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The ionization probability of an atom scattered from an atom adsorbed
on a metal surface has been studied theoretically within the time-dependent
Anderson—Newns model. The effect of the metal electron density of states,
the band filling as well as the relative position of the scattered atom and
adsorbed atom energy levels have been considered and the comparison with
the results obtained for clean surfaces has been made.

PACS numbers: 79.20.—m, 82.65.4r, 34.70.+e

1. Introduction

The interaction of ions/atoms with surfaces is a very complex process involv-
ing many fundamental phenomena. One of such phenomena is a resonant charge
transfer (RCT) between the incident ions/atoms and the target surfaces. This
process, when energetically possible, is very efficient and plays a key role in many
dynamical processes at surfaces. Understanding this typically nonadiabatic phe-
nomenon is of primary importance for description of many surface analysis tech-
niques, e.g. secondary-ion mass spectroscopy or ion-scattering spectroscopy.

The resonance tunneling of electrons between the moving atom and the con-
duction band of the metal surface is conventionally described in the framework
of the time-dependent Anderson-Newns (AN) model (e.g. [1-13]). The motion of
the ion/atom centre of mass can be treated classically, hence, the position de-
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pendence of the parameters, such as the energy of ionization and affinity levels,
the hybridization matrix elements and the Coulomb intraatomic electron—electron
interaction can be easily converted into an explicit time dependence. The cal-
culations of the electron occupancy of atoms backscattered from clean surfaces
have been the subject of many papers. Most of them were made within the wide
band limit (WBL) (see, e.g. [T-9]). Some calculations for atom occupancy were
made for one-dimensional models (e.g. [4, 14, 15]), for cluster tight-binding mod-
els (e.g. [16]) or within the approach enabling us to introduce the realistic surface
electronic structure (e.g. [1, 2, 17, 18]).

The AN model was able to give a reasonable explanation of many experimen-
tal findings, e.g. characteristic oscillation of the neutralization probability of Het
ions scattered on metal surfaces as a function of the inverse ion velocity [19], the
exponential dependence upon the inverse atom velocity of the fraction of Li~ ions
after scattering on a caesiated W(110) surface [20], the work function dependence
of the probabilities of charged states (of being negative, positive or neutral) of Na
atoms scattered on metal surfaces and increasing the probability of being neutral
with the increasing temperature of sodium atoms scattered on W(100) [21, 22].

The above-mentioned studies considered clean and perfect surfaces. The
main surface characteristic was the work function and the surface electron density
of states. However, realistic surfaces have adsorbed impurities which can influence
the charge transfer between the surface and the scattered atom. There is much ex-
perimental evidence that the presence of additional atoms at the surface changes
the process of the charge transfer [23], e.g. the presence of oxygen at the surface
of silicon strongly enhances the ionization probability of sputtered Si atoms [16].
Usually, the adsorption of atoms on metal surfaces results in a change of the work
function. The work function is a global characteristics of the surface and enters the
theoretical expressions for electron occupancy of the sputtered or scattered atoms.
However, in order to describe many experimental findings on the ionization or
neutralization of atoms scattered (sputtered) on many contaminated surfaces one
has to take into consideration also the changes of the surface local electrostatic
potential around the adsorbed atom.

For example, the analysis of the data on low-energy positive alkali ions scat-
tered on caesiated Cu (100) surface indicates that the area around the adsorbate
will produce a higher neutralization probability of scattered ions than other places
of the surface [24].

The resonant charge transfer process is sensitive to whether the atom is
backscattered from the adsorbate or from the substrate atoms, e.g. see the results of
Weare and Yarmoff [25] on the Lit backscattering from the alkali-covered A1(100)
surface. The experiment 1s able to measure the electron occupancy of atoms scat-
tered from a given adsorbed atom or from a substrate atom [e.g. 23, 25-27]. There-
fore, it should be interesting to investigate theoretically the charge transfer process
between the scattered atom and the surface through the adsorbed atom. In such
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a case, the electron can be (additionally) transferred from the scattering atom to
the surface energy band through the adsorbed atom level. The final charge state
of the backscattered atom should depend on the relative position of both atom
energy levels and Fermi level, as well as on the energy of the scattered atom and
on the strength of interaction between adatom, surface and scattered atom. In this
paper such investigations are reported and can be regarded as generalization of
the results of Tsuneyuki et al. [1] and of Tsukada [2] to the case of scattering on
atoms adsorbed on metal surfaces and the results of Kato et al. [6] to the sur-
faces with the arbitrary electronic structure. In addition, in order to come closer
to realistic situations of atoms scattering on transition metal substrates, we have
performed calculations of the negative ionization probability of atoms scattered
on clean substrates described by the electronic band structure consisting of over-
lapped broad and narrow energy bands for various configurations of these bands
and other parameters describing this process.

