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Vortex pinning by columnar defects in Bi,Sr,CuO, thin films:
A detailed study of the directional effect
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(Received 1 August 2000; published 15 March 2001

We present experimental results on the angular dependence of the magnetoresistance and critical currents of
Bi,Sr,CuQ, thin films irradiated by 1 GeV Pb ions along theaxis with a matching field oB,=2 T. When
the magnetic field is applied parallel to the defects, we observe, for9/4H<1.4T and 1.5KT<T, a
minimum of magnetoresistance or a peak of critical current that can be explained in terms of localization of
vortices into defects as predicted in the Bose-glass theory. Two regimes of pinning are foundg;Hfor
<1 T vortices are pinned individually into the defects. However, the field dependence of the macroscopic
pinning force indicates that due to the random distribution of defects, not all the vortices are pinned even in this
low field regime. AboveuoH~1.2 T, vortex interactions become important and the directional effect disap-
pears sharply atcH~1.4T, i.e., well below the matching field. Pinning is found to be optimal for a field of
the order of By/2. The comparison with earlier results on ,8,CaCyOg thin films and
Bi,Sr,CaCyOg/Bi,Sr,CuQ, multilayers allows us to argue that for thin films, anisotropy is the parameter
which controls the occurrence of the above directional effect. Thus, columnar defects can be seen as a sensitive
probe of vortex dimensionality.
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[. INTRODUCTION angle was compared to the experimental results on
YBa,Cu;0O; (Ref. 5 and ThBa,CaCyOg (Ref. 3 com-
An efficient way to increase pinning in high-temperaturepounds and two main difficulties were found to arise: firstly,
superconductors is the creation of columnar deféCi3’s) close to the critical temperatut@here the minimum in mag-
by heavy-ion irradiation. It has been proven that their lineametoresistance is obseryethe role of thermal fluctuations
geometry enhances the vortex correlations alongctleis  could be very important and, in fact, it seems to be this
leading to new and completely unexpected vortex states aftemergy which controls the accommodation, thus masking the
irradiation which are controlled by the interplay between theinterplay between elastic and pinning energies. Secondly, for
several energies involve@-axis correlations, in-plane vor- high magnetic fields, vortex interactions cannot be neglected,
tex interactions, thermal fluctuations, entropy, vortex-latticeindividual vortex pinning is no longer a valid approximation
elastic energy, etc? This is one of the reasons why this to the problem and an evaluation of the accommodation
technique has deserved in the last few years much experangle in terms of vortex lattice elastic energy should be re-
mental and theoretical work in highly anisotropic compoundsquired.
as BpSrCaCuyOgq (Bi-2212). The directional effect was observed both in Bi-2212
One of the most striking features observed in heavy-iorsingle crystal$®’ and in Bi-2212 tape¥? In contrast, in all
irradiated superconductors is the presence of a minimum ithe reported results on heavy-ion irradiated Bi-2212 thin
the magnetoresistance or a peak in the critical current whefilms, it was found that pinning induced by the CD’s is al-
the magnetic field is applied parallel to columnar defécts. ways isotropic®~1’ Several possibilities have been consid-
Both features show that the presence of correlated defects, ased to explain these different behaviors: characteristic thin
the CD'’s, induces a uniaxial increase of pinning along thefilm geometry, strong influence of other defects in thin films,
direction of the tracks which has been also seen in aetc. However, none of these hypotheses leads to a satisfac-
screenind, irreversibility line®® flux transformer, and Jo- tory answer and the reasons for these differences between
sephson plasma resonafftét measurements. This aniso- thin films and single crystals remain unclear.
tropic pinning, predicted by the Bose-glass thebiy attrib- The main aim of this work is to present a detailed angular
uted to the alignment of vortices into the CD’s and to thestudy of the pinning enhancement induced by columnar de-
consequent increase ofaxis coherence. Thus, vortices be- fects in BpSr,CuQ, (Bi-2201) thin films. Bi-2201 com-
have as 3D flux lines instead of 2D pancakes. Obviouslypounds are much less studied in the literature than other cop-
vortex localization into CD’s is also possible at angles tiltedper oxide superconductors such as, for instance, Bi-2212
away from the direction of the tracks as long as the gain irand, therefore, their physical properti@isotropy or vortex
condensation energy can compensate the energy cost of tilnatter, for exampleare almost unknown. We will show
ing the vortex into the CD’s. The study of this effect should that, unexpectedly, Bi-2201 compounds present a vortex pin-
let us obtain interesting information about both energies. Aming behavior quite different from that observed for other
angular width for the decrease of dissipation was derivedi-based thin films. For this study, we have performed an-
from the Bose-glass theory for the case of one single vortegular measurements of magnetoresistance and critical cur-
accommodated on a single defécThis accommodation rents in widely varying applied magnetic fields and tempera-
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tures. First, in Sec. Il we will show that an uniaxial increase B st la | CuO
of pinning can be observed in Bi-based thin films in the 2oL 00y
vortex liquid state as well as in the solid state. The low
critical temperature of these compounds~4 K after irra-
diation) reduces the importance of thermal fluctuations and
allows us to carefully study the temperature and magnetic
field dependence of the accommodation angle just in terms
of interplay between pinning energy and elastic endiggc.

