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Quantum size effect in the resonant electron transfer between an ion and a thin metal film
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The resonant charge transfer~RCT! process between an H2 ion and a thin Al film is studied using a
wave-packet propagation method. Both the static situation, with a fixed ion surface distance, and the dynamical
situation, with a moving ion, are investigated. The RCT on a thin metal film is found to exhibit quantum size
effects due to the finite thickness of the film. The way the case of the semi-infinite metal is recovered for thick
films is discussed in detail. The conditions for observing quantum size effects in the RCT process are defined
and discussed in terms of the various characteristic times of the system. In particular, it is shown that the
quantum size effects disappear in the case of fast collisions, where the RCT on a thin metal film becomes
basically identical to that on a semi-infinite metal surface.
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I. INTRODUCTION

Among the various processes occurring during an a
~molecule! interaction with a solid surface, the charg
transfer processes have a particular importance. Indeed
capture of an electron by a molecule can trigger its inter
evolution, opening the way to a variety of processes suc
adsorbed molecule fragmentation, neutral or ion desorpt
and reactivity.1 In scattering or sputtering experiments, ele
tron transfer processes between the projectile and the su
determine the charge state of reflected or ejected partic
The atom surface charge transfer is very sensitive to the e
tronic structure of both partners and it can be used as a p
of the surface structure. For example, this has been dem
strated in the case of the local perturbations introduced
adsorbates.2–4 In this context, it is of paramount importanc
to determine and understand the salient features that go
the charge-transfer process for the various types of electr
structures; this could lead to the possibility of recognizing
the experimental observation of a given charge-transfer
cess the signature of a peculiar surface electronic struc
characteristic.

The understanding of charge-transfer processes is
rently well developed in the case of free-electron metals
this case, the most efficient electron transfer process, wh
is energetically allowed, is a one-electron process, the
called ‘‘resonant charge transfer’’~RCT!. Efficient theoreti-
cal approaches of the RCT have been developed5–10 that can
quantitatively account for the experimental observations.11–13

In the case of a transfer from the atom to the free-elect
metal surface, the ‘‘classical’’ image of the RCT process
volves the irreversible tunneling of the electron through
potential barrier separating the atom and the metal surf
the preferential direction of tunneling is the surface norm
along which the barrier is the thinnest. The electron th
goes away inside the crystal along the same direction, w
out the possibility of being recaptured by the atom.

One can expect the electron transfer to be differen
there are some constraints on the electron motion, in part
lar if electron propagation is impossible in certain directio
0163-1829/2001/64~20!/205405~12!/$20.00 64 2054
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inside the crystal, or in the case of localized states in
metal. The blocking of electron propagation along the s
face normal, the preferential direction for tunneling, shou
have the biggest effect on the RCT. One can mention
recent studies of the effect of the projected band gap al
the surface normal for the~111! surfaces of noble metals. In
that case, free electronic propagation along the surface
mal is not possible in a certain energy range and this lead
the existence of quantized states for perpendicular mo
~surface and image states!.14,15 The latter generate two
dimensional~2D! electronic continua at the surface: electr
motion confined perpendicular to the surface and quasi
parallel to the surface. The existence of a band gap and o
surface continua have been shown to lead to significant
terations of the RCT. The theoretically predicted quasiblo
ing of the RCT in certain systems and the dominance of
2D surface state continuum in the RCT process16–18 have
been observed experimentally, both in scatter
conditions19–21 and in direct lifetime measurements by tim
resolved two-photon photoemission~TR-2PPE! in
adsorbates.22–25

The existence of localized or quasilocalized states on
surface can also influence the charge transfer and lea
specific effects. The metald electrons quasilocalized aroun
the ionic crystal sites can modify the irreversible characte
the electron transfer process, and lead to the possibility
successive electron capture and loss processes betwee
atom and one of the sites in the crystal. The atom surf
collision problem then looks very much like an atom-ato
collision ~see, e.g., the transitions involving the Pbd
band26–28or the extreme case of the electron transfer with
ionic crystal29,30!.

The quantum well structures formed by thin metallic film
on dielectric substrates or by metal overlayers on me
bring other examples where the electron motion is c
strained; in these cases, the electron motion constraint is
vided either by the dielectric substrate band gap or by
projected band gap of the metal substrate. Electron motio
the direction normal to the film surface is quantized, as
been studied in detail by photoemission.31 The picture de-
©2001 The American Physical Society05-1
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scribed above for the RCT in the case of a semi-infin
free-electron metal is not valid anymore: even if the elect
could tunnel from the atom to the metal along the surfa
normal, it could not go away along the same direction;
final state of the atom-to-metal transition has to be an e
tron moving away parallel to the surface with a quantiz
motion perpendicular to the surface. One can then exp
resonant charge-transfer characteristics quite different f
those in the case of a semi-infinite metal, although the la
should be recovered in the limit of very thick films. Th
problem has already been studied using perturbative
proaches for free standing free-electron metal films.32–35The
quantization was shown to lead to sizeable effects: the R
rate exhibits strong variations with the energy position of
atomic level with respect to the quantized metallic levels
perpendicular motion. As the atom surface distance
changed, the energy of the atomic level changes, leadin
abrupt variations of the charge-transfer rate when the ato
level crosses one of the quantized metallic levels. Th
abrupt variations are much linked with the implicit diaba
character of the atomic level in the perturbative approac

