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Abstract

Using a recently developed many-electron theory,
we investigate the work function dependence of charge
transfer during desorption and sputtering of atoms from
metal surfaces. We investigate the effects of substrate
bandwidth, atomic velocity and level degeneracy on the
charge transfer. We show that many-electron interac-
tions introduce relatively small but measurable effects on
the work function dependence of the charge transfer.
We find that these effects can be stronger for negative
ion states than for positive ion states. The reason is that
for negative ions, a strongly correlated Kondo state may
be formed near the surface.
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Introduction

In recent years much research, both experimental
and theoretical, involving the charge transfer processes
of collisions between atoms or small molecules and
surfaces has been performed [9, 11, 13, 14, 15]. An
understanding of the charge transfer processes is impor-
tant when events such as sticking and desorption are
described. Theoretically, the problem is interesting be-
cause of the presence of relatively strong non-adiabatic,
non-equilibrium, and electron-correlation effects. From
an experimental point of view, the charge transfer proc-
ess can be studied relatively straightforwardly for a very
broad range of substrate and atomic parameters. By
changing the substrate, properties such as bandwidth can
be varied. The work function of the surface can be
changed by adding varying amounts of impurities such
as alkali atoms. The scattering atoms can be chosen
according to what ion species and degeneracy are
wanted. The velocity can also be controlled in a more
trivial manner.

Until recently, most theoretical descriptions of
charge transfer have been based on the time-indepen-
dent, single level Anderson model [3, 4, 16, 25]. This
model has proved to be insufficient to deal with the
strong effects of degeneracy and intra-atomic correlation
which are present in even the simplest cases, e.g., due
to spin degeneracy. The fully time-dependent, multi-
level and spin-dependent Hamiltonian, however, is very
complicated and impossible to solve analytically even in
equilibrium. Much work has been focused on finding
approximate solutions to this problem [8, 21, 26, 31],
and more recently, on the problems at the mesoscopic
scale, in particular, the transport of electrons through
quantum dots [5, 6, 12, 18, 20, 30, 32].

Recently, a general method was developed for the
approximate solution of the time-dependent Anderson
model using non-equilibrium Green’s functions and the
slave-boson method [17, 27]. It was shown that many-
electron effects can strongly influence the charge trans-
fer in atom surface scattering in typical situations. In a
recent paper, the effects of many-electron interactions on
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the velocity dependence of charge transfer was investiga-
ted and it was shown that the final charge transfer prob-
ability, at low velocities, could be strongly enhanced in
situations where electron-electron interaction induces a
Kondo resonance [27].

The main focus of the present work is to study the
influence of many-body interactions on the work func-
tion dependence of charge transfer. This dependence is
one of the primary experimental quantities to be studied
[7, 19]. We investigate how the work function depend-
ence of charge transfer is influenced by degeneracy,
atomic velocity and substrate bandwidth. The physical
origin of the effects are investigated by analyzing the
instantaneous spectral functions of the atomic levels.
The results show that many-electron interactions cause
small but measurable effects in the work function de-
pendence of charge transfer in desorption and sputtering
of atoms from surfaces. The results also indicate that
many-electron effects play a much less prominent role
for the work function dependence of charge transfer than
they do for the velocity dependence [28] or for the sub-
strate temperature dependence [29] of charge transfer.

Theory

The interaction between the atom and the surface is
described using a time dependent Anderson Hamiltonian

(1],
H(t) —; €15 (t) n16+_2'2 Ula,l/a/nlanl/o/
g
+E €lky
ko

+E (Viek (t) c/:Uclg+H.c. ]
lok M

In this equation, the different atomic levels and ¢;,(t) are
the energies of the substrate electrons. The subscript o
denotes spin for both the atomic states and the conduc-
tion electrons; 1 and k, refer to the spatial quantum num-
bers of the atom and the metal’s conduction electrons re-
spectively. The components in 1 and k referring to a
common symmetry for both the atom and metal are con-
served [27]. The first summation describes the bare
atomiic states, the second describes intra-atomic correla-
tion (the primed summation here excludes the term in
which both I = I’ and ¢ = ¢’). The third summation
represents the surface conduction electrons, and the
fourth summation describes the tunneling between the
atomic states and the surface conduction band of the
metal. The abbreviation H.c. denotes the Hermitian

