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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.S1050-294{®7)05709-0

PACS numbd(s): 34.50.Bw

[. INTRODUCTION spectra that occur for long path lengths. In fact, when de-
creasing the thickness of the films, non-Gaussian-like shapes
Electron-energy-loss spectroscopy and ion-energy-losgppear due to single-collision-like events. The statistical na-
spectroscopy have been revealed as important probes of thié¢re of the energy-loss has been studied by Bdij and
dielectric response of solids and the intrinsic statistical naLandau[12]. More recently, Sigmund13,14 developed a
ture of the particle penetrating phenomena. The advent dheory for the stopping and straggling of charged particles in
new techniques for producing mesoscopic structures such 4de presence of charge exchange. This work was extended to
ultrathin films of a small number of atomic monolayers hasinclude higher moments of the energy-loss distribution and
renewed the interest in the dependence of the energy depBansients by Namann and Sigmunfil5].
sition process on the target system size. Since the pioneering I the present paper the surface effect in the energy loss
work of Ritchie[1] on the stopping power experienced by due t(_) th_e eXC|_tat_|0n of surface pla_lsmon modes is ca_lcu_lated
fast electrons crossing a nondispersive plasma slab, mud@r thin films within a hydrodynamical approach and its im-
attention has been paid to characterize the response of a thjcations in the loss spectra are studied using a Bothe-
film. Takimoto[2] gave a detailed study of the plasmon ex- Landau formula_generallze_d to inhomogeneous media _such
citation by charged particles outside a metal slab within S surfaces. This formula is used beyond the conventional
nondispersive approach. A Hamiltonian description for a thirdiffusion approximation, allowing one to study the evolution
foil was considered by Sunjic and Luckg]. Further study of ~ Of the loss spectra as the charged projectile approaches,
the response of a slab has been done within the infinite¢r0Sses, and leaves the slab. The effects of changes in the
barrier model[4,5], with a finite barrier for the surface po- Projectile charge state as electron capture and loss are ne-
tential [3] and including self-consistency in the metal elec-9lected herdthis is an approximation valid for large veloci-
tron states[6]. An extension of Ritchie’s early work ties). Atomic unlts(a.L_J) will be used throughout this work,
including nonlocal effects in the response of the medium hagnless stated otherwise.
been carried out by Gumbs and Horifig] in the random-
phase approximatiofRPA) and assuming specular reflection
of electrons at the slab surfaces. The formation of the wake
potential in thin foils was studied within the hydrodynamic  The presence of a moving charged particle in the proxim-
approach by Garaide Abajo and Echeniqué]. This ap- ity of a slab modifies the charge distribution in the material.
proach was also used by Dorado, Crawford, and FI@gt  The resulting induced potential is of relevance in the dy-
discuss how nonlinear effects associated with plasmon exciramical evolution of the particlel6—18. It leads to a re-
tations modify the wake and the stopping power in the bulktarding force (though when the projectile approaches the
More recently, Apellet al. [10] showed that the bulk stop- slab, the image acceleration takes pjasghich makes the
ping cross section is linear in the inverse of the number oparticle lose energy.
atomic layers. We will first describe the response of the solid foil within
The energy-loss spectra of charged particles are charathe hydrodynamic model in the linear approximation. The
terized by pure statistical magnitudes such as the stoppindispersion introduced by this approach permits one to de-
power (mean energy loss per unit lengthnd the straggling scribe properly the coupling of charged particles with both
(fluctuation. Nevertheless, this is only true for Gaussianbulk and surface collective modes for velocities just above

