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Fine Structure and Finer Details

CHAPTER PREVIEW

In the previous chapter, we described elemental analysis using ionization edges, but there is
much more than just elemental information in the ionization edges and this distinguishes
EELS from XEDS. There are detailed intensity variations in the core-loss spectra called
energy-loss near-edge structure (ELNES) and extended energy-loss fine structure
(EXELFS). From this fine structure, which we can resolve because of the high-energy
resolution inherent in EELS, we can obtain data on how the ionized atom is bonded, the
coordination of that specific atom, and its density of states. As always, we can use any
intensity changes to create filtered images which show the distribution of, e.g., regions of
different bonding states. Furthermore, we can probe the distribution of other atoms around
the ionized atom (i.e., determine the radial-distribution function (RDF) which is very useful
for the study of amorphous materials) and we can study momentum-resolved EELS,
observe the anisotropy of chemical bonds, combine EELS with tomography, inter alia.
Understanding these phenomena often requires that we use certain concepts from atomic
and quantum physics. The non-physicist can skip some sections at this time and just
concentrate on the results. The rewards of working through this topic will be an apprecia-
tion of some of the more powerful aspects of EELS.

This fine structure is all the more useful because we now have the ability to simulate the
spectra using atomic-structure calculations, which help us understand the details in the
spectra. A full appreciation of the calculations is beyond the scope of the book but this is a
growing field that will only assume more significance.

As a wrap-up to EELS and the book as a whole, we’ll finish by saying a few words on
some of the more esoteric aspects of TEM, such as angular-resolved spectrometry, radial-
distribution-function determination, Compton scattering, core-level shifts, and tomo-
graphic EELS that are not yet in the mainstream but, with continuing advances in instru-
mentation and computation, will surely grow in importance.

40.1 WHY DOES FINE STRUCTURE
OCCUR?

We saw in Section 39.1 that the ionization edges have
intensity variations superimposed on the ideal hydro-
genic sawtooth shape. The stronger oscillations occur
within about 30–50 eV of the onset of the edge (ELNES)
and the weaker ones extend out for several hundred eV
as the edge intensity diminishes (EXELFS). This fine
structure contains a wealth of useful information, but to

understand its origins you have to use some ideas from
quantum physics.

One way we can look at this process is to switch from
a particle to a wave model of the electron, as we’ve done
before, e.g., when we talked about diffraction in Part 2.
Then we can imagine that any excess energy (>Ec) that
the ejected electron possesses is a wave emanating from
the ionized atom. Now, if this wave has only a few eV of
excess energy, it undergoes plural, elastic scattering
from the surrounding atoms, as shown schematically

WHY LOOK AT FINE STRUCTURE ?
If high spatial resolution is important, you can’t obtain this additional information by
any other spectroscopic technique.
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in Figure 40.1A, and this scattering is responsible for the
ELNES, as we’ll show. If the wave has even more excess
energy, then, because of the smaller interaction cross
section for higher-energy electrons (as we’ve already
seen many times) it is less likely to be scattered by the
surrounding atoms. In fact, we can approximate the
cause of the ELNES to a single-scattering event, as
shown in Figure 40.1B. Thus, EXELFS and ELNES
can be viewed as a continuum of electron-scattering
phenomena, with the arbitrary distinction that ELNES
is confined to a few tens of eV past the edge onset while
EXELFS extends for several hundred eV past the edge
onset. There are other ways to explain fine structure and
we’ll mention some of these later when we talk about
modeling the phenomena.

You should know that similar fine-structure effects
can occur in X-ray spectra, but are usually not resolva-
ble in the TEM because of the poor resolution of the
semiconductor XEDS detector. However, we did note
that experimental high-resolution X-ray detectors can
resolve bonding effects in terms of shifts in X-ray peaks
(see Figure 32.9C). In fact, there is a whole field of X-ray
spectrometry that is used for studying atomic bonding
(X-ray absorption near-edge structure or XANES) and
atom positions and structure (extendedX-ray absorption

fine structure orEXAFS). These techniques are analogous
to ELNES and EXELFS, but require a synchrotron
to generate sufficient signal. This is one of the few
examples where TEM is the cheaper characterization
technique.

Most of this chapter deals with the experimental
measurement and basic theoretical simulation of
ELNES and EXELFS; the information we give is aug-
mented in the companion text. While ELNES arises
from plural scattering and is thus a more complex pro-
cess than EXELFS, it is much more widely used,
because it gives a more intense signal and the informa-
tion it reveals has been used to study a very wide range
of materials. So we’ll discuss ELNES first.

40.2 ELNES PHYSICS

40.2.A Principles

As you know well, when an atom is ionized, it is raised
from its ground state to an excited state leaving a hole in
an inner shell. The core electron must receive enough
energy from the beam electron to be ejected from its
shell, but it may not receive enough to escape to the
vacuum level. So it is still not completely free of the
Coulomb attraction to the nucleus. In such circum-
stances, the final state of the core electron will be in
one of a range of possible energy levels above the
Fermi energy (EF). You may recall that the Fermi level
(or the Fermi surface in three dimensions) is the bound-
ary between the filled states and the unfilled states in the
weakly bound conduction/valence bands (although,
strictly speaking, this statement is only true when
T ¼ 0 K). In a metal, there is no separate valence band
and EF sits somewhere in the conduction band, as shown
schematically in the classic energy level diagram of an
atom in Figure 40.2. In an insulator or a semiconductor,
EF is between the valence band (in which all the states
are filled) and the conduction band (which has no filled
states). The possible energy values that can be imparted
to the ejected electron are controlled by the energy
distribution of these unfilled states and, therefore, the
energy lost by the incident electron similarly reflects this
distribution of the unfilled states. One philosophical
point of quantum uncertainty is that these states
don’t exist until an electron appears in them, but we’ll
conveniently ignore this.

So, the excited electron can reside in any of the
unfilled states, but what’s crucial here is that there is
not an equal probability of the electron ending up in
each possible unfilled state. Some empty states are more
likely to be filled than others because there are more
states within certain energy ranges than in others. This
uneven distribution of empty energy levels is termed the
density of (unfilled) states (DOS) and this is also shown

ELNES AND EXELFS I
Both arise because the ionization process can impart
more than the critical ionization energy (Ec) needed
by the core electron to be ejected from its inner shell.

Energy-Loss Near-Edge Structure
EXtended Energy-Loss Fine Structure

(A) (B)

FIGURE 40.1. Schematic diagram showing the source of (A) ELNES

and (B) EXELFS. The excess energy retained by the electron escaping

above the Fermi level creates a wave radiating from the ionized atom and

is scattered by surrounding atoms. The low-energy ELNES arises from

plural scatter and is affected by the bonding between the atoms. The

higher-energy EXELFS approximates to single scatter and is affected by

the local atomic arrangement.
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in Figure 40.2. Because of the greater probability of
electrons filling certain unoccupied states above EF,
the ELNES intensity is greater at the energy losses
corresponding to these high DOS regions above the
Fermi energy (which can be thought of as equivalent
to the critical ionization energy EC), as shown in
Figure 40.3.

The importance of ELNES is that the DOS is ex-
tremely sensitive to changes in the bonding or the
valence state of the atom. For example, if you look
ahead to Figure 40.5, the carbon K ELNES is different
for graphite, diamond, and buckyballs and the Cu L
ELNES changes when Cu is oxidized to CuO. On an
even more detailed level, we can even deduce the coor-
dination of the ionized atom from the shape of the
ELNES.
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FIGURE 40.2. Relationship between the classic energy diagram of a metal atom (left) and the density of filled (shaded) and empty (unshaded) states in

the conduction/valence band (right). The DOS is approximately a quadratic function on which small variations are superimposed. Ionization results in

electrons being ejected from the core states into empty states above the Fermi level EF.

