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Charge-transfer mechanisms in low-energy helium-scattering spectroscopy are analyzed by using an

Anderson-like description of the time-dependent collisional process, which allows us to include several elec-
tronic bands of extended and localized nature in the solid. The Hamiltonian parameters are obtained from a

Hartree-Fock self-consistent-field calculation of the He-target atom dimeric system. We examine in particular
cases such as Ca and Ga linear chain substrates. We found that at velocities large enough, the localized state in

the solid contributes to the He+ neutralization, showing the characteristic oscillatory behavior of the nonadia-

batic charge exchange between localized states, in agreement with other calculations. In the range of low
velocities we found that if the hybridization between the He orbital and the localized states in the solid is able
to produce the formation of an antibonding state having a predominant weight of the He-1s orbital, this

promotes the charge exchange between the Helium and the extended bandstates of the solid.

I. INTRODUCTION

Among the processes involving charge exchange in the
inelastic scattering of atomic or ionic projectiles from metal
surfaces, one can have neutralization due to Auger, resonant,
and quasiresonant charge-exchange processes. These are ac-
companied by small changes in the kinetic energy of the
projectile while re-ionization, where an electron of a neutral-
ized projectile is transferred to a vacant valence state of the
surface, implies an energy loss comparable to the ionization
energy of the projectile.

Experiments performed over a wide variety of samples
have shown interesting trends in the charge-exchange prob-
ability as a function of the kinetic energy of the projectile
concerning the nature of the target system. These have been
related to the presence of localized d-like states in the
valence-band structure or with corelike states of the substrate
atoms. Erickson and Smith studied the scattering of He+ by
Bi, Pb, In, Ga, Ge, Sn, and Sb substrates and reported an
oscillatory behavior of the backscattered ion intensity as a
function of the primary ion energy. More recently, Souda
et al. ' performed experiments for many substrates of pure
elements and compounds. They found that reionization of
He sometimes makes an important contribution to the He+
spectra at kinetic energies as low as and below 1 keV. This is
thought to be produced by the promotion of one He 1s elec-
tron with a binding energy of 24.6 eV into a vacant level of
the surface. The ratio between the He+ intensity produced by
He incidence relative to that produced by He+ incidence,
I /I", is proposed as a measure of the promotion of the He
1s orbital. Experiments performed on the II-b group ele-
ments have shown that the values of I /I+ exhibit a sharp
decrease in these systems. Thus, for Zn or Cd, this ratio is
about three orders of magnitude smaller than that for Ca.

Similar experimental results have been obtained by
Mikhailov et al. The oscillatory intensities observed in ion-
surface scattering are explained through a near-resonant
charge exchange between the He 1s orbital and the energeti-
cally near-d orbitals of the surface atoms. By using a wave-
function formalism where the time evolution of the system is
described in terms of localized and continuous states, Tully
was able to account for an oscillatory behavior of the ioniza-
tion probability as caused by the nonadiabatic charge transfer
between the atom and localized state in the solid. Tsuneyuki
and Tsukada have explained the re-ionization of neutralized
helium as due to the crossings of the He 1s level with empty
valence levels of the target. Their conclusions were obtained
from an ab initio self-consistent Hartree-Fock (HF) calcula-
tion of the diatomic He-target —atom system. They estimated
the threshold energies for re-ionization, finding good agree-
ment with the measured values in some systems, but for
other targets such as In and Sn they were unable to explain
the experimental results.

In this work we analyze the charge-exchange probability
for scattering of He and He+ from metallic surfaces by us-

ing a time-dependent quantum formalism which allows to
incorporate several electronic bands of localized and ex-
tended nature for the substrate. The parameters of the inter-
action Hamiltonian are obtained from an ab initio model
based on a superposition of pair bonds, ' which accounts for
a realistic description of each dimeric system. We examine
the role played by the presence of narrow d bands or corelike
states of the solid on the charge-exchange process for differ-
ent substrates. We have selected metallic Ga and Ca sub-
strates because they involve the kinds of localized states in
the solid we want to study and also because it was found
that, while in the Ca case the re-ionization is very irnportan-
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t, in the Ga case this is negligible. '

This paper is organized as follow: In Sec. II a brief de-
scription of the theory is given, and Sec. III is devoted to

present the model system, while in Sec. IV the results of our
calculation are analyzed and discussed. Finally, a summary is
presented in Sec. V.

