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Th e i oni zation p robabi li t y of an ato m scattere d from an atom adsorb ed

on a metal surf ace has been studied theoreticall y within the time -dep endent
A nderson { N ewns model . T he e˜ect of the metal electron density of states ,
the band Ùllin g as w ell as the relati ve p osition of the scattered atom and
adsorb ed atom energy levels ha ve b een considered and the comparison w ith

the results obtained for clean surf aces has been made.

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

1. I n t rod uct io n

The intera cti on of ions/ atom s wi th surfaces is a very com plex pro cessinvol v-
ing m any fundam enta l phenomena. One of such phenom ena is a resonant charge
tra nsfer (RCT) between the inci dent ions/ ato ms and the ta rget surfaces. Thi s
pro cess, when energeti cal ly possible, is very e£ cient and plays a key ro le in many
dyna mical pro cessesat surfaces. Understa ndi ng thi s typi cal ly nonadi abati c phe-
nom enon is of pri m ary im porta nce for descripti on of m any surface analysis tech-
ni ques, e.g. secondary- ion m ass spectroscopy or ion-scatteri ng spectroscopy.

The resonance tunnel ing of electro ns between the movi ng ato m and the con-
ducti on band of the m etal surface is conven ti onal ly described in the fram ework
of the ti me-dependent Anderso n{ Newns (AN) model (e.g. [1{ 13]). The moti on of
the ion/ ato m centre of m ass can be trea ted classical ly, hence, the positi on de-
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pendence of the parameters, such as the energy of ionizati on and a£ ni ty levels,
the hybri di zati on matri x elements and the Coul omb intra ato mi c electro n{ electro n
intera cti on can be easily converted into an expl icit ti m e dependence. The cal-
cul ati ons of the electro n occupancy of ato m s backscattered from clean surf aces
have been the subj ect of m any papers. Mo st of them were m ade wi thi n the wi de
band l imi t (W BL) (see, e.g. [7{ 9]). Som e calcul ati ons for ato m occupancy were
m ade for one-dim ensional models (e.g. [4, 14, 15]), f or cluster ti ght- bindi ng m od-
els (e.g. [16]) or wi thi n the appro ach enabl ing us to intro duce the realisti c surface
electronic structure (e.g. [1, 2, 17, 18]).

The AN m odel wa s able to give a reasonabl e expl anati on of m any experim en-
ta l Ùndi ngs, e.g. characteri sti c oscil lati on of the neutra l izati on probabi l i ty of He+

ions scattere d on meta l surfaces as a functi on of the inverse ion vel ocity [19], the
exp onenti al dependence upon the inverse ato m vel ocity of the fracti on of Li À ions
after scatteri ng on a caesiated W (110) surface [20], the work functi on dependence
of the pro babi l i ti es of charged states (of being negati ve, positi ve or neutra l ) of Na
ato m s scattered on m etal surfaces and increasing the probabi l i ty of being neutra l
wi th the increasing tem perature of sodium ato ms scattered on W (100) [21, 22].

The above-mentio ned studi es considered clean and perf ect surfaces. The
m ain surface characteri sti c was the work functi on and the surface electron density
of sta tes. Ho wever, real istic surf acesha ve adsorb ed impuri ti es whi ch can inÛuence
the charge tra nsfer between the surface and the scattered ato m. There is much ex-
perim ental evi dence tha t the presence of addi ti onal ato m s at the surf ace changes
the process of the charge tra nsfer [23], e.g. the presence of oxygen at the surface
of sil icon strongly enhances the ioni zati on probabi l i ty of sputtered Si ato ms [16].
Usual ly, the adsorpti on of ato m s on meta l surfaces resul ts in a change of the work
functi on. The wo rk functi on is a global characteri sti cs of the surface and enters the
theo reti cal expressions for electro n occupancy of the sputtered or scattered ato m s.
Ho wever, in order to describe many exp erimenta l Ùndings on the ionizati on or
neutra l izati on of ato m s scattered (sputtered) on m any conta mina ted surf aces one
has to ta ke into considerati on also the changes of the surf ace local electro stati c
potenti al around the adsorbed ato m.

For exam ple, the analysis of the data on low-energy positi ve alkal i ions scat-
tered on caesiated Cu (100) surface indi cates tha t the area around the adsorbate
wi l l produce a higher neutra l izati on probabi l i t y of scattered ions tha n other places
of the surface [24].

The resonant charge tra nsfer pro cess is sensiti ve to whether the ato m is
backscattered from the adsorbate or from the substra te ato ms, e.g. seethe resul ts of
W eare and Yarm o˜ [25] on the Li + backscatteri ng f rom the alkali -covered Al (100)
surf ace. The experim ent is able to measure the electron occupancy of ato ms scat-
tered from a given adsorb ed ato m or from a substra te ato m [e.g. 23, 25{ 27]. There-
fore, i t should be interesti ng to investigate theoreti cal ly the charge tra nsfer pro cess
between the scattered ato m and the surf ace thro ugh the adsorb ed ato m . In such
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a case, the electro n can be (addi ti onal ly) tra nsferred from the scatteri ng ato m to
the surface energy band thro ugh the adsorb ed ato m level. The Ùnal charge state
of the backscattered ato m should depend on the relati ve positi on of both atom
energy levels and Ferm i level, as wel l as on the energy of the scattered ato m and
on the strength of intera cti on between adato m, surf ace and scattered ato m . In thi s
paper such inv estigati ons are reported and can be regarded as general izati on of
the results of Tsuneyuki et al . [1] and of Tsuk ada [2] to the case of scatteri ng on
ato m s adsorb ed on m etal surf aces and the resul ts of Ka to et al . [6] to the sur-
faces wi th the arbi tra ry electroni c structure. In addi ti on, in order to com e cl oser
to real istic situa ti ons of ato ms scatteri ng on tra nsiti on meta l substra tes, we have
perform ed calcul ati ons of the negati ve ioni zati on pro babi l i ty of ato m s scattered
on clean substra tes described by the electronic band structure consi sting of over-
lapp ed bro ad and narro w energy bands for various conÙgura ti ons of these bands
and other param eters describing thi s pro cess.

