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We report on large-area twin structures in Bi,CaSr,Cu,05. Crystal growth was by a self-fluxed
method. Twins were extracted from the free surfaces of the resolidified flux. Twinning was charac-
terized by optical microscopy, scanning electron microscopy, and transmission electron microscopy
and the twins were determined to be growth twins with {110} twin boundaries. Details of twin
morphology and structure are presented in the context of twin formation and growth. Supercon-
ducting properties of the twinned specimens were determined by electrical and magnetic measure-
ments. Preliminary results indicate that a single twin boundary did not significantly affect the
resistance-temperature characteristics. Growth steps on the (001) face (which necessitated current
transport in the ¢ direction) were more important in determining the sharpness and form of the

resistive transition.

INTRODUCTION

Several families of oxide superconductors (e.g., Y-Ba-
Cu-O, Bi-Ca-Sr-Cu-O, and TI-Ba-Sr-Cu-O) have been
discovered in recent years with T,’s above the boiling
point of liquid nitrogen.!”® A common feature is that
they are comprised of unit cells with one or more CuO,
layers sandwiched between perovskitelike metal-oxygen
layers. The crystals have a characteristic layer-growth
morphology with strong anisotropy in properties. An un-
derstanding of the features of crystallization and growth,
and their interrelationships with superconducting proper-
ties, is desirable. From this point of view, an interesting
question is the role of crystallographic defects (such as,
twins, syntactic intergrowths, etc.) on properties. In this
paper we report on the effects of twin walls and growth
steps on superconducting properties.

There are three known superconducting phases
in the Bi-Ca-Sr-Cu-O homologous series
(BiO),Ca,, _;Sr,Cu,0,, 1, (n=1,2,3).*"7 The 2:1:2:2
phase (Bi,CaSr,Cu,04, n =2) has a T, ~ 80 K and a pseu-
dotetragonal subcell, with a~b=5.40 A and ¢c=30.89 A.
There is an incommensurate superstructure arising from
modulated displacements of Bi atoms. The modulated
structure may be described in terms of an orthorhombic
superlattice.>%3 71> We have chosen the b axis as the
direction of the incommensurate modulation, in agree-
ment with several authors.>®* 12 (However, some authors
describe the structure on the basis of Amaa or A2aa
space-group assignments, with the a axis as the direction
of modulation.®!*715) Regardless of the exact space
group assignment, (110) twins are to be expected from
symmetry considerations for an orthorhombic structure.
Evidence of twins may give important clues to the mech-
anism of crystal growth and superconductivity. For ex-
ample, coherent twin boundaries could be associated with
(i) pinning sites for magnetic flux, (ii) hole-absent sites
necessary for the delocalization of hole pairs, and (iii) nu-
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cleation sites for the transition from normal to supercon-
ducting states.'®

Recently we reported!” the existence of large-scale
(110) twins in Bi,CaSr,Cu,04. In the present investiga-
tion we report on the shape and form of the twins which
were grown under near-equilibrium conditions (i.e., in
contact with a free surface and at very low growth rates).
An analysis of twinning is presented, as determined by
optical and electron microscopy. The twins were deter-
mined to be growth twins. Preliminary results on the
possible effects of twinning on superconducting proper-
ties are given.

EXPERIMENTAL METHOD

Crystals of 2:1:2:2 phase were grown by a self-fluxed
method in a temperature gradient.'® Powders of Bi,0;,
CaCO;, SrCO,;, and CuO were weighed in the ratio
[Bi]:[Ca]:[Sr]:[Cu]=2:1.5:1.5:2.6, and mixed thoroughly
in a mortar and pestle. The starting materials were
greater than 99.99% pure. The mixture was fused in a
MgO crucible (100 cm?®) at 990°C and equilibrated for 6
hr in air. The temperature was then rapidly decreased to
875-880°C, in order to provide sufficient supercooling
for nucleation. After a further equilibration for 6 hr, the
temperature was slowly cooled at 0.5-2°C/hr to 790°C
where crystal growth was terminated. A small tempera-
ture gradient (~5°C/cm) and fine porosity in the crucible
helped to create cavities within the resolidified flux.
Several flux-free crystals and twins, 1-4 mm in size,
could be extracted from the free surface or from within
the cavities.

