Metadata, citation and similar papers at core.ac.uk

Provided by Digital.CSIC

PHYSICAL REVIEW B, VOLUME 64, 205410

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 spectaELS) 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-emel@ymodes.
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I. INTRODUCTION on plasmon excitations in cylindrical interfaces appeared in
the early 1970s, motivated by light reflection
Technical developments in nanofabrication have allowedexperiment®!! and studies of losses in particle
in recent years the production of structures of nanometri@cceleratord? After that, the interest in the cylindrical geom-
size with different shapes and compositions. This has stimuetry increased in the 1980s due to the ability shown by the
lated considerable theoretical and experimental work leadingcanning TEMSTEM) electron beam to drill holes and lines
to a better general understanding of these nanostructures anfl nanometer size in some inorganic materials. In order to
the relevant physics at this length scale. While some of thesexplain those experiments, expressions for the energy loss in
structures are very promising candidates for applications ilean and metal-coated holes have been reported for trajec-
nanoscale electronic devices, wires or nanotubes of a fewories parallel to the axis of the cylindet.1>Also, collective
nanometers in radius and some tens or hundreds of micromexcitations in carbon nanotubes have been the subject of
ters in length are particularly interesting from a fundamentaktudy in different theoretical papers in recent yedrsé A
point of view due to their quasi-one-dimensional charactergeneral expression of the energy-loss probability valid for
In this context, the availability of tubular fullerenes hasany beam direction, including trajectories penetrating the
opened a field of research in nanophysiésand great cylinder, was obtained by Rivacolke# al®in the framework
progress is being made in obtaining solid nano-of dielectric theory. This study has been extended to consider
wires and even nanowires encapsulated in nanottibiil- tubular fullerenes by Bertscét al?° by assuming a noniso-
tielement nanotubes have been recently synthesized kyopic response of the medium, as proposed by Lucas and
means of reactive laser ablation, reproducing coaxial nanasoworkers?! The self-energy formalism has been also ap-
cables intercalating semiconductor and metallic matetials.plied to the case of a cylinder interacting with a broad
Among the commonly employed experimental tools, manybeam?2
studies have relied on transmission-electron microscopy Recently, Reedet al?® have reported a detailed EELS
(TEM) to image these nanostructures and electron energycharacterization of single-crystal silicon tips and filaments,
loss spectroscop§EELS) to study their response. The high- finding quite good qualitative agreement with the spectra ob-
energy losses associated with core excitations is more oftelained from the dielectric theory for diameters down to 3.5
used to characterize the chemical composition of the samplem. Nevertheless, the suitability of dielectric theory for such
where spatially resolved EELS, using finely focused 100-small targets is questionable. As a matter of fact, there is
keV electron probes, have allowed analysis of atomic coneontradictory experimental evidence in the literature. On the
centrations of singfeand multiwall"® carbon nanotubes as one hand, Ouyangt al?* reported fine EELS measurements
well as elemental profiles across synthesized complenf Ag hemispheres and a thorough study of these résults
nanotube3and nanocablesOn the other hand, valence loss showed that dielectric theory reproduces reasonably well the
spectroscopy provides information about plasmon excitationexperiments for hemispheres of radii larger than 4 nm, but it
and interband transitions, at the cost of a higher degree direaks down for smaller targets. On the other hand, Fehl-
delocalization owing to the fact that plasmons are supportetiaber and Bursill have recently proved that in small spherical
by extended charge fluctuations. It is in this latter case wherdiamond particles of about 3 nm in radius, both with clean
the analysis of the spectra relies more on theories such as tsarface$® or covered with amorphous carbbfithe dielectric
one developed in this work. theory leads to good agreement with the experimental
To the best of our knowledge, the first theoretical worksenergy-loss spectra. Measurements of the optical response of
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Li (Ref. 28 and Na(Ref. 29 clusters have also shown that of the BCM?2® retardation effects have been proven to be
the macroscopic dielectric function is a pertinent parameteirrelevant for the impact parameters and targets under con-
to interpret cluster data for clusters containing up to abousideration(although they play a relevant role for larger di-
100 atoms. This seems to indicate that dielectric theory i@metery and therefore, they are completely disregarded.
suitable in cases where it is fair to consider the valence elec-
tronic structure as a continuum, and therefore, its validityl. FORMULATION OF EELS IN INFINITE CYLINDERS;
depends not only on the size of the target, but also on the PERPENDICULAR TRAJECTORY
electronic structure of the medium. An intuitive and simple i , o ) ,
explanation for the mentioned discrepancy with respect to We descr_lbe the nanowires as infinite cyllnders_of radius
the range of applicability of dielectric theory between silver® characterized by their dielectric response functoand
and diamond targets is given by the difference in energy ofOnsider the probe electron moving with velocitalong a
plasmon excitations in these nanostructure®.5 eV for strazlght trajectory X axis). Atomic units (a.u., that is,A
silver versus~20 eV for diamond: the larger the excitation =& =m=1) and the Gaussian unit system will be used
energy, the less sensitive the response to details in the elefiroughout this work, unless otherwise specified. The
tronic structure, and therefore, the more justified the con€l€ctron-targetinteraction is described by the self-energy for-
tinuum approach underlying the dielectric theory. malism and the energy—loss probability can be ex.pressed in

