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Abstract

Electron capture and emission processes from insulator surfaces produced by grazing impact of fast ions are investigated under axial
incidence conditions. For crystal surfaces we develop a model based on distorted wave methods, which allows us to express the coherent
transition amplitude along the projectile path as a sum of atomic amplitudes, each one associated with a different lattice site. The method
is applied to 100 keV protons colliding with LiF surfaces. For electron transitions from a given initial crystal state, the probabilities dis-
play strong interference effects as a function of the crystal orientation. But the interference patterns disappear when these partial prob-
abilities are added to derive the total probability from the surface band.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

For grazing impact of heavy ions on crystal surfaces,
two different collision models – planar and axial – can be
considered [1]. The planar model applies to a random ori-
entation of the projectile trajectory with respect to the crys-
tal axes, while the axial one is related to ions moving along
precise strings of surface atoms. We are interested in this
last process, which is expected to reveal signatures of the
periodic structure of the solid [2–6].

Under axial scattering conditions, electronic transitions
from insulator surfaces can be seen as a collection of indi-
vidual processes from the different ionic centers of the crys-
tal lattice. The corresponding transition amplitudes must
be coherently added in order to derive the transition prob-
ability along the projectile path, which gives rise to interfer-
ence effects [7]. The present work focuses on the coherence
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phenomena associated with the electron capture and emis-
sion from insulator surfaces at intermediate and high
impact velocities. To describe both processes we extend
the use of distorted-wave methods to deal with a crystal
surface, formed by a large collection of atoms, as a target.
For electron capture we employ the eikonal impulse (EI)
approach [8], while for electron emission we use the contin-
uum-distorted-wave-eikonal-initial-state (CDW-EIS) app-
roximation [9]. Both theories include the proper projectile
and target distortions in the initial and final channels,
respectively, and have proved an effective tool to explain
experimental data for a large variety of ion–atom collisions
[8,10,11].

The proposed method is here applied to study the elec-
tron exchange and emission processes induced by grazing
scattering of fast protons from LiF(1 00) surfaces. For
axial incidence we found that the electron transition prob-
abilities from a given initial state display oscillatory pat-
terns as a function of the orientation of the projectile
trajectory. Notably, these interference structures almost
completely disappear when the partial contributions
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coming from different initial crystal states are added to
derive the total probability from the surface band.

Throughout this article, atomic units are used unless
otherwise stated.

2. Theoretical model

Let us consider a heavy projectile (P), with charge zP,
grazingly impinging on a orthorhombic crystal surface
(S). As a result of the collision, an electron (e), initially
bound to the crystal in the surface band i, ends in the final
state f. Within the impact parameter formalism, the motion
of the incident ion is classically represented, while the elec-
tronic transition is described with quantum methods. We
consider that the whole trajectory of the projectile is con-
tained in a unique plane (scattering plane), which forms a
angle a with respect to the crystal axes. The frame of refer-
ence is placed on a target nucleus belonging to the first
atomic layer, with the x̂ and ŷ versors coinciding with the
lattice axis.

For insulators, as the electrons are strongly localized
around the ionic centers of the crystal lattice, the projectile
affects mainly electrons belonging to the first atomic layer.
Then, the initial unperturbed state /i, associated with the
electron bound to the crystal surface, can be represented
by using the tight-binding method [12] as

/i � /i~kð~rÞ ¼
Xþ1

n;m¼�1
ei~k�~xnmuið~r �~xnmÞ; ð1Þ

where~r is the position vector of the active electron e and
the wave vector ~k ¼ kxx̂þ ky ŷ � ðkx; kyÞ has been intro-
duced to identify a given crystal state within the surface
band i, with ~k belonging to the first Brillouin zone. In
Eq. (1), the function ui represents a Wannier function
and the position vectors

~xnm ¼ ndxx̂þ mdyŷ ð2Þ
with n,m = 0,±1,±2, . . . , determine lattice sites corre-
sponding to surface atoms, dx and dy being the shortest in-
ter-atomic distances in the directions x̂ and ŷ, respectively.

Taking into account that for insulator materials the
overlap between wave functions corresponding to near-
est–neighbour ionic centers is small, we can approximate
the Wannier function ui to the atomic wave function, cor-
responding to the isolated target ion. The energy �i of initial
unperturbed state /i~k can be roughly expressed as [12]

�i � �ið~kÞ ¼ ei �
di

2
cosðkxdxÞ cosðkydyÞ; ð3Þ

where ei is the eigenenergy associated with the atomic state
ui and di is the bandwidth.

