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Abstract" 

Core edges recorded in Electron Energy Loss 
Spectroscopy (EELS) display a large variety of 
profiles. We have investigated several specific 
aspect s concerning Energy Loss Near Edge Struc
ture s (ELNES} and emphasize the interest in a 
careful edge shape analysis to obtain refined 
microanalytical information, such as local symme
tr y. After indicating the general impact of EELS 
fine structure s as compared to EDX and Auger 
spectroscopie s we discuss the instrumental condi
tion s required for recording satisfactory spectra 
and consider the theoretical problems which are 
involved in data interpretation. The major portion 
of this paper present s results for selected K, 
L23, M45 and N45 core excitations in compounds 
(mainly oxides) . In each case the phenomena gover
ning the ELNES di stribution are pointed out. In 
conclusion, we summarize the potential of a care
ful analysi s of ELNES for studying the chemical 
state of the absorbing atom and the symmetry of 
it s fir st coordination shell (molecular descrip
ti on) or longer range effect s (projections of 
solid state densit y of states as seen by the 
ejected atom}. 
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Importance of fine structure in different types 
of analytical signals 

In the general environment of an electron 
microscope column, several techniques have been 
recently developed to combine morphological obser
vation, structural characterization and chemical 
analysis of specimen areas of one to several nano
meters typical extension. A new generation of 
instruments, generally named "analytical electron 
microscopes", is the result of such an association 
of spectroscopic devices for electron energy loss 
(EELS), energy dispersive X-ray (EDX) and Auger 
emission spectroscopies (AES). 

However, "analysis" refers to several types 
of information content. In its simple meaning, 
chemical analysis consists in recognizing a given 
element present within the analysed volume. But it 
can al so concern more elaborate types of informa
tion, such as the valence state of the element 
(doubly or triply ionized), the environmental sym
metry of it s site (tetrahedral or octahedral •• ) or 
its short or long range surroundings (Colliex, 
1984b). 

In all analytical modes considered in this 
paper, the useful information is derived from an 
inte raction process between the i ncident electron 
and a target electron lying originally on a core 
orbital {C). EELS investigates the excitation 
mechanisms between a core level and an unoccupied 
state (U) lying above the Fermi level EF : it is 
a spectroscopy of type CU - see Fig. la . The rele
vant signal is an edge,superposed over a decreasing 
background,which can be displayed as in Fig. 2 
after background stripping. An average jump ratio 
at the edge is of the order of one to several units 
depending on the edge under consideration. For 
comparison, Fig. lb and Fig. le represent in a 
similar diagram the level s involved in EDX and AES 
spectroscopies : they both result from a de-excita
tion process in which a higher lying electron 
originating from a core Cora valence band V level 
fills the hole produced by the primary process. 
The first case can be called CC spectroscopy and 
the second CCV or CVV depending on the type of 
levels involved in the decay transition. An EDX 
spectrum consists in lines superposed over a back
ground of weaker intensity (average S/B ratio 10 
to 50), and an Auger spectrum is made of lines or 
bands on a background with typical S/B ratios of 
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the order of l, simil arly to EELS case. Detai led 
analytical information is conveyed in several ways. 
In an X-ra y emiss ion spectrum, the lines correspon
dinq to electronic tran siti ons between core level s 
may-exhibit chemical shifts when the oxi dation 
state or the nature of ligands i s changed. The 
observed shifts (LaUger, 1971) are however of the 
order of a few eV or le ss and their detection 
requires a high resolution wave length dispersive 
X-ray (WDX) analyser. For the standard EDX techni
que based on energy dispersion in a solid-state 
detector the energy resolution is too poor to 
reveal such changes. 

More interesting are the Auger and EELS cases 
because a lineshape or edgeshape analysis can 
provide much more information about the specimen. 
Consider the situation in AES, as reviewed recent
ly by Madden (1983). For a long time AES studies 
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have concentrated on elemental analysis by identi
fication of the energy position of peaks in deri
vative Auger spectra. Actually early work by 
Lander (1953) had clearly stated that AES could be 
used as a valence band spectroscopy if the shape 
of the Auger (CCV or CVV) lines recorded in inte
gral mode were properly analysed. A useful approach 
developed during the last .few years is to analyze 
a CVV line in terms of the sum of convolution 
products of independent-particle valence band 
density of states {DOS) components. This method 
has been successful for a few simple metals. However 
some CVV Auger spectra from surfaces exhibit 
lineshapes which bear no simple relationship with 
convolution products of DOS distributions ; they 
can be termed "atomic-like" or "quasi-atomic" 
because they contain features too narrow to be 
interpreted by band density of states. The speci
fic case of compound surfaces has been the sub-
ject of recent discussions (Citrin et al., 1976, 
Fuggle, 1981) which point out the possibility of 
interatomic transitions in which the valence 
electrons taking part in the Auger decay come not 
from the site on which the initial core hole was 
produced but from neighbouring sites. Such inter pre 
tative studies have therefore introduced a new 
dimension to Auger spectroscopy, in which one 
tries to extract local bonding information from 
detailed analysis of the relevant valence band 
features. 

Finally, one might underline the potential 
importance of deriving local bonding information 
in solid state physics or science of materials. 
A classic example is the presence of embrittling 
layers of elements segregated to grain boundaries, 
where the local environment of an atom at the 
boundary plays a crucial role in the mechanical 
behaviour of the material. 

Position of the problem in EELS. 

Back to EELS spectroscopy, the historical 
story is very similar to AES. Early core-edge 
studies noted the close similarity between struc
tures following characteristic edges in EELS or 
X-ray absorption spectra, and plots of the densi
ty of states in the unoccupied part of the conduc
tion band (Colliex and Jouffrey, 1972). During 
the past decade, much more attention has been 
paid to the development of a quantitative micro
analytical technique, for which the state of the 
art is reviewed by Egerton (1984). Over the last 
few years, however, interest in near edge fine 
structures has been renewed, stimulated by two 
general trends : 1) improvement in spectrometer 
technologies which combine good energy resolution 
(< 1 eV) with the high collection efficiency 
necessary for studying core-loss edges in the 
energy loss range 200-2000 eV (Krivanek and 
Swann, 1981 , Jeanguillaume et al., 1982); 
2) also there is increased interest in the near 
edge fine structures measured by sunchrotron 
X-ray absorption spectroscopy and associated 
interpretative efforts by various groups of 
theoreticians. It is important to note that the 
extraction of fine structure information from 
focused electron probes demands a specimen 
particularly resistant to radiation damage, and 
that radiation damage is one of the major barriers 
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to the study of organic materials. 
Recent review papers by Colliex (1984a) and 

Egerton (1983) have summarized the major contri
butions to the fine structure in a core-loss 
(or absorption) edge, which can be used to extract 
detailed information. The general shape of an 
edge is determined by atomic considerations. It 
depends on the symmetry of the orbitals (initial 
and final) which obey the well known dipole selec
tion rules for electronic transitions : 

£ ' - £ = ti = ± 1 ( 1) 

Colliex (1984a) contains a tabulation of all 
edges of interest for pure elements in the ener
gy range ~ 30 eV to ~ 2500 eV, classified into 
five main families of edge shapes as shown in 
Fig. 3 : 

a) saw-tooth profile such as calculated in the 
hydrogen i c model ; 

b) delayed edge with a relatively large transfer 
of oscillator strength to higher energies, 
as a consequence of an effective centrifugal 
barrier most important for final state s of 
large £ ' quantum number; 

c) "white-lines" narrow and intense peaks, often 
exhibiting the spin-orbit splitting of the 
initial level ; 

d) "plasmon-like" resonance peak for edges asso
ciated with inten se oscillator strengths in 
the low energy los s range ; 

e) mixed profile combining a discrete transition 
to a bound state at thre shold and a delayed 
contribution to continuum states at energies 
far above threshold. 
These general shapes can be understood upon 

a close examination of the electronic configura
tion of each element. The only important edges 
are tho se corresponding to an initial state of 
maximum occupied £ for a given n shell because 
these have the maximum cross-section. It is how
ever very difficult to record experimental atomic 
spectra ; the specimens usually consist of mole
cular or solid state assemblies of one or several 
types of atoms (compounds) . The observed edges 
display much more complex structures than those 
discussed in simplified atomic terms. Moreover, 
the detailed profiles depend on the allotropic 
variet y or compound in which the element is found. 
Recent important systematic studie s have been 
made to obtain complete libraries of spectra 
(Zaluzec, 1982, Ahn and Krivanek, 1982). Many 
comparative studies can be extracted from such 
atlases. The various spectral modifications 
induced by the local solid state environment 
affect (see Figure 2) : 

1) the threshold : variation of the position, 
of the slope and of the associated fine 
structures. For a long time, the displacement 
of an edge has been known as a "chemical shift" 
in which one measures the translation along 
the energy scale of edges with constant 
profile. This approach is often a consequence 
of a rather poor energy resolution which ave
rages features at the edge, so that one 
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detects only shifts in energy without noticing 
modifications in the edge shape. 