The paper is arranged as follows. In Sec. 2 the model is defined. In Sec. 3 the
calculations of the electron occupancy of the scattered atom are given and Sec. 4
includes numerical results and conclusions. We use the atomic units (a.u.) of the
time, distance, and velocity.

2. Model of the electron transfer

We use the independent particle model described by the Hamiltonian (for
simplicity, the spin variables are neglected)

H= ZEkC;Ck + EACZCA + EQCS_CO + Z(VkAc;';cA +h.c.)
k k
+Vao(t)eteo + hec., (1)

where ca,co, cx(c},ct, i) are the electron annihilation (creation) operators for

the adsorbed atom orbital, the incident atom orbital and the surface electron
state orbital. The functions Vao(¢) and Via are the matrix elements of interaction
between the moving (scattered) and adsorbed atoms and between the adsorbed
atom and k-th level of the surface electron band, respectively. The incident atom
(labelled by a number “0”) and the adsorbed atom (labelled by a letter “A”)
are characterized by its valence electron levels €4 and ¢¢(¢) and the dispersion
of the surface electron band is described by ¢;. The corresponding electron wave
functions are denoted as |0), |a), and |k), respectively. The centre of mass of the
atom 1is assumed to move along the classical trajectory perpendicular to the surface.

In our model we ignore the RCT between the incident atom and the substrate
conduction band. This assumption can be justified as we consider a head-on colli-
sion with a single adsorbed atom, 1.e. the collisional atom approaches the surface
along the surface normal above an adsorbed atom. As the charge transfer between
the substrate surface and moving atom is a strongly z-depending function, z being
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the distance between the surface and scattered atom, then, in the first approxima-
tion, this channel of the charge transfer can be ignored. The behaviour of g9 with
the distance z from the surface 1s uncertain in detail though it is expected to be
equal to the affinity level at large z, and to decrease as z decreases due to image ef-
fects. For simplicity, we assume g as independent of z and only the z-dependence
of Vao(z) is taken into consideration, as this dependence should influence more
the resulting charge transfer than the changes of . In literature various forms of
the z-dependence of the hopping integral between atoms and surface have been
explored — exponential, Gaussian, nodal or other forms [2, 7, 14, 21]. Usually used
the exponential form fairly well represents the true hopping integral in the region
far away from the surface but it is overestimated at distances close to the surface.
For that reason it is convenient to choose a Gaussian form for z-dependence of
Vao(z) according to a simple formula [9] although other parametrization are also
used

Vao(z) = Vaof(z) = Vaoexp(—72?/2), (2)

where v characterizes the interaction range and usually is of the order of 0.05 a.u.=2.

In addition, we have also performed the calculations for widely accepted in model
calculations the sudden switching on of the interactions and take f(t) = 0 fort <0
and f(¢) = 1for¢ > 0.In this case the results are independent of the atom velocity.
Note that because the motion of the atom’s centre of mass is treated classically
and the energy and trajectory of the atom are known, the position dependence
of the parameters can be easily transformed to ¢t-dependence. As for the matrix
element Vag (it should be time-independent) we adopt the sudden switching on of
the interactions and take it in the following form:

Var(2) = Vagu(l), (3)
where u(t) = 0 for t <0 and u(t) = 1 for t > 0.

3. Calculations of the charge transfer

To calculate the occupancy of the moving atom we use the time-evolution
operator technique [1-5]. The dynamical evolution of the system can be described
in terms of the time-evolution operator U(¢,%y) (in the interaction representation)
given by the equation of motion [2]

i%U(t,to) =V(t)U(t, o) (4)
and the condition U(tg,tg) = 1, where

V(t) = Up(t, 1)V () UF (t,0), (5)

Uo(t,to) = eXp[iHo(t - to)] (6)

Here, Hy denotes the three first terms of (1) and V(¢) is defined as
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V() =Y (Veacfea +hc.) 4+ Vao(t)efco + hec. (7)
E
Once the time-evolution operator U is found, the occupancy of the moving atom
can be written as [1-3]

no(t) = no(to)|[Uoo(t, to)|* + na(to)[Usa(t, to)|* + Y ne(to)lUok(t, to)*. (8)

Here ng(ty), na(to), and ng(to) are the initial occupancies of moving atom, ad-
sorbed atom, and substrate energy levels, respectively. Us;(t,to) = ((|U(¢,t0)]J)
denote the appropriate matrix elements of the time-evolution operator U, where
|©) and |j) belong to the set of basis function |a},|0), |k) and the identity I =
la)(al 4+ 10)(0] + >4 |k) (k| was assumed.

