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New Vortex-Matter Size Effect Observed in Bi2Sr2CaCu2O81d
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The vortex-matter 3D to 2D phase transition is studied in micron-sized Bi2Sr2CaCu2O81d single crys-
tals using local Hall magnetization measurements. At a given temperature, the second magnetization
peak, the signature of a possible 3D–2D vortex phase transition, disappears for samples smaller than
a critical length. We suggest that this critical length should be equated with the 2D vortex lattice
ab-plane correlation length R2D

c . The magnitude and temperature dependence of R2D
c agree well with

Larkin-Ovchinnikov collective pinning theory.
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Vortex matter, comprising the vortices in the mixed
state of a high Tc superconductor, is considered a model
system for the study of phase transitions. The competition
between three important energy scales (vortex-vortex in-
teraction, pinning, and thermal) gives rise to a rich vortex-
matter phase diagram. At high temperature, thermal
energy causes vortex lattice melting [1], while at low
temperature, pinning can drive a transition of the vortex
solid in layered anisotropic superconductors in which
a three-dimensional (3D) vortex line lattice dissociates
into two-dimensional (2D) vortex pancakes with mainly
ab-plane correlation [2–4]. The relevant parameters
which determine the state of vortex-matter, temperature,
and applied magnetic field (analogous to pressure in
atomic matter) may each be varied independently over
several orders of magnitude. In addition, the effects of
tuning a wide range of materials parameters have been
studied, such as disorder type and strength, anisotropy, and
doping level. However, the effects of finite sample size
on the state of vortex matter have received relatively little
attention [5,6]. Size effects, which have been important in
the study of atomic matter phase transitions [7,8], should
also provide useful insight in the study of vortex matter. In
addition, the richness of the vortex-matter phase diagram
offers the possibility of studying new size effects which
have no atomic matter analogs.

In this Letter, we investigate the effect of greatly re-
duced sample size on the disorder-driven 3D–2D vor-
tex transition in Bi2Sr2CaCu2O81d (BSCCO). At low
fixed temperatures, we find through local magnetization
measurements that the second magnetization peak (SMP),
the signature of a possible vortex solid 3D–2D transition
[9], disappears for samples smaller than a temperature-
dependent critical length. We suggest that the observed
critical length Rcr reflects the 2D vortex lattice ab-plane
correlation length R2D

c . For samples smaller than R2D
c , the

vortex lattice becomes insensitive to the disorder potential,
and the disorder-driven vortex 3D–2D phase transition is
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absent. The magnitude and temperature dependence of Rcr
agree with R2D

c in the Larkin-Ovchinnikov collective pin-
ning model [10].

Single crystals of BSCCO were grown using the floating
zone method [11]. The crystals were cleaved into 10 and
4.5 mm thick pieces. Disks and squares of lateral dimen-
sions ranging from diameter D � 30 to 180 mm were then
microfabricated from these pieces using photolithography
and Ar ionmilling (fabrication details will be reported in
a later publication [12]). The samples were slightly over-
doped (Tc � 87 K) after the fabrication by annealing in
air at 550 ±C for 20 hours. The local magnetization of the
samples was determined by placing the samples in a su-
perconducting solenoid with the applied field Ha parallel
to the crystal c axis. All local magnetization measure-
ments were taken at the face center of the sample using a
microfabricated GaAs�AlGaAs Hall sensor [1]. Figure 1
shows a scanning electron microscopy image of [1(a)] the
bare GaAs�AlGaAs Hall sensor and [1(b)] with a BSCCO
disk mounted in place on the sensor. Local magnetization
measurements on zero-field-cooled samples were made at
a magnetic field ramp rate of 1 G�s.

