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We present the results of a systematic electron diffraction study of short-range oxygen-vacancy

ordering in ceramic Ba2YCu307-& superconductors with 0.08 ~ 8~ 0.67, prepared by a Zr-getter

technique. In addition to the two types of orderings with reduced wave vectors (-,',0,0) and

( f,0,0), a new vacancy ordering with reduced wave vector (-,',0,0) has been found. We have

observed in samples with b 0.5 a vacancy ordering with a large correlation length (-150 A) in

the c-axis direction. We have also observed a tweedlike microstructure at 8 0.61, which is

caused by a high density of microtwins.

Recently' it was shown how the oxygen stoichiometry
affects the physical properties of the high-T, superconduc-
tor Ba2YCu307-s. In particular, a plateau in T, at 60 K
and minimum in the room-temperature resistivity versus
oxygen deficiency 8, were found for the range
0.3(8&0.4. These plateaus suggested the existence of
oxygen-vacancy ordering. Several groups have shown by
electron diffractionz 5 and by x-ray diffractions the ex-
istence of short-range oxygen-vacancy ordering. The
diff'use diffraction spots due to ordering were found to lie
along the a axis. Thus, the superlattice wave vector Q is
described by Q (h, k, l) ~q, where q is the reduced su-
perlattice wave vector, which has the general form
(n, 0,0), n being some fractional value. In our previous
electron diffraction study 2 we found orderings with

q ( 2,0,0) and ( 5,0,0), with a larger correlation length
in the [010l direction than in the [100l direction. The
structure was found to be completely uncorrelated along
the c axis. In a more recent study we have found that the
ordering is spatially inhomogeneous on a microscopic
scale. By real-space dark-field imaging, using the diffuse
diffraction spots, we have observed small vacancy-ordered
domains in single crystals of Ba2YCu3Os7, prepared by
quenching in 02. These ordered domains were found to
have approximate dimensions of 20&200& 10 A3 with the
long dimension pointing along the Cu-0 chain ([OIOB
direction.

In this paper we present the results of a systematic elec-
tron diffraction study of the various short-range oxygen-
vacancy orderings found in annealed, ceramic
Ba2YCu307-s. A large correlation length along the c-
axis direction was found in samples with b 0.5. We find
a new vacancy ordering with q ( 3,0,0). We have also
observed a tweedlike microstructure at b 0.61.

Oxygen-deficient samples of bulk Ba2YCu307 —s were
prepared by a Zr-getter low-temperature annealing tech-
nique. The details of this gettering technique were de-
scribed elsewhere. ' The following oxygen deficiencies
were studied: 0.08, 0.19, 0.20, 0.28, 0.32, 0.41, 0.51, 0.61,
and 0.67. All samples were annealed at 440'C except
b 0.20 and 0.28, which were annealed at 472 C. These
samples have also been fully characterized magnetically
and by lattice parameter measurements. Samples from

TABLE I. Oxygen-vacancy ordering observed in oxygen-
de6cient Ba2YCu307-g ceramics.

0.08
0.19
0.20
0.28
0.32
0.41
0.51
0.61
0.67

Vacancy ordering

Few grains with (r~,0,0)
Weak diffuse streaking
Weak diffuse streaking
( —', ,0,0) and (-,',0,0)
( —,',0,0) and (-,',0,0)
(-,',0,0)
(-,',0,0)
Weak diffuse streaking
Weak diffuse streaking and (-', ,0,0)

0.28 to 0.51 lie within the 60-K plateau of the T, vs b
curve. T drops from the plateau around b 0.51. The

60 K material exhibited a Meissner effect similar to
that observed in the 90-K phase. Samples for transmis-
sion electron microscopy and diffraction were prepared by
either crushing the bulk samples or by polishing and ion
milling with Ar+ at 6 kV, and then finishing at 4 kV. No
differences were found in the samples prepared by these
two methods, as far as diffraction studies were concerned.
The samples were studied in a JEOL transmission elec-
tron microscope operated at 200 kV.

