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Local adsorbate-induced effects on dynamical charge transfer in ion-surface interactions
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We have measured positive-ion survival probabilities for K scattered from clean and alkali-
metal-adsorbate-covered Cu{100) and Cu{110). As expected from most models of resonant charge
transfer, we find that very small coverages of alkali-metal adsorbates on the surface can dramatical-

ly decrease the ion survival probability. However, the dependence of the ion survival probability on
adsorbate coverage is qualitatively different from that expected on the basis of the adsorbate-
induced work-function change. We find that a treatment of the charge transfer based on the spin-
less Newns-Anderson Hamiltonian explains the data only if the local electrostatic potential of the
adsorbate overlayer is included in the calculations.

I. INTRODUCTION

Resonant charge transfer (i.e., the exchange of elec-
trons between states of equal energy) plays an essential
role in a number of dynamical processes that involve the
interactions of atoms and molecules with surfaces, such
as molecular dissociation and chemisorption. Ion-surface
charge transfer is also important in secondary-ion mass
spectroscopy (SIMS), where knowledge of absolute neu-
tralization rates is essential for quantitative analysis. Be-
cause they are of such fundamental importance in
particle-surface interactions, considerable theoretical and
experimental effort has been devoted to the study of
charge-transfer mechanisms at surfaces. ' ' A com-
prehensive listing of references may be found in recent re-
view articles on both experimental' and theoretical'
work in this area.

Details of the charge-transfer process depend directly
on both the energies of the atomic or molecular states
and their couplings to the metallic states. Thus it is not
surprising that charge-transfer rates can be sensitive to
changes in the surface electronic structure. ' For exam-
ple, the presence of even small coverages of adsorbates
can change charge-transfer rates significantly. " ' In
some cases, the effect of electropositive or electronegative
adsorbates on charge-transfer processes may be impor-
tant in influencing surface reaction rates. ' Our objective
here is to investigate, under controlled conditions, how
the charge-transfer process depends on the presence of
adsorbates and, in particular, the inhomogeneous electro-
static potential induced by the adsorbates. Theoretical
calculations have investigated the related issue of the role
of the local electrostatic potential of adsorbates in the

poisoning and promotion of surface catalytic reac-
tions. ' ' The variation of the local electrostatic poten-
tial around alkali-metal adsorbates has also been investi-
gated experimentally using photoemission of adsorbed xe-
non (FAX) and metastable-He deexcitation spectrosco-
py (MDS). '

The effect of adsorbates on the neutralization of scat-
tered or sputtered atoms has been considered explicitly in
several studies. " ' ' It has been known for some time
that charge-transfer rates are very sensitive to adsorbate-
induced shifts in the work function. While inclusion of
the work-function shift reproduces general features of the
experimentally observed behavior, it was suggested by
Brako and Newns" that neutralization of alkali-metal
ions could be locally enhanced at individual electroposi-
tive adsorbate sites. A recent ion-scattering study by
Geerlings et al. ' has shown that, in order to reproduce
the observed dependence of the charge-transfer rate on
adsorbate coverage, it is necessary to consider local
effects such as inhomogeneities in the electrostatic poten-
tial around individual adsorbate sites. In that analysis,
one type of scattering trajectory was considered:
glacing-angle collisions with adsorbate atoms.

%'e have extended these concepts to a more general
trajectory-dependent analysis of charge transfer from
adsorbate-covered surfaces. Positive-ion survival proba-
bilities were measured for low and hyperthermal energy
K+ scattered from clean and alkali-metal-adsorbate-
covered Cu(100) and Cu(110). ' We apply a model of res-
onant charge transfer to our data which includes the lo-
cal electrostatic potential of the adsorbates. Features in
the experimental energy spectra are unambiguously as-
signed to specific ion trajectories with the aid of the
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SAFARI computer simulation, giving us detailed
knowledge of the history of the ion's interaction with the
surface. A simple model of the adsorbate overlayer is
used to calculate the electrostatic potential along an
appropriate atom-scattering trajectory generated by
SAFARI. The energy of the atom's ionization level and its
coupling to the metallic states are used to find its occu-
pancy as a function of position along the trajectory. The
parameters used in the model were obtained either exper-
imentally or from theoretical calculations. The model
gives good qualitative agreement and reasonable quanti-
tative agreement with the data and clearly supports the
conclusion that the local electrostatic potential of adsor-
bates can be important in the charge-transfer process.

