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Inelastic scattering of fast electrons in nanowires: A dielectric formalism approach
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The excitations produced by fast electrons impinging perpendicularly on both metallic and semiconductor
cylindrical nanowires are investigated within the framework of dielectric theory. The dependence of the
electron energy-loss spectra~EELS! on the nanowire radius is studied in detail, and so is the spatial extension
of the induced-charge fluctuations associated to the modes that are excited during the loss process. The limits
of applicability of dielectric theory to nanowires are discussed. In particular, comparison between the present
theory and EELS measurements performed with silicon nanofibers support the use of dielectric theory at the
scale of a few nanometers in diameter, and it is shown that this positive result is justified in terms of the
longitudinal pattern of the induced surface plasmons. Finally, the effect of nanowire termination on the electron
energy-loss probability for electrons passing near the edge is calculated using the boundary charge method,
showing that the range of this effect can extend up to tens of nanometers for low-energym50 modes.
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I. INTRODUCTION

Technical developments in nanofabrication have allow
in recent years the production of structures of nanome
size with different shapes and compositions. This has sti
lated considerable theoretical and experimental work lead
to a better general understanding of these nanostructures
the relevant physics at this length scale. While some of th
structures are very promising candidates for application
nanoscale electronic devices, wires or nanotubes of a
nanometers in radius and some tens or hundreds of micro
ters in length are particularly interesting from a fundamen
point of view due to their quasi-one-dimensional charac
In this context, the availability of tubular fullerenes h
opened a field of research in nanophysics,1,2 and great
progress is being made in obtaining solid nan
wires and even nanowires encapsulated in nanotubes.3,4 Mul-
tielement nanotubes have been recently synthesized
means of reactive laser ablation, reproducing coaxial na
cables intercalating semiconductor and metallic materia5

Among the commonly employed experimental tools, ma
studies have relied on transmission-electron microsc
~TEM! to image these nanostructures and electron ene
loss spectroscopy~EELS! to study their response. The high
energy losses associated with core excitations is more o
used to characterize the chemical composition of the sam
where spatially resolved EELS, using finely focused 10
keV electron probes, have allowed analysis of atomic c
centrations of single6 and multiwall7,8 carbon nanotubes a
well as elemental profiles across synthesized comp
nanotubes9 and nanocables.5 On the other hand, valence los
spectroscopy provides information about plasmon excitati
and interband transitions, at the cost of a higher degre
delocalization owing to the fact that plasmons are suppo
by extended charge fluctuations. It is in this latter case wh
the analysis of the spectra relies more on theories such a
one developed in this work.

To the best of our knowledge, the first theoretical wor
0163-1829/2001/64~20!/205410~10!/$20.00 64 2054
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on plasmon excitations in cylindrical interfaces appeared
the early 1970s, motivated by light reflectio
experiments10,11 and studies of losses in particl
accelerators.12 After that, the interest in the cylindrical geom
etry increased in the 1980s due to the ability shown by
scanning TEM~STEM! electron beam to drill holes and line
of nanometer size in some inorganic materials. In order
explain those experiments, expressions for the energy los
clean and metal-coated holes have been reported for tra
tories parallel to the axis of the cylinder.13–15Also, collective
excitations in carbon nanotubes have been the subjec
study in different theoretical papers in recent years.16–18 A
general expression of the energy-loss probability valid
any beam direction, including trajectories penetrating
cylinder, was obtained by Rivacobaet al.19 in the framework
of dielectric theory. This study has been extended to cons
tubular fullerenes by Bertschet al.20 by assuming a noniso
tropic response of the medium, as proposed by Lucas
coworkers.21 The self-energy formalism has been also a
plied to the case of a cylinder interacting with a bro
beam.22

Recently, Reedet al.23 have reported a detailed EEL
characterization of single-crystal silicon tips and filamen
finding quite good qualitative agreement with the spectra
tained from the dielectric theory for diameters down to 3
nm. Nevertheless, the suitability of dielectric theory for su
small targets is questionable. As a matter of fact, there
contradictory experimental evidence in the literature. On
one hand, Ouyanget al.24 reported fine EELS measuremen
of Ag hemispheres and a thorough study of these resu25

showed that dielectric theory reproduces reasonably well
experiments for hemispheres of radii larger than 4 nm, bu
breaks down for smaller targets. On the other hand, F
haber and Bursill have recently proved that in small spher
diamond particles of about 3 nm in radius, both with cle
surfaces26 or covered with amorphous carbon,27 the dielectric
theory leads to good agreement with the experimen
energy-loss spectra. Measurements of the optical respon
©2001 The American Physical Society10-1
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Li ~Ref. 28! and Na~Ref. 29! clusters have also shown th
the macroscopic dielectric function is a pertinent parame
to interpret cluster data for clusters containing up to ab
100 atoms. This seems to indicate that dielectric theor
suitable in cases where it is fair to consider the valence e
tronic structure as a continuum, and therefore, its valid
depends not only on the size of the target, but also on
electronic structure of the medium. An intuitive and simp
explanation for the mentioned discrepancy with respec
the range of applicability of dielectric theory between silv
and diamond targets is given by the difference in energy
plasmon excitations in these nanostructures:;3.5 eV for
silver versus;20 eV for diamond; the larger the excitatio
energy, the less sensitive the response to details in the
tronic structure, and therefore, the more justified the c
tinuum approach underlying the dielectric theory.