Apart from the electronic character of the material, longt€'ms of the screened interactféiV(r,r’, ), neglecting the
wires are substantially different from small finite systems:&léctron recoil,
electrons in wires are confined in the transverse direction but
free to move in the longitudinal on@e., it is an open sys- 1 (= [ ,
tem) and consequently their associated electronic structure is P(w)= W_l}z _wdx f_mdx Im{W(r,r', )
continuous in the longitudinal direction and can be discrete
in the transverse on&:>! This fact suggests that the dielec- X gi@)ox | - 1)

. .. . i s jects

tric theory for such targets is likely to be valid for excitations
corresponding to longitudinal charge-density fluctuations. Irwhere bothr andr’ are evaluated along the trajectory. This
this sense it is useful to point out that the surface-plasmorquation accounts for the total energy-loss probability, con-
dispersion relation can be labeleg,= w,(q), wherem is  taining both bulk and surface contributions. When describing
the azimuthal number arglis the longitudinal component of cylindrical surfaces, it is helpful to write the screened inter-
the momentuni?3*1° This form of the dispersion relation action in terms of cylindrical coordinates-(p,z,¢) as fol-
indicates that there are contributions from a continuum ofows:
longitudinal wave vectors in the energy-loss spectra, and
therefore, the validity of the dielectric theory in small wires 2 = o
should depend on the relative strength of contributions com-  W(r,r',@)=—= > (2— 5m0)f dgcogq(z—2')]
ing from low momentung and from low azimuthal number T m=0 0
m. , . : : - : xXcogm(¢p— ') ]Wi(a.p.p" ), (2

The aim of this paper is to establish the limits of applica-
bility of dielectric theory in the study of inelastic scattering whereq is the momentum along the axis of the cylinder and
of fast electrons by thin wires. Following Ref. 19, theory andthe m componentsV,(q,p,p’,®) can be written as an ap-
experiment are contrasted by considering a situation wherpropriate combination of Bessel functions in the inner and
an electron beam impinges on a long cylinder describing ®uter parts of the wire. Then, after matching the boundary
penetrating trajectory normal to the axis of the wire. Theconditions at the cylindrical interfage=a, the screened in-
emphasis is placed on the contribution to the energy-losteraction is obtained Notice that expressiof®) is valid for
spectra coming from different quantum numberand m, any w-dependent dielectric function. This fact allows us to
associated with different plasmon excitations. Moreover, theise experimental data of the dielectric functions, which have
analytical properties of the so-called “begrenzungseffekt”’been proven to describe in detail the energy-loss spectra for
(i.e., the surface correction to the bulk-plasmon excitatiorfast electrons! In this approach, dispersion effects deriving
probability) are analyzed, and the radius dependence of thdéom the momentum dependence of the dielectric
loss probability for a metallic target is discussed as wellfunctior’® ! are ignored. Nevertheless, local effects in the
(Sec. I). The case of silicon nanowires is considered in Secsurface dielectric response are relevant only when high val-
11, finding excellent agreement with the experimental resultsues of the momentum transfer are invol{fand, as we will
of Ref. 23. This agreement is explained in terms of the presee for nanowires, even for penetrating probe trajectories, the
dominance of longitudinal excitations in the EELS spectrumvalues of bothg and m which contribute significantly to in-
(i.e., smallg’s). In Sec. IV, the boundary charge metfibd elastic scattering are very small, so that the local approach is
(BCM) is applied to study the effect of the finite size of the fully justified.
wire on the EELS spectra. The energy of the-0 loss peak For trajectories perpendicular to the cylinder axis, the po-
in Si wires is found to be independent of the position of thesition of the probe at impact parameteis defined by the
beam relative to the wire edge, while its intensity is sensitiveCartesian coordinate, related to p(x)=(x?>+s?)? and
to that parameter beyond the range of thecomponent of  ¢(x)=arctang/s). The geometric parameters have been
the potential induced by the probe. Using a retarded versioaketched in the inset of Fig. 5 below, where the circle repre-
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sents the cylinder cross section. After some algébrage