Section II discusses the standard model of resonant
charge transfer for alkali-metal ions interacting with met-
al surfaces. Section III gives details of the equipment and
experimental procedure. Section IV compares the data
and the standard model. Section V discusses a model
which treats the case of scattering from adsorbate-
covered surfaces. In Sec. VI this model is further dis-
cussed and compared to data for scattering at different
energies and geometries. The last section summarizes the
results.

the atom is in its electronic ground state and that the
metal has no electron-hole excitations. Figure 1(a)
schematically represents the variation of the diabatic
total-energy curves for the neutral and singly ionized sys-
tems. ' The neutral atom experiences long-range van
der Waals forces when it is far from the surface and a
strong Pauli repulsion very close the surface. For the
ion, the dominant interaction at large distances will be
the electrostatic attraction of the ion and its image
charge, which is much stronger than the van der Waals
interaction. Very close to the surface, the ion will also be
strongly repulsed.

For alkali metals interacting with a high-work-function
metal surface, we assume that only a single atomic orbital
(the first ionization level) is likely to be involved in the
charge transfer. At very large distances from the surface„
the energy dift'erence between the two states ( A ++M
and A +M) is the first ionization potential I minus the
work function C of the metal. (Assume that the system is
closed. ) If the ionization level of the atom is larger than

II. REVIEW OF THE THEORY
OF RESONANT CHARGE TRANSFER

A+M

In this section, we will brieAy review the standard
theoretical treatment of resonant charge transfer on
which we base our model ~ In the standard treatment the
sole efFect of an adsorbate layer is to shift the work func-
tion. We will show in Sec. IV that this fails to quantita-
tively reproduce our data and in Secs. V and VI discuss
what changes we have made to treat the case of scatter-
ing from adsorbate-covered surfaces.

Resonant charge transfer involves the exchange of an
electron between states in the metal and an atomic state
at the same energy. The adiabatic charge distribution for
an atom-metal (or molecule-metal) system is determined
by the relative energies of the various electronic levels.
Since the energies of levels in atoms and molecules
change as they approach or leave a surface, their adiabat-
ic occupation may also change. The occupation of the
level depends on its energy (relative to the Fermi energy),
which varies with distance due to the interaction of the
atom with the surface. When the atom is close to the sur-

0
face (z —1 A), the lifetimes of the atomic levels are short
compared with the atom-surface interaction time for the
scattering energies of interest here. As the atom leaves
the surface, the coupling of the atomic and metallic states
decreases (roughly exponentially) with distance, and the
lifetime of the state becomes long compared with the in-
teraction time. Thus, the Anite velocity of the particles
can lead to nonadiabatic effects in the charge-transfer
process.

%'e erst consider the energetics of charge transfer.
Consider two states of the alkali-metal system, one in
which the atom and metal are neutral ( A +M), and
another in which the atom is positively ionized and the
metal is negatively charged (A++M ). Assume that

Z

zc

~( )

c,(z)

FIG. 1. Schematic representations of the interaction of an
atom with a metal surface. (a) Diabatic, total potential energy
vs distance for a neutral atom ( A +M ) and an ion ( A ++M )

interacting with a metal. The variation, for large z, in the
A ++M system is due to the attraction of the ion with its im-
age charge. A level crossing can occur, z=z„ if at z= ~,
I )4, where I is the first ionization energy of the atom and N is
the work function. (b) By taking the difference between the
A +I and A ++M curves, we obtain the variation of the ion-
ization level with distance from the surface [e,iz)]. The life-
time of the level is inversely proportional to the level width b.
For z &z, ( & z, ), it is energetically favorable for the level to be
empty (full). Changing the work function of the surface (4')
changes the level crossing distance (z,') and thus changes the ion
survival probability.
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the work function [as in Fig. 1(a)], then at some distance
z, outside the surface, the two diabatic curves may be de-
generate.

