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Resonant Vibrational Excitation of Adsorbed Molecules by Electron Impact
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The vibrational excitation of N2 molecules adsorbed on a silver surface by low energy electron impact
is studied within the newly developed coupled angular mode method. The process involves the formation
of a transient negative molecular ion. The results account well for the observations of Demuth and co-
workers. They also reveal that most of the vibrational excitation corresponds to electrons scattered into
the metal and thus unobservable in a scattering experiment.
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The energy transfer between the electronic and nuclear
motions in the course of an electron molecule is rather
difficult due to the large mass ratio between electrons and
nuclei. The situation is completely diAerent if the in-
cident electron can be captured by the target molecule to
form a transient negative molecular ion. In gas-phase
collisions, vibrational excitation at low energy is very
often dominated by resonant processes [1]:

e +AB AB * e +AB*(v) .

The same kind of arguments hold for molecules adsorbed
on a metal surface and indeed, resonant scattering is an

important source of vibrational excitation. It was first
observed in 1981 by Demuth and co-workers [2] and
Sanche and Michaud [3]. In fact, the formation of tran-
sient negative ions enables an efficient energy transfer be-
tween electrons and nuclei and it has been invoked as an

intermediate step in a variety of processes involving metal
surfaces and molecules: desorption by electron impact
[4], photodesorption [5], reactivity [6], and electronic
deexcitation [7,8]. Studies of resonant scattering have
also revealed that transient negative ions could be used as
a probe of the molecule environment [9]. The possibility
for a quantitative discussion of all the above processes de-
pends on the availability of an accurate treatment of the
resonant energy transfer. In the present paper, we report
on the first study of the dynamics of vibrational excitation
in electron collisions with adsorbed molecules that quanti-
tatively takes into account the presence of the metal sur-
face. It is applied to N2 molecules physisorbed on silver

and it reveals some unexpected features on the impor-
tance of the vibrational excitation process. The N2 mole-
cule and its Nz ( IIg) resonance have been studied ex-
tensively in the gas phase: The resonance is located
around 2.3 eV and is associated with an I =2 wave. For
adsorbed molecules, Demuth and co-workers [2] observed
the same resonance, however, modified by the metal envi-

ronment: The resonance energy is lowered, the oscillating
structure of the cross section as a function of the energy
has disappeared, and the overtone excitation is decreased.
Similar results were observed for thick layers of N2 mole-
cules condensed on other metals [10,11]. Since these
pioneering works, resonant vibrational excitation has been
observed in quite a few systems; they have been recently
reviewed in [11,12]. Theoretical studies on this problem

are more scarce. The first ones [13,14] studied vibration-
al excitation using simplified models with adjusted pa-
rameters: constant adjusted resonance lifetime with an

unperturbed resonance energy in [13],and gas-phase-like
calculation with unperturbed energy in [14]. They do not

report on vibrational excitation cross sections but rather
concentrate on the overtone excitation ratios. As the
main result, they stress the shortening of the resonance
lifetime and the lowering of the resonance energy upon
adsorption. More recently studies [15,16] of the static
molecule-surface systems were performed with the cou-

pled angular mode (CAM) methods [17]: They comput-
ed the width and position of the molecular resonances as

a function of the molecule-surface distance. Such a static
calculation, i.e., with a fixed internuclear distance, is lim-

ited to qualitative discussions of the problem. In the
present work, we report on a dynamical calculation of the
vibrational excitation process, fully taking into account
the vibrational motion of the molecule.

The calculation is performed within the CAM formal-
ism [17],properly generalized to handle the molecular vi-

brational motion. The CAM method was developed to
study atomic and molecular levels in front of metal sur-

faces. It was applied to various problems: negative ion

formation in atom-surface scattering [18], quenching of
excited states [8], static calculation of negative molecular
ion levels [15,16], and the study of neutral systems [19].
The CAM method considers the scattering of the col-
lisional electron by the compound system consisting of the
neutral target molecule and the metal surface. Such a
method applies to physisorption situations ~here one can
assume that the target molecule is not much perturbed by
the presence of the metal. The electron-metal surface in-

