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Parallel and crossed columnar defects aligned at 45° to the axis in Bi,Sr,CaCu,O, tapes
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Exactly the same number of parallel and crossed columnar defects were introduced,8t€&8Ty0O,
tapes irradiated by 180 MeV &Y ions. Parallel columnar defects were tilted by 45° for thaxis, while
crossed columnar defects consisted of the two subsystems of columnar defects crossing each other at right
angles. A substantial enhancement of the irreversibility fiélg,), was observed for the parallel columnar
defects(PCD’s) and crossed columnar defe¢@&CD's). The angular dependenceldf, for the PCD’s showed
a peak in the direction of the columnar defects and another peak for the CCD’s was found in the mid-direction
between the two subsystems of the CCD’s. When the external field was applied parallehto glane,H,,,
decreased exponentially with an increase of temperature for the three specimens, i.e., prior to irradiation,
containing PCD'’s, and containing CCD’s. This exponential decreas¢,pfvas attributed to the motion of
kinks trapped at lattice defects. Three distinct temperature regimes were found in the temperature dependence
of H;, for the PCD’s in the applied field parallel to the direction of columnar defects. These temperature
regimes followed the temperature dependence of the accommodatiorBfiefdr the single-vortex strong
pinning regime.H;, for the CCD’s showed rather a smooth function of temperature, which indicated the
motion of kinks with diverse activation energies. The directional property, é6r the PCD’s and CCD’s was
measured at several temperatures at the directions in applied fields=f¢5°, 90°, and 135°. The two-
dimensional pancake model was appropriate i& and the directional property appeared above 30 K. The field
dependence af.. at #=90° (the applied field parallel to the axis) for the PCD’s nearly coincided with that
of J. at 6=45° (perpendicular to columnar defegtbut that for the CCD’s showed the same valud pés at
135° (the direction of the larger number of columnar defeetstemperatures between 30 and 50 K. It is
inferred from the field dependence &f that the irregular distribution of defect density hinders the stable
pinning for vortices, and resulted in smallgr at high fields[S0163-182808)00733-4

I. INTRODUCTION other hand, form a Bose-glass state in a vortex
configuration'® The Bose-glass state for columnar defects
The enhancement of the critical current density in a magalso shows a second-order phase transition similar to that for
netic field is an essential problem for the practical applicathe vortex glass, but with different critical exponents in the
tion of high-T, superconductors. The critical current density scaling functiond?=?3Theoretically, the infinite tilt modulus
is tightly correlated with thermal and static disorders ofbelow the Bose-glass transition temperature is a distinct fea-
vortices’™® The influence of thermal disorder or thermal ture for the Bose glass state when the columnar pins outnum-
fluctuation is observed in the reversible region in the tem-ber flux lines!® Based on the theory by Nelson and
perature dependence of magnetization neafRefs. 4—6 Vinokur,*® Zech et al?* proposed a temperature-field phase
and also in giant flux creep® Random and correlated disor- diagram in the state with columnar defects, in which the
ders are static disorders. Random disorder forms a vortextreversibility line is not identified with a shifted melting line
glass state in a vortex configuratidrhe low-temperature (the Bose-glass melting linebut follows the accommoda-
vortex glass transforms into the high-temperature vortextion field B* separating the single-vortex strong pinning re-
liguid phase at a glass-liquid transition temperature with ggime from the collective weak pinning regime.
second-order phase transition. A characteristic correlation Krusin-Elbaumet al?® pushed forward with a study of the
length and the relaxation time of the fluctuation of the glasscontrolled splay configuration of columnar defects in a
order parameter diverge at the glass-transition temperatur¥Ba,Cu;0, (YBCO) single crystal after the establishment of
Scaling laws based on the second-order phase transition hollde effectiveness of the uniform splay which was installed
for the regions above and below the glass-transition temperawith the fission products produced by 0.8 GeV protons in a
ture, for example, the current-voltage scaling fw:* It Bi,Sr,CaCyO, film, and also with the small divergence of
should be noted that a vortex-glass state should not occur ieolumnar tracks by 0.58 GeV Sn ions in a YBCO single
a two-dimensiona(2D) flux-line lattice’®~" Correlated dis-  crystal?®?’ The largest persistent currehivas obtained for
order, such as twin boundary and columnar defects, on tha parallel distribution of columnar defects with a splay angle
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of =5°, but theJ in the Gaussian distribution af4.47° was trapped in lattice defects. The temperature-field phase dia-
less effective compared to the parallel distribution. Theirgram obtained from;, for the PCD’s showed three distinct
conclusion for this result was that the flux pinning by thetemperature regimes, which are inferred to be due to the
Gaussian distribution is controlled by large-angle tails of thetemperature dependence of the accommodation B&lcbn
distribution which enhances thermal creep rate. This experithe basis of the theory by Nelson and VinoR&iThe tem-
ment supports the theoretical prediction for splayedferature dependence of;, for the CCD'’s, on the other
columnar defects by Hwat al?® Prozorovet al?® measured hand, is a smoothly decreasing function with increase of
the irreversibility temperatureT(,) for the parallel and temperature. Thi_s fa}ct indicatgs the contribution o_f kinks
crossed columnar defects in a YBCO single crystal with thevith diverse activation energies for the flux motion of
onset of the third harmonic in the ac resporigg.depends CCD’s. From the comparison df; for three different orien-