In a one-electron picture, ' a level crossing occurs
(z =z, ) when the ionization level is degenerate with the
Fermi level [Fig. 1(b)]. For the relevant separations of in-
terest here, the variation in energy of the first ionization
level with distance outside the surface E, (z) is due to the
image interaction and is found by taking the difference
between the 3 ++M and 3 +M diabatic curves in Fig.
1(a). Thus E, (z) (Ref. 29) is given by (all equations are in
atomic units)

1
E, (z) = I+—

4(z —z; )

where z; is the location of the image plane. The level
crossing occurs when E, (z, ) = —4.

At the level-crossing distance z„an electron can
transfer from the Fermi level in the metal to the atomic
ionization level (or vice versa) leaving the metal in its
ground state. At distances greater than z„an electron
from below the Fermi level can transfer to the atomic
ionization level, leaving the metal in an excited state. '

Similarly for z &z„ the atom can transfer an electron to a
state above the Fermi level, again leaving the metal in an
excited state.

A model of resonant charge transfer, based on the spin-
less Newns-Anderson Hamiltonian, has been developed
to treat the case of atoms or molecules scattered or sput-
tered from metal surfaces. ' ' Variations of this model
have been used successfully to describe the neutralization
of Cs atoms sputtered from an Al substrate, " the forma-
tion of 0 sputtered from V, and the neutralization of
Na scattered from W.

Within this model, to calculate the charge-transfer
probability, one needs to solve the time-dependent
Schrodinger equation for the discrete atomic level in-
teracting with a continuum. For the case of ion scatter-
ing or sputtering, certain simplifying assumptions are
often made. It is assumed that the ion has a constant ve-
locity after leaving the surface. Furthermore, the atomic
energy level c., and the coupling 6 are assumed to depend
only on the distance of the ion from the surface. e, (z) is
assumed to decrease monotonically as z increases [see Eq.
(1)]. Since h(z) is related to the overlap of the atomic
and metallic orbitals which are exponentially decaying, it
is usually assumed to be of the form

b, (z) =Doe

With these assumptions, the ion survival probability P+
is given by '

P+ =exp
—2ho 0!

e ' exp
ctu, 4(I —4&)

(4)

III. EXPERIMENTAL PROCEDURE

The experimental apparatus and procedures have been
described elsewhere, so only a brief outline will be given
here. The experiments were performed in an ultrahigh-
vacuum (UHV) system with a base pressure of 1 X 10
Torr. Well-collimated and monochromatic K+ -ion
beams with energies from 100 to 1000 eV were used in
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Since the ion-survival probability depends exponential-
ly on the coupling strength in the region of the level
crossing [see Eq. (3)], changing the level-crossing distance
z, provides a method for testing this model. The level
crossing can be changed by varying the work function N
of the metal. When the work function is larger than the
ionization potential (N) I), as for K+ scattering from
clean Cu(100) or Cu(110), no level crossing occurs
(z, = Oc) and the ion-survival probability is one. For
+ &I, the ion-survival probability decreases rapidly as
the work function and z, both decrease. The effect of
changing the work function is shown schematically in
Fig. 1. This is achieved experimentally by the adsorption
of various overlayers.

Previous experiments have measured the ion-survival
probability of scattered or sputtered atoms versus the
work function. ' ' For example, Yu measured the yield
of cesium ions sputtered from several different substrates
(Au, Al, and Si) where different coverages of adsorbed
lithium were used to vary the work function. " Figure 2
shows results for Cs+ sputtered from Li/A1 along with
the predictions of Eq. (4). The parameters for the fit
were obtained from calculations by Lang. " The data are
well reproduced by Eq. (4). In particular, the plateau in
the ion yield for N & I and the rapid decrease for N (I
are seen.

P+ =exp
—2b(z, )

(3)

C3

2, 0 2.5 3.0 3.5
Work Function (eV)

where U, is the component of the final velocity perpendic-
ular to the surface. Using Eqs. (1)—(3) the ion survival
probability versus work function is

FIG. 2. Yu's results for the ion survival probability vs work
function of Cs sputtered from an Al substrate (Ref. 11). The
standard model [Eqs. (3) and (4)], which does not include local
e6'ects of the adsorbates, reproduces the data quite well.
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IV. COMPARISON OF DATA
AND STANDARD MODEL

Figure 4(a) shows a set of experimental energy spectra
obtained for K+ scattering from Cu(100) along the (001)
azimuth. The beam was incident at an angle of 45' from
the surface normal and the ions scattered at 45 (also with
respect to the surface normal) were detected. The spectra
are obtained from clean and potassium-covered Cu(100).

