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Abstract

Magnetic moment measurements have been made on differently shaped single crystals of Bi Sr CaCu O using a2 2 2 8qd

Ž .SQUID magnetometer. In platelet shaped samples, the results show a pronounced geometrical barrier GB or ‘shape effect’
at low fields and high temperatures. In both prism and semi-ellipsoidal-shaped samples, the low field magnetic hysteresis is
reduced significantly at high temperatures due to modification of the geometrical barrier. At lower temperatures, the prism
and semi-ellipsoidal samples show enhanced low field hysteresis relative to the platelet, suggesting an increasing role of

Ž .nongeometrical surface barriers SB . These results are discussed in terms of the competing roles of bulk pinning, surface
and geometrical barrier effects. q 1998 Elsevier Science B.V. All rights reserved.

PACS: 74.60 Fc; 74.60 Ge; 74.60 Jg

Keywords: BSCCO; Melting; Irreversibility line; Geometrical barrier; Surface barrier; Bulk pinning

1. Introduction

Ž .The Bi Sr CaCu O BSCCO high tempera-2 2 2 8qd

ture superconductor has extreme anisotropy and very
Žlow levels of bulk pinning at high temperatures i.e.,
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.)70 K . Single crystals of this material are invari-
ably produced in the form of platelets with very
large aspect ratios. Since most magnetic and trans-
port measurements are carried out with the applied
field parallel to the c-axis, i.e., parallel to the short-
est dimension of the platelets, demagnetising effects
are important and complicated by the nonellipsoidal
geometry. The unusual material properties and sam-
ple geometry conspire to make all relevant energy

Žscales i.e., pinning, thermal, elastic and surface-re-
.lated in the mixed state comparable at higher tem-
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w x w xperatures 1,2 . Accordingly, bulk pinning 3–12 ,
Ž . w xgeometrical barriers GB 5–12 and surface barriers

Ž . w x w xSB 13–20 21–24 may all contribute signifi-
cantly to hysteresis in the global magnetisation. When
bulk pinning predominates, the magnetisation curves
do not display a sharp initial vortex penetration peak.
The M–H loops are symmetric about the reversible
magnetisation behaviour and a significant remnant
moment is apparent. Near T in both YBa Cu Oc 2 3 7yd

Ž .YBCO and BSCCO, bulk pinning is very weak
w x8,24 and contributions to magnetically determined
hysteresis from surface or geometrical barriers domi-
nate, thus making the interpretation of magnetic
behaviour in terms of bulk properties very compli-
cated.

The geometrical barrier is a result of nonellip-
soidal sample geometry and is strongest for samples
with large aspect ratios and with the field parallel to
the short axis. The energy of a vortex depends, in
this geometry, on its position in the specimen be-
cause of magnetostatic effects, i.e., demagnetisation
inhomogeneity. A rigorous description of the geo-
metrical barrier in terms of continuum mechanics has

w xrecently been developed 25 while an equally rigor-
ous thermodynamic description is presented in Ref.
w x26 . The latter paper, in particular, addresses the
role of vortices and line tension in the thermody-
namic description. As discussed in these papers, the
geometrical barrier results in vortices first penetrat-
ing diagonally across the corners of the specimen
w x5–11 and leads to a delayed penetration field. The
gradient in magnetic potential that the vortices expe-
rience once they have penetrated then drives them to
the centre of the sample at a rate determined by the
absence of pinning and viscous forces. Here, they
concentrate in a ‘pool’ with a profile, in increasing
field, which is ‘dome-like’ with a flat maximum in
the sample centre and which grows in increasing
field in the range 0-H -0.5H . With decreasinga c1

field, the profile must obviously expand to fill the
specimen in order for flux to be able to exit the
sample. This process leads to strong hysteresis in the
magnetisation, even in the complete absence of pin-

w xning, for fields 0-H -0.5H 5 . Complicateda c1

edge effects can extend its influence, in diminished
w xvalue, to much larger fields 7 . Note that the GB is

determined entirely by the reversible magnetisation
and the satisfaction of magnetic boundary conditions.

It is therefore not subject to the effects of thermal
activation.

