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Surface effects in the energy loss of ions passing through a thin foil

J. Osma
Departamento de Fı´sica de Materiales, Facultad de Ciencias Quı´micas, Universidad del Paı´s Vasco/Euskal Herriko Unibertsitatea,

Apartado 1072, 20080, San Sebastia´n, Spain

F. J. Garcı´a de Abajo
Departamento de Ciencias de la Computacio´n e Inteligencia Artificial, Facultad de Informa´tica, Universidad del Paı´s Vasco/Euskal

Herriko Unibertsitatea, Apartado 649, 20080, San Sebastia´n, Spain
~Received 15 April 1997!

The role of surface plasmon excitation in the interaction of ions passing through thin films has been studied
in both the Bloch hydrodynamic approximation and the local response approach for projectile velocities above
the maximum of the stopping power curve. The effect of the surface is found to be much weaker when the
dispersion of the modes is taken into consideration than in the case of nondispersive media, though qualita-
tively the main features of the hydrodynamic approach resemble those of the local one. A generalization of the
Bothe-Landau convolution formula for the loss probability distribution is derived to take into account the
scattering due to the surface. The effects of the surface in the energy-loss spectra are discussed. A comparison
with experiment is given.@S1050-2947~97!05709-0#
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I. INTRODUCTION

Electron-energy-loss spectroscopy and ion-energy-
spectroscopy have been revealed as important probes o
dielectric response of solids and the intrinsic statistical
ture of the particle penetrating phenomena. The adven
new techniques for producing mesoscopic structures suc
ultrathin films of a small number of atomic monolayers h
renewed the interest in the dependence of the energy d
sition process on the target system size. Since the pionee
work of Ritchie @1# on the stopping power experienced b
fast electrons crossing a nondispersive plasma slab, m
attention has been paid to characterize the response of a
film. Takimoto @2# gave a detailed study of the plasmon e
citation by charged particles outside a metal slab within
nondispersive approach. A Hamiltonian description for a t
foil was considered by Sunjic and Lucas@3#. Further study of
the response of a slab has been done within the infin
barrier model@4,5#, with a finite barrier for the surface po
tential @3# and including self-consistency in the metal ele
tron states @6#. An extension of Ritchie’s early work
including nonlocal effects in the response of the medium
been carried out by Gumbs and Horing@7# in the random-
phase approximation~RPA! and assuming specular reflectio
of electrons at the slab surfaces. The formation of the w
potential in thin foils was studied within the hydrodynam
approach by Garcı´a de Abajo and Echenique@8#. This ap-
proach was also used by Dorado, Crawford, and Flores@9# to
discuss how nonlinear effects associated with plasmon e
tations modify the wake and the stopping power in the bu
More recently, Apellet al. @10# showed that the bulk stop
ping cross section is linear in the inverse of the number
atomic layers.

The energy-loss spectra of charged particles are cha
terized by pure statistical magnitudes such as the stop
power ~mean energy loss per unit length! and the straggling
~fluctuation!. Nevertheless, this is only true for Gaussi
561050-2947/97/56~3!/2032~9!/$10.00
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spectra that occur for long path lengths. In fact, when
creasing the thickness of the films, non-Gaussian-like sha
appear due to single-collision-like events. The statistical
ture of the energy-loss has been studied by Bohr@11# and
Landau@12#. More recently, Sigmund@13,14# developed a
theory for the stopping and straggling of charged particles
the presence of charge exchange. This work was extende
include higher moments of the energy-loss distribution a
transients by Na¨rmann and Sigmund@15#.

In the present paper the surface effect in the energy
due to the excitation of surface plasmon modes is calcula
for thin films within a hydrodynamical approach and its im
plications in the loss spectra are studied using a Bot
Landau formula generalized to inhomogeneous media s
as surfaces. This formula is used beyond the conventio
diffusion approximation, allowing one to study the evolutio
of the loss spectra as the charged projectile approac
crosses, and leaves the slab. The effects of changes in
projectile charge state as electron capture and loss are
glected here~this is an approximation valid for large veloc
ties!. Atomic units~a.u.! will be used throughout this work
unless stated otherwise.

II. RESPONSE MODEL FOR THE SLAB

The presence of a moving charged particle in the prox
ity of a slab modifies the charge distribution in the materi
The resulting induced potential is of relevance in the d
namical evolution of the particle@16–18#. It leads to a re-
tarding force ~though when the projectile approaches t
slab, the image acceleration takes place!, which makes the
particle lose energy.

