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Magnetization measurements have been performed @bR212 single crystals with various electromag-
netic anisotropies¢?=1.2x 10°~4.4x 10%) before and after introducing columnar defects by Ta ion irradia-
tion. The irreversibility fields of these crystals increased systematically with decregsiigvarious reduced
temperatures=T/T,, 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-overdopéBbRi212 with columnar defects. This study
experimentally reveals the reduction of the electromagnetic anisotropy and the introduction of pinning centers
work cooperatively in highF, superconductor compounds.

[. INTRODUCTION recently found that Pb doping essentially reduces the electro-
magnetic anisotropy of Bi2212, and dramatically improved
It is well known that the electromagnetic properties of flux-pinning properties were observed in heavily Pb-doped
high-T,. superconductor§HTSC’9 are intrinsically aniso- ~Single crystal$=® According to the resistivity measurements,
tropic due to their two-dimensional crystal structures. Ac-the anisotropy parameter” of Bi(Ph2212 was found to be
cordingly, in the case of HTSC's, Cooper pair condensatioowered t0y*=p¢/pap (at 100 K ~1.2x10° (Ref. 6.

energy per coherence volume can be described as Regarding irreversibility fields, a universal scaling law
was proposed by Kishfdor typical HTSC'’s, such as YBCO,

1 LSCO, and Bi2212, which describes irreversibility fields to
sc=2—B§§gbx— (1)  be scaled a®;,>1/y? at the same reduced temperatute (
Ko Y =T/T,) whent is larger than 0.7. Usually in the case of

where y= m: ¢.0/£. is the electromagnetic anisot- single crystals, structural defects or nonsuperconducting pre-

ropy parameter. Since, corresponds to the pair-breaking cipitates are the major pinning centers, and their effects on

energy, Eq(1) represents an inherent problem that superconﬂux pinning are almost equivalent because they can be re-
arded as weak random pinning potentials. As a conse-

ductivity with Iar.ger ani;otrp Py is easier to be cfestroyed byguence, the observed universal scaling suggests that their
thermal fluctuation&,y, is similar among HTSC's.More- g 2ye; anisotropy makes the pinning centers more effective
over, expansion of interlayer distance of Guiffocks, which i fiyy pinning, which is a useful guiding principle in devel-
usually increases together with the amsotrapgduce IS oping flux-pinning properties at high temperatures under
condensation energy per unit volume, developing the influmagnetic fields.
ence of thermal fluctuation further. Unfortunately, however, there has been no report that di-
The above discussion immediately explains the reasofectly substantiates this suggestion. In order to elucidate the
why the flux cannot be effectively pinned inf&,CaCyO,  relationship between electromagnetic anisotropy and flux-
(Bi2212) above 30 K under a magnetic field applied parallelpinning strength, it is necessary to study the pinning proper-
to thec axis of the crystal, because it is extremely anisotropicties without changing any other factors, such as the size,
material among HTSC's. Therefore, it is crucial for high- shape, and density of predominant pinning centers, as well as
field and -temperature applications of Bi2212 to improve thethe crystal structure.
flux-pinning properties, as it is the most developed material There is a valuable method to produce artificial pinning
to date for superconducting wires and tapes due to its easilyenters in HTSC’s, which is well known as another approach
oriented nature and the superior coupling of its crystalo improve the flux pinning. Irradiation by various particles
grains. such as neutrons and ions, produces amorphous defects in
One of the major approaches to overcome the poor fluxhe HTSC crystals, which act as effective pinning centers and
pinning strength in HTSC’s is to lower the electromagneticimprove the flux-pinning properties depending on their
anisotropy. Carrier doping by oxygen annealing has beeghapes and densities. Particularly, columnar defects are the
reported to decrease the anisotropy of Bi2212, resulting in amost prominent ones, which are produced by heavy-ion
increase of its irreversibility fieldsgj,).> In addition, we irradiation’ %4
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TABLE I. T,, %%, and annealing conditions of each(Bb2212 single crystal.

Crystals Annealing Conditions

X in Bi, »_«Ph (carrier doping stade Temp./°C P(0O,)/atm T./K e
x=0 (UD) 600 3.9<10°4 7.7 44000
x=0 (LOV) 400 2.3x10°° 81.8 1700G¢
x=0 (HOV) 400 2.1 77.2 8700
x=0.6 (LOV) 600 3.%10°4 80.7 3000
x=0.6 (HOV) 400 2.1 63.5 1208

% rom second peak field.
PFrom resistivity measurements.

