NH,
7
5

ELSEVIER

Nuclear Instruments and Methods in Physics Research B 182 (2001) 56-61

Niv B

Beam Interactions
with Materials & Atoms

www.elsevier.com/locate/nimb

Thin-film effects on the surface stopping power
of a free electron gas

A. Garcia-Lekue **, J.M. Pitarke *®

& Materia Kondentsatuaren Fisika Saila, Zientzi Fakultatea, Euskal Herriko Unibertsitatea, 644 Posta kutxatila,
48080 Bilbo, Basque Country, Spain
® Donostia International Physics Center (DIPC) and Centro Mixto CSIC-UPVIEHU, Donostia, Basque Country, Spain

Abstract

The electronic properties of thin films present quantum-size effects (QSE), which are a consequence of the finite
size of the system. Here we focus on the investigation of QSE on the electronic energy loss of charged particles
moving parallel with metallic thin films. The energy loss is calculated within linear response theory, from the
knowledge of the density-response function of the inhomogeneous system, which we evaluate either in the random-
phase approximation or with the use of an adiabatic and local exchange-correlation kernel. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The interaction of moving ions with solids has
represented an active field of basic and applied
physics [1,2]. Charged particles moving near me-
tallic surfaces lose energy as a consequence of the
creation of different excitations on the metal, such
as electron—hole pairs and bulk and surface plas-
mons [3,4]. The theoretical understanding of elec-
tronic excitations is relevant in surface physics, as
these modes are invariably involved in surface
spectroscopies employing electrons, atoms, pho-
tons or ions [5-9].
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In this paper we calculate self-consistently the
energy-loss spectra of charged particles moving
parallel to thin films or slabs, which are systems
finite in one direction and infinite in the other
two perpendicular directions. The electronic
structure of the slabs is described by the jellium
model, where the ions are replaced by a positive
neutralizing background. Within this model the
influence of the finite size was examined by
Schulte [10], and he found an oscillatory beha-
viour of various physical properties as a function
of the thickness of the slab. These effects can be
observed experimentally and decrease as the size
of the slab increases [11]. More recently, quan-
tum-size effects (QSE) on the surface energy and
work function of stabilized jellium slabs have
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been examined [12]. Here we study the QSE on
the energy-loss spectra of charged probe particles
moving parallel to jellium slabs. From thin slab
calculations and by means of the formula given
in [13,14], infinite width-limit results are extrap-
olated, which can be compared with the self-
consistent calculations for semi-infinite media in
[15].

Energy-loss spectra and stopping power of jel-
lium slabs are calculated in the frame of linear
response theory and with use of the local density
approximation (LDA) of density-functional the-
ory (DFT) [16,17]. The dynamical density-
response function is evaluated from the knowledge
of the non-interacting density-response function
within the random phase approximation (RPA)
[18], or the adiabatic local-density approximation
(ALDA): in the RPA long-range correlations are
treated self-consistently, whereas short-range cor-
relations are included in the ALDA [15]. The QSE
on aluminium slabs are investigated and the results
obtained in both approximations are compared.
We also test the extrapolation formula previously
mentioned.

In Section 2 we briefly present general expres-
sions for the energy loss of charged particles
moving parallel to a surface along a definite tra-
jectory. Results are presented in Section 3. Section
4 summarizes the main conclusions. Atomic units
are used unless otherwise stated, ie., € =Fh =
m, = 1.

2. Theory

We consider a recoilless charged particle
moving with constant velocity v along a definite
trajectory at a fixed distance z from a jellium
surface. The interaction of the external particle
with the electronic system creates a rearrangement
of the density on the slab, and within the linear
response theory this electronic density induced on
the system is linearly related to the external field
[19,20]. The system we are dealing with is transl-
ationally invariant along the z-direction and the
stopping power in the frame of linear response can
be expressed as [15]

de _ 2, [ dg
——=_Z7 .
dx v (27{)
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where ¢, and o are the momentum transfer in the
plane of the surface and the energy transfer, re-
spectively. Im W (z,z; ¢, ) represents the screened
interaction

W(z,z’;q”7w) :v(z,z';qH) +/dzl/d22v(z,zl;q”)
X X(Zlsz;quw)v<227Z/;q”)7 (2)

where v(z,7;q) and x(z,7;¢q), ») are two-dimen-
sional Fourier transforms of the bare Coulomb
potential and the density-response function, re-
spectively [19].

