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Competing pinning mechanisms in Bi,Sr,CaCu,0, single crystals
by magnetic and defect structural studies
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A correlation between magnetic hysteresis [measured with a vibrating-sample magnetometer (VSM)]
and defect structures (studied by transmission-electron microscopy) is reported for a number of
Bi,Sr,CaCu,0, single crystals in the as-grown state and after annealing in oxygen or vacuum above
400°C. Different regimes of flux pinning can be distinguished from VSM measurements, which we asso-
ciated with point defects (oxygen vacancies) and planar dislocation networks. Dislocation networks ob-
served in Bi,Sr,CaCu,0, single crystals provide effective pinning centers for decoupled two-dimensional
(2D) pancake vortices, especially when the characteristic length scale of the network matches that of the
2D pancake vortex spacing. Anomalies in the magnetic properties are discussed in terms of the competi-
tion between pinning from point defects and dislocation networks, together with a transition from a 3D
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flux lattice to a 2D pancake vortex regime.

High-T,. superconductors possess layered structures
and are therefore highly anisotropic. Such anisotropy is
conveniently expressed as the ratio I'=m;/m,, where
m, and m; are the effective masses of the quasiparticles
for motion parallel and perpendicular to the CuO, planes.
For Bi,Sr,CaCu,0, this value is believed to be in excess
of 3000.! Such large anisotropy and small coherence
length compared with the interlayer spacing results in
quasi-two-dimensional superconducting behavior in
Bi,Sr,CaCu,0, just below T,.> For highly anisotropic
layered superconductors, vortex lines can be regarded as
two-dimensional (2D) pancake vortices confined to the
CuO, layers but weakly interacting between layers by
Josephson and magnetic coupling. At low temperature,
such coupling results in essentially (3D) flux lines. How-
ever, a decoupling transition from 3D flux lattice to 2D
pancake vortices will take place at high temperatures and
high fields, when the thermal fluctuation energy becomes
comparable with the Josephson and magnetic coupling
energies between vortices in the different CuO, layers.? It
is believed that such a decoupling transition occurs in
Bi,Sr,CaCu,0, crystals at around 30 K (Ref. 4) but little
is known about the pinning of the decoupled pancake
vortices in the 2D regime.
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Flux pinning in the superconducting state is of impor-
tance from the point of view of both theory and potential
applications. In high-T. superconductors, there is little
doubt that oxygen vacancies are effective flux-pinning
centers* and that spatial variation of the oxygen ordering
may well account for the anomalous “fishtail” magnetiza-
tion feature in YBa,Cu;0,_; crystals.’ A flux line can be
pinned along its length by point defects. However, such
defects are less effective in pinning 2D pancake vortices,
since the pinning energy within a CuO, layer is relatively
small. In contrast, extended defects in the basal plane,
such as dislocation networks, are likely to be particularly
effective in pinning 2D pancake vortices. Dislocation
networks will be more effective pinning centers when
their length scale matches that of the 2D pancake vortex
spacing.®

In this paper we present results from magnetic hys-
teresis measurements and defect structural studies for
Bi,Sr,CaCu,0, single crystals both before and after oxy-
gen and vacuum annealing above 400°C. These results
suggest the importance of two pinning mechanisms: oxy-
gen vacancies and dislocation networks. We propose that
the observed processing-dependent anomalous magneti-
zation results from a competition between these two pin-

4054 ©1993 The American Physical Society



48 COMPETING PINNING MECHANISMS IN Bi,Sr,CaCu,0,, . ..

ning mechanisms. Their relative importance reverses
above and below the decoupling transition from the 3D
flux lattice to 2D pancake vortices confined to the CuO,
layers.

Bi,Sr,CaCu,0, single crystals were grown using a
large temperature gradient technique’ with starting com-
position Bi, 4Sr,CaCu,0, cooled from 950 to 800°C at
0.5°C/h. Several good quality single crystals were select-
ed for vibrating-sample-magnetometer (VSM) and
transmission-electron-microscopy (TEM) measurements.
The transition temperature T, of these crystals, deter-
mined from magnetic ac susceptibility and superconduct-
ing quantum interference device (SQUID) susceptometer
measurements, was ~ 90 K.

To investigate the influence of processing on the anom-
alous magnetization, measurements of 7, and magnetic
hysteresis over a wide range of temperatures were made
before and after annealing the crystals in either oxygen or
high vacuum. VSM measurements were performed in a
magnetic field parallel to the ¢ direction at a sweep rate of
1 mT/s using an Oxford VSM 3001. Room-temperature
TEM measurements were made using a Philips CM20 mi-
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croscope operating at 200 kV and a JEOL 4000 FX for
measurements at high temperatures.