There are many different types of surface barriers
w xand a good review is given in Ref. 13 . Surface

barriers, unlike geometrical barriers, arise from a
competition between the Lorentz force of the Meiss-

Ž .ner London screening current that drives vortices
into the sample and the attractive interaction between
vortices and their image at a sample surface. The
standard description of the Bean–Livingstone barrier
considers the case of a vortex penetrating through a
smooth parallel surface. This type of barrier is ex-
pected to be suppressed by sharp corners. In HTS,
the situation may be different because the vortices
can be considered as stacks of pancake vortices
rather than a continuous vortex line. The surface
barriers are proposed to act on single pancakes in

w xthis case 17,18 and the barriers are expected to be
enhanced. Within this scenario, displacement of a
vortex that lies parallel to the c-axis, in a shaped
sample where the surface has a component normal to
the vortex, always requires additional pancakes to be
added or lost from the vortex. A different but equiva-
lent description is that this 2D ‘distributed’ surface
barrier acts on all vortices and for all vortex motion
for samples where the large surfaces are not parallel
and strictly orthogonal to the field direction. Like
geometrical barriers, the surface barrier results in a
delayed initial penetration field and in magnetic hys-
teresis in the absence of bulk pinning, for fields up to
the thermodynamic critical field, H . In both cases,c

magnetisation loops are usually strongly asymmetric
about the reversible behaviour. The returning leg in
decreasing field is typically flat and is close to zero
for surface barriers since there is no barrier to flux

Ž .exit in the case of HTS as the magnetisation, M,
Ž .crosses through zero. In both cases of the SB and

GB, in the absence of any bulk pinning, no remnant
moment is expected. The surface barrier differs from
the geometrical barrier in a number of respects. It
acts on a microscopic scale and is subject to thermal
activation, resulting in a time-dependence of the first

Ž .penetration field, H T , and an exponential depen-p
w x Ž .dence 17,18 of this field on temperature, H T sp

Ž . Ž .H 0 exp yTrT where T is typically 25 K. Inp 0 0

principle, this difference should be sufficient to dis-
tinguish between the two types of barrier. In prac-
tice, because bulk pinning is also a thermally acti-
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vated process, a combination of weak pinning and a
geometrical barrier may manifest in many of the
same features as the surface barrier.

The similarities and differences between the GB
and SB, and the difficulties of separating these, have

w xbeen discussed at length by van der Beek et al. 14
who have used an ac screening technique to try to
separate bulk and surface- or geometry-related con-
tributions. A different approach, which is the one we
employ here, is to change the sample geometry. This
modifies the demagnetising factor and internal field

w xdistribution. If, as proposed 17,18 , the surface bar-
riers are 2D in nature they should not be sensitive to
the sample geometry. Thus, provided the polishing
process does not induce defects that change bulk
pinning considerably, this approach should assist in
elucidating the mechanisms controlling hysteresis.
This has important implications for the correct iden-
tification of the lower critical field, bulk-pinning
related irreversibility line and critical current values.
Surprisingly, few reports on shape modification have

w xappeared in the literature. Majer et al. 8 and Moro-
w xzov et al. 20 have shown that the dc and ac

magnetic behaviour, respectively, of the vortex solid,
measured using miniature Hall probes, are pro-
foundly affected by polishing platelet-shaped sam-

w xples into a prism-shaped cross-section. In Ref. 20 ,
careful analysis of the ac response of the local
behaviour showed that surface and geometrical bar-
rier effects can indeed be separated in prism-shaped
samples at high temperatures. Pronounced differ-
ences between platelet and prism-shaped samples
have also been observed on the nonlinear transport
properties of BSCCO crystals at high temperatures
w x w x10 , as predicted by Benkraouda and Clem 11 .
Here, we present ‘global’ magnetisation measure-
ments on platelet, semi-ellipsoidal and prism-shaped
samples using a SQUID magnetometer. Clear differ-
ences are observed in the behaviour of the different
samples in the high and intermediate temperature
regimes. These are discussed in terms of the compe-
tition between bulk pinning and geometrical and
surface barrier effects.