The present work is devoted to the study of the elect
resonant charge-transfer process between a negative H2 ion
and a model metal thin film, using a wave-packet propa
tion ~WPP! approach.8,36 It is a nonperturbative approac
that, besides its illustrative capabilities, allows both the stu
of the static problem~fixed atom surface distance! and the
exact solution of the dynamic case where the atom is mov
with respect to the surface. The emphasis of the pape
more on the physics underlying the quantum size effec
the RCT process and on the conditions required for obs
ing it than on the precise study of a definite system. T
main points addressed here are the following:~i! What are
the differences between a thin film and a semi-infinite me
how is the semi-infinite case recovered in the limit of thi
films? ~ii ! What is the correspondent in the nonperturbat
approach of the abrupt variations seen in the perturba
approach? Indeed, the studies on the noble metal surf
showed that the interaction between an atomic state and
continuum of states can lead to avoided crossing structur36

~iii ! What are the differences between the electron transfe
the static~fixed atom! and dynamic~moving atom! cases or
equivalently, are the specific features of the thin film wash
out by the atom motion? This will lead to a discussion of t
various characteristic times playing a role in this syste
decay time of the negative ion, time for a back and fo
movement of the electron in the film~quantization time!, and
characteristic time introduced by the atom motion. Th
comparison allows us to define the conditions for the obs
vation of the specificities of the electron transfer process o
thin metal film.

In the following, Sec. II describes the wave-packet pro
gation approach used here and the model representatio
the thin films. Section III is devoted to the results on the H2

ion thin-film charge transfer for a fixed ion surface distan
~static situation!, and Sec. IV to those for an ion moving i
front of the surface~dynamic situation!. Finally, Sec. V is
devoted to some concluding remarks.
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II. METHOD

A. Wave-packet propagation„WPP… approach

The RCT process is a one-electron process. Its WPP s
consists in the direct solution on a grid of points of the tim
dependent Schro¨dinger equation for the active electro
evolving in the field of the atomic core and of the me
surface. The Hamiltonian is given by

H5K1Ve2H1Ve2Film , ~1!

i.e., it is assumed that the electron-atomic core and elec
thin-film interaction potentials,Ve2H and Ve2Film , can be
added.K is the electron kinetic energy. In the present ca
the atomic hydrogen core is neutral so that we do not incl
any perturbation of the electron-film interaction due to t
presence of the atom~e.g., core image effect!. The model
representation of the potentials we use is detailed below.
Ve2Film interaction is supposed to be invariant by translat
parallel to the surface, i.e., the electron can move freely p
allel to the surface. The problem thus has a cylindrical sy
metry around thez axis, normal to the surface and goin
through the atomic center. Cylindrical coordinates (r,z,f)
are used, and only 2D wave packets (r,z) have to be con-
sidered. In the present case, the H2 ion level has am50
symmetry, wherem is the projection of the electron angula
momentum on thez axis and the 2D wave packet is restricte
to this symmetry. The method used for the time propagat
of the electron wave packet has been described elsewhe8,36

and is not repeated here.
Static and dynamic situations are studied. In both ca

the initial state of the electron wave packetC(t50) in the
propagation is taken equal to the outer electron wave fu
tion in the free H2 ion bound state. In this one-electron a
proach, the evolution corresponds to the electron tran
from the ion to the metal. The WPP providesA(t), the wave-
packet autocorrelation function or survival amplitude:

A~ t !5^C~ t50!uC~ t !&. ~2!

In the static case, the atom is at a fixed distanceZ from the
film surface. The analysis of the time dependence of theA(t)
function yields the energy position and the width of the re
nances, i.e., the characteristics of the H2 ion level perturbed
by the thin film at the distanceZ. These are called below th
static energyE(Z) and widthGS(Z) of the ion level.

In the dynamic case, we assume that the hydrogen c
approaches the film surface from infinity along the surfa
normal following a classical straight-line trajectory, with
constant velocityn. The propagation is started at a large io
surface distance (Z5Zinf), where the ion is practically de
coupled from the surface~in practiceZinf is of the order of
40a0!. From the WPP approach, we determine the survi
amplitudeA(t) ~2! and the survival probabilityP(t):

P~ t !5uA~ t !u2. ~3!

The dynamics of the electron transfer process can be
lyzed by comparing these results to those obtained wit
‘‘local complex potential’’ or ‘‘rate equation’’ ~RE!
approach.37 In the RE approach, at each timet along the
5-2
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QUANTUM SIZE EFFECT IN THE RESONANT . . . PHYSICAL REVIEW B 64 205405
trajectory Z(t), the ion survival probabilityPRE
S (t) decays

with time according to the local ion level widthGS(Z), ob-
tained in the static calculation for the ion surface distanceZ:

PRE
S ~ t !5expS 2E

0

t

GS
dZ

n D . ~4!

The same results can also be compared with the results
tained in the free-electron semi-infinite metal casePRE

SI ; one
simply has to replace the width in Eq.~4! by the width in the
free-electron semi-infinite metal caseGSI(Z).

B. Model potentials

The H2 ion level is described using the same model p
tential as in our earlier study of the H2 interaction with a
Cu~111! surface.8,36,38 It is a local potential, a function ofr,
the electron distance from the hydrogen center.