surface contribution to the loss probability can be written as Py, (@) =Pgy (@) + 2 ——2X%alm (o )}I chjxv ,
mo
- § L ©)
Psuri(@ =, = 9mo) fo dq |m<s_1 whereq,axis a cutoff momenturf? For nonpenetrating tra-
jectories @<s), x,=0, both integralsS;,;y and C;, are
Kmn(ga) Knld®) o 2 )0 s zero, and the integralS; and Co(m) have been analyti-
lm(qa) i)+ Cigm) F Si(m)Soqm) cally calculated by Bertscht al?°
In Eq. (3), the term containing the response function
LG C “lm ) Im(gqa) vm(Q,®) describes the excitation of surface plasmons, while
i(m)*>o(m) Kn(ga) the first two terms, containing the bulk loss functions,; 1/,

yield a negative correction to the bulk excitation probability
experienced by the probe when moving through an infinite
medium. This is the so-calldzegrenzungr boundary effect,
first found by Ritchie for electrons traversing thin filifs.
Km(g )(S The analytical properties of this correction can be better un-

X(Sh o(m) T Co(m)) + Si(m)So(m) + C.(m)Co(m)}

+1 , . . . - .
ML ym(d, )] Im(qa) o * Citm) derstood if both media are described by two Drude dielectric
I (qa) functions with plasmon frequencies,; and w,,. Then, the
m 2 imaginary part of the surface response function can be writ-
2+ C2m)+2 S gmary p p
Km(qa)( om) T Cormy) + 2(Sim) So(m) ton as
. v
* Cigm Cotm) ] : @ MLy @,0)]= 5 om(@[(0=on(@], (1)

where Im{) stands for the imaginary part af and the cy-

o ; S where the energy of the surface plasmap(q) is then given
lindrical surface response function,(q,») is given by

by the dispersion relation

1 wn(@)?=qal1/(qa)Kn(qa) 02— n(qa)K/(ga) w?,].
qal eyl 1(qa)Kn(02) — €2l m(qa)K (qa)] ®
(4) Taking into account that now the loss functions are

STy YR =
whereK,(x) and|(x) are the modified Bessel functions, 'M(€i 1) =~ (m/2)wpid(w—wy) for i=1,2, one sees from

and the prime stands for the derivative with respect to thé=4- (3) that Fhe sum over the surface terms is given by the
argument. The coefficients; oy and C; oy are functions same analytical function as the sum of the total corrections to

of bothq and w, defined as follows: the bulk Iqss probability in both media when bat; ,wp, _
—wm. This property of the begrenzung has been found in
. other systems as well:344%5The function Infiy,,(q,®)]
Sim)(Q, ®)= f a‘dxsir[ M (X) sin(wx/v) m(qyx>+s?), provides the full surface excitation spectrum for a target of a
0 given radius. The strength of each mode would depend on
the electric field which excites the wire. To illustrate the
Xa — previous formulation, we study the case of a metallic cylin-
Cim(a, @)= fo dx cog me(x)]cos wx/v)l n(qyx“+s7), der surrounded by vacuum. For the sake of simplicity, we use
a real Drude dielectric functioa(w)=1— wglwz , Wherew),
" is the bulk-plasmon energy. In Fig. 1 we plot the imaginary
so(m)(q,w):f dxsinl me(x) ]sin wx/v)K (g yx?+s?), part of the response functions [Im,(q,w)] corresponding
Xa tom=0 andm=1 for Al (w,=15 eV). The plots reproduce
the dispersion relation as shown in Ref. 19 with the height
(™ — derived from expressiofv). Here we see that the excitation
Co(m)(qvw)_fx dx cog me(x)Jcog wx/v)Km(qVXx“+5%),  gpectrum corresponding tm=0 contains all the energies
? (5) below the planar surface plasmmg_z w_p/_\/i, a limit value
reached whema>1. In the opposite limitgq— 0, the plas-
where x,= \Ja?—s? for penetrating trajectoriesal>s), or mon energy goes to zero, and consequently, the function
zero otherwise. Equatio(8) provides the surface contribu- Im[ y,(q,®)] vanishedEq. (7)]. The plot corresponding to
tion to the inelastic scattering; to get the total-energy-lossn=1 exhibits a weak dependence gnthis plot is indeed
probability, the bulk energy loss experienced by the probejuite similar to the planar response function{ffe 1}, fea-
when moving through each medium should be added; thisuring a peak neaw,. For m>1, the remaining response
magnitude is proportional to the path length inside each mefunctions are very similar to this last case, featuring an even
dium. If we assume the simple case of a wire of dielectricweaker dispersion. A simple case is that of the electron mov-
function e(w) surrounded by vacuum, then ing parallel to the axis of the targ&tthen the only contri-