To complete the specifications of our model we note that if we consider
only one atom orbital, then ny(t) (Eq. (8)) corresponds to the probability of the
negative ionization (the occupancy of the affinity level) if ¢g denotes the energy of
the affinity level. In the other case, if ¢y describes the atom ionization level, then
the probability of the positive ionization is given by 1 — ng(¢) [5].

It follows from Eq. (8) that in order to calculate the occupancy of the moving
atom backscattered from the atom adsorbed on the surface we have to know
the functions Uyg(t,t0), Una(t,t0), and Upg(t,tp). Similarly in scattering on clean
surfaces, one can construct the sets of integro-differential equations for each of
these functions. In order to calculate Uyg(Z,tg) one should solve the following set
of equations:

0 .

ano(t,to) = —iVha(t)Uao(2, o), 9)

0 - . ~

o Vao(tt0) = =iVao () Uso(t, o) - lzq: Vag (DU go(t, 10), (10)

aqu(t,to) = —iVaa(t)Ua0(t, t0), (11)
where the matrix elements IN/ij (t) can be written as

Vij (1) = Vij (t) expli(e; — &5 )t] (12)

and ¢; corresponds to ).

Similarly, for Up,(?,t0) and Ugg(t, o) the corresponding sets of equations
should be solved:

0

EUOa(t,tO) = _if/Oa(t)Uaa(tatO)a (13)

%Uaa(t,to) = —iVao(t)Uoal(t, to) — izq: Vag (U ga(t,10), (14)
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%Uqa(t,to) = —iVya (O)Uaalt, o) (15)

and

d .
anq(t,to) = —iVoa(t)Uaq(t, o), (16)

%Uak(t,to) = —iVao(t)Uok(t, o) — izq: Vag (DU gk (1, 10), (17)

d o
Equ(t’to) = —1Viga(1)Uaq(t, to), (18)

respectively.
Let us calculate the function Ugg(t, £5). Writing the formal solutions of Egs. (9)
and (11) in the following form:

t
Uoo(t,t0) :1—1/ dt' Vo (1Y U0 (¥, t0), (19)
to
t o~
Ugo(t,t0) = —i/ dt’an(t’)Uao(t’,to), (20)
to

and inserting them into Eq. (10) we obtain the integro-differential equation for

Uao(t, to)

W#(Z’to) = —iVao(t) exp [i(ea — €0)(t — to)] — /tu dt’'¢(t, ¢ Uuo(¥', t0), (21)

where

o(t,1") = {Vao(t)Voa(t') exp [i(ea — £o)(t = 1')]

+HVar*D(t — t') exp [iea(t — )]} (22)
Solving Eq. (21) (numerically) and inserting its solutions into Eq. (19) give the
required function Uyg(2,tg).

Similarly,
1

Uga(t,t0) = —/ dt'Vou (1Y Usa (' 10), (23)
to
t o~

Uok(t,t0) = —/ dt' Voo () Uak (t', t0), (24)
to

where Ugq(t, to) and Uqg(t, to) satisfy the integro-differential equations

3
%Uw(t,to) :—/ AU (1, ) Uaa (', o), (25)
to
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%Uak(t,to) = —iVAk(t) €Xp [i(Ea — Ek)(t — to)]

1
_/ (1, 1) Ui (1 o), (26)
to

respectively.

For arbitrary substrate density of states and Vao(¢) Eqs. (16), (24), and (26)
have to be solved by numerical methods and the results of such calculations will
be presented in the next section. We want to stress that the model described by
Eq. (1), if appropriately modified, allows us to obtain results for resonant charge
exchange between two atoms in the absence of the surface. In such a case one
should obtain probability that an electron initially placed, say, on one atom has
hopped on the second atom, in the form of oscillations periodic in 1/v, v being
the relative velocity of atoms [19]. This process can be described by Egs. (13, 14)
(now f/aq(t) =0)

OUuq(t,t o

% = —iV,0()Usa(t, o), (27)