II. RESPONSE MODEL FOR THE SLAB
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linear-response approximation, the set of equations rihat
¥, and ¢ satisfy when an external charge dengifyperturbs
the slab reads

yib+ dyl dt=— ¢+ B2ning,
anlat=ngV2y, D
VZ¢p=4m(n—p°),

wheren, is the unperturbed electron density, assumed to be
: constant throughout the soli@ is the velocity of propaga-
tion of the disturbances in the electron gas, which in our case
FIG. 1. Geometrical configuration under investigation. The in-has been chosen as the mean velocity in the Fermi electron
terfaces az=—d andz=d are of infinite extent. gas (B=+/3/5v¢, with vr the Fermi velocity and y is the
electron damping rate.
the maximum of the stopping power curve, where processes The potential is fixed by the boundary conditions. These
of charge exchange do not contribute significantly. are the vanishing of the electron velocity and the continuity
For the sake of comparison, the high-velocity limit is con- of the scalar potential and the electric field at the boundary
sidered, assuming a nondispersive medium. The slab hagiges of the slab. The first condition leads to a steplike den-
been chosen to be located betweea—d andd, i.e., the sity profile at the surface. The electron density is zero in the
thickness isa= 2d, and since the external point chargeis vacuum. The underlying assumption in this model is that the
moving perpendicularly to the slab with velocitycrossing interference between the outgoing and reflected components
its center at t=0, the external density isp®(r) of the solid electron wave functions is neglected. Therefore,
=Z7,8(R) 8(z—vt). A schematic of the situation can be seenthe results given by the well-known specular reflection
in Fig. 1. model[20] are recovered when the thickness of the slab is
taken to be infinitd21].

A. Hydrodynamical approach In Fourier-transform space

In this model, the solid is approximated as a bounded oi(Q-R—at)
electron gas embedded in a rigid positive background. The f(r.)= f (277)2 [(Qzw)
electron-gas density and the velocity potentia) satisfy the
Bloch equationd19] inside the medium, while the scalar the set of equationél) can be solved for both the velocity
electric potential¢ satisfies the Poisson equation. In theand electric potentials. One fingi8]

( ¢0(Q,Z,w)+wg[A,ef(dfz)A+A+ef(d+Z)A]—(u(cu-i-iy)[B,ef(dfz)Q—l—B+ef(d+Z)Q], |z|]<d,
iwz/v
C_eQ(d”)Jr‘wi2 , z=-d
#(Q,z,w)= 1 vk 2)
iwzlv
C,eRd-2 4 47Te~ z=—d
vk?
\
|
for the scalar potential and 1, ., N,
MQ.0)= glojp+ BQ7—w(w+iy)]
#(Q,2,0)=p(Q,z,w) +iw[ —A_e (97PN A g (@TDA
+B_e (4204 B, g~ (d+2Q] and

with |z|<d, for the velocity potentialA. , B andC.. are 2= 0%+ (wlv)?. A 4 Z,
constants depending o®(w) that are obtained by imposing =Q™+(wlv)", A= 2 BA(K.0)
the boundary conditions. Moreover,

Q is the surface parallel component of the total momen-

— 27,2 ; iwz/v ~
$o(Q.z,0) =A[ 7K~ w(w+iy) ], tum transferk andew, is the bulk plasma frequency. The first
_ ‘ term in ¢ inside the slab is precisely the bulk potential. The
#o(Q,2,0) = Ai ywe'?", remaining terms account for the surface induced potential.

The induced potential is obtained from the total potential by
where we have defined subtracting the external potential:
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_ AmZ,e d . _
$"(Q.z,0)=$(Q,2,0) — ———— () P(w,t)=—221f 0 Im{e~ '[!~ RMWIGIN(Q, (1), w)}.
vk? (2m)3
5
The bulk term of the induced potential can be expressed in _ _
terms of the dielectric bulk response functiefy, ») as Integrating along the whole trajectory, the bulk energy loss
reduces to
i B 47Tzleiwﬂu .
¢bu|k(Q!le)_ ¢O(Q:Z,w)_T AEbqu: fo dwwpbulk(a’)a (6)
= 47121 ~1 _1|giwtv where
vk? | e(k,w)
4aZi( dQ 1 -1
keeping in mind that the bulk response function in the hy- Poui(@)=— f o2 T?Zlm P (7)
drodynamic approach takes the form v (2m) e(k,0)
) while the surface energy loss reads
w
e(Ow)=1+——— oo (4) ;
BQ—w(w+iy ABsui= | “dowPa(o), ®
Following previous authorg22], the rate of energy loss per
unit time for a chargeZ; moving with spatial coordinates where
r(t) is given, in terms of its induced potential, by _ _
. _Zl dQ I 5 Ai(elwd/ve72Ad_efldeU)
W(t)=Z1v- V(1 )] - = Weond 1) + Waisd(1). Pour @)= | 5 2™ @b Av—iw
This rate has two contribution®3], one conservative and A, (e 1wdlvg=2Ad_ giwdlv _
the other dissipative: Aotio —w(wt+iy)
dg'nd B_(glwdlvg=2Qd_ g-iwdlv)
Wcongt)zle(rat)|r=r21(t) [ Qu—iw
and B+(e_i“’d/”e_2Qd—ei“’d/”) C,eiwdlu
+ - - -
Qutiw } Qu—iw
(9¢Ind Ciedl
Wdiss(t):_ZlT(rat)|r=r21(t)a C+e todiv (9)