Apart from the electronic character of the material, lo
wires are substantially different from small finite system
electrons in wires are confined in the transverse direction
free to move in the longitudinal one~i.e., it is an open sys-
tem! and consequently their associated electronic structu
continuous in the longitudinal direction and can be discr
in the transverse one.30,31 This fact suggests that the diele
tric theory for such targets is likely to be valid for excitatio
corresponding to longitudinal charge-density fluctuations
this sense it is useful to point out that the surface-plasm
dispersion relation can be labeledvm5vm(q), wherem is
the azimuthal number andq is the longitudinal component o
the momentum.32,33,19 This form of the dispersion relation
indicates that there are contributions from a continuum
longitudinal wave vectors in the energy-loss spectra,
therefore, the validity of the dielectric theory in small wire
should depend on the relative strength of contributions co
ing from low momentumq and from low azimuthal numbe
m.

The aim of this paper is to establish the limits of applic
bility of dielectric theory in the study of inelastic scatterin
of fast electrons by thin wires. Following Ref. 19, theory a
experiment are contrasted by considering a situation wh
an electron beam impinges on a long cylinder describin
penetrating trajectory normal to the axis of the wire. T
emphasis is placed on the contribution to the energy-
spectra coming from different quantum numbersq and m,
associated with different plasmon excitations. Moreover,
analytical properties of the so-called ‘‘begrenzungseffe
~i.e., the surface correction to the bulk-plasmon excitat
probability! are analyzed, and the radius dependence of
loss probability for a metallic target is discussed as w
~Sec. II!. The case of silicon nanowires is considered in S
III, finding excellent agreement with the experimental resu
of Ref. 23. This agreement is explained in terms of the p
dominance of longitudinal excitations in the EELS spectr
~i.e., smallq’s!. In Sec. IV, the boundary charge method34

~BCM! is applied to study the effect of the finite size of th
wire on the EELS spectra. The energy of them50 loss peak
in Si wires is found to be independent of the position of t
beam relative to the wire edge, while its intensity is sensit
to that parameter beyond the range of thev component of
the potential induced by the probe. Using a retarded vers
20541
r
t

is
c-
y
e

o
r
f

ec-
-

:
ut

is
e

n
n

f
d

-

-

re
a

s

e
’’
n
e

ll
.

s
-

e

n

of the BCM,35 retardation effects have been proven to
irrelevant for the impact parameters and targets under c
sideration~although they play a relevant role for larger d
ameters!, and therefore, they are completely disregarded.

II. FORMULATION OF EELS IN INFINITE CYLINDERS;
PERPENDICULAR TRAJECTORY

We describe the nanowires as infinite cylinders of rad
a, characterized by their dielectric response functione and
consider the probe electron moving with velocityv along a
straight trajectory (x axis!. Atomic units ~a.u., that is,\
5e25m51) and the Gaussian unit system will be us
throughout this work, unless otherwise specified. T
electron-target interaction is described by the self-energy
malism and the energy-loss probability can be expresse
terms of the screened interaction36 W(r ,r 8,v), neglecting the
electron recoil,

P~v!5
1

pv2E2`

`

dx8E
2`

`

dx Im$W~r ,r 8,v!

3ei (v/v)(x2x8)%u tra ject , ~1!

where bothr and r 8 are evaluated along the trajectory. Th
equation accounts for the total energy-loss probability, c
taining both bulk and surface contributions. When describ
cylindrical surfaces, it is helpful to write the screened int
action in terms of cylindrical coordinatesr5(r,z,f) as fol-
lows:

W~r ,r 8,v!5
2

p (
m50

`

~22dm0!E
0

`

dq cos@q~z2z8!#

3cos@m~f2f8!#Wm~q,r,r8,v!, ~2!

whereq is the momentum along the axis of the cylinder a
the m componentsWm(q,r,r8,v) can be written as an ap
propriate combination of Bessel functions in the inner a
outer parts of the wire. Then, after matching the bound
conditions at the cylindrical interfacer5a, the screened in-
teraction is obtained.19 Notice that expression~2! is valid for
any v-dependent dielectric function. This fact allows us
use experimental data of the dielectric functions, which ha
been proven to describe in detail the energy-loss spectra
fast electrons.37 In this approach, dispersion effects derivin
from the momentum dependence of the dielect
function38–41 are ignored. Nevertheless, local effects in t
surface dielectric response are relevant only when high
ues of the momentum transfer are involved40 and, as we will
see for nanowires, even for penetrating probe trajectories
values of bothq andm which contribute significantly to in-
elastic scattering are very small, so that the local approac
fully justified.

