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Confinement of fluxons by surface columnar defects in BigPbg 3551, §/Ca,Cu30, tapes
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Istituto Nazionale di Fisica della Materia-U.d.R Torino-Politecnico, Istituto Nazionale di Fisica Nucleare-Sezione di Torino,

Politecnico di Torino, C.so Duca degli Abruzzi 24, 10129 Torino, Italy

L. Gherardi
Pirelli Cavi S.p.A, V.le Sarca 222, 20126 Milano, Italy
(Received 26 February 1998; revised manuscript received 8 September 1998

We study the effects adurfacecolumnar defects created along about 5% of the sample thickness by means
of 0.25 GeV Au ions at different doses on @Phy 3551 5/CaCus0, high-quality tapes on the vortex dynamics
in the sample bulk. Strong phenomena of vortex localization insidebthie are revealed by shifts of the
irreversibility lines(IL's) as well as by their after-irradiation shape. The enhanced IL’s exhibit specific char-
acteristics, such as a Bose-glass-like behavior up to quite high fields, with a dose-dependent onset point.
Moreover, the irreversible regime expands with decreasing defect density. Such results are consistent with the
setting up of confined vortices morphologies. Experimental data concerning the IL with the field orthogonal to
the columnar defect direction as well as critical current density enhancements are also reported and discussed.
[S0163-18299)01205-9

. INTRODUCTION a strategy applied to melt-textured bulk Yas0,_, pro-
duces the expected localization phenomena. In particular, it
The characteristics and the signatures of different vortexroduces the setup of the well-known Bose-glass phase.
lattice phases in higfiz superconductors are subjects of ex- The most characteristic feature of the experimental results is
tensive experimental and theoretical resedréfihese stud- that the shift of the IL, as well as the critical current density
ies are driven by the need to pin the magnetic flux, whose@ain, do not depend on the irradiated volume-fracti@mg-
easy motion generates dissipation, especially at temperaturexy from 5 to 13% of the whole sampléut only on the
near the nitrogen fixed poinf77.4 K). dynamical state before irradiation. The enhancements are the
Irradiation with swift heavy ions induces correlated disor-same at the sam@/T;,, B/B;,) phase point?
der provided by columnar defects crossing the whole In this paper we address the matter by studying a
samplé’ or the greatest part of f.Such defects can pin materiaf® with different intrinsic elastic and anisotropic
magnetic vortices in a very efficient way at rather high tem-properties, BjgPh, 355n s CaCus0, (henceforth denoted
peratures, by inducing a sharp Bose-glass phase transiti@#SCCO-2223%1-2*Columnar defects were created on a sur-
with vortices localized in the pinsThis transition results in  face layer of about 5% of the total thickness. Measurements
a widely shifted irreversibility lin&° (IL) and particular were performed on six well-characterized BSCCO-2223
creep regime&’ Control of the vortex dynamics can be fur- samples, irradiated by gold ions to have five defect densities
ther enhanced by optimizing the angular dispersigplay) corresponding to equivalent fieldgnatching fields,B,)
of tracks™ An alternative approach to produce splayed co-ranging from 1 to 5 T* The results show that on this com-
lumnar defects is to generate fission tracks by means of higlpound surface irradiation produces IL shifts of the same or-
energy proton irradiatio’? Also in this case, the splay der of magnitude as obtained by tracks crossing the whole
angles must be controlled in order to expand the irreversiblgample?®2° However, the after irradiation IL’s exhibit char-
regime®® Nelson recently suggested a method to confine thecteristics particular of the kind of fluxon arrangement al-
motion of vortices, near the It* The center of mass of the lowed by the surface defects topology.
vortex is kept in place by applying a small alternating ac The main characteristics of the after-irradiation irrevers-
magnetic field orthogonal to a background dc field. The aldbility lines are (i) the shift starts at an onset phase point,
ternating field drives vortices through alternatively oppositedepending on the doséi) for fields just above such point, a
directions!® and produces braidened structures which preBose-glass-like transition is observed up to another phase
vent creep formation. The procedure is suitable when th@oint where a kink shows ugjii) the irreversible regime
temperature is high enough to allow easy motion of a sofexpands with decreasing defect density.
structure of correlated vortices along the whole sample. We show that data-fitting parameters are consistent with a
Recently, we proposed a strategy to pin vortices in bulkpicture of vortices pinned in the irradiated part, but wander-
materialsi®'’ This method consists in irradiating only sur- ing and twisting in the remaining part, even though confined
face layers of bulk materials with heavy ions of relatively in a space determined by the columnar defect distances. An-
low energy(197 Au'®* at 0.25 GeV. In this way, correlated isotropy is canceled in a large range of fields around the
disorder pins vortices in a limited part of their length, while kink. Current density enhancements are in accordance with
in the remaining part the vortex is allowed to wander, keepthe main characteristic trends of the IL's and confirm that
ing its center of mass roughly in place. We showed that sucBuch particular “buffer” layer can induce confined vortex
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morphologies. Moreover, it is very useful in order to shift to
higher fields the “collapse” of the vortex lattice inside the
bulk.