 Qutie |
respectively. Since the polarization of the medium and, con- - .
sequently, the induced potential vanish whien+o, the Note that within the hydrodynamical approach, the only

total energy loss suffered by the projectile is entirely due t channel of energy dissipation is the excitation of surface and

the dissipation taking place by excitation of the electroni((:)bUIk plasmons. The momentum threshold of plasmon excita-

modes of the slab, that is, tion is given by

. wp(0) = (wp+B74*) Y *=qu, (10
ae= [ dtwyeqt . -
— which has only one solution ib>g, namely, q;=w,/
B B B (v3— A2 and none ifv<p. Whenv>p the projectile
:f dwa(w)Zf dwwf dtP(w,t). can excite all plasmons of momentugq,, leading to a
0 0 —o divergent stopping. This divergence is removed if one con-
siders the creation of electron-hole pairs. They can be imple-
P(w,t) is the probability per unit time of losing energy mented through &?%/2 term in the dispersion curve of Eq.
w: the projectile undergoes an energy loss betweeand  (10). This dispersion term describes the kinetic energy ex-
w+tdew in the interval t and t+dt with probability changed in binary collisiong24]. The nonlinear formalism
P(w,t)dtdw. The dependence dnhas to be understood as used in Ref[9] accounts for this term ie(q, ) since spa-
r=r(t) and thusP(w,t) makes sense only for the especified tial variations on the electron density are included in the
trajectoryr=r(t). Since the formalism used here to describeinternal kinetic energy per electron of the noninteracting
the response of the medium is caussde Eqs(1) and(4)] Fermi gas. A more sophisticated electronic excitation spec-
the loss probability at only depends on the past history of trum of the medium is provided by the RPA dielectric func-
the trajectory traveled by the projectile. Using the inducedtion, which was first reported by Lindhaf@5]. In what fol-
potential given by Eq(2) together with Eq.(3), the time- lows, we will describe the bulk properties via the RPA
dependent loss probability is found to be together with the Mermin prescriptiof26] (this will be
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called the Mermin dielectric function belgvin order to in-

troduce a finite plasmon lifetime preserving the local particle S1(Q, )=

number.

B. Local response approach

Many properties of the dielectric response of the inter-
faces can be analyzed by considering frequency-dependent
response functions(w) of the bulk material. This is a very
crude approximation that gives realistic results only when
the external charge moves with very high velocities
(v>wvE) or for points far away from the interface. This is the

2035

(1+Regy(w)])
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case, for instance, in scanning transmission electron micros-
copy, where the fast probe electrons have velocities of the
order of half the speed of light. In spite of its simplicity, this
approach reproduces the limits of the energy loss and loss
probability for large velocity.

Solving the Poisson equation for the geometrical configu-
ration of Fig. 1, one finds that the loss probability can be
separated into bulk and surface contributions. The formef"
reads

B(Q,»)=ReGi1(Q,»)]| 1+ Regs(w)]e 2?2

—{1+ Re[gs(w)]}e_QaCO< wTa) } .

wa
cos( —) —e @2
v

wheregq(w) =[1—€e(w)]/[1+ e(w)] is the local surface re-
sponse function of the semi-infinite medium and

which is nothing but the Bethe formula for the bulk loss
probability. The hydrodynamic approach for the bulk dielec-
tric constant yields the same resultvi& 8. Hereq, is the
momentum cutoff that accounts for the minimum wavelength
of the bulk polarization waves that the projectile can excitejs the local surface response function of the sRpis the

in the electron gaf27]. B _ contribution of the loss probability coming from the slab
The surface loss probability can in turn be separated as syrface modes

