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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 transfédRCT) process between an Hion 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
guantum 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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[. INTRODUCTION inside the crystal, or in the case of localized states in the
metal. The blocking of electron propagation along the sur-
Among the various processes occurring during an atonfiace normal, the preferential direction for tunneling, should
(molecule interaction with a solid surface, the charge- have the biggest effect on the RCT. One can mention the
transfer processes have a particular importance. Indeed, tmecent studies of the effect of the projected band gap along
capture of an electron by a molecule can trigger its internathe surface normal for thel11) surfaces of noble metals. In
evolution, opening the way to a variety of processes such athat case, free electronic propagation along the surface nor-
adsorbed molecule fragmentation, neutral or ion desorptiormal is not possible in a certain energy range and this leads to
and reactivity* In scattering or sputtering experiments, elec-the existence of quantized states for perpendicular motion
tron transfer processes between the projectile and the surfa¢gurface and image stajeé'’® The latter generate two-
determine the charge state of reflected or ejected particledimensional2D) electronic continua at the surface: electron
The atom surface charge transfer is very sensitive to the elecrotion confined perpendicular to the surface and quasifree
tronic structure of both partners and it can be used as a prolgrallel to the surface. The existence of a band gap and of 2D
of the surface structure. For example, this has been demowsurface continua have been shown to lead to significant al-
strated in the case of the local perturbations introduced berations of the RCT. The theoretically predicted quasiblock-
adsorbate$-* In this context, it is of paramount importance ing of the RCT in certain systems and the dominance of the
to determine and understand the salient features that gove#D surface state continuum in the RCT proc&s¥ have
the charge-transfer process for the various types of electronteeen observed experimentally, both in scattering
structures; this could lead to the possibility of recognizing inconditiond®-?*and in direct lifetime measurements by time
the experimental observation of a given charge-transfer praesolved  two-photon  photoemission(TR-2PPB  in
cess the signature of a peculiar surface electronic structuredsorbate$?=
characteristic. The existence of localized or quasilocalized states on the
The understanding of charge-transfer processes is cusurface can also influence the charge transfer and lead to
rently well developed in the case of free-electron metals. Irspecific effects. The metal electrons quasilocalized around
this case, the most efficient electron transfer process, whenftine ionic crystal sites can modify the irreversible character of
is energetically allowed, is a one-electron process, the sahe electron transfer process, and lead to the possibility of
called “resonant charge transfefRCT). Efficient theoreti- successive electron capture and loss processes between the
cal approaches of the RCT have been develdp&that can  atom and one of the sites in the crystal. The atom surface
quantitatively account for the experimental observatidn§®  collision problem then looks very much like an atom-atom
In the case of a transfer from the atom to the free-electrorollision (see, e.g., the transitions involving the dPb
metal surface, the “classical” image of the RCT process in-band®~?8or the extreme case of the electron transfer with an
volves the irreversible tunneling of the electron through theonic crystaf®=9.
potential barrier separating the atom and the metal surface; The quantum well structures formed by thin metallic films
the preferential direction of tunneling is the surface normalon dielectric substrates or by metal overlayers on metals
along which the barrier is the thinnest. The electron therbring other examples where the electron motion is con-
goes away inside the crystal along the same direction, withstrained; in these cases, the electron motion constraint is pro-
out the possibility of being recaptured by the atom. vided either by the dielectric substrate band gap or by the
One can expect the electron transfer to be different ifprojected band gap of the metal substrate. Electron motion in
there are some constraints on the electron motion, in particuhe direction normal to the film surface is quantized, as has
lar if electron propagation is impossible in certain directionsbeen studied in detail by photoemissitriThe picture de-
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scribed above for the RCT in the case of a semi-infinite Il. METHOD
free-electron metal is not valid anymore: even if the electron
could tunnel from the atom to the metal along the surface )
normal, it could not go away along the same direction; the The RCT process is a one-electron process. Its WPP study
final state of the atom-to-metal transition has to be an eleccOnSists in the direct solution on a grid of points of the time-
tron moving away parallel to the surface with a quantizedd€Pendent Schdinger equation for the active electron
motion perpendicular to the surface. One can then expe&VOIV'ng in the f|€:|d O.f th'e atomic core and of the metal
resonant charge-transfer characteristics quite different frorﬁurfaee' The Hamiltonian is given by

those in the case of a_semi-in_fin_ite metal, alt_hough the Ia_tter H=K+Ve n+Ve_rim, 1)
should be recovered in the limit of very thick films. This

problem has already been studied using perturbative ap'.e., it is assumed that the electron-atomic core and electron
proaches for free standing free-electron metal fiffié>The  thin-film interaction potentialsye_y; and Ve_gim, can be
quantization was shown to lead to sizeable effects: the RCdded.K is the electron kinetic energy. In the present case,
rate exhibits strong variations with the energy position of the"€ atomic hydrogen core is neutral so that we do not include

atomic level with respect to the quantized metallic levels for2nY perturbation of the electron-film interaction due to the
. presence of the atorte.g., core image effect The model

perpendicular motion. As the atom surface distance i . : . .
changed, the energy of the atomic level changes, leading presentation of the potentials we use is detailed below. The
' ' e Film INteraction is supposed to be invariant by translation

abrupt variations of the charge-transfer rate when the atomic .
level crosses one of the quantized metallic levels. Thes arallel to the surface, i.e., the electron can move f_reely par-
. ) : ST _~dllel to the surface. The problem thus has a cylindrical sym-

abrupt variations are much Ilnked with the |mpI|C|t diabatic metry around thez axis, normal to the surface and going
character of the atom.|c level in the perturbative approach. through the atomic center. Cylindrical coordinatgsz( ¢)

