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Abstract

Wavepacket methods have been applied to study the motion of atoms above insulator surfaces. In this approach, no

assumptions need be made about the motion, energy is conserved and the correct balance of normal and parallel

momenta can be maintained, when a non-adiabatic transfer between potential energy surfaces (PESs) occurs. Ion

formation probabilities are shown to be sensitive to the coupling between diabatic PESs, in particular, manipulation of

the coupling is required to produce a threshold. Trapping is found to be important in the results at low energies, but this

is not seen in experiment. The introduction of screening of the hole left on the surface after charge transfer eliminates

the trapping.
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1. Introduction

The charge transfer (CT) process in the scat-
tering of atoms from metal surfaces has been ex-

tensively studied during the last 20 years leading to

a good understanding of this fundamental reaction

[1–3]. Resonant electron transfer is facile because

the atom electron affinity is downshifted into res-

onance with the metal Fermi level by the image

attraction. High negative ion fractions can result,

especially for low workfunction surfaces [2]. In
alkali-halides, by contrast, the valence electrons

are tightly bound to the halide sites, leading to

narrow valence bandwidths, low electron mobili-

ties and high workfunctions [4–6]. The affinity le-

vel of the scattering atom has to decrease
substantially to become resonant with the valence

band of the crystal, and so one would expect a low

electron transfer probability. However, the oppo-

site has been observed in experiments; in grazing

incidence scattering of O, and F atoms and posi-

tive ions from alkali-halide surfaces, Winter and

co-workers [7–11] detected very high yields of

negative ions above a threshold energy dependent
on projectile species, target material and incidence

angle. Similar results have been seen in scattering

of O and F atoms from the MgO(1 0 0) surface

[12,13].

The high workfunction of an ionic solid is not,

in fact, a barrier to CT from the valence band to a

scattering atom. Rather the affinity level of the
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atom downshifts considerably as it approaches the

surface, due to the Coulomb attraction between

the negative ion and the locally positive region left

behind on the surface after electron transfer

[14,15]. This can result in crossing or close prox-

imity of the diabatic energy curves describing the
ground state (GS) (neutral atom, neutral surface)

and CT (negative ion, positive surface) configura-

tions as determined by Borisov and Sidis [14,15]

using Hartree–Fock with MNDO, and an em-

bedded cluster description of the surface. Em-

ploying methods from gas-phase dynamics [16],

they derived coupled time-dependent equations

for the amplitude in each diabatic configuration.
Thresholds for negative ion formation were ob-

tained in seemingly good agreement with experi-

ment for a range of projectiles and surfaces

[14,15,17].

In the work of Borisov and Sidis, however, the

dynamics of the projectile motion was only treated

approximately with a classical trajectory having

motions parallel to and normal to the surface de-
coupled. The time-dependence of the amplitudes of

each electronic configuration derive from this tra-

jectory. To treat the dynamics of a curve-hopping

event accurately, we should employ quantum me-

chanical methods, solving the Schr€oodinger equa-
tion to guarantee energy conservation and the

correct balance of the momentum components of

the projectile during CT. This will be especially
important in the threshold region. Semi-classical

and classical curve hopping methods have been

demonstrated to give quantitatively and even

qualitatively incorrect results in multi-dimensional

systems with strong non-adiabatic coupling [18]. In

earlier work [19], we presented results of a time-

dependent wavepacket study of the F/LiF(1 0 0)

system, with potential energy surfaces (PESs) ob-
tained from a semi-empirical valence bond (SEVB)

method. These showed an ion formation proba-

bility, Pi, of almost unity at all energies, and trap-
ping of the ions formed at low energies, both in

contradiction to experiment and other theory. In

this paper, we return to this problem to resolve the

discrepancy between our SEVB PES, wavepacket

model and other work. We consider only the ion-
formation stage and possible trapping of ions

formed. We do not include subsequent neutraliza-

tion of the ion, either by electron transfer to the

conduction band or by electron emission into the

gas-phase [20]. Ion-formation and neutralization

stages are known to occur several times over in a

typical trajectory at high energy [21].