Ym(Q,0)=
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FIG. 1. Contour plots of the imaginary part of the cylindrical
response functiong,(g,) [Eq. (4)] for m=0 andm=1, corre- FIG. 2. Surface energy-loss probability and correction to the
sponding to Al and Si cylinders. For the Al cylinder, a Drude di- bulk energy-loss probabilitthegrenzunderm) as a function of the
electric function has been used (=15 eV). A small damping reduced diametergwy ~* for an electron moving perpendicularly
(y=1.06 eV) has been considered in the dielectric function,to a metallic (Al) cylinder and passing by its axis£0). The
€(w)=1- w3/ w(w+iy). Experimental optical data have been frequencyw is w,, for the bulk correction curve and, /2 for the
used for Si. surface ones. The sums of evéshort-dashedand odd (long-
bution of them mode to a given energy,, comes fromg dasheai_ multipolar ter_ms.have been distingt_Jished in the su_rface

1 . . m . . probability. The contribution of then=0 term is represented with
=2wmv 2, Wh?req is the solution of the dispersion equation dash-dotted line. The sign of the bulk correction term has been
wp=w(qa)ln(qa)Kn(ga). changed in order to fit it into the plot.

In the lower side of Fig. 1, we represent the response
functions In y,,(q,w)] corresponding to a Si cylinder for
m=0 andm=1. Here, due to the presence of a gap in th
bulk response function, there is no excitation belaw
=4.5 eV. Form=0 and for small values afa the loss peak
is centered around 4.5 eV, and it exhibits a weak dependen
on momentumg. For large values ofja the peak moves
towards the valuen=10.3 eV which roughly corresponds
to the Si planar plasmon energy. As pointed out in the former S wo(qa) lo(qa)
case, the shape of this plot does not differ significantly from Psurfz—J dg—— 0 ,
the planar response fon>1. v2Jo " wo(qa)? Ko(da)

Now, we apply Eq.(3) to study the dependence of the Q"+ 2
strength of the surface excitations in a metallic wire as a
function of the radius of the cylinder, for trajectories perpen-where wq(qa) = wp\qaly(ga)Ke(qga) is the energy of the
dicular to the axis, impact paramete+0. Figure 2 shows m=0 mode. In Eq(9) the main contribution to the integral
the bulk correctionlbegrenzungand the total probability of arises from small values of, which correspond to an
exciting surface plasmons as a function of the reduced dianinduced-charge density almost uniformly distributed across
eter of the cylindert=2awv ! (0= w, for the bulk correc-  the cylinder surface; this is a mode which has a somehow
tion curve andw= wg for the surface termsThe results are  monopolar character. In cylinders of finite length, such an
similar to those found for films and sphef&$>4the bulk  extended excitation should be sensitive to the size of the
correction goes to the thick film limit/2v for large values cylinder and to the position of the beam relative to the edge
of t. Given that the direct bulk term depends linearly ton of the wire; in this case, such a monopolar excitation has no
this limiting value indicates that the begrenzung correction ipphysical meaning. We will study this effect in Sec. IV.
relevant only for very thin targetsa<v/ wp). In the limit of As shown in Fig. 2, the total probability of exciting sur-
very thin cylinders {— 0), this correction behaves likén(t)  face plasmons approaches the thick film limitv whent
(i.e., it features the same dependence that has been foundsnl. An intuitive way of understanding the mechanism of
films and spherdd“9. As pointed out by Ritchi&® this  excitation of surface plasmons and its geometrical depen-
negative correction becomes larger than the direct bulk terrdence is provided by the analysis of the contribution of both
for values of 2<1/g,,,y; this value imposes an obvious even and odd modes to the total EELS. Similar to what hap-
limit to the radiusa for which the local dielectric approach is pens in other kinds of targeté this figure shows the pres-
appropriate. ence of oscillations with maxima neaa@w ~'=2mn (n

On the other hand, the total surface loss probability ex-
®hibits a more complex behavior. For very thin cylinders, the
main contribution to the surface losses comes fromrthe
=0 term. In the limit of very thin cylindersg— 0), the total
%erobability of exciting surface plasmons can be written as
follows:

C)