The present work is devoted to the study of the glectrorbre used, and only 2D wave packetsZ) have to be con-
resonant charge-transfer process between a negativierH  gigered. In the present case, the fbn level has am=0
and a model metal thin film, using a wave-packet propagasymmetry, wheren is the projection of the electron angular
tion (WPP) approac:* It is a nonperturbative approach momentum on the axis and the 2D wave packet is restricted
that, besides its illustrative Capabilities, allows both the Stud}to this Symmetry_ The method used for the time propagation
of the static problentfixed atom surface distancand the  of the electron wave packet has been described elsefittere
exact solution of the dynamic case where the atom is movingnd is not repeated here.
with respect to the surface. The emphasis of the paper is Static and dynamic situations are studied. In both cases,
more on the physics underlying the quantum size effect irthe initial state of the electron wave packE{t=0) in the
the RCT process and on the conditions required for obserypropagation is taken equal to the outer electron wave func-
ing it than on the precise study of a definite system. Theion in the free H ion bound state. In this one-electron ap-
main points addressed here are the followifig:What are  proach, the evolution corresponds to the electron transfer
the differences between a thin film and a semi-infinite metalfrom the ion to the metal. The WPP providkét), the wave-
how is the semi-infinite case recovered in the limit of thick packet autocorrelation function or survival amplitude:
films? (ii) What is the correspondent in the nonperturbative
approach of the abrupt variations seen in the perturbative A()=(P(t=0)|¥(1)). 2
approach? Indeed, the studies on the noble metal surfac
showed that the interaction between an atomic state and a zﬁm surface. The analysis of the time dependence ofift3

continuum of states can lead to avoided crossing StrUCfareS.'function yields the energy position and the width of the reso-

(iii) What are the differences between the electron transfer 'P]ances, i.c., the characteristics of the Ién level perturbed

'teheust;t;}(;fz;xe;lr:t&rg :nedcﬁcliyénfzr;;&rgs\gfn%:tt%% %?r?lev?/a?srheé)y the thin film at the distanc&. These are called below the
q Y. P Static energyE(Z) and widthI'S(Z) of the ion level.

o TR . :
out by the atom motion? This will lead to a discussion of the In the dynamic case, we assume that the hydrogen core

various characteristic times playing a role in this system:a roaches the film surface from infinity along the surface
decay time of the negative ion, time for a back and forth pp y 9

; , AR normal following a classical straight-line trajectory, with a
movement of the electron in the filtquantization timg and . I .
e . : . constant velocity. The propagation is started at a large ion-
characteristic time introduced by the atom motion. ThelrSurface distanceZ=Z,), where the ion is practically de
comparison allows us to define the conditions for the obser- it/ . 'sp y
oupled from the surfacén practiceZ;y; is of the order of

vation of the specificities of the electron transfer process on 0ag). From the WPP approach, we determine the survival

thin metal film. ! . o )
In the following, Sec. Il describes the wave-packet propa—ampl'tUdeA(t) (2) and the survival probabilitf(t):

gation approach used here and the model representation of P(t)=|A(t)]2. @)

the thin films. Section Ill is devoted to the results on the H

ion thin-film charge transfer for a fixed ion surface distanceThe dynamics of the electron transfer process can be ana-
(static situatio, and Sec. IV to those for an ion moving in lyzed by comparing these results to those obtained with a
front of the surfacedynamic situation Finally, Sec. V is “local complex potential” or “rate equation” (RE)
devoted to some concluding remarks. approach’ In the RE approach, at each tintealong the

A. Wave-packet propagation (WPP) approach

the static case, the atom is at a fixed distadideom the
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trajectory Z(t), the ion survival probabilityPEE(t) decays
with time according to the local ion level widtiS(Z), ob-
tained in the static calculation for the ion surface distafice

Pag(t) =exp( - fotrsdTZ> . (4)

The same results can also be compared with the results ok
tained in the free-electron semi-infinite metal c&% ; one
simply has to replace the width in E@t) by the width in the
free-electron semi-infinite metal cabé'(Z).

(eV)

energy

30 -20 -10 0 10 20 0 5 10 15 20 25 30
distance from the fiim centre (a.u.)  distance from the image plane (a.u.)

B. Model potentials
The H™ ion level is described using the same model po-

tential as in our earlier study of the Hinteraction with a FIG. 1. The left part presents the interaction potential between
Cu(111) surfaceé®®38|t is a local potential, a function af, the electron and a thin Al metal fili{8-ML thicknes$ as function of
the electron distance from the hydrogen center. z, the electron coordinate normal to the surface. The horizontal lines

The electron interaction with the metal thin film makes rePresent the energy of the 1D quantized levels in the (fiiottom
use of the analytical expression proposed by Jenninggf the 2D electrg_nic continl)aT_he right part of the figl_Jre presen_ts
et al,*® on the basis of theiab initio study of thin Al films "€ €nergy position of an Hion level interacting with a semi-
performed in the supercell geometry. This should be valid f()Ilnflnlte frge-electron metal Al surface, as a functionZfthe ion
films of several layer thicknesses, taking into account thé:‘urface distance.
typical screening length of a metal. In practice, we use the

