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CHANNELLING AND RELATED EFFECTS IN ELECTRON 
MICROSCOPY: THE CURRENT STATUS 

Kannan M. Krishnan 
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Lawrence Berkeley Laboratory 
I Cyclotron Road 

Berkeley, CA 94 720 
Telephone Number (415) 540-6421 

The channelling or Borrmann effect in electron 
diffraction has been developed into a versatile, high spatial 
resolution, crystallographic technique with demonstrated 
applicabilitv in solving a variety of materials problems. In 
general, either the characteristic x-ray emissions or the electron 
energy-loss intensities are monitored as a function of the 
orientation of the incident beam. The technique, as formulated 
in the planar geometry has found wide applications in specific 
site occupancy and valence measurements, determination of 
small atomic displacements and crystal polarity studies. For 
site occupancy studies, the appropriate orientations in most 
cases can be determined by inspection and the analysis carried 
out according to a simple classification of the crystal structure 
discussed in this paper. Concentration levels as low as 0.1 
wt% can be easily detected. The reciprocity principle may be 
used to advantage in all these studies, if electron energy-loss 
spectra are monitored, as both the channelling of the incoming 
beam and the blocking of the outgoing beam are included in 
the formulation and analysis. The formulation in the axial 
geometry is an useful alternative, particularly for monatomic 
crystals. Localization effects are important if, either the 
experiment is performed in the axial geometry or if low atomic 
number elements (z<l 1) are detected. In general, the 
sensitivity to L-shells is lower compared to K-shell 
excitations. Other experimental parameters to be considered 
include temperature of the sample, the acceleration voltage and 
parallelism of the incident beam. Any detrimental effects of 
channelling on conventional microanalysis can be minimized 
either by tilting the crystal to an orientation where no lower 
order diffraction vectors are excited or by using a convergent 
probe such that a large range of incident beam orientations are 
averaged in the analysis. 

Key Words: Channelling, Borrrnann Effect, Site Occupancy, 
Localization, ALCHEMI, Crystal Polarity, Electron Energy
Loss Spectroscopy, Specific Site Valence, Cation Ordering, 
Dopants, Electron Microscopy, Inelastic Scattering 
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Introduction 

The motion of charged particles in monocrystalline solids 
is strongly influenced by channelling and blocking effects. 
Even though these effects are well known in general and have 
been studied in great detail for some time (see [7] for an 
extensive review), there has been renewed interest in 
channelling and related phenomena, particularly in electron 
microscopy, over the past several years. In scanning electron 
microscopy, the primary emphasis has been on electron 
channelling patterns -- variation in the backscattered signal 
resulting from changes in the angle between the incident beam 
and the crystal lattice of the specimen -- with the ultimate goal 
of obtaining the crystallography and symmetry of a bulk 
sample as well as images of any defects that it may contain 
[ 16]. In transmission electron microscopy, most of the recent 
publications are related to the dependence of either the 
characteristic x-ray emissions or the characteristic energy-loss 
electron intensities on the orientation of the incident electron 
beam with respect to the sample [ 18,38]. A substantial portion 
of this work has had to do with the determination of the 
distribution [ 19] and valence [ 42] of impurity/alloying atoms 
in the various crystallographic sites (substitutional or 
interstitial) of a host lattice. Recent extensions of these ideas 
include the study of static atomic displacements [9], 
determination of the polarity of a crystal [ 43] and obtaining 
direct structure factor phase information [44]. 

The basis for all this work is the original observation of the 
anomalous transmission of x-rays in perfect crystals by 
Borrrnann [l] and the subsequent comprehensive treatment of 
the dependence of characteristic x-ray production on electron 
beam orientation in monatomic single crystal films by Chems, 
Howie and Jacobs [4]. However, much of the recent work on 
polyatomic crystals is directly due to the elegant realization 
[45] that the x-ray emissions from an atom of known 
distribution in the unit cell, can be used as a measure of the 
thickness averaged electron intensity on that specific 
crystallographic site. Then the ratio of this reference signal 
with respect to the intensities of the impurity/alloying elements 
can be interpreted directly in terms of the distribution of the 
latter in the crystallographic unit cell of the material [38]. 

In general for crystalline materials, an incident plane wave 
of electrons under conditions of strong dynamical diffraction 
sets up a standing wave within the crystal unit cell. The 
intensity modulations of this standing wave within the crystal 
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unit cell are primarily a function of the orientation of the 
incident wave with respect to the crystal. By suitable choice of 
orientations, the intensity maxima can be located at specific 
atomic or interstitial sites, or in the case of more complex 
polyatomic crystals, on different crystallographic sites in the 
unit cell. The coincidence of these intensity maxima on the 
atomic sites is normally accompanied by an enhancement of 
the characteristic ionization processes. Therefore signals 
associated with the ionization, such as x-ray emissions or the 
intensities of characteristic energy-loss electrons, also show a 
strong dependence on the spatial distribution of the standing 
wave in the unit cell. Using suitable spectrometers to monitor 
these ionization products, and taking ratios of the intensities of 
impurity/alloying elements with that of certain reference 
elements, a quantitative measure of the distribution of the 
former atoms among the various candidate sites can be derived 
[38]. The technique is only dependent on the degree of 
localization of the ionization event and the ability to select 
appropriate orientations that can separately resolve the 
candidate sites in that particular unit cell [18]. 