II. THEORY

To describe the atom-solid interaction, we use an Anderson-like Hamiltonian given by

H(t) = g ek„nw +g E, (t)n, + g [Tk„,(t)c~ c, +T, k„(t)c, ck„],
kn, a

where we are including the presence of several (n) bands to describe the electronic structure of the solid. Thus ek„ is the k
eigenstate corresponding to band n and Tk„,(t) is the electronic hopping between the localized atom state cp, and the solid k
state belonging to the band n Bo.th the atom energy E,(t) and the hopping parameters Tk„,(t) are obtained from a model for
the solid-atom interaction based on a superposition of pair-atom interactions. '

To arrive at Eq. (1), we start from a second-quantized many-body Hamiltonian describing a system of interacting atoms, in

which terms involving four different spin-orbital indexes are neglected:

H=g e;+g [J;~nj +(J 1 J, .)—nj ] n; + g t &++ [h;jn +(h;J h",")n—] ct c~ (2)

The Hamiltonian parameters in Eq. (2) correspond to the one- and two-electron integrals written in terms of a symmetrically
orthonormalized atomic basis set (P;) (Ref. 10) (atomic units are used) and are given by

Making a mean-field approximation in Eq. (2), assuming the atom-solid system as a diatomic one in which one atom has

a continuous basis set (q&k„), and neglecting cross terms involving states on the same "atom, " we can write the interaction
Hamiltonian in Anderson form:

H(t)= g ek„nk„+g e, +J„(n, )+g [J,k„(nk„)+(J,k„—J, k„)(nk„)] in,
kn, a

t, t +(J,k„—J",k„)(c, ck„)+h, ,k„(n, )+(h, ,k„—h', ,k„)(n, )

+ g [hk „,~(nk „~)+(hk „,k —hk, , k„)(nk „)]cw c„+ H.c.
k'n', a

(4)

The time dependence of this Hamiltonian arises from the motion of the projectile along its trajectory, which leads to
time-dependent interaction parameters. In Eq. (4) we have neglected the energy shifts of the eigenstates of the unperturbed

solid. The next step is to calculate the solid-atom interaction parameters in terms of one- and two-electron atomic integrals.

Assuming the kn states of the solid given as a linear combination of the symmetrically orthonormalized site basis set,

with p, and j denoting orbital and site, respectively. Neglecting the off-diagonal terms of the local partial density of states and

three-center integrals, the final expressions for E,(t) and Tk„,(t) are

E„(t)=e,+J„(n, )+g (J, ~(RJ)(n (j))+[J,~(Rt) —J, (R~)](n~ (j))},
O'J
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Tk„,(t) =g C . t, (RJ)+[J, (R&) —J, (Ri)](ct c„)+h,, (Ri)(n, )+[h, , (Rt) —h', , (R )](n, )
p, j

+g (h&, (RJ)(n& (j))+[h&„(RJ)—h&, „(Ri)](n& (j))) ~ =g C T„,(RJ).
P

(6)

Therefore E „(t) and Tk„, can be calculated as the superposition of pair interactions between the adsorbate and atoms of
the solid (t,„,J,„,h„,„,...), weighted by the average occupation numbers (n (j)) of the respective site (j) and orbital (p).
The calculation of the Hamiltonian parameters implies an expansion in the overlaps between the atomic orbitals centered on
the several atoms composing the system.

To solve the time-dependent Schrodinger equation for the one-particle Hamiltonian Eq. (4), we use the following Green
functions:

Gq. (t, tp) = —io"(t—tp)(W(tp) lc'..(tp) cq.(t)+ cq.(t)c'..(tp) I W(tp))

where c (c ) creates (destroys) an electron in an eigenstate y of the Hamiltonian at the initial time tp, while c (c )
operates over the eigenstates of the atom-solid system without interaction. In the special case of a scattering process, both sets
of eigenstates are coincident and include the atom y, and the solid cpk„states.

The average occupation number of the projectile state is calculated as

(n. (t))= X IG. (t, t, ) (7)

where the sum runs over the initially occupied states. The equation of motion for the Green function G q (t, tp) leads to two
kinds of differential equations depending on whether q corresponds to either the atomic a state or the solid kn state:

G, (t, tp)= i E„—(t)G, (t, tp)+g T~,(t)G~ (t, tp)+6'(t tp)8, — (8a)

d—G~ (t, tp) = i{ok„G~—(t, tp)+ T~,(t)G. (t, tp)+ 8(t —tp) Bk„ (8b)

