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Abstract

In the framework of the classical dielectric theory, the role of the image potential in
electron energy loss spectroscopy (EELS) of fast electrons commonly used in scanning
transmission electron microscopy travelling near a surface is studied. Relativistic and
dispersive corrections are evaluated to establish the range of validity of this theory. The
spatial resolution of the EELS technique is discussed for valence and core electron
excitations. The effect of the quantal nature of the probe is also discussed. Finally, several
problems involving planar surfaces, small particles, cylinders and truncated targets of
interest in nanotechnology are studied. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Charged particles have been used, since the first years of this century, to obtain
information on the nature and properties of matter. Since Rutherford used o
particles to study the nature of the atomic structure in 1911, many other testing
probes have been used to obtain valuable information. Pioneering experiments at
the beginning of the last century as Davisson and Germer or Franck—Hertz
experiments led to the use of the electron as a testing probe, now widely extended
in many techniques in condensed matter physics.

In 1948, Rutherman [1] had already used electrons in transmission mode and
obtained electron energy loss spectra in the energy range of a few eV.
Transmission electron microscopy (TEM) with use of very high energy electrons
(100 keV) yields a contrast image when analyzing the electrons transmitted
through the sample. Furthermore, the short wave length associated with high
energy electrons in scanning electron microscopy (SEM) (~0.1 nm for 100 keV
electrons) gives high resolution images by scanning the sample with an extremely
well focused electron probe and by analysing the back-scattered and secondary
emission electrons. The recent development of the scanning transmission electron
microscope (STEM) has increased the interest in the study of the processes which
occur when the scanning electrons are spatially focused and transmitted through
the target providing information on a small area of the sample. Sophisticated
numerical simulation of the elastic scattering contribution to image contrast is
routinely employed in conventional high-resolution electron microscopy of
inhomogeneous materials. On the other hand, inelastic scattering processes are a
dominant feature in the sample—probe interaction.

Now, when an increasing number of high-resolution microscopes are fitted with
energy-loss imaging facilities, a much wider interest in inelastic scattering
processes has emerged, with the consequent requirement of theoretical
development to interpret them. Spatially resolved electron energy loss spectroscopy
(EELS) is a powerful tool to study the characteristics and nature of electron
excitations in a solid. In this operation mode, the electron beam is extremely well-
focused (~0.2 nm) and the energy and weight of the excitations produced in the
sample can be studied as a function of the testing position. If, on the other hand,
a pre-determined energy loss is selected and the sample is scanned with the
focused beam, it is possible to obtain energy filtered maps, which provide
information on the area around the sample, where the electron is able to produce
excitations of that energy [2—5]. The aim of the theoretical approaches is to relate
this information to the composition and microstructure of the sample.

EELS of fast electrons in STEM shows two types of losses, depending on the
nature of the initial electron states, which are excited [6] in the sample: core
electron excitations that occur at atomically defined energies (w > 100 eV) and
valence electron collective excitations (up to 50 eV). These last excitations were
already theoretically explained by Bohm and Pines [7] in the 1950s. In free
electron metals, their typical energy, the so-called bulk plasmon, wy, is directly
related to the electronic charge density n, w, = \/4nne?/m where e and m are the
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electron charge and mass, respectively. Together with this charge density
oscillation in the bulk, Ritchie [8] later predicted the existence of collective
excitations associated to electronic charge density oscillations at the surface, which
fall below w,, and are known as surface plasmons.

Both spectra have been widely used to investigate the nature and details of the
target. The core electron excitations occur when the probe crosses through the
target, and provide chemical information about a region of the target of almost
atomic size [9]. On the other hand, the valence excitations provide information
about surface structures and details with a resolution of the order of several nm.
One advantage of valence excitation spectroscopy is that it provides a much
strong signal, even for non-penetrating trajectories (the so-called aloof beam
energy loss spectroscopy) and, therefore, generates less specimen damage [10]. The
fact that the time to collect data is small, permits study of chemical changes at the
surface in real time [11].

An extensive review of EELS have been provided by Raether [13,14] and
Egerton [12]. Racther’s book puts emphasis on surface plasmon excitations, while
Egerton’s pays more attention to the inner-shell excitations for micro-analysis.
Both books stress the experimental aspects of EELS. After these classical texts,
more recent books by Schattschneider [15,16] have been published. The thirst one
gives a general overview of the inelastic processes, introducing the theoretical
formulation to describe them.

The aim of the present work is to shed light on the role of the image potential
in the inelastic processes, which take place in STEM. We give a theoretical
overview of the different models that have been developed in the last two decades
to describe the electron energy losses in STEM. We start with the description of
the image potential in a planar interface to give account of the surface and bulk
contributions to the loss spectra. This simple approach leads to an understanding
of the limitations of this model. Then we analyze the quantal effects derived from
the spatial width of the beam, and discuss the spatial resolution provided by
EELS. After establishing this basis, we describe the techniques used to account for
energy losses in targets of increasing complexity. Details on these formalisms are
contained in two appendices.

Atomic units (5 =e*=m = 1) are used throughout in expressions, with 7 the
Planck constant and m and e the electron mass and charge, respectively. In
these units, the length unit is the Bohr’s radius (ap=0.529 A), the velocity
unit is the Bohr velocity (vo=2.19 x 10%) cm s™', the velocity of light is ¢ = 137
and the energy unit is the Hartree (1 Hartree=27.2 ¢V). In results, we use mainly
eV for energy and nm for distance. In electrodynamical equations, the Gaussian
system will be used, where the dielectric function and magnetic susceptibility in
vacuum are considered ¢y=po=1. In the study of the relativistic corrections, we
have always considered non-ferromagnetic media and assume pu=1. In several
parts, we use the sign Lraj to indicate that the corresponding magnitude is
evaluated along the trajectory and that it depends only on the variable used to
parametrise the probe trajectory. In the case of probes travelling through a
medium, we use the notation Py, {(w) for the total contribution of the surface to
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the magnitude P; note that both surface and bulk excitations are contained in this
term.

Most of the theory we present is valid for any local dielectric function and the
experimental one should be used to compare the theoretical poredictions to the
experimental results. Nevertheless, in the theoretical development, we favour the
use of the Drude dielectric function; the fact that it involves just one single
parameter — the bulk plasmon energy w, — and leads to sharp and well-defined
surface plasmons, makes more direct the interpretation of the theoretical results.
Sometimes we refer to these media just as metallic.

2. Probe—surface interaction: image potential

Let us consider the interaction between a fast probe and a semi-infinite medium
bounded by a planar surface. In the frame of classical electrodynamics, the
interaction of a fast charge moving near a planar interface is given by the induced
potential, i.e., the so-called image potential, which problem was first studied by
Ritchie [8] and Takimoto [17]. Now we consider the simplest approach to this
problem, where a probe of charge Z is travelling parallel to the surface at a
constant distance b and with constant velocity v. Because the momentum transfer,
associated with the w-component of the induced potential, is of the order of wv ™',
a very small magnitude in the range where collective excitations occur (typically
smaller than 1072 a.u.), in many situations we can neglect the dispersion effects in
the dielectric response function and describe the response of the medium by means
of a local dielectric function e¢(w)=¢(q = 0, w). Neglecting retardation effects, the
total potential is the solution of Poisson equation

47
V2h(r, w) = ——p(r, o), (2.1)
e(w
where p(r, w) stands for the w-component of the charge density. The convention
followed for the Fourier transform is in Appendix B. Assuming that the probe is
moving along the x-axis, the charge density is given by:

o(r, ®) = Z%ef% 3(1)(z — b). 2.2)

The solution of (2.1) can be obtained by the standard electrodynamical techniques
(see Appendix B). Then, in the region where the charge is travelling (z > 0), the
potential can be written as:

$(r, ) =
7z SOX Z SOX
—2;Ko[$ yz+(2_b)2}ew —2;5(@1%[@ y2+(z+b)2]e’

(2.3)
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where x, y and z are the cartesian coordinates of r, Ky(x) stands for the modified
Bessel function and £(w) is the planar surface response function defined as:

o) -1

o) = T 2.4
The first term in (2.3) is the w-component of the Coulomb potential, while the
second one is the surface induced potential. This last term can be understood as
the w-component of the image potential; the potential created outside the medium
by the dynamic image charge, i.e., a charge gimage(®w)=—Z&(w) placed in front of
the probe and inside the medium at a distance b from the surface. Then, the
induced potential is:

Dina(T, 1) = —%JOO Cla)f(a))[('()l:|ivl,/y2 +(z+ b)2i|ei%(X—vr). (2.5)

—00

Because of the analytic properties of the dielectric function ¢(w) [18], the response
function satisfies &(—w)=&"(w), where z* stands for the complex conjugate of z.
Therefore, one can write the former expression as an integral over positive values
of w:

buatr. 0= =22 ok )7 4 4 02 Retetone T, 2.6

where Re{z} stands for the real part of the complex argument z. Although (2.6)
explicitly exhibits the fact that the field ¢;,q(r, ¢) is real, in many cases it is
preferable to handle (2.5).

The Bessel function K, is a monotonous decreasing function, with the following
limiting values [19]:

ieX{l—iJr } x> 1
2x 8x

Ko(x)~ v .
—ln[z] —0.5772. .. x k1

2.7)

Therefore, in the limit when the argument of the Bessel function is very large, i.e.,
low velocities or large distances, the main contribution to this integral comes from
the low o region. Then, the induced potential can be written as:

Z
\/(x— vi)2 4+ 2 + (z + b)?

Pina(r) = —E(w = 0) (2.8)

where we have made use of the fact that the response function &(w) is real at
o =0. Expression (2.8) is the well-known electrostatic limit of the image potential.

In this approach, (2.5) fully describes the interaction between the probe and the
interface. From this expression, one can evaluate the stopping power dE/dx; i.e.,
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the energy loss dE experienced by the probe, when it travels along a path of
length dx. The probe is stopped by the component of the electric force along the
motion direction; the stopping power is just this component of the force evaluated
at the probe position; i.e., x=vt, y = 0 and z=b:

%‘ — _Za¢ind
dx 0x

Z2 (>
= —2—2J o do Im{i(w)}KO[
v 0

@} (2.9)
v

traj

where Im(z) stands for the imaginary part of the complex argument z. The total
energy loss given by (2.9) can be interpreted as the result of the excitation of
different inelastic processes of energy w, each of them excited with a probability
per unit length dP(w)/dx, i.e.,

dE_ [ . dP(w)
& _L 0 do~ 1, 2.10)
where:
2
%(“’) _ 2221m{5(w)}K0[2wbi|, @.11)
X v v

which was first obtained by Echenique and Pendry [20], although it can be derived
from a previous work by Takimoto [17].

From (2.9), it is clear that only the imaginary part of the response function
&(w) 1s responsible for the inelastic scattering, which is a general feature of this
approach. In a metal, the collective surface excitations take place for those values
of ® for which Re{e(w)} ~ —1. For a Drude-like metal, ¢(@)=1-w;/o?
(Appendix A), the imaginary part of the response function &(w) can be simply
expressed in terms of a single excitation, the so-called planar surface plasmon:

s

2

Dp
V2
Here, w, is the well-known energy of the surface plasmon which was first

introduced by Ritchie [8]. This prediction was confirmed by Powell and Swan [21]
in Al and Mg films. Then, the energy loss probability per unit length is:

Im{¢(w)} =

oo — o],  ws= (2.12)

2
dPw) 22 Ko[—zwb}wsé[w — ol 2.13)
dx v y

In other metallic surfaces, the energy of their surface plasmons (the so-called
modes) are given by the poles of their corresponding response functions. The
modes are the values of w for which the Laplace equation presents non-trivial
solutions.

