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Resonant electron scattering by molecules adsorbed on rare-gas films: , Nibrational excitation
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Vibrational excitation by low-energy electron impact of Wolecules physisorbed on rare-gas films is
studied both experimentally and theoretically in the energy range of ghe(?ﬂg) resonance. The experi-
mental measurements provide the energy dependence of the vibrational ex¢itatjdhe excitation function
and the overtone ratio for solid films of Ar with thickness varying between 1 and 32 monolayers condensed on
a Pt substrate. The oscillations in the excitation functian, the “boomerang” structujeare deeply modified
by the presence of the rare-gas film. The theoretical study, using a dielectric continuous medium modeling of
Ar and Xe rare-gas films, shows that the experimental observations are linked to a lowering of the energy and
an increase in the lifetime of the resonance on the solid rare-gas film, which strongly influences the boomerang
oscillations. The various features observed in the excitation function are attributed to the presence of a potential
barrier at the dielectric-vacuum interface.
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I. INTRODUCTION riod. This resonance is not sufficiently long lived to allow the
quantization of its nuclear motion. The resonance decays by
A major challenge in surface science is to induce ancelectron emission in the course of nuclear motion, and the
control chemical reactions at interfaces both at the macromolecule only vibrates once during the collision. The inter-
scopic and microscopic levels. Along the reactive route fronference between electron emission at different times of the
reactants to products, transient species can be formed. Cowibrational motion leads to the appearance of so-called “boo-
trolling the formation and decay of these transient intermeMerang” oscillations in the energy dependence of the vibra-
diate states would allow one to act more efficiently on thenonal excitation cross sections. Herzenberg theoretlcally de-
entire reactive process. A large class of surface reactions ir¢fiPed these in the 19765. The boomerang pattern is

volves a charge transfer as an intermediate step. Transieﬂ er'(telnt ffr t(;achhflnal twpr;anona;l channelt. It I?t extremer:y h
negative ions(i.e., electron resonanceplay an important sensilive 1o the charactenistics of resonant scattering, whic

role in reactions and in particular in surface reactibifs. makes the i molecule a very appealing probe to study per-

This has been clearly demonstrated for excitation, fragment-urb"jItlons introduced by the environment on a transient

. : Hegative ion.
tation, and desorption processes. In all of these processes, t eQuite a few theoretical and experimental studies have
formation of a transient negative ion allows the transfer ofbe

¢ | . : | . Gi en devoted to the case of transient negative ions on bare
energy from electronic motion to nuclear motion. GIVeN ey syrfaces. For free-electron metals, the dominant pertur-

resonance vibrational coupling, the efficiency of this transfefyation is caused by the image charge interaction that results
depends on the resonance lifetime, which can be strongly, the |Jowering of the energy position of the resonance and in
dependent on the molecular environment. Numerous studigge increase of the resonance width. This was recognized
have focused on resonance-mediated electron impact vibrgery early=2° and led to qualitative discussions of various
tional excitation and dissociative attachment of moleculesxperimental results on the resonant vibrational excitation of
physisorbed on bare metal surfaces; the effect of the neiglphysisorbed moleculéd=**As for theoretical studies of the
boring metal on the resonance characterist@rsergy posi- electron impact vibrational excitation process itsélthey
tion and width as well as on the energy transfer itself haverevealed that besides the changes in the resonance energy
been discussed. In the present work, we investigate both exnd width, the presence of a metal surface introduces an
perimentally and theoretically the dynamics of vibrationalasymmetry in space that strongly influences the excitation
excitation by low-energy electron impact of, Mnolecules  process and in particular the overtone excitation. In the case
physisorbed on an insulating rare-gas film. of non-free-electron metal surfaces, the peculiarities of the
Vibrational excitation of N molecules by low-energy band structure of a metal have also been shown to influence
electron impact is dominated by tth(ZHg) resonance. In the position and width of transient states interacting with the
the free molecule, this resonance is located at 2.3 eV and itsietal. Rou¥’ showed that it could lead to an increase or a
width is around 0.4 eV at the N\equilibrium position, which  decrease of the resonance width.
corresponds to a lifetime of the order of the vibrational pe- Transient states in an insulating environment also re-
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ceived some attention. Condensed gases and in particulatolecules’* However, this is not the only possible effect
rare gases provide a simple system, the prototype of insulasince the RGS film may also modify the electronic environ-
ing thin films, modifying the electronic environment of a ment of the molecule. This has been convincingly shown in
molecule. Dissociative electron attachméBtEA) in con-  Ref. 34 where the =1 excitation function, measured around
densed gases has been studied in detail experimentally eithiée I, resonance energy for 0.1 monolay®L) of N,
in the case of a pure condensed molecular gas or with a rafhysisorbed on an Ar film of variable thicknegs., 0-32
gas used to dilute the active molecule or separate it from thML) condensed on a Pt substrate is presented. At large thick-
substraté® Energy shifts of the DEA reaction and the changen€Sses, the boomerang structure is perfectly visible, but is
of selection rules, as well as reactions in the condensed |a¥'5flg.n|f|.cantly different from that observed in the gas phase.
ers induced by DEA have been report@dheoretical stud- This is clearly observé_d even for a 32-ML Ar film, for
ies are scarcer. The DEA process in halogen containing molvhich the N molecule is located at about 100 A from the
ecules adsorbed on rare-gas solRGS films has been metal surface. Be5|d_es, the e_xcnanon function exh_|b|ts a
modeled by simply introducing an energy shift of the tran-downward engrgy_shn‘t, which increases when t_h(_a thlckness
sient negative ion into the DEA treatment of the freeOf the RGS film is reduced. _Thls iS not surprising since,
molecule?®?* This accounted well for the experimentally ob- When the N™ compound state is formed closer to the metal,
served increase of the DEA cross section by several orders §f€ attractive image charge potential is stronger. The boomer-
magnitude when going from the free molecule to the ad_ang structure fades away, however, When.the molecule is
sorbed systerff?! adsorbed on the bare metal substrate and in the case of the