The electron interaction with the metal thin film mak
use of the analytical expression proposed by Jenn
et al.,39 on the basis of theirab initio study of thin Al films
performed in the supercell geometry. This should be valid
films of several layer thicknesses, taking into account
typical screening length of a metal. In practice, we use
following expression:

Ve2film~z!5VJ~ uzu2T/2!, ~5!

wherez is the electron distance from the thin-film center a
T the film thickness.VJ(z) is the analytical expression give
in Ref. 39 for a metal-vacuum interface, a function of t
electron-surface distancez. The electron is assumed to mov
freely parallel to the surface and the interaction potential~5!
is taken independent of the electron co-ordinates paralle
the surface. In the expression~5!, the two sides of the film
are identical and it corresponds to the case of an Al thin fi
with vacuum on both sides. Although it is not a realis
experimental situation, this model should be sufficient for
study of the quantum size effects on the RCT. Another mo
corresponding to a thin film deposited on a metal or on
insulator substrate would consider different potential barr
on the vacuum and substrate sides and this is not expect
modify qualitatively the conclusions presented below. T
film thicknessT is not taken as a continuous variable. W
studied various cases in which the thicknessT corresponds to
a given number of Al~111! atomic planes, assuming that th
atomic plane spacing is the same as in bulk Al. To illustr
the quantum size effect associated with the finite film thi
ness, we compare the film results with those obtained w
using only theVJ(z) potential, i.e., for the correspondin
‘‘perfect’’ semi-infinite Al~111! surface. These results ar
termed below ‘‘semi-infinite case.’’

Figure 1 presents the electron thin-film interaction pot
tial Ve2film(z) in the case of a film with three atomic plane
@3 monolayers~ML’s !#. The electronic motion along thez
direction is quantized and the corresponding 1D quanti
levels en are shown in the figure. Since the electron is
sumed to move freely parallel to the surface, these 1Den
energies form the bottom of 2D free-electron bands:
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whereki is the electron momentum parallel to the surface

III. RESULTS FOR THE STATIC CASE „FIXED ATOM
SURFACE DISTANCE…

A. Qualitative view of the quantum size effect

Figure 1 also presents the expected energy of the H2 ion
level Ea in front of a free-electron metal surface as a fun
tion of the ion surface distanceZ. For a given distance, the
H2 ion level is above a certain number of 1D quantiz
levelsen ; the ion can then decay by emitting an electron in
the corresponding 2D free-electron bands~6!. Since the RCT
is energy conserving, the electron momentum parallel to
surface is very different in the various 2D decay channel

To illustrate the time dependence of the ion level dec
Fig. 2 presents the square modulus of the electron w
packet for different propagation times. It corresponds to
case of a 3-ML film and an ion-surface distance of 12a0 . As
seen in Fig. 1, for this distance, the ion level is slightly abo
the sixth quantized level and can thus decay into the
lowest 2D continua. Initially (t50), the wave packet is
spherically symmetric around the hydrogen core. After
short propagation time,t525 a.u.~1 atomic unit of time is
equal to 2.42310217s!, a small part of the electron wav
packet has expanded toward the metal. This correspond
the electron tunneling through the potential barrier separa
the ion and the film. However, the propagation time is t
short for the electron to have moved back and forth ins
the film and so the quantum size effect, i.e., the quantiza
of the z motion, is not visible. Later (t550 a.u.), the quan-
tization effect sets in, generating nodes in the wave pac
along thez direction. For short propagation times, the ele

FIG. 1. The left part presents the interaction potential betw
the electron and a thin Al metal film~3-ML thickness! as function of
z, the electron coordinate normal to the surface. The horizontal l
represent the energy of the 1D quantized levels in the film~bottom
of the 2D electronic continua!. The right part of the figure present
the energy position of an H2 ion level interacting with a semi-
infinite free-electron metal Al surface, as a function ofZ, the ion
surface distance.
5-3
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FIG. 2. Contour plot of the square modulus of the electron wave packet as a function of the electron cylindrical coordinates~z, normal
to the surface: vertical axis andr, parallel to the surface: horizontal axis!. The hydrogen is located at 12a0 from the surface of a 3-ML Al
film. The wave packet is presented for different propagation times. The light gray areas correspond to the high presence probab
electron and dark areas to the low presence probability. The very low probabilities have been cut off.
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tron motion is mainly along the normal to the surface, alo
which the tunneling is easier. For time later than 50 a.u.,
electron wave packet also spreads along the co-ordinate
allel to the surface, while retaining thez nodal structure. The
z nodal structure with five nodes is perfectly visible a
holds as the propagation proceeds. This indicates that the
decay is mainly populating only one 2D continuumn
56), it is the open channel withen closest toEa , i.e., it
corresponds to the smallest possible electron momentum
allel to the surface. The expansion along ther co-ordinate of
the wave packet as the propagation proceeds correspon
the electron escaping with this parallel momentum. T
wave-packet picture beyondt5700 a.u. is a steady-state pi
ture, with the remaining part of the wave packet around
hydrogen core decreasing with time and the outgoing e
tron flux parallel to the surface. The dominance of the ch
nel with the smallest electron momentum parallel to the s
face can be related to the fact that, for a semi-infinite me
surface, the ionic level decay mainly populates 3D lev
around the normal to the surface, i.e., with a smallki . By
energy conservation, this corresponds to the states with
largest possible energy perpendicular to the surface, i.e.
ones which allow the largest overlap between the metal
atomic state wave functions. One can thus expect rather d
tic variations of the ion level decay rate, depending on
relative energy position of the ion level and 1D quantiz
levels. This point was already made very clear in the per
bative studies of this problem.32–35

One can notice in Fig. 2 that, for very short propagat
times, the quantum size effect is not effective; one can
that the electron needs a certain time to experience the fi
size of the system in thez direction. This time effect was
already observed in the case of RCT with noble metal s
faces with a projected band gap, in which the electron m
tion along the normal to the surface is restricted.36