When the probe moves parallel to the surface, but through the medium, the
potential can be calculated in a similar way. Then, the induced potential is given
by:
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d)ind (l‘, (1)) =

2l e 1}1@['%'\/;'2 I Y AN/
(2.14)

where the surface response function {(w) is:

I do)—-1_ 1 + &) — 1. (2.15)

(O =00 d F1 - qw)

In (2.14), the first term is the same as the induced potential created by a probe
moving through an unbounded medium of dielectric function e(w), while the
second one is the contribution of the surface to the induced potential. Proceeding
as before, one can calculate from (2.14) the total energy loss probability per unit
length [22,23]. It is given by:

dP(w) . Z? -1 |:kcv:| z? 1 [Zwb]

The first term in (2.16) is the well-known expression for a charge moving in a
non-bounded medium; in a metal, it describes the excitations of bulk plasmons.
To calculate this bulk contribution, a cut-off k. has been used to avoid the
contribution of large values of the momentum, which lead to a logarithmic
divergence, when a local dielectric response is used [24]. Bulk plasmons are excited
— at least in the local dielectric approach — only by probes travelling through
the medium. The second term of (2.16) is the surface contribution to the energy
loss probability. This contribution is twofold: the term in &(w) describes the
excitations of surface plasmons, while the term containing ¢ ' is a negative
correction to the bulk plasmon excitation probability due to the presence of the
interface; this term reduces the bulk losses in relation to the case when the probe
travels through an unbounded medium, and is the so-called begrenzung or
boundary-effect, first described in films by Ritchie [8] and which appears in other
targets for penetrating trajectories of the probe [25]. This effect means that the
excitation of surface modes is made at the expense of the bulk modes. For a
Drude-like metal, the surface contribution to (2.16) can be written as:

2
dPg(w)  Z X |:2wb

FI }{wsé[w — 5] — o[ — wp]}, (2.17)

v
which establishes that the reduction of the bulk plasmon excitation probability has
exactly the same analytic form, but opposite sign, as that corresponding to surface
plasmons. Note that w, < w,, therefore, the begrenzung does not imply that there
is a balance in terms of the energy loss; it means that the total energy loss is
smaller than that corresponding to an infinite medium. The negative bulk
correction is to be balanced by the infinite bulk term, so that the total bulk
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plasmon excitation probability is positive. This fact provides a limit to the
usefulness of the local dielectric response approach: at impact parameter b small
enough, as to apply the limiting expression (2.7), the bulk plasmon term behaves
as:

dPpuk () ~2Z—;Im{_—l}{ ln|:w_b:| +1n[l%:| }, (2.18)

dx v e(w) v

therefore, (2.16) is only valid for impact parameters b > 1/k., a result implicitly
imposed by the cut-off used in the direct bulk term.

In the same way, from (2.5) one can calculate F,, the component of the force
normal to the probe trajectory. This force is responsible for the deflection of the
trajectory towards the surface:

A
- —2—2J o do Re{é(w)}lﬁ[
Ty

FL(b) = _Za¢ind
0 0

z

2“1’}, (2.19)
v

traj

which is valid for any dielectric function and was first obtained by Howie [26]. Eq.
(2.19) states that only the real part of the response function is involved in the
elastic scattering. The fact that real and imaginary parts of the response function
are related to the elastic and inelastic interactions, respectively, is a general result
of the non-relativistic theory, valid for any situation, so long as the energy loss is
evaluated between probe positions for which the initial and final states of the
target are the same, as we will prove in Section 5.2. For a free-electron gas metal,
it is possible to integrate (2.19) over w by using the integral representation of the
Bessel function [19]. In this way, the normal force can be written in terms of the
surface plasmon frequency wg [27]:

chos2 °cdt 2msb
F (b) = 2 Jo l_Hzcos[ —t

2.2
_Z 2 ”{11[2‘”51’} —L1[2wsb} - 2}, (2.20)
v 2 v

v I

where I; and L; are the modified first-order Bessel and Struve functions
respectively [19]. The limit of this expression for a small impact parameter is:

2 sb 2
Fl(b):—Zz%{l—i—O[wl‘] } +} b L, 2.21)

Ws

which indicates that near the interface the normal force remains always finite.
Roughly, this finite value is due to the fact that the induced charge density needs
a time of about ! to be established and then the image charge is delayed a
distance ~vw_! in relation to the actual probe position. This finite result is also
valid for more complicated response functions; then the delay should be an
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average value of the different excitations, which contribute to the dielectric
response function.

For large values of the parameter b ', (2.20) leads to the well-known
electrostatic limit:

5 1 v 12 v
Fi(b)y=-Z 4b2{1+0|:w5b:| +} b > o (2.22)
The fact that the force is negative in these expressions means that it is always
directed towards the surface when the charge is travelling in vacuum.

Egs. (2.11), (2.16) and (2.19) exhibit the main features of the inelastic and
elastic interactions between probes and surfaces. The expressions for the stopping
power have been widely used to study the inelastic interaction of swift charges
with large planar surfaces. Many authors have proved that the optical dielectric
functions ¢(w) explain, in qualitative detail, the surface loss spectra for different
materials [28—30,10]. Additionally, the impact parameter dependence given by
(2.9) is in good agreement with the experimental results [4,23,31].

An alternative way of tackling the probe—target interaction is through the
charge density induced in the target. The polarisation of the medium P generates
both volume and surface densities. The induced volume density is —VP and,
consequently, it is proportional to the external charge density in the medium; this
charge density takes place only when the probe is moving through a polarisable
medium. In this case, the volume charge density leads to the bulk screening factor
¢ ~'. When the probe travels outside the target, the interaction between probe and
target is due only to the potential created by the surface charge density o;,4. The
induced charge density on the surface is the normal component of the polarisation
and can be straightforwardly derived from (2.3). It is given by:

| o | b | | X
ind\As Vs =-Z K 2 2 IV, 2.2
Tind(X, ¥, ) nv2é(w)\/m 1[ S VY +b }e (2.23)

where Kj(x) = —(d/dx)Kp(x) is the modified Bessel function of first-order. Its
limiting values are given by:

[n
—e™, x>1
Ki(x)~ 2x , (2.24)
x L x k1

which means that the induced charge density is spread in the plane over a region
of size v ! in the direction transverse to v, while in the direction of v it oscillates
with a wavelength 2mver ~ 1.

Taking into account the behaviour of the Bessel function K,, the surface
contribution to the energy loss probability in (2.9) diverges as In{bwv ~"} for small
values of b. This effect has not been found experimentally. It is a consequence of

the simple local approach used here; this model does not impose any spatial
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correlation in the induced charge density, so, at small impact parameters, it tends
to pile up an unphysical induced charge density on the interface (2.23).

In a more realistic approach, one should consider that, for small values of b,
large values of the momentum transfer contribute to the dielectric response, hence,
one cannot properly neglect the momentum dependence in the dielectric function
¢(k, ). The effect of the dispersion in the stopping power near a surface has been
evaluated for the fast electrons [32—35] and for the general case [36] as well.

Following [35], we study the energy loss experienced by the probe near a
dispersive medium in the same situation as above. Now the medium response is
described by the Mermin dielectric function [37] (see Appendix A) and the
specular reflection model [38] is used to impose the boundary conditions at the
interface. In Fig. 1(a), we plot the imaginary part of the surface response function
derived for Al as a function of both k and w, which decreases for values of the
momentum transfer larger than 0.5kg. This attenuation of the surface response
works as an effective cut-off in momentum space and leads to finite values of the
surface stopping power, when the impact parameter tends to zero, as shown in
Fig. 1(b), which compares both local and dispersive approaches; it proves that the
dispersion is only relevant at very small impact parameters b < vo[!. For larger
impact parameters, the main contribution to the potential arises from small
momentum transfer, so that both local and non-local descriptions lead to the
same results. This conclusion can be generalised for other situations, by stating
that local effects are relevant only in situations, where the electron spends most of
its flight time at very small distances from the surface. In particular, for
penetrating trajectories, the logarithmic divergence of the ¢;,q near the surface
leads to finite values of the energy loss probability, when integrating over the
whole trajectory.

A rough evaluation of the error provided by the local approximation for
trajectories crossing the interface can be obtained by using the interface
parallel path method, which leads to the conclusion that the local approach
overestimates the surface plasmon loss in about 5% with respect to the non-
local calculation. Even though, in most materials, the description of the
excitation spectra provided by the experimental optical function e¢(w) is more
realistic than that obtained from any theoretical response functions. Several
methods to extend the experimental dielectric function ¢(w) for large values of
q have been proposed [39-41]. Some of them are briefly introduced in
Appendix A.

Fig. 1 is quite important for discussing the spatial resolution available in
valence EELS. Without dispersion, the dependence on Ky(2wsb/v) shows that v/wy
appears as a scaling factor, but does not really tell much about the resolution,
since the Bessel function has a long tail and a very steeply varying part at small 5.
With dispersion, as shown by the surface plasmon excitation in Fig. 1, we obtain
a clearer picture. Higher spatial resolution can be obtained by selecting only large
values of the momentum [35].

The bulk loss probability of Fig. 1(b) presents a similar behaviour; for
trajectories inside the metal, the total probability and the surface correction to this
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term remain finite near the surface. The small step in the bulk loss probability
near the surface has been found experimentally [42,43,5]. Another relevant feature
of the non-local approach is that the bulk plasmon field slightly extends outside
the medium, whence bulk plasmons can be weakly excited by electrons moving
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Fig. 1. (a) Imaginary part of surface response function as a function of w (in units of w,) and parallel
momentum ¢ (in units of Fermi momentum ky). (b) Comparison of surface and total bulk loss
probability as a function of the impact parameter b, for local (dashed line) and non-local (continuous
line) dielectric function (a Mermin dielectric function with r;=2 and y=1 eV). Geometry is sketched in

inset of figure (b). Negative values of b indicate inner trajectories.
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outside the surface, at very small impact parameters. The small tail outside the
surface in the local plot is not properly a bulk term: it really comes from the local
surface response function ¢(w) when a damped dielectric function is used (A3).

Expression (2.21) has been used by Echenique and Howie [44] to evaluate the
deflection angle experienced by the STEM beam passing near a 100 nm long MgO
planar surface [29] or Au particles [45], leading to a value which is three orders-of-
magnitude smaller than the measured one. Further sophistications of this
calculation, taking into account the shape of the target, led to similar values
[46,47]. Surface charging has been suggested as a possible reason for the MgO
observation, but this is unlikely to be a realistic explanation in the case of the
gold particles. More conclusive experiments need to be performed in order to
clarify this point.

Another obvious shortcoming of the simple approach presented here derives
from neglecting the relativistic effects, which require Maxwell’s equations to be
solved. The simple fact that the induced charge density and currents are now
coupled through a retarded field can change the electromagnetic modes of the
target. This effect is independent of the probe velocity and will be studied in the
case of spherical particles. Other relativistic effects are related to the velocity of
the probe, typically, one half of the velocity of light ¢ in STEM. In addition to the
retardation effect, due to the time the signal takes to reach the surface and to turn
back to the probe, some new effects appear: Cherenkov emission becomes possible
when the real part of ¢(w) becomes large enough: Re{e(w)} > (¢/v)? and the
induced charge density can radiate.