2) "near-edge"_structures : apoearing in an ener
gy loss range extending from typically 10 to 
50 eV above the edge. The acronym XANES for X
ray absorption near edge structure has been used 
in the recent literature concerning similar 
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structures in X-ray absorption spectra and 
ELNES has been suggested by Colliex (1982) and 
Taft0 and Zhu (1982) to identify these featu
res in EELS spectra. They have been mostly 
interpreted in terms of the conduction band 
density of states (DOS) and are complementary 
to the valence band DOS already mentioned for 
Auger lineshapes interpretation. 

3) "extended" oscillations : superposed on the 
decreasing tail of the core loss edge. The 
equivalent extended X-ray absorption fine 
structures (EXAFS) are now well understood 
and used for solving short range environment 
problems in many substances (Lee et al., 1981). 
They cover typically several hundreds of eV 
above the edge and their EELS equivalent are 
generally termed EXELFS following the original 
work (Ritsko et al., 1974, Leapman and Coss
lett, 1976 and Colliex et al., 1976). EXELFS 
spectra have been published by many authors 
during the last few years (Kincaid et al., 1978 
Disko et al., 1982, Leapman, 1982) and reviews 
can be found in the papers of Leapman et al., 
(1981) and of Csillag et al. (1981). EXELFS 
can be analyzed in the same way as EXAFS by 
use of the formulati on developed by Ashley and 
Doniach (1975) and Lee and Pendry (1975) after 
the pioneering contribution due to Sayers et 
al. (1971). 
For several reasons, the potential field of 

application of EXELFS appears limited. By compari
son with EXAFS studies, it offers a clear advan
tage because it is easily used for light elements 
and because it can be applied to very small volu
mes of material which can be characterized by 
other electron microscopy techniques (Batson and 
Craven, 1979, Batson et al., (1980). However the 
fine structure modulations on the tail of a cha
racteristic signal are weak and superposed on an 
intense background. Consequently very high coun
ting rates are required to offer a satisfactory 
signal of noise ratio. A second limit i s due to 
the fact that in EELS the edges lie in the mode
rate 1000 eV energy loss range, in which the 
EXELFS from one edge often overlap another edge. 
The accuracy of the procedure used for the esti
mation of nearest neighbour distances is defined 
by the overall energy loss domain over which the 
Fourier analysis of oscillations is performed. 
In the EXELFS situations, the low k truncation 
is determined by the necessity of avoiding multi
ple scattering events close to the edge while the 
high k truncation is imposed either by the onset 
of another edge or by noise. Altogether this 
restricted k-window degrades the capability of the 
method to solve local order problems. A last 
point worth mentioning is that the required theory 
is not fully developed for situations involving 
more complex edges (e.g. M23, M45 .. ) which are 
clearly observable in EEL spectra, and for cases 
departing from the dipolar approximation when 
large collection angles are used. 

Because of the limitations just discussed, 
we think that a more detailed study of the featu
res classified above as 1) and 2) is rather 
promising because it is easier to acquire spectra 
with an acceptable signa l to noise ratio. The 
remainder of this paper describes a selection of 
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examples of experimental recording of nea~ edge 
fine structures together with the theo~etical 
problems involved in their interpretation. 

Instrumental parameters 

The experimental work was p~rformed with the 
Scanning Transmission Electron Microscope (STEM) 
Vacuum Generators VG HB501 operated a~ Or~ay ov~r 
the past three years. Details concerning ~ts main 
modes of operation for imaging and analytical 
purposes have been described elsewhere (Colliex 
and Trebbia, 1982, Colliex and Treacy, 1983, 
Colliex and Mory, 1983). Hence we need only summa
rize the major characteristics pertinent to ~he 
recording and study of near edge structures in 
EELS. h · 

The STEM configuration delivers on the tin 
foil specimen a convergent bea~ of electrons 
within a probe of very small sized : the angle of 
illumination a0 governs the dimension and the shape 
of the distribution of primary electrons on the 
specimen entrance surfac~. In ou~ syst~m,_70 % 
of the incident current is contained within a 
circle of radius r ~ 0.3 nm for a0 = 7.5 mrad 
and ~ 2 nm for a0 = 15.0 mrad, these two condi
tions being the commonly used ones. The analysed 
volume can roughly be described as a cyli~der of 
section set by the primary beam and of height . 
imposed by the specimen_thickne~s, ~s long as it 
remains sufficiently thin to maintain the beam 
spread at a reason~ble level .. In most cases, 
the specimen properties are monitored by standard 
imaging and diffraction, so that a ho~ogeneous_ 
area can be chosen within a characterised speci-
men grain size, and repeatedly scanned during . 
the recording of spectra. In most cases, the acqui
sition area consists of a rectangular raster of 
several nanometers on a side. 

The spectrometer is a Gatan 607 homogeneous 
field magnetic sector, whose design compensates 
for second order aberrations. It has proven to be 
capable of achieving an energy resolution of the 
order of 1 eV on characteristic edges while collec
ting all electrons inelastically scattered ~ithin 
a collection angle S0 ~ 25 mrad at the specimen 
exit surface. Spectra shown below illustrate this 
typical performance level. 

The spectra are recorded in a sequential 
mode that is, an externally driven magnet current 
scan; them in front of the selection slit and the 
detector located behind them. A computer is used 
to govern the conditions of spectrum acquisition 
by applying a step function ramp on the magnet 
current. It also collects in a digital format the 
signals coming from the detector analogue to digi
tal converter (ADC) for the high counting rates 
in the low energy loss part of the spectrum, 
whereas a pulse counting mode is used for the low 
counting rates in the high energy loss part of 
the spectrum, the transition between the two 
domains being a priori fixed at a given energy 
loss channel. The important parameters are the 
number of channels used for recording a spectrum, 
the channel energy increment, the dwell time per 
channel and the counting rate. When one is inte
rested by a specific edge, an acquisition is made 
over 1000 channels with a 0.2 eV step increment 
such as shown in figure 4, whose caption lists 
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The results can then be processed for display 
in a useful way. A simple program strips the 
background by fitting to a model law generally 
chosen as A(~E)-R, following Egerton (19'.5). The 
determination of the A and R parameters is made 
by a least-square fit method over typi cally one 
hundred channels before the edge, following a 
Curfit program written by Trebbia (see Colliex 
et al., 1981). All results in the following ~ara
graphs are shown after such a backgr?und strip
ping, to reveal the fine structures in a _way 
similar to the illustrative diagram of figure 2. 

One major feature in EELS i s the occurrence 
of plural scattering which becomes important when 
the sample thickness approaches the total mean 
free path for inelastic scattering (typicallt 50 
to 100 nm for 100 kV primary electrons). It intro
duces sate llite edges in core edge spectra, which 
are due to the possibility of core and plasmon 
excitations by a single incident electron. The~e 
structures are shifted from the single scattering 
core edge by an energy equal to the plasmon energy 
and can be confused with real near edge structures, 
such as shown in fig. 6. for boron and nitrogen 
K-edges in specimens of increasing thickness. 
Programs for removing plural scattering events 
from core edge spectra have been developed by 
several authors, e.g. Johnson and Spence (1974) 
or Swyt and Leapman (1982). They can be classified 
either as Fourier-log or Fourier-ratio method, 
the first one being more advantageous at the 
price of more computing time because it also remo
ves plural scattering from the background (Egerton, 
private communication, 1984). These methods have 
not been used in the present study but should be 
implemented for further developments, when one 
wants to take into account Near Edge Structures 
lying more than one plasmon energy abov~ the edge. 
However, they are of less use when one is more 
concerned by the changes in edge shape, closer 
than the first plasmon loss to the edge. . 

A final comment should be made concerning the 
absolute energy values in spectra reported here. 
Where possible, features have been calibrated ~ 
against we 11-known edges or peaks such as the. TT" 

peak on the contamination carbon K-edge. Ou~ impres
sion is that absolute energy values are reliable 
to ~ 1 eV. 
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Theoretical considerations 

Without introducing p detailed mathematical 
treatment, it is useful to provide some general 
guidelines for the interpretation of the observed 
spectra. Since the fir st experiments on absorption 
spectra, it was postulated that the inten sity was 
determined by the product of a probability of tran
sition P(6E) with a density of states (DOS) for 
the unoccupied final states Nc(6E), such as 

(2) 

The first term P(6E) is governed by a matrix ele
ment between the initial and final states involved 
in the transition. Let us consider first a one
electron transition in which one core-electron is 
excited to an unfilled ~tate : the initial state 
is described by Ii > = lk0+0> for an incident free 
electron of wave vector k and a core electron 
wave function IO>= lwn 1tr) > and the final state 
by If> =lk,n > with a scattered free electron of 
wave vector k = k0 - q and an excited electron 
wave function In> = lwE 1•(r) >. In this latter 
case, one refers to a v~cuum state wave function 
of energy E and angular momentum 1 '. The tran sition 
matri x element 

P(6E) cr l<ilH- lf >l 2 

l 
( 3) 

where H. is the Coulomb interaction Hamiltonian, 
is govetned by the dipolar term 

( 4) 

in the small angle limit because one approximates 
eiq.r= l+i q .r . As a consequence, one obtains the 
wel l known selection rule s 1' = 1 ± 1, so that 
one deal s in an equivalent photoabsorption or a 
core-loss EELS measurement with a projection of 
the unoccupied density of states on a given type 
of momentum symmetry. Some success has been obtai
ned with this first simplified descriotion,e special
ly in the case of metals (see for instance Colliex 
and Jouffrey (1972), or more recently Grunes (1983): 
the near edge structure reflects the partial densi
ty of states obtained from a band structure calcu
lation, provided the matrix element factor is 
slowly varying with energy in this region . 