A Leitz hot-stage microscope, equipped with a 100-
watt halogen lamp and a microphotometer, was used for
optical examination in reflected polarized light. Details
of crystal morphology were examined on a Hitachi-S800
scanning electron microscope (SEM), equipped with a
LINK energy-dispersive spectrometer (EDS) system. A
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Philips-400T transmission electron microscope (TEM)
was used for the determination of crystallographic direc-
tions (i.e., a and b axes) in the basal (001) plane of the
twins by selected-area diffraction (SAD). Miller indices
were assigned on the basis of a pseudotetragonal subcell
of approximately 5.4 AX5.4 AX30.8 A. A Quantum
Design superconducting quantum interference device
(SQUID) magnetometer (operated under zero-field cool-
ing conditions at 10 Oe) and a four-point probe method
(using a lockin-detection scheme with an excitation
current of 0.5 mA and a voltage resolution of 5 nV at a
frequency of 532 Hz) were used to characterize the mag-
netic and resistive transitions.

RESULTS

Crystals of 2:1:2:2 exhibit bireflectance off the basal
(001) plane, in accordance with biaxial optical anisotropy
between the X and Y principal vibration directions,
which were later confirmed to be collinear with the a and
b crystallographic axes by electron microscopy. The
twins were examined under crossed polarizers in an opti-
cal microscope such that the direction of the E vector of
the incident polarized light was parallel to the [110]
direction of the sample. Figure 1 gives optical photo-
graphs of a twinned specimen of 2:1:2:2 which had a
T.~80 K. Figure 1(a) is for normal white light reflected
off the (001) surface. A near-square form with charac-
teristic layer-growth morphology and regular growth
steps is shown. Figure 1(b) is an optical photograph in
cross polarized light indicating extinction in the diagonal
segments of the same specimen. Complete extinction was
observed on rotation of the analyzer 2.5-3° counterclock-
wise from the crossed-polars position. Figure 1(c) illus-
trates extinction for the other diagonal segments, on
clockwise rotation of the analyzer from the cross-polars
position. A rotation angle () of 2.5-3° for complete ex-
tinction was observed again. The above observations in-
dicated 90° cruciform twinning with (110) type twin
boundaries. However, it was not possible to uniquely
determine the a and b crystallographic axes for each twin
by optical microscopy.

The a and b axes could be distinguished by selected-
area electron diffraction (SAD) in the TEM due to the
weaker satellite spots arising from an about fivefold su-
perlattice along the [010] direction. SAD patterns for the
twin boundary, and the single-twin regions on either side
of the twin boundary, are given in Fig. 2. SAD patterns
from individual twins were similar but rotated 90° with
respect to one another. The diffraction pattern for the
twin boundary can be considered in terms of an overlap
of the two previous patterns, as expected. SAD analysis
confirmed (i) 90° (i.e., a-b) twins with a common [110]
twin boundary and (ii) the a axis was parallel to the edges
of the specimen, while the b axis was perpendicular to the
edges.

A polarized light microscope equipped with a micro-
photometer was used to determine the optical anisotropy
reflectance ratio. First, polarized white light with the E
vector parallel to the a axis was focused with a single
twin and the reflectance r, for the a direction measured.
The sample was then rotated such that the E vector of
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the polarized light was parallel to the b axis, and the pro-
cedure repeated. The optical-anisotropy ratio is given by
(ry /r,)"/?, where r, and r, refer to the reflectances along
the a and b axes, respectively. The average optical-
anisotropy ratio determined in this manner from 10 mea-
surements in white light was 1.10%0.05.

