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Energy loss of ions at metal surfaces: Band-structure effects
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We study band-structure effects on the energy loss of protons scattered off the Cu~111! surface. The distance
dependent stopping power for a projectile traveling parallel to the surface is calculated within the linear
response theory. The self-consistent electronic response of the system is evaluated within the random-phase
approximation. In order to characterize the surface band structure, the electronic single-particle wave functions
and energies are obtained by solving the Schro¨dinger equation with a realistic one-dimensional model poten-
tial. This potential reproduces the main features of the Cu~111! surface: the energy band gap for electron
motion along the surface normal, as well as the binding energy of the occupied surface state and the first image
state. Comparison of our results with those obtained within the jellium model allows us to characterize the
band-structure effects in the energy loss of protons interacting with the Cu~111! surface.
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I. INTRODUCTION

The study of the energy loss of ions interacting with me
surfaces has constituted an active field of research during
last years@1#. Many experiments have provided informatio
about the energy losses experienced by proton@2–4# and
heavy ion projectiles@5–7# under grazing scattering cond
tions.

In the analysis of these experiments a central quantit
the so-called distance dependent stopping power, i.e., the
ergy lost per unit path length traveled by the ion parallel
the metal surface, as a function of the ion-surface separa
Echenique and Pendry@8# used a local response function
calculate this quantity and applied it to the calculation of
energy losses of fast electrons traveling parallel to the
face. In latter works, wave-vector-dependent surface die
tric functions were used@9–14#. These calculations wer
based on the specular-reflection model~SRM! @15,16#. This
model allows one to obtain the surface response functio
terms of the bulk response function. The approximation u
in the SRM assumes that the conduction electrons are
fined by an infinite potential barrier at the surface, and
quantum interference between the outgoing and ingo
components of the electrons reflected at this barrier is
glected. In a different approach Gravielle and collaborat
@17,18# have studied the interaction of a charged parti
with the conduction electrons bounded by a finite step po
tial at the surface. This model describes single-particle e
tations~electron-hole creation!, but does not include collec
tive excitations~plasmons!. In the up-to-now most advance
calculations of the distance-dependent stopping power@19–
21#, the Kohn-Sham formulation@22# of the density func-
tional theory@23# was used to calculate self-consistently
finite and smooth surface potential barrier. In these wo
1050-2947/2003/67~3!/032903~5!/$20.00 67 0329
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the jellium model was used to describe the conduction b
of the metal: the ionic background made up of nuclei a
core electrons was replaced by a uniform positive cha
distribution. In Refs.@19,20# the Kohn-Sham orbitals were
used to construct the response function of the system in
random-phase approximation~RPA! @24,25#. In Ref. @21# ex-
change and correlation effects were also included in the
culation of the response within the so-called adiabatic lo
density approximation@26#. Nevertheless, it was observe
that the stopping power for a particle traveling parallel to
metal surface was almost insensitive to this correction.
the contrary, the use of a self-consistenly calculated fin
surface barrier improved significantly the results obtain
within the SRM, for both the stopping power and the to
energy loss, up to velocities of the order ofv52v0 to 3v0
(v0 is the Bohr velocity! @19,20#. At higher velocities, the
SRM showed a reliable approximation.

All these works invoke the jellium model. In a real soli
the valence electrons move in a periodic potential, and
electronic states are described by the Bloch wave functio
In this work we aim to study how this affects the energy lo
of ions under grazing incidence. For this purpose, we inc
porate information about the band structure of a solid in
calculation of the distance-dependent stopping power for
ion traveling parallel to the Cu~111! surface.

The Cu ~111! surface is a good candidate for our stu
because it permits us to analyze the effect of two import
characteristics that its band structure presents:~1! the gap
exhibited by the bulk band structure for the electron mot
along the surface normal between -5.83 eV and 0.69 eV,
~2! the occupied surface state located at -5.33 eV~see Ref.
@27#, and references therein!. All these energies are measure
from the vacuum level.

The outline of the paper is the following: in Sec. II th
©2003 The American Physical Society03-1
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model used is explained, in Sec. III the results obtained
presented and are compared to those obtained within the
lium model, and in Sec. IV we summarize the main conc
sions of this work.