For trajectories perpendicular to the cylinder axis, the p
sition of the probe at impact parameters is defined by the
Cartesian coordinatex, related to r(x)5(x21s2)1/2 and
f(x)5arctan(x/s). The geometric parameters have be
sketched in the inset of Fig. 5 below, where the circle rep
0-2
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INELASTIC SCATTERING OF FAST ELECTRONS IN . . . PHYSICAL REVIEW B64 205410
sents the cylinder cross section. After some algebra,19 the
surface contribution to the loss probability can be written

Psur f~v!5
8

p2v2 (
m50

`

~22dm0!E
0

`

dqH ImS 1

e1
D

3FKm~qa!

I m~qa!
~Si (m)

2 1Ci (m)
2 !1Si (m)So(m)

1Ci (m)Co(m)G1ImS 1

e2
D F I m~qa!

Km~qa!

3~So(m)
2 1Co(m)

2 !1Si (m)So(m)1Ci (m)Co(m)G
1Im@gm~q,v!#FKm~qa!

I m~qa!
~Si (m)

2 1Ci (m)
2 !

1
I m~qa!

Km~qa!
~So(m)

2 1Co(m)
2 !12~Si (m)So(m)

1Ci (m)Co(m)!G J , ~3!

where Im(x) stands for the imaginary part ofx, and the cy-
lindrical surface response functiongm(q,v) is given by

gm~q,v!5
1

qa@e1I m8 ~qa!Km~qa!2e2I m~qa!Km8 ~qa!#
,

~4!

whereKm(x) and I m(x) are the modified Bessel function
and the prime stands for the derivative with respect to
argument. The coefficientsSi ,o(m) and Ci ,o(m) are functions
of both q andv, defined as follows:

Si (m)~q,v!5E
0

xa
dx sin@mf~x!#sin~vx/v !I m~qAx21s2!,

Ci (m)~q,v!5E
0

xa
dx cos@mf~x!#cos~vx/v !I m~qAx21s2!,

So(m)~q,v!5E
xa

`

dx sin@mf~x!#sin~vx/v !Km~qAx21s2!,

Co(m)~q,v!5E
xa

`

dx cos@mf~x!#cos~vx/v !Km~qAx21s2!,

~5!

where xa5Aa22s2 for penetrating trajectories (a.s), or
zero otherwise. Equation~3! provides the surface contribu
tion to the inelastic scattering; to get the total-energy-l
probability, the bulk energy loss experienced by the pro
when moving through each medium should be added;
magnitude is proportional to the path length inside each
dium. If we assume the simple case of a wire of dielec
function e(v) surrounded by vacuum, then
20541
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Ptotal~v!5Psur f~v!1
2

pv2
2xaImF 21

e~v!G lnFqmaxv
v G ,

~6!

whereqmax is a cutoff momentum.42 For nonpenetrating tra
jectories (a,s), xa50, both integralsSi (m) and Ci (m) are
zero, and the integralsSo(m) and Co(m) have been analyti-
cally calculated by Bertschet al.20

In Eq. ~3!, the term containing the response functio
gm(q,v) describes the excitation of surface plasmons, wh
the first two terms, containing the bulk loss functions 1/e1,2,
yield a negative correction to the bulk excitation probabil
experienced by the probe when moving through an infin
medium. This is the so-calledbegrenzungor boundary effect,
first found by Ritchie for electrons traversing thin films.43

The analytical properties of this correction can be better
derstood if both media are described by two Drude dielec
functions with plasmon frequenciesvp1 andvp2. Then, the
imaginary part of the surface response function can be w
ten as

Im@gm~q,v!#5
p

2
vm~q!@~v2vm~q!#, ~7!

where the energy of the surface plasmonvm(q) is then given
by the dispersion relation

vm~q!25qa@ I m8 ~qa!Km~qa!vp1
2 2I m~qa!Km8 ~qa!vp2

2 #.
~8!

Taking into account that now the loss functions a
Im(e i

21)52(p/2)vpid(v2vpi) for i 51,2, one sees from
Eq. ~3! that the sum over the surface terms is given by
same analytical function as the sum of the total correction
the bulk loss probability in both media when bothvp1 ,vp2
→vm . This property of the begrenzung has been found
other systems as well.37,38,44,45The function Im@gm(q,v)#
provides the full surface excitation spectrum for a target o
given radius. The strength of each mode would depend
the electric field which excites the wire. To illustrate th
previous formulation, we study the case of a metallic cyl
der surrounded by vacuum. For the sake of simplicity, we
a real Drude dielectric functione(v)512vp

