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1. INTRODUCTION 

High�temperature superconductors (HTSCs) are
type II superconductors which exhibit a specific fea�
ture that a magnetic field penetrates into them in the
form of Abrikosov vortices. When transport current
flows through such a material, the Abrikosov vortices
under the action of the Lorentz force come into the
motion accompanied by the appearance of a finite
electrical resistance. The existence of inhomogeneities
in real materials leads to pinning of vortices. 

Even in high�temperature superconductor single
crystals, there can exist inhomogeneities (as a rule, in
the form of oxygen disordering) where vortices are
pinned [1]. 

An additional contribution to pinning is observed
in polycrystals due to the presence of boundaries
between crystallites. The superconducting properties
of grain boundaries, as a rule, are reduced. During the
flowing of the transport current, the suppression of
superconductivity of the material, i.e., the growth of a
cluster of the normal phase state begins to occur
exactly with the grain boundaries. As was shown in [2,
3], the cluster of the normal phase can be considered
as a fractal that changes its own dimension with
increasing temperature and transport current. It
should be noted that superconductors with a high
porosity can be successfully described in the frame�
work of the theory of a fractal cluster of the normal
phase in a superconducting matrix [4]. 

A random pinning has a profound effect on the lat�
tice of Abrikosov vortices [5]. Consequently, the spe�
cific features of the structure of a porous superconduc�

tor should lead to a change in its parameters. At a high
concentration of defects in the crystal, the lattice of
Abrikosov vortices transforms into a glassy state. A
number of authors [3, 6–8] have described a vortex
glass phase (similar to the spin glass phase) with a bro�
ken translational symmetry of the Abrikosov vortex
lattice and a nonuniform spatial density of vortices in
real imperfect polycrystals under the conditions of low
temperatures and penetrating magnetic fields. The
spin glass phase was considered in [9, 10]. In [3], the
author analyzed two types of pinning: small�scale pin�
ning (provided by inclusions, vacancies, etc.) and
large�scale pinning (spatially separated grains, cracks,
macroscopic inclusions, etc.). As would be expected,
these types of pinning should affect the transport
properties of the material in different manners. The
small�scale pinning destroys the long order in the
Abrikosov lattice, and, as a consequence, the Abriko�
sov lattice transforms into the glassy state. The large�
scale pinning, according to the author’s opinion [3],
affects the macroscopic regime of the vortex flow, thus
leaving the vortex lattice undisturbed. 

The majority of researchers have paid attention to
the study of the phase diagram of Abrikosov vortices in
textured polycrystals [11–16] with a predominant
small�scale pinning. In these works, the authors calcu�
lated the temperature of the transition to the vortex
glass state Tg. In practice, this temperature has been
found as the boundary of the change in the sign of the
curvature of the scaling dependences R(I) plotted in
logarithmic coordinates and obtained at different tem�
peratures. The observed change in the sign of the cur�
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vature of these dependences indicates that a phase
transition occurs in the Abrikosov vortex lattice. 

In a highly porous high�temperature superconduc�
tor, as expected, there exist, in a full measure, both
large�scale and small�scale pinnings owing to the frac�
tality of grain boundaries over a wide range of self�sim�
ilarity scales. The high porosity and disordering can be
favorable for a pinning and an increase in the critical
current density in such materials. Indeed, in highly
porous high�temperature superconductor materials,
the diamagnetic response per unit mass is almost two
times higher than that of the polycrystalline sample
with the same composition [17]. 

Such material can be prepared using different
methods [18–20]. A high�temperature superconduc�
tor with a porous structure that represents an aggregate
of large crystallites (~20 μm) was studied earlier in
[17]. In the obtained porous high�temperature super�
conductor materials, the influence of grain boundaries

on the electrical resistivity is negligible [18], as it fol�
lows from Fig. 1. 

It can be seen from Fig. 1 that the electrical resis�
tivity of the foamed sample is extrapolated by a straight
line that passes through the origin of the coordinates at
zero temperature. On the contrary, the dense sample
prepared from this foam has a nonzero residual elec�
trical resistivity, which can be explained by the contri�
bution from the grain boundaries. A porous high�tem�
perature superconductor material can be considered
as an aggregate of single crystals that are spatially sep�
arated and touch each other predominantly through
their faces. 

In this work, we have synthesized porous samples of
the Bi2223 composition and measured their current–
voltage characteristics over a wide range of tempera�
tures and magnetic fields with the aim of investigating
the specific features of the pinning in this material.
The obtained results have been analyzed in the frame�
work of the model proposed in [2, 3]. We have also per�
formed a search for phase transitions of the vortex
structure [21]. 