ELNES
This variation in intensity, extending several tens of
eV above the ionization edge onset, EC, is the
ELNES, and it effectively mirrors the unfilled DOS
above EF.
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FIGURE 40.3. Relationship between the empty DOS and the ELNES

intensity in the ionization edge fine structure. Note the equivalence

between the Fermi energy EF and the ionization edge onset EC. Electrons

ejected from the inner shells reside preferentially in regions of the DOS

that have the greatest density of unfilled states. The filled states below EF

are drawn as a quadratic function, but this is an approximation.
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We discuss this fingerprinting approach in Section
40.2.D below and you can check it in the EELS Atlas or
at URL #1. Remember, we did exactly the same type of
fingerprinting of different phases with the low-loss spec-
tra in Section 38.3.A.

40.2.B White Lines

Perhaps the most startling example of ELNES is the
presence of the white lines, which we first saw inChapter
39; these lines are intense sharp peaks on certain ioniza-
tion edges. These sharp peaks arise because in certain
elements the core electrons are excited into well-defined
empty states, not a broad continuum, as in Figure 40.3.
The L2,3 edges of the transitionmetals and theM4,5 edges
of the rare-earth elements show such lines. The white
lines in the Fe L edge are the L3 and L2 edges, respec-
tively, as shown in Figure 40.4, and these specific lines
arise because the d shell has unfilled states. (We’ll explain
what happened to L1 later.) To explain these lines we
need a little more quantum physics, which you can skip if
youwish and go to the last paragraph of this section.You
should also be aware that there is disagreement as to
whether white lines are truly fine structure or strictly
ionization edge (atomic) intensity; but we’ll leave this
somewhat arcane discussion to those who know better
(another cause of fracas in bars at M&M meetings).

40.2.C Quantum Aspects

First, remember that the various electron energy levels,
K, L, M, etc., correspond to principal quantum num-
bers (n) equal to 1, 2, 3, etc. Within those energy levels,
the electrons may have s, p, d, or f states, for which the
angular-momentum quantum number (l) equals 0, 1, 2,
3, respectively. The notation s, p, d, f comes from the
original description of the atomic-spectral lines arising
from these electron states, namely, sharp, principal, dif-
fuse, and fine, although these terms have no counterpart
in the EELS spectra we obtain.

As we noted in Section 39.1, the nomenclature L2,3

arises from the fact that the L shell, from which the
electron was ejected, has different energy levels. Such
separation of the energies of the core states is called spin-
orbit splitting.

Because the L electrons in levels 2 and 3 are in the p
state, quantum theory demands that the sum (j) of their
spin quantum number (s) and angular-momentum
quantum numbers (l) is governed by the Pauli exclusion
principle such that j (¼ s+l) can only be equal to 1/2, 3/2,
5/2, etc. The spin quantum number, s (not to be
confused with the s state), can only equal �1/2. Taking
all this into account, along with other quantum-number
restrictions, it turns out that in the higher energy (i.e.,
more tightly bound) L2 shell, we can have two p electrons
with j ¼ �1/2 while in the L3 shell, we can have four p
electrons with j ¼ �1/2, �3/2. Therefore, we might
expect twice as many electrons to be excited from the
L3 shell as from the L2 shell giving an L3/L2 intensity
ratio (above the edge intensity, not above background)
of 2. While this rule is approximately obeyed in the Fe
spectrum shown in Figure 40.4, in practice, the ratio is
seen to increase along the transition metal series from
0.8 for Ti to 3 for Ni, as is also seen in the spectral
sequence in Figure 40.4.

Now these p-state electrons in the L shell cannot be
excited to just any unoccupied state.

So for the p state (l ¼ 1) the only permitted final
states are either an s state (l ¼ 0) or a d state (l ¼ 2).
Consequently, the core electrons are ejected primarily
into the unoccupied d states in the conduction band,
since there are few available s states there.

It is because of the dipole-selection rule that we don’t
see a strong L1 edge in the spectrum. The L1 edge sits
closer to the nucleus than the L2 and L3 edges and its
electrons are in the s state (l¼ 0) so they can only be
excited to a p state (l¼ 1), but not to a d state (l¼ 2), or
to another s state. Since there are few unfilled p states in

DOS AND FERMI SURFACES
Even if you don’t understand the intricacies of the
DOS and Fermi surfaces, you can still deduce bond-
ing information by comparing your experimental
ELNES with that from standard specimens of
known valence state or coordination.
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FIGURE40.4. Spectra from the transitionmetals show a variation in the

L3 and L2 white-line intensity ratios reflecting the variation in the number

of core L-shell electrons ejected into unfilled d states. Note that Cu and

Zn show no white lines because their d shells are full. The L3 and L2 white

lines in the Fe L edge are the only ones that show the expected L3:L2

of �2:1.

DIPOLE-SELECTION RULE
The change Dl in the angular momentum quantum
number between the initial and final states must
equal �1.
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the conduction band of transition metals and they are
muchmore spread out in energy than the d states, the L1

intensity is very low and the peak is broad and may even
be invisible in the L2,3 post-edge structure.

The energy width of the white lines is also affected
by the time it takes for the ionized state to decay. One
form of Heisenberg’s uncertainty principle states that
DEDt ¼ h/4p, so a rapid decay gives a wide peak. For
example, the Fe L2 ionization can be rapidly compen-
sated by an electron from the L3 shell filling the hole and
ejecting an Auger electron from the d shell. (This is
called a Coster-Kronig transition.) A conduction band
electron could also fill the L2 core hole but the L3 core
hole can only be filled from the conduction band. There-
fore, because there are two possible ways to fill the L2

core hole, the L2 line has a shorterDt and a largerE than
the L3 line, which is much sharper.

In elements that don’t have strong white lines, the
ELNES is still present but appears just as weaker oscil-
lations in intensity, which still reflect the DOS, and
which, like the white lines, we can calculate and predict
(much more of this later) (e.g., look at the pure-Cu
ELNES in Figure 40.5C compared with the Fe
ELNES in Figure 40.4).

40.3 APPLICATIONS OF ELNES

So let’s see how all of this physics can be useful. (Is this
an oxymoron?) The ELNES has been found to be
dependent on details of the local atomic environment,
such as coordination, valence state, and the type of
bonding. Measurement of the fine structure, under-
standing how it is related to the electronic structure
and ultimately to materials properties, can answer
some hitherto-unsolved problems, particularly those
where changes in bonding occur over small distances
in your specimen. If you look at Figure 40.5, you’ll see
the carbon K edges for graphite and diamond. The
carbon atom has hybridized s and p orbitals (termed s
and p in molecular-orbital theory). Graphite contains
sp2 bonds in the basal plane with Van der Waals bond-
ing between the planes. In contrast, the diamond struc-
ture has four directional, hybridized, sp3 covalent
bonds and the atoms are tetrahedrally coordinated
rather than arranged in graphitic sheets. The strong
peak K edge at 284 eV identifies the empty p* states
into which theK shell electrons are transferred in graph-
ite, while the diamond K edge has no p* peak but shows
a strong s* peak at about 290 eV. This kind of informa-
tion is also extremely useful in the study of thin diamond
and diamond-like carbon films, which are of great
interest to both semiconductor manufacturers and the
coatings industry (sunglasses in particular). Carbon
films can be made with a continuous range of graphitic
and diamond-like character and it is possible to deduce
the relative fraction of sp3 (diamond) and sp2 (graphite)
bonding from the K edge ELNES (Bruley et al.). In
today’s world of carbon nanotubes, buckyballs, and
graphene, all these newer forms of carbon can easily be

(A)

(B)
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Energy loss (eV)

Cu

CuO
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L2

FIGURE40.5. (A)Differences between the ELNES of the carbon-K edge

from various forms of carbon. (B) Change in the Cu L2,3 edge ELNES as

Cu metal is oxidized and the filled d states lose electrons, thus permitting

the appearance of white lines.
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distinguished by their ELNES. For example, carbon K-
edge spectra from C60 (Buckminsterfullerene of Bucky-
balls) are also shown in Figure 40.5 in the standard and
shock-compressed form. Another useful example is
given in Figure 40.5B, where the changes in the Cu
L2,3 edge with oxidation are shown. This is a classic
example. Since Cu metal has all its 3d states filled,
there are no white lines in spectra from the metal.
Upon oxidation, some 3d electrons are transferred to
the oxygen, leaving unfilled states, and the white lines
appear in the oxide spectrum.Note also that the onset of
the oxide edge is different from that of the metal,
because this electron transfer changes the value of EC.

