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A si mpl e m odel descri bin g resonan t charge trans fer bet w een the free-
-electron metal surf ace and an atom colli di ng w ith it at some distance from
another adsorb ed atom is presented . T he negati ve ioni zati on probabil it y of a

scattered atom is studied within the time- dep endent A nderson { N ewns model
and the time- evolution operator approach. With appropriate models for the
considered system , the ionizati on probabili ty is show n to oscilla te with the
distance betw een the adsorb ed atom and the collisi on p oint of the scattered

atom with the metal surf ace. T hese oscilla tion s are results of the indirect in-
teraction betw een the adsorb ed and the scattered atoms due to the couplin g
of both atoms w ith the metal energy band.

PAC S numb ers: 79.20.{m, 82.65. + r, 34. 70.+ e

1. I n t rod uct io n

Cha rge-exchange processesplay the funda menta l ro le in the ato m { meta l sur-
face intera cti ons. The study of the charge tra nsfer pro cesses tha t can occur when
an atom (i on) col l ides wi th the sol id surface is especial ly of a f undam enta l inter-
est in the context of many surface analysis techni ques [1{ 3]. In m any cases the
resonant electron tra nsi ti on between the m ovi ng (scattere d) ato m level and the
m etal surface levels has the hi ghest e£ ciency and thi s ki nd of electro n tra nsi ti ons
determ ines the Ùnal electro n occupancy of the outg oing ato m . The strength of the
electron tra nsfer is very sensiti ve to the electroni c characteri sti cs of the com plex
system \ movi ng ato m + m etal surf ace" , parti cul arl y it depends on the relati ve en-
ergy positi on of the ato mic level and the Ferm i level of the surf ace energy band, as
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wel l as, on the coupl ing strength between the ato m and metal surf ace (e.g. [4{ 6]).
Theref ore, the addi ti onal m odi Ùcati on of the surface due to the adsorb ed ato ms
(adato ms) inÛuences very disti nctl y the charge tra nsfer and can change dra mati -
cal ly the Ùnal charge state of the outg oing atom beam (e.g. [7, 8]).

Fi rst of al l , the adsorbed ato ms on a meta l surface resul t in a change of
the work functi on, whi ch is a very importa nt characteri sti cs of the meta l surface.
D epending on the work f uncti on the ato m ic level can be local ized above or below
the Ferm i level and thus resulti ng in a charge tra nsfer. It is the so-cal led non- local
e˜ect as in thi s case the change of the metal surface characteri stics concerns the
enti re surface and not only the region around the adsorbed ato m . Ho wever, the
adsorbed ato m m odi Ùeslocal ly the electronic potenti al and inÛuences the level
energies and coupl ing between the m ovi ng ato m and the surf ace (e.g. [3, 9{ 13]).
In addi ti on, in the case when the m ovi ng atom is backscattered from an adsorb ed
ato m or from the surf ace in the im medi ate vi cini ty of the adsorbate, then there
are two di ˜erent channels for electron tra nsfer between the m ovi ng ato m and the
surf ace. The Ùrst one corresp onds to di rect tunnel ing between an atom and the
surf ace and the second one to tunnel ing thro ugh the adsorbed ato m level. Let
us note tha t a sim i lar situa ti on is observed in the case of the scanni ng tunnel ing
m icroscopy (STM), where there are also tw o di ˜erent electro n tunnel ing channels
between the microscope ti p and the surface wi th the adsorb ed ato m [14{ 16] (see
also [17]).

The intera cti on between the adsorbed and m ovi ng ato ms is usual ly short-
- ranged and for the ato m { surface col l ision region lyi ng further away from the
adsorbed ato m , thi s intera cti on is negl igibly smal l . However, i t does not mean tha t
the charge tra nsfer between the movi ng ato m and the surf ace is the sam e as in the
scatteri ng in the case of clean surface. Note tha t the adsorbed and m ovi ng ato ms
are coupl ed to the substra te and can intera ct vi a the substra te- m etal electron
band (duri ng the period when the scattered ato m is in the vi cini ty of the surface).
Thi s indi rect intera cti on should be dom inated in a long range and is exp ected to
be of oscil lato ry character (l ike the R KK Y intera cti on between im puri ti es in bul k
m etals (e.g. [18]). The sim i lar indi rect intera cti on is responsible for oscil lato ry
behavi our of the intera cti on energy of two adsorb ed ato ms (dep ending on the
di stance between them ) (e.g. [19, 20]). On the other hand, in many experim ents by
STM wi th sing le adsorbed ato m s on meta l surf aces the adsorbate- induced charge
density oscil la ti ons around the adato m were observed [21, 22].