2. Experimental

Single crystalline boules of near-optimally doped
BSCCO with T f89 K were grown using an in-c

w xfrared floating zone furnace 27 . The boules were
cleaved to yield single crystals with optically smooth
parallel surfaces and thicknesses of several tens of
microns. These were carefully cut into bars using a
miniature wire saw. Pairs of bars cut from adjacent
parts of the same starting crystals were selected. One
of each pair was then gently mechanically polished,
using 0.25 mm diamond paste, into either a prism or
a semi-ellipsoidal shape while the other retained its
platelet shape. The ‘prism’ pair and the ‘ellipsoid’
pair were cut from starting material from two differ-
ent boules with nominally the same doping state. A
schematic representation of the sample cross-sec-
tions, normal to their long axes, is presented in Fig.
Ž .1 a . Results are shown for one prism and its bar

partner and one ellipsoid and its bar partner. The
dimensions of the prism and bar pair were 1.82=

0.26=0.06 mm and 1.82=0.22=0.06 mm, respec-
tively, with the angle between the sloped faces of the

Ž .prism and the base the ab-planes close to 258. The
dimensions for the ellipsoid and bar pair were 0.93
=0.11=0.03 mm and 1.00=0.11=0.04 mm, re-
spectively. Thus, the cross-section of the ellipsoid is
like a slightly squashed semicircle. Isothermal mag-

Ž .netic moment-field, m H , measurements were made
as a function of applied field using a Quantum
Design MPMS-5 magnetometer. The remnant field
in the magnet was reduced by damped oscillation of
the magnet and the sample was warmed to above Tc

to remove any trapped flux between each measure-
ment. The unavoidable effects of inhomogeneity in
the magnetic field during measurement in the SQUID
magnet were minimised by using a 3 cm scan length.

Ž .Fig. 1. a Schematic cross-section of the three measured sample
geometries. Flux enters from the sides of the differently shaped

Ž .crystals. In the prism sample, u s258. b Schematic field profiles
expected for applied fields larger than those required for full
penetration are shown below each crystal.
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3. Results and discussion

w xSchematic flux profiles expected 7,12,20 for the
Ž . Ž .sample geometries in Fig. 1 a are shown in Fig. 1 b

for an increasing field greater than the full penetra-
tion field. In the case of the platelet, a pronounced
geometrical barrier has been shown to be dominant

w xat high temperatures 5–12 . The GB effect causes
significant hysteresis to at least 0.5H even in thec1

w x Ž .absence of any bulk pinning 5,7 and the m H loop
is usually rather flat and very similar to that ob-

w xserved for strong surface barriers 7,9 . In the case of
the prism sample, however, the situation is rather

Ž .different. The monotonically linearly increasing
thickness of the crystal toward the sample centre
means that vortices always have to increase in length
as they penetrate the sample. The associated line
tension energy cost as a vortex penetrates exceeds
the gain in Gibbs free energy due to the shape effect.
Even in the absence of bulk-pinning, vortices ‘pile
up’ close to the edges and the resulting profile is
similar to that expected from the Bean-model for
increasing field, with a monotonically decreasing
internal field toward the sample centre. Finally, for
the semi-ellipsoid, a behaviour intermediate between
that for platelet and prism is expected. For a per-
fectly ellipsoidal sample, the gradient in vortex line
energy is perfectly balanced by the gradient in its
magnetic energy and this sample geometry would be
a good way of examining the geometry barrier were
it not technically difficult to produce such samples.
On the other hand, 2D distributed surface barriers
w x17,18 would still be expected to act in this geome-
try.

Ž .Fig. 2 a shows the measured magnetic moment
as a function of applied field at 80 K for the platelet
and ellipsoid pair. Both curves show the behaviour
expected for a very weak pinning Type II supercon-
ducting material. A small amount of hysteresis is
present at low fields but the magnetisation loops
become reversible above about 60 Oe at the irre-
versibility field, H , which is several orders ofirr

magnitude below the upper critical field, H , at thisc2

temperature. A broad melting ‘step’ and change in
slope of the reversible magnetisation is just visible in
the data and is marked on the figure at the melting
field, H , close to where the loops become re-m

versible for both samples. The figure suggests that

Ž .Fig. 2. a Magnetic moment vs. applied field at 80 K for the
Ž . Ž .platelet points and ellipsoidal line crystals prepared from the

