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Influence of electromagnetic anisotropy on the flux-pinning strength of columnar defects
in Bi2.2ÀxPbxSr1.8CaCu2.0Oy
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Magnetization measurements have been performed on Bi~Pb!2212 single crystals with various electromag-
netic anisotropies (g251.23103;4.43104) before and after introducing columnar defects by Ta ion irradia-
tion. The irreversibility fields of these crystals increased systematically with decreasingg2 at various reduced
temperaturest5T/Tc , indicating that the smaller anisotropy makes the columnar defects substantially more
effective in flux pinning. The record-high irreversibility field and critical current density for single crystals of
the Bi2212 phase was observed in our oxygen-overdoped Bi~Pb!2212 with columnar defects. This study
experimentally reveals the reduction of the electromagnetic anisotropy and the introduction of pinning centers
work cooperatively in high-Tc superconductor compounds.
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I. INTRODUCTION

It is well known that the electromagnetic properties
high-Tc superconductors~HTSC’s! are intrinsically aniso-
tropic due to their two-dimensional crystal structures. A
cordingly, in the case of HTSC’s, Cooper pair condensat
energy per coherence volume can be described as

«c5
1

2m0
Bc

2jab
3 3

1

g
~1!

whereg5Amc* /mab* 5jab /jc is the electromagnetic aniso
ropy parameter. Since«c corresponds to the pair-breakin
energy, Eq.~1! represents an inherent problem that superc
ductivity with larger anisotropy is easier to be destroyed
thermal fluctuation;jab is similar among HTSC’s.1 More-
over, expansion of interlayer distance of CuO2 blocks, which
usually increases together with the anisotropy,2 reduce its
condensation energy per unit volume, developing the in
ence of thermal fluctuation further.

The above discussion immediately explains the rea
why the flux cannot be effectively pinned in Bi2Sr2CaCu2Oy
~Bi2212! above 30 K under a magnetic field applied para
to thec axis of the crystal, because it is extremely anisotro
material among HTSC’s. Therefore, it is crucial for hig
field and -temperature applications of Bi2212 to improve
flux-pinning properties, as it is the most developed mate
to date for superconducting wires and tapes due to its ea
oriented nature and the superior coupling of its crys
grains.

One of the major approaches to overcome the poor
pinning strength in HTSC’s is to lower the electromagne
anisotropy. Carrier doping by oxygen annealing has b
reported to decrease the anisotropy of Bi2212, resulting in
increase of its irreversibility fields (Birr).

3 In addition, we
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recently found that Pb doping essentially reduces the elec
magnetic anisotropy of Bi2212, and dramatically improv
flux-pinning properties were observed in heavily Pb-dop
single crystals.4–6 According to the resistivity measurement
the anisotropy parameterg2 of Bi~Pb!2212 was found to be
lowered tog25rc /rab ~at 100 K! ;1.23103 ~Ref. 6!.

Regarding irreversibility fields, a universal scaling la
was proposed by Kishio2 for typical HTSC’s, such as YBCO
LSCO, and Bi2212, which describes irreversibility fields
be scaled asBirr}1/g2 at the same reduced temperaturet
5T/Tc) when t is larger than 0.7. Usually in the case
single crystals, structural defects or nonsuperconducting
cipitates are the major pinning centers, and their effects
flux pinning are almost equivalent because they can be
garded as weak random pinning potentials. As a con
quence, the observed universal scaling suggests that
smaller anisotropy makes the pinning centers more effec
in flux pinning, which is a useful guiding principle in deve
oping flux-pinning properties at high temperatures un
magnetic fields.

Unfortunately, however, there has been no report that
rectly substantiates this suggestion. In order to elucidate
relationship between electromagnetic anisotropy and fl
pinning strength, it is necessary to study the pinning prop
ties without changing any other factors, such as the s
shape, and density of predominant pinning centers, as we
the crystal structure.

There is a valuable method to produce artificial pinni
centers in HTSC’s, which is well known as another approa
to improve the flux pinning. Irradiation by various particle
such as neutrons and ions, produces amorphous defec
the HTSC crystals, which act as effective pinning centers
improve the flux-pinning properties depending on th
shapes and densities. Particularly, columnar defects are
most prominent ones, which are produced by heavy-
irradiation.7–14
1452 ©2000 The American Physical Society
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TABLE I. Tc , g2, and annealing conditions of each Bi~Pb!2212 single crystal.