Introducing the phase transformation

( tt
G (t, tp) =g (t, tp)exp —i E (7)d7. ,

"to

performing the integration in Eq. (8b), and replacing the result into Eq. (8a), one obtains

d—g, (t, tp)= —i
dt de (t T)g (T tp)+ g T k (t)gk (tp tp)+ 8(t tp) 8'

3 to kn
(8c)

where

and

T,k„(t)= T,k„(t)exp —i [et —E,(7)]de
&o

X (t, 7.) = iO(t r)g—T„~(t)T.~(—~).
kn

(10)

ferred from or to a 1s-like localized level whose asymptotic
energy value is —24.6 eV. Thus we assume that for He scat-
tering a "spinless picture" is adequate, implying that only
one of the spin projections for the parameters is considered.
Therefore the probability of neutral (P ) and ionic (P+)
charge states is calculated as

P'(t) = (n„,(t)),

P+(t) = 1 —(nH, (t)).
Expressions (5) and (6) for E,(t) and Tk„,(t) involve the
average occupation numbers of the substrate atoms, which
are assumed to be those for the unperturbed solid, and the
average occupation number of the incoming atom [Eq. (7)],
which must be determined consistently with the solutions of
Eq. (8c).

In the case of He (He+), we will assume that there is only
one active electron involved in the process, which is trans-

For He incidence, the sum over occupied states in Eq. (7)
includes the atomic a state, while it does not in the case of
He+ incidence.

III. MODEL SYSTEM

The substrate is simulated by a tight-binding semi-infinite
linear chain of atoms. The eigenvalues ak„and the weight of
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the atomic state p, centered on the first atom of the linear
chain, which corresponds to the coefficient C

& appearing in

Eq. (6), are given by

e~= eo(" +2P("~ cos(vrx),

v2 sin(7')
( kn

$1+2 cos(mx)

with x varying between 0 and 1.
For solids with sp -band structure, nonhybridized s - and

p -band states are considered, and the hopping parameters

P ") are determined from the width of the partial density of
occupied states obtained from a realistic band-structure
calculation. —"Each band is centered on the respective atomic
state energy eI,"~, and its occupation is given by the corre-
sponding fraction of one electron. In the case of a localized d
band, its energy is located with respect to the extended one
according with the electronic band-structure calculations,
and the core-level energy is taken from the free-atom calcu-
lations considering that the energy shift produced by the
presence of the incoming atom can be neglected. The energy
parameter EH, (R) and the atom-atom hopping parameter
T „,(R, ) with p, running over the s , p-, and -d-like states of
the solid, Eqs. (5) and (6), are approximated by those ob-
tained from a self-consistent calculation of the He-metal
atom dimer at each internuclear distance R . The time depen-
dence of these Hamiltonian parameters comes from the time
variation of R. The energy parameter EH,(t) approximated
by the one obtained from the dimer calculation does not
differ appreciably from the one calculated from Eq. (5) by
considering (nH, )=1 and the (n ) given by the values of
the unperturbed solid [Figs. 1(a) and 2(a)].

TABLE I. Distance of closest approach, R, , for several kinetic
energies, for the Ga and Ca substrates.

T, (a.u. ) Ei, (keV) R, (a.u.) Ga R, (a.u. ) Ca

8
8.5
9
9.5

10
10.5
11
11.5
12
12.5
15
18
20

1.561
1.382
1.233
1.107
0.999
0.906
0.826
0.755
0.694
0.639
0.444
0.308
0.250

0.338
0.371

0.405
0.440
0.475
0.510
0.545
0.580
0.615
0.649
0.815
0.993
1.097

0.234
0.258
0.283
0.308
0.333
0.359
0.385
0.411

0.438
0.464
0.596
0.744
0.835

with

and

0.885 z&z2
x=R/A, A =

z&3 z&3 &&z, c=
(zt +zz )

' A

a& = 0.35, a2= 0.55, a3=0.10,

by 0 30~ b2 1 80 b3 6 20

where z& and zz are the projectile and target nuclear charges,
respectively, while R is the interatomic distance which
within a straight-line trajectory approximation has the fol-
lowing time dependence:

A. Ga substrate

We assume this system to consist of two nonhybridized
bands, one of s nature and the other of p nature. The s band
is completely filled, while p band is half-filled. Each band is
centered at the respective atomic orbital energy. The d band
is considered to be of zero width and located at —0.8 a.u.
[see inset of Fig. 1(a)]. with

R,= 1/(b, /A +B),

R =R,+ (~/T, [,

with T, the inverse of the projectile velocity. At low incident
kinetic energies Ez, we approximate R, as

B. Ca substrate

Here we consider one band of s nature centered on the
atomic s -orbital energy of Ca. The empty states are also
assumed of s nature. The 3p, state of Ca located at —1.34
a.u. is the core state which shows an appreciable hybridiza-
tion with the 1s He state in the Ca-He dimer calculation.
Therefore it is expected that the 3p, core state of Ca in the
He scattering from a Ca surface will play a similar role that
the localized d state in the case of Ga [see inset of Fig. 2(a)].