2. SAMPLES AND EXPERIMENTAL 
TECHNIQUE 

The synthesis technology used for the preparation
of the porous high�temperature superconductor was
described in [18]. The density of the synthesized mate�
rial was equal to 1.55 g/cm3 (which amounted to 26%
of the theoretical density of the Bi2223 superconduc�
tor). The scanning electron microscopy (SEM)
images made it possible to examine the internal struc�
ture of the material [4]: the Bi2223 crystallites are cha�
otically arranged; the average size of the crystallites is
~1–2 μm along the c axis and ~20–30 μm in the
ab plane; and between individual crystallites or their
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Fig. 1. Dependences ρ(T) for the Bi2223 superconductor
[18]: (a) the foamed sample and (b) the dense crystal. 
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Fig. 2. Microstructure of the porous superconductor of the
Bi2223 composition. 



PHYSICS OF THE SOLID STATE  Vol. 53  No. 12  2011

PINNING IN A POROUS HIGH�TEMPERATURE SUPERCONDUCTOR Bi2223 2411

aggregates, there are pores with a diameter of ~10 μm
and smaller (Fig. 2). 

The superconducting state is achieved at the tem�
perature Tc = 105 K [4]. 

The current–voltage characteristics were measured
using the standard four�point probe method in mag�
netic fields of 0–80 kOe and in the temperature range
from 10 to 90 K. The coincidence of the forward and
reverse current–voltage characteristics during the
scanning of the current indicated the absence of self�
ignition. 

Figure 3 shows the current–voltage characteristics
of the highly porous Bi2223 superconductor measured
at different temperatures in magnetic fields of 20 and
80 kOe. 

3. DISCUSSION OF THE RESULTS 

The fractal boundaries of superconducting clusters,
which, in the aforementioned sense, can be consid�
ered as both small�scale and large�scale defects, pro�
vide an effective pinning of the magnetic flux. The
pinning by fractal boundaries between a high�temper�

ature superconductor and a normal phase was consid�
ered in the works by Kuzmin [2, 3]. Balaev et al. [4]
showed that the model of a superconductor with frac�
tal clusters is suitable for the description of the trans�
port properties of the high�temperature superconduc�
tor Bi1.8Pb0.3Sr1.9Ca2Cu3Ox with a low density. This
paper presents the results of a detailed investigation of
a porous superconductor within the framework of the
fractal cluster model. 

For a comparison between the experimental cur�
rent–voltage characteristics and theoretical curves
obtained in the theory of fractal clusters, we have used
the formula given in [3]: 

where D is the fractal dimension, u is the dimension�
less voltage, rf is the dimensionless resistance to the
vortex flow, i is the dimensionless current obtained
after the normalization to the critical current Ic, C =
((2 + D)/2)2/D + 1, and Γ is the gamma function. 

u rf i Ci
2/D–

–( )exp C
D/2Γ 1 D

2
���– Ci

2/D–,⎝ ⎠
⎛ ⎞– ,=

2.5

0

2.0

1.5

1.0

0.5

20015010050

T, K:
10
20
30
40
50
60
70
80
90

H = 20 kOe

U
, 

m
V

2.5

0

2.0

1.5

1.0

0.5

20015010050

T, K:
10
20
30
40
50
60
70
80
90

H = 80 kOe

U
, 

m
V

I, mA

Fig. 3. Current–voltage characteristics of the high�tem�
perature superconductor measured at different tempera�
tures in magnetic fields of 20 and 80 kOe. 
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The normalized current–voltage characteristics at
different temperatures without a magnetic field and in
a maximum magnetic field of 80 kOe are shown in
Fig. 4. 

At temperatures in the range from 40 to 50 K, there
occurs a maximum change in the resistance, the slope
of the linear portion of the dependences U(I). This is
probably due to the maximum change in the fractal
dimension of the boundary of the nonsuperconduct�
ing cluster. The fractal dimension of the cluster
boundaries weakly increases with an increase in the
magnetic field. 

In our previous work [4], we used the method pro�
posed in [22] and obtained the fractal dimension of the
grain boundaries in the highly porous sample D =
1.7 ± 0.1. This value is close to the fitting value of the
fractal dimension of the boundaries between clusters
of the superconducting and normal phases D = 1.75,
which was used in the description of the current–volt�
age characteristics of highly porous high�temperature
superconductors at a temperature above T = 77.4 K in
a zero magnetic field. 

A comprehensive picture of the evolution of the
fractal dimension as a function of the temperature and
the magnetic field is shown in Fig. 5. 

In order to obtain information on the phase transi�
tions in the vortex structure of the superconductor
under investigation, we constructed the dependences
R(I) in logarithmic coordinates. Figure 6 presented
the dependences R(I) at temperatures in the range
from 10 to 90 K in external magnetic fields of 20 and
80 kOe. 