X . 2
following expression:

k

En(ki)=€nt (6)
Ve-iim(2)=Vs(|2| = T/2), © wherek is the electron momentum parallel to the surface.
wherez is the electron distance from the thin-film center and
T the film thicknessV;(z) is the analytical expression given  Ill. RESULTS FOR THE STATIC CASE (FIXED ATOM
in Ref. 39 for a metal-vacuum interface, a function of the SURFACE DISTANCE)
electron-surface distan@e The electron is assumed to move
freely parallel to the surface and the interaction poteri&al
is taken independent of the electron co-ordinates parallel to Figure 1 also presents the expected energy of thaads
the surface. In the expressigh), the two sides of the film level E, in front of a free-electron metal surface as a func-
are identical and it corresponds to the case of an Al thin filntion of the ion surface distancé For a given distance, the
with vacuum on both sides. Although it is not a realistic H™ ion level is above a certain number of 1D quantized
experimental situation, this model should be sufficient for thdevelse, ; the ion can then decay by emitting an electron into
study of the quantum size effects on the RCT. Another modethe corresponding 2D free-electron bariés Since the RCT
corresponding to a thin film deposited on a metal or on ans energy conserving, the electron momentum parallel to the
insulator substrate would consider different potential barriersurface is very different in the various 2D decay channels.
on the vacuum and substrate sides and this is not expected to To illustrate the time dependence of the ion level decay,
modify qualitatively the conclusions presented below. TheFig. 2 presents the square modulus of the electron wave
film thicknessT is not taken as a continuous variable. We packet for different propagation times. It corresponds to the
studied various cases in which the thickn&sorresponds to case of a 3-ML film and an ion-surface distance ob32As
a given number of Al11) atomic planes, assuming that the seen in Fig. 1, for this distance, the ion level is slightly above
atomic plane spacing is the same as in bulk Al. To illustratehe sixth quantized level and can thus decay into the six
the quantum size effect associated with the finite film thick-lowest 2D continua. Initially {=0), the wave packet is
ness, we compare the film results with those obtained whespherically symmetric around the hydrogen core. After a
using only theV;(z) potential, i.e., for the corresponding short propagation time,=25a.u.(1 atomic unit of time is
“perfect” semi-infinite Al(111) surface. These results are equal to 2.4X 10 *’s), a small part of the electron wave
termed below “semi-infinite case.” packet has expanded toward the metal. This corresponds to

Figure 1 presents the electron thin-film interaction potenthe electron tunneling through the potential barrier separating
tial Vo_gim(2) in the case of a film with three atomic planes the ion and the film. However, the propagation time is too
[3 monolayers(ML's)]. The electronic motion along the  short for the electron to have moved back and forth inside
direction is quantized and the corresponding 1D quantizethe film and so the quantum size effect, i.e., the quantization
levels e, are shown in the figure. Since the electron is as-of the z motion, is not visible. Latert&=50a.u.), the quan-
sumed to move freely parallel to the surface, theseelD tization effect sets in, generating nodes in the wave packet
energies form the bottom of 2D free-electron bands: along thez direction. For short propagation times, the elec-

A. Qualitative view of the quantum size effect
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vacuum
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vacuum

t=0 t=25au t=50a.u. t=150 a.u. t=700 a.u.

FIG. 2. Contour plot of the square modulus of the electron wave packet as a function of the electron cylindrical codrlinatesl
to the surface: vertical axis and parallel to the surface: horizontal axihe hydrogen is located at &3 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 probability of the
electron and dark areas to the low presence probability. The very low probabilities have been cut off.

tron motion is mainly along the normal to the surface, alongfunction of the ion surface distance. They are compared with
which the tunneling is easier. For time later than 50 a.u., thehe similar results obtained for an (AlL1) surface described
electron wave packet also spreads along the co-ordinate pas a semi-infinite free-electron metal surface. As one of the
allel to the surface, while retaining tlzenodal structure. The striking features, it appears that the energy of the idn

z nodal structure with five nodes is perfectly visible andlevel in front of the thin film does not follow the same varia-
holds as the propagation proceeds. This indicates that the iaion as in the case of a semi-infinite metal surface, where it is
decay is mainly populating only one 2D continuum ( governed by the image charge attraction. As the ion surface
=6), it is the open channel witk, closest toE,, i.e., it

corresponds to the smallest possible electron momentum par- SN
allel to the surface. The expansion along then-ordinate of 2]
the wave packet as the propagation proceeds corresponds to
the electron escaping with this parallel momentum. The

N _.L
o [=>]
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wave-packet picture beyorte= 700 a.u. is a steady-state pic- < - .
ture, with the remaining part of the wave packet around the 2 oab ]
hydrogen core decreasing with time and the outgoing elec- & L/ ]
tron flux parallel to the surface. The dominance of the chan- % 28 s ]
nel with the smallest electron momentum parallel to the sur- 32 ]
face can be related to the fact that, for a semi-infinite metal L ]
surface, the ionic level decay mainly populates 3D levels 3.6 [

=

T S
I

T o
1

around the normal to the surface, i.e., with a snkall By e
energy conservation, this corresponds to the states with the ;
largest possible energy perpendicular to the surface, i.e., the
ones which allow the largest overlap between the metal and
atomic state wave functions. One can thus expect rather dras-
tic variations of the ion level decay rate, depending on the
relative energy position of the ion level and 1D quantized
levels. This point was already made very clear in the pertur-
bative studies of this problefd=2°

One can notice in Fig. 2 that, for very short propagation
times, the quantum size effect is not effective; one can say

width (eV)

that the electron needs a certain time to experience the finite O

size of the system in the direction. This time effect was 2 4 & 10 12 14 16 18 20 22 24 26 28
already observed in the case of RCT with noble metal sur- distance (a.u.)

faces with a projected band gap, in which the electron mo-

tion along the normal to the surface is restricted. FIG. 3. Energy positiofupper part and width(lower par} of

the levels in the case of an'Hon interacting with a 3-ML Al film

(full lines), as a function of the ion surface distance. The dashed

lines correspond to the case of the semi-infinite free-electron Al
Figure 3 presents the results for the energy and the widthurface. The horizontal dotted lines represent the energy of the 1D

I'S of the H ion level in the case of a 3-ML film as a quantized levels in the 3-ML film.