1. Calculation of distances of closest approach

The distances of closest approach, R, , are obtained from
a Molliere-potential approximation to the interaction energy
V(R):

V(R) =(c/x)[a, exp( —b,x)

+az exp( —bzx)+a3 exp( —b3x)],

Et, E( )—8 =
a]z]zp

E(~) is the total energy of the separated systems. In Table I,
R, is shown for several kinetic energies and for the Ga and
Ca substrates.

IV. RESULTS AND DISCUSSION

Figures 1(a) and 2(a) show for Ga and Ca substrates, re-
spectively, the variation with the atom-surface distance R of
the Hamiltonian parameter EH, (R) obtained from the self-
consistent HF dimer calculation [see Eq. (5)]. It is to be
stressed that this EH, (R) parameter is the diagonal

(y, ~H~q&, ) matrix element involving the HF approximation
of the interaction potential between the two atoms of the
dimer. The pronounced shift downwards observed for small
R values is due to the electron-nucleus interaction. Changes
from this R dependence are expected in the case where a He
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FIG. 1. Ga substrate. (a) Diagonal matrix element EH,(R) as a

function of the atom-surface distance: (~) dimer calculation, (~)
correction by considering the atomic occupation numbers of the

unperturbed solid in Eq. (5). The dashed line indicates the energy
location of the solid d-like states (—0.8 and —1.15 a.u.). A sche-
matic diagram of the energy levels involved in the process is also
shown. (b) Atom-atom hopping parameter T„H,(R) as a function of
distance from the surface: (~) p—=4s-like state (V,), (~) p, =—4p-
like state (V„), (4) p,

—=3d-like state (Vd).

atom is in front of a metallic surface, this being related to a
more efficient electronic screening of the nuclear charges. A
better calculation of F.H, is still desired, although the use of a
dimer model to evaluate the Hamiltonian parameters seems
to be quite consistent with a linear-chain target. Also shown
in Figs. 1(a) and 2(a) is the E„,(R) calculated using expres-
sion (5) and considering that the occupation numbers of the
atoms of the substrate are fixed by their values in the unper-
turbed solid. The two forms of calculation lead to negligible
differences in the charge-transfer probabilities for all the
cases analyzed here. In Fig. 1(b) we show the hopping ma-
trix elements TH, (R) obtained from the dimer He-metal
atom calculation as in Eq. (6), between the He 1s state and
the 4s, 4p, and 4d Ga states, and in Fig. 2(b) we plot those
corresponding to the He 1s state and the 4s and 3p Ca
states.

A. Effects of the interaction with a localized state in the target
on the charge-exchange process

1. Ga substrate

From Fig. 3 we can observe that (a) the ion survival prob-
ability of scattered He+ is practically 1 along the whole ve-
locity range; (b) the ionization probability of incoming He is

FIG. 2. Ca substrate. (a) The same as in Fig. 1(a): (~) dimer

calculation, (dot-dashed line) corrected values, (dashed line) energy
location of the 3p-core-like state (—1.34 a.u.). (b) The same as in

Fig. 1(b): (~) p, =4s-like state (V,), (~) p,—=3p core-like state

(V,).

d 23
negligible, in agreement with the experimenta1 trends. '

There are no appreciable differences by omitting the interac-
tion with the localized d band (Vd =0 in the figures). Then, in

this case, the hybridization between the localized d state and
the He 1s state does not favor the charge-exchange process.
Wh is that one expects this hybridization to play an impor-yi

