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Abstract

Grain boundaries in two mullite specimens have been characterised using Fresnel contrast analysis in the transmission
electron microscope. A ratio of the scattering potential differences AV between the grains and the grain boundaries in the
two specimens was obtained without needing to know the absolute specimen thicknesses of the regions examined. The
characterisation of a glassy intergranular film in one specimen using energy dispersive X-ray spectroscopy then allowed
the magnitude of AV at a crystalline boundary in the second specimen to be determined. For the first time. this scattering
potential difference was interpreted in terms of contributions to the contrast from space-charge layers as well as changes

in electron scattering factor and density.
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1. Introduction

The presence of glass at grain boundaries is
known to play an important role in the high-tem-
perature mechanical properties of many ceramics.
The transmission electron microscopy (TEM)-
based analytical technique of Fresnel contrast anal-
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ysis [1-3] 1s well suited to the characterisation of
such boundaries. The technique involves the deter-
mination of variations in the average Coulomb
electrostatic potential V', by the comparison of the
Fresnel fringe profile characteristics in a through-
focal series of images of an edge-on boundary with
computer simulations. However, the unique inter-
pretation of experimental Fresnel contrast data
requires all of the possible contributions to a meas-
ured change in specimen potential to be considered.

Our aim here is to demonstrate, through a
comparison of the Fresnel characterisation of
grain boundaries in two mullite (3A1,05-2810,)
specimens, that the method can be used to assess
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possible contributions to the boundary contrast
from space-charge layers as well as from changes in
electron scattering factor and density.

2. Details of specimens examined

The two mullite specimens examined were pre-
pared by a sol-gel process and had starting com-
positions within and close to the solid solution
range of mullite, which lies between 58.5 and
62.6 mol% (70.5 and 74 wt%) Al,O; for typical
sintering temperatures of 1600-1650C. Pseudo-
boehmite (surface area 170 m* g~ '. Baco Cerasol.
BA Chemicals, Bucks. UK), dispersed in water at
a pH of 34, and fumed silica (surface area
360 m*> g~ ', No. S-S005. Sigma. St. Louis, MO),
dispersed in water at a pH of 7. were mixed together
vigorously for 0.5 h, and then gelled and dried at
80 C for 48 h. The specimens were sintered at
1600 C for 2 h. either in the gel form?® or as pressed
pellets. Mechanically polished fragments were pre-
pared for TEM examination by Ar-ion milling and
subsequent coating with carbon to prevent charg-
ing in the microscope. Specimens A and B had
nominal compositions of 60.6 mol% (72.3 wt%)
Al,O; (close to the stoichiometric composition)
and 63.1 mol% (74.4 wt%) Al,O, (close to the
Al,O; end of the solid solution range of mullite)
respectively, as confirmed by electron probe micro-
analysis. A preliminary examination of both speci-
mens in the TEM showed extended three-grain
junctions in specimen A, which contained amorph-
ous material (diffuse dark field contrast. with the
objective aperture at the position of an amorphous
halo. extended smoothly along both the three-grain
junctions and the grain boundaries), while the
three-grain junctions and grain boundaries in spec-
imen B typically exhibited no amorphous contrast
and lattice fringe continuity across them in high-
resolution images taken on a JEOL 4000EX Ii
microscope [4]. For each of the experiments de-

*Ceramic balls were used for milling the crushed gel. Al-
though the ceramic balls are potentially a source of contamina-
tion. no differences in microstructure were observed between
specimens of the same starting composition, as milled. and as
sintered in the gel form.

scribed below, care was taken to ensure that a “rep-
resentative” boundary in the above sense was al-
ways examined for each specimen.

3. Fresnel contrast data

The application of Fresnel contrast analysis to
the characterisation of grain boundaries in the mul-
lite specimens A and B is facilitated by the fact that
the compositions and hence the values of V', within
the grains are almost identical. At the same speci-
men thickness and defocus. a relative comparison
of the magnitude of the fringe contrast in the two
specimens, which is to first order proportional to
the scattering potential difference AV between the
grains and the boundaries, will therefore provide
a ratio of the values of AV without the need for
a knowledge of the specimen thicknesses examined.
Inelastic scattering contributions to the contrast
will also be similar and can be neglected to first
order.