B. Energy and width in the case of 3- and 30-ML films

Figure 3 presents the results for the energy and the w
GS of the H2 ion level in the case of a 3-ML film as
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function of the ion surface distance. They are compared w
the similar results obtained for an Al~111! surface described
as a semi-infinite free-electron metal surface. As one of
striking features, it appears that the energy of the H2 ion
level in front of the thin film does not follow the same vari
tion as in the case of a semi-infinite metal surface, where
governed by the image charge attraction. As the ion surf

FIG. 3. Energy position~upper part! and width~lower part! of
the levels in the case of an H2 ion interacting with a 3-ML Al film
~full lines!, as a function of the ion surface distance. The das
lines correspond to the case of the semi-infinite free-electron
surface. The horizontal dotted lines represent the energy of the
quantized levels in the 3-ML film.
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distance decreases, the level energy is seen to bend
from a pure image charge behavior in order not to cross w
the bottom of the 2D continuum associated with the qu
tized en levels. This is linked with the 2D nature of th
electronic continua in the thin film. It can be shown~see
discussion in Ref. 36! that, in the case ofs symmetry, the
coupling between an atomic state and a 2D continuum
ways leads to the existence of a bound state below the
tom of the 2D continuum. If the ionic level is far above th
bottom of the continuum, this bound state appears as an
tra’’ state in the problem and its binding energy is extrem
small. It thus appears that the interaction between an ato
level and a 2D continuum leads to the existence of two re
nances and not to only one, like in the case of a 3D c
tinuum. This extra resonance is at the origin of the unus
behavior of the ion level energy. If the energy of the atom
level approaches the bottom of a 2D continuum from abo
then there is an avoided crossing between the atomic l
and the extra state below the 2D continuum bottom. Such
avoided crossing, around the bottom of then56 2D con-
tinuum in the film, is very clear in Fig. 3. The energy diffe
ence between the two states at the avoided crossing is
rectly linked to the strength of the ion-metal state interacti
it is much larger at smallZ and this makes the avoided cros
ing with the fifth film level much less visible. The ioni
character is shared between the two states in the avo
crossing region and is mainly associated with the state e
getically the closest to the image charge prediction. The
traction of the level characteristics in the present WPP p
cedure is based on the autocorrelation function~2!, where the
wave packet is projected on the free H2 outer electron or-
bital. This procedure is efficient for the levels with a lar
ionic character. This explains why the energies of both sta
could be determined accurately only in the vicinity of t
avoided crossing, where they share the ionic character.

Figure 3~b! presents the widthGS for the various levels.
Since the width is more difficult to extract than the energy
is determined in a more restrictedZ domain in the crossing
region. Nevertheless, one clearly recognizes a very large
ference of width between the various states. If, asZ varies,
one follows the state with the largest ionic character~diabatic
correlation at the crossing!, then one will have a small jump
of energy and a very large change of width around 11a0 .
The width change by almost two orders of magnitude is
sociated with the closing of the (n56) 2D continuum that
dominates the ion decay for distances larger than the cr
ing point. The magnitude of the width jump when the lev
crosses thenth continuum bottom depends on the relati
importance of the decay to then andn21 2D continua. It is
governed by the exponential tail toward vacuum of the me
wave functions given by exp(2zA2uenu). Therefore the
width change is larger for large ion surface distances and
small film thickness~large energy difference between th
en!.

It is remarkable that outside the crossing region, the wi
in the film case is sometimes larger and sometimes sm
than the width in the semi-infinite crystal case. The diff
ence of slope of the two widths function ofZ is due to the
different exponential tails of the metal wave functions. In t
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semi-infinite case, the decay is dominated by the metal e
tronic states with a perpendicular energy equal to the
level energy~tunneling favored along the surface norma!
whereas, in the thin film, the decay is dominated by the fi
quantized level below the ion level. The lower perpendicu
energy of the latter leads to a larger slope in the width fu
tion of Z.

The abrupt change of width at the crossings was alre
found and discussed in the earlier perturbation studies32–35

and the present nonperturbative study confirms this feat
The use of a perturbative approach with the ‘‘golden ru
imposes a diabatic character to the ionic state with an ab
variation of the width at the crossing points; in addition,
precludes the finding of the extra state associated with
2D character of the electronic continuum. The present st
is exact within the present choice of potentials, allowing
to reveal the ion state change withZ and the existence of the
extra states.

The qualitative features of the avoided crossings dep
on the distance at which they occur and on the film thic
ness. Figure 4 presents the results for a 30-ML film, mu
thicker than in Fig. 3. Two avoided crossings appear in F
4. The crossing involving the bottom of the 46th film co
tinuum occurs at very largeZ, around 22a0 where the ion-
metal interaction is small. The energy difference at the cro
ing is then extremely small, whereas the width jump is qu
large. The other crossing involving the 45th 2D continuu
occurs sufficiently close to the surface to get a sizeable
ergy splitting of the two states. The crossings involvi
lower 2D continua are located at smaller distances and

FIG. 4. Same as Fig. 3 for a 30-ML Al film.
5-5
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not lead to well defined avoided crossing structures due
the large interactions; this point is further discussed belo

C. Limit of the thick films

When the film thickness is increased, one should reco
the limit of a semi-infinite free electron metal surface, i.
one should get a smooth variation of the energy and
width as functions ofZ. In fact, a picture of individual levels
like those shown in Figs. 3 or 4 is not well adapted for t
discussion of the limit of very thick films. When the film
thickness is increased, the density of quantized states in
film increases, leading to 3D traveling states in the se
infinite limit. For illustrating the limit, one should then loo
for a more global picture where the transformation of 1
quantized states (en) into a continuum can be seen.