2. Potential energy surfaces

In this work, we employ a diabatic-like de-

scription of the interaction of the fluorine projec-

tile, A, with the surface atoms. Since we only

consider the ion-formation stage, only two elec-

tronic configurations are required: the GS, F/LiF,
configuration, and the negative ion state (NIS),

F�/LiFþ, configuration. A SEVB method [22,23],

using atomic, diatomic molecule and crystal pa-

rameters, was used to generate the PESs. This

simple and flexible method gives all diagonal and

off-diagonal PES matrix elements within the same

framework. Madelung terms appear naturally, but

we have added, by hand, terms accounting for the
polarization of A and the image charge attraction

of the A�.

The GS PES, V11, obtained from the SEVB

method is a sum of pair potentials for the inter-

action between A and individual atoms comprising

the substrate. The pair potentials are obtained [22]

by fitting the SEVB energy of the GS to the known

GS energy curve of the appropriate diatom. V11 is
predominantly repulsive, more so at the halide site

than at the alkali site.

The NIS PES is obtained by assuming the CT to

be a local event from a halide anion in the surface

to A. We write

V22 ¼ U � EeaðAÞ þ V11 þ Vpc þ VdipðA�Þ þ Vim:

ð1Þ

U is the work-function of LiF, EeaðAÞ is the elec-
tron affinity of the projectile and VdipðA�Þ accounts
for the dipole induced in the negative ion by the

surface charges. Vim is the image charge attraction
between the negative ion and the surface. It is

damped when A approaches closer than 4.1 au to

the surface. Vpc represents the interaction of the
F� with all the point-charges in the surface, given
by
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Vpc ¼
X
p

1

RAXp

�
� 1

RAMp

�
� 1

RAXN
: ð2Þ

The summation is taken over all surface sites, and

so we must explicitly account for the neutral

atom at the XN site by adding a 1=R Coulomb

attraction into this locally positive region where

CT has occurred. Asymptotically, the NIS PES lies
ðU � EeaðAÞÞ above the GS. This amounts to a
separation of 8.58 eV for F/LiF (U � 12 eV [24]).
From the SEVB method the coupling between

V11 and V22 is given by

V12 ¼
1

2
SAXN V11

�
þ V22 � Vpc þ Emad

� 1
2
ðqA þ qXÞ þ

1

RAXN

�
; ð3Þ

where qA and qX are the screening constants of the
outer electrons of A and X [25]. SAXN is the overlap
integral between p-orbitals on the projectile F

atom and the CT site F atom. It is approximated

using analytic expressions [26].

For greatest flexibility of use, the PES matrix
elements are expressed as Fourier series, explicit

expressions for these are given in Ref. [19]. The

semi-empirical construction means that we should

not expect great accuracy in the energies, and so

we are free to alter the PES to explore the effects

on the dynamics. Specifically, we have reduced Vpc
to affect the energy at which V11 and V22 cross, this
simulates partial surface charges. Fig. 1 shows a
plot of the PES matrix elements as a function of

distance above the CT site when the surface

charges are reduced to 0.86 [27]. The curve-cross-

ing in this case is at �10 eV. V12 can be seen to be
large, but since SAXN is determined only approxi-
mately from the overlap of favourably aligned

orbitals on individual atoms, we also reduce V12.

3. Wavepacket dynamics

To follow the quantum motion of the projectile

atom, we have used time-dependent wavepacket

methods with fast Fourier transforms [28]. Per-

pendicular to the surface (the z-direction), we re-
moved the wavepacket from the end of the grid by

grid-cutting [29]. To ensure that the negative ion
could not return (the FFT imposes periodic

boundary conditions) and re-neutralize at the CT

site, the grid was made sufficiently long parallel to

the surface that when the ion returned, it did so at

z > 5 au where V12 is negligible. To accommodate
large grid lengths with the high parallel momenta

in grazing incidence scattering, we employed the

shift-theorem of Fourier transforms [30] to centre
the momentum parallel to the surface at a high

value, K0.
The explicit time-dependence of the wavefunc-

tion was solved using the Chebychev method [31].