Crystals Annealing Conditions
x in Bi2.22xPbx ~carrier doping state! Temp./°C P(O2)/atm Tc /K g2

x50 ~UD! 600 3.931024 77.7 44000a

x50 ~LOV! 400 2.331023 81.8 17000a

x50 ~HOV! 400 2.1 77.2 8700a

x50.6 ~LOV! 600 3.931024 80.7 3000b

x50.6 ~HOV! 400 2.1 63.5 1200b

aFrom second peak field.
bFrom resistivity measurements.
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In the present study, magnetic properties of Bi2212 a
Bi~Pb!2212 single crystals with widely and systematica
changed anisotropies have been investigated before and
Ta ion irradiation, which produced perfectly penetrated
lumnar defects in the crystals. After the introduction of the
columnar defects, the highest irreversibility field and t
largest critical current density as Bi~Pb!2212 single crystals
were experimentally observed. Based on the experime
results, the influence of electromagnetic anisotropy on fl
pinning strength will be discussed. It was found that th
smaller anisotropy makes the columnar defects more ef
tive in flux pinning, which directly proved the efficiency o
lowering the anisotropy.

II. EXPERIMENT

Single-crystal growth of Pb-free Bi2212 and heavily P
doped Bi2212 was performed using the floating-zo
method. The nominal Pb compositions in a chemical form
Bi2.22xPbxSr1.8CaCu2.0Oy were x50 and 0.6, respectively
Cation compositions of the grown crystals were determin
to be Bi:Pb:Sr:Ca:Cu52.15 :0:1.87 :0.96 :2.00(x50), and
1.65 :0.44 :1.85 :0.96 :2.00(x50.6) by inductively coupled
plasma analysis. This indicates that a small amount of
evaporated during the growth.

The grown boules were cut and cleaved, and plate
crystals with a typical size of 13130.1 mm3 were ob-
tained. Carrier doping levels were controlled by po
annealing at various temperatures and partial pressur
oxygen. Crystals were sealed into quartz ampoules and
nealed for 72 h at 400–600 °C at an effective pressure
P(O2)53.931024;2.1 atm, and quenched to room tem
perature. After these procedures, five types of crystals w
prepared: Pb-free (x50) underdoped~UD!, lightly over-
doped ~LOV!, heavily overdoped~HOV!, and heavily Pb-
doped (x50.6), LOV and HOV.

In order to introduce columnar defects, Ta ion irradiati
was performed at GANIL~Caen, France! with an incident
energy of 7.2 GeV. The Ta ions were irradiated parallel
the c axis of the crystals. Since five crystals with differe
anisotropy were irradiated at the same time, the real den
and shape of the produced columnar defects are iden
among these crystals. Typical diameter of the defects is
proximately 7 nm,9,15 and a dose equivalent fieldBF , calcu-
lated from the total fluence 231011 ions/cm2, is 2 T. No
appreciable decrease ofTc was observed after the irradiation

Magnetic properties were investigated using a superc
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ducting quantum interference device magnetometer~Quan-
tum Design MPMS XL-5S!, before and after the irradiation
In all measurements, magnetic fields were applied paralle
the c axis. The critical temperature (Tc) was determined
from a midpoint of the zero-field-cooled~ZFC! magnetiza-
tion transition measured under 1 G. Magnetic hystere
loops were measured at various temperatures between
and Tc , under cyclic fields of65 T. The critical current
density (Jc) was calculated from the width of magnetic hy
teresis loops (DM ), using the extended Bean model.16 An
irreversibility field (Birr) at each temperature was define
with a criterion ofJc5100 A/cm2 in this study.

Anisotropy parametersg2 of Pb-free crystals (x50) were
estimated from the dimensional crossover field, which can
observed as the second peak fieldBpk in the magnetic hys-
teresis loops, using an equationg25F0 /(Bpks

2).6,17 In this
formula, F0 and s represent the flux quantum and the d
tance between superconducting layers, respectively, w
we uses51.54 nm as a usual value of Bi2212. In the ca
of heavily Pb-doped crystals (x50.6), this formula may be
no longer applicable becauseBpk becomes strongly tempera
ture dependent.5 Thereforeg2 were estimated from the resis
tivity measurements asg25rc /(rarb)1/2.6

Tc and g2 of all the crystals are summarized in Table
together with each annealing condition. It is noteworthy th
g2 was controlled over 40 times fromx50.6 ~HOV! to x
50 ~UD!, while the crystal structure remained essentia
unchanged.

III. RESULTS AND DISCUSSION

A. Irreversibility line

In all the crystals, dramatic changes were observed
their magnetization hysteresis measurements after Ta io
radiation. As a typical result, magnetic hysteresis loops
the crystalsx50.6 ~LOV!, taken at 60 K before and after th
irradiation, are shown in Fig. 1. The irradiated crystals e
hibited much larger loops than those of the pristine on
indicating that introduction of columnar defects considera
improved the flux pinning properties.