The original ratio formulation was applied to sites on 
specific crystallographic planes in the systematic or planar 
channelling orientation. In this geomeuy a single row of spots 
in the transmitted electron diffraction pattern is excited, such 
that the crystal potential is averaged in two orthogonal 
directions normal to the systematic row. In most simple cases, 
the appropriate systematic row can be determined by 
inspecting the crystal structure [ 18]. However, in complex 
crystals, it might be necessary ro calculate the characteristic x
ray (or energy-loss) intensities as a function of orientation to 
determine the one that is appropriate [ 19]. A useful alternative 
to the above is electron channelling in the axial geometry 
[29,30]. An electron beam incident close to the zone axis 
excites many low-index Bragg diffraction vectors, thus setting 
up several simultaneous standing waves. For exact zone-axis 
orientations, this results in the electron beam being effectively 
channelled into columns and the current maximized on atomic 
strings. Further, the channelling effects are considerably 
enhanced in the axial case [28,32]. The details of analysis are 
essentially the same for both geometries, the only difference 
being that the latter investigates atomic columns instead of 
atomic planes. Additional differences between these two 
experimental arrangements will be elaborated in a later section. 

There are some advantages if the intensity distribution of 
the inelastically scattered primary electron (electron energy
loss spectroscopy) is monitored instead of the characteristic x
ray emissions. The experimental arrangements are more 
flexible as both the incident and collection directions are 
selected independently, and both the channelling and blocking 
effects are incorporated in the analysis [ 46]. Thus intensities 
for different sites can be effectively squared by placing the 
detection aperture at an appropriate part of the diffraction 
pattern. Considerable enhancement of the inelastic scattering 
event can also be achieved by analyzing electrons scattered 
over large angles, i.e. larger transfer of momentum [26]. 
Finally, because of the superior energy resolution of EELS 
(- le V), one can detect changes in oxidation states of the 
cations by measuring the small chemical shifts observed in the 
onset of the characteristic core-loss edges. Combining this 
chemical shift with the selective enhancement of the different 
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Figure 1. Physical principles of channeling enhanced 
microanalysis. 

candidate sites by the appropriate choice of incident beam 
orientation, it is also possible to obtain specific site valence 
information (42]. 

Other manifestations of localized x-ray emissions have 
been observed and need further investigation in applied 
crystallography. A recent study addresses the measurement of 
small atomic displacements from the perfect lattice site in an 
imperfectly ordered alloy [9]. In addition to perfect 
localization, this method assumes that the perfect crystal 
wavefield is conserved in the distorted crystal. It is also 
possible to use such localized secondary emissions to obtain 
structure factor phase information associated with the lack of a 
centre of symmetry and to determine the polarity of a crystal 
[ 43,44]. This effect has been demonstrated directly by the 
observation of a large intensity difference for g and -g 
reflections along the polar direction in thin films of GaAs and 
InP. 

These methods have been applied to a wide variety of 
crystallographic problems in magnetic materials [21,221, 
semiconductors [27,48], superconductors [37,47], 
intermetallic alloys [ 17], minerals [33,35] and ceramics [3]. 
The techniques are simple, involve no adjustable parameters 
and are relatively independent of the exact experimental 
conditions (particularly for the ratio method). Site occupancy 
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measurements, using the ALCHEMI technique have been 
compared with other methods and the results are in good 
agreement [48]. 

This review will discuss the current status of these 
techniques, compare relative merits of the axial and planar 
channelling formulations, and EDXS vs. EELS detection. The 
formulation for different categories of crystal structures is 
summarized. Questions of localization, fundamental to the 
interpretation of such channelling data, are addressed. A 
relevant theoretical formulation is also presented. Other 
studies, currently being explored that are related to electron 
channelling, such as measurements of atomic displacements 
are introduced. Finally, some pertinent experimental details 
are considered. (For a more basic and tutorial discussion see 
either [18] or [39].) 

Description of Techniques and Methods of Channelling 

A simple arrangement for a channelling experiment, using 
characteristic x-ray emissions in a conventional transmission 
electron microscope (TEM), is shown in Figure la. The take
off angle (\jf) varies from 20° to 70°, based on the position of 
the EDXS detector, and is instrument dependent. However, 
for high take-off geometries, there is an additional freedom in 
the design of the experiment as the sample need not be tilted to 
any specific orientation to achieve optimal x-ray detection. 
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Figure 2 Dependence of x-ray emissions as a function of 
orientation for the dolomite structure. A [ 1000] systematic 
row is excited and localization on the Mg site is observed for a 
positive excitation error (s>0) of the third order Bragg 
diffraction (3g) condition (a). For 3g, s<0, the Ca site is 
selected (b). X-ray emissions for a zone axis (d) and a non
channelling orientation (c) are also shown for comparison. 

Under strong dynamical diffraction conditions, confirmed by 
the observation of Kikuchi lines, a standing wave pattern of 
the primary beam is set up in the crystal. A superposition of 
this standing wave on the projected crystal structure for the 
systematic or planar channelling orientation is shown in Figure 
1 b. In this condition, the wavefield in the crystal is two
dimensional (constant in a direction normal to the page) and its 
modulation on specific crystallographic planes is a function of 
the incident beam orientation. Secondary emissions, such as 
characteristic x-rays that are localized at atomic sites, are also a 
function of orientation ( Figure le). If the Bloch waves peak 
on the A planes (orientation 81) an increase in the x-ray signal 
for the element occupying the site D is observed. For the other 
favourable orientatioT1 82, the maximization is on the B planes 
and a corresponding increase for the elements occupying the 
site O would be noticed. 

