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Polycrystalline samples of YBa,Cu;0, s and YBa,Cu:O¢ ¢ were prepared by oxygen titration of YBa,
Cu;304 at 450°C followed by slow cooling to room temperature. Both samples showed evidence for the
a' = 2a supercell in individual grains by electron diffraction as reported previously. In addition the
superlattice was observed in neutron powder diffraction indicating that the bulk material is also well
ordered. In this study the YBa,Cu;04 , phase showed longer correlation lengths for ordering along both
a* and b* than YBa,Cu,Og ;. For the former compound the powder-averaged, sample-averaged «*
correlation distance is 26 A from neutron diffraction. Analysis of electron diffraction profiles on
selected single crystals give correlation lengths along a*, 5*, and ¢* of 100, 200, and 50 A, respectively.
Dark field imaging discloses the presence of striped, ordered domains elongated along b* with a
distribution of sizes. Both neutron diffraction and dark field imaging indicate that the volume fraction
of the ordered domains is about 50%. A correlation is noted between the Meissner Effect and the

extent of defect ordering in the bulk samples of the two phases.

Introduction

Much attention has been focused on the
synthesis and characterization of oxygen-
deficient YBa,Cu;0s. , since the earliest ob-
servations that about one oxygen per for-
mula unit can be removed from the chain
sites under relatively mild conditions (Z, 2).
Both experiment and theory indicate at
least one phase intermediate between x =
0.0 and x = 1.0, namely, near x = 0.5,
which is due to the ordering of oxygen va-
cancies. Experimentally, evidence for this
intermediate ordered phase is manifest in
the widely reported observation of a set of
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superlattice reflections of the type (#/2 0 )
in single crystals using electron diffraction
and in one case X-ray diffraction (3—6). The
currently accepted model for the ordered
state involves alternating filled chains and
vacant chains along the b-axis. This is con-
sistent with the observed superlattice di-
mension a’ = 2a and minimizes the occur-
rence of three coordinate copper atoms.
Other evidence comes from the composi-
tion dependence of various physical prop-
erties such as the superconducting transi-
tion temperature, 7., which shows a
plateau at 60 K for the range 0.5 < x < 0.7
which can be correlated with the existence
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of the a’ = 2a superlattice (I, 7). Recent
theoretical treatments also indicate a ther-
modynamically stable ordered phase near
x = 0.5 ().

Electron diffraction and related imaging
techniques have been the primary experi-
mental probes of defects in YBa,Cu30g,, to
date. This is due to the wide availability of
electron microscopes and the high sensitiv-
ity of this method to the ordering of oxygen
atoms. However, electron diffraction is re-
stricted to observations on very small crys-
tals which may or may not be representa-
tive of the bulk material on which analytical
and physical data are measured and the dif-
fracted intensities are difficult to interpret
quantitatively. Neutron diffraction pro-
vides an excellent complement to electron
scattering methods. While neutron sources
are relatively weak and, thus, neutron scat-
tering is somewhat less sensitive to defect
ordering, the technique does probe the en-
tire sample volume, so correlations with
bulk analyses and properties are valid and
the measured intensities are quantitatively
useful.

We have thus undertaken neutron dif-
fraction and electron diffraction/imaging
studies on YBa;Cu30g, , for well-character-
ized samples with nominal x = 0.50 and
0.60, i.e., the composition range where the
superlattice is expected. To our knowledge
there exist no published studies in which
the oxygen ordering in these materials has
been probed by both techniques in a com-
plementary way.

Experimental

Sample Preparation and Characterization

Samples were prepared by a three-step
process. First, YBa,Cu;0; was synthesized
from stoichiometric quantities of Y,0;
(99.99%), BaCO; (99.999%), and CuO
(99.999%) in alumina at 750-800°C. Follow-
ing a 24-hr firing in air and subsequent re-
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grinding and pressing into pellets (~2.5 g)
the samples were annealed for an additional
48 hr in flowing oxygen followed by cooling
to room temperature over 3 hr.

This material is then heated in vacuum to
reach composition YBa,Cu;04o and then
the oxygen content was adjusted to the de-
sired composition by titration. These last
two steps were carried out in a volume-
calibrated stainless steel reactor (volume
7 cm’) and vacuum manifold (29 cm?)
equipped with an oxygen and vacuum
source and a high accuracy pressure trans-
ducer (Setra No. 204). The manifold was
leak tested to better than 10~ cm? atm (atm
sec™ ). Effects of oxide formation or oxy-
gen adsorption on the reactor walls were
checked by introducing oxygen into the
empty cell at operating temperatures.