Transient electronic states analogous to those involved iftonolayer and bilayer. o _
resonant electron scattering are present in other experiments. The present work is devoted to a joint experimental and
Recently, the development of time-resolved two-photon phOIheoreUcaI study of the electron |mpact_V|brat|onaI excitation
toemission TR-2PPH experiments in the femtosecond range ©f N> molecules adsorbed on RGS films condensed on a
allowed a direct study of some of these states. These af@etal surface so as to explain more adequately these previ-
located below the vacuum level in contrast to the moleculaPUs results. The latter are now extended todRe2 and 3
resonances probed by electron scattering. In the case §gcay channels. Furthermore, we discuss modifications of
adsorbate-induced states on surfaces such &s1Quvery- the dynamics of the Nvibrational excitation process and in
long-lived states have been obser?@@ this feature has particular of the “boomerang” oscillations associated with
been shown to be related to the effect of the electronic banthe No~ (°I14) resonance as a function of the thickness of the
structure and more specifically to the presence of a projectednderlying insulating film. In this way, we can characterize
band gap that blocks the electron transfer between the adsdhe effect of the environment on the resonance characteris-
bate and the Substra%é]mage states at surfaces and in par-tiCS. In addition to modifications due to the space asymmetry
ticular their perturbation by an insulating layer on the surfacdntroduced by the insulating surface, the main result is a
(rare gas or condensed moleciléRefs. 25—28 also re- stabilization of the N transient state in front of the RGS
ceived considerable attention. Image states, in which an elegpacer. These two effects account well for the intriguing fea-
tron is trapped in the |0ng-|’ange image Charge potentia| antures observed experimentally in the boomerang structure of
travels in front of the surface, are the delocalized equivalenthe excitation functions.
of the transient negative-ion states that are localized on an
ad.sorbate.. .Their characteristitﬁeqergy and Iifetim)? are Il EXPERIMENT
quite sensitive to the surface environment. Theoretical stud-
ies of this problem have been developed by modeling the The electron-scattering measurements were performed
electrostatic potential modifications introduced by the preswith a hemispherical electrostatic electron energy (&5L)
ence of an insulator layer on the metal surf&t® Finally,  spectrometéf having the following characteristics. With po-
one should mention studies of negative-ion formation bylar coordinates defined relatively to the outward normal of
electron impact on a molecular layer adsorbed on a metdhe sample, the polar angle of the monochroméier, the
surface and covered by an insulating overl&@yavhich also  angle of incidencet,) can be rotated between 14° and 70° at
imply modifications of transient state characteristics due ta fixed azimuthal angle. The polar angle of the analyzer,
an insulating environment. The survival of these negativehe angle of analysisgy) is fixed at 45° at the opposite
ions during their escape from the surface has been studieakimuth. Double-zoom electron lenses mounted at the exit of
using an electrostatic modeling of the insulator layer eftfect, the monochromator and also at the entrance of the analyzer
and the corresponding predictions have been successfulbllow the focusing of the incident and analyzed electron
compared to the experimental data. beam on the sample over a wide energy rateyg., 1-20

In the past, we have extensively studied the excitation anéV). An EEL spectrum is obtained by fixing the energy of the
reactive processes induced by electron impact on condenseadonochromator while sweeping the energy of the analyzer.
gases-?In particular, we can mention the case of a thick film The incident electron energy dependence of a given energy-
of N, condensed on a metal substréfe> RGS matrix films  loss feature, also termed the excitation function, is obtained
have been used to dilute the reactive medium, formed byy sweeping the energy of both the monochromator and ana-
different condensed species. RGS films of variable thickneslyzer while keeping a difference between their energy equal
have also been employed as mere spacers to study the long-the probed energy loss. The EEL spectrometer is housed in
range interaction between the metal substrate and condensacbakeable cryopumped ultrahigh-vacuum systemiV)>*
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FIG. 1. 2l'[g resonance-excitation functions for the=1,2,3 vibrational levels of 0.1 ML of Nphysisorbed on a solid Ar film whose
thickness is increased from 1 to 32 ML. The angle of incidemge,is 14° and that of analysigy, is 45°.

at a typical base pressure ok80 *Torr. The samples to Of low-energy electron diffractiofLEED) threshold interfer-
be studied are condensed from gas phases onto a metal sifice structures present in the energy dependence of the in-
strate cooled at 14 K. The gases initially prepared in a gagiensity of the electron beam reflected speculdilg., 00
handling manifold are introduced in the system through @e€am. This analysis indicated the presence of disordered Pt
valve which is connected to a small tube having an openingicrocrystals with a large number of microfacets having the
located in front of the metal substrate. This latter is electri-(111) plane parallel to the surface with a strong azimuthal
cally isolated and press fitted with a ceramic plate to the tigdisorder. Ar and N gases were supplied by Matheson of
of the cryopump which is mounted on a bellows to allow for Canada Ltd., both with a stated purity of 99.9995%. The
X, Y, Zpositioning. The gas-handling manifold consists ofamount of gas leaked into the vacuum system was monitored
two different gas sources connected to a small calibrateBly the differential pressure drop in the gas-handling mani-
volume through bypass and precision-leak valves. In théold. The number of condensed monolayers was estimated to
present experiment, the combined resolution of the selectors 10% from the calibrated amount of gas needed to deposit
was adjusted at 18 meV full width at half maximum one monolayer, assuming no change of the sticking coeffi-
(FWHM) for a corresponding current at the substrate of 0.3ient for the adlayers, as previously descrifie&’We found,
nA. For all the results to be shown in the next section, thérom the observation of the amplitude of the quantum-size
incident electron energyE(,) scale was calibrated with re- interferences in the transmitted as well as reflected current in
spect to the vacuum level by measuring, withi9.01 eV, the specular direction, that Ar film grow layer by layer up to
the threshold of the electron current transmitted through th&ight monolayers in an azimuthally disordered fcc polycrys-
deposited filmgi.e., current measured on the substrate tal with a preferentia(111) orientation normal to the surface
The metal substrate consists of a 200 cn? polycrys- and with a minimal addition of defects in going up to 50
talline platinum (Pt) ribbon of 0.2 mm nominal thickness ML. %
supplied by the Ventron Corporation with a stated purity of
99.95%. The ribbon was cleaned by resistive heating in UHV . RESULTS
to a temperature of 1500 °C and, in the presence of oxygen,
to 900 °C. The EEL spectra obtained after these treatments In Figs. ¥a), 1(b), and 1c) we present theZIl
were free from any spurious vibrational losses. The metatesonance-excitation functions for the=1, 2, and 3 vibra-
surface could be further characterized from the observatiotional levels of 0.1 ML of N physisorbed on an Ar spacer,
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’ 'Il'(ABLE I. Overtone excitation ratio as a function of the Ar film H=T+V=T+Ve ot Ve.s. (1)
thickness.
where T is the electron kinetic energy. Up to now this
Jo(0—2)dE [o(0—3)dE method has been used to treat free molecules410r molecules
_ To(0—1)dE To(0=2)dE physisorbed on free-electron metal _surfajc‘ie‘g’: _In the
Rare-gas film present case, the electron-substrate interaction includes the
thickness(ML) Theory Experiment Theory Experiment interaction with the rare-gas film and the underlying metal
substrate.
0 0.22 0.27
! 0.40 0.56-0.04 0.40 0.540.04 A. Electron-substrate interaction potential
2 0.55-0.04 0.55-0.04
4 0.45 0.56-0.04 0.46 0.5% 0.05 The present system consists of a single molecule phys-
) 047 055004 049 05%004 isorbed on top of a RGS film deposited on the surface of a
16 048 056004 052 0.5%0.04 metal. We mainly consider Ar films of variable thickness.
32 0.55+0.04 052-0.04  Some results for Xe films are also shown to further illustrate
Free molecule 0.50 0.80 0.57 0.69 the interpretation of the effect_of the RGS film._ The rare
047 gases grow on metal surfaces in a fcc structure in(iié)
direction. The atomic planes are spaced by a distdpce
3 rom Ref. 38. =3.04 A (Ix.=3.58A) in the(111) direction. The interface
bFrom Ref. 39. plane is located half a monolayer spacing from the outermost

atomic plane. So the thicknessf a rare-gas film is equal to

the thickness of which is increased from 1 to 32 ML. The" fimesla (orlxe), wheren is the number of monolayers of

angle of incidencef,, is 14° and that of analysigy, is 45°. rare gases.