B. Energy and width in the case of 3- and 30-ML films
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distance decreases, the level energy is seen to bend away 4o [T T T
from a pure image charge behavior in order not to cross with
the bottom of the 2D continuum associated with the quan-

A n=46

tized e, levels. This is linked with the 2D nature of the 2r ]
electronic continua in the thin film. It can be shoWsee 131 ]
discussion in Ref. 36that, in the case ofr symmetry, the A4 ]

coupling between an atomic state and a 2D continuum al-
ways leads to the existence of a bound state below the bot-
tom of the 2D continuum. If the ionic level is far above the
bottom of the continuum, this bound state appears as an “ex-
tra” state in the problem and its binding energy is extremely
small. It thus appears that the interaction between an atomic
level and a 2D continuum leads to the existence of two reso-
nances and not to only one, like in the case of a 3D con-
tinuum. This extra resonance is at the origin of the unusual
behavior of the ion level energy. If the energy of the atomic
level approaches the bottom of a 2D continuum from above,
then there is an avoided crossing between the atomic level
and the extra state below the 2D continuum bottom. Such an
avoided crossing, around the bottom of the6 2D con-
tinuum in the film, is very clear in Fig. 3. The energy differ-
ence between the two states at the avoided crossing is di-
rectly linked to the strength of the ion-metal state interaction; E
it is much larger at smalf and this makes the avoided cross- T T S T .
ing with the fifth film level much less visible. The ionic 6 8 10 12 14 16 18 20 22 24 26 28
character is shared between the two states in the avoided distance (a.u.)
crossing region and is mainly associated with the state ener-
getically the closest to the image charge prediction. The ex-
traction of the level characteristics in the present WPP pro-
cedure is based on the autocorrelation funct@nwhere the  semi-infinite case, the decay is dominated by the metal elec-
wave packet is projected on the free Huter electron or- tronic states with a perpendicular energy equal to the ion
bital. This procedure is efficient for the levels with a large |evel energy(tunneling favored along the surface norinal
ionic character. This explains why the energies of both stateghereas, in the thin film, the decay is dominated by the first
could be determined accurately only in the vicinity of the quantized level below the ion level. The lower perpendicular
avoided crossing, where they share the ionic character.  energy of the latter leads to a larger slope in the width func-
Figure 3b) presents the widtl'S for the various levels. tjon of Z.
Since the width is more difficult to extract than the energy, it  The abrupt change of width at the crossings was already
is determined in a more restrictetldomain in the crossing found and discussed in the earlier perturbation stdtiié%
region. Nevertheless, one clearly recognizes a very large ditand the present nonperturbative study confirms this feature.
ference of width between the various states. IfZagaries, The use of a perturbative approach with the “golden rule”
one follows the state with the largest ionic chara¢tiabatic  imposes a diabatic character to the ionic state with an abrupt
correlation at the crossifgthen one will have a small jump variation of the width at the crossing points; in addition, it
of energy and a very large change of width arouncadl precludes the finding of the extra state associated with the
The width change by almost two orders of magnitude is as2D character of the electronic continuum. The present study
sociated with the closing of thenE6) 2D continuum that  is exact within the present choice of potentials, allowing us
dominates the ion decay for distances larger than the crosgs reveal the ion state change wifhand the existence of the
ing point. The magnitude of the width jump when the level extra states.
crosses theith continuum bottom depends on the relative  The qualitative features of the avoided crossings depend
importance of the decay to tmeandn—1 2D continua. Itis  on the distance at which they occur and on the film thick-
governed by the exponential tail toward vacuum of the metahess. Figure 4 presents the results for a 30-ML film, much
wave functions given by exp(zy2|e,|). Therefore the thicker than in Fig. 3. Two avoided crossings appear in Fig.
width change is larger for large ion surface distances and fo#4. The crossing involving the bottom of the 46th film con-
small film thickness(large energy difference between the tinuum occurs at very largg, around 22, where the ion-
€n)- metal interaction is small. The energy difference at the cross-
It is remarkable that outside the crossing region, the widthing is then extremely small, whereas the width jump is quite
in the film case is sometimes larger and sometimes smalldarge. The other crossing involving the 45th 2D continuum
than the width in the semi-infinite crystal case. The differ-occurs sufficiently close to the surface to get a sizeable en-
ence of slope of the two widths function dfis due to the ergy splitting of the two states. The crossings involving
different exponential tails of the metal wave functions. In thelower 2D continua are located at smaller distances and do

energy (eV)

width (eV)

FIG. 4. Same as Fig. 3 for a 30-ML Al film.
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85 T T thus appears that one goes from a thin film to a thick film
% ] ] when the density of states quantized in the film is large
: enough so that the ion level interacts significantly with a few
25 E quantized levels at the same time and that the avoided cross-
£ : ings observed in Figs. 3 and 4 cannot be recognized.
; 20 b One can stress that, in the above discussion, the thin- or
8 05 [ thick-film character is not an intrinsic film property, it also
8 depends on the Hion level via its lifetime. In particular,
O 1ot one can see that the 30-ML film looks thin at large distances
(Fig. 4) and thick at short distance$ig. 5). This is not
5 b surprising since we are looking for quantum size effects on
ot ] the RCT, i.e., to a problem that involves both the film and the
16 14 12 10 8 6 -4 2 0 ion.
energy (eV) The transition from a thin film to a semi-infinite surface is

