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Dependence of magnetization on applied magnetic field for single-crystal Bi-2212 whiskers was mea-
sured at different temperatures. Symmetric and asymmetric magnetization loops were successfully
described by the extended critical state model (the extended Valkov–Khrustalev model). Pinning force
of whiskers was investigated.
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1. Introduction

The Bi2Sr2CaCu2Oy (Bi-2212) superconducting whiskers have
been discovered by Matsubara [1]. The single-crystalline nature
of the whiskers has attracted great attention among the scientists
which tried to fabricate the materials in different dimensions by
using different preparation methods [2–10]. The fabrication of
whiskers owned flexible property without grain boundary and
crystal defect is necessary for technological applications [11,12].
In future, it is believed that superconducting single-crystal whis-
kers will be most used materials in the technological applications
such as micro/nano electronic switches, high current applications
and Josephson junction based devices.

Flux pinning is one of the important problems in the applica-
tions of high-Tc superconductors. Grain boundaries, stacking fault,
crystal defects and impurities behave as the primary flux pinning
centers in high-Tc superconductors [13–16]. The application tem-
perature has huge importance for high current and high pinning
force. At high temperature, thermal energy causes melting of vor-
tex lattice [17–19].

Magnetic properties of high-Tc superconductors are generally
revealed with the pinning mechanisms of the flux lines lattice.
Relations between the field dependence of critical current density
and the magnetization of superconductors are established in the
literature. However theoretical calculation of M–H curves at differ-
ent temperatures remains a nontrivial work. The critical state mod-
el describes satisfactory the high field symmetric M–H loops of
ll rights reserved.

ld).
high-Tc superconductors at low temperatures [20,21]. At higher
temperatures, the M–H loops of high-Tc superconductors in high
fields become asymmetric with respect to the M = 0 axis, so there
is serious discrepancies between the theoretical curves and exper-
imental data. The extended critical state model [22] describes
asymmetric M(H) dependencies. However some aspects of the ex-
tended critical state model, e.g. the surface equilibrium layer, were
questionable. We believe that account of pinning force distribution
in granules [23] gives the physical background requested for the
extended critical state model.

In this study, the magnetization of single-crystal Bi-2212 whis-
kers has been studied. Experimental details are described in Sec-
tion 2. Section 3 includes magnetization loops fitting by the
extended version of Valkov–Khrustalev model [23] and analyze
of pinning properties of the whiskers.

2. Experimental details

Appropriate amounts of reagent grade Bi2O3, SrCO3, CaCO3 and
CuO were mixed in agate mortar for 2 h to give a nominal compo-
sition of Bi3Sr2Ca2Cu3O10+d. The mixtures were melted in an
a-Al2O3 crucibles at 1150 �C for 3 h. Molten material was then
quenched between two cold copper plates. Thus, rapidly quenched,
pore-free, and approximately 1.5 mm thick amorphous plates were
obtained. Whiskers were then grown in a PID controlled tube fur-
nace by heating the glass plates in air. The best whisker growth
was obtained at 850 �C for 120 h. Whiskers have sizes �1 lm �
10 lm � 1 cm.

The whiskers obtained after heat treatment were first examined
using Xray powder diffractometer (XRD). The Rigaku RadB system
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having CuKa radiation (k = 1.5405 Å) with a scan rate of 3�/min be-
tween 2h = 2–60� was used during the XRD measurements. Micro-
structural and compositional investigations of the whiskers were
performed using a LEO EVO-40XVP Scanning Electron Microscope
(SEM) with BRUKER Energy Dispersive X-ray Spectroscope (EDX).
The magnetic properties of the whiskers were carried out using
Cryogenic Q-3398 Vibrating Sample Magnetometer system (VSM)
with magnetic fields up to 5 T and 7 T applied parallel to the main
axis of whiskers.
Fig. 2. Elemental dot mapping of whisker fabricated.

Fig. 3. M–T measurement of Bi-2212 Whiskers.
3. Results and discussion

In the XRD pattern of whiskers, Fig. 1, only c-axis oriented sharp
(00l) peaks were observed. The peaks on pattern were indexed as
the Bi-2212 phase. This indicates three dimensional regular and
perfect atomic arrangements in the whisker. We observed that
XRD peaks are relatively wide compared to other studies [24]. In
XRD measurement, we pelletized a number of whiskers from same
batch and so some whiskers in the pellet have caused to mis-orien-
tation or structural distortion. These effects should be provoked to
XRD line broadening. The XRD pattern indicated that the whiskers
have tetragonal crystal symmetry and the calculated unit cell
parameters were found to be a = b = 5.40 Å and c = 30.59 Å. These
results are very close to the previously reported ones for Bi-2212
single-crystal material [25–27].