In the case of compounds, this method i s 
insufficient because it neglects an important effect, 
which can be described as a "local density of 
states" such as introduced 30 years ago by Friedel 
(1954). A very complete review of the present state 
of representation of the electronic structure from 
the point of view of the local atomic environment 
can be found in Heine (1980) ; he defines 

n(E,r) = n(E).l wE(r)l 2 in which the total density 
of states n(E) is modulated by lwl2 fora "typical" 
state of energy E. Roughly speaking, a core edge 
spectroscopy measurement provides a picture of 
n(E,r) on an atom, decomposed according to different 
angular momenta 1 with the projection operato, -s 
introduced by dipolar rules. There is a doubl e 
projection on the unoccupied density of states, 
one in space on the site of the core hole and one 
in symmetry. 
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Following Hayes and Boyce (1982) and 
Noguera (1981), this can be expressed on a more 
mathematical basis by introducing the Green func
tion for the final state. One writes the inten sity 
of the c~re loss excitation on the initial orbi
tal lwo(r) > as : 

.~ .++ 

won(6E)cr<wo(r)le 1qrl ImG(r,r' ,6E)le1qr lwo(r) > 

(5) 

where the G operator of the excited electron can 
be developed in terms of scattering events as 

(6) 

The zero order term G neglects all scattering on 
the surrounding atoms0

; it represents the atomic 
term, because W

0
n(6E) i s then equal to : 

.++ 

Zl<w (r) leiqr lw (r) >l 2 (7) 
n o n 

using the definition of the Green function: 

..!_ImG(r,r' ,6E)=Zlwn(r) >8[6E-tl2
2

(k~-k~)l <wn(r)I (8) 
TT n m 

When one uses the expansion of the above 
scattering series to first order, the expression 
corresponds to single scattering and can be rewrit
ten as : 

. -+ -+ 

~l<~o(r) le1q.r lwn(r )>l 2 (l + x(q)) (9) 

where one recognize s the modulation factor x(q), 
introduced in EXAFS theory. It actually contains 
information on the neare st neighbour s in thi s 
single scattering approach and detailed calcula
tions of x(q) are found in Lee and Pendry (1975). 
The natural development consists of introducing 
higher order terms which correspond to multiple 
scattering from the environmental atoms (see 
Fig. 5). This is the method followed by Durham 
et al. (1981) and (1982) for the calculation of 
X-ray absorption near-edge structure (XANES). We 
can check that it is formally equivalent to a 
local density of states because one can rewrite 

-+ 1 -++ 
n(E,r) = - Im G(r,r,E) (10) 

TT 

as shown by Heine (1980) . In practice, the multiple 
scattering calculation is done in real space by 
considering a cluster of atoms surrounding the 
excited atom. This approach can accommodate such 
requirements as the use of an excited atom poten
tial for the absorbing atom, which cannot be done 
very conveniently in a band structure calcu l ation. 
Within the framework of the tight-binding appro
ximation an expansion of the sol id state wavefunc
tions as a linear combination of atomic orbitals 
greatly reduces the required computing time for 
finite clusters. Disko et al. (1984) have recently 
performed such a simplified calculation of the 
p- DOS localized at the excited atom for both Be 
and Cina Be2C structure. 

In the above description, the remaining elec
trons of the solid have been assumed to be unper
turbed in their original states during the one-
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(a) 

EXAFS 

electron core excitation. What is the importance 
of multielectron effects in XANES, such as the 
relaxation of the valence electrons to screen the 
core hole or the induced core-hole excited elec
tron interaction? In the case of a metallic alloy, 
one can expect that the free conduction electron 
gas efficiently screens the hole created in the 
core level. The importance of many-body correla
tions has been the subject of several papers in 
the late sixties-early seventies (see for instance 
Mahan, 1974 and Dow, 1974) concerning the shaping 
of Kor Lz3 edges. Altogether, the energy width of 
such effects was predicted to be smaller than 
typically 0.3 eV and therefore inaccessible in 
most EELS experiments. 

The situation is however very different for 
in sulator s with band gaps of a few eV between the 
filled valence and unfilled conduction bands. In 
this case, the core-hole is poorly screened by the 
valence el ectrons which are involved in localized 
bonds, so that there generally remains a strong 
coulomb interaction between the core-ho le and the 
excited electron leading to the likely formation 
of core-excitons. As pointed out by Grunes (1982) 
the symmetry projected final states of the transi
tion s are not those of the unperturbed initial 
solid. One must consider the influence of a partial
ly screened hole and it is not expected that such 
a final DOS will be equivalent for excitations on 
different atoms in the same solid. Even for atomic 
spectra, the influence of many electron effects 
cannot be ruled out, variou s intrashell and inter
shell correlations being involved in the exact 
description of delayed atomic spectra of type band 
d described above (Amusia, 1974 and Wendin, 1974). 
Further examples will be given in the next section. 

In summary, a hierarchy of contributions can 
be referred to when attempting to understand 
features in the near edge structure : 

. atomic effects, with or without multielectron 
correlations ; 

. environmental effects, determined by the local 
density of states on the excited electron si te. 
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(b) 

XANES 

These are governed mainly by spatial site and 
angular momentum symmetries and can (or cannot) 
be accompanied by multielectron rearrangements. 
A description in terms of molecular orbitals 
naturally constitutes a first step for describing 
this environmental contribution because the nearest 
neighbour bonding largely defines the symmetry of 
the unoccupied wave functions on the core-hole 
site. 

Results and discu ssion 

GeneAaf c.ommen;t,!,. 
The number of accessible edges in EELS is 

very large as shown by the great number of spec
tra displayed in libraries such as the one edited 
by Ahn and Krivanek ( 1982) . It becomes enormous 
as soon as one is concerned about fine structure 
changes in different chemical environments and 
crystallographic structures (for instance, there 
are twelve forms of sili ca structures ! !). The 
present work remaining limited, it contains a 
subjective choice of compounds. We concentrate on 
oxides, because apart from their natural abundance, 
the oxygen K edge cannot be easily studied with 
synchrotron techniques. We have added some other 
edges for low Z elements and have decided to 
clas sif y them in the following section, as a func
tion of their angular momentum symmetry, since the 
dipolar approximation constitutes a major rule for 
interpreting lineshapes. 

In all cases, an effort has been made to 
record spectra from well defined specimen areas 
and crysta llographic structures, checked by stan
dard imaging and diffraction techniques. 

Bo~on K-ed, e. (Fig. 6) 
For a 1 K edges stud ied here, the genera l 

atomic profile is hydrogenic consisting of a saw
tooth shape with a steep edge followed by a mono
tically decreasing tail. 
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Bo~on-NiVl.ide (BN). 
The specimen consists of thin flakes of 

hexagonal graphitic BN deposited on a holey car
bon film. One choses protruding areas to get rid 
of the carbon K edge contribution. Thickness 
ranges from typically 10 to 50 nm and the influence 
of multiple scattering i s illustrated by compari
son of the Band N-K edges for thin and thicker 
areas {Figs. 6a, 6b, 6c and 6d) : the relative 
intensity of peaks marked d and e with respect 
to oeaks a, band c closer to the edge clearly 
depends on specimen thickness . For interpretation, 
a low loss spectrum is shown in Fig. 6e which 
exhibits two main features all and bll · It seems 
reasonable to assume that in the BN-nitrogen K 
edge, peaks dN and eN correspond to multiple scat-
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tering events involving the all and bll low loss 
features. Table 1 summarizes the energy positions 
of all peaks appearing in Figure 6. 

When one considers the relative energy separa
tion of the main three peaks a, band c in both 
boron and nitrogen K edges, it is clear that they 
coincide to within 1 eV although their relative 
intensity varies . This observation may be taken 
as evidence that both transitions, originating 
from similar 1 s orbitals localized either on 
boron or on nitrogen atoms, go to the same £ = 1 
type of final state. Moreover both sites have the 
same co-ordinate geometry comprised of atoms of 
the other species, in the graphitic structure 
(a= 2.51 ~. C = 6.66 ~). 