on the trapping angle, which is the angle between the extefations of the applied field, the pancake vortex model is con-
nal field and the defects, and is also the angle for vortice§fmed to be adequate for PCD’s and CCD’s at 5 K, but
starting to be partially trapped by the columnar tracks. Wherbove 30 K the orientation difference &f indicates the line
the external field is aligned to the parallel columnar defectdature of the vortices. The flux-flop phenomenon is dis-
in the direction of thes axis, a dip or a slight downward shift cussed fromJ; at low fields for the PCD’s. A considerable

is observed ifT;, for the parallel columnar defecteCD’s),  enhancement od. for the CCD’s is observed at high tem-
but a peak is found ifT;, for the crossed columnar defects Perature and at high fields in the field dependencé ofJ.
(CCD’s). The following explanation is given for this result. at 5 K for the CCD’s is larger below 2 T, but is slightly
A vortex captured by the PCD can nucleate a double kinlemaller aboe 2 T than that prior to irradiation in the applied
which can easily slide out resulting in a displacement of #ield parallel to thec axis. The smalled, abowe 2 T is
vortex on a neighboring C0|umn, and the resultant increase cﬂSCfibed to the irregular distribution of defect density for the
the creep rate yields the dip . Vortices for the crossed CCD's.

columnar defects, on the other hand, can depin only via

nucleation of multiple half loops, of which the characteristic Il. EXPERIMENTAL PROCEDURES

size depends upon current density. The formation of multiple i i . i )
half loops results in an additional barrier for vortex depin- 1h€ specimens used in this experiment were grain-
ning, which even diverges at zero current. A comparisorPriented Bi-2212 tapes prepared by the doctor blade
between parallel and crossed columnar defects for flux pinMethod:® The tapes were cut into 0:40.3 cnf shapes for
ning was made by Schustet al3° from magneto-optics ex- irradiation. The thickness of the specimens was about 15

periments. The critical current density for the CCD's was upM- They were irradiated with 180 MeV € ions at room

to a factor of 14 larger than for the PCD’s in irradiated temperature using the tandem Van de Graaff accelerator at
DyBa,Cu,0, . In a BiLSKL,CaCuyO, (Bi-2212) single crystal, Japan Atomic Energy Research Ins.tltute. Irradiation was per-
on the other hand, the ratio of the critical current of CCD'’s toformed by two processes. In the first process, the surfaces
PCD'’s was about 1.5, and is temperature independent in trgd thec planes of the two specimens were inclined at
range 5 K< T<80 K. Their conclusion was that flux motion @n angle of 45° counterclockwise to the incident beams
in a Bi-2212 crystal proceeds by depinning of single pancakénd bo(t)h specimens were iradiated with a dose of
vortices, and the difference i, between CCD's and PCD’s /-8X10'° Cu’/cn? at the same time. In the next, one of the
is due to the geometrical arrangement of the line defectsSPecimens was placed at 45° clockwise to the beam direc-

However, several authors reported a line nature of the vortit!on, an% both specimens were again irradiated to a dose of
ces captured in columnar defects for even Bi-22125-8X10'Cu’/cm. Therefore, the total fluence of both