We limited the dimensionality, allowing the pro-

jectile to move only in a plane perpendicular to the

surface, parallel to the incident beam direction, i.e.

the calculations were two-dimensional. The initial
wavefunction was taken to be the product of a

plane-wave state in x (running in the h010i direc-
tion) with a Gaussian-weighted plane-wave in z.
For the results presented in this paper, the parallel

momentum was chosen, for convenience, to be a

reciprocal lattice vector of the LiF surface. We

have explicitly checked that this choice does not

affect the results. The grid length in z was 23.5 au.
To force V22 to attain its asymptotic value on
this short grid, we have damped the long range
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Fig. 1. The PES matrix elements as a function of distance

above the CT halide site on the surface. V11 is almost uniformly
repulsive, while V22 reduces from an asymptotic value of 8.58 eV
due to the Coulomb attraction between the negative projectile

and the positive region left on the surface after electron trans-

fer. The horizontal lines at 0.6 and 4.1 eV indicate the normal

energy for incidence projectile energies of 2 and 14 keV re-

spectively at 1� incidence angle.
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Coulomb terms for z > 9 au. The grid length used
in x was 228.8 au (600
 600 ðx
 zÞ points) at the
lower energies, increasing to 457.2 au (720
 2080
points) at higher energies. In contrast to previous

work [19], a projectile mass of 19 amu has been

used throughout.
CT should be able to occur at every surface

halide site. However V22 and V12 are centred at the
CT site, therefore there are separate PES matrix

elements for different active sites on the surface.

Fortunately, these are related by coordinate shifts

of whole lattice vectors in x, and one V22 and one
V12 can be used for all of the NIS PESs. The GS
wavefunction, w1 is a Bloch state (because V11 is
periodic and all halide sites are equivalent).

Combining this with the symmetries of the PES

matrix elements, we find that the NIS wavefunc-

tion, wðnaÞ
2 ðxÞ, for CT at a site na is related to that

centred at the origin by

wðnaÞ
2 ðxÞ ¼ eiK0nawð0Þ

2 ðx� naÞ: ð4Þ
Therefore, if we take account of the coordinate

and phase shifts, only one w2 needs to be stored to
represent all of the NIS wavefunctions.

4. Results and discussion

The experimental results for the negative ion

fraction of F scattered from LiF(1 0 0) at a grazing
angle of 1� show a rise from �0.1 at a projectile
energy, E � 2 keV, to �0.8 at E � 8 keV [9]. In our
earlier work [19], we obtained an ion-formation

probability, Pi, of almost unity across this energy
range. Changes to all of the grid parameters and

different choices of parallel momenta (i.e. not re-

ciprocal lattice vectors of the LiF unit cell) did not

change this result. Indeed, allowing CT only at a
single halide site still results in negative ion for-

mation of �70%, although a large fraction of the
wavepacket only passes the CT site at distances

where V12 � 0. It is clear from this work [19],

however, that CT at threshold energies is strongly

localized at the active site, occurring at approxi-

mately the classical turning point for motion in z
on V11.
The strong localization of the CT suggests that

a strategy to obtain better agreement with experi-

ment and earlier theory would be to adjust the PES

in the region of the CT site. Comparison of the

original PES [19] with that of Borisov and Sidis

[15] shows that the most obvious difference is a

curve-crossing between V11 and V22 at �2 eV in our
original PES which is absent in theirs. The curve-
crossing energy can be changed by altering several

components of V22 given by Eq. (1). The most
obvious alteration is to reduce the surface charges,

i.e. reduce Vpc in Eq. (2), thereby reducing the rate
of decrease of V22 at the active site, cf. Fig. 1 which
shows the PESs for a reduction of surface charges

to 0.86. In fact, we find that the curve-crossing

energy has little effect on ion formation at the
experimental threshold energies. Even with no

crossing the results are the same at low energy.