In the present study, magnetic properties of Bi2212 andlucting quantum interference device magnetoméfaran-
Bi(Pb2212 single crystals with widely and systematically tum Design MPMS XL-5% before and after the irradiation.
changed anisotropies have been investigated before and aftarall measurements, magnetic fields were applied parallel to
Ta ion irradiation, which produced perfectly penetrated cothe ¢ axis. The critical temperatureT{) was determined
lumnar defects in the crystals. After the introduction of thesefrom a midpoint of the zero-field-coole@FC) magnetiza-
columnar defects, the highest irreversibility field and thetion transition measured under 1 G. Magnetic hysteresis
largest critical current density as (Bb)2212 single crystals loops were measured at various temperatures between 20 K
were experimentally observed. Based on the experimentand T., under cyclic fields of=5 T. The critical current
results, the influence of electromagnetic anisotropy on fluxdensity (.) was calculated from the width of magnetic hys-
pinning strength will be discussed. It was found that theirteresis loops M), using the extended Bean mod&lAn
smaller anisotropy makes the columnar defects more effedrreversibility field (B;,) at each temperature was defined
tive in flux pinning, which directly proved the efficiency of with a criterion 0fJ,=100 A/cnt in this study.
lowering the anisotropy. Anisotropy parametersg? of Pb-free crystals=0) were
estimated from the dimensional crossover field, which can be
observed as the second peak fiBlg, in the magnetic hys-
teresis loops, using an equatighi=®,/(Bs?).%*" In this

Single-crystal growth of Pb-free Bi2212 and heavily Pb-formula, ®, and s represent the flux quantum and the dis-
doped Bi2212 was performed using the floating-zonetance between superconducting layers, respectively, where
method. The nominal Pb compositions in a chemical formulave uses=1.54 nm as a usual value of Bi2212. In the case
Bi, o «PhSr gCaCy O, were x=0 and 0.6, respectively. of heavily Pb-doped crystals<{ 0.6), this formula may be
Cation compositions of the grown crystals were determinedho longer applicable becauBg, becomes strongly tempera-
to be Bi:Pb:Sr:Ca:Ce2.15:0:1.8,:0.9:2.0,(x=0), and ture dependentThereforey? were estimated from the resis-
1.65:0.4,:1.8:0.9:2.00(x=0.6) by inductively coupled tivity measurements ag®= p./(papp)~2°
plasma analysis. This indicates that a small amount of Pb T, and y? of all the crystals are summarized in Table |

Il. EXPERIMENT

evaporated during the growth. together with each annealing condition. It is noteworthy that
The grown boules were cut and cleaved, and platelikey> was controlled over 40 times from=0.6 (HOV) to x
crystals with a typical size of X1x0.1 mn? were ob- =0 (UD), while the crystal structure remained essentially

tained. Carrier doping levels were controlled by post-unchanged.
annealing at various temperatures and partial pressure of
oxygen. Crystals were sealed into quartz ampoules and an-
nealed for 72 h at 400-600°C at an effective pressure of Ill. RESULTS AND DISCUSSION
P(0,)=3.9x10 #~2.1 atm, and quenched to room tem-

perature. After these procedures, five types of crystals were A. Irreversibility line

prepared: Pb-freex=0) underdoped(UD), lightly over- In all the crystals, dramatic changes were observed in
doped(LOV), heavily overdopedHOV), and heavily Pb- their magnetization hysteresis measurements after Ta ion ir-
doped &=0.6), LOV and HOV. radiation. As a typical result, magnetic hysteresis loops of

In order to introduce columnar defects, Ta ion irradiationthe crystals<=0.6 (LOV), taken at 60 K before and after the
was performed at GANILCaen, Frangewith an incident irradiation, are shown in Fig. 1. The irradiated crystals ex-
energy of 7.2 GeV. The Ta ions were irradiated parallel tohibited much larger loops than those of the pristine ones,
the c axis of the crystals. Since five crystals with different indicating that introduction of columnar defects considerably
anisotropy were irradiated at the same time, the real densitynproved the flux pinning properties.
and shape of the produced columnar defects are identical Irreversibility fields of B{Pb2212 single crystals before
among these crystals. Typical diameter of the defects is apnd after irradiation are shown in Fig. 2 as a function of
proximately 7 nn?'°and a dose equivalent fieBl, , calcu-  temperature, which represents the so-called irreversibility
lated from the total fluence 210™ ions/cnt, is 2 T. No lines (IL’s). The first aspect to be noted in this figure is the
appreciable decrease Bf was observed after the irradiation. expansion of each irreversible region via introduction of co-

Magnetic properties were investigated using a superconlumnar defects. Comparing IL’s between pristine and irradi-
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FIG. 1. Magnetic hysteresis loops of cryska+ 0.6 (LOV) be-
fore (pristing and after Ta ion irradiationB, =2 T), measured at
60 K.