conjugate.
For simplicity, the present investigation will be lim-
ited to atoms characterized by a single N-fold degenerate
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level. We will refer to this level as |a>. We assume
a strong intra-atomic correlation term U, such that only
single occupation of the N-fold degenerate level is possi-
ble. In this model, N = 1 corresponds to U = 0, i.e.,
the neglect of many-electron effects. For N = 1, the
solution of eq. (1) is straightforward. For N > 1, the
solution of eq. (1) is accomplished using the slave boson
method and a non-equilibrium Green’s function tech-
nique [17, 27, 28]. The instantaneous populations of
one of the atomic levels are obtained from the equal
time argument of ghe‘eorresponding non-equilibrium
Green’s function, n;‘"gle(t) = G;(t,t). In the following,
we will only be concerned with the total population of
the atomic levels. For an N-fold degenerate atomic
level, the atomic population is therefore obtained as

<
n,(t) =NG_ (t,t').
@
The instantaneous spectral functions presented in this

work are calculated from the non-equal time argument
of a two-particle correlation function

AL (t,ty=c; (t,t)b(t,t)),
3)

where

b(t,t))y=1i[BR(t/,t)0(t’-t)
-4 (t! tye(e-tNy ],

@
where BR/A(t’,t) is the retarded/advanced Green’s func-
tion for the slave-boson. The Fourier transformation of
this correlation function, using the new variables T =
0.5 (t+t’) and 7 = (t-t’), is the total spectral density of
occupied atomic states:

occ

by (w,T)=
. .

N JdTA:(T+%,T—%)exp[iw'r].
-

®)
As in eq. (2), the degeneracy of the atomic levels has
been taken into account by the multiplication of N. The
spectral function is the probability that an electron re-
moved from state |a> at time T will have an energy w.
The instantaneous population of the atomic levels can be
obtained from the spectral function using

occ

n,(T)= Idwpa (w,T) .

©)

The surface is modeled using the jellium model [22]
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with a parabolic density of states which is described by:

€2

£(e) =5 (1-5]

)]
for |e| <D, and zero elsewhere. In this equation, D is
the half-bandwidth of the substrate conduction band. In
the investigations of the effect of substrate bandwidth on
charge transfer presented below, D will be varied. The
band is assumed half-filled and the energy scale is cho-
sen such that the Fermi energy is at zero energy.

When an atom is near a metal surface, its energy
levels will be shifted due to the image interaction [22].
In this paper, we will investigate the interaction of posi-
tive and negative ions levels with surfaces [27]. As far
as the charge transfer dynamics is concerned, the rele-
vant parameter is position of the atomic level with re-
spect to the Fermi energy which is zero on our energy
scale. A reasonable parameterization for the distance
dependence of the level shift of the negative ion is [22],

27.2

N Tz o
and for the positive ion,
_ 272
€Ep(t) = ¢+mev. o

In these equations, Z(t) is the distance from the jellium
edge. The image plane is assumed to be located at Z =
1 a.u. The parameter ¢ depends on the work function
of the metal. For the negative ion, ® is the difference
between the energy of the atomic affinity level in vacu-
um and the Fermi energy of the substrate,

P=€4-€fp.
(10)

For the positive ion, $ is the difference between the
Fermi energy and the energy of the atomic ionization
level in vacuum,

¢=€F—€I.
amn

Atomic affinity and ionization levels of the common ele-
ments range from 0-8 eV. Metallic work functions
range from 2-6 eV giving a range of ® from -6 eV to 6
eV. In the calculations presented in this paper, we will
only be interested in systems in which the atomic affinity
or ionization level crosses the Fermi energy at some
position outside the surface, i.e., ® > 0. In Figure 1,
the energy shift of the positive and negative ion states
are schematically indicated.
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Figure 1. Schematic plot of the level shift as a function
of atom surface separation. Dotted line is ex(Z), long-
dashed line is ep(Z). The solid and dash-dotted lines
represent the shape of the density of states for bandwidth
D = 5eV and D = 10 eV, respectively.