One simple system for studying the retardation effect is that of a planar
interface or film [48—51]. Following this last work, we study the case of an
electron moving parallel and outside a planar surface at impact parameter b. This
problem provides a simple basis for understanding how the retardation affects the
EELS impact parameter dependence. Maxwell’s equations can be solved in terms
of the Hertz vector [53]. The energy loss probability per unit length is given by:

dP(w)  Z* (> e b
d(x ) = 271—112L dg, . Im{/.(w, q)}, (2.25)
0

where ¢, is the component of the momentum in the plane of the surface, normal
to the trajectory, ¢ = qf + w?/v? and the retarded loss function A(w, ¢) is given
by: V

}.C(CO, Q) =

L) 2u5(c—1)
Bty | Clot+H

— (1= By — u)}, (2.26)
where f=ve ! and

w2 1/2 w2 12
F@hpﬂ%ﬁ},%zw+7wwﬂ. (227)



14 A. Rivacoba et al. | Progress in Surface Science 65 (2000) 1-64

In the limit f — 0, (2.25) yields (2.11). For a metal, the energies of the surface
plasmons w are given by the equation ¢y, — u = 0, which leads to:

4 2 2 2
2 —ﬁ%(ﬁ) +[2<ﬂ> 1 +/32]<3> —<ﬂ> —0, (2.28)
®p ®p ®p @p
therefore, the velocity of the probe introduces a dispersion of the surface plasmon

energy, which is significant for high values of f. Fig. 2 shows the modes for

different values of the energy. The limiting values of the function w(g,) are given
by:

w? 1—p? 0}
= ﬁ ) qy << 71)’
2 1— 1‘82 v
02~ 3 (2.29)
2
w w
O )
2° T > v

The dispersion is reflected in the energy loss spectra shown in Fig. 3. For small
impact parameters, the main contribution to the integral arises from large values
of ¢, so the main loss peak occurs near ws. There is another small peak
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gy,

Fig. 2. Retarded dispersion relation in planar interface for three different probe energies.
Corresponding f values are 0.41, 0.55 and 0.70, respectively.
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corresponding to the low ¢ contribution, but its intensity is much smaller. The
comparison with the non-retarded spectrum shows a reduction in the intensity of
the wg peak, as well as a small red shift of this peak, due to the plasmon
dispersion. For a large impact parameter (curve b), the main contribution to the
energy loss probability comes from the low ¢ region, whereby the loss peak is
centred at the limit values of w(g,) for ¢ — 0 in (2.29). All the relativistic effects in
these spectra derive from just the retardation in the interaction, because in this
case there is no Cherenkov emission (e(w) < 0) and surface plasmons cannot
radiate, since the dispersion curves for both surface plasmons and photons do not

P((D) T T T T T T T
B a) ]
2| —  retarded 7
410 L non-retarded ]

2 10%
0 i
9.5
P(w) [ L B T b
- i b) 7
-2 [ : ]
15107 = etarded E
RS non-retarded 2
110° - .
— -4 L ]
9.5 10 10.5 w(eV)

Fig. 3. Retarded (solid line) and non-retarded (dashed line) energy loss probability per unit length for
electron moving parallel to metallic surface (w,=15.1 eV, y=0.027 eV). Corresponding impact
parameters are: (a) b = 0.1 nm; and (b) » = 5 nm. Beam energy is 100 keV (v~ 0.55¢).
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allow plasmons to decay into photons [52]. The larger the retardation time b/c is,
the larger this effect becomes.

In insulators, besides the retardation effect, Cherenkov emission becomes
possible. In Fig. 4, we plot the spectra corresponding to an Al,O5 surface, for two
different impact parameters. In both plots, there are energy losses in the region of
the gap (0-7 eV), which are due to the Cherenkov emission. Such losses are not
present in the spectra corresponding to a 100 keV beam, because then the velocity
is below the threshold of the Cherenkov radiation [¢(w) ~ 3 in this region]. This
effect is relatively more strong as b becomes large, because it comes from the
contribution of the term v/1 — ¢f? to the imaginary part of u in (2.27), so it is
only relevant for small values of g¢,. This observation indicates that, for non-
penetrating trajectories of the probe, Cherenkov emission is relevant only in large
targets.

P() [ T —— — ]
: a)j
I —— retarded 1
E ----  non-retarded E
2. 10* n -
1. 10" | ]
0 AT R ! . .
0 5 10 15 w(eV)
P(@) F —— ‘ L
E retarded b)i
E ---- non-retarded 1
2. 10°F ]
1. 10°F ’ ]
C b=5 nm ,/ ]
r (/ ]
o+ Lo ‘..1/."1 R
0 5 10 15 w(eV)

Fig. 4. Retarded (solid line) and non-retarded (dashed line) energy loss probability per unit length for
electron moving parallel to Al,O; surface. Corresponding impact parameters are: (a) » = 0.1 nm; and
(b) b = 5 nm. Beam energy is 200 keV (v ~ 0.70¢). Experimental dielectric functions have been used
[106].



A. Rivacoba et al. | Progress in Surface Science 65 (2000) 1-64 17

For large impact parameters, the retarded expression leads to a significantly
better agreement with experimental intensity of surface loss peaks than the non-
retarded one [31]. The importance of taking into account the relativistic
corrections, to interpret with full particulars the experimental spectra, has been
emphasised by Moreau et al. [54].

In addition to the planar geometry, relativistic corrections have been evaluated
for other simple geometries such as spheres [55,56] and cylindrical cavities [57,58].
Recently, Garcia de Abajo and Howie [59] have developed a numerical procedure,
which allows the calculation of the retarded energy loss probability, in targets of
general geometry.

As a finishing remark, we notice that we have used the force as a magnitude to
represent the interaction. Nevertheless, many problems involving the charge—
surface interaction are usually tackled through a Hamiltonian approach, where the
interaction is derived from the static potential energy. The potential energy V(z) is
then the electrostatic energy stored by the probe—surface system, when the probe
is at a distance z from the surface, and is given by [18]:

1 z?
V) = §Z¢ind(w =0, 1) = —¢(0 = O)Z, (2.30)

where we have used (2.8). Note that although V(z) differs by a factor % from the
product Z¢;,q4, this expression leads to the right asymptotic value of the force, as
given by (2.22).

3. Excitation of electronic states by extended beam

The understanding and interpretation of energy filtered images in STEM poses
the basic problem of spatial resolution, i.e., the distance at which the probe can
significantly produce on given excitation.

From a theoretical point of view, neglecting the technical limitations of the
instruments, there are three lengths relevant to this analysis: the spatial extension
of the excited states of the target; the range of the Coulomb potential; and, finally,
the beam spatial spread. Now, we concentrate on this last parameter, although in
current microscopes the width is as small as 0.2 nm, a length which poses an
obvious limit to the resolution, it raises the question of what is the error made
when one considers the beam as a fast classical electron moving with a fixed
impact parameter, neglecting the wave nature of the beam electrons.

Following [60], we consider the excitations of core electrons by a broad
coherent electron beam. The electronic states of the target are represented by a
complete set of eigenstates ‘n> of energy w,, while the beam is described by a
plane wage Q /2 ¢®* where Q is the normalisation volume. In the framework of
the time-dependent perturbation theory, the cross-section o,y for the transition
from the target ground state |0> to a final excited state [n> is given by:
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4 (dq q°
Gnozmjgﬂ)noﬁé[Vq—?—wno ) (31)

where ,0=wo—w, is the energy of the transition, v=p is the velocity or initial
momentum of the electrons of the beam and q is the momentum transfer. The
matrix elements of the density operator are given by:

a0 = (1| Z 91 0), (3.2)

where the sum extends to all the atoms of the target. In (3.1), the delta function
arises from energy conservation, and the term %qz is the incident electron recoil.
For STEM electrons and small scattering angles, this term is very small in
comparison to vq and can be neglected. Then, one can write (3.1) as follows:

6o = J db | o) |, (3.3)

where b is the spatial variable conjugate to the component of the momentum
transfer and a,(b) is given by:

00

1

> -
|b+vt—r]|

1 A
ano(b) = ;J dt e“””"’<n

o>, (3.4)

—00

which can be regarded as the probability amplitude that the system experiences a
transition |0 > — |n > , due to the interaction with an electron moving in a
classical trajectory at impact parameter b. Eq. (3.3) states that the probability of
inducing an atomic transition by a broad beam can be evaluated as the incoherent
sum of probabilities for different impact parameters. All the quantal effects arise
from the recoil term in (3.1), which has been calculated by Ritchie and found to
be negligible for STEM electrons [60]. As Ritchie stated, the higher the velocity of
the incident electron, the more classical is its behaviour with respect to energy
transfer to matter.

The impact parameter dependence of the probability amplitude can be better
studied by writing (3.4) as:

2i WX ¥
ano(b>=—vl<nze' v Ko[\/(by—y)2+<bz—z)2wv°]’0>, (3.5)

where we have assumed that the beam is oriented in the direction of the x-axis.
The operator in the matrix element of (3.5) is basically the w-component of the
Coulomb potential created by the particle, and falls off outside a region of size
va,! around the microprobe (~1 nm for 100 keV electrons and 100 eV
excitations). Nevertheless, due to the orthogonality of the wave functions, the
matrix element in (3.5) takes relevant values only when the operator varies very
quickly in the region where the overlap of the wave functions occurs. Taking into
account the behaviour of the Bessel function, one concludes that the impact
parameter relative to the atom should be smaller than the spatial extension of the
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electronic states. Consequently, these inelastic processes effectively take place,
when the beam impinges directly on the atom. Since these excitation energies do
not depend on the target shape, this technique has been commonly used to
identify single atoms in thin crystals [61] and to establish chemical information of
selected parts of the sample [9,62].

Ritchie and Howie have generalised the analysis for collective excitations of the
target [63]. Let us suppose a microprobe moving along the x-axis, centred at a
position given by b in the yz-plane. Its wave function can be represented as:

W) = %A(n _ b, (3.6)

where r, stands for the projection of r in the yz-plane. The function | A(r; —b) |?
describes the transverse shape of the wave packet. To calculate the probability of
exciting plasmons of energy w, when the beam crosses near a target, we proceed
as above. Again, the electron recoil is neglected and we assume that all the

inelastically scattered electrons are collected, then the probability of losing energy
 can be written as:

P(w) = J dr. | A(re —b) |2 Pags(e, 1), (3.7)

where P..(w, b) stands for the energy loss probability corresponding to a
classical electron moving at the impact parameter b. Eq. (3.7) states that in
valence EELS the beam can be considered as an incoherent sum of classical
electrons. The condition of collecting all the electrons implies that the momentum
transfer must be small enough, so that all the electrons emerge with a scattering
angle smaller than the spectrometer aperture. In the usual experimental set up, the
spectrometer aperture is 9,, ~ 8.107° rad, a value large enough, so that the
condition of collecting most of the scattered electrons is reasonably fulfilled.

Batson [64] discussed the effect of the real limited spectrometer aperture as an
effective cut-off to the momentum transfer, ¢,.,, which imposes on the spatial
resolution a limit of about ¢! ~{v9,} ", a length of the order of 0.1 nm. The
author concluded that, in real STEM situations, this classical approach provides a
good description of the inelastic scattering.

4. Spatial resolution in valence EELS

Valence loss spectroscopy benefits from the relative high intensity, which allows
energy selected images to be obtained without strong damage of the sample.
Experimental observations by Batson [2,3], Wang and Cowley [65,168—170], Walsh
[57], Howie and Walsh [66] and Ugarte et al. [5] have shown the ability of this
technique to reveal surface or bulk structures of microsamples. Nevertheless, the
interpretation of the loss spectra and filtered images is much more complicated.
First of all, the energy of these excitations depends, not only on the composition
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of the sample region under study, but also strongly on the surface shape, on the
neighbouring media and on the coupling with other parts of the sample. In
addition, the collective excitations of the valence electrons (plasmons) are not
spatially localised, so one cannot expect the same high resolution obtained for
core electron excitations.