Our experimental results provide high resolu
tion spectra which confirm previous ones (Colliex, 
1984a, Hosoi et al., 1982, leapman et al., 1983, 
Stephens and Brown, 1981). The interpretation of 
these data has been formulated from the beginning 
in terms of unperturbed DOS of unfilled conduction 
states, following several band calculations such 
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TABLE 1 * 
Energy position of all peaks appearing in Fig. 6. 

a b C d e 
eV eV eV eV eV 

BN-Boron 190.90 197.70 203.20 206.30 214.10 
K edge ± I .o ± 1.0 ± 1.0 ± I. 0 ± 1.0 

BN-Nitro- 400.30 406.70 413.70 425.40 438 , I 0 
gen K ± 1,0 ± 1.0 ± 1.0 ± 1.0 ± I. 0 

edge 

BN-Low 
Loss 8.70 26.30 
Spectnnn ± 1,0 ± 1.0 

Amorphoui; 
Boron K 192 200,6 
edge ± 1,0 ± 1.0 

:: Note that al though the full width half maximum 
resolution of the spectrometer is of the order of 
1 eV, the maximum in a spectral peak can be located 
very much more accurately. 

as Nakhmanson and Smirnov (1972). The peak label
led a is associated with a n:: type final orbital 
(in the direction perpendicular to the hexagon~l 
lattice planes) while peaks band c refer to a" 
type final orbitals in the hexagonal plane. This 
model is supported by the detailed work of Leapman 
et al. (1983) who have investigated the orienta
tion dependence of these core edges. If a configura
tion of crystal and collector aperture is chosen 
which favours momentum transfer parallel to the n 
bond, the corresponding n:: peak is more intense 
and, for momentum transfer in the hexagonal plane, 
it vanishes with respect to the a:: peaks. In our 
experimental conditions, the large acceptance angle 
of the spectrometer mixes both contributions and 
the recorded spectrum gives a rather good represen
tation of the total DOS of unoccupied states, inclu
ding both TT and a type molecular orbitals. It is 
not yet clear whether the exact absolute position 
and intensity distribution in these three peaks 
has to be attributed to core-exciton features or 
to local density of states effects. Finally we note 
that Hosoi et al. (1982) have compared these charac
teristic Band N-K edges in several types of crys
talline structures, including hexagonal type as 
above, cubic type and wurtzite type. There again 
a rough agreement with DOS-calculations seems to 
exist. 
Amo1tphoU/2 bOJton. 
The last spectrum (Fig. 6f) corresponds to a thin 
foil , typically a few nm thick of amorphous boron 
as prepared by Dorignac et al. (1979) . The fine 
structure is much poorer : it only consists of a 
narrow peak followed by a broader and less intense 
one at 8eV higher energy. Similar features will 
be described below in molecular systems. It seems 
reasonable to think that since there is no well 
organized order around any of the excited atoms, 
one has to assign a fundamental Rydberg final 
state for peak a followed by transition to the 
continuum for peak b. 
Ca1tbon K-e.dge.. (Fig. 7 to 11) 
In solid samples, the carbon K edge is the most 
frequently studied case. Fig. 7 shows the spectra 
recorded in the three main types of carbon speci
men : amorphous carbon (7a), graphite carbon (7b), 
diamond carbon (7c) plotted on the same energy 
scale. There exist strong similarities between Figs. 
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7a and 7b with the presence of a narrow peak 
typically 1.5 eV wide at the edge, followed by 
a maximum lying 6 or 7 eV above. In the graphite 
case the structure ranging from about 6 to 40 eV 
above the edge displays clearer modulations o 
Following earlier work, one can attri~ute the 
origin of the peak at the edge to a TT" molecu)_ar 
orbital and those in the subsequent band to a" 
unoccupied states, as has been confirmed by 
the orientation dependence experiments of Leapman 
et al. (1983). The general agreement with unper
turbed DOS curves must not prevent one from poin
ting out the fact that the TT:: peak lies at an 
energy typically 2 eV below the predictions of 
the theory while the agreement is better for the 
a~ peak. This effect has been more thoroughly 
considered by Mele and Ritsko (1979) in a study 
of the ls-carbon fine structure in intercalated 
graphite. They have clearly shown that the TT:: 

line shape and position differ from a ground 
state calculation. They have developed a scatte
ring theory formalism similar to the one mentioned 
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above to predict the density of states in a non
periodic structure with a core-hole on one site. 
It comes out that the labeled 71:: peak corresponds 
more to a core exciton than to the ground state 
density of the antibonding 71 bond. We think that 
these considerations could be extended to explain 
the narrow and intense 71:: type peak which is also 
present in the case of amorphous carbon. 

For the diamond case, there are strong diffe
rences with the preceding spectra : one notices 
first a "shift" of edge position of the order of 
5 eV, which corresponds more to a disappearance of 
the 71~ peak. The additional structures above 290 eV 
have been interpreted qualitatively in terms of 
the unperturbed DOS by Egerton and Whelan (1974). 
The difference between the graphi te and diamond 
fine structures is understandable in terms of the 
difference in orbitals hybridation (sp 2 versus sp 3

). 

In the above spectra from solid carbon speci
mens, there i s no need to distinguish different 
s ite s because they are all equivalent. The problem 
becomes even more difficult in specimens involving 
molecular bonds with atoms of different nature. 
This situation is illu strated by some examples. 
Fig. 8, from Isaacson (1979), clearly shows the 
difference in edge shapes for carbon atoms invol
ved in different molecular environments in nucleic 
acid bases. Fig. 9 concerns the K-edge of carbon 
in molecular CO from Hitchcock and Brion (1980) 
and, for illustration, Fig. 10 is an example of a 
photoabsorption spectrum in the same energy range 
for CzH2 and CzH4 molecules from Pittel et al. 
(1979). In such spectra, two regions can be easily 
defined because in molecules the energy E0 of the 
threshold of transition to continuum states in 
the vacuum can be unambiguously measured indepen
dently by ESCA (Electron Soectroscopy for Chemical 
Analysis) - E is the energy of the core ioniza
tion potentia?. Therefore, one separates the region 
of discrete transitions below E0 , which is charac
terized by an intense narrow peak, and the conti
nuum transition above E0 • In this second domain, 
Bianconi (1981) has shown how the excited electron 
with low kinetic energy is strong ly scattered by 
neighbourin g atoms and is therefore in the multi
ple scattering regime. These multiple scattering 
resonances labeled MSR in Fig. 10 are governed in 
number and intensity by the symmetry of the mole
cules - the example shOlm being typical for a 
linear molecule. 

In contrast, the fine str ucture below the 
ionisation edge, that is the main peak in Figures 
9 and 10, is due to transitions to unoccupied 
valence orbita l s. Bianconi (1981) has derived a 
correlation between the chemical shift in E0 
defined above, and the fir st excited state in mo
lecules with simi lar geometry, as shown in Fig. 11. 
This graph could be used to obtain information on 
the effective charge of the absorbing atom. These 
examples show the importance of molecular studies 
for understanding the origin of edge fine struc
tures. Of course, it is not at present possible 
to determine the ionization energy from energy 
loss spectra in the solid state. 
Mole.c.ui.aJL N2 and OrK e.dge.-6. (Fig. 12) 

Before considering oxygen K-edge shapes in various 
oxides, it is useful to show spectra of the K-edge 
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for nitrogen and oxygen in Nz and Oz gases as 
recorded by Hitchcock and Brion (1980) (Fig. 12). 
Both spectra show simi lar features, namely an 
intense discrete line followed by structures of 
weaker intensities clearly revealed upon verti
cal scale expansion. Also marked on the figure s 
are the location of the nitrogen and oxygen ls 
ionization thresholds. The interpretation of 
these spectra involves a transition to a final 
2p71g(71::) orbita l for the intense line which is 
the main contribution of oscillator strength 
for transitions to unoccupied discrete states, 
together with some of the fine structure before 
the ionization edge assigned to transitions 3s, 
3p and 4s molecular orbitals. Concerning transi
tions to the continuum, there can exist resonance 
effects due to the molecular centrifugal barrier 
acting on the higher £ components of the final 
states, as pointed out by Bianconi (1981). 
Ox.yge.n K-e.dge. -<.n ou de.-6. (Figs . 14 to 17) 
The results are gathered in three figures, being 
devoted respectively to li ght metal oxides (MgO, 
Alz03 and Si0z) in Fig. 14, to transition metal 
oxides (Scz03, TiOz and NiO) in Fig. 16 and to 
rare earth oxides (Laz03, Gdz03 and Ybz03) in 
Fig. 17. The major specimen characteristics are 
listed below. 
MgO - Small cubes are obtained by burning magne
mm foil in the air. The resulting monocrystal s 
were analyzed with (100) axis parallel tQ the 
beam. Rock-salt structure with a= 4.21 A. 
Fig. 13a shows a typical micrograph : EELS analy
sis is performed on cubes of typical thickness 
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25 to 50 nm. Both Mg and O atoms have the same 
octahedral environment. 

Alz03 - The specimen i s the Yt alumina support 
~for studie s of Pt clusters catalyst s . It i s 
actually a hydrated alumina (Al203, xH20 with 
0 < x < 0.6) obtained after thermal treatment of 
boehmite. The observed structure is tetragonal 
with a slight distortion (c/a = 0.98) compared 
with the cubic structure, in which case a= 7.9 ~ 
(courtesy of Institut Fran~ais du Petrole). 

SiOz- The specimen is a monocrystal of a-quartz 
pr~pared by ion thinnin g. The a-quartz i s hexagonal 
built on a fundamental structural unit, the Si04 
tetrahedron. All silicons are surrounded by four 
oxygens in the tetrahedral directions, but each 
oxygen is bonded to only two silicons and the Si-0-
Si angle, ¢, varies from one allotrope to another. 
As a consequence of beam irradiation one preserve s 
the constant tetrahedral environment for the Si
atom, but introduces quite variable envir onments 
for the oxygen atoms. 

