
Nonadiabatic effects in atom-surface charge transfer

A. R. Canário,1,2 A. G. Borisov,1 J. P. Gauyacq,1 and V. A. Esaulov1,*
1Laboratoire des Collisions Atomiques et Moléculaires, UMR CNRS-Université Paris-Sud 8625, 91405 Orsay Cedex, France

2CEFITEC and Departamento de Física, Universidade Nova de Lisboa, Caparica, Portugal
sReceived 20 December 2004; published 4 March 2005d

We present results of a joint experimental and theoretical study of the neutralization of Li+ ions scattered off
a Ags100d surface. Experimental data and a complete dynamical treatment based on a wave-packet propagation
approach demonstrate a pronounced nonadiabatic character of the electron transfer process. In particular we
show that, while strong for a fixed projectile-surface distance, the effect of the Ags100d projected band gap on
the charge transfer is to a large extent ineffective in scattering in the energy range of a few hundred eV due to
the finite interaction time.
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The outcome of many reactive processes on surfaces is
determined by electron tunneling and nonadiabatic phenom-
ena. When atoms or molecules interact with a metal surface
an electron can be exchanged between the atomic or molecu-
lar states and metal states of the same energy, leading to the
change of the particle charge state, which can drive particular
reactive channels. This process of resonant charge transfer
sRCTd has been the subject of numerous experimental and
theoretical studies over the past decade.1–3 For the free-
electron model of the metal, parameter-free approaches have
been developed which provide adiabatic propertiessenergies
and widthsd of the atomic states for a fixed distance from the
surface.4–7 Using these parameter-free results as inputs in the
treatments of the collisional RCT has become a standard pro-
cedure nowadays, often leading to a satisfactory description
of experimental data.8–12 However, one wonders if band
structure effects for realistic surfaces can alter the character-
istics of RCT and, furthermore, if knowledge of adiabatic
selectronic structured properties of the projectile-target sys-
tem is enough to predict the outcome of reactive process or if
nonadiabatic effects have to be taken into account.

To address these fundamental points, thes111d and s100d
surfaces of the noble metals provide an ideal playground.
The main peculiarities of their electronic structure are linked
to the presence of a projected band gapsL gap and X gap,
respectivelyd in the direction of the surface normal. These
can be adequately modeled with 1D potentials, depending
only on the electron coordinate perpendicular to the
surface.13 Recent wave-packet propagationsWPPd studies re-
ported for H−/Cus111d, Cs/Cus100d, and alkali/Cus111d re-
vealed that adiabatic properties such as energies and widths
of the states for the fixed atom-surface distance are strongly
affected by the projected band gap.14–16This is in agreement
with time-resolved two-photon photoemission measure-
ments17,18 for alkali adsorbates.

However, a collision is a physical situation different from
that of a static adsorbate. Indeed, a strong nonadiabaticity of
the dynamics of the RCT process in the case of surfaces with
a projected band gap has been theoretically predicted.14,15

Above a certain critical velocity, a simple rate equationsREd
approach based on theadiabaticproperties of the projectile
states would fail completely.14,15

In this joint experimental and theoretical work on Li+ ion
scattering on Ags100d, we demonstrate this nonadiabatic
characteristic of the RCT process. We show that the pro-
jected band gapsX gapd strongly modifies the energy and
width of the Lis2sd level in front of the Ags100d surface as
compared to the case of the free-electronsjelliumd target.
Thus, very high Li+ neutralization probabilities in the outgo-
ing beam are predicted within an adiabatic RE approach.
This is not confirmed by experimental data, which are close
to the results of a full dynamical WPP treatment of the
Li+/Ags100d charge transfer and also to those obtained using
a free-electron description of the target. The present study
thus demonstrates thatsid the dynamical behavior of the RCT
process cannot be predicted from the knowledge of the char-
acteristics of the static system, andsii d above certain veloci-
ties, the effect of the target metal band structure disappears.
These results, very important for the understanding and de-
scription of the RCT process and of RCT-mediated pro-
cesses, could not be established fully before, because of the
lack of a direct comparison between experimental data and
detailed theoretical results on the same system.19 They in
particular show that great caution should be exercised when
performing an adiabatic treatment of chemical reaction dy-
namics on such surfaces.

