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Powder-in-the Ag tube processed,8iL,CaCyOg, s and (Bi,Pb),SLCa&Cu0,, tapes were irradiated with
5.8-GeV Pb ions along the tape normal for the ion fluences of 0.68, 1.0, ard@bcm™ 2 The angular6)
dependence of critical current densitieg 0,B,T) for these tapes was measured at temperafar27 K and
55-80 K. Cusplike sharp peaksJdg(6,B,T) were observed fof =55 K when the applied magnetic fieRlis
oriented parallel to the direction of the irradiatié6=90°), and J.(6) did not scale with the perpendicular
component oB, (B, =B sind). Based on this evidence, it was concluded that the magnetic vortices behave as
linelike (three-dimensionalrather than the pancakelifgwo-dimensional(2D)] objects in these irradiated
superconductors. However, at 27 K, neither the pealkk (i) nor the scaling ofl.(6) with B, was observed.

We attribute this to the increased strength of the isotropic pinning by the small irradiation-induced defect
debris relative to that of the columns and due to the increased interlayer coupling strength at reduced tempera-
ture, but not as evidence for the pancakelike 2D vortices at low temperatures. Al3ez58rK, the enhance-

ment in the pinning strength qualitatively followed the theory by Nelson and VinRhys. Rev. Lett68,
2398(1992; Phys. Rev. B48, 13 060(1993]. [S0163-182606)01438-3

I. INTRODUCTION relative to thec axis is extremely large and the vortex lines
in these materials behave as weakly cougleg Josephson
The mixed state of high-temperature superconductors preeurrents and the magnetic figldancakelike objects:®

vides a number of very interesting areas of investigations. It was shown for YBaCu;O, that heavy ion irradiation at
Access is available to a wide range of temperature andery high energy create smdlkeveral nanometers in diam-
magnetic-field space due to their short superconducting caeten columnar amorphous defects in the superconductor, and
herence lengths, large magnetic-field penetration lengthshese defects can effectively pin the vortices at high tempera-
and extremely large electronic mass anisotropies along thiires through localization of the vortices at these colufnns.
crystallographic axes in combination with large temperaturelThe irreversibility line is thus moved to higher fields and
ranges provided by high critical temperatufies One of the  temperatures relative to a unirradiated specifh@nsimilar
consequences of these properties is the appearance ofeffect was also shown for single crystals of BR:1:2.2 The
boundary in theT-B plane, well below the upper critical result was interpreted as an evidence for the pinning of the
magnetic fieldB.,(T) line, which separates the area into two quasi-two-dimensiondPD) vortices by the columnar defects
distinct regimes depending on the dynamic behavior of thesince the magnetization loops at 20 K were nearly the same
vortex lines. Above this line, the vortex lines are consideredsize for the applied field directions parallel to and 60° off to
to be liquidlike, while below they act as a solidlike object. the irradiation tracks. (In this experiment, the direction of
This demarcation line is often called the irreversibility line or the irradiation was 30° off the axis of the crysta). This
the vortex liquid-solid phase boundary depending on how itnterpretation is based on the expectation that the 2D vortices
is determined or definetd.Since the vortices are easily can freely move in tha-b planes and they will locate at the
moved by the Lorentz force and motion results in dissipatiorcolumnar defects irrespective of the direction of the columns
above the irreversibility line, the location of this line in the relative to the magnetic-field direction. In similar experi-
T-B plane has a very practical significance for the applicaments at higher temperaturdsz60 K, however, the size of
tion of these superconductors to large scale devices. This ihe loops was found to be very different depending on the
of a particular concern for B8r,CaCuyOg, s; [hereafter relative orientation of the columns and applied magnetic
Bi(2:2:1:2] and BiSr,Ca;Cu;04; [Bi(2:2:2:3] which have  fields. In fact the hysteresis was the largest when the direc-
irreversibility lines at low fields. This is associated with the tion of the magnetic fields was along the columnar defects.
fact that the electronic mass anisotropy alongdhle plane  Since this implies that the pancakelike vortices can no longer
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be freely be moved in tha-b planes, this effect was inter- pared each having approximate critical current densities of
preted as an indication of the formation of the linelike vor-2.6x10% 2.0x10% and 1.6<10* A/cm? at the criteria of 1
tices induced by the presence of the columnar defects.  Vv/cm and at 77 K in the self-magnetic field. They are iden-
More recently, a number of additional experiments wergtified as specimen group#, B, andC, respectively. There
performed to study the dimensionality of the vortices in theseyere three specimens of similar current densities in each
highly anisotropic superconductors which were irradiatecgroup and two each out of each group were irradiated at the
with high-energy heavy 'O”g)-_ These experiments have same fluence while the third was kept unirradiated. The over-
clearly demonstrated thadt high temperaturgsthe vortices g thicknesses of the entire tapes wer&30 um and those
in these irradiated highly anisotropic superconductors congs the superconducting cores were approximately (0.