Let us study the energy deposited by a fast electron in a small volume dV of the
sample. We assume that the electron is moving with constant velocity v and
impact parameter b far away from the sample, so we can assume that the electric
field created by the probe is at each time uniform around the sample. Then the
energy loss rate in this volume is given by:

dmw(n P(?)
B0 4.1)

where E and P are the electric field and the polarisation, respectively. Neglecting
the momentum dependence of the dielectric response function, one gets
E(w)={(w)P(w), where {(w) is a response function, which depends on the
dielectric nature and shape of the whole sample. The total energy loss deposited in
this volume is obtained by integrating (4.1) along the trajectory. Then, the energy
loss density can be easily written in terms of the w-component of the electric field:

L ij:ow do> Tm{{(@)} | E() |, (“2)

which can be interpreted in terms of the probability P(w) of producing inelastic
excitations of energy w. Neglecting the relativistic corrections, the electric field can
be obtained from (B7):

42 wb wb

|E(w)|2=_4{1<g[—]+1<12[—”, (4.3)
v v Vv

where Kj; are the modified Bessel functions. For large values of b, one can use

the asymptotic expansion of these functions and the loss probability per unit
volume,

dP(w) 4 2 b b
A Zmlm{“a’)}[%} {Kg[wT]”f [w_“ 49

behaves as exp[—(2wb/v)]. Eq. (4.4) features the impact parameter dependence of
the energy loss probability ruled by the scale factor ~vew ~'. For a 10 eV loss and
a beam energy of 100 keV, this leads to a distance of about 10 nm. This length
determines the size of the target region around the trajectory, in which the probe
can excite efficiently inelastic processes of energy w, so it provides the spatial
resolution in valence EELS experiments, as discussed in connection with Fig. 1(b).

This result can be obtained in a simple way by means of a simple flight time
argument [18]: the duration of the electric pulse 7 created by the probe is 7~ by ',

which leads to the cut-off impact parameters b, ~ ve» ~".
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Such an exponential dependence, derived from (4.4), has been found in many
experiments with different surface shapes, as shown in Fig. 5.

Note that this argument is valid for surface excitations: bulk plasmons can be
excited only when the probe moves through — or very near to — the medium.
This approach is valid when the probe moves far away from the target, so the
response function {(w) has no bulk contribution. This fact can be seen in energy-
selected images [2,5]; in general, the images corresponding to bulk losses are clear
and the shape of the sample is sharply defined, while those corresponding to
surface losses are much more diffuse. In the last case, the size of the illuminated
area does not provide straight information about the thickness or size of the
specimen, but is given basically by the length ve» ~".

On the other hand, the coupling between different parts of the specimen also
occurs through the Coulomb potential, therefore, this coupling will be ruled by
the same typical interaction length. This length imposes, at any beam position, a
limit to the size of the region around the sample, which is effectively coupled to it
and is, therefore, relevant to understanding the loss spectra. This means that
targets, which locally do not differ significantly in a range of about vew ~', will lead
to similar loss spectra. As a consequence, in targets with smooth surfaces (spheres,

In[P(@)] [~ "7 """ T
1
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Fig. 5. Excitation probabilities for three different surface modes of system of two interpenetrating Si
spheres. Experimental data have been taken from [5]. Continuous lines show asymptotic behaviour
derived from (4.4). Pre-exponential factors in theoretical plots have been chosen to fit experimental
curves.
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cylinders, etc.), the planar spectrum is always recovered in the limit of a small
curvature.

As we have pointed out before, retardation effects can be relevant at large
impact parameters. Nevertheless, as shown in experiments (see for instance Fig. 5),
it provides just a correction to the asymptotic exponential decay.

5. Theoretical approaches to surface—probe interaction

Although many quantal models have been developed to describe the interaction
of fast electrons with matter, most of them used simple theoretical approaches to
the excitation of the target. Here, we present a quantal model which allows the
use of any dielectric function. Such a general formulation of the problem of the
interaction of a quantal probe with a dielectric target can be used with any
dielectric function, leading to an expression suitable for EELS in electron
microscopy. This expression can be recovered by considering the electron as a
classical particle. The equivalence between both descriptions confirms the
suitability of (3.7).

5.1. Quantal model: self-energy formalism

The interaction between an external charged particle and a polarisable medium
is described in the quantal description through a complex function £ = XZg — i%;
called self-energy [67—69]. A detailed description of the formulation and different
points of views and approaches can be found in Refs. [70,71]. Here, we apply the
self-energy formulation to the problem of the energy loss in STEM [72,73].

In the self-energy treatment of scattering experiments, the probe is represented
by a wave function that polarises the target, which reacts back on the probe
changing its quantum state. The real part of the self-energy Xy is the image
potential, giving the energy shift AE of the incoming particle, due to virtual
excitations of the medium. The imaginary part Zj is directly related to the energy
loss, experienced by the probe charge, due to real excitations produced in the
target.

Let us consider the electron probe in an initial state ®, with energy E,. The
mean energy of the incoming electron, due to the non-local interaction with the
medium, is written as the average of an effective potential operator Vu(r)

o = | 0500 Vs (110000, (5.1)
which, in fact, can be expressed in terms of the non-local self-energy as:
Ven()0u(r) = | dr(e, v/, Eu(e). (5.2)

The self-energy can be written within the pair approximation [67,74] in terms of
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the Green’s functionr (GF) G(r, v', o+ Ey) and the causal screened interaction
W, r', o),

X(r, r', Ey) = i[ doW(r, v, w)G(r, v', o + Ey)e®®. (5.3)

0 being a positive infinitesimal quantity, indicating that the integration in @ must
be taken in the upper sub-plane, Im(w) > 0. The causal screened interaction is the
same function defined in Appendix B. The GF can be written as the following
summation over a complete set of the final states ®¢(r) with energy Ey:

@F (" )Dy(r)

G(I‘, r ) w + E()) == ;m. (5.4)
Then, by replacing (5.2)—(5.4) in (5.1), we have:
1 ,DF(x )Po(r" )Py (r)Pp(r) ,
Ty =- ZJ do dr dr ST AT Im{W(r, r', )}, (5.5)

f

where AE = Ef — E().

Eq. (5.5) is of general validity; in addition to EELS in STEM, it has been used
in other problems involving probes and surfaces, such as image states [75].

As we have already pointed out, the real part of the self-energy Xy is related to
the dynamic image potential and can be interpreted as the energy needed for the
probe to approach the target ([18]). To deal with the energy losses in inelastic
scattering processes, the calculation of the imaginary part of the self-energy X is
of special interest, since it is related to the energy-loss rate y experienced by the
incoming particle. The effect of inelastic scattering can be represented by
introducing an imaginary optical potential in the one-particle Schréodinger equation
[76], which leads to a time-dependence in the probability of the incident particle as
e’ from where we can define the imaginary part of the self-energy,

(5.6)

where 7 is a mean inelastic collision time, the lifetime of a coherent fast particle
wave function, and I is the energy width of the level.

Descriptions of energy loss experiments are performed mostly in terms of the
probability per unit length P(w) of losing energy w or the inverse mean free path
A", magnitudes that are both related to the imaginary part of the self-energy.
For a probe moving with velocity v, these relations are

- = =-| doP(o). (5.7)

yA ™! . VJOO
2 2)o

Expressions (5.5) and (5.7) have been used to study the energy loss experienced by
a broad beam, when interacting with spherical and cylindrical targets [72,77]. For
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a spherical target, the classical expression obtained by Penn and Apell [78] is
recovered.

The above formalism can be applied to the case of well-focused STEM beams.
In this case, the incoming electron wave function is approximated as in (3.6),
where | A(r; — b)|?> ~8(r. — b). Then, neglecting the recoil term in AE and
transforming the summation over final states into an integral over momentum
transfer, we finally obtain the following expression for the energy loss probability
[73]:

1 le'e} 00 X ’
P = | e avmme x0T 1y (5.8)

—00 —0Q

where both r and r’ are evaluated along the trajectory. Eq. (5.8) accounts for the
total energy loss probability, containing bulk and surface contributions.

The main advantage of this method, in relation to other quantal methods, is
that it allows the use of any dielectric function. In addition, (5.8) is easily
computable, since it only involves a double integral. The connection between this
quantal formalism and the classical approaches is presented in the next section.

5.2. Classical approach

Expression (5.8), although obtained in a quantal context, can also be derived
from a classical point of view. In the classical framework, the interaction is given
by the induced potential, which in turn can be expressed in terms of the screened
interaction and the charge density (see Appendix B). The charge density is given
by (2.2). So, the induced potential is given by:

1 (*® 00 OX
o(r, 1) = _ij d(uJ dx’ e v e, v, w) liraj - (5.9)
—0Q0 —0Q0

The total energy loss AE can be calculated as the work developed against the
electric field acting on the electron along the whole trajectory:

© 90 o * 90
ae=| ar=| a0 -| 2
o] dx traj —00 —00 ot

dr. (5.10)

traj

In most cases of interest, the potential is the same at both ends of the trajectory,
1e., ®(x = —00) = O(x = o0), therefore, the integration in ® on the right-hand-
side of (5.10) vanishes, whence,

dx. (5.11)

traj

1[* 9D
AE:——J od
v)_o 0t

By taking into account that W(r, r’, —w)= W*(r, r’, w), one can write (5.11) as an
integral over the positive values of w and (5.8) is straightforwardly recovered.
In the classical formalism, the condition that W(r, r’, @) is evaluated along the
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trajectory can be explicitly incorporated by writing it in terms of the charge
density, so that the probability is written as:

P(w) = %Joo dr’JDo dr Im{p*(r, @) W(r, r’, w)p(r’, w)}. (5.12)

—00 —00

In this way, the energy loss probability can be understood as the average value of
the imaginary part of the screened interaction over the whole trajectory.

Furthermore, (5.12) has a wider range of applicability, it is not just restricted to
the special trajectory considered in our problem, as was the case in (5.8). Note
that the validity of both (5.8) and (5.12) is restricted to those situations, when the
previously mentioned condition on the potential is applicable. That condition can
be better understood within the framework of the time-dependent perturbation
theory [79]. Thus, one avoids the elastic contributions to the energy loss, which
vanish when considering the whole trajectory. Such a condition is trivially fulfilled
in the cases of finite targets, reflection at planar surfaces or an electron crossing a
film or cylinder, since the potential then vanishes at both extremes of the
trajectory.

These expressions allow us to calculate the energy loss, due to the whole
trajectory (which is just the magnitude measured in the EELS analyser), and do
not give the stopping power at different trajectory points. Nevertheless, in the case
of an electron moving parallel to an interface, which exhibits translational
invariance in the probe direction (planes, cylinders, films, etc.), the former
condition is fulfilled at any point of the trajectory, so one can obtain in the same
way the expression for the energy loss probability per unit length:

P(w) 1

—J dx Im{ Wina(r, ¥/, @) |paj €'} (5.13)

~ 2
dx ™2 ) _so

The fact that (5.12) can be obtained from both quantal and classical descriptions
of the beam is a strong corroboration of Ritchie and Howie’s statement given by
(3.7), in an extreme case, where all the values of the transverse momentum are
present in the quantal wave function.

Recently, Cohen et al. [80] have studied the quantal effects derived from the
spatial extension of the beam. They write the wave function as in (3.6) and then
expand the lateral function A in the basis of eigenfunctions of a box. Their results
do not basically contradict those of the classical theory, though Echenique et al.
[81] have criticised the suitability of their basis to describe the final states.

6. EELS in planar surfaces

The planar surface provides a simple geometric model to study the basic
features of the interaction between the probe and a surface, as mentioned in
Section 2. Here, we study this basic geometry, in order to understand many
different aspects of interest. First, we study EELS of an electron interacting with a
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thin film, which allows the study of two relevant problems: the sensitivity of the
EELS technique to sub-surface structures, and the energy loss experienced when
the probe penetrates the specimen. Finally, the reflection on a planar surface is
studied.

6.1. Sub-surface sensitivity

To study the first problem, we consider a sample formed by a semi-infinite
medium characterised by its dielectric function ¢x(w), covered by a layer of
dielectric function ¢;(w) and thickness a. We assume that the outer medium is a
vacuum. In a situation where the electron is moving outside and parallel to the
surfaces at impact parameter b (see inset in Fig. 6), one may wonder about the
ability of the EELS technique to detect the inner medium, and how it appears in
the loss spectrum.