The paper is arra nged as fol lows. In Sec. 2 the m odel is deÙned. In Sec. 3 the
calculati ons of the electron occupancy of the scattered ato m are given and Sec. 4
incl udes num erical results and conclusi ons. We use the ato mic uni ts (a.u.) of the
ti m e, distance, and veloci ty .

2 . Mo del of t h e elect r on t r an sfer

W e use the independent parti cle m odel described by the Ham i lto ni an (f or
sim pl icit y, the spin vari ables are neglected)

H =
X

kk

" k c +
kk ckk + " A c +

A cA + " 0 c+
0

c0 +
X

kk

( V kk A c +
kk c A + h :c: )

+ V A 0( t )c +
A c0 + h :c: ; (1)

where c ; c 0 ; c kk ( c+ ; c +
0

; c+
kk ) are the electron anni hi lati on (crea ti on) operato rs for

the adsorb ed ato m orbi ta l , the inci dent ato m orbi ta l and the surf ace electron
state orbi ta l . The functi ons V ( t ) and V kk are the m atri x elements of intera cti on
between the m ovi ng (scattered) and adsorbed ato m s and between the adsorb ed
ato m and k -th level of the surf ace electro n band, respectively. The inci dent atom
(l abelled by a num ber \ 0" ) and the adsorb ed atom (l abelled by a letter \ A" )
are characteri zed by i ts valence electro n levels " and " 0 ( t ) and the di spersion
of the surface electro n band is described by " k . The corresp ondi ng electro n wa ve
functi ons are denoted as 0 ; a , and , respecti vely. The centre of m ass of the
ato m is assumed to move along the classical tra j ectory perpendicul ar to the surface.

In our model we ignore the R CT between the incident ato m and the substra te
conducti on band. Thi s assumpti on can be justi Ùed as we consider a head-on col l i -
sion wi th a single adsorb ed atom , i .e. the coll isional ato m appro aches the surface
along the surf ace norm al above an adsorb ed atom . As the charge tra nsfer between
the substra te surface and m ovi ng atom is a stro ngly z -dependi ng functi on, z being
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the di stance between the surf ace and scattered atom , then, in the Ùrst appro xi m a-
ti on, thi s channel of the charge tra nsfer can be ignored. The behavi our of " 0 wi th
the distance z from the surface is uncerta in in detai l tho ugh it is exp ected to be
equal to the a£ ni ty level at large z , and to decrease as z decreasesdue to image ef-
fects. For sim pl icit y, we assume " 0 as independent of z and only the z -dependence
of VA 0 ( z ) i s ta ken into consi derati on, as thi s dependence should inÛuence m ore
the resul ti ng charge tra nsfer tha n the changes of " 0 . In l i tera ture various form s of
the z -dependence of the hoppi ng integ ra l between ato ms and surface have been
expl ored | exp onenti al , Gaussian, nodal or other form s [2, 7, 14, 21]. Usual ly used
the exp onenti al form fai rl y wel l represents the true hoppi ng integ ra l in the region
far away from the surf ace but i t is overesti m ated at distances cl ose to the surface.
For tha t reason it is conveni ent to choose a Gaussian f orm for z -dependence of
V A 0 (z ) accordi ng to a sim ple form ul a [9] altho ugh other param etri zati on are also
used

V A 0( z ) = VA 0 f ( z ) = V A 0 exp( À Ûz 2 =2 ) ; (2)

where Û characteri zesthe intera cti on rangeand usually is of the order of 0.05 a.u. À 2 .
In addi ti on, we have also perform ed the calcul ati ons f or wi dely accepted in m odel
calculati ons the sudden switchi ng on of the intera cti ons and ta ke f ( t ) = 0 for t ç 0

and f ( t ) = 1 for t > 0 . In thi s case the resul ts are independent of the atom vel ocity .
No te tha t because the m oti on of the ato m 's centre of m ass is trea ted classical ly
and the energy and tra j ectory of the atom are kno wn, the positi on dependence
of the parameters can be easily tra nsform ed to t -dependence. As for the matri x
element V A kk (i t should be ti me-independent) we adopt the sudden switchi ng on of
the intera cti ons and ta ke i t in the fol lowi ng form :

V A kk (z ) = V kk u (t ) ; (3)

where u ( t ) = 0 for t 0 and u ( t ) = 1 for t > 0 .

