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Single crystals of YBa2Cu307-q were studied by transmission Laue photography and mono-
chromatic detraction techniques, using the Cornell High Energy Synchrotron Source and a con-
ventional rotating anode x-ray source. Two types of twinning were observed: the well-known

(110)-type twinning in one sample and a 90' twinning about the c axis in another crystal whose
superconducting properties were excellent, thereby precluding the necessity of (110) twins for
high T,. Ditfraction experiments on the sample with the (110) twins reveal subgrains, each of
which has a value of the orthorhombic parameter (a —b)/a differing by as httle as 0.003 from the
others. Such a microstructure distribution suggests a multiphase character and is discussed in re-
lation to recent evidence of granular superconductivity.

Since the discovery' of superconductivity above 90 K in
the Y-Ba-Cu-O system, several electron microscopy, 2

x-ray diffraction, s 9 and neutronMiffraction, '0 '4 studies
have been made and the structure of the phase responsible
for superconductivity is now agreed to be an orthorhom-
bic, tripled perovskite structure, YBa2Cu307-s with
b =0.1 and no oxygen atoms in the Y plane. Within the
Cu-0 basal plane, it is also known from neutron-
powder" '" and single-crystal'0 diffraction studies that
oxygen atoms preferentially order (form chains) along
one of the two bridge sites, resulting in 1%-2% larger lat-
tice constant along the chain. In all single-crystal studies,
it has been reported either that the crystals are heavily
twinned5 7 9'0 or that the structure is unstable and easily
breaks into twin domains under mechanical stress. '

When single crystals were found without twinning, a
somewhat different ratio of a and b lattice constants
(-1.10) from that found in powder diffraction studies
(-1.16) was reported. ' It is also clear that a and b de-
pend on the basal plane oxygen content. 's'7 The subject
of twinning defects in this material has been investigated
in several electron-microscopy studies, where it was re-
ported that twinning is mostly of the conventional (110)
type. However, occasionally other types of twinning [in-
volving 90' or 180' domains as observed in ferroelectric
BaTi03 (Ref. 18 )] are also discussed. 2 4 In the present
paper, we report on two distinct types of twinning in su-
perconducting crystals of YBa2Cu307 s. We also show
that our (110) twinned crystal is actually composed of
several domains or subgrains, with slightly differing ortho-
rhombic parameters, q (a b)/a, which m—ay be formal-
ly ascribed to an inhomogeneity of oxygen ordering.

The sample crystals were grown from a mixture of pure
Y203, BaCO3, and CuO in stoichiometric ratio Y:Ba:Cu

1:2:3 by the solid-state sintering method used for the
previous studies. ' Two sample crystals of -0.3x0.2

x0.1 mm2 (sample I) and -0.2x0.2x0.05 mm3 (sample
II) were examined with transmission Lane photography
and counter diffraction methods using the Cornell High
Energy Synchrotron Source (CHESS) and a laboratory
rotating anode source. For Laue photography, the sam-
ples were exposed to a white x-ray beam, for a few mil-
liseconds at CHESS and several hours at the 10-kW ro-
tating anode, to produce patterns on fiat films (either Ko-
dak DEF5 or Polaroid 57). After orientation along a
high-symmetry direction, the observed pattern was com-
pared to ones graphically produced, which included vari-
ous hypothetical types of twinning, using the expression

XY-
Q2+Q2 Q2

where X and Y are spot positions on the film (in units of
the sample film distance) with the incoming x-ray beam
along the Z direction and Q„Q„,and Q, are momentum
components of a given refiection, and which can be readily
derived from the Laue diffraction geometry.

Because the crystals were so small they served as a lim-
iting slit to provide high angular resolution in our Laue
photos. It is straightforward to find a twinning model cor-
responding to the observed pattern. The observed and cal-
culated patterns for the two samples are shown in Fig. 1

(sample I) and in Fig. 2 (sample II). The size of circles in
the calculated patterns [Figs. 1(c) and 2(b)] approxi-
mately represents the relative intensities of refiections
within the reciprocal volume of + 4+ 4+' l2 in hkl units
calculated from the known structure of this material. '

Overall agreement of the spot intensities is satisfactory al-
though calculated intensities do not accurately represent
observed spot sizes on the photos because of (i) the non-
linear response of film to exposure, (ii) not including all
possible refiections, and (iii) dependence of source x-ray
intensities upon wavelength.
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FIG. 2. Laue photo and calculated pattern for sample II.
The inset shows a schematic reciprocal lattice associated with
twinning across the [1101direction in which the [110]directions
are parallel in the two twins. See the text for discussion.