The widths of atomic levels typically increase expo-
nentially with decreasing atom surface separation [22].
As discussed in previous work [27], the input which de-
termines the tunneling rates involves a band average of
the tunneling rates and substrate density of states. The
parameterization for the band averaged width is:

arn -0
T, (t) =Toexp[~{Z(t)].
(12)
In the present calculation, the adiabatic golden rule
width of the atomic level, T, is related to ', by

T, (t) =T, (€(t)).
(13)

The adiabatic width T, is related to the hopping matrix
elements V , ; in the Hamiltonian eq. (1) by

To=2TY . Vool 28 (€4 —€1) -
ko
(14)
A detailed discussion of the relation between the adia-
batic width T, and I"a can be found in Shao et al. [27].
As the degeneracy N varies, the tunneling rates between

the individual atomic levels and the surface T, are
scaled so that the total width T,
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Figure 2. Simple master equation results for final
population, dny(o0) and dnp(o0) as a function of ¥, eqgs.
(10) and (11). The substrate bandwidth D = 5 eV.
Solid line is for N = 10; dotted line N = 4; dashed line
N = 2; and long-dashed line N = 1. The velocity of
the atom is v = 0.01 a.u. Since dnp(o0) is independent
of degeneracy N, all curves lie on the same line.

r=Y r,=NT,,
a

15)
is held constant. The calculations here were performed
using ¢ = 0.65 a.u. and T' = 27.2 eV for both positive
and negative ions. The proposed parameterizations are
realistic and appropriate for the interaction of the ion-
ization levels and affinity levels of alkali atoms with
free-electron metals such as Al or Cu [22, 23]. The
substrate temperature in all calculations is 300K.

The calculations were performed using a trajectory
in which the atom starts in its equilibrium configuration
near the surface. Att = 0, the atom then starts to move
away from the surface with constant velocity v. The
equilibrium bond distance is assumed to be Z = 3 a.u.
(from the jellium edge). None of the assumptions
regarding the atomic trajectory or the atom/substrate
parameters have any significant influence on the results
of the calculations presented below.

Before applying the numerical Green’s function
method to calculate the charge transfer, it is useful to in-
vestigate the & and N dependence of the charge transfer
using the simple master’s equation (SME) [17, 24]. The
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Figure 3. Degeneracy dependence of instantaneous
spectral functions. The velocity v = 0.005 a.u., ¢ =
0.75 eV, the bandwidth D = 5§ eV. Solid line is for N
= 10; dashed line N = 2; and long-dashed line N = 1.

SME provides a convenient method for a qualitative esti-
mate of charge transfer probabilities in hyper-thermal
atom surface scattering. The SME for this system has
the form [17]

dn(t) _
dt

) fa-r(e(e)) 1+

r(t)f(e(t))[1-n(t)],

(16)
where f is the Fermi function. Using the SME and as-
suming the temperature zero Kelvin we can calculate the
population far from the surface. Using the initial condi-
tions ny(Zo) = 1 and np(Zo) = 0, where Zp =
27.2/4®+1 is the distance, in a.u. (Bohr), when the
atomic level crosses the Fermi energy, we obtain the
results (for a rectangular substrate band),

r'(z,)

ny(a) =exp[ — i

a7
It can be seen that only for N = 1, ny(o0)+np() =
1. Because of the electron hole-pair symmetry for the
N = 1 case, it is useful to plot ny(t) for the negative ion
and 1-np(t) for the positive ion. We therefore make the
following definitions:
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§ny(t)=npn(t),énp(t)=1-np(t).

(18)
These quantities represent the deviations from adiabatici-
ty since, for the work function presented in this work,
the negative ion would have a population of zero far
from the surface and the positive ion would have a pop-
ulation of unity, i.e., the atom would be neutral in both
cases.