From a computer simulation of the scattering process,
we can identify the types of scattering events which con-
tribute to each of the peaks in Fig. 4(a). Figure 5 shows
a simulated spectrum for K+ on Cu(100)(001) which,
like the data, has three peaks. Trajectory analysis shows
that the low-, middle-, and high-energy peaks are due pri-
marily to quasi-single- (QS) scattering, zigzag, and quasi-
double- (QD) scattering events, respectively.

In Fig. 4(b), we see that the energy spectra from Fig.
4(a) look quite similar when normalized by the total in-
tegrated intensity in each spectrum. In particular, we
note that no new peaks are evident in the spectra for
scattering from the potassium-covered surfaces, indicat-
ing that the ions detected are ones which have collided
with copper substrate atoms. Figure 4(b) also shows that
the intensities of the peaks decrease by the same amount
for a given work function (potassium coverage), indicat-
ing that the diferent types of trajectories have the same
ion-survival probability.

Figures 6(a) —6(c) show the measured ion-survival prob-
ability for the quasi-single and quasi-double peaks as a
function of work function for the data shown in Fig. 4. '

Note that P+ is unity for scattering from clean Cu
(@=4.59 eV), but drops to -0.05 when -4% of a
monolayer of K is preadsorbed on the surface (@=3.1
eV). (At such low coverages, the work function varies
linearly with K coverage. ) Since there is little diff'erence
in neutralization within a given spectrum for the data
presented in Figs. 7—9, the ion-survival probability P
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FIG. 5. Measured and simulated ion-scattering spectra for
100-eV K+ scattered from Cu(100)(001), 0;=Of =45'. The
computer simulation allows us to identify the types of trajec-
tories which are observed experimentally. These trajectories are
used in the model calculations of the ion survival probability
{see text).

0
X
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2.00 2.65 3.30 3.95 4.60

Work Function (eV)
FIG. 6. Comparison of data and models for the ion survival

probability of 100-eV K+ scattered from Cu(100)(001)/K,
6;=Of =45. (a) The experimental values of the ion survival
probability for the QS- and QD-scattering trajectories, from the
data shown in Fig. 4, are quite similar. The standard model
IEqs. (3) and (4)] and our model without local effects (which
agree with each other) do not reproduce the data. The ion sur-
vival probability in the adiabatic limit is also shown (dashed
line). (b) Same data compared with our model, which includes
the local electrostatic potential of the adsorbates. The more
gradual decrease of the ion survival probability vs work func-
tion is reproduced by the model. (c) Same data compared with
our model using a larger level width and two different overlayer
models (see text). The calculations give qualitatively similar re-
sults, indicating that the role of the local electrostatic potential
of the adsorbate overlayer is important in the charge-transfer
process.
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that is cited at a given work function will be the integrat-
ed intensity for the entire energy spectrum, normalized
by the integrated intensity for scattering from the clean
surface.

The ion-survival probabilities predicted by Eq. (4) are
shown in Fig. 6(a) along with the data. The values of b, o

and o. were taken from Nordlander's calculations for K
interacting with a jellium surface (r, =2). Equation (4)
does not reproduce the data. The measured intensity de-
crease with decreasing work function is more gradual
than that predicted by the calculation. Even if Ao and o.
are treated as parameters in a best fit of Eq. (4) to the
data, the agreement is not satisfactory, and the resulting
values of Ao and u are physically unreasonable. '

Geerlings et al. found similar discrepancies for alkali
metals scattered from adsorbate-covered W(110).' They
concluded that the local adsorbate-induced electrostatic
potential needed to be included in order to reconcile the
experimental data with the standard model of resonant
charge transfer. We have also found that this is required
to explain our data. However, both the experiment and
calculation differ significantly from that of Geerlings
et al. , as described below.