2/v2 , wherevp

is the bulk-plasmon energy. In Fig. 1 we plot the imagina
part of the response functions Im@gm(q,v)# corresponding
to m50 andm51 for Al (vp515 eV). The plots reproduce
the dispersion relation as shown in Ref. 19 with the hei
derived from expression~7!. Here we see that the excitatio
spectrum corresponding tom50 contains all the energie
below the planar surface plasmonvs5vp /A2, a limit value
reached whenqa@1. In the opposite limit,q→0, the plas-
mon energy goes to zero, and consequently, the func
Im@gm(q,v)# vanishes@Eq. ~7!#. The plot corresponding to
m51 exhibits a weak dependence onq; this plot is indeed
quite similar to the planar response function Im$2/e11%, fea-
turing a peak nearvs . For m.1, the remaining respons
functions are very similar to this last case, featuring an e
weaker dispersion. A simple case is that of the electron m
ing parallel to the axis of the target;12 then the only contri-
0-3
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bution of them mode to a given energyvm comes fromq
5vmv21, whereq is the solution of the dispersion equatio
vm

2 5vp
2(qa)I m8 (qa)Km(qa).

In the lower side of Fig. 1, we represent the respo
functions Im@gm(q,v)# corresponding to a Si cylinder fo
m50 andm51. Here, due to the presence of a gap in
bulk response function, there is no excitation belowv
54.5 eV. Form50 and for small values ofqa the loss peak
is centered around 4.5 eV, and it exhibits a weak depende
on momentumq. For large values ofqa the peak moves
towards the valuev510.3 eV which roughly correspond
to the Si planar plasmon energy. As pointed out in the form
case, the shape of this plot does not differ significantly fr
the planar response form.1.

Now, we apply Eq.~3! to study the dependence of th
strength of the surface excitations in a metallic wire a
function of the radius of the cylinder, for trajectories perpe
dicular to the axis, impact parameters50. Figure 2 shows
the bulk correction~begrenzung! and the total probability of
exciting surface plasmons as a function of the reduced di
eter of the cylinder,t52avv21 (v5vp for the bulk correc-
tion curve andv5vs for the surface terms!. The results are
similar to those found for films and spheres:43,45,46the bulk
correction goes to the thick film limitp/2v for large values
of t. Given that the direct bulk term depends linearly ont,
this limiting value indicates that the begrenzung correction
relevant only for very thin targets (a,v/vp). In the limit of
very thin cylinders (t→0), this correction behaves liket ln(t)
~i.e., it features the same dependence that has been fou
films and spheres43,46!. As pointed out by Ritchie,43 this
negative correction becomes larger than the direct bulk t
for values of 2a,1/qmax; this value imposes an obviou
limit to the radiusa for which the local dielectric approach i
appropriate.

FIG. 1. Contour plots of the imaginary part of the cylindric
response functionsgm(q,v) @Eq. ~4!# for m50 andm51, corre-
sponding to Al and Si cylinders. For the Al cylinder, a Drude d
electric function has been used (vp515 eV). A small damping
(g51.06 eV) has been considered in the dielectric functi
e(v)512vp

2/v(v1 ig). Experimental optical data have bee
used for Si.
20541
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On the other hand, the total surface loss probability
hibits a more complex behavior. For very thin cylinders, t
main contribution to the surface losses comes from them
50 term. In the limit of very thin cylinders (a→0), the total
probability of exciting surface plasmons can be written
follows:

Psur f5
p

v2E0

`

dq
v0~qa!

q21
v0~qa!2

v2

I 0~qa!

K0~qa!
, ~9!

wherev0(qa)5vpAqaI08(qa)K0(qa) is the energy of the
m50 mode. In Eq.~9! the main contribution to the integra
arises from small values ofq, which correspond to an
induced-charge density almost uniformly distributed acr
the cylinder surface; this is a mode which has a someh
monopolar character. In cylinders of finite length, such
extended excitation should be sensitive to the size of
cylinder and to the position of the beam relative to the ed
of the wire; in this case, such a monopolar excitation has
physical meaning. We will study this effect in Sec. IV.

As shown in Fig. 2, the total probability of exciting su
face plasmons approaches the thick film limitp/v when t
@1. An intuitive way of understanding the mechanism
excitation of surface plasmons and its geometrical dep
dence is provided by the analysis of the contribution of b
even and odd modes to the total EELS. Similar to what h
pens in other kinds of targets,47 this figure shows the pres
ence of oscillations with maxima near 2avsv

2152pn (n

,

FIG. 2. Surface energy-loss probability and correction to
bulk energy-loss probability~begrenzungterm! as a function of the
reduced diameter 2avv21 for an electron moving perpendicularl
to a metallic ~Al ! cylinder and passing by its axis (s50). The
frequencyv is vp for the bulk correction curve andvp /A2 for the
surface ones. The sums of even~short-dashed! and odd ~long-
dashed! multipolar terms have been distinguished in the surfa
probability. The contribution of them50 term is represented with
dash-dotted line. The sign of the bulk correction term has b
changed in order to fit it into the plot.
0-4
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integer! for evenm, and 2avsv
2152p(n11/2) for oddm.