Ž . Ž .same starting crystal. b Same as Fig. 2 a but now the moment
has been used to calculate the magnetisation and the applied field

Žis used to calculate the average effective field at the sample
.surface by correcting for the demagnetising factor. The penetra-

tion field, H , is shown on the figure and is smaller for thep

ellipsoid, as is also the hysteresis.

the hysteresis in the ellipsoid-shaped sample is
smaller than for the platelet. However, the different
demagnetisation factors and sample volumes make
accurate comparison difficult on such a plot. Accord-
ingly, we calculate the volume magnetisation, mrV
s4p M, for the two samples and plot this as a
function of the effective surface field, H sH yeff a

4p nM, determined by the demagnetising factor, n.
Because of the small sizes of the samples and possi-
ble end effects, it is difficult to calculate demagneti-
sation factors accurately and we obtain the ‘effec-
tive’ value by forcing the Meissner slopes to unity.
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The values thus obtained are in reasonable agree-
ment with those expected from the sample cross-sec-

Ž .tions. Fig. 2 b presents the data in this form. Pene-
tration now occurs at an effective field that is more
than three times higher than the applied field at
which penetration occurs in Fig. 2. The slope of the
Meissner region is unity and the reversible magneti-
sations now show good coincidence as expected.
This figure demonstrates unambiguously that the
penetration field and the hysteresis for the platelet
sample are higher than for the ellipsoidal sample,
consistent with the effect of the geometrical barrier
in the platelet sample. The larger hysteresis in the
platelet derives entirely from the geometry effect at
these temperatures. It should be emphasised that this
result precludes the introduction of bulk pinning by
polishing of the ellipsoid and allows us to exclude
distributed surface barriers as the mechanism con-
trolling the hysteresis at this temperature. These
would act over the whole surface of the ellipsoid-
shaped sample and we would expect at least the
same extent of hysteresis.

Ž .Fig. 3 presents similar data to Fig. 2 b but for the
prism and platelet pair. The prism is remarkably
reversible at this temperature of 80 K as also ob-

w xserved in local measurements 8 . Further, the first
penetration field, H , for the modified sample isp

again lower than that of the platelet. Fig. 3 shows
that hysteresis is almost completely determined by

Fig. 3. Magnetisation vs. effective surface field at 80 K for the
platelet and prism crystal pair prepared from the same starting
crystal. It is apparent that the hysteresis is almost negligible in the
case of the prism.

Fig. 4. Magnetisation vs. effective field at 40 K for the platelet
and ellipsoid. At these lower temperatures, opposite to what is

Ž .observed at higher temperatures see Fig. 3. , the hysteresis is
larger in the case of the ellipsoid.

geometrical barriers at sufficiently high temperatures
w xin BSCCO 8 . It should also be noted that there is a

small remnant moment at zero applied field when the
field is decreased from its maximum. This implies
that some small effect of bulk pinning does remain
present, even in the prism-shaped sample. The sharp
first penetration peak for the platelet sample is re-
placed by a rounder smoother peak for the prism.
This is more similar to the form for flux penetration
in strong pinning samples where vortices are pinned
as soon as they enter the sample. In this case how-
ever, the bulk pinning is very weak and the magneti-
sation loop is almost reversible. However, the vor-
tices are constrained from penetrating the sample by
the modified shape effect.

Fig. 4 shows the behaviour of the platelet and
ellipsoid pair at a lower temperature of 40 K. The
penetration peaks for both samples remain rather
sharp, and the remnant moments very small, indicat-
ing that bulk pinning is still rather weak, even at
these lower temperatures. In contrast to what is
observed at higher temperatures, the ellipsoid now
displays both a larger penetration field and larger
hysteresis than the platelet. The enhanced hysteresis
persists up to the melting field and marks this feature
very clearly. Similar behaviour is seen in Fig. 5,
where comparable results for the prism and platelet
pair are shown. This form of the hysteresis loops,
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Fig. 5. Magnetisation vs. effective field at 45 K for the platelet
and prism pair. The hysteresis is larger in the case of the prism
than for the platelet at these lower temperatures, as also observed
for the semi-ellipsoid in Fig. 4.