ELNES changes often occur at interfaces where the
bonding changes locally over less than 1 nm. In Figure 40.6
the Si-K edge ELNES is seen to change across a
Si-SiO2 interface because the Si bonding changes. In
this example, you can see the extraordinary power of
an FEG STEM to provide simultaneous atomic-level
images and spectra localized to individual atomic col-
umns (even though this work (from Batson) is now
more than 15 years old). The combination of Z-contrast
imaging (see Section 22.4) and PEELS is arguably the
most powerful analytical technique for atomic charac-
terization, as we showed in Figures 39.22 and 39.23.

Bonding may also be changed by local segregation
and one of themore powerful examples of ELNES is the
detection of bonding changes associated with elemental
segregation to interfaces, which can cause extraordinary
changes in the mechanical properties of metals and
alloys. For example, Ni3Al has great potential as a
high-temperature intermetallic, but is limited by its
inherent brittle behavior resulting in intergranular frac-
ture. It has been known for many years that this brittle
behavior can be countered by the addition of a fraction
of a percent of B which is known to segregate to the
boundaries. Why this segregation results in a major
ductility improvement was unknown until it was
shown that, at B-containing boundaries, the Ni L2,3

edge exhibits slight ELNES changes consistent with
the more metallic-like bonding of pure Ni (see Muller
et al.). In a complementary study, Keast et al. measured
Bi segregation to Cu grain boundaries, and observed
ELNES changes in the Cu L2,3 edge, consistent with
the Cu atoms in the boundary taking on a less-metallic
bonding state (see Figure 40.7). This ELNES change,
which is equivalent to the transfer of less than 0.3 elec-
trons (whatever that means) from each Cu atom at the
boundary to an adjacent Bi atom, may account for the
brittle behavior of Cu doped with as little as 20 ppm Bi;
an extraordinary change in mechanical behavior, noted
first in 1874. Understanding the role of slight electronic
bonding effects in such macroscopic behavior as brittle
behavior may help to transform the power-generation
industry for example, which spends billions of dollars
removing impurity elements that cause catastrophic fail-
ure of pressure vessels if left to segregate to grain
boundaries.

Such studies of ELNES are probably the most widely
used aspects of EELS and the literature abounds with
ELNES studies of valency determination and atomic
coordination. Some examples include bonding changes
at oxide interfaces on Si (Botton et al.) and probing the
structure of potential next-generation Hf-based gate
oxides in Si semiconductors (McComb et al.). Reviews
of the potential and practical applications of ELNES
have been given by Keast et al. and Brydson et al.

40.4 ELNES FINGERPRINTING

Although the ELNES is directly related to the details of
the electronic structure, interpretation of particular fea-
tures in an experimental spectrum is not always

FIGURE 40.6. The change in the ELNES of the Si L edge across an

interface between crystalline Si and amorphous SiO2. Local electronic

changes at the atomic level are easily discerned.

THE CHEMICAL SHIFT
This difference in edge-onset energies is called a chem-
ical shift and also helps to fingerprint the specimen.
(More on this in Section 40.6.)
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straightforward and you may not have the capability to
carry out the atomic-structure calculations that we’ll
describe below. If this is the case, don’t despair because
you can still use a fingerprinting approach without fully
knowing the details of the electronic structure. The idea
behind such fingerprinting, as we’ve seen for the low-
loss spectra, is that the general form of the ELNES is
predominantly sensitive to the nearest-neighbor coordi-
nation and so it changes with changes in the structure.
An example is provided by the Al-L2,3 ELNES and Al-K
ELNES of aluminum-oxygen materials which are sensi-
tive to the local coordination of Al (i.e., whether octahe-
dral or tetrahedral). Likewise, Figure 40.8 shows the
experimental Mn-L2,3 ELNES for different minerals in
which the valence state of theMn varies from 2+ to 4+.
Again, we use the word fingerprint to emphasize that it is
not necessary to understand the details of the DOS of
complex materials in order to be able to interpret the
ELNES spectra. Direct comparison with spectra from
known standards is often all that is required for probable
identification of the bonding state of a specific atom in
your specimen. But because the matches are rarely per-
fect (given all the experimental and specimen variables
that may affect the detailed intensity in the fine structure)
go back and read our caution about low-loss

fingerprinting in Section 38.3.A and apply it to your
ELNES fingerprinting. Note that you don’t need the
very best energy resolution to carry out fingerprinting:
the data in Figure 40.8 were takenmany years ago from a
standard PEELS system and, for many cases, a LaB6

source is fine.
A theoretical calculation of the unoccupiedDOSwill

always be useful in understanding or predicting features
in the ELNES. In the next section, we’ll show some
examples where modeling the ELNES has helped our
interpretation.

40.5 ELNES CALCULATIONS

Many attempts have been made to compare the experi-
mental ELNES with calculations of the DOS in simple
materials, such as metals and oxides. Great strides have
beenmade in the last few years, mainly in improvements
in models of the atomic potentials and in the computing
power needed to pursue the calculations. This aspect is
transforming the study of ELNES from an esoteric field
to one with broad applications in materials science. This
topic is also addressed in substantial depth in the com-
panion text.

(A) (B)

FIGURE40.7. Change in ELNES due to impurity segregation. (A) Cu L2,3 ELNES in pure Cu. (B) Slight Cu L2,3 ELNES change between the bulk (grain

interior) and a grain boundary to which Bi is segregated. The effect is magnified 5� in the difference plot. The two SE images show the extraordinary

change in fracture behavior of ductile, pure Cu and brittle, Bi-doped Cu.
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40.5.A The Potential Choice

Calculating the electronic structure in solids involves
solving the Schrödinger equation for each electron in
the potential of the solid, including the Coulomb poten-
tial of both the nuclei and all the other electrons. (Now
might be a good time to move on to the next section if
you haven’t recognized too many words in the previous
sentence!) We also have to include terms due to the fact
that the electrons are affected by the presence of other
electrons and their behavior is correlated (i.e., they
aren’t isolated particles). Given the large number of
electrons involved in any calculation, we often use an
approach called density-functional theory (DFT) (if
you’re into physics and want to go to the next level (or
two) then you need to read Finnis’ (2003) book on
atomic-modeling which includes DFT). Out of DFT
comes a simplifying assumption, which we call the
local-density approximation (LDA). Within the LDA
method, we choose one of three different approaches to
perform our calculations, which basically come down to
a choice of atomic potential

& We can calculate the band structure directly in
reciprocal space. This is usually described as the
band-theory approach and the electron states
are formed in a repeating crystal lattice. If this
reminds you of Bloch states, back in Chapter 14,
you’re right.