A simple explanation for this derives from the fact that t
azimuthal charge density of themth modes goes as cos(mf);
then, the charge distributions that the electron finds at
entrance and exit surface points of the cylinder are in ph
~or out of phase! depending on whether the time spent by t
electron to cross the cylinder (2a/v) is an integer~or half an
integer! times the plasmon period 2p/vm(q), and conse-
quently, it excites even~or odd! modes. The fact that all the
m.0 modesvm(q) are very close tovs ~Ref. 19! justifies
that the maxima and minima occur at the same value ot.
This plot means that for very thin wires the modem52 is
stronger than the modem51. In general, the number o
multipolar m terms involved in the spectra depends on
wire radius, impact parameter, and velocity of the probe:
penetrating trajectories and small values oft, few terms are
needed, while for values oft larger than 1, manym terms are
required to get good convergence~in Fig. 2 we have calcu-
lated up tom536). We want to stress the fact that, althou
these curves have been obtained for a medium characte
by a Drude dielectric function, Fig. 2 is relevant to unde
standing the contributions to the energy loss in any medi
Figure 1 proves that only the energy of them50 mode dif-
fers significantly from the planar plasmonvs , and this plot
shows that this mode dominates the spectrum for thin w
up to a;vvs

21 ; for larger values of the radius this mod
vanishes and the spectrum does not differ from that co
sponding to a film of the same thickness.

III. RESULTS FOR Si NANOWIRES

In this section, we study the case of Si cylinders
vacuum. The dielectric functione(v) for crystalline Si used
to reproduce the experimental results has been taken
Ref. 48.

We consider the surface energy-loss probability for a 1
keV electron crossing perpendicularly, i.e., at impact para
eter s50, the axis of a Si infinite cylinder of radiusa
52 nm. To analyze the contributions of different values oq
to the loss spectra, we write the surface contribution to
energy-loss probability~Eq. 3! as P(v)5(m*dq Pm(q,v),
where Pm(q,v) provides the contribution to the total los
spectra of bothq andm. In Fig. 3 we represent this functio
versus qa and v. The sum over the first terms (m
50, . . . ,4) hasbeen proven to be enough to get good co
vergence. The main features of this spectrum are a br
peak centered in energyv54.5 eV and momentumqa
50.13, i.e., q51.6v/v50.003 a.u. and a negative pea
which is the contribution of the begrenzung effect around
bulk-plasmon energyv516.7 eV. Note that this secon
negative peak is more extended in the momentum scale
the other hand, the first peak goes to zero asq tends to zero,
but this is not the case of the second peak, which beco
positive in this limit. In Fig. 4~a! the surface contribution to
the energy-loss probability has been plotted for an elec
crossing perpendicularly the axis of a Si infinite cylinder
radiusa52 nm, at impact parameters50. The contribution
of the first m50,1, . . . ,4terms has been considered in t
summation. Although not strictly necessary from the ma
20541
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ematical point of view, to make the calculations of the s
face contribution~3! consistent with the bulk term@Eq. ~6!#,
we have used the same cutoff momentum for the integrat
quoted asqmax50.3 a.u. This value has been estimated
considering the minimum half wavelength associated w
the charge oscillations, of the order of the lattice parame
of Si, d50.54 nm, taken from the literature.49 The surface
contribution does not depend noticeably on this cutoff, a
will be justified further in this work. The first relevant poin
on this figure is the negative probability for energies arou
the Si bulk plasmon, centered at about 16.7 eV. This is
previously introduced begrenzung effect. All the multipol
terms contribute to the begrenzung but it mainly deriv
from them50 term. There are two surface peaks at 4.5 a
10.3 eV, which can be roughly associated tom50 and m
Þ0, respectively. Them50 mode provides the main surfac
contribution to the loss spectrum. Another relevant point
the higher contributions to the surface probability of ev
terms in relation to smaller-m odd terms. The explanation fo
this can be found in Fig. 2, since in our conditions, for t
mÞ0 surface-plasmon mode and for the radius conside
the reduced diametert is about 0.42, aroundp/10, very close
to the origin in Fig. 2. Note that in that region the dashed l
corresponding to the even-modes contribution is above
odd-mode short-dashed line. The crossover would take p
at aboutt50.25p, corresponding to a wire radius of abo
3.7 nm. In Fig. 4~b! we represent total-energy-loss spect
i.e., taking into account the bulk contribution of Eq.~6!.
Now, in addition to the two surface peaks, the bulk pe
around 16.7 eV appears. In this plot, contributions of sm
and large-q values to the surface contribution have be
singled out, showing a close relation between smaller val
of q and them50 mode, a result which proves the extend
charge-density pattern characteristic of this peak. The r
tive strength of these peaks depends on the impact param
and in this theoretical approach on the cutoff applied, b