T o calculate the occupancy of the m ovi ng ato m we use the ti m e-evoluti on
operato r techni que [1{ 5]. The dyna mical evoluti on of the system can be described
in term s of the ti me-evoluti on operator U ( t; t 0 ) (i n the intera cti on representati on)
given by the equati on of moti on [2]

i
@

@t
U ( t; t 0 ) = ~V ( t ) U ( t; t 0 ) (4)

and the condi ti on U ( t 0 ; t 0 ) = 1 , where

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

( t; t 0 ) ; (5)

U 0 ( t; t 0 ) = exp[ iH 0 ( t t 0 ) ] : (6)

Here, H 0 denotes the three Ùrst term s of (1) and V ( t ) i s deÙned as
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V ( t ) =
X

kk

( V kk A c +

kk
c A + h :c: ) + VA 0 ( t ) c+

A
c0 + h :c: (7)

Once the ti me-evoluti on operato r U i s found, the occupancy of the movi ng atom
can be wri tten as [1{ 3]

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

X

kk

n kk ( t 0 ) U 0 kk ( t; t 0 ) 2 : (8)

Here n 0 ( t 0 ) ; n ( t 0 ) , and n kk ( t 0 ) are the ini ti al occupancies of m ovi ng ato m, ad-
sorb ed ato m , and substra te energy levels, respect ively. U i j ( t; t 0 ) i U (t; t 0 ) j

denote the appropri ate matri x elements of the ti me-evoluti on operato r U , where
i and j belong to the set of basis functi on a ; 0 ; and the identi t y I =

a a + 0 0 +
P

kk was assumed.
T o com plete the speciÙcati ons of our m odel we note tha t i f we consider

onl y one ato m orbi ta l , then n 0 ( t ) (Eq. (8)) corresp onds to the probabi l i t y of the
negati ve ioni zati on (the occupancy of the a£ ni ty level) i f " 0 denotes the energy of
the a£ ni ty level. In the other case, i f " 0 describes the ato m ionizati on level, then
the probabi l i ty of the positi ve ionizati on is given by 1 n 0 ( t ) [5].

It fo llows from Eq. (8) tha t in order to calcul ate the occupancy of the m ovi ng
ato m backscattered from the ato m adsorb ed on the surf ace we have to kno w
the functi ons U 0 0 ( t; t 0 ) ; U 0 a ( t; t 0 ) , and U 0 kk ( t; t 0 ) . Sim i larly in scatteri ng on cl ean
surf aces, one can construct the sets of integro-di ˜erenti al equati ons for each of
these functi ons. In order to calculate U 0 0 ( t; t 0 ) one should solve the fol lowing set
of equati ons:

@

@t
U 0 0 ( t; t 0 ) = i ~V 0 a ( t ) U a 0 ( t; t 0 ) ; (9)

@

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

X

qq

~V a qq ( t ) U qq0 ( t; t 0 ) ; (10)

@

@t
U qq 0 ( t; t 0 ) = i ~Vqqa ( t ) U a 0 ( t; t 0 ) ; (11)

where the matri x elements ~V i j ( t ) can be wri tten as

~V i j ( t ) = Vi j ( t ) exp[ i (" i " j ) t ] (12)

and " i corresponds to i .
Simi larl y, for U 0 a ( t; t 0 ) and U 0 kk ( t; t 0 ) the corresp ondi ng sets of equati ons

should be solved:

@

@t
U 0 a ( t; t 0 ) = i ~V 0 a ( t ) U aa ( t; t 0 ) ; (13)

@

@t
U aa ( t; t 0 ) = i ~Va 0 ( t ) U 0 a ( t; t 0 ) i

X

qq

~V a qq ( t )U qq a ( t; t 0 ) ; (14)
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@

@t
U qq a ( t; t 0 ) = À i ~V qqa ( t ) U aa ( t; t 0 ) (15)

and

@

@t
U 0 qq ( t; t 0 ) = À i ~V0 a ( t ) U a qq ( t; t 0 ) ; (16)

@

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

X

qq

~V a qq( t ) U qqkk ( t; t 0 ) ; (17)

@

@t
U kk qq ( t; t 0 ) = À i ~V kk a ( t ) U a qq ( t; t 0 ) ; (18)

respectively.
Let us calcul ate the functi on U 0 0 ( t; t 0 ) . W ri ti ng the form al soluti ons of Eqs. (9)

and (11) in the fol lowing form :

U 0 0 ( t; t 0 ) = 1 À i

Z
t

t 0

d t 0 ~V 0 a ( t 0 ) U a 0 ( t 0 ; t 0 ) ; (19)

U qq 0 ( t; t 0 ) = i
Z t

t

dt 0 ~Vqqa ( t 0 ) U a 0 ( t 0 ; t 0 ) ; (20)

and inserti ng them into Eq. (10) we obta in the integ ro-di ˜erenti al equati on for
U a 0 ( t; t 0 )

@U a 0 ( t; t 0 )

@t
= iV ( t ) exp [ i (" " 0 )( t t 0 )]

Z
t

t

d t 0 ¢ ( t; t 0) U a 0 ( t 0 ; t 0 ) ; (21)

where

¢ ( t; t 0 ) = V ( t ) V 0 ( t 0 ) exp [ i ( " " 0 )( t t 0 )]

+ V kk
2 ( t t 0 ) exp [ i" ( t t 0 )] : (22)

Solvi ng Eq. (21) (num erical ly) and inserti ng i ts soluti ons into Eq. (19) give the
requi red f uncti on U 0 0 ( t; t 0 ).