& We can describe the electron states in terms of molec-
ular orbitals (MO).

& We can calculate the effect of multiple scattering
(MS) of the electron wave in real space based on
the model shown in Figure 40.1A.

A range of band-structure methods are used and
they go by rather strange names, such as augmented
plane wave (APW), full-potential linearized APW
(FLAPW) (URL #2), augmented spherical wave
(ASW) (URL #3), CASTEP (URL #4), Layer
Korringa-Kohn-Rostoker (LKKR), pseudopotentials,
and other methods. The URLs will lead you to the
sites for the various public-domain or commercial ver-
sions of the software. The best name by far is themuffin-
tin (MT) potential (URL #5), which is spherically
symmetric at the atomic positions and flat between
them. (Apparently, to some physicists, this shape looks
like a cross section of a tin used to bake muffins.)
This model modifies the classic energy diagram, as
shown in Figure 40.9. The MT form is useful because
it generates wave functions that we can break down into
the various angular-momentum components (which
describe the partial DOS which is reflected in the
ELNES). However, most MT approaches assume the
crystal lattice is infinite and you need Bloch’s theorem
for the wave-function calculations which give the DOS.
You’ll probably find these techniques computationally
challenging and not very flexible. But with the advent of
easily available, high-performance, parallel computing,
we are no longer so constrained (see the next section).
For example, only recently haveMO theorists been able
model large unit cells, planar interfaces, and those (now-
ubiquitous) amorphous materials.

MO theory is just an extension of using molecular
orbitals to describe solids. (Not surprisingly, this
approach is often used by chemists!) To use this
approach, we have to divide our specimen into separate
molecular units. If we calculate the MOs for each unit,

FIGURE 40.8. Comparison ofMn L2,3 ELNES from a range of minerals

in which the Mn coordination and hence valence state changes. The L2

and L3 white lines broaden as the oxidation state increases from+2 to+4

and in some cases the L3 peak splits into two peaks. Understanding why

such changes happen from an electronic standpoint is not necessary for

identifying the different minerals or valence states.

THE TERMINOLOGY

Pseudopotential
MT: Muffin-tin potential
DOS: density of states
DFT: density functional theory
LDA: local density approximation
APW: the augmented plane wave
FLAPW: the full-potential linearized APW
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we can then interpret the ELNES spectra in terms of
core-shell electrons being ejected into unoccupied MOs.
These unoccupied MOs arise because the excited-atom
orbitals interact (i.e., bond) with nearest-neighbor
atoms. (This is the p/p* and s/s* bonding/antibonding
orbital notation that we used to describe the C-K shell
ELNES back in Figure 40.5A). We can extend this idea
and imagine the various MOs as simply linear combina-
tions of atomic orbitals (which is then called the LCAO
approach). LCAO works well if the orbitals are occu-
pied but, for unoccupied orbitals, we have to use the
self-consistent field (SCF) method, which basically
assumes that the atoms are organized in a localized
molecular cluster which then uses a version of the MS
method which we’ll now describe.

MS (not Word!) calculations are based on the inter-
pretation of the ELNES as scattering of the electron
wave that emerges from the ionized atom by atomic
shells around that excited atom (which we started with
back in Figure 40.1). Still themost elegantMSmethod is
that due to Durham et al. The Durham method first
divides the cluster of atoms into shells, each approxi-
mately equidistant from the ionized atom. We then
solve the scattering within each atomic shell in turn.
Finally, we consider scattering between different atomic
shells. Since we have to calculate all possible scattering
paths it’s much easier in crystals because we can use
their symmetry to facilitate our calculations. A self-
consistent version of the MS method called FEFF
(now in version 8) is commercially available (URL #6)
and highly recommended. You can extend this shell-by-
shell MS approach to model much more complex amor-
phous systems, incommensurate structures, and non-
periodic atomic arrangements at planar interfaces and
defects. You’ll find that the MS calculations predict
modulations in the near-edge intensity, which corre-
spond directly to the DOS of the ionized atom. So you
should be aware that these calculations are only an
interpretation of what actually happens to the electron
after it emerges above the Fermi level. Also, many

calculations of ELNES only show reasonable agree-
ment with experiment when the effect of the core hole
is included, so we now need to explain this terminology.

Figure 40.10 gives a comparison of the experimental
C-K edge ELNES from TiC with the results of calcula-
tions using several different potentials, none of which
reproduce the experimental spectrum precisely but all of
which capture some aspects of the general shape.

40.5.B Core Holes and Excitons

Having chosen an atomic potential, we actually deter-
mine the ELNES (using the MS approach) by calculat-
ing all possible inter- and intra-shell scattering events
suffered by the electron after it emerges above the Fermi
level. One of the problems that confuses this issue is that
the ionization event results in a hole in the core shell
which, of course, changes the atomic potential.

A bit more physics: The ionization process occurs in
the time taken for the beam electron to traverse the diam-
eter of the particular inner shell. We know that a 200-keV
electron has a velocity, v¼ 2.7� 108ms�1, and theK-shell
of oxygen, for example, has a diameter of�0.01 nm, so the
ionization process occurs over �10�19�10�20 s. By
comparison, the atom stays in its excited state (which is a
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FIGURE 40.9. The muffin-tin potential energy diagram for (A) a metal

and (B) an oxide. Note the symmetry of the potential wells for the metal

and the asymmetry for the oxide.

FIGURE 40.10. Comparison of the experimental C K-ELNES from TiC

(Expt.) with the results of theoretical modeling calculations using both a

band-structure code (FLAPW), and two different MS codes (FEFF8 and

ICXANES).
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combination of the lifetimes of the excited electron and the
lifetime of the hole in the inner-shell) for much longer,
because the hole decays in �10–14–10–15 s. Because the
lifetime of a hole is 105 � longer than the excitation
process, the outermost electron states, including the final
state of the excitation process, will experience an attractive
potential because of the core hole, which behaves like an
extra nuclear charge on the atom. So, in fact, all we do to
compensate for this is assume that the ionized atom now
has a nuclear charge of Z+1, rather than Z, because the
missing electron lowers the shielding affect of the core
electrons. This extra positive charge may be shielded by
other electrons (e.g., weakly bound valence electrons)
which will move in response to the existence of the hole
and reduce its effect. Despite this screening (go back and
check Section 3.5 to remind yourself what this term
means), the core-hole potential will tend to attract the
outer electron states more strongly. So the available final
states for the ejected electron, in the presence of the long-
lived hole, will tend to bemore sensitive to the short-range
environment of the excited atom and, of course, this will
be reflected in the ELNES.

40.5.C Comparison of ELNES Calculations
and Experiments

The 1982 seminal paper in the field of ELNES experi-
ments on transition metals and oxides is by Leapman et
al. For further examples, you should read the review
articles which we mentioned at the end of Section 40.3.
We’ll just show a couple of examples here but the litera-
ture contains many. The difference due to different
coordinations is obvious. The sharp peak at the Al L
edge onset is thought to be an exciton. This effect is not
well modeled by the theory, which otherwise makes a
good match with the experimental data.

The electron energy-loss near-edge structure
(ELNES) at the O K edge has been studied in yttria-
stabilized zirconia (YSZ) (Ostanin et al.). The electronic
structure of YSZ for compositions between 3 and
15 mol.% Y2O3 has been computed using a pseudopo-
tential-based technique to calculate the local relaxations
near the O vacancies. The results showed phase transi-
tion from the tetragonal to cubic YSZ at 10 mol.% of
Y2O3, reproducing experimental observations. Using
the relaxed defect geometry, calculation of the ELNES
was carried out using the full-potential linear muffin-tin

orbital method. The results show very good agreement
with the experimental O K-edge signal, demonstrating
the power of using ELNES to probe the stabilization
mechanism in doped metal oxides.

