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Vortex Softening: Origin of the Second Peak Effect in Bi2Sr2CaCu2O81d
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Magnetic hysteresis and transverse ac permeability measurements in Bi2Sr2CaCu2O81d allow a com-
parative analysis of the critical current with the elastic response of vortex structures, in equilibrium with
their pinning potential, in the field and temperature region where the second peak is detected. This
study provides strong evidence that the second peak has its origin in changes of the elastic equilibrium
properties of the vortex structures.
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The existence of the second peak in the low field, low
temperature magnetization of Bi2Sr2CaCu2O81d (Bi2212)
as well as the peak effect observed in the critical current
Jc of low (LTS) and high temperature superconductors
are manifestations of instabilities of the vortex structure
(VS) in the presence of pinning potentials. Since the first
explanation by Pippard and the theoretical description by
Larkin and Ovchinnikov [1], several other alternatives have
been proposed, including order/disorder thermodynamic
phase transitions [2–6].

The most remarkable manifestation in both phenomena
is that Jc goes through a maximum when increasing field.
Thus, most experiments studying the anomaly are based on
measurements of Jc and consequently describe the proper-
ties of a nonequilibrium thermodynamic state. In particu-
lar, in the case of the second peak in Bi2212, Jc determined
by magnetization loop measurements is strongly affected
by time dependent phenomena. As a result, it has been sug-
gested [7] that a possible explanation for the second peak
effect is the different relaxation rates of the vortex sys-
tem in a nonhomogeneous field distribution induced by the
critical state. Another suggestion supporting the dynami-
cal origin of the phenomenon was introduced [8] from lo-
cal magnetization loops induced in short time scales. This
is in contrast with other experiments in Bi2212, where a
thermodynamic phase transition is claimed [2–6] to be as-
sociated with the second peak.

In this paper we compare experimental results obtained
by different techniques in order to distinguish the possible
dynamical contribution to the second peak from that caused
by genuine changes in the elastic response of the VS. We
have compared magnetization loop measurements in the
critical state with results obtained from the ac transverse
permeability of vortex configurations free of bulk magnetic
gradients. With this last constraint we were able to detect
an enhancement of the intrinsic pinning potential of the
vortex lattice in a region of fields where the second peak
is detected. We suggest that this behavior is due to a
softening of the elastic properties of vortices that might
be considered a precursor of a phase transition.

The Bi2212 single crystals used in this paper were
grown using the self-flux technique [9] and they have typi-
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cal dimensions 2 3 1 3 0.02 mm3. We made measure-
ments of the field cooled (FC) ac transverse permeability
in the Campbell limit, where the VS remains pinned under
the perturbation induced by the ac field. A sketch of the
experimental configuration with the applied field Ha in the
c direction can be seen in the inset of Fig. 1 and details in
Ref. [10]. We used a frequency of 916 Hz and an hac am-
plitude of 0.1 Oe.

The ac permeability in this configuration is given [11]
by

m �
2lac

d
tanh

µ
d

2lac

∂
, (1)

where d is the thickness of the sample and the ac pene-
tration depth lac in the Campbell limit follows expres-
sion [11]

l2
ac � l2

ac�Ha � 0� 1 l2
C , (2)

where lC is the Campbell penetration depth. The Camp-
bell limit is achieved when the ac response is characterized
[12] by vortices locked in a pinning potential, linear fre-
quency independent response to ac excitations, and a very

FIG. 1. Field dependence of l2
ac at 15 K, normalized by the

thickness of the sample. The dotted line is a linear fit to the
data. Inset at the lower right: imaginary part of the permeability
vs T at Ha � 600 Oe. Inset at the upper left: experimental
configuration.
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small dissipation due to the displacement of the vortex core
within the effective pinning potential. The Campbell pene-
tration depth is given by [11]

l2
C�Ha, T� �

c44

aL�Ha, T�
, (3)

where c44 is the tilting elastic constant and aL�Ha, T� is
the effective pinning potential (Labusch parameter).

When the only external force applied to the VS is that
of the perturbation induced by the ac field the elastic re-
sponse in the Campbell limit is determined by the curva-
ture at the bottom of the effective pinning potential. This
requires the electromagnetic force induced by the ac field
to be much smaller than the critical force to remove vor-
tices from the pinning sites. Basically, the VS localized
at the bottom of the Labusch potential represents a free
force VS in thermodynamic equilibrium with the pinning
potential. In practice, the true equilibrium state for a given
external field and temperature cannot be reached. On the
other hand, the structure obtained by freezing the FC vor-
tex system through the liquid-solid first order transition is
essentially a vortex free force configuration down to tem-
peratures where the single vortex limit is achieved [13].
In this configuration the pinning barrier is maximum [14]
and, in the single vortex pinning limit, aL�Ha, T� becomes
field independent. In this limit, the field dependence of
l

2
C � Haf0�4paL�T� is given by the field dependence of

c44 � Haf0�4p (defined in units of energy per vortex unit
length). Typically, when the field is increased the vortex-
vortex interaction becomes relevant and a crossover to the
collective pinning regime takes place. Then aL�Ha, T � de-
creases, and the Campbell penetration depth increases.