The experiments are performed in an ultrahigh vacuum
sUHVd system described elsewhere.20 Li ions are produced
using a Li getter source. Ions scattered through 135° are
energy analyzed with an electrostatic analyzer. Time-of-flight
measurements can also be performed for a 116 cm flight
length using a multianode channelplate detector, allowing si-
multaneous separate detection of ions and neutrals in con-
tinuous or pulsed beam modes. The crystal is cleaned by
multiple cycles of small angle Ar bombardment and anneal-
ing. Crystal quality is ascertained by low-energy electron
diffraction sLEEDd. AES and LEISslow-energy ion scatter-
ingd using He ions are used for monitoring surface cleanli-
ness. Li+ neutralization probabilities are determined by mea-
suring neutral fractions for a scattering configuration where
the scattered particles leave normal to the surface.

Energy losses of scattered Li atoms and ions were inves-
tigated in LEIS and time-of-flightsTOFd measurements. Ex-
amples of TOF spectra of scattered atoms and ions are shown
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in Fig. 1, after conversion of the time scale into an energy
scale. The spectra for neutrals and ions are fairly similar. At
high energies one finds a peak related to surface scattered
particles and a broad energy loss distribution resulting from
particles penetrating into inner atomic layers. This lower en-
ergy tail becomes very large at the higher energies.

The neutral fractions are first made using a continuous
beam, and a fraction averaged over energy losses is obtained.
This fraction, measured in an incident ion energy range from
100 eV to 2 keV, is shown in Fig. 2. It is found to increase
rapidly at low energies. Because of the large contribution of
high energy losses at the higher incident ion energies, these
neutral fractions were corrected using TOF spectra of scat-
tered atoms and ions. The neutral fraction obtained after in-
tegration in the surface peak region is shown by full squares
in Fig. 2. The corrected ion fraction lies a little lower than

the summed fraction. The correction is not very large be-
cause, e.g., at 2 keV, although there is a large energy loss
tail, most of the spectrum corresponds to energies where the
ion fraction does not change significantly. At the lower ener-
gies this energy loss tail itself becomes less extended, so the
ion fractions are not significantly affected.

Our theoretical study of the neutralization of Li+ ions is
based on a wave-packet propagationsWPPd approach de-
scribed elsewhere.15,16 We consider that, due to the large
projectile-surface coupling, the memory of the initial charge
state is lost and final charge states only depend on the out-
going trajectory.2 The neutralization proceeds mainly in the
region of projectile-surface separations where the energy of
the Lis2sd quasistationary level is in resonance with occupied
metal states below the Fermi levelssee Fig. 3d. At such dis-
tances from the surface the localizedd bands of Ag do not
contribute to the RCT. Excited states of Li projectile are too
high in energy with respect to the Fermi level to be
populated.8,10 Consistent with the experimental procedure,
we assume that the projectile follows a classical trajectory
along thez axis normal to the surface. The time evolution of

FIG. 1. Time of flight spectra of scattered Li ions and atoms for
a 1 keV incident ion energy.

FIG. 2. Experimental and calculated neutralization probability
for Li+ leaving the surface along the surface normal with the indi-
cated energy. Circles: experimental results for total fraction,
squares–TOF corrected results. Solid line: results of the complete
wave packet propagation treatment incorporating collision dynam-
ics. Line and open circles: results of the rate equation calculation
using the energy and width of the adiabatic state correlated with
Li s2sd as calculated for the model Ags100d surfacesFig. 3d. Dashed
line: results of the rate equation calculation using the energy and
width calculated for the free-electron surfacesFig. 3d.