Via a Laplace transform of the survival amplitudeA(t)
@Eq. ~2!#, one can get the density of states of the syst
projected on the free ion level. It is presented in Fig. 5 fo
30-ML film and an ion-film distance of 2.5a0 . Figure 5 also
presents on the same scale the projected density of state
the semi-infinite free electron case. The latter display
broad peak with an approximate Lorentzian shape, co
sponding to the H2 ion level, superimposed on a broad pe
estal, which corresponds to the Al conduction band~note the
parabolic cutoff of the band at the band bottom!. The pro-
jected density of states in the film case exhibits a large n
ber of structures which, when averaged out, reproduce
semi-infinite free-electron surface case rather well~note that
the comparison between the two densities is on an abso
scale!. Each structure in the density of states correspond
one of the 2D continua. At largeZ distances~see Fig. 4!, the
peaks corresponding to the individual states can be wel
solved and their properties can be extracted. AtZ52.5a0 ,
the H2 ion level is very broad and overlaps a large numb
of 1D levels; in that case, the film behaves almost like
continuum. In a way, the situation in Fig. 5 does not cor
spond to the interaction of the ion level with a 2D film co
tinuum ~like that depicted in Fig. 4! but rather to the inter-
action of the ion level with a discretized 3D continuum.

FIG. 5. Density of states of the electron wave packet projec
on the H2 free ion state as a function of the energy. The H2 ion is
located at 2.5a0 from the surface. Full black line: 30-ML Al film;
Full gray line: semi-infinite Al surface.
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thus appears that one goes from a thin film to a thick fi
when the density of states quantized in the film is lar
enough so that the ion level interacts significantly with a f
quantized levels at the same time and that the avoided cr
ings observed in Figs. 3 and 4 cannot be recognized.

One can stress that, in the above discussion, the thin
thick-film character is not an intrinsic film property, it als
depends on the H2 ion level via its lifetime. In particular,
one can see that the 30-ML film looks thin at large distan
~Fig. 4! and thick at short distances~Fig. 5!. This is not
surprising since we are looking for quantum size effects
the RCT, i.e., to a problem that involves both the film and
ion.

The transition from a thin film to a semi-infinite surface
further illustrated in Fig. 6, which looks at these results in
more global way. It compares the projected density of sta
extracted from the wave packet in two cases: semi-infin
surface and 3-ML film. The projected density of states
presented as a function of the ion surface distanceZ and of
the state energy, the dark area representing the large den
of states~Fig. 5 is a cut of Fig. 6 for a fixed ion surfac
distance!. In the free-electron case@Fig. 6~a!# the peak in the
density of states broadens and moves to lower energiesZ
decreases. The small oscillations in the density of states
respond to the finite wave-packet propagation time. Althou
a Gaussian broadening has been applied, some oscilla
remain. In addition, the peak in the density of states at la
Z does not become infinitesimally narrow, as it should.
contrast, the 3-ML case@Fig. 6~b!# exhibits sharp structure
due to the quantization inside the film, the film states be
well separated one from the other. For the 30-ML film~not
shown here!, the sharp structures disappear and we foun
staircase variation that closely follows the semi-infinite ca
similarly to Fig. 5.

IV. DYNAMICAL STUDY OF THE ELECTRON TRANSFER

The WPP study was also applied to the case of an H2 ion
approaching the film with a constant perpendicular veloc
n. The aim is to investigate how the charge transfer~in this
case, the electron loss by the ion! is influenced by the quan
tum size effects in a collisional situation.

A. Survival probability in the dynamical situation

Figure 7 presents the survival probabilityP(t) @Eq. ~3!# of
the H2 ion as a function of the distance as it approache
3-ML film for two different collision velocities~0.006 and
0.05 a.u.!. These collision conditions are quite different, th
correspond to perpendicular hydrogen energies around
and 62 eV, respectively. It may be noticed that, for the low
velocity, a straight-line trajectory approximation may be u
realistic because of the image charge acceleration.40 How-
ever, the present aim being to determine to which ext
dynamical changes could influence the quantum size eff
found in the static calculations, a constant collision veloc
makes the discussion easier and we did not try to impr
this point. Figure 7 also presents the results obtained wi
rate equation@Eq. ~4!# using either the static widthGS ob-

d
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QUANTUM SIZE EFFECT IN THE RESONANT . . . PHYSICAL REVIEW B 64 205405
tained in the static calculation for a 3-ML film or the stat
width of the semi-infinite free electron caseGSI. In the
present rate equation calculation, we used a widthGS that is
discontinuous at the crossing point, i.e., that diabatically

FIG. 6. Contour plot of the density of states of the electron wa
packet projected on the H2 free ion state as a function of the energ
and of the ion surface distanceZ. The dark areas correspond to th
large density of states.~a! semi-infinite Al surface.~b! 3-ML Al
film.
20540
l-

lows the ionic character. We could use another definit
which follows adiabatically the level from infinity. Howeve
in all calculations we performed, even for very low collision
velocities, this choice did not reproduce the WPP results
we concluded that, for the cases we investigated, the sys
follows diabatically the ionic level in the crossing region
On this point, one can stress that the extra level, forZ larger
than the crossing point, corresponds to an extremely sm
binding energy with respect to the 2D continuum. As a co
sequence, an adiabatic behavior of the system following
state is very unlikely. This situation is very similar to th
encountered in the case of collisional electron detachmen
a negative ion in the case of ans electron.41

At ‘‘large’’ velocity ~n50.05 a.u.!, the ~semi-infinite free-
electron widthGSI1rate equation! solution is close to the
WPP solution. In particular, the decay at large distance
almost the same in the two cases and the WPP results do
exhibit any abrupt change in the crossing region aroundZ
511a0 , as the results of the rate equation withGS do. In
contrast, at ‘‘low’’ velocity ~n50.006 a.u.!, the rate equation
prediction using the film static widthGS is close to the WPP
solution. The survival probability presents a sharp change
slope aroundZ511a0 that mimics the change of width in
the rate equation approach. The agreement is, however
perfect, as the WPP results show an oscillation, i.e., a tr
sient recapture of the electron by the moving hydrogen, t
cannot appear in the rate equation approach.