Takimoto [17] investigated the energy loss experienced by a fast electron moving
parallel to a metallic film. For the more general case, the screened interaction can
be easily calculated by Fourier-transforming (B2) in the surface plane (we take the
z-axis in the direction normal to the surface, with the origin on the external
interface):

dP(w)
dx T

5 10 15 20 w(eV)

Fig. 6. Energy loss spectra corresponding to clean Al surface (dotted line) and Al surface coated with
Al,O5 layer, for different values of oxide thickness. Impact parameter relative to outer surface of layer
has been kept to 1 nm. Dependence of surface plasmon peak with oxide thickness is shown in inset
figure. Experimental data of dielectric functions have been used [105].
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Wiesr. 220 = o [d2q et 0, 2 2. o), 6.1)

2n)?

where the vector q is the projection of the momentum in the xy-plane and r=(r,
z). For the case when both r and r’ are in the outer medium, the induced screened
function is given by:

2
21 gz 21+ Cro €7

W(q, z, Z” a)) = 621510 ot

; (6.2)

where ¢ stands for |q| and « is the layer thickness. The é-functions are the planar
response functions of both interfaces; i.e.:

61—1 € — €

atl 521262+61~

SN (6.3)

From (5.13) one can obtain, in a straightforward way, the energy loss probability
per unit length:

204
dP(w) 2 ro dr  Z20b &y +éppe v’

2

v 2o,
Cuclpte

, (6.4)

dx Fia%

where b is the impact parameter (relative to the external surface).

Not that, in the limit of large thickness, a=>vw ~', the function to be integrated
in (6.4) becomes the integral representation of the Bessel function K, thus, one
recovers (2.11) corresponding to a semi-infinite medium of dielectric response ¢;.
On the other hand, the limit of a semi-infinite medium of dielectric response ¢,
could be formally recovered, when a is strictly zero; nevertheless, even for very
small values of a (a<<vw "), the coupling between both surfaces, given by the
term e>*“/" in (6.4), is strong enough so that the loss spectrum differs very much
from that corresponding to the clean surface. Eq. (6.4) states that EELS is
sensitive to large sub-surface structures up to a depth of the order of ve ~'.

In Fig. 6, we illustrate this point by plotting the loss spectra obtained from (6.4)
corresponding to an Al surface, covered by an Al,Oj3 layer, for different values of
the layer thickness. The main feature is the dramatic change in the Al surface
peak at 10.7 eV, which suffers a red shift, even for a thin covering of oxide, as
shown in the inset. Note that the sensitivity of EELS is not uniform over all the
spectrum range; in the region of the Al,O; broad surface peak, there is no trace of
the Al medium, even for a 3 nm thick layer, while the sharp loss peak, which is
due to the coupling between both surfaces, can be detected at much thicker
covering. The different sensitivity derives from the range of the w-component of
the Coulomb potential: the smaller the excitation energy, the deeper the EELS
detection ability. The behaviour shown is in agreement with experiments
performed by Batson [4], who also observed it on Al particles, where a very thin
oxide layer provoked large changes in the loss peaks [2].
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6.2. EELS in thin films

The inelastic interaction between a normally incident-fast electron and a film
was first studied by Ritchie [8], using the Bloch hydrodynamic model. The energy
loss probability P(w) was written as a sum of the contributions of excitations of
different momentum transfer ¢: P(w) = J;;’O 2ng dgP(q, ), where the surface
contribution to the excitation probability P(g, w) is given by:

Psurf(% (JJ) =
wa
1 2 1 —¢ 2(e—l)cosT+(e—l)2 e 9 4+ (1 —c?)e
2,2 3Im 2 2
ney w? € (e—1De 9 —(e+1) e
>+ —

(6.5)

In addition to the surface contribution, one has to consider the bulk losses
corresponding to a path of length a inside the medium. For a film characterised
by a Drude function, the energies of the excitations are determined by the zeros of
the denominator, i.e., solutions of the equations ¢=0 and (¢ —1)* e % — (¢ +
1)? e% = 0, which correspond to the excitation of bulk and surface plasmons,
respectively. For a metal, the energy of the surface plasmons . is given by the
dispersion relation:

1 +e 24
01 = Wy, _T (6.6)

The splitting of the surface modes is due to the coupling between both interfaces.
The low mode, w_, corresponds to a symmetric distribution of charge density at
both faces of the film [82]. The energy of this symmetric mode is lowered with
respect to ws, because of the screening [e(w) is negative in this frequency range].
The high mode, ., corresponds to the antisymmetric charge distribution. For a
given thickness, the probability of exciting one of these modes depends on
whether the probe finds both surface charge densities in phase or not, i.e., it is
basically ruled by the rate between the time spent to go across the film, av ~', and
the plasmon period 27w ~'. This rule can be visualised in Fig. 7, where we display
the contribution of symmetric and antisymmetric modes to the total surface
plasmon excitation probability. The maxima of the symmetric modes w_ are given
by the quantisation relation: awv ~'=27nn (n integer), while that corresponding to
w_ satisfies: awv '=nn (n odd). The frequency involved in this expression is s,
because, in the range of values of a where this condition is fulfilled @ > vo” 1 the
main contribution to the surface losses in (6.5) arises from ¢ ~ wg/v=a"", so the
energy of the corresponding excitations, given by (6.6), are very close to w,. For
very thick films, both interfaces become uncoupled and the total probability tends
to mv~'; then both modes have the same energy ws, and the excitation of each
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Fig. 7. Probability of exciting surface plasmons and surface bulk correction in film vs reduced thickness
amov~'. In surface plots wy is w, and wy, in bulk correction. Drude dielectric function has been used.
Sign of bulk corrections has been changed to fit it into plot. Loss probability corresponding to a path
length in the bulk medium (P.) has also been plotted.

interface can be regarded as an independent process. For very thin films, although
the energy loss probability also tends to the value v ', the energy of the excited
mode w_ tends to zero, hence, there is no energy loss.

In (6.5) the bulk contribution is a negative correction to the bulk losses, i.e., it
determines the begrenzung effect found in Section 2 for trajectories inside the
metal (2.16) and (2.17). In Fig. 7, the bulk correction has been plotted as a

function of the film thickness. For a thickness larger than v, I this term

becomes constant, —(/2v). For very small values of the parameter ¢ = awpv‘l,
this term goes to zero as ~(t/v) In(z), i.e., slower than the direct bulk term, which
is proportional to the film thickness .

This work has been generalised to include arbitrary inclined trajectories and

relativistic corrections [49,82].

6.3. Reflection in planar surface

A simple and wuseful model of inelastic scattering under glancing angle
conditions and based on the classical dielectric excitation theory, has been used in
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reflection high energy electron diffraction (RHEED) and reflection electron
microscopy (REM) [30]. A detailed study of energy loss spectra under these
conditions yields useful experimental information about the effective penetration
depths [83,84]. For such trajectories, the probe experiences the inelastic interaction
in a region very close to the surface, so the surface correction to the bulk peak is
relevant to the calculation of the path length inside the medium. For a small
enough incidence angle 9, i.e., when the momentum transfer ~v3<1, the local
dielectric approach is valid, and (5.12) can be used. In this case, the problem can
be tackled by neglecting the deflection experienced by the probe near the surface
and assuming that it reflects in the medium at a depth d from the surface, as
shown in the inset of Fig. 8. The charge density can then be realistically described
as:

p(r, 1) = d(x — v tsin 3)d(y)

{o(z+ v tcos HO(—x)+ d(z — v tcos HO(x)}, (6.7)
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Fig. 8. Bulk correction to loss probability as a function of angle 9 for electron penetrating into metallic
surface. Factor sin & has been introduced to normalise plot to path length inside medium. Sign of this
plot has been changed. Solid line corresponds to the results obtained through (6.8). Dotted line
corresponds to Howie’s parallel segment approximation. Penetration depth is d = 0.5va". Inset shows
Howie’s model.
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where v is the velocity of the probe and ®(x) stands for the Heaviside function.
In conjunction with (5.12), and using the planar screened function (B4), Eq. (6.7)
straightforwardly results in the total loss probability. The surface contribution is
given by:

ptor = stz | [ ars ["af"ar s .0

to le'e}
+2 dtj dr'f(t, ', 9)
0 Iy

(6.8)
s mdzCi(z)} - Zlm{l } ”dzJ di'[e(r, ', ) — f, ', 9]
0

AL e(w) o Jo
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where &(w) is the planar surface response function, fo=wd{v sin 9}~ is a
dimensionless parameter and Ci(x) is the cosine integral function [19]. The
functions f'and g are given by:

gt 1, 9) =
cos(t —1t")

\/(t—l’)z cos 2+ (219 —t —t')* sin 2 9

n cos(t+1')
\/(l+t’)2 cos 2 94 (2tg—t—1')* sin 2 9

cos(t+ 1)
\/(l—l—t’)z cos 29+ (1 —1')* sin 2 §

S, v, 9) = (6.9)

Eq. (6.8) presents both surface and bulk terms. The first, containing the response
function &(w), describes the excitation of surface plasmons, while the second is the
negative bulk correction (begrenzung) to be added to the bulk term corresponding
to a path length, 2 d(sin )7, inside the medium.

In the case of non-penetrating trajectories d = 0, 7,=0, the bulk correction
vanishes and the surface excitation probability is given by:

1
P(w) = Im{f(w)}m, (6.10)

which for a metal leads to the known value P(wy)=n(2v sin )" [85,86].
Fig. 8 shows the bulk correction versus the incidence angle 9 for a Drude metal.
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Note that, for this dielectric function, the magnitude vP(w) only depends on the
parameter f,. Here, we see that for small values of 9 this correction goes as
(sin 0)7", a law similar to that found for the surface excitations in the non-
penetrating case. For 3 > 1, this correction increases and becomes positive.
Nevertheless, in this region, the main contribution to the loss probability comes
from the vertex of the trajectory, i.e., it strongly depends on the momentum
transfer through the dielectric response, and results derived from a local approach
are not reliable.

Howie proposed a method to tackle the problem of the interaction of a fast
electron with a smooth surface by approaching the electron trajectories via a set
of differential paths parallel to the surface, at instantaneous impact parameter
b(x) (see inset in Fig. 8). The total loss probability is then obtained by integrating
the component of the force normal to velocity, over the whole trajectory [87,88].
In Fig. 8, we see the results of this approach; for 3 < 0.2, both plots are almost
identical, while for normal incidence, the surface contribution obtained through
the simple model tends to zero, because of the projection used to calculate the
force.

The agreement between both methods, for small values of &, confirms the
applicability of the parallel segment approximation, which has been rigorously
stated for electrons travelling at a grazing incidence near very large spheres [89] or
cylinders [58]. It seems reasonable to think that this procedure is valid for
studying the impact parameter dependence near any large interface, under grazing-
incidence conditions.

7. EELS in small particles

Valence energy loss spectroscopy has been extensively used to study different
structures of a nanometre scale. Fujimoto and coworkers [90,91] studied the
energy loss of a broad beam interacting with a sphere of free electron gas.

Petersen [11] and Batson [92,2,3] proved the ability of this technique to reveal
structural details in small particles, as well as the difficulty of interpreting the loss
spectra. Further experimental works by Achéche et al. [93], Wang and Cowley
[65,168—170], Howie and Walsh [66], Ugarte et al. [S] and Ouyang et al. [94]
revealed the strong effects of the target shape, and coupling with other
surrounding surfaces in the loss spectra. Here, we review the simplest model, that
of an isolated sphere, and then study the coupling with the supporting surface and
the effect of the shape of the particle. Next, we present a short discussion about
retardation effects in these targets. Finally, we give an introduction to the problem
of a target consisting of many small particles.

