
contributions, which can be classified either as extrinsic of €>0Nance.

intrinsic features. Except for a relative change in intensity, ACKNOWLEDGMENTS
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