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High resolution electron microscope images showing the detailed distribution of metal atoms
within the unit cells of complex oxide structures have been recorded recently and as a first ap-
proximation may be interpreted as amplitude-object images if obtained with the degree of defocus
corresponding to the “optimum-defocus condition” for the phase-contrast imaging of thin phase
objects. Detailed observations of images of Ti,Nb;(O,e crystals having thicknesses of the order of
100 A reveal that the thin phase-object approximation, which assumes that only small phase-shifts
are involved, is inadequate to explain some features of the image intensities including the variation
of contrast with crystal thickness. A very aproximate treatment of the phase contrast due to de-
focussing of phase objects having large phase shifts is evolved and shown to give a qualitativity
correct account of the observations. The variation of image contrast with tilt away from a principle
orientation is discussed. From the symmetry of the image contrast it is deduced that the symmetry
of the crystal structure as derived from X-ray diffraction studies can not be correct.

1. Introduction

While the resolution of fringes having periodi-
cities corresponding to crystal lattice plane spacings
has been used for a number of years as a test for the
instrumental stabilities of electron microscopes, the
use of lattice imaging as a means of deriving useful
information concerning crystal structures and their
defects is relatively recent. It is well-known that
the scattering of electrons by crystals is strongly
dependent on the crystal orientation. Except in
very favorable cases, it is therefore necessary to
define the orientation of the crystal with precision
by use of a goniometer stage if the images of
crystals are to be interpreted in detail. Until
recently the use of a goniometer stage has limited
the resolution attainable to perhaps 10 or 15 A
which is not sufficient to give useful information
on crystal structures except for major features of
structures having large periodicities.

It has been shown by ALLPRESS and collabora-
tors1:2:3 that with a resolution of about 6 A it is
possible to derive a great deal of useful information
regarding the structures of some complex oxide
phases and the nature of the defects associated
with their non-stoichiometry. While much of this
information could be deduced from an observation
of periodicities only, with the aid of some pre-
knowledge gained by X-ray diffraction of the type
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of structures to be expected, these authors showed
that it is possible to associate particular features of
the contrast with particular groupings of atoms.
Regions containing a higher concentration of metal
atoms could be imaged consistently as dark spots.

Using an instrument with better resolution,
UvEeDpA et al.# have obtained images of crystals of
a phthalocyanine derivative in which the outline
of the molecule can be traced. These authors made
use of the “optimum defocus condition” proposed
originally by SCHERZER 5 and applied by others 6:7,8
as a means for obtaining amplitude contrast from
thin specimens of biological material which can be
described as thin phase objects. For ecrystals
having a thickness of the order of 100 A and con-
taining relatively heavy atoms it would seem
unlikely that this simple theory, which assumes
that only small phase-changes occur, should be
applicable. However the observations by I1yima?®
on images having a resolution of about 3 A,
obtained from some complicated titanium-niobium
oxide structures, suggest that an interpretation in
terms of this theory may be possible. Images taken
with the prescribed underfocus of about 900 A
show a darkening dependent on the number of
metal atoms present in the projection of the crystal
structure in the direction of the incident beam.
For example,in Fig.1(a) and (b) ** the image of a
crystal of TisNbjgOgzg is compared with a diagram
* On leave from Research Institute for Scientific Measure-

ments, Tohoku University, Sendai, Japan.
** Figures 1, 3, 6 and 7 on p. 448 a, b.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift flir Naturforschung
@ @ @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.



446

of the structure as deduced from the X-ray diffrac-
tion study by WADSLEY 10. The image was obtained
with the incident beam in the direction of the
short b-axis of the unit cell, giving the diffraction
pattern of Fig.1(c) in which a circle has been
drawn to indicate the size of the objective aperture
and so the portion of the diffraction pattern which
contributes to the image. Positions in the unit cell
where there is one isolated metal atom per unit
cell in the projection of the structure appear grey.
Positions where two metal atoms are close together
in the projection appear darker.