FIG. 3. Probability of transferring momentumq and energyv,
Pm(q,v), to a Si wire of radiusa52 nm by a 100-keV electron
crossing it perpendicularly and passing by its axis (s50). The mo-
mentumq is scaled asqa. Contour plots have been added in th
upper side.
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considering the broadness of the beam, one could conc
that the theoretical spectra present a good qualitative ag
ment with the experiment by Reedet al.23 Both surface
peaks have been found in EELS experiments near Si tips
filaments.23 The peak of 4.5 eV was only measured for ve
small wires, as is the case considered in this plot. It is
portant for wire radii up to about 5 nm, whereas for thick
wires the spectra are dominated by the 10.3-eV peak, as
be deduced from Fig. 2. The second peak is the surface p
mon due to themÞ0 terms and it appears for all size wire
The redshift observed for this peak for wide filaments a
distant trajectories has been attributed to retarda
effects.23 For penetrating trajectories passing close to the a

FIG. 4. ~a! Surface and~b! total-energy-loss probability for 100
keV electrons crossing perpendicularly~impact parameters50) the
axis of a Si nanowire of radiusa52 nm. In~a! the contributions of
them50, 1, 2, 3, and 4 terms have been plotted as separate cu
In ~b! the contributions of surface and bulk terms have been plo
separately. For the surface term, the partial contributions from
different q momentum intervals to the integral of Eq.~3! ~namely,
@0, 0.01# a.u. and@0.01, 0.3# a.u., respectively! have been singled
out.
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of the cylinder, the bulk excitation at 16.7 eV is the mo
important one for wires larger thana52 nm.

The evolution of the three peaks with impact parametes
is studied in Fig. 5 for a silicon wire of 2-nm radius. No
that for external trajectories (s.a) the bulk contributions
disappear and only the two surface peaks at 4.6 and 10.3
are present at the spectrum. The energies of the curves
respond to the positions of the peaks in Fig. 4. Note the sh
variation of the bulk peak (v516.7 eV), whose probability
falls nearly to zero at the cylindrical interface. The remaini
tail for external trajectories is caused by the width of t
surface peak. The surface-plasmon peak at 10.3 eV is m
mum at the interface, decreasing more slowly inside th
outside the cylinder.

Perhaps, the most relevant point from this figure is
rather flat curve corresponding to the low-energy peakv
54.5 eV) which extends quite far away from the wire. Th
weak dependence on impact parameter has been experi
tally found.23 The slow change of the intensity of this pea
with impact parameter is due to the fact that this mode c
responds to an azimuthally uniform induced-charge den
on the surface and then it is only sensitive to an aver
value of the field; for thin wires the distance range of var
tion of the electric field produced by the probe isv/v, about
20 nm for v54.5 eV, much larger than the wire diamete
then the probability hardly changes with the variations of
impact parameter considered in this plot. This behavior is
present in EELS in other targets, such as clusters, where
surface peaks present an enhancement near the surface
10.3-eV peak. At large impact parameters, on the other s
this peak is the dominant one in the spectrum, as one wo
expect from the asymptotic behavior of the probability w
distance;P(v) behaves as exp(22sv/v).47 When the probe
electrons travel parallel to the wire only excitations with m
mentumq5vm /v contribute to them multipolar term of the
loss probability. This is not the case for the perpendicu
trajectory, when there is a range ofq values contributing to
the integral. In Fig. 6 we have plotted the relative weight
the different values of the upper limitqmax of the integral.
The maximum value ofq considered is 0.3 a.u., as argued
the beginning of this discussion. We have plotted two curv
corresponding to the peaks of 4.5 eV and 10.3 eV. Here
see that the contribution of high-q momenta is negligible for
these excitations, and theqmax used is justified.

This particular spectrum of excitations, where the mo
relevant contribution comes from small values ofq and low
m, is hardly sensitive to the discrete radial structure of
electronic states of the wire, and therefore the use of die
tric theory properly describes the excitations of the wi
Note that the suitability of this approach cannot be exten
as a general result for one-dimensional systems, even w
considering the same target: it is limited to trajectories wh
excite very weakly the high azimuthal modesm.0. Further-
more, for penetrating trajectories as those studied here,
probability of exciting azimuthal modes strongly depends
the velocity of the probe through the parameteravv21, as
shown in Fig. 2, and therefore the faster the probe travels,
more suitable the dielectric response. A simple analysis
quantum confinement effects in thin cylinders50 leads to a
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rough estimation of the separation between energy subb
DE which scales as

DE

E
5

R0
2

a2
, R05A2A2e

vpm*
, ~10!

whereE is the characteristic energy of the electronic stat
vp the bulk-plasmon frequency of the wire material,e its
static dielectric constant, andm* its effective mass. For S
this leads toR0;1 nm, therefore this value states a low

FIG. 5. Total-energy-loss probability as a function of impa
parameters, for 100-keV electrons crossing perpendicularly ana
52-nm-radius Si wire. The different lines correspond to loss pr
abilities at energiesv54.5, 10.3, and 16.7 eV.