Scz03 - See R203 cubic structure (below). 

Ti02 - Rutile form - monocrystal prepared by ion 
tnmning. It crystallizes in a tetragonal lattice 
in which the oxygen atoms are arranged in a dis
torted octahedron around the titanium atom 
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and three titanium atoms lie in a plane around the 
oxygen atom (see Grunes et al., 1982, for a comple
te calculation of crysta l and band orbitals for 
Ti02). 
NiO - It i s crystallographically similar to ~gO 
wITh a rocksa lt type str ucture (a= 4.18 ~) in 
which both Ni and O atoms have the same well 
defined octahedral environment. The specimen is 
a monocrystal prepared by ion thinning. Fig. 13b 
shows a characteristic electron diffraction pattern. 
Rare-earth oxi des R203 (including Sc203). 
The specimens are thin evaporated foil s of rare
earth metals heated in the electron microscope 
column under the primary electron flu x (see 
Gasgnier, 1980, for details). Rare-earth oxides 
(R203) are polymorphic chemical compounds charac
terized by three crystallographic structures : 
A-type (hexagonal), 8-type (monoclinic) and C-type 
(b.c.c.). Each one is described as a succession of 
slabs of the complex cation [RO]n+separated by 
oxygen anion planes (Caro, 1968)~ When heated at 
high temperature, the A structure is obtained for 
La, Pr and Nd sesquioxides, the B structure for 
Sm, Gd and Tb sesquioxides and the C structure for 
the heavier rare-earth oxides including the scan
dium oxide (scandium can be considered for many 
reasons either as a transition metal or a rare
earth metal). Without delving into a detailed 
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description of the corresponding structures, let 
us point out that in all cases the oxygen atoms 
are approximately tetrahedrally surrounded by four 
metal atoms, the difference between these three 
crystal structures occurring in the second nearest 
neighbour and the metallic site environments. 
Figure 13c shows a characteristic image of a B Gd20 
large crystal with typical twins and holes 3 
contours - in this monoclinic structure the angles 
between the hole edges are not exactly 120° as in 
a characteristic A-type oxide. Figure 13d presents 
the corre sponding diffraction pattern with a 
pseudo-hexagonal symmetry. 

For the three light metal element oxides 
in Fig. 14, the edge consists of a major single 
peak (a) at the edge, the position of which shifts 
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gradually towards higher energy losses from MgO 
to Si02. All spectra display also a weaker and 
broader peak at energies lying between 15 eV and 
25 eV above the first one, for which an explanation 
in terms of a plasmon satellite cannot be ruled 
out. The MgO K edge shows moreover an intermediate 
peak (b) at 542 eV. To interpret these features, 
one can_note that in both Al203 and Si02 the gene
ral environment of the oxygen atoms is poorly 
define~. Concerning the more well defined MgO case, 
the maJor peak at the edge (5 eV wide) does not 
seem to be split for an octahedral environment. 

The discussion can be developed by comparing 
this result with the associated Mg K-edge in MgO 
(Fig. 15). Both edges refer to the same £= 1 
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MgO ; (bl 0-K in MgO. 

symmetry final state and to the same octahedral 
site symmetry. The present result seems to be in 
contradiction with the data shown by Taft~ and 
Zhu (1982), in which a prominent 8-10 eV broad 
quasi-gaussian peak at threshold is seen on K
edges of Mg and Al octahedrally coordinated by 
oxygen atoms. It is observed that the splitting 
of the first three peaks are rather similar in 
both the Mg and OK-edges (Table 2). 

Similarly to the BN case which displays the 
same general trends, the major difference lies in 
the relative intensity between these three features. 
One can postulate that the spectral weight is such 
that the states at the bottom of the band have an 
enhanced weight on the oxygen atoms and a reduced 
one on the Magnesium atoms. An unperturbed DOS 
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TABLE 2 

Energy position of all peaks appearing in Fig. 14. 

MgO a (eV) b (eV) C (eV) b-a (eV) c-a( eV) 

0-K 532 .2 540.8 552.0 8.6 19.8 
edge ± 1.0 ± I .0 ± I. 0 ± 0.2 ± 0.2 

Mg-K 1305.5 13 12.0 1324.5 6.5 19.0 
edge ± I .0 ± I .0 ± 1.0 ± 0.2 ± 0.2 

Note the improved accuracy in e nergy difference 
measurements with respect to accuracy in absolut e 
energy value. 

calculation by Pantelides et al. (1974) actually pre 
dicts the existence of three such main contributions 
in the conduction band, the first one being split 
into two components separated by about 2 eV. The 
present experimental study offers no clear eviden
ce as to whether these three observed features in 
the ELNES are due to structure in the unperturbed 
DOS or to core excitons. In Figure 16, we show 
three examples of oxygen K near-edge fine struc
tures for Sc2O3, TiO2 and NiO; transition metal 
oxides (not including Sc2O3) have been the subject 
of a very extensive work by Grunes (1982) the part 
of which concerning the oxygen K edge was published 
in Grunes et al. (1982) accompanied by original 
DOS calculations for TiO2 and NiO. Our discussion 
will therefore be very limited because everything 
which can be said in the oresent state of knowled
ge and interpretation is expressed in these refe
rences. One can notice the close resemblance 
between our NiO-O K edge and theirs for the posi
tion and shape of the first three maxima, our 
curve containing further structures at higher 
energy lo sses . Our TiO2-O K edge also shows the 
splitting of the first two peaks, as does our 
original work on Sc2O3. Such a splitting seems to 
be common to the first peak in the oxygen K edge 
in a tetrahedral environment. 

The above hypothesis is confirmed by examina
tion_of the oxygen K-edge fine structures in R2o3 
specimens. Whatever the detailed crystal structure, 
they seem to be characterized by a main band type 
profile of about 7 to 8 eV wide, generally split 
in two peaks. This splitting is very clear for the 
C-structure, weaker for the A and B-structures 
(in A, it is generally asymmetric with the second 
peak more intense than the first one, and in Bit 
is so weak that in some cases it could be confu
sed with a rounded profile, as in a preliminary 
report (Brown et al., 1984). This general behaviour 
might be considered, in the absence of more ade
quate theoretical description, as a fingerprint 
of the tetrahedral environment for oxygen atoms. 
L23 edgv., in MgO, Ai 203 and Si0 2. (Fig. 18) 

The general behaviour of the L23 edges is governed 
by the atomic-like distribution of the oscillator 
strengths of 2p ➔ nd type excitations, because the 
transition strength tons-type final states is 
much lower. Hence L23 excitations probe the vacant 
ct-symmetry orbitals. For Mg, Al and Si oxides, 
these orbitals lie rather high in energy above the 
edge (typically 15 to 25 eV) giving rise to a 
delayed maximum as noticed in the early works of 
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Swanson and Powell (1968) and Colliex and Jouffrey 
(1972). When one proceeds to transition metal 
oxides these d-type orbitals move through the 
Fermi level so that the general shape is very 
different, appearing as a typical "white line" edge . 

In contrast to the O-K edges, the L23 edge 
fine structures are very intense and visible in 
all cases. This is a consequence of the fact that 
the local environment of the metallic ion is 
always well defined. One notices several important 
effects. The first one is a clear "chemical shift" 
that is a displacement of the position of the 
first rise with respect to the pure Mg, Al or Si 
case. We measure shifts of 3 eV for SiO and 6 eV 
for SiO2 by comparison with the L23 edge thres
hold in pure Si at 99.5 eV. 
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An interpretation had been provided by Ritsko 
et al. (1974) for the general exte nded modulations 
between 20 and 80 eV above the edge in terms of 
EXAFS structures ; it does not predict anything 
for the structure s near threshold. One must then 
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refer to a XANES type interpretation . Our measured 
Si L23 edge in SiO2 (Fig. 18c) bears a close resem
blance to the absorption curve of Bianconi (1979) 
for bulk SiO2, The near-edge structure is very 
similar to the XANES of SiF4 gas, that is a typical 
example of solid state spectra retaining the main 
features of gas spectra. This observation confirms 
our previous hypothesis that the L23 XANES (or 
ELNES) of SiO2 are mainly due to the microscopic 
structural tetrahedral unit SiO4. Our Al2O3 spec
trum (Fig. 18b) also bears a close similarity to 
the synchrotron curve for cry stalline Al2O3 shown 
by Balzarotti et al. (1974). In these compounds 
again, the ELNES are defined by multiple scattering 
inside the first coordination shell. Such "molecu
lar type" effects could be used to determine the 
coordination geometry. Altogether these examples, 
including the well defined MgO situation,consti
tute valuable experimental data for future inves
tigations to evaluate the role of the projected 
DOS of the unperturbed solid (as yet uncalculated) 
in determining the measured spectrum. 
L23 e.dgu ,i.n .t.'LaVil.,d.,fon me.ta£. oudu. (Fig. 19) 

In the 3d tran sition metal oxides, the metallic 
3d orbitals combine with the oxygen 2p orbitals 
to make up the valence and conduction bands. 
There exists therefore a high density of unoccu
pied d states just above the Fermi level, and, 
as a consequence, an inten se probability of tran
sition for 2p-core levels . It is clearly shown in 
the spectra of Fig. 19, for which most of the 
intensity is concentrated into the first lines 
L3 and L2 separated by the spin orbit splitting 
of the initial state, 2p312 and 2p112 re spectively . 