Aliquots (~4 g) of sample were intro-
duced into the reactor and the cell was
evacuated (p < 0.01 Pa) while the tempera-
ture was raised to 1023 K, and held for 20
hr. After this treatment the sample was
nominally YBa,Cu;0g, as identified in pre-
liminary experiments by chemical analysis
and X-ray diffraction. Also, in preliminary
experiments it was verified that no further
oxygen could be removed by increasing the
temperature to 1123 K and observing a neg-
ligible quantity of evolved gas.

The reactor temperature was then re-
duced to 723 K and aliquots of oxygen (typ-
ically 1.5 mmole) were added using the cali-
brated manifold as a gas titration apparatus.
Two hours were allowed for equilibration
following the addition of each aliquot. At
the end of this interval the rate of O, trans-
fer from gas to solid was less than 1 umole
hr-!. Upon reaching the desired composi-
tion the reactor and sample were cooled to
room temperature over a period of 2-3 hr.
During cooling the quantity of O, absorbed
was less than 0.5 mole O, corresponding to
less than 0.03% of the total gas uptake.

Because of the need for large samples
(~8 g) in the neutron diffraction experi-



228

ments two samples of each composition
were prepared. The actual compositions
prepared here correspond to x = 0.500(3)
and x = 0.600(4) in YBa,Cu30¢ 00+, as de-
termined by volumetric methods. Subse-
quently, the oxygenated samples were ma-
nipulated and transferred only under dry
box conditions.

Trace elemental analysis by dc arc emis-
sion showed no evidence for contamination
by the stainless steel vessel.

Lattice constants were determined from
Guinier-Haag data and no impurity phases
were observed in the product. The results
are x = 0.50, a = 3.836(5) A, b = 3.880(5)
A, c=11.75Q2) A; x = 0.60, a = 3.832(2) A,
b =3.881(2) A, and ¢ = 11.734(6) A.

Analysis for oxygen content was per-
formed by reducing the samples in a stream
of dry hydrogen gas at 1000°C and observ-
ing the weight loss. Results for the nominal
x = 0.50 and x = 0.60 samples were x =
0.48(4) and x = 0.65(4), respectively. Dupli-
cate analyses were obtained which were re-
producible to better than 0.15%.

Magnetic susceptibility data on both sam-
ples were obtained by use of a SQUID mag-
netometer from Quantum Design.

Neutron Diffraction

Neutron diffraction data were collected
at the McMaster Nuclear Reactor using a
powder diffractometer and a linear posi-
tion-sensitive detector as described previ-
ously (9). Data were taken at 10 K using a
closed cycle refrigerator with the sample
contained in a thin-walled aluminum can
filled with helium exchange gas and sealed
with an indium wire gasket.

Electron Microscopy

Samples were prepared by grinding the
powder material using a mortar and pestle.
The crushed particles were loaded onto
holey carbon films for examination in a
Philips CM12 transmission electron micro-
scope. Preliminary electron microscopy
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showed the presence of superlattice reflec-
tions due to cell-doubling in both YBa,
Cu;304 5 and YBa,Cu;04 ¢ samples. The su-
perlattice reflections were found to be
streaked in the a* direction and there was
particle-to-particle variation in the intensity
and degree of streaking. Part of this varia-
tion was thought to be caused by the use of
a solvent during sample preparation for
microscopy. Subsequently, samples were
crushed and transferred in a dry nitrogen
atmosphere without the use of any soivent.

Results and Discussion

Figure 1 shows the neutron diffraction
powder pattern for the two compositions
investigated here in the vicinity of the (002)
reflection which itself is relatively weak,
on the order of 1% of the strongest subcell
reflections. Note that a reflection is ob-
served at a lower Bragg angle than (0 0 2)
for the sample YBa,Cu30¢ ¢, . This peak can
be indexed as a (3 0 0) reflection. A shoul-
der on the low angle side of (0 0 2) is also
seen. In Fig. 2 the (0 0 2) subcell reflection
has been subtracted to show the presence
of this additional peak which can be in-
dexed as (3 0 1). Neither of these features
appear in the powder data for a fully oxi-
dized sample (not shown) but the weaker,
sharper lines at higher angles are un-
changed and these can be ascribed to A/2
contamination of the beam. Attempts to fit
these super cell reflections with a Gaussian
line shape function showed that their
FWHM was significantly greater than the
(0 0 2) subcell reflection, by a factor of
about 1.5, indicating a finite correlation
length for ordering of the oxygen vacan-
cies as had been reported in previous stud-
ies. Although there was some scatter in
the data, an attempt was made to extract
a correlation length by fitting a Lorentzian,

1
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FiG. 1. Neutron diffraction powder pattern for YBa,Cu;,O¢s (A) and YBa,Cu;O4¢ (B) showing

presence of weak (3 0 Q) peaks.

where ¢ is the correlation length and g is
the neutron scattering vector. This cor-
responds to assuming a 3-D Ornstein-
Zernike correlation function in direct space
of the form

C(R) = R 2 exp(—R/§).

