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We demonstrate here the way the local oxygen content and configuration in YBa2Cu3O72x can be related to
specific Fourier components of the image intensity in experimental high resolution electron microscopy images
along the@001# zone axis. We further show that this allows us to evaluate experimentally local changes in the
oxygen content and ordering at unit cell resolution in projection across twin boundaries in a high-Tc
YBa2Cu3O72x superconductor which exhibitedTc592 K. Our studies indicate that, on traversing a twin
boundary, there is not only an ordering change but also a reduction in the oxygen content.
@S0163-1829~96!04145-8#

INTRODUCTION

The critical temperature,Tc , for YBa2Cu3O72x depends
not only on the oxygen stoichiometry, but also on the local
ordering of the oxygen atoms.1,2 Attempts to evaluate the
oxygen content and ordering using high resolution electron
microscopy~HREM! are thus frequently made3,4 and it is
well known that the imaging behavior along@100# and@010#
zone axes differs depending on the oxygen content in the
Cu-O chain layer. However, it was recognized from an early
date5 that the sensitivity of an image to the degree of Cu-O
chain alignment tends to be high only at relatively large
thicknesses for high resolution electron microscopy. This in
turn leads to doubts about the ability of a high resolution
imaging method for quantitative analysis when it is required
to compare intensities rather than patterns because of the
contributions which can arise due to multiple inelastic/elastic
scattering.6 It has also been recently demonstrated that the
problems in this context remain even when assessing filtered
images.7 Nonetheless there are strong motivations for finding
improved methods for characterizing the local structure and
O content near twin boundaries because variations in their
local composition and structure can both changeTc ~Refs. 8
and 9! and modify their effectiveness as pinning centers for
magnetic-flux lines.10,11 Accordingly instead of making a
comparison of full high resolution image series with simula-
tions, we have investigated the application of specific Fourier
components sensitive to the structural parameter of interest
~in this case the form of the Cu-O chains!. The method has
been demonstrated to be very effective in the characteriza-
tion of local changes in Al content in AlxGa12xAs layered
systems when using the compositionally sensitive Fourier
component associated with the~002! reflection.12 Here we
examine the relationship between the oxygen content in thec
axis projection of a unit cell and the Fourier components in
an image associated with the~100! and ~010! spacings and
investigate the application of the above approach to the char-
acterization of the form of the O content change for a typical
twin boundary in a high-Tc YBa2Cu3O72x sample.

EXPERIMENTAL DETAILS

The single crystal of YBa2Cu3O72x examined~Tc592!
was grown from a highly concentrated flux containing~10–
15!% YBa2Cu3Ox and ~90–85!% Ba3Cu7O10.

13 Specimens
for electron microscopy were prepared by the standard tech-
nique for ceramic oxides in which crystals are ground in
alcohol using an agate pestle at room temperature and ex-
tracted onto a porous carbon film. The high resolution elec-
tron microscopical data described here were obtained using a
JEOL 4000EX-II microscope with a point resolution of 0.17
nm. Lattice images were recorded after an observation time
short enough to avoid electron beam irradiation effects.4 Im-
age simulations were carried out using the EMS program
software14 ~parameters: acceleration voltage of 400 kV;
spherical aberration of 1 mm; defocus spread of 10 nm;
beam divergence of 1 mrad; sampling 0.006 nm/pixel!. The
HREM images were analyzed using routines written in the
macro language SEMPER.15

THE FOURIER COMPONENT APPROACH
FOR LOCALIZED CHANGES
IN O ORDERING IN YBCO

As was first demonstrated by neutron diffraction16,17 two
kinds of oxygen vacancies are ordered in the perfect struc-
ture: one is located at~0,0,1/2! in the Y planes, and the
other is at~1/2,0,0!. It is the latter which leads to the exist-
ence of a Cu-O chain along theb direction in the basal
planes. Pendello¨sung plots for various lower index beams
contributing to the HREM images in the@001# projection
were examined for an accelerating voltage of 400 kV. These
showed that for this voltage significant differences between
the ~100! and ~010! beams, as associated with the oxygen
ordering in the basal planes, are apparent for specimen thick-
nesses greater than 7.0 nm.4,5 Further analysis of simulated
c-axis high resolution images reveals that a distinctive con-
trast feature associated with the ordering, which readily al-
lows discrimination of thea andb directions, can be defined
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as the difference in the amplitudes of the Fourier coefficients
U~010! and U~100! of the intensity in the image as normal-
ized by the background intensity U~000!. The sum of the
Fourier amplitudes U~010! and U~100! should remain con-
stant for the regions having perfect oxygen ordering and full
oxygen content. Moreover, as can be seen from Fig. 1, the
parameter is relatively insensitive to the precise defocusD f
and thicknesst over reasonable ranges for each ofD f'230
to250 nm andt'9 to 15 nm. Clearly a precise evaluation of
the O content would require the comparison of the values of
this parameter, as extracted from experimental images at
known thicknesses and defoci, with values obtained similarly
for standard specimens. This is partially because of uncer-
tainties in the precise anisotropic form of the Debye Waller
parameter to be used for O,5 and partially because, without
energy loss filtering, contributions to the image detail due to
inelastic/elastic scattering are hard to quantify.6 It is nonethe-
less interesting to examine the sensitivity of the approach, its
spatial resolution and the degree to which data obtained for
an interface might be affected by the Fresnel contrast asso-
ciated with the discontinuity. Accordingly we now describe
the results we have obtained in applying the method to the
analysis of the form of the O distribution across a typical
defect free planar twin boundary.