Figure 2 shows the results for positive and negative
ions of different degeneracies for a substrate with a par-
abolic band. The solutions show several features of in-
terest. First, we notice the strong work function depen-
dence. As & increases, the crossing distance Z- moves
closer to the surface. The final population is therefore
smaller for ny and larger for np. Next, we notice that
the negative ion has a strong N dependence. The N de-
pendence comes from the rate at which the negative ion
can depopulate. We see that a large degeneracy causes
a slower tunneling rate and, therefore, a larger final
population. For the positive ion, the SME predicts no
N dependence. The solutions eq. (17) show a strong ve-
locity dependence. As the velocity v approaches zero,
ny p(), as a function of @, becomes steeper and even-
tually approaches a theta function centered at & = 0.
The numerical solution to eq. (16) shows no bandwidth
dependence for D > 5 eV.
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Results and Discussion

In the following, we will apply our many-body theo-
ry to the study of charge transfer as a function of sub-
strate work function as represented by ®, eqs. (10) and
(11). In addition to the work function, many other pa-
rameters influence the charge transfer. To understand
how each parameter affects the final population, we need
to know what state the system is in at various points
along the atom’s trajectory. To do this, we will study
the spectral functions of the system.

Spectral functions

Figures 3 and 4 show the instantaneous negative ion
spectral functions for two different bandwidths at several
distances from the surface for several values of N. For
N = 1, the spectral function is characterized by an im-
purity peak centered around €,. The width of this peak
is equal to I'.  For N > 1, an additional feature, the
Kondo peak appears just below the Fermi energy.

The width of the Kondo peak, which is present in
the spectral function for the degenerate atomic states
(when electron correlation is included) is approximately
equal to 27T/N. An analytical expression for the
Kondo temperature has been derived and has the form
[2, 10]

D 3
Ty=——exp[l.577-——1]°
k=5 &Pl >N
1
— | |
I N 1 €q " €EFI
== ex 2M ——
[ZnD] pl ]

(19)

From this expression, it is clear that the Kondo peak
will depend on bandwidth D, degeneracy N, and in par-
ticular, on the adiabatic position, €, with respect to the
Fermi level eg, and width of atomic level T'.

Both the Kondo peak and the impurity peak are
strongly influenced by the degeneracy. This degeneracy
dependence comes from two sources. The height and
the weight of the Kondo peak is determined partially by
the Kondo temperature. In the present system, an in-
crease of the bandwidth or degeneracy will increase Ty
and the height and weight of the Kondo peak. The ap-
pearance of the Kondo peak in the system fundamentally
changes the charge transfer dynamics. Since the Kondo
peak, in general, is very narrow, non-adiabatic effects
associated with the Kondo peak can be very pronounced,
even at low velocities [28].

While the total population of the atomic level is rel-
atively insensitive to N, the relative weight of the impur-

ity and the Kondo peak changes with N. For N = 1,

there is no Kondo peak, and the weight of the impurity
peak is larger than for the N > 1 cases. Another dif-
ference in the impurity peaks is that for larger N, the
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impurity peak is localized closer to the Fermi energy
than for smaller N. This is particularly noticeable in the
small bandwidth case which shows larger shifts than the
large bandwidth case.

The energy shift of the impurity peak can be estima-
ted using second order perturbation theory,

e Vgl 15
ALY —e ="
D .
Ldef(e)rm(t) .
F ea—E

(20)
where {(€) is the shape function in eq. (7). For a rec-
tangular shaped band, this integral can be evaluated ana-
lytically resulting in the following expression,

AE =

o

2

€ € _+D €

T(E) r1-"%y10g] —% _|+2.°97,
N D2 Ga—D D

@n

This result shows that the energy shift is inversely pro-
portional to N and that the shift becomes larger when €,
approaches the band edge. For finite bandwidth, the im-
purity level is always shifted away from the Fermi ener-
gy. These results qualitatively explain the results shown
in Figures 3 and 4.

We have shown that both the impurity and Kondo
peaks are affected strongly by degeneracy as well as by
bandwidth. For the case of N = 1, we notice that as
the atom moves away from the surface the spectral func-
tions for the two bandwidth cases become almost identi-
cal. This is because there is no Kondo peak and the
shift of the impurity peak vanishes when the atomic level
lies close to the Fermi energy. For the cases of N > 1
the bandwidth dependence of the Kondo peak affects the
impurity peak even when the atomic energy level is
close to the Fermi energy so the two bandwidth cases
remain distinct.