The boomerang structures present in the three vibration:itll r'nl'he frreex—iie%trcr)]n _m}etallsutl:stnrai\:ﬁ Irs dtiesrfr\',\t/)i?: tlr? the rLel_
levels are different from those in the gas phésee, e.g., um approximation. 1he €lectro eractio € com-

Refs. 16 and 37—-3%s well as on the bare metal substrategme?I sy;telm IOf FG? I.”m a;nd {netashsu?istrate IS (éeslcrl?_ed
(shown in Fig. 1 of Ref. 3B A striking feature is the drop of y classical electrostatics, trealing the Tm as a dielectric

the second peak in the boomerang structure obthd. The continuous mediunfDCM).** The shape of the potential is

28 R
strong modifications, which are observed even away from WY close to that used by Hotzet al.™ The DCM is char-

the metal, indicate that Nadsorbed on a thick rare gas slab gﬁ}ﬁrézlggt%ynt\gf?iﬁi?yrz;i‘)nt_srzhetg?tg;eggfrtgg %onrlisst?[?ﬂ?\éhsot-
experiences a potential quite different from that felt in the ' P

o : C . _tom of the conduction band of the bulk dielectric. Depending
free molec_;ule. The overtone excitation ratn_J, WhICh is d_efmec%)n the RGS, the bottom of the conduction band is located
as the ratio between the=1, 2, and 3 excitation functions

integrated over the collision energy, is given in Table | as aelther below the vacuum levelEA=0.45eV for X9 or

43
function of the Ar film thickness. For large film thicknesses,"’l.bove Fhe vacuum levelEA=—0.25€eV for A).™ The &
the overtone ratio is virtually constant, thus showing that Aielectric constante =1.7 for Ar and 2.2 for Xg has been
convergence of the excitation has been reached. We furthé)lbta'ned fror_n th_e Clausius-Mossotti relation using _the
note that this limit is close to the value for the free molecuIe,"’lt()m‘{gMf)()l":lr'z"’lb'I'ty and the volumes of the primitive
although the shape of the boomerang structure is differen _eIIs. ' .

The same is not true for Nmolecules physisorbed on a clean . The _electron n front of the metal S‘.‘Ffac‘? covered by a
metal surface, where it has been shown, both experimental |elect.r|c slab of th'.Ckn.eSB.feeIS a'moqmed image charge
and theoretically, that the overtone excitation ratio is consid _otent|al. The polarization mteractlon_lnduced by th_e nega-
erably reduced compared to the free-molecule &a&This ~ UVe charge Is screened by the dielectric slab depending on its
effect has been attributed to both a reduction in the resonanx%eleCtrIC constané. In this problem, there are two interfaces

o at separate three different regions of space: the metal
lif h h f th ) . !
ifetime and the space asymmetry due to the presence o tsubstrate £<0), the dielectric medium (@z<t), and

vacuum g>t). The z electron coordinate is defined with
respect to the metal image plane=0). The potential en-

metal surface®

IV. THEORETICAL METHOD ergy of an electron in the various regions is given by

The theoretical description is based on the coupled angu- ela (B & (=% 2In(1+p)
lar mode(CAM) method, a formulation developed to handle Ve-s(2)=~ 7| 2 J— kZO itz n
resonant electron scattering by molecules located in an an- - -
isotropic environment®4%41The electron is scattered by the —EA, for 0<z<t, 2
combined molecule-surface system. When molecular adsorp-
tion does not perturb too much the electronic properties of el B 4e S (=P
the adsorbate and substrate, as in the case of physisorptiorVe-s(2)=— a EJF (e+1)2 Kttz |’ for z>t,
the electron-moleculeV. o, and the electron-substrate, k=0 3

V.5, interactions can be considered additive and the Hamil-
tonian for the electron can be written as with B=(e—1)/(e+1); and
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I A B R A B R B ] the bottom of the conduction band of the bulk dielectric. The

[ ] potential presents a steep variation near the vacuum-film in-
terface. It appears that this interface effect dominates the
] potential at small thickness. Because of the importance of the
] interface region, the DCM should be used with care in the
case of thin films. Below, we present results for various
thicknesses, but the details are concentrated on the results for
thick films.

aanenet

Potential energy (eV)

aF . .
r B. Electron-molecule interaction:

— AIMLymetal ] The electron-molecule interaction is modeled by the ef-
g T e Mees ] fective range theory(ERT) approximatiorf’® In  this
! Lot e i Lt L] method, the electron space around the molecule is cut into
0 50 100 150 two regions. In the outer regionr &r.), wherer is the
Electron—metal distance (a,) electron-molecule distance, the electron-molecule interaction
) ) is described explicitly via a long-range interaction potential
FIG. 2. Electrostatic potential along the normal to the surfaceyng one assumes the separation of angular modes, which are
for three different Ar film thicknesses in the continuous dielectric ;. on a5 spherical harmoni¥,, in the present case of N
model. 1 ML(SO“Q !ine), 4 ML_(Iong anhed lirk gnd 16 ML 1he long-range interaction potential is taken from e
(dotted ling. The origin of coordinates is the metal image plane. initio study of Le Dourneutt al 49 The effect of the short-
range interaction regionr Kr.) is treated via a boundary
condition on the electron radial wave functiéh,, at the
boundaryr=r.:

Ve.s(2)=—Vo/(1+A€e®?), for z<O0. (4)

The potential inside the metal, E@l), has the form pro-

posed by Jenningst al*® The values of thé\ andB param- 1 dF,,
eters are defined from the jellium parametirand V by E_Tdr =fim- (6)
assuming the continuity of the potential and its derivative at Im r=reg

the bare metal surface. In the present case, we have cho
A=0.97a, ' andV,=13.74eV. The corresponding potential
in vacuum(i.e., with no dielectric slabwould be given by

SThe boundary conditiof,, depends on the internuclear dis-
tanceR of the molecule. In the present work, we followed
the same approach as in our previous work gmidlecules

1 physisorbed on a metal surfat®® The N~ (2Il,) reso-

V(z)=——(1—¢€?). nance is associated withdwr (=2, m==*1) wave in the
4z molecular frame. In particular, the LERT modeling of g\,
At metal- and vacuum-film interfaces, the electrostatic po_scattenng in the region of the,N (*I1g) resonance quanti-

tential presents a discontinuity. Vari methods have b tatively reproduces the boomerang structure and the overtone
ential presents a discontinuity. various metnods have DEef, ;< %in the case of electron scattering by a free molecule

H %?e?§,30
proposed to remove these divergentes. _In _the present and their modification in the case of a molecule physisorbed
work, at the metal-film interface, the potential is chosen to be

constant and equal te-A/4; it thus joins the relatiori4) at on a free-electron metdt

z=0 and Eq.(2) inside the dielectric. At the vacuum-film .

interface, we use the recent prescription of Hoteehl?® C. CAM coupled equations

who introduce a linear variation of the potential between The essence of the CAM method is to expand the electron

—b/2 andt+b/2 to remove the divergence @afThe distance wave function|¥) over an angular basis that is well adapted

b is related to the energy jump EA+E, with Ej, the po-  to the description of the electron-molecule interaction: the

larization energy induced by a point charge in the bulk me-basis of spherical harmonics centered on the molecule. Two

dium of the dielectric constarnt types of situations are investigated: electron scattering by a

static molecule(fixed internuclear distancB) and electron

g—1 €? scattering by a vibrating molecule. For the problem of an

T 2_Ep' (5 electron scattered by a molecule with a fixed internuclear

distance, one has

For Ar, the polarization energies found in the literaffire

between 1 and 1.4 eV, which correspondsbtealues be- 1

tween 2.11 and 2.96 A. In our calculation, we have chosen |‘I’>:% = Fim(M)Yim), (7)
bp=2.11A. In the case of Xeby,=2.73 A according to