In thi s paper we present an attem pt of theo reti cal evaluati on of the charge
state of an ato m scattered from the surface when the col l ision region is in some
di stance from the adsorbate ato m . The indi rect intera cti ons, whi ch pl ay an im por-
ta nt ro le in the chemisorpti on or in mesoscopic physi cs can be, in pri nci ple, vi sible
also in dyna m ical charge exchange pro cessesat the sol id surface, al tho ugh the pe-
ri od of ti m e duri ng whi ch the scattered ato m is near the surface is relati vely short.
Parti cularl y in the case when the adato m { meta l intera cti on is relati vely large, the
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indi rect intera cti on between m ovi ng and adsorb ed ato m s can a˜ect the charge
tra nsfer even i f the di rect tunnel ing thro ugh the adato m level is negl igibl e. In l i t-
erature there are only a few theo reti cal trea tm ents of simi lar probl ems [3, 9, 10].
Bori sov and Gauya cq [10] considered the neutra l isati on of Li À ions backscattered
from the Al (100) surf ace depending on the distance of the col l ision region from the
adsorbed Cs atom . Using the m ul ti -channel ra te equati on approach and ta ki ng into
considerati on the changes of the local electrostati c potenti al due to the adsorb ed
ato m and i ts inÛuence on the energy shift and broadening of ato m ic levels the
autho rs showed the im porta nce of the local e˜ect. The perturba ti on intro duced
by the adsorbed Cs ato m wa s seen to extend to a very large di stance. In thei r
trea tm ent the resonant charge tra nsfer was consi dered for one speciÙc system. In
our paper we are going to consider the related probl em using the model Ha mi l to -
ni an and put an emphasis on the charge tra nsfer calculated for a broad class of
parameters characteri zing the system under considerati on, e.g. the ato m vel ocity ,
the wi dth of the surface electro n band, the relati ve positi on of the Ferm i energy
level and adato m and movi ng ato m energy levels, the values of the coupl ing be-
tween al l parts of the system. The starti ng point to describe the resonant charge
tra nsfer wi ll be the ti m e-dependent Anderso n{ Newns (AN) Ha mi l to nian. Several
autho rs have revi ewed the resonant charge tra nsfer pro cessesin the fram ework
of thi s model (e.g. [1, 4]). Usual ly, the evoluti on of the scattered ato m is well
described by a classical tra jectory given by a ti me functi on z ( t ), z being the di s-
ta nce between an ato m and the m etal surf ace, so the z -dependent param eters of
the AN Ha mi lto nian can be easily converted into the ti m e-dependent ones. In our
calculati ons we renounced a wi de-band l im it appro xi mati on [1, 4] often used for
sim pl iÙed descripti on of the meta l surface electron band structure and assumed
the free-electron band structure. It wi l l be shown tha t for some v alues of parame-
ters the oscil lato ry dependence of the ionizati on pro babi l ity of the scattered atom
against the distance of the col l ision region from the adsorbed ato m is observed
| the e˜ect of the indi rect intera cti on between the adsorbed and the scattered
ato m s.

The arti cle is structured as fol lows: in Sec. 2 we wi l l discuss the theoreti cal
background whi le in Sec. 3 we wi l l show the num erical results obta ined and present
our concl usions.

2. Mo del an d app r oxi m at io n

W e describe the system of the m ovi ng ato m and a clean meta ll ic surf ace wi th
a sing le atom (adato m ) adsorb ed on it at the point R a by the ti me-dependent
Anderso n{ Newns (AN) Ha m il to nian [1, 4] (c. f. periodic AN m odel [23]):

H =
X

kk

" kk n kk + " 0 ( t ) n 0 + " a n a +
X

kk

V akk exp( i k Â R a) C +
a C kk + h :c:

+ V 0a( t ) C +
0 C a + h:c: +

X

kk

V 0 kk ( t ) C +
0 C kk + h :c: ; (1)
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where for simpl ici ty, the spin vari ablesare neglected and C a , C 0 ; C kk ( C +
a , C +

0
; C +

kk )
are the anni hi lati on (crea ti on) operato rs for the adsorb ed ato m orbi tal , the inci dent
ato m orbi ta l , and the surf ace electron state orbi ta l , respectivel y. W e pl ace the
ori gin of the coordi nate system at a point on whi ch the m ovi ng ato m is scattered
on the surface and we assume tha t the ato m m oves along the classical tra jectory
perpendicul ar to the surface.

The functi ons V 0a ( t ) ; V akk , and V0 kk ( t ) are the m atri x elements of intera cti ons
between the m ovi ng and adsorb ed ato m s, and between the adsorb ed and m ovi ng
ato m s and k-th level of the surf ace electron band, respecti vely. The incident atom
(l abelled by a numb er \ 0" ) and the adatom (l abelled by a letter \ a" ) are described
by i ts electron levels " 0 ( t ) and " a and the surface electron band is described by
" kk . The correspondi ng electron wave functi ons are denoted as j 0 i ; j ai , and j k i ,
respect ively.