OUga(t,t -

% = —iVpa(t)Uua(t, to). (28).
If we assume that at ¢ = —oo the electron was localized on “A”-atom and the “0”

atom orbital was empty, then the wanted probability reads

no(t) = n, (=00)|Uoa(t, —o0)|*. (29)
After formal integration of Eq. (28) and insertion its solution into Eq. (27) we
have

aa ta B S17 ! ¥

w = —1V0a(t)/ dt' Vo (1) Uga (', —00), (30)

which, for example, for €4 = g = 0 has the solution
t

Uga(t,—00) = cos/ dt'Voa(t'). (31)

At the same time we obtain
t
Uga(t, —00) = —isin/ dt'Voa(t)) (32)

and for na(oo) we have a well-known solution

na(oo0) = sin? /_00 dt'Voa(t'). (33)

oQ
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If one assumes a constant atom velocity and the time-dependent perturbation
Voa(t), which is mostly different from zero only for small distances between col-
liding atoms, then the result (33) can be easily transformed to the form showing
oscillations in 1/v.

At the end of this section we consider the occupancy of the moving atom
scattered on a clean surface which is characterized by two overlapping energy
bands. In this manner we want to mimic the real situations of scattering on tran-
sition metal substrates with one broad s-electron and narrow d-electron energy
bands. In this case ng(t) can be written in the following form:

no(t) = no(to)|Uoolt, to)|* + D nk, (t0)|Uok, (¢, t0)|*

+and(t0)|U0kd(t’t0)|2’ (34)

kq
where ks, kg correspond to s- and d-electron energy bands, respectively. The
integro-differential equations for required functions Upo(t,%0), Uok. (¢,t0), and
Uk, (t,t0) are similar to Eqgs. (25, 26) and read

3
9Uoo(t,to) _ _/ 'K (t, 1) Ugo(t', o), (35)
ot to
3
%ﬁ“o) = —iVox, (t) exp {1/t dt'[eo(t') — Ek,]}
3
—/ dt'K (¢, ¥ Uk, (¥, t0), (36)
to
where
3
K(t,t)y =" Di(t — ') Vi,o(t) Vor, (') exp [l/ dt//EO(t“)] ; (37)
tl

i=s,d
and D;() is the Fourier transform of the i-th energy band density of states, k; =
ks, kg and we assumed that the atom energy level ¢y can be changed along the
moving atom trajectory. Note that the information about the s- and d-electron
energy bands enters to all functions Uyg(t,t0), Unk, (¢, t0), and Upg,(t,%0) through
the integral kernel K(¢,¢).

4. Numerical results and discussion

In the first step we discuss the problem of the charge transfer between mov-
ing atom and substrate surface in the presence of the adsorbed atom. In the second
step, at the end of this section, we consider the scattering of atoms on model tran-
sition metal surfaces. Equations (21), (25), and (26) have been solved for various
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choices of the surface density of states, £g, 4, €r and atom velocities. The required
functions Uyo(t,t0), Uoa(t,to), and Upg(t,1o) (see Eq. (8)) have been obtained ac-
cording to the formulae (19), (23), and (24), respectively, and ng(t) was calculated
according to Eq. (8). As mentioned in Sec. 2 we assume the z-dependence of the
hybridization matrix element Vag(z) in the Gaussian form with v = 0.05 a2
(cf. [9, 11, 12, 16]). Our calculations are performed beyond the wide band limit
for exactly defined surface density of states. We use the broad and narrow rect-
angular density of states D(F) with the bandwidth D = 10 eV and D = 3 €V,
respectively. In addition, in order to investigate the influence of the shape of D(E)
on the charge transfer we have performed the calculations of ny for the density of
states being the superposition of two rectangular parts — the broad part (10 eV)
and the narrow part (1 eV) placed at the centre of the broad energy band.

For a better insight into the problem we have also performed calculations for
clean surfaces (without adsorbed atoms) and made the comparison with the results
obtained for scattering of atoms on atom adsorbed on the surface. We assume
that the initial atomic occupancy ng(0) corresponds to negatively ionized atoms
and investigate the time evolution of the probability of the negative ionization
no(t) during the scattering on the atom adsorbed on the surface. In other words,
we calculate the probability that the negative ionization (the charge state of the
moving atom) is not changed in comparison with its initial state.

The final charge state of the scattered atom depends also on the position
of the Fermi energy in the band, on the adsorbed atom energy level 4, and the
moving atom level £y, and on the atom velocity. In our calculations we place the
Fermi energy in different parts of the energy band — in the lower part ep = —D/4,
in the middle one of the band er = 0, and in the higher part of the band ep = D/4
(D being the bandwidth and the centre of the band serves as the energy reference
point). As for the ¢o we take it equal to the Fermi energy. In the case of the
half-filled energy band (er = 0) this situation corresponds to the neutral state of
the chemisorbed atom and for ep = FD/4 the adatom is only slightly charged.
So, our choice of €5 corresponds to neutral or nearly neutral adatom case and,
we hope, may be justified for our model calculations. As for ¢y, we take it as a
constant and calculate the charge state of the moving atom for different values of gy
extending from bottom to top of the energy band. Finally, we have performed the
calculations for two atom velocities, v = 0.02 a.u. and v = 0.05 a.u., respectively.