¥he width of the tapes was approximately 0.3 cm. For the

were carried out by the magnetization measurements 08:.5.5.1. ;
single crystal$113or by the transport current techniques at Efl (12 zlelgst:/%en:]sz gtn 2’; r}1<e iv?sojégz t?rﬂzst'h%:?gv;g‘]gf the
l.OW currents on ﬁlmg a!"d single crygtal’s‘! Also, t_he ques- Bi(2:2:1:2 tape and the s’uperconducting core were approxi-
tion of the dimensionality of the vortices in the irradiatated mately 90 and 25:m, respectively. It is well known that the
El(Z:Z:lag at Io(;/v_er (tjeTF)lergtuiﬁs, e.g‘l’,skSJO K, han ntgt Bi cuprates in these tapes consist of thaxis-aligned crys-

ee_r|1 g’l't resfse_ |r|1 N alt. | urf erErleo.rZe., ?ﬁausi 0 et Ulline platelets with the axis approximately parallel to the
availabiity ot single crystals o §p:2:2:3, héreé nas no lane normal of the tape. In order to assess the degree of the
bee_n any Qetaned study on t_he effects of hlgh—energy heav lignment, rocking curves of each types of the tapes were
lon |rrad|at|qn on the dynamics of the vortices except for 4determined by transmission x-ray-diffraction measurements
set of the critical current measurements reported recéhtly. at the National Synchrotron Light Source at Brookhaven Na-

Thus, we have investigated in detail the effects of irradia-tional Laboratory’® The half width at the half maximum of

tion on the vortex dynamics, i.e., the p_hase _dlagr_am In th‘?he rocking curves of th€¢200 line of the tapes were ap-
B-T plane, critical currents, and the dimensionality of theproximately 4.1 and 13.1 degrees for the(B2:1:2 and
\éc.)r;'f:;i. undgrB_?rzg;S.LctJrenz tforcr(]a_sh Iln A%'Sheathdei(Z:Z:Zza tapes, respectively/. Also, the critical tempera-

i(2: -t 2 anb ( .I' .d. I) tr;pes o whic hargeth r?n?%(')rh tures T, for these tapes before the irradiation were 79 and
currents can be applied. In tnis paper, we snow that at Nigh&fng ¢ respectively(Superconducting onset temperatures as
temperatures, the angular dependence of the critical Curreﬁtetermined by a superconducting quantum interference de-

density, i.e., al.(0,B,T) vs 0 plot, exhibits cusplike peaks . . . L
whenéis near 90°. (Here 6 is the angle between the direc- vice magnetometer using an applied magnetic field of 0.2

tion of applied magnetic field and the tape plane and is

changed keeping the directions of the field and the current e at Grand Accelerateur National d'lon LourBANIL

a_\lways perpendicula)_r. This is a clear _indi<_:atio_n for line- Caen, France The direction of the ion beam was parallel to
like behavior of vortices. However, this directional vortex the plane normal of the tapes, i.e., nearly parallel tohe

pinning along the amorphous columns is lost at low tempera; .o ¢ the cr ; - -

7 i ystalline platelets. These specimens were irra-
tures, g.g.,T—27 K. B_ased on the study of th? SC?‘"”Q of diated with 5.8-GeV Pb ions for intended fluences of 0.5,
J.(6) with the perpendicular componeBt of applied fields,

s shown that this | ¢ the directional pinning is not due L2 1 2.x10" ions/cnt, for GroupB, A, andC of the
It 1S shown that this foss ot the directional pinning 1S no ueBi(2:2:2:3) tapes, respectively. Note that these fluences cor-
to the vortex system becoming a 2D-like, as previously con

o respond to the so-called matching magnetic fi@gsof ap-
cluded from magnetization measuremeéht&’hen tempera- P 9 mag & P

; ) e roximately 1, 2, and 4 T, respective(atching field is
ture is lowered, the loss of the anisotropic pinning is rathe'getermineg by multiplying the fIlE)ence b(iwthe flugquam

due to the factg1) that the vortex system has increasingly 210 8 Wh,) Also, a set of Bi2:2:1:2, GroupD, was irra-

become 3D due to the increased interplanar electronic COWiated to an intended fluence of K00 ions/cnt. The true