The dynamical behavior of the system is thus qualitativ
different at these two very different collision velocities: th
specificity of the thin film introduced by the quantum si
effect is only apparent for the lowest collision velocity;
large collision velocity, the thin film behaves like a sem
infinite free-electron metal.

The change of behavior is further illustrated in Fig. 8~a!,
which presents the quantity2n ln@P(t)#, for the 3-ML film in

e

FIG. 7. Survival probability for an H2 ion approaching a 3-ML
film as a function of the ion surface distanceZ. Black dots: rate
equation prediction for the semi-infinite case atn50.05 a.u.; full
black line: WPP results for the 3-ML film atn50.05 a.u.; full gray
line: rate equation prediction for the 3-ML film static width a
n50.05 a.u.; black triangles: rate equation prediction for the se
infinite case atn50.006 a.u.; dashed black line: WPP results for t
3-ML film at n50.006 a.u.; dashed gray line: rate equation pred
tion for the 3-ML film static width atn50.006 a.u.
5-7



th

cit
at

to

.
th
ite
th
-
r
-

m

tion
de-

e

of
lm,

the
rge

to
at

dy-
or

and
ior
-
c-
bles

ss-
the
its

st

r
-

USMAN, URAZGIL’DIN, BORISOV, AND GAUYACQ PHYSICAL REVIEW B 64 205405
the different approaches. This quantity is independent of
collision velocity in the rate equation approach@Eq. ~4!# and
is given by the integral of the width over the trajectory:

2n ln@PRE~Z!#5E
Z

`

G~Z8!dZ8.

The dynamical WPP results depend on the collision velo
and they are seen to be well represented by the rate equ
with the static film widthGS at small n and by the rate
equation with the semi-infinite widthGSI at largen. In the
intermediate velocity regime, the quantity2n ln@P(t)# varies
continuously from one limit to the other, corresponding
the change of dynamical behavior of the system.

Figure 8~b! presents the same quantity for a 30-ML film
Here again, there is a change of dynamical behavior from
quantum size regime at small velocity to the semi-infin
free-electron behavior at large velocities. One can stress
in the crossing region around 9 – 10a0 , the change of behav
ior between the two regimes occurs at smaller velocities fo
30-ML film than in the 3-ML film case. Practically, the re
sults for the velocities larger than 0.025 a.u. in Fig. 8~b!
cannot be distinguished from those obtained for the se
infinite free-electron metal.

FIG. 8. ~a! Plot of the quantity2n ln@P(t)# ~see text! for an H2

ion approaching the surface at different collision velocities~see
inset! compared with the rate equation predictions~semi-infinite
free-electron metal and 3-ML film static results!. ~b! Same as~a! for
a 30-ML Al film.
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B. Effective width G„n,Z…

To make easier the comparison between the rate equa
approach and the exact solution obtained with WPP, we
fine an effective level widthG(n,Z) extracted from the dy-
namical WPP results, via

G~n,Z!52
d ln P~n,Z!

dt
, ~7!

where P(n,Z) is the survival probability obtained in th
WPP approach at the distanceZ from the surface~corre-
sponding to the timet! for a collision velocityn. G is a
function of bothZ andn. It can be stressed that, in the case
back and forth electron jumps between the atom and the fi
the G function can take positive and negative values. In
case where a rate equation description of the ion-film cha
transfer is expected, this effective widthG(n,Z) should be
positive, independent of the collision velocity and equal
the static widthGS(Z) extracted from the static WPP study
fixed Z.

The effective widthG(n,Z) defined by Eq.~7! allows a
much finer discussion of the transition between the two
namical regimes. It is presented in Fig. 9 for a 3-ML film f
various collision velocitiesn and it is compared with the
static film widthGS(Z) ~discontinuous function ofZ! and the
semi-infinite free-electron surface widthGSI(Z). The figure
spans a large range of velocities from 0.003 to 0.1 a.u.
covers the full range of variation of the dynamical behav
of the system. Forn50.1 a.u., the effective width is practi
cally equal to the free-electron width. As the collision velo
ity is decreased, the effective width changes and resem
more and more to the static widthGS(Z): the slope of the
width at largeZ increases and the abrupt change in the cro
ing region is better and better reproduced. However,
change of the width appears rounded and shifted from
‘‘diabatic’’ position to smallerZ ~i.e., to later times in the
wave-packet propagation!. For the lowest velocity investi-
gated here,n50.003 a.u., the dynamical width is almo

FIG. 9. Effective width for an H2 ion approaching a thin Al film
surface as a function of the ion surface distanceZ for different
collision velocities: full line~n50.003 a.u.!, dashed line~n50.025
a.u.!, and dotted line~n50.1 a.u.!. Black squares: static width fo
the 3-ML film. Black dots: static width for the semi-infinite free
electron metal.
5-8
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QUANTUM SIZE EFFECT IN THE RESONANT . . . PHYSICAL REVIEW B 64 205405
identical to the static width at largeZ; however, at smallZ,
the abrupt change of the width is only visible in an avera
way and the effective width presents a few oscillations. O
can notice that this smallest velocity corresponds to a v
low collision energy, around 0.22 eV, so that the full obs
vation of the quantum size effect in this system should
rather difficult, even for such a thin film.