Through-focal series of edge-on boundaries in
specimens A and B were taken at 120kV using
a Philips 400ST microscope (C, = 2.8 mm), at
a calibrated magnification of 118.7 k. The defocus
step between images was 110 nm and the objective
aperture used had a semi-angle of 5.7 mrad. (Airy
disc radius 0.36 nm). For each series, the mullite
grains were tilted to weakly diffracting orientations,
and the tilt of the grain boundaries with respect to
the electron beam was refined by using the sym-
metry of the Fresnel contrast. The values of beam
convergence (typically about 0.5 mrad.) were sim-
ilar, and the magnitude of specimen drift over the
duration of each series was low. No evidence was
found for preferential thinning of the boundaries at
their intersection with the specimen edge. The
width of the contrast in the image series analysed
did not change with specimen thickness, indicating
the projection of layers of constant width through
the foil thickness.

Fig. 1| shows examples of experimental images of
grain boundaries in specimens A and B. Qualitat-
ively. the boundaries exhibited a bright central
fringe underfocus and a dark fringe overfocus,
which indicates that they have lower scattering
potentials than the surrounding grains. For
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Specimen A Specimen B
(16 steps of (15 steps of
110nm underfocus) 110nm underfocus)

Fig. 1. TEM images taken from through-focal series of speci-
mens A and B. at the defocus values indicated. The positions of
the regions which were extracted digitally for analysis, and
which correspond to intensities of 0.7, 0.6 and 0.55 relative to the
value of | at zero crystal thickness in each specimen, are marked
using the symbols 1, 2 and 3. respectively.

quantitative analysis, regions of the images were
digitised using an Eikonix densitometer at a resolu-
tion of 22 pm/pixel on the plates (0.18 nm/pixel on
the specimens), and scaled to lineanty in electron
dose. The line traces shown in Fig. 2a, which cor-
respond to strips that are approximately parallel to
the grain boundaries, show a drop in intensity
between the vacuum and the specimen edge which
is caused by scattering out of the objective aperture
by amorphous layers on the specimen surfaces. We
assume here that the reduction in fringe contrast
due to electrons that have been scattered by con-
tamination but retained within the aperture is neg-
ligible, and the intensity at zero crystal thickness
rather than the vacuum was accordingly scaled to
unity for each data set, as shown in Fig. 2b. Three
specimen thicknesses were chosen for analysis. cor-
responding to identical intensities of 0.7, 0.6 and
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Fig. 2. (a) Line traces taken approximately parallel to the grain
boundaries in each material, after scaling to linearity in electron
dose. and (b) now after scaling zero crystal thickness to unity.
The approach used to choose regions of identical thickness in
the two specimens is also illustrated.

0.55 relative to the value of 1 at zero crystal thick-
ness in each specimen. These regions have been
marked in Figs. 1 and 2 using the symbols 1, 2 and
3. respectively. (This approach assumes that the
grains in the two specimens scatter out of the objec-
tive aperture identically.) Thinner regions, at which
amorphous layers on the specimen surfaces domin-
ate the phase contrast, were avoided. The chosen
regions were projected digitally over lengths of
19 nm parallel to the directions of the interfaces to
produce one-dimensional profiles, each of which
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was divided by a fitted background for comparison
of the contrast with computer simulations. (A de-
tailed account of the application of the Fresnel
technique has been presented by Ross and Stobbs
[1, 2], and will not be repeated here.)

Examples of regions of the experimental images
and the corresponding intensity profiles are shown
in the form of a montage in Fig. 3, and graphs of
fringe contrast and spacing are plotted in Fig. 4 as
a function of defocus. To first order, the ways in
which the spacing and the contrast of the Fresnel
fringes change with defocus can be used to deter-
mine the width and the “shape” of the boundary.
respectively. It is clear that the spacings of the
fringes in the two specimens are similar, and that
there is a difference of almost exactly three in the
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Fig. 3. Examples of the extracted regions and corresponding
line profiles, for the middle of the three specimen thicknesses
chosen for analysis.

magnitude of the Fresnel contrast, and hence in the
value of AV, between the two specimens at all of the
thicknesses examined.