Il. EXPERIMENTAL DETAILS

The samples, all monofilamentary Ag/BSCCO-2223
tapes, were prepared by the powder-in-tube technique. The
thickness of the superconducting core was 108.2° Be-
cause of the limited penetration depth of Au ions in silver,
silver was removed on one side of the tape. The critical
temperature, as determined from the onset of the diamagnetic
signal, is 108 K and it is almost unaffected by irradiation.

0.25 GeV Ad®" ion irradiations were made on six twin
samples at the 15 MV Tandem XTU facility of the INFN-
Laboratori Nazionali di LegnardPadova, Italy with flu-
ences ranging from 0610 to 2.5x 10'ions/cnt. These
fluences correspond to dose equivalent fieljs, ranging
from 1 to 5 T. The beam direction was parallel to thaxis.

As estimated by means of®iM code simulatiort, 0.25
GeV ®7Au ions produce columnar defects abouytr® long
in our BSCCO-2223 samples. Above this length, the energ
released to target electrons is underthreshold for the form
tion of columnar defects?2but some linear correlation be-
tween the defects is expected up to implantation at about 1
pm. For high-energy gold ions the estimated defect diametey,
ranges from 16 to 6 nm, as a function of the penetratio
depth?®3°

The irreversibility lines of the set of six samples were
determined before irradiation and the overlapping of th
curves within the experimental errors was verified. Five
samples, irradiated at different fluences, were characterize
with the magnetic field parallel to the ion tracks in order to
determine IL's and enhancements of the critical current den-
sity Jc. The sixth sample was irradiated B,=2 T and
characterized for both magnetic field orientatidfisld par-
allel or perpendicular to the ion tragkim order to check the
anisotropy properties.

All the magnetic characterizations were performed by
means of a Lakeshore 7225 magnetometer/susceptomet
The irreversibility lines were determined by the onset of sus-
ceptibility third harmonié! at 1000 Hz, while the current
densities were evaluated from isothermal dc hysteresis loops.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 showsB;, vs T curves for five twin samples
irradiated at five different fluences. The magnetic field was
applied parallel to the ion tracks. Unlike what happens for
tracks crossing the whole sampfethe irreversible regime
expands with decreasing defect density in the range of the
investigated fluences, froB,=5T to B,=1T. The after
irradiation IL's exhibit features usually related to fluxon
localization®? However it must be stressed that in our defect
topology the irradiated samples show localization phenom-
ena only above an onset phase pdiRy,,B,,).> As the field
increase above this point, all the curves show a kink, which
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We conjecture that foB,,<B< B, the vortices are lo-
calized on tracks in the irradiated part of the sample, while in
the remaining part they are allowed to wander, roughly keep-
ing their center of mass in place.
In order to check the above hypothesis and to compare
our phase diagram with the diagrams for percolating tracks
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FIG. 1. Irreversibility lines for the unirradiated sample and for
samples irradiated with different doses, ranging fBg=1-5T.
In the inset the onset phase poi.,T,, is indicated for the
sample withB4,=5T.

respectively, and the onset fiel,,, can be better high-
lighted in the log-log plot of Fig. 2. One can check how all
¥he IL’'s measured before and after irradiation follow, in the
arémge of fields considered, the laBy,o<(1—T/T.)¢, with
ifferent values of the exponent for different dynamical
egimes. In logarithmic scaleB;, vs (1-T/T.) of Fig. 2,
the different regimes result indeed in different linear slopes.
“I'he kink is found as the crossing point between the curves
with exponentsx” and ™. In Fig. 2 are indicated both the
onset and the kink of the sample irradiated wBg=5T.

he position of the kink is shifted towards lower reduced
tgmperaturetzT/Tc, and reduced field3/B,,, as the den-

éﬁhoroughly investigatedwe perform the analysis suggested
in"Ref. 6. Such an analysis is based on the assumption that

is a signature of the Bose-glass transition. We focus our FiG. 2. Irreversibility lines for the unirradiated sample and for

analysis on the region between the onset and such kink.

samples irradiated witlB;=5 T. The linear slope in the log-log

The crossover field8,;, ,5%'® between the two regimes plot gives the exponents in By, (1—T/T)* law. The onset and
corresponding to the higher and weaker localization regionghe kink (see text for the irradiated sample are also indicated.
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FIG. 4. Irreversibility lines for the unirradiated sample and for
samples irradiated witB4,=5 T. The solid line is a fit of the ex-
perimental data, betweeBy,, and By, with Eq. (2) (see text