Figure 2 shows an example of the dependence of 
characteristic x-ray emissions on the orientation of the incident 
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Figure 3 Projected structure of perovskite (a) in the 
<111> orientation. Titanium atoms are indicated by small 
filled circles, calcium by large filled circles and oxygen atoms 
by open circles. Calculated projection of the beam intensity in 
the <111> zone axis orientation for the perovskite structure 
showing peaking of the intensity on the projected atom sites 
(b). Tilting off the zone axis orientation results in the maxima 
being shifted to "open" channels (from [34]). 
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beam. For the dolomite structure (shown later), the best 
planar channelling conditions are when a [0001) systematic 
row is excited and the crystal is tilted such that the orientation 
corresponds to either small positive (s>0) or negative (s<0) 
excitation errors of the third order Bragg diffraction (3g) 
condition. In general, for s<0 the flux is concentrated on the 
heavier atoms (Ca) and for s>0, it is concentrated on the 
lighter atoms (Mg). In addition to a corresponding increase in 
x-ray intensities for these elements, a variation in the impurity 
Fe Ka. intensity following that of Mg Ka. is observed, 
suggesting similar site occupancy. 

Electron channelling in the axial geometry is an useful 
alternative to the above [29,30]. An electron beam incident 
close to the zone axis excites many low-index Bragg 
diffraction vectors, thus setting up several simultaneous 
standing waves. For exact zone-axis orientations, this results 
in the electron beam being effectively channelled into columns 
and the current maximized on atomic strings. The calculated 
variation [34] of the electron beam intensity, for a perovskite 
structure projected in the <111> direction is shown in Figure 
3. For the exact zone-axis orientation, the beam intensity 
peaks between the pairs of Ca atoms in the projected unit cell. 
For the off-axis orientation, there is a clear minimum occurring 
on the Ti sites and a shift toward open channels within the 
crystal structure. Again, variations in the intensity of x-rays of 
Ca and Ti (or impurities that either substitute for these 
elements or occupy interstitial sites) will be observed as a 
function of orientation. 

The development of a meaningful technique of quantitative 
site occupancy detemtinations, utilizing the variations of x-ray 
intensities with orientation, is then largely dependent on both 
the ability to determine these favourable orientations and to 
obtain an independent measure of the electron intensity 
modulations over the unit cell. For electrons accelerated 
through kilovolt potentials the latter can be calculated using a 
dynamical many-beam theory [13]. However, the need for a 
theoretical prediction of the electron wave-field in the crystal 
can be avoided by using the x-ray emission from a reference 
atom of known distribution in the host crystal lattice. In the 
axial geometry, this reduces to finding a zone-axis orientation 
that separates the possible substitutional sites for the impurity 
onto different atomic columns in the beam direction, each with 
its own distinct reference atom. For a planar channelling 
geometry, the crystal potential is averaged in two orthogonal 
directions normal to the excited systematic row. In the 
simplest case, the crystal can be resolved in some projection 
into alternating layers of non-identical planes, each containing 
a distinct crystallographic site, and the appropriate orientation 
can be determined by inspection. For the dolomite structure 
(Figure 4a) the candidate sites occupy alternating planes at 
one-third the unit cell parameter along the c-axis. Hence by 
inspection, it can be concluded that a g = 0001 systematic row 
at the third order Bragg diffraction condition (Figure 2a, b) 
would give the best results. 

If an a priori knowledge of the distribution of the relevant 
reference elements is available, their characteristic x-ray 
intensities could be used to obtain a measurement of the 
thickness-averaged electron wavefield intensity on specific 
atomic planes. In the case discussed above, the distribution of 
impurity or alloying element in the two possible sites is 
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Figure 4 Classification of crystal structures for 
channelling enhanced microanalysis. Only two dimensional 
projections of relevance to the planar geometry are shown. 
(A) The simplest structure--the candidate sites can be 
projected on alternating planes each containing a specific 
reference atom. (a) an example: dolomite--alternating (0003) 
planes with Ca and Mg on the sites of interest. (B) same as 
(A) but without reference elements. (b) The Sm2Co l 7 alloy 
where the sites of interest for the substitution of transition 
metal atoms are either on the Co planes or on the mixed Sm
Co planes, i.e. no internal reference. (C) The general 
structure--not easy to find simple projections with internal 
reference atoms. (c) The garnet structure bereft of the oxygen 
atoms. 

determined by a method of ratios with respect to the intensities 
of the reference elements. Two different orientations, 
channelling (3g, s>0 or s<0) and random (no lower order 
diffraction vectors excited) are used. For the dolomite 
structure, consisting of the two reference elements (Mg, Ca), 
the fraction of the impurity (Fe) substituting for Mg, CFe is 
then given by [10,38] 
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(1) 

where the Ns and N 1 s are the observed intensities for these 
elements at the random and channelling orientations, 
respective! y. 

If the requirement of the existence of at least one species 
that lies exclusively on one of the alternating planes is violated 
(Figures 4b and 4B), but the candidate sites can still be 
projected onto alternating planes, more than one orientation 
along the systematic row will be required to perform the 
analysis. Further, in many practical alloys (Figure 4b), the 
alloying concentrations might be large enough to significantly 
alter the distributions of the constituent elements in the original 
compound. The precise number of orientations required will 
then be determined by the stoichiometry of the original 
compound and the actual distribution of the reference elements 
before alloying [20,22]. 

In the most general case (Figure 4C), a projection of the 
crystal structure that separates the candidate sites into planes, 
each with a specific site containing a specific internal reference 
element, cannot be found. For example, the garnet structure 
(Figure 4c) is such that the appropriate planar channelling 
orientations cannot be determined by inspection of the crystal 
structure or its projections [5], nor can the characteristic x-ray 
intensities be used as a measure of the thickness averaged 
electron intensity for any specific site. In such cases, the 
electron-induced characteristic x-ray emissions for different 
site occupations and different incident beam orientations have 
to be calculated and the experimental intensities refined using a 
constrained least-squares method to determine the 
occupancies. 