crystals®’=3° and the line nature of vortices in Bi-2212 is specimens was exactly the same. One of them had parallel
inconsistent with the result derived from magneto-opticscolumnar defects in the amount Of_l%ﬁoﬂ Cu*/cm% .
mentioned just above. which corre_spondeq to_a dose equivalent match_lng field
In this paper, we described the parallel and crossed cd4=2-8 T, in the direction 45° away from the axis in
lumnar defects, which were directed +a15° and+45° from  clockwise rotation(this direction is defined as 135° as
the ¢ axis, respectively, in Bi-2212 tapes irradiated by 180Shown in Fig. 1a), for the angle between the direction of the
MeV Cut'* ions. The irreversibility field K;,) is consider- defects ar)d theb plang. The other had crossed columnar
ably enhanced by the introduction of PCD’s and CCD’s asdefects withB,=1.2T at 45° and 1.6 T at 135°, respec-
compared to that prior to irradiation. In the angular depeniively. _
dence ofH,, at 55 K, the PCD’s had a peak in the direction A_II the measurements were perf_ormed using a Quantum
of the columnar defects and another peak was found foP€sign model MPMS superconducting quantum interference
CCD’s in the direction of thec axis, which is the mid- devige(SQUID), which aIIoweq a_rotation of the specimen
direction between the two subsystems of columnar defectdelative to the applied magnetic field.
The peak for the CCD'’s indicates the breaks of line vortices.
The trapping angle for vortices is estimated to be 48°, which  1lIl. EXPERIMENTAL RESULTS AND DISCUSSION
is nearly the same value as that for YBCO. When the exter-
nal field is applied in theb plane,H;, decreases exponen-
tially with an increase of temperature for the three speci- The angular dependence of the irreversibility fiekd ()
mens; prior to irradiation, containing PCD’s, and containingis shown in Fig. 1b) for the three specimens; prior to irra-
CCD’s. This exponential decreaseldf,, is described in re- diation, containing columnar defects, and containing crossed
lation to the motion of kink pairs, vortices, and antivortices columnar defects, wheré is the angle between the applied

A. Angular dependence of the irreversibility line
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z ( c-axis) Hi(T,0)=H(T,0=90)/g(6),

— e(0)=[y 2cogo+sirt6]*2 1)

o _ 0
6=45 " / G/Qf/ wherey? is the ratio of effective massn,/m,, for a single
Qﬁa S {OQ o ’7 o crystal, while it depends upon the average misalignment
ANN /\>(\/ o7 T angle of grains in Bi-2212 tapes. By applying the above
IRy ,/j‘;y\r\— e — 1= equation to the experimental curve,was estimated to be

: ‘1’) _ | def 10, which is almost the same value as that in

Bi-2212 tape columnar defect (Bi, Pb);SKCaCW0, (Bi-2223 tapes®®*® _
For the parallel columnar defects, a peak is found in the
U ' direction of the defects 135° and,, is enhanced in all di-
Ty <%, < rections of the applied field. Further enhancemenkHgf is
I 90 deg. o X ] caused by CCD’s. The peak at 125° deviates somewhat from
ox % the direction of the defects 135° and a bulge is observed at
1 90° (H parallel to thec axis) in the shoulder of the peak. The
bulge is recognized as a peak $yrotation[see Fig. 1a)] as
shown in Fig. 1c). This peak is a salient feature of CCD’s
gxx ~ o™ o and evidence of the breaking of vortex lines, since such a
i o o Oe, 1 peak cannot be expected for pancake vortices and also is not
| Poo 0 e D....% 1 observed in PCD’s.

'... ® o A similar peak in the angular dependence of the irrevers-
or coceee® ] ibility temperature was also found in a YBCO single crystal
I Ty 300 with CCD’s in the direction of-45° to thec axis by Prozo-

(b) Angle between H and ab-plane rov et al?® They pointed out that the collective action of the
CCD'’s led to enhancement of the pinning strength along the
1ok 7 T " mid-direction between the two subsystems of CCD’s. The
+ 55K ¢ rotation irreversibility temperature was determined by the
] +*+ i temperature-dependent trapping angle, which is the angle be-
1-++ o tween the external field and the CCD, and also is the angle of
vortices starting to be partially trapped by CCD’s. The trap-
+ ping angle in their experiments was 50°. From Fi¢c) the
0.8 + + T critical angle for trapping vortices in Bi-2212 is estimated
to be 48°, since the full width of half maximum of the
peak is about 20° and then the angle is given by cos(48)
0.6; + " ] =cos(45)cos(20). Consequently, the trapping angle in
++ ot i Bi-2212 is nearly the same as in YBCO, which is derived
. Ea o . from the equation tamf)=[2¢, /e;]"%. Here, 6, is the trap-
047 100 200 ping angle an@, andg, are the potential energy of a colum-
(© Angle between H and ab-plane nar defect and the line tension, respectively. Not much dif-
ference is found in eithee, or g between Bi-2212 and
YBCO.
Schusteret al™” showed from magneto-optics experi-

Hirr(T)
+

FIG. 1. (a) Definition of the angles for the angular dependence
of irreversibility field (H;,). 6: Angle in thexz plane between the

external applied field and treeb plane of a Bi-2212 tape. The angle . . :
of #=135° is the direction of columnar defects for PCD&:. ments in DyBaCusO; that vortices are more strongly pinned