Magnetization loops were also measured using a com-
mercial quantum design SQUID magnetometer. From
these measurements Jc was extracted by using the expres-
sion [15]

Jc �
3
2

cDM

R
, (4)

where DM is the difference in magnetization for a
given field and R is a typical dimension of the sample.
Equation (4) gives Jc only when creep effects can be
disregarded. In this case [16], Jc ~ aL�Ha, T�. The mea-
surements were taken in a time scale of a few minutes.

In Fig. 1 we show the field dependence of l2
ac at 15 K,

normalized by the thickness of the sample. The imaginary
part of the permeability shows the low dissipation peak
corresponding to the Campbell limit (see the inset at the
lower right of Fig. 1). The linear dependence of l2

ac with
Ha confirms the single vortex limit up to fields as high
as 1500 Oe.

The field independent Labusch coefficient is obtained
from

aL �
Haf0

4p
�l2

ac�Ha, T� 2 l2
ac�0, T��21, (5)

where lac�0, T � obtained from the extrapolation of the lin-
ear field dependence is larger �lac�0, T� � 3lL� than the
057003-2
London penetration depth lL, as observed in other mate-
rials [17]. The slope of l2

ac�Ha, T � determines aL�Ha, T�,
plotted as a solid line in Fig. 2, together with the corre-
sponding values obtained from expression (5).

The current density Jc, obtained from (4) is also plotted
in Fig. 2. It is interesting to point out that the Jc field in-
dependent region (single vortex regime) is limited to fields
1 order of magnitude smaller than those where aL is seen
to remain constant. Creep measurements [18] in the critical
state made in the time scale of the same order of that used
in the magnetization measurements show that the decrease
of Jc as seen in Fig. 2 can be taken into account by creep
effects. Equivalent measurements in the FC structure [18]
show undetectable creep, in agreement with the results of
decoration experiment [13] and with the observed constant
aL�Ha, T� plotted in Fig. 2.

Figure 3 depicts the field dependence of l2
ac for three

higher temperatures. The frequency independence of the
results and the low dissipation �m00 , 0.04� verify that the
Campbell limit is obeyed up to 750 Oe, where dissipation
increases rapidly with field (shadowed region in the figure).
The slope of l2

ac�Ha, T � for the three temperatures is seen
to be independent of field (indicated by the dash-dotted line
with slope 1) for Ha , 200 Oe. It is interesting to notice
the relative decrease of l2

ac�Ha, T� with field as compared
to that of the single vortex limit (followed by an increase
at higher fields [19], shadowed region in the figure). It
is surprising that the enhancement of the effective pinning
potential (better shielding) with Ha takes place when the
single vortex limit is dominant. This is seen in Fig. 4,
where we have plotted aL�Ha, T� from the data in Fig. 3,
for two temperatures.

Critical currents extracted from magnetization loops
for T � 25 and 35 K, together with the corresponding
aL�Ha, T� from permeability measurements, are shown in
Fig. 4. As observed at lower temperatures, the decrease of
Jc in the region of fields where aL is field independent is
also due to creep effects. Creep becomes more and more
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FIG. 2. Jc from magnetization loops and Labusch coefficient
aL from Eq. (5) as a function of the applied magnetic field. The
lines are a guide to the eye for Jc data and the aL value from
the fit in Fig. 1.
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FIG. 3. Field dependence of l2
ac at 25, 30, and 35 K. The

shadowed region corresponds to a dissipative regime. The lines
have slope 1, indicating a single vortex limit.

relevant in the magnetization loop measurements as the
temperature increases. The increase of aL in the creep-
free experiment shows, however, nondramatic effects
with temperature. The decrease in Jc with Ha should not
be considered as an increase of the pinning correlation
volume with field due to collective pinning effects and,
consequently, should not be associated with the second
peak effect. This is further supported by a close inspection
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FIG. 4. Jc from magnetization loops and Labusch coefficient
aL from Eq. (5) as a function of the applied magnetic field
for (a) T � 25 K and (b) T � 35 K. The single vortex region
(field independence) deduced for both magnitudes is indicated.
The arrow marks the inflection point of Jc�Ha�. The shadowed
region corresponds to a dissipative regime.
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of the data in Fig. 4, showing that the enhancement of
aL�Ha, T� above the single vortex limit takes place at
the field where the decreasing Jc�Ha� shows an inflection
point, as marked in the figure with an arrow. At this field
a mechanism that increases aL�Ha, T� is switched on and,
consequently, slows down the creep rate. This anomalous
behavior of the pinning potential appears as a precursor of
the second peak effect.