_ ) further illustrated in Fig. 6, which looks at these results in a
FIG. 5. Density of states of the electron wave packet projecteq e giohal way. It compares the projected density of states
on the H free fon state as a function of the energy. Theln is — gyracteqd from the wave packet in two cases: semi-infinite
located at 2.% from the surface. Full black line: 30-ML Al film; surface and 3-ML film. The projected density of states is
Full line: i-infinite Al surface. . . .
ull gray fine: semi-infinite Al surface presented as a function of the ion surface distahesd of

not lead to well defined avoided crossing structures due t(t)he state energy, the dark area representing the large densities

. o o . of states(Fig. 5 is a cut of Fig. 6 for a fixed ion surface
the large interactions; this point is further discussed below‘distance. In the free-electron cas€ig. 6a)] the peak in the

o o density of states broadens and moves to lower energigs as
C. Limit of the thick films decreases. The small oscillations in the density of states cor-

When the film thickness is increased, one should recoveiespond to the finite wave-packet propagation time. Although
the limit of a semi-infinite free electron metal surface, i.e.,@ Gaussian broadening has been applied, some oscillations
one should get a smooth variation of the energy and th&emain. In addition, the_pgak_ln the density of states at large
width as functions of. In fact, a picture of individual levels Z does not become infinitesimally narrow, as it should. In
like those shown in Figs. 3 or 4 is not well adapted for thecontrast, the 3-ML casfFig. 6(b)] exhibits sharp structures
discussion of the limit of very thick films. When the film due to the quantization inside the film, the film states being
thickness is increased, the density of quantized states in th&ell separated one from the other. For the 30-ML filnot
film increases, leading to 3D traveling states in the semishown herg the sharp structures disappear and we found a
infinite limit. For illustrating the limit, one should then look Staircase variation that closely follows the semi-infinite case,
for a more global picture where the transformation of 1DSimilarly to Fig. 5.
guantized statesef) into a continuum can be seen.

Via a Laplace transform of th_e survival amplitudét) IV. DYNAMICAL STUDY OF THE ELECTRON TRANSFER
[Eqg. (2)], one can get the density of states of the system
projected on the free ion level. It is presented in Fig. 5 fora The WPP study was also applied to the case of arid
30-ML film and an ion-film distance of 24&,. Figure 5 also  approaching the film with a constant perpendicular velocity
presents on the same scale the projected density of states farThe aim is to investigate how the charge trangfierthis
the semi-infinite free electron case. The latter displays aase, the electron loss by the jas influenced by the quan-
broad peak with an approximate Lorentzian shape, corretum size effects in a collisional situation.
sponding to the H ion level, superimposed on a broad ped-
estal, which corresponds to the Al conduction bamaoke the
parabolic cutoff of the band at the band botjorfhe pro-
jected density of states in the film case exhibits a large num- Figure 7 presents the survival probabilRyt) [Eq. (3)] of
ber of structures which, when averaged out, reproduce ththe H™ ion as a function of the distance as it approaches a
semi-infinite free-electron surface case rather Wedite that  3-ML film for two different collision velocities(0.006 and
the comparison between the two densities is on an absoluf@05 a.u). These collision conditions are quite different, they
scalg. Each structure in the density of states corresponds toorrespond to perpendicular hydrogen energies around 0.9
one of the 2D continua. At largé distancegsee Fig. 4, the  and 62 eV, respectively. It may be noticed that, for the lowest
peaks corresponding to the individual states can be well revelocity, a straight-line trajectory approximation may be un-
solved and their properties can be extractedZAt2.5a,, realistic because of the image charge acceler&fidtow-
the H™ ion level is very broad and overlaps a large numberever, the present aim being to determine to which extent
of 1D levels; in that case, the film behaves almost like adynamical changes could influence the quantum size effects
continuum. In a way, the situation in Fig. 5 does not corresfound in the static calculations, a constant collision velocity
spond to the interaction of the ion level with a 2D film con- makes the discussion easier and we did not try to improve
tinuum (like that depicted in Fig. ¥but rather to the inter- this point. Figure 7 also presents the results obtained with a
action of the ion level with a discretized 3D continuum. It rate equatiofEq. (4)] using either the static width'S ob-

A. Survival probability in the dynamical situation
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FIG. 7. Survival probability for an H ion approaching a 3-ML
film as a function of the ion surface distanZe Black dots: rate
equation prediction for the semi-infinite case:&t0.05 a.u.; full
black line: WPP results for the 3-ML film at=0.05 a.u.; full gray
line: rate equation prediction for the 3-ML film static width at
v=0.05 a.u.; black triangles: rate equation prediction for the semi-
infinite case av=0.006 a.u.; dashed black line: WPP results for the
3-ML film at »=0.006 a.u.; dashed gray line: rate equation predic-
tion for the 3-ML film static width atv=0.006 a.u.