IV A). The behavior of the macroscopic pinning force, which
has been derived from the critical current measurements, will
be discussed in Sec. IV B. Finally, we will compare the re-
sults on Bi-2201 thin films with our previous results on
heavy-ion irradiated Bi-2212 thin films and Bi-2212/Bi-2201
multilayers where no directional effects were observed. This
comparison will help us to clarify the abovementioned dif-
ferences between Bi-based thin films and single crystals.
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Il. EXPERIMENTAL DETAILS 9] 6.8K

The experiments have been performed on several
Bi,Sr_xLa,CuQ, thin films with x=0 (Bi-2201) or x 0.08
=0.05 [Bi(La)-2201] grown by in situ rf sputtering*® -
Samples were irradiated at their optimally doped state with 0.04
critical temperature3; (defined as the temperature at which
the resistance vanishesf 15 K for the Bi-2201 films and 20
K for the Bi(La)-2201 thin films. Irradiations were per-
formed at GANIL with 1 GeV Pb ions with the beam per-
pendicular to theab planes of the samples. Details of irra-
diation experiments are similar to those given by van der FIG. 1. Magnetoresistance as a function of field-sample

Beeket al, in Ref. 19. In this work the matching fieB,;, planes orientation for a heavy-ion irradiated £3in ¢d-89 0:CUG,

i.e., the induction at which the density of vortices equals thethln film, showing the evolution of th&(¢) minimum from the

density of tracks, was chosen to be 2 T. After irradiathn ?szl f%@g:&?;ﬂé;tg .a:retomtggew;te \gsls?gg f;:g_lpirf t.;."e

decreased to-4 K for Bi-2201 and to~10 K for Bi(La)- =B,4/2. Columnar defects are parallel to thexis (9=90°). Solid

2201. Recently, we have shown that tilisdecrease is due |ines are a guide to the eye.

to the interplay between the material damage and a doping

effect induced by the heavy-ion irradiatiéhThus, after ir- . RESULTS

radiation samples are overdoped with a typical normal-state

R(T) behavior which follows the empirical laR(T)=A

+BT" (n being of the order of 1)2 Figure 1 shows the magnetoresistance (gfH=1T
MagnetoresistancB(T,H) and transport critical currents ~By/2 as a function of field-sample orientatiof for a

J.(T,H) were measured for 1.5KT<T, using a standard Bi(La)-2201 thin film at different temperature3* <T

dc four-point contact method. Voltage resolution was better<T., T* being the irreversibility temperature. Similar re-

than 10 nV. Filmg~2000 A thick were patterned by optical sults were obtained for Bi-2201 samples. The main feature of

lithography and wet etching into two striplines: one 10®  theseR(#6) curves is the presence afminimum in the mag-

wide and 625um long forR measurements and the other onenetoresistancevhen the magnetic field is applied parallel to