V. LOCAL ADSORBATE-INDUCED EFFECTS
In the standard model, the point at which the atom-

metal and ion-metal systems are degenerate (i.e., the dia-
batic curves cross) depends only on the distance of the
atom from the surface. For the case of an adsorbate-
covered surface, the energy of the scattering-particle's
ionization level will also vary due to the local electrostat-
ic potential of the adsorbates. This potential, V,~, (r),
varies with lateral position near the surface, and ap-
proaches zero at distances large compared to the average
spacing between adsorbates. Typically in our experi-
ments, the spacing between adsorbates is large compared
to the level-crossing distance. Therefore, V,z, (r) is not
laterally homogeneous at the distances where the final
charge state of the scattered ions is most likely to be
determined. As a result, the level-crossing distance de-
pends on the position of the scattering-particle s trajecto-
ry relative to nearby adsorbates.

To see how an atomic ionization level varies in the lo-
cal electrostatic potential, we can imagine ionizing the
atom at z = ~ and then bringing the ion into some posi-
tion near the surface. The first step requires an energy
equal to I. The second step lowers the energy by
( I /4z ) —V,~, (r). Therefore,

E, (r) = I+ ——V,z, (r)
1

4z —z, )

=E,(z) —V,~, (r) .

A level crossing occurs when e, (r, ) = —+:
E, (z, ) —V,~, (r, )= —&0 . (6)

As can be seen from Eq. (6), the ion survival probabili-
ty will now depend on the position of a scattered particle
with respect to the surrounding adsorbates. Further-
more, for a given scattering trajectory, more than one
level crossing is possible. Equations (3) and (4), which
were derived assuming s, (z) decreased monotonically
and that z, did not depend on lateral position, are no
longer appropriate.

We have therefore extended the standard model of res-
onant charge transfer to include the effects of the local
electrostatic potential of an adsorbate layer. Our calcula-
tion uses a program which numerically integrates the
solution to the time-dependent Schrodinger equation for
the occupancy of the atomic level as a function of time.

The starting point in this model is the spinless Ander-
son Hamiltonian' '

H(t)= g Et, n&+E, (t)n, + g [V&(t)c,c&+H.c.],
k k

ac, (t)
i = &(Et)c&(t)+ V&(t)c, (t) .

at
(9)

To solve Eqs. (8) and (9), some simplifying assumptions
are usually made; V&(t ) is taken as V (t i)

= u (t ) V& and

6(E)=77/
~

V
~

6(E—s )=77~ V~ p=6 (10)

In Eq. (10), b, is the half-width of the atomic level, which
is precisely one-half the transition rate given by Fermi s
golden rule. These assumptions correspond to a surface
with a wide band and a density of states that is constant
in energy. ' With these assumptions, the occupancy of
the atomic level as a function of time, n, (t ), is

where ck and c., are the energies of the metal electronic
levels and the atomic level, respectively. n& and n, are
the corresponding number operators, n, =c, c;. Vk is
( a

~
V~ k ), with V representing the coupling of the atomic

state to those in the metal. The potential is assumed to
introduce no coupling between the metallic levels
( V« =0). The atom's position is a specified function of
time (the trajectory approximation), so that the atomic-
level energy and coupling to the metal are both explicit
functions of time.

The Hamiltonian, Eq. (7), leads to equations of motion
for c and ck.

ac.(t)
i =E, (t)c, (t)+ g Vi(t)c (it),

Bt

n, (t)=n, (to)exp —2 f A(t')dt' +—f ds f(s, T) f &b(t')exp —iEt' —f [iE,(t")+b(t")]dt" dt'
7T fo

where f is the Fermi function and b, (t ) = b, ~u (ot )
~

. The
first term arises from the decay of the initially filled level
[if n, (to) =1] into the continuum of metal states at a rate
b, (t ). The role of this "memory" term has been discussed

I

elsewhere. " For our ion-scattering experiments, n, (to)
=0, and the memory term is zero (i.e., the incident parti-
cle is an ion). Our simulations indicate that the final
charge state of the scattered particle is independent of the
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charge state and trajectory of the incident ion (i.e., the
particle loses memory of the incident charge state, as dis-
cussed in Ref. 4), but this has not been tested in our ex-
periments. The second term arises from the filling of the
level by occupied metal states (states with E ~ Ez) In. the
absence of inhomogeneities, the ion survival probability
[Eq. (3)] is simply given by 1 —n, ( cx& ) [from Eq. (11)].