SEM investigations have revealed that whiskers have very
smooth surface morphology and they have not grain boundaries
in any direction of growth and no substructure or dislocations. Ele-
mental dot mapping of Bi-2212 whiskers is given in Fig. 2. Surface
mapping of whiskers showed homogeneous elemental distribu-
tions of Bi, Sr, Ca and Cu and very small amount of Al (0.5%).

The DC magnetization curve versus temperature (M–T) of the
whiskers under 0.01 T magnetic fields are shown in Fig. 3. For both
the whiskers, a sharp drop in the magnetization was obtained with
decreasing temperature, suggesting a good diamagnetic property.
The onset temperature of diamagnetic signal, Tc, was found to be
83.2 K.

The experimental data are typical for Bi-2212 single-crystal
superconductors and whiskers [3]. We found that measured mag-
netization loops of the whiskers differ noticeably one from an-
other. Some whiskers fabricated showed a symmetric hysteresis
at 10 K but asymmetric with respect to the M = 0 axis at 20 and
40 K. Also a paramagnetic contribution is noticed in these depen-
dencies. The magnetization loops of such typical whisker, denoted
whisker 1, are presented on Fig. 4. Other samples have symmetric
M(H) hysteresis (M–H) loops at T up to 30 K. Fig. 5 shows the sim-
ilar M(H) dependencies of the sample denoted whisker 2.
Fig. 1. XRD pattern of whisker fabricated.
All measured magnetization loops of Bi-2212 whiskers were fit-
ted by the extended Valkov–Khrustalev model [23]. The extended
Valkov–Khrustalev model is version of the approach [20] modified
to be consistent with the extended critical state model [22]. The
depth of the equilibrium surface layer, ls, is accounted in [23]. In
the layer from the sample surface to the depth ls, the pinning force
is too weak to hold the vortices unmoved. It is due to the magnetic
field distribution in a sample [23]. The parameter ls is about the
London magnetic penetration depth k and determines the size of
a surface layer with equilibrium (reversible) magnetization [22].

There is good agreement between experimental and theoretical
M–H curves at all temperatures (Figs. 4 and 5). The paramagnetic
contribution MP is added empirically to all computed curves (this
addition is imperceptible for whisker 2) as MP = 0.15[T�1�emu/
cm3]�H. Some discrepancy observed at small fields may be due to
the surface barrier unaccounted and the demagnetizing factor of
the sample. We have accepted d = 10 lm for value of the whiskers
size in the plane perpendicular H. The resulted fitting parameters
Jc0 and ls0 for the whiskers 1 and 2 are listed in Table 1. The param-
eter Jc0 is the maximal critical current density and ls0 is the mini-
mal depth of the equilibrium layer at given T. The values of Jc0

(Table 1) are about 3 times larger than the estimations of Jc from
the Bean model. The simple dependence ls(H) = ls0 (1 + H/(0.3Hirr))
is assumed [23]. The M(H) curves were computed with the depen-
dence of the critical current density Jc on the magnetic induction B
[20]:



Fig. 4. Experimental (points) and theoretical (lines) M–H curves of Bi-2212 whisker
1 at (a) 10 K, (b) 20 K and (c) 40 K. Fig. 5. Experimental (points) and theoretical (lines) M–H curves of Bi-2212 whisker

2 at (a) 10 K, (b) 20 K and (c) 30 K.

Table 1
Fitting parameters of the extended Valkov–Khrustalev model. Maximal critical
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JcðBÞ ¼
Jc0

1þQB=B1
1þB=B1

þ B
B0

� �g ; ð1Þ
current density Jc and depth of the equilibrium surface layer ls. Estimations made
for the whiskers size d = 10 m km.