where they ‘pinch’ off rapidly at the melting field, is
reminiscent of the observation, in BSCCO crystals
w x28 with a low density, B fB , of columnar de-f c1

fects introduced by small doses of heavy ion irradia-
tion. The matching field, B , is the field at which thef

Ž .1r2average spacing of the vortices, a s F rB , iso o

equal to the average spacing between the columnar
defects. These strong-pinning columnar defects in-
crease hysteresis substantially but only below the
melting field, H , where the vortex lattice, becausem

of its shear modulus, c , is able to be pinned66

effectively by a small number of strong pins. It
would be tempting to suggest that the polishing
technique used to prepare the ellipsoid and prism had
therefore also introduced a small number of strong
pinning sites. However, the remnant moment of the
ellipsoidal sample is comparable with or even smaller
than that of the platelet making this possibility less
likely. On the other hand, surface barrier effects,
rather than the geometrical barrier, may be dominant
at these intermediate temperatures, as also suggested

w xelsewhere 16,19,21–23 . If this were the case, one
would expect, since the barriers act strongly only for

w xflux entry in HTS 20,24 , that hysteresis would only
be enhanced on the increasing field leg. This indeed
appears to be the case for the ellipsoidal sample
shown in Fig. 4. The data for the prism at 45 K in
Fig. 5 shows that the enhancement of hysteresis is
almost the same on increasing and decreasing legs.

Therefore, we cannot preclude some contribution
from polishing induced surface pinning. Although
we attempted to always polish the crystal along a

Ždirection parallel to the penetrating vortices normal
.to the long axis of the samples , components of

scratches that are orthogonal to the field direction act
to modulate the effective thickness of the crystal and
therefore behave in a similar manner to the dis-
tributed surface barrier. Since vortices have to
‘penetrate’ across these scratches for both increasing
and decreasing fields, this would enhance hysteresis
symmetrically at fields below melting. It seems rea-
sonable that such surface pinning may not be suffi-
ciently strong to change the measured remnant mag-
netisation and would therefore be consistent with
what we observe.

In order to elucidate further the origin of the
enhanced hysteresis at intermediate temperatures, we
have made relaxation measurements in the prism and
platelet pair at the fields and temperatures where the
effect is observed. Since the reversible magnetisation
is large compared to the hysteresis, we measure

Žrelaxation on both increasing and decreasing after
.the field has been increased to above H branchesirr

of the m–H hysteresis loop. The difference is calcu-
lated and represents an average time dependence of
the irreversible magnetic moment eliminating the
influence of the reversible moment. The data is
further normalised to the hysteresis at ts100 s for
comparison. Fig. 6 presents this parameter,

Ž . Ž .Dm t rDm ts100 s for the prism and platelet at
40 K and 300 Oe where the enhanced hysteresis is
observed in the prism. This shows that there is
pronounced relaxation in both sample geometries,
with the hysteresis decreasing to half of its value at
102 s by about 104 s. It shows that the larger
hysteresis in the prism sample arises because relax-
ation is slower in this sample than in the platelet.

w xChikumoto et al. 16 have made careful relaxation
measurements on BSCCO crystals in a similar tem-
perature range. They observed two regimes of relax-
ation at the long and short timescales, respectively.
The former is argued to be due to a high current
density bulk pinning mechanism while the latter,
which are those we probe in our measurements at

w xlonger timescales, is shown 16 to be due to relax-
ation over surface barriers. Similar relaxation mea-
surements have been made on BSCCO at low fields
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Fig. 6. Relaxation of the hysteretic magnetic moment as a function
of time for the platelet and prism pair at 40 K for H s300 Oe.a

DmsDmi yDmd is obtained by zero-field cooling the sample to
40 K, then ramping the field to 300 Oe and measuring the
relaxation to obtain Dmi. The field is then ramped above the
irreversibility temperature, decreased to 300 Oe and the relaxation
is measured to obtain Dmd. This procedure allows the effects of

Ž .the different equilibrium reversible moments and sample vol-
umes to be ignored. The data is normalised at ts100 s for clarity.