The oxygen compositions and their corresponding ob-
served vacancy orderings are listed in Table I. All sam-
ples showed orthorhombic symmetry as evidenced by the
presence of twins. This is consistent with the x-ray mea-
surements. s The samples with b 0.19, 0.20, and 0.61
showed very weak diffuse streaking with no discernible
maxima. This corresponds to a very small volume frac-
tion (on the order of 1% or less) of poorly ordered ma-
teriaL For b' 0.08 and 0.67 grains having diffuse super-
lattice spots with q (2,0,0) were found but these were
not as common as grains with weak diffuse streaks. The
majority of the grains in the b 0.08 sample had no
diffuse streaks. Only samples in the range
0.28 ~ 8~ 0.51 showed diffuse superlattice spots in every
grain observed. The sample with b 0.32 showed a new
ordering, previously not observed, with a reduced wave
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vector q ( —,',0,0). As mentioned in our earlier works

the sample with b 0.28 showed equally common order-
ings of ( —', ,0,0) and ( —,',0,0). Some grains in the b 0.32
sample also showed ( —,',0,0) ordering but these were not
as common as the ( —,',0,0) ordering. Figure 1 is a [001]
zone axis electron diffraction pattern, from one twin
domain, showing the ( —,',0,0) ordered spots. A densitom-
eter trace along the [100] direction of Fig. 1 showing in-
tensity maxima at ( —,',0,0) and ( —,',0,0) is presented in

Fig. 2, curve c. Curves a and b are the (&,0,0) and
(&,0,0) traces, respectively, from b 0.28. As can be
seen from Table I the preferred oxygen-vacancy ordering
in BazYCu307 s is ( —,',0,0). It should be noted that
these superlattice spots due to vacancy ordering are broad
with a diffuse tail along the a axis and are much sharper
along the b axis. Although another type of ordering with

q ( —,', —,',0) has been reported from samples quenched
from high temperature, we have only observed these
three types of ordering, namely, ( —,',0,0), (5,0,0), and
( —,',0,0), in samples that were prepared by the Zr-getter,
low-temperature annealing technique. However, we do
not expect that this technique gives equilibrium phases
but rather a subset of the possible oxygen configurations.
These three types of ordering we have observed are con-
sistent with a recent theoretical model proposed by
Khachaturyan and Morris, ' in which they show the or-
dering wave vector to have the form (n/2n+ 1,0,0), where
n is an integer.

Wille, Berera, and de Fontaine" calculated the temper-
ture versus b phase diagram for BagYCu307 s, using the
cluster variation method, by choosing the appropriate
signs of the anisotropic interactions parameters so as to
stabilize the (&,0,0) ordered phase. This calculated
phase diagram shows that the ( —,',0,0) ordered phase is
stable below 450'C. It is expected that the kinetics near
this temperature should be fast enough to facilitate the
growth of the ( —,',0,0) ordered phase into a macroscopic
domain with a good volume fraction. However, in our
dark field imaging experiments on single crystals with
b 0.30, we observe only very small ordered domains

FIG. l. An [001] zone axis electron diffraction pattern, from
one twin domain, showing (3,0,0) ordering. For this sample

0.32.
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FIG. 2. Curve c is a densitometer trace along the [100]direc-
tion of Fig. I, showing intensity maxima at (-,',0,0) and
( 3,0,0). Curves a and b are traces from two different grains in
the same sample (b 0.28) showing (-,',0,0) and (-,',0,0) order-
ing, respectively.

comprising at most 10% of the sample volume. Our
present diffraction studies on the ceramics also suggest
small vacancy-ordered domains and small volume frac-
tions. 'z Khachaturyan and Morris, 'o on the other hand,
calculate the phase diagram by a different configurational
thermodynamic method. They obtain in the phase dia-
gram a two-phase tetragonal-orthorhombic region capped
by a miscibility gap at -130'C. We have not observed
any large-scale () 100 A) phase separation of tetragonal
and orthorhombic symmetries. Our samples, on a macro-
scopic scale, contain only orthorhombic phases. The mis-
cibility gap contains two orthorhombic phases, though the
calculation does not take into account any ordered struc-
ture. The authors propose' that the orthorhombic or-
dered phases with q (n/2n+1, 0,0), n being an integer,
are transient metastable and that because of the slow ki-
netics these phases should be difftcult to grow to macro-
scopic size.