In order to make a full and detailed comparison
of such observations with theory it is necessary
to make accurate calculations of the dynamical
scattering of electrons in the crystal, including the
interactions of all beams of appreciable amplitude
appearing in the diffraction pattern, Fig. 1(c), and
then combining the diffracted beam amplitudes to
calculate the image intensity, taking account of the
effects of defocussing, spherical aberration and the
limitations of objective aperture appropriate for
the imaging conditions employed. Such calculations
have previously been made by Hewarll:12 for
images of NbpOs5 and other materials and are now
being made for images such as that of Fig. 1 by
Fejes (to be published).

In the present paper we take a less rigorous
approach to the problem of image interpretation.
We review first the simple phase object imaging
theory and consider its limitations. We then
consider modifications of this theory which appear
to give a better qualitative account of the observa-
tions on lattice images which have been made to
date.

II. Contrast from Thin Phase Objects

The effect on an incident electron beam, assumed
to be coherent and of amplitude unity, of a thin
specimen may be approximated by multiplication
by a transmission function

g(zy) =exp{—iog(@y) —uky)}, (1)
where ¢ = n/AE, E is the accelarating voltage of
the beam, @ (zy) is the projection of the potential
distribution of the object in the beam direction
and u(xry) is the projection of an ‘‘absorption
function” representing the effect of all processes by
which some electrons are prevented from contribut-
ing to the image contrast, including the effect of a
finite objective aperture sizel3,
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The modification of the relative phases of the
diffracted beams by defocussing and by the
spherical aberration may be represented by
multiplying the amplitude in the back-focal plane
of the objective lens, Q(u,v), given by Fourier
transform of (1), by the phase factor exp{iy}
where

y=nAAu2 — FxCsA3ul. (2)

Here u is a radial coordinate (v = r/f 1, f is the focal
length), A is the amount of defocus and Cj is the
spherical aberration coefficient of the objective
lens.

For thin biological samples, the approximation is
usually made that o¢ (ry) < 1 and u(xy) < o (xy)
so that (1) can be written

ey ~1—iog(ry) —u@y). (3)
The average value of ¢ (xy) involved is that corre-
sponding to the mean inner potential ¢ since
individual atoms are not resolved. For g9 = 10 eV
and 50 eV electrons, the approximation (3) should
be valid for thicknesses less than about 100 A13,
For crystals containing moderately heavy atoms,
superimposed in projection, the maximum values
of o¢ will approach unity for a thickness of the
order of 10 A for 100 kV electrons and so the
application of the approximation (3) should be
severely limited.

The amplitude distribution in the image plane,
obtained by Fourier transform of the amplitude
distribution in the back-focal plane, will then be
given by

y(xy) = q(xy) * Flexp(iy)] (4)
where the % sign represents a convolution and #
indicates Fourier transform operation. When the
image intensity pyp* is calculated with the approxi-
mation (3), only the real part of y(xy) need be
considered since the imaginary part contributes
only second order terms in the quantities assumed
small. Thus it may be assumed that the amplitude
in the back focal plane is the real part of

Q(u,v) exp{i g}

or
Y(uv)=0(u,v) — M(uv)cos y + oD (uv)sin g,

()
where M (uv) and @ (u,v) are the Fourier trans-
forms of u(xy) and ¢@(xy) respectively and the
d-function represents the unscattered incident
beam.
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The object ot defocussing is to obtain an image
intensity distribution as close as possible to that
of an amplitude object, namely

Izy)=1+20¢(zy). (6)

From (5) it is seen that this will occur if the value
of sin y is made close to 41 for as much of the
range of the coordmate u as possible. For the
“optimum defocus condition” of SCHERZERS, the
variation of sin y with » is as shown in Figure 2.
For the low values of u, for which there is a large
deviation from unity, a compensating contribution
may be expected from M (uv)cos y, since it is
reasonable to expect u(x,y) to have much the
same form as ¢ (2 y).

Hence as a first rough approximation it may be
assumed that the optimum defocus image may be
similar to the amplitude object (6) and therefore
subject to a simple intuitive interpretation.
Inserting the value of the spherical aberration
constant appropriate for our microscope, the
JEM-100B, we find that this condition should
occur for about 900 A under focus4.