7.1. Isolated sphere

By applying the self-energy formalism, the energy loss probability corresponding
to an electron interacting with an isolated sphere of dielectric function ¢(w) can be
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easily obtained (see Appendix B):

wb
Py = 2y o 2] k2] 2] (.0

=1 m=0

where K, (x) stand for the modified Bessel functions. y;(w) are the sphere surface
response functions defined as:

[A-9

) =TT

(7.2)

Eq. (7.1) was first obtained by Ferrell and Echenique [95], and takes into account
the contribution of all the multipolar terms of the induced potential. The dipolar
(I = 1) and quadrupolar (/ = 2) contributions agree with the expressions obtained
by Schmeits [25] and Kohl [96].

Note that the dipolar term of (7.1) exhibits the same asymptotic form of (4.4),
which suggests that the dipolar contribution is relevant only when the electric field
E(w) is almost uniform around the target, i.e., when the sphere radius is much
smaller than the range of variation of the field, a<vo ', or when the probe
travels far away from the target, b>a. To illustrate this point, Fig. 9(a) shows the
dependence of the weight of the contribution of the first modes to the total energy
loss, at a grazing incidence, for metallic spheres of a different size. The dipolar
contribution is only dominant for spheres much smaller than vw_ . For particles
of radius a~vw_!, many /-terms contribute with similar weight and, for very large
spheres, the dipolar term becomes negligible. In this case, the probe seems an
almost flat surface, so the loss spectra should not differ very much from that of
the planar interface. For these spheres, the main contribution to the loss spectra
arises from the high multipolar terms of (7.1). An intuitive picture is provided by
considering the image charge, when the electron is close to a large sphere; the
induced charge density piles up in a small region of the sphere near the probe;
thus, many multipolar terms are needed to describe such a localised charge
density. Furthermore, the frequency w, of the /th mode is determined by the zeros
of the denominator of the y, functions. For a metal they are given by:

[
W = Wp m, (73)

therefore, for large values of /, w; — ws, so the shape of the loss spectra differs
slightly from that corresponding to a planar surface.

Fig. 9(b) represents the contribution of the first multipolar excitations to the
loss probability at grazing incidence (b=a). Here, for small spheres, the /th mode
is mostly excited, when the parameter obeys the quantisation rule: aw;y ' ~1, ie.,
when the sphere contains / times the plasmon wave length anl_l, as required to
form the charge density pattern corresponding to this mode, which presents /
nodes.

The asymptotic behaviour of (7.1) is given by that of the Bessel functions:
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Kpn(x)~e™ [19], when x>1 and then, at the large impact parameter, P(w)~
exp{—Qwb/v)}; a dependence found in the experiments [89,5]. Note that, although
all the multipolar terms present the same asymptotic behaviour, the dipolar
excitation becomes the dominant one at the large impact parameter (its frequency
w; is the lowest one), as expected.

In the case of penetrating trajectories (b < a), the loss probability can be
calculated as in the previous case. The surface contribution to the total energy loss
probability is then [97]:
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Fig. 9. (a) Relative weight of /th mode contribution to total energy loss probability experienced by
electron at grazing incidence (b=a) on Drude-like metallic sphere, for three different values of radii.
(b) Contribution of first /th multipolar terms to loss probability as a function of reduced radius.
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(I+m) is even, or sin(x), if (/+m) is odd.

Eq. (7.4) presents both terms: the surface term given by the surface response
function y;(w) and the negative correction to the bulk loss given by the term in
¢ ', In Fig. 10, the dependence of both terms is represented as a function of the
diameter for an electron crossing axially (b = 0) through a metallic sphere. The
bulk correction is very similar to that corresponding to a film of the same
thickness; both plots present the same limiting behaviours: for thick targets they
both tend to the value P(w,)— — m/2v, whereas for ¢ — 0 they both behave as ¢
In(7), where ¢ = 2aw,v~'. From this plot, it is possible to conclude that the bulk
correction is not very sensitive to the surface shape or details; it is determined
basically by the thickness of the specimen. This conclusion is supported by the
results obtained in reflection at the grazing incidence.

The surface loss probability is more sensitive to the surface shape; for small
particles, it sends to zero, since the target vanishes in this case. In the limit of
large spheres, the limit corresponding to a thick film P(ws)— /v is recovered.
Fig. 10 also represents the contribution of even and odd multipolar terms to the
surface energy loss, where the quantisation rule, found in films (Fig. 7), is again
approximately fulfilled. For the axial trajectories used in this plot, only the m = 0
terms contribute, then each multipolar term / generates an induced charge density
proportional to the corresponding Legendre polynomial; even (odd) modes
produce a symmetric (asymmetric) surface charge distribution. This argument
explains why, for very small particles (¢ — 0), the dipolar term is not the
dominant one; then the time av~' — 0 and, as a consequence, both poles of the
sphere should be symmetrically polarised, so the dipolar contribution is zero.

In Fig. 10, the maxima and minima of both surface branches do not lic exactly
at multiples of 7=, because the frequencies of the modes differ noticeably from ws.
The maxima and minima of each multipolar contribution satisfies exactly the
condition 2aw;y~! = nn (n having the same parity of /), but since the frequency of
the modes is different, the sum of all the terms shows the nodes shifted.
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This study has been extended to deal with voids [98], spheroids [99] and coated
spheres [89,100]. The above features of the impact parameter dependence remain
valid, although the modes for these geometries are modified in value, depending
on the parameters characterising each particular geometry.

7.2. Supported particles

From the pioneering experiments of Batson [2,3], it became evident that the
theoretical model of an isolated sphere did not fully explain the experimental
results. First, the energy loss peak at Al spheres appeared at lower energies than
the theoretical value, and this energy shift could not be explained by the presence
of an oxide coating. On the other hand, the energy loss spectra depended strongly
on the supporting surface and on the beam position relative to the support.
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Fig. 10. Surface energy loss probability and correction to bulk energy loss probability as a function of
reduced diameter 2awov~', for electron crossing axially through metallic sphere. Curves (1) and (2)
correspond to surface loss probability and bulk correction, respectively. Surface contributions of even
and odd multipolar terms are labelled as weyen and weyqq. Plot for a film of the same thickness has been
included for comparison [curves (3) and (4)]. The energy w is ws and w, in surface and bulk plots,
respectively. Drude dielectric function has been used. Sign of bulk corrections have been changed to fit
it into plot.
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Following [101], we present a simple theoretical approach to this problem; the
supported particle is modelled as a metallic sphere of radius a half-embedded in a
planar surface. We assume both particle and support to have the same dielectric
response, and the electron to move parallel to the plane at impact parameter b >
a. Applying the self-energy formalism, the screened interaction is written as that
of the planar interface, plus the contribution of the sphere, which is expanded in
terms of the spherical harmonics. The boundary conditions of Poisson’s equation
then lead to a set (one for each value of the azimuthal number m) of algebraic
linear systems coupling all the expansion coefficients with the same value of m.
These systems are numerically solved and, once the screened interaction is
obtained, the contribution of the particle to the energy loss probability can be
computed by means of (5.8).

We focus on the impact parameter dependence of the loss spectra, for an Al
particle, supported by an Al surface. Fig. 11 depicts the spectra calculated for two
different positions of the beam. Above 9 eV, the spectrum of Fig. 11(a) is rather
similar to that of an isolated sphere. The main difference between both spectra is
that, in the case of the supported particle, the dipolar peak is shifted down. The
new peak at 6.8 eV presents the same shape and intensity as the dipolar one, but
due to the coupling with the support it has now a monopolar character, i.e., the
surface of the particle is charged with a charge density of the same sign. The
extinction of the dipolar peak is a consequence of the coupling. In a sphere, the
dipolar mode piles up surface charge asymmetrically placed at opposite sides of
the sphere, therefore, when the particle is embedded in a metal this mode is not
allowed, and the energy of the corresponding mode is now because the charge
density in the hemisphere only couples with a charge of the same sign. The
monopolar character of this loss peak is experimentally confirmed by its absence,
when the supporting medium is an insulator.

When the electron travels near a corner, the main feature of the spectra
(Fig. 11(b)) consists of some broad resonances above the planar surface plasmons
s, which is consistent with the modes of an edge [102]. The charge density
corresponding to these modes consists of charges of the same sign on both
surfaces, the particle and the plane, near the edge. Because there is no screening,
the coupling between the charge density at both sides of the edge now raises the
energy of these modes in relation to w,. In the spectra corresponding to the
embedded particle in Fig. 11, the energy loss probability becomes negative in the
neighbourhood of 10.7 eV (w,). The negative value arises from the fact that we
are just considering the particle contribution to the energy loss probability. We
then have to add the contribution from the plane (dashed line in Fig. 11(a)) which
has a loss peak at ws that balances the negative contribution of the particle.

Fig. 12 shows the dependence of the coupling between the particle and planar
surfaces on the radius of the sphere, by looking at the intensity of the peak at
6.8 eV. This coupling is a maximum when 0.57a ~ vo» ~', i.e., when the distance
between the probe and the edge along the surface is of the order of the adiabatic
length vo» !, For larger values, the edge, and, therefore, the coupling, is outside
the range of the potential, and its influence is negligible.
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Experimental observations by Batson [2,3] on Al particles confirm qualitatively
the validity of these results. He found an anomalous low-energy peak (around
4 ¢V) was present (absent) when the particles were supported in another larger Al
particle (insulator, AlF3). On the other hand, the dependence of this peak on the
impact parameter is similar to that theoretically found.
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Fig. 11. Particle contribution to loss spectra corresponding to Al sphere half-embedded in Al support
for two different beam positions (solid lines). Radius is 10 nm. (a) Beam is at position labelled A and
distance from top of the sphere to beam is 1 nm. Spectra corresponding to same beam position near
isolated sphere (dotted line) and planar interface of length 2a (dashed line). (b) Beam at position B.
Distance between beam and both surfaces is 1 nm. Drude dielectric function with small damping has
been used (w,=15.1 eV, y=0.27 eV).
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A better quantitative agreement requires a more realistic geometric model of the
target, by taking into account the oxide coating present in experimental situations
[101], as well as a better modelling of the supporting surface.

7.3. Hemispherical particles

In many experimental situations, small particles are supported on a substrate,
when performing experiments. Due to the presence of the support, the particles
often show different geometric shape, such as the hemispherical one. Ouyang et al.
[94] have reported very accurate experimental data for the size dependence of the
surface loss peak energy of STEM electrons interacting with nearly hemispherical
Ag particles lying on a C surface. The high energy resolution of these data (about
0.1 eV), and the fact that the silver surface is clean and oxide-free, make a good
test from this experiment of the applicability of the classical dielectric theory to
describe the surface excitations. The authors found that the energy of the loss
peak shifts down from the expected small particle value, as the radius of the
particles decreases in the range of 4-10 nm, presenting a minimum value o ~
3.2 eV for particles of about 4 nm. For smaller particles, the energy of the peak
then grows to reach the value 3.8 eV, but for such small particles, the dielectric
theory is no longer suitable. The loss peak energies, found in this region, agree
with the data obtained from optical absorption measurements, which have been
theoretically explained by the quantum many-body theory [103,104]. On the other
hand, in the range of 4-10 nm, the dielectric theory is supposed to provide a good
description of the particle excitations. Nevertheless, by using optical values of the
dielectric function [105], it is easy to prove that the behaviour of the EELS for
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Fig. 12. Dependence of height of the 6.8 eV peak with reduced radius of particle. The beam is at
position labelled A and distance from top of sphere to the beam is 1 nm.
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particles of this size cannot be explained in terms of the excitations of a sphere,
since the Ag surface plasmon energies move from the dipolar value w,=3.5 eV to
the planar one w,=3.65 eV, values well above the experimentally found energies.
Relativistic corrections are expected to be negligible for such small particles, since
the parameter awc ~' is too small (~5.1077).