1(Q,w)=e" 3

-1

e(w)

az?
Ppui(@)=——Im
mo

In

2

w2+ qgvzl

w

gs(w)(1—e7299)
th(Q!w): 1_gs(w)2e_2Qa

Psur(®)=Pg(®)+ Ppeg @)+ Pi(), (11) Q=0 flxe 92
where Ppeg is the well-knownbegrenzungffect, which lowers the
bulk energy loss, an®,; is the interference term between all
bulk and surface modes. The surface effect for infinite thick-
Ps(0)=Psi(w)+Psiw) ness reduces to
2
=f dx{S1(Q,®)IM[ - G(Q,w)] 4 1
Psurf(w)= P Im | 1 e(w) gs() |.
+S(Q,@)Im[—gs(w)]}, _ . . .
Assuming a Drude-like bulk optical responfee., Eq. (4)
1 with 8=0] with zero damping, one finds
Profor=im 5 | B od 22
PS(Qi)_g 1¥co 2’7T)\—S
and
and
Pi(w)=Im[ — gy(w)]im —— 2%
e(w) Phed @p) 5o

X f dxI(Q,w)Im[ - G(Q,w)].

where A\ ;=27v/wg is the surface screening length. This
quantity gives the range of distances in which the charged
projectile is screened by the valence electrons of the me-
dium. Notice the complementarity i : the contribution of
the ), (Q_) mode vanishes when the thickness is an even
(odd) number of times\¢/2. Hence the surface energy loss
for infinite thickness reads

In these equations,

dQ 2Qu?
(2m)? [0+ (Qu)?)?’

f dx=—4Z2
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o wp " out to Fourier space in thE dependence in Eq13) (the conju-
AE.=Z; | ws——5 | =AE T AEsot AE,c, (12 gate variable ofE will be k) and integrating ovee, one

obtains[28]
where
|(E,z)=f dkekEl (k, —)e N*(k2), (14)
AEN = 7270
vac 1 4y
with
is the energy gained by the projectile due to the image ac-
celeration,

2(k,z)=f7Z dz' o(k,z"),

AEg,= Zizl(ws_ wp)
v wherea(k,z) is the so-called transport cross section gener-

alized to the case in which the loss probability is not inde-

epiendent of space arid is the densityatoms per volumpeof

Ythe material. This transport cross section is related to the loss

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

and probability as
37w
AEoutZZZ S )
vac =1 4y Na(k,z)zf dEP(E,z)(1—€'E)
is the energy lost during the outgoing part of the trajectory. =27[P(02)— P(—k,2)].

The total effect always shifts up the energy, although it turns
out to be negligible in comparison to the bulk energy loss for When P(E,2) = P(E), 3(k,2)=zo(k) and the standard

a>As. Bothe-Landau formula is recovered. Equatidd) permits
following the evolution of the probability distribution step by
l1l. CONVOLUTION FORMULA step as the projectile approaches, crosses, and leaves the me-
FOR THE PROBABILITY DISTRIBUTION dium, whatever the trajectory {grazing incidence or cross-

This section is devoted to the derivation of the equationingl trajectory. For projectiles crossing a finite slab of thick-
essa, the probability distribution at the detectar= «) is

that governs the energy-loss distribution when both bulk and"
surface losses are present. LEE,z) be the probability dis- given by

tribution of energy los& at the positiore. After traveling an

infinitesimal distancelz the probability that the charge loses |(E’Zﬂm;a):J dKI(k, — 0 )elEkg27[P(0)~P(=k)]
energyE’ is given byP(E’,z)dz [this P(E’,z) is related to

that of Eq.(5) by a factor of 10, keeping in mind that

t=t(z)], so that the distribution of scattered particles iswhere P(E)=Pyy(E)+Ps,(E). Assuming a Gaussian-
given byl,,s{E,z)dz, where like initial incident beam, the loss probability distribution

takes the form

©

losdE2)= [ dEN(E+E 2PE 2). N
— |(E,z—>oo;a):J'2_eik(E—Ekin)
v

Moreover, the total number of scattered particles has to be 2 s
subtracted from the distribution at the positinriThis quan- X e~ AEiink /8= 2m{P(0)=P(=k)] (15
tity is just the integral of |, Over energyE. Then the evo-
lution of the energy distribution is given by the kinetic equa-whereE,;, andAE,;, are the incident kinetic energy and the
tion beam-width, respectively.