Apart from our curve for Sc2O3, which is original , 
the re sult s for TiO2 and NiO are in good agreement 
with the data obtained by Grunes (1982) and publis
hed in Leapman et al. (1982). The major effect is 
a superposition of a crystal field effect on the 
metallic ion sites which splits both the L3 and L2 
lines into another pair of lines separated by 
1.6 eV in Sc2O3 and 2.5 eV in Tio2. This splitting 
does not happen for the NiO case. A rather complete 
discu ss ion of its origin can be found in Leapman 
et al. (1982) and Grunes (1982). The cluster mole
cular orbital approach due to Fischer (1971) shows 
how the octahedral coordination of Ti atoms with 
oxygen splits the degenerate unoccupied 3d state 
into lower energy 2t 2 and higher energy 3e mole-g g 
cular orbitals separated by an observable energy . 
For transition metals at the beginning of the d 
series, both molecular orbitals are unoccupied 
while for the 3d metals at the end of the series 
only the upper level remains vacant, precluding 
the existence of a splitting. This simple molecu
lar orbital theory can predict only spectral peak 
energies but nothing about their shapes and widths. 
Consequently, a solid state conduction band DOS 
has been calculated by Wilker and Hoffmann, for 
which the Ti -projected DOS is shown in Grunes (1983). 
The two peaks in the unfilled DOS, centered at 
about 2.8 and 7 eV in the rutile phase, are how
ever more widely separated than in the experimen-
tal results. 
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Another important aspect of the L23 edges lies 
in their absolute energy position when compared 
to their equivalents in the 3d transition metals . 
As shown by Leapman et al. (1982), apart from the 
splitting already mentioned for TiO2 and the case 
of Cu and CuO - in which the metal step edge is 
modified into a peak in CuO due to mixing of Cu 
ct-orbitals and Op-orbitals into the conduction 
band - the shape of the "white lines" remains 
rather similar in all other cases. Consequently, 
one can measure an EELS chemical shift of the L3 
edge, for instance, between oxide and metal in a 
way very similar to the XPS (X-Ray Photoelectron 
Spectroscopy) chemical shift. The results are how
ever very different and one does not find in all 
cases the usual XPS chemical shift towards higher 
energies for oxides (associated with the fact that 
the oxide metal 2p level lies deeper than in the 
pure metal). One must be aware that in XPS the 
final state for the excited electron lies in the 
continuum at energies far above the Fermi level, 
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which is unchanged between metal and oxide. Conse
quently, the XPS chemical shift only refers to 
the position of the core 2p level. On the contra
ry, in EELS as well as in X-ray absorption, the 
excited 2p electron is in a localized 3d state : 
the chemical shift is affected both by the posi
tion of the 2p core level and by the modifications 
in unoccupied states close to the Fermi level, 
such as the creation of a band gap, for instance. 
The situation is much more complex and Leapman 
et al. (1982) have discussed several tentative 
explanations including differences in the relaxa
tion processes of the valence electrons around 
the core hole. 
M45 edgv.i in Jta.Jte-eWL-th oudv.i . (Fig. 20) 
From Z = 57 to Z = 71 the rare-earth series is 
characterized by a progressive filling of the 
4f levels from 4fO in La to 4f14 in Lu. These 
orbitals are generally described as localized 
functions lying on each atomic si te well within 
the 5dl6s2 conduction electrons orbitals. 

In the present work, we have only considered 
trivalent rare-earth oxides of type R203 in ~,hich 
case the R-5d16s2 wave functions mix with the 
oxygen 2p wave functions to form the combination 
of valence and conduction bands. 

The M45 edges refer to the excitation of the 
3d312 and 3d512 R-electron s lying typically 
between 800 and 1600 eV below the Fermi level. 
Figure 20 shows five typical examples covering 
the whole series of lanthanide s. They generally 
appear as "white lines" that is again as a pair 
of narrow and intense peaks followed by rather 
constant contributions over which are superposed 
EXAFS oscillations. Similar data have been publis
hed by Krivanek (1982). The two line s can be 
labeled as M5 for the excitation of the R-3d512 
electrons and M4 for the R-3d312 electrons. As 
shown in Fig. 21, the energy difference 
(M5 - M4) i s a measurement of the spin-orbit 
splitting of the 3d level. It continuously increa
ses from ~ 16 eV in La203 to ~ 42 eV in Tm203. 
Another general behaviour concerns the intensity 
ratio M5/M4 which varies regularly as the number 
off electrons increase s. At the beginning of the 
serie s , the M5 line i s weaker than the M4, while 
at the end the M4 line has nearly completely 
vanished. In Fig . 21, the inten sity ratio i s 
estimated from the peak areas after background 
subtraction. It can be done with rather good 
accuracy for the lighter lanthanides, but a great 
source of error ar i ses for the heavier ones becau
se there is a superposition of the M4 peak with 
the low energy loss satellites of the M5 peak. 
This constitutes a typical example for which a 
deconvolution procedure would be useful. As for 
interpretation, it is clear that the ratio departs 
from the simple 3/2 ratio which could be predicted 
from the relative degeneracies of both the 3d5;2 
and 3d3;2 initial level. Instead more complex 
rules for the probability of transition in inter
mediate or j-j coupling must be involved. When 
one considers such a white line in more detail, 
fine structures are resolved as shown in Fig. 22 
for the M5 edge in Er203. For comparison, we al so 
show an X-ray absorption spectrum due to Karnatak 
(private communication, 1984) and the position of 

505 

Counts, 1000 

·',·~.····.~ ® 
800 850 000 t>E(eV) 

Counts • 1000 

········ ...•...... _ 

® 
050 1000 10 50 1100 AE(eV) 

Coun t s, 1000 

© : · .... ·~ .......... ,··•- ........ , ___ _ 
·._..,., 

1000 1050 1100 AE(eV) 

0 .5 @ 
_/·-

1400 145 0 1500 t>E(eV) 

Counts• 1000 

___ ./· ....... -----------© 
1500 1550 1&00 ,050 t>E(eV) 

Fig. 20 - The M45 edgv., in nMe-eWL-th oudv., 
(a.) La.203 ; (b) Ndz03 ; (c.) Srnz03 ; 
(dl Enz03 ; (el Ybz03. 



Colliex C. et al. 

0 -"' 
"' Q) 
~ 

"' 
.:,f. 

"' Q) 

a. 

16 
I 

5 

4 

3 

. 
2 

0 1 

La 

/ 
3 4 6 7 9 10 11 12 13 14 

Gd Tb Lu _ 

nb of 4f electrons 

60 

sol 
40 > 

Q) 
--.._ 

30 ~ 
~ 
I 

"' 
20 ~ 

10 

Fig . 21 - VaJUa..U.on in oepMa;t.i,on and Mea '1.0vti,o 06 
the Ms and M4 white uneo ac.Jtooo the 
o vueo o 6 lanthanide o udeo • 

'!Counts, 1000 . 

\ ·, 
1.5 I._ \ 

~ - l 

1400 1420 u40 ueo 6E {eV ) 

20 

,o 

Counts ,1000 

I 

1 
\:I 
-1;! 

"· ® 
uoo 1420 1440 1460 6E (eV) 

Fig. 22 - (a l M5 edge in En2o3 obtained by EELS. 
(bl M5 edge ert!tac:ted 6nom X-My aboonp

tion meaoUJc.emento ( KMnata/1., ptivate 
c.ommunic.a;t.i,o n I . 

the M5 line as extracted from photoelectron spec
troscopy measurements. One important aspect is that 
there is very little chall{Je between these lines 
recorded from the pure metal and from the oxide. 
This is because the modifications induced by the 
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bonding do not involve any of the initial or final 
wave functions for the M45 edges. In the case of 
different valence states (that is, change from 
3 plus to 4 plus as in Pr compounds) preliminary 
absorption measurements have shown clear modifi
cations on the M5-M4 lines. 

In the spectra of Fig. 20, it is clear that, 
as a consequence of the strongly localized nature 
of the 4f wave functions in rare earths, the 
observed lines have to be interpreted in terms of 
atomic spectra, calculated for triply ionized 
free atoms. The theoretical work devoted to this 
~roblem (Sugar, 1972a, Bonnelle et al., 1974, 
Bonnelle et al., 1977, Karnatak et al., 1981) 
can be summarized as follows. The symmetry rule 
favours transitions of typed+ f. A strong 
repulsive potential barrier allows an easy pene
tration of the 4f orbitals on the atomic site, but 
repels the 5f ... Ef of higher principal quantum 
number. A one electron transition such as the 
3d + 4f model is insufficient to explain the dis
tribution of the observed fine structures ; one 
has therefore to consider transitions between 
electron configurations, such as : 

3d10 4fn + 3d9 4fn+l (11) 

Simple cases with LS coupling and a strong spin
orbit term have been calculated and the relative 
energy positions and oscillator strengths are in 
good agreement with the observed structures. 