W ecalculate the occupancy of the movi ng ato m in term s of the ti me-evoluti on
operato r U (t; t 0 ) (i n the intera cti on representa ti on) given by the equati on of m o-
ti on (e.g. [25, 26])

i
@U ( t; t 0 )

@t
= ~V ( t ) U (t; t 0 ) ; (2)

where

~V ( t ) = U 0 ( t; t 0 ) V ( t )U +
0

( t; t 0 ) (3)

and

U 0 ( t; t 0 ) = exp ( iH 0 ( t À t 0 )) : (4)

Here H 0 denotes the three Ùrst term s of Eq. (1 ) and V ( t ) corresponds to al l
the other term s of the Ha m ilto nian (1). Once the appro pri ate m atri x elements of
the ti me-evoluti on operato r U i j ( t; t 0 ) ² h i j U ( t; t 0 ) j j i are found, where j i i and j j i

belong to the set of basis functi ons j ai ; j 0 i ; j k i , then the occupancy of the m ovi ng
and adsorb ed ato m s can be given as fol lows (c. f. [26]):

n 0 ( t ) = n 0 ( t 0 ) j U 0 0 ( t; t 0 ) j
2 + n a( t 0 ) j U 0a( t; t 0 ) j

2 +
X

kk

n kk ( t 0 ) j U 0 kk ( t; t 0 ) j
2 ; (5)

n a ( t ) = n 0 ( t 0 ) j U a0 ( t; t 0 ) j
2 + n a( t 0 ) j U aa( t; t 0 ) j

2 +
X

kk

n kk ( t 0 ) j U akk ( t; t 0 ) j
2 : (6)

W e note tha t as we consider only one ato m orbi ta l , then n 0 ( t ) corresp onds to
the pro babi l it y of the negati ve ionizati on (the occupancy of the a£ ni ty level) i f
" 0 denotes the energy of the a£ ni ty level. In the case, where " 0 corresponds to
the ato m ioni zati on level, the probabi l i ty of the positi ve ioni zati on is given by
1 À n 0 ( t ) [2 6 ]:

It fol lows from Eqs. (5, 6) tha t the occupancy of the adato m and the m ovi ng
ato m can be sim ply calculated i f the appro pri ate m atri x elements of the evoluti on
operato r are found. Af ter some algebra i t can be shown tha t these elements sati sfy
the corresp ondi ng set of coupl ed integ ro-di ˜erenti al equati ons (c. f. [25]):
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@

@t
U 0 0 ( t; t 0 ) = À i ~V 0a( t ) U a0 ( t; t 0 )

À

Z
t

t 0

dt 0 [ ` 1 ( t; t 0 ) U 0 0 ( t 0 ; t 0 ) + ` 2 ( t; t 0) U a0( t 0; t 0 )] ; (7)

@

@t
U a0( t; t 0 ) = À i ~V ?

0a( t ) U 0 0 ( t; t 0 )

À

Z
t

t 0

dt 0 [ ` 3 ( t; t 0 ) U 0 0 ( t 0 ; t 0 ) + ` 4 ( t; t 0) U a0( t 0; t 0 )] (8)

wi th the ini ti al condi ti ons U 0 0 ( t 0 ; t 0 ) = 1 ; U a0 ( t 0 ; t 0 ) = 0 .
Simi lar equati ons were also found for U 0a ( t; t 0 ) and U aa ( t; t 0 ) wi th the ini ti al

condi ti ons U 0a( t 0 ; t 0 ) = 0 , U a a( t 0 ; t 0 ) = 1 , and the corresp ondi ng set of equati ons
for U 0 kk ( t; t 0 ) and U akk ( t; t 0 ) i s as fol lows:

@

@t
U 0 kk ( t; t 0 ) = À i ~V 0 kk ( t ) À i ~V0a ( t ) U akk ( t; t 0 )

À

Z
t

t 0

dt 0 [ ` 1 ( t; t 0 ) U 0 kk ( t 0 ; t 0 ) + ` 2 ( t; t 0) U akk ( t 0 ; t 0 )] ; (9)

@

@t
U akk ( t; t 0 ) = À i ~V akk ( t ) À i ~V ?

0a ( t ) U 0 kk ( t )

À

Z
t

t 0

dt 0 [ ` 3 ( t; t 0 ) U 0 kk ( t 0 ; t 0 ) + ` 4 ( t; t 0) U akk ( t 0 ; t 0 )] (10)

wi th the ini ti al condi ti ons U akk ( t 0 ; t 0 ) = 0 ; U 0 kk ( t 0 ; t 0 ) = 0 .
Here, the functi ons ` i ( t; t 0 ) , i = 1 ; 2 ; 3 ; 4 , are deÙned as fol lows:

` 1 ( t; t 0 ) =
X

kk

~V 0 kk ( t ) ~V ?
0 kk ( t 0 ) ; (11)