We will first describe the response of the solid foil with
the hydrodynamic model in the linear approximation. T
dispersion introduced by this approach permits one to
scribe properly the coupling of charged particles with bo
bulk and surface collective modes for velocities just abo
2032 © 1997 The American Physical Society
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56 2033SURFACE EFFECTS IN THE ENERGY LOSS OF IONS . . .
the maximum of the stopping power curve, where proces
of charge exchange do not contribute significantly.

For the sake of comparison, the high-velocity limit is co
sidered, assuming a nondispersive medium. The slab
been chosen to be located betweenz52d and d, i.e., the
thickness isa52d, and since the external point chargeZ1 is
moving perpendicularly to the slab with velocityv crossing
its center at t50, the external density isre(r )
5Z1d(R)d(z2vt). A schematic of the situation can be se
in Fig. 1.

A. Hydrodynamical approach

In this model, the solid is approximated as a bound
electron gas embedded in a rigid positive background.
electron-gas densityn and the velocity potentialc satisfy the
Bloch equations@19# inside the medium, while the scala
electric potentialf satisfies the Poisson equation. In t

FIG. 1. Geometrical configuration under investigation. The
terfaces atz52d andz5d are of infinite extent.
g

es

-
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linear-response approximation, the set of equations than,
c, andf satisfy when an external charge densityre perturbs
the slab reads

gc1]c/]t52f1b2n/n0 ,

]n/]t5n0¹2c, ~1!

¹2f54p~n2re!,

wheren0 is the unperturbed electron density, assumed to
constant throughout the solid.b is the velocity of propaga-
tion of the disturbances in the electron gas, which in our c
has been chosen as the mean velocity in the Fermi elec
gas (b5A3/5vF , with vF the Fermi velocity! and g is the
electron damping rate.

The potential is fixed by the boundary conditions. The
are the vanishing of the electron velocity and the continu
of the scalar potential and the electric field at the bound
edges of the slab. The first condition leads to a steplike d
sity profile at the surface. The electron density is zero in
vacuum. The underlying assumption in this model is that
interference between the outgoing and reflected compon
of the solid electron wave functions is neglected. Therefo
the results given by the well-known specular reflecti
model @20# are recovered when the thickness of the slab
taken to be infinite@21#.

In Fourier-transform space

f ~r ,t !5E dQ

~2p!2E dv

2p
ei ~Q•R2vt ! f ~Q,z,v!

the set of equations~1! can be solved for both the velocit
and electric potentials. One finds@8#

-

f~Q,z,v!55
f0~Q,z,v!1vp

2@A2e2~d2z!L1A1e2~d1z!L#2v~v1 ig!@B2e2~d2z!Q1B1e2~d1z!Q#, uzu<d,

C2eQ~d1z!1
4peivz/v

v k̃2
, z<2d

C1eQ~d2z!1
4peivz/v

v k̃2
, z>2d

~2!
n-
t

he
tial.
by
for the scalar potential and

c~Q,z,v!5c0~Q,z,v!1 iv@2A2e2~d2z!L2A1e2~d1z!L

1B2e2~d2z!Q1B1e2~d1z!Q#,

with uzu<d, for the velocity potential.A6 , B6 andC6 are
constants depending on (Q,v) that are obtained by imposin
the boundary conditions. Moreover,

f0~Q,z,v!5D@b2 k̃22v~v1 ig!#eivz/v,

c0~Q,z,v!5D igveivz/v,

where we have defined
L~Q,v!5
1

b
@vp

21b2Q22v~v1 ig!#1/2

and

k̃25Q21~v/v !2, D5
4p

k̃2v

Z1

b2L2~ k̃ ,v!
.

Q is the surface parallel component of the total mome
tum transferk̃ andvp is the bulk plasma frequency. The firs
term in f inside the slab is precisely the bulk potential. T
remaining terms account for the surface induced poten
The induced potential is obtained from the total potential
subtracting the external potential:
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2034 56J. OSMA AND F. J. GARCI´A de ABAJO
f ind~Q,z,v!5f~Q,z,v!2
4pZ1eivz/v

v k̃2
. ~3!

The bulk term of the induced potential can be expresse
terms of the dielectric bulk response functione(q,v) as

fbulk
ind ~Q,z,v!5f0~Q,z,v!2

4pZ1eivz/v

v k̃2

5
4pZ1

v k̃2 F 1

e~ k̃ ,v!
21Geivz/v,

keeping in mind that the bulk response function in the h
drodynamic approach takes the form

e~q,v!511
vp

2

b2q22v~v1 ig!
. ~4!