A selected crystal (sample 1) of volume 3.5X2.0X0.01
mm?® was annealed at 420°C in 13.6 bar oxygen pressure
for 24 h. After such annealing T, decreased from 90 to
86 K but the transition remained sharp with no evidence
for any phase separation. In Figs. 1(a)-1(d) we superim-
pose hysteresis loops for this crystal at representative
temperatures measured before and after oxygen anneal-
ing. An anomalous peak in the magnetization curves
occurs at field of 60~ 100 mT, as is clearly evident in
both sets of measurements. This anomaly appears be-
tween 20 and 40 K for the as-grown crystal and between
15 and 45 K after oxygen annealing. The field at which
the maximum occurs is almost independent of tempera-
ture in both cases although it is increased from about 60
to 100 mT after oxygen annealing. This is very different
from the anomalous fishtail magnetization in
YBa,Cu,;0,_; crystals,® where the field at which the
anomaly occurs decreases with increasing temperature.
This suggests that the anomaly in Bi,Sr,CaCu,0, has a
different origin from that in YBa,Cu;0,_s;.
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FIG. 1. (a)-(d) Temperature dependence of VSM hysteresis loops for a Bi,Sr,CaCu,0, single crystal (sample 1) before (empty

squares) and after (filled squares) oxygen annealing at 420 °C.
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Below 25 K the width of the hysteresis loop is de-
creased after oxygen annealing, suggesting a reduced pin-
ning, consistent with a reduction in the number of point
defects (oxygen vacancies). It is interesting to note that
above 30 K, the central region of the magnetization curve
is almost unchanged after annealing in oxygen. Although
the amplitude of the finite field anomaly remains almost
constant, it moves to higher fields.

The above behavior should be contrasted with the
dependence of the magnetization on vacuum annealing.
For such measurements, a second crystal (sample 2) of
volume 2.0X2.0X0.01 mm3, was selected and initially
annealed in 6 X 10~ ¢ mbar in a vacuum furnace at a rela-
tively low temperature (200 °C) for 25 h. No evidence for
any change in T, or magnetic properties was found after
annealing at this temperature. However, significant
changes were observed after annealing at 420°C at
2X 107 ° mbar for 25 h. The T, decreased from 90 to 87
K and the anomalous magnetization disappeared com-
pletely, as illustrated in Figs. 2(a)-2(d). These results
suggest that vacuum annealing above 400 °C results in ox-
ygen diffusion out of the crystal, significantly changing
the magnetic properties.
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In contrast to oxygen annealing, the width of the hys-
teresis loop below 25 K after vacuum annealing is in-
creased. This is consistent with a model in which oxygen
vacancies are assumed to be the major pinning centers at
low temperatures. However, in addition to the disap-
pearance of the anomalous magnetization after vacuum
annealing, the width of the hysteresis loop above 25 K
decreases relative to the as-grown state, which would not
be expected if oxygen vacancies alone were the main pin-
ning centers. The above results suggest that oxygen va-
cancies are the dominant flux-pinning centers at low tem-
perature ( <25 K) but another pinning mechanism exists
above 25 K.

In an attempt to identify the source of such additional
pinning, TEM measurements were made on similar crys-
tals from the sample batch. Large scale dislocation net-
works in the basal ab plane were observed in about 10%
of the specimen areas studied. An example of a highly
regular but typical dislocation network image taken by
TEM is shown in Fig. 3. A model for such dislocation
networks, including identification of Burgers vectors,
their geometrical configuration, and formation mecha-
nism, has been presented elsewhere.” It is well known
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FIG. 2. (a)-(d) Temperature dependence of VSM hysteresis loops for a Bi,Sr,CaCu,0, single crystal (sample 2) before (empty

squares) and after (filled squares) vacuum annealing at 420 °C.
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FIG. 3. A TEM image of a highly regular dislocation net-
work of a Bi,Sr,CaCu,0, crystal observed with diffraction vec-
tor g =[020] and near [001] beam direction.

that dislocation networks can act as effective pinning
centers in superconductors. !~ 12

To confirm a correlation between the presence of the
dislocation networks and the anomalous magnetization in
Bi,Sr,CaCu,0, crystals, we performed an in situ TEM
study of the effect of temperature annealing on the dislo-
cation networks. Figure 4(a) shows a room-temperature
TEM image in an as-grown crystal using a g=[020]
diffraction vector. This micrograph indicates at least two
independent planar dislocation networks at different
depths within the thinned TEM specimen. Figure 4(b)
shows the same region at room temperature after heating
the sample for 30 min at 500°C and then cooling in the
microscope. During this period, the electron beam was
switched off to avoid possible electron-beam damage at
high temperatures. On cooling, the dislocation networks
were observed to have almost completely disappeared.
At a higher resolution, small regions ( ~ 10 nm in size) of
a second phase or precipitates are observed, as shown in
the inset of Fig. 4(b).