Simi larl y,

U 0 a ( t; t 0 ) =

Z t

t

dt 0 ~V0 a ( t 0) U aa ( t 0 ; t 0 ) ; (23)

U 0 kk ( t; t 0 ) =

Z
t

t

d t 0 ~V 0 a ( t 0 ) U a kk ( t 0 ; t 0 ) ; (24)

where U aa ( t; t 0 ) and U a kk ( t; t 0 ) sati sfy the integ ro-di ˜erenti al equati ons

@

@t
U aa ( t; t 0 ) =

Z t

t

dt 0 ¢ (t; t 0 ) U aa ( t 0 ; t 0 ) ; (25)
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@

@t
U a kk ( t; t 0 ) = À iV A kk ( t ) exp [ i ( " a À " kk )( t À t 0 )]

À

Z t

t 0

dt 0 ¢ ( t; t 0 ) U a kk ( t 0 ; t 0 ) ; (26)

respectively.
For arbi tra ry substra te density of sta tes and V A 0 ( t ) Eqs. (16), (24), and (26)

have to be solved by num erical m etho ds and the resul ts of such calcul ati ons wi l l
be presented in the next secti on. W e wa nt to stress tha t the model described by
Eq. (1), i f appro pri atel y m odiÙed, al lows us to obta in resul ts for resonant charge
exchange between two atom s in the absence of the surface. In such a case one
should obta in probabi l i ty tha t an electron ini ti al ly pl aced, say, on one ato m has
hopped on the second ato m, in the form of oscil lati ons peri odic in 1 =v , v being
the relati ve velocity of ato m s [19]. Thi s process can be described by Eqs. (13, 14)
(no w ~V a qq ( t ) = 0 )

@U aa ( t; t 0 )

@t
= i ~V a 0 ( t ) U 0 a ( t; t 0 ) ; (27)

@U 0 a ( t; t 0 )

@t
= i ~V 0 a ( t ) U aa ( t; t 0 ) : (28).

If we assume tha t at t = the electron was local ized on \ A" -ato m and the \ 0"
ato m orbi ta l was empty , then the wa nted probabi l i ty reads

n 0 ( t ) = n ( ) U 0 a ( t; ) 2 : (29)

Af ter form al integ rati on of Eq. (28) and inserti on its soluti on into Eq. (27) we
have

@U aa ( t; )

@t
= i ~V0 a ( t )

Z t

À 1

d t 0 ~V a 0 ( t 0 ) U aa ( t 0 ; ) ; (30)

whi ch, for exampl e, for " = " = 0 has the soluti on

U aa ( t; ) = cos
Z t

À1

dt 0 V 0 ( t 0 ) : (31)

At the sam e ti m e we obta in

U 0 a ( t; ) = i sin
Z t

1

d t 0V 0 ( t 0 ) (32)

and for n ( ) we have a well -know n soluti on

n ( ) = sin
Z

1

À1

dt 0 V 0 ( t 0 ) : (33)
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If one assumes a consta nt ato m veloci ty and the ti m e-dependent perturba ti on
V 0 A ( t ) , whi ch is m ostly di ˜erent from zero onl y for smal l di stances between col-
l iding ato m s, then the resul t (33) can be easily tra nsform ed to the form showi ng
oscil lati ons in 1 =v .

At the end of thi s section we consider the occupancy of the m ovi ng atom
scattered on a cl ean surf ace whi ch is characteri zed by two overl appi ng energy
bands. In thi s manner we want to mimic the real situa ti ons of scatteri ng on tra n-
siti on metal substra tes wi th one bro ad s -electron and narro w d -electron energy
bands. In thi s case n 0 ( t ) can be wri tten in the fol lowi ng form :

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

X

kk s

n kk s
( t 0 ) j U 0 kk s

( t; t 0 ) j
2

+
X

kk d

n kk ( t 0 ) U 0 kk ( t; t 0 ) 2 ; (34)

where ; correspond to s- and d -electro n energy bands, respecti vely. The
integ ro-di ˜erenti al equati ons for requi red functi ons U 0 0 ( t; t 0 ) ; U 0 kk ( t; t 0 ), and
U 0 kk ( t; t 0 ) are sim i lar to Eqs. (25, 26) and read

@U 0 0 ( t; t 0 )

@t
=

Z
d t ( t; t ) U 0 0 ( t ; t 0 ) ; (35)

@U 0 kk ( t; t 0 )

@t
= iV0 kk ( t ) exp

£

i
Z

d t [ " 0 ( t ) " kk ]

¥

Z
dt ( t; t )U 0 kk ( t ; t 0 ) ; (36)

where

( t; t ) =
X

=

( t t ) V kk 0 ( t ) V 0 kk ( t ) exp

ç

i

Z

d t " 0 ( t )

Ñ

; (37)

and ( t ) i s the Fouri er tra nsform of the i -th energy band density of sta tes, =

; and we assumed tha t the ato m energy level " 0 can be changed along the
m ovi ng ato m tra jectory. Note tha t the inf orm atio n about the s - and d -electron
energy bands enters to al l functi ons U 0 0 ( t; t 0 ) ; U 0 kk ( t; t 0 ) , and U 0 kk ( t; t 0 ) thro ugh
the integ ra l kernel ( t; t ) .

In the Ùrst step we discuss the probl em of the charge tra nsfer between m ov-
ing ato m and substra te surface in the presence of the adsorb ed ato m . In the second
step, at the end of thi s secti on, we consi der the scatteri ng of ato ms on m odel tra n-
siti on meta l surf aces. Equati ons (21), (25), and (26) have been solved f or vari ous
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choicesof the surface densi ty of sta tes, " 0 ; " A ; " F and ato m velociti es.The requi red
functi ons U 0 0 ( t; t 0 ) ; U 0 a ( t; t 0 ) , and U 0 kk ( t; t 0 ) (see Eq. (8)) ha ve been obta ined ac-
cordi ng to the form ulae(19), (23), and (24), respectivel y, and n 0 ( t ) wa s calcul ated
accordi ng to Eq. (8). As m enti oned in Sec. 2 we assume the z -dependence of the
hybri di zati on matri x element V A 0( z ) in the Gaussian form wi th Û = 0 : 0 5 a.u.À 2

(cf . [9, 11, 12, 16]). Our calcul ati ons are perform ed beyond the wi de band l im it
for exactl y deÙned surface density of sta tes. We use the broad and narro w rect-
angular density of sta tes D ( E ) wi th the bandwi dth D = 1 0 eV and D = 3 eV,
respect ively. In addi ti on, in order to inv estigate the inÛuence of the shape of D ( E )

on the charge tra nsfer we have perform ed the calculati ons of n 0 f or the density of
sta tes being the superpositi on of tw o rectangular parts | the bro ad part (10 eV)
and the narro w part (1 eV) pl aced at the centre of the broad energy band.