Simulated Fresnel fringe profiles were generated
using one-dimensional “continuum” (mean poten-
tial) multislice simulations [2]. A unit cell of
(2048 x 1) pixels with a sampling density of
0.01 nm/pixel and a slice thickness of 0.1 nm was
used. Values of 30 nm, 0.5 mrad. and 30 nm were
used for the specimen thickness, beam convergence
semi-angle and focal spread, respectively, and the
sensitivity of the imaging behaviour to the form of
the potential was investigated by changing the
magnitude of the scattering potential difference AV,
the width of the interlayer, and the form of the
potential profile in the simulations. A value of
V, for mullite was calculated using the neutral atom
scattering factors of Rez et al. [5] (see below), and
took a value of approximately 15.6 V over the en-
tire mullite solid solution range. The best fits be-
tween the calculations and the experimental data,
which are not shown here (for similar comparisons
see e.g. Ref. [1]), were found to correspond to
diffuse potential profiles (Gaussian profiles were
fitted) with mean widths (full widths at half max-
imum) of 1.0 and 1.5 nm for specimens A and B,
respectively. The fitted value of AV between the
grain and the boundary was indeed three times
higher for specimen A than for specimen B. Sche-
matic diagrams of the best-fitting potential profiles
for both specimens are shown in Fig. 5. The accu-
racy of the fitted parameters is estimated to be
better than 10%.

While the potential profiles can be determined in
this manner unambiguously, their interpretation
requires considerable care. For example, large dis-
crepancies, which are generally ascribed to the ef-
fects of bonding and specimen surface layers, have
been found between electron holographic measure-
ments of ¥V, and calculations using neutral atom
scattering factors [6]. The analysis presented below
relies on the assumption that even if the absolute
values of V in the aluminosilicate system are affec-
ted by bonding, their relative values remain un-
changed to first order. In this context, it should be
noted that Fresnel contrast analysis is much more
sensitive to local variations in the potential AV
than to the absolute magnitude of V.
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Fig. 4. Graphsshowing the spacing and the magnitude of the experimental fringe contrast plotted as a function of defocus for specimens

A and B. (c) shows the definitions of the symbols used.

The interpretation of the best-fitting potential
profiles shown in Fig. S requires a knowledge of the
nature of the elements whose concentrations are
varying at the boundary. The approach taken
below assumes that the compositions of the three-
grain junctions and the grain boundaries in
specimen A are identical, and makes use of energy
dispersive X-ray spectroscopy (EDX) data for
specimen A together with the Fresnel data to pro-
vide an accurate value for AV in specimen B.

4. Calibration of the Fresnel data

EDX spectra and linescans from specimens
A and B were collected using a VG HBS501 scann-

ing transmission electron microscope (STEM)
equipped with a windowless Link detector. As a re-
sult of the fine grain size in the specimens, it was not
possible to locate and chemically analyse the speci-
fic boundaries that had been examined in the TEM;
however, care was taken to ensure that the EDX
work was carried out on typical grain boundaries
for each specimen.

Examples of X-ray spectra from grains, grain
boundaries and three-grain junctions are shown for
both specimens in Fig. 6. When compared with the
spectrum from the grain, there is a large rise in the
Si signal relative to Al at both grain boundary and
three-grain junction in specimen A, suggesting that
the glassy material at the three-grain junction (and
hence the grain boundary) has a composition which
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Fig. 5. (a) Schematic diagrams of the forms of the grain boundaries. alongside (b) the potential profiles determined from the Fresnel

contrast data.

is rich in Si0,. Qualitatively, the spectrum from the
three-grain junction suggests an upper limit of
~ 20% Al in the glassy material (which is equiva-
lent to 10 mol% Al,O3), although it is likely that
some of the Al signal originates both from sput-
tered Al on the specimen surfaces caused by ion-
beam thinning during specimen preparation and
from surrounding areas of the specimen which have
had electrons scattered back onto them from the
microscope lens. (The Bremsstrahlung background
will also be included in any chosen energy window).
This is qualitatively in agreement with the com-
position of approximately 8 mol% Al,O; which is
predicted from the phase diagram of Klug et al. [7]
for glass in equilibrium with mullite at 1600 C. In
contrast, almost no difference in composition can
be seen between the grain boundary and the grain
in specimen B, indicating that the grain boundary
observed in specimen B has a smaller Si concentra-

tion than that observed in specimen A as the two
boundaries are known from the Fresnel data to
have comparable widths*. Fig. 7 shows X-ray
linescans obtained using energy windows centred
on peaks corresponding to the presence of O, Al
and Si, together with ratios of the linescans for
0O/Si. O/Al and Si/Al, which have been scaled to
give the correct atomic ratios for stoichiometric
mullite in the grains. (This removes the effects of the
changes in specimen thickness which are visible in
the original traces.) The three-grain junctions in
specimen A show an O/Si ratio of almost exactly 2
and a Si/Al ratio which is greater than 5 (confirming