teraction is represented by a local potential [20], the only
function of z the electron-surface distance. The elec-
tron-molecule interaction is modeled by the eff'ective

range approximation (ERT; see, e.g. , in Ref. [21]),which
was developed to study inelastic processes (vibrational
and electronic excitation) in low energy electron-molecule
collisions. The ERT description of the N2 resonance
was extracted from the ionic potential energy curves of
Dube and Herzenberg [22]. In the CAM method, the
electron scattering wave function is described by a close
coupling expansion over spherical harmonics YI centered
around the molecule:
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where g, , (R) is the target molecule vibrational wave
function (v level), r, 0, &p are the electron spherical coordi-
nates, and FI,, (r) is the electron radial wave function.

The molecular axis is supposed to be fixed in space
(perpendicular to the surface in the present study). The
above expansion is well suited to treat the electron-
molecule interaction and not the electron-surface interac-
tion. The latter introduces coupling terms between the
various angular modes. When brought into the Schro-
dinger equation, this expansion leads to the set of the
CAM coupled equations for the Fl, , (r), which have to be
solved together with the ERT boundary condition. This
treatment can be seen as an extension to an anisotropic
environment of the ERT treatment developed for gas-
phase collisions. The approximation lies in the represen-
tation of the e -fixed R molecule interaction, and after
that, it exactly treats the dynamics of the vibrational ex-
citation with all its dynamical and nonlocal effects [21].
Details about the calculations will be published elsewhere
[23]. The calculation of differential cross sections as
functions of the incident and exit angles would require a
very large number of angular momenta in the above ex-
pansion. In the present work, we rather computed four
diAerent "summed" cross sections labeled VV, VM, MV,
and MM (V stands for vacuum and M for metal); they
are defined as the integrals of the diA'erential cross sec-
tion over the incident and final angles, restricted to a
given region of space: metal or vacuum. The first letter
refers to the integration domain for the incident angle
and the second one for the exit angle. In gas-phase col-
lisions, for freely rotating molecules, each of these four
summed cross sections is equal to one-fourth of the total
cross section. These summed cross sections correspond to
an average over the angle; they measure the importance
of the vibrational excitation, as well as the relative weight
of the vacuum and metal sides in the process. Indeed, the
VV process corresponds to a scattering experiment like
that of Demuth and co-workers, who measured the scat-
tered intensity at a fixed scattering angle. In the follow-

ing, the VV results will be compared to the results of
Demuth and co-workers; indeed, the angular distribution
of scattered electrons that is characteristic of the resonant
process should not vary much with the collision energy.
The VM process is present in the same experimental situ-
ation but is unobservable in a scattering experiment. The
MV and MM processes are related to hot electrons in-
cident from the metal side and could then be related to
experiments with photoexcited electrons. Two diAerent
methods were used to compute the summed cross sections
from the solution of the coupled equations. In the first
one, we first calculate the total inelasticity, i.e., the sum
of all the squared modulus of the inelastic S matrix ele-
ments; for each 0 v transition (sum of VV, VM, MV,
and MM processes) it very quickly converges with the
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number of angular waves (typically nine). The separa-
tion of the V and M contributions is made via a classical
mechanics calculation: Since the HgN2 resonance is
an l =2 resonance, we compute by classical mechanics
the fractions of the electrons emitted from the molecule
according to a dz wave that are deflected by the e
surface interaction potential and end up in the vacuum or
metal sides. These fractions are used to share the total
inelasticity among ovv, ov~, o~v, and o~~. In a second
calculation, the V-M separation was made in the scatter-
ing calculation: The S matrix is computed in an adiabat-
ic angular basis obtained by diagonalizing the e -surface
potential in the I I basis [15]. Certain vectors corre-
spond to the vacuum and others to the metal side; howev-
er, at finite distances, other vectors are localized close to
the surface. Because of the image forces and the low en-
ergy of the electron, an electron close to the surface at
finite distance will end up in the metal at infinity. Com-
putation of the summed cross section with a separation
(metal + surface and vacuum) of the adiabatic basis
leads to results close to the classical separation [23]. The
latter are presented below.