FIG. 3. Irreversibility fieldsB;,, normalized toBg, as a function
of (1-T/T.), for different irradiation doses. The position of the
kink is shifted towards lower reduced temperattireT/T., and

reduced fieldB/B,, as the density of tracks increases. This value has been included notwithstanding the quite low

) o number of available experimental points because the general
the vortices are allowed to lay within columnar tubes of ayend is nicely followed. The parameterin our case is cru-
given size An analytic expression of the IL fB<BuniS  cial, in that it relates the interdefect distart@nd the con-
then derived by finement diameteb,, which we do not assungpriori to be
the equal of the defect diameter. In order to obtajrfrom y
B , we selectedt,(0)=14 A (Ref. 34 and Gi=0.12 A single

(1+y) value ofb, for the different doses could not be found. Table

wheretge=Tgg/T. is the Bose-glass reduced temperatureI shows t_he values di, at different values OB¢'. The order

and t,,=T.,/T. is the reduced melting temperaturé; OT magnitude of t.he fluence-depgnddn}; IS In average

=B/Bm2(0)m ¢ " higher than the diameter of gold-ion columnar defect re-
[+ )

ported by Zhuet al?® and this conclusion does not depend

_tn(B)+¥(1-b) "

b2/(16d) on the particular value chosen f@g0). In Table | the
y= 0—; average distances between defects at the respective irradia-
£ap(0) JGi tion doses are reported for comparison. Considering lihat

roughly scales with the irradiation dose as the interdefect

?rgclzisth;?cjefgiatr?leagie:fgulrs ttlﬁrﬁ\éz:ﬁg;gésrt?gizkzemgen distance, we interpret the fitted valueshgfas a diameter of
’ . 9T . the vortex “confinement” cross section, which now takes
account the experimental findings of the existence of an on;
) : . . the place of the columnar defect cross sectlpnrepresents
set point, we assumed a Bose-glass-like behavior with dosef-
dependent onset, modifying E€l) by the introduction of a
parameterA. Upon renaming the irreversibility temperature

in this confinement regime a&.gns, With teon™= Teont/ Te

he transverse size of the vortex bundle with a part pinned
into columnar defects near the IL. Different sizes are allowed
for different doses and the smaller ones correspond to higher
fluences.
t(B)+y(1—b) In order to perform a more detailed investigation of the
main characteristics of the vortex phase induced by the sur-
(1+7) face defect topology, we analyze the results by means of a
Moreover we observed that the IL of the irradiated sampldurther comparison with the analysis mentioned above.
coincides with theT ,(B) curve for fields lower tha,, and In Ref. 35 the IBM group expressed the pinning efficiency
temperatures higher thaf,,, namely the(T,,,B,,) point 7 for Y-Ba-Cu-O as»=0.25/(1+&Bg)xB* /By, Wheree
belongs to bothT,(B) and T.,,{B) curves(see inset of
Figs. 1 and 2 This condition finally givesA=y(1-b
—ton)/(1+y) and

tCOm( B) =

TABLE I. Values of the fitting parametergandt,,, relative to
Eq. (2) for different irradiation dose84 . The values ob,, de-
duced fromy with £,,(0)=14A (see text, andd, the average
distance between defects, are also reported.

t(B)+ yt
toonf(B) = DL Von @)
(1+7y) Bo (T) b ton by (nm) d (nm)
with to,=T,/T.. We fitted our data by means of E®), 1 3.61+0.12 0.885:0.001 33.80.6 44.7
with y andt,, as fitting parameters and assuming the preir- 2 3.26-0.18 0.8370.002 27.2-0.8 31.6
radiation irreversibility line as a good estimate Qf(B). 3 1.77+0.17 0.82&:0.006  18.3:0.9 25.9
Figure 4 shows the resulting fit for thB,=5 T sample, 4 1.50-0.04 0.8070.002 15.4-0.2 22.4
while in Table | are reported the fitting parameters for all 5 1.060.04 0.8050.004 12.302 20.0

samples including the sample irradiated at lower fluence
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FIG. 5. Field of the kink and field of the onset, normalized to  FIG. 6. By, /Bg as a function of (+T/T,,), on logarithmic
Bs, as a function oBg, . The curves are fits of the data with Egs. scales. The fit of data with the laBy/Bg<(1—T/To)? gives
(3) and(4), with the fitting parameters reported in the figure. the value8=0.49+0.03.