3. Observations on Ti,Nb,,0,,

The thickness of crystals giving images such as
Fig. 1 (a) is difficult to estimate with any precision.
Approximate estimates have been obtained for
particular crystals by making observations of the
apparent width of planar faults as a function of
crystal tilt and also by noting the change of
contrast of the images for small tilts (see Section 5,
below). The indication is that images which can be
readily interpreted in terms of the crystal structure
as in Fig. 1(a) and (b) are given tor thicknesses
up to 100 or 150 A. For thicknesses beyond this
the image is modified and soon becomes unrecogniz-
able although in some cases the same image as for
thin crystals reappears in a higher range of thick-
nesses of perhaps 700 to 1100 A.

For crystals of 100 A thickness the value of o¢
corresponding to the mean inner potential ¢g
would be about 1. For the maxima of projected
potential at the positions of heavy atoms the value
could reach 10 or more. Hence the assumption of
the simple theory that gp < 1 is clearly not valid.

In order to extend the validity of the theory to
include somewhat larger values of o ¢, it is possible
to include second order terms in the expansion of
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Equation (3). It has been shown by Erickson 14
that the additional terms introduced in this way
in the intensity expression include an additional
absorption effect. However these additional terms
are complicated and difficult to appreciate in-
tuitively. Also, as is well known for the case of the
equivalent series of Born approximations for
scattering theory, the expansion of the exponential
of Eq. (1) in a power series gives terms which
become rapidly more complicated and converge
very slowly in the region for which the first-order
approximation fails significantly. Hence the calcula-
tion of second order terms may be of use for thin
biological objects in order to show the limitations
of the first-order treatment but has little relevance
for our purposes.

For thin biological objects the major contribution
to the effective absorption function u(z,y) comes
from the elimination of scattered beams by the
objective aperture. Since the resolution involved is
of the order of 10 A or more, the aperture is made
small and a major part ot the elastically scattered
electrons is intercepted. For the crystal lattice
images however, it is seen from Fig. 1(c) that a
larger aperture is used to give the optimum resolu-
tion and contrast as suggested in Figure 2. Then

1.0

0.5

0.5 1.0 .

@ x 10? rad

-1.0

Fig. 2. The variation of sin y with the scattering angle
o(x = Au) for the optimum defocus condition for thin
phase objects. The desirable cut-off angle a. corresponds
to the objective aperture size indicated in Figure 1(c).

this contribution to the effective absorption
function and so to the corresponding part of the
expression (5) will be smaller. This may be com-
pensated to some extent by a larger contribution
to the absorption from thermal diffuse and single-
electron scattering due to the presence of heavier
atoms.

In spite of these severe limitations on the appar-
ent validity of the simple thin phase-object contrast
theory for our specimens, the predictions of this



448

theory seem to give a good account of at least the
main features of the observations.

The image, Fig.1(a), which appears to be a
good amplitude-object image of the projection of
the crystal lattice was obtained with an under-
focus of approximately 900 A, as predicted. The
through-focus series, Fig.3, shows that the in-
focus image and images taken with an underfocus
differing by more than a few hundred A from this
optimum value show very different intensity
distributions. Preliminary calculations by P. Fejes
suggest that the in-focus contrast is accounted for
very well by the contribution of the spherical
aberration term in (2) only.

It may be noted that, because there are major
periodicities in the crystal of approximately 3 and
10 A, it is to be expected that the out-of-focus
images will show a tendency to repeat at intervals,
2/}, equal to about 2500 A, in accordance with the
theory of Fourier image formation!5. Hence the
first and last images of Fig. 3 tend to be similar.

More detailed observations of the images suggest,
however, that the simple theory fails to account
for the variations of contrast with crystal thickness
and tilt. The theory would suggest that the peak
value of @(xy) and therefore the image contrast
would vary linearly with thickness and decrease
with tilt away from a principle axis direction. This
is not observed. The average intensity of the
image decreases with thickness, presumably due to
a uniform absorption, but the image contrast remains
almost constant. With a tilt of the incident beam
away from a principle direction the intensity
distribution changes but the image contrast is not
greatly affected. Here and in what follows we use
the term ‘“‘contrast” to imply a semi-quantitative
measure of the range of relative intensity values
present, irrespective of the form of the intensity
distribution.

