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The ab-plane magnetoresistan&H) is studied for an extremely anisotropic,Bi,CaCuyOg/Bi,Sr,CuQ;
multilayer with columnar defectCD’s). In a well-defined range dft andT, R(H) exhibits slope changes due
to the pinning of vortices by CD’s. Angular measurements reveal that the dissipation is still determined by the
motion of two-dimensional pancakes proving that the occurrence of this feature is controlled by a field-driven
competition between intralayer vortex repulsion and entropy. We draw the contour of a reentrant pinned liquid
region in the H,T) phase diagram where CD’s decrease the dissipation.
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Bi,Sr,CaCyOg (Bi-2212) oxide superconductors in mag- goal of this paper is to show that even for this extremely
netic fieldH perpendicular to Cu@layers have a phase dia- a@nisotropic system there is a pinning effect due to the CD's
gram characterized by the existence of a large region with i the VL. This effect leads to an anomaly in taé-plane

. . . . 10
vortex liquid state(VL) bounded by the irreversibility line L'e(f'séag'ie.ﬁ'r(')“l?L;‘;;hezoDngnpreg?:iz.gep%rtggggg)é 4 after
H*(T) and the upper critical field linkl.,(T). According to Wever, in ou ' gu g | v

th | i f resistivit d tizati ith irradiation even in the region where anomaly occurs. Our
€ angular scaling of resistivity and magnetization With - a5 1ts demonstrate that the in-plane repulsion between pan-

the ¢ axis component o, this liquid state consists of two- ¢aye vortices is responsible for this feature. In addition, we
dimensional(2D) pancake vortices instead of the usual vor-ggtaplished aH, T) phase diagram with a reentrant region in
tex lines(for a review see Ref.)1 This behavior is a conse- the liquid phase where pinning by the CD’s is noticeable. For
quence of the large anisotropy parameyenf these layered comparison, similar results for irradiated Bi-2212 thin films
materials and of the importance of thermal fluctuations. The~250) are also reported.
introduction of columnar defectCD’s) by heavy-ion irra- Samples are a Bi-2212/Bi-2201 multilayer as well as Bi-
diation is a very efficient way to increase vortex pinning 2212 single-phase thin films grown ly situ rf sputtering®®
even in the VL as it was reported from transport measureThe critical temperature$,;, defined as the inflection point
ments in irradiated’|-based thin fim$and, later on, in Bi- in the R(T) curve, were 91 K for ML and of the order of 87
2212 single crystal®.These measurements demonstrated arK for the Bi-2212 films. The thickness of the films ranged
uniaxial decrease of the magnetoresistance whenapplied from 600 A for ML to 5000 A for the thickest Bi-2212
parallel to CD’s suggesting the restoring of vortex lines. Evi-sample. The films were patterned by optical lithography and
dence of strong interlayer correlation in the VL was alsowet etching into a suitable stripline 1Q@ém wide and 625
found in flux-transformer geometry experiméfitand in Jo-  wm long. The magnetoresistance was measured with a four
sephson plasma resonard®R experiment$~° Recently, it  point contact method using a low current levej (
was reported a dip in theaxis resistivityp.(H) of irradiated <10 A/cn?) and with a voltage resolution better than 10
Bi-2212 single crystal8® Associated with this dip it was nV. Measurements have been performed in a flow cryostat
observed a breaking of the angular scalinggfH).'* This  equipped with a 8 T superconducting coil and a rotating
was explained in terms of a field-driven coupling sample holder. The field-samplalf planes angle # was
transitiont?*2atB~0.38,, (B4 being the magnetic flux den- measured with a Hall sensor, to an accuracy better than
sity at which the number of vortices equals the number 00.05°. Measurements were performed at constant tempera-
defect3. These results contrast with torque and superconture (30 K<T=<T_.) as a function of the field at givefi We
ducting quantum interference device measurements of thieave also measured(#) at constanfl andH. Films were
reversible magnetization in Bi-2212 crysf'ﬁlsand with  irradiated at GANIL(Caen, Frandewith 1 GeV lead ions.
transport measurements in Bi-2212 thin filthsvhen en-  For one of the Bi-2212 thin films, the ang between the
hanced pinning by the CD’s was found to be isotropic. ion tracks and thab planes was chosen to be 45°. In all the
In this work we report measurements of the in-plane magether films, the tracks were parallel to tleaxis, i.e., 6,
netoresistance in the mixed state of a heavy-ion irradiatee- 90°. The films contain a certain amount of natural defects,
artificial superlattice constituted by a stack of half-unit-cell yielding irreversibility lines much higher than those of virgin
thick (15 A) Bi-2212 layers separated by one-unit-cell thick Bi-2212 crystals. To overwhelm these natural defects, we
(25 A) Bi,Sr,CuQ; (Bi-2201). In this system the Cugbilay- have chosen relatively high irradiation dosBg,~2—-2.5 T.
ers are 40 A apart. Consequently, tB&-2212),/(Bi-2201),  These doses induced a slight reductionTgfin the samples
multilayer (ML) is an extremely anisotropic systemy ( (~3-5 K).
>2000) and it can be considered as a nearly pure 2D system Figure Xa) shows a set oR(H) curves, normalized by
with negligible Josephson interlayer couplity*®The main  the normal-state resistance Bt 300 K, measured on the
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FIG. 1. (a) In-plane resistance normalized B{T=300 K) as a
function of transverse magnetic field measured at diffefefur a FIG. 2. (@ In-plane resistance W at different orientations for
Bi-2212/Bi-2201 multilayer showing the inflectidarrows due to  the Bi-2212/Bi-2201 multilayer(b) Angular scaling of the curves
the pinning by the CD’s(b) The same in log-log representation for shown in(a) by using thec-axis component oH, H sin 6. All the
a Bi-2212 thin film afT/T.=0.89. The pristine behavior &(H) is  curves collapse int®k(H,#=90°), i.e., withH parallel toc axis
also plottedsolid line). The inset in(b) illustrates the determination and to CD's. Inset in(b): Normalized resistance as a function of
of H, andH, by using the derivative oR(H), dR/dH. angle showing the absence of any directional effect, in particular of