Figure 1 presents results for the v =0 t. =1 resonant
vibrational excitation of N2 as a function of the collision
energy. The gas-phase total cross section is presented in

Fig. 1(a); it is very close to the theoretical and experi-
mental results [22]. It displays the well known "boom-
erang oscillations, " due to the nuclear motion in the N2
collision intermediate. Figure 1(b) shows the summed
cross section crvv (for a molecule-surface distance of 5ao)
compared with the normalized experimental results of
Demuth and co-workers [2]. A good overall agreement is
obtained. A few features are apparent: First, the reso-
nance is shifted to lower energies compared to its gas-
phase position. Second, the boomerang oscillations have
almost disappeared; this is a consequence of the shorten-
ing of the resonance lifetime. These changes in the reso-
nant position and lifetimes were apparent in the qualita-
tive discussions drawn from the static calculations [15].
They were mainly attributed to the interaction of the col-
lisional electron with its electrical image which lowers the
energy and attracts the electron towards the metal. The
changes in the cross section [Fig. 1(b) compared to Fig.
1(a)] are indeed dependent on Z the molecule-surface
distance. This evolution will be presented elsewhere [23].
In the present work, we chose a molecule-surface distance
of 5ao (measured from the image reference plane) as
representative of the range where the theoretical results
most resemble the experimental results. It is a quite
reasonable value for a physisorption distance. The abso-
lute value of the v =0 v =1 excitation cross section is
also significantly decreased compared to its value for a
free molecule: The maximum cross section is decreased
by a factor 10, although the incident energy is decreased
by a factor 2. It is noticeable that a rather substantial
change of the shape of the cross section [Figs. 1(a) and
1(b)] corresponds to a rather moderate apparent increase
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FIG. l. Cross sections for the vibrational excitation (v

=0 v = l ) of the N2 molecule as a function of collision ener-
gy (a) For an isolated molecule. (b) Vacuum-vacuum cross
section for a molecule adsorbed on a silver surface, + experi-
mental results [2]. (c) Vacuum-metal and vacuum-vacuum
cross sections.

~ ~ ~of the resonance width (40% at R„ the equilibrium posi-
tion of N2 [15]). In fact, the target molecule vibrates
during the excitation process and then it samples a range
of internuclear distances R. In the gas ps hase for R in-

f R the width decreases and even vanishes.
[15] haveFor adsorbed molecules, the static calculations ave

shown that the width does not vanish anymore, even when
the resonance is below the vacuum level: The electron
can always escapepe toward the metal. As a consequence,
the relative increase of the resonance width upon adsorp-

the observed variation of shape of the excitation cross sec-
tion. Figure 1(c) reveals a new feature: The comparison
between oyy an ayM s od hows that vibrational excitation
predominantly corresponds to electrons leaving the mo e-
cule on the meta si e.h 1

'd So for the experimental situation
of a scattering experiment, most of the vibravi rational excita-
tion process canno e ot be observed. This is mostly an energy
eftect. Indeed, when the outgoing electron leaves t e
molecule, i ee s1, t f 1 the e -surface interaction w ich at-
tracts it towar e md th metal. Depending on its ejection en-

her and angle, the electron will or will not have enoug
energy oto overcome the surface barrier. he angular cri-
terion is linked with the present description using a sur-
face potential; a more sophisticated treatment inclu ing
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FIG. 2. Overtone excitation: (+) experime
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erimental results [2]
an d (0) theoretical results for an isolate molecule; theoretical

ns (L) atresults or an a sor ed b d molecule from YV cross sectio
(1 5 eV) and (0) at the cross sectionfixed incident energy . e

maximum.

h ta[lographic structure [24] could lead to a surface
reflectivity difterent from the present one and is
inhuence the angular criterion. Indeed, the energy cri-
terion, w ic is very im on' n

'
„ortant for the overtone excita-

tion, is not influenced by the surface description. The ra-
th VV and VM processes depends on t e

thecollision energy:ner: The smaller the incident energy, t e
larger the ratio between o.yM an». Th' t encr . This ratio even
becomes in nite e owfi

'
b 1 the threshold for the VV process;

indeed, the VM process does not have an energy thresh-
into the metalold in this range since an electron escaping into e

e the metalwill gain an energy equal to the potential insi e e
that is much larger than the excitation energies con-
sidered here.