Let us consider the charge transfer dynamics between the moving atom
and the surface with adsorbed adatom for the simple case of the empty narrow
(D =1 eV) surface energy band and the sudden switching on of the interaction
(Fig. 1, thin line). For comparison, we give also ng(t) for an atom scattered on the
clean surface (Fig. 1, thick line). In both cases the overall behaviour is similar, we
observe the periodic time oscillations, but for scattering on the surface with an ad-
sorbed atom the amplitude of these oscillations is smaller and the charge localized
on the moving atom never falls down to zero values. Similar oscillating behaviour
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Fig. 1. Time dependence of probability of negative ionization of the atom scattered
on a clean surface (thick line) and on a surface with adsorbed atom (thin line). The
surface is described by an empty narrow, ) = 1 eV, rectangular density of states, the
energy level of the moving atom g = 0 and that of the adatom 4 = 0 and the sudden

switching on (at time ¢ = 0) of interactions is assumed.

of ng(t) for the case of scattering on clean surfaces was considered and explained
by Tsuneyuki et al. in Ref. [1]. The reduced amplitude of the charge oscillations is
observed in scattering on the adatom as in this case the electron can be transferred
from the atom to the surface (and vice versa) only through the adatom level. Note,
however, that the averaged (in time) values of ng(t) are equal in both cases. More
complicated dynamics of the charge transfer is obtained from the calculations with
realistic z-dependencies of the matrix elements Vag. In Fig. 2 we present ng(z) for
the case of scattering on clean (panel @) and adsorbed (panel b) surfaces. Here the
hybridization matrix elements are taken in the form Vao(z) = Vapexp(—v2%/2)
with Vo = 1 eV and v = 0.05 a.u.72. The surface is characterised, as in Fig. 1,
by the empty narrow (D =1 eV) electron energy band and eg = ¢4 = 0, and the
atom velocity v equals 0.05 a.u. As the atom moves towards the surface, the inter-
action between it and surface increases and the charge oscillations also increase.
The maximal amplitudes of these oscillations are observed near the surface. After
collision, on the way outward the surface because of the decreasing Vao(z) the
charge exchange is smaller and ng(z) is stabilised around the value achieved at
some distances from the surface.

Let us note that the minimal values of ng(z) on the way toward and out-
ward the clean surface are equal to zero as in the constant hybridization ma-
trix elements case. A very different picture of the charge transfer dynamics is
present for the case of atom scattered on the adatom — Fig. 2b. Similarly to
Fig. 1b, ng(z) does not attain zero values although oscillates with maximal am-
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Fig. 2. The same as in Fig. 1 but for z-dependent atom—-adatom interactions for atom
velocity v = 0.05 a.u. The panel a (b) corresponds to scattering on a clean (with adsorbed

atom) surface. The negative z values correspond to the atom moving towards the surface.

plitude at the surface. Note that unexpectedly at the first sight, the asymptotic
value ng(00) is much smaller than this one for the clean surface case. Because
of the impeded transfer of electrons between the moving atom and the surface,
one should expect smaller values of ng(oo) in the clean surface case. However,
this is not the case as the asymptotic value ng(co) depends on the atom velocity
and most of the charge transfer occurs in a relatively small range of distances
from the surface. The results shown in Fig. 3 confirm this conclusion. In this

.§ 1.0 J
gy

_5 0.8 — -
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® 0.6 = -
o)

2

S 0.4 - -
)

S 0.2 - |
IS

S

a 0.0 | | | L

-10 0 10

z(a.u.)
Fig. 3. The same as in Fig. 2 for v = 0.1, 0.075, and 0.025 a.u., panels @, b, and c,

respectively. The thick (thin) lines correspond to scattering on a clean (with adsorbed

atom) surface.
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figure we present ng(z) for different velocities for scattering on the clean surfaces
(thick lines) and on the adatom (thin lines).

