RAPID COMMUNICATIONS

PHYSICAL REVIEW B 71, 121401R) (2009

Nonadiabatic effects in atom-surface charge transfer
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We present results of a joint experimental and theoretical study of the neutralizatiohioh&iscattered off
a Ag(100) 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 ttE0Bgprojected 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 In this joint experimental and theoretical work on'lion
determined by electron tunneling and nonadiabatic phenonscattering on AgL00, we demonstrate this nonadiabatic
ena. When atoms or molecules interact with a metal surfaceharacteristic of the RCT procesVe show that the pro-
an electron can be exchanged between the atomic or molecjected band gagX gap strongly modifies the energy and
lar states and metal states of the same energy, leading to tkxdth of the Li(2s) level in front of the Ag100 surface as
change of the particle charge state, which can drive particulatompared to the case of the free-electigellium) target.
reactive channels. This process of resonant charge transf€hus, very high LI neutralization probabilities in the outgo-
(RCT) has been the subject of numerous experimental anthg beam are predicted within an adiabatic RE approach.
theoretical studies over the past dec&deFor the free- This isnot confirmed by experimental data, which are close
electron model of the metal, parameter-free approaches have the results of a full dynamical WPP treatment of the
been developed which provide adiabatic propertgergies Li*/Ag(100) charge transfer and also to those obtained using
and widthg of the atomic states for a fixed distance from thea free-electron description of the target. The present study
surface’~" Using these parameter-free results as inputs in théhus demonstrates théj the dynamical behavior of the RCT
treatments of the collisional RCT has become a standard pr@grocess cannot be predicted from the knowledge of the char-
cedure nowadays, often leading to a satisfactory descriptioacteristics of the static system, ati above certain veloci-
of experimental daté:'? However, one wonders if band ties, the effect of the target metal band structure disappears.
structure effects for realistic surfaces can alter the characteFhese results, very important for the understanding and de-
istics of RCT and, furthermore, if knowledge of adiabatic scription of the RCT process and of RCT-mediated pro-
(electronic structuneproperties of the projectile-target sys- cesses, could not be established fully before, because of the
tem is enough to predict the outcome of reactive process or iick of a direct comparison between experimental data and
nonadiabatic effects have to be taken into account. detailed theoretical results on the same systeihey in

To address these fundamental points, (&) and (100 particular show that great caution should be exercised when
surfaces of the noble metals provide an ideal playgroundperforming an adiabatic treatment of chemical reaction dy-
The main peculiarities of their electronic structure are linkednamics on such surfaces
to the presence of a projected band damap and X gap, The experiments are performed in an ultrahigh vacuum
respectively in the direction of the surface normal. These (UHV) system described elsewhéfeLi ions are produced
can be adequately modeled with 1D potentials, dependingsing a Li getter source. lons scattered through 135° are
only on the electron coordinate perpendicular to theenergy analyzed with an electrostatic analyzer. Time-of-flight
surface!® Recent wave-packet propagatiohPP studies re-  measurements can also be performed for a 116 cm flight
ported for H/Cu(111), Cs/Cy100), and alkali/C11l) re-  length using a multianode channelplate detector, allowing si-
vealed that adiabatic properties such as energies and widthsultaneous separate detection of ions and neutrals in con-
of the states for the fixed atom-surface distance are strongynuous or pulsed beam modes. The crystal is cleaned by
affected by the projected band giip* This is in agreement multiple cycles of small angle Ar bombardment and anneal-
with time-resolved two-photon photoemission measureing. Crystal quality is ascertained by low-energy electron
ment$”*8for alkali adsorbates. diffraction (LEED). AES and LEIS(low-energy ion scatter-

However, a collision is a physical situation different from ing) using He ions are used for monitoring surface cleanli-
that of a static adsorbate. Indeed, a strong nonadiabaticity afess. Lt neutralization probabilities are determined by mea-
the dynamics of the RCT process in the case of surfaces witburing neutral fractions for a scattering configuration where
a projected band gap has been theoretically predi¢t€d. the scattered particles leave normal to the surface.

Above a certain critical velocity, a simple rate equati®k) Energy losses of scattered Li atoms and ions were inves-
approach based on tlaliabatic properties of the projectile tigated in LEIS and time-of-flightTOF) measurements. Ex-
states would fail completeff:15 amples of TOF spectra of scattered atoms and ions are shown
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FIG. 1. Time of flight spectra of scattered Li ions and atoms for —o—SSR

a 1 keV incident ion energy. % 10" F —e—Jellium
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in Fig. 1, after conversion of the time scale into an energy B 02 ]
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 10° F
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 2 4 6 8 10 12 14 16
beam, and a fraction averaged over energy losses is obtained. Distance (a.u.)
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  FIG. 3. Energiesa) and widths(b) of the quasi-stationary adia-
rapidly at low energies. Because of the large contribution obatic states involved in the charge transfer between(2s] ievel
high energy losses at the higher incident ion energies, thesmmd a Ag100 surface. The energy is measured with respect to the
neutral fractions were corrected using TOF spectra of scapacuum level. The data are presented as functions of the projectile-
tered atoms and ions. The neutral fraction obtained after insurface distance, measured from the image plane. Solid lines: re-
tegration in the surface peak region is shown by full square§ults obtaingd with free-electron model. Lines With. symbpls denote
in Fig. 2. The corrected ion fraction lies a little lower than results obtained for the model A0 surface. Line with full
circles: state correlated with (ds) level at infinite projectile-
surface separation; Line with open circles: state correlated with sur-
face state resonance. Thin horizontal dashed line represents the po-