This is not so surprising. With CT localized at the

classical turning point for z-motion at the active
halide site, it is the normal energy (i.e. p2z=2m,
where pz is the momentum component in the z-
direction and m the mass of A) that will determine
the point of CT. Incident at 1�, the normal energy
at E ¼ 2 keV is only �0.6 eV, well below the en-
ergy of the crossing point of the original PESs. It

would require E � 6:6 keV to reach this point.
Far greater differences can be obtained by al-

tering the off-diagonal PES elements V12. Multi-
plying by a ‘‘coupling strength’’ less than one

reduces the wavepacket intensity transferred to the

NIS, and thus reduces Pi as shown in Fig. 2. As can
be seen in Fig. 1, jV12j at the classical turning
points increases with E at threshold energies,

therefore the effect of reducing V12 is greater at
lower energy where there is less penetration of the

surface. Continuing to decrease V12 in this simple
fashion does eventually reduce Pi at higher energies
where it should be >0.8. This demonstrates that
the correct threshold dependence of Pi contains
information about the magnitude and the depen-

dence on distance above the surface of the non-

adiabatic coupling V12.
The negative ion once formed experiences an

image charge attraction to the surface. At the

lowest energies, this is sufficient to trap the negative

ion at the surface in our wavepacket calculations.

This can be seen in Fig. 3, which shows that the
population on the NIS state remains constant at

long times (i.e. the ions do not escape to large z
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where the wavepacket is damped). Trapping is not

observed in the experiment. While re-neutraliza-

tion could cause such projectiles to escape into the

gas-phase again, this is unlikely for F at these low

energies because it has a relatively high affinity le-

vel, making it difficult to remove the electron either

into the gas-phase or into the conduction band of

the solid, and certainly the survival probability of

F� ions scattered fromMgO is high at low energies
[12]. We have attempted to eliminate trapping by

changing the strength of the image attraction, but

this is only successful if it is reduced almost to zero.

Changes in the PES local to the CT site do not

affect the trapping.

Inspection of the wavepackets during propaga-

tion shows that following CT the ion travels almost

exactly parallel to the surface (as assumed in the
semi-classical treatment [15]), only rebounding

from the surface �40 au from the CT site. In this

part of the scattering, pz is almost unchanged, and
throughout, the corrugation of the PES is insuffi-

cient to provide much interconvertion of normal

and parallel components of momenta via diffrac-

tion at the high parallel momenta of the projectile.

Therefore if A initially has insufficient normal
momentum to escape the image attraction, it does

not gain momentum from the parallel coordinate

during scattering to enable it to escape. To do this,

the ion must climb in potential away from the CT

site in the x-direction to reach a potential higher
than the asymptotic energy difference between V11
and V22, i.e. it must climb to a potential energy of at
least 8.58 eV. Fig. 4a shows V22 as a function of x
for z values close to the point of CT on the PES of
Fig. 1. The potential is clearly not climbing rapidly

enough to reach the required value before the

wavepacket reflects from the surface. The ions

when formed move across the surface, eventually

oscillating back-and-forth in z, trapped in the im-
age attraction of the surface.

The slow rise with increasing x in Fig. 4a results
from the 1=R Coulomb attraction between the

negative ion and the positive hole left on the sur-

face at the CT site. Previously we have assumed

that this is completely unscreened by the remain-

der of the crystal, but the charge excess will of

course polarize the surrounding ions which will in

turn interact back with the hole. This can be ex-

pressed as Mott–Littleton and dielectric screening
type terms some of which have competing effects

and partially cancel [32]. Rather than attempting a

2 keV
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‘Coupling Strength’