Angle in theyz plane between the external applied field and theby C_CfD’S thap by_ PCD’S; The ratio O,f t_he critical CL_"rent
ab-plane. (b) Angular dependence df,, at 55 K for 6 rotation. ~ densities flowing in PCD’s and CCD’s increased with an
Solid circles: prior to irradiation. Squares: PCD's, crosses: CCD'sincrease of temperature from unity to about 6 for single

(c) Angular dependence ¢, for CCD’s for ¢ rotation. kinks (depinning mode A in Fig. 1 in Ref. 3Gand up to a
factor 14 for kink pairddepinning mode B in the same ref-

! _ o erencé. In a Bi-2212 single crystal in their report, however,
field and theab plane of the tape as depicted in Fidal ¢ ratio was temperature independent in the range from 5 to
Hi, was estimated from the measurements of hysteresigy k which was attributed to an equal activation energy due
loops and was defined as the field at the critical current deng the pancake vortices. In our experiments in Figb) and

sity Jo=1x 10" Alcm?. As already reportedf, remarkable 1(c), the vortices show directional behavior in the angular

enhancement dfi;, by irradiation is observed around 55 K. dependence oH,,. Hardy et al>® also reported that the

For the specimen prior to irradiation, two maxima can becrossover from isotropic to directional behavior of vortices
seen in Fig. (b) at 0° and 180°, which are caused by intrin- was found at about 40 K in a Bi-2212 single crystal. The
sic pinning between CuQayers. The angular dependence of directional behavior of the critical current density for PCD’s
H;, can be written as and CCD’s will be described in Sec. Il C.

|30
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FIG. 2. Temperature dependencehyf, . (a) The external field
(H) parallel to theab plane.(b) H parallel to thec axis. (c) The
external field is applied t@=135° away from theab plane. Solid
circles: prior to irradiation, squares: PCD’s, crosses: CCD’s.

B. Temperature dependence of the irreversibility lines

The temperature dependence ldf, is shown in Figs.
2(a)—2(c) for the field applied parallel to theb plane,
the c axis, and 135{parallel to the columnar defegtaway
from theab plane, respectively. Prior to irradiation, the tem- pends very sensitively on the valuesgfandc,. &, covers
perature dependence #f;, for the three directions of the a very wide range between 14.7 and 29.4 A, calculated from
applied field can be written as an exponential functionthe BCS coherence leng#igcs of 20—40 Al by the relation

Hynirra
irr

of A andC are estimated to be 131 aneD.11 forH parallel
to theab plane, 18 and-0.11 for H parallel to thec axis,
and 20 and—0.11 for 135°, respectively. These results arerials. The radii reported are distributed in the 25-63 A
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quite acceptable becaugkin the exponent in the function
should be independent of the direction of the applied field as
predicted by Eq.(1). The angular-dependent part appears
only in &(#), and the ratio o&(0)/(90) is estimated to be 10
from the angular dependence ldf,, at 55 K as described in
the previous section. The corresponding ratio derived from
the A value in the above equation is 131£8, which is
somewhat smaller, but the agreement of the two values is
rather fair when the experimental tolerance is taken into ac-
count.

After irradiation and for the field applied parallel to the
ab plane,H,,’s for PCD’s and CCD'’s show a similar expo-
nential dependence to that prior to irradiation: for instance,
Hi=1.5X 10%exp(—0.14T) for PCD’s. All of theseH,,’s
should be interpreted as from the same origin. When the field
is applied parallel to the CuQayers, vortices are confined
between the layers and the movement of the vortices across
the layers is hindered by the strong intrinsic pinning. When
kink pairs are formed across the layers by the help of grain
boundaries in the tapes, vortices and antivortices formed
from the kink pairs can move parallel to the layers. Such
vortices and antivortices look similar to 2D vortices, and
point defects will act as pinning centers against the move-
ment of these 2D vortices. Consequently, the exponential
temperature dependence f,, is due to pinning by point
defects.

Next we will consider the temperature dependence of
H;,'s for PCD’s and CCD’s in a field applied parallel to the
¢ axis and 135° away from thab plane as shown in Figs.
2(b) and Zc), respectively. These curves have quite different
features compared with those prior to irradiation. Three dis-
tinct temperature regions are foundHty, for PCD’s in Fig.
2(c). (1) T<30K, Hy, sharply decreases with an increase of
temperature(2) 35 K<T<55K, a linear decrease of,,.

(3) T>60K, H;, decreases exponentially with increasing
temperature.