Following previous authors@22#, the rate of energy loss pe
unit time for a chargeZ1 moving with spatial coordinate
r (t) is given, in terms of its induced potential, by

w~ t !5Z1v•¹f ind~r ,t !ur5r ~ t !5wcons~ t !1wdiss~ t !.

This rate has two contributions@23#, one conservative and
the other dissipative:

wcons~ t !5Z1

df ind

dt
~r ,t !ur5rZ1

~ t !

and

wdiss~ t !52Z1

]f ind

]t
~r ,t !ur5rZ1

~ t ! ,

respectively. Since the polarization of the medium and, c
sequently, the induced potential vanish whent56`, the
total energy loss suffered by the projectile is entirely due
the dissipation taking place by excitation of the electro
modes of the slab, that is,

DE5E
2`

`

dtwdiss~ t !

5E
0

`

dvvP~v!5E
0

`

dvvE
2`

`

dtP~v,t !.

P(v,t) is the probability per unit time of losing energ
v: the projectile undergoes an energy loss betweenv and
v1dv in the interval t and t1dt with probability
P(v,t)dtdv. The dependence ont has to be understood a
r5r (t) and thusP(v,t) makes sense only for the especifi
trajectoryr5r (t). Since the formalism used here to descri
the response of the medium is causal@see Eqs.~1! and ~4!#
the loss probability att only depends on the past history
the trajectory traveled by the projectile. Using the induc
potential given by Eq.~2! together with Eq.~3!, the time-
dependent loss probability is found to be
in

-

-

o
c

d

P~v,t !522Z1E dQ

~2p!3
Im$e2 i [vt2Q•R~ t !]f ind

„Q,z~ t !,v…%.

~5!

Integrating along the whole trajectory, the bulk energy lo
reduces to

DEbulk5E
0

`

dvvPbulk~v!, ~6!

where

Pbulk~v!5
4aZ1

2

v2 E dQ

~2p!2

1

k̃2
ImF 21

e~ k̃ ,v!
G , ~7!

while the surface energy loss reads

DEsur f5E
0

`

dvvPsur f~v!, ~8!

where

Psur f~v!5
Z1

p E dQ

~2p!2
ImH vp

2FA2~eivd/ve22Ld2e2 ivd/v!

Lv2 iv

1
A1~e2 ivd/ve22Ld2eivd/v!

Lv1 iv G2v~v1 ig!

3FB2~eivd/ve22Qd2e2 ivd/v!

Qv2 iv

1
B1~e2 ivd/ve22Qd2eivd/v!

Qv1 iv G2
C2eivd/v

Qv2 iv

2
C1e2 ivd/v

Qv1 iv J . ~9!

Note that within the hydrodynamical approach, the on
channel of energy dissipation is the excitation of surface
bulk plasmons. The momentum threshold of plasmon exc
tion is given by

vp~q!5~vp
21b2q2!1/25qv, ~10!

which has only one solution ifv.b, namely, qt5vp /
(v22b2)1/2, and none ifv<b. When v.b the projectile
can excite all plasmons of momentumq.qt , leading to a
divergent stopping. This divergence is removed if one c
siders the creation of electron-hole pairs. They can be im
mented through aq2/2 term in the dispersion curve of Eq
~10!. This dispersion term describes the kinetic energy
changed in binary collisions@24#. The nonlinear formalism
used in Ref.@9# accounts for this term ine(q,v) since spa-
tial variations on the electron density are included in t
internal kinetic energy per electron of the noninteracti
Fermi gas. A more sophisticated electronic excitation sp
trum of the medium is provided by the RPA dielectric fun
tion, which was first reported by Lindhard@25#. In what fol-
lows, we will describe the bulk properties via the RP
together with the Mermin prescription@26# ~this will be



cl

er
d

e
es
e
ro
th
is
lo

gu
be
e

ss
c

gt
it

as
b

ll
ck-

is
ged
me-

en
s

56 2035SURFACE EFFECTS IN THE ENERGY LOSS OF IONS . . .
called the Mermin dielectric function below! in order to in-
troduce a finite plasmon lifetime preserving the local parti
number.

B. Local response approach

Many properties of the dielectric response of the int
faces can be analyzed by considering frequency-depen
response functionse(v) of the bulk material. This is a very
crude approximation that gives realistic results only wh
the external charge moves with very high velociti
(v@vF) or for points far away from the interface. This is th
case, for instance, in scanning transmission electron mic
copy, where the fast probe electrons have velocities of
order of half the speed of light. In spite of its simplicity, th
approach reproduces the limits of the energy loss and
probability for large velocity.