~ 

The fast electron wavefunctions \Jl(r) at any point r in the 
crystal can be written as a linear combination of Bloch waves 
[12,15] 

\Jl(r) = L, ljrL,C~exp[i(ki+g).r] (2) 
• 

where the amplitude \j/j of the Bloch wave on branch j of the 
dispersion surface is c0 j *. Cgj are the Bloch wave 
coefficients associated with the eigenvectors and the k.ls are 
the eigenvalues. If anomalous absorption effects are included, 
the Bloch wave amplitudes attenuate with increasing depth. 
The coherent path of the Bloch wave is damped at depth z by 
the factor exp (-qiz) and equation (2) is modified as 

q,(r) = L,\jrexp(-qiz) L, C~exp(i(ki+g).r} . (3) 

• 

The decrease in Bloch wave intensities results in an increase of 
the intensity of electrons diffusely scattered through the 
crystal. These diffusely scattered electrons behave as plane 



K. M. Krishnan 

waves [ 11] with uniform intensity at any depth given by 

2 
4' Jz) 

. 2 

1 - LV exp(-2qiz) . ( 4) 

Representing the region of x-ray production as a 8-function 
broadened only by thermal vibrations at each atomic site, the 
imaginary part of the optical potential P(r), which describes the 
inner-shell ionization resulting in characteristic x-ray emissions 
[36], at any point r can be written as 

P(r) = L,P g exp(ig.r) . 
• 

The Fourier components Pg = Po exp (-ag2), where a is the 
normal Debye Waller factor and Po is a constant. The x-ray 
production in the crystal is then given by [4] 

f 2 J l 2 X = 14'(r)I P(r)d3r + 
0 

4' Jz) P 0dz (6) 

where the first term is due to the coherent part and is integrated 
over the volume of the crystal. The second term is the 
incoherent contribution to x-ray production from the diffusely 
scattered plane waves. A detailed derivation of X using 
equation (6) is given elsewhere [ 4]. It suffices to say that the 
final expression contains three major contributions: an average 
intensity expected from non-crystalline materials, Bloch waves 
acting independently and Bloch wave interference terms. 

However, if the anomalous absorption is neglected, the 
thickness integrated probability density of an electron at any 
coordinate r in the crystal is given by 

4'4' (7) 

where 

This approaches the result from an incoherent Bloch wave 
model asymptotically, with thickness: 

* . 21 . 12 
4'4' = l ct i C~xp(ig.r) . 

(8) 

This model fails for thin crystals but is exact for very thick 
crystals, provided that absorption is neglected. In the two
beam case, assuming the Bragg beam G to be at the exact 
Bragg position, equations (7) and (8) reduce to 

I(x,z) = I - sin(Gx) sin(L'.k z) 

anj:I 

i(x,z) 

(9) 

(10) 
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respectively. This is relevant to the interpretations of the 
orientation dependence of both x-ray emissions and 
characteristic energy-loss intensities, measured at orientations 
0 and -0 related by a mirror operation around the ( l 11) planes 
of a non-centrosymmetric crystal [43,44]. It should be noted 
(see subsequent section) that the strong variations observed 
demand the inclusion of the Bloch wave interference tem1s in 
the theory. 

Finally, the transition probability for a dynamical incident 
wave function scattering to a plane-wave final state through a 
8-function scattering potential (neglecting thermal vibrations), 
integrated over a thickness tin the crystal, can be derived from 
equation (7). The rate of x-ray production is then 

(11) 

Here \j/j = c0 j* from the boundary conditions and the 
eigenvalues ~ are always real if absorption is neglected. 
Equation (11) can then be simplified as 

(12) 

where r is summed over all the relevant sites of interest in the 
unit cell. 

Results of this theory for spinet and garnet structures are 
shown in Figures 5a,b. In the case of the garnet structure, 
which corresponds to the most general category (Figure 4C, in 
our classification), the characteristic x-ray emissions measured 
as a function of orientation were refined with respect to the 
calculated intensities, using a least squares procedure, to 
obtain probabilities of site occupations for rare-earth additions. 
Details are given elsewhere in the literature [19]. 

Choices in the design of channelling experiments 

Axial vs. Planar Channelling. 
There are a variety of choices to be exercised in the design 

of such electron channelling experiments. Foremost among 
them is the selection of the channelling geometry: planar or 
axial. In general, the axial geometry gives a stronger 
channelling effect [28, 32]. However, it is more difficult to 
find axial orientations which separate nonequivalent sites of 
the unit cell into distinct columns each containing a specific 
reference atom. On the other hand, finding planar orientations 
which separate candidate sites onto separate planes with 
specific reference elements is relatively straightforward for the 
majority of crystal structures. Hence the axial geometry is 
crystallographically more restrictive and the planar geometry is 
to be preferred for more complex structures. But for other 
structures, such as a monatomic matrix, the axial geometry is 
to be preferred. Such crystals containing a small quantity of 
impurities pose a particularly difficult problem in the planar 
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Figure 5a Calculated x-ray intensities using the 8-function 
localization theory for the spine! structure at various 
orientations along the [ I 00] systematic row. Strong 
localization for the first order Bragg diffraction condition, i.e., 
(400), at s<0 for the Al site and at s>0 for the Mg site, are 
predicted by the theory and also observed experimentally. 

geometry as independent reference signals for each of the 
potential sites are not available. Absolute x-ray yields from 
both the host and impurity species need to be measured, a task 
that demands very high instrument stability [ 49]. If the planar 
geometry is selected, each problem of site occupancy to be 
solved has to be tackled differently, beginning by classifying 
the crystal structure into one of the three categories discussed 
earlier (Figures 4 A,B,C) and proceeding with the appropriate 
formulation. 