Rl\;ng atr;]d ) thaththe |rra|d|at|on-|ndqged td_efect d_ebrls be- fluence for each specimen was determined by measurements
een the amorphous ColUMNS provide Stresropic vor- - ¢ o density of the amorphous columnar damage using the

tex pinning centers, comparable to th_ose for the columns. Wﬁnages taken by transmission electron microsc6pgEM).

will also provide evidence for the existence for small defeCtDensities were 0.68. 1.05210' and 1x 10 ions/cn? for
debris in addition to the often discussed columnar defects "t"he specimeiB, A .C ,an.dl,D resr,)ectively However. we will
the irradiated superconductors and show that these small OIﬁ'se the intendeci fIl’Jences' for convenience in thé following

fPTCtS pontnbyte_ to vortex pinning as well as reduction .Of thediscussion unless the precise value is important. The amor-
directional pinning along the columns as temperature is low:

red. In addition t of understanding the chanae in tlPhous columns were approximately 7 nm in diameter. At this
ered. In addition, as a part ot understa g the change @nergy level, the Pb ions exiting the bottom surface of the
dimensionality, we will discuss the enhanced critical current

) ) ) . ss’uperconducting core retain an energy of over 1 GeV. Thus,
n ‘hef?‘ tapes as a function of the irradiation fluence fo he defect columns are essentially uniform across the super-
0.:90 '? terms of the Bose glass theory by Nelson an conducting core. The onset critical temperatures of the irra-
Vinokur. diated specimens were unchanged By<2 T but it was
reduced to 98 K for the irradiation & =4 T.
Il EXPERIMENTAL PROCEDURE The critical currentsJC(G,B,T) of the specimens were
measured as a function of the anglbetween the tape plane
The single cored tape specimens used for this experimermind the direction of applied magnetic field by a standard
were fabricated by the standard powder-in-the-tube procesfour-probe method in liquid oxygen for temperatures be-
For the B(2:2:2:3 tapes, three sets of the tapes were pretween 54.5 and 77.5 K. The voltage taps were placed across

All of the irradiations were performed at room tempera-
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the central 1.0 cm of the tapéhe uniformly irradiated area

15000

was 2 cm long The current contacts were made outside this f\ ' '(a) Bi(2:;:1:2yAgl o1
area. Similarly, the measurementslof6,B,T) at 27 K were &% T=55K
carried out in liquid neon. (The rotating platform for the <§>°."|>f% ", i
critical current measurements was made such that the speci- 10000 |- °:’£>-.°% S appgaee— 7 ]
mens were transferred from one probe to another without 0@ Q’o. N
resoldering the specimen at the current contadise direc- & fAA‘o 00000004"9?% 10T
tion of the current along the tape was always perpendicular 5000 - v v '.. : .
to the applied magnetic field. Since the transport critical cur- 2, "-....A 15T
rents for these tapes can be quite large at these temperatures, &~ Yot ’ 20T
e.g., over 100 A at 27 K, liquid cryogens were chogether g 0 Tvet000008imie | 25T
than gas or conduction coolihfpr the temperature control- < 30000 . - - g -
ling media. We have found that the temperature of liquid ;Z P\ (b) Bi(2:2:2:3)/Ag A-2
oxygen can remain extremely stable once a desired tempera- ] "a, T=5:
ture is attained. The criteria for the critical current was 10 20000 - 59}9‘:260 s 05T -
Vicm. o 0o, s .
e, 0900000 107
»"’\5‘%;’0.... 15T
Ill. RESULTS AND DISCUSSION 10000 - >>>AAAAAAA %%m 20T A
A. The dimensionality of the vortices TEREs s 30T
at elevated temperatures(T =55 K) o . .
In the following, we will first discuss the question of the -30 o 30 60 90 120 150
dimensionality of magnetic vorticeor T=55 K) in these 6 (degree)