20 um wide and 100um long for J. measurements. Mea- the columnar defects. This minimum appears just below

surements have been performed at constant temperature iraad it is deeper and deeper as temperature decreases down to

flow cryostat equipped withra8 T superconducting coil and T* where the resistance falls below our experimental reso-

a one-axis rotating sample holder. We have performed meddtion. Similar features have been previously observed in

surements as a function of the field-samfalb planes angle  other compounds such as ,BB,CaCuyQg,% YBa,Cus05,°

6 at constant or as a function of field applied parallel to the and Bi-2212 single crystdlsand they were successfully ex-

c axis (for the pinning force measuremeht$he angledwas  plained in terms of vortex-line behavior as predicted by the

measured with a Hall sensor with an accuracy better thaBose-glass theoryIn this framework the presence of corre-

0.05°. Temperature was controlled with a CERNOX ther-lated disorder(columnar defecispromotes the localization

mometer and measured with a carbon-glass resistor. Thaf vortices along the defects increasiogxis coherence and

regulation of temperature ensures a stability better thathus leading to a directional pinning enhancement. However,

15 mK. we should note that, to our knowledge, this is the first time

| 64K

62K

A. Magnetoresistance
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(b) For low fieldsugH~0.1 T no signature of pinning by
columnar defects was observed within the experimental reso-
lution. This behavior is quite different from that reported in
Bi-2212 single crystals where tH&(6#) minimum seems to
be deeper at low magnetic fieltiRecently, we have shown
that pinning by the CD’s in the vortex liquid phase of irra-
diated Bi-2212 thin films and Bi-2212/2201 multilayers is
driven by the interplay between entropy and vortex
interactions’! Pinning by the CD’s is only observed in a
well-defined range of magnetic fields OBRS< uoH<B,.
Thus, the absence of directional effect at low fields in Bi-
2201 could have a similafield-driven origin but further
work is necessary in order to clarify this important issue.

(¢c) The minimum disappears progressively farH
>1.2T and it is no longer observed alyH>1.4T well
below the matching field§,=2T). This is also different

60

40

20

R (L)

067 from the results reported for single crystals where the direc-

05T tional effect is visible up to fields of the order @1,).5'6
’ However, we should note that, in our case, this absence of a

0.3 o -

|- 035T minimum does not mean an absence of pinning due to the

..0.25T CD'’s at high fields. In fact, for higher fieldgyH>1.4T,

oL . o 0.1T there is still a feature ilR(#) characterized by an inflection
0 90 180 in the R(#) curve as indicated by the arrows in Fig(t2p).

0 (deg) The angular position of this slight decrease of dissipation

approaches thab planes as magnetic field increases but,
surprisingly, it always occurs at the orientation for which the

showing the evolution of th&( ) minimum from ugH=0.1T to c-axis component of the fielt,=H sin6 is equal touoH,

uoH=4T. Measurements were made at constant temperature — -4 T, €xactly thesame valuas for the suppression of the
=2.8K~0.7T,. Columnar defectsB,=2 T) are parallel to the R(6) minimum. Thus, we can look at this high-field feature

axis (=90°). Arrows in the top figure correspond ta,H, s @ reminiscence of the minimum observed at low fields.
= uoH sin#=1.4T and they show the inflection in tiR¢ 6) curves Finally, note that similar results to those shown in Fig. 2
which are the reminiscence at high fields of tR¢g) minimum.  were seen for several temperatures in the ramge<T
The definition of the accommodation andlg is illustrated in the  <T.: the R(8) minimum always was observed for 0.25
bottom plot. Solid lines are a guide to the eye. <wmoH<1.4T. These results suggest that 1.48VE8,
~0.7) corresponds to the maximal matchiigthe sense of
maximal filling) between the vortex lattice and the CD’s.