Figure 2 compares the local magnetization, Bz 2 Ha,
vs Bz for two different size BSCCO disks at two selected

FIG. 1. Scanning electron microscope image of a GaAs�
AlGaAs Hall sensor (a) with no sample and (b) with a BSCCO
disk mounted on top of the Hall sensor. The sensor has an
active area of 10 3 10 mm2. The BSCCO disk has a diameter
of 93 mm and a thickness of 4.5 mm.
© 2001 The American Physical Society
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FIG. 2. Local magnetization curves, Bz 2 Ha vs magnetic in-
duction Bz at (a) 25 K and (b) 30 K for BSCCO disks with iden-
tical thickness-to-diameter ratio of t�D � 0.15. The two disks
have diameters of 70 mm (≤) and 30 mm (�), and thickness of
10 mm and 4.5 mm, respectively. The arrow-head indicates the
ramp direction of the applied field Ha. The SMP, as indicated
by an arrow in (a) and (b) for the 70 mm disk, is absent in the
30 mm disk at both temperatures.

temperatures, 25 and 30 K. Ha is the applied field parallel
to the c axis of BSCCO, and Bz is the local magnetic
induction as determined by the Hall sensor. The two disks
have diameters D of 70 and 30 mm, and thickness t of
10 and 4.5 mm, respectively. The most striking feature of
Fig. 2 is that the SMP, as denoted by the arrow at �550 G
in the 70 mm disk data, is absent in the 30 mm disk at
both temperatures. From Fig. 2 we infer that at both 30
and 25 K the critical lateral size Rcr at which the SMP
disappears lies somewhere between 70 and 30 mm.

In order to determine accurately Rcr�T �, magnetization
measurements for a given sample were repeated at a se-
ries of fixed temperatures. Figure 3 shows representative
data for a different BSCCO sample, in this case a 90 mm
square with t � 10 mm. For this sample the SMP is ob-
served only at temperatures somewhat below 38 K, again
at a temperature independent Bz of 550 G. Bz is consistent
with the previously published SMP field Bz of macroscopic
overdoped BSCCO samples [13]. We thus find that, when
the SMP is observed at all in small BSCCO samples, it
FIG. 3. Bz 2 Ha vs Bz for a 90 mm square at selected tem-
peratures. The inset shows the SMP peak height as a function
of temperature on a logarithmic scale. Extrapolation of the peak
height to zero defines the critical temperature Tcr below which
the SMP is observed.

occurs at the same magnetic induction as that for larger
samples. Figure 3 shows that, as the temperature is in-
creased, the SMP anomaly becomes successively smaller.
Above a (sample-size dependent) critical temperature Tcr,
the SMP disappears completely. In order to determine Tcr
accurately, we plot the SMP peak height (defined as the
difference of the local hysteretic magnetization for mag-
netic induction just before and just after the SMP anom-
aly) as a function of temperature, as shown in the inset of
Fig. 3. The peak height can be fit empirically with a loga-
rithmic temperature dependence indicating an abrupt trend
to zero height at finite temperature. Extrapolation of the
peak height to zero defines Tcr. For the 90 mm sample of
Fig. 3, the SMP disappears definitively at 35 K. Hence,
Rcr�T � 35 K� � 90 mm.

We have repeated the measurements of Fig. 3 for eight
different samples of different size ranging from 30 to
180 mm, thus generally determining Tcr�R�, or equiva-
lently, Rcr�T �. Figure 4 shows the results, which define a
new SMP phase diagram for BSCCO incorporating sample
size. The temperature interval plotted is 20 to 45 K, which
is the relevant temperature interval for the SMP using local
magnetization measurement [13]. We find no appreciable
difference in the phase diagram between circular and
square samples.

We now discuss these results more fully. We first
consider the expected geometry dependence of the various
contributions to the total (measured) hysteretic magne-
tization. There are two mechanisms which give rise to
hysteresis in the magnetization: one is bulk impurity pin-
ning [14], which represents pinning of vortices by point
disorder in the bulk of the sample; the other is surface bar-
riers, which include the Bean-Livingston surface barrier
[15] and geometrical barriers [16,17]. The total local mag-
netization hysteresis is the sum of bulk pinning hysteresis
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FIG. 4. Critical sample size Rcr�T� below which the SMP is
absent, shown as a function of temperature. All samples used
for this plot are 10 mm thick. Rcr represents the diameter for a
disk and the width for a square. Filled squares and circles repre-
sent measurements on square and circular samples, respectively.
The line is a fit to the Larkin-Ovchinnikov ab-plane vortex cor-
relation length Rcr � �1.8 mm� exp�T�9 K�.