All the spectral functions shown are for the negative
ion case. The spectral functions for the positive ion case
are very different [28]. Since the atomic energy level is
above the Fermi energy when the atom is close to the
surface there is no Kondo peak in the occupied spectral
function. The occupied spectral weight is due to the tail
of the impurity peak extending below the Fermi energy.
Since in this limit, the width of the impurity peak is
I'/N, the population will be N-dependent. Since there is
no Kondo peak, the bandwidth dependence is weak. At
large atom surface separations, the atomic level shifts
below the Fermi energy, and a Kondo resonance appears
below the Fermi energy. However, since T is very
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Figure 5. Work function dependence of dn(o) for neg-
ative and positive ions. The velocity v = 0.01 a.u.
Solid line 1s for N = 10; dotted line N = 4; dashed line
N = 2; and long-dashed line N = 1.

small, Ty as given by eq. (19) will be very low. The
Kondo peak therefore does not contribute to the occu-
pied spectral function at room temperature.

Since both the bandwidth and degeneracy influence
the spectral function when many-electron effects are in-
cluded, we expect that the final population will be also
influenced by the degeneracy and the bandwidth.

Influence of degeneracy

Figure 5 shows én as a function of ¢ for several
different degeneracies for both positive and negative
By comparing Figure 5 with Figure 2, it can be
seen that although both figures display the same general
work function dependence, there are distinct differences.
Figure 5 shows a strong degeneracy dependence which
is different for the positive and negative ions. If elec-
tron correlation effects are neglected (N = 1), there is
electron hole-pair symmetry and the positive and nega-
tive ion results are identical. The N = 1 results are
very similar to the results from the SME. From Figure
5, we see that the én(o0) versus $ curve becomes stee-
per with higher degeneracy. This behavior is the oppo-
site to what is predicted by the SME. We also see from
Figure 5 that the slope of énp(o0) versus & decreases
with increasing N, despite the fact that in the SME limit
there is no degeneracy dependence.

A detailed explanation of the differences between
the exact results and the results from the SME is beyond

ions.
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Figure 6. Work function dependence of én(0) for nega-
tive and positive ions. The bandwidthD = 5 eV. Solid
line is for N = 10; dotted line N = 4; dashed line N =
2; and long-dashed line N = 1.

the scope of this paper. The SME limit includes many
approximations, including the approximation that in
equilibrium, when the atomic energy level lies above or
below the Fermi energy, the level is completely empty
or fully populated. This result is independent of degen-
eracy and substrate bandwidth. The Green’s function
solution on the other hand will depend on both the de-
generacy and the substrate bandwidth. This can be seen
in Figure 6, where the equilibrium populations of
dny p(0) are plotted for the same parameters as in Fig-
ure 5. It can clearly be seen that the degeneracy de-
pendence of the calculated dny p(0) as a function of
work function closely parallels that in Figure 5. The
correlation between dny p(o0) and 6nN,P(O) does not in-
dicate that the ﬁnN,P(oo)’depends on the particular initial
condition chosen when solving the Dyson’s equations.
Neither do the results depend sensitively on Z(0), provi-
ded Z(0) < 4 a.u. In the region near the surface, the
population of the atom quickly adjusts to the equilibrium
value.

The dependence of the equilibrium population ny(0)
on degeneracy, bandwidth and work function is non-triv-
ial and an extensive discussion has been published else-
where [10]. The degeneracy and work function depen-
dence of dnp(0) can be understood directly from the cor-
responding spectral function discussed in the previous
subsection. The degeneracy dependence comes from the
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Figure 7. Instantaneous population for negative and
positive ion. The velocity v = 0.01 a.u., & = 0.75 eV.
Solid line is for D = 5 eV, and dotted line D = 10 eV.

narrowing and shift of the impurity peak when the level
lies above the Fermi energy. The work function depen-
dence arises from the shift of the impurity peak with
respect to the Fermi energy.