FIG. 2. Magnetoresistance as a function of field sanple
plane$ orientation of a heavy-ion irradiated fir,CuQ, thin film

that such effect is reported in Bi-bas#un films As was
said in the Introduction all the previous results reported on
Bi-2212 thin films showed no signatures of angular pinning B. Critical currents

selectivity:*~"So, the results of Fig. 1 are very exciting.and_ In order to investigate the vortex solid state we have mea-
they suggest that the absence of directional effects in Bigy,req the critical current densitl, at our lowest available
2212 thin films is not_related t(_) fllm geome.tr){ nor to the h'ghtemperature o ~1.5K~0.3T.. Figure 3 shows the angu-
natur.al defects density. We W|I] discuss this issue more cargy; gependence df, at different applied magnetic fields for
fully in Sec. IVC where we will show that differences are the same Bi-2201 film as in Fig. 2. In addition to the com-
related to different sample anisotropy. mon feature of intrinsic peaks fdt parallel to the ab planes
We have also investigated the evolution of tiR§6¢)  (9=0° and 180F an additional peak was observed @t
minimum as a function of applied magnetic field. Typical =90°, i.e., for field applied parallel to the columnar defects.
results are shown in Fig. 2. HeiR(#) of a Bi-2201 film  This confirms, for the vortex solid state, the directional effect
(By=2T) is plotted at constant temperatuféT.=0.7 and  described above in the vortex liquid state. Similar directional
for magnetic fields ranging from 0.1 to 4 T. We can see threginning was reported for YB&u;O, thin films® but, as in
different regimes associated with tRg#) minimum. the case of thdr(#) minimum, it was not seen in Bi-2212
(a) R(6) minimum is well pronounced for applied fields thin films Also, the field dependence of this effect is analo-
in the range 0.28 uoH<1.2 T. The depth of this minimum, gous to the above one fdR(0), i.e., the directional effect
which can be defined adR/R; = (Rnax— Ro=90°)/ Rmax: occurs in a well-defined range of applied magnetic fields
seems to be field independent for€.a,H<1.15T. Infact, 0.25<u H<1.5T. However in this case we cannot find at
theseR(#) curves can be scaled into a single one just byhigh fields any reminiscence of tidg peak due to the CD'’s.
normalizing the resistance by its maximum val@geot Also, as can be seen from the data takemgi=0.1T, in
shown. As we will see later such behavior suggests indi-Fig 3, there is no CD’s peak in the low-field regime. One
vidual vortex pinning in this range of fields. explanation for this absence comes from the different low-

134525-3



A. POMAR, L. MARTEL, Z. Z. LI, AND H. RAFFY PHYSICAL REVIEW B 63 134525

40 e
30} “* 777777 e '}{'{,
20t +

1.2 w
Bi_Sr CuO
22 y
B =2T
o
T=15K

<o
o
6, (deg)

Bi,Sr,Cu0, i
<2 0.8 101 T-28k .
£ B,=2T
< 0.25T 0 ‘ , I
k=) 0 0.5 1 15
- 05T

)

c
o
(=)}
Zi
[}
=]
=
=
s
=
=

0.75T
0.4
401
1T o
<
15T =
0.2 L y . @ L —o—Bi-2201, g H=1T
0 90 180 » ﬂ—Bf 2201 MOH—O ST
0 (deg) R R
——Bi(La)-2201, yH=1T
FIG. 3. Critical current density as a function of field samfab 00 o_ll 0_'2 013 0.'4 0.5
plane$ orientation of the same heavy-ion irradiated,®8CuQ, ¥ 1-T/T