N45 edgeo in nM e-eanth oudeo. (Fig. 23) 
For the same specimens, one records in the 

energy loss range 100 to 200 eV a family of rather 
characteristic profiles, which can be attributed 
to the excitation of the ~d

312 
and 4d512 electrons 

on the rare-earth ions. Some examples are shown 
in Fig. 23. They are in rather good agreement 
with edges already recorded in EELS (Trebbia and 
Colliex, 1973, Ahn and Krivanek, 1982) or in X-ray 
absorption measurements (Zimkina et al., 1967, 
Haensel et al., 1970). They are characterized by 
the exi s tence of one main resonant absorption 
which lies typically at 10 or 20 eV above the 
edge position tabulated in photoelectron spectros
copy measurements (see arrows on the spectra). 
Moreover they display a variety of fine structures 
-single or double peaks- which do not seem to 
follow a simple rule. Here again an atomic model 
following Dehmer et al.(1971) and Sugar (1972b) 
seems to provide a rather satisfactory description 
of the observed N45 lines. It considers atomic 
transitions of type 4d10 4fn + 4d9 4fn+l in triply 
ionized atoms. The main difference with the 
previous case is that the coulombian and exchange 
interactions between the 4d hole and the 4f elec
trons are much stronger than the spin-orbit inter
action. Consequently, the multiplet splitting in 
the final configuration redistributes all final 
states over a rather large energy domain and 
prevents one from clearly discriminating the N4 
and N5 edges. To conclude, the comparison between 
the 3d + 4f and 4d + 4f transitions in the same 
rare-earth oxides is very useful. In a single 
electron model, both transitions would probe the 
same final level and the relative distribution of 
near edge intensity would be comparable. Clearly 
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thi s is not the case,and one has to consider tran
sitions in a multielectron system, in which there 
exist strong intraatomic electron reorganizations 
around the primary hole. 

Conclu sion 

Edge shape analysis in EELS constitutes an 
intrinsically powerful technique for probing local 
chemical, electronic and structural properties from 
an atomic point of view in the solid. It is there
fore highly advisable to push further experimental 
and theoretical efforts in this direction. The 
present paper has shown that the task of collecting 
reference spectra, though sti ll in its infancy, is 
not impossib le. A catalogue of spectra provides a 
major source of information and in many cases one 
can begin to compare new edge shapes with a compi
lation of previous ly recorded ones on well- defined 
specimens. Such a systematic approach is also being 
adopted by the synchrotron radiation community, in 
the absence of satisfactory theory. Thus compari
sons are being pursued of transition metal K-edges 
in various chemical environments (see for instance 
Calas and Petiau, 1983, Sayers et al., 1984). On 
the other hand it is desirable that the availa bility 
of high quality experimental spectra further stimu
late s theoretical work on spectral interpretation, 
either using the multiscattering approach of the 
XANES formalism, or usin g band structure projected 
DOS calculations. 

The potential information derivable from the se 
fine structure studies can be classified according 
to spectral region as follows (one considers both 
EELS and X-ray absorption spectra bearing in mind 
that the second one is more powerful in terms of 
sensitivit y for homogeneous specimens , while the 
fir st one has the advantage of studying heteroge
neous systems with a typical 10 nm resolution) : 

. edge thre shold : information on the valence state 
or bond covalency for the chemical state of the 
absorbing atom; concerning the first atomic shell 
around thi s specific site, it can perhaps indicate 
the symmetry and even its distortion at a particular 
site. This method should be compared to optical 
spectroscopy, electron spin re sonance or Mossbauer 
t echnique . 

. EXAFS (or EXELFS) : deals essentiall y with pro
pert i es of the first surrounding shell, giving the 
co-ordination and particularly the distance between 
the excited atom and its closest neighbours. Impro
ving the technique should produce information concer
ning more distant shells. EXELFS i s likely to remain 
of limited appl ication for rea sons previousl y 
di scussed. 

. XANES (or ELNES) : deals more with structural 
rroperties at longer distance from the absorb in~ 
ato m ; that i s involving the organisation of the 
various second, third .. shells in a cluster around 
the absorbin ~ atom. 
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Discuss ion with Reviewers 

R.D. Leapman : It has been reported that micro
analysis of normally radiation resistant materials 
in STEM at a 1 nm re solution can result in mass 
loss. To what extent will information from fine 
structure in material s samples be limited by beam 
damage? 
Authors : There i s no single well defined answer 
to this question. The recording of a useful spec
trum for fine structure anal ysis requires typical
ly 100 t o 500 s with our in stru ment (incident 
beam "' 10- 10 A). The relevant doses are enormous , 
depending on the size of the anal ysed area ; they 
are in the range 107 -108 e- ; t 2 for a typical 100 t 
lateral dimension. Of course such numbers prevent 
from extracting thi s type of information in beam
sensitive materials. Concerning current situation s 
in materials science, we can compare these value s 
to the critical dose th at we have estimated for 
the beam-induced desorption of oxygen from di s lo
cation core s in pure germanium (t ypicall y 106 e- ; 
t 2

) - see A. Bourret, C. Collie x, P. Trebbia (1983) 
J. Physique - Lettre s 44, 33- 37 -. It constituted 
however one problem forwhi ch beam damage was 
rather inten se, as compared to many other micro
anal ytical cases which we investi gated in thi s 
fiel d. 

R.D. Leapman : Could the author s give some poss i
ble application s in phys i cs or materia ls science 
where determination of electronic structure or 
chemical bonding might produce useful information 
in the dedicated STEM? 
J. C.H. Spence. I feel s tron gly that a statement 
givin g more hi storical per spective must be added. 
XANES i s not a new field but has been studied 
since the 1920' s by eminent sci entists such as 
Kassel (Z. Phys . 1, 119 (1920)) , Kronig ( (Z. Phys. 
70, p. 317 ( 1931)1 and Mott (Phil . Mag. 40, p. 1260 
"[T949)). In general I feel th at this revTew paint s 
an overl y optimi stic picture, and would be impro
ved by the addition of a comment to the effect 
that sixt y years work in the XANES field is now 
just beginning to show very limited success in 
simple cases (note that the Pendry method fails 
for semiconductors or other strongly covalent 
materials because of the muffin-tin approxima
tion ) , and that, s ince ELNES interpretation is 
further complicated by the effects of multiple 
inelastic (e.g. pla smon satellites ) and ela s tic 
( i . e . fast electron diffraction) scattering, it 
is likel y to be some time before quantitative 
agreement between ELNES theor y and experiment 
can be expected. 
Authors : These question and comment raise the 
problem of the field of application of the method, 
which is a real question though this tutorial 
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paper was more intended to cover the fundamental 
study of this refined type of information. Some 
arguments have been given in the text concerning 
problems at interfaces for instance ; it is clear 
that a limitation in these highly localized situa
tions will lie in the beam dose requirements alrea
dy discussed. l~e are more confident in a rather 
near future use of these ELNES features in minera
logical or chemistry 0 problems for which a typical 
lateral size of 100 A is sufficient. There exist 
problems concerning the .reactivity of thin foils, 
for instance Praseodymium which lead to valence 
and structural fluctuations appearing in complex 
unknown phases, for which an average grain size is 
typically a few hundred~- Another example concerns 
amorphous oxide glass (study of the valence state, 
coordination geometry). In such cases, the analysis 
of fine structures, at the edge and of XANES type, 
would be very useful. 

R.F. Egerton: If Fig. 11 is to be useful for 
solids, one would need some way of determining the 
boundary E0 between excitation to bound states and 
ionization to the continuum. How might this be 
achieved? 
Authors : This question raises comments on two 
levels : what is the real meaning of this curve in 
the case of molecules? How far can it be applied 
for solid system? Back to the first point, we 
can refer to Cadioli F., Pincelli U., Tosatti E., 
Fano U., Dehmer J.L. (1972). Chem. Phys. Lett. 17, 
15, for a first discussion of the concept of an -
effective potential barrier acting on the photo
electrons excited from a central atom surrounded 
by two or more electronegative atoms. This effect 
is revealed because photoelectrons escaping with 
energies of the order of 10 eV seem unable to pass 
freel y through the electronegative atoms on the 
periphery of the molecule. Consequently, the final 
available s tates are classified into "inner well" 
sta tes localized in the space enclosed by the elec
tronegative atoms and "outer well" states localized 
outside of these atoms for both the continuum and 
discrete part of the spectrum. The relationship 
shown in Fig. 11 originates from a work by Brown 
F.C., Bachrach R.Z. and Bianconi A. (1978). Chem. 
Phys. Letters 54, 425,which has revealed strong 
chemical shiftsof the first excited states at the 
carbon K-edge with increasing fluorination of the 
CH4 molecule. These shifts closely follow ESCA bin
ding energy shifts and exceed 10 eV in CF4. Conse
quently Bianconi (1981) uses the empirical relation
ship between the chemical shift of E0 and the chemi
cal shift of the first peak at the edge to estimate 
in the absence of ESCA data a value of E0 in another 
molecular case, from an absor~tion spectrum (or 
EELS spectrum) where no characteristic feature 
appears at E0 • This binding energy increases with 
the effective positive charge on the C atom and this 
is the proposed solution to obtain information on 
it. 