205410-4



INELASTIC SCATTERING OF FAST ELECTRONS IN.. .. PHYSICAL REVIEW B4 205410

integed for evenm, and 22w~ t=2m(n+1/2) for oddm. = @ e e A2
A simple explanation for this derives from the fact that the -« g
azimuthal charge density of tmath modes goes as cosd); .
then, the charge distributions that the electron finds at the =.
entrance and exit surface points of the cylinder are in phase =_ -
(or out of phasgdepending on whether the time spent by the %;
electron to cross the cylinder é2v) is an integefor half an =
integey times the plasmon period & w,(g), and conse-
quently, it excites evefor odd modes. The fact that all the
m>0 modesw(q) are very close tavg (Ref. 19 justifies
that the maxima and minima occur at the same valué of
This plot means that for very thin wires the monte=2 is
stronger than the modm=1. In general, the number of
multipolar m terms involved in the spectra depends on the
wire radius, impact parameter, and velocity of the probe: for
penetrating trajectories and small valuest,ofew terms are
needed, while for values aflarger than 1, manynterms are
required to get good convergen@a Fig. 2 we have calcu- . _
lated up tom=36). We want to stress the fact that, although FIG. 3. Pf°b’?‘b"_“y of tran.Sfemng momentugand energyw,
these curves have been obtained for a medium characteriz&@(9:@); ©© @ Si wire of radius=2 nm by a 100-keV electron
by a Drude dielectric function, Fig. 2 is relevant to under-0S3n9 it perpendicularly and passing by its 2:is ). The mo-

. Lo . .~ mentumgq is scaled agja. Contour plots have been added in the
standing the contributions to the energy loss in any medlumupper side
Figure 1 proves that only the energy of time=0 mode dif- '
fers significantly from the planar plasmasy, and this plot ematical point of view, to make the calculations of the sur-
shows that this mode dominates the spectrum for thin wireace contribution3) consistent with the bulk terfEg. (6)],
up to a~vw;1; for larger values of the radius this mode we have used the same cutoff momentum for the integration,
vanishes and the spectrum does not differ from that correquoted asj,,x=0.3 a.u. This value has been estimated by

< oA .S
Q. - PA@ O E TR Q>

= = ALQ
Qo

\\/\orr\er\t\u\‘ A

sponding to a film of the same thickness. considering the minimum half wavelength associated with
the charge oscillations, of the order of the lattice parameter
lIl. RESULTS FOR Si NANOWIRES of Si, d=0.54 nm, taken from the literatuf The surface

contribution does not depend noticeably on this cutoff, as it

In this section, we study the case of Si cylinders inwill be justified further in this work. The first relevant point
vacuum. The dielectric functioa(w) for crystalline Si used on this figure is the negative probability for energies around
to reproduce the experimental results has been taken fromhe Si bulk plasmon, centered at about 16.7 eV. This is the
Ref. 48. previously introduced begrenzung effect. All the multipolar

We consider the surface energy-loss probability for a 100terms contribute to the begrenzung but it mainly derives
keV electron crossing perpendicularly, i.e., at impact paramfrom them=0 term. There are two surface peaks at 4.5 and
eter s=0, the axis of a Si infinite cylinder of radiua  10.3 eV, which can be roughly associatednie=0 andm
=2 nm. To analyze the contributions of different valuesjof 0, respectively. Then=0 mode provides the main surface
to the loss spectra, we write the surface contribution to theontribution to the loss spectrum. Another relevant point is
energy-loss probabilityEq. 3 asP(w)=2,,/dq P,(q,»), the higher contributions to the surface probability of even
where P,(q,w) provides the contribution to the total loss terms in relation to smallem odd terms. The explanation for
spectra of botlg andm. In Fig. 3 we represent this function this can be found in Fig. 2, since in our conditions, for the
versus ga and w. The sum over the first termsm( m=0 surface-plasmon mode and for the radius considered,
=0, ...,4) haseen proven to be enough to get good con-the reduced diameteiis about 0.42, around/10, very close
vergence. The main features of this spectrum are a broaig the origin in Fig. 2. Note that in that region the dashed line
peak centered in energw=4.5 eV and momentunga  corresponding to the even-modes contribution is above the
=0.13, i.e.,,q=1.6w/v=0.003 a.u. and a negative peak odd-mode short-dashed line. The crossover would take place
which is the contribution of the begrenzung effect around theat aboutt=0.257, corresponding to a wire radius of about
bulk-plasmon energyw=16.7 eV. Note that this second 3.7 nm. In Fig. 4b) we represent total-energy-loss spectra,
negative peak is more extended in the momentum scale. QOre., taking into account the bulk contribution of E(f).
the other hand, the first peak goes to zerg &snds to zero, Now, in addition to the two surface peaks, the bulk peak
but this is not the case of the second peak, which becomesround 16.7 eV appears. In this plot, contributions of small-
positive in this limit. In Fig. 4a) the surface contribution to and largeg values to the surface contribution have been
the energy-loss probability has been plotted for an electrosingled out, showing a close relation between smaller values
crossing perpendicularly the axis of a Si infinite cylinder of of g and them=0 mode, a result which proves the extended
radiusa=2 nm, at impact parametsk=0. The contribution charge-density pattern characteristic of this peak. The rela-
of the firstm=0,1, ... ,4terms has been considered in the tive strength of these peaks depends on the impact parameter,
summation. Although not strictly necessary from the math-and in this theoretical approach on the cutoff applied, but,
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of the cylinder, the bulk excitation at 16.7 eV is the most
important one for wires larger thea=2 nm.