thin film as in Fig. 2, showing the evolution of the secahdpeak
from uoH=0.1T touoH=1.5T. Measurements were made at con-  FIG. 4. (a) Accommodation angle, determined aff=2.8K
stant temperaturd =1.5 K~0.3T;. Columnar defectsB,=2T)  from the results of Fig. 2, as a function of applied magnetic field for
are parallel to the axis (9=90°). Solid lines are a guide to the a Bj,Sr,CuQ, thin film irradiated atB,=2 T along thec axis.
eye. Dashed line is a guide to the eyd) Accommodation anglé,
determined ajugH=1T as a function of reduced temperature for
field dependences of the critical current wiftparallel to the  the same BiSr,CuQ, thin film as in(a) (open circley and for the
CD’s or parallel to the ab planes. If the intrinsic pinning at same BjSr; d 8y 0sCuQ, thin film as in Fig. 1(closed circles For
low fields is much stronger than the pinning by COie., completeness, data obtainedugtH=0.5 T for the B,Sr,CuQ, film
JeassJeicos) then the latter one could be masked. Weare also plottedopen triangles Solid lines are the best fits of Eq.
should note that an absence of anisotropic pinning inducetp) to the experimental data.
by heavy-ion irradiation at very low fields and low tempera- o )
tures was reported in YBaCuO and Bi-2212 crystals irradithe gain in condensation energy cannot compensate for the
ated at 45° off the axis?>?*This was explained in terms of COSt in elastic energy due to the kinks. _
pinning efficiency of the CD’s: when this pinning efficiency ~ This accommodation angle can be defined experimentally
is very large(as is the case if temperature is low enough @S the angular half width 'bet\./veen the two resistance maxima
may counterbalance the elastic energy due to vortex distofas illustrated by arrows in Fig. 2, bottoniFrom the data in
tions. Therefore, even if a magnetic field is applied perpenFigs. 1 and 2 we can analyze the field and temperature de-
dicular to the CD's, vortices are able to accommodate on th@endence o, which are shown in Fig. @ and 4b), re-
tracks(flux-flop). The pinning efficiency in the perpendicular Spectively.
and in the parallel configurations are quite similar which ~ First, we observe from Fig.(d) that 6, is almost field
leads to a merging of critical currents at very low fields and,independent up to magnetic fields of the order wafH
as a result, to the absence of directional effect. ~By/2=1T. ForugH>1T, 6, is dramatically reduced and
it goes to zero fouoH=1.4T. We can explain this behavior
in terms of the Bose-glass theory. In this framework, the
IV. DATA ANALYSIS AND DISCUSSION accommodation angle is determined from the ratio between
A. Accommodation angle the pinning energyJ,, and the single vortex tilt energy; :2

plained in terms of localization of vortices into the columnar =
defects when the magnetic field is applied along the direction

of the tracks. This alignment enhanaeaxis correlation and ., high values of the anglé, we must replace it by taf,.*
vortices behave as flux-lines instead of 2D pancakes. TherNOW by using the usual expressién‘er U~ s0(Co/Eap)?
these pinned vortex lines induce a decrease of dissipatio&vhiéh is valid if co<2Y%,,, see t?elow andael
that is experimentally observed as a minimunRg§®b) or as ~e9y 2In k, we get o

a peak inJ.(0). If the magnetic field is tilted away from the 0 '

direction of the tracks, the vortices will accommodate to the

defects via the formation of kinks. The vortices will adjust in tang,= 7&
this way up to a given accommodation anglgabove which 280

@

As we said before, the results in Figs. 1-3 may be ex- (Up)l/z

1

- 1_
Vin &

T 1/2
d

)
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which is field independent. This expression is valid for small 40
magnetic fields as long as vortex interactions are irrelevant.
In fact, this is the experimental behavior found at low fields
[see Fig. 4a)]. So, we can conclude that, fet<1 T, vorti-

ces are pinned by the CD’s almost independently and the
physics is the same as for one single vortex accommaodating
to a single column.

The situation is quite different at high fields where the
interactions between flux lines become important and should
be taken into account. In this case, the accommodation angle
is controlled by the competition between pinning energy and #oH (T)
the elastic deformation energy of the vortex lattice. To our
knowledge there is no theory which deals with this problem. FIG. 5. Macroscopic pinning forcés,=j.B at T=0.3T; as a
However, as a first approximation, we can use the analogfunction of applied magnetic fiel¢parallel to the defecisfor the
with the case of vortex pinning by twin boundaries where thesame BjSr,CuG, thin film as in Fig. 3. The solid line is the best fit

accommodation angle for strong fields is giver} by of Eq. (6) to the experimental data. Optimal pinning is achieved for
#oH~1T, i.e., well below the matching fielB ,=2 T.