Attempts to use the axial geometry to obtain a quantitative 
analysis of site occupancies has met with mixed success [40]. 
It has been argued that these variations are due to the problems 
of delocalization of the inelastic scattering event, a 
phenomenon that is exaggerated in the axial geometry. 
However, methods for the correction of such delocalization 
effects in the axial geometry have been developed but they 
suffer from the limitations of being crystal structure and not 
atomic species dependent. 
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Figure 5b Calculations for the garnet structure. The g = 
121 systematic row is found to be appropriate for performing 
channeling experiments. 

EDXS vs EELS. 
Characteristic x-ray emissions and their corresponding 

energy-loss edges should show identical variation with the 
incident beam orientation. However, the principle of 
reciprocity can be applied approximately (although it is often a 
very good approximation) to the detection of the EELS signal. 
The sensitivity of EELS to site occupancy can thus be 
effectively squared by choosing the position of the detection 
aperture and placing it at an appropriate point in the diffraction 
pattern to be energy analyzed [46]. This is illustrated in 
Figures 6 and 7 at the g and -g orientations of a non
centrosymmetric crystal of GaAs [43]. Figures 6a,b show the 
variation of the energy dispersive x-ray spectra for the two 
orientations. The corresponding EELS data are shown in 
Figure 7. The incoming and the outgoing beams are indicated 
by the filled and open circles respectively. However, 
considerable enhancement of the sensitivity of EELS to the site 
occupancy can be achieved by a suitable choice of the direction 
of the outgoing beam, i.e. the diffraction of the exit wave or 
blocking is included (Figure 7c,d). This enhancement of site 
selectivity is similar to double alignment in particle channelling 
[31]. 

In addition, the localization of the inelastic scattering event 
can be enhanced by selecting only large angle scattering in 
EELS. It can be readily understood from a simple application 
of the uncertainty principle (~x * ~p:2'. h) that the distance (~x) 
a fast electron can travel from the atom but still ionize it is 
inversely proportional to the momentum exchange (~p) 
associated with the inelastic scattering event. For forward 
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Figure 6 Orientation dependence of characteristic x-ray 
emissions for a GaAs sample (from [43]). 

inelastic scattering it can be shown that 

~x max= h /~E (2 Ed me) 1/2 ( 13) 

where~ is the energy-loss, E0 is the primary energy and me 
is the mass of the electron. Using this simple expression, it 
can be shown that for a lOOkV electron the maximum 
delocalization is such that it should not pose any problem for 
energy losses greater than 2ke V [26]. However, by only 
analyzing electrons scattered over large angles, as indicated in 
Figure 7, the specific site sensitivity can be enhanced even for 
energy losses as small as 500eV. This is accomplished by 
shifting the detection aperture parallel to the Kikuchi band such 
that there is no change in the diffraction geometry. 
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Figure 7 Electron energy loss spectra for the same two 
orientations shown in Figure 6. The position of the detector 
(dotted circle) can also be used to select the direction of the 
outgoing beam. Various sets of incident and outgoing beam 
geometries related by reciprocity arguments are also shown. 
Combining the channelling and blocking effects with enhanced 
localization, i.e., detecting electrons scattered through large 
angles only, gives the best results (c) and (d). Alternatively, 
the channelling and blocking effects can be made to cancel out 
the orientation dependence entirely--(e) and (f). 

The energy resolution of a commercial energy-loss 
spectrometer (-JeV using a conventional LaB6 filament) is 
superior to that of EDXS detectors (-150eV for Mn Ka x
rays). This makes it possible to detect changes in the 
oxidation state of the cations by the small chemical shifts 
observed in EELS core edge features. In fact the 2eV chemical 
shift between Fe2+ and Fe3+ oxidation states can be routinely 
detected, particularly with the advent of the new parallel 
spectrometers. Combining this chemical shift with the selective 
enhancement of the different candidate sites, by the appropriate 
choice of incident beam orientations in a planar channelling 
experiment, it has been shown [ 42] that Fe3 + occupy 
octahedral sites while Fe2+ occupy tetrahedral sites in a 
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Figure 8A Electron energy loss spectra for a chromite 
spine! under two different incident beam orientations. For 
orientation (a) the localization is on the octahedral sites (Cr). 
For orientation (b) the tetrahedral sites (Fe) were enhanced 
[42]. 

naturally occurring chromite spine!. The relevant EEL spectra 
are shown in Figure 8a,b. For orientation (a) the octahedrally 
coordinated Cr2+ ions are selected. At the same orientation an 
increase in the intensity of the higher energy Fe3+ peak can 
also be observed. Note that in these experiments a significant 
enhancement in the localization is achieved by shifting the 
apenure parallel to the (400) Kikuchi lines such that only high 
angle scattered electrons are detected but without any change in 
the diffraction conditions. 

In summary, even though EELS offers the possibility of 
obtaining more sophisticated information, in practice it is 
limited by problems of specimen thickness, multiple scattering 
and difficulties in the modelling of the background. On the 
other hand, EDXS is simple, straightforward and easy to 
interpret. 

Measurement of atomic displacements. 

Another potential application of such localization 
measurements in applied crystallography is the detection of 
small static displacements of the atoms from the perfect lattice 
sites. In addition to strong localization of the inelastic 
scattering event, the method recently developed 191 makes two 
important assumptions. The atomic displacements are 
assumed to be uncorrelated, i.e. the translational symmetry is 
preserved, and the wavefield in the distorted crystal is 
assumed to be the same as in the original undistorted one. 
However, for quantitative results the technique is complicated 
and requires a knowledge of the spatial modulation of the 
beam intensity in the crystal. 