Zechet al?* proposed 8- T phase diagram for a Bi-2212
single crystal in the presence of columnar defects, led by the
theory of Nelson and Vinokuf Their conclusion is that the
irreversibility line follows the accommodation fieRf* sepa-
rating the single-vortex strong pinning regime from the col-
lective pinning regime. At low temperatures, where the ra-
dius of columnar defectg, is larger than the coherence
length &, in the ab plane,B* is equal toB,, whereB,, is
the matching field. The characteristic temperaftigeis de-
fined by the relatiow2 &,,(Tg) =cCq. Upon using the relation
from mean-field theort,,(T)=&y(1—T/T,) Y2, T, is es-
timated from the following equation:

To/Te=1—2(£3/cd). )
The estimation by Zechkt al. was T= 77 K with values of
£=25A andc,=35A. From this result, the first kink in
their phase diagram was attributedTg. However, T, de-

4T,6)=A(6)exp(—CT), where the fitting parameters &,=0.545cs. In addition, the radius of columnar defects

depends significantly on the kinds and energies of irradiating
ions, and also the chemical and local structures of the mate-
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range?® ConsequentlyT,/T. will be in a broad range be- directional character and cannot be explained by the pancake
tween 0.28 and 0.89. In our experiment with irradiation bymodel. The smooth curves id;, for the CCD’s as seen in
180 MeV Cu'" ions, the radius is 26 A With this value  Figs. 2b) and 4c) are presumably caused by the diverse
and&é,=15 A, T, is estimated to be 30 K, which value is in activation energies due to the motion of the different types of
good agreement with the low-temperature break at 25 K irkinks such as proposed by Schusgeial *°

Fig. 2(c).

In the temperatures between 35 and 55H;, decreases
linearly with an increase of temperature, which leads to the
relation ofH;,(T) = —AT+ B, whereA andB are the param- The unidirectional property od. for PCD’s and CCD’s
eters determined from the experiments. From Fig) these was measured with the applied field at the three different
two values ofA andB are estimated to be 3710 2 and 2.6.  directions relative to the defects. The differencelgin the
According to the theory by Nelson and Vinokifrthe ac- field applied at9=45°, 90°, and 135° is shown as a function
commodation fiel* decreases linearly above the tempera-of magnetic field in Figs. @)—3(c) for the three specimens,
ture T, up to the depinning temperatufg,. In this regime, prior to irradiation, containing PCD’s, and containing

. ) CCD'’s, respectively. In these figure3,’s were calculated
B*(T)=By(Co/2£0) (1= T/T¢). () from J,=(AM/d)[1/cos(96- 6)], whereAM was the dif-

In Eq. (3), A=B,(Co/2£0)%/T, and B=B,(cy/2¢,)? are ference of measured magnetization between the ascending
given. By using the values described above By and c, and descending branches of the hysteresis loopsiasdhe
and &, A, andB are calculated to be 261072 and 2.1, average radius of the grain siz&5 um) in the tapes. The

values which can be compared with those from the experi@Pplied fields are multiplied by cos(9®) since the irre-
ments mentioned just above. versible magnetization is always pointed along thexis

Above 60 K,H;, decreases exponentially with an increasedireCtiO” wha_tever jche applie_d field direction: As .shown in
of temperature. Following Nelson and Vinokur, the accom-Fig- 3@, a slight difference inJ. for the applied fields at
modation fieldB* above the depinning temperatufg,, at ~ ¢=45° and 90° is observed in the specimen prior to irradia-
which temperature a vortex segment wanders to an adjaceHn- The difference will be ascribed to the mosaic structure

C. Critical current density

columnar by thermal energy, is of the crystallitegsmall orientation irregularity of graifsn
the Bi-2212 tape. At 5 K. is described by a power-law
B*(T)=[4e,exp(—T/Tyy)/e0]By, (4)  dependence on the applied field, but above 30JKde-

h d h il ¢ | q creases exponentially with the applied field. The power-law
¥V ere%, an 150 are the potential energy OI a columnar 0€- yepnendence of, is theoretically derived from 2D pancake
ect and the interaction energy, respectively, agglis given \orices in the strong pinning regime, and the exponential