Bi cuprate tapes irradiated by high-energy heavy ions. In
order to do this, we will focus our discussions on the two
particular aspects of the present_measurements,(l)ethe at 55 K are shown for the Ag-sheathed tapegapfBi(2:2:1:2 and
presenceor the absepoeof a peak inJ¢(¢) around§=90° in (b) Bi(2:2:2:3, respectively, which were irradiated with 5.8-GeV
Jc(6) vs 6 plots (At this angle, the defect columns and the  py, 505 19 a fluence of 130101 ions/cn?. @ is the angle between

axes ,Of th_e Bi cupra'te platelets.ar(.a approximately parallel t6he direction of applied magnetic fields and the plane of the tape.
the direction of applied magnetic field®, and(2) the scal-

ing (or nonscaling of the J.(6) with the perpendicular field = 1. )

componentB, to the plane of the tapes. We focus on theseadiated to the fluence of QL0 ions/em? or B,=2 T,

two aspects of the measurements siitethe absence of Measurements were taken at 55 K for various magnetic-field
anisotropy inJ.(#) with respect to the direction of the col- strengths. In Figs. (& and Xb), the values ofl.(6) exhibit
umns has been used as one of the defining means for tiéisplike peaks for both of the tapes upie-2 T, equivalent
pancakelike or 2D vorticés;** and (2) the scaling of the to the matching field,,, about the angl@=90°. The mag-
critical currentsJ.(6) by the perpendicular component Bf  nitude of the peak drastically diminishes although similarly
is also used as an experimental confirmation for the 2D-likeshaped peaks exist f@&>B,, . This is expected from the fact
vorticed (since the parallel component of the field will not that the vortices outnumber the columns bey@&2 T, as
contribute to the dissipative motion of the vortices in a 2Dwill be discussed below. Also, in the case of BR:1:9, the
vortex system However, it is important to recognize that the critical currents were truly independent of the angle [fr
identification of the dimensionality of the vortices being 2D —909<2.5° at all experimental ranges of temperatures and
or 3D could depend on the method that is used to define itmagnetic fields. This is taken as clear evidence for the
and the present method, measurement, is a tool with rather |ock-in vortices in the columnar defects within the full width
strong Lorentz forces on the vortices in comparison Wlthof 5°. The fact that a similar lock-in behavior was not ob-
some of other methods in probing the dimensionality such agqneqd for B{2:2:2:3 is likely due to the larger misorienta-

a rleis_lstlvllty r_neaSL:rertntent. int out that the t ‘ tion angles for Bi2:2:2:3 platelets in this tape than that for
IS aiso important to point out that the tempeérature re'Bi(2:2:1:2). [The other large peaks #@=0° are due to the

gion in this study was belowl, [=66 and 89 K for : ' LS .
o 2 0 . . alignment of the field direction with tha-b planes and are
Bi(2:2:1:2 and B{(2:2:2:3, respectively. Here, T, is defined bviously higher than that a=90° due to the strong inter-

he temperatur which the size of th herence len L
as the temperature at which the size of the coherence leng uO planar pinning. These peaks are sharper for the

becomes approximately equal to the radius of the amorphous. =~ =" - : .
column and it is given by, = \52§0(1—T0/TC)’1’2 wherec Bi(2:2:1:2 than for the B{2:2:2:3 tape, again, reflecting the

is the radius of the amorphous core of the defect coldmn.difference in the degree of the alignment of the platelets.
Below this temperature, the vortex-vortex interaction is as=>imilar results were obtained at higher temperatures for these
sumed to be negligibly small fd less tharB,,. tapes as well as other @:2:2:3 tapes with different levels

In order to examine the first of the above two criteria for Of the irradiation. Thus, the anisotropic pinning along the
the dimensionality of the vortices, the dependenced,td) direction of the amorphous columns clearly establish that the
on the angled are presented in Figs.(d and Ib) for a  vortices in the heavy ion irradiated Bi cuprates become the
Bi(2:2:1:2 tape, specimerD-1, and a B(2:2:2:3 tape, linelike objects, as previously shown by magnetic and low-
specimenA-2, respectively. Both of these specimens werecurrent measurements on the single crystals and films of