The stopping power of the system can be de-
scribed by means of P(w), the total probability of
exchanging energy o with the medium

- % = % /0 doowP(w), (3)
where
VA
Plw)=——- dg, ImW(z, z;qH,a)), 4)
v Jo
with ¢ = 1/q? + (w/v)>. ¢, is the component of

the momentum in the direction of movement for a
particle moving along the x axis.

The key ingredient of our calculation is the
density-response function of the electron system,
and within time-dependent density-functional
theory (TDDFT) it satisfies exactly the following
integral equation [21]:

1(25q),0) =1 (2,759, 0) +/d21

X/dexo(z,z/;qu,w) x [v(z1,2219))
+fx€(zl722;qH’w)] X X(ZZaZ,§Q|\7CU)7
(5)

where y%(z,z1;q), ®) is the density-response func-
tion of non-interacting Kohn—Sham electrons, and
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can be written in terms of the one-electron wave-
functions and eigenvalues [22].

Jxe(2,Z3q), ») is the Fourier transform of the
exchange-correlation (xc) kernel fi[n|(r,t;r,7),
which is the functional derivative of the time-de-
pendent xc potential

o Ovgln](r,2)
Jfre[n](r t5r, 1) = on(r.0) (6)
Exchange-correlation effects are usually intro-
duced within the local-density approximation
(LDA) of DFT [16,17], by replacing the xc po-
tential at z by that of a uniform electron gas of
density n(z). The xc kernel entering Eq. (5) is then
set either equal to zero [this is the random-phase
approximation (RPA)] or equal to the static
(o = 0) xc kernel

dUXC n(z
fe(z:75q),0) :dn[(z(l)ﬂ

5(21 - Zz). (7)
This is the so-called ALDA.

We consider jellium slabs of thickness a normal
to the z-axis, consisting of a fixed uniform positive
background of density

n@={5

plus a neutralizing cloud of interacting electrons of
density n(z) -7 = ¢3/3n%, where gr = (91/4)'/
(rsa-) is the Fermi wave vector, 7, is the Wigner—
Seitz radius and aq is the Bohr radius.

QSE are originated by the quantization of the
energy levels normal to the surface: as the slab-
thickness a increases new sub-bands become oc-
cupied, thereby leading to oscillatory functions of
a (the amplitude of these oscillations decays ap-
proximately linearly with a, and their period
equals Ag/2, Ar =2n/qr being the Fermi wave-
length). For each quantity o under study, we
consider three different values of a. One such value
is the threshold width a, for which the nth sub-
band for the z motion is first occupied. The other
two are a, — Ar/4 and a, + A¢/4, and the infinite
width limit is then extrapolated with the use of the
following relation [13,14]:

—a<z<a,
elsewhere,

(®)

=2 o) o) o

These size effects are responsible for the oscil-
latory behaviour of the electronic density induced
by the external probe on the surface, and conse-
quently, for the oscillations of the energy loss and
stopping power with the system size. The results
presented below correspond to slabs with n be-
tween 11 and 14, for which a ~ (4-7) g, depending
on r;.

To compute y(z,7'; g, ®), we follow the method
described in [23,24]. We first assume that n(z)
vanishes at a distance z, from the surface and ex-
pand the one-electron wave functions in a Fourier
sine series. The distance z, and the number of sine
functions kept in the expansion of the wave func-
tions are chosen sufficiently large for our calcula-
tions to be insensitive to the precise values
employed. We then introduce a double-cosine
representation for the density-response function.