Solving the Poisson equation for the geometrical confi
ration of Fig. 1, one finds that the loss probability can
separated into bulk and surface contributions. The form
reads

Pbulk~v!5
aZ1

2

pv2
ImF 21

e~v!G lnFv21qc
2v2

v2 G ,

which is nothing but the Bethe formula for the bulk lo
probability. The hydrodynamic approach for the bulk diele
tric constant yields the same result ifv>b. Hereqc is the
momentum cutoff that accounts for the minimum wavelen
of the bulk polarization waves that the projectile can exc
in the electron gas@27#.

The surface loss probability can in turn be separated

Psur f~v!5Ps~v!1Pbeg~v!1Pi~v!, ~11!

where

Ps~v!5Ps,1~v!1Ps,2~v!

5E dx$S1~Q,v!Im@2Gt f~Q,v!#

1S2~Q,v!Im@2gs~v!#%,

Pbeg~v!5ImF 21

e~v!G E dxB~Q,v!,

and

Pi~v!5Im@2gs~v!#ImF 21

e~v!G
3E dxI~Q,v!Im@2Gt f~Q,v!#.

In these equations,

E dx524Z1
2E dQ

~2p!2

2Qv2

@v21~Qv !2#2
,

e

-
ent

n

s-
e

ss

-

r

-

h
e

S1~Q,v!5S 11ReF 21

e~v!G D F ~11Re@gs~v!#!

3e2QacosS va

v D2$11Re@gs~v!#e22Qa%G ,
S2~Q,v!5e2QaRe@Gt f~Q,v!#S 11ReF 21

e~v!G D
3FcosS va

v D2e2QaG ,
B~Q,v!5Re@Gt f~Q,v!#F11Re@gs~v!#e22Qa

2$11Re@gs~v!#%e2QacosS va

v D G ,
and

I ~Q,v!5e2QaFcosS va

v D2e2QaG ,
wheregs(v)5@12e(v)#/@11e(v)# is the local surface re-
sponse function of the semi-infinite medium and

Gt f~Q,v!5
gs~v!~12e22Qa!

12gs~v!2e22Qa

is the local surface response function of the slab.Ps is the
contribution of the loss probability coming from the sla
surface modes

Vs,65vs@16e2Qa#1/2,

Pbeg is the well-knownbegrenzungeffect, which lowers the
bulk energy loss, andPi is the interference term between a
bulk and surface modes. The surface effect for infinite thi
ness reduces to

Psur f~v!5
2Z1

2

vv
ImF S 12

1

e~v! Dgs~v!G .
Assuming a Drude-like bulk optical response@i.e., Eq. ~4!
with b50# with zero damping, one finds

Ps~V6!5
Z1

2p

2v F17cosS 2p
a

ls
D G

and

Pbeg~vp!5
2Z1

2p

2v
,

where ls52pv/vs is the surface screening length. Th
quantity gives the range of distances in which the char
projectile is screened by the valence electrons of the
dium. Notice the complementarity inPs : the contribution of
the V1 (V2) mode vanishes when the thickness is an ev
~odd! number of timesls/2. Hence the surface energy los
for infinite thickness reads
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2036 56J. OSMA AND F. J. GARCI´A de ABAJO
DE`5Z1
2 p

v S vs2
vp

2 D5DEvac
in 1DEsol1DEvac

out , ~12!

where

DEvac
in 52Z1

2 pvs

4v

is the energy gained by the projectile due to the image
celeration,

DEsol5Z1
2 p

2v
~vs2vp!

is the energy lost due to surface plasmon excitation and
grenzung effects during the crossing part of the trajecto
and

DEvac
out5Z1

2 3pvs

4v

is the energy lost during the outgoing part of the trajecto
The total effect always shifts up the energy, although it tu
out to be negligible in comparison to the bulk energy loss
a.ls .

III. CONVOLUTION FORMULA
FOR THE PROBABILITY DISTRIBUTION

This section is devoted to the derivation of the equat
that governs the energy-loss distribution when both bulk
surface losses are present. LetI (E,z) be the probability dis-
tribution of energy lossE at the positionz. After traveling an
infinitesimal distancedz the probability that the charge lose
energyE8 is given byP(E8,z)dz @this P(E8,z) is related to
that of Eq. ~5! by a factor of 1/v, keeping in mind that
t5t(z)#, so that the distribution of scattered particles
given by I loss(E,z)dz, where

I loss~E,z!5E
2`

`

dE8I ~E1E8,z!P~E8,z!.