2.1. Coherent transition amplitude

In this work the electron capture and emission from
crystal surfaces are described by employing the EI and
CDW-EIS approximations, respectively. Both distorted
wave methods make use of the eikonal wave function to
represent the distorted electronic state in the initial chan-
nel. The corresponding transition amplitudes read

AðsÞ
i~k
¼ �i

Z þ1

�1
dt vðsÞ�f V ðsÞ

y

f

��� ���vþ
i~k

D E
; s ¼ c; e; ð4Þ

where the index s denotes electron capture (c) or electron
emission (e) transitions. The function vþ

i~k
ðvðsÞ�f Þ represents

the initial (final) distorted wave function, with outgoing
(incoming) asymptotic conditions, and V ðsÞf is the perturba-
tive potential in the final channel, with s = c, e. For surface
targets the initial eikonal wave function reads

vþ
i~k
¼ /i~kð~rÞEþðzP;�~v;~rPÞ exp½�i�ið~kÞt�; ð5Þ

where EþðzP;�~v;~rPÞ ¼ exp½�izP=v lnðvrP þ~v �~rPÞ� is the
eikonal phase that describes the asymptotic distortion pro-
duced by the projectile in the entrance channel, with~v the
component of the projectile velocity parallel to the surface,
~rP the position vector of e with respect to P and rP ¼ j~rPj.

For the charge exchange process, within the EI
approach the exact impulse wave function vðcÞ�f is used in
the final channel. It reads

vðcÞ�f ¼ 1

ð2pÞ3=2

Z
d~q ~uðcÞf ð~qÞ expði~q �~rPÞD�S ð~qþ~v;~rÞ

� expð�ieðcÞf tÞ expði~v �~r � iv2t=2Þ; ð6Þ

where uðcÞf is the final state associated with the electron
bound to the projectile with eigenenergy eðcÞf and the tilde
denotes the Fourier transform. The function D�S ð~p;~rÞ rep-
resents the distortion introduced by the crystal surface in
the exit channel and the last exponential factor (translation
factor) takes into account that the projectile is moving in
the frame of reference.

For electron emission, instead, we employ the final con-
tinuum-distorted-wave function vðeÞ�f within the CDW-EIS
approximation. The function vðeÞ�f reads

vðeÞ�f ¼ uðeÞf ð~rÞD�S ð~ke;~rÞD�ðzP;~kP;~rPÞ expð�ieðeÞf tÞ; ð7Þ

where uðeÞf ð~rÞ ¼ ð2pÞ�3=2 expði~ke �~rÞ is the final unperturbed
state corresponding to the electron ejected with momentum
~ke, and eðeÞf ¼ k2

e=2 is its eigenenergy. In Eq. (7),~kP ¼~ke �~v
is the electron momentum with respect to P, and
D�ðzP;~p;~rÞ ¼ expðpzP=ð2pÞÞCð1þ izP=pÞ1F 1ð�izP=p; 1;�ipr
�i~p �~rÞ represents the Coulomb distortion factor that takes
into account the action of the projectile on the emitted elec-
tron, with 1F1 the confluent hypergeometric function and
p ¼ j~pj.

By replacing the corresponding distorted wave functions
in Eq. (4) the coherent transition amplitude is expressed as

AðsÞ
i~k
¼

Xþ1
n;m¼�1

exp½ið~k � ~W sÞ �~xnm�AðsÞ
i ð~xnmÞ ð8Þ

for s = c,e, where the function A
ðsÞ
i ð~xnmÞ is related to the

electronic transition from the atomic bound state
uið~r �~xnmÞ, which is centered around the position ~xnm of
the lattice. The vectors ~W s, for s = c,e, are associated with
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the momentum transfer during the transition. For electron
capture, the transferred momentum vector reads

~W c ¼
v
2
þ �ið~kÞ � eðcÞf

v

 !
v̂ ð9Þ

with v̂ ¼~v=v, while for electron emission,

~W e ¼~ke þ
�ið~kÞ � eðeÞf

v

 !
v̂: ð10Þ

We assume that when the electron e comes from a region
close to the~xnm site, only the time interval in which the pro-
jectile moves close to the position~xnm contributes effectively
to the transition. In addition, as passive electrons fully
screen the other ionic centers in the exit channel, the final
interaction between e and the ionic core placed at the posi-
tion~xnm can be represented by a Coulomb potential with an
effective charge zT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2n2

i ei

p
, where ni is the principal

quantum number associated with ui. Consequently, the
function A

ðsÞ
i ð~xnmÞ becomes equal to the amplitude for the

atomic transition ui ! uðsÞf ; i.e. A
ðsÞ
i ð~xnmÞ ¼ aatðsÞ

i ð~qnmÞ,
where ~qnm is the impact parameter measured with respect
to site~xnm, with ~qnm �~v ¼ 0 and s = c,e (see [7] for details).