An @001# HREM image of such a twin boundary, taken
near Scherzer focus~D f5240610 nm!, is shown in Fig.
2~a! and optical diffraction patterns obtained from each of
the twinned domains, I and II, are shown in Figs. 2~b! and
2~c!, respectively. While the intensities of all$110% reflec-
tions are almost identical in both twinned domains, that of
the lowest index reflection in one domain is much stronger
along @010# than along@100#, and this exchanges across the
boundary. It is thus clear that differences in imaging behav-
ior across the boundary are sufficient to allow thea and b
directions to be distinguished in the conventional HREM im-
age, at least with the aid of optical diffraction. However, our
interest here lies in seeing whether the localized extraction of
the specific Fourier coefficients discussed above allows in-

ferences to be drawn about the distance from the twin bound-
ary over which there might be changes in the O distribution.
Whether this will be the case depends primarily on whether
or not there are comparable Fresnel contributions to the con-
trast due to the changes in projected potential at the bound-
ary. This was examined by extracting a low pass filtered
version of the top part of the original lattice image@Fig.
3~a!#, as shown in Fig. 3~b!. An aperture in Fourier space
was used which allowed only frequencies smaller thanug100u
to contribute. While the boundary can be weakly discerned
in the image@as can be seen from the intensity distribution as
projected along the boundary in Fig. 3~c!#, the magnitude of
the low frequency scattering contribution due to the bound-
ary, which is of a sense indicative of a reduction in the local
projected potential, is small. This is as would be expected for
the low defocus used but nonetheless suggests that any
change in the local projected potential at the boundary is not
atomically localized. Leaving this point aside for the present,
the critical point in the analysis of the use of the U~010! and
U~100! Fourier coefficients for the localized analysis of the
O distribution rests on whether or not the magnitudes of the

FIG. 1. Contour plot of the normalized difference of the Fourier
coefficients @U~010!2U~100!#/U~000! in simulated @001# HREM
images for various defoci and thicknesses.

FIG. 2. ~a! @001# HREM image of a typical twin boundary. The
optical diffraction patterns obtained from twinned domains I and II
are shown in~b! and ~c!.

FIG. 3. ~a! Enlarged top part of Fig. 2~a!. ~b! A low pass
filtered image of~a!. ~c! The line scan of the low pass filtered
image along the twin boundary.@The line scan in~c! is normalized
with respect to the average intensity value in~a!.#
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changes in these coefficients at and across the boundary are
significantly greater than the contrast seen in the low pass
band image@Fig. 3~b!#. Preliminary examination of the
changes in U~010! and U~100! demonstrated that this is in
fact the case so we are able to proceed with the analysis of
the oxygen distribution across the boundary using the com-
parison of these coefficients.

The analysis of the oxygen content and ordering near to
the twin boundary in Fig. 2~a! is carried out by obtaining the
magnitude of the specific Fourier components of the image
intensity of interest for every individual unit cell as described
by Waltheret al.12 The intensity distribution in every unit
cell in Fig. 2~a! was thus resampled onto a perfect 16316
pixels square and Fourier transformed. In the next step the
amplitudes U~g! of the Fourier coefficient of the image in-
tensity distribution corresponding to the reciprocal lattice
vectorsg were calculated for each of these unit cells. Figure
4~a! is a grey-level map depicting the value@U~110!
2U~11̄0!#/U~000! of all unit cells from Fig. 2~a!, and thus
the local asymmetry in the two perpendicular sets of$110%
lattice fringes normalized by the background intensity. The
^110& filtered lattice image18 of the top part of the original
HREM image@Fig. 3~a!# is shown in Fig. 4~b!. The absence
of structural information in Figs. 4~a! and 4~b! means that the
signal is the same in both domains and is not affected by the
presence of the boundary. A significant crystal tilt across the
boundary or a serious distortion of the cation sublattice
would manifest themselves in such images, so we can ex-
clude such affections as giving significant changes in the
Fourier coefficients sensitive to the oxygen content.