Atomic units ~a.u.! will be used unless it is otherwis
stated.

II. MODEL

When a swift charged particle interacts with matter,
induces a polarization potentialVind(r ,t). This potential acts
back on the projectile giving rise to a retarding force. T
energy that the particle loses per unit time due to this fo
can be calculated in the following way@21#:

dE

dt
52E drrext~r ,t !

]Vind~r ,t !

]t
, ~1!

whererext(r ,t) represents the incident-particle charge de
sity.

Henceforth, we takez as the coordinate of the positio
vector normal to the surface. The topmost atomic layer is
z50 and the solid is in thez,0 side. We use capital letter
for the coordinates parallel to the surface@r5(R,z)#. Here,
we study the case of a point chargeZ1 moving parallel to the
surface with velocityv at distancez0.0:

rext~r ,t !5Z1d~R2vt !d~z2z0!. ~2!

We assume translational invariance in the plane paralle
the surface, i.e., we neglect surface corrugation effects. T
is a reasonable approximation considering that we res
ourselves to the study of randomly incident ions. In this ca
within linear response theory, the potential induced by
external charge can be calculated in terms of the tw
dimensional Fourier transform of the induced part of t
screened interactionWind(Q,z,z8,v) @28#:

Vind~r ,t !5E d2Q

~2p!2E dv

2p
ei (Q•R2vt)

3E dz8Wind~Q,z,z8,v!rext~Q,z8,v!, ~3!

whererext(Q,z,v)52pZ1d(v2Q•v)d(z2z0) is the Fou-
rier transform of the external charge density of Eq.~2!, with
respect toR and t.

Substituting Eq.~3! in Eq. ~1! and making use of the
parity properties ofWind(Q,z,z8,v), one can write the stop
ping powerS(z0), defined as the energy lost per unit pa
length traveled by the ion at a distancez0 from the surface,
in the following way@19#:

S~z0!5
1

v
dE

dt

5
22Z1

2

v E d2Q

~2p!2
Q•v Im$Wind~Q,z0 ,z0 ,Q•v!%

3Q~Q•v!, ~4!
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whereQ(x) is the Heaviside step function.
Wind(Q,z,z8,v) has a rigorous expression in terms of t

exact density-density correlation function of the syste
x(Q,z,z8,v) @19#:

Wind~Q,z,z8,v!5S 2p

Q D 2E dz1E dz2e2Q(u z12zu1uz22z8u)

3x~Q,z1 ,z2 ,v!. ~5!

In general,x(Q,z,z8,v) is a very complex function, be
ing hard to calculate exactly. Here, we use the RPA t
allows us to writex(Q,z,z8,v) in terms of the density re-
sponse function for noninteracting electrons,x0(Q,z,z8,v)
as @24,25#

x~Q,z,z8,v!5x0~Q,z,z8,v!

1E dz1E dz2x0~Q,z,z1 ,v!Vee~Q,z1 ,z2!

3x~Q,z2 ,z8,v!, ~6!

where the electron-electron interaction potential
Vee(Q,z1 ,z2)5(2p/Q)e2Quz12z2u. Though the inclusion of
local field corrections toVee(Q,z1 ,z2) constitutes an im-
provement over the RPA response function, their effect
S(z0) is almost negligible@21#, and therefore they are no
considered here.

With C i;eiQ8•Rf i(z) and Ei5Q82/21« i as the one-
electron wave functions and eigenvalues of the one-elec
Hamiltonian, the density response functionx0(Q,z,z8,v)
can be written in the following way@24,25#:

x0~Q,z,z8,v!52(
i , j

f i~z!f j* ~z!f j~z8!f i* ~z8!

3E dQ8

~2p!2

Q~EF2Ei !2Q~EF2Ej !

Ei2Ej1~v1 ih!
,

~7!

where h is a positive infinitesimal,Ej5(Q81Q)2/21« j ,
andEF is the Fermi energy of the system.