C. Effective transitions distances

Experimentally, the different dynamical behaviors can
probed in different ways~see below!. One of them is pro-
vided by the effective transition distances as done in Ref
by measuring the kinetic energy gain of the projectile
collision in a field or as in Ref. 40 by studying deflection
grazing angle scattering. In Table I we present the effec
transition distances extracted from the present dynamical
culations for the 3- and 30-ML films, compared to the resu
for a semi-infinite metal. These are defined as the distanc
which the survival probability of an H2 ion coming from
infinity has decreased to 0.5. Effective transition distan
have been discussed already in the context of perturba
studies.35

One can notice that the quantum size effect can lead
decrease or to an increase of the effective transition dista
This effect has already been discussed on the perturba
results; it is a direct consequence of the saw-tooth beha
of the static level width. The magnitude and direction of t
quantum size effect depends on the position of the transi
distance in the saw-tooth structure.35 In Table I, the quantum
size effect is seen to only appear for the ‘‘smallest’’ velocit
and to be more sizable on the 3-ML than in the 30-ML ca
This is consistent with the discussion in the previous s
tions, the ion movement washing out the quantum size eff

D. Discussion of the various time scales of the problem

The features observed in the static and in the dyna
calculations can be qualitatively discussed by analyzing
characteristic time scales~or equivalently the widths! of the
system:~i! the decay of the ion level occurs on a time sc
t equal to the inverse of the level lifetimeG; ~ii ! the quantum
size effect is associated with the timetF required for an
electron to probe the existence of a finite film width, i.e., t

TABLE I. Effective transition distances~in a0! as a function of
the collision velocity for three different surfaces: a 3-ML Al film,
30-ML Al film and a semi-infinite Al~111! metal surface.

Collision
velocity

~atomic units!

Transition
distance

3-ML film

Transition
distance

30-ML film

Transition
distance semi-infinite

Al surface

0.003 13.05 11.9 12.5
0.0125 10.75 8.9 8.85
0.025 8.35 7.2 7.15
0.05 5.45 5.5 5.5
0.1 3.85 4.0 3.95
0.2 2.5 2.5 2.5
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time for traveling from the projectile to the opposite film
edge and back. A lower estimate can be taken as the time
traveling back and forth between the two film edges, tak
equal to 2p times the inverse of the energy separation of
quantized 1D levels of the film;~iii ! the variation of the ion
level with time also introduces a time scaletD . Indeed, as
discussed in Ref. 42, the use of a rate equation appro
assumes that the decay of the level perfectly follows
variation with time of the ion level characteristics. Intu
itively, one can say that this assumes a perfect relation
tween the ion state complex energy and the time along
trajectory; quantally this is not possible and one can o
consider a wave packet with a finite resolution in timetD or
in energyGD . In other words, the evolution of the syste
cannot be described by a rate equation with time st
smaller than a certain valuetD . This dynamical time scale
tD or dynamical widthGD can be derived by looking for
the semi-classical limit of the quantal approach,42 they are
equal to

tD5
1

GD
5S n

dE

dZD 21/2

, ~8!

whereE is the ion level energy position. This time scale is
direct consequence of the movement in the system. For a
equation approach to be valid, the minimum time step~8!
must be small enough to be able to account for all the f
tures of the system.

The features of the RCT in front of a thin film can b
analyzed via the comparison of the various time scales
widths. One must stress that this discussion based on
comparisons can only be qualitative and that the conditi
given below for the various behaviors can only be conside
as estimated ranges and not as precise boundaries. The
pretation of the static situation in terms of widths has be
presented above in Sec. III C: briefly speaking, the ion de
cannot be influenced by the finite thickness of the film if t
decay is over before the electron can ‘‘know’’ about the fin
size of the film, i.e., before it has gone to the other side of
film and come back. So, the quantum size effect appear
the static situation when

t.tF . ~9!

In the dynamical situation, one should also considertD .
First, the minimum time steptD that can be used in the rat
equation approach should be small enough to be able to
scribe the ion decay, i.e., one must havetD,t; this condi-
tion must be fulfilled for the rate equation to be valid, even
the case of a semi-infinite free-electron metal. Second, if
minimum time step is such that during this time step, t
quantization in the film is effective (tD.tF), then the rate
equation should use the static width of the level. Third, sin
the static width exhibits rather abrupt variations with tim
as the system passes through the crossing regions,
might be problems in reproducing these with a finite tim
step. The first two points lead to the following conditio
for using the rate equation with the static widthGS to de-
scribe the dynamics of the RCT:
5-9
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t.tD.tF . ~10!

Obviously, this condition for observing quantum size effe
in the dynamical situation contains the condition~9! to ob-
serve them in the static situation.

The timetD contains the collision velocity and the con
dition ~10! leads to an upper limit for the observation of th
quantum size effects. Equivalently, the critical veloc
where the system behavior changes from an evolution dr
by the static width of the film to that driven by the sem
infinite metal width is given by the equality of the timestD
and tF . Using numbers characteristic for the 3-ML film
around Z510a0 , i.e., the crossing with the 6th 2D con
tinuum bottom, one gets a critical velocity of 0.03 a.u. for t
change of regime. Similarly, for a 30-ML film, aroundZ
510a0 ~crossing with the 45th 2D continuum bottom!, one
gets a critical velocity of 0.003 a.u. Not surprisingly, o
should go to lower velocities for observing the quantum s
effect when the thickness of the film is increased. In view
Figs. 8~a!, 8~b!, and 9, these critical velocity estimates ha
the right order of magnitude; however, the above argume
are mainly qualitative.