T (K) 10 20 30 40

Whisker 1
Jc 106 (A/cm2) 9 4.5 – 3
2ls/d 0.1 0.18 – 0.3

Whisker 2
Jc 106 (A/cm2) 41 22 14 –
2ls/d �0.001–0.01 –
where B1 and B0 are the parameters with the induction measure
which determine the characteristic scales. Dimensionless parame-
ters Q>0 and g>0 determine the decrease rate on these scales. The
whiskers magnetization dependencies were fitted with Q = 5,
g = 0.75. The characteristic scales B1 and B0 were �150 and 300
Oe at T = 4.2 K and �10 Oe at 30–40 K. It should be noted that the
Jc(B) dependence is not identical a sample averaged jcðHÞ depen-
dence which can be determined from transport measurements of



Fig. 6. Pinning force of Bi-2212 whisker 1 at (a) 10 K, (b) 20 K and (c) 40 K.
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the critical current density in a single-crystal. The expression (1) is
determined the local Jc at any point of the sample correspondingly
to the distribution of B in the sample. To rule out the sample aver-
aged jcðHÞ with the extended Valkov–Khrustalev model one should
account ratio between the size of the central region with the critical
state magnetization [22,23] and the full size of sample. For cylindri-
cal sample it is p(d/2–ls(H))2/p(d/2)2. Then jcðH ¼ 0Þ = Jc0⁄(1–(2ls0/
d)2). The detailed description of jcðHÞ determination will be given
in other work.

The magnetization loop becomes asymmetric when the depth
of the layer with equilibrium (reversible) magnetization ls is com-
parable with the whiskers size d. When 2ls/d P 1, the M(H) depen-
dence is reversible. The estimated Jc0 and ls0 (Table 1) support that
an aggregate pinning in whisker 1 is much weaker than in whisker
2.

The magnetization of the whiskers regularly decreased with
increasing magnetic field and temperature. Flux pinning in the
Bi2Sr2CaCu2O8+d superconductor is influenced by both its crystallo-
graphic layered structure (the so-called intrinsic pinning) and the
structure of internal defects present in the material [28–30]. At
low temperatures, the intrinsic pinning is strong and the flux
mostly penetrates a crystal as Josephson vortices. Magnetization
caused by the intrinsic pinning became smaller with the increase
of temperature. Then the vortex motion starts in the material,
which leads to deterioration of the magnetic configuration of
fluxes [31–33].

For type II superconductors in the mixed state, Jc depends on the
pinning force, Fp, which stabilizes the vortex structure in the pres-
ence of a Lorentz force [34]. Jc is defined by Fp = Jc � B at which the
Lorentz force is supported by the pinning structure of the material.
Fp is assumed as a function depending on the microstructure and
thermodynamic properties of the material. Figs. 6 and 7 shows
the magnetic field dependence of Fp of whiskers 1 and 2 at three
different temperatures. The Bean model formula was used here
to estimate Jc from the loop width. Fp presented a maximum at a
certain magnetic field value. This maximum decreased with
increasing the temperature. It should be noted that the position
of the peak in Fp shifted to higher magnetic fields. At low temper-
atures, strong pinning forces are very effective whereas in high
temperature region (>40 K), the pinning forces are very weak com-
pared to the thermal activation effects [35]. At intermediate tem-
peratures, between 10 and 30 K, different pinning mechanisms
have been proposed for the Bi-2212 superconducting system
(Fig. 7). According to the scenario proposed by Kadowaki , maxi-
mum peak in Fp may be related to the collective pinning of pancake
vortices [36]. In the another mechanism, a crossover from 3D flux
lines to 2D pancake vortices at high fields and temperatures due to
the weak coupling between the superconducting layers in Bi-2212
system can be the reason for this behavior [37–39].

Different values of the pinning force in the samples may be due
to diversity of point defects in the whiskers. However there is one
more possible explanation of different pinning parameters. The ex-
tended Valkov–Khrustalev model [23] predicts strong dependence
of the magnetic Jc, determined from the magnetization loop width,
on the sample size d. If the relation 2ls/d is much smaller than 1
(the Bean model limit), which works for thick samples, then mag-
netic Jc is maximal and almost independent of d. When 2ls(H)/d is
rising to 1, the magnetic Jc is decreasing till 0 as �(1�(2ls(H)/d)2).
Thus different point defects distribution and size inequality define
the different pinning force dependencies of whiskers.

In conclusion, the magnetization loops of Bi-2212 whiskers
were measured in high fields at different temperatures. The differ-
ent type of magnetization loops were observed on the whiskers of
one group. The dependencies of pinning force on magnetic field
which are estimated from magnetization loops demonstrate differ-
ent positions of the maximum. The extended Valkov–Khrustalev
model was applied to describe the magnetization loops at different
temperatures. It is argued that for small samples (with d�k) the
estimated pinning force may be defined not only the point defects
but the sample size too.
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Fig. 7. Pinning force of Bi-2212 whisker 2 at 10 K, 20 K and 30 K.
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