by decrease ofl; as generally observed in single crystals and
_ . : high quality thin films is the same dependence as that for the
Tap/ Te=[(Col4é0)In 1/ GI/[1+ (CofaEo)In w/Gi]. (5) intragranular pinning mechanisth.The crossover from a
From « (GL parameterz10°, Gi (Ginzburg number) power law to an exponential decrease Jgron the applied
=101, andc, and&, described abovd,y, is obtained to be field is also observed in Bi-2223 tap&sAs seen in Figs.
63 K. The temperature starting the exponential decrease f@(b) and 3c), J.'s at 5 K for PCD’s and CCD’s show a
H;, of the PCD’s shows 60 K. Zecht al?* reportedTy,  power-law dependence on the applied field and also orienta-
=81 K in a Bi-2212 single crystal and the lower value of tion independence for the three directions of the applied
Tqp=41 Kwas obtained in a YBCO single crystal by Krusin- field, which indicates the justification of 2D pancake vorti-
Elbaumet al*? ces. In Fig. 8) for PCD’s, the difference of, depending
As can be seen in Figs(l® and Zc), H;, for the CCD’s  on the direction of the applied field is manifested above 30
are rather smooth functions of temperature without proK. The unidirectional property of vortices trapped in colum-
nounced breaks. Many kinks or bends are formed in vortexar defects is pointed out by Kleiet al3? and also Hardy
lines by crossed columnar defects as is evident from thet al® for Bi-2212 single crystals. They showed that the
magneto-optics experiments by Schusteal 3° The flexibil-  anisotropy due to the columnar defects depended on the ap-
ity of vortex lines in highT. superconductors originates plied field and temperature, and sharply decreased below
from the small tilt modulu€ 44~ (M,,/My) egln(Ngp/éap) due 40 K.
to the large effective mass ratianf,/m,)*? of i-% in For PCD’s,J. at #=90° shows a similar field dependence
YBCO and &-55 in Bi-22121 Schusteret al® reported to that at §=45° (perpendicular direction to the defects
from the experiments on a Bi-2212 single crystal that theAlthough vortices at6=90° will be partially trapped in
ratio of the critical current density of CCD’s to PCD’s was PCD's, the energy difference of the vortex arrangement be-
1.5 and temperature independent in the range<SK tween 45° and 90° will be small. The definite configurations
<80K, and no difference was observed in the depinningpf vortices for the applied field perpendicular to the colum-
modesA and B in their report. They concluded from this nar defects are shown in Fig. 5 of Ref. 35. For CCD’s as
result that vortices in Bi-2212 were arrayed in the pancakeshown in Fig. 3c), a difference inJ. for the two directions
structure. In our experiments the ratioldf, for the CCD’s  of the applied field of 45° and 135° is found above 30 K,
to that for PCD’s is 1.5—-3.0 and weakly temperature depenwhich is caused by the difference of irradiation fluence for
dent as derived from Figs(ld and Zc). Further, as seen in the two directions. The characteristic feature manifested in
Figs. 1b) and Xc), and as will also be described in the next Fig. 3(c) is thatJ. at 90° coincides with that at 135the
section, vortices in the presence of PCD’s and CCD’s showdirection of the larger number of the columnar defgcts
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presumably the same as that of the straight line configuration
of vortices at the field along columnar defects as inferred
from Fig. 3c).

As is evident fromJ; at 50 K in Fig. 3b), J.'s for both
45° and 135° coincide with each other at low fields. This
result has been ascribed to a flux-flop phenomenon by Klein
et al** Below a crossover field, the vortices of the configu-
ration for the applied field perpendicular to the columnar
defects flop toward the direction of the defects, and thereby
the two vortex states for the parallel and perpendicular to the
defects become identical. Hardy al3° proposed a formula
for the crossover field, where the flux flop takes place, from
0 02 0.4 0.6 the free energy calculation:

(a) I-i(T) €0s(90-9)

Jo(Aem?)

Hcross™ 77‘/2(1"'”)80(1—)[“0_ap(T)]/d’O- (6)

Here, n is the demagnetization factor,eq=[ g/

4\ 4p(T) 1%, ap(T)=In[&(T)/d], and a.=0.5. The tem-
perature dependence éf s Will be mostly governed by
Nap(T) becausé,y is in the logarithmic term. Smalléd .o
values are predicted at higher temperatures, which explains
the experimental results by Kleiet al** and by us, men-
tioned just above. However, the absolute value, 10 G at 50
K, of Hess€Stimated seems to be too small compared with
1000 G in our experiment, although the flux flop occurs
gradually as a function of the magnetic field and it is difficult
to point out a specific field, as already reported by Klein
etalt

The field dependence of the critical current density is
shown in Figs. &a)—4(c) for the three respective specimens
prior to irradiation, containing PCD’s, and containing CCD’s
in the field applied in the three different directions and at the
three different temperatures, respectively. The enhancement
of J; for CCD’s is remarkable at 30 K, and even at 60X,
for CCD'’s increases noticeably, as seen in the inset of Fig.
4(a). This result indicates that the enhancement]offor
CCD'’s is significant at high temperatures.