FIG. 3. IL's of Bi(Pb2212 single crystals after Ta ion irradia-
tion as a function of reduced temperatureT/T.. For all t, B;,
systematically increases with decreasip Each IL is fitted by
ated crystals, one can clearly find that IL’s for irradiatedboth the power lawdashed lineB>B,,) and Eq.(2) (solid line:
crystals are all located in the reversible regimes of the prisB<Bc), whereB,, are determined by their intersectiotmarked
tine crystals. It is the columnar defects that dominate the fluy arrows. Note that even iB>B,,, lowering ¥ still enhances
pinning in these expanded regimes, which allow us to invesBir -
tigate the flux-pinning properties in terms of electromagnetic o i
anisotropy. Since fIl_Jx pinning is rL_JIed by columnar defects_m the

It is especially noteworthy that the=0.6 (LOV) crystal ~ €xPanded irreversible regime;, represents the maximum
with columnar defects shows the highest IL as a Bi22141€eld where columnar defects are effective in each crystal. In

single crystal. The reported highest irreversibility fieldTat °ther words, Fig. 3 suggests the fact that in a crystal with
=60 K was B;,~1.2 T, which was observed in Sn-ion smaller anisotropy, columnar defects are effective up to

irradiated and Pb-ion irradiated Bi221% whereas our crys- higher temperatures and higher fields, which demonstrates
tal here recorde®,,=1.8 T at the same temperature. It will that smaller anisotropy makes the columnar defects more
be revealed later that the small anisotropy caused this recor8€ctive .

as well as the relatively higff, of this crystal. Note, how- Another important aspect to be noted is that thq slopes of
ever, that the most steeply rising IL is that of tke-0.6 ~ €ach IL show the rapid changes around the figjdslightly
(HOV) crystal with columnar defects, whose anisotropy isbelow 2 T. Similar behaviors have been observed in YBCO

the smallest in this study while i, is lower than that of the anq Bi2212 single crystals with columnar defects, and. ex
x=0.6 (LOV) crystal, approximately by 17 K plained that they are due to a crossover from strong single

In order to subtract the contribution of differenceTp, vortex pinning to weaker collective pinning regime by co-

,13,18-20
IL’s of the irradiated crystals are now shown in logarithmic lumnar defects.

: 18
scales as a function of the reduced temperater&/T; in f II;ruBsm-EtIhballJ[n er: al: df;)hund that,t below tthe Zrosso;j/er
Fig. 3. It is immediately found that IL’'s shift upwards sys- ield (Bgy), the IL showed the same temperature dependence

tematically in the order of UD, LOV, and HOWKE 0), and as that of the Bose-glass transition lif&GL). The BGL can

- : : be described as the first-order transition line of a flux line
LOV and HOV (x=0.6), in which the anisotropy parameter | .. o o
42 decreases monotonically. lattice modified by the pinning energy of columnar defétts.

Taking into account the decoupling theory of the flux line

5— . o lattice? one can express the temperature dependence of the
Blire — B2 BGL, using the proportional constant as
-- Pristine

o Bpg=a L—1 2
— 3 {6300, 1 BE™ T tggtA—1 )
':« x=0
N A= 1+ ————| , 3
1 16c, \/Gi £(0)d

wheretgs=Tgg/T.. Herec is the Lindemann criterion, Gi
is the Ginzburg number, is the geometrical radius of the

20 40 60 80 columnar defects, andd is average spacing between
T® defects?!

FIG. 2. Irreversibility lines(IL’s) of Bi(Ph2212 single crystals To identify the crossover fiel8,, in our study, we fit Eq.
before (dashed linesand after(solid line9 Ta ion irradiation By, (2) to the data of low-field region where slopes of IL’s are
=2 T) with various electromagnetic anisotropy. Parenthesized vaisteep, and fit the power law to those of high-field region,
ues represeny?=m?/mZ, of each crystal. Crystat=0.6 (LOV)  Where slopes are gentle, with the power — 1.5+ 0.3. From
with columnar defects shows the highest IL as a Bi2212 singlehe fitting parameterA in Eq. (2), we could obtain Gi
crystal. =10"?(x=0,UD)~10 3(x=0.6,HOV) by Eq. (3) using
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FIG. 4. y? dependence of the crossover fi@g normalized by
By=2 T. EachB. was determined in Fig. 3 as an intersection of
the fitting functions. The magnitude & /B increases with de-
creasingy?, suggesting that reduction of anisotropy results in an
enlargement of the pinning energy.