2 4 6 8 10 12 14 16 18 20 22 24 26 28

(@) Distance (a.u.)
lows the ionic character. We could use another definition
which follows adiabatically the level from infinity. However,
in all calculations we performed, even for very low collisions
velocities, this choice did not reproduce the WPP results and
we concluded that, for the cases we investigated, the system
follows diabatically the ionic level in the crossing regions.
On this point, one can stress that the extra level Zftarger
than the crossing point, corresponds to an extremely small
binding energy with respect to the 2D continuum. As a con-
sequence, an adiabatic behavior of the system following this
state is very unlikely. This situation is very similar to that
encountered in the case of collisional electron detachment of
a negative ion in the case of arelectron™

At “large” velocity (v=0.05 a.u), the (semi-infinite free-
electron widthI'S'+rate equation solution is close to the
WPP solution. In particular, the decay at large distances is
almost the same in the two cases and the WPP results do not
exhibit any abrupt change in the crossing region arodnd
=11a,, as the results of the rate equation wItR do. In
contrast, at “low” velocity (v=0.006 a.u, the rate equation
prediction using the film static width® is close to the WPP
solution. The survival probability presents a sharp change of
2 4 6 8 10 12 14 16 18 20 22 24 26 28 slope aroundZ=11a, that mimics the change of width in
the rate equation approach. The agreement is, however, not
perfect, as the WPP results show an oscillation, i.e., a tran-

FIG. 6. Contour plot of the density of states of the electron waveSieNt recapture of the electron by the moving hydrogen, that

packet projected on the Hree ion state as a function of the energy Ca&Nnot appear in the rate equation approach. o
and of the ion surface distange The dark areas correspond to the _The dynamical behavior of the system is thus qualitatively
large density of statega) semi-infinite Al surface(b) 3-ML Al different at these two very different collision velocities: the

film. specificity of the thin film introduced by the quantum size
effect is only apparent for the lowest collision velocity; at

tained in the static calculation for a 3-ML film or the static large collision velocity, the thin film behaves like a semi-

width of the semi-infinite free electron cade®. In the infinite free-electron metal.

present rate equation calculation, we used a withthihat is The change of behavior is further illustrated in Figa)3

discontinuous at the crossing point, i.e., that diabatically fol-which presents the quantity v In[P(t)], for the 3-ML film in

Energy (eV)

(b) Distance (a.u.)
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FIG. 9. Effective width for an H ion approaching a thin Al film
T surface as a function of the ion surface distadcéor different
< ] collision velocities: full line(»=0.003 a.u, dashed ling»=0.025
o e | a.u), and dotted lindv=0.1 a.u). Black squares: static width for
d the 3-ML film. Black dots: static width for the semi-infinite free-
& electron metal.
&
= 10 F \\ 7 . .
%’ o semidinfinite \ B. Effective width G(»,Z)
> ° oM sate _ To make easier the comparison between the rate equation
----- v=0.0125a.u. ] approach and the exact solution obtained with WPP, we de-
"=== ¥=0.02540, R fine an effective level widtlG(v,Z) extracted from the dy-
Ik e . namical WPP results, via
10'2 n 1 " Il n L 1 1 1 1 1 1 n 1 1 1 i 1 n
6 7 8 9 10 11 12 13 14 15 16 dIinP(v,2)
(b) distance (a.u.) G(v,2)=- BT (7)

~ FIG. 8. (@) Plot of the quantity- » In[P(1)] (see textforan H"  \yhere P(1,Z) is the survival probability obtained in the
ion approaching the surface at different collision velocitiese  \ypp approach at the distangefrom the surface(corre-
inse) compared with the rate_ equat_ion predictiofsemi-infinite sponding to the time) for a collision velocity ». G is a
free-electron metal and 3-ML film static resuité) Same aga) for ¢, tion of bothz andw. It can be stressed that, in the case of
a 30-ML Al film. back and forth electron jumps between the atom and the film,
the G function can take positive and negative values. In the
Base where a rate equation description of the ion-film charge
transfer is expected, this effective wid®(»,Z) should be
positive, independent of the collision velocity and equal to

o the static widthS(Z) extracted from the static WPP study at

~vinPed2)1= [ T(2)02. fixed 2.

z The effective widthG(»,Z) defined by Eq(7) allows a
The dynamical WPP results depend on the collision velocitynuch finer discussion of the transition between the two dy-
and they are seen to be well represented by the rate equatimamical regimes. It is presented in Fig. 9 for a 3-ML film for
with the static film widthI'S at small » and by the rate various collision velocitiesr and it is compared with the
equation with the semi-infinite width'S' at largev. In the  static film widthI'S(Z) (discontinuous function aZ) and the
intermediate velocity regime, the quantityr In[P(t)] varies  semi-infinite free-electron surface widi©'(Z). The figure
continuously from one limit to the other, corresponding tospans a large range of velocities from 0.003 to 0.1 a.u. and
the change of dynamical behavior of the system. covers the full range of variation of the dynamical behavior

Figure &b) presents the same quantity for a 30-ML film. of the system. Fow=0.1 a.u., the effective width is practi-

Here again, there is a change of dynamical behavior from theally equal to the free-electron width. As the collision veloc-
guantum size regime at small velocity to the semi-infiniteity is decreased, the effective width changes and resembles
free-electron behavior at large velocities. One can stress thahore and more to the static widiiS(Z): the slope of the
in the crossing region around 9—4g, the change of behav- width at largeZ increases and the abrupt change in the cross-
ior between the two regimes occurs at smaller velocities for ang region is better and better reproduced. However, the
30-ML film than in the 3-ML film case. Practically, the re- change of the width appears rounded and shifted from its
sults for the velocities larger than 0.025 a.u. in Figb)8 “diabatic” position to smallerZ (i.e., to later times in the
cannot be distinguished from those obtained for the semiwave-packet propagatipnFor the lowest velocity investi-
infinite free-electron metal. gated here,y=0.003 a.u., the dynamical width is almost

the different approaches. This quantity is independent of th
collision velocity in the rate equation approddy. (4)] and
is given by the integral of the width over the trajectory:
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TABLE I. Effective transition distance§n ay) as a function of  time for traveling from the projectile to the opposite film
the collision velocity for three different surfaces: a 3-ML Al film, a edge and back. A lower estimate can be taken as the time for