FIG. 3. Energiessad and widthssbd of the quasi-stationary adia-
batic states involved in the charge transfer between a Lis2sd level
and a Ags100d surface. The energy is measured with respect to the
vacuum level. The data are presented as functions of the projectile-
surface distance, measured from the image plane. Solid lines: re-
sults obtained with free-electron model. Lines with symbols denote
results obtained for the model Ags100d surface. Line with full
circles: state correlated with Lis2sd level at infinite projectile-
surface separation; Line with open circles: state correlated with sur-
face state resonance. Thin horizontal dashed line represents the po-
sition of the Fermi level.
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the Lis2sd electron active in the RCT is followed quantum
mechanically through direct on-the-grid-solution of the time-
dependent Schrödinger equation, with the total potential,
Vstd, given by

Vstd = VListd + DVsurfstd + Vsurf. s1d

The first term stands for the electron–Li+ ion core
interaction.10 The second term describes the electron interac-
tion with the electrostatic image of the Li+ ion core. The
model potential proposed by Chulkovet al.13 is used to de-
scribe the electron interaction with Ags100d surface,Vsurfszd.
It takes into account the periodicity of the crystal in the di-
rection of the surface normal, and assumes free-electron mo-
tion parallel to the surface. It reproduces the main features of
the Ags100d surface: projected band gapsX gapd in the di-
rection of the surface normal within −2.89→ +2.21 eV en-
ergy range senergies are measured with respect to the
vacuum leveld, the surface state resonance at −3.19 eV, and
image potential states. We have also performed calculations
with a free-electron modeling of Ag target. It is based on the
model potential of Jenningset al.21 Parameters of this poten-
tial are set consistently with the model Ags100d surface.13

Two types of calculations have been performed. In the
static calculation, the Li-surface distance is kept fixed and
the energies and widths of the quasistationary states are
obtained.15 In the dynamic calculation, the Li projectile
moves with respect to the surface, and we rely on the time-
reversal symmetry to link the electron capture by a Li+ re-
ceding from the surface to electron loss by a Li atom ap-
proaching the surface. First, we consider electron loss by a Li
projectile impinging on the surface, and we use the flux
method22 to deduce the energy spectrum of the electron
transferred into the metal,RsEd, from the WPP calculation.
Provided that the impinging Lis2sd atom is completely ion-
ized in the incoming trajectory, time reversal can be used to
obtain the neutralization probability in the outgoing beam
selectron captured for a Li+ projectile

p =E
−`

−F

RsEddE, s2d

whereF is the surface work function. Spin statistics factors10

have to be included since the Li+ ion core is singlet, and so
spin-up or spin-down electrons can be captured to form the
two sublevels of the Lis2sd ground state. Correction for the
spin statistics leads to the final result for the neutralization
probability: P=p+s1−pdp.

In Fig. 3 we show the energies and widths of the quasis-
tationary states calculated for various distances between Li
atom and model Ags100d and free-electron metal surfaces.
For the free-electron metal surface, the energy and the width
of the level, correlated with Lis2sd state at infinite projectile-
surface separation, exhibit the usual behavior.4,10 The energy
roughly follows the 1/4Z behavior expected for a classical
image potential shift. For large distances from the surface the
width decreases roughly exponentially, reflecting the expo-
nential variation of the couplings between the projectile state
and metal continuum. At approximatelyZC=6 a.u. from the
image plane the Lis2sd level crosses the Fermi level of the

target. The work function was taken as 4.43 eV as given in
the theoretical study13 for Ags100d, and within the error bars
of our experimental measurement ofs4.4±0.05d eV.23 Thus,
close to the surface, the equilibrium charge state of the pro-
jectile corresponds to a Li+ ion. On the outgoing trajectory
path, for 6 a.u.øZ the Lis2sd level moves in resonance with
occupied electronic states of the metal and neutralization sets
in.