a minimum inR(H) whenH is parallel to CD’s.

irradiated ML at constari in a magnetic field perpendicular
to theab planes. The remarkable feature of these curves isia, such as subtraction &(H) after and before irradiation,
the presence of an anomaly signaled by successive changasre also considered giving similar results. This
of the slope ofR(H) (see arrowp This effect is visible in a R(H)-feature was observed farranging fromT~0.98T; to
well-definedrange ofT andH. It was also observed in all the the temperaturel,~0.8T . for which the irreversibility field
Bi-2212 irradiated samples and is more pronounced for thés of the order of 0.2B4 . At high T, very close toT,, the
most anisotropic sample. We have performed measuremengmomaly is washed out arfiR{H) follows the pristine behav-
with different current densities without any significant modi- ior. On the other hand, beloW,, the first change in the
fication of this feature. In Fig.(b) we compare in logarith- slope ofR(H), i.e., the minimum irdR/dH, is lost and only
mic representatioiR(H) at T/T.=0.89 of a Bi-2212 fiim H, can be determined. At even low&r(not shown, of the
before and after e-axis irradiation B =2.5 T). We can see order of 0.6, dissipation appears foB=2 By and no
that for the pristine sampléR(H) increases monotonically signature of the CD’s is observed R(H).
without any anomaly? Therefore the inflection observed af-  In order to investigate the possible linelike behavior of the
ter irradiation can be attributed to the presence of CD’s evenortices we have performed angle-resolved measurements.
in a quasi-2D system as the ML where Josephson interlaydfigure 2a) shows a set of normalized resistance curves for
coupling is negligible. As no theory is available to calculatethe ML taken at constant and differenté, ranging fromH
R(H) we can only make a qualitative description and discus<lose to being parallel to the Cyayers toH parallel to the
sion of the facts. Concerning thé dependence we observe c axis. It is clear that th&(H)-anomaly depends strongly on
that, when the dissipation sets in, there is a first rise of thehe orientation of the applied magnetic field. In particular,
resistivity, even faster than before irradiation and at a certainvhenH approaches thab planes, it is enlarged and shifted
characteristic fieldH, the rate of increase slows down. At a to higher values oH (beyond our available range &f at
higher fieldH,, there is another change in the slopdr¢H) very small angles In fact, this just reflects the typical angu-
and the behavior before irradiation is recovered. We deterar behavior of quasi-2D samples. In FigbRwe plot theR
mined quantitativelyH,; and H, from the position of the values of Fig. 2a) as a function of the-axis component of
extrema indR(H)/dH. This is illustrated in the inset of Fig. the field, H sin 4. Now, as it was the case before
1(b) whereH, andH, are indicated by arrows. Other crite- irradiation?’ all the measuredR(H) curves collapse onto a
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FIG. 3. Arrhenius plot oR(T,H) for the same Bi-2212 film as ¢