Moreover, the total number of scattered particles has to
subtracted from the distribution at the positionz. This quan-
tity is just the integral ofI loss over energyE. Then the evo-
lution of the energy distribution is given by the kinetic equ
tion

dI~E,z!

dz
52

I ~E,z!

l~z!
1I loss~E,z!, ~13!

where

1

l~z!
5E

0

`

dEP~E,z!.

When takingP(E)5Pbulk(E), l becomes the mean fre
path associated with electronic excitations in the bulk
vided by the thickness of the slaba. Equation~13! is a gen-
eralization of the well-known Bothe-Landau formula for th
case of inhomogeneous media such as surfaces. Going
c-

e-
y,

.
s
r

n
d

e

-

-

ver

to Fourier space in theE dependence in Eq.~13! ~the conju-
gate variable ofE will be k) and integrating overz, one
obtains@28#

I ~E,z!5E dkeikEI ~k,2`!e2NS~k,z!, ~14!

with

S~k,z!5E
2`

z

dz8s~k,z8!,

wheres(k,z) is the so-called transport cross section gen
alized to the case in which the loss probability is not ind
pendent of space andN is the density~atoms per volume! of
the material. This transport cross section is related to the
probability as

Ns~k,z!5E dEP~E,z!~12eikE!

52p@P~0,z!2P~2k,z!#.

When P(E,z)5P(E), S(k,z)5zs(k) and the standard
Bothe-Landau formula is recovered. Equation~14! permits
following the evolution of the probability distribution step b
step as the projectile approaches, crosses, and leaves th
dium, whatever the trajectory is~grazing incidence or cross
ing trajectory!. For projectiles crossing a finite slab of thick
nessa, the probability distribution at the detector (z5`) is
given by

I ~E,z→`;a!5E dkI~k,2`!eiEke22p[ P~0!2P~2k!] ,

where P(E)5Pbulk(E)1Psur f(E). Assuming a Gaussian
like initial incident beam, the loss probability distributio
takes the form

I ~E,z→`;a!5E dk

2p
eik~E2Ekin!

3e2DEkin
2 k2/8e22p[ P~0!2P~2k!] , ~15!

whereEkin andDEkin are the incident kinetic energy and th
beam-width, respectively.

In the diffusion approximation@13# the Fourier transform
of the transport cross sections(k) is expanded up to secon
order ink and thus provides the Gaussian limit for the lo
spectrum valid for large traveled thicknesses. According
this approximation one finds

I ~E,z→`;a→`!5A2

p

expS 22
~2E1Ekin2aS!2

4aQ1~DEkin!2 D
A4aQ1~DEkin!2

,

~16!

where S5DE/a is the stopping power and
Q5(1/a)*dvv2P(v) is the straggling.
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56 2037SURFACE EFFECTS IN THE ENERGY LOSS OF IONS . . .
IV. RESULTS AND DISCUSSION

The different contributions within the local approach
the surface energy loss experienced by protons transm
through an amorphous carbon foil (r s51.6 a.u. andg510
eV! are shown in Fig. 2 as a function of the slab thickne
scaled with the surface screening length. The energy
scaled with the limiting value of infinite thicknessDE` @Eq.
~12!# presents no dependence on the velocity within this
proach and only on the ratio between the slab thickness
the surface screening lengtha/ls and between the electro
damping rate and the surface plasma frequencyg/vs . The
surface energy loss shows oscillations with wavelen
;ls , while the begrenzung effect oscillates with;lp . In
practice the surface energy loss approaches the infinite th
ness limit whena;ls , so that the two surfaces of the sla
cannot ‘‘see’’ each other. The same behavior can be
served in the induced potential: fora>ls , the wake poten-
tial takes nearly the bulk limit for points inside the solid@8#.
Although the main features are given by the pure surf
term together with the begrenzung, the interference exis
between bulk and surface collective modes also contrib
when a,ls . Notice that the limit of large thickness lie
below the value given by Eq.~12! due to the effect of damp
ing.