Figure 3 is a SEM photomicrograph of the boundary

(9903

FIG. 1. Optical photomicrographs in reflected light of a cru-
ciform twinned specimen of 2:1:2:2. (a) A characteristic near-
square shape with layer growth steps parallel to [100] on the
(001) face are visible in normal light. (b) Extinction of one-half
(quadrants 1 and 3) was obtained between crossed polars.
(Complete extinction occurred on rotation of the analyzer by
2.5-3° counterclockwise to the crossed-polars position.) (c) Ex-
tinction of the other half (quadrants 2 and 4) was obtained on
rotation of the analyzer by 2.5-3° clockwise from the crossed-
polars position (polarizer parallel to the [110] direction).
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region. A characteristic layered structure, suggestive of
two-dimensional growth, is observed. Closer examina-
tion indicates the following features: (i) several thin lay-
ers combined to form a thicker layer. The individual thin
layers were 100—500 A thick and the thicker layers were
typically 0.2-0.5 um and (ii) the layers were not in per-
fect registry, which was brought about by a shift in the
[110] direction between each layer. Therefore, the twin
boundary (given by the [110] direction) is also slightly
shifted for each layer, resulting in a wider and more
diffuse appearance when observed under the optical mi-
croscope (Fig. 1). An interesting feature in the above
structure lies in the small region where the layers are not
in perfect registry. In this local area, the (001) plane is in
contact with two 90°-rotated layers (a and b axes reversed
with respect to one another) and hence, serves as a 90°
twist boundary or a local (001) composition plane.

When the specimen was heated in a hot-stage optical
microscope (OM) from room temperature to the melting
point (~880°C), no change in twin structure was ob-
served. This indicated the twins were growth twins, and
not transformation twins. However, in a narrow temper-
ature range between 450 and 500°C, a decrease in con-
trast ratio was noted. The reason for this is not known.
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Electrical resistance measurements were carried out on
a twinned specimen by a four-point-probe method. The
sample had a square shape with [100] growth steps, 1-5
pm in height. The effect of a single twin boundary on the
electrical resistivity was determined on a triangular sam-
ple (3 mm X3 mm X0.05 mm) containing only one (110)
twin boundary [see Fig. 4(a)]. The sample was fixed to a
glass slide with wax and cut into a triangular form with a
sharp knife under a microscope. Care was taken during
sample preparation to avoid any cleavage or deformation.
Electrodes were applied to the sample by silver paste and
gold wire (diameter=50 um). The contact area was less
than 0.04 mm? and the contact resistance between the
sample and the electrode was less than 0.5 Q after a half-
hour anneal in air at 650°C. The temperature depen-
dence of normalized resistance (R /R sy ) is given in
Fig. 4(b) for several voltage-current configurations. The
configurations correspond to different current paths in
the crystal, as shown in Fig. 4(a). It may be noted that
there are no significant differences in 7, when the poten-
tial drop is measured across the twin boundary or within
the same twin, as long as the voltage measurement is not
across different steps. For example, the voltage was mea-
sured between points on the same growth step within the

FIG. 2. (001) SAD patterns obtained from different positions in a twinned specimen. The a and b axes may easily be distinguished
by the satellite spots arising from an about fivefold modulation along the [010] direction. Note that the patterns on either side of the
twin boundary are similar but rotated 90° with respect to one another. The SAD pattern for the twin boundary is an overlap of the
previous two patterns, as expected.
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FIG. 3. SEM photomicrograph showing growth morphology
of a twinned specimen. A characteristic layered structure, indi-
cative of two-dimensional growth, is apparent. Note the disre-
gistry between the individual growth steps, and consequent shift
in the [110] boundaries, between the layers. The [110] twin
boundary follows a zigzag path, as previously observed in Fig.
1.

(a) I:F-1,V:E-H
(b) I:A-H, V:B-E
(c) I:A-C, V:F-D
(d) I:A-D, V:C-F
1=0.5maA, f=500Hz
Resolution <5nV
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FIG. 4. (a) Schematic diagram of a twinned specimen with a
single twin boundary and several growth steps. Eight electrodes
(contact area <0.04 mm?) were attached to the specimen for
resistance measurements. Note, the four current-voltage
configurations correspond to different current paths through the
sample. (b) Resistance vs temperature characteristics for the
four configurations above. The passage of current through
different growth steps gives rise to the increase in resistance be-
fore the onset to zero resistance.
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same twin (a) and across the twin boundary (b). The volt-
age probes in both cases were on the same growth step,
and hence the resistance behavior was similar as a func-
tion of temperature. In (c) and (d), the potential was
measured across the twin boundary and within the same
twin, respectively. For this case, current transport was in
the c direction and a rise in the resistivity-temperature
characteristics was noted before the onset to zero resis-
tance.