Since the half-width of the peak is on the
order of the resolution half-width it is nec-

essary

to model the experimental peak



230 LIN ET AL.
o
< + (1/2 00)
S
o + "
- + (1/2 0 1)
o ¥
* o ey,
o & S X
£ o & o
5 W
O “##
Q
o
o
N T ] T i | —— T T = 1
4.00 8.co 12.00 16.00 20.00
2 THETA

FiG. 2. Neutron diffraction pattern after subtraction of the (0 0 2) reflection showing presence of the

(3 0 1) reflection.

shape as a convolution of the Lorentzian
L(g) with the instrumental resolution func-
tion R(q):

S@ = |, Ra)Lq - 4)dq'.

In order to obtain an analytic expression for
S(g) the resolution function was approxi-
mated as a triangle with a half-width deter-
mined by fitting a Bragg peak.

Finally, the supercell peaks were fitted
along with the neighboring Bragg peak as-
suming a linear background function. High
correlations between background parame-
ters, the intensity and ¢ for the diffuse
peaks resulted a relatively high degree of
uncertainty in the final value of ¢, which
was found to be 26(24) A. Again, although
the error is large the correlation length
found here is of the same order as reported
from earlier studies and it can be regarded
as a sample-averaged value to compare
with results from electron diffraction and
dark-field imaging observations on individ-
ual grains of the same sample which will be
described in another section.

The intensities of the supercell reflec-
tions can also provide an estimate of the
volume fraction of the sample containing

the ordered domains of the supercell. Table
I shows the intensities of the observed su-
percell reflections relative to the (0 0 2) sub-
cell reflection. The observed intensities are
derived by fitting the profile to three Gaus-
sians and a linear background function.
These are compared with calculated values
for ordered volume fractions of 1.0 and
0.50. The calculation for the 100% ordered
structure is based on a doubled unit cell of
composition Y,Ba;CugO,3, with one set of
fully occupied chain sites alternating with
chain sites randomly occupied by 0.20 oxy-
gen atoms. Atomic positions were derived
from those found for the YBa,Cu;0q ¢ sub-

TABLE I

Relative Supercell/Subcell Intensities: Observed and
Calculated Values

Calculated
(ordered vol.
fraction)
Observed 1.00 0.50
300
©02) 0.20(4) 0.39 0.19
¢op 0.36(4 0.55 0.28
©002) -36(4) ’ ’
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Fi1G. 3. [001] orientation electron diffraction pattern for YBa,Cu;O¢¢ showing streaking of superiat-

tice reflections along a.

cell. The 0.50 vol fraction model is obtained
by assuming fully ordered domains in a
fully disordered matrix. This model is sup-
ported by the dark field imaging observa-
tions. The ordered volume fraction is seen
to be about 0.50.

The supercell reflections from the YBa,
Cu;0¢650 sample are considerably weaker
and broader than for our sample of YBa,
Cu;066. This is somewhat surprising as
the former composition is ideal for forma-
tion of the ¢’ = 2a superlattice. Although
both samples were prepared under identical
conditions it is possible that cooling rates or
other sample history effects play a role in
vacancy ordering and it is not obvious that
this observed difference in the degree of de-
fect ordering is intrinsic to the two compo-

sitions studied. Attempts to obtain intensi-
ties from these data were not successful.
In accord with the neutron diffraction
results, the intensity of the superlattice re-
flections in electron diffraction patterns
was found to be weaker and the streaking
more pronounced in the YBa,Cu;O¢ s sam-
ple than in YBa,Cu3;0¢ . Examples of typi-
cal [001] selected area diffraction patterns
for the YBa,Cu;0¢¢ and YBa,Cu;0q4 5 sam-
ples are shown in Figs. 3 and 4, respec-
tively. The streaked (h/2 k 0) reflections
suggested that the ordered regions were
quite small in the [100] direction. Both pat-
terns show superlattice reflections from
two sets of twins because the diameter of
the area selection aperture was equivalent
to about 200 nm of the specimen plane, so
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F1G. 4. [001] orientation electron diffraction pattern for YBa,Cu;Og s showing pronounced streaking

of superlattice reflections.