In Fig. 3 the total energy loss experienced by proto
crossing a finite medium slab due to the excitation of surf
plasmons is depicted for several media and several veloc
as a function of the slab thickness for the hydrodynam
model and it is compared with the results given using a lo
approach. The spatial dispersion makes the wavelengt
the oscillations greater thanls and lowers the surface effec
with respect to the value given by the local response. E
for v55 a.u. the results given by the local approach are

FIG. 2. Different contributions to the surface energy lo
DEsur f of protons crossing a finite foil depicted as a function of t
slab thickness scaled with the surface screening lengthls within the
local approach. The total surface energy loss~continuous line! can
be separated into three terms@see Eq.~11!#: ~i! the contribution of
surface modes~dotted line!, ~ii ! begrenzung~dashed line!, and~iii !
interference between surface and bulk modes~dash-dotted line!.
The material is amorphous carbon parametrized withr s51.6 a.u.
and g510 eV. The results are scaled with the limit of infini
thicknessDE` @see Eq.~12!#.
ed

s
ss

-
nd

h

k-

b-

e
g

es

s
e
es
l
l
of

n
t

achieved when dispersion is considered. The larger the el
tron damping, the more attenuated the oscillations.

The percentage of the surface effect with respect to t
total loss as a function of the thickness of the slab can
seen in Fig. 4. The bulk energy loss has been calcula
using the Mermin dielectric function in Eqs.~6! and~7! and
the surface contribution within the hydrodynamical ap
proach. The dependence on the velocity is only relevant

FIG. 3. Surface energy lossDEsur f experienced by protons
crossing a finite foil represented as a function of the slab thickne
scaled with the surface screening lengthls within both local and
hydrodynamical approaches@see Eq.~11! and Eqs.~8! and ~9!,
respectively# for ~a! amorphous carbon (r s51.6 a.u. andg510 eV!
and~b! aluminum (r s52.07 a.u. andg51.35 eV!. Different veloci-
ties have been considered. The values of the surface screen
length arels520.77 and 52 a.u. in~a! and 30.56 and 70.4 a.u. in
~b! for v52 andv55 a.u., respectively. The values ofDE` are
DE`50.278 and 0.111 a.u. in~a! and 0.189 and 0.077 a.u. in~b! for
v52 and 5 a.u., respectively.

FIG. 4. Percentage of the surface energy loss with respect to
total energy lossDEsur f /DE ~%! represented for severalr s values
and different velocities as a function of the slab thickness sca
with the bulk screening distancelp . The bulk energy loss has been
calculated assuming the Mermin dielectric function@see Eqs.~6!
and ~7!#, while the surface effect is calculated within the hydrody
namical approach@see Eqs.~8! and ~9!#. The values of the bulk
screening lengths arelp514.68 and 36.71 a.u. for amorphous car
bon (r s51.6 a.u. andg510 eV! and 21.61 and 54.02 a.u. for alu-
minum (r s52.07 a.u. andg51.35 eV! for v52 and 5 a.u., respec-
tively. The values of the bulk stopping power for protons ar
S50.307 and 0.107 a.u. for amorphous carbon and 0.204 and 0.
a.u. for aluminum forv52 and 5 a.u., respectively.
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materials with large damping electron rates, as in the cas
amorphous carbon. Notice that the relative value of the
ergy loss drops to around 1% fora;2lp .

Figure 5 shows the surface loss probabilityPsur f(v) of
protons crossing an amorphous carbon foil as a function
the energy transferv for different slab thicknesses and di
ferent approaches to the medium response. The dispe
effects considered via the hydrodynamical approach lo
both the surface plasmon and the begrenzung bulk plas
peaks and shift up their energy position with respect to
local approach. Even atv55 a.u. the nonlocal dispersio
effect is not negligible. The surface loss probability hard
depends on the foil thickness fora.lp and only forv→0
can the difference be observed. Fora.lp the result obtained
within the specular reflection model@21# is recovered, excep
for the limit of vanishingv. For a fixed energy transferv,
the probability shows oscillations of very small amplitu
with the thickness. A finite damping results in a nonvanis
ing loss probability forv50. For infinite thickness one ha

Psur f~v50!5
3pg

2vvs
,

whereas for finite thicknessPsur f(0) diverges. The total en
ergy loss is of course finite.

The inclusion of the surface loss probability in the to
loss probability introduces two major effects for small thic
ness:~i! there is a nonzero probability atv50 and~ii ! the
position of the maximum is shifted towards lower energi
This energy shift is due to the contribution of both the s
face plasmon peak and the begrenzung. The latter also
ers the bulk plasmon peak. This is illustrated in Fig. 6.