3. Results

We have investigated thin-film effects on the
energy-loss spectra of Al slabs, for which r, = 2.07
and Ar = 6.77 a.u. The projectile charge is con-
sidered to be fixed to Z; = +1. The main ingredi-
ent in our calculations is the screened interaction
W(z,Z;q),®). The imaginary part of the screened
potential versus the thickness a of the slab in the
RPA and ALDA for ¢, = 0.4¢r and o = 0.2w,,
where w, is the classical bulk plasmon frequency,
is shown in Fig. 1, which clearly exhibits the os-
cillatory character originated by the QSE. As a
increases, new sub-bands for the z motion become
occupied. Such a new sub-band falls below the
Fermi level every time a is a multiple of Ag/2.
When a new sub-band is pulled below the Fermi
level, the parallel Fermi sea built upon the newly
occupied sub-band acquires more electrons, and
the probability of exciting electron—hole pairs in-
creases, as for these excitations transitions between
states near the Fermi level are the most important.
Consequently, the energy-loss probability of the
system increases. However, this effect is eventually
overcome by the fact that all the sub-bands for the
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Fig. 1. Imaginary part of the screened interaction as a function
of a in the RPA and ALDA, with ¢ = 0.4¢r, ® = 0.2w, and
z=2 a.u. Dashed lines represent the infinite width limit, as
given in Eq. (9). Damping parameter is equal to w,/10.

z motion get deeper with increasing film thickness.
When «a has increased by /g/2, a new sub-band
begins to be filled and a new oscillation begins.
Both curves in Fig. 1 show damped oscillations
with minima occurring at the slab width
a ~ nlp/2. Dashed lines represent the results for
the semi-infinite flat Al jellia obtained by means of
Eq. (9). The relative amplitude of the oscillations is
of ~2% for both approximations, although it is
slightly larger in the RPA. This oscillatory beha-
viour is therefore present in all the physical mag-
nitudes related to the screened interaction, such as
energy loss and stopping power.

The influence of the short-range correlations on
the energy loss is studied by employing the many-
body kernel of Eq. (7). Introducing the xc kernel
leads to a more effective screening of the electron—
electron interaction in the ALDA compared with
the RPA. As a result, the interaction of the ex-
ternal particle with the electronic system is larger.
This is observed in Fig. 2, where the imaginary
part of the screened potential is represented as a
function of the distance from the external particle
to the right edge of the slab in the RPA and
ALDA for three different values of a correspond-
ing to a local minimum and the two local maxima
around it, as pointed in Fig. 1, with the same
values of g and @ as before. The infinite width
limit is represented as well. We find that size effect

ALDA Ty 7

limit

Im(-W(z,z.q, ®))(a.u.)

z (a.u.)

Fig. 2. Imaginary part of the screened interaction as a function
of the distance to the jellium surface in the RPA and ALDA,
for the three different values of the slab width pointed in Fig. 1
and for a semi-infinite slab. ¢, @ and damping parameter as in
Fig. 1.

become more significant as the particle moves
away from the surface into the vacuum, which is
due to the fact that as z increases the external field
couples mainly with the plasmon modes. Since
these are modes characterized by their long
wavelength, their behaviour depends strongly on
the overall size of the system. For particles moving
close to the surface, the interaction has a short-
range character, as the main contribution comes
from the electron—hole pairs, i.e., modes with short
wavelength. This leads to a decrease of the size
effects, as the coupling involves electrons located
near the surface, the dependence of these electrons
upon the total width of the slab being not so rel-
evant.

The same oscillatory behaviour is observed in
Fig. 3 for the probability that an external particle
that moves with velocity v = 0.5 a.u. at a distance
z =2 a.u. exchanges energy o = 0.2w, with an Al
jellium slab.