* Although the origin of the sulphur peak in the spectra from
specimen B is not known. no difference in microstructure was
seen between specimens of the same starting material as B which
exhibited this peak and specimens which did not.
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Fig. 6. STEM EDX traces from the areas in the two specimens indicated.

the upper limit of 10 mol% Al,O; for the material
at the boundary). No increase in the concentration
of impurity elements at the grain boundary was
seen. Although the same trends as for the three-
grain junction are visible in a trace across a grain
boundary in specimen A. the concentration cha-
nges are smaller as a result of the size and the
broadening of the probe and slight misorientation
of the boundary. Similar linescans across a grain
boundary in specimen B show only noise. (It was
not possible to obtain compositional information
from extended three-grain junctions in specimen B.)
Fig. 7 also shows a scan acquired from a grain

without rastering the probe, from which it can be
seen that errors due to electron-beam-induced loss
of material are unlikely to alter the results signifi-
cantly. Beam-induced mixing of species within the
specimen is, however, more difficult to quantify.
The knowledge that specimen A has three-grain
junctions and consequently grain boundaries that
are rich in SiO, and contain not more than
10 mol% Al,Os;, and that the grain boundaries in
specimen B have a composition which is close to
that of stoichiometric mullite, allows the Fresnel
contrast data to be quantified. In particular, the
scattering potential difference between the grain
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Fig. 7. STEM EDX linescans taken across the regions indicated for the two specimens. Ratios of spectra are also shown, with the values

for the grains scaled to those for stoichiometric mullite.

and the grain boundary in specimen B can be
calculated. As mentioned above, the mean potential
Vo in stoichiometric mullite is calculated to be
15.6 V if the neutral atom electron scattering factors®

> Mullite is expected to have between 50 and 60% ionic bond-
ing [8]; however, the effects of ionicity are difficult to include in
calculations. Here, it will be assumed that if neutral atom scatter-
ing factors are used consistently then comparisons of AV between
compounds with different compositions are valid to first order.

of Rez et al. [5] are used. Correspondingly, the
presence of amorphous SiO, containing between
0 and 10 mol% AIl,O; implies that the boundaries
in specimen A must have a value of ¥, (on the basis
of their composition) of no less than 10.3 V and no
more than 10.8 V (see Fig. 8). The grain boundaries
in specimen B must therefore have a value of AV of
1 times that for specimen A, and consequently
I, and AV values of 13.8-14.0V and 1.6-1.8V,
respectively. It is these values which must now be
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Fig. 8. Calculated and experimentally measured values of the average Coulomb electrostatic potential for the compositions indicated
{see text for details). The solid and open circles represent glass and crystalline values respectively. * and + represent the compositions of
glass and crystalline compounds which have the value of V| determined for the grain boundary in specimen B.

interpreted in terms of the possible composition
and nature of the grain boundaries in specimen B.

5. Interpretation of the scattering potential
difference in specimen B

An attempt to explain the observed contrast in
specimen B in terms of a simple change in composi-
tion (i.e. neutral atom scattering factor) is illustrated
in Fig. 8. Calculated values of V, for known cry-
stalline and glass compounds in the aluminosilicate
system are plotted as a function of composition, for
comparison with the values of V, determined for
the grain boundaries in the two specimens exam-
ined here. It is apparent from the ¥, values in the
graph that, if the boundary in specimen B con-
tained glass (though we know structurally that
there is no evidence for the presence of a glassy
phase). then it would have to have had an enrich-
ment of Al,Oj; (to a composition marked * in
Fig. 8). However, this is in direct conflict with both
the EDX analysis which showed a negligible

change in concentration at the grain boundary and
the diffuse dark field and high-resolution images
which did not indicate that the boundary contained
glass. For a crystalline boundary, if a linear relation
could be assumed between the V,, values of crystal-
line Si0;, and stoichiometric mullite in Fig. 8, then
the data would suggest the presence of a crystalline
compound containing about 30 mol% Al,O; at the
boundaries in specimen B (marked T in Fig. 8).
However, the values of ¥, for mullite and for a hy-
pothetical crystalline compound containing
50 mol% AlL,Oj; (calculated using lattice para-
meters which had been extrapolated from those of
lower silica mullite [9]) show that such a linear
relation between V,, and composition does not in
fact exist, and no enrichment in Si was seen using
EDX. This rather surprising result suggests that an
alternative explanation for the experimentally mea-
sured contrast is required. and we accordingly con-
sider the effects of changes in density, oxygen
content, ionicity and space charge.