It is interesting to point out similarities and differences
between the peak effect close to Hc2�T� in LTS [1,20],
and the second peak in Bi2212 at low fields and tempera-
tures. In LTS, Jc decreases with field down to a minimum
at Honset, then pinning increases to reach a maximum at
Hpeak. It is shown [20] that Honset is situated in the field
region, where collective pinning is described by a three-
dimensional Larkin volume. For Ha . Honset the correla-
tion volume decreases until a crossover from the collective
to the single vortex limit takes place at Hpeak. The previ-
ous description implies that aL�Ha, T � decreases down to a
minimum at Ha � Honset. The enhancement of aL�Ha, T �
for Ha . Honset indicates a reduction of the correlation
volume induced by a softening of the VS. Agreement be-
tween theory and experiment is found [20] only if the pin-
ning correlation volume is calculated, taking into account
the lattice softening induced by the dispersive nature of
c44�k�. This is important close to Hc2 where the typical in-
teraction length lH � lL�1 2 b (b � H�Hc2) becomes
comparable to the relevant elastic distortion of wave vector
k of the VS.

In the extreme anisotropic Bi2212, pinning is also shown
to increase with field at the second peak. However, in this
case aL�Ha, T� shows no detectable minimum; it increases
from a field independent value at low fields, as shown by
penetration depth measurements. Thus the reduction of the
vortex pinning correlation starts from the Larkin volume in
the single vortex limit, characterized by a one-dimensional
vortex length, Lc. In this limit Jc is given by [1]

Jc � J0�T�
µ

j�T �
Lc�T�g

∂2

, (6)

where J0�T� is the depairing current, j is the superconduct-
ing coherence length, g is the anisotropy, and Lc is the
Larkin correlation length in the field direction. Previous
measurements of Jc and aL�Ha, T� have shown [21] a field
independent, temperature-induced crossover from one- to
zero-dimensional pinning behavior at T0D � 20 K, where
Lc becomes equal [21] to the CuO interspacing distance s.

The temperature dependence of aL�Ha, T � in the single
vortex limit is depicted in Fig. 5. The transition to the
zero-dimensional limit, T � T0D, is evident [21]. At this
temperature the minimum pinning correlation volume
[maximum aL�Ha, T� for a given temperature] is
achieved. For T . 20 K the pinning is one dimensional
with Lc . s. Thus, the increase of aL�Ha, T� with field,
described in this paper, should be due to a decrease of Lc

induced by a softening of the elastic vortex properties.
Following the previous discussion the maximum value that
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FIG. 5. Temperature dependence of aL�Ha, T � in the single
vortex limit. Filled symbols: field independent aL. Open sym-
bols: largest value of aL in the Campbell limit. The dash-dotted
line is an extrapolation of the low temperature (below T0D) evo-
lution. The inset is a similar result for a sample with lower
defect concentration.

aL�Ha, T� can take is that for Lc � s. We have plotted
in Fig. 5 the largest values of aL�Ha, T � at different
temperatures within the Campbell limit (for fields Ha in
Fig. 4 smaller than those in the shadowed area). The linear
extrapolation (dash-dotted line) of the data below 20 K
to higher temperatures is never surpassed by the largest
values of aL�Ha, T� obtained in the experiments within
the Campbell regime, strongly supporting the picture dis-
cussed previously.

It is seen from Fig. 5 that the increase of aL�Ha, T� and
the corresponding increase of Jc�Ha, T� at the second peak
is due to a softening of the elastic properties of the vortices
in a region of fields where its integrity along the field is en-
sured: single vortex limit in the Campbell regime. When
Ha is further increased, Jc and the effective aL�Ha, T � are
seen to decrease rapidly but the rapid increase of dissipa-
tion in m indicates a crossover to a nonequilibrium state.
The large dissipation is associated with currents flowing in
the c direction, as mentioned in Ref. [10], indicating a loss
of vortex integrity in transport properties.

We have made measurements in two other samples with
similar results. However, it is interesting to remark that the
field where dissipation marks the end of the Campbell limit
depends on each sample, i.e., for the sample shown in the
inset of Fig. 5 (that by all indications seems to be cleaner)
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the dissipation appears at values of aL�Ha, T� well below
that corresponding to the zero pinning limit behavior. This
result is in agreement with a possible influence of point
disorder on a first order transition associated with the loss
of coherence in the c direction.

We have shown that the increase of Jc in the second
peak effect is due to a genuine softening of the elastic
properties in the dominant single vortex regime. Whether
it is a manifestation of a phase transition is a subject that
deserves more theoretical and experimental work.
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