FIG. 6. Ratio of the total-energy-loss probability as a function
the maximum momentumq considered in the integration of Eq.~3!,
for the two peaks atv54.5 eV and 10.3 eV. The maximum valu
of q considered in the integrations is 0.3 a.u.
20541
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limit to the applicability of the dielectric function in EELS
analysis when radial excitationsm.0 are dominant in the
spectrum. One case which is likely to be out of the appli
bility limit should be that of an electron moving close an
parallel to the surface of a thin nanowire; then, the surfa
response should contain high multipolar terms, and there
it would fail to reproduce the real excitations. This discu
sion can be presumably applicable to the case of multis
fullerenes, where the coupling between inner and outer
faces is weak. In the case of single-layer fullerenes, this c
pling would induce a strong radial charge density and the
fore it would be out of the limits of applicability of the
dielectric response.

This observation helps also to understand the insensiti
of the EELS technique to the real shape of the surface.
Si wire in the experiment we are analyzing presents m
planar facets. The fact that the main excitation is longitudi
supposes that a fine description of the shape of the targ
almost irrelevant. This is another way to look at a we
known result in EELS in STEM: the spatial resolution of th
technique isv/v, a length much larger in our case than t
surface details to investigate.

Recently, Sanderet al.51 have reported EELS measure
ments in Bi wires, with radii in the range 35–90 nm, sho
ing a clear redshift in the bulk-plasmon energy as the rad
of the wire decreases. The authors suggest that this ma
due to quantum confinement of the electronic states of
target, and the low effective mass of Bi supports that id
Nevertheless, our preliminary calculations point out that t
redshift may be also derived from the effect of the bu
plasmon dispersion on the dielectric response of the medi
the larger the cylinder radius, the larger the weight of t
small transversal component of the momentum in the die
tric function, and therefore, the smaller the dispersion
fects. Furthermore, the redshift is observed in the exp
ments for electron beams passing by the center of
nanowires and in that situation only longitudinal excitatio
are produced (m50), for which quantum confinement ef
fects should be reduced, since the charge-density fluctuat
extend primarily along the wire, that is, along the directi
where quantum confinement is not taking place.

IV. EELS IN WIRES OF FINITE LENGTH

The target used in the experiments described in Ref.
consists of a very large~a fewmm long! needle. Near the tip
the wire is almost cylindrical with a radius of about 2 nm. U
to now we have modeled the target as an infinite cylind
The finite length of the wire poses two problems in relati
to the former discussion: the first one is the energy of
surface modes corresponding to excitations localized n
the tip and the second one is the influence of the beam
sition relative to the edge. The boundary charge metho34

~BCM! provides us with a useful tool for computing th
energy loss spectra near targets of any complex geomet
is based on the self-consistent calculation of the induced
face charge density to obtain the response of the target.
use this method to study the edge effects by modeling
target in the simplest way, as a semi-infinite cylinder clos

t
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by an abrupt planar cap. For wires of the size considere
this work, the surface of that cap is very small, so that
effect of this part of the induced charge on the spectra sho
be irrelevant unless the trajectory is very close to the ed
This means that the effect of the finite size of the wire can
studied without paying much attention to the specific sh
of the boundary.

In Fig. 7 we plot the energy-loss probability correspon
ing to four differentz beam positions, relative to the tip
positive values ofz stand for probe trajectories in the fa
region with respect to the wire, while negative ones cor
spond to trajectories closer to the wire. The radius of
cylinder has been taken asa52 nm and the radial impac
parameter iss52.5 nm in all cases~i.e., nonpenetrating tra
jectories are considered!. All the spectra contain the shar
peak at 4.5 eV, which is the one corresponding to them
50 mode. This result is in agreement with the findings
Ref. 23. Although for trajectories away from the edgeuz
u.vv21) the v54.5 eV peak is the main feature of th
spectrum, it should be noted that the modes associated
the edge become the most relevant ones for smaller value
z. Some broad structures are found above the lower peak
the spectrum corresponding to the infinite cylinder is rec
ered for large negative values ofz. For beam trajectories
away from the wire (z52 nm) there is just one peak in th
spectrum at 4.5 eV, a result showing that these excitat
correspond to longitudinal fluctuations of the induced surf
charge density along the cylinder. As the probe travels clo
to the tip, some peaks show up in the 7210-eV region,
which are related to the modes of the edge and are sens
to the kind of surface chosen to close the cylinder. Sim
excitations have been observed in Si-SiO2 I-type junctions.52

Note that for z5210 nm the peak at 10.3 eV is almo

FIG. 7. EELS probability for 100-keV electrons traveling nea
semi-infinite Si wire of radiusa52 nm, perpendicularly to the
axis, at impact parameters52.5 nm and at differentz distances
from the edge~see inset!.
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identical to that of the infinite cylinder, while the intensitie
of the low-energym50 peaks are quite different. In thi
figure it can also be noticed that the 4.5-eV peak does
increase monotonously as the probe is moved far away f
the edge, but it has an oscillatory behavior.