4. Simple Theory for Large Phase Changes

While a full account of the image intensities to be
expected from crystals of finite thickness can be
given best by extensive n-beam dynamical calcula-
tions, we have sought a reasonable basis for an
intuitive type of interpretation which is more
appropriate than the thin phase-object approxima-
tion described above.

J.M.COWLEY AND S.IIJIMA

In general, the effect on an incident electron wave
of a crystalline or non-crystalline object can be
considered as composed of phase changes, resulting
from the transmission through the potential distri-
bution, and Fresnel diffraction effectsl6. Fresnel
diffraction effects may be neglected if the resulting
spread of the wave (as judged by the width of the
first Fresnel fringe) is less than the resolution limit
of the electron microscope. For A as 0.04 A this
suggests a thickness limit of about 100 A for 2 A
resolution or 200 A for 3 A resolution. For smaller
thicknesses than these we may make the phase-
object approximation (1) but for our crystals we
can not make the first-order approximation (3).

If we neglect absorption effects and the contribu-
tion of spherical aberration to the phase factor, y,
the Eq. (4) for the image amplitude obtained with
a defocus distance A is given in one-dimensional
form as

(@) =exp{—iop (@)} (/A2 exp{— nia2[A]}.

()

A convenient analytical form for this convolution
may be obtained if we assume a special form for
o @ (z), namely
_ T if |z| <b/2
a¢(x):t(7c):{0 M>b/2,

for which we have the property % (x) = T71-{(x).
Then

p@ = [t + 7 exp{—iT) — n)x (/a2
-exp{— mia?[42}]
=1+ (¢/4n)1/2[(cos T — 1) — ¢sin T'] (8)

el e Do [(4) (- 2)
s {(3)" e+ 2)
cos (3= )

where C(x) and S(x) are the Fresnel cosine and
sine integrals.

In the limiting case of very small width b, of the
t(z) function, so that b/(44)1/2 tends to zero, the
differences between C and S functions in (8) give
the differentials with respect to z, C" and S’, so that

(@) = 1+ (i AR)1/2

blexp{—iT} — 1)[C'(y) — iS'W)], (9)
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Fig. 1. (a) Electron micrograph of a thin portion of a Fig. 3. Through-focus series of images of
crystal of TisNbjgOz9 taken with the incident beam TisNb1gO29 taken with values of the
parallel to the b-axis. (b) Diagram of the projection of the defocus distance 4 equal to (a) — 1600 A
structure of TiaNb19Os29. Unit cell dimensions a = 28.5 A, (b) —960 A (c) —240A (d)0A (e) +240A

¢ = 20.5 A. The structure is composed of two layers (dark

and light lines) of metal atoms in oxygen octahedra

(shaded squares). (c¢) Electron diffraction pattern of the

crystal imaged in (a) with a circle drawn to indicate the
objective aperture size.
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Fig. 6. (a) Electron micrograph of a crystal of TisNbyjgO29  Fig. 7. (a) As for Figure 6(a) but tilted approximately
tilted about the a-axis by 4 X 10-3rad. away from the 10-2radians. (b) Electron diffraction pattern showing the
b-axis orientation. (b) Electron diffraction pattern corres- tilt for 7 (a).

ponding to 6(a).
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where y = (2/42)1/2z, and the intensity distribu-
tion is then

I(z)=1+ ( )1/2 [{C'(y) + S'(y)} (cos T — 1)
+ {C’ y) — Sl(y)} sin 7] (10)
2
+ Zbﬁ {C' )} + {S'(y)}21(1 —cosT).

The functions C'+ S’ and C'— S’ have central
maxima of width near to (44)1/2 and then oscillate
with periodicities decreasing with x. Hence if the
intensity distribution for a defocus of a few hundred
A is viewed with a resolution of about 3 A the
image of a single #(x) peak will show a central
maximum surrounded by rapidly decreasing inten-
sity oscillations.