In Figure 7, the instantaneous population of the ion
along its trajectory is plotted. The figure illustrates
some of the complexity of the charge transfer. For both
the positive and negative ion states, as the atom moves
towards the vacuum, én decreases. This is caused by
the fact that when the atom recedes from the surface, the
energy level approaches the Fermi level. For the nega-
tive ion state, this decreases the occupancy, and for the
positive ion state, the occupancy is increased. At a dis-
tance of around Z = 5 a.u., n begins to increase. This
is primarily caused by the narrowing of the impurity
peak. At a distance of Z = 10 a.u., the atomic levels
cross the Fermi energy and én(Z) begins to decrease.
The decrease in 6n(Z) continues until the atom-surface
separation is so large that the tunneling rates becomes
negligible.

We also see that most of the differences in the in-
stantaneous populations occur before the impurity level
crosses the Fermi energy. As discussed above, this is
not an effect of the initial population but caused by the
fact that the spectral distributions are relatively broad
and sensitive to the atomic and substrate parameters in

664

Negative lon Positive lon
1.00 T T T

—

075 + N=1 | N=1 |

0.50 r h 1

on

0.25 1 T 1

0.00 # ]
075 N=2
050 ‘
025

dn

0.00
0.75
0.50

an

0.25

I R | "SR |-

0.75 1.25

0 (eV)

0 PR ,L_,
0.75 1:25 0.25

9 (eV)

Figure 8. The plot of én versus ® for negative and pos-
itive ion. The velocity v = 0.01 a.u. Solid line is for
D = 5 ¢V, and dotted line D = 10 eV.

this region. When the atomic level crosses the Fermi
energy, the charge transfer is approximately as would be
expected from the SME. It can clearly be seen from
Figure 7 that for the negative ion, the neutralization rate
decreases with increasing degeneracy. For the positive
ion state, the neutralization rate is approximately inde-
pendent of N.

Influence of substrate bandwidth

We have seen that the bandwidth of the substrate
strongly affects the spectral function. Now, we examine
how the bandwidth affects the final population. First,
we examine the negative ion case. Figure 8 shows a
comparison of dny(oo) versus & for two different band-
widths for several degeneracies. We see that for N =
1, the bandwidth has no significant effect on the final
population. For N > 1, however, we see a distinct
bandwidth dependence. This bandwidth dependence is
caused by intra-atomic correlation effects, i.e., the
Kondo peak.

Figure 7 shows the instantaneous population of the
negative ion as it travels along its trajectory. We can
see that for N = 1, the populations for both bandwidths
merge around Z = 10 a.u., where the atomic level
crosses the Fermi energy for & = 0.75 eV. We also
see that most of the differences in instantaneous popula-
tions occur before the impurity level crosses the Fermi
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Figure 9. Bandwidth dependence of én(o) for negative
ions. Solid line is for N = 10; dotted line N = 4;
dashed line N = 2; and long-dashed line N = 1. The
atomic velocity is v = 0.01 a.u.

energy. After the impurity level crosses the Fermi ener-
gy, both the small and the large bandwidth cases seem
to lose the same amount of population for each N. The
significant differences in the final population for N > 1
are, therefore, caused by the differences in the initial
population for the two bandwidths. Since the neutraliza-
tion rate is smaller for the larger degeneracies, the dif-
ferences in final population are largest for large N.
Figure 8 also shows dnp(o0) as a function of work
function for different N and different bandwidths. Only
very small bandwidth differences can be seen. The ma-
jor reason for this is that near the surface, the level lies
above the Fermi energy. In this limit, the bandwidth de-
pendence of the population is relatively weak. For the
largest &, 1-1.5 eV, a slight bandwidth dependence can
be observed in np(o0) because, for these work functions,
the atomic level shifts below the Fermi level relatively
close to the surface. When this happens, a small Kondo
peak can be formed in the spectral function and the
population becomes weakly bandwidth dependent.
From the plot of the instantaneous population énp(t)
in Figure 7, it can also be seen that the effects of sub-
strate bandwidth are smaller for the positive ion than for
the negative ion. As the atom moves towards the point
where the positive ion state crosses the Fermi energy,
the instantaneous populations of the atomic levels adjust
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almost adiabatically. This process is efficient since the
neutralization rate is independent of N and no Kondo
peak is present. When the atomic level crosses the
Fermi level, the bandwidth differences are of course
minor.