Figures 5(a) and 5(b) show room-temperature
diffraction patterns taken before and after vacuum an-
nealing at 500°C in the microscope. The main structure
of the Bi,Sr,CaCu,0, crystal is unchanged but additional
broad satellite spots surround the main spots. The addi-
tional structure is assumed to rise from the second phase
or precipitates. Similar additional diffraction patterns
have also been observed by other authors!® in high-
temperature TEM experiments on Bi,Sr,CaCu,0, speci-
mens, although they did not pay attention to the disloca-
tion networks. A sequence of diffraction patterns of a
particular region as a function of increasing temperature
indicated the new structural feature emerging between
400 and 465°C. The new structure only appears after
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vacuum annealing above 400°C and is never present in
the as-grown crystal. We assume it is associated with ox-
ygen diffusion out of the crystal and the resulting forma-
tion of a second phase. The disappearance of the disloca-
tion networks on vacuum annealing above 400°C has
been confirmed over nearly the whole area of three speci-
mens taken from three different single crystals from the
sample batch. We therefore believe that this is an intrin-

FIG. 4. Room-temperature TEM images of an irregular
dislocation network in a Bi,Sr,CaCu,0, crystal (a) before and
(b) after heating in situ (vacuum) to 500 °C for half an hour. The
inset in (b) is at increased magnification showing 10-nm scale
precipitates.
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sic effect associated with a structural phase transition in
vacuum above 400 °C.

Annealing specimens in the microscope at 2X107°
mbar is equivalent to the vacuum annealing of sample 2
used for VSM measurements. Similar TEM results were
also observed in several specimens cleaved from addition-
al single crystals after annealing in the vacuum furnace.
The absence of any anomaly in the magnetic properties of
our Bi,Sr,CaCu,0, crystals after vacuum annealing

FIG. 5. Room-temperature TEM diffraction patterns with
the [001] beam direction from a thinned Bi,Sr,CaCu,0, crystal
(a) before and (b) after vacuum annealing in the microscope for
half an hour at 500 °C.
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strongly suggests that the dislocation networks are re-
sponsible for the observed magnetic anomaly.

There are a number of experiments which have been
interpreted in terms of vortex decoupling transition
around 20-30 K in Bi,Sr,CaCu,0, crystals."*"!® The
decoupling transition is marked by a sharp depression of
critical current above 25 K. Miller et al.!” proposed that
misalignment between pancake vortices in adjacent layers
generates a difference in the phase of the order parameter
from one layer to the next and that this phase difference
locally depresses the critical current density.

Three-dimensional flux lines will be pinned at a num-
ber of points in the CuO, layers along their length, so
that J. will increase with the number of point defects,
such as oxygen vacancies. In contrast, the decoupled 2D
pancake vortices can only be pinned by such defects in
the individual CuO, layers. The energies involved in 2D
pinning are relatively small, so that the pancake vortices
are more easily depinned by thermal fluctuations, result-
ing in a rapid decrease in critical current with increasing
temperature. Without other effective pinning centers, the
decoupled 2D vortex lattice or glassy state will easily
melt. However, planar defects, such as the dislocation
networks already discussed, are likely to provide strong
pinning of the 2D pancake vortices. This will be particu-
larly true when the scale of the dislocation network
matches the separation of the pancake vortices.

Figure 6 shows the model for a regular dislocation net-
work typically found in Bi,Sr,CaCu,0, single crystals.’
The shaded areas are stacking fault regions generated by
the dissociation of (110) dislocations. As indicated,
these stacking fault regions form a triangular lattice with

FIG. 6. An

idealized dislocation network in the
Bi,Sr,CaCu,0, crystal with the shaded areas representing
stacking fault regions. The circles represent 2D pancake vor-
tices with a spacing matched to the disiocation network struc-
ture.



spacing typically 140 to 200 nm apart. If we assume that
pinning is most effective when the spacing of the flux
lines matches that of the stacking fault regions, we might
expect an enhancement of pinning at around 50 to 100
mT in the magnetic induction, as illustrated schematical-
ly in Fig. 6. A similar “matching effect” has been pro-
posed to account for critical-current anomalies in
artificially modulated conventional superconductors.!®!°
Figure 7 shows anomalous peak positions of magnetic in-
duction as a function of temperature for the sample 1
crystal before and after oxygen annealing. The lack of
any marked temperature dependence of the magnetic in-
duction at which the anomaly occurs in our measure-
ments on Bi,Sr,CaCu,0, crystals is consistent with a spa-
tial matching of the 2D pancake vortices to the scale of
the defect structure. Additional support for such a mod-
el is derived from the observation that the dislocation
networks and the anomalous magnetization both disap-
pear after vacuum annealing above 400 °C.