Ref. 28. where F|, is the electron radial wave function associated

Figure 2 presents the electron-substrate interaction potenvith the Im angular momentum. The electron-substrate inter-
tial in the case of Ar slabs of 1, 4, and 16 ML thickness. Foraction, which is not of spherical symmetry, generates cou-
a sufficiently thick film(e.g., 16 ML, the potential is rela- pling terms between the different spherical harmonics
tively flat inside the RGS film and its value corresponds to{Im|V..g/l’'m). In the case where the ,Nnolecular axis is
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5v’v_<Xv’|flm(R)l)(v)FIUm(rC) =0.

r=rg

retained and the expansi¢r) has to contain only terms with ar
m==*1 to treat the N~ (ZHg) resonance. In the case of
another orientation of the molecular axis, the symmetry of (10

the problem is lowered, and a femv terms have to be con- gyinging the expansion(9) into the Schidinger equation
sidered(see tﬁezdlscussmn' in Ref. b0eading to the split- 1o54q 10 a set of coupled equations for the radial wave func-
ting of the N~ (*II,) state into two resonances. BE_BIOW' W€ tions Fin(r). Couplings only exist inside each block and
present reg,ults for two geometrl_es—molecu_lar axis paralleﬁ e coupled equations are analogous to @). Their solu-
or perpendlculgr to the surface—in order_to discuss the effec[ on in the spherical harmonics angular basis followed by the
of the adsorption geometry. As shown in Ref. 50, for thetransformation into the adiabatic angular mode basis yields

2 its i -
parallel geometry, the N (*11,) state splits into WO reso- e scatteringS matrix in the ,i) basis product of the N
nances with different characteristics: symmetric or anti-

o gibrational basis and of the adiabatic angular mode basis.

symmetric with respect to a plane normal to the surface an
containing the molecular axis. The symmetric resonance
characteristicgparallel geometryare very close to those of
the doubly degenerate resonance in the perpendicular geom- The solution of the CAM coupled equations yields the
etry, whereas the asymmetric one is different, being less pescatteringS-matrix elementsS, y , k(E), which connect the
turbed by the presence of the surface. The presentation of thgitia| state v;,k (vibrational levelv;, adiabatic angular
theoretical approach below is done for the perpendicular 9€&modek) to the finalv;,k’ state(vibrational levelv;, adia-
ometry: the modification; required to treat the parallel geomyatic angular modé’). They depend on the incident colli-
etry case can be found in Ref. 50. _ sion energyE. By analogy with the case of scattering by a

For electron scattering from a fixed-nuclei molecule atfqq molecule, one can define the inelastidify ., ,; for the

energyE, bringing the expansioif7) into the Schrdinger ;inrational transition from the initial vibrational level, to
equation yields a set of coupled radial equatiinghe per- 14 final levely; :

pendicular geometryn is a good quantum number equal to

perpendicular to the surface, the molecular axial symmetry is | dF},
v

D. Vibrational excitation probabilities and cross sections

+1 or —1):
Lo (E)=2 [S, 10 (E)|2. (1D
LdFim() , Kk’
2 ar? Ve‘”‘"'(r)F'm(rH; (Im|Vegll'm)F,, The inelasticities play the role of vibrational excitation prob-
abilities; for a free molecule, they are directly proportional to
=EFm(r), (8)  the total excitation cross sections for the various vibrational
. . o _ transitions.
the F|,, radial wave functions verifying the boundary condi- |5 the presence of the substrate-vacuum interface, the

tion (6). The coupling introduced by the electron-substrateg|ectron space is divided into two regions, the vacuum side
interaction does not vanish at infinity and so, after solvingynq the substrate side, with different asymptotic energies and
the above equations in the spherical harmonics basis, one hag gifferent vibrational excitation properties. In an electron-
to perform a basis change into the angular basis that diagGrguced excitation process, one can then define four different
nalizes the interaction at infinitiadiabatic gngul_ar m(_)d}as_ processes, depending on the regions of space where the in-
The scatteringS matrix can be extracted in this adiabatic ¢jgent electron is coming from and where the outgoing elec-
angular basis. The analysis of the energy dependence of thg,, js going to(see the discussion in Ref. L&or example,
corresponding time delay matrfxthen yields the energy po- 5 «ysyal” scattering experiment will correspond to scattering
sition and width of the B resonance perturbed by the sur- from and to the vacuuniV'V process But other processes
face. Indeed, these energies and widths depend on the MGyolving the metal or substrate sidil) are also present and
ecule internuclear distance. important; they involve hot electrons in the substrate. In

To study the electron impact vibrational excitation pro- yrinciple, the adiabatic angular modes belong either to the
cess, one has to describe the electron scattering and molec(tm) or (V) side.

lar vibration at the same time, since the resonance lifetime is |, our previous studie¥ which involved a free-electron—

of the order of magnitude of the vibrational frequency. Theatal—vacuum interface, the separation betweeand M

CAM procedure allows treating this problem exactly within agiapatic modes was not fully converged for the finite angu-
the ERT approximation. The total wave function of the sys-|5; pasis used. Instead, we had taken an alternative and effi-
tem is expanded over the angular basisasetover a nuclear  cient method that consists in sharing the excitation probabil-
basis set; the nuclear basis set is the basis of vibrational WaYE petween theM and V sides, according to a classical

functions of the neutral Nmolecule. One thus has description of the electron refraction by the long-range im-
1 age charge potentidf.In the present case, the strong varia-
tion of the electrostatic potential at the substrate-vacuum in-
Ty = —Fp(r R)|Yim)- : - X ;
) ; Z r (X (R Yim) © terface introduces a very efficient effective separation of the

adiabatic angular modes. This separation converges with a
The boundary condition at=rc on the radial wave func- rather limited size of the angular basis and allows recogniz-
tions is now written as ing the adiabatic angular modes belonging to ther metal
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M sides. Thus we can define the vibrational excitation prob-
abilities for the various process€gV, VM, MV, or MM)

by restricting the sum in Eq11) to the relevant adiabatic
angular modes. From these, we can define the “summed”
excitation cross sections that are defined as the integrals of
the differential excitation cross section over the final angle,
averaged over the initial angle, the initial and final angle
variation being restricted insidd or V. One thus has for the
VV summed cross section, to be compared with scattering @  perpendicular geometry
experiment results, O panlidlgeomenry(m=2) 7
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where the sum over the angular modes is restricted to the E-o.s 3\ -
ones belonging to th¥ side.k; is the electron momentum in :>B [\ ® o ‘9 ]
the incident channel. Analogous expressions are obtained for 8 | \\o ¢/
theVM, MV, andMM processes. The factor of 2 in E4.2) ‘“_10'_ v/ @ perpendicular geometry
is associated with the double degeneracy of the (¥I1,) TV A
resonance in the perpendicular geometry. In the parallel ge- [ ]
ometry, the two contributions from the two resonances have 0 20

3 Adsorption height (2.)
sorption height (a
to be summed. P 0

The following basis set was found to be sufficiently large  FiG. 3. aand b N (2I1,) resonance energy shit) and width
to reach convergence in the present problem: we used 1) (in eVv) as a function of the adsorption heiglih atomic units,
spherical harmonics for the electron angular basis and léheasured from the film-vacuum interfac@he resonance energy
vibrational levels for the nuclear basis. The size of the sysshift (a) corresponds to the difference in energy position of the
tem of coupled equations was thusX?4. Their solution, resonance between an adsorbed molecule and the free molecule.
using the De Vogelaere propagatdrwas performed in a This shift is compared with the electrostatic potential along the
sphere of radius of (300—60&) depending on the RGS film surface normaldashed ling The Ar film thickness is 4 ML. Solid
thickness. circles: molecular axis perpendicular to the surfare=(1). Open

circles: antisymmetric resonancen€2) for the molecular axis

arallel to the face.
V. N, PHYSISORBED ON Ar FILMS: N ;= (2II,) para sur

RESONANCE ENERGY POSITION AND WIDTH _ )
molecule valuesi.e., 2.3 and 0.4 eV, respectivelylhe reso-

The static properties of the,N (°Ily) resonancéenergy  nance energy shifts with the molecule-surface distance,
position and width are consistently extracted from a calcu- roughly following the electron-substrate interaction potential
lation with a fixed-nuclei molecule. The coupling of a [dashed line in Fig. @]. In the perpendicular geometry, this
negative-ion state with the electronic continuum of the subdownward energy shift stops around &0 i.e., in the vicin-
strate strongly depends on the normal distance of the moity of the estimated adsorption height. For smaller distances,
ecule to the film-vacuum interfac@e., adsorption height  an increase of the energy of the resonance follows the shape
Z. To modify the strength of the coupling, we can vary thisof the interaction potential, which presents a steep repulsive
distance Z.  The adsorption height in  the wall near the interfacéFig. 2.