We first consider the possibility of changes in
density or oxygen concentration at the grain
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boundary in specimen B. Calculations using neu-
tral atom scattering factors indicate that either
a 10-12% reduction in density without a change in
composition or a 30% decrease in oxygen content
without a change in lattice parameter is required to
reproduce the observed contrast at the boundary.
The former explanation is unlikely both because
such a lower-density crystalline compound does
not exist in equilibrium and because changes in
density at crystalline grain boundaries in ceramics
are expected to be more localised than the 1.5 nm
width of the observed potential profile.® Although
oxygen vacancies are known to preferentially sink
to grain boundaries, a 30% change in oxygen con-
tent also appears to be unreasonably high and no
significant impurity segregation to the boundaries
was observed using EDX. However, the fact that
charged vacancies or solutes may be present at the
grain boundary is an important point which will be
discussed below.

The scattering factors f,; of the constituent atoms
may themselves change if the ionic character of the
material at the grain boundary differs from that in
the grain. Rez et al. [5] have determined ionic
scattering factors for certain isolated atoms. As-
suming that the trends that they predict for the
scattering  factors  f,(O°7)x 2.1£,(0) and
f.(APP*) = 0.11f,,(Al) can be applied to mullite as
a whole, calculations using these values indicate
that the observed contrast at the grain boundary
in specimen B would require approximately a
40-50% increase in the ionic character of the
mullite at the grain boundary relative to that in the
grain. This again appears to be unrealistically large
a change, particularly in view of the fact that the
mullite in the grain is predicted to have an ionicity
of between 50% and 60% [8].

Now that we can discount all of the above effects
as being of primary importance, we must consider
carefully the effects of a space charge layer at the

® Given that we are confident that we are dealing with a cry-
stalline boundary, the local rigid-body displacement (giving a re-
duction in density and thus V) will undoubtedly affect the
Fresnel contrast. We will return to this point once we have
clarified the primary origin of the contrast seen which, on the
basis of the contrast width, cannot be the rigid-body displace-
ment.

boundary in specimen B. This would be caused by
a narrow distribution of charged vacancies or sol-
ute atoms at the grain boundary, and a wider layer
of charge of the opposite sign (usually as free car-
riers) to ensure overall charge neutrality within the
material [10]. Schematic diagrams of the possible
forms of such a space-charge layer are shown in
Fig. 9. Only the simplest models to describe
a space-charge layer are considered here, in order
to gain a preliminary understanding of their contri-
bution to V. Dunin-Borkowski et al. [11] have
considered the magnitudes and the widths of the
potential profiles which are associated with space-
charge layers at interfaces. The relevant equations
are summarised in Table 1 for wider and narrower
charge distributions that have full widths at half
maximum d; and dy, respectively. Expressions are
given for both Gaussian and exponential charge
distributions, which can be regarded as extreme
limits for the forms the charge distributions could
take up at a grain boundary’ . Using a value of 6 for
the dielectric constant of mullite, the calculations of
Dunin-Borkowski et al. [11] allow the magnitude
and the width of the free charge distribution re-
quired to reproduce the full potential difference
observed for the crystalline boundary B to be deter-
mined. For a narrower charge distribution with
a width of 0.1 nm, if Gaussian charge distributions
are assumed the free charge required corresponds
to a sheet number density of 1 x10'®* m™? with
a full width at half maximum of 3.4 nm. The equiva-
lent figures for exponential distributions are
2x10'® m~ 2 and 1.4 nm. The sense of the observed
contrast is consistent with the presence of a narrow
layer of negative charge at the boundary and
a wider distribution of positive charge. The fitted
profiles,® which reproduce both the magnitude and

" The exponential dependence which is predicted for the de-
crease of the defect or solute charge density with distance from
an interface was originally formulated for space charge layers at
free surfaces and relies on the presence of an infinite source of
charged defects at the boundary [12]. This condition may not
always be satisfied. For example, a Gaussian distribution is
more representative of both an impurity diffusion profile and the
form of a ground-state free carrier wave function [13].