In Figs. 4 and 5 we present the charge transfer dynamics for the sudden
switching on of the constant Vao and for z-dependent Vag(z), respectively, for
clean surfaces (surfaces with adsorbed atom) — panels a (panels ). The results
are obtained for empty surface energy bands and for three types (mentioned earlier)
of the density of states. The simplest case for discussion is the one in Fig. 4a. For
a broad energy band the electron charge is relatively fast transferred to the surface
and ng(co) is equal to zero (curve B). At a smaller width of the energy band ng(?)
still relatively fast is falling down at the beginning but oscillates with the constant
nonzero amplitude for ¢ — oo (curve A). Such behaviour was obtained in Ref. [1].
It becomes evident that for the surface characterised by the density of states with
some resonance-like structure ng(?) exhibits some features belonging to broad,
structureless, as well as, to narrow, resonance-like density of states (curve C). In
this case the ionization probability ng(t) oscillates as for narrow density of states
(compare Fig. 1, thick line) and simultaneously decreases as for broad density of
states. The case of the charge transfer through the adatom adsorbed on the surface
described by different density of states is shown in Fig. 4b. This picture now is
more complicated but still it is possible to discuss it in term of the charge transfer
dynamics for broad and narrow energy bands.

a) b)

o -
o] o
|
j —
|

0.6 - B i
C

0.4 = .
A

o
[

probability of negative ionization
o
o

o

200 400 600 800 200 400 600 800
t(a.u.)

Fig. 4. Time dependence of probability of negative ionization of the atom scattered on
a clean surface (panel a) and on a surface with adsorbed atom (panel b) for a sudden
switching on of the interactions. The curves A(B) correspond to the empty narrow,
D =3 eV (broad, D = 10 V) rectangular density of states and the curves C correspond
to the broad, D = 10 eV, rectangular density of states with an additional, narrow

structure in the centre of the band.



Resonant Charge Exchange in Atom Scattering . .. 849

In Figs. b, 6 we present the results for ng(oo) as a function of the position of
eg relative to the band centre. Figure 5 shows the results for clean surface and Fig. 6
for the surface with adsorbed atoms. Curves A (B) correspond to the Fermi energy
localised below (above) the band centre, ep = —D/4 (ep = D/4). The thick (thin)
lines denote the results obtained for the atom velocity v = 0.02 (v = 0.05) a.u. The
panels a, b, and ¢ correspond to different (mentioned earlier) densities of states.

Let us discuss firstly the case of the clean surface — Fig. 5. For low filling of
the surface band (ep = —D/4, curves A) we observe a significant decrease of the
negative ionization probability, close to zero values at lower velocities, if the level g
moves up from e towards the band centre. As ¢y moves farther to the upper band
limit, ng(oo) increases and the scattered atom becomes more and more negatively
ionized. This picture is valid also for greater bandfillings, ep = D/4, curves B.
The explanation of such behaviour of ng(oco) is rather simple. Probability of the
negative ionization decreases (the charge is transferred from the moving atom to
the surface) if the energy level g is in resonance with empty states of the surface
energy band. For ¢y lying close to the upper band limit the probability of the
negative ionization grows as the number of empty surface states becomes smaller.

b) N c)

1.0

0.6

0.4

0.2

probability of negative ionization

A
A
00 L/\N ' !
-0.5 0.0 0.5 0.0 0.5 0.0 0.5 1.0
€ 0/ halfbandwidth

Fig. 5. Probability of the negative ionization vs. atom energy level g¢ for the atoms
scattered on the clean surface. The curves A (B) correspond to the Fermi energy equal
to —D/4(D/4) — D being the bandwidth and zero energy is put at the band centre.
The panel a (b) corresponds to the rectangular density of states and D = 3(10) eV and
panel ¢ to the rectangular density of states with the peak at the band centre. The thick
(thin) lines correspond to atom velocity » = 0.02 (0.05) a.u.
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More rapidly decreasing values of ng(co) for the case of a broad surface energy
band (compare curves A4 in panels a and b in Fig. 5) than for a narrow band can be
explained as follows. The electron transferred from the moving atom to a point on
the surface escapes from this point within a finite lifetime inversely proportional to
the bandwidth. Then, for a wide band probability that the electron comes back to
the moving atom is much smaller than for a narrow band (cf. [1]). This picture is
valid for small, as well as, for greater atom velocities. In the case of density of states
with some resonance-like additional structure at the band centre we observe a clear
response of the charge transfer mechanism to such electronic characteristics of the
surface. This response is consistent with our earlier considerations — probability
of the negative ionization decreases (the charge is transferred from the negative ion
to the substrate) for € being in resonance with the enhanced part of the density of
accessible empty electron states of the substrate. Note also that the atom velocity
1s much more important in this case than for structureless density of states.