` 2 ( t; t 0 ) =
X

kk

~V akk ( t ) ~V ?
akk ( t 0 ) exp( À i k Â R a ) ; (12)

` 3 ( t; t 0 ) =
X

kk

~V akk ( t ) ~V ?
0 kk ( t 0 ) exp( i k Â R a ) ; (13)

` 4 ( t; t 0 ) =
X

kk

~V akk ( t ) ? ~V ?
0 kk ( t 0 ) ; (14)

where, accordi ng to Eq. (3) one obta ins:

~V i j ( t ) = Vi j ( t ) exp

˚

i

Z
t

t

(" i ( t 0 ) À " j ( t 0 )) dt 0

Ç

(15)

and " i corresponds to j i i .
W e assume the functi ons V 0 kk ( t ) and V 0a ( t ) in the form V 0 u 0 ( t ) and V 0au 0a ( t ) ,

respect ively, where the functi ons u 0 ( t ) and u 0a ( t ) describe the ti me-dependence of
the corresp ondi ng intera cti ons.

The f uncti ons ` i ( t; t 0 ) can be wri tten as fol lows (we assume V akk = Va and
t 0 = 0 ):
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` 1 ( t; t 0 ) = j V0 j
2 u 0 ( t ) u 0 ( t 0 ) exp

˚

i
Z t

t 0

" 0 ( t 00 ) dt 00

Ç

È

Z
1

À1

d ! exp( À i ! t )
X

kk

£( ! À " kk ) ; (16)

` 2 ( t; t 0 ) = V 0 V a u 0 ( t ) exp

˚

i
Z t

t 0

" 0 ( t 0 0) d t 0 0
À it 0 " a

Ç

È

Z
1

À1

d ! exp( À i ! t )
X

kk

£( ! À " kk ) exp (À i k Â R a) (17)

and simi lar expressions for ` 4 ( t; t 0) and ` 3 ( t; t 0) , respecti vely.
In order to pro ceed further the calcul ati ons we assume the f ree-electron en-

ergy di spersion " kk = ñh 2 k 2 =2 m for the m etal surf ace electro n energy spectrum .
Theref ore, the integ ra l app eari ng in ` 1 ( t; t 0) , the Fouri er tra nsform of the density
of states, D ( t ) , can be simpl y calcul ated and the second integ ra l in ` 2 ( t; t ) can be
rewri tten as

3

2
(ñh

2
=2 m )1 = 2 W À 3 = 2

R
W

0
d! exp ( À i ! t ) sin (

p
2 mW =ñh j R a j )

j R a j

² F ( t ) ; (18)

where W i s the bandwi dth of the surface energy spectrum D (! ) and we assume
D ( ! ) = 3

2
W À 3 = 2 ! 1 = 2 for 0 Ñ ! Ñ W and D ( ! ) = 0 elsewhere.

Fi nal ly, the functi ons ` i ( t; t 0 ) whi ch pl ay the ro le of the integ ra l kernel s in
the integ ro-di ˜erenti al equati ons (7{ 10) can be wri tten as f ollows:

` 1 ( t; t 0 ) = j V0 j
2 u 0 ( t ) u 0 ( t 0 ) exp

˚

i

Z
t

t 0

" 0 ( t 0 0) d t 0 0

Ç

D ( t À t 0 ) ; (19)

` 2 ( t; t 0 ) = V 0 V a u 0 ( t ) exp

˚

i

Z
t

t 0

" 0 ( t 0 0) d t 0 0
À i t 0 " a

Ç

F ( t À t 0 ) ; (20)

` 3 ( t; t 0 ) = V aV 0 u 0 ( t 0 ) exp

ê

À i

Z
t

0

" 0 ( t 00 ) dt 00 + i t" a

!

F ( t À t 0 ) ; (21)

` 4 ( t; t 0 ) = j V a j
2 exp ( i " a ( t À t 0 )) D ( t À t 0) : (22)

It is clear tha t the im porta nce of the charge tra nsfer channel between the m ovi ng
ato m and the m etal surface thro ugh the ti ghtl y bound adatom orbi ta l j ai should
decrease wi th the increa sing di stance between adato m and the point on the surface
at whi ch the m ovi ng atom scatters. In our set of equati ons for the m atri x elements
of the evoluti on operato r (Eqs. (7{ 10)), the inf orm ati on on the relati ve positi on
of the adato m and the m ovi ng ato m is conta ined in the functi on F ( t ) and u 0a ( t ) .
For a very large j R a j (no te tha t we placed the origin of the coordi nate system at
a point on the surface where the m ovi ng ato m stri kes the surface) the inÛuence
of the adato m on the di rect charge tra nsfer between the m etal surface and the
m ovi ng ato m is almost negl igibl e and we can sim pl i fy the set of equati ons (7{ 10)
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neglecting the functi ons ` 2 ( t; t 0 ) and ` 3 ( t; t 0 ) . The resulti ng equati ons for n 0 ( t )

wi l l be the sam e as in the case of ato m scatteri ng on a clean meta l surface [24, 26].
No te, however, tha t at j R a j for whi ch u 0a( t ) i s negligibl e and the di rect

charge tra nsfer between the adato m and the m ovi ng ato m can be ignored, the
functi ons ` 2 ( t; t 0 ) and ` 3 ( t; t 0 ) cannot be neglected and there is sti l l possibi l i ty
tha t the adatom can a˜ect the charge tra nsfer between the m ovi ng ato m and the
m etal surface.