Pi

0.0

0.5

1.0

0.0 0.5 1.0

Fig. 2. The probability of forming a negative ion as a function

of the coupling strength between the ground and NIS state

PESs at projectile energies of 2 and 14 keV for the PES shown

in Fig. 1. The coupling strength in the abscissa is simply a factor

by which V12 is multiplied to reduce the overall coupling. A
multiplier of �0.25 gives a low threshold value at 2 keV, while
still maintaining the high Pi required at 14 keV.
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Fig. 3. Wavepacket intensities on the GS and the NIS as a

function of propagation time for a projectile energy of 2 keV on

the PES of Fig. 1. Above �5000 atu, the NIS becomes popu-
lated at the expense of the GS. The reflected intensity on V11 is
damped at the end of the grid producing the second decrease in

the ground-state population above �13,000 atu. The popula-
tion on the NIS remains constant at long times, indicating

trapping of the ions at the surface.
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detailed computation of the screening, we have

chosen to explore the possible effects by replacing
the Madelung contribution to V22 by

Vpc ¼
X
p

1

RAXp

�
� 1

RAMp

�
� 1

RAXN
e�jjxj; ð5Þ

i.e. we damp the 1=R parallel to the surface to

account in an ad hoc way for screening of the hole

charge by the crystal ions between the projectile

and the hole. Detailed calculations will be required

to give a more realistic form for the dielectric

screening. Fig. 4b shows the potential obtained

with a damping constant j ¼ 0:067 corresponding
to a screening length of 15 au. We can see from the

figure that the effect of this change is to cause a

rapid rise in the potential to reach the required

asymptotic energy within 20 au.

On the screened-hole PES, the negative ions still

initially propagate parallel to the surface after they

have been formed. Now, however, when they are

20 au from the active site, they have climbed in
potential to a value greater than the asymptotic

energy required for the ion to escape, as can be

seen in Fig. 4b. The ion has used parallel mo-

mentum to climb out of the Coulomb attraction.

Since the corrugation is not strong enough to

produce substantial interconversion of normal and

parallel momenta, the parallel momentum does

not change further, and so the potential energy
gained converts into motion normal to the surface

when the A� reverses direction in the z-coordinate.

The ions now have easily enough normal energy to

escape from the image charge attraction into the
vacuum, and the probability of forming ions is

then also the probability of obtaining them in the

gas-phase. Fig. 5 shows the fraction of reflectivity

composed of negative ions for a PES including the

hole screening. The sharp threshold can be seen to

fit the experimental results well (although averag-

ing over other scattering planes would reduce the

agreement).
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Fig. 4. (a) The NIS potential as a function of distance parallel to the surface away from the CT site for three values of z close to the
classical turning point for motion in z at the CT site, for a projectile energy of 2 keV. The lower curve is for z ¼ 3:65 au, the middle for
z ¼ 3:5 au and the top curve is for z ¼ 3:35 au. Peaks occur every 7.62 au when the ion is above a surface halide site. The fine line at
8.58 eV indicates the energy required for the ion to be able to escape into the gas-phase. (b) Same as (a), but including screening of the

hole lateral to the surface. The potential now reaches the required asymptotic level to permit escape of the ions into the gas-phase.
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Fig. 5. Negative ion fractions (probability of scattering as a

negative ion) as a function of projectile energy for a PES in-

cluding screening of the surface hole. The coupling function, V12
has been reduced far from the surface to produce a threshold in

good agreement with the experimental results shown as dots

(the faint line is a guide to the eye). Including averaging over

different scattering planes would increase the threshold energy

[19].
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5. Conclusions

We have constructed a quatum mechanical

wavepacket model to describe the negative ion

formation in grazing incidence scattering of F at-
oms from the LiF(1 0 0) surface. The model treats

CT to all surface halide sites on an equivalent

footing, and the quantum treatment ensures en-

ergy conservation and the correct balance of nor-

mal and parallel momentum components during

propagation. The threshold behaviour of the ion

formation probability is shown to be extremely

sensitive to the magnitude and distance depen-
dence of the coupling between the PESs for the

neutral and negative ion configurations. Thresh-

olds can be achieved which match those of exper-

iment very well, but in order for the ions to escape

the surface, we have to include screening lateral to

the surface of the hole remaining after CT.
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