In Fig. 7, the energy-loss spectrumI of 100-keV protons
crossing a carbon foil is represented for several penetra
lengths. Using the Mermin dielectric function inPbulk(v),
the mean free path atv52 a.u. is found to bel54.5 a.u., the
bulk screening length for amorphous carbon be
lp514.68 a.u. The surface effect is negligible for thic
nesses larger thanlp . The relative height between the no
loss peak and the first plasmon-loss peak is lowered w
the surface is considered. Only the peaks correspondin
one and two plasmon losses are clearly resolved when
are formed during the first stages of the penetration and
subsequent higher-order plasmon peaks cannot be di
guished anymore. All of them contribute to the straggling
the spectra. This could be applied to experimental situati
of
n-

of
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.
-
w-

n

g

n
to
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in-
f
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in which a resonant process can take place when the pro
tile velocity is tuned via the energy-loss processes at a
tain distance from the surface@29#.

The dependence on the carbon slab thickness of
energy-loss spectrum of 100-keV protons is illustrated
Fig. 8. Little differences are found between the results giv
by the full calculation and the diffusion approximation: bo
the height and the energy position of the maxima do
coincide for small thickness. The diffusion approximatio
yields Gaussian spectra whose peaks correspond to the m
energy loss of the loss spectra and only when the Gaus
limit is achieved for larger thicknesses does the energy s
between both peaks and the difference in height beco
zero.

In Fig. 9 the experimental results reported by Matsuna
@30# for 100-keV (v52 a.u.! protons transmitted through
carbon foil ofa5120 a.u. are compared with theory. All th
calculated spectra account only for the bulk energy loss
ing the Mermin dielectric function since the surface effe
for this thickness is negligible. In the diffusion approxim
tion given by Eq.~16! we have used the calculated param
etersS50.307 a.u. andQ50.726 a.u. The carbon foil ha
been simulated withr s51.6 a.u. andg510 eV. If one ad-
mits a Gaussian fluctuation of the slab thickness, the sp
trum can be convoluted with the function

Ea~L !5
1

~2p!1/2

expF2
1

2S L2a

DL D 2G
DL

~17!

so that the loss spectrum is given by

I a~E!5E dLI~E,z→`;L !Ea~L !.

The main differences between the diffusion approxim
tion and the full calculated spectra are found in the posit
of their respective energy peaks. The full calculation pe
occurs at the position of the maximum of the spectrumEp
~most probable energy loss!, while the diffusion approxima-
tion peak occurs at the theoretical mean energy lossDE. An
energy shiftd5DE2Ep of approximately 2 a.u. is found
This result agrees with previous reported experimental d
@31#. As can be observed in Fig. 8, even fora5120 a.u. the
loss spectrum does not achieve completely the Gaus
limit and thus the peak energy loss and the mean energy
n
f
s

ss
re-
FIG. 5. Surface loss probabilityPsur f(v) of
protons crossing a finite foil of amorphous carbo
(r s51.6 andg510 eV! depicted as a function o
the energy transferv for several slab thicknesse
within the hydrodynamical approach for~a!
v52 a.u. and~b! v55 a.u. The continuous and
dashed lines show the result of infinite thickne
for the hydrodynamical and local approaches,
spectively.
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do not coincide. Although the full calculation o
I (E,z→`;a) shows a non-Gaussian shape that agrees b
than the diffusion approximation with experiment, it does n
account for the tail of large energy loss. A fluctuation
10% in the determination of the slab thickness does not g
a very different behavior.

Among the possible explanations for the discrepancy
tween this theory and the experiment for high-energy los

FIG. 6. Loss probabilityP(v) of 100-keV protons (v52 a.u.!
crossing a finite slab of amorphous carbon (r s51.6 a.u. and
g510 eV! with thicknessa5lp and a52lp as a function of the
energy transferv. The dotted line represents the bulk loss probab
ity Pbulk(v) and the continuous line stands for the total loss pr
ability Pbulk(v)1Psur f(v). Pbulk(v) @see Eqs.~6! and ~7!# has
been calculated using the Mermin dielectric function, wh
Psur f(v) has been obtained within the hydrodynamical model@see
Eqs.~8! and ~9!#.