The results obtained with the staticsimmobile Li atomd
WPP study, for the model Ags100d surface, show a pro-
nounced band structure effect. While for large projectile-
surface distances a free-electron behavior is retrieved since
the Lis2sd state is energetically well below the projected
band gap, for small projectile-surface distances an avoided
crossing structure appears. The lower adiabatic state is cor-
related with Lis2sd state at infinite projectile-surface separa-
tions. The width of this state is found to be larger than in the
jellium case. The upper adiabatic state is correlated with a
surface state resonancessee a discussion in Ref. 15d. With
decreasing projectile-surface distance, the Lis2sd character is
transferred from the lower to the upper state. The latter en-
ters into the projected band gap region and its width de-
creases.

Because of the avoided crossing structure the lower adia-
batic state shifts above the Fermi level at much shorter dis-
tancessZC=3.8 a.u.d than in the free-electron case. Assume
now that the system evolves adiabatically and that its dynam-
ics can be described with a rate equation approach. At each
point of the trajectory, where the energy of the quasistation-
ary state lies below the Fermi level, the neutralization rate is
given by the corresponding width,GsZd. The final neutral
fraction is given by

P = S1 − expH−
2

v
E

ZC

`

GsZddZJD , s3d

wherev is the projectile velocity, and 2 stands for the spin
statistics factor. Thus, because of the larger widths and
smallerZc, one would predict that the band structure effect
should lead to a higher neutralization probability as com-
pared to the free-electron case.

In Fig. 2 we present the results for the Li neutral fraction
in the outgoing beam obtained with this adiabatic assumption
and using the static WPP results. The calculated neutraliza-
tion probability is indeed very high, varying from 100% to
90% in the present projectile energy range. On the other
hand, the dynamical WPP study for the model Ags100d sur-
face leads to amuch lowerneutralization probability. Com-
parison with experiment shows thatit is the dynamical ap-
proach which correctly describes neutralization
demonstrating the existence of very strong nonadiabatic ef-
fects. Thus, the RE approach based on “static” widths fails to
correctly describe the RCT dynamics within the experimen-
tal energy range, and much lower projectile velocities are
needed to reach the adiabatic behavior. The nonadiabatic be-
havior of the RCT during a collision tends to attenuate the
effect of the band structure, so the Li+ neutralization prob-
abilities are quite close to the predictions obtained with the
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RE approach for the free-electron model of the Ag surface,
also shown in Fig. 2.

The physics underlying this nonadiabatic effect is the fol-
lowing. Consider electron escape from the projectile. For the
free-electron metal the charge transfer rate is determined by
the time required to tunnel through the potential barrier sepa-
rating the projectile and the metal. This barrier is given
mainly by the electron-projectile core interaction and elec-
tron interaction with image charges. It is basically the same
for the free-electron metal and the realistic metal. The differ-
ence is due to the fate of the electron wave packet inside the
metal. For the free-electron target, the electron is simply de-
localized in the metal and no return to the projectile occurs.
For the non-free-electron metal, reflections and thus interfer-
ence arise due to scattering in the bulk. If the projectile mo-
tion is fast enough, it removes the interference effects and
thus the effect of the target band structure on the RCT. In
other words, the electron needs time to “probe” the target
band structure and if this time is larger than the characteristic

collision time, the target behaves as a free-electron one.14,24

In conclusion, this quest for band structure effects on
electron transfer in particle surface interaction revealed two
important features. The existence of the projected band gap
leads to strong modifications in the adiabatic characteristics
senergy, widthd of the atomic state near the surface as com-
pared to the free-electron metal case. On the other hand, our
study shows that electron transfer is strongly nonadiabatic in
our scattering conditions, so these adiabatic characteristics
are not relevant for the proper description of the RCT dy-
namics in the present situation. The band structure effects
almost disappear for the moving atom because of the finite
interaction time; thus, a free-electron modeling of the experi-
mental data obtained with non-free-electron like surfaces is
successful. In a more general perspective these results indi-
cate that care should be taken when using static adiabatic
properties when describingchemical reaction dynamics on
realistic metal surfaceswhen charge transfer plays a role.
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