N, /Ar/metal-physisorbed system has been estimated from |n Fig. 3(b), the width of the resonance energy presents
the equilibrium distancé3.9 A) of the N-Ar van der Waals  small oscillations, which increase in amplitude as the mol-
molecule?® Assuming that the Ar film surface corresponds toecule approaches the surface. Thus the resonance may either
a fcc (111 plane, we computed the,Nequilibrium adsorp-  be longer lived or shorter lived than in free space, depending
tion height for the hollow, bridge, and top sites, to bea3d.3 on Z. These oscillations are due to the steep potential varia-
3.6ay, and 4.5, from the image plane, respectively. Below, tion around the film-vacuum interfadsee Fig. 2, which

we use the hollow site value; the results for the bridge siteacts as a partially reflecting barrier. This generates interfer-
distance configuration should be very similar. ence between the molecular resonance wave function and the

Figure 3 presents the energy shift and width of the N escaping electron wave that is reflected at the interface. The
(ZHg) resonance as function of the Bdsorption heigh on  period of the oscillations as a function Bfis consistent with
a 4-ML Ar film. The N, internuclear distance is at equilib- this interpretation.
rium. Figure 3 presents the results for the doubly degenerate Similar oscillations have been found in previous studies
resonance in the perpendicular geometry and for the anten molecules adsorbed on a metal surface where a steep
symmetric resonance in the parallel geométhe symmetric  potential variation is present or when the surface is reflective
resonance in this case is extremely close to the perpendiculdue to the electronic band struct§r¥:%* This interference
geometry case and is not shown hedst large Z, the reso-  effect either increases the resonance decay or partially blocks
nance energy and width correspond to those of the fredt. As a result, at the estimated actual adsorption height
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Ir work,® it was estimated to lie aroundag from the image
: S plane.
sk 0O Arlx ML), 22705, For a given distance between the molecule and film sur-
e : bare meta 225,34, face, decreasing the rare-gas film thickness leads to a de-
2 [ W bare metal, 2=5.03, crease of the resonance energy. This is not surprising since,
£ o6 ¢ tuemenlzTy, in a first approximation, the resonance energy shift is given
E [ " 00000 by the electron-substrate interaction potential at the center of
g oab ‘o ° the molecule. The formation of a negative-ion state near the
gt surface of the metal induces polarization charges that appear
. A—A— A MM at the metal—dielectric-film interface. However, this polariza-
02f tion charge is partially screened by the dielectric medium
[ due to its finite dielectric constant. In addition, the effect of
N T R . the metal interface decreases when the distance of the mol-

0 05 I 15 2 25 eculetothe metal surface increases, i.e., when the film thick-
Resonance energy (eV) ness increasdsee Fig. 2 This accounts for the variation of

FIG. 4. Width of the N~ (ZHg) resonance Vs its energy posi- the resonance position with film thlcknes_s and _
tion, for three different adsorption heigh#s(3.3, 5.0, and 7.0 a.u. On the other h_and, the resonance width, which st_rongly
measured from the film-vacuum interface: triangles, squares, and€Pends on the distance between the molecule and film sur-
diamonds respectivelyThe open symbols correspond to an Ar film face, is nearly independent of the dielectric film thickness
of variable thicknes§l, 2, 4, 8, 16, and 32 ML The solid symbols ~ from 1 to 32 ML (the case of a bare metal appears to be
correspond to the case of a bare metal with the same adsorptidifferend. This effect shows up as three different plateaus in
height. The solid circle gives the free-molecule result. the resonance width versus the energy position. The same
type of oscillations as observed for a 4-ML film in the reso-
. nance width as a function & [Fig. 3(b)] is present for all
_=3.3a0, the resonant state has a r_nuch Ipnge_r lifetime tharEiielectric film thicknesses. This is consistent with the above
in free space. The presence of the insulating film thus resu'%terpretation involving the reflectivity of the vacuum-

in the stabilization of the transient negative ion. dielectric interface as the key parameter for the resonance
The results for the antisymmetric stdferallel geometry | igih.

exhibit the same qualitative features as in the perpendicular The case of an Nmolecule adsorbed on a dielectric film
geometry; however, they slightly differ quantitatively. As ex- is gefinitively different from the case of a molecule directly
plainEd in Ref. 50, the difference can be linked to the Shapgdsorbed on a bare free-electron metal Sur?a&%]n the
of the d7 resonant orbital. In a perturbation picture, the |atter case, one obtains a large downward energy shift of the
“cloverleaf” shape of the orbital leads to different interac- resonancdroughly given by the—1/4Z term, coming from
tions, depending on whether the cloverleaf is perpendiculathe image charge attractive potentjahssociated with a
or parallel to the surface. The latter cdaatisymmetric reso- steady increase of the width. The resonance becomes more
nance in the parallel geomejrieads to a weaker interaction unstable when the molecule is adsorbed on a free-electron
with the surface and thus to a smaller perturbation. This acmetal substrate. It is clear from Fig. 4 that this situation is
counts well for the smaller amplitude of the width oscilla- completely modified when the molecule is adsorbed on a
tions in Fig. 3b) and to a resonance energy that is closer tadielectric film, whatever its thickness. Differences in the
the potential at the molecule center in Figa)3 At the ad- resonance energy position are connected to differences in the
sorption height, the antisymmetric resonafgarallel geom-  electron-surface interaction potential at the center of the mol-
etry) thus appears to be slightly lower in energy and broadeecule, whereas the peculiarities of the resonance width for
than the resonance in the perpendicular geometry. the Ar film are connected to the existence of a steep potential
We further studied the influence of the RGS film thicknessvariation at the vacuum-dielectric interface.
on the static properties of the resonance for three different The same kind of behavior is obtained for a Xe dielectric
adsorption heights: 3a3, which corresponds to the esti- spacer. Figure 5 presents a comparison of the (\?Hg)
mated N adsorption height, 5&), where the width is resonance width at the ,Nequilibrium internuclear distance
roughly equal to the value in the free molecule, andad,0 as a function o¥, in the case of 4-ML films of Ar or Xe. As
where the resonance is less stable than in the free molecula striking feature, the oscillations of the resonance width as a
In Fig. 4, we present the resonance width as a function of théunction of Z are quite similar, while the amplitude is larger
resonance energy in the perpendicular geometry for differerfor the Ar film. Again, this is consistent with the interpreta-
Ar film thicknesseqgopen symbols for 1, 2, 4, 8, 16, and 32 tion in terms of the reflectivity of the vacuum-dielectric in-
ML; the order of the points follows that of the thicknesses,terface; the period of the oscillations depends only on the
the smallest thickness corresponding to the lowest resonangeometry and resonance energy, which is almost the same in
energy. Also included is the case of the free molecule andthe two cases. The reflectivities of the two surface barriers
that of a molecule directly physisorbed on the bare metaare slightly different for Xe and Ar films. The two rare-gas
surface at the same molecule-surface distaisodid sym-  systems differ in particular by the energy of the bottom of the
bols). It must be stressed here that the adsorption height isonduction band, which lies above the vacuum level for bulk
different on a bare metal from on an Ar film. In our earlier Ar and below for Xe. This makes the Ar film more reflecting
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FIG. 5. Comparison between thQN(ZHg) resonance width in
the case of 4-ML Ar(solid circles and 4-ML Xe (open circleg AR A A,
films. The molecular axis is perpendicular to the surface. The L .
widths are presented as functions of the adsorption height, mea-
sured from the film-vacuum interface.
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and thus accounts for the slight difference in amplitude of the |
oscillations between the two films and, in particular, the 0.0
smaller width in the case of Ar at the equilibrium adsorption 0
height(i.e., a resonance width of 0.25 eV for Ar compared to