~
g7

~ ~

tant role in promoting the charge transfer. This is because at
low velocities the dynamical collisional process can be visu-
alized as a quasiadiabatic interaction between the atom and
localized state in the solid, leading to the formation of bond-

ing and antibonding levels. The antibonding state has
chances of being energetically resonant with the band, thus

favoring the charge transfer. However and in addition, this
possibility is strongly dependent on the weight of the He 1s
state in the antibonding level. In the Ga case the weight of
the d state is predominant along the whole trajectory, be-
cause it has a lower binding energy than the He 1s level.
Thus we can understand the low values for the He+ neutral-
ization and He ionization probabilities shown in Fig. 3. The
same calculation was repeated considering the d state located
below the energy of the He 1s state. The value Ed= —1.15
a.u. was chosen to emulate roughly a Ge target. In this case
we obtain an important increase in the neutralization prob-
ability for incoming He+ at low velocities, and also the ion-
ization of He becomes appreciable in this velocity range.
These results are clearly due to the hybridization between the
d and He 1s localized states, giving rise to an antibonding
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FIG. 3.. 3. Ga substrate. (a) Ionization probability as a function of
t e inverse of projectile velocity for He+ incidence: ~

ered (Vd=—0). (b) The same as in (a) for He incidence.

FIG. 4. Ca sub strate. (a) Ionization probability as a function of
the inverse of projectile velocity for He+

3p
—1.34 a.u. , L 3p -core-like state is not con d d

( p ) (b) The same as in (a) for He incidence.

level with a predominant weight of the helium state. The
unction of the velocity depends on th

variation of the antibonding energy alo th
'

1ng e partic e trajec-
tory and also on the bandwidth of the occupied and em t
states in the solid.

e occupie and empty

2. Ca substrate

Here the hybridization of the helium state with the Ca 3
core level is clearly responsible for the important charge
transfer observed at low velocities (Fi . 4). The

'
n o e p, evel (—1.34 a.u. ) leads to a very significant

obtained. Th
He 1s weight in the antibonding state, justifyin the 1g e resu ts

. The large (re-)ionization found as the threshold en-

ergy (E =250 eV) is)
'

consistent with the experimental
findings. '

bonding or the antibonding orbital dependin th 1

o t e energy of the He 1s state with reference to the local-
ized level in the solid. We have carried out a model cal 1—
tion to ro

o e cacua-

cal
prove that this nonstandard picture withi dwi in a ynami-

e mec anismsca process accounts correctly for the h
responsible for the charge exchange in the scattering of He at
ow inetic energies. The detailed equations a d 1 dre eve ope in

e ppen ix. In Fig. 5 the results for the ionization b-ion pro-
' '

y o incoming neutral atoms obtained with this model
are compared with those obtained from an exact treatm t

'
men in

The ood a r
c all the interactions are consider d the on e same ooting.

e good agreement between both calculations at 1a ow incl-
ine ic energies supports the role played by the local-

ized state in the so iin e so~i", as an "intermediary agent" in the
charge exchange between the projectile and the surface.

B. "Two-stage" model calculation

%'e maintain that this kind of time-dependent collisional

thou
processes at low kinetic energies of th

'
1

t ought of as occurring in two stages: (i) The first one con-
cerns the interaction between helium and the localized state
in t e solid, resulting in the formation of b d don ing an anti-

on mg states, and (ii) the second stage is related to the
charge exchange taking place between them and the ex-
tended band states. The occupation of the He 1s state is
determined asymptotically by the occupation of either the

C. Contributions of extended and localized states of the solid
to ion neutralization

The results depicted in Fig. 6 show the characteristic os-
ci atory behavior at large velocities due to the nonadiabatic
charge exchange between the He 1s level and the localized
state. ' At low velociti 'es this charge exchange becomes neg-
li ible, but therethere is an important contribution of the band
states to t e neutralization, precisely due to the h b 'd

wi a ocalized state in the solid which has a larger binding
energy than the helium state.
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FIG. 5. Ionization probability of incident He as a function of
the inverse of projectile velocity: (a) Ga substrate, (R) exact cal-
culation, (0) approximated calculation described in the Appendix.
(b) The same as in (a) for a Ca substrate.

FIG. 6. Contribution of the extended and localized states in the
solid to the neutralization of incident He+ as a function of the
inverse of projectile velocity: (a) Ga substrate, Ed= —0.8 a.u. , (~)
total neutralization probability, (4) s-band contribution, (solid line)
p-band contribution, (~) d-band contribution. (b) The same as in

(a) for a Ga substrate with Ed= —1.15 a.u. (c) Ca substrate, (~)
total neutralization probability, (4) s-band contribution, (~) 3p-
core-like state contribution.