that more than one twin (typically 100 nm
wide) was usually selected. Also, care was
taken to ensure that an intense beam was
not focused on the sample as beam heating
generally resulted in the removal of the su-
perlattice structure. In the present work,
only the superlattice reflection due to cell
doubling has been observed. Other interme-
diate phases produced by deliberate in situ
heating experiments as reported by Reyes-
Gasga et al. (11) have not been observed.
For the x = 0.6 sample, diffraction pat-
terns from the [010] orientation have also
been obtained (Fig. 5). In this section of the
reciprocal lattice, the superlattice reflec-
tions (of the type /#/2 0 [) were found to be
streaked in the c* direction. Figures 3 and 5
thus indicate a ribbon-like shape for the su-
perlattice reflections and a correspondingly
ribbon-like shape (small in [100] and [001]

but extended along [010]) for the ordered
region in real space. The sizes of the or-
dered domains were estimated from the in-
tensity profiles of superlattice reflections.
Reflections from [010] and [001] patterns
were digitized directly from the photo-
graphic negative using a microdensitometer
and intensity profiles were obtained for
each reflection along as well as perpendicu-
lar to the streaking direction (Fig. 6). The
background was deduced from both profiles
and the mean domain dimensions were
taken to be that corresponding to the width
at half-peak height (10). Without taking the
effect of beam convergence and nonlinear
effects in the photographic process into
consideration, the domain sizes were found
to be typically ~100, ~200, and ~50 A in
the a*, b*, and c* directions, respectively.

Since the superlattice reflections in the
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F1G. 5. [010] orientation electron diffraction pattern for YBa,Cu;O¢ ¢ showing streaking of superlat-

tice reflections along c.

YBa,Cu;Og¢ sample were reasonably
strong, a crystal which showed somewhat
sharper superlattice reflections than those
shown in Fig. 3 was chosen and imaged in
dark field using a (A/2 0 0) reflection. The
image (Fig. 7) showed domains of ordered
regions (bright patches) present inside one
set of twins. As expected from the intensity
profiles, the domains appeared as narrow in
the a* direction and elongated in the b* di-
rection. The domain sizes showed consid-
erable variation. For example, a domain
size of up to 1000 A along b* can be ob-
served in Fig. 7. Nevertheless, the size of
the domains in the image seems to be in
general agreement with the average sizes
and aspect ratios estimated from intensity
profiles. A visual inspection of Fig. 7 sug-
gests that the area fraction of the ordered

region is around 50%, indicating a corre-
sponding volume fraction. This is consis-
tent with the estimate from neutron diffrac-
tion data.

The pronounced streaking of the su-
perlattice reflections in the x = 0.5 sample
indicated that the domain sizes were
smaller than in the x = 0.6 sample. Inten-
sity profiles of reflections in the [001] pat-
tern (Fig. 6) were rather irregular, particu-
larly along the streaking direction (a*) and
may be indicative of a large variation in the
domain size. From the intensity profiles,
the average domain sizes were estimated to
be ~40 and ~80 A in the a* and b* direc-
tions, respectively. Since the superlattice
reflections in this sample are weaker than in
the x = 0.6 sample, dark field imaging was
not attempted.



234 LIN ET AL.

InvensiTy
InTENSITY

L T .
0 1 2 3 4 5 ap2il

INTENSITY
INTensITY

n
_{

InTeNsITY

T i) — ¥ T T
0 1 2 3 4 s agil

Fic. 6. Intensity profiles for superlattice reflections for (A) YBa,Cu,Os ¢ along a*; (B) YBa,CusOg 4
along b*; (C) YBa,Cu;045 along c*; (D) YBa,CuyOgs along a*; and (E) YBa,Cu;O¢ 5 along c*. The
intensity scale is arbitrary and the position scale is in units of 4.3 X 10-% -1,



DEFECT ORDERING IN YBa,CusO¢ s AND YBa,Cu;Oq ¢

235

F1G. 7. Dark field image recorded using a (3 0 0) reflection in YBa,Cu;O4¢. The light areas inside one

set of twins correspond to ordered regions.

Magnetic properties for both samples are
shown in Fig. 8. Note that the transition is
much sharper for the x = 0.6 than the x =
0.5 sample, and the Meissner fraction
seems much larger. These results reflect the
relative degree of superlattice ordering
found in the two bulk samples by neutron
diffraction and electron microscopy.

Conclusions

We have carried out neutron diffraction
and electron microscopy examination of
carefully prepared samples of YBa,Cu;0q s
and YBa,Cu;Oq¢. Both techniques show
that the a’ = 2a supercell was less well de-
veloped in YBay,Cu3Ogs. This variation in
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F16. 8. Magnetic susceptibility curves for YBa,
Cu;04 5 (solid circles) YBa,Cu;0Oq ¢ (open circles).

the degree of ordering is also reflected in
the bulk Meissner effect measurements.
For the bulk YBa,;Cu;0g¢ ¢ material, neutron
diffraction shows a powder- and sample-av-
erage correlation distance of 26 A in the a*
direction, while electron microscopy of se-
lected crystals showed correlation lengths
of ~100, ~200, and ~50 A in the a*, b*,
and c* directions, respectively. Dark field
imaging and neutron diffraction indicate a
high volume fraction for the ordered do-
mains of about 50%.
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