in Fig. 1(b). The Arrhenius behavior dR(H) is still observed after FIG. 4. Semilogarithmic representation of tHe,T) phase dia-
irradiation but the narrower spacing between curves for 64T gram for the highly anisotropic Bi-2212/Bi-2201 multilayer and Bi-
<2 T reflects the pinning by the CD’s. The inset shows the activa5212 fiims in the presence of CD’s. Solid symbols represent the
tion energy before and after irradiation as a functiorHof irreversibility line. Open symbols atd; andH, obtained as in Fig.

. ) 1(b). Region Il corresponds to the presence of R{¢l)-anomaly
single one, namely, the one measured Vkitiperpendicular  jhquced by the CD's. The other field regions are described in the

to theab planes. The arrows indicate the end of each curveext. samples are a multilayécircles irradiated a8, =2 T and

of Fig. 2(a), i.e., the data point correspondinghio=8 T. As  Bj-2212 films irradiated aBg, =2 T (square} 2.5 T (triangles, and

a further check we have also measuRreds a function obat 2.5 T at 45° off thec axis (diamonds. Characteristic fields from

T andH fixed. An example for the ML is given in the inset of JPR dataRef. 6 are also showttsolid line).

Fig. 2(b) for two selected temperatures ahil=1 T. Two

comments should be made from these results. First, we note3 T), Ug(H) tends to recover the pristine behavior.

that there is no decrease of the resistance vhés applied Plotting the fieldsH,; and H,, determined as indicated

parallel to CD’s(see insét in contrast to the effect observed above for the different samples, we draw a contour in the

by other groups ifTl-based thin film&or in Bi-2212 single  (H,T) phase diagram delimiting a reentrant region in which

crystals’ We have exhaustively scanned over a wide rangehe CD’s decrease the dissipation. Moreover, if we Bse

of H andT for all the samples studied here and no directionaland T, as normalization parameters thisl(T) phase dia-

effect was found” Second, theR(#6) curves also follow the gram becomes universal for the ML and Bi-2212 filffs.

2D angular scaling, i.e.R(H sin #) coincide withR(H,6  Figure 4 shows this diagram in semilogarithmic representa-

=090°). This scaling was also observed for the Bi-2212 filmtion for all the studied samples. The open symbols corre-

irradiated atg;=45°. In this case the dissipation was found spond to the obtaineti; andH,. The solid symbols indi-

to be the same whelH was applied parallel to CD’s or per- cate the irreversibility lineH* (T), delimiting the solid and

pendicular to them. Angular studies demonstrate that vortitiquid vortex phases. This was determined from the onset of

ces are able to accommodate onto the CD’s at any afigle dissipation above our experimental resolutionRaT,H, 6

i.e., behave as stacks of pancakes. Thus, CD’s decrease dis90°). This figure clearly shows the existence of a universal

sipation butno angular selectivity was foundhis angular  behavior independent of anisotropy after irradiation. First,

scaling ofR(H) in the VL agrees with that reported for the the H*(T)/B,, line is almost the same for all the irradiated

reversible magnetization in irradiated Bi-2212 crystéls. samples and it is similar to those obtained for Bi-2212 single
We have also studied tHe(T) curves measured at con- crystals irradiated at a comparable do$éSecond, the re-

stantH. Figure 3 shows the Arrhenius plots for the magne-gions in the VL where theR(H) anomaly induced by the

toresistance of the same Bi-2212 film as in Figo)lbefore  CD'’s is noticeable coincidéregion Il in Fig. 4. For com-