FIG. 5. Magnetic-field dependence df of a crystalx=0.6
(LOV) measured atf = 20, 40, and 60 K beforgpristing and after
Ta ion irradiation By =2 T). Crystalx=0.6 (LOV) with colum-
nar defects shows the larget values above 40 K as a Bi2212
single crystal.

c.=0.1, r=3.5 nm, andd=35 nm, which systematically

ascends together with the anisotropy paramefein accor- J. with decreasingy” has been observed, indicating that a

dance with a theoretical predictiéhHere we define3,, as smaller anisotropy makes columnar defects more effective in
b cr

an intersection field of two fitting functions, which are the irreversible region , ,
marked by arrows in Fig. 3. However, concerning the heavily Pb-doped Bi2222 (

Figure 4 shows,, normalized byB,=2 T as a function =0.6), the LOV crystal shows a largdg value than that of
of v2. Obviously B, increases with decreasing?, which ~ the HOV crystal abovel,=10'A/cm?. In this study, non-
indicates that in materials with smaller anisotropy, columnaisystematic behaviors with respect to anisotropy were some-
defects maintain a strong single-vortex pinning up to highetimes observed in the irreversible regirr 0.6 of the crys-
magnetic field. From this result, we can derive a natural contals in largeJ. conditions at low temperatures. Because simi-
clusion that asmaller anisotropy makes the pinning energylar behaviors have been observed even in pristine crystals, it
of columnar defects larger is clear that this does not originate in the introduction of

When the repulsive force of vortex interaction surpassesolumnar defects, as well as their subsequent effects. We
the columnar defects’ pinning, crossover from strong singlethink these behaviors may be caused by the micro-phase-
vortex pinning to weaker collective pinning occurs. There-segregation observed in heavily Pb-doped Bi2212 single
fore, B, corresponds to a field where the shear energy of thérystals, which consists of a modulated phase with a lower
flux line lattice becomes equal to the columnar pinning enPb content and a modulation-free phase with a higher Pb
ergy. Theoretically, shear energy increases with magnetigontent:** Our Pb-doped Bi2212 single crystalg=0.6)
field irrespective ofy? when the field is applied parallel to also have similar microstructurdsand, for some reasons,
the c axis?! Consequently, the increase Bf, observed here they restrict the large current flowing along thexis. More-
is brought about by the increase of the shear energy, which @Ver, this restriction could be enhanced by carrier “overdo-
required to balance itself with the columnar pinning energying” with oxygen annealing, which results in the inversion
enhanced via decreased.

In addition, it should be pointed out th&t, still increases 10°
with decreasingy? aboveB,,. A smaller anisotropy is effec-
tive in flux pinning by columnar defects even in the weaker 105 oo,
collective pinning regime. B e

Blic
T=07T,

Taionirrad. 7
(Bp=2T)

B. Critical current density =

To see the flux pinning in the irreversible regial;s of
pristine and irradiated crystals=0.6 (LOV) measured al 102
=20, 40, and 60 K are shown as functions of the magnetic
field in Fig. 5. Improvement ofl, by the introduction of \
columnar defects becomes larger and larger with increasing 0 1 2 3
temperature, so that the crysta+ 0.6 (LOV) with columnar
defects showed the Iargeﬁ‘g value as reported for Bi2212 g 6. Magnetic-field dependence af for Ta-ion-irradiated
single crystal above 40 K! crystals with various anisotropy measured at a reduced temperature
Figure 6 shows the magnetic-field dependencdofor  t=0.7. parenthesized values represghtof each crystal. Pb-free
all irradiated crystals at the same reduced temperature crystals k=0) show a systematic increase Jp with decreasing
=0.7, which allows a comparison df in terms ofy?. Con- 42, whereas heavily Pb-doped crystais<0.6) represent an inver-
cerning the Pb-free crystals€ 0), a systematic increase of sion abovel .= 10*Alcm?,
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of J. observed in Fig. 6. Here we suspect that these micropresent study demonstrated that electromagnetic anisotropy
structures sometimes act as effective pinning centers, pahas an extremely large influence on flux pinning not only in

ticularly in HOV crystals relatively clean crystals but also in crystals with strong pin-
ing centers. Finally it was found that a (Bi)2212 single
IV. SUMMARY crystal with columnar defects, lightly overdoped with oxy-

gen showed the highest irreversibility field and the largest

Using Bi(Pb)2212 single crystals with columnar defects, critical current density among Bi2212-phase compounds,
the influence of electromagnetic anisotropy on flux pinningwhich is a practical demonstration of the above conclusions.
has been studied. From the systematic dependence of IL's on
¥?, it has been revealed that a smaller anisotropy makes the
columnar defects effective up to a higher temperature and
magnetic field. From the anisotropy dependence of a cross- This study was supported, in part, by Core Research for
over field in flux pinning by columnar defects, an enhance-Evolutional Science and Technolo¢@REST) of Japan Sci-
ment of the pinning energy due to the reduction of anisotence and Technology Corporati@iST), and by the Original
ropy is suggested. Moreoveid. increases with decreasing Technology R & D Promotion Program from the New En-
¥?, indicating that anisotropy has a strong influence on fluxergy and Industrial Technology Development Organization
pinning by columnar defects in the irreversible regime. The(NEDO) of Japan.
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