Let us compare these results with those obtained for moving atoms scattered
on the surface with adsorbed atoms (¢4 = ep) (Fig. 6). The panels a, b, ¢ in Fig. 6
correspond to the same conditions as in Fig. 5 with one exception — now the
additional atom is adsorbed on the surface and the moving atom is scattered back
from this atom. It is interesting that there are no qualitative differences between
the results obtained for the narrow energy band — compare Fig. ba and Fig. 6a.
The essential differences are visible for broad density of states and ep localized
in the lower part of the band — compare curves A in Fig. bb and Fig. 6b. Now

1.0

0.8

0.6

0.2

probability of negative ionization

0.0
-0.5 0.0 0.5 0.0 0.5

€,/ halfbandwidth

Fig. 6. The same as in Fig. 5 but for moving atom scattered on the surface with

adsorbed atom for 5 being equal to the Fermi energy.



Resonant Charge Exchange in Atom Scattering . .. 851

the probability of the negative ionization is almost the same as for the clean
surfaces case only for €5 to be near o and ep. For g moving away from €5 (and
from ep), the charge transfer between the moving atom and the surface is more
and more impeded (Fig. 6b, curves A). Such behaviour can be easily understood,
as the charge transfer can be realized only through the adsorbed atom level and
the probability of such process is strongly damped with the increasing difference
between ¢y and 4. For that reason, there are no essential qualitative differences
between the curves B in Fig. bb and 6b obtained for ¢r lying in the upper part of
the band (ep = D/4). Similarly, for non-constant density of states (Fig. 6¢) but for
e localized in the upper part of the band (curves B), the behaviour of probability
of negative ionization of the moving atom vs. €y does not differ qualitatively from
the results for constant surface density of states (compare curves B in Figs. 6b
and 6¢). The only difference are greater minimal values of ng(o0) in Fig. 6¢, which
is a consequence of a smaller (in this energy region) density of available electron
states for tunneling electrons. The essential differences between results showed in
Figs. 6b and 6¢ are visible for ep (and €a) lying in the lower part of the density
of states below its enhanced part. For £y moving from the lower parts of D(FE)
up to the enhanced part of D(F) the behaviour of ng(oo) is essentially different
from this one for constant P(E). Now for gy localized in the energy region of the
enhanced part of the surface density of states there is a very large probability
of electron tunneling from the moving atom to the surface energy band (a deep
minimum on curves A, Fig. 6¢). For greater gy localized far away from ep = ca
the probability of the negative ionization increases rapidly as for constant D(FE)
(compare curves A in Figs. 6b and 6¢ at higher values of ¢g).

Now we are going to discuss the charge transfer between the scattered atom
and the model transition metals surfaces. In Figs. 7, 8 we present results of the
negative ionization probability of atoms scattered on a metal surface described by
two overlapped energy bands of different widths. We consider rectangular, broad
(20 eV) s-electron-like and narrow (5 eV) d-electron-like energy bands. In such
a manner we simulate the realistic situations of scattering on transition metal
surfaces. In these metals there are a broad energy band due to the delocalized
s-electrons and a narrow energy band corresponding to the localized d-electrons.
Depending on the kind of metal the narrow d-band has a different position relative
to the Fermi energy. We have considered two different practical situations. Firstly,
we assumed that the narrow band i1s localized below er at different distances
from it (and is filled). Secondly, the e crosses the narrow energy band and in
this case it is only partially filled. We have calculated the z-dependence of the
negative ionization probability of atoms for two atom velocities (v = 0.1 a.u. and
v = 0.03 a.u.) and for low (¢ = 1.5 eV) and high (¢ = 3.5 ¢V) work function. In
order to come closer to realistic situations we take the z-dependence of the atom
affinity level in the form eq(z) = —A—1/(2+zp), where A is the free atom affinity
level and zg 1s a parameter which reduces the image interaction at small distances.
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For A we take 0.7 eV which corresponds to scattering of the negative hydrogen
ions. We approximate the z-dependence of Vi, (2) by Vog, exp(—z/A), where A is
the interaction range (fitted fairly well by A = 2.5 a.u.) and Vog, = 2 V.