BiZSrZCuOy
B,=2T
T=0.3T

¢

F (10° N/m®)

P

C4402:ﬁf (3) . . .
a ag ' equacy of our above calculation with E). Thus, in our

_ ) _ 12 case, vortices are larger than CD’s in all the studied range of
f being the fraction of trapped vorticeag~(¢o/B)™“ the  temperatures. Solid lines in Fig(l) are the best fits 08,
intervortex distance, ari/d44 the tilt modulus. Now, by @s-  gata to expressiof®). If we take y~8 for both samples and
suming thatf ~ao/(d,»"?) with dy~(ho/By)"“the aver- o 354 then we get£,{0)~35A for Bi-2201 and
age distance between CD’s, we get frthe following ex- £.5(0)~22 A for Bi(La)-2201. The same kind of analysis

pression: can be made from th&, peak forH parallel to the CD’s of
U\ Y <\ [ B 3112 Fig. 3. Similar results are obtained.
P
ﬁa(H)%(g—l) Z[In ;)(E) } (4) B. Pinning force

Another quantity of interest is the average pinning force
F,=j.B when the magnetic field is applied parallel to the
P i .
%Drs. Figure 5 shows the results obtainedlat 1.5 K for a
. : Bi-2201 thin film irradiated withB ,=2 T. The first remark
~100, \2’\516 gety~8 which is a reasonable value for on these results is that the pinning fofég exhibits a maxi
Bi-2201°> We should note that Eq4) cannot explain the . . §
q4) P mum for a field of the order of 1 T, i.e., closeBg,/2. So the

behavior of, aroundugH=1.4T. In fact, this sharp disap- . IR
pearance reflects that vortex interactions play a very impor2Ptimal pinning field is far away from j3as was shown from

tant role in pinning by the CD’s as was recently suggested ifh€ directional effect. For higher fields, the pinning force
Refs. 15, 19, and 21. Then we can lookBat 1.4 T as the decreases with increasing field, as it is controlled more by
maximum trapping field above which the presence of inter/attice distortions than by vortex density. As expected,
stitial vortices and collective effects are important leading togoes to zero wherH approaches the irreversibility field
a strong diminution of pinning. A more detailed theory, which has been estimated at this temperature tqupid*
which will consider the many-body effects in these systems;~3 T from resistive measurements. Also, we note that at low
is required to explain quantitatively the observegH) de-  fields F,, increases with field but not with a linear depen-
pendence and to investigate the accommodation of a vortedence as it could be expecteir pinning by columnar de-
lattice to the CD'’s. fects in the regimé<B,, where all vortices are supposed
We now turn our interest to the temperature dependenc® be pinned individually in CD’s. In this case, the overall
of #, which is shown in Fig. &). We can see thaf, van-  pinning force can be written as the sum of all the individual
ishes aff; as expected from E@2). Also, there is no sign of  pinning forcesF,=j.B=n(B)f, [wheren(B) is the num-
saturation in6, at low temperatures. Such saturation wasber of pinned vortices and, is the field-independent indi-
observed in the case of YBCO single crystals and it wawidual pinning forceé. If we assume that each vortex is
explained as the crossover from vortex-core pinning at higipinned by a CD thenn(B)~B and we getF,=j.B
temperaturegwhere vortices are larger than CD'® elec- =n(B)f,~B leading to aB-linear dependence &f, and to
tromagnetic pinning at low temperaturdsvith vortices a field-independent critical current. However, this is not the
smaller than CD’s We may assume that the depth of the experimental situation of Fig. 5 despite the fact that we are
R(#) minimum, AR/R,,x provides a qualitative indication well inside the single vortex pinning regime and vortex in-
of the temperature dependence of the pinning energy. Frorteractions are not important as was discussed in the preced-
the results of Fig. 1, we have founR/R,,<Up,~Uy(0)(1  ing section. So, in order to explain the results of Fig. 5 we
—T/T,)? This T dependence exactly corresponds to the onehould assume that not all the vortices are pinned by the
expected for vortex-core pinning and it confirms the ad-CD’s. This partial filling of the defects has also been pro-