A theoretical study of these results has been reported [107]. The particles are
considered as hemispheres, and the problem is handled as discussed in the
previous section, using experimental values of the dielectric function. Fig. 13(a)
and (b) shows the theoretical energy loss spectra corresponding to an Ag
hemisphere of a different radius; ¢ = 5 and 40 nm, respectively, for different beam
positions. It can be seen that two dominant loss peaks appear around 3.2 and
3.6 eV. The former is a characteristic resonance of the hemispherical geometry.
The charge density corresponding to this resonance basically depends on the
azimuthal angle ¢ as cos ¢, i.e., near the edge, charges of the same sign are piled
in front on both the hemispherical and planar surfaces, in a configuration
somewhat similar to that of the film symmetric model w.. Its corresponding
charge density presents a strong dipolar pattern which is responsible for the
predominance of this mode, when the STEM beam travels far away from the
hemisphere. On the other hand, in the 3.6 eV mode, the coupling between both
surfaces is not so strong and its corresponding charge density is similar to that of
a plane or large sphere. This charge density distribution explains the fact that,
when the probe travels close to the top of the particle (position A), the 3.6 eV is
the dominant excitation, while the low energy peak at 3.2 eV is more relevant for
electron trajectories close to the corner (position C). For intermediate beam
positions (B), the 3.6 eV peak is the dominant contribution to the spectrum
corresponding to the large particle, since, at this position, the probe sees an
almost planar surface (v ~' ~ a), while in the spectrum of the small particle the
dominant feature is the 3.2 eV peak. This observation explains the experimental
results, the low energy peak is the dominant one in the case of small particles,
while for the large particles its contribution is very small and the spectrum is
centred at 3.6 eV. Note that the 3.2 eV peak is also present in the experimental
data corresponding to large particles.

Wang and Cowley [65,168—-170] have presented experiments with Al
hemispherical particles lying in AlF;. Their EELS also presented two peaks, which
can be explained as above. The impact parameter dependence agrees qualitatively
with the former discussion.

7.4. Relativistic effects in small particles

The problem of the relativistic energy loss, experienced by a fast electron
passing near or across a small particle, is much more complex than that of the
case of a planar target. The radius a introduces a new length scale in the retarded
interaction. Furthermore, radiative losses become possible [108].

The standard way to find the solution for an electron impinging on a target
consists of writing the electric and magnetic fields in terms of the dyadic GF of
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the Helmholtz equation. For a sphere, the GF is written as an expansion in a
proper basis, which in the case of a spherical surface, is found to be products of
Bessel functions and spherical harmonics. The coefficients of this expansion are
calculated to fulfil the boundary conditions of the electric and magnetic fields at
the interface [109,171,53]. The -electromagnetic modes correspond to the
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Fig. 13. Energy loss spectra for Ag hemispheres and different electron trajectories, labelled A, B, C. In
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frequencies for which Maxwell equations present non-trivial solutions, when there
is no external current. For a sphere, the electromagnetic modes were studied by
Fuchs and Kliewer (polariton modes) [55] and by Ruppin (plasmonic modes) [56].
The frequency of these modes depends only on the parameter aw,/c, a fact that
confirms that the effect of the retardation derives from the coupling of the charge
density; the interaction time is of the order of ac ~' (for the dipolar term), a time
to compare with the plasmon period.

Fig. 14(a) shows the modes of a metallic sphere as a function of the
dimensionless parameter awp/c. The frequency of the dipolar mode is severely
shifted down, even for particles of the order a~cw; '. For high multipolar
excitations, this effect is weaker because their corresponding charge density
presents more nodes and the charge density coupling occurs at shorter distances.
Note that the non-retarded values given by (7.3) are recovered as aw,/c — 0.

For an electron travelling close to a particle, once the electric field is obtained,
the electron energy loss probability can be calculated, as in the non-retarded case,
as the work done by the induced eclectric field acting back all along the probe
trajectory r=vt. To evaluate this effect, we present the energy loss spectra
corresponding to a fast electron travelling close to a dielectric sphere of radius, «,
for non-penetrating trajectories (b > a). In Fig. 14(b), we compare retarded and
non-retarded EELS, for two spheres of a different radius, ¢ = 5 nm (awptf1 ~0.4)
and @ = 10 nm. As expected, the relativistic effects become more important as the
particle radius grows; the dipolar excitation presents a red shift for both radii,
whereas the high multipolar contribution is almost unchanged. On the other hand,
in the retarded spectra, the dipolar peak intensity is slightly lower, as found for
the planar interface (see Fig. 3). The shifting in the dipolar peak corresponds to
that shown in Fig. 14(a). The broadening of the dipolar peak is connected with an
additional channel of radiative decay of the surface plasmons [59,132]. One can
conclude that near the surface, the non-retarded approximation is accurate for
particles of the order of a ~ 0.5¢/w, (a ~7 nm in the case of an Al particle with
w,=15.8 eV).

7.5. Many-particle systems

EELS has been applied to the study of inhomogeneous media, such as colloids
and zeolites. In these problems, the emphasis focused on the general properties of
the composite, rather than in particular details of its constituents. One way of
gaining insight into such a complex geometry is to concentrate on the system
formed by just two coupled particles. Different theoretical works have attempted
to explain such results, by considering simple models to compute the energy losses
corresponding to complex targets, as a couple of spherical particles [110] or two
cylinders [111]. Recently, several sum rules relating the modes of two non-
touching coupled surfaces to those of the decoupled ones have appeared [112], in
order to provide a general insight into the collective excitations in coupled
surfaces. In general, as the geometry of the target shows a more detailed structure,
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it becomes considerably more difficult to obtain analytical expressions and more
computation time is usually required to find the energy loss probability.

The first treatments of collective excitations in systems of two spheres
[113,114,110] only considered the contribution of the first multipolar terms. A
more general solution, valid for any dielectric function and any trajectory, has
been recently reported [115], computing the energy loss probability in the
framework of the self-energy formalism. The screened interaction is written in
bispherical coordinates, so that the excitations produced by different electron
trajectories around and between the spheres can be studied, as well as their
dependence on the particle size and on the distance between spheres. In general,
many multipolar terms are needed to secure good convergence.

In Fig. 15, calculated loss spectra for Al particles in an AlF; matrix are shown.
For trajectories labelled C and F, the polarisation pattern of both spheres can
roughly be described as that corresponding to two parallel dipoles. As discussed
before, the coupling of both dipoles in an insulating medium tends to lower the
energy of the system in relation to that of the uncoupled spheres. When the probe
travels at the position D, it induces a symmetric charge density in both spheres, so
the energy of the system increases. This last case is similar to that of a particle
moving between two semi-infinite metallic media. These arguments also explain
the dependence of the energy of these modes on the parameter x=a/d, where a
and d are the particle radius and interparticle distance: the larger the ratio x, the
more effective the coupling between charge density and, therefore, the larger the
shifting of the energy.
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Fig. 15. Calculated EELS spectra for electrons travelling near two close Al spheres of radius » = 10 nm
and ratio x=a/d = 0.48 immersed in AlF;. Experimental dielectric functions have been used [106].
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The different resonances appearing in the spectra are related to the structure
and intensity of the induced electric field around the particles. Even for less close
particles, the field is shown to be very localised in the space between the particles
(x=a/d ~ 0.4), which is in agreement with the predictions of Pendry’s theory,
where the energy-loss calculation near a semi-infinite colloidal medium, modelled
as a cubic lattice of spherical particles, showed that the loss spectrum was not
significantly modified by including more than two particle arrays [117].

The application of the boundary charge method (BCM) (Appendix B) enables
more than two spheres, constituting an array, to be considered. Comparison
between EELS in the two and infinite arrays has also been performed. Fig. 16
provides the calculated EELS spectra for a three Al particle array in an AlF; host.
The probability per sphere, in a system of three spheres, has been considered by
varying the distance in between, d, i.e., the filling fraction of the system x=a/d.
The main contribution to the losses is due to the particle—host interaction (dipolar
peak) and the sphere—sphere interaction (coupling peak).

For high filling fractions (x = 0.48 oc 46%), the coupling peak is shifted down
to 4.5 eV, which is lower than that of the vacuum (~6 eV). As the filling fraction
of the system decreases, the high energy peaks are maintained and even enhanced
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Fig. 16. Energy loss probability suffered by 100 keV electrons moving parallel to the system of three Al
spheres aligned along direction of motion of electrons. Difference distance between sphere d
corresponds to different filling fractions in colloidal situation (x=a/d). Al spheres are surrounded by
AlF3. Spheres are 10 nm radius and electron trajectory is parallel to the arrow axis, at distance of 1 nm
from spherical surfaces. Experimental values of dielectric function of AlF; have been used [116].
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(dipolar peak at least) and the low energy peak disappears, recovering the
spectrum features of an Al isolated sphere embedded in AlF;.

Coupled spheres are of interest, both in their own right and in the context of a
many-sphere medium, as a correction to effective medium theories, in which the
inverse of the dielectric function of the system is calculated as an average related
to the microstructure and properties of its constituents [118,117,119]. In most
experiments in inhomogeneous media, the situation is difficult to undertake, since
the beam crosses particles of different sizes in an irregular distribution. Kaiser et
al. [120] investigated a system consisting of small Au particles in an SiO, matrix,
and concluded that the Maxwell-Garnett theory (MGT) [121] is only valid for
very dilute media. Howie and Walsh [66], by studying Al colloidals in AlFj3,
concluded that classical effective medium theories of this kind are not completely
successful in explaining the energy loss spectra observed, but much better results
are obtained with a dielectric excitation model, making an average over the
possible electron trajectories in the composite medium. The main point is that the
MGT only includes the dipolar surface loss and the bulk loss of the surrounding
medium. It does not include the bulk loss of the spheres, which is considerable for
aw/v > 1. The chief drawback of the effective medium theories arises from
replacing an inhomogeneous medium by an equivalent homogeneous one, with the
resulting risk of losing effects related to very local excitations around the
inhomogeneities of the material, which can give important contributions to the
EELS spectra.

Two recent papers have tackled these problems from different points of view.
Pendry and Martin-Morena [117] developed a formulation, very well suited for
numerical calculation, which consists of calculating the energy loss rate by
integration of the Poynting vector, corresponding to the reflected field in systems
constituted by arrays of spheres. They calculated the energy loss for an electron
moving past a surface, considering the medium below the surface as
inhomogeneous, but ordered (arrays of metal spheres or cylinders), so that a
transfer-matrix method [118] could be used to obtain the Poynting vector from the
reflectance amplitude. Barrera and Fuchs [119] considered a random system of
spherical particles in a host, characterising both media by their local dielectric
functions and calculating the energy loss spectrum from the effective inverse
longitudinal dielectric response obtained as an average over particle positions.
They recover the MG dielectric function as the ¢ = 0 limit of that function.

8. Cylindrical surfaces

The pioneering investigation of plasmon excitations in cylindrical surfaces were
motivated by light reflection experiments [122] in the early 1970s. Ashley and
Emerson [123] and Pfeiffer et al. [124] then obtained the dispersion relations for
surface plasmons on cylindrical surfaces by considering the retarding effects of the
electromagnetic fields. Martinos and Economou [125] studied the plasmon
excitations in cylindrical surfaces by electrons describing circular orbits around
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cylinders, moved by axial magnetic fields. Warmack et al. [126] obtained the first
energy loss spectrum in microchannels of 20-200 nm drilled in metallic films and
Chu et al. [127] provided the estimate of the energy loss probability of electrons
moving in cylindrical channels in the non-relativistic approximation, to account
for the energy loss suffered by electrons in particle accelerators. Interest in the
cylindrical geometry increased in the 1980s, due to the ability shown by the STEM
electron beam to drill holes and lines of nanometre size in films of about 100 nm
thick of inorganic materials [128—130], such as alumina or aluminium fluoride.
These experiments opened great expectations for the use of a STEM beam as a
nanometre scale pen, of great interest in microelectronics and nanolithography.
The EELS technique permits the study of chemical changes that take place during
the drilling process. It was also pointed out [130,129,9] that a metallisation process
can occur during the drilling process.