In the diffusion approximatiofil3] the Fourier transform

di(E,2  1(E2) of the transport cross sectiar(k) is expanded up to second

dz A2 Thosd(E,2), (13 order ink and thus provides the Gaussian limit for the loss
spectrum valid for large traveled thicknesses. According to
where this approximation one finds
* 2
——=| dEP(E,2). (-E+Eqn—ad
v~ ), dEpE -

ex

2 F( 4aQ+ (AEin)?
. I(E,z—®;a—®)=\/—

When takingP(E) =P, «(E), N becomes the mean free ™ V4aQ+ (AE,)?

path associated with electronic excitations in the bulk di- (16)

vided by the thickness of the slab Equation(13) is a gen-

eralization of the well-known Bothe-Landau formula for the where S=AE/a is the stopping power and

case of inhomogeneous media such as surfaces. Going over= (1/a) f[dww?P(w) is the straggling.
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- 1 FIG. 3. Surface energy losAEg, ;s experienced by protons
020 T crossing a finite foil represented as a function of the slab thickness
0 0.5 1 1.5 2 scaled with the surface screening lengthwithin both local and
al/ hydrodynamical approachdsee Eq.(11) and Egs.(8) and (9),
s respectively for (a) amorphous carborr {(=1.6 a.u. andy=10 eV)

and(b) aluminum ¢,=2.07 a.u. and/=1.35 e\}. Different veloci-

FIG. 2. Different c.ontribgt.ions .to th.e surface energy IOSSties have been considered. The values of the surface screening
AEg,,¢ of protons crossing a finite foil depicted as a function of the length are\.=20.77 and 52 a.u. ifa) and 30.56 and 70.4 a.u. in
slab thickness scaled with the surface screening lexgttithin the (b for v=ZS andv=5 a.u re'sp.ectively The values AE. are
local approach. The total surface energy Igmtlnuoug “nfk can  AE,=0.278 and 0.111 a.u. i@ and 0.189 and 0.077 a.u. (b) for
be separated into three terfreee Eq.(11)]: (i) the contribution of v=2 and 5 a.u., respectively
surface modegdotted ling, (ii) begrenzunddashed ling and iii) o ’
interference between surface and bulk modéash-dotted ling
The material is amorphous carbon parametrized with1.6 a.u.
and y=10 eV. The results are scaled with the limit of infinite

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

thicknessAE,, [see Eq(12)]. The percentage of the surface effect with respect to the
total loss as a function of the thickness of the slab can be
IV. RESULTS AND DISCUSSION seen in Fig. 4. The bulk energy loss has been calculated

using the Mermin dielectric function in Eq&) and(7) and
The different contributions within the local approach tothe surface contribution within the hydrodynamical ap-

the surface energy loss experienced by protons transmittgstoach. The dependence on the velocity is only relevant for
through an amorphous carbon foil;& 1.6 a.u. andy=10
eV) are shown in Fig. 2 as a function of the slab thickness
scaled with the surface screening length. The energy loss
scaled with the limiting value of infinite thicknedsE,, [Eq.
(12)] presents no dependence on the velocity within this ap-
proach and only on the ratio between the slab thickness and
the surface screening lengéii and between the electron
damping rate and the surface plasma frequepby;. The
surface energy loss shows oscillations with wavelength
~N\s, While the begrenzung effect oscillates withk ;. In
practice the surface energy loss approaches the infinite thick-
ness limit whema~\¢, so that the two surfaces of the slab
cannot “see” each other. The same behavior can be ob-
served in the induced potential: fae=\¢, the wake poten- e
tial takes nearly the bulk limit for points inside the sof&l. 0 05 1 15 2 25 3 35 4
Although the main features are given by the pure surface a/A
term together with the begrenzung, the interference existing b
between bulk and surface collective modes also contributes
when a<\,. Notice that the limit of large thickness lies
below the value given by Eq12) due to the effect of damp-

ing

(AEbqu+ AEsurf ) (%2.
- (=]