It can be seen from Fig. 6 that no change in the sign
of the curvature from positive to negative is observed in
the dependences R(I) over the entire temperature
range. Thus, in the measured intervals of magnetic
fields and temperatures, we did not reveal phase tran�
sitions of the vortex structures. It should be noted that,
in different magnetic fields, the slope of the linear por�
tions of the curves R(I) at the corresponding tempera�
tures varies only insignificantly, and the character of
the changes remains identical both in the case of the
absence of an external magnetic field and in the max�
imum field. The fractal dimension weakly depends on
the magnetic field in the range 0–80 kOe. 

In the temperature range from 60 to 70 K, there is
a “gap” in the series of dependences R(I). At the same
temperatures, the character of the temperature depen�
dence of the differential resistance changes abruptly
(Fig. 7). 

A similar result was obtained from theoretical cal�
culations carried out using the Monte Carlo method
[23]. The results of the calculations of the heat capac�
ity and the current–voltage characteristics have
revealed a jump in the same temperature range, which
was attributed by the authors to the step�by�step melt�
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ing of the lattice of Abrikosov vortices ending at the
pinning centers. The similarity of the obtained cur�
rent–voltage characteristics and the closeness of the
temperature range, in which the voltage drop under�
goes a jump, indicate a similar behavior of the highly
porous superconductors and the model underlying the
performed calculation. It is possible that the proposed
mechanism, which indicates the occurrence of a phase
transition in the temperature range from 60 to 70 K,
takes place in the highly porous high�temperature
superconductor. In this case, the pinning potential can
be estimated as Up ≈ 0.05 eV. 

With an increase in the temperature, when the
energy of thermal fluctuations kBT becomes compara�
ble to the energy of pinning U, the depinning of the
vortices from the pinning centers begins to occur.
According to the Kim–Anderson theory [24], under
these conditions, there appears a finite electrical resis�
tance ρ = ρFFexp(–U/kBT), where ρFF is the resis�
tance to the vortex flow. The “gap” observed at tem�
peratures in the range from 60 to 70 K can be
explained by the action of two opposing effects: (i) the
depinning of vortices from the pinning centers due to
thermal fluctuations and (ii) the increase in the pin�
ning due to the increase in the dimension of the fractal
boundaries. At temperatures below 60 K, the increase
in the dimension of the fractal boundaries partially
compensates for the increase in the resistance due to
thermal fluctuations. When the maximum value of the
fractal dimension is achieved, this compensation is
terminated and an abrupt increase in the electrical
resistance is observed. An alternative explanation for
the intensive increase in the electrical resistance at
temperatures in the range from 60 to 70 K lies in the
fact that, in this range, the core of the Abrikosov vortex
becomes larger than the maximum self�similarity scale
of the distribution of the pinning centers. 

The proposed mechanisms of coupling between the
fractal dimension and the specific features of the pin�

ning in highly porous high�temperature superconduc�
tors can work fairly well both individually and collec�
tively. 

4. CONCLUSIONS 

Thus, the experimental current–voltage character�
istics of the highly porous high�temperature supercon�
ductor Bi�2223 have been measured over wide ranges
of temperature (10–90 K) and magnetic fields (0–
80 kOe) and have been analyzed within the framework
of the theory of phase transformations of vortex matter
[21] and the theory of a fractal boundary of the normal
phase cluster in the superconducting matrix [2, 3]. 

The absence of a change in the sign of the curvature
of the dependences R(I) with an increase in the tem�
perature indicates, according to [21], that no phase
transition of the vortex structure occurs. A noticeable
increase in the electrical resistance has been observed
in the temperature range 60–70 K, which, as we
assume, is associated with the change in the fractal
dimension of the boundary of the normal phase cluster
growing inward the crystallites of the highly porous
high�temperature superconductor [2, 3]. As this tem�
perature interval is achieved, the core of the Abrikosov
vortex becomes larger than the size of the maximum
self�similarity scale of the fractal interface and the
effective pinning drastically decreases. In this case,
vortex matter undergoes a step�by�step melting, which
is in agreement with the results reported in [23]. A pos�
sible mechanism of this phenomenon is provided by a
partial compensation of the increase in the electrical
resistance due to thermal fluctuations at the expense of
the increase in their dimension at temperatures in the
range from 50 to 60 K. When the maximum value of
the fractal dimension is achieved, this compensation is
reduced and an abrupt increase in the electrical resis�
tance is observed. 

When this paper was already prepared for publica�
tion, an article by Vasyutin [25] appeared, in which it
was found that the fractal dimension of the channels
for vortex transport in YBCO increases with increasing
magnetic field.
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