Irreversibility fields of Bi~Pb!2212 single crystals before
and after irradiation are shown in Fig. 2 as a function
temperature, which represents the so-called irreversib
lines ~IL’s !. The first aspect to be noted in this figure is t
expansion of each irreversible region via introduction of c
lumnar defects. Comparing IL’s between pristine and irra
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1454 PRB 62Y. NAKAYAMA et al.
ated crystals, one can clearly find that IL’s for irradiat
crystals are all located in the reversible regimes of the p
tine crystals. It is the columnar defects that dominate the
pinning in these expanded regimes, which allow us to inv
tigate the flux-pinning properties in terms of electromagne
anisotropy.

It is especially noteworthy that thex50.6 ~LOV! crystal
with columnar defects shows the highest IL as a Bi22
single crystal. The reported highest irreversibility field atT
560 K was Birr'1.2 T, which was observed in Sn-io
irradiated7 and Pb-ion irradiated Bi2212,12 whereas our crys-
tal here recordedBirr51.8 T at the same temperature. It w
be revealed later that the small anisotropy caused this rec
as well as the relatively highTc of this crystal. Note, how-
ever, that the most steeply rising IL is that of thex50.6
~HOV! crystal with columnar defects, whose anisotropy
the smallest in this study while itsTc is lower than that of the
x50.6 ~LOV! crystal, approximately by 17 K.

In order to subtract the contribution of difference inTc ,
IL’s of the irradiated crystals are now shown in logarithm
scales as a function of the reduced temperaturet5T/Tc in
Fig. 3. It is immediately found that IL’s shift upwards sy
tematically in the order of UD, LOV, and HOV (x50), and
LOV and HOV (x50.6), in which the anisotropy paramet
g2 decreases monotonically.

FIG. 1. Magnetic hysteresis loops of crystalx50.6 ~LOV! be-
fore ~pristine! and after Ta ion irradiation (BF52 T), measured at
60 K.

FIG. 2. Irreversibility lines~IL’s ! of Bi~Pb!2212 single crystals
before~dashed lines! and after~solid lines! Ta ion irradiation (BF

52 T) with various electromagnetic anisotropy. Parenthesized
ues representg25mc* /mab* of each crystal. Crystalx50.6 ~LOV!
with columnar defects shows the highest IL as a Bi2212 sin
crystal.
-
x
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c

2
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Since flux pinning is ruled by columnar defects in th
expanded irreversible regime,Birr represents the maximum
field where columnar defects are effective in each crystal
other words, Fig. 3 suggests the fact that in a crystal w
smaller anisotropy, columnar defects are effective up
higher temperatures and higher fields, which demonstr
that smaller anisotropy makes the columnar defects m
effective.

Another important aspect to be noted is that the slope
each IL show the rapid changes around the fieldBF slightly
below 2 T. Similar behaviors have been observed in YBC
and Bi2212 single crystals with columnar defects, and
plained that they are due to a crossover from strong sin
vortex pinning to weaker collective pinning regime by c
lumnar defects.9,13,18–20

Krusin-Elbaumet al.18 found that, below the crossove
field (Bcr), the IL showed the same temperature depende
as that of the Bose-glass transition line~BGL!. The BGL can
be described as the first-order transition line of a flux li
lattice modified by the pinning energy of columnar defects21

Taking into account the decoupling theory of the flux lin
lattice,22 one can express the temperature dependence o
BGL, using the proportional constanta, as

BBG5aS A

tBG1A21
21D , ~2!

A5S 11
1

16cLAGi

r 2

j~0!dD 21

, ~3!

wheretBG5TBG/Tc . HerecL is the Lindemann criterion, G
is the Ginzburg number,r is the geometrical radius of th
columnar defects, andd is average spacing betwee
defects.21

To identify the crossover fieldBcr in our study, we fit Eq.
~2! to the data of low-field region where slopes of IL’s a
steep, and fit the power law to those of high-field regio
where slopes are gentle, with the powern521.560.3. From
the fitting parameterA in Eq. ~2!, we could obtain Gi
51022(x50,UD);1023(x50.6,HOV) by Eq. ~3! using

l-

e

FIG. 3. IL’s of Bi~Pb!2212 single crystals after Ta ion irradia
tion as a function of reduced temperaturet5T/Tc . For all t, Birr

systematically increases with decreasingg2. Each IL is fitted by
both the power law~dashed line:B.Bcr) and Eq.~2! ~solid line:
B,Bcr), whereBcr are determined by their intersections~marked
by arrows!. Note that even ifB.Bcr , lowering g2 still enhances
Birr .
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cL50.1, r 53.5 nm, andd535 nm, which systematically
ascends together with the anisotropy parameterg2, in accor-
dance with a theoretical prediction.23 Here we defineBcr as
an intersection field of two fitting functions, which ar
marked by arrows in Fig. 3.

Figure 4 showsBcr normalized byBF52 T as a function
of g2. Obviously Bcr increases with decreasingg2, which
indicates that in materials with smaller anisotropy, colum
defects maintain a strong single-vortex pinning up to hig
magnetic field. From this result, we can derive a natural c
clusion that asmaller anisotropy makes the pinning ener
of columnar defects larger.