3. R esul t s an d d iscu ssio n

W e discuss the charge tra nsfer between the m ovi ng ato m and the metal sur-
face wi th the adsorb ed adato m as a functi on of the di stance between the adato m
and the point of the surface at whi ch the m ovi ng atom is scattered. W e assume
the tra jectory of the m ovi ng ato m perpendi cular to the surface. The vel ocity of
the ato m is assumed to be in the range of v = 0 : 1 À 0 : 0 2 a.u. and is constant on
the way to wards the surf ace, as wel l as, on the outg oing tra jectory . W e calcul ate
the charge local ized on the m ovi ng ato m accordi ng to Eq. (5) and the requi red
m atri x elements U i j ( t; t 0 ) are obta ined solvi ng Eqs. (7{ 10) and the corresp ond-
ing set of equati ons for U 0a( t; t 0 ) and U aa( t; t 0 ) (not displayed here). In order to
solve these equati ons, the expl icit form s f or the ti m e-dependence, or equivalentl y,
the z -dependence of the hybri di zati on matri x elements V 0a (z ) ; V 0 kk ( z ) and the
z -dependence of the ato mic energy level are requi red. In the l i tera ture vari ous
form s of the z -dependence for V 0 kk ( z ) have been expl ored | exp onenti al , Gaus-
sian, nodal or others. The exponenti al form com monl y used represents fai rl y well
the true hopping integ ra l and should be su£ cient for our m odel calcul ati ons. So,
we characteri ze V0 kk ( t ) thro ugh the coll ision ti m e t c , or the intera cti on range Ñ 1

(the col l ision ti m e can be estimated as Ñ1 =v , where Ñ 1 i s the intera cti on range and
v i s the vel ocity of the m ovi ng ato m [27, 28]):

V 0kk ( t ) = V 0 exp( Àj t j = t c ) = V 0 exp( À z =Ñ1 ) : (23)

For num erical calcul ati ons we adopt the value Ñ 1 ' 2 : 5 a.u. estim ated in [28].
W e adopt also the sam e distance dependence for the hoppi ng integ ral between the
m ovi ng and adsorb ed ato ms wi th Ñ 2 ' 2 : 5 a.u. Ho wever, i t is kno wn tha t such
appro xi m atio n for the hoppi ng integ ra l works su£ cientl y wel l far away from the
surf ace and is overesti m ated at distances close to the surface. Theref ore, we have
repeated som e of our calculati ons wi th the hoppi ng integ ra l dam ped or increased
in the region 0 < z < 2 (i n com parison wi th the exp onenti al appro xi mati on). As
a resul t, we did not Ùnd any qual i ta ti ve di ˜erences in the results obta ined. As for
the matri x element Vakk (i t shoul d be ti m e-independent) we assume the sudden
swi tchi ng on of the intera cti ons between the adato m and the m etal surf ace and
ta ke i t in the f orm V akk ( t ) = V a u ( t ) , where u ( t ) = 0 for t < 0 and u (t ) = 1 for t > 0 .

It is well known tha t, as an ato m appro aches the surface, the ato m ioniza-
ti on and a£ ni ty levels are shi fted by the im age potenti al and broadened into a
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resonance of som e wi dth (e.g. [12]). The situa ti on is more compl ex for the case of
ato m s scattered on adato ms adsorbed on the surface. The studi es of the intera c-
ti on of ato m ic levels wi th an adato m adsorb ed on a meta l surface perform ed in the
\ on top" geom etry show tha t the ato mic levels and thei r wi dths are very clearl y
di sturb ed in compari son wi th the results obta ined for clean surfaces (e.g. [9, 29]).
These disturba nces should disappear relati vel y fast wi th the increasing di stance
of the col l ision region from the adsorbed ato m . In our model calcul ati ons we as-
sumed two f orm s for " 0 ( z ) . The Ùrst one corresponds to " 0 = const. As the m ain
aim of thi s work is to investigate the dependence of the charge tra nsfer (between
a movi ng ato m and the system consi sting of the adsorbed atom and the m etal
surf ace) on the di stance of the col l ision region from the adsorb ed adato m , then
such sim pl iÙed assumpti on about " 0 shoul d be j usti Ùed. In the second step we used
the form ula for " 0 ( z ) consi stent wi th the im age potenti al correcti on. As expected,
thi s impro ved expression for " 0 ( z ) did not change the results qual i ta ti v ely. Our
inv estigati ons consi der the negati ve ionized atom appro achi ng the surface, so the
occupati on numb er n 0 corresponds to the pro babi li t y of the negati ve ionizati on
of the m ovi ng ato m. In al l Ùgures we present resul ts for the asympto ti c values of
the occupati on numb ers n 0 (i .e. far away from the surf ace) obta ined for parti cul ar
parameters given below in the text.