In this way, the coherent amplitude associated with
the electron transition from the crystal surface can be
expressed as

AðsÞ
i~k
¼

Xþ1
n;m¼�1

exp½ið~k � ~W sÞ �~xnm�aatðsÞ
i ð~qnmÞ ð11Þ

for s = c,e. From Eq. (11) the process looks like a collec-
tion of individual atomic transitions, each of them from a
different site~xnm of the lattice.
2.2. Coherent transition probability

For a fixed incidence direction, the different projectile
paths can be identified by means of the vector
~R0 ¼ ðX 0; Y 0; 0Þ that determines the position on the surface
plane where projectile reaches the closet distance to the sur-
face. By averaging ~R0 in a unit surface cell, the electron
transition probability from a given crystal state /i~k within
the surface band i is expressed as

P ðsÞ
i~k
¼ us

S0

Z
S0

d~R0 AðsÞ
i~k

��� ���2; s ¼ c; e; ð12Þ

where AðsÞ
i~k

is the coherent transition amplitude, given by
Eq. (11), S0 = 2dxdy is the integration area, and us = 1
(ke) for s = c (e). The probability P ðsÞ

i~k
, with s = c,e, will

be here named partial-band probability for electron cap-
ture and emission, respectively. Note that in the case of
electron emission, P ðeÞ

i~k
represents the differential partial-

band probability P ðeÞ
i~k
� dPðeÞ

i~k
=deðeÞf dXf corresponding to

the ejection of electrons with momentum~ke in the direction
Xf.
The total-band probability that takes into account con-
tributions coming from the different initial crystal states
within the surface band is obtained from Eq. (12) as

P ðsÞi ¼
1

SB

Z
SB

d~kP ðsÞ
i~k
; s ¼ c; e; ð13Þ

where SB ¼ ð2pÞ2=S0 is the area of the first Brillouin zone,
with S

0
the surface of the primitive cell of the direct lattice

[12].

3. Results

Our study of the coherent electron transitions from insu-
lator surfaces is confined to 100 keV protons colliding with
a LiF(1 00) surface with a glancing incidence angle
(hi = 0.7�). Since LiF is a typical example of insulator
material, this collisional system has received large atten-
tion, theoretically and experimentally, in the last past years
[13–16].

At the considered impact energy, the projectile mostly
induces electron transitions from the K-shell of Li+ cations
and the L-shell of F� anions, which are placed at alternate
sites of a cubic lattice. For electron capture we consider the
electron transfer to the ground state of hydrogen, which
provides the most important contribution to the proton
neutralization. For electron emission, we analyze the ejec-
tion of electrons in the scattering plane with a fixed angle
he, measured with respect to the surface plane. In particu-
lar, we choose the angle he = 20�, for which the electron
spectrum associated with the atomic collision does not dis-
play any particular structure. That is, in this angular region
convoy and binary peaks are absent from the electron
energy distributions [16], allowing us to appreciate contri-
butions coming from coherence phenomena without super-
imposed structures.

The atomic transition amplitudes corresponding to the
electron capture and emission processes were evaluated by
using the standard EI [8] and CDW-EIS [11] approxima-
tions, respectively. The classical trajectory of the projectile
was determined employing the Ziegler–Biersack–Littmark
(ZBL) potential [17] to describe the projectile-surface inter-
action. Particulars about numerical calculations are given in
[7].

3.1. Partial-band probabilities

We begin the analysis by considering a particular crys-
tal state within the surface bands Li+(1s), F�(2s), F�(2p0),
and F�(2p1). Partial-band probabilities from initial crystal
states with ~k ¼ ð0; 0Þ are displayed in Figs. 1 and 2 for
electron capture and emission, respectively. They are plot-
ted as a function of the angle a that determines the orien-
tation of the scattering plane with respect to the crystal
axes. Due to the symmetry of the problem, only a-values
ranging from 0 to p/4 are shown. In both figures the
probabilities display strong interference effects as a func-
tion of the orientation of the crystal. We found that the
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transition probability from a given initial state peaks up
when the projectile moves along preferential directions
of the crystal surface, while for other orientations of the
trajectory the process is almost suppressed. Note that
the directions along which partial-band probabilities dis-
play maxima do not necessarily coincide with low-index
crystallographic directions, and they depend on the con-
sidered surface band, wave vector ~k and electronic
process.