0.3 eV for Xg. Although these effects comes from the sur-  FiG. 6. vibrational excitation probabilityu(=0-1) as a func-
face barriers, we do not expect the exact shape of the potefon of the collision energy, for Nmolecules adsorbed in the per-
tial very near the interface plane and, in particular, the manpendicular geometry on an Ar filif, 4, and 16 MI.. The case of
ner in which the discontinuity of the classical electrostaticsthe free molecule is also shown for comparison. The collision en-
calculation is treated to be the key parameters. The resonaneegies are measured with respect to the vacuum level.
characteristics should not depend on the way to handle the

discontinuity at the dielectric-vacuum interface. For ex-the other peaks, but with no reduction in intensity.

1 2 3 4
Electron energy (eV)

ample, assuming a constant potentiedual to the bulk af- It is well known that the boomerang structure is highly
finity) in the dielectric medium does not modify the reso-dependent on the lifetime of the intermediate stdtén the
nance characteristics significantly. present case, the resonance lifetime, although longer than in
the gas phase, is still comparable to the vibrational period, so
VI. THEORETICAL VIBRATIONAL EXCITATION thaF vibrr?\tional levels of the intermediatQNion cannot be_
PROBABILITY AND CROSS SECTION defined independently, thus leading to boomerang oscilla-

tions. However, the narrowing of the peaks in the excitation

Figure 6 presents the calculatee- 0—1 excitation prob- function (Fig. 6) is a direct consequence of the decreased
ability (i.e., the inelasticity for N, adsorbed in the perpen- total width of the N~ ion, due to the presence of the Ar
dicular geometry on 1, 4, and 16 ML of Ar as a function of spacer. In the boomerang situation, the peaks cannot be en-
the incident electron energy. The excitation function exhibitsergetically associated with the vibrational levels of the
an oscillatory structure, which is nearly the same for differ-negative-ion intermediate; it must be stressed that the boo-
ent Ar film thicknesses, with the exception of a global shiftmerang depends on the vibrational excitation transition that
in energy. This feature has to be linked with the results preis consideredsee below, Fig. 11 Following the arguments
sented in Fig. 4, where the resonance width is shown to bgiven for the free molecule by Herzenbérthe peak interval
virtually independent of the Ar film thickness, whereas thein the boomerang structure is larger than the vibrational
resonance energy is lowered when the film thickness is despacing of the )™ ion, considered as a stable anion. Thus, if
creased. However, this oscillatory structure is clearly differ-it were possible to go continuously from a boomerang situ-
ent from the one for free Nseen at the bottom of Fig. 6. ation to that of a perfectly stable,N ion (i.e., to the long-
Moreover, the peaks are narrower, more intense, and almoktetime limit), one would see an increase of the number of
completely separated from each other foy Ifing on the peaks in the vibrational excitation function. In the present
RGS. The second peak has a much smaller probability thastudy, when going from the free ,No N, adsorbed on Ar
the nearest ones by about a factor of 2, but it is split andilms, the anion’s lifetime increases and the splitting of the
broader than the other peaks. This is common to all Ar disecond peak of the boomerang structure indhkel vibra-
electric films within the present film thickness range. Fortional excitation probability function is tentatively attributed
free N,, the second peak also exhibits a width broader tharo an increase of the number of peaks in the structure asso-

085408-9



D. C. MARINICA et al. PHYSICAL REVIEW B 64 085408

ciated with the transition from the boomerang situation to SARMAAAN T T IAMAAALY 3
that of a more stable ion. 3
Figure fa) presents the/V cross section for the =1
vibrational excitation for the free molecule and for molecules
adsorbed in the perpendicular geometry on Ar filths 4, 3
and 16 ML thickness For the free molecule, the cross sec- oF
tion is defined with the same spatial restriction as for the :

molecules adsorbed on Ar, resulting inVa&/ cross section
equal to one-fourth of the total excitation cross section. The
cross sections present a boomerang structure similar to that
seen in the excitation probability function. As the main fea-
ture, the detailed shape and absolute value of the energy
dependence of the cross sections depend on the thickness of
the Ar film: the cross section is smaller in the 1-ML case
than for thicker films. The shape of the barrier at the
dielectric-vacuum interface qualitatively explains this effect.
The reflectivity of the surface barrier is expected to be higher
in the case of a higher and broader barrier. As seen in Fig. 2,

N/AK(IML)

—
<
LAS REARREA)

N,/Ar(4ML)

(=]
TTTTT

—
(=
)

N, /Ar(16ML)

AR FETRSRUTTE (ARNNRRNN ARRRRRRENE (ATARNTRN] IRTURTTIT]

||||||||||||||

(=]

Summed VYV cross—section (aoz)

the height of the barrier is higher at large film thickness and E free N,

thus corresponds to a higher reflectivity. The barrier reflec- 5F 5
tivity influences the resonance lifetime as discussed above, E

but it also globally increases the scattering into the vacuum, E L) vV 3
compared to that into the substrate, and this accounts for the % 1 R
film thickness effect observed in Fig(&J. Electron energy (eV)

Figure 1b) presents the results for the parallel geometry.