(line) and after(circles irradiation. We can see that the onset parison, the characteristic fields obtained from JPR data

of R(T,H) is well described by an Arrhenius-like behavior, (Ref. 6 are also shown. A very important point is that we

R~Rye Yo/T with U, the activation energy. Hence after have shown that both the 2D angular scaling and the ther-

irradiation the dissipation is still due to thermally activated mally activated pancake creep are still observed after irradia-

creep of pancakes even in the region where the anomaly ition in the VL. These results indicate that the dissipation is

R(H) occurs. In Fig. 3 we may notice that the spacing be-till determined by the motion of 2D pancakes. Pinning in

tween curves obtained at different fields is smaller after irrathe liquid phase and, therefore all the featureR@fl), are

diation forH<B,, (for example, comparing the curves at 0.2 controlled by the density of pancakes in thb plane inde-

T and 0.7 7. In fact this reflects thél behavior ofUy, shown  pendently of any recoupling of the vortex. We therefore dis-

in the inset of Fig. 3. After irradiationlJo(H) strongly in-  cuss the physics of this reentrant pinned liquid just in terms

creases Uq/Uy~1.4 for H=B,/2) for H>0.4 T which  of intralayer interactions.

coincides fairly well withH, determined as in Fig. 1. This Confinement of vortices on CD’s in the VL is controlled

suggests the presence of a field-driven mechanism controlby the competition between entropy favoring delocalization,

ling all the features of the dissipation. At higher fieldd ( the energy gain obtained by localization onto the CD’s and
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the repulsive intralayer interactions between vortices whichions. So,the competition between intralayer repulsion and
increase wittH. For large irradiation dose®(,>1 T) and at ~ entropycontrols the feature observed R(H).

low fields (B<B,) it was proved that the entropy term is  In conclusion, we have shown a field-inducett(
dominating?® Here (region | in Fig. 4, vortices are able to ~0.25 Bg) decrease in the dissipation of a heavy-ion irra-
hop easily between the large number of available CD’s givdiated quasi-2D (BBr,CaCyOg)/(Bi,SL,CuQ;) multilayer

ing a slightly higher dissipation than in the pristine sample.due to the accommodation of vortices onto the CD’s. The
As H increases, intralayer vortex repulsion becomes moralidity of the 2D angular scaling proves that the magnetore-
important and, at a given fieldd,~0.25 By, it begins to S|s.tance is s't|II controll'ed' by the motlon_of 2D.pa'nc'akes.
dominate over entropy giving a reduction of vortex mobility 1S feature inR(H) delimits a reentrant pinned liquid in a
which leads to the slope changesR(H) curves(region II). (H,T) phase diagram experimentally established. The
At higher fields(region 1ll), H>H,~Bg, the number of vor- ogg'gp;f ;?r;iirrlzglgrrle%ydugngo i??)lai:r?em%%tgleog rb::)tmgi%?\
Flces greatly exce_,-eds the number of gva_nable defect Slte§\’/hich is driven by thec-axis component of the magnetic
intervortex repulsion also overcomes pinning energy and th eld

dissipation is determined by pancakes that are never local-"

ized on CD’s. Hence we recover the pristine behavior. At We greatly acknowledge M. Konczykowski and C. J. van
high temperature, close fb,, the effects of CD’s also dis- der Beek for the different irradiation experiments and the
appear due to the stronger importance of thermal fluctualatter for critical reading of this paper.
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