At 5 K, as seen in the inset of Fig(l®, J; for CCD’s
shows the largest value among the three specimens in fields
between 0.3 and 1 T, but ab®d T it becomes smaller than
that for PCD’s, and above 1.8 T it is even smaller than that
prior to irradiation. The density of the defects is exactly the
same for both PCD’s and CCD’s, and the only difference can
be deduced from the distribution of the defects. Intuitively

FIG. 3. Orientation dependence o, at several tempera- 1udging from the parallel beam irradiation, PCD's will be
tures (labeled in the graphfor the three respective applied fields distributed homogeneously, but CCD’s will be distributed
9=45°, 90°, and 135% axis:H cos(90- 6). y axis: J, calculated  irregularly because the columnar defects cross each other.
from [AM(measured magnetizatiom)y [ 1/cos(90- 6)]. (a) Prior In order to trap vortices into defects, the following condi-
to irradiation. Solid circlesf=45°, open circlesp=90°. (b) For  tion has to be satisfiedenergy gain by the trapping (the
PCD’s. Open circlesi#=45°, crosses:#=90°, solid circles:¢  increase of interaction energy among vortices by the
=135°. J;’s for 90° shows nearly the same value to those for 45°trapping +(elastic distortion energy of vortex lattice by de-
(perpendicular to PCDJs(c) For CCD’s.J.'s for 90° mostly coin-  fects. The interaction energy between two vortices is given
cide with those for 135the direction of the larger amount of by (QSS/BWAZ)KO(H)\), whereKy(r/\) is the zeroth order
columnar defects Hankel function and is the distance between two vorticEs.

This equation can be approximated t@%(&-r)\z)[ln Nr
which should be compared with the result of 90° configura-+0.12] for r<\. The approximate form of the elastic dis-
tion for PCD’s mentioned just above. The vortices at 90° fortortion energy iSCged%= (80/4B,)B, whereCgg is the local
CCD’s will be arranged in zigzag lines trapped in the colum-elastic modulusg the distance between the vortices, &hid
nar defects with directions perpendicular to each other, as ithe induction field® The interaction energy requires an ex-
evident from the peak in Fig.(&). The stability of the zigzag cess energy for a shorter separation of defects, and the elastic
vortices with respect to thermal energy and magnetic field iglistortion energy increases with an increase of the field

(c) H(T) cos(90-6)
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ever, the force is drastically weakened. These considerations
will follow the conclusion that the elastic distortion energy at
high fields will overcome the energy gain for trapping 2D
pancake vortices into the defects because of low binding en-
ergy. Further, for vortices outside defects because of the lat-
ter's irregular distribution, if the vortices are not trapped,
they will reside in an unstable configuration.

J. for CCD’s shows almost the same value as that for
PCD’s above 1.8 T at 10 K and becomes larger above 20 K
in all fields applied. This result may be relevant to the
growth of a unidirectional property from the pancake vorti-
ces with an increase of temperature.

In the field parallel to theb plane,J. prior to irradiation
decreases exponentially a K in fields between 0.5and 4 T
as shown in Fig. &). In this direction of the applied field,
governed by the intrinsic pinning is theoretically given by
the formulalo (1—B/H ) Jgp, ***' wheredy, is the depair-
ing current density. SincB/H.,<<1 for experimentally ac-
cessible applied fieldd,. is almost independent of the field.
The experiments on single crystals and high quality thin
films support the above theory of the independencé,ain
the field strength®*®-5°The exponential decrease 3f in
Bi-2212 tapes with increasing applied field may be caused by
another phenomenon, probably due to kink motion occurring
at small angle grain boundaries or lattice defects, such as
x ] oxygen deficiency. The enhancementJgffor PCD’s indi-
| Hijc-axis (90 deg.) cates the relevance of kinks formed at the lattice defects
2 T4 induced by irradiation. The increase Zyfat low fields below
(b) Applied field (T) 1 T is significant for PCD’s. The exponentially decreasing
region for PCD’s extends between 1 and 4 T, somewhat
narrower than that prior to irradiation. An exponential de-
crease of]; with increasing field is shown theoretically for
2D pancake vortices in the weak pinning regime in Bi-2223
tapes in the forml (B)xexp(—mB/2n¢,) for the high pin-
ning center density, whene is the area density of pinning
] centers’! The corresponding form prior to irradiation and for
E PCD'’s isJc(B)xexp(—0.2B). Further enhancement 4§ is
] observed for CCD'’s at low fields below 3 T. The exponential
4 region inJ. is narrower and is placed between 3 and 4 T.
] The enhancement at low field and the narrowness of the ex-

Jo(A/cm?)