If an atom exists in two different environments in a
structure, then we can make the approximation that the
ELNES is simply a linear superposition of the contribu-
tions from the two environments and experiments tend
to support this simple approach.

It’s perhaps best to conclude with the conclusion of
Duscher et al.

‘‘We have reached a level of agreement between
theory and experiment not achieved previously
in such a range of different materials by including
a localized core-hole effect. There was no signifi-
cant difference between both the methods used,
a core hole in an all-electron method and the
Z+1 approximation. This approach is sufficiently
robust to proceed to interface structures.’’

In other words, theoretical calculations are a well-
established and useful field of ELNES research and this
is explored much further in the companion text. One last
and obvious point to note is that, because the ELNES
signals are often quite strong, it is straightforward to map
out different portions of the ELNES, thus imaging, in
effect, changes in the DOS and localized variations
in atomic bonding, with the usual high resolution expected
of EFTEM images. An example is shown in Figure 40.11.

40.6 CHEMICAL SHIFTS IN THE EDGE
ONSET

We can think of the atoms in our specimen as having
different charges with respect to one another (which we
otherwise call electronegativity). So any changes in the
charge in different systems will lead to changes in the
binding energies of the various (occupied and unoccu-
pied) electron states and it’s reasonable to ask if we
could detect this binding-energy change in EELS. We
already know that (for a hypothetical, single, isolated,
hydrogen atom) the ionization-edge threshold energy is
effectively the critical ionization energy, EC. However,
in a real material, the experimental-edge onset corre-
sponds to the difference in energy between the initial
state and the lowest unoccupied final state in the pres-
ence of the core-hole.More often than not, it is extremely
difficult to determine accurately the threshold energy,
which often lies above the experimental-edge onset.
Changes in the effective charge on the atom affect the
energies of both the initial and final states. Unlike
the deep-lying core orbitals, the outer orbitals are easily
influenced by factors, such as bonding. If we consider
changing from a metal to an insulator, the presence of a
band gap in the insulator will result in a shift of the edge

REAL MATERIALS
In ceramics and semiconductors, the ionized electron
remains localized to the ionized atom. It may interact
with the hole creating an electron-core hole bound
state termed an exciton. Creation of an exciton may
influence the ELNES; this remains a matter of some
debate.
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onset to higher energy loss. For example, the Al-L23

edge shifts from 73 eV in the metal to 77 eV in Al2O3,
and we saw similar behavior for the Cu/CuO spectra in
Figure 40.5B. Another example is provided by the C-K
edges in Figure 40.5A, in which shifts in the p* peak
position are easier to see than changes in the rather ill-
defined edge onsets.

Similar edge-onset shifts are well known in XPS and
are called chemical shifts. They are reasonablywell under-
stood and we can often predict them theoretically. How-
ever, the electron-excitation process in EELS is more
complicated than X-ray induced ionization (detected in
XPS), particularly the unavoidable presence of the core
hole and the variable extent to which it is screened by the
remaining electrons. Consequently, in comparison with
X-rays, little systematic work on EELS chemical shifts
has been done, apart from fingerprinting experimental

spectra and comparing them with reference materials.
While we can correlate the edge-onset energies with such
variables as oxidation states, atomic charge, and coordi-
nation, there is room for considerable improvement in
calculation of the true edge-onset energies. It’s worth
noting that the possibility of a chemical shift in the edge
may make it difficult to interpret ELNES intensity
changes detected by difference techniques (such as the
example shown back in Figure 40.7B). However, careful
experimentation should minimize this danger.

40.7 EXELFS

If, after an atom is ionized, the ejected electron does not
fill an empty state but escapes outside the atom, then it
acts like a free electron (typically with energy >50 eV).
We can interpret this excess energy as an electron wave,
which can be diffracted by the atoms in the structure
around the original ionization site. Because the electron
has higher energy than those which gave rise tomultiple-
scattering ELNES, the diffraction is assumed to be a
single-scattering event, as shown back in Figure 40.1B,
and this diffraction causes oscillations on the otherwise
smooth DOS. We call these oscillations extended
energy-loss fine structure or EXELFS. As with any
diffraction event, there is information in these EXELFS
ripples about atomic positions and the atomic informa-
tion comes from a relatively short range (the first
few nearest neighbors) since this weak electron doesn’t
scatter from more distant atoms.

The EXELFS modulations start about 50 eV above
the ionization-edge energy, are each 20–50 eV wide, as
shown in Figure 40.12A, and occur over several hun-
dred eV. EXELFS is closely analogous to the oscilla-
tions seen in the extended X-ray absorption (edge) fine
structure (EXAFS) in synchrotron X-ray spectra and is
one reason why EELS has long been described as a
synchrotron in a TEM (albeit much cheaper than your
typical synchrotron). One significant difference is that
EXAFS results in complete photoabsorption of the
incident X-ray while EXELFS involves absorption of
only a small fraction of the energy of the beam electron.
We can carry this analogy a little further. Both EXAFS
and EXELFS give us structural information from
materials in which there are strong, local, atomic correla-
tions. Both techniques are atom specific so, in principle,
we can solve even the most complex multi-component

(A) (B)

(D) (C)

(E) (F)

FIGURE 40.11. (A) TEMBF and (B–F) a series of energy-filtered images

revealing the Si, C, and O elemental distributions and the carbon bonding

maps at the interface between a diamond-like carbon film and a Si sub-

strate. In the oxygen-rich amorphous layer at the interface, there is a

double layer of carbon atoms that is primarily p-bonded (and possibly

arises from carbon contamination in surface grooves at the interface) (F).

The carbon film is predominantly s-bonded (E), indicating a high degree

of diamond-like character.

ELNES AND EXELFS II
ELNES is multiple scattering and EXELFS is single
scattering, although the two phenomena overlap
since, e.g., the L1 ELNES peak is often far enough
past the edge onset to be included in the EXELFS.
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structures, if the information around all the atoms can be
accessed.

There are, however, limitations to conventional
EXAFS.

& We can’t easily access the K-edges below 3 keV since
X-ray absorption at these low energies requires thin
specimens for transmission-EXAFS and a low
absorption atmosphere over the entire X-ray beam
path (source-specimen-detector).

& As you know from the XEDS chapters, X-rays can-
not easily be focused to a sub-micrometer spot, so
EXAFS has a relatively low spatial resolution,
although this is constantly improving. EXELFS
offers us the unique ability to obtain atomic and

electronic structure with nanometer-scale spatial
resolution.

& Since TEMs operate in high vacuum and use thin
specimens, EELS is more naturally suited to
K-edge analysis of low-Z elements (as well as L-edge
analysis of higher-Z elements) than low-energy
EXAFS.

There is the usual price to pay for high spatial reso-
lution in that the EXELFS signal is noisy and you’ll find
that extracting high-quality atomic information is much
more challenging than for EXAFS where there is no
shortage of signal.