In Fi g: 1 we show the occupati on numb ers n 0 versus the di stance of the
col lision region from the adsorb ed ato m for " a equal to the Ferm i energy " F and
for the three constant values of " 0 ; " 0 = " F À 0:5 eV ; " 0 = " F and " 0 = " F + 0:5 eV,
curves A, B, and C, respect ively. The results for d = 0 corresp ond to \ on to p"
geometry , i .e. for the col l isional ion appro achi ng the surf ace along the surface
norm al tha t goes thro ugh an adsorbed ato m . The bro ad free-electro n energy band
wi th " F = 11:7 eV was assumed to m imi c the alum ini um surface. The parts a, b,
and c corresp ond to the ion veloci ti es v = 0 :1 , 0.05, and 0.02 (i n ato mic uni ts)
and V 0 = V 0a = V a = 1 eV. General ly, the occupati on num bers n 0 are smal ler for
smal l d in compari son wi th the results for larger d whi ch are essential ly equivalent
to tho se obta ined for scatteri ng on a clean surface. In al l cases the exi stence of
the e£ cient addi ti onal channel for electro n tunnel ing between the col l isional atom
and the metal surface (V 0a 6= 0 ) resul ts in decreasing the charge local ized on the
scattered atom s. However, we observe som e interesti ng interf erence e˜ects whi ch
m ani f est in decreasing n 0 for the col lision region lyi ng in a distance from the
adsorbed ato m . Thi s e˜ect is clearl y vi sible for smal ler velociti es v = 0 :0 5 and 0.02,
curves A and B. General ly, n 0 ( d = 0 ) are smal ler in com pari son wi th n 0 ( d = 3 0 )

for al l velociti esand local izati ons of " 0 and " a . The largest charge tra nsfer from the
m ovi ng ato m to the m etal surface is observed for smal l ato m vel ociti es for the case
of " 0 local ized above the Ferm i energy, curve C in Fi g. 1c. W e note also for smal ler
ato m vel ociti es a weak dependence of the occupati on num bers calcul ated for d = 0

(i n compari son wi th the resul ts obta ined for d = 2 0 ) on the ato m vel ociti es and
relati ve local izati on of " 0 and " a .
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Fig. 1. Occupation numb ers n 0 as the functions of a distance betw een the adatom

and the p oint of the surf ace at w hich the mo ving atom stri kes the surf ace, d, for the

atom velo cities v = 0 :1 , 0.05, and 0.02 a.u., the parts (a), (b), and (c), respectively . T he

curves A , B, and C corresp ond to " a À " 0 5 eV , 0 eV , and eV , resp ectively .

T he surf ace energy band is describ ed w ithin the free-electron mo del w ith the bandw idth

eV and the Fermi energy 11 7 eV . The atomic energy level is assumed

to be indep endent of the distance from the surf ace and , V 1 eV .

In Fi g. 2 we show the 1 dependence of the occupati on numb ers calcu-
lated for di ˜erent di stances between a col l ision region and an adsorb ed ato m . It
is well known tha t the resonant charge tra nsfer between two ato m s (i n the absence
of the surf ace) leads to periodic in 1 oscil lati ons of the appropri ate occupati on
num bers, being the relati ve velocity of ato m s [25, 30]. Here we have extended
the inv estigati ons of the 1 dependence of the occupati on numb ers to the case
of ato ms scattered on the adsorb ed ato m ( = 0 ) or in som e di stance from i t. For
a relati vely large distance of the coll ision place from the adsorbed ato m ( = 1 0

or = 1 5 a.u. ) we do not observe any oscil lati ons independentl y of the strength of
the hybri dizati on consta nts , and relati ve positi on of the energy levels

, and . The oscil lati ons app ear for scatteri ng ( = 0 )
and disapp ear su£ ci entl y fast wi th the increasing di stance . Note tha t, surpri s-
ing ly, the greater oscillati ons (at = 0 ) are observed wi th the weaker coupl ing
constants , , and (Fi g. 2b).