FIG. 1. The angular dependences of the critical current densities
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30000 : . : . 15000 . . . .
Bi(2:2:2:3)/Ag B-3 (a) Bi(2:2:1:2)/Ag D-1
(un-irradiated) T=55K
g& T=55K
£ w0 oo B 1 10000 - o = osT
g :A% H 1 tape .oz;"@\ X o 10T
o} 0.5T S
3 ..o A 009 %0.?: 9 e 15T
~° 10000 A D . e 12T ] 5000 | ee:.. A 20T |
.y v o ’ v 25T
. vA
b L I & 'A'A
0 | | | B E 0 \ ) ﬁ@ﬁw )
0.5 0.0 0.5 1.0 1.5 2.0 & 30000 r T ; T
R o e (b) Bi(2:2:2:3)/Ag A-2
B,=B sin6 (T) - A T=(55K VAg
a 0.5T
FIG. 2. The scaled critical current densiti@g(B,) with the 20000 MR
perpend_lcular component  of _the _ applle_d magnetic fields, ﬁA:’M»»%’: e e 15T
B, =B sing, are shown for the unirradiated [Bi2:2:3 tape. »> >.>A‘-JA a 20T
10000 | > eAfAJ Y
Bi(2:2:1:2.%"¥ These figures also show that the vortices in IR
the irradiated Bi2:2:2:3 behave essentially identically to
those in the Bi2:2:1:2. 0 \ . . \
In the above observations, it was clearly shown that the -1 o 1 2 3
vortices conduct as 3D objects when the alignment of the B, =B sin6 (T)

vortices and the columns are within approximately 30°.
However, these results do not address the question of the
dimensionality when vortices are tilted further away from the
columns beyond 30°, the so-called accommodation afigle.
Thus, in the following, we will examine the dimensionality
of the vortices by studying the scalability of the critical cur-
rent densitiesl;(6) with the perpendicular componeBt of

FIG. 3. The scaled critical current densiti@s(B,) with the
perpendicular component of the applied magnetic fieddsare
shown for the data in Fig. 1 fgi) Bi(2:2:1:3 and(b) Bi(2:2:2:3.
Both of these were irradiated ®,=2 T.

: g : . . 2D pancakes for low level irradiatioB 4<1 T except for
applied magnetic fields. First we give an example of scalmgemgog) if a relatively low magnetic field is applied at suffi-

for an unirradiated BR:2:2:3 tape, specimeB-3, in Fig. 2. . . .
ot 3 wes meaned i 55 K. For Gy, ny o so 1 190 Al el focolumay efectsanc e
of the datal (B, ¢) for B=0.5 and 1.2 T and, (B, §=90°), : ! yhg '

are shown in the figure wher®, =B sind. As shown be?]avrfz as 3D f(_)r ]Eh? dnea_trr:]y entlr:e angularl ra][lger,] pa_rl'lucularly

reviously'®1°J (B, ) scales very well abov8, =0.2-0.3 at high magnetic fields. Thus, these results further flustrate
pre N cATL/ Lo : that the line-like nature of the vortices are enhanced by both
T, illustrating that at high temperatures the vortices are ver

weakly coupled along the axis and that the small misalign- ¥1|gher irradiation levels and magnetic fields in these speci-

ment, (halfwidth at half maximum13.19, of the platelets mens, even in the case where the applied magnetic fields
o . . make a large angle with the columnar tracks.

along thec axis is not important for the scaling. In the low-

field region,J.(6) no longer scales witlB, . This is due to

the presence of the weakly connected grain boundaries which 15000 - . -

can transport currents at low fields but not at high fields and m 05T

also to the misalignment of the platelets which limit the o 10T

maximum current of a tape by introducing the perpendicular & 10000 | o 15T ]

component of applied magnetic fields to the platelets even g

though the field is parallel with the tape fa&e"® For com- P I %f. 4 2o

parison with Fig. 2, those data fag(6) in Figs. 1a and Xb) :,3 5000 L Ropeed ]

were replotted as a function @&, in Figs. 3a and 3b). 280

These results of Figs.(8 and 3b) demonstrate that.(B,) Bi(2:2:2:3)/Ag B-1

does not scale witlB, for this set of the specimens. The T=55K

nonscaling behavior al () has become even stronger at a o o . 9

higher irradiation fluenceB ,=4 T. As shown in Fig. 4, how-

ever, for the lowest irradiation level ,=1 T, the scaling for

the entire field range was observed exceptéatose to 90°

and at very low fields where the weak grain boundaries can FIG. 4. The scaled critical current densitids(B,) with the

play a role in carrying the currents as mentioned aboveperpendicular component of the applied magnetic fiedds are

These results demonstrate that the vortices are still like thehown for the Bi2:2:2:3 tape withB,=1 T.