Qualitatively, these static atomic displacements can be 
measured using the simple ideas of planar channelling. As 
discussed earlier, in this formulation the beam intensity 
modulation in the crystal can be selected such that for negative 
excitation errors of the appropriate Bragg diffraction condition 
(w<0), it peaks on the atomic planes and for positive excitation 
errors it is maximized on the interstitial sites between the 
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Figure 8B Details of the FeL3,2 edge for the same 
orientations (a) and (b). The higher energy Fe3+ peak is 
enhanced for octahedral site localization [ 42]. 

atomic planes. If the distribution of the two species of atoms 
A and B is such that on average A is closer to the lattice planes 
than B, the ratio of their x-ray intensities :i(A/B) would be 
higher for w<0 when compared with that for w>0, provided 
that the inelastic events are strongly localized. 

As of now, only semi-quantitative estimates of such 
displacements have been possible in a careful series of 
measurements on thin layers of InxGa 1-xAs. The 
displacements of the As atoms are of the order of 0.01 nm [9]. 
It is expected that improvements of this technique can be made 
if more than two beams of the systematic row and the 
absorption of the Bloch waves are included in the theoretical 
estimates of the electron wavefield in the crystal. 

Structure factor phase and crystal polarity measurements 

The choice of an origin in a crystal unit cell detem1ines the 
phase of a structure factor. Inelastic scattering events, such as 
characteristic x-ray emissions or electron energy-loss 
intensities, observed under the channelling conditions 
discussed in this paper contain direct information about the 
phase with which different elements contribute to a structure 
factor. The interference terms between the Bloch wave 
eigenstates contribute to these orientation dependent 
characteristic emissions [4]. It has been shown that by 
monitoring the localized emissions, information related to the 
structure factor phase associated with the absence of a center 
of symmetry can be obtained and the polarity of the crystal 
determined [44]. The variations in intensity of both the 
characteristic x-ray and energy-loss spectra , for incident 
beams forming angles 8 and -8 relative to the polar plane [43] 
of GaAs are shown in Figures 6 and 7. 

In the simple two beam theory including the interference 
terms discussed earlier, it has been shown that the intensity 
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distribution over the unit cell is given by 

I (x,z) = I - sin(G x) sin(6k z) (9) 

where x is the distance from the reference planes (defined in 
the simplest case as those atomic planes parallel to the Bragg 
reflection planes with inversion symmetry) normal to the 
entrance surface, z is the distance from the entrance surface 
and 6k, which is proportional to the structure factor, is the 
difference between the wavevectors for the two Bloch waves 
(13]. For GaAs, the variation in intensity in the (111) 
direction (Figure 6) is in agreement with the above, i.e. 
equation (9). 

If in such a standing wave experiment, the characteristic 
energy-loss intensities are monitored instead of x-rays, a four 
fold increase in the sensitivity to an absence of inversion 
symmetry is predicted based on reciprocity arguments. Indeed 
the reciprocity principle applies to the interference terms of the 
Bloch wave eigenstates and this is illustrated in Figure 7 where 
EEL spectra for GaAs at different diffraction geometries are 
shown. In EDXS the ratio As/Ga changes from 0.65 (11 i) to 
1.5(111), whereas in EELS it can be improved to 0.45(111) 
and 2.20(111) respectively. 

Effects of Localization on Channelling 

Fundamental to the channelling phenomena discussed in 
this paper is the requirement that the inelastic scattering 
processes be strongly localized at the atomic sites. In this 
context a process is defined to be localized if its probability 
depends only on the (beam) current density at the close vicinity 
of the atomic nucleus. 

Gj0nnes and H0ier [8] have estimated the spatial extent or 
'radius' of the Is orbitals to be approximately 0.002nm. 
Further, they suggested that any distribution, such as 
characteristic x-ray emissions, associated with the k-shell will 
also be spatially as narrow. Alternatively, an impact parameter 
<b>, defined as the expectation value of the distance at which 
the beam electron can transfer a specific quantity of energy to 
the core electron, can determine the degree of localization. 

Estimating the time 't over which a virtual photon is 
exchanged between a fast electron and the excited particle and 
convening that, following Howie (14], using the uncertainty 
principle, to give an expression for the limiting value of the 
impact parameter, Bourdillon, Self and Stobbs derived a 
simple expression [2]: 

<b> = 2~i> f 
(14) 

where v is the velocity of the fast electron, <E> is the mean 
value of the energy-loss of the beam electron associated with 
the inelastic scattering event and f is a constant of order I. It 
follows that for a prediction of the degree of localization for x
ray emissions, it is necessary to have a quantitative value for 
the me_an energy <E> and/or mean momentum <q> transfer. 
On the other hand, in EELS experiments both q and E can be 
uniquely defined. For x-rays, the required mean values can be 
calculated [32]: 
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(15) 

where d2a(q,E)/dq dE is the double differential energy-loss 
cross-section, CTT is the total ionization cross-section and ET 
is the threshold ionization energy. <q> and <E> calculated, 
using the above forrnula, are plotted in Figure 9a, b. Both 
show a monotonic decrease with the incident beam energy, 
Eo. <E> - 1.96 ET at 120 kV and corroborate earlier estimates 
of 2.23ET [2]. 