40.7.A RDF via EXELFS

With EXELFS we can determine the partial radial dis-
tribution function (RDF) around a specific atom, and
we are not restricted to the heavier atoms (Z>18)
needed for EXAFS. So there is great potential for study-
ing materials, such as low-Z glasses, amorphous Si, bulk
metallic glasses, and quasicrystalline structures (both of
the latter two often contain relatively low-Z elements
such as Be, Mg, Al, P). In particular, since glasses lack
any long-range periodic structure, we are limited in the
techniques to determine their atomic structure. As
you’ve already seen back in Section 18.7, diffraction of
electrons (or X-rays or neutrons) from glass provides
only diffuse information. To get atomic-structure infor-
mation from glasses, you have to employ resonance
signals from the Å-level and EXELFS can do that.
The high spatial resolution of EXELFS is obviously
advantageous and all your data can be compared with
your images and the rest of the TEM-based information
that you acquire from the analyzed volume. However,
you can’t get good EXELFS unless your specimen is
very thin and you’ll also have to consider phase effects,
which are averaged out in EXAFS. Despite these appar-
ent advantages of EXELFS, RDF work continues to be
dominated by synchrotron X-ray sources because of the
intensity of the signal. If you’re interested in pursuing
this (and EXELFS for thatmatter), a good place to start
is the text by Koningsberger and Prins.

Experimentally, it’s not easy to see the EXELFS
modulations because they are only �5% of the edge
intensity, and so you need good counting statistics.
This is one of the rare cases where you might find a
thermionic source useful because it can deliver more
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FIGURE 40.12. (A) EXELFS modulations on an ionization edge. (B)

From the oscillations in the post-edge spectrum it is necessary to transfer

the data to k-space before (C) Fourier transforming the data to produce a

radial-distribution function.

DECONVOLUTION AGAIN
Deconvolution is always the first step if your speci-
men isn’t thin enough, i.e., if the plasmon peak is
greater than 10% of the ZLP.
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total current than a FEG and, for this application,
energy resolution is not so important. TEM diffraction
mode will also increase your total signal intensity.
Either way, however, you pay a price in terms of a loss
of spatial resolution and an increased chance of speci-
men damage. If you need the best spatial resolution, a
FEG STEM should (as usual) be your instrument of
choice.

So, we’re interested in EXELFS because of the struc-
tural information contained in the weak intensity oscil-
lations. To extract this information, you can use the
commercial Gatan software (see Section 1.6) or the
EXELFS version of Rehr’s FEFF code (URL #6).
Public-domain EXELFS software is also available at
URL #7.

You first have to ensure that your spectrum contains
only single-scattering information, otherwise the plural-
scattering intensity maymask the small EXELFS peaks.
Deconvoluting the point-spread function may also help
sharpen the faint modulations.

Next, you have to remove the background if it
wasn’t done prior to deconvolution. Then your spec-
trum intensity has to be converted to an electron-wave
function in k-space (reciprocal space) where

k ¼ 2p
l
¼ ½2m0ðE� EKÞ�

1
2

h
(40:1)

where EK is the edge onset energy, E is the energy of the
ejected electron, of wavelength l, and the rest of the
terms have their usual meaning. The electron-wave
interference gives periodic intensity maxima in k-space
when

2a

l

� �
2pþ F ¼ 2pn (40:2)

Here a is the distance from the ionized atom to the first
scattering atom, and F is the phase shift that accompa-
nies the scattering. Therefore, we expect to see periodic
maxima occurring for n = 1, 2, etc., and for different
interatomic spacings. We obtain the atomic spacing by
Fourier transforming the k-space modulations to give
the RDF, originating at the ionized atom. Obviously,
these two equations don’t tell the full story and there is
more about data analysis in Egerton’s book.

When we have the RDF, we ought to be able to
determine the local atomic environment, if the various
interferences can be discriminated and identified. Peaks
in the RDF indicate the probability of an atom occur-
ring a certain distance from the ionized-atom site.
Figure 40.12 shows a summary of the EXELFS data
extraction technique. Despite the low signal problems,
EXELFS studies appeared at the earliest stages of EELS
research (see, e.g., Leapman and Cosslett) and refer-
ences to the technique have continued to surface in the

literature over the intervening decades. For example,
Sikora et al. have compared EXELFS and EXAFS
applied to crystalline materials. Alamgir et al. have
made comparisons of the two techniques for the study
of slow-cooled, bulk metallic glasses (a fascinating new
range of materials). Figure 40.13 shows the extraction of
EXELFS data from the P-K edge (inaccessible in a
synchrotron spectrum) from Pd-Ni-P, a model amor-
phousmetal. The various steps involve first the isolation
of the fine structure (Figure 40.13A) and expressing it as
a function of momentum transfer (k), w(k), from beyond
the P K-edge (Figure 40.13B). The Fourier transform of
w(k), FT[w(k)], is proportional to the partial radial dis-
tribution function of atoms around P (Figure 40.13C).
Upon back-Fourier transformation of the first peak
FT[w(k)], the contribution to w(k) from the first coordi-
nation shell around P in these glasses is determined
(Figure 40.13D). Similar exercises could be performed
from the second and higher shells although the quality
of the signal degrades rapidly. These data are then fitted
with calculated w(k) functions of various model struc-
tures using the multiple-scattering ab-initio code
FEFF7 and a possible model of the coordination of Pd
and Ni atoms around the P atoms is created.

40.7.B RDF via Energy-Filtered Diffraction

RDF data acquired through EXELFS complement
another TEM method of acquiring RDF information.
This involves energy filtering of SADPs by scanning the
pattern across the entrance aperture to the PEELS using
post-specimen scan coils. (See, e.g., McBride and Cock-
ayne; see also Section 18.7.) Effectively, a full spectrum
is available at each scattering angle, but, in fact, only the
zero-loss (ideally only the elastic) electrons are required.
The plot of the ZLP intensity as a function of scattering
angle constitutes a line profile across a filtered DP from
which the RDF can be extracted. This process does not
have the spatial resolution of EXELFS, since typical
SADPs are integrated over �0.2–1 mm2, but the signal
is much stronger. Accuracies of �0.001 nm in nearest-
neighbor distances can be obtained, and the process is
rapid enough to be performed on-line.

40.7.C A Final Thought Experiment

ELNES and EXELFS are really quite remarkable
demonstrations of quantum theory and the wave-parti-
cle duality. Consider that the EXELFS part of the spec-
trum only contains electrons that have been scattered by
electrons in the specimen atoms, and yet we are able to
deduce information about what happened to those
atoms long after the beam-specimen interaction occurred
and also deduce where the scattering atom sits in the
structure!
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An (approximately wrong) particle-based analogy
would be to imagine that we are catching bowling balls
that have been thrown at pins, arranged in a certain pat-
tern. (Although instructive, this exercise is best carried out
as a thought experiment.) From the velocity (energy) of the
balls that we catch, we are able not only to identify the
weight of the pin thatwas hit (i.e., identify the characteristic
ionization edge), but we can also deduce how the pin fell
down and where it rolled (the ELNES). Furthermore, we
can also work out the spatial arrangement of the surround-
ing pins that didn’t fall down (the EXELFS).

So how does the beam electron know where the core
electron went after it left the inner shell? The answer lies
in the fact that the bowling ball (particle) analogy is
totally inadequate. In fact, only certain electron transi-
tions are allowed and the beam electron can therefore
only transfer certain quantized energies to the core elec-
tron, not a continuum of possible energies. So the beam
electron does, in effect, ‘know’ the possible final state of
the core electron since it reflects that state in its energy
loss. (If you really understand this, then you should pat
yourself on the back.)
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FIGURE 40.13. The EXELFS analysis of Pd30Ni50P20 bulk metallic glass. (A) The pre-edge, background-subtracted P K-edge. (B) The isolated w(k)
data. (C) The Fourier transform of w(k) to radial space, FT[w(k)], and (D) the back-Fourier transform of the first peak of FT[w(k)] back to k-space (dots)

and fitting with a calculated function for a tetragonal dodecahedron (dashed line). The model in the center is a tetragonal dodecahedron with a P atom at

the center surrounded by a first nearest-neighbor shell of Pd and Ni atoms deduced from the EXELFS.