The origin of these interference effects can be roughly
understood as follows: Since atomic transition amplitudes
vary smoothly with the impact parameter, in a first
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approach it is possible to extract them from the sum in Eq.
(11). Then, maxima and minima of P ðsÞ

i~k
are essentially gov-

erned by the exponential weight factor that depends on
~k � ~W s, with s = c,e. Partial-band probabilities P ðsÞ

i~k
will

present a maximum for scattering along surface-ion strings
that verify ð~k � ~W sÞ � v̂ ’ N2p=d, with d the spacing
between adjacent ions of the string, N small integer num-
bers, and s = c,e.

The oscillatory patterns observed in the partial-band
probabilities could be experimentally detected by measur-
ing the electronic transitions from the surface in coinci-
dence with the filling of the ~k-vacancy, which would
allow to determine the initial electronic state. Note that
for electron transfer, coherent capture amplitudes must
be convoluted with the ones corresponding to coherent
electron loss in order to compare with the experimental
data of the charge state of the projectile. For electron emis-
sion, instead, coherent electron spectra could be directly
contrasted with experiments, becoming a tool to study
properties of the crystal states.

Partial-band probabilities for emission from initial crys-
tal states with~k ¼ ð0; 0Þ are plotted in Fig. 3 as a function
of the final electron momentum, considering projectile tra-
jectories along three different crystallographic directions.
We observe that the electron emission spectra markedly
depend on the crystal orientation. They display prominent
structures, whose positions and shapes vary not only with
the incidence direction of the projectile but also with the
considered initial band.
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3.2. Total-band probabilities

Total-band probabilities for electron capture and emis-
sion are plotted in Figs. 4 and 5, respectively, as a function
of the angle a that determines the crystal orientation. These
probabilities were obtained by adding contributions com-
ing from different crystal states /i~k, as indicated in Eq.
(13). Remarkably, the interference patterns produced by
the coherent electronic transitions from different lattice
sites disappear when the total-band probability is consid-
ered. Total results derived from Eq. (13) coincide quite well
with the incoherent probabilities, corresponding to a ran-
dom incidence. The incoherent probability is usually
obtained by integrating the square modulus of the atomic
transition amplitude on the surface plane, under the
assumption that the surface ions form an uniform plane
[16,18].

The explanation of such disappearance of the interfer-
ence effects is based on the fact that for high impact veloc-
ities, the transferred momentum varies slightly with ~k and
can be considered as a constant. Therefore, the integration
on~k involved in Eq. (13) can be analytically solved, leading
to the incoherent limit of the probability, as explained in
[7].

At this point, we must mention that the use of a more
detailed description for the projectile trajectory could affect
the present results, increasing the coherent probability
especially for a � 0 and a � p/4, where the incident ion
moves under low-index crystallographic channeling condi-
tions [19].

4. Conclusions

We have presented a model to describe the coherent
electronic transitions from insulator surfaces produced by
grazing impact of fast ions. In particular, we have concen-
trated on the electron capture and emission processes from
mono-crystal surfaces under axial scattering conditions. In
this model, the transition amplitude is expressed as a coher-
ent sum of atomic transition amplitudes, each of them
associated with only one lattice site.

We found that the partial-band probabilities corre-
sponding to electronic transitions from a given initial crys-
tal state exhibit strong signatures of coherence phenomena
associated with the periodicity of crystal lattice. These par-
tial probabilities display sharp maxima for scattering along
preferential directions of the crystal, which do not neces-
sarily coincide with low-index crystallographic directions.

Notably, the interference structures disappear when the
contributions from different crystal states are added to
obtain the total-band probability from the surface band.
For both processes – electron exchange and emission –
the total probability for the coherent transition tends to
the value corresponding to random incidence, usually
known as incoherent probability. Although a more detailed
description of the initial electronic states could modify our
findings, we expect that accurate measurements of electron
spectra, in coincidence with secondary processes related to
the filling of the hole in the surface band, will allow to
observe the footprints of the coherence effects. At present
we are investigating the influence of the axial projectile tra-
jectories, derived from a punctual description of the surface
interaction [20], on the coherent transitions.
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