As the constant values f or ioni zati on or a£ ni ty levels of the m ovi ng atom
are rather a crude appro xi mati on we perf orm ed also calcul ati ons of the ato m occu-
pati on num bers for the case of the a£ ni ty level shifted downw ard as the atom
appro aches the surface. In Fi g. 3 we pl ot the dependence of the occupati on num -
bers for two valuesof the hybri dizati on constants equal to 1 eV (thi ck l ines) and
2 eV (thi n lines) for = 0 1 a.u. (Fi g. 3a) and = 0 0 5 a.u. (Fi g. 3b). The curves
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Fig. 2. Occupation numb ers n 0 as the functions of 1 =v for V 0 = V a = V 0a = 2 eV

(part (a)) and for V 1 eV (parts (b) and (c)). Particular curves corresp ond

to di˜erent distances . T he curves denoted by corresp ond to the atom{adatom

colli sion case. T he parts (a) and (b) describ e the case and the part (c) cor-

resp onds to 0 5 eV .

Fig. 3. O ccupation numb ers as the functions of a distance for the atom velo cities

a.u. and 0.05 a. u., parts (a) and (b), resp ectively . T he thick (thin) lines corre-

spond to V 1 eV ( V 2 eV ). T he atom electron a£nity

energy level is assumed to vary along the distance from the surf ace to account the im-

age interaction. T he curves A , B, and C corresp ond to the work function eV ,

2. 82 eV , and 3.5 eV , and 0 5 eV , and 0 7 eV , respectively .
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A, B, and C correspond to the wo rk functi on equal to 2.32 eV, 2.82 eV, and 3.5 eV,
respect ively, and for correspondi ng " a we assumed the values " F À 0:5 eV, " F and
" F + 0:7 eV. For thi s choice of param eters, the curve C corresp onds to the a£ ni ty
level " 0 ( z ) l yi ng enti rely above the Ferm i energy for al l values of z . The curves B
describe the situa ti on when " 0 (0 ) = " F , i .e. the a£ ni ty level is shifted downw ard
up to the Fermi energy at z = 0 and the curves A corresp ond to the case for whi ch
" 0 ( z ) is going down below the Ferm i energy at som e di stance from the surf ace. In
al l cases we assumed " a = " 0 (0) . These three cases A, B, C can be compared, to
som e extent, wi th the correspondi ng arrangement of " F ; " a and the constant val -
ues of " 0 studi ed in Fi g. 1. Essenti al ly, at greater vel ocity the overal l d -dependence
of the occupati on numb ers n 0 i s very sim i lar to tha t given in Fi g. 1. W e observe
greater charge tra nsfer to the surface at smal l va lues of d tha n for scatteri ng on
a cl ean surface. At smal ler veloci ty (Fi g. 3b) we sti l l observe considerably smal ler
occupanci es n 0 f or the case of a movi ng ato m col l iding wi th an adsorbed atom
or stri ki ng the surface at smal l distances from i t. For stronger coupl ing between
the m ovi ng ato m , adato m and metal surface (thi n curves), the enhanced charge
tra nsfer from the m ovi ng ato m to the surf ace is observed, al tho ugh for smal l d

thi s tra nsfer is greater tha n for the cl ean surface.
In the next step we are going to discuss the ro le of the indi rect intera cti on

between the adsorb ed ato m and the m ovi ng ato m col l iding wi th the surf ace at
som e distance from the adsorb ed ato m on the charge tra nsfer between the m ovi ng
ato m and the surface. Thi s indi rect intera cti on comes from the perturba ti on of
the conducti on electron states by the adsorb ed atom . Thi s perturba ti on inÛuences
the electron tunnel ing pro cess between the m ovi ng ato m and the surf ace even at
the di stances d at whi ch the di rect electron hoppi ng between the adsorb ed and
the movi ng ato m s is negl igible (c. f. [15, 16]). Fi gure 4 presents the compari son
of the occupati on num bers n 0 calcula ted for the nonzero intera cti ons V 0 ; V a, and
V 0a (thi ck l ines) and for the vani shing di rect hoppi ng V 0a (thi n l ines). We observe
relati vel y large oscil lati ons at smal l d (thi n curves) whi ch are due to the indi rect
intera cti on between the m ovi ng and the adsorb ed ato m s. If we incl ude the di rect
hoppi ng (thi ck curves) then at smal l distances the inÛuence of the indi rect inter-
acti on is sti l l vi sibl e a ltho ugh strong interf erence e˜ects wi th di rect hoppi ng are
present. For the greater distance d , only the osci llati ons due to the indi rect inter-
acti on survi ve and the inÛuence of the di rect hoppi ng between the adsorb ed and
the scattere d ato ms is negl igibl e. These oscil lati ons di sapp ear wi th the increasing d

and Ùnal ly n 0 achi evesthe value correspondi ng to scatteri ng on cl ean surfaces. The
inÛuence of the indi rect intera cti on grows up wi th the increasing coupl ing between
the adsorb ed ato m and the surface and is greater for lower ato m vel ociti es.

