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Plasmons in STEM Electron Spectra

available in the excitation spectrum of the plasmon.3 This
point is discussed below in connection with secondary
electron emission in SEM.

Secondary Electron Generation Processes
and their Degree of Localization

The secondary electron (SE) signal has long been
recognized in scanning electron microscopy as the most
useful indicator of surface topography. Recent work in
STEM [51,52] has shown that it is possible to obtain SE
signals with 1-nm spatial resolution and 1-eV energy
resolution and that reflection SE images of oxidized Cu
show oxide islands and details of their interaction with
surface steps. The generation of secondary electrons by
fast incident electrons is quite complex, involving
electron cascade processes created by fast secondaries and
the slowing—down of the resulting knock-ons as well as
the decay of inner-shell vacancies and collective states in
the valence band. The relative importance of these
different excitation processes has been considered by a
number of authors but less attention has been paid to
assessing their degree of localization, i.e., the relevant
impact parameter or distance from the electron beam
where the secondary is generated.

Elaborate calculations have been made for . Al
[53,56] indicating that plasmon excitation followed by
decay into electron—hole pairs makes the dominant
contribution to the SE signal. Monte Carlo calculations
by Luo and Joy ;57] show that the majority of
secondaries originate from plasmon decay. Others [51,52]
question whether plasmon decay is sufficiently
well-localized to explain their measured high spatial
resolution.

To extract a spatial representation from the
quantal expression for the probability of energy transfer
to a condensed medium from a swift charged particle, we
have considered three alternative formulations [58,59]
that we now describe.

The Impact Parameter Representation (IPR)

The problem of visualizing quantal collisions in
the space (and perhaps time) variable has been faced by
several workers over the years [60—63]. The lack of a
comprehensive theory of an impact parameter
representation for collisions in condensed matter has been
noted long ago [63]. We approach this problem by using
an expression for the probability of interaction of a fast
electron with a medium whose response is specified in
terms of a dielectric function % w that depends on energy

)
transfer, hw, and the magnitude of the momentum
transfer, ik, to the medium. A more general formulation
in terms of the dielectric matrix of the medium is
possible but we have not yet done this. We write for the
differential inverse mean free path (DIMFP) for energy
and momentum transfer to the medium by the electron

Td3A_1 =—2ﬁz‘32 —%Im[ = ] : (26)
dwd®k 7 hv” k k,w
3Theoretical determinations of the probability of

excitation of a surface plasmon by a STEM electron as a
function of distance from a planar dielectric are being
carried out by Zabala and Echenique. These account for
plasmon damping and dispersion and still show good
spatial resolution.
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where hx is the momentum transfer perpendicular to the
electron direction. The magnitude of the total

momentum hk=h(x2 + wz/v2)1/2.
The Chang—Raman Transform

In the context of theoretical high energy physics,
Chang and Raman [64] have employed a mathematical
transformation from momentum to a space—like variable.
It has been advocated for use in radiation physics [63].
Following their lead one transforms variables from & to
impact parameter b. This may be done by first
integrating Eq. 26 over w to obtain

d2A_1: 62 fm dwlm[ -1 ]= O‘(Ii)‘2
d“k 7hv® “o ;Z 6k,w

where the second equality is allowed because Im(——i) is a

positive definite quantity. We now seek to eliminate & in
favor of a spatial variable that will be interpreted as an
impact parameter. Thus
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The integrand of this equation is now set equal to
the DIMFP in impact parameter space, viz.,

2,1
‘ ;\CR = %?—g l f d2x exp(ix-b)
d“b 471 hv
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One may easily apply this to analytical forms for Y w of

an electron gas. However, for reasons given elsewhere
(65], the transformed function described next is preferable
to that found using the Chang—Raman method.
The Energy—Transfer Transform

We have made a more general approach [65] by
employing a transform different from, but related to, that
of Chang and Raman. We write
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