B, =Bsin0 (T)
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3000 : . . ; 3000 ¥ '
T=55K, 6=90° Bi(2:2:2:3) A-2
—— Bi(2:2:2:3) Bo=1T (B¢=2T)
—_ —~ —O— 55K
& 2000 - % e Bi22:2:3) Be=2T oL 2000 - .
E ( ) Bo= ) E e 61.TK
g Bi(2:2:2:3) By=dT ‘é’ B
! Bi(2:2:1:2) B¢p=2T o .
30 i( ) Be=2T | 3 100} 1 s . -0--~ 77.5K
S I N A0 S S
L 0 &
4 5 0 1 2 3 4
B(T) B(T)
FIG. 5. The excess critical current densitie3.(#=90°) at 55 K FIG. 6. The excess critical current densit®3.(#=90°) at 55,

are plotted as a function of applied magnetic fields for the irradiated1.7, 68.0, and 77 K are plotted as a function of applied magnetic
Bi(2:2:2:3 tapes for fluencep=0.5, 1.0, and 2.810" ions/cnt  fields for the irradiated BR:2:2:3 tapes for¢=1.0x 10" ions/cnf.
and the B(2:2:1:9 tape for$=1.0x 10" ions/cnf.

S o Interestingly, it was also observed in Fig. 5 that the mag-
B. The irradiation enhanced vortex pinning nitudes of thel, peaks at#=90°, AJ,, for the low fluence

Before discussing the results of the measuremenis(6j irradiation, are much lower than those with higher levels of

at 27 K, we will discuss the heavy ion irradiation enhance-N€ irradiation. For an examples see the2B1:2:3 tapes
ith the lowest irradiation leveB ,=1 T. This may indicate

ment ofJ. in these tapes. As described below, this become . ST .
importantc in understapnding the results &) and the di- that the vortices are less linelike than those for the higher
. . . . _irradiation. A similar conclusion was also made in the scal-
mensionality of the vortices at low temperatures. Returnlnqng of J(B) for the specimen with the lowest irradiation
H o (o3 4
to Fig. 1, we note that the strength of the peaks}aB0 i.e., J.(0) scaled relatively well withB, except for 6 near

varies 5|gn|f|can_tly_ dep_endmg_ on the yaluesEbfWe W'". . 90°. This may imply that the linelike behavior of the vortices
examine the variations in det?'l by plotting the excess criticaj, e jrradiated tapes is assisted by the magnetic interaction
current densityAJ. at #=90° above the minimum back- 5mong the trapped vortices in the columns. Thus, in the case
ground values of.(6) in Fig. 5. Note that the value of the \yhere the density of the amorphous columns is relatively
AJ can also be considered as the strength of an amorphoysy, e.g.,B =1 T, the trapped vortices are far apart and their
column for pinning a single vortex, sincE /n¢o=Jc,  interaction is weaker than for the case where they are closely
whereF_ is the Lorentz force per unit volume af=n¢,.  packed. This results in the vortices retaining more of the
In order to understand these variations\id.(B), it is help-  pancakelikg2D) nature, particularly when the applied fields
ful to refer to the Bose glass picture of the enhancements iare tilted away from the direction of the columns, i.e., a
critical current densities by the columnar pinning cenfers. softer tilt modulus along the axis for the specimens with
According to Nelson and Vinokurpne expects that the pin- the lower fluence than for those with the higher fluence.
ning strength is a maximum &=B, where all of the pin-  Also, the peak heightdJ, are reduced for the specimens
ning centers are occupied, and excited half loops of the vorwith the highest irradiation fluence, i.8,=4 T (C-1), rela-
tices cannot move into neighboring sites. Boless tharB,,,  tive to those withB,=2 T. This is believed to be due to the
the pinning strength will be lower as the vortices can jumpextensive overlapping damaged areas at this level of irradia-
from one occupied site to an unoccupied site assisted bon as indicated in the reduction . as well as observed in
sufficiently large Lorentz forces and thermal excitations forthe TEM images. However, for this specimen, the vortices
nucleation of the half loops. On other side of the peak wherare strongly linelike even when applied magnetic fields are
B is greater thaiB ,, the extra vortices at the interstitial sites tilted away from the columns by large angles.

among the trapped vortices will be easily moved by the Lor- In Figs. 1 and 5, the peaks i8J.(90°) at 55 K and at
entz forces, causing a diminished value of the excess criticd=0.5 T have completely disappeared for thg282:2:3
current,AJ.. This is essentially what is observed in Fig. 4 tapes withB,=1 and 2 T and it has diminished to a barely
and is in qualitative agreement with the Bose glass pictureobservable level for the R:2:1:2 tape. Although the size
However, it should be noted that the peaksAd. are at of the peak aB=0.5 T at higher temperatures was generally
somewhat lower values @ than atB,. In order to under- smaller than those at higher fields, the peaks were clearly
stand this, we examine the temperature dependence of tldservable for all of the specimens. One possibility for this
peak inAJ. as a function ofB. As shown in Fig. 6, the absence of irradiation-induced anisotropic pinning=80°,
values ofB at which AJ, is a maximum(indicated by the particularly at lower temperaturgs<b5 K), is due to the
arrowy decrease with increasing temperatures. Thus, thisortices becoming more like “2D"” objects as suggested ear-
suggests that the reason for the pealt i being lower than lier by the magnetization measureméthis is a possibility