The evolution of the three peaks with impact paramster
is studied in Fig. 5 for a silicon wire of 2-nm radius. Note
that for external trajectoriess{a) the bulk contributions
disappear and only the two surface peaks at 4.6 and 10.3 eV
are present at the spectrum. The energies of the curves cor-
respond to the positions of the peaks in Fig. 4. Note the sharp
variation of the bulk peakd=16.7 eV), whose probability
falls nearly to zero at the cylindrical interface. The remaining
tail for external trajectories is caused by the width of the
surface peak. The surface-plasmon peak at 10.3 eV is maxi-
mum at the interface, decreasing more slowly inside than
outside the cylinder.

Perhaps, the most relevant point from this figure is the
rather flat curve corresponding to the low-energy peak (
=4.5 eV) which extends quite far away from the wire. This
weak dependence on impact parameter has been experimen-
tally found?® The slow change of the intensity of this peak
with impact parameter is due to the fact that this mode cor-
responds to an azimuthally uniform induced-charge density
on the surface and then it is only sensitive to an average
value of the field; for thin wires the distance range of varia-
tion of the electric field produced by the probeviky, about
20 nm foro=4.5 eV, much larger than the wire diameter,
then the probability hardly changes with the variations of the
impact parameter considered in this plot. This behavior is not
present in EELS in other targets, such as clusters, where the
surface peaks present an enhancement near the surface as the
10.3-eV peak. At large impact parameters, on the other side,
this peak is the dominant one in the spectrum, as one would
expect from the asymptotic behavior of the probability with
distance;P(w) behaves as exp2sw/v).*” When the probe
electrons travel parallel to the wire only excitations with mo-
mentumg= w,/v contribute to then multipolar term of the
loss probability. This is not the case for the perpendicular

trajectory, when there is a range g@fvalues contributing to

keV electrons crossing perpendiculafijpact parametes=0) the the m_tegral. In Fig. 6 we have plot_tegl the relat|v¢ weight of
axis of a Si nanowire of radits=2 nm. In(a) the contributions of  the different values of the upper limef,,, of the integral. -
them=0, 1, 2, 3, and 4 terms have been plotted as separate curvesN€ maximum value off considered is 0.3 a.u., as argued in
In (b) the contributions of surface and bulk terms have been plottedne beginning of this discussion. We have plotted two curves,
separately. For the surface term, the partial contributions from twgorresponding to the peaks of 4.5 eV and 10.3 eV. Here we
different g momentum intervals to the integral of EQ) (namely,  see that the contribution of higi-momenta is negligible for
[0, 0.01 a.u. and[0.01, 0.3 a.u., respectivelyhave been singled these excitations, and tlwg,,, used is justified.
out. This particular spectrum of excitations, where the more
relevant contribution comes from small valuesgond low
considering the broadness of the beam, one could concludw, is hardly sensitive to the discrete radial structure of the
that the theoretical spectra present a good qualitative agreefectronic states of the wire, and therefore the use of dielec-
ment with the experiment by Reeet al?® Both surface tric theory properly describes the excitations of the wire.
peaks have been found in EELS experiments near Si tips andote that the suitability of this approach cannot be extended
filaments?® The peak of 4.5 eV was only measured for veryas a general result for one-dimensional systems, even when
small wires, as is the case considered in this plot. It is im-considering the same target: it is limited to trajectories which
portant for wire radii up to about 5 nm, whereas for thickerexcite very weakly the high azimuthal modes-0. Further-
wires the spectra are dominated by the 10.3-eV peak, as canore, for penetrating trajectories as those studied here, the
be deduced from Fig. 2. The second peak is the surface plaprobability of exciting azimuthal modes strongly depends on
mon due to then#0 terms and it appears for all size wires. the velocity of the probe through the paramesesv !, as
The redshift observed for this peak for wide filaments andshown in Fig. 2, and therefore the faster the probe travels, the
distant trajectories has been attributed to retardatiomore suitable the dielectric response. A simple analysis of
effects®® For penetrating trajectories passing close to the axisuantum confinement effects in thin cylind®r¢eads to a

FIG. 4. (a) Surface andb) total-energy-loss probability for 100-
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0.07r . limit to the applicability of the dielectric function in EELS
™ 0=16.7 eV analysis when radial excitatioma>0 are dominant in the
spectrum. One case which is likely to be out of the applica-

0'06: bility limit should be that of an electron moving close and
parallel to the surface of a thin nanowire; then, the surface
response should contain high multipolar terms, and therefore
it would fail to reproduce the real excitations. This discus-
sion can be presumably applicable to the case of multishell
fullerenes, where the coupling between inner and outer sur-
faces is weak. In the case of single-layer fullerenes, this cou-
pling would induce a strong radial charge density and there-
fore it would be out of the limits of applicability of the
dielectric response.