, k 5 T e
The general discussion of the shape of Whé summed cross I ' ' R
section and of its thickness dependence is identical to that of v=l
Fig. 7(a). The width of the peaks in the boomerang structure N/AK(IML)

appears to be larger than in Fig@y, consistently with the
results in Fig. 8). Similarly, the second peak in the boo-

merang structure is not as well resolved as in Fig).7One OF

can also notice that the decrease of ¥¥ cross section 101~ .
when the film thickness decreases is stronger in the parallel i ]
geometry than in the perpendicular geometry. sk N/ArML) -

Figure 8 presents the results for th& v =1 vibrational
excitation summed cross section in the case ptdhdensed
in the perpendicular geometry on a 16-ML film of Xe. The
Xe calculations are performed at the same adsorption height
as for Ar, although one can expect a larger adsorption height
for the Xe case. The comparison with the same molecule-
surface distanc@ is done to illustrate the effect of the dif-
ferences in the electrostatic potentials of the Ar and Xe films.
These results are very similar to the corresponding ones for a
16-ML Ar film in Fig. 7(a), but the excitation cross section is
smaller and the narrowing of the peaks is slightly weaker.
These differences between Ar and Xe can be discussed fol-
lowing the above discussion on the fixed internuclear sepa-
ration results, involving the reflectivity of the dielectric- . — — R o !
vacuum interface. Two parameters influence the excitation Electron energy (eV)
cross sections: the reflectivity and lifetime of the reso-
nance. In the case of Xe, they both contribute to decrease the
VV cross sections. The reflectivity of the Xe films is lower
than that of the Ar films, owing to the lower conduction band
edge in Xe. This lower reflectivity increases the importance g, 7. (a) VV summed vibrational excitation cross sectian (
of the electron emission towards the substrate and thus de:=g_1) as a function of the electron energy, fos Iolecules ad-
creases emission channels towards vacuum. The shorter lif§orhed on an Ar film(1, 4, and 16 ML. The case of the free
time for N, formed on Xe also decreases the magnitude ofnolecule is also shown for comparison. The molecular axis is per-
the excitation. As for the width of the peaks in the excitationpendicular to the surfacéb) Same aga) for the molecular axis
function, they are directly connected to the resonance lifeparallel to the surface.

N, /Ar(16ML)

Summed VV cross—section (a,2)
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FIG. 8. VV summed vibrational excitation cross sectiom ( G.10. C . b h hifts of i
=0-1) as a function of electron energy, foy Molecules adsorbed . Fll -1 ). Lomparison e_t\é\)/eelnt Ee_nergy_s |hs 0 tlge/_l ra- |
in the perpendicular geometry on a 16-ML Xe film. tional excitation processv=0-1) obtained in the experimental

(solid diamonds and theoretical studie@pen diamonds, parallel

time, which accounts for the small difference between the Atgeometry'

and Xe calculation§Figs. 7a) and §. . o .
Figure 9 presents the=1 vibrational excitation cross The difference between the two situations can be interpreted

sections for the four processsd/, VM, MV, and MM in by comparing surface barriers. The surface barrier of a metal
the case of a 16-ML Ar fiIn(perp’endic’uIar gieomet)yThe is simply the image charge interaction that attracts the elec-

VM and MV summed cross sections are almost identical.tr_on toward the metal and thus favors strongly electron emis-

The four cross sections are very similar, except for a domiSion Into the metal. In the case of an insulating film, the

nance of the processes involving the vacuum side, the potential bgrrier at the vacuum—dielec.tric interface reflects a
MM cross section is the smallgsindicating that the sharing Iarger portion of the ellectrons back into the vacuum, thus
of the inelasticity favors electron emergence in vacuum. Oriayorlng the vacuum side. O”‘? can nevertheless notice that
the contrary, the case of isolated Nads to four equal cross his favoring effect in t_he Ar f"”? case Is not very strong
sections. Moreover, these results are quite different fromcompared to the opposite effect in the bare surface case.
what was found for a molecule directly adsorbed on a bare

free-electron metdf In this case, scattering to and from the VII. DISCUSSION: COMPARISON BETWEEN

metal was predominant, especially for low-energy electrons.  EXPERIMENTAL AND THEORETICAL RESULTS

20 A. Energy shift of the vibrational excitation cross section
......... Tt

For a meaningful comparison of the experimental and cal-
culated energy shifts due to the attractive image charge po-
tential, it should be realized that the boomerang interference
creates structures in the cross sections that are not the same
for different vibrational exit channels. We chose to compare
the shift of the energy position of the first peak in the boo-
merang structure.

As for the adsorption geometry, we do not know what the
actual distribution of molecular orientations for the various
films is. The difference between the two extreme cdpes
pendicular and parallgis, however, limited see Figs. @)
and qb)], in part due to the fact that one of the resonances in
the parallel case is identical to that in the perpendicular case.
In the following, we use the results of the parallel geometry,
which can be expected to have a larger weight than the per-

FIG. 9. Comparison between the variou®, VM, MV, and  Pendicular geometry. o _

MM summed vibrational excitationvE0—1) cross sections as ~ Figure 10 presents the excitation cross section energy
functions of the electron energy for,Nnolecules adsorbed in the Shift, obtained from the experimental measurements and the-
perpendicular geometry on a 16-ML Ar film. Solid lineVV. oretical calculations, as a function of Ar film thickness.
Dashed line: VM. Dotted line: MV. Dashed-dotted line: MM.  There is a close agreement between these two curves, except
TheVM andMV cross sections are very close to each other. for a nearly constant and small energy difference between

—
W
T T T

Summed cross section (aoz)
-
©n =)

Electron energy (eV)
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20 prerrrre M AL | RARRALAEL ARRARRRAL ] trons reflects the angular shape of the resonant oithicae a
3 dr orbital perturbed by the surfacand not that of interfer-
] ence phenomena. Nevertheless, a modification of the energy
v=l ] dependence could arise from a combined angular and energy

N,/Ar(16ML)

15

LA R R R R RN R R

10 dependence of the reflectivity of the vacuum-dielectric sur-
5 face barrier.

The measured boomerang structure with all its distinct
0 features in the different vibrational exit channelgrelative

positions and intensiti¢ss reproduced rather well by the
calculation. The energy shift between the theoretical and ex-
perimental boomerang structu(Big. 10), discussed in the
previous section, is also present in the 2 and 3 vibrational
exit channels, confirming its systematic character. The struc-
tures in the experimental excitation functions are also
broader than in the calculated ones. In particular, the experi-
- 1 mentalv =1 cross section extends considerably towards low
- v= 1 collision energies. No definitive interpretation of this broad-
S . ening can be proposed at this time. The energy resolution of
) the spectrometefl8 meV FWHM cannot account for this
broadening. Besides, a mere convolution of the theoretical
data with a correspondingly broad Gaussian profile would
not lead to a better agreement. A possibility could be the
0 1 2 3 4 presence of inhomogeneities in the Ag-Bystem. One may
Electron energy (eV) think of fluctuations in the Ar film thickness, variation in the
FIG. 11. Comparison between the experimefiaih solid line numbers of ngighb_oring Ar aFom,S" and, t,he e,XiStence of dif-
and theoreticafthick solid line vibrational excitation cross sections ferent adsorption sites 'nCIUd'ng interstitial SItQS.
(v=0-1, 2, and Bas functions of the collision energy for,N One could also mention that the resonant intramolecular
molecules adsorbed on a 16-ML Ar film. vibrational excitation of the Nmolecule should be associ-
ated with frustrated rotation and translation of the Ardys-
them. The theoretical shift is smaller than the experimentalem (i.e., librations and phonohsia a similar resonant pro-
one by about 0.1 eV between 2 and 16 ML, which is largercess, and this could influence the shape of the energy
than the experimental uncertainty. One can stress that a diflependence. It has been found in high-energy electron-
ferent choice of molecule-surface orientation would not sig-€nergy-loss spectroscopiREELS measurements that the
nificantly alter this comparison. It should also be noted that€sonant excitation of the intramolecular vibrational excita-
the resonance energy shift reaches its maximum around tHn was associated with a broadening of the energy-loss
equilibrium adsorption heightFig. 3 and so, within the peaks toward large energy losses, indicative of an associated
present choice of electron-substrate interaction potevigigl ~ unidentified excitation proces$™*~> On the theoretical
in the DCM model, a better agreement could not be reacheaide, it has been shown that the excitation of the molecule-
merely by changing the adsorption height. A possible reasoffustrated rotation could be very efficient in the case of reso-
for this systematic difference then lies in the approximationgiant scattering®
implied in the presend/, s potential, especially near the  Since the cross section behavior for all thicknesses above
dielectric-vacuum interface. 4 ML, except for a global energy shift, are similar to that
seen in Fig. 11, a similar agreement between theory and ex-
periment is reached for all thick films. For smaller Ar cover-
ages, further differences exist between theory and experi-
ment. As seen in Figs.(d), 1(b), and 1c), the boomerang
In Fig. 11 the experimental excitation functions for the structure gradually disappears as the Ar film thickness goes
v=1,2,3 vibrational levels of 0.1 ML of Nphysisorbed on a to zero, while it remains essentially unchanged in the calcu-
16-ML film of Ar are compared to the calculated summedIations down to 1 ML(see Figs. 6 and)7Earlier calculations
excitation cross sectior(parallel geometry The experimen- on bare free-electron metal surfatshowed that the boo-
tal data are relative values, and only the1 profile was merang structure was still visible, although much weakened,
scaled to the theoretical valuge., the ratio between the in agreement with experimental results on a polycrystalline
various curves is meaningfulThe comparison in Fig. 11 is bare Ag surfacé? Various reasons can be invoked for these
between excitation functions at fixed angle and summediscrepancies. Experimentally, inhomogeneities can be more
cross sections; it makes the implicit assumption that the ereffective in thin film; the existence of Nmolecules in dif-
ergy dependence of the excitation cross section is not verferent positions on the surface could easily lead to a blurring
sensitive to the scattering angles. This is reasonable for af the boomerang oscillations. On the theoretical side, one
resonant process, where the angular distributions of the elecaust be reminded that the DCM model is a macroscopic