For a projected peak of potential corresponding
to a line of atoms, such that ¢ (x) achieves values
much greater than unity, we may consider o (x)
to be made up of a large number of displaced ¢(x)
functions, as suggested in Figure 4. It the width

A

Fig. 4. Diagram suggesting the representation of a peak
in the projected potential as made up of a large number of
t(x) functions.

of the o (x) peak is much less than that of the ¢’
and S’ functions or less than the resolution limit,
the total amplitude may be made up of a large
number of contributions of the form (9) and will
be given to a first approximation by averaging (9)
or (10) over 7T so that the cosine and sine terms
drop out. The observed intensity distribution will
be given approximately by

I(2) = 1 —w(A2)12{C"(y) + 8'(

where w is the width of the peak in ¢ ¢ (x), measured
where the value of o¢(x) is approximately equal
to unity. The spread function R (x), of integrated
value unity, is chosen so that convolution with
R(z) represents the loss of resolution due to the
objective aperture size and the instabilities of the
electron microscope. For example, one could

Y)}*R(x), (11)
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assume

R(x) = (nd?) "2 exp{— a2/d?}, (12)

where d is the minimum resolvable distance. The
final, second-order term of (10) can be neglected
ifuw?2<€ Al orw<d.

The form of the function C’(y) + S’(y) is illus-
trated in Fig. 5 together with the form of the con-
volution with the function R (x) given in (12) with
d = (42/2)1/2,

LR
i

Fig. 5. The function C’(y) + 8’(y) (full curve) and the
convolution of this function vnth a gaussian of half width
unity (broken curve).

We have neglected in our treatment the effects
of spherical aberration. In the thin phase-object
theory of section 2 above, the inclusion of spherical
aberration increases the optimum defocus value
from about 400 to 900 A. If we make the same
assumption for the present case, it seems that the
value of (42/2)1/2 to be considered is approxi-
mately 3 A which is the same as the resolution of
our images. Hence the broken curve of Fig.5
should be revelant for our case.

From this simple result of Eq. (11) the interest-
ing conclusion may be drawn that for a peak in the
projected potential, o (x), of height much greater
than unity, the contrast in the image will be almost
independent of the height since it will depend only
on the width of the peak if this is less than the
limit of microscope resolution.

For example, a single peak in the projection
corresponding to a single row of atoms will give
approximately half the contrast of two parallel,
unresolved rows of atoms. This is consistent with
the appearance in Fig.1(a) of the darkening
corresponding to single and double rows of metal
atoms [cf. Fig. 1(b)].

Also from (11) we deduce that when the incident
beam is parallel to the crystal axis the contrast of
the image will be almost independent of thickness,
as observed.

In (11) the factor (A42)~1/2 is compensated by an
increase of the width of the (C’ 4+ S’) function by
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the inverse factor. Hence when this function is
convoluted with a spread function due to limited
resolution, the intensity distribution and contrast
should be approximately constant with defocus.
Consideration of very small values of A is here
excluded by the condition that w2/4A4 must be
small. Also large values of A, for which interference
effects between periodically repeated peaks give
Fourier image phenomena 15, must also be excluded.
In practice the images of the TisNb19O29 crystals
showed a reasonable approximation to the optimum
intensity distribution over a range of defocus
values, A, from about 300 A to 1200 A.

5. Tilting Effects

The image of Fig. 1(a) was obtained with the
incident electron beam very nearly parallel to the
b-axis of the unit cell. The deviation from this
principle orientation can be judged from the near-
symmetry of the diffraction pattern, Fig. 1(b), to
be no more than 10-3 rad. For a crystal 100 A
thick, a tilvt of 10-2 rad. should broaden a projected
peak of og(xy), due to a line of atoms, by 1 A in
the direction of tilt and this may be expected to
have a visible effect on this image. The micro-
graph, Fig. 6(a) was obtained with a tilt about the
a-axis of 4 X 10-3 rad. as judged by the diffraction
pattern, Figure 6(b). The effect of the broadening
of the features resulting in a poorer resolution of
the fine structure in the tilt direction is clearly
visible. For the larger tilt of 10-2radians, as
suggested by the diffraction pattern, Fig. 7(b), the
image, Fig. 7(a) has been modified strongly. Hence
the sensitivity of the image to a tilt of the crystal
is roughly as suggested by simple geometric
considerations.