So, 6,(H) vanishes ifB/B,~ (k% y?)'3. Experimentally,
we have observed that the directional effect disappears f
uoH~1.4T, ie., 0,(H)=0 for B/B,~0.7. By using «
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20[ Bi-2201 T-00T | Bi2201  T-03T dence of the magnetoresistan@® and (c) and critical cur-
¢ 02 ‘ rent (b) and (d) in a Bi-2201 thin film(a) and (b) and in a
g 15 3 & ! 2212/2201 multilayefc) and (d). Both samples were irradi-
= | S0astls . 0 ated at identical dosB,=2 T and the measurements were
10} & g 3 performed at similar reduced temperatures and at constant
magnetic fielduoH=1T (i.e., B4/2 which corresponds to
5 optimal pinning. We can see that, in contrast to the behavior
150f ML T-06T presented for Bi-2201 thin films, no signatures of pinning
1 . angular selectivityneither a minimum irR(6) nor a second
~100f - peak inJ;(#)] were observed in the case of the Mimilar
<) = 0.8 CD results were found for Bi-2212 thin filmsWe should re-
% 5o - | mark that this absence of directional effects was found in all
0.6f the (H,T) ranges studied. Also, the 2D scaling laws verified
0 in pristine samples are still valid after irradiati6hThese

0 % 180 0 9 180 results indicate that, in these systems, vortices are able to

6 (deg) 8 (deg) accommodate into CD’s at any orientation, i@,~. This
can be easily explained from E@) where if we put the
typical values for Bi-2212, i.e.£,,~20A, x~100, c,
~35A, andy~200 we get, folT/T.~0.9, an accommoda-
tion angle ,~90° and vortices then accommodate at any
angle. So, the differences in the angular behavior of pinning
by CD’s between slightly anisotropic Bi-2201 thin films and
highly anisotropic Bi-2212 thin films and multilayers are
mainly due to the large difference in vortex dimensionality

. 27 o and anisotropy in these systems. Moreover, this comparison
posed_ln seve.ral recer!t worky’ Qu'a||tat|ve|y, the number may help us to understand the different behavior of thin films
of vortices which are pinnea(B), will depend on the prob- 54 gingle crystals or tapes where the directional effect has
ability of finding a defect close enough to a vortex so that thgyaan gbserved from transport measurem&HSeveral hy-
gain in condensation energy will be greater than the cost ipyotheses have been considered to explain these differences.
elastic energy needed to fit the column. As irradiation is aa first possibility arises from the presence in thin films of a
highly random event a vortex is not always able to find angyronger density of as-grown defects which are responsible
available defect in its neighborhood even at low fields. Aoy the high critical currents before irradiatidhThese de-

simple calculation ofn(B) can be derived by assuming a fects will favor the delocalization of vortices thus preventing

FIG. 6. Angular dependence of the magnetoresistdage(c)
and critical curreni{b), (d) as a function of magnetic field sample
(ab planegorientation for a BiSr,Cug, thin film (a), (b) and for an
extremely anisotropic Bsr,CaCyOg/Bi,Sr,CuQ, multilayer (c),
(d). Samples were irradiated paralleldaxis atB ,=2 T. Measure-
ments were performed at,H=1 T and similar reduced tempera-
tures.