The evolution of the intensity of both of these peaks
wards their infinite cylinder values is shown in Fig. 8 as
function of distancez ~see the inset in Fig. 7!. The 10.3-eV
probability increases rapidly near the edge and stabili
soon, reaching the value of the infinite wire, while the lo
energy peak (v54.5 eV) exhibits strong intensity modula
tions. This behavior can be explained by considering
mean values of the longitudinal momentumq involved in
each of these two excitation energies for the infinite cylind
calculations. Forv510.3 eV and a radiusa52 nm, the
mean momentum involved in the integration is about 0
a.u.~see Fig. 3!, and thus, its associated wavelength is of t
order of 8 nm, a value close to the range of the correspo
ing v component of the external field created by the electr
v/v. This means that the effect of the edge is governed
the range of the external electron potential in this case, wh
m.1 modes are dominating. Quite differently, the meanq
value for thev54.5-eV excitation~which is primarily con-
nected to the excitation ofm50 modes! is about 0.005 a.u.
and therefore, its associated range is of the order of 50
so that the infinite wire limit is reached for large values o
2z, far away from the wire edge. In brief, this latter beha
ior is attributed to the momentumq of the longitudinal exci-
tations involved in the infinite wire, which is smaller in th
low-energy peak, and therefore this peak is more sensitiv
the tip position up to a distance of the order of the wav
length of the corresponding charge-density fluctuations. T
simple argument permits to explain qualitatively the beh
ior of the two curves shown in Fig. 8. Notice thatm.0

FIG. 8. EELS probability corresponding to the peaks at 4.5
and 10.3 eV in Fig. 7, as a function of the electron distance to
edgez, for a 100-keV electron moving perpendicularly to a Si wi
of radiusa52 nm, ats52.5 nm from its axis~see inset in Fig. 7!.
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modes have regions with opposite sign of the induced cha
that are closer together as compared with them50 modes
~see the insets in Fig. 2!. Therefore, the interaction amon
the induced charge inm50 modes can play a role at large
distances, and this provides another intuitive argument
the behavior discussed in the last paragraph.

In Fig. 8, the probability corresponding to the modes
sociated to the edge are not included because they w
depend on the surface used to close the tip. Nevertheless
minimum exhibited by the 4.5-eV peak in this figure can
interpreted as a consequence of the sum rules of the sur
plasmon modes:53 the excitation of edge-related modes o
curs at the expense of the other surface modes. Moreove
trajectories away from the tip (z.0) the intensity of these
modes decays with the general impact-parameter depend
found in EELS,P(v)5exp(22zv/v), and therefore, only the
m50 is effectively excited at large impact parameters.

V. CONCLUSIONS

EELS spectra obtained for electrons traveling perpend
larly to thin wires of a few nm in radius have been studi
within the frame of classical dielectric theory, first by mo
eling the nanowires as infinite cylinders and later by cons
ering edge effects using the BCM method. The general
pendence of both surface- and bulk-plasmon excitations
the size of the target has been analyzed for metallic Dr
wires and compared with results obtained for spherical p
,

tur

e

tt

a

an

nd

20541
ge

r

-
ld

the

ce-

for

nce

-

-
e-
n
e
r-

ticles and thin films, finding a similar dependence with t
length of the electron path inside the target.

Our calculations have been compared with experime
performed in silicon filaments, describing both the origin a
spatial extension of the low-energy-loss peak~at 4.5 eV!,
which has been associated with longitudinal charge osc
tions of monopolar character (m50), and the other surface
plasmon excitations at about 10.3 eV, associated with mu
polar m.0 excitations. The impact-parameter-depende
study has revealed the predominance of the 4.5-eV en
peak for very thin~radius a52 nm! wires. Dielectric re-
sponse theory has demonstrated to be valid for wires of r
down to 2 nm. The spatial extension of the effect of the ed
for terminated wires~i.e., the range of distances to the ed
for which the infinite wire approximation is valid! has been
evaluated for losses of 4.5 eV and 10.3 eV, respectively,
justified in terms of the value of the momentaq that are
contributing significantly to the energy-loss probability.
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ZABALA, OGANDO, RIVACOBA, AND GARCÍA DE ABAJO PHYSICAL REVIEW B 64 205410
32J.C. Ashley and L.C. Emerson, Surf. Sci.41, 615 ~1974!.
33C.A. Pfeiffer, E.N. Economou, and K.L. Ngai, Phys. Rev. B10,

3038 ~1974!.
34F.J. Garcı´a de Abajo and J. Aizpurua, Phys. Rev. B56, 15 873

~1997!.
35F.J. Garcı´a de Abajo and A. Howie, Phys. Rev. Lett.80, 5180

~1998!.
36A. Rivacoba, N. Zabala, and P.M. Echenique, Phys. Rev. Lett.69,

3362 ~1992!.
37A. Howie and R.H. Milne, Ultramicroscopy18, 427 ~1985!.
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