1.0

09 sition of the Fermi level.
s 08
g o7 the summed fraction. The correction is not very large be-
'g 06 cause, e.g., at 2 keV, although there is a large energy loss
s 05 tail, most of the spectrum corresponds to energies where the
‘§ 04 ion fraction does not change significantly. At the lower ener-
= gies this energy loss tail itself becomes less extended, so the

esr Jelium ] ion fractions are not significantly affected.

ozr —— Nonadiabatic ] Our theoretical study of the neutralization offlibns is

o1} —o— Adiabatic . based on a wave-packet propagati®WPP approach de-

00 st b s s scribed elsewher®¥:'® We consider that, due to the large
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state is lost and final charge states only depend on the out-
FIG. 2. Experimental and calculated neutralization probabilitygomg traJeCto.ry?' The neutralization .proceeds mainly in the
for Li* leaving the surface along the surface normal with the indi-r€gton of prole_ctlle_-surface sepa_ratlons where t_he energy of
cated energy. Circles: experimental results for total fraction,the Li(2s) quasistationary Ievgl IS In resqnance with ocgup|ed
squares-TOF corrected results. Solid line: results of the completd€tal states below the Fermi |9V(‘*_5|ee Fig. 3 At such dis-
wave packet propagation treatment incorporating collision dynamtances from the surface the localizéands of Ag do not
ics. Line and open circles: results of the rate equation calculatiogontribute to the RCT. Excited states of Li projectile are too
using the energy and width of the adiabatic state correlated withigh in energy with respect to the Fermi level to be
Li(2s) as calculated for the model At0O) surface(Fig. 3. Dashed  populated®® Consistent with the experimental procedure,
line: results of the rate equation calculation using the energy antive assume that the projectile follows a classical trajectory
width calculated for the free-electron surfaéég. 3. along thez axis normal to the surface. The time evolution of
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the Li(2s) electron active in the RCT is followed quantum target. The work function was taken as 4.43 eV as given in
mechanically through direct on-the-grid-solution of the time-the theoretical study for Ag(100), and within the error bars
dependent Schrédinger equation, with the total potentialpf our experimental measurement(@4+0.05 eV.23 Thus,
V(1), given by close to the surface, the equilibrium charge state of the pro-
jectile corresponds to a Liion. On the outgoing trajectory
V() = VLi(t) + AVeur() + Veurs. @ path, for 6 a.usZ the Li(2s) level moves in resonance with
The first term stands for the electrontLiion core oOccupied electronic states of the metal and neutralization sets
interaction'® The second term describes the electron interacin-
tion with the electrostatic image of the *Lion core. The The results obtained with the staticnmobile Li atom
model potential proposed by Chulket al3is used to de- WPP study, for the model A§00 surface, show a pro-
scribe the electron interaction with ADO) surfaceVq,{(z).  nounced band structure effect. While for large projectile-
It takes into account the periodicity of the crystal in the di- surfac_e d|stance§ a free—elgactron behavior is retnevc_ad since
rection of the surface normal, and assumes free-electron méPe Li(2s) state is energetically well below the projected
tion parallel to the surface. It reproduces the main features dpand gap, for small projectile-surface distances an avoided
the Ag(100) surface: projected band g4} gap in the di-  Crossing structure appears. The lower adiabatic state is cor-
rection of the surface normal within =2.89+2.21 eV en- related with L{2s) state at infinite projectile-surface separa-
ergy range (energies are measured with respect to thdions. The width of this state is found to be larger than in the
vacuum level, the surface state resonance at —3.19 eV, andellium case. The upper adiabatic state is correlated with a
image potential states. We have also performed calculatiorrface state resonan¢eee a discussion in Ref. 15Nith
with a free-electron modeling of Ag target. It is based on thedecreasing projectile-surface distance, th@s)i character is
model potential of Jenningst al2! Parameters of this poten- transferred from the lower to the upper state. The latter en-
tial are set consistently with the model @§0 surface's ters into the projected band gap region and its width de-
Two types of calculations have been performed. In thecreases.
static calculation, the Li-surface distance is kept fixed and Because of the avoided crossing structure the lower adia-
the energies and widths of the quasistationary states afeatic state shifts above the Fermi level at much shorter dis-
obtained®® In the dynamic calculation, the Li projectile tances(Z¢=3.8 a.u) than in the free-electron case. Assume
moves with respect to the surface, and we rely on the timenow that the system evolves adiabatically and that its dynam-
reversal symmetry to link the electron capture by & té-  ics can be described with a rate equation approach. At each
ceding from the surface to electron loss by a Li atom ap-oint of the trajectory, where the energy of the quasistation-
proaching the surface. First, we consider electron loss by a Lary state lies below the Fermi level, the neutralization rate is
projectile impinging on the surface, and we use the fluxgiven by the corresponding width;(Z). The final neutral
method? to deduce the energy spectrum of the electrorfraction is given by
transferred into the metaR(E), from the WPP calculation.
Provided that the impinging [2s) atom is completely ion- 2 (=
ized in the incoming trajectory, time reversal can be used to P= (1 - ex;{— —f F(Z)dz}), )
obtain the neutralization probability in the outgoing beam Zc