When the repulsive force of vortex interaction surpas
the columnar defects’ pinning, crossover from strong sing
vortex pinning to weaker collective pinning occurs. The
fore, Bcr corresponds to a field where the shear energy of
flux line lattice becomes equal to the columnar pinning
ergy. Theoretically, shear energy increases with magn
field irrespective ofg2 when the field is applied parallel t
thec axis.21 Consequently, the increase ofBcr observed here
is brought about by the increase of the shear energy, whic
required to balance itself with the columnar pinning ene
enhanced via decreasedg2.

In addition, it should be pointed out thatBirr still increases
with decreasingg2 aboveBcr . A smaller anisotropy is effec
tive in flux pinning by columnar defects even in the weak
collective pinning regime.

B. Critical current density

To see the flux pinning in the irreversible region,Jc’s of
pristine and irradiated crystalsx50.6 ~LOV! measured atT
520, 40, and 60 K are shown as functions of the magn
field in Fig. 5. Improvement ofJc by the introduction of
columnar defects becomes larger and larger with increa
temperature, so that the crystalx50.6 ~LOV! with columnar
defects showed the largestJc value as reported for Bi2212
single crystal above 40 K.7,11

Figure 6 shows the magnetic-field dependence ofJc for
all irradiated crystals at the same reduced temperatut
50.7, which allows a comparison ofJc in terms ofg2. Con-
cerning the Pb-free crystals (x50), a systematic increase o

FIG. 4. g2 dependence of the crossover fieldBcr normalized by
BF52 T. EachBcr was determined in Fig. 3 as an intersection
the fitting functions. The magnitude ofBcr /BF increases with de-
creasingg2, suggesting that reduction of anisotropy results in
enlargement of the pinning energy.
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Jc with decreasingg2 has been observed, indicating that
smaller anisotropy makes columnar defects more effectiv
the irreversible region.

However, concerning the heavily Pb-doped Bi2212x
50.6), the LOV crystal shows a largerJc value than that of
the HOV crystal aboveJc5104A/cm2. In this study, non-
systematic behaviors with respect to anisotropy were so
times observed in the irreversible regionx50.6 of the crys-
tals in largeJc conditions at low temperatures. Because sim
lar behaviors have been observed even in pristine crysta
is clear that this does not originate in the introduction
columnar defects, as well as their subsequent effects.
think these behaviors may be caused by the micro-ph
segregation observed in heavily Pb-doped Bi2212 sin
crystals, which consists of a modulated phase with a low
Pb content and a modulation-free phase with a higher
content.4,24 Our Pb-doped Bi2212 single crystals (x50.6)
also have similar microstructures,25 and, for some reasons
they restrict the large current flowing along theb axis. More-
over, this restriction could be enhanced by carrier ‘‘overd
ing’’ with oxygen annealing, which results in the inversio

FIG. 5. Magnetic-field dependence ofJc of a crystal x50.6
~LOV! measured atT520, 40, and 60 K before~pristine! and after
Ta ion irradiation (BF52 T). Crystalx50.6 ~LOV! with colum-
nar defects shows the largestJc values above 40 K as a Bi221
single crystal.

FIG. 6. Magnetic-field dependence ofJc for Ta-ion-irradiated
crystals with various anisotropy measured at a reduced temper
t50.7. Parenthesized values representg2 of each crystal. Pb-free
crystals (x50) show a systematic increase inJc with decreasing
g2, whereas heavily Pb-doped crystals (x50.6) represent an inver
sion aboveJc5104A/cm2.
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of Jc observed in Fig. 6. Here we suspect that these mic
structures sometimes act as effective pinning centers,
ticularly in HOV crystals.5

IV. SUMMARY

Using Bi~Pb!2212 single crystals with columnar defect
the influence of electromagnetic anisotropy on flux pinn
has been studied. From the systematic dependence of IL
g2, it has been revealed that a smaller anisotropy makes
columnar defects effective up to a higher temperature
magnetic field. From the anisotropy dependence of a cr
over field in flux pinning by columnar defects, an enhan
ment of the pinning energy due to the reduction of anis
ropy is suggested. Moreover,Jc increases with decreasin
g2, indicating that anisotropy has a strong influence on fl
pinning by columnar defects in the irreversible regime. T
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present study demonstrated that electromagnetic anisot
has an extremely large influence on flux pinning not only
relatively clean crystals but also in crystals with strong p
ing centers. Finally it was found that a Bi~Pb!2212 single
crystal with columnar defects, lightly overdoped with ox
gen showed the highest irreversibility field and the larg
critical current density among Bi2212-phase compoun
which is a practical demonstration of the above conclusio
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