AE /
surf

FIG. 4. Percentage of the surface energy loss with respect to the
total energy losAEg,,¢/AE (%) represented for seversj values
and different velocities as a function of the slab thickness scaled

- . ith the bulk ing dist . The bulk | has b
In Fig. 3 the total energy loss experienced by protonsWI e bulk screening distandg, . The bulk energy loss has been

. fini di lab d h . f surf calculated assuming the Mermin dielectric functimee Eqs.(6)
crossing a finite medium slab gue to the excitation of surfac nd (7)], while the surface effect is calculated within the hydrody-

plasmons is depicted for several media and several velocitigs, mica approachisee Eqgs(8) and (9)]. The values of the bulk

as a function of the slab thickness for the hydrodynamicalcreening lengths ave,=14.68 and 36.71 a.u. for amorphous car-
model and it is compared with the results given using a locahon (r.=1.6 a.u. andy=10 eV) and 21.61 and 54.02 a.u. for alu-
approach. The spatial dispersion makes the wavelength @finum (r.=2.07 a.u. andy=1.35 eV} for v=2 and 5 a.u., respec-
the oscillations greater than, and lowers the surface effect tively. The values of the bulk stopping power for protons are
with respect to the value given by the local response. Eves=0.307 and 0.107 a.u. for amorphous carbon and 0.204 and 0.056
for v =5 a.u. the results given by the local approach are no#.u. for aluminum fow =2 and 5 a.u., respectively.



2038 J. OSMA AND F. J. GARCA de ABAJO 56

materials with large damping electron rates, as in the case a@f which a resonant process can take place when the projec-
amorphous carbon. Notice that the relative value of the entile velocity is tuned via the energy-loss processes at a cer-
ergy loss drops to around 1% far~2X\,. tain distance from the surfa¢@9].

Figure 5 shows the surface loss probabilRy, () of The dependence on the carbon slab thickness of the
protons crossing an amorphous carbon foil as a function oénergy-loss spectrum of 100-keV protons is illustrated in
the energy transfew for different slab thicknesses and dif- Fig. 8. Little differences are found between the results given
ferent approaches to the medium response. The dispersidny the full calculation and the diffusion approximation: both
effects considered via the hydrodynamical approach lowethe height and the energy position of the maxima do not
both the surface plasmon and the begrenzung bulk plasmatoincide for small thickness. The diffusion approximation
peaks and shift up their energy position with respect to theyields Gaussian spectra whose peaks correspond to the mean
local approach. Even at=5 a.u. the nonlocal dispersion energy loss of the loss spectra and only when the Gaussian
effect is not negligible. The surface loss probability hardlylimit is achieved for larger thicknesses does the energy shift
depends on the foil thickness far>\, and only foro—0  between both peaks and the difference in height become
can the difference be observed. for \ ; the result obtained  zero.
within the specular reflection modgt1] is recovered, except In Fig. 9 the experimental results reported by Matsunami
for the limit of vanishingw. For a fixed energy transfes, [30] for 100-keV (=2 a.u) protons transmitted through a
the probability shows oscillations of very small amplitude carbon foil ofa=120 a.u. are compared with theory. All the
with the thickness. A finite damping results in a nonvanish-calculated spectra account only for the bulk energy loss us-
ing loss probability forew=0. For infinite thickness one has ing the Mermin dielectric function since the surface effect

for this thickness is negligible. In the diffusion approxima-
3wy tion given by Eq.(16) we have used the calculated param-
Pourl@=0)=5"2" etersS=0.307 a.u. and)=0.726 a.u. The carbon foil has
been simulated withig=1.6 a.u. andy=10 eV. If one ad-

whereas for finite thicknesB,,,«0) diverges. The total en- mits a Gaussian fluctuation of the slab thickness, the spec-

ergy loss is of course finite. trum can be convoluted with the function
The inclusion of the surface loss probability in the total 2
loss probability introduces two major effects for small thick- ex;{ _ 1 L-a
ness:(i) there is a nonzero probability at=0 and (ii) the E(L)= 2\ AL 1
position of the maximum is shifted towards lower energies. al )_(277)1/2 AL (17)

This energy shift is due to the contribution of both the sur-
face plasmon peak and the begrenzung. The latter also lowp that the loss spectrum is given by
ers the bulk plasmon peak. This is illustrated in Fig. 6.