D. Velocity dependence of the ionization probability when
neglecting the variation of the He 1s level energy

In Fig. 7 we compare the results of He ionization prob-
ability considering the helium energy level given by the self-
consistent HF dimer calculation [Figs. 1(a) and 2(a)] with
those obtained by considering a constant EH, = —0.917 a.u.
along the whole trajectory. In the case of a Ga target, both
calculations lead to a negligible ionization probability at low
velocities. The Ca case [Fig. 7(b)] shows that to neglect the
changes of the helium energy level by the interaction with
the solid atoms results in a poor approximation, leading to
unexpected large ionization probabilities at very low incident
kinetic energies. This is due to the marked He nature of the
antibonding state at small distances from the surface.

K. Target dependence of the relation between ionization
probabilities for ion and neutral incoming particles

We have calculated the relation between P+ for He inci-
dence and P+ for He+ incidence (I /I") for Ga-He and
Ca-He systems at a kinetic energy Ek=1 keV. fhis relation
calculated for the case of Ga with Ed located at —1.15 a.u.
emulates a Ge target. Our results compare well with mea-
sured values (Fig. 8).

V. SUMMARY

To summarize, we conclude that the localized states in
solids which hybridize appreciably with the He 1s orbital
and have larger binding energies than this state promote the
charge transfer in the low-energy scattering of He from solid
surfaces. Our results have been obtained by using a time-
dependent Anderson Hamiltonian which includes localized
and extended states in the solid, and the interaction param-
eters are extracted from a HF self-consistent calculation of
the He-target —atom dimer, thus accounting for a realistic de-
scription of the system.

According with this picture we expect, for instance, an
important re-ionization in the case of a Ti target having a
threshold energy similar to that for a Ca target, because of
the presence of the 3p-corelike state. On the other hand, for
Cd the energy of the 4p-core state is located so deep with
respect to the He state that re-ionization will require very
high kinetic energies to occur. In cases such as Mg and Na,
the 2p-core orbital will be the responsible of an appreciable
re-ionization. For an In substrate, the localized 4d level is
practically resonant with the He 1s state. Therefore, taking
into account the downward shift of the helium energy [Figs.
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values.

1(a) and 2(a)], the antibonding state will have a predominant
4d nature at distances close to the surface. This is expected
to lead to a negligible re-ionization, while for the Sn case the
binding energy of the localized 4d state is larger than the one
for He 1s level, although the energy difference between both
states is not large enough to define an antibonding state with
a clear dominant He nature along the atom trajectory. Thus
we expect here a not very important re-ionization as happens
in the Ge case.

We have arrived at similar conclusions than those ad-
vanced by Tsuneyuki and Tsukada- based on an strictly sta-
tionary description of the dimeric systeIns, but our formalism
allows us to solve the dynamical aspects of the collisional
process, providing a quantitative method to answer questions
about why re-ionization is observed in cases such as Ca and
Sn, while this is not to be expected in cases such as Ga and
In as shown by the experimental results.

APPENDIX

EH,(R) +Ed
EA(R) =

2
+ [EH.(R) —Ed]'

+ Vd(R),

Vd(R)

Vd(R)+ [EH,(R) Eg(R)]—

The atom-surface scattering process is simulated through
the following two stages: (1) The "atomic state" with an

energy level given by EH, (R) interacts with the localized
solid state of energy E„ through the hopping Td„,(R) This.
interaction gives rise to bonding and antibonding states. The
energy and weight of the atomic He state in the antibonding
state are

while for the bonding state these are
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EH, (R) +Ed
Ea(R) =

2
[EH,(R) —Ed] + Vd(R),

Vd(R)

V„(R)+ [EH,(R) E~(R)]—
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(2) The bonding and antibonding states interact with the ex-
tended states of the solid, and the dynamical process of
charge transfer can be calculated from an Anderson time-
dependent Hamiltonian in the form

H(t) =g et,~nt,~+E~(R)n~+Ea(R)nIt
k, a

+ g [Tm(R)ckacAcr+ TAk(R)CA(rck(r]
k, cr

+g [TuB(R)ct,~cg~+ Tat,(R)crt~et ~].
k, o

Here the hopping parameters T~(R) and Ttat(R) are taken
as

T~(R) = aH, (R)T~,(R),

Ttat(R) = aH, (R)Ttat, (R),

because the hopping between k states and the localized d
state is zero; TuH, is given by Eq. (6).

Finally, the He occupation number (n„,(t)), obtained
from the occupations of the bonding and antibonding states,
are given by

&nH. (t)&=—laH. I'&nA(t) &+ IaH. I'&na(t) &.

Asymptotically, if the localized state in the solid has a lower
binding energy than the He 1s state, we have

(nH, (~))=(n~(~)), while in the opposite case we have

(nH. ( )&=(ng(~))
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