For a better insight into the pro blem we have also perform ed calcul ati ons for
cl ean surfaces (wi tho ut adsorb ed ato m s) and m ade the compari son wi th the resul ts
obta ined for scatteri ng of ato ms on ato m adsorb ed on the surface. W e assume
tha t the ini ti al ato m ic occupancy n 0 (0 ) corresp onds to negati vel y ioni zed ato ms
and investigate the ti me evoluti on of the probabi l i ty of the negati ve ionizati on
n 0 ( t ) duri ng the scatteri ng on the ato m adsorb ed on the surf ace. In other words,
we calculate the probabi l i ty tha t the negati ve ionizati on (the charge state of the
m ovi ng ato m ) is not changed in com parison wi th i ts ini ti al sta te.

The Ùnal charge state of the scattered ato m depends also on the positi on
of the Fermi energy in the band, on the adsorb ed atom energy level " A , and the
m ovi ng ato m level " 0 , and on the ato m vel ocity . In our calcul ati ons we pl ace the
Ferm i energy in di ˜erent parts of the energy band | in the lower part " F = À D =4 ,
in the m iddl e one of the band " = 0, and in the higher part of the band " = D =4

(D being the bandwi dth and the centre of the band serves as the energy reference
point). As for the " we ta ke i t equal to the Fermi energy. In the case of the
hal f-Ùlled energy band (" = 0) thi s situa ti on corresp onds to the neutra l sta te of
the chemisorbed ato m and f or " = D =4 the adato m is onl y slightl y charged.
So, our choice of " corresponds to neutra l or nearl y neutra l adato m case and,
we hope, m ay be justi Ùed for our m odel calculati ons. As for " 0 , we ta ke i t as a
constant and calcul ate the charge state of the m ovi ng atom for di ˜erent valuesof " 0

extendi ng from botto m to to p of the energy band. Fi nal ly, we have perf orm ed the
calculati ons for two ato m vel ociti es, v = 0 : 0 2 a.u. and v = 0 : 0 5 a.u., respectively.

Let us consider the charge tra nsfer dyna mics between the m ovi ng atom
and the surf ace wi th adsorbed adato m for the simpl e case of the empty narro w
(D = 1 eV) surface energy band and the sudden swi tchi ng on of the intera cti on
(Fi g. 1, thi n line). For com parison, we give also n 0 ( t ) for an ato m scattered on the
cl ean surface (Fi g. 1, thi ck l ine). In both casesthe overal l behavi our is sim ilar, we
observe the periodic ti m e oscil lati ons, but f or scatteri ng on the surf ace wi th an ad-
sorb ed ato m the ampl itude of these oscil lati ons is smal ler and the charge local ized
on the m ovi ng atom never fal ls down to zero values. Sim il ar oscil lati ng behavi our
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Fig. 1. T ime dep endence of probabil ity of negative ionizatio n of the atom scattered

on a clean surf ace (thic k line ) and on a surf ace with adsorb ed atom (thin line). T he

surf ace is describ ed by an empty narrow , D = 1 eV , rectangular density of states, the

energy level of the mo ving atom " 0 = 0 and that of the adatom " A = 0 and the sudden

sw itching on (at time t = 0 ) of interactions is assumed.

of n 0 t for the case of scatteri ng on clean surf aces was consi dered and expl ained
by Tsuneyuki et al. in R ef. [1]. The reduced am pl i tude of the charge osci llati ons is
observed in scatteri ng on the adato m as in thi s case the electron can be tra nsferred
from the ato m to the surf ace (and vi ce versa) onl y thro ugh the adato m level. No te,
however, tha t the averaged (i n ti m e) values of n 0 t are equal in both cases. Mo re
compl icated dyna m icsof the charge tra nsfer is obta ined from the calcul ati ons wi th
realisti c z -dependenci es of the m atri x elements V . In Fi g. 2 we present n 0 z for
the case of scatteri ng on clean (pa nel a ) and adsorb ed (pa nel b) surfaces. Here the
hybri di zati on m atri x elements are ta ken in the form V z V exp Ûz 2 =

wi th V 0 eV and Û : a.u. 2 . The surface is characteri sed, as in Fi g. 1,
by the empty narrow (D eV) electro n energy band and " 0 " 0, and the
ato m vel ocity v equals 0.05 a.u. As the ato m m oves to wards the surf ace, the inter-
acti on between i t and surface increases and the charge oscil lati ons also increa se.
The maxi mal am pl itudes of these oscil la ti ons are observed near the surface. Af ter
col lision, on the way outwa rd the surface because of the decreasing V z the
charge exchange is smal ler and n 0 z i s stabi l ised around the value achi eved at
som e di stances from the surface.