So as to verify the above observations, electrical mea-
surements were carried out on a single crystal (i.e., free of
twins) from the same batch. Figure 5 gives the tempera-
ture dependence of resistance for 2:1:2:2 (2X3X0.05
mm?) along the a, b, and c directions. Significantly
higher room-temperature resistivity along the c axis was
noted, compared with the in-plane resistivity
(pe /pap > 1000), and semiconductorlike behavior before
the onset of the transition. Similar anisotropy in resis-
tance characteristics has been reported by other investi-
gators.19

To summarize, preliminary measurements indicate that
a single twin boundary did not significantly affect the
resistance-temperature characteristics across the 2:1:2:2
twins. Rather, the transport of current in the ¢ direction
was more important in determining the sharpness and
curvature of the resistive transition.

Figure 6 gives zero-field-cooled magnetic susceptibility
versus temperature data. It is difficult to compare mag-
netization data between twins and single crystal speci-
mens due to uncertainties in the demagnetization factor,
shape effects, intergrowth content, etc. However, a quali-
tative comparison indicated no significant differences in
the T, (onset) and general behavior of the temperature
dependence of magnetic susceptibilities for twins and
crystals. This may be explained by noting that a single
twin boundary has a small area in comparison with the
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4.0 . [2::2:2 single crystal |
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0.0 -
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FIG. 5. Resistance vs temperature characteristics along a, b,
and c directions for a 2:1:2:2 single crystal (i.e., twin-free).
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FIG. 6. Magnetic susceptibility vs temperature characteris-
tics for a twinned specimen.

crystal volume and hence, cannot significantly affect the
diamagnetic properties.

DISCUSSION

Contrast formation for twinned specimens examined in
cross-polarized light may be understood from Fig. 7,%
where A and P denote the analyzer and polarizer direc-
tions, respectively. When linear polarized light impinges
with its E vector parallel to P onto an absorbing and
bireflecting surface, it may be resolved into two com-

A
Eb
n ] /b
e/ ?
w
:p
N £
Rq
\o
Eq

FIG. 7. Schematic diagram illustrating reflection of polarized
light from a bireflecting surface, with reflectances r, and r,
along the a and b directions. A and P denote the analyzer and
polarizer, respectively. The E vector of the resultant reflected
wave R is the vector sum of the two reflected waves, and is ro-
tated an angle o with respect to the incident wave. Hence, rota-
tion of the analyzer through an angle 17 (=) leads to complete
extinction.

FIG. 8. Optical photomicrographs showing several twins of
2:1:2:2 on the surface of solidified flux in normal reflected light
(a) and cross-polarized light (b) and (c). All of the small “crys-
tals” had a near-square shape with growth steps similar to Fig.
1. Note that each square form had a symmetrical cruciform
shape with [110] twin boundaries which nucleated from the
center of the squares.
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components are in phase), and using a diagonal orienta-
tion (@=45°) such that the E vector of the incident polar-
ized light is parallel to [110], complete extinction occurs
on rotation of the analyzer through an angle

n=w=arctan(r, /r,)/?—45° .
where
ra:|Ra|2/|Ea]27 rblebIZ/IEb|2 .

From the value for (r, /r,) determined earlier, the cal-
culated value of 7=2.6° was in good agreement with the

FIG. 9. Optical photomicrographs of twins originating from

binuclei in normal reflected light (a) and cross-polarized light (b)
and (c). The coalescence of twins during growth gave rise to an
interesting extinction pattern.
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experimentally determined value of p=~2.5-3°.