We will discuss our calculation including the inhomo-
geneities for the case of K+ scattering from K/Cu(100).
The energy of the atomic level [K (4s)], E, (t), and the
coupling b, (t) are found as follows. At the distances of
interest in our experiment, the dipole moment will be the
dominant term in a multipole expansion of the
adsorbate's true electrostatic potential. Therefore, as in a
previous study, ' the adsorbate overlayer V,d, (r) is
modeled as an array of dipoles. The dipole moment p of
K adsorbed on Cu(100) is determined from the initial
slope of our measurement of the work function versus
coverage (Fig. 3). The experimental value p =2.64 (atom-
ic units) compares well with other experimental values
and the results of calculations by Lang. The density of
dipoles is determined from the measured work-function
shift.

Various arrangements of the adsorbates (e.g. , ordered,
disordered, etc. ) can be used in the simulation. The
method of calculating the electrostatic potential of the
adsorbate layer depended on the type of overlayer. In all
cases, the convergence of the calculation was checked.
For the ordered overlayers, the potential was calculated
using Fourier transforms on an infinite array. Enough
terms in the k-space expansion were kept to insure con-
vergence. The disordered overlayers were represented by
an array of discrete dipoles within a large circle
(radius=R) and an infinite electrostatic double layer out-
side of this circle. The total electrostatic potential was
found by directly summing the potential of the individual
adsorbates and then adding the contribution from the
double layer. The radius R was large enough so that the
results were independent of R.

A scattering trajectory generated by the program
SAFARI gives the position of the particle as function of
time, r(t). V,d, (r) and r(t) are used in Eq. (5) to find
E,,(r(t)), which is then used in Eq. (11) to find the occu-
pancy of the level as a function of time. We assume the
presence of the adsorbates does not change the coupling
of the atomic and metallic states or the scattering
trajectory. Therefore, h(t) is determined using b, (t)
=A(z(t )) =Doe '~" and is not a function of lateral posi-
tion on the surface. The ion survival probability P+ for
a given trajectory is 1 —n, ( ~ ) [from Eq. (11)]. [In our
calculation, P + is actually determined from a time-
evolution operator solution of Eqs. (8) and (9), which is
more amenable to numerical solution than Eq. (11). )

At low coverages and room temperature, we do not ex-
pect any particular registry of adsorbates on the Cu(100)
surface. Thus, to simulate the scattering experiment, we
calculate P+ for a number of trajectories (several hun-
dred typically) which are randomly displaced with
respect to the adsorbate overlayer. The final probability
is the average of these. The simulation is repeated for
several different adsorbate coverages (i.e., dipole arrays

with different spacings). In this way, the ion-survival
probability versus work function is calculated.

Figure 6(b) shows the results of this calculation where
Ao and a were the same as those used in Fig. 6(a). The
calculation reproduces the data quite well ~ In particular,
a slow transition from no neutralization to almost corn-
plete neutralization is observed.

The magnitude of the coupling between the atomic
state and the metallic states is difficult to calculate and
subject to some uncertainty. The values for Ao and o.
which we have used are, as mentioned above, taken from
a calculation by Nordlander and Tully for K interacting
with jellium (r, =2) and should only be viewed as an esti-
mate of the magnitude of the coupling. As a result, we
also used values of 60 that were one half and twice as
large as the theoretical values. Figure 6(c) demonstrates
the effect of increasing the level width by a factor of 2.
Two calculations with the inhomogeneous model, using
an ordered overlayer (square lattice) and a disordered
overlayer with adsorbate-adsorbate repulsion, are com-
pared in Fig. 6(c). For the disordered overlayer, we as-
sumed the adsorbate-adsorbate interaction to be given by
the electrostatic interaction of two dipoles. The adsor-
bates (dipoles) where then randomly distributed on the
surface, with the restriction that the minimum distance
allowed between adsorbates was the distance at which the
energy of interaction was equal to the thermal energy of
the adsorbates. The results are qualitatively similar to
those in Fig. 6(b). As might be expected, the disordered
overlayer reproduces the data slightly better than the or-
dered overlayer. The calculations shown in Figs. 6(b) and
6(c) use a quasi-single-scattering trajectory. Calculations
using other types of scattering trajectories (e.g. , quasi-
double scattering) also give qualitatively similar results.
However, when the local electrostatic potential of the
overlayer is not included, no values of Ao and u can be
found which bring the theory into agreement with the
data. In Fig. 6(a) we show results from our calculation
where the inhomogeneity V,d, (r) was set equal to zero,
giving P+ values that are equivalent to those calculated
from Eq. (4). This leads us to conclude that in our exper-
iments the local electrostatic potential plays a crucial role
in the resonant charge-transfer process.