Let us note tha t the m inim al values of n 0 z on the way to ward and out-
wa rd the clean surface are equal to zero as in the consta nt hybri dizati on m a-
tri x elements case. A very di ˜erent picture of the charge tra nsfer dyna mics is
present for the case of ato m scattered on the adato m | Fi g. 2b. Simi larl y to
Fi g. 1b, n 0 z does not atta in zero v alues al tho ugh oscil lates wi th m axim al am -
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Fig. 2. The same as in Fig. 1 but for z -dep endent atom{adatom interactions for atom

velo city v = 0: 05 a.u. T he panel a ( b) corresp onds to scattering on a clean (w ith adsorb ed

atom) surf ace. T he negative z values corresp ond to the atom mo ving tow ards the surf ace.

pl i tude at the surface. No te tha t unexp ectedly at the Ùrst sight, the asym pto ti c
value n 0 ( ) i s m uch smal ler tha n thi s one for the clean surf ace case. Because
of the im peded tra nsfer of electro ns between the m ovi ng ato m and the surface,
one shoul d expect smal ler values of n 0 ( ) in the clean surf ace case. Ho wever,
thi s is not the case as the asympto ti c value n 0 ( ) depends on the atom vel ocity
and m ost of the charge tra nsfer occurs in a relati vel y small range of di stances
from the surf ace. The results shown in Fi g. 3 conÙrm thi s conclusi on. In thi s

Fig. 3. T he same as in Fig. 2 for , 0.075, and 0.025 a.u. , panels , and ,

resp ectively . The thick (thin) lines corresp ond to scattering on a clean (w ith adsorb ed

atom) surf ace.
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Ùgure we present n 0 ( z ) f or di ˜erent vel ociti es f or scatteri ng on the clean surf aces
(thi ck l ines) and on the adato m (thi n l ines).

In Fi gs. 4 and 5 we present the charge tra nsfer dyna mics for the sudden
swi tchi ng on of the constant V A 0 and for z -dependent V A 0( z ) , respect ively, for
cl ean surf aces (surf aces wi th adsorbed ato m ) | panels a (panels b). The resul ts
are obta ined for empty surf ace energy bands and for three typ es(m enti oned earl ier)
of the density of sta tes. The sim plest case for discussion is the one in Fi g. 4a. For
a broad energy band the electron charge is relati vely fast tra nsferred to the surface
and n 0 ( 1 ) i s equal to zero (curve B ). At a smal ler wi dth of the energy band n 0 ( t )

sti l l relati vel y fast is fal ling down at the beginni ng but oscil lates wi th the constant
nonzero am pl i tude for t ! 1 (curve A ). Such behavi our was obta ined in Ref. [1].
It becom es evi dent tha t f or the surf ace characteri sed by the density of sta tes wi th
som e resonance-l ike structure n 0 ( t ) exhi bi ts som e features belonging to broad,
structurel ess, as well as, to narro w, resonance-l ike density of sta tes (curve C ). In
thi s case the ionizati on pro babi li ty n 0 ( t ) oscil lates as for narrow density of states
(co mpare Fi g. 1, thi ck line) and simul taneousl y decreases as for broad density of
sta tes. The case of the chargetra nsfer thro ugh the adatom adsorbed on the surface
described by di ˜erent density of sta tes is shown in Fi g. 4b. Thi s picture now is
m ore com pl icated but sti l l i t is possible to di scuss i t in term of the charge tra nsfer
dyna mics f or broad and narro w energy bands.

Fig. 4. T ime dependence of probabil i ty of negative ionizatio n of the atom scattered on

a clean surf ace (panel a ) and on a surf ace with adsorb ed atom (panel b) for a sudden

sw itching on of the interactions. The curves A ( B corresp ond to the empty narrow ,

eV (broad, eV ) rectangular density of states and the curves corresp ond

to the broad, eV , rectangular density of states w ith an additiona l, narrow

structure in the centre of the band.
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In Fi gs. 5, 6 we present the results for n 0 ( 1 ) as a functi on of the positi on of
" 0 relati ve to the band centre. Fi gure 5 shows the results for clean surf ace and Fi g. 6
for the surf ace wi th adsorbed ato m s.Curves A ( B ) correspond to the Ferm i energy
local ised below (above) the band centre, " F = À D =4 (" F = D =4 ) . The thi ck (thi n)
l ines denote the resul ts obta ined for the ato m vel ocity v = 0 : 0 2 ( v = 0 :0 5 ) a.u. The
panels a , b , and c correspond to di ˜erent (m enti oned earl ier) densiti es of states.

Let us di scussÙrstl y the case of the clean surf ace | Fi g. 5. For low Ùll ing of
the surface band (" F = À D =4 , curves A ) we observe a signiÙcant decrease of the
negati ve ionizati on probabi l i ty , closeto zero valuesat lower veloci ti es, if the level " 0

m oves up from " F to wards the band centre. As " 0 m oves farther to the upp er band
l im it, n 0 ( 1 ) increasesand the scattered ato m becom es m ore and m ore negati vel y
ioni zed. Thi s picture is vali d also for greater bandÙl lings, " F = D =4 , curves B .
The expl anati on of such behavi our of n 0 ( 1 ) i s ra ther sim ple. Probabi l i ty of the
negati ve ionizati on decreases (the charge is tra nsferred from the m ovi ng ato m to
the surface) i f the energy level " 0 i s in resonance wi th empty states of the surface
energy band. For " 0 l yi ng close to the upp er band l imi t the pro babi l it y of the
negati ve ioni zati on grows as the num ber of empty surface states becomes smal ler.
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Mo re rapidl y decreasing values of n 0 ( 1 ) for the case of a broad surface energy
band (compare curves A in panels a and b in Fi g. 5) tha n for a narro w band can be
expl ained as fol lows. The electron tra nsferred from the movi ng ato m to a point on
the surface escapes from thi s point wi thi n a Ùnite l i feti me inversely pro porti onal to
the bandwi dth. Then, for a wi de band probabi l i t y tha t the electron com es back to
the m ovi ng ato m is m uch smal ler tha n f or a narro w band (cf . [1]). Thi s pi cture is
val id for small, as wel l as, for greater ato m vel ociti es. In the caseof density of states
wi th som eresonance-like addi ti onal structure at the band centre we observe a clear
response of the charge tra nsfer mechanism to such electronic characteri sti cs of the
surf ace. Thi s response is consistent wi th our earl ier considerati ons | probabi l i ty
of the negati ve ionizati on decreases (the chargeis tra nsferred from the negati ve ion
to the substra te) for " 0 being in resonance wi th the enhanced part of the density of
accessible empty electro n states of the substra te. No te also tha t the ato m vel ocity
is m uch m ore im porta nt in thi s case tha n f or structure lessdensity of sta tes.