FIG. 1. Transmission ~hite beam Laue photos and calculated
patterns for sample I. (s) and (c) are for the incident x-ray
beam along [001]direction, and (b) aud (d) are for the incident
x-ray beam along [110] direction. The inset shows the way of
overlapping the reciprocal lattice to produce the calculated pat-
tern due to twins that are rotated by 90' about the c axis. (In
the transmission, Laue method spots from the planes of a zone
lie on ellipses or hyperbolas. ) See the text for discussion.

For sample I, whose crystal structure was determined in
Ref. 10, photographs taken with the incident x-ray beam
along a [001] direction [Fig. 1(a)] and along a [110]
direction [Fig. 1(b)] are shown. In these photos, most of
spots are split and refiections in Fig. 1(b) are (nearly) ra-
dially elongated. Figure l(c) is produced to give the best
fit to Fig. 1(a) by overlapping two domains which are ro-
tated exactly 90' from each other about the common c
axis (see the inset of Fig. 1). We refer to this as 90' twin-

ning in which the refiections along (100) or (010) direc-
tions split only radially while ones along (110) or (110)
directions split only azimuthally. In the calculated pat-
tern [Fig. 1(c)], refiections from one of the twin domains
are represented by open circles and ones from the other
are given as closed circles. A close examination of the
photo reveals that the set of refiection intensities from one
domain is weaker than from the other with the relative in-
tensities of split peaks, in reasonable agreement with those
of the calculated pattern [Fig. 1(c), open circles for the
weak spots and closed circles for the strong ones]. Figure
1(d) is calculated for x rays incident along the [110]
direction with the same 90' twin domains. In addition to
the twin domains, however, it was assumed that each twin
domain has a mosaic distribution with a total misorienta-
tion of 0.5 . This is shown schematically in Fig. 1(d) by

two mosaic blocks (circles and squares) separated by 0.5'.
The similarity of the calculated pattern [Fig. 1(d)] to the
observed one [Fig. 1(b)] suggests that the (nearly) radial
elongation of the reflections is probably due to a mosaic
distribution about the c axis and/or strain at the twin
boundaries. [The 0.5' mosaic spread is, of course, the
same in Fig. 1(a) as in Fig. 1(c). It is, however, exag-
gerated in the latter because of the way it is projected onto
the film. ) Because of the hamogeneous nucleation associ-
ated with the tetragonal to orthorhombic transition which
occurs at -700'C (Refs. 17 and 20) the orthorhombic
domains in different regions (for example, along the c
axis) can randomly form by alternating a and b along the
(100& or (010& tetragonal axis. It is, however, by no means
evident how such domains are interconnected within the
single crystallite. The absence of (110) twins in sam le I,
which showed excellent superconducting properties, ' also
precludes the necessity of (110)twinning for high T,.

In sample II, Laue photography with rotating anode
x rays reveals the more conventional type of twinning,
where the twin boundaries run perpendicular to the [1101
direction. This type of twinning is common because (110)
planes aligned across the twin boundaries minimize elastic
strain energy and it therefore involves only short-range
oxygenwxygen (chemical) interaction energy. ' The re-
sulting Laue pattern should shaw unsplit reflections along
the [110] direction and maximum azimuthal splitting
along the [110]direction as shown in Fig. 2. In additian
to this expected splitting, we also observed slight misalign-
ments of the split peaks. The misalignment in this case
was well produced in Fig. 2(b) with a 0.2' rotation of
domains about the [110]axis and this is confirmed in ad-
ditional diffraction experiments described below. The
Laue photos taken for the [110]direction parallel to the
incident x rays (not reproduced here) also show radial
elongation similar to the case of sample I and caused by
mosaic distribution of -0.5' about the c axis.

Sample II was studied as well as CHESS beam line A2
in a four-circle diffractometer using focused 17-keV x rays



HIGH-RESOLUTION X-RAY MICROSTRUCTURAL STUDY OF. . . 2303

6000

I

{44o)

CLP

I

I

(44o)
g (440)

0'-—

FIG. 3. a& scans made at (440) and (440) reflections.
Markedly diNI'erent azimuthal pro61es are the key to our discus-
sion in the text. The directions of scans are schematically shown
as arrows on the arc in the inset. Lines are guides to the eye.

with a vertical scattering geometry. Initial experiments
were concerned with possible difl'use scattering in the
Bragg wings, which would occur normal to the domain
boundaries in the event of appreciable strain or lattice
spacing variation. Since scans with modest momentum
resolution are more useful in detection of diffuse scatter-
ing than is high resolution, no analyzer crystal was used.
Scans were alwa s made in one of three simple zones
(f110], f001], or 100]) to ensure that the direction of the
resolution ellipsoid was known. Scans were made about
several Bragg peaks, but no prominent diffuse scattering
was observed. A domain size of -500 A could be de-
duced from the widths of Bragg peaks along all directions.