In Fig. 7, the energy-loss spectrunof 100-keV protons
crossing a carbon foil is represented for several penetration
lengths. Using the Mermin dielectric function Py, (w),
the mean free path at=2 a.u. is found to ba =4.5 a.u., the The main differences between the diffusion approxima-
bulk screening length for amorphous carbon beingtion and the full calculated spectra are found in the position
\p,=14.68 a.u. The surface effect is negligible for thick- of their respective energy peaks. The full calculation peak
nesses larger than,. The relative height between the no- occurs at the position of the maximum of the spectriim
loss peak and the first plasmon-loss peak is lowered whefmost probable energy lossvhile the diffusion approxima-
the surface is considered. Only the peaks corresponding tion peak occurs at the theoretical mean energy A8sAn
one and two plasmon losses are clearly resolved when thegnergy shifté=AE—Ep of approximately 2 a.u. is found.
are formed during the first stages of the penetration and th&his result agrees with previous reported experimental data
subsequent higher-order plasmon peaks cannot be distifi31]. As can be observed in Fig. 8, even for 120 a.u. the
guished anymore. All of them contribute to the straggling ofloss spectrum does not achieve completely the Gaussian
the spectra. This could be applied to experimental situationbmit and thus the peak energy loss and the mean energy loss

|a(E)=f dLI(E,z—;L)E,(L).

el : PN T -
!!: - v=2(auw) (@ | = I S v=5(au) (b)
P {oPfy A 0.8y S0 .

b S am050 g O =052 FIG. 5. Surface loss probabilitPg,,(w) of
LSHE S e e e protons crossing a finite foil of amorphous carbon
e S e, oall ) AN T (r<=1.6 andy=10 eV) depicted as a function of

f\f:’.\ : - Hyd"o;m s - Y Hydrodymaric, a = o the energy transfew for several slab thicknesses
O e 0.2} A Locd, 3~ within the hydrodynamical approach fofa)
o N ol ‘ v=2 a.u. andb) v=5 a.u. The continuous and
NG . dashed lines show the result of infinite thickness
-0.5} -0.2} for the hydrodynamical and local approaches, re-
4k ‘ ‘ ‘ 0.4k \ ‘ ‘ spectively.
0 0.5 1 1.5 2 0 0.5 1 1.5 2
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. 0.07;
5 7N, r=l6au,y=10eV B S
P (w) \ 0'06; E diff. approx.
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3
3r £ 0.04F) »
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Q0.03F |
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w(a.u.) Energy Loss (a.u),E - E
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FIG. 6. Loss probability?(w) of 100-keV protons ¢=2 a.u) FIG. 8. Energy-loss spectigE,z—;a) of 100-keV protons

crossing a finite slab of amorphous carbon=1.6 a.u. and (y=2 a.u) crossing finite amorphous carbon slabs={1.6 and
y=10 eV) with thicknessa=\, anda=2\, as a function of the =10 eV) of different thicknesslabeled at every curyeThe con-
energy transfew. The dotted line represents the bulk loss probabil-tinuous line represents the full calculation of the spefsee Eq.

ity Pyui(w) and the continuous line stands for the total loss prob-(15)] and the dotted line represents the diffusion approximdsee
ability Ppy(@)+Psyri(@). Ppu(w) [see Eqs(6) and (7)] has  Eq.(16)]. The Mermin dielectric function has been used to calculate
been calculated using the Mermin dielectric function, while the loss probability functioP(E) [see Eq.7)] in both cases. The
Psurf(@) has been obtained within the hydrodynamical mddee  calculated stopping power and straggling used as parameters in the
Egs.(8) and(9)]. diffusion approximation ar&=0.307 a.u. and)=0.726 a.u., re-

L . spectively. The spectra have been normalized to unity. The beam
do not coincide. Although the full calculation of yigth has been chosen A€, =10"*E,,.