Growth twinning usually occurs during the nucleation
process, because the formation energy for critical nu-
cleation is higher than the normal growth driving force,
and there are more possibilities for the ‘“accidental” em-
placement of atoms or growth units into incorrect sites.
In the present study, most of the twinned specimens with
a cruciform shape appeared to originate from a single
twinned nucleus, and in some rare cases, from twinned
binuclei.

Figures 8(a)-8(c) are photomicrographs showing
several twinned specimens of 2:1:2:2 on the surface of a
solidified flux in normal and polarized light. The pictures
were taken by the same method as for Fig. 1. Figure 8(a)
is under normal reflected light, whereas, Figs. 8(b) and
8(c) are for polarized light. By comparison with Fig. 1, a
careful examination reveals that all the 2:1:2:2 “crystals”
with a square shape on the (001) basal plane had the fol-
lowing interesting features: (i) twins with symmetric cru-
ciform shape and (110) twin boundaries, (ii) a axes paral-
lel to the edges with b axes normal to the edges, and (iii)
nucleation of each twin from the center where the {110}
twin boundaries crossed.

Binuclei twins were observed on rare occasions. Figure
9 shows photomicrographs of twins originating from
twinned binuclei, taken by the same procedure as in Fig.
1.

CONCLUSIONS

We have grown large-area twins of 2:1:2:2 in the Bi-
Ca-Sr-Cu-O system. By means of OM, SEM and TEM,
the twins were determined to be growth twins with a
(110) twin boundary. The growth mechanism was by
two-dimensional nucleation and layer growth on the (001)
plane, after nucleation associated with {110} type twin-
ning. Optical microscopy was used in cross-polarized
light for the observation of the twins, and the determina-
tion of a bireflective optical-anisotropy ratio of =1.1.
Preliminary examination of electrical resistance measure-
ment for the twins indicates that a single (110) twin
boundary did not significantly affect the resistance-
temperature characteristics. On the other hand, growth
steps on the (001) face had a significant effect in determin-
ing the shape and curvature of the resistance-versus-
temperature characteristics. The exact nature of the twin
boundary and the role of twins in flux pinning, and hence
on the critical current density J,, are perhaps more im-
portant questions in the context of structure-property re-
lations, and future research is directed toward these is-
sues.
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FIG. 1. Optical photomicrographs in reflected light of a cru-
ciform twinned specimen of 2:1:2:2. (a) A characteristic near-
square shape with layer growth steps parallel to [100] on the
(001) face are visible in normal light. (b) Extinction of one-half
(quadrants 1 and 3) was obtained between crossed polars.
(Complete extinction occurred on rotation of the analyzer by
2.5-3° counterclockwise to the crossed-polars position.) (c) Ex-
tinction of the other half (quadrants 2 and 4) was obtained on
rotation of the analyzer by 2.5-3° clockwise from the crossed-
polars position (polarizer parallel to the [110] direction).
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FIG. 2. (001) SAD patterns obtained from different positions in a twinned specimen. The a and b axes may easily be distinguished
by the satellite spots arising from an about fivefold modulation along the [010] direction. Note that the patterns on either side of the
twin boundary are similar but rotated 90° with respect to one another. The SAD pattern for the twin boundary is an overlap of the
previous two patterns, as expected.



FIG. 3. SEM photomicrograph showing growth morphology
of a twinned specimen. A characteristic layered structure, indi-
cative of two-dimensional growth, is apparent. Note the disre-
gistry between the individual growth steps, and consequent shift
in the [110] boundaries, between the layers. The [110] twin
boundary follows a zigzag path, as previously observed in Fig.
1:



FIG. 8. Optical photomicrographs showing several twins of
2:1:2:2 on the surface of solidified flux in normal reflected light
(a) and cross-polarized light (b) and (c). All of the small *“crys-
tals” had a near-square shape with growth steps similar to Fig.
1. Note that each square form had a symmetrical cruciform
shape with [110] twin boundaries which nucleated from the
center of the squares.



FIG. 9. Optical photomicrographs of twins originating from
binuclei in normal reflected light (a) and cross-polarized light (b)
and (c). The coalescence of twins during growth gave rise to an
interesting extinction pattern.