The impact parameter can also be calculated by a more 



Channelling and Related Effects in E. M. 

rigorous approach [32] where the degree of localization is 
considered to be dependent on both the change in the 
momentum of the primary electron and the change of state of 
the ejected core electron. In this (e,2e) scattering kinematics 
an "inelastic scattering potential" H(r) can be constructed for a 
hydrogenic scattering model, which can then be averaged, 
Hav(r), over all angles of ejection. Using [Hav(r)]2, which is 
closely related to the transition probability, an estimate of the 
mean square impact parameter, <bx>, can be calculated [32]. 
It suffices to say that this estimate is 35% smaller than that of 
Bourdillon, Self and Stobbs [2], i.e. <b> = 1.35 <bx>-

For energy loss experiments, it can be shown from a 
simple application of the uncertainty principle that the distance 
a fast electron can pass from an atom and still ionize it is 
inversely proportional to the momentum exchange associated 
with the inelastic scattering event. Even though estimates of 
the impact parameter using (14) indicate that for losses less 
than lkeV the localization is inadequate, it has been 
experimentally demonstrated [26] that the specific site 
sensitivity for energy losses as small as 500eV (oxygen K
edge) can be detected by analyzing electrons scattered over 
large angles. This is accomplished in such a way (in planar 
channelling by shifting the detection aperture along the 
Kikuchi line perpendicular to the systematic row of interest) 
that only high-angle scattered electrons are detected without 
any change in diffraction geometry required for channelling. 

From the above discussion it is obvious that there is a low 
energy limit below which localization effects are detrimental to 
performing such channelling experiments. Unfortunately, 
there is no agreement in the literature as to the exact energy 
value at which the thermal effects dominate the localization 
effects. Estimates range from a lower limit of 200eV [36] to 
!OkeV [32]. However, it is generally agreed that as far as 
possible higher energy x-ray fluorescence should be used in 
channelling experiments to minimize localization effects, i.e. 
K-shell in preference to L-shell excitations, as the former 
involves greater energy and momentum transfer. 

Comparing axial and planar orientations, it has been found 
that the latter has greater immunity to delocalization effects. 
When many beams are excited, as in the axial case, 
contributions from Fourier components with large g-vectors 
tend to localize the wavefield of the fast electron. In general, 
the number of excited reflections increase with the acceleration 
voltage, values of Fourier potentials or average atomic number 
of the specimen and axial orientation. Moreover, in the case of 
axial orientation it has been suggested [30] that experimental 
correction factors for localization can be determined with 
relative ease. There is no doubt that such measurements may 
be valid in particular cases where standards with uniform 
depth distribution of impurities can be prepared. However, 
one must be cautioned that the inelastic scattering potentials are 
fundamentally dependent on the crystal structure and hence 
these c-factors are not a function of the atomic species alone. 

Finally, Spence et al. [40], have recently rederived the 
original ALCHEMI formulation to include localization effects. 
They have concluded that the original formulation remains the 
same if either ct-function localization can be assumed or the 
thickness-averaged intensity in the neighbourhood of the 
atomic species of interest is a slowly varying function over the 
inelastic localization volume. 
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Experimental Considerations 

These 'site-occupancy measurements can be routinely 
carried out on most commercial electron microscopes equipped 

·with either an energy dispersive x-ray detector or an electron 
energy-loss spectrometer. The methods are, of course, subject 
to all the limitations of the two individual spectroscopic 
methods. Moreover, no special specimen preparation methods 
are required. However, since all intensities are thickness
averaged, the distribution of impurities in the crystal should be 
uniform with depth. Any bending or thickness changes under 
the probe are unimportant as both the impurity as well as the 
reference elements are affected the same way by any local 
change in orientation. 

Performing these channelling experiments at low 
temperatures has some significant advantages (41]--the 
scattering potential is less attenuated in higher order g-vectors 
leading to a greater variation in the electron beam intensities on 
the different sites. In addition the amplitude of thermal 
vibration is considerably reduced. The latter is material
dependent and no improvement is expected if the mean free 
path for phonon excitation becomes appreciably larger than the 
specimen thickness. 

These techniques give best results for a parallel collimated 
electron beam. However in most modem TEMs, the specimen 
is immersed in the magnetic field of the objective lens and the 
electron follows a helical path in the vicinity of the sample. It 
has been pointed out [5], that this configuration introduces 
both a radial and tangential component of parallelism. Further, 
it has been suggested [6] that the tangential component due to 
the helical trajectory is the dominant criterion of parallelism 
and that best results are obtained with a substantial probe 
convergence compared to a parallel beam, provided that the 
probe convergence is less than the operational Bragg angle. 
However, this effect is instrument-dependent and a simple 
experiment, taking into consideration all factors for optimal 
data collection, such as the convergence angle and primary 
lens excitation combinations, can be performed to obtain the 
best working conditions [23]. 

A systematic study of the combined effect of acceleration 
voltage and incident beam orientation on the orientation 
dependence of characteristic x-ray production in thin crystals 
has been carried out [24]. For the MgAl2O4 spine! 
compound, the orientation dependence undergoes a reversal in 
character above a particular voltage. This "inversion voltage", 
observed experimentally at -270kV, is in agreement with 
earlier theoretical predictions [25]. This inversion behaviour is 
different from the critical voltage effect. In any case, the 
experiment should be performed at any fixed acceleration 
voltage for best results. 

The ability to use convergent probes and yet observe these 
channelling effects (within the constraints discussed above) 
makes it possible to routinely achieve a spatial resolution of 
10-40nm. However, the spatial resolution is also determined 
by the statistics of the EDX detection process. It is estimated 
that reasonable results can be obtained using a 20nm probe for 
a 1025 atoms/m3 distribution of impurities. In order that the 
dynamical wavefunction be well-sampled in depth, the 
following simple criterion has to be satisfied [38] 

~g n A ~ 1 (16) 
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where ~g is the dynamical extinction distance for the reflection 
g, n is the uniformly distributed concentration and A is the 
projected area of the electron probe. Finally, the use of a 
higher brightness source, such as a field emission gun would, 
in principle, considerably improve the lateral spatial resolution 
of these techniques. 