We also note that the anomalous peak moves to higher
B fields after oxygen annealing. This suggests that the
characteristic scale of the network structure is strongly
dependent on oxygen stoichiometry. Unfortunately, it
has not proved possible to examine the same specimen
before and after high-temperature oxygen annealing, as
the grid supporting the highly thinned specimen tends to
deform at high temperatures in oxygen. On a number of
TEM specimens, we do indeed observe a higher density
of dislocation networks after high-temperature oxygen
annealing. However, given the natural variation in net-
work length scale within a single specimen, the statistics
are not sufficient to demonstrate reliably a dependence of
dislocation network length scale on oxygenation.

The magnetic interaction of 2D pancakes varies loga-
rithmically with their separation? resulting in a long-
range correlation of vortices within individual double
CuO, layers. Relatively small regions of the dislocation
network may therefore be sufficient to pin the 2D vortices
over an appreciable area. However, the matching of a
3D flux lattice to such dislocation networks can only take
place within a single plane, as there is no correlation be-
tween the dislocation networks on different planes. We
would not expect matching to be effective along the
length of a straight 3D flux-line lattice. Such networks
would therefore not be expected to be the dominant pin-
ning mechanism for the 3D flux lattice at low tempera-
tures.

No anomalies were observed at fields corresponding to
a flux vortex spacing that was a multiple or submultiple
of the dislocation network length scale. Matching at
lower fields may be inhibited because vortices remain 3D
and may not have decoupled between layers. At high
fields, the anomaly will be broadened by the natural vari-
ations in the dislocation network length scale.

Based on the above observations, we believe that there
exist two principal flux-pinning mechanisms in our
Bi,Sr,CaCu,0, crystals. Below 25 K, oxygen vacancies
are likely to be the dominant source of pinning for the 3D
flux lattice, with planar dislocation networks playing a
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FIG. 7. B field at anomaly peak position as a function of tem-
perature for sample 1 crystal before (stars) and after (squares)
oxygen annealing.

secondary role. Above 25 K, the pancake vortices under-
go a 3D to 2D transition. Spatial matching of the decou-
pled 2D pancake vortices to the dislocation networks are
then assumed to be responsible for the anomalous peak
observed in the magnetization at around 60-100 mT.
Above 40 K, thermal fluctuation energies are sufficient to
overcome both kinds of pinning and the magnetization
becomes nearly reversible.

In summary, magnetic hysteresis and defect structural
studies on Bi,Sr,CaCu,0, single crystals as a function of
annealing in oxygen and vacuum suggest the existence of
two principle pinning mechanisms for magnetic flux. At
low temperature, the dominant pinning depends on the
degree of sample oxygenation and is almost certainly due
to point defects (oxygen vacancies) pinning the 3D flux
lattice. On raising the temperature above 25 K, thermal
fluctuation results in a vortex structure transition from
3D to 2D pancake vortices on the individual CuO, layers
with little correlation between layers. Decoupled 2D
pancake vortices interact strongly with the extended
dislocation networks observed in the specimens by TEM.
This pinning is expected to be particularly strong when
the pancake vortex spacing matches that of the network
structure leading to the pronounced peak observed in the
magnetic hysteresis at around 60—100 mT. The tempera-
ture and field dependence of the magnetic hysteresis can
be understood in terms of a competition in pinning from
point defects and the dislocation networks, which reverse
their relative importance above and below the 3D to 2D
transition at around 25 K.
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FIG. 3. A TEM image of a highly regular dislocation net
work of a Bi,Sr,CaCu,0, crystal observe

[020] and near [001)] beam direction.
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FIG. 4. Room-temperature TEM images of an irregular
dislocation network in a Bi,Sr,CaCu,0, crystal (a) before and
(b) after heating in situ (vacuum) to 500°C for half an hour. The
inset in (b) is at increased magnification showing 10-nm scale
precipitates.



FIG. 5. Room-temperature TEM diffraction patterns with
the [001] beam direction from a thinned Bi,Sr,CaCu,0, crystal
(a) before and (b) after vacuum annealing in the microscope for
half an hour at 500°C.