This observation helps also to understand the insensitivity
of the EELS technique to the real shape of the surface. The
Si wire in the experiment we are analyzing presents many
planar facets. The fact that the main excitation is longitudinal
supposes that a fine description of the shape of the target is

Impact parameter s (nm) almost irrelevant. This is another way to look at a well-
known result in EELS in STEM: the spatial resolution of this

FIG. 5. Total-energy-loss probability as a function of impact technique isv/w, a length much larger in our case than the
parameters, for 100-keV electrons crossing perpendicularly@an gyrface details to investigate.
=2__-r_1m-radius Si_ wire. The different lines correspond to loss prob- Recently, Sandeet al®! have reported EELS measure-
abilities at energies=4.5, 10.3, and 16.7 eV. ments in Bi wires, with radii in the range 35—-90 nm, show-

. ) ing a clear redshift in the bulk-plasmon energy as the radius
rough estimation of the separation between energy subban@¢'the wire decreases. The authors suggest that this may be

0.05}
0.04f

0.03}

Probability (a. u.)

0.02}

0.01}

AE which scales as due to quantum confinement of the electronic states of the
5 target, and the low effective mass of Bi supports that idea.

A_E B & B /2\/56 10 Nevertheless, our preliminary calculations point out that this

E a2’ a wpm*' (10 redshift may be also derived from the effect of the bulk-

plasmon dispersion on the dielectric response of the medium:
whereE is the characteristic energy of the electronic statesthe larger the cylinder radius, the larger the weight of the
w, the bulk-plasmon frequency of the wire materialjts ~ small transversal component of the momentum in the dielec-
static dielectric constant, and* its effective mass. For Si tric function, and therefore, the smaller the dispersion ef-
this leads toRy~1 nm, therefore this value states a lower fects. Furthermore, the redshift is observed in the experi-
ments for electron beams passing by the center of the
e LI N B S nanowires and in that situation only longitudinal excitations
; are produced ri=0), for which quantum confinement ef-
_o=4S eV ] fects should be reduced, since the charge-density fluctuations
s~ ; extend primarily along the wire, that is, along the direction

a=2 nm ] where quantum confinement is not taking place.
s=0 nm .

1.2

—_
T

08|
©=10.3 eV
IV. EELS IN WIRES OF FINITE LENGTH

0.6
The target used in the experiments described in Ref. 23

q
jqu(q,(O) ] consists of a very larg@ few um long) needle. Near the tip,
0 7 the wire is almost cylindrical with a radius of about 2 nm. Up
qmax ] to now we have modeled the target as an infinite cylinder.
quP(q,w) ] The finite length of the wire poses two problems in relation
0 ; to the former discussion: the first one is the energy of the
surface modes corresponding to excitations localized near
O b e L b b the tip and the second one is the influence of the beam po-
0 0.05 0.1 0.15 0.2 025 ¢3 sition relative to the edge. The boundary charge method
? (BCM) provides us with a useful tool for computing the
energy loss spectra near targets of any complex geometry. It
FIG. 6. Ratio of the total-energy-loss probability as a function of IS based on the self-consistent calculation of the induced sur-
the maximum momentum considered in the integration of E@),  face charge density to obtain the response of the target. We
for the two peaks ab=4.5 eV and 10.3 eV. The maximum value use this method to study the edge effects by modeling the
of g considered in the integrations is 0.3 a.u. target in the simplest way, as a semi-infinite cylinder closed

0.4

Relative probabbility P(q)/P(gmax)

0.2

S T = P .

Momentum q(a.u)
gmax
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O --------
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o(eV) FIG. 8. EELS probability corresponding to the peaks at 4.5 eV

and 10.3 eV in Fig. 7, as a function of the electron distance to the
edgez, for a 100-keV electron moving perpendicularly to a Si wire
of radiusa=2 nm, ats=2.5 nm from its axigsee inset in Fig. )/

FIG. 7. EELS probability for 100-keV electrons traveling near a
semi-infinite Si wire of radiusa=2 nm, perpendicularly to the
axis, at impact parametes=2.5 nm and at different distances
from the edgdsee inset

identical to that of the infinite cylinder, while the intensities
by an abrupt planar cap. For wires of the size considered inf the low-energym=0 peaks are quite different. In this
this work, the surface of that cap is very small, so that thefigure it can also be noticed that the 4.5-eV peak does not
effect of this part of the induced charge on the spectra shoulthcrease monotonously as the probe is moved far away from
be irrelevant unless the trajectory is very close to the edgehe edge, but it has an oscillatory behavior.
This means that the effect of the finite size of the wire can be The evolution of the intensity of both of these peaks to-
studied without paying much attention to the specific shapevards their infinite cylinder values is shown in Fig. 8 as a
of the boundary. function of distancez (see the inset in Fig.)7The 10.3-eV