FIG. 7. Energy-loss spectraI (E,z→`;a) @see Eq.~15!# of 100-
keV protons (v52 a.u.! crossing a finite amorphous carbon sl
(r s51.6 a.u. andg510 eV! for different penetrated thicknesse
The Mermin dielectric function has been used to calculate the b
losses~continuous line! and the hydrodynamical model to includ
surface effects~dotted line!. Using the Mermin approximation, th
mean free path is found to bel54.5 a.u. The bulk screening lengt
is lp514.68 a.u. The spectra have been normalized to unity.
beam width has been chosen asDEkin51024Ekin .
ter
t
f
e

-
s,

-
-

lk

e

FIG. 8. Energy-loss spectraI (E,z→`;a) of 100-keV protons
(v52 a.u.! crossing finite amorphous carbon slabs (r s51.6 and
g510 eV! of different thickness~labeled at every curve!. The con-
tinuous line represents the full calculation of the spectra@see Eq.
~15!# and the dotted line represents the diffusion approximation@see
Eq. ~16!#. The Mermin dielectric function has been used to calcul
the loss probability functionP(E) @see Eq.~7!# in both cases. The
calculated stopping power and straggling used as parameters i
diffusion approximation areS50.307 a.u. andQ50.726 a.u., re-
spectively. The spectra have been normalized to unity. The b
width has been chosen asDEkin51024Ekin .

FIG. 9. Energy-loss spectrumI (E,z→`;a) for 100-keV pro-
tons transmitted through a carbon foil (r s51.6 a.u. andg510 eV!
with thicknessa5120 a.u. The open circles represent the expe
mental data reported by Matsunami@30#, the dash-dotted line show
the spectrum given within the diffusion approximation@Eq. ~16!#,
the continuous line shows the full calculated spectrum@Eq. ~15!#,
and the dashed line shows the same spectrum as the continuou
but taking into account a Gaussian error withDa5612 a.u. in the
thickness of the carbon foil@see Eq.~17!#. Only the bulk contribu-
tion to the spectrum has been considered inP(E) @see Eq.~7!#
using the Mermin dielectric function. The calculated stoppi
power and straggling areS50.307 a.u. andQ50.726 a.u., respec
tively. The spectra have been scaled with their maximum value.
beam width has been chosen asDEkin51024Ekin .
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2040 56J. OSMA AND F. J. GARCI´A de ABAJO
one has to consider that the solid has been modeled
free-electron gas, neglecting in this way large energy los
that could take place due to the localization of the so
electrons~even those of the valence band!. Inner shells can
be ruled out since the ionization of theK shell of carbon,
calculated within the first Born approximation using
Hartree-Fock-Slater model potential and taking the elect
binding energies and wave functions as those of the isol
carbon atom@32#, results in a contribution to the stoppin
power of S1s58.5231023 a.u. for v52 a.u., which gives
only 3% of the total energy loss.

V. SUMMARY

The effect of the surface in the energy loss of ions pass
through thin films has been studied using both a hydro
namical approach and a local-response picture. The inclu
of the spatial dispersion in the collective electronic mod
lowers the surface energy loss with respect to the local re
but does not change it qualitatively.

A convolution formula that contemplates the scatter
due to the surface is used beyond the diffusion approxi
es

um

s
,

-

d

a
es
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ed

g
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on
s
lt,

a-

tion to show non-Gaussian loss spectra with and with
inclusion of surface effects. A comparison with experime
results in better agreement with respect to the diffusion
proximation, although it does not account for the tail of lar
energy loss taking place in the experimental spectrum. T
discrepancy is possibly due to the fact that the free-electr
gas model does not account for large energy losses that c
take place due to the localization of the solid electrons.

The effect of the surface can be observed only for f
thicknesses smaller than or of the order of the screen
length 2pv/vs , which is in the range 10–30 Å for proton
moving with 100–1000 keV. The relative value of the su
face energy loss with respect to the total energy loss drop
around 1% for these thicknesses and below this range
surface screening properties are not efficiently fulfilled.
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@9# JoséJ. Dorado, Oakley H. Crawford, and Fernando Flor

Nucl. Instrum. Methods Phys. Res. B93, 175 ~1994!.
@10# S. P. Apell, John R. Sabin, and S. B. Trickey, Int. J. Quant

Chem.S29, 153 ~1996!.
@11# N. Bohr, Philos. Mag.25, 10 ~1913!.
@12# L. Landau, J. Phys.~Moscow! 8, 201 ~1944!.
@13# P. Sigmund, inInteraction of Charged Particles with Solid

and Surfaces, Vol. 271 of NATO Advanced Study Institute
Series B: Physics, edited by A. Gras-Martiet al. ~Plenum,
New York, 1991!, p. 73.

@14# P. Sigmund, Nucl. Instrum. Methods Phys. Res. B69, 113
~1992!.
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