—_
(=]
T ™

Cross section ( aO2 )

B. Experimental and theoretical vibrational excitation cross
sections
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approach and hence should be valid mainly for thick films D. Thickness dependence of the excitation cross sections
and could lead to deficiencies in the case of a very small

As can be seen in Fig. 7, the theoretical excitation cross
coveragee.g., 1 ML).

section on the Ar film decreases when the film thickness
decreases. This feature can be compared with the experimen-
C. Overtone excitation ratio tal data, using the energy-integrated cross sections defined in
éhe previous section. The summed excitation cross sections
re found to be proportional to 1, 0.69, and 0.34 for the 16, 8,
nd 4 ML thicknesses, respectively. The corresponding num-

The relative magnitude of the fundamental and overton
vibrational levels characterizes the strength of the vibrationaft

excitation process. Overtone excitation is usually considere .
P y grs are 1, 0.87, and 0.57 for the experimental data. The

as the signature of a resonant process and, in the case o i . :
trend is the same, but the calculations overestimate the drop

large overtone to fundamental ratio, as the sign of a very fh o ion. In additi h .
long-lived resonance. However, in the case of adsorbed moP the excitation cross section. In addition to the points men-
ned in the discussion in the previous sections, one can

ecules, the space asymmetry between the vacuum and s o ; "
stress that the variation of the magnitude of the excitation

strate sides can also play a rofe. ; ) : _ : »
The overtone excitation ratio is defined, theoretically, a<C"0SS section with the film thickness is sensitive to the ge-
Qmetry of the adsorptiofsee Fig. 7.

the ratio between energy-integrated summed cross sectio
and, experimentally, as the ratio between energy-integrated
excitation functions. The integration over the energy allows VIIl. CONCLUSION

us to get rid of the boomerang interference as well as broad- We have reported on joint theoretical and experimental

ening effects that would not be energy dependastenergy studies on the resonant vibrational excitation of iol-

Z?r}ﬁrcr)wluttr?i)cr?(.nzaszl:e | presents these ratios as a function of theeCuIeS by electron impact in the region of thQ_I\(ZHg)

resonance. The Nmolecules were adsorbed on Ar films con-
densed on a metal substrate. The control of the Ar film thick-
ness allows the investigation of the effect of the environment
Jo(0—2)dE  Jo(0—3)dE on the resonant procegs, from a bare metal to an insulating
Jo(0—1)dE" o(0—2)dE "’ substrate, by inserting an insulator between the molecule and
the metal surface. Experimentally, the resonant process ap-
These ratios shows that the overtone excitation is muclpears to be considerably influenced by its environment.
weaker for N adsorbed on a bare metal surface than for the (i) The resonance structure in the electron energy depen-
free molecule. This has been discussed as the combined efence of the vibrational excitation cross section is strongly
fect of the decrease of the resonance lifetime and of th@erturbed and is shifted toward lower energies: the shift in-
space asymmetry introduced by the metal suffaGee., the  creases as the film thickness decreases. For thick files
effect of the surface barrier due to the image potential interabove 4 ML), the shape of the vibrational excitation function
action. The same reasoning also applies, although to ds roughly the same, except for an overall energy shift of the
smaller extent, for Bl adsorbed on very thin Ar filn{l—4  resonance structure.
ML). For thicker films(4—32 ML), the overtone excitation (i) Below 4 ML the boomerang structure in the experi-
ratio is observed, both experimentally and theoretically, to benental vibrational excitation function disappears gradually
roughly independent of the thickness. with decreasing film thickness; on the bare Pt metal, it is
One could have expected that, owing to the increasedompletely absent.
resonance lifetime, the overtone excitation would be larger (iii) The theoretical results obtained within the CAM for-
for N, adsorbed on an Ar film than for the free molecule. Themulation, associated with a modeling of the Ar film as a
present results confirm the fact that the resonance lifetime iIDCM on top of a free-electron metal, reproduce most of the
not the only parameter governing the overtone excitation rafeatures of the experimental data. It is shown that the main
tio. For very thin films, one can see in Fig. 2 that the poten-effect of the insulator film is to introduce a potential barrier
tial barrier at the dielectric-vacuum interface is rather lowat the vacuum-dielectric interface, which is partially reflec-
and somewhat similar to the one found in the bare metalive for resonant electrons. The partial reflectivity of this
case. So the decrease of the overtone excitation ratio in thiaterface leads to an increase of thg Nifetime, as well as
case can be tentatively attributed to the effect of the imagéo a modification of the angular distribution of the electrons
potential barrier, as in the case of the bare metal surface. Fejected by resonance decay. This leads to results in agree-
thick films, the potential barrier could also play a role. An- ment with the experimental data for thick Ar films. For thin
other possibility is simply the saturation of the vibrational Ar films, discrepancies between the theoretical and experi-
excitation process, which is already quite strong for the freemental results exist that are tentatively attributed either to the
molecule situation and cannot increase further. In the limit ofeffect of inhomogeneities at the film surface and/or to limi-
a very-long-lived resonance, the vibrational excitation prob+tations of the theoretical model.
ability at the position of the negative ion vibrational levels is  These studies confirm the ability of resonant scattering by
simply given by Franck-Condon factors, which are indepenthe N, molecule to probe the local electronic potential sur-
dent of the resonance lifetime. This feature should make theounding the molecule. Although the present study was con-
overtone excitation ratio in Nmuch less sensitive to a de- centrated on the case of Ar film as a model dielectric, one
crease of the width than to an increase. can expect that the present theoretical discussions apply to
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all rare gases, with the exception of the differences in thebove the vacuum level. Therefore, a thick Ne film would be
excitation functions and/or overtone excitations at low enerpractically totally reflecting below this energy and should
gies. In this context, solid Ne appears particularly appealingtrongly influence the N (ZHg) resonance that is lying at
since the conduction-band edge is located around 1.4 eW%bout the same energy.
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