For the thin phase-object approximation the
contrast of a single sharp peak in o ¢ (zy) of width
less than the resolution limit will depend only on
the integrated weight of the peak. Hence for a
peak due to a single line of atoms, extended into
a line in projection as the crystal is tilted, the
contrast will remain constant while the line is
shorter than the resolution limit, but will decrease
as greater tilts extend the length of the line beyond
the resolution limit. On the other hand, the con-
clusion to be drawn from (11) is that for thick
phase-objects, the contrast of the projected peak
will at first increase with tilt as the width w in-
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creases up to the resolution limit. Then for larger
tilts, since the length of the peak within the region
of a spread function remains constant, the contrast
will remain unchanged, although the detailed form
of the intensity distribution will vary.

While it is not easy to make detailed comparisons
of contrast in practice or to predict contrast
behaviour for complicated crystal structures, our
observations to date seem to be more nearly in
agreement with what might be expected for a
thick phase-object using these arguments.

The change in the nature of the contrast along
lines parallel to the c-axis in Fig. 7(a) as compared
with 1 (a) can be understood by reference to Figure 8.
Along a line of metal atom positions parallel to the
c-axis the projection of the potential will be a
series of sharp peaks represented by dots in Fig. 8 (a)

Intensity
] (a) No tilt
Projection

(b) Tilt 7x10-%rad

v, Projection
] (¢) Tilt 2x10% rad

Intensity

Fig. 8. Diagram illustrating the change of contrast with

tilt along lines parallel to the c-axis of the TiaNbjoOag

structure for a crystal approximately 150 A thick. (a) The

projection and image intensity for no tilt. (c) The modifica-

tion of the projection and image intensity for a tilt of

approximately 10-2 radians, showing the apparent reversal
of contrast.

for the untilted crystal with a resulting intensity
variation as shown, when the closer pairs of dots
are not resolved. With increasing tilt the dots
spread out into rods which overlap more and more
as in 8(b) and 8(c). For 8(c) the minimum value of
o@(xy) may be subtracted out since it represents
a uniform phase change, leaving a distribution
with only one broad minimum which may be
expected to give the intensity distribution sketched,
with one broad white band per 10 A repeat distance
rather than the two sharper white bands of 8(a).
Thus the main features of Fig. 7(a) are reproduced.

Tilting experiments such as these confirm the
conclusion to be drawn from Eq.(11) that the
intensity at a point in the image for such crystals
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is not linearly related to the value of the projected
potential distribution at that point. Hence it is
clear that images obtained with different tilts can
not be simply combined to give stereo images of the
structure in three dimensions.

In general it would seem that while the intensity
distributions may be predicted rather simply for
known or postulated structures, when the electron
beam is almost parallel to a principal axis, there
may well be ambiguities of interpretation which will
complicate the process of deducing completely
unknown structures directly from observed inten-
sity distributions.

6. Crystal Periodicities and Symmetry

It was argued by CowLEY and MoopIe!? and
CowLEY et al.18 that within certain limitations, the
symmetry of the projection of the crystal lattice in
the beam direction will be maintained in all
dynamical diffraction processes. A more complete
discussion of the limitation to this rule was given
by GioNNEs and MooDpIE19.

Within the range of applicability of the phase-
object approximation it is clear that all symmetry
elements of the projection of the potential, ¢ (xy),
must be maintained in the image, irrespective of
crystal thickness or of microscope focus or spherical
aberration.

This rule does not exclude, of course, the well-
known occurrence of apparent half-spacings or other
submultiples of crystal lattice periodicities. It does
exclude the occurrence of double spacings or of
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Itisinteresting to note in the images of TisNb;¢029
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