=7?/(2®,), 7r? being the track cluster areg, is the flux  tracks turned out to be the right one to produce full overlap
guantum, and* is the accommodation field, introduced by with the IL measured foB perpendicular from a point phase
Nelson? Our hypothesis is that the field of the ki, is  just above(T,,,B,) up to fields higher thamy,.. The IL
also proportional toB* in a 3D regime and, as a conse- measured foB perpendicular to the ion tracks remained al-
guence, that most unchanged. The overall effect is the abatement of the
IL anisotropy after irradiation, at high temperature and rather
high field.
Bkink/B®:1+8.B¢’ (3) It has been already suggested in the literature that irre-
versibility lines measured by means of ac methods are in
wherec is a constant. We fitted our data by means of thisyecordance  with  the  IL's produced by transport
expression, withe and ¢ as fitting parameters. Results are measurement® because in both kinds of measurements the
reported in Fig. 5, where the values of the parameters argame relaxation time window is involved. On the contrary,
also indicated. From this analysis results a confinement diespecially for BSCCO-2223, dc magnetic measurements do
ameter 2~36nm, of the same magnitude order of the pa-not only underestimaté, strongly with respect to what can
rameterbo eVaIUated abOVe. As preViOUSly Out”ned, in our be expected from transport measureméﬁmﬂ: also the er-
case 2 does not represent the average diameter of trackyr rate depends on the priori different creep regime in-
clusters, but rather represents the average transversal dimgjsived. Because of this, for BSCCO-2223 tapes it is some-
sion of a confined vortex line. In this kind of fit the value of pow wrong to comparel, before and after irradiation
r obviously is the result of a spatial averaging as well as okyaluated by means of the amplitude of the dc magnetization
an averaging over differeriq,. The order of magnitude of |oop at a given field. However, these measurements offer
the value obtained confirms this intel‘pretation in relationsome further information Concerning hOW Surface defects Op_

with the analysis by Eq(2). Also the lower limit of the erate. In fact, the “apparent” enhancements of the measured
confinement regiorB,, fits the same dose dependence. In

Fig. 5 is reported a fit of the data with the expression . ——— . . T
before irr.
—a— Bllab

c’ N

Bon/B¢=r'B¢, 4

—eo—B|ic

after irr. (B¢ =2T) 1
—=&— Bjjab a

similar to Eq.(3). The value of the parametey, i.e., the
value of the confinement radius, is, within errors, the same as
in the previous case. We can therefore conclude that, in our
case,Bon* Byink* 7Bg -

Figure 6 reports the curvB,;,«/Bs as a function of (1
—T/Tyy. The fit of data withByn /By (1—T/T,)? gives 11
the valueB=~1/2, suggesting the existence of a longitudinal :
correlation length vanishing &=T,,, and not atT=T,. 0+ ’ I
This phenomenological parameter is expected to be propor- 50 60 70 80 90 100 110
tional to the longitudinal size of coherently pinned segments T(K)
of vortices at a given dosg.

Au-ion irradiation caused a marked reduction of IL an-  FI|G. 7. Comparison of the anisotropy of IL’s before and after
isotropy as well as o8 anisotropy, as shown in Fig. 7. In irradiation, for the magnetic field applied parallel and perpendicular
particular, the IL's shift measured fd parallel to the ion to ion tracks, i.e., to the axis of the samples.

—o—Bjc

B, (T)
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FIG. 8. Critical current enhancements as a function of the ap- FIG. 9. Critical current density before and af@@§=2T irra-
plied field, for different irradiation doses. diation. The solid line is a fit of the data with the laly<H?. We
found 6= —0.91+0.03.
currents at a giveB,, increase with temperature and are in a
qualitative accordance with the IL behavior as a function ofbulk layer by inducing local confinement of the fluxon lat-
fluence(Fig. 8). tice, starting at a dose-dependent phase point. In particular,
In addition and in accordance with previous restiltat  lateral wandering is allowed inside tubes whose cross section
rather high temperature these kinds of defects produce thgy is dose dependent. Another underlying relevant phenom-
recovering of an ultrafast decay of the currents to a decagnological parameter could be a longitudinal correlation
approximately following a H law (Fig. 9). Due to the fact length, which vanishes d=T,,. At least the first parameter
that the currents before and after irradiation are estimated a&cts as a boundary condition for the allowed morphologies of
a given field after the same time delay, we can deduce thahe fluxon arrangements at a given dose.
such defects strongly reduce the creep rate. In other words, In summary, the particular strategy involved in surface
an apparent regime very near to collapse of the vortex mattarradiation “de factd employs in the bulk the very low
is transformed into a collective-pinning regime withH1/ elastic energy surviving at high temperatures, with just a
behaviof’ which is the signature of a regime dominated by little external energy supply due to surface columnar defects,
elastic energy. In our case the columnar pinning energy acto obtain somewhat ordered vortex morphologf&she mat-
ing just along a small part of the full length of the sample ister is worthy to be extensively investigated, both from a fun-
not sufficient to avoid wandering in the affected part, butdamental and technological point of view.
provides a restoring force. This force is high enough to avoid
segments of longitudinally correlated vortices to diffuse ACKNOWLEDGMENTS
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