Fi gure 5 shows the oscil lati ons of n 0 for di ˜erent va lues of the coupl ing
constants V 0 , V a , V 0a for di ˜erent bandwi dths W of the free-electro n meta l sur-
face energy bands. No te the dependence of n 0 on the energy bandwi dth W . The
substra te band structure enters into the theo ry m ainl y thro ugh the ti me-Fouri er
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Fig. 4. Occupation numb ers n 0 as the functions of a distance d for di˜erent atom

velo cities v = 0 :1 a.u. , 0. 05 a.u. , and 0. 02 a.u. | curves A , B, and C , resp ectively . T he

thick curves corresp ond to V 0a = V 0 1 eV and thin curves are calculated for the

vanishing direct coupling betw een the adatom and the mo ving atom, . Other

parameters as in Fig. 1 and .

Fig. 5. Occupation numb ers as the functions of for 1 eV (part (a))

and for 2 eV (part (b)) for di˜erent values of the bandw idth . T he

Fermi energy is put in the middle of the free-electron energy band and ,

a.u.

tra nsform of the density of sta tes. It seems, however, tha t the wi dth of the energy
band (and not the detai led structure of the energy di spersion functi on) is most
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im porta nt characteri sti c whi ch inÛuences the charge tra nsfer i f only the adato m 's
and m ovi ng ato m' s ioni sati on and a£ ni ty levels are not to o close to the band edges
or peaks of the density of states (e.g. [31]). Theref ore in our paper we consider
rather the inÛuence of the substra te energy bandwi dth tha n the speciÙc energy
di spersion functi on. For relati vely smal l intera cti ons between al l parts of the con-
sidered system we observe a clear dependence of asympto ti c values of n 0 on the
wi dth W (Fi g. 5a), wherea s thi s dependence di sapp ears for larger intera cti ons
(Fi g. 5b). On the basis of the results given in Fi gs. 4, 5 and others we have per-
form ed, one can concl ude tha t the period of oscil lati ons does not depend on the
ato m vel ocit y but i t decreases wi th the increasing bandwi dth W . The am pl i tude
of these oscil lati ons hardl y depends on the bandwi dth W but increa ses wi th the
decreasing atom velocity .

4 . Co n cl usion s

The m ain purp ose of thi s work wa s to establ ish a relati onshi p between the
Ùnal charge state of the ato m col lidi ng wi th the m etal surface in a given di stance
from the adsorb ed ato m and the indi rect intera cti on between tho se ato ms due
to the coupl ing wi th m etal electrons. Unf ortuna tel y, up to now the exp erimenta l
studi es onl y partl y have addressed the probl em simi lar to the one considered here.
Na mely, the experim ent is able to m easure the charge state of ato ms backscattered
from the adsorbed ato ms or from the substra te ato m s (e.g. [9]). However, unl ike the
STM where one can observe the ato m ic geom etri cal structure on surf acesand probe
the surface electroni c structure near the speciÙc impuri t y ato m , the exp eriments
on charge exchange in the ato m { surface intera cti ons give us, e.g. the ionizati on
pro babi l ity of the scattered ato m averaged over al l conÙgurati ons of adato ms on
the surface and not f or one speciÙc surf ace atom placed in a deÙnite distance f rom
the adsorbed ato m. So, our model inv estigati ons have to be considered at present
ti m e as the Ùrst step to the theo reti cal descripti on of the inÛuence of indi rect
intera cti ons on charge tra nsfer in scatteri ng ato m s on m etal surfaces.

In concl usions, we have presented a study of the resonant charge tra nsfer
between a m etal surf ace and an ato m scattered on i t in a distance from the ad-
sorb ed im puri t y atom . W e have used the ti me-dependent Anderso n{ Newns m odel
to gether wi th the evoluti on operato r appro ach. The calcul ati ons of the negati ve
ioni zati on probabi l i t y of the scattered ato m were perform ed assuming constant, as
wel l as, z -dependent (due to the im age potenti al correcti ons) ato m electron a£ n-
i ty level, for di ˜erent values of the intera cti ons between al l parts of the considered
system and di ˜erent velociti es of the m ovi ng ato m . We assumed the exponenti al
form for the hybri dizati on matri x elements V0 kk ( z ) and a free-electro n band struc-
ture of the metal surface. Our main conclusi ons can be summ arized as fol lows: the
indi rect intera cti on between the ato ms scattered on the surface and the adsorb ed
im puri ty ato ms resul ts in oscil lati ons of the occupati on numb ers n 0 of the ato ms
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reÛected from the surface. The occupati on numb ers n 0 oscillate against the di s-
ta nce between the adsorbed im puri ty ato m and the col l ision point of a m ovi ng
ato m wi th the m etal surface. These oscillati ons are especial ly cl earl y vi sible for
larger coupl ings between ato m s and the surface as well as for smal l ato m veloci -
ti es. They appear independentl y of the functi onal dependence of the atom electron
energy level on the distance of thi s ato m to the surf ace. The am pl itude of these
oscil lati ons hardl y depends on the bandwi dth W of the meta l energy band and
the period decreases wi th the increasing W .
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