30-ML Al film and a semi-infinite A{111) metal surface. traveling back and forth between the two film edges, taken
equal to 2r times the inverse of the energy separation of the
Collision  Transition ~Transiton ~  Transiton  guantized 1D levels of the filngjii) the variation of the ion
velocity distance  distance  distance semi-infinite |aye| with time also introduces a time scatg. Indeed, as
(atomic unity 3-ML film  30-ML film Al surface discussed in Ref. 42, the use of a rate equation approach
0.003 13.05 11.9 125 assumes that t_he decay of the level perfectly f_oIIows the
0.0125 10.75 8.9 8.85 variation with time of the ion level characteristics. Intu-

itively, one can say that this assumes a perfect relation be-

0.025 8.35 7.2 7.15 . .

tween the ion state complex energy and the time along the
0.05 5.45 55 55 ) L .
01 3.85 40 3.05 trajectory; quantally this is not possible and one can only
0'2 2'5 2'5 2'5 consider a wave packet with a finite resolution in timgor

in energyl'p. In other words, the evolution of the system
cannot be described by a rate equation with time steps
. . L } smaller than a certain valug,. This dynamical time scale
identical to the static width at larg& however, at smalr, : . g :

98 7o or dynamical widthl'y can be derived by looking for

the abrupt change of the width is only visible in an averag . . S
way and the effective width presents a few oscillations. On%hqeu;etrgl-classmal limit of the quantal approd€tihey are

can notice that this smallest velocity corresponds to a ver
low collision energy, around 0.22 eV, so that the full obser- 1 ( dE) 1

vation of the quantum size effect in this system should be y—
rather difficult, even for such a thin film. dz

®

TD:ﬁ:

_ N _ whereE is the ion level energy position. This time scale is a
C. Effective transitions distances direct consequence of the movement in the system. For a rate

Experimentally, the different dynamical behaviors can beeduation approach to be valid, the minimum time st&p
probed in different way<see below. One of them is pro- must be small enough to be able to account for all the fea-
vided by the effective transition distances as done in Ref. 18ures of the system. _ o
by measuring the kinetic energy gain of the projectile for The features of the RCT in front of a thin film can be
collision in a field or as in Ref. 40 by studying deflection in @nalyzed via the comparison of the various time scales or
grazing angle scattering. In Table | we present the effectivaVidths. One must stress that this discussion based on time
transition distances extracted from the present dynamical cakomparisons can only be qualitative and that the conditions
culations for the 3- and 30-ML films, compared to the resultsgiven below for the various behaviors can only be considered
for a semi-infinite metal. These are defined as the distance &6 estimated ranges and not as precise boundaries. The inter-
which the survival probability of an Hion coming from  Pretation of the static situation in terms of widths has been
infinity has decreased to 0.5. Effective transition distance®resented above in Sec. Il C: briefly speaking, the ion decay
have been discussed already in the context of perturbativg2nnot be influenced by the finite thickness of the film if the
studies®® decay is over before the electron can “know” about the finite

One can notice that the quantum size effect can lead to size of the film, i.e., before it has gone to the other side of the
decrease or to an increase of the effective transition distancllm and come back. So, the quantum size effect appears in
This effect has already been discussed on the perturbati8€ Static situation when
results; it is a direct consequence of the saw-tooth behavior

of the static level width. The magnitude and direction of the T TE. 9)
guantum size effect depends on the position of the transition _ o _
distance in the saw-tooth structufein Table I, the quantum In the dynamical situation, one should also consiger

size effect is seen to only appear for the “smallest” velocitiesFirst, the minimum time stepy, that can be used in the rate
and to be more sizable on the 3-ML than in the 30-ML case€quation approach should be small enough to be able to de-
This is consistent with the discussion in the previous secscribe the ion decay, i.e., one must haye<r; this condi-

tions, the ion movement washing out the quantum size effection must be fulfilled for the rate equation to be valid, even in
the case of a semi-infinite free-electron metal. Second, if the

_ _ ) _ minimum time step is such that during this time step, the

D. Discussion of the various time scales of the problem quantization in the film is effectivert,> r¢), then the rate

The features observed in the static and in the dynamiequation should use the static width of the level. Third, since
calculations can be qualitatively discussed by analyzing théhe static width exhibits rather abrupt variations with time
characteristic time scaldsr equivalently the widthsof the  as the system passes through the crossing regions, there
system:(i) the decay of the ion level occurs on a time scalemight be problems in reproducing these with a finite time
requal to the inverse of the level lifetinig (ii) the quantum step. The first two points lead to the following condition
size effect is associated with the time required for an for using the rate equation with the static widily to de-
electron to probe the existence of a finite film width, i.e., thescribe the dynamics of the RCT:
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™ Tp>TE. (10 along the direction perpendicular to the surface. Some of the
features of the RCT on a thin film have already been dis-
Obviously, this condition for observing quantum size effectscussed based on earlier perturbative stutfie®:
in the dynamical situation contains the conditi(® to ob- « The fate of an electron transferred from the projectile to
serve them in the static situation. the metal is different: in the semi-infinite metal, the electron
The time 7 contains the collision velocity and the con- goes away around the normal to the surface whereas on a

dition (10) leads to an upper limit for the observation of the thin film, it must go away in the direction parallel to the
quantum size effects. Equivalently, the critical velocity g rface.