Mbulk�Bz� and surface barrier hysteresis Mbarrier�Bz�
[18], where Mbulk�Bz� � j�Bz 2 Ha�" 2�Bz 2 Ha�#j
with " and # representing ascending and descending field
directions, respectively. Each pinning mechanism is
expected to have a different dependence on sample dimen-
sion: Mbulk ~ DJc according to the Bean model [14],
where Jc is the critical current density and D the sample
diameter; and Mbarrier is expected to be a function of the
thickness-to-diameter ratio t�D for both Bean-Livingston
surface barrier and geometrical barrier [17–21]. Because
Mbarrier increases and Mbulk decreases as D decreases, the
barrier magnetization overwhelms bulk magnetization in
small samples [22]. While the continuity of Mbarrier at the
3D–2D transition remains unclear [23], ideally, samples
of similar Mbarrier should be studied such that differences
in Mbulk would be evident.

For Fig. 2 we have in fact carefully chosen samples of
similar thickness-to-diameter ratios (t�D � 0.15 for both
samples) in order to achieve a similar value of Mbarrier.
Confirming the theoretical prediction, the vortex penetra-
tion field Hp , defined as the value of Ha at the first negative
peak of the local magnetization, Ha � Bz 2 �Bz 2 Ha�,
is indeed identical for both disks (with values Hp � 380 G
at 25 K and 330 G at 30 K). Thus these two samples have
the same value of Mbarrier above Hp , and the total hysteretic
magnetization difference between the two disks is strictly
the difference in the bulk pinning magnetization —surface
effects have been eliminated. It is thus instructive to fur-
ther compare the magnetization data of these two samples,
as seen in Fig. 2.

Below the SMP, the total magnetization, and thus Mbulk,
is narrower in the 30 mm disk, in agreement with the Bean
model [14] where Mbulk ~ DJc. The 70 mm disk has a
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magnetization jump at Bz � 550 G, indicating a 3D–2D
phase transition (not observed in the 30 mm disk). It is
believed that across the SMP line of the vortex phase dia-
gram, a 3D vortex-line solid dissociates into a randomly
pinned pancake vortex solid. As the pancake vortex solid,
with its smaller correlated volume [10], can better adapt to
the random pinning centers, the critical current increases
upon the transition from the 3D to the 2D state. The SMP
signifies the increase of critical current since Mbulk ~ DJc.
We expect that, if the vortex 3D–2D transition exists in
the 30 mm disk, the increase in Jc should be the same as
in the 70 mm disk, and a magnetization peak of approxi-
mately 3�7 (30 mm�70 mm) the magnitude of that in the
70 mm disk should be observed. This is inconsistent with
our observations. The absence of an observed peak in the
30 mm disk at temperatures higher than 25 K (Fig. 2) al-
lows us to put an upper bound on the peak height of at least
10 times smaller than this estimate, indicating a dramatic
suppression of the critical current increase associated with
rearrangement of vortices at the 3D–2D transition. We can
draw similar conclusions for our other sample sets.

What is the physical origin of the shrinking of the SMP
line in very small BSCCO samples? Kopelevich and
Esquinazi recently proposed vortex avalanches as a source
of the SMP in BSCCO [5]. Their model suggests that in
bulk BSCCO the heat generated by vortex motion cannot
be dissipated fast enough due to the large lateral sample
size. Sample heating lowers the energy barrier for vortex
influx, which results in the SMP. In small samples, heat
is released faster than its generation rate due to the short
lateral dimension, and therefore the SMP may be absent.
Unfortunately, this model predicts [5] a temperature de-
pendence of Rcr at odds with our findings in Fig. 4.