B, is that the temperature is too high fad. to match with  where the weall (B, ) scaling is observed at low values of
B,. Thus, ifAJ. is measured at some what lower tempera-the perpendicular componei, of the applied fields as
ture, e.g., alf <50 K, it is likely that we would observe the shown in Fig. 2 for the specimens irradiatedg=2 T. This
maximum inAJ. at B, the matching field. scaling was more apparent for the specimen irradiated to a
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lower fluence ofB,=1 T as shown in Fig. 4. However, in

addition to this, there appears to be another factor involved s0000 5 ' ('a) Bi(2:2!:1:2)/Ag 'D_2

in the disappearance &fJ.(90°) peaks. This is based on the A%%._ T=27K

fact that the values af, are higher for the irradiate® ,=1 X 28 "

and 2 T) tapes than thce virgin ones even when the Eﬁapes are 40000 ?v" ',“:°°.°<><> “Ren— 0T
tilted far away from6=90° to the extent that the directional . %, <><><><><> 2.0T
pinning by the columns is no longer effective. This suggests Y 8 '.. M

that there may be small irradiation-induced defects between 20000 - Y fa e T

the amorphous columns which are isotropigth respect to v, AAAAAAMM 4.07

the crystal axis and the direction of the columirs pinning Ng "'v"'mm 6.0T
the vortices and become effective pinning centers at low b, sooog ' ’
temperatures, e.gT<55 K. The enhanced pinning from % ' ('b) Bi(2'2!'2'3)/AgIA-2
these defects can contribute to the diminished peak heights ™ "u T=27K
AJ.. Presumably, the strength of the isotropic pinning by 40000 %<> '-_.
these defects increases faster relative to the anisotropic pin- i ; <><><><>o'- i
ning by the columnar defects at lower temperatures. ﬁ '.. °°m 1.0T
Before examining further the possibility that the small [ %y %e 201
o : 20000 |- A N .
noncolumnar irradiation induced defects play a role in the Vo2 Bn0, 5 o 0T
diminishedAJ, andJ.(6) at low temperatures, we will dis- TYYY Y VY vv— o
cuss possible sources of the defects which are believed to be 8.0T
A i L 0 ; , , ;
cont_rlbutlng to |sotrop|_c pinning. !n ggneral, .when t_he effe_cts 30 0 20 pos % 120 150
of high-energy heavy ion irradiation is considered in relation
6 (degree)

to the behavior of the vortices in high: superconductors,
only the volume or the size of the amorphous columns are
considered. However, as it was previously shdwit! the FIG. 7. The angular dependences of the critical current densities
area damaged by the irradiation extends substantially beyoréd 27 K are shown for the tapes ¢& Bi(2:2:1:2 and (b)

the region of the amorphous columns. Actually, the damage®i(2:2:2:3, respectively, which were irradiated tp=1.0x10"
volume in YBgCu;0; is approximately twice as large as that ions/cn.

of the amorphous region as determined by the measurements

of the pre-edge strengttthe hole density of the oxygen C. The dimensionality of the vortices andJ; at T=27 K

K-edge absorption spectra by electron-energy-loss spectros- In order to investigate the possibility that the disappear-
copy in a transmission electron microscope. Superconductivance of the peaks ihJ. or of the anisotropic pinning at

ity can be reduced outside of the amorphous region due t6=90° is due to the increased pinning strength of the small
the small defect debris which could be created duringdefects at low temperatures, the angular dependendg aif
guenching of the molten material after the passage of high27 K was measured for the tapes,(BR:1:2, D-2 and
energy iong® The instantaneous columnar molten regionBi(2:2:2:3, A-2. The results are shown in Figs(ay and
formed after the passage of the ions is greater than the frozeftb). In both cases, no peak () was observed a#=90°
amorphous area. As described in detail in Ref. 20, a part okt any magnetic field. [As noted, the peaks a1=0° are

the molten region epitaxially grows back before the forma-shifted and the appearance of the plot for th€2B:2:3 tape