I (E,z—0o0;a) shows a non-Gaussian shape that agrees better
than the diffusion approximation with experiment, it does not
account for the tail of large energy loss. A fluctuation of
10% in the determination of the slab thickness does not give

a very different behavior. L I B
Among the possible explanations for the discrepancy be- o 1r ‘ ]
tween this theory and the experiment for high-energy losses, S LT o e
-05 08’ [ a=120£10%a
0.5 § [
= |
r r =16 (au), y=10eV o 0'6__ 7]
0.4_, s \ ) - I
g | v (a.u. 8 0'4j b
S 0.3} a=2 /2 =)
2 [} P Bulk %
= cERN o e Bulk + Surface —£0.2- o i
5 0.2 \ ~ : o
@« :: - o—'v-'/l|(||»|x|||||||'|:‘:~?
Skl / 500 1000 1500 2000
- HY Energy Loss (eV), E,,, - E
of
T FIG. 9. Energy-loss spectrurIr(E,z.ﬂoc;a) for 100-keV pro-
0 5 10 15 20 tons transmitted through a carbon foils& 1.6 a.u. andy=10 eV)
Energy Loss (a.u), E - E with thicknessa=120 a.u. The open circles represent the experi-
kin mental data reported by Matsunal0], the dash-dotted line shows

the spectrum given within the diffusion approximatidaqg. (16)],

FIG. 7. Energy-loss specttdE,z—x>;a) [see Eq(15)] of 100-  the continuous line shows the full calculated spectfiig. (15)],
keV protons (=2 a.u) crossing a finite amorphous carbon slab and the dashed line shows the same spectrum as the continuous one
(rs=1.6 a.u. andy=10 eV) for different penetrated thicknesses. but taking into account a Gaussian error wkh=*+12 a.u. in the
The Mermin dielectric function has been used to calculate the bulkhickness of the carbon fojsee Eq(17)]. Only the bulk contribu-
losses(continuous ling and the hydrodynamical model to include tion to the spectrum has been consideredPiiE) [see Eq.(7)]
surface effectgdotted ling. Using the Mermin approximation, the using the Mermin dielectric function. The calculated stopping
mean free path is found to be=4.5 a.u. The bulk screening length power and straggling ar$=0.307 a.u. and)=0.726 a.u., respec-
is \,=14.68 a.u. The spectra have been normalized to unity. Théively. The spectra have been scaled with their maximum value. The
beam width has been chosen&B,;,=10 *Ey;, . beam width has been chosen/B,;,= 10" *Ey,, .
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one has to consider that the solid has been modeled by toon to show non-Gaussian loss spectra with and without
free-electron gas, neglecting in this way large energy losseisiclusion of surface effects. A comparison with experiments
that could take place due to the localization of the solidresults in better agreement with respect to the diffusion ap-
electrons(even those of the valence banthner shells can proximation, although it does not account for the tail of large
be ruled out since the ionization of thé shell of carbon, energy loss taking place in the experimental spectrum. This
calculated within the first Born approximation using adiscrepancy is possibly due to the fact that the free-electron-
Hartree-Fock-Slater model potential and taking the electroigas model does not account for large energy losses that could
binding energies and wave functions as those of the isolatethke place due to the localization of the solid electrons.
carbon atom32], results in a contribution to the stopping  The effect of the surface can be observed only for foil
power of S;;=8.52x10 2 a.u. forv=2 a.u., which gives thicknesses smaller than or of the order of the screening
only 3% of the total energy loss. length 27v/wg, which is in the range 10—30 A for protons
moving with 100—-1000 keV. The relative value of the sur-
face energy loss with respect to the total energy loss drops to
around 1% for these thicknesses and below this range the

The effect of the surface in the energy loss of ions passingyrface screening properties are not efficiently fulfilled.
through thin films has been studied using both a hydrody-

namical approach and a local-response picture. The inclusion
of the spatial dispersion in the collective electronic modes
lowers the surface energy loss with respect to the local result,
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