Resonant vibrational excitation is very emcient in ex-
citing a ew quan a o vf t f vibration in a unique collision.
Figure 2 presents the relative values o yyf o. for t e
difterent vibrational channels. T e yyo. are taken either
at a fixed incident energy (1.5 eV to compare with
Demuth and co-workers' results) or at the cross section
maximum which is a better estimate of the importance of
the process. ese woTh two definitions of the overtone excita-
t' n are very close to each other except for v =5, whic is
very close to its threshold at 1.5 eV. Here again,ain the
present results agree with the experimental data [2 . It is
noteworthy that although still important, the overtone ex-
citation is signi can y sfi tl smaller for adsorbed molecu es
than for free molecules. This feature was attributed to
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the shortening of the resonance lifetime due to the in-

teraction with the surface [13,14]. The interpretation is a
little more intricate. Indeed, Fig. 3 presents the compar-
ison between the overtone excitation in the VV and VM
processes. The overtone excitation appears to be ex-
tremely efficient in the VM case; it is comparable to that
of the free molecule case, although the resonance lifetime
has significantly shortened. The resonance lifetime is not
the only factor acting on the overtone excitation and in

the present case a strong energy eAect is also present.
Indeed, for the VV or for the gas-phase problem, the ex-
citation of high lying v levels has a rather high energy
threshold (e.g. , 1.68 eV for v =6). This threshold does
not exist for the VM process. For Z =5ao, the resonance
position is around 1 eV as well as the maximum of ayM
(v=0 v=6). However, for oyy (t'=0 v=6), the
resonance being around 1 eV and the threshold around
1.68 eV, the cross section is very small close to threshold
and its maximizes around 2.2 eV, i.e., in a region which is
rather far away in the wings of the resonance. The same
effect is already visible in v =0 v =1 excitation [Fig.
1(c)], where the two summed cross sections appear shift-
ed. The drop of the overtone excitation in the VV process
thus appears to be due to a resonance position shifted
below the energy threshold of the high overtones; the VM
process does not have this restriction and the overtone ex-
citation is strong. This interpretation has been checked
by making a test calculation in which all the various v

levels are supposed to have the same energy, in order to
remove all these energy eAects. The corresponding re-
sults are shown in Fig. 3; the overtone excitation is now

strong in both o.vM and cryy. The roughly constant over-
tone excitation when going from the free molecule to the
VM case thus comes from the approximate cancellation
of two opposite effects: the increase of the resonance
width and the removal of thresholds. This new result on
the overtone excitation has two interesting aspects which
should be stressed. First, molecules adsorbed on a metal
can be excited very efficiently by electrons with an in-
cident energy below the energy threshold; the missing en-

ergy comes from the fact that the collisional electron ends

up in a negative energy state, i.e., is trapped in the metal.
Second, the vibrational excitation, when observed in a
scattering experiment, is largely underestimated; if one
refers to the maximum of the cross sections in the present
Nz/Ag case, the hidden cross section (oyM) is 10 times
larger than the visible one (cryy) for the v =0 1 excita-
tion and 2&10 times larger for the v =0 7 excitation.

In conclusion, the resonant vibrational excitation of N~
molecules adsorbed on Ag by electron impact was studied
within the CAM formalism. The results stress two im-
portant features of the modification of the N2 resonant
state upon adsorption: Its energy is lowered and its life-
time is decreased. These features account well for the ex-
perimental observations of Demuth and co-workers [2].
A new feature is revealed by the present calculation: For
electrons incident from the vacuum, most of the vibra-

tional excitation process corresponds to electrons scat-
tered into the metal and thus unobservable in scattering
experiment. This tendency is particularly important for
the overtone excitation. The energy transfer between the
incident electron and the vibrational motion of the target
is much more important than thought before. This large

energy transfer could show up either in experiments in-

volving hot electrons (for example, created by photon ab-

sorption) or indirectly via the eA'ect of the vibrational ex-

citation on other processes: reactivity, desorption, etc.
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