In previous diffraction studies, z s it was shown that the
correlation length of the vacancy-ordered structure along
the c axis is short. The correlation length is found to be on
the order of the c-axis lattice parameter (-11 A). In
electron diffraction patterns this appears as a ribbon of
diffuse intensity along the c direction in [010] zone axis
patterns. It was also showns' that the correlation length
along the a axis is -20 A. We have found, for b 0.51,
large correlation lengths along both the a and c axes. The
correlation lengths in both the a and c axes were found to
be —150k The b-axis correlation length is of similar di-
mension ()200 A.) as that found previously. Figure
3(a) is a [001] zone axis pattern showing the sharp
( —,',0,0) superlattice spots for b 0.51. The superlattice
spots appear in both directions because the selected area
diffraction aperture covered more than one twin domain.
Since the a and b axes are mirrored across a twin bound-
ary' superlattice spots appear in both directions. In Fig.
3(b) we show the [010] zone axis pattern of the new or-
dered structure with a large c-axis correlation length.
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(a) (a) - (b)

FIG. 3. (a) is an [001l zone axis pattern showing (-,',0,0) or-

dering for b 0.51. (b) is an [010l zone axis pattern for the
same sample. Note the sharp superlattice spots at the (-,',O, l)
positions.

This pattern was obtained from the same sample as Fig.
3(a). Note the sharp superlattice spots at the ( 2,0,l) po-
sitions. A sample annealed at 415'C with b 0.50 also
showed this large c-axis correlation length, but the super-
lattice spots were much weaker than the sample annealed
at 440'C. The cause of this strong interaction between
vacancies at such a large distance (c axis) is not known at
this time. It may be that the Ba plays a central role in this
interaction. Configuration interaction calculations for
neighbors along the c axis, such as those by Wille, Berera,
and de Fontaine" for vacancies in the basal plane, may
shed light on this large correlation.

In this series of samples we have also observed a tweed-
like microstructure at 8 0.61, which is caused by a high
density of microtwins (&200 A). This tweed contrast,
shown in Fig. 3, is caused by the presence of microtwins in
both the [110] and [110) directions. The micrograph in

Fig. 4(a) was taken, under two-beam condition, with the
reciprocal-lattice vector g (2,0,0). Here, contrast from
microtwins in both directions is visible. In Fig. 4(b), tak-
en with g (2,2,0), there is no contrast from those mi-
crotwins perpendicular to the g vector. This contrast is as
would be expected for twin structures since we can define
a Burgers vector in the twin plane. Also seen in Fig. 4 are
the normal macrotwins (-2000 A) found in orthorhom-
bic BagYCuq07-s.

This tweed contrast was only found in the sample with
b 0.61. This b must represent a region of oxygen

FIG. 4. Dark Seld electron micrographs from the [001) zone
axis direction, showing microtwins in sample with 8 0.61. The
reciprocal-lattice vector g used in (a) is (2,0,0) and in (b)
(2,2,0). The arrows point to dislocations.

deficiency where lattice strain is close to a maximum. To
relieve this strain a large density of microtwins have
formed. A large number of dislocations (marked with ar-
rows in Fig. 4) were also found in this sample, presumably
to further help relieve strain. We also mention that this
tweed, microtwin structure has been formed in in situ
heating experiments, by us' and in Ref. 15, though a
correlation with oxygen composition could not by made.

In conclusion, we have presented the results of a sys-
tematic electron diffraction study of annealed, ceramic
Ba2YCuq07-s, for 0.08~ b~ 0.67. We have shown for
the first time a large correlation length for oxygen vacan-
cies along the c axis. The reason for this long-distance va-
cancy interaction is not known. For b 0.32 we have
found a new vacancy ordering at ( —,',0,0), it is also shown
that ( y, 0,0) ordering is preferred in this system. Finally,
we have also observed a tweedlike microstructure at
b 0.61, which is caused by a high density of microtwins.
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