In order to analyze the effect of the above-mention
characteristics of the Cu~111! surface electronic band
structure, we compute wave functions and energies,f i(z)
and « i , by solving the one-electron Schro¨dinger equation
with the realistic one-dimensional model potential of Re
@27,29#. This analytical potential reproduces the width a

position of the energy gap at theḠ point (Q50) and the
energies of both the occupied surface state and the first

age state atḠ. Furthermore, it approaches the classical ima
potential far outside the surface. This potential has been u
for the calculation of the lifetimes of the surface state ho
@30,31# and image-state electrons@32,33# in the study of the
resonant charge transfer in ion-surface collisions@34,35#, and
in the analysis of the lifetimes of excited electronic states
adsorbates at surfaces@36–38#.
3-2
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This scheme allows us to determine the contribution
the surface state excitations to the energy loss of ions. W
this aim we present calculations performed with and with
including the surface state in the sum of Eq.~7! for the
polarizability x0(Q,z,z8,v). Finally, for comparison, we
also present results obtained within the jellium model, i
neglecting all band-structure effects. In this latter model,
wave functions and energies (f i ,e i) entering Eq.~7! are
calculated self-consistently using the Kohn-Sham equat
@22#. In order to compare it with our band-structure mod
r s52.67 a.u. has been used for the radius per electron in
conduction band.

III. RESULTS AND DISCUSSION

Figure 1 shows Im$2Wind(Q,z,z,v)% as a function of the
energyv, for Q50.065 a.u. and the distancez52 a.u. mea-
sured from the topmost atomic layer. Interestingly, the res
obtained within our complete band-based calculation that
cludes the surface state~solid line! and the jellium model
~dashed line! are quite similar. In both cases, a pronounc
peak is observed around 7–8.5 eV, which corresponds to
surface plasmon excitation. Nevertheless, some small di
ences are observed. In the band-based calculation, this b
peak presents a double peak structure. The reason for th
not clear at present, but we ascribe it to the more deta
description of the surface electronic structure that this mo
represents. Moreover, a small peak is observed around
eV in the band-based calculation, but not in the jellium ca
This peak corresponds to the bulk plasmon that can stil
excited ~with a low probability! at this distance from the
surface. Apart from this small differences the results are
markably similar, considering the different description of t
surface that these two models provide. More concretely,
ther a projected band gap at the surface nor a surface
are present in the jellium calculation. As shown in the figu

FIG. 1. Im$2Wind(Q,z,z,v)% of the Cu~111! surface as a func-
tion of the energyv, for Q50.065 a.u. and the distancez52 a.u.
measured from the topmost atomic layer. The solid line shows
results obtained when we include the surface band-structure o
target. The dotted line is obtained when the surface state is
included in the calculation of the surface band structure. The da
line corresponds to a description of the surface with the jelli
model.
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Im$2Wind(Q,z,z,v)% becomes a completely different func
tion when the surface state is not included in the band-ba
calculation ~dotted line!. In this case, two different peak
appear around 9.5 eV and 6 eV. These peaks correspon
the bulk and surface plasmons, respectively, that are exc
at lower energies than in the other calculations. This ene
shift is due to the reduction of electronic density, since
surface state is not included in the calculation. Furthermo
the large strength of the bulk plasmon excitation predicted
this model for a position outside the surface is remarkab
This is an unphysical effect related to the incorrect desc
tion of the surface since we are neglecting the surface s

In Figs. 2~a! and 2~b! we present the results obtained f
the stopping power of a proton (Z151) traveling parallel to
the Cu~111! surface as a function of the distancez0 for two
different velocitiesv50.25 a.u. andv52 a.u., respectively.
Though, the linear response theory is not expected to
applicable forv50.25 a.u., due to the strong perturbatio
that a slow ion represents, we show these results in orde
obtain a physical insight on the different approximation
Negative values ofz0 correspond to positions inside th
solid. In the two models based on the band-structure ca
lations, with ~solid line! and without ~dotted line! surface