Concerning the extension to solids, a simple 
remark can be made. The basic idea is that, to 
determine the properties of the excited site in a 
large complex molecule, one has to compare the 
XANES structure of this selected atom with the 
XANES of the same atom in simple chemical compounds 

where it is known to occupy similar sites. This 
is a consequence of the assumption that the spec
trum is sensitive only to the local structure. In 
a few compounds for which the "molecular environ
~ent" seems important, there are experimental data 
supporting this idea. For instance one can quote 
the nice similarity between the L23 edge profile of 
Si in SiF4 gas and solid as shown by Pittel et al. 
(1979). Moreover the L3-XANES of Si02 is also very 
similar to the XANES of SiF4, indicating the promi
nence of the structural unit Si04 in the solid Si02. 

The present comment aims more generally to 
point out the importance, in a few solid compounds, 
of the molecular potential due to the molecular 
"cage" defined by the first shell of ligands, the 
effects of which have been clearly discussed by 
Kutzler F.W., Natoli C.R., Misemer D.K., Doniach S. 
Hodgson K.0. (1980), J. Chem. Phys. JJ..., 3274-3288. 

R.F. Egerton : Can you explain why (in MgO) states 
at the bottom of the conduction band have an enhan
ced weight on the oxygen atoms, i.e. what assumption 
does this make about the bonding? 
Authors : The case of MgO is very different from 
the type of solids discussed in the answer to the 
preceding question. It constitutes a typical example 
for which the solid state description and the DOS 
concept are of fundamental importance to understand 
the shape of the ionization edge. To compare with 
the above discussion of the ionization energy E0 ; 

the relevant parameter is now the energy of the 
core level with respect to the bottom of the conduc
tion band. In insulators, such as MgO, it can be 
estimated theoretically, such as done by Pantelides 
et al. (1974), as the combination of the Hartree-Fock 
ground sta te modified by the self energies of the 
electron in the conduction band and of the hole on 
the core level. It can also be measured from X-ray 
emission data or ESCA experiments, both of which 
provide an accurate value for the position of the 
top of the valence band relative to the core level. 
One has then to add an energy equal to the band 
gap (7.8 eV in MgO). When following this latter 
approach, one estimates the thre shold energy at 
~ 535 eV for the oxygen K-edge and ~ 1307.5 eV for 
the magnesium K-edge. The peaks labeled as "a" in 
Fig. 15 are located below this value. 

Coming back to the interpretation in terms of 
local DOS suggested in the text, it would mean that 
the antibonding p-states at the bottom of the con
duction band would be more abundant on the anion 
(oxygen) site than on the cation (magnesium) site, 
which seems in contradiction with the simple ionic 
models of charge transfer between the o-- and Mg++ 
ions. 

Consequently, for these two reasons, we feel 
that MgO constitutes a clear example in which core
excitations are of importamce. A· very complete dis
cussion has been devoted by Pantelides S. (1975), 
Phys. Rev. Bll, 2391 to electronic excitation ener
gies and sottX-ray absorption spectra of alkali 
halides. He points out the fact that electron-hole 
interactions are so large in case of excitations of 
the cation core electron, that such a spectrum is 
nearly entirely excitonic in nature. It is not ~uite 
so in the case of excitations of the anion, where 
electron-hole attraction is more effectively 
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screened. How far these remarks can be used to un
derstand the intensitv behaviour of ELNES structu
r~s on Mg and n- K edges, is sti ll open to discus
s10n. 
L.A. Grunes. For comparisons to theory, it is 
important to present experimental data recorded 
at high energy resolution, high signal-to-noise 
ratio and with accuracy in the absolute energy 
scale. Although you report ELNES energies to the 
nearest 0.010 eV, the magnetic sector spectro
meter employed by you has no absolute calibra
tion that I know of, and may be non-linear in 
its energy dispersion. Hence merely comparing 
data from standard specimens measured by other means 
would not establish the absolute energies of 
your spectral features to any better than, say, 
1.0 eV. Besides the energy resolution of your 
microscope/spectrometer is only about 1 eV. It 
seems to me that quantitative studies of core 
near edge structure are best done using synchro
tron monochromators, such as the one at SSRL 
(Stanford) which provide superior signal-to-
noise, energy resolution, and energy calibra-
tion. The one important advantage of a STEM 
over a synchrotron facility lies in its ability 
to analyze extremely small lateral specimen 
areas, e . g. small particles or interfaces. 
Have you attempted any such studies ? 
Authors : \~hen comparing features on the same energy 
loss recording over a reduced energy range around 
the edge (typically 0.2 eV per channel), the whole 
stability of the system is sufficient so that we can 
claim accuracies of ± 0.2 eV on energy differences 
(see tables). On the contrary, as there is no 
absolute calibration on the employed magnetic sector 
spectrometer,we are obliged to compare the energy 
position of edges of interest with known features 
such as the rr::- peak of the contamination carbon 
K-edge. Consequently our absolute energy sca le accu
racy is only of the order of ± 1 eV. 

J.C.H. Spence : Could the authors comment on the 
conditions for the failure of the dipole approxi
mation in ELNES? Is an experimental test available? 
Authors : The failure of the dipole approximation 
can be discussed from the following equation, 
corresponding to the probability of transition 
between the fundamental state ID> and the excited 
state In> : 

P(6E,q)o:....!_l<niexp(iq.1) 1D>l 2 = 
q4 

1 ➔ ➔ q 2 ➔ ➔ 2 12 - l<nll+iq( E .r)- -( E .r) IO> 
q4 q 2 q 

with tq a unit vector along the momentum change q. 

The dipole term dominates at small q and is respon
sib le for the optical (M, = ± 1) transitions general
ly observed. This contribution falls in angle as 
1/q 2 • For large angle the next term 1vith no i nten-
s i ty dependence in q, becomes important, invol
ving monopole (6£ = 0) or quadrupole (6£ = 2) tran
sitions. They begin to be detected when q ~ 1/r 
where re is the mean radius of the excited orbi-c 
tal. For instance re= 0.09 A for the oxygen 1 s 
electron at 532 eV. The required value of q for 
detecting non dipole transition i s > 10 A-1 which 
corresponds to scatter ing angles far greater than 
the 25 mrad of our collection anqle. Some non
dipole effects could however be detected for N45 

edges in Ln for instance, at large angles of scat
tering. We did not consider this effect in detail. 

J.C.H. Spence : XANES calcu lations and experiments 
are often performed for a single polarization 
direction. Are not comparisons with ELNES complica
ted by the fact that if say, a 25 mrad collection 
aperture is used in ELNES an average over all 
"polarization" would be required? The large beilm 
divergence needed to obtain a 3 A probe may 
further contribute to this effect. 
Authors : Our instrumental values of illumination 
angle are far too large to probe orientation
dependent fine structures in ELNES, for anisotropic 
materials such as BN or graphite, which require 
typical angular widths below 1 mrad. Consequently 
the type of information that we obtained is an 
"average" over all polarizations, as you mention. 
The comparison of our data with those obtained by 
Leapman, Fejes and Silcox (1983) is a clear eviden
ce of the loss of information, in our STEM geometry 
which is more dedicated to high spatia l resolution. 
In this field, one can make also reference to the 
recent work of Maslen V.W. and Rossouw C.J. (1983) 
Phil. Mag. A47, 119. They have derived a full cal
culation of tne scatterinq kinematics involved in 
the collision of a fast electron with a K-shell 
electron from an atom, which enables to study the 
angular dependence of the ejected electron intensity. 
This approach is fully relevant to investigate the 
angular dependence of EXELFS and ELNES fine struc
tures. These authors point out that with collection 
angles above 10 mrad, these fine structures would 
be rather insensitive to crystal orientation. 

J.C.H. Spence : Have the authors observed changes 
in the ELNES as the probe is moved within a single 
unit cell ? If so, how does this complicate the 
interpretation? 
Authors : This would constitute the type of extreme 
performance that you can hope for a dedicated STEM. 
It is evident that such observation could only be 
made with large cell materials, such as the Ba-0.6 
Al203 crystal on which you have worked to record 
changes in relative intensity bet~1een Ba-M4$ edge 
and 0-K edge (Spence J.C.H., Lynch J.,(1982), 
Ultramicroscopy 9, 267). The requirement in dose, 
already mentionea, has prevented us to undertake 
such experiments when the smallest probe size 
(and consequently highest primary doses) is requi
red. 

J.C.H. Spence : Is there an experimental test which 
can be used to ensure that multiple elastic scat
tering effects are negligible? 
Authors : We think that this question refers to 
the problem of inelastic electron diffraction in 
crystals such as discussed recently by Maslen V.W. 
and Rossouw C.J. (1984), Phil. Mag. A49, 735 and 
743 and in the literature quoted therefo. Ive must 
confess that we could not yet consider in detail 
how the fact that the primary electron propagates 
as a Bloch wave through the crystal may modify the 
energy loss intensity distribution near an edge, 
when using our geometrical conditions. Consequently 
we leave this question temporarily unanswered. 
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