Let us com pare these resul ts wi th tho se obta ined for movi ng ato ms scattered
on the surface wi th adsorb ed ato m s ( " A = " F ) (Fi g. 6). The panels a , b, c in Fi g. 6
correspond to the same condi ti ons as in Fi g. 5 wi th one excepti on | now the
addi ti onal ato m is adsorb ed on the surface and the movi ng ato m is scattered back
from thi s ato m. It is interesti ng tha t there are no qual i ta ti ve di ˜erences between
the results obta ined for the narro w energy band | com pare Fi g. 5a and Fi g. 6a.
The essential di ˜erences are vi sible for broad density of states and " F local ized
in the lower part of the band | compare curves A in Fi g. 5b and Fi g. 6b. No w

Fig. 6. T he same as in Fig. 5 but for mo ving atom scattered on the surf ace w ith

adsorb ed atom for " A being equal to the Fermi energy .
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the pro babi l it y of the negati ve ioni zati on is almost the sam e as for the cl ean
surf aces case only for " 0 to be near " A and " F . For " 0 m ovi ng away from " A (and
from " F ), the charge tra nsfer between the movi ng ato m and the surface is m ore
and more im peded (Fi g. 6b, curves A ). Such behavi our can be easily understo od,
as the charge tra nsfer can be real ized only thro ugh the adsorb ed ato m level and
the probabi l i ty of such process is strongly dam ped wi th the increasing di ˜erence
between " 0 and " A . For tha t reason, there are no essential quali ta ti ve di ˜erences
between the curves B in Fi g. 5b and 6b obta ined for " F l yi ng in the upp er part of
the band ( " F = D =4 ). Simi larl y, for non-consta nt densi ty of sta tes (Fi g. 6c) but for
" F local ized in the upp er part of the band (curves B ), the behavi our of probabi l i ty
of negati ve ioni zati on of the m ovi ng ato m vs. " 0 does not di ˜er qual i ta ti v ely f rom
the resul ts for constant surface density of sta tes (com pare curves B in Fi gs. 6b
and 6c). The onl y di ˜erence are greater mini mal values of n 0 ( 1 ) in Fi g. 6c, whi ch
is a consequence of a smal ler (i n thi s energy region) density of avai lable electron
states for tunnel ing electrons. The essential di ˜erences between resul ts showed in
Fi gs. 6b and 6c are vi sible for " F (and " A ) lyi ng in the lower part of the density
of states below i ts enhanced part. For " 0 m ovi ng from the lower parts of ( E )

up to the enhanced part of (E ) the behavi our of n 0 ( ) i s essential ly di ˜erent
from thi s one for consta nt ( E ) . No w for " 0 local ized in the energy region of the
enhanced part of the surface density of states there is a very large probabi l i ty
of electron tunnel ing from the m ovi ng ato m to the surface energy band (a deep
m inimum on curves A , Fi g. 6c). For greater " 0 local ized far away from " = "

the probabi l i t y of the negati ve ionizati on increases rapi dly as for constant ( E )

(co mpare curves A in Fi gs. 6b and 6c at hi gher values of " 0 ).
No w we are going to discuss the charge tra nsfer between the scattered atom

and the m odel tra nsiti on m etals surfaces. In Fi gs. 7, 8 we present results of the
negati ve ioni zati on probabi l i t y of ato ms scattered on a meta l surf ace described by
two overl apped energy bands of di ˜erent wi dths. W e consider recta ngular, broad
(20 eV) s -electron- l ike and narro w (5 eV) d -electro n-l ike energy bands. In such
a m anner we sim ulate the real istic situa ti ons of scatteri ng on tra nsiti on m etal
surf aces. In these meta ls there are a broad energy band due to the delocal ized
s -electro ns and a narro w energy band corresp ondi ng to the localized d -electrons.
D epending on the ki nd of m etal the narro w d -band has a di ˜erent positi on relati ve
to the Fermi energy. W e have consi dered tw o di ˜erent practi cal situa ti ons. Fi rstl y,
we assumed tha t the narrow band is local ized below " at di ˜erent di stances
from i t (and is Ùlled). Secondl y, the " crosses the narro w energy band and in
thi s case i t is only parti al ly Ùlled. W e have calcul ated the z -dependence of the
negati ve ionizati on probabi l i ty of ato m s for two ato m vel ociti es (v = 0 : 1 a.u. and
v = 0 : 0 3 a.u.) and for low (¢ = 1 : 5 eV) and high (¢ = 3 : 5 eV) work f uncti on. In
order to com e closer to real istic situa ti ons we ta ke the z -dependence of the atom
a£ ni ty level in the form " 0 ( z ) = A 1 =( z + z0 ) , where A i s the free ato m a£ ni ty
level and z 0 i s a param eter whi ch reduces the im age intera cti on at smal l distances.
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For A we ta ke 0.7 eV whi ch corresp onds to scatteri ng of the negati ve hydro gen
ions. We appro xi mate the z -dependence of V 0 kk i

( z ) by V 0 kk i
exp( À z =Ñ) , where Ñ i s

the intera cti on range (Ùtted fa irl y wel l by Ñ = 2 : 5 a.u. ) and V 0 kk i
= 2 eV.