When scans were made in the f001] zone, remarkable
asymmetry in the azimuthal profile was observed. As an
example, the m scans at (440) and (440) (made by rotat-
ing the crystal through its reflection at fixed detector an-
gle) are shown in Fig. 3. Because of the very high trans-
verse q resolution of well-collimated synchrotron x rays,
the detailed azimuthal distribution was clearly revealed in
these scans. The (440) reflection is composed of at least
10 peaks distributed azimuthally along the arc (see the in-
set) for the range of 2'-3' while the (440) reflection is
essentially simple. (Although it is not evident in Fig. 2,
the original Lane photographs also show a wealth of fine
structure that is consistent with that observed by a four-
circle diffractometer. ) Out-of-plane scans made at (440)
showed no structure, indicating that the structured azimu-
thal profile is only for (440) reflection and mainly in the
f001] zone.

One possible explanation for this structured azimuthal
profile of a (440) reflection is an interference efl'ect due to
a periodic domain distribution along the [110]direction as
theoretically suggested in this class of material. This re-
quires that the spacing between these peaks be regular in
reciprocal lattice, or (hkl), units (not in angle). Scans
were therefore made for (550) and (660) reflections and
the observed angular structures of these scans were very
similar to that of a (440) reflection, thereby excluding a

periodic twin lattice along [110]. It appears therefore that
the individual peaks must come from many (presumably)
incoherent subgrains with sizes of -500 A. Given that
the structure is orthorhombic and the angle between a and
b axes is 90', the only possible interpretation of the angu-
lar distribution in Fig. 3 is that each block or domain has
its own value of orthorhombic parameter ri (a b—)/a
The numbers 1, 2, and 3 shown in the inset schematically
illustrate the positions 1, 2, and 3 of the scan profile in the
hkO plane. Since there are only small orthorhombic dis-
tortions, tl also measures. the deviation angle in radians
from the tetragonal position as marked by T in the inset.
The values of ri for domains 1, 2, and 3 are -0.008,
0.012, and 0.024, respectively, while only two values of
g ~

~ tl, ~
are allowed for the ideal (110) twin domains.

The nearest peaks have a difference in q of as little as
0.003 or of 0.01 A in (a —b). To lowest order, azimuthal
splitting of (hhO) reflections results from variations of
(a-b), and thus presumably from variations in oxygen
ordering. Radial (hh0) splitting or broadening, on the
other hand, reflects fluctuations in (a+b). Our failure to
observe radial broadening or splitting, limited by instru-
mental resolution [hg/g -5 x 10 4 with Ge(111)
analyzer crystal], places a limit on fluctuations in (a+b)
at -2x10 3 A. Thus variations in oxygen ordering, not
oxygen stoichiometry, appear to be principally responsible
for the variations between such domains; any associated
fluctuations in (a+b) are below the limits of detection in
this experiment.

Although our samples, grown slowly, show only one
type of twinning in one crystal, both types of twinning can
happen simultaneously in a crystal. ' In a recent paper on
ordering and decomposition in YBa2Cu307 s Khaehatu-
ryan and Morris display a schematic phase diagram, in
which, at temperatures below the tetragonal to ortho-
rhombic transition for off-stoichiometric compositions, the
orthorhombic phase separates into a mixture of ordered
orthorhombic and disordered tetragonal phases in a fully
developed thermal equilibrium condition. This type of
decomposition will involve twin-related orthorhombic
domains embedded in a tetragonal matrix of lower oxygen
content. The concentration in each domain will depend on
heat treatment and cooling rate. Such a phenomenologi-
cal treatment of decomposition in YBa2Cu307 s may
provide a possible origin for different types of twins, such
as (110) and 90' twinning as well as a possible inhomo-
geneity of oxygen content and ordering across the crystal-
lographic domain boundaries in a slowly cooled sample.
The postulated phase decomposition is also reminiscent of
our earlier observation on the multiphase constitution of
La~ sBao 2Cu04 —s (Ref. 24) which showed distinct phase
separation on a fine scale.

The in homogeneous rnicrostructural properties ob-
served in the present study may be related to a recent ob-
servation of granular superconductivity, 25 ~here the au-
thors observe a discrete distribution of superconducting
transition temperatures starting from as high as —160 K
for individual grains. Isolation of the grains or domains
with a particular microstructure might well be a key to
understanding the relation of microstructure to supercon-
ductivity.
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