102 . H//ab—plane (0 deg.) - ponential region inJ. indicate the increase of the single-

E vortex pinning regime. The irregular distribution of defect

0 2 4 nsi mention reviously, will incr he stron
© Applied field (T) density, as mentioned previously, crease the strong

and single-vortex pinning regime.

FIG. 4. Field dependence df at several temperatures for the
three specimens, prior to irradiation, containing PCD’s and contain- IV. SUMMARY
ing CCD's.(a) The external field is applied to 135° away from the
ab plane (parallel to the direction of the columnar defects of = The same number of parallel and crossed columnar de-
PCD’s). (b) H parallel to thec axis. (c) H parallel to theab plane.  fects were introduced into Bi-2212 tapes by bombardment of
Solid circles: prior to irradiation, squares: PCD’s, and crosses180 MeV Cu'* ions. The angular dependence of the irre-
CCD’s. versibility field (H;,) at 55 K was obtained from the mea-

surements of hysteresis loops for the three specimens, prior

strength. The irregularity of the distribution of defect densityto irradiation, containing PCD’s, and containing CCD’s. The
yields a shorter separation between the vortices trapped iiargest enhancement 6f;,, was found in the specimen with
the defects and an increase of the elastic distortion energy &CD’s. A peak in the angular dependenceHf for PCD’s
high fields. Tachiki and Takahaéhicalculated the repulsive was observed in the direction of the columnar defects, and a
force between two vortices containing a columnar defectdistinct feature for CCD’s was found in a peak along the
When a vortex lies in close vicinity of the surface outside amid-direction between the two subsystems of CCD’'s. The
columnar defect, the repulsive force acting on the vortex bytrapping angle, where vortices start to be partially trapped by
the other vortex is larger than that in the absence of th€€CD’s, was estimated to be 48°, which is nearly the same as
defect. When the vortex enters the columnar defect, howthat for YBCO.
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When the external field was applied parallel to tie  PCD’s at§=90° (H parallel to thec axis) was nearly the
plane,H;,’s for the three specimens decreased exponentiall¢zme as that at=45° (perpendicular to columnar defekts
with an increase of temperature. This temperature depefyyt for CCD'sJ, for §=90° coincided withJ, at 135°(the
dence was accounted for by the motion of vortices and antigirection of the larger number of columnar defedts tem-
vortices trapped at lattice defects, where the vortices anBeratures between 30 and 50 K.
antivortices were formed from the kinks of Josephson vorti- The field dependence of, was compared for the three
ces at the points across the Guglanes. Three distinct tem- specimens. The enhancementgffor CCD’s was substan-
perature regimes were found in the temperature dependengg) 4t high fields and at high temperatures. When the exter-
of Hy, for PCD’s in the field applied in the direction of the .5 field was applied parallel to theaxis, J, for CCD’s was
columnar defectstl) T<30 K, (2) 35 K<T<35K, and(3)  tnhe Jargest among the three specimens below 1 T, but above
T>60 K. The characteristic temperatufg, where the ra- 1 8 T it was slightly smaller than that of the specimen prior
dius of the columnar defect matches the coherence lengthy jrradiation. Since the pancake vortex model was plausible
was estimated to be 30 K. AbovEy, the H, decreased gt 5 K for Bi-2212 tapes, the irregular distribution of defect
linearly with an increase of temperature, which agreed withyensity for CCD’s was considered to hinder stable pinning
the temperature dependence of the accommodation field 4§y vortices, and to be responsible for the smalleat high
predicted theoretically. The depinning temperaturg,, fields.
where the vortices trapped in the columnar defects start t0o \when the external field was applied parallel to thle
wander to adjacent columnar defects by thermal energy, wagiane, J. for the specimen prior to irradiation decreased ex-
estimated to be 60 K. Abovey, the exponential decrease of ponentially with an increase of the field, which was different
Hir was observed with the increase of temperature. Fofrom the result of Bi-2212 single crystals and also from the
CCD's, a rather smooth curve, which is due to kinks withtheoretical prediction. In Bi-2212 tapes, the motion of kinks
diverse activation energies, was observed in the temperatuggsed at the points across small angle grain boundaries will

dependence dfijy . _ govern the behavior oi,.
The directional properties al. for PCD’s and CCD’s

were measured for several temperatures in applied field in

the directions o®=45°, 90°, and 135°, respectively. At 5 K, ACKNOWLEDGMENTS
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