These channelling effects could play a detrimental role in 
conventional microanalysis. In most practical cases such 
errors can be eliminated either by tilting the crystal to a non
channelling orientation, i.e. no lower order diffraction vectors 
are excited, or by using a large illumination aperture such that 
the large convergence angle effectively averages over a wide 
range of incident beam orientations. 
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Discussion with Reviewers 

J. C. H. Spence: The two beam dynamical theory depends 
only on lugl2 and is therefore independent of the phase of all 
structure factors. How is it possible therefore to analyse the 
data for figures 6 and 7 for acentric GaAs using equation 9? 
A.!.Uhor: Traditionally, the total intensity of the wavefield has 
been expressed as a sum of the individual Bloch wave 
intensities. This results in a thickness independent intensity 
modulation. Further this intensity modulation is identical near 
the Bragg position for G and -G reflections. However, if the 
interference terms between the Bloch waves are included, the 
well-known thickness oscillations and an asymmetry around 
the reference planes result. In particular, instead of a uniform 
intensity over the unit cell at the exact Bragg position, we now 
have equation 9 where x is the distance from the reference 
plane. 

S. J. Pennycook: One of the strengths of the Bloch wave 
treatment of dynamical diffraction is that absorption can be 
handled quite easily, even in non-centrosymmetric crystals. 
Channelling experiments are always designed to maximize the 
change in the excitation of some localized interaction with 
incident beam orientation. Since absorption is localized there 
will always be a strong change in absorption with orientation. 
In the simple ratio methods, this factor is removed, but if one 
is trying to match quantitatively the experiemental and 
calculated rocking curves for impurities on different sites, then 
it would seem essential to include absorption as accurately as 
possible. How sensitive are measurements of site occupancies 
or small atomic displacements to the treatment of absorption, 
and does the current understanding of absorption in fact 
represent the practical limit to the quantitative interpretation of 
channeling experiments?. 
Author: For a quantitative matching of experimental and 
calculated rocking curves, it is important to include absorption 
as accurately as possible. However, there are very few 
examples in the literature where absorption has been taken into 
consideration. Glas and Henoc [9] conclude that the main 
effects of absorption are to diminish the amplitude of the 
variation with incidence angle and to dampen subsidiary 
oscillations. It has also been argued that the strength of the 
channelling effects [ 40] is limited by absorption effects for low 
order reflections (g<b) but by localization for higher order 
reflections. Here 1/b is defined as the width of the localization 
function in real space. From the practical point of view, an 
improved understanding of absorption and localization will 
considerably enhance our ability to quantitatively interpret 
channelling data. 

S. J. Pennycook: The problem of delocalization of the inner 
shell excitation is particularly severe for semiconductors and 
metal alloys which tend to have relatively small spacings 
between atomic strings. Pennycook [30] has shown how 
delocalization effects can be included quantitatively by 
reformulating the analysis in terms of the normalized 
channeling effect for each element rather than simply the ratio 
of counts. Equation (1) would be written as follows: 
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where the c factors account for the reflection of the measured 
channeling effect due to delocalization effects. This 
formulation also allows for situations where the total 
substitutional fraction F5 is not unity. For perfect localization 
the c factors are all unity and for F5=1 your Equation (I) is 
recovered. 

By referring the c factors to the normalized channelling 
effects in this way, they are found to be remarkably insensitive 
to the actual channeling effect measured experimentally (S. J. 
Pennycook, Ultramicroscopy 26, 239, 1988). They can be 
calculated quite accurately from a simple classical model of the 
inelastic scattering process and in fact, to a good 
approximation, are simply the ratio of the electron flux at a 
distance of the average impact parameter from the atomic string 
to the peak flux on the suing. Since they are ratios, they need 
only be calculated (or measured) once for a particular 
channelling geometry. 

The electron flux calculation can be performed either 
by Bloch wave methods or using the multislice routines 
popular for simulating high resolution images. Of course, the 
correction depends on crystal structure, but one calculation of 
the flux distribution gives the c factors for all elements. With 
this approach it is not necessary to predict the actual 
channeling effect obtained experimentally which would be 
exceedingly difficult, perhaps impossible, and would require a 
calculation for each experiment. Hence, the essential 
simplicity of the ratio method is retained, but the methods are 
extended to situations which cannot otherwise be handled. 
Could the author comment on this approach'/ 
Author: This approach seems interesting but there are some 
important points to be addressed. First, the "average impact 
parameter" is element specific. Hence the electron flux has to 
be calculated at different distances for different atomic strings. 
This is complicated by the fact that there is still considerable 
debate on the exact nature of the localization parameters. 
Second, the electron flux is crystal structure specific. Hence, 
even though this approach retains the essential simplicity of the 
ratio method, it will involve detailed computations for each 
experimental arrangement. 
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P. Schattschneider: In ALCHEMI, it can be said that an x-ray 
emerges from a particular (equivalent) site in the lattice. ls it 
meaningful to ask from which single atom or ion a given x-ray 
photon comes? 
Author: No, there is no situation that I am aware of where it 
would be relevant to ask this question. Further, the 
measurements are always carried out under strong dynamical 
scattering and the intensities are thickness integrated. Under 
these conditions, it is only meaningful to address occupation 
of equivalent sites. 

D. Newbury: Although energy dispersive x-ray spectra from 
thin foils are inherently simpler than electron energy loss 
spectra, there is the possible problem of interferences which 
are the result of the coherent Bremsstrahlung process. In your 
experiments, do coherent Bremsstrahlung peaks cause any 
degradation in the practical detection limits which you can 
achieve with the channeling technique? 
Author: No, these measurements are generally not degraded 
by coherent Bremsstrahlung peaks. 
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