As we have seen from Fig. 1 it is the U~100! and U~010!
Fourier coefficients which are sensitively related to the oxy-
gen content and distribution in the CuO chains. Figure 5~a!–
5~d! are grey-level maps showing the Fourier amplitudes
U~010!/U~000!, U~100!/U~000!, @U~010!2U~100!#/U~000!,
and@U~010!1U~100!#/U~000!, respectively, for the unit cells
from Fig. 2~a!, together with line scans obtained by vertical

projection. The average intensity of the normalized Fourier
amplitude U~010!/U~000! of domain I is about two times
larger than that of U~100!/U~000!, and vice versa for domain
II. It should also be noted that the magnitude of the change is
far larger than was seen at the boundary for the low pass
band image@Fig. 3~c!#, this confirming that the Fresnel con-
trast due to the boundary has insignificant effects on the use
of these Fourier coefficients for the determination of any
localized changes in the O distribution at the boundary. The
reason for the change in the magnitude of the respective
Fourier coefficients across the boundary is of course the ex-
change of thea andb axes in the twinned domains due to the
Cu-O chains being rotated by 90° across the twin boundary.
The line scan of Fig. 5~c! shows that the difference between
the Fourier amplitudes U~010! and U~100! has nearly the
same magnitude for both domains, with the sign being re-

FIG. 4. ~a! A two-dimensional grey level map of the signal
@U~110!2U~11̄0!#/U~000! in all unit cells of Fig. 2~a!. ~The inten-
sity values in the line scan are multiplied by a factor 105.! ~b! The
^110& filtered lattice image of the top part of the original HREM
image shown in Fig. 3~a!.

FIG. 5. Two-dimensional grey level maps of the Fourier ampli-
tudes~a! U~010!/U~000!, ~b! U~100!/U~000!, ~c! @U~010!2U~100!#/
U~000!, and~d! @U~010!1U~100!#/U~000! from all unit cells in Fig.
2~a! and their line scans along the twin boundary.@The intensity
values in the line scan are multiplied by a factor 105. The width of
each step~54 steps in total! corresponds to one unit cell:a'0.38
nm.#
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versed. The small asymmetry observed is presumably due to
weak astigmatism or beam tilt which would enhance the in-
tensity of one set of$100% lattice planes over the other. Com-
paring Fig. 5~c! not only with the low pass band filtered
image@Fig. 3~b!# but also with the map in Fig. 4~a!, we can
conclude that any specimen misorientation away from the
@001# direction is minimal for both domains in the experi-
mental HREM image of Fig. 2~a!, and that no other effects
such as metal sublattice disordering can be sufficient to pro-
duce any effects on the U~100! and U~010! maps which
could compete with the effects on them due to the oxygen
distribution. Thus the changes of the Fourier amplitudes
U~010! and U~100! from domain I to domain II as shown in
Fig. 5 suggest that we are probing the local changes in the
ordering of the oxygen atoms in the Cu-O chains. It is thus
significant that the sum of the Fourier amplitudes U~010! and
U~100!, as shown in Fig. 5~d!, is drastically decreased lo-
cally at the boundary. As it has been demonstrated that no
other effects influence the sum of the Fourier amplitudes
significantly, the drop in Fig. 5~d! leads us to the conclusion
that at a typical twin boundary either the average oxygen
content at the CuO chain positions is reduced or the oxygen
ordering is lost. Computer simulations for two different twin
boundary models19 having various oxygen content and order-
ing have been carried out at different defocus and thickness.
It has been found that the Fourier analysis method is capable
of providing reliable data on determining the oxygen order-
ing and content. The details on the image simulations will be

given somewhere else. Furthermore Fig. 5~d! demonstrates
that the width of the twin boundary, over which the oxygen
content and the ordering are at least partially lost, varies
significantly from place to place along the boundary. The full
width at half maximum is 1.660.2 nm which is much wider
than the result~twin boundary width: 0.760.2 nm! ob-
tained by x-ray diffraction for the material with similarTc .

20

It is possible that this indicates preferential electron beam
damage at the boundary and this will be further investigated.

CONCLUSION

In summary, we have demonstrated that the oxygen con-
tent and ordering in a high-Tc YBa2Cu3O72x superconductor
can be investigated on the sub-nm scale by an analysis of
specific Fourier components of the image intensity in experi-
mental HREM images. Our study indicates that there is at
least a partial loss of the oxygen content and ordering near to
a typical twin boundary. Our analysis method would allow
the future quantitative measurement of the oxygen content in
individual unit cells~as of course averaged over the speci-
men thickness! by using appropriate lattice images of
YBa2Cu3O72x with known oxygen content as reference im-
ages. Finally it can be noted that while the Fresnel method
could have been used, with much higher defoci, to provide
data of comparable spatial accuracy perpendicular to the
boundary, the Fourier coefficient approach described here
allows a two-dimensional analysis.
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