Expressions for the energy loss in clean and metal-coated holes have been
reported by Walsh [57] and Sabala et al. [58] to study the damage process. But the
colloidal nature of the metallic inclusions seems to be better described through an
effective medium theory as proposed by Howie and Walsh [66]. De Zutter and De
Vleeschauwer [131] studied the retarded expression in the axial trajectory of the
electron, which has also been generalised for a general impact parameter [58]. In
the previous works, local dielectric functions have been used to describe the
medium. A general calculation, including the momentum dependence of the
dielectric function that describes the medium surrounding the cylindrical cavity,
has also appeared [132]. A general formulation of the energy loss probability in
cylindrical surfaces, valid for any electron trajectory, has also been reported [133],
within the framework of the quantal self-energy formalism. The begrenzung
features for different penetrating trajectories were also analysed. The effects of the
coupling between micropores in the loss spectra were analysed by Schmeits [111].

Earlier treatments considered probes of electrons travelling on a definite
trajectory, and only very recently a broad-beam configuration has been used to
study the energy loss probability in cylindrical surfaces [77], so as to give account
of STEM experiments in nanotubes where the size of the beam is comparable to
the beam width. In this decade, the discovery of tubular fullerenes [134] gave rise
to a new and very promising field of application of these theories. The research on
the properties of these new nanostructures were pursued by efforts from different
experimental techniques [135], including EELS. Spatially resolved EELS was
performed on individual single wall [136] and multiwall carbon nanotubes [137-
139]. Pichler’s recent EELS experiment proved the metallic character of potassium
intercalated carbon nanotubes. The collective excitations in carbon nanotubes
have also been studied theoretically [140—144]. Recently, Reed at al. [145] applied
the EELS technique to the study of Si tips and filaments.

An effective dielectric function, for systems of cylinders, has been obtained in
order to investigate the valence loss spectra in zeolites [146]. Very recently,
nanoscale-size fibres have been studied by EELS with non-penetrating electrons
[147], as well.

The expression for the energy loss probability of an electron travelling in a
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cavity of radius « in a material characterised by its local dielectric function at an
impact parameter b related to the axis of the hole is

Kn(A)K,,(ADle(w) — 1]
6”1

P = 13- bl (Bm| Lopea o

and

2 oo
P(@) = —53 (2= 6y0)K 5,(B)Im
0

m=

{ In(A) ,(A)e(w) — 1]
),

with &, =1,(A)K, (A)e(w) — I, (A)Kn(A). I,,(x) and K, (x) are the modified Bessel
functions with arguments 4= wa/v and B=wb/v. Note that for axial trajectories
(B = 0) the probability is due exclusively to the m = 0 mode. The probabilities
corresponding to a wire of the same radius are obtained by interchanging ¢ by ¢ '
in (8.1) and (8.2).

Fig. 17 shows dispersion curves of the first modes of a hole (a) and a wire (b),
where ¢ is the component of the momentum parallel to the cylinder axis. For
parallel trajectories, ¢=w/v. The energies of all the modes are quite close to the
planar surface plasmon energy, w,, except for m = 0. This difference can be
explained by looking at the induced charge density. The contribution of the m-
mode to the induced charge density depends on the azimuthal angle ¢ as cos(m¢ ),
so the m = 0 mode corresponds to a homogeneous charge distribution around the
cylindrical surface. For the wire, the m = 0 mode shifts downwards from the
planar surface plasmon energy as the radius is decreased. In this case, the charge
density coupling is similar to that found for the symmetric mode w_ in films. For
the hole, its energy shifts from the bulk plasmon energy w,, for a small hole
radius towards the planar surface plasmon, for a large radius. In this case, the
induced charge coupling is through a vacuum, leading to this blue shift. For large
values of the radius (¢a > 1), all the modes tend to the same energy and at an
impact parameter close to the interface, the planar limit is obtained [58].
Expressions for coated cylinders have also appeared in the literature to simulate
the damage during the drilling process [57,58]. Retarded expressions have been
evaluated and proved to be considerable for wide holes and energies, such that
Re(e(w)) > c?/v2.

}, b > a, (8.2)

9. EELS in complex configurations: truncated nanostructures

Edged structures, such as MgO cubes, have been widely used to study the
probe—surface interaction. Nevertheless, most of the experiments were performed
at the grazing incidence and the samples were large enough to justify the neglect
of the edge effects [28,29,31]. The use of EELS, as a technique to investigate
nanostructures of interest in microelectronics, has attracted increasing attention to
the specific features of this geometry in edged samples, such as films and interface
junctions.
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Theoretical studies of modes and plasmon frequencies in cubes, rectangular
particles and wedges have been reported [148—151]. Recently, the energy of the
loss peak in an Si—SiO, interface, has been studied [152]. Deducing the loss
spectrum for such complex geometries requires the calculation of the induced
potential; it poses a challenging computational problem which has been
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successfully tackled via the BCM (see Appendix B). The results of this section
prove the power of this approach [153].

To work out the geometry in the case of a 90° wedge, the target is modelled as
a surface of a hyperbolic cross section in the xy-plane normal to the edge, i.e.,
y=p?/(2x), so that p is the distance from the surface vertex to the origin and the
asymptotes of the hyperbola coincide with the x- and y-axes, as in Fig. 18.

Fig. 18(a) and (b) represents the evolution of the loss of spectra (normalised to
the path length) as the electron beam sweeps a line parallel to a very sharp edge.
For trajectories near to position A, the spectra are similar to that of the infinite
plane; they basically present the surface peak at ws (plus the negative begrenzung
term at w,, in the case of inner trajectories). They also feature some very weak
peaks at energies below and above w,, which constitute the edge effect. The
intensity of these peaks increases as the trajectory moves closer to the edge;
becoming the dominant feature in the spectra for trajectories close to the edge.

The BCM provides a simple way to evaluate the w-component of the induced
charge density. In Fig. 19, we plot the charge density corresponding to the first
pair of symmetric and antisymmetric modes. The modes with an energy smaller
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Fig. 18. Dependence of energy loss per unit path length P(w) on beam position for trajectories parallel
to edge. Different spectra correspond to equally separated positions of beam, as in inset. Spectra are
scanned between both ends of those lines designated A and B, respectively, and whose coordinates
(relative to the vertex) are (in a.u.) (50, —200) and (50, 50) in (a) and (—20, —200) and (—20, 50) in (b),
respectively. Electron travels in vacuum in (a) and inside wedge for some trajectories in (b). Edge is
very sharp p = 0.01 a.u.<vew ~'. Energy of beam is 100 keV and Drude dielectric function has been
used (w,=15.8 eV, y=0.5¢V).
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(larger) than s correspond to a symmetric (antisymmetric) charge density
distribution on both faces of the edge. As discussed, in the case of the thin film,
this shift results from the coupling between the charge distribution of both faces,
which are screened by a dielectric function that is negative in this energy range.
Therefore, in the case of symmetric mode, it tends to lower the energy.

As a test of this theory, we calculate the edge effect in an MgO cube so as to
compare with observed spectra. The cube in the experiment is 100 nm large, a
length that makes the coupling between edges (100 nm ~ 10vw ~') negligible,
therefore, the previous calculation can be realistic. Experimental values of the
dielectric function are used. In Fig. 20, we present both the STEM observed
energy loss spectrum and the total calculated energy loss probability P(w), for
two different positions of the beam. Both plots agree, in absolute terms, to a
factor of about 0.7. Since the exact position of the edge is uncertain in all
experimental situations, there can be a bulk contribution at 22 eV, due to some
beam penetration of the cube. The simulation does not reproduce the excitations
experimentally observed in the band gap region (below 7 ¢V), which must arise,
either from defects, or from relativistic effects. In this case, the beam is travelling
I nm just inside the edge and the contribution of the 22 eV bulk loss appears
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Fig. 19. Charge densities corresponding to the first two edge modes below and above w,. The first pair
(a) and (b) correspond to the corner peaks at @ ~ 0.52w, and @ ~ 0.58w,, and the second pair (c) and
(d) correspond to the energy loss peaks at o ~ 0.84w, and w ~ 0.79w,. To make the plot clearer, the
parameter p has been taken as p ~ O‘lv/wp"; this change produces a small shift of the energies in
relation to those of the spectra in Fig. 18.
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Fig. 20. Energy loss probability P(w) for 100 keV electron impinging on MgO cube as in inset. Plots
labelled as “‘correction” and “bulk” are total surface contribution, and bulk direct term. Impact
parameter relative to the vertex is 1 nm.

together with the other excitations from the top and bottom surfaces, as well as
from the edge.

This study has been extended to deal with many other problems frequently
encountered in experiments, such as that of a thin slab containing two different
dielectric regions separated by a boundary running normal to the slab surfaces,
and other different junctions, where the effect of sharp boundaries is a dominant
feature [132,154].

10. Conclusions

In this work, the image potential has been proved to provide an accurate
description of the inelastic scattering of fast electrons with surfaces. The excitation
of bulk and surface plasmons, due to the target—probe interaction, has been
analysed. In most experimental STEM situations, classical and quantal
descriptions of the beam electrons lead to the same result for the energy loss
probability. The energies of surface plasmons are basically determined by the
target geometry. The spatial resolution of EELS experiments is given by the
length scale v ~', which provides the spatial extension of the region, where the
coupling between surfaces takes place. The relativistic corrections have been
evaluated for planes and spherical particles and have proved to be crucial for
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large targets of large impact parameters. On the other hand, for very small impact
parameters, a momentum-dependent dielectric function is needed to provide a
good description of EELS spectra. Methods developed to account for the energy
loss in nanostructures of increasing complexity have been described as well.
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Appendix A

Dielectric response function

In the dielectric formalism all the information about the target excited by an
external probe is contained in the dielectric function, which, in principle, depends
on both momentum q and energy w. For a homogeneous electron gas, ¢(q, @) can
be obtained from the time-dependent perturbation theory [155]. Knowledge of this
function provides a great deal of information. In fact, it gives directly the response
of the system to weak external time and space varying longitudinal fields, the
density fluctuation excitation spectrum, both single-particle and collective
excitations, etc. In 1954, Lindhard [156] obtained an explicit expression for this
response function using the so-called random phase approximation (RPA)
approximation in which the electrons are supposed to respond independently to
the external fields, i.e., exchange and correlation effects between electrons are not
included. In the RPA, the response function is related to the free-electron
polarisability o(q, @) as

e(q, w) = 1 4+ 4ro(q, ). (A1)

This dielectric function describes both the collective and individual properties of
the electron gas by avoiding the damping y of the electronic oscillations. In 1970,
Mermin [37] modified this function to account for the damping. Approximations
of these expressions have proved to describe the properties of the electron gas
quite well. One of the most commonly used is the plasmon-pole approximation
[157,67,158], in which

602

«q, o) =1+ 7 . , (A2)
Bq2 + il w(w + iy)
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where f* = 3v2 and v is the Fermi velocity. In the null-damping limit, y — 0, this
function gives the plasmon dispersion relation for small ¢, and for large ¢, it tends
to the one electron energy-momentum relation w=g?/2. In the loss function, it
gives a sharp peak corresponding to the bulk-plasmon energy that moves slightly
towards higher energies with increasing momentum. Besides this, there is a broad
structure corresponding to the electron—hole pair excitations. For high momenta,
the plasmon oscillations are damped, since one plasmon can transfer its energy to
an electron, producing an electron—hole pair. From energy conservation con-
siderations, the critical ¢ to produce such pairs is quoted [155] as g. ~