754 ...................................................................................................................................................F INE STRUCTURE AND FINER DETA IL S



40.8 ANGLE-RESOLVED EELS

Most of the time so far, we’ve been talking about gathering
spectra and images by sending the direct beam into the
spectrometer and splitting it up into its component ener-
gies. This is often called spatially resolved EELS since we
map out a specific region or gather individual spectra from
different spatial locations on the specimen. However, we
have occasionally mentioned that the angle of scatter of
the energy-loss electrons is important, and there is a whole
field of EELS research that studies angle-resolved spectra.
To do this, we just scan theDP across the PEELS entrance
aperture and gather spectra at different angles as for the
RDF measurements that we just described. However,
rather than studying the energy of electrons primarily,
this technique emphasizes the determination of the
momentum of the energy-loss electrons.Momentum-trans-
fer studies were pioneered by Silcox and co-workers. Now
with FEG STEMs you can get even more information
about the symmetry of electronic states, which comple-
ments spatially resolved ELNES (e.g., Wang et al.).

Because of such angular effects, the size of the spec-
trometer entrance aperture and/or the collection angle b
may influence the details of ELNES. If the final state of
the ejected electron has a definite directionality, as it will
in an anisotropic crystal, the ELNES for such a speci-
men will depend on both the scattering angle y and the
crystal orientation. The classic paper on orientation or
momentum dependence is the study of graphite and BN
(Leapman et al.).

There are various ways of performing angle-resolved
EELS and Botton and co-workers describe many meth-
ods and applications. For a given energy loss and a
given specimen orientation, the momentum transfer at
zero scattering angle, y, is parallel to the electron beam
(q||). As y is increased, a component perpendicular to the
beam is introduced (q?) and, at approximately yE, q?
becomes dominant. To obtain angle-resolved ELNES,
we have tomeasure the spectra as a function of the angle
between a crystal direction and the direction of momen-
tum transfer.

First, you can keep the orientation fixed and change
the collection aperture. Figure 40.14 shows angle-resolved
ELNES of a very thin (� 30 nm) graphite flake obtained
by changing the size of the collection aperture in a STEM.
The p* states are parallel to the c-axis, which in this case is
parallel to the electron beam. Therefore, the correspond-
ing p* peak intensity is larger, relative to the s* states,
when we have a small collection aperture and q|| domi-
nates. Similar effects would be obtained if the orientation
of the graphite planes to the electron beam was changed.

Second, you can keep your collection angle fixed at a
small angle < yE and measure the ELNES as a function
of y. This is particularly easy with energy filtering which
can display angular scattering distributions of specific
energy-loss electrons.

You can also use the ‘458 method’ (Botton) which
combines tilting the specimen at 458 to the principal
axis and measuring the ELNES at �y, where y is cho-
sen to select both q? and q||. If you make the beam
convergent (e.g., in STEM mode for high spatial reso-
lution) then the angular resolution of this technique is
reduced.

One practical aspect of angle-resolved EELS is the
study of Compton scattering, which is the ejection of
outer-shell electrons by high-energy photons or elec-
trons. We can detect these Compton-scattered electrons
by observing the EELS spectrum at a high scattering
angle (y �100 mrad), either by displacing the objective
aperture to select an off-axis portion of the diffraction
pattern or by tilting the incident beam. This process has
been used to analyze the angular and energy distribution
of Compton-scattered electrons and determine bonding
information, since the Compton-scattering process is
influenced by the binding energy.

40.9 EELS TOMOGRAPHY

We’ve talked about tomography in various parts of the
book and how taking a series of images at different tilts
allows you to reconstruct 3D information about features
within your specimen. You should also read the chapter in
the companion text which gives an in-depth review of the
various experimental challenges for this kind of imaging.

Just as for X-ray images, it is possible to use a full-tilt
series of EFTEM images to build up a full 3D image

FIGURE 40.14. Image mode EEL spectra of the C-K edge in graphite

showing changes in the relative intensities of the p* and s* peaks under

two different collection angles due to the directional scattering variation

from the sp2 and sp3 bonds in the graphite.
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from a set of 2D projections. (See the paper by Midgley
and Weyland.) Because ionization-edge composition
images are not susceptible to significant contrast
changes as a function of tilt, they are ideal for tomo-
graphic reconstruction which reveals the surface fea-
tures, growth angles/facets, and other features that are
not easily obtained from the usual 2D projection image.
EFTEM tomography is similar to XEDS tomography
which we didn’t discuss: EFTEM tomography has the
advantage of much quicker generation because XEDS
tomography is only feasible via a series of tilted STEM
images which take much longer to produce.

Figure 40.15A shows one of the P-L ionization-edge
images from a tilt series and Figure 40.15B shows the
reconstructed tomographic image of the distribution of
P in a cell from a fruit fly. In this area, the biologists
are well ahead of the materials scientists and Leapman
et al., in 2004, gave a fine example of the application
of EELS tomography to discerning the 3-D shape
of ribosomes (not quite EELS of eels, but of
nematode worms, which look a bit like eels!). In contrast
to ionization-edge images, plasmon images retain sig-
nificant diffraction contrast and so are less useful for
tomography.

(A)

(B)

FIGURE 40.15. (A) 2D projection (top view) and (B) energy-filtered, 3D-tomographic image reconstructed from multiple P-L2,3 edge filtered images

showing the phosphorus distribution in an unstained plastic section of freeze-substituted Drosophila larva. The principal region is part of a cell nucleus

and the top right is a region of cytoplasm containing ribosomes. The phosphorus distribution reflects the distribution of nucleic acid. Ribosomes (colored

green) are known to contain about 7000 P atoms in their RNA. Another series of phosphorus-containing dense particles of unknown origin are present in

the nucleus (see enlarged inset).
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EFTEM tomography is an area that will see increas-
ing applications, particularly as nanotechnologists pur-
sue their dream ofmanufacturing devices in a controlled
manner from the atom/molecule upward. The ability of
EFTEM (and to a lesser extent, XEDS) to reveal the
actual shape (combined with the quantitative local
chemistry) of quantum dots, gate oxides, and other
sub-nanometer fabrications will seriously enhance
TEM’s role in this growing field.

The ability to extract 3D information by tomo-
graphic methods is just one of several examples of the
extraordinary advances that have taken place in the
TEM field since the first edition of this book was pub-
lished more than 10 years ago.

It is worth concluding now, as we did then, that we
encourage you to experiment with your TEM at all
opportunities and never think that there is nothing new

to discover. The current generation of students growing
up with an expectation of, and familiarity with, full com-
puter control of everything and access to information
immediately from anywhere should be able to combine
these skills to make TEMs perform in ways that the
former generation of more manually oriented TEM
operators could never dream of. For example, we haven’t
even mentioned time-resolved EELS although the strong
low-loss signal and efficient collectionmeans that gather-
ing spectra with millisecond or even microsecond resolu-
tion is not out of the question and ultra-fast
(nanosecond) TEM imaging using laser-excited sources
is fast becoming a reality. Nodoubt there will be a serious
need for yet another edition of ‘TEM: a text for nano-
technologists’ a decade hence, which we sincerely hope
will be written by some of those who started their careers
by reading this book, rather than by those who wrote it.

CHAPTER SUMMARY
You can appreciate now that there is a wealth of fine detail in the EEL spectrum beyond the
relatively strong plasmon peaks and the ionization edges. To extract this information, you need
a single-scattering (deconvoluted) spectrum and occasionally some sophisticated mathematical
analysis. Interpretation of the data is still limited by our lack of knowledge of the physics of the
electron-specimen interactions. However, considerable research is going on into EELS fine-
structure studies which are the future of the technique. Both the experimental methods and the
theoretical calculations are still developing. We have introduced several specialized topics

& Energy-loss near-edge structure.
& Extended energy-loss fine structure.
& RDF determination.
& Angle-resolved (momentum-transfer) EELS.
& EELS tomography.