where the system behavior changes from an evolution driven . The RCT on a metal favors transitions to metal states

by the static width of the film to that driven by the semi- it the largest energy perpendicular to the surface. On thin
infinite metal width is given by the equality of the times s this leads to the dominance of the highest accessible
and 7. Using ngmbers charaqterlsn_c for the 3-ML film quantized level in the film. In a perturbative approach, the
aroundZ=10a,, I.e., the crossing with the 6th 2D con- variation of the projectile level with the distance to the sur-

tinuum bottom,_one gets a critical velocity of 9'03 a.u. for theface leads to a saw-tooth variation of the level width with the
change of regime. Similarly, for a 30-ML film, around distance

=103, (crossing with the 45th 2D continuum bottgnone The present use of the nonperturbative wave-packet
gets a critical velocity of 0.003 a.u. Not surprisingly, one b P P

should go to lower velocities for observing the quantum Sizéaropagatlon approach., both in static and dynamic contexis,
effect when the thickness of the film is increased. In view Ofrevealed new as_pects. ) ) )
Figs. §a), 8(b), and 9, these critical velocity estimates have * T1he projectile level undergoes avoided crossings with
the right order of magnitude; however, the above argument?xna” sta.tes associated with each qua_nt[zed _IeveI in the
are mainly qualitative. f||_m. The difference between the two predictions is due to the
One can go back to the question of the description of théliabatic character of the perturbative approach.
abrupt width change at the crossing point. As a result of the * In the static situatiorifixed projectile-surface distange
ion movement, the minimum time step, results in a the limit of a semi-infinite metal is recovered when the level
spreading of the crossing region around its real positiaf in  width is large enough to overlap a few quantized levels in the
equal toAZp=[v/(dE/dZ)]*2 Even for the lowest velocity film. The individual levels in the avoided crossing structure
considered herér=0.003 a.u, the finite Z step remains thus do not lead directly to the semi-infinite metal situation,
non-negligible; it amounts to around &g for Z around they rather correspond to a discretization of the metal 3D
10ay. This accounts for the rounded shape of the abruptontinuum.
change of the effective widt@(»,Z) in the crossing region, « In the dynamical situation, the projectile motion with
and gives the order of magnitude of the sharpest variatiofespect to the surface tends to wash out the quantum size
that is compatible with motion and quantum effects. One carffects observed in the static situation. They can nevertheless
also notice that the effective width exhibits a series of oscilbe observed below a certain critical velocity. This change of
lations below the crossing poitisee Fig. 9. These are vis-  behavior can be understood by comparing the various char-
ible on the effective width which enhances such variationsacteristic time scales in the system: level lifetime, travel time
but they are not visible on the survival probability itself. The of an electron across the film, and dynamical time introduced
oscillation period corresponds roughly to the phase interferpy the projectile motion.
ence introduced by the crossing. We tentatively attribute it to  The above quantum size effects should lead to features
a splitting of the wave packet induced by the crossing leadobservable in various experimental situations involving the
ing to components on the two states; interferences betweeajuantum wells formed by a thin metal film deposited on an
their decays could lead to the observed oscillations, whichnsulator or metal substrate. First, in the case of adsorbates
would then be the signature of a not completely diabaticon a thin metal film, transient excited states localized on
behavior of the system at the crossing point. One can stresgisorbates are often invoked as intermediates in surface re-
here that the survival amplitud®&(t), from which the effec-  action mechanisms. Any change of their lifetime should in-
tive width is derived, is defined by projecting the time- fluence the reaction mechanism efficieticgnd, as shown
dependent wave packet on the initial state, i.e., on the fregbove, the lifetime of transient excited states can be quite
ion wave function. Because of the variation of the kbn  different on a thin metal film compared to the corresponding
state withZ, such a procedure obviously introduces a mixingsemi-infinite metal. This effect would be similar to the sta-
between the various states in the crossing region, whichilization that has been observed in the case of surface pro-

should enhance the formation of oscillating behaviors. jected band gap¥:182223240n a thin metal film, this effect
can be in any direction depending on the relative energy
V. CONCLUSIONS position of the adsorbate level and the film quantized levels.

It must, however, be stressed that since adsorbates are lo-
We have reported on a nonperturbative study of the RCTated at rather small distances from the surface where the
between an H ion and a thin metal film described in the charge transfer couplings are large, the quantum size effects
free-electron approximation. The RCT on a thin film appearsould be erased if the level width is too large. Indeed, the
to be quite different from that on a semi-infinite free-electronthinner the film is, the more favorable is the situation for the
metal, due to the quantization of the electron movementuantum size effect observation.
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In the case of collisions, the quantum size effects aree.g., Refs. 37, 44, and A5These probe the RCT at rather
present only if the collision velocity is low enough. In the large ion surface distance&freezing distance” interpreta-
present study with H ions, the critical velocity is rather tion, see, e.g., in Ref. 46The parallel velocity effect is very
low; however, the use of other heavier projectiles could helgsensitive to the dimensionality of the metal states involved in
to overcome this difficulty. The quantum size effect couldthe transition and allows the direct experimental determina-
appear in experiments directly measuring survival probabilition of the dimensionality2D vs 3D of the electrons par-
ties or equivalently effective charge-transfer distarice ticipating in the charge transfer. This dimensionality effect
fact that ion thin film charge-transfer process involves 2Dhas been discussed for thin filffs3® or surface state¥. It
continua in the metal could also lead to observable effects ipgs been clearly observed and interpreted in the case of

fast grazing angle collisions. In this case, first, the change ofy(111) surfaces with projected band gadst
surface work function with the film thickness influences the

charge fractions in grazing angle scattering, where the ob-

served fraction results from a bala_nce_between capture and ACKNOWLEDGMENTS
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