% An increase in the width of the narrower charge distribution,
which was here assumed to be confined to 0.1 nm, would require
a larger charge density to fit the observed contrast.
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Fig. 9. Schematic diagram showing the typical geometry of a cross-sectional TEM specimen containing a space-charge layer at a grain
boundary. and the forms of possible exponential and Gaussian charge distributions.

the width of the experimentally determined poten-
tial profile at the grain boundary in specimen B, are
summarised in Table 2 and are shown in Fig. 10.
While the large difference between the magnitudes
and the widths of the charge distributions which
are inferred using Gaussian and exponential model
charge distributions should be noted. it is signifi-
cant that charge distributions of this magnitude
have been reported in other ceramics. see e.g. Ref.
[14]. It is also interesting that Ravikumar et al.
[15] have used electron holography to determine

that a Mn-doped grain boundary in SrTiOj; also
contained a negative boundary charge, a wider
positive charge and a potential profile of width
approximately 1.5 nm.

Although the evidence that has been presented
for the presence of a space-charge layer is not
unequivocal as a result of possible errors in cal-
culated values of V,. we have shown that the width
of the Fresnel contrast observed is consistent with
a dominant contribution due to space charge. The
number density of charged solute atoms or vacancies
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Table 1

Calculated contribution to the scattering potential at a space-charge layer in an isotropic material. from the work of Dunin-Borkowski

etal [11]

Electrostatic contribution to the
magnitude of the potential at the
grain boundary

Form of charge
distributions at
grain boundary

Full width at half maximum of potential. as a least-squares biquadratic fit
to the true relation (an analytical solution is not possible)

SN

N,
Gaussian 3.0656 x 10’“’( 43 )(d, —dy) 1.06 x 107" +0.592d,, + 0.424d; + 9.56 x 10°dyd; — 9.64 x 1043
L — 1.56 x 10°} (accurate to better than 2.4% for 0 < dy, < d; < 1078 m)
(Np _ .
Exponential 6.5264 x 10*9(# }(dr —dy) 392x 10712 4 1.43dy + 1.03d; + 3.18 x 107dydy — 3.19 % 107dZ — 5.28
br x 10°d# (accurate to better than 2.0% for 0 < dy, < d; < 107 % m)

dy, and d; are the full widths at half maximum of the narrower and wider charge distributions. respectively. N ,p is the total projected
positive or negative charge number density in each charge distribution. and &, is a dielectric constant. SI units have been used

throughout.

Table 2
Best-fitting values of N,p and d; to the experimental data for
specimen B

Form of charge distributions Nap (m ™ ?) d; (nm)
Gaussian 1x10'8 34
Exponential 2x10'8 1.4

In these calculations. it is assumed that the space-charge layer
accounts for the total magnitude of AV, and that d,, and g, take
values of 0.1 nm and 6. respectively.

which has been inferred is necessarily associated
with a local change in bonding character at the
boundary. The approach to the calculation that we
have taken is to a degree equivalent to considering
a change in the local ionicity, so that the only
further effect we need to consider in assessing the
full origin of the change in potential at the bound-
ary is that due to the reduction in density asso-
ciated with the geometric form of the grain
boundary. If we assume an exponential form for the
charge distributions [12], although there is neces-
sarily a systematic error in the magnitude of the
fitted space charge resulting directly from the ef-
fects of a reduction in density at the boundary, we
are still confident that the fitted boundary charge
density is not in error by more than + 10% as
changes in the form of the Fresnel scattering behav-
iour (due to reductions in density at the boundary)
would have been apparent.

6. Conclusions

Grain boundaries in two mullite specimens have
been characterised using Fresnel contrast analysis
and energy dispersive X-ray spectroscopy. A relative
comparison of the magnitude of the Fresnel contrast
at a boundary in each specimen, together with chem-
ical characterisation of a glassy interfacial com-
pound in one specimen using EDX, have allowed the
absolute magnitude of AV for the second, crystalline
grain boundary to be determined without the need
for a knowledge of the specimen thicknesses exam-
ined and without the need to consider the effects of
inelastic scattering. The interpretation of this value
of AV has shown that the contrast cannot be ex-
plained solely by a change in composition, density or
ionicity, but is consistent with a dominant contribu-
tion associated with the presence of a space-charge
layer consisting of a localised distribution of positive
charge and a wider distribution of negative charge,
with projected electrically active concentrations
which are of the order of 10'® m ™2, It is hoped that
the Fresnel contrast approach illustrated here will be
developed for the characterisation of charged layers
at interfaces in a wide variety of systems.
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