(electron captunefor a Li* projectile ) o _ )
wherev is the projectile velocity, and 2 stands for the spin

o= f - R(E)dE @) statistics factor. Thus, bepause of the larger widths and
. ’ smallerZ., one would predict that the band structure effect
should lead to a higher neutralization probability as com-
whered is the surface work function. Spin statistics fact8rs pared to the free-electron case.
have to be included since the'Lion core is singlet, and so In Fig. 2 we present the results for the Li neutral fraction
spin-up or spin-down electrons can be captured to form thén the outgoing beam obtained with this adiabatic assumption
two sublevels of the I(Rs) ground state. Correction for the and using the static WPP results. The calculated neutraliza-
spin statistics leads to the final result for the neutralizatiortion probability is indeed very high, varying from 100% to
probability: P=p+(1-p)p. 90% in the present projectile energy range. On the other
In Fig. 3 we show the energies and widths of the quasishand, the dynamical WPP study for the model 2@ sur-
tationary states calculated for various distances between Ilface leads to anuch lowerneutralization probability. Com-
atom and model A@00 and free-electron metal surfaces. parison with experiment shows thitis the dynamical ap-
For the free-electron metal surface, the energy and the widthroach ~ which  correctly ~ describes  neutralization
of the level, correlated with I2s) state at infinite projectile- demonstrating the existence of very strong nonadiabatic ef-
surface separation, exhibit the usual beha¥i8The energy fects Thus, the RE approach based on “static” widths fails to
roughly follows the 1/Z behavior expected for a classical correctly describe the RCT dynamics within the experimen-
image potential shift. For large distances from the surface thtal energy range, and much lower projectile velocities are
width decreases roughly exponentially, reflecting the exponeeded to reach the adiabatic behavior. The nonadiabatic be-
nential variation of the couplings between the projectile statdavior of the RCT during a collision tends to attenuate the
and metal continuum. At approximateBt=6 a.u. from the effect of the band structure, so the"Lieutralization prob-
image plane the I(Ps) level crosses the Fermi level of the abilities are quite close to the predictions obtained with the
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RE approach for the free-electron model of the Ag surfacegollision time, the target behaves as a free-electron‘tffe.
also shown in Fig. 2. In conclusion, this quest for band structure effects on
The physics underlying this nonadiabatic effect is the fol-glectron transfer in particle surface interaction revealed two
lowing. Consider electron escape from the projectile. I_:or th?mportant features. The existence of the projected band gap
free-electron metal the charge transfer rate is determined gy o strong modifications in the adiabatic characteristics

the time required to tunnel through the potential barrier SEpa(energy, width of the atomic state near the surface as com-

rating the projectile and the metal. This barrier is given
mainly by the electron-projectile core interaction and elecPared to the free-electron metal case. On the other hand, our

tron interaction with image charges. It is basically the sametUdy shows that electron transfer is strongly nonadiabatic in
for the free-electron metal and the realistic metal. The differOUr scattering conditions, so these adiabatic characteristics
ence is due to the fate of the electron wave packet inside th@® not relevant for the proper description of the RCT dy-
metal. For the free-electron target, the electron is simply defamics in the present situation. The band structure effects
localized in the metal and no return to the projectile occurs@lmost disappear for the moving atom because of the finite
For the non-free-electron metal, reflections and thus interferinteraction time; thus, a free-electron modeling of the experi-
ence arise due to scattering in the bulk. If the projectile momental data obtained with non-free-electron like surfaces is
tion is fast enough, it removes the interference effects anguccessful. In a more general perspective these results indi-
thus the effect of the target band structure on the RCT. Irtate that care should be taken when using static adiabatic
other words, the electron needs time to “probe” the targeproperties when describinghemical reaction dynamics on
band structure and if this time is larger than the characteristicealistic metal surfacesvhen charge transfer plays a role.
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