In Fig. 7 we show ng(z) for the case of filled d-bands lying below ep. We
performed the calculations for different positions of the d-band relative to the
Fermi energy. We begin from the case, when the upper limit of the band equals
to er and we move down the band up to 2 eV below ¢p. For comparison, the
case of the surface characterized by a single, broad energy band is also shown (for
a higher velocity, v = 0.1 a.u.). For a high work function, panel b, the picture
is rather simple. As the atom affinity level lies above ¢r on in- and outgoing
trajectory, then we observe a relatively large charge transfer from the negative ion
to the surface and this transfer hardly depends on the position of the filled d-band
which entirely is placed below the Fermi energy. Note that the charge transfer to
the single s-band only is very similar to results obtained for overlapped bands.
For a lower work function, panel a, the dependence of the charge transfer on the
d-band position is more clear but the physics of this transfer i1s similar. Now, for
d-band states lying closer to the Fermi energy the rate of the neutralization of
the negative ions is much smaller in comparison with the case of the band moved
down from ep.

1.0

0.8

0.6 -

0.4

0.2

probability of negative ionization

0.0 1 | 1 | 1 | 1 | 1
-10 -5 0 5 10

z(a.u.)

Fig. 7. The z-dependence of the probability of negative ionization of the atom scattered
on the clean substrate characterised by two overlapped energy bands of width 20 eV and
5 eV. The panel a (b) corresponds to the work function 1.5 eV (3.5 €V) and the thick
(thin) curves correspond to the atom velocity v = 0.1 a.u. (0.03 a.n.). Vop, = 2 eV,
A =25 au, zo =3 a.u., and A = 0.7 eV. The upper limit of the d-electron energy
band is equal to e (curves A) and is placed 2 €V below er (curves B). For comparison,

broken curves correspond to the substrate described by s-band only (v = 0.1 a.u.).
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probability of negative ionization

10 5 0 5 10 -6 -5 0 5 10
z(a.u.)

Fig. 8. The same as in Fig. 7 but for partially filled d-electron energy band. The lower
limit of this band is localised 3.5 eV (1.5 €V) below ep — curves A (B).

Let us consider now the case of partially filled d-bands, Fig. 8. For the higher
work function, panel b, the charge transfer depends on the d-band filling — for
nearly filled d-bands ng(co) is much greater than for smaller fillings. In the second
case the electrons can be transferred between ion and empty s- and d-bands (we
remember that eg(z) > e for all atom trajectory), whereas and in the first case
the empty d-band electron states are available for 1on electron only at the smallest
distance from the surface. On the other hand, for the lower work function (panel a),
especially at a higher atom velocity, these differences are small. Now for small, as
well as, for large band fillings no(z) are comparable.

In conclusion, the effect of the metal band characteristics on the resonant
charge transfer in ion — adsorbed atom collision was theoretically studied based
on the Anderson—-Newns Hamiltonian. We used the narrow and broad rectangular
density of states and also the density of states with a sharp structure inside the
band. The case of negative ions was considered and probability of the negative ion-
ization was calculated for various combinations of the Fermi energy and positions
of the moving and adsorbed atom energy levels and for different ion velocities.
The main conclusions can be summarized as follows:

e Depending on the ion velocity, the charge transfer from the moving ion to
the substrate through the adsorbed atom level can be enhanced, as well as
damped in comparison with scattering on clean surfaces (Fig. 3).

e The charge transfer between the moving negative ion and the surface is
similar for clean and adsorbate-covered surfaces for narrow energy bands
(Figs. ba and 6a) (irrespective of the Fermi energy and localization of &g
(er =¢a)).
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e For broad substrate energy bands probability of the negative ionization of
the moving atom strongly depends on the relative position of ¢y and e4.
For ep lying in the lower part of the band (curve A, Fig. 6b) and for &g
moving from the bottom of the band approximately up to €5 (ea = ef)
probability of the negative ionization decreases rapidly and then increases
as g moves up to the upper band limit. In this point there are significant
differences in comparison with the clean surface case for which probability of
the negative ionization for £9 > ¢ is still small until €y comes nearly to the
upper band limit. The above conclusions are valid for both small and higher
ion velocities. For ep lying in the upper part of the band (compare curves B
in Figs. 5b and 6b) there are no qualitative differences between scattering
on clean surfaces or on the atom adsorbed on the surface.

e In the case of scattering of negative ions on the clean metal surfaces charac-
terised by overlapping broad and narrow energy bands the charge transfer
hardly depends on the position of the filled narrow band (relative to the
Fermi energy) for the higher work function (Fig. 7b). For the low work func-
tion this dependence is more visible (Fig. 7a). In the case of partially filled
narrow band the dependence of the charge transfer on the band position rel-
ative to e is sharply outlined for higher work functions (Fig. 8b), whereas
for the low work function this dependence is less visible (especially for higher

atom velocities).
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