In Fig. 4 we have represented the energy loss
probability as a function of the transferred energy,
when the external particle moves with velocity
v=0.5 a.u. at a distance z = 2 a.u. from the sur-
face. Since exchange-correlation contribution
weakens the bare Coulomb interaction the ALDA
frequencies lie below those in the RPA. QSE are
more evident for large energy transfers, i.e., for
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Fig. 3. Energy loss probability as a function of the slab size a
with z=2 au, v=0.5 a.u. and v = 0.20,, in the RPA and
ALDA. Dashed lines represent the infinite width limit. Dam-
ping parameter is equal to w,/10.
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Fig. 4. Energy loss probability for a charged particle moving at
a distance z = 2 a.u from the surface of a semi-infinite slab with
a velocity v = 0.5 a.u. in the RPA and ALDA as a function of
the energy transfer o for the same values of the slab width as in
Fig. 2. Damping parameter is equal to ,/10.

large values of w, as in this case the energy loss is
mainly due to the excitation of electron—hole pairs.

The dependence of the stopping power on the
slab size, as obtained from Eq. (1) is exhibited in
Fig. 5, both in the RPA and ALDA. We have
considered an external probe particle moving with
velocity v = 2 a.u. at a distance z = 2 a.u from the
right edge of the film. For these values of z and v

RPA

S (x10%) (au.)

254 } ; ! ! f . }

a/hp

Fig. 5. Stopping power as a function of the slab size a for a
particle moving with velocity v = 0.5 a.u. at a distance z =2
a.u. from the right edge of the jellium slab, in the RPA and
ALDA. Dashed lines represent the infinite width limit. Dam-
ping parameter is equal to w,/10.

the ALDA results are significantly larger than
those obtained using the RPA, which is a conse-
quence of the larger electron—hole excitation
probability present in the ALDA.

Fig. 6 shows the behaviour of the stopping
power with the velocity for a projectile moving at a
small distance from the surface into the vacuum,

35 . . . . . T :

s(v) (x109) (a.u.)

v (a.u.)

Fig. 6. Stopping power as a function of the velocity in the RPA
and ALDA for an external particle moving at a distance z = 2
a.u. from the surface into the vacuum in the RPA and ALDA
and for the three different values of the slab width pointed in
Fig. 1 and for a semi-infinite slab. Damping parameter is equal
to w,/10.
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z =2 a.u. For very small values of v the electron—
hole pairs are the dominant excitation modes,
leading to a significant size effect. As the velocity
increases plasmon modes start to play a role, and
the QSE diminish. If we compare the ALDA and
RPA results, we conclude that the impact of in-
cluding exchange-correlation effects in the re-
sponse is less important for larger values of the
velocity. Larger velocities imply a larger contri-
bution of small momentum components, and as
for small values of g the Coulomb component
dominates over the exchange-correlation compo-
nent in Eq. (5), the ALDA results tend to those
obtained by the RPA.

4. Conclusions

We have presented self-consistent calculations
of the electronic energy loss of charged particles
moving parallel to thin Al jelliums slabs. The
ground state of the system has been calculated
using LDA orbitals, whereas the RPA or ALDA
approximations have been considered to compute
the density-response function of the inhomoge-
neous system.

The oscillatory behaviour originated by the
QSE is observed, which is a consequence of the
finite size of the system. For both approaches,
the screened interaction and consequently all the
magnitudes related to it such as the energy loss
probability and stopping power present oscilla-
tions as a function of the thickness of the slab. The
period of these oscillations equals Ar/2 and the
amplitude, which is slightly higher in the RPA
than in the ALDA, decays approximately linearly
with a. The extrapolation formula given in [13,14]
was employed to get the infinite width limit.

The screened interaction for given values of
energy and momentum transfer present larger size
effects as the external probe moves away from the
surface into the vacuum, as a consequence of the
stronger coupling of the external potential with
plasmon modes. The dependence on the system

size of the energy loss probability of slowly moving
particles is found to be relevant mainly for large
energy transfer. We conclude that QSE on the
stopping power of charged particles moving near
the surface into the vacuum are more significant
for smaller values of the velocity.
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