In Fi g. 7 we show n 0 (z ) for the case of Ùlled d -bands lyi ng below " F . W e
perform ed the calcul ati ons for di ˜erent positi ons of the d -band rel ati ve to the
Ferm i energy. W e begin from the case, when the upp er l im i t of the band equals
to " F and we move down the band up to 2 eV below " F . For compari son, the
case of the surf ace characteri zed by a sing le, broad energy band is also shown (f or
a higher vel ocit y, v = 0 : 1 a.u.). For a high work functi on, panel b, the pi cture
is rather sim ple. As the ato m a£ ni ty level l ies above " F on in- and outg oing
tra jectory, then we observe a relati vel y large charge tra nsfer f rom the negati ve ion
to the surface and thi s tra nsfer hardl y depends on the positi on of the Ùlled d -band
whi ch enti rely is pl aced below the Ferm i energy. No te tha t the charge tra nsfer to
the sing le s -band only is very simi lar to results obta ined for overl app ed bands.
For a lower wo rk functi on, panel a , the dependence of the charge tra nsfer on the
d -band positi on is more clear but the physi cs of thi s tra nsfer is sim i lar. No w, for
d -band states lyi ng closer to the Ferm i energy the rate of the neutra l izati on of
the negati ve ions is m uch smal ler in compari son wi th the case of the band m oved
down from " F .

kk
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Fig. 8. T he same as in Fig. 7 but for partiall y Ùlled d -electron energy band. T he low er

limit of this band is locali sed 3. 5 eV (1. 5 eV ) b elow " F | curves A ( B ).

Let us consider now the case of parti al ly Ùlled d -bands, Fi g. 8. For the higher
wo rk functi on, panel b , the charge tra nsfer depends on the d -band Ùll ing | for
nearl y Ùlled d -bands n 0 ( 1 ) i s much greater tha n for smaller Ùllings. In the second
case the electro ns can be tra nsferred between ion and empty s- and d -bands (we
rem ember tha t " 0 (z ) > " F for al l ato m tra j ectory), whereas and in the Ùrst case
the empty d -band electron states are avai lable for ion electron onl y at the smal lest
di stance from the surface. On the other hand, for the lower work functi on (pa nel a ),
especial ly at a higher ato m vel ocity , these di ˜erences are smal l . No w for smal l, as
wel l as, for large band Ùllings n 0 ( z ) are com parabl e.

In concl usion, the e˜ect of the m etal band characteri sti cs on the resonant
charge tra nsfer in ion | adsorbed ato m col l ision was theoreti cal ly studi ed based
on the Anderso n{ Newns Ham i l to nian. We used the narrow and bro ad recta ngul ar
density of sta tes and also the density of states wi th a sharp structure inside the
band. The case of negati ve ions was considered and probabi l i t y of the negati ve ion-
izati on was calcul ated for vari ous com binatio ns of the Ferm i energy and positi ons
of the movi ng and adsorb ed ato m energy levels and f or di ˜erent ion vel ociti es.
The m ain concl usions can be summarized as fo llows:

¯ D epending on the ion velocity, the charge tra nsfer from the movi ng ion to
the substra te thro ugh the adsorb ed ato m level can be enhanced, as wel l as
damped in com pari son wi th scatteri ng on clean surfaces (Fi g. 3).

The charge tra nsfer between the m ovi ng negati ve ion and the surface is
sim i lar for clean and adsorba te-covered surf aces for narro w energy bands
(Fi gs. 5a and 6a) (i rresp ective of the Ferm i energy and local izati on of " 0

( " = " )).
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¯ For broad substra te energy bands probabi l i ty of the negati ve ionizati on of
the movi ng ato m strongly depends on the relati ve positi on of " 0 and " A .
For " F l yi ng in the lower part of the band (curve A , Fi g. 6b) and for " 0

m ovi ng from the botto m of the band appro xi matel y up to " A ( " A = " F )
pro babi l ity of the negati ve ioni zati on decreases rapidl y and then increases
as " 0 m oves up to the upp er band l im it. In thi s point there are signi Ùcant
di ˜erences in compari son wi th the clean surface case for whi ch pro babi li ty of
the negati ve ioni zati on for " 0 > " F i s sti l l smal l unti l " 0 comes nearly to the
upp er band l imi t. The above concl usions are val id for both smal l and higher
ion veloci ti es. For " F l yi ng in the upp er part of the band (com pare curves B

in Fi gs. 5b and 6b) there are no qual i ta ti ve di ˜erences between scatteri ng
on clean surfaces or on the ato m adsorb ed on the surface.

¯ In the case of scatteri ng of negati ve ions on the cl ean metal surfacescharac-
teri sed by overl appi ng broad and narro w energy bands the charge tra nsfer
hardl y depends on the positi on of the Ùlled narrow band (rel ati ve to the
Ferm i energy) for the hi gher wo rk functi on (Fi g. 7b). For the low work func-
ti on thi s dependence is m ore vi sible (Fi g. 7a). In the case of parti a lly Ùlled
narro w band the dependence of the charge tra nsfer on the band positi on rel -
ati ve to " F i s sharpl y outl ined for hi gher work functi ons (Fi g. 8b), whereas
for the low work functi on thi s dependence is lessvi sibl e (especial ly for higher
ato m veloci ti es).
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