In Figure 9, the bandwidth dependence of the final
populations dnp(o0) for the negative ion state is plotted
as a function of bandwidth for two different work func-
tions. If many-electron effects are neglected (N = 1),
there is almost no effect of substrate bandwidth in the
charge transfer. The situation changes drastically when
intra-atomic correlation is included. For N > 1, the
figure shows a strong bandwidth effect as discussed
above. In Figure 10, dnp(o0) as a function of bandwidth
for the positive ion is shown for two different work
functions. The bandwidth dependence is found to be
very weak.

Influence of atomic velocity

In this section, we investigate the effects of velocity
on dny p(%). Figure 11 compares the dn results for var-
ious cases. We see that in each case, the slower veloci-
ty results show a steeper slope. This is expected since
the slower an atom moves, the more time there is for the
population to tunnel in or out of the surface. The steep-
er slope is also predicted by the SME eq. (16). Another
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interesting feature is that for the negative ion the curves
cross. This shows a fundamental difference between the
positive ion and negative ion cases. For the positive
ion, all final population decreased for decreasing veloci-
ty for all work functions. For the negative ion, we see
that the velocity dependence of the system is very sensi-
tive to which work function is chosen. For small ®, the
final population of the negative ions can increase with
decreasing velocity. This is in direct contrast to.the
results of the SME which predicts a monotonic decrease
in dny(o0) with decreasing N. This effect will be inves-
tigated in a future publication.

To see how the spectral functions are affected by
velocity, the instantaneous spectral functions at certain
atomic positions along the trajectory for v = 0.005 a.u.
are plotted in Figure 12. For comparison, we also in-
clude the corresponding equilibrium (v = 0) spectral
functions. We see that for N = 1, both spectral func-
tions are nearly identical. The broad impurity peak
forms very quickly and responds to the changing posi-
tion of the atom almost immediately. When many-elec-
tron effects are included, the situation changes. For the
case of N = 4, we see that the v = 0.005 and v = 0
spectral functions are very similar when the atom is
close to the surface at Z = 4 a.u; this is because the
atom starts in equilibrium near the surface. As the atom
moves away from the surface, the two spectral functions
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become different. For Z = 6 a.u., the N = 4 instanta-
neous spectral function has a smaller Kondo peak than
the equilibrium spectral function. The atom is moving
too fast to allow the Kondo peak to properly form.

The strong influence of many-electron effects on the
charge transfer dynamics is caused by the different time-
scales associated with the formation and decay the
impurity peak and the Kondo peak. In a simple one-
electron description, the charge transfer is controlled by
the dynamics of the impurity peak. In real systems, the
charge transfer also depends on the dynamics of Kondo
resonance near the Fermi level.

Conclusions

We have shown that for a proper understanding of
charge transfer using desorption or sputtering of atoms
from surfaces, it is necessary to include many-electron
effects. The calculated charge transfer as a function of
work function depends on atomic degeneracy, substrate
bandwidth and velocity in a manner that cannot be un-
derstood from simple rate equations. In particular, the
negative ion species exhibit a nontrivial behavior. This
is caused by the formation of a Kondo state when the
atom is close to the surface. The predicted effect of
bandwidth on charge transfer is sufficiently large that it
could be measured experimentally.
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Discussion with Reviewers

F.J. Garcia de Abajo: Could you extrapolate on some
of your conclusions to the case of an ion/surface system
where Auger charge transfer processes are dominant?
Authors: The Auger transition probes the local density
of states near the impinging atom. Many-electron ef-
fects similar to those discussed in the present paper are
likely to also influence the Auger effects. However,
since the Auger transition involves a self-convolution of ‘
the substrate band structure, features, such as, the
Kondo peak, which is localized to a very narrow energy
range near the Fermi surface, will tend to wash out.

F. Flores: Could you give some specific examples
where the Kondo peak is expected to play a significant
role on the ion states?

Authors: From an experimental point of view, many
suitable atom/surface combination exists where the pre-
dicted effects could be measured. An example of sys-
tems where the Kondo resonance would contribute par-
ticularly strongly would be the alkaline earth metals scat-
tered against noble metal surfaces. The ionization level
of these atoms is a hole state and a strong Kondo reso-
nance is expected to form near the surface [29]. Other
interesting systems include oxygen or sulphur scattering
on low work function surfaces.
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