A number of assumptions are made implicitly in our
model of the experimental results. The first is that the
observed neutralization is due to resonant charge transfer
rather than some other process, such as Auger. It is gen-
erally assumed that resonant charge transfer will be the
dominant neutralization process for electron transfer to
levels lying near the Fermi level (as in the case for scat-
tered alkali-metal atoms). This calculation also neglects
spin effects and the filling of multiple levels (e.g. , filling of
the affinity level ) in the scattered potassium. How-
ever, for the work functions and scattered-K velocities of
interest here, we do not expect this to change the calcu-
lated P+ values by more than a few percent. In addi-
tion to these more general assumptions, we have also as-
sumed that 6 depends only on z and that the adsorbates
have no effect on the scattering trajectories. Because the
density of adsorbates is so low for the work functions of
interest (see Fig. 3), very few of the incident ions scatter
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from adsorbates. ' (The scattering cross section at the
energies in our experiments is much smaller than the
range over which adsorbates inhuence charge transfer. )

The model also ignores the effect of any electronic excita-
tions in the metal caused by the collision of the atom with
the surface. If excited electrons in the metal were playing
an important role in the charge transfer, we might expect
to see neutralization for K+ scattered from clean
Cu(100). We have recently installed a detector for neu-
tral alkalis in our system and we And no neutralization
for 100-eV K+ scattered from clean Cu(100). Further-
more, Algra et al. found essentially no neutralization of
2—10-keV K+ scattered from clean Cu(100). We have
also neglected the possibility that the scattered ion might
cause some depolarization of a nearby adsorbate, thereby
changing the effective dipole moment of the adsorbate.

VI. FURTHER DISCUSSION AND TESTS
OF THE INHOMOGENEOUS MODEL

In the standard model, the neutralization of scattered
particles is a sensitive function of the perpendicular ve-
locity v, [Eqs. (3) and (4)]. This can be tested experimen-
tally by changing the beam energy and scattering
geometry. Figure 7 shows the measured ion survival
probabilities for K+ scattering from Cs/Cu(110) along
the (110) azimuth. ' The scattering geometry is the
same in each case and the incident energies are 100, 400,
and 1000 eV. The data do not show the velocity depen-
dence expected from Eqs. (3) and (4), as can be seen more
clearly in Fig. 8, where the ion survival probability is
plotted on a logarithmic scale. Also plotted in Fig. 8 are
the predictions of the ion survival probability using Eq.
(4) and using our inhomogeneous-model calculation. For
the inhomogeneous-model calculations, we used an or-
dered overlayer with a level width twice as large as the
Nordlander and Tully calculation, with a dipole moment
and coverages appropriate for Cs adsorbates and with the
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tions. In the standard model, the ion survival probability is very
sensitive to the perpendicular velocity of the scattered particles
(particularly at small work functions). The data do not show
this dependence. The model which includes the inhomo-
geneities reproduces the velocity dependence seen in the data.

work function for Cu(110) (4.48 eV). ' At small work
functions, the standard model predicts, for a given work
function, a substantial difference in the 100-, 400-, and
1000-eV ion survival probabilities, which is not seen in
the data. We believe that the velocity dependence pre-
dicted by the standard model is obscured by the averag-
ing of the total ion survival probability over all the indivi-
dual ion trajectories that sample the inhomogenous elec-
trostatic potential of the adsorbates. When the effects of
the adsorbates are included in the calculation, the veloci-
ty dependence seen in the data is reproduced.