Another possibility is that the shrinking of the SMP
line in small samples is a result of a sample-size-induced
overall downward shift in temperature of the vortex lattice
melting line and its associated critical end point. This is
relevant since in BSCCO the vortex solid SMP line is con-
nected to the vortex lattice melting transition line by the
critical end point [1]. Since at Bz � 550 G the ratio of
the number of edge vortices to the bulk vortices reaches
�3% in the 30 mm disk, the phase transition in consid-
eration may no longer be in the thermodynamic regime.
If vortex lattice melting were indeed affected by the large
surface-to-volume ratio of small samples (as in atomic mat-
ter melting), there could result a compression of the SMP
line at low temperatures. We have tested this hypothesis
by independently examining the sample size dependence
of the vortex lattice melting line. Above T � 60 K, the
melting onset field Bz (melting) and the magnitude of the
melting jumps are independent of sample size and agree
with reported results on overdoped BSCCO [13,24]. Thus,
an overall downward shift of the melting line is ruled out
as the origin of the shifting of the SMP.

We propose here a new model that accounts naturally
for the SMP disappearance above Tcr in small samples.
The SMP signifies an increase in bulk vortex pinning,
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and, hence, an increase in Jc, as the vortex lattice struc-
ture changes from 3D, with primarily out-of-plane vortex
correlation, to 2D, with primarily in-plane vortex correla-
tion. In the Larkin-Ovchinnikov (LO) collective pinning
model, the vortex lattice is treated as correlated within a
volume defined by the ab-plane correlation length Rc, and
the c-axis correlation length Lc. The vortex lattice may
rearrange to lower its energy in the pinning potential only
on scales larger than the correlation volume. Upon the
conventional 3D to 2D transition, Lc decreases, while Rc

increases. The net effect is an increase in the pinning en-
ergy of the 2D state, which favors its formation. However,
the LO model should break down for samples with one
or more dimensions smaller than the relevant correlation
lengths.

In our samples for certain temperatures the lateral
sample dimension becomes smaller than the 2D ab-plane
correlation length R2D

c . In this case, the 2D vortex lattice
in each superconducting layer is correlated across the
entire sample. The ability of the vortex lattice to rearrange
in response to the disorder potential is reduced, and, hence,
the 2D state becomes less favorable energetically. Hence,
we expect a suppression of the 2D phase in samples
smaller than the 2D ab-plane correlation length R2D

c .
Our model may be tested quantitatively. We estimate the

magnitude and temperature dependence of R2D
c using the

2D LO collective pinning model [10,25] in order to make
comparison with the experimentally determined Rcr�T �.
In the 2D LO collective pinning model the out-of-plane
pancake vortex correlation length is taken as the interlayer
distance, and the ab-plane correlation length is given as

R2D
c �

s
C66c

JcBzj
ao , (1)

where the shear modulus of the vortex lattice C66 �
BzHc1�16p , the critical current Jc�T � � Jc�0� 3

exp�2T�To� [20], j is the ab-plane coherence length, c
is the speed of light, and the inter-vortex distance ao �p

F0�Bz , with F0 the superconducting flux quantum. The
temperature dependence of R2D

c comes primarily from
the exponential temperature dependence of the critical
current Jc; thus we expect an exponential dependence
of R2D

c on temperature. If we assume reasonable values
of j � 2.5 nm, Hc1 � 100 G [26], and Jc�0� � 5 3

105 A�cm2 [25], we find Rc � �2.2 mm� exp�T�2To� at
Bz � 550 G, where To is the temperature exponent of the
critical current, estimated to be of order 10 K in BSCCO.

The solid line in Fig. 4 is a fit of Eq. (1) to the experi-
mental data, yielding Rcr � �1.8 mm� exp�T�9 K�. The
exponential temperature dependence agrees with the ex-
pected behavior of R2D

c , giving a reasonable To � 4.5 K
for the critical current temperature exponent. The agree-
ment in the prefactor is excellent, given the uncertainty in
Hc1 and Jc�0�.
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