Poisson distribution of defects™ the alignment into CD’s. Another explanation has been sug-
. gested by Wirthet al!® who have attributed the differences

n(B)ocB¢(—), (5)  to the much smaller thickness of thin films. Here the idea is

ax that, below a threshold thickness, pinning is controlled by

surface effects instead of by bulk pinning into the CD’s thus
avoiding the directional effect. However, these two hypoth-
eses, which have been earlier proposed to account for the
differences between films and crystaennot be used to ex-
plain our resultsof Fig. 6. Indeed, as the Bi-2201 and Bi-

Fp=jcB=fpn(B)zA(l—e“’B¢’B)B, (6) 2212 films(or ML) were grown in similar conditions, their

) S ) level of natural defects should be of the same order of mag-

whereA=f,/« is a constant. The solid line in Fig. 5 is the nitude. Also, sample thicknesses are comparable in both
fit of the F, data in the regioti <1 T to Eq.(6) with f and  phases. Thus, the only explanation is, as we said before, that
aas fre_e parameters. We see that a very good agreement cgfg different sample anisotropyy~8 for Bi-2201 andy
be achieved witha~0.6 andf,~43x10°Nm™° We can 200 for Bi-2212% is responsible for the different features
COHSIder that t-h|9cp Value IS the |nd|y|dua|2 plnnlng f(?rce Of Flg 6. Th|s is Strong'y Supported by the resu'ts on B|_
exerted on a single vortex of dimensiog.f)“¢.. So, with 2212 tape¥ where a directional effect was found and the
typical valuesé,,~22 A and£.~3 A (where this later was  authors indicate an anisotropy factorpf 10 which is com-
obtained by using/~8) we can estimate the average pinning parable to that of Bi-2201 or YBaCuO. Then, in the light of
energy to beJ,~4x 10°K, which is comparable to the val- our results, we may argue that columnar defects induced by

wherex=B,/B anda is a function of the column radiusg
and of the in-plane coherence lendik,. Then, if we use
this expression fon(B), we get that the average pinning
force is given by

ues reported for Bi-based compourifls. heavy-ion irradiationin thin films should rather be consid-
ered asa way to probe the sample anisotropy and vortex
C. Comparison with Bi-2212 thin films and multilayers dimensionality

We will now compare the results of Figs. 1-3 with our
earlier measurements on heavy-ion irradiated Bi-2212 thin
films and Bi-2212/2201 muItiIayel(ML).15 This comparison In this paper we have presented experimental results on
is shown in Fig. 6 where we have plotted the angular depenthe angular dependence of the magnetoresistance and critical

V. CONCLUSIONS

134525-6



VORTEX PINNING BY COLUMNAR DEFECTSIN.. .. PHYSICAL REVIEW B63 134525

currents of heavy-ion irradiated fi,CuQ, thin films. We ~ matching field. Moreover, the field dependenceFgf sug-
have shown, that a decrease of dissipatiorinimum of  gests that not all the vortices are pinned even at low figfds
magnetoresistance or peak of critical curfecan be ob- the regime of individual pinning Finally, we have com-
served in Bi-based thin films when the magnetic field is ap{pared the present results with our earlier results on heavy-ion
plied parallel to the defects. We have performed a detailedtradiated Bi-2212 thin films and Bi-2212/2201 superlattices
study of this directional effect which can be explained inwhere no directional effect has been observed. We have
terms of localization of vortices into defects as predicted inproven that differences between these films are related to the
the Bose-glass theory. First we focused on the field and temifferent sample anisotropy. In conclusion, we consider co-
perature dependence of the accommodation afgleFor  |umnar defects induced by heavy-ion irradiation as a very
moH<1T our results are compatible with a regime of indi- sensitive probe of sample anisotropy and vortex dimension-

vidual vortex pinning. AboveuoH~1T vortex interactions  ajity in high-temperature superconducting thin films.
become important leading to a reduction of pinning and to

the absence of any directional effect fapH>1.4T. The
temperature dependence 6f indicates that, in our case,
vortices are larger than columnar defects. From the results on
the pinning forceF,, we have found that, due to the random  We would like to acknowledge M. Konczykowski and C.
distribution of columns, optimal pinning is achieved for a J. van der Beek for the various irradiation experiments and
magnetic field of the order @,/2=1T, i.e., well below the fruitful discussions.
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