Although the velocity dependence predicted by the
standard model is not observed in the data or our calcula-
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FIG. 9. Comparisons of measured and calculated ion survival
probabilities for 400-eV K+ scattered from Cs/Cu(110)(110)
for three diAerent scattering geometries: e, =e, =25, 45', and
65' from normal.
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tions, the ion survival probability depends on the velocity
of the ion normal to the surface, since the coupling 6 of
the atomic level to the metallic states is still assumed to
depend only on the distance of the atom from the surface.
If lateral variations in the coupling of the atomic state to
the surface states were included in the model, the ion sur-
vival probability would no longer have a simple depen-
dence on the perpendicular velocity of the atom.

Figure 9 shows the measured ion survival probabilities
for 400-eV K+ scattering from Cu(110) ( 110) /Cs for
three different scattering geometries. Because of differing
collisional energy losses for the different scattering
geometries, these three cases all have very similar perpen-
dicular velocities, but very different parallel velocities.
Figure 9 also shows the results of our model for these
cases. As expected, the model predicts very small
differences for the different scattering geometries.

We conclude this section with a brief comparison of
our conclusions with those of published experiments.
The first is with the results of Geerlings et al. , who mea-
sured the ion survival probabilities for Li, K, and Cs scat-
tered from W(110)/Cs. ' Their analysis was performed
for Cs scattering. Because of the scattering geometries
and Cs adsorbate coverages for that experiment, they
concluded that all the scattered Cs particles which were
detected had collided with Cs adsorbates. In contrast,
trajectory analysis indicates that in our experiment the
ions detected have scattered from the Cu substrate atoms,
and we assume that the incident ions are randomly locat-
ed with respect to the adsorbates. The analysis of Geer-
lings et al. differs from ours in the magnitudes of the cou-
plings 6 they have used and their use of a component of
velocity perpendicular to a seam that represents an equi-
potential surface of the adsorbate overlayer. In our cal-
culation, since we solve for the ion survival probability in
the time domain [Eq. (5)], we make no assumptions
about velocity components. We do assume that 6 de-
pends only on z, as do Geerlings et al. Because of the
differences in both the experiments and the models,
specifics of the interpretation of the results are quite
different in the two cases. However, both their experi-
ment and ours indicate that the local inhomogeneities in
the electrostatic potential of the adsorbate layer can be
important in the charge-transfer process for scattered
alkali-metal atoms.

Our model of the resonant charge-transfer process sug-
gests some reasons why the data from Yu's sputtering ex-
periment" (Fig. 2) agrees with Eq. (4), which ignores la-
teral variations in the local electrostatic potential. First,
in that experiment, different coverages of Li coadsorbed
with Cs are used to induce the work-function shift. The
dipole moment of Li is considerably smaller than that of
Cs or K and thus a higher coverage of Li is required to
produce a comparable work-function shift. Since the la-

terai inhomogeneities of the adsorbate-induced potential
decrease as the adsorbate coverage increases, the stan-
dard model becomes a better approximation. Second, be-
fore the Cs atom is sputtered from the surface, it is not
likely to be near another adsorbate (Li or Cs) due to the
repulsion between adsorbates. This may lead to selective
sampling of the laterally inhomogeneous potential as the
sputtered particle leaves the surface, as opposed to the
random sampling in scattering experiments. We have
done simulations suggesting that both mechanisms may
influence the results.

VII. CONCLUSIONS

We have measured ion survival probabilities for K+
scattered from adsorbate-covered Cu(100) and Cu(110).
We find that a model of resonant charge transfer based
on the spinless Newns-Anderson Hamiltonian adequately
explains our data so long as the local elecrostatic poten-
tial of the adsorbate overlayer is included in the calcula-
tions. In modeling the data, we used realistic ion-
scattering trajectories generated by SAFARI and a dipole
model of the adsorbate overlayer. The parameters used
in the model were either experimentally determined or
taken from theoretical calculations.

The results of the model indicate that, because of the
locally varying electrostatic potential around adsorbate
sites, those ions which scatter near an alkali-metal adsor-
bate are more likely to be neutralized than those which
scatter far from an adsorbate. Since the ion-scattering
experiments sample a macroscopic region of the surface,
the experimentally measured ion survival probabilities
are an average of the local-ion survival probabilities.
This averaging process causes the gradual decrease in the
ion survival probability as the work function decreases.
It also masks the expected velocity dependence predicted
by the standard model [Eq. (3)].
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