In Fig. 7 we plot the energy-loss probability correspond-probability increases rapidly near the edge and stabilizes
ing to four differentz beam positions, relative to the tip; soon, reaching the value of the infinite wire, while the low-
positive values ofz stand for probe trajectories in the far energy peak ¢=4.5 eV) exhibits strong intensity modula-
region with respect to the wire, while negative ones corretions. This behavior can be explained by considering the
spond to trajectories closer to the wire. The radius of thenean values of the longitudinal momentugminvolved in
cylinder has been taken @=2 nm and the radial impact each of these two excitation energies for the infinite cylinder
parameter is=2.5 nm in all case§.e., nonpenetrating tra- calculations. Foro=10.3 eV and a radiuga=2 nm, the
jectories are considergdAll the spectra contain the sharp mean momentum involved in the integration is about 0.04
peak at 4.5 eV, which is the one corresponding to e a.u.(see Fig. 3, and thus, its associated wavelength is of the
=0 mode. This result is in agreement with the findings oforder of 8 nm, a value close to the range of the correspond-
Ref. 23. Although for trajectories away from the edde ( ing » component of the external field created by the electron,
|>vw™ 1) the w=4.5 eV peak is the main feature of the v/w. This means that the effect of the edge is governed by
spectrum, it should be noted that the modes associated withe range of the external electron potential in this case, where
the edge become the most relevant ones for smaller values of>1 modes are dominating. Quite differently, the mepn
z. Some broad structures are found above the lower peak, butlue for thew=4.5-eV excitation(which is primarily con-
the spectrum corresponding to the infinite cylinder is recovnected to the excitation oh=0 mode$ is about 0.005 a.u.,
ered for large negative values af For beam trajectories and therefore, its associated range is of the order of 50 nm,
away from the wire £=2 nm) there is just one peak in the so that the infinite wire limit is reached for large values of
spectrum at 4.5 eV, a result showing that these excitations-z, far away from the wire edge. In brief, this latter behav-
correspond to longitudinal fluctuations of the induced surfacéor is attributed to the momentuipof the longitudinal exci-
charge density along the cylinder. As the probe travels closemations involved in the infinite wire, which is smaller in the
to the tip, some peaks show up in the-T0-eV region, low-energy peak, and therefore this peak is more sensitive to
which are related to the modes of the edge and are sensitithe tip position up to a distance of the order of the wave-
to the kind of surface chosen to close the cylinder. Similadength of the corresponding charge-density fluctuations. This
excitations have been observed in Si-Si@ype junctions’?>  simple argument permits to explain qualitatively the behav-
Note that forz=—10 nm the peak at 10.3 eV is almost ior of the two curves shown in Fig. 8. Notice that>0
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modes have regions with opposite sign of the induced chargecles and thin films, finding a similar dependence with the
that are closer together as compared with titre 0 modes  length of the electron path inside the target.
(see the insets in Fig.)2Therefore, the interaction among  Our calculations have been compared with experiments
the induced charge im=0 modes can play a role at larger performed in silicon filaments, describing both the origin and
distances, and this provides another intuitive argument fospatial extension of the low-energy-loss peak 4.5 eV,
the behavior discussed in the last paragraph. which has been associated with longitudinal charge oscilla-
In Fig. 8, the probability corresponding to the modes as+tions of monopolar charactem(=0), and the other surface-
sociated to the edge are not included because they wouldasmon excitations at about 10.3 eV, associated with multi-
depend on the surface used to close the tip. Nevertheless, thelar m>0 excitations. The impact-parameter-dependence
minimum exhibited by the 4.5-eV peak in this figure can bestudy has revealed the predominance of the 4.5-eV energy
interpreted as a consequence of the sum rules of the surfaggeak for very thin(radius a=2 nm) wires. Dielectric re-
plasmon modeg? the excitation of edge-related modes oc- sponse theory has demonstrated to be valid for wires of radii
curs at the expense of the other surface modes. Moreover, folown to 2 nm. The spatial extension of the effect of the edge
trajectories away from the tipz{&0) the intensity of these for terminated wiregi.e., the range of distances to the edge
modes decays with the general impact-parameter dependenite which the infinite wire approximation is valichas been
found in EELS,P(w) = exp(—2zw/v), and therefore, only the evaluated for losses of 4.5 eV and 10.3 eV, respectively, and
m=0 is effectively excited at large impact parameters. justified in terms of the value of the momentathat are
contributing significantly to the energy-loss probability.

V. CONCLUSIONS
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