One can go back to the question of the description of
abrupt width change at the crossing point. As a result of
ion movement, the minimum time steptD results in a
spreading of the crossing region around its real position inZ,
equal toDZD5@n/(dE/dZ)#1/2. Even for the lowest velocity
considered here~n50.003 a.u.!, the finite Z step remains
non-negligible; it amounts to around 1.1a0 for Z around
10a0 . This accounts for the rounded shape of the abr
change of the effective widthG(n,Z) in the crossing region
and gives the order of magnitude of the sharpest varia
that is compatible with motion and quantum effects. One
also notice that the effective width exhibits a series of os
lations below the crossing point~see Fig. 9!. These are vis-
ible on the effective width which enhances such variatio
but they are not visible on the survival probability itself. Th
oscillation period corresponds roughly to the phase inter
ence introduced by the crossing. We tentatively attribute i
a splitting of the wave packet induced by the crossing le
ing to components on the two states; interferences betw
their decays could lead to the observed oscillations, wh
would then be the signature of a not completely diaba
behavior of the system at the crossing point. One can st
here that the survival amplitudeA(t), from which the effec-
tive width is derived, is defined by projecting the tim
dependent wave packet on the initial state, i.e., on the
ion wave function. Because of the variation of the H2 ion
state withZ, such a procedure obviously introduces a mixi
between the various states in the crossing region, wh
should enhance the formation of oscillating behaviors.

V. CONCLUSIONS

We have reported on a nonperturbative study of the R
between an H2 ion and a thin metal film described in th
free-electron approximation. The RCT on a thin film appe
to be quite different from that on a semi-infinite free-electr
metal, due to the quantization of the electron movem
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along the direction perpendicular to the surface. Some of
features of the RCT on a thin film have already been d
cussed based on earlier perturbative studies:32–35

• The fate of an electron transferred from the projectile
the metal is different: in the semi-infinite metal, the electr
goes away around the normal to the surface whereas o
thin film, it must go away in the direction parallel to th
surface.

• The RCT on a metal favors transitions to metal sta
with the largest energy perpendicular to the surface. On
films, this leads to the dominance of the highest access
quantized level in the film. In a perturbative approach,
variation of the projectile level with the distance to the su
face leads to a saw-tooth variation of the level width with t
distance.

The present use of the nonperturbative wave-pac
propagation approach, both in static and dynamic conte
revealed new aspects:

• The projectile level undergoes avoided crossings w
‘‘extra’’ states associated with each quantized level in
film. The difference between the two predictions is due to
diabatic character of the perturbative approach.

• In the static situation~fixed projectile-surface distance!,
the limit of a semi-infinite metal is recovered when the lev
width is large enough to overlap a few quantized levels in
film. The individual levels in the avoided crossing structu
thus do not lead directly to the semi-infinite metal situatio
they rather correspond to a discretization of the metal
continuum.

• In the dynamical situation, the projectile motion wit
respect to the surface tends to wash out the quantum
effects observed in the static situation. They can neverthe
be observed below a certain critical velocity. This change
behavior can be understood by comparing the various c
acteristic time scales in the system: level lifetime, travel tim
of an electron across the film, and dynamical time introduc
by the projectile motion.

The above quantum size effects should lead to featu
observable in various experimental situations involving
quantum wells formed by a thin metal film deposited on
insulator or metal substrate. First, in the case of adsorb
on a thin metal film, transient excited states localized
adsorbates are often invoked as intermediates in surface
action mechanisms. Any change of their lifetime should
fluence the reaction mechanism efficiency43 and, as shown
above, the lifetime of transient excited states can be q
different on a thin metal film compared to the correspond
semi-infinite metal. This effect would be similar to the st
bilization that has been observed in the case of surface
jected band gaps.17,18,22,23,24On a thin metal film, this effect
can be in any direction depending on the relative ene
position of the adsorbate level and the film quantized lev
It must, however, be stressed that since adsorbates ar
cated at rather small distances from the surface where
charge transfer couplings are large, the quantum size eff
could be erased if the level width is too large. Indeed,
thinner the film is, the more favorable is the situation for t
quantum size effect observation.
5-10
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In the case of collisions, the quantum size effects
present only if the collision velocity is low enough. In th
present study with H2 ions, the critical velocity is rathe
low; however, the use of other heavier projectiles could h
to overcome this difficulty. The quantum size effect cou
appear in experiments directly measuring survival probab
ties or equivalently effective charge-transfer distances.13 The
fact that ion thin film charge-transfer process involves
continua in the metal could also lead to observable effect
fast grazing angle collisions. In this case, first, the chang
surface work function with the film thickness influences t
charge fractions in grazing angle scattering, where the
served fraction results from a balance between capture
loss processes~see, e.g., a discussion in Ref. 32!. Second,
and more important, one must take into account the Galil
transformation between the film frame and the mov
atomic frame. This leads to the well-known ‘‘parallel velo
ity’’ effect,44 which strongly affects the charge fractions~see,
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e.g., Refs. 37, 44, and 45!. These probe the RCT at rathe
large ion surface distances~‘‘freezing distance’’ interpreta-
tion, see, e.g., in Ref. 46!. The parallel velocity effect is very
sensitive to the dimensionality of the metal states involved
the transition and allows the direct experimental determi
tion of the dimensionality~2D vs 3D! of the electrons par-
ticipating in the charge transfer. This dimensionality effe
has been discussed for thin films,32,33 or surface states.47 It
has been clearly observed and interpreted in the cas
Cu~111! surfaces with projected band gaps.20,21
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