However, we have really only given you a suspicion of the potential of these topics. If
EELS becomes a technique you use in your research, we recommend watching its develop-
ment and that of related techniques in the reference sources we have given you in the last
four chapters, particularly the quadrennial EELS workshops (see Chapter 37), conferences
such as the biannual Frontiers of ElectronMicroscopy inMaterials Science (FEMMS), and
the proceedings of the various national and international microscopy and analysis societies
which, if you haven’t joined by now, you should do so immediately!
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SELF-ASSESSMENT QUESTIONS
Q40.1 Why does the ionization edge extend beyond the critical ionization energy (the edge onset) to give

ELNES and EXELFS, rather than exist simply as a peak at the critical ionization energy?
Q40.2 What is the Fermi level/Fermi surface and why is it crucial to our understanding of the energy-loss

process?
Q40.3 What is the density of states (DOS) and why are there both filled and unfilled DOS?

Q40.4 Relate the K, L, etc., core shells to the principal quantum numbers (n).
Q40.5 State the Pauli exclusion principle and explain why this is relevant to ELNES.
Q40.6 What is spin-orbit splitting and why is this relevant to ELNES?

Q40.7 What is the dipole-selection rule and why is this relevant to ELNES?
Q40.8 Why does the ionization edge onset for a specific elemental core loss sometimes shift when that element

is bonded differently?

Q40.9 What is XANES, how is it detected, and what is its relation to ELNES?
Q40.10 Why do bonding changes change the ELNES?
Q40.11 What useful information is contained in the EXELFS spectrum?

Q40.12 Why is EXELFS such a challenging technique to apply?
Q40.13 What is an exciton?
Q40.14 What is a core hole?
Q40.15 Why is there bonding information in both the low-loss and high-loss spectrum?

Q40.16 Distinguish angle-resolved and spatial-resolved EELS.
Q40.17 Why is angle-resolved EELS linked to the concept of electron momentum transfer?
Q40.18 What is the RDF, why is it useful, and how can you measure it?

Q40.19 Why would you want to calculate the ELNES intensity?
Q40.20 What is Compton scattering and how can we study this in EELS?
Q40.21 Under which circumstance would you choose to use an ELNES spectrum as a fingerprint and what

precautions should you take when drawing conclusions from a potential match?

TEXT-SPECIFIC QUESTIONS
T40.1 Distinguish single, multiple, and plural scattering for EELS. How do these definitions compare with

scattering terms used in high-resolution imaging?

T40.2 Figure 40.1 gives an electron-wave description of the generation of ELNES and EXELFS. Can you use a

particle analogy to describe the process?

T40.3 Is Figure 40.2 drawn for a crystalline metal or an amorphous semiconductor? Explain your answer and

thus indicate how the figure would change if the other kind of material were being illustrated.

T40.4 In Figure 40.3 there appears to be no intensity in the ionization edge corresponding to the filled states.

Why is this? In a real spectrum there would indeed be intensity before the ionization edge. What would

cause this?
T40.5 Why does the Cu L edge in Figures 40.4 and 40.5B exhibit no intense white lines at the edge onset like the

rest of the transition metal series in Figure 40.4?
T40.6 In old specimens and older TEMs, the diamond K edge (like in Figure 40.5A) sometimes shows residual

intensity preceding the ionization-edge onset, at roughly the same energy as the p* sp2 peak in the
graphite and C60 edges shown above. Since diamond has no sp2-bonded carbon, can you speculate what
might be giving rise to this intensity?

T40.7 Why are the muffin-tin potential wells in Figure 40.9 symmetric for the metal but asymmetric for the

oxide?

T40.8 Look at the comparison of calculated and experimental spectra in Figure 40.10. These calculations were

done more than a decade ago. Go on the Web and see if you can find better examples of calculated edge

shapes that show a better fit to experimental spectra. If you can’t, what conclusions can you draw about
calculating ELNES. If you can, what different conclusions can you draw?

T40.9 How do you think that correcting the spherical aberration in the objective lens will improve the study of

energy-loss fine structure? Do you think the addition of electron gun monochromators will affect the
study of this same phenomenon?

T40.10 What crucial information can be gained about the behavior of semiconductor interfaces and gate oxides

via ELNES? (Hint: Google PE Batson and read his papers.)

T40.11 Under what circumstances would you choose an MO rather than an MS approach to calculating the

near-edge spectrum?

T40.12 List the principal differences between FLAPW, ASW, CASTEP, and LKKR.
T40.13 ELNES fingerprinting can distinguish different mineral species as in Figure 40.8. Why should we ever

bother to use XEDS to study the same problem? Does the beam-sensitivity of many minerals have a role
to play in deciding what technique to use? If so, explain what.

T40.14 Why does the signal in Figure 40.12B become noisier at larger wavevectors?
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T40.15 Given what you know about the crystal structures of graphite and diamond, would you expect either of
their energy-loss spectra to be sensitive to crystallographic orientation? If so, how do you think the fine
scale features of the relevant spectrum in Figure 40.5A might change with orientation? (Hint: look at

Figure 40.14.)
T40.16 Compare and contrast EXAFS and EXELFS for studying short-range atomic structures. Why would

you use EXELFS when TEM diffraction patterns give similar short-range atomic structural

information?
T40.17 In addition to ELNES and energy-filtered diffraction for RDF determination, can you think of other

ways to explore the structure of glasses using TEM?
T40.18 For both momentum-resolved and tomographic EELS, we have to tilt the specimen considerably. What

are the experimental challenges to doing this and how might they be overcome?
T40.19 If the low-loss spectrum reveals the valence states of the atoms in the specimen why do we not use this

part of the spectrum more often for bonding studies but instead use ELNES which only explores the

unfilled DOS (i.e., the electrons that aren’t there)?
T40.20 Explain why K-shell ionization results in a hydrogenic edge.
T40.21 Explain why L shell ionization gives L1, L2, and L3 edges.

T40.22 Why is the L1 edge rarely visible, thus leaving the usual L edge as the L2,3 in spectra from transition
metals?

T40.23 Similarly, why is the M4,5 edge the expected M edge in the rare earths?

T40.24 Explain why EELS edges and X-ray absorption edges are effectively the same phenomenon.

760 ...................................................................................................................................................F INE STRUCTURE AND FINER DETA IL S


	Fine Structure and Finer Details
	40.1 Why Does Fine Structure Occur?
	40.2 ELNES Physics
	40.2.A Principles
	40.2.B White Lines
	40.2.C Quantum Aspects

	40.3 Applications of ELNES
	40.4 Elnes Fingerprinting
	40.5 ELNES Calculations
	40.5.A The Potential Choice
	40.5.B Core Holes and Excitons
	40.5.C Comparison of ELNES Calculations and Experiments

	40.6 Chemical Shifts in the Edge Onset
	40.7 EXELFS
	40.7.A RDF via EXELFS
	40.7.B RDF via Energy-Filtered Diffraction
	40.7.C A Final Thought Experiment

	40.8 Angle-Resolved EELS
	40.9 EELS Tomography
	BOOKS AND REVIEWS
	CALCULATIONS AND TECHNIQUE
	MOMENTUM TRANSFER STUDIES
	APPLICATIONS
	URLs
	SELF-ASSESSMENT QUESTIONS
	TEXT-SPECIFIC QUESTIONS



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