w xby Cohen et al. 23 . They show that a single non-
bulk-pinning mechanism controls the long-timescale
relaxation from about 20 K up to the highest temper-

Ž . w xatures measured about 70 K . Morozov et al. 20
have argued that a ‘distributed’ 2D surface barrier
operates in BSCCO. This barrier acts at all points of
a slope surface, and on each pancake that has to
penetrate the sample. In the case of the platelet
sample, once a stack of pancakes has entered the
sample, it is no longer affected by this barrier. On
the other hand, for the ellipsoidal and prism samples,
the barrier acts to resist any movement of flux, since
it extends, because of the polished faces, to the
sample centre. This 2D surface barrier is therefore
consistent with our measurements at intermediate
temperatures that show greater hysteresis for the
shaped samples. The temperature dependence of the
penetration field provides further evidence support-

Ž .ing this conclusion. The applied first penetration
field is shown in Fig. 7 for all four samples as a
function of temperature on a semi-logarithmic scale.
In all cases, H displays a clear exponential depen-p

dence on temperature in the temperature range from
40 to about 70 K. This exponential dependence has
been predicted for thermal activation of vortices

w xacross the surface barrier 17,18 and observed else-
w xwhere 19 . At higher temperatures, the geometrical

barrier becomes dominant and the temperature de-
pendence becomes stronger as in this regime, it is
determined by the temperature dependence of H .c1

The temperature at which the exponential behaviour
no longer holds corresponds closely with that below
which the geometrical barrier becomes ineffective
w x8,10 . It is also the temperature below which both
shaped samples start to display larger hysteresis than
their platelet pairs.

Finally, we have investigated whether the differ-
ent sample geometries have any measurable effect on
the step in the global magnetisation at the melting

Ž . Ž .transition. Figs. 8 a and b show the melting steps
for the platelet and ellipsoidal pair, and the platelet
and prism pair, respectively, at 70 K. Clearly, there
are no dramatic differences in the form of the melt-

w xing step within our resolution. Farrell et al. 3 have
argued that the step might be an artefact of the
nonuniform flux distribution in platelet-shaped sam-
ples. This idea is based on the notion that the solid
phase might be able to support a pressure gradient,
while the liquid cannot. In this case, even if the two

Ž .phases had the same densities and entropies , a step
of nonthermodynamic origin might be expected in
the locally measured magnetisation as the solid–
liquid interface crossed the small Hall sensor. In this
scenario, global measurements of an elliptical sample

ŽFig. 7. Penetration fields determined by applied and not effective
.field for all the samples as a function of temperature on a

semi-logarithmic plot. The solid lines indicate the regions of
exponential temperature dependence.
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Ž . Ž . Ž .Fig. 8. a Expanded view of melting jumps for ellipsoid and platelet at 70 K. No significant difference can be resolved. b Same as a but
comparing the prism and platelet pair.

should show no transition. Even in nonellipsoidal
samples, the transition should be smeared or sup-
pressed relative to the platelet geometry, provided
that the internal field is more uniform than in
platelet-shaped samples. However, the results here
show that there is no observable suppression of the
step. Accordingly, they support the opposite conclu-
sion that the step indeed has a thermodynamic rather
than a nonequilibrium origin. The size of the steps is
used to calculate the change in flux density B, which

is found to be close to 0.6 G for both samples, in
w xagreement with other measurements 3 .

4. Conclusions

We have produced samples of different shapes to
assess the effect on the global magnetisation. These
results show that hysteresis in the magnetisation of
BSCCO at temperatures above f70 K is deter-
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mined almost entirely by shape rather than surface
effects. At intermediate temperatures, the shaped
samples display greater hysteresis than the platelet
samples. Because there is no significant increase in

Žbulk pinning which might have been introduced by
.polishing , we suggest that the hysteresis in this

temperature range is controlled by surface barriers,
in agreement with other measurements reported else-
where. The different sample shapes display no appar-
ent differences of the melting step, consistent with a
thermodynamic origin for this feature. These results

Ž .emphasise the danger of extracting bulk pinning
properties from magnetisation curves of platelet-
shaped crystals with low levels of bulk pinning.
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