tion of the amorphous zone during the freezing process. Albecomes somewhat complicated. Thls is due_z to the_ fact that
though these hypothesized small defects are not seen in highte values ofi,(B) become hysteretic for the increasing and

resolution electron microscopy, it is reasonable to expect thdf'€ decreasing fields at lower magnetic fields and tempera-

there will be small defects, e.g., oxygen disordered regionst,uresé_-rgjs hﬁslteresis c;auzes _tﬂehshift in the p?aﬁg(iﬁ) K
which are created during this very rapid quench processne""rl_OI ra?n lI)S a:goﬁg’;\?vhiwrl;[r; egresi?c?no rt ﬁ\{[\gea_ y
These defects are likely to be the cause the decreased carrfgpPed grain bounda ch may become more notice

. ) : ; able after the irradiatioi.
d_ens_|ty out side of the columns and can be strogropic Is the absence of the peak &(6) at 90° an indication
pinning centers at reduced temperatures.

Itis al h hat th . b il in fiel hat the vortices become pancakelike objects at lowering
tis also shown that there exists a substantial strain fielge e ratyres? In order to investigate this, a second test for
around the columns with a diameter extending to 3—4 timeg,o dimensionality of the vortices, i.e., the scalingJofé)

that of the size of the amorphous columnar region. Thisyit, B,, is shown in Fig. 8 for B2:2:1:2 with B,=2
strain field is a result of the increased volume in the amort it was difficult to use the scaling for B:2:2:3 tape in
phous columns relative to the crystalline volume before itrig. 7(a) since thel, hysteresis has extensively distorted the
was converted in amorphous and this strain could also cause(¢) curves] This figure clearly exhibits that the scaling
the reduction of the carrier density outside of the amorphougf J.(0) is not valid atT=27 K. Thus, it is clear that the
region®? However, since the strain is circumferential to the diminished anisotropic pinning by the columnar defects at
amorphous columns, this will only enlarge the apparent siz¢hese low temperatures, i.e[=<40 K2* is not due to the

of the columnar pinning centers, but will not contribute to vortices becoming quasi 2D objects. Furthermore, X{(@)

the increasedsotropic pinning strength by lowering tem- scaling by the perpendicular component of the applied mag-
perature. netic fields was not observed for either of these tapes,
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60000 , IV. SUMMARY
Bi(2:2:1:2)/Ag D-2 Bt ) . .
T=27K o 207 At high temperatures, e.gI[ =55 K, the magnetic vortices
—~ 40000 ' | become linelike objects when amorphous columnar tracks
€ e ° are introduced in BR:2:1:2 and Bi2:2:2:3 by high-energy
§ Vv"z?% A aor heavy ion irradiation. The linelike behavior is accentuated
~% Vo o“;"u.,, v 60T with irradiation fluence, indicating that the density of the
= 20000 [ VA Qo . . : : ;
0050 amorphous columns, which are occupied with the vortices,
¢A ...... ) H1 tape .
biigg... retards the nucleation of the vortex half loops. At low tem-
v V"'v--v-\-,\,w peratures, e.gT=27 K, the anisotropic pinning by the irra-
°0 2 ; s diation tracks is no longer effective. This is due to the facts
. that the interplanar coupling strength becomes significant
B, =B sind (T) b biing g g

and that the pinning strength by the irradiation-induced small

isotropic defect debris between the tracks becomes compa-
FIG. 8. The scaled critical current densiti&gB, ) for the data  rable with that of the amorphous tracks. Variations in the

shown in Fig. 7[a Bi(2:2:1:2 tape at 27 K. strength of the vortex pinning as a function of the irradiation

Bi(2:2:1:2, D-3 and B{2:2:2:3, B-3, evenwithout irradia- fluence andB for #=90° are well described by t_he concept

tion. This indicates that the interlayer coupling in these su°f the Bose glass put forward by Nelson and Vinokur.

perconductors is sufficiently strong so that the magnetic field Note added in proofA similar conclusion was reached by

in the ab planes contributes to the dissipation in the tapesHardyet al”®in regard to the nature of the dimensionality of

i.e., the vortices behave as a 3D linelike object at these tenihe vortices in the heavy ion irradiated Bi and Tl cuprate

peratures except perhaps at the very low fields. This 3D-likeingle crystals by the magnetization measurements.

state of the vortices in a highly anisotropic superconductor

was previously called an incipient 3D st&f€® Obviously,
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