e
he
ot
ed

FIG. 2. Stopping powerSof a proton traveling parallel to the Cu
~111! surface as a function of its distancez0 to the topmost atomic
layer. The proton velocity is~a! v50.25 a.u. and~b! v52 a.u.. The
Cu ~111! surface is described with different models: in solid~dot-
ted! lines we use the surface band-structure model in which
surface state is~not! included; in dashed lines the surface is d
scribed with the jellium model~see text for details!.
3-3
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ALDUCIN et al. PHYSICAL REVIEW A 67, 032903 ~2003!
state, the stopping power shows oscillations in the inner
of the solid, reflecting the layer structure of the target. On
contrary, the jellium model~dashed line! tends to a constan
value inside the solid, which is the average value of
oscillations. Outside the topmost layer, in the interesting
gion for specularly reflected protons, the complete ba
structure calculation and the jellium model give very simi
results. The differences are quantitatively small and limi
to the region close to the surface. This can be explained
the observations of Fig. 1 and by the fact that the electro
density profile at the surface in the jellium model is simi
to that obtained when the surface state is included in
calculation. In this region, it is also observed that when
surface state is neglected, the stopping power is under
mated. In some respect, the presence of the surface
compensates the effect of the band gap. Remarkably,
happens not only in the high-velocity case but also at l
velocities for which the details of the band structure and
subsequent low energy excitation spectra would have b
expected to influence in a more significant way the value
the stopping power. In this respect, we want to empha
that in the case of the jellium model, it is important to pe
form the self-consistent density functional calculation fo
smooth and finite potential barrier, otherwise this mo
would predict unrealible values for the stopping power. F
instance, Ref.@39# shows that the SRM underestimates t
stopping power at large distances from the surface bec
the induced polarization charge is confined to the surface
the infinite potential barrier.

Figures 3~a! and 3~b! show the total energy loss of spec
larly reflected protons as a function of the grazing angle
incidence. The results are obtained by integrating the
tance dependent stopping power along the trajectory of
projectile. Here, we consider that the projectiles are reflec
due to their repulsive interaction with the average planar
tential constructed in terms of the parametrized atom
Ziegler-Biersack-Littmark universal potential@40#. The im-
age potential has not been considered in the calculatio
the trajectory. To be consistent one should use different
age potentials for each of the different models. This wo
imply slightly different proton trajectories with the sam
angle of incidence. Since in this work we are mostly int
ested in the discussion of the results of the different mod
for the stopping power, we compare results obtained for
same trajectory. Nevertheless, one may expect that the in
sion of the image potential would only affect considerab
the results obtained for the lowest angles of incidence
which the distances of closest approach are far from the
face @12#. As could be expected from the analysis of Fig.
the total energy loss is almost the same in the complete b
structure calculation and in the jellium model. Therefore,
conclude that the jellium model is a reliable approximati
for the study of the energy loss of grazing incident protons
the Cu~111! surface in all the range of velocities. This is
remarkable fact considering the presence of the surface b
gap. On the contrary, when the surface state is not inclu
in the calculation, the total energy loss is clearly undere
mated.

Finally, we would like to point out that here we hav
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limited ourselves to the study of the conduction-band exc
tions of Cu~111!, using different approximations. In order t
compare our theoretical results with experiments, the exc
tion of 3d electrons should also be accounted for. Thed
electrons constitute an additional excitation channel for t
system, which should be added to the conduction-band c
tribution that we have analyzed.

IV. CONCLUSION

In summary, we have calculated the stopping power a
energy loss of protons scattered by the Cu~111! surface,
using information about the band structure of the solid.
particular, the relevance of the surface state has clearly b
shown: when it is neglected the energy loss is largely und
estimated. However, when it is included in the calculatio
the results obtained are similar to those obtained within
jellium model. This leads us to conclude that concerning
energy loss of protons scattered off the Cu~111! surface~1!
the surface state compensates the presence of the proj
surface band gap and~2! the jellium model represents a goo
approximation. These conclusions are expected to be v
for other metallic surfaces with surface states.

FIG. 3. Energy loss of protons specularly reflected at the
~111! surface as a function of the angle of incidence. The pro
velocity is ~a! v50.25 a.u. and~b! v52 a.u. The Cu~111! surface
is described with different models: in solid~dotted! lines we use the
surface band-structure model in which the surface state is~not!
included; in dashed lines the surface is described with the jell
model ~see text for details!.
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