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Influence of the inclination of columnar defects on the reversible magnetization
of high-Tc superconductors
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Reversible magnetization has been studied in crystals of highly anisotropic high-Tc superconductors, con-
taining columnar defects oriented either along thec axis or at an angleu i from it. With the magnetic field
applied alongc, a similar dip in theM -vs-ln(B) curves is observed for both track orientations. The location of
this dip is shown to be related toBcd , the field at which the vortex and track densities perab plane are the
same. The vortex pinning energy, extracted from the low field regime, is found to be slightly larger foru i

560° than foru i50°. This effect is ascribed to the larger size of the track projections on theab planes, in the
case of inclined tracks. On the basis of the random nature of the track distribution, a model is proposed to
account for the smooth character of the crossover between the low field (B!Bcd) and high field (B@Bcd)
regimes.@S0163-1829~98!04146-0#
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I. INTRODUCTION

Columnar defects~CDs!, introduced in superconductin
cuprates by heavy-ion irradiation, strongly modify the vort
pinning ability. This modification affects not only irrevers
ible properties such as the critical current densities, but a
the reversible magnetizationM rev. When the magnetic field
and the CDs are aligned along thec axis, theM rev-vs-ln(B)
curves exhibit1–3 an unusual ‘‘dip’’ around the fluence
equivalent fieldBFt5Ft3F0 (Ft being the ion fluence!.
This behavior was related to the reduced line energy o
vortex located in a track. On the basis of the London mod
estimates of the pinning energy were extracted2,3 from the
low field regime (B!BFt).

Up to now, these studies of reversible magnetization
irradiated samples were carried out with both the magn
field and the set of CDs parallel to thec axis. In the presen
paper, we report measurements ofM rev, still with Bic, but
for CDs inclined by an angleu i from thec axis. This study
was performed on crystals of Bi2Sr2CaCu2O8 ~Bi-2212! and
Tl2Ba2CaCu2O8 ~Tl-2212!. In such very anisotropic super
conductors, the weak vortex correlation perpendicular to
ab planes can give rise to original states of the vortex mat
One can get information about such vortex states by vary
the orientations of the field and of the CDs, with respect
the c axis.4 For instance, with the field applied alongc in a
sample containing inclined CDs, very different magnetic
sponses are expected depending on whether one deals
stiff line vortices or completly decoupled pancakes.

The first goal of the present work is to investigate, in t
case of inclined CDs, the persistence or not of the dip
M rev-vs-ln(B). In a second step, we compare the pinning
ergies in samples with tracks either parallel to thec axis or
tilted from it. Indeed, the track projections on theab planes
are larger in the latter case, and this should affect the e
tromagnetic contribution to vortex pinning in very anis
PRB 580163-1829/98/58~22!/15218~8!/$15.00
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tropic superconductors. The aim of the last part of this pa
is to determine how far the whole shape ofM rev-vs-ln(B)
curves can be accounted for by the random nature of
track distribution.

The paper is organized as follows. In Sec. II, some
perimental details are given about the samples, the irra
tion, and the measuring procedure. Section III reports se
of M rev-vs-ln(B) curves for CDs inclined atu i545° in Bi-
2212, or inclined atu i560° in Tl-2212. In both compounds
the results are compared with those of CDs atu i50°. Sec-
tion IV reports the extraction of pinning energies in Tl-221
for u i50° andu i560°. In Sec. V, a model is proposed t
account for the shifting ofM rev-vs-ln(B) curves between the
virgin and irradiated states. This model includes a renorm
ization of the penetration depth due to screening effects,
takes into account the random character of the track dis
bution. Fitting curves are compared to those derived from
model proposed by Bulaevskiiet al.5 Section VI points out
the main results and their implications.

II. EXPERIMENTAL

A. Sample preparation

Single crystals of Bi2Sr2CaCu2O8 ~Bi-2212! and
Tl2Ba2CaCu2O8 ~Tl-2212! have been grown following meth
ods described in Refs. 6 and 7, respectively. For both co
pounds, the as-synthesized samples are slightly overdo
The Tc’s before irradiation are equal to 83 K and 104 K, f
Bi-2212 and Tl-2212, respectively.

B. Irradiation procedure

The crystals were irradiated at room temperature with
GeV Pb ions at the accelerator GANIL~Caen, France!.
These ions are known to induce, in both compounds,
creation of continuous, amorphous tracks, with a core rad
15 218 ©1998 The American Physical Society
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TABLE I. Label and main characteristics of the four studied crystals.

Denomination Compound Fluence (cm22) Irradiation angle Dimensions (mm3)

Bi00 Bi-2212 1011 0° ;14603880320
Bi45 Bi-2212 1011 45° ;11903750320
Tl00 Tl-2212 531010 0° 9303610380
Tl60 Tl-2212 531010 60° 6503460330
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around 4.525 nm.8,9 Two kinds of irradiation were carried
out: the ion-beam was oriented either parallel or atu i to the
c axis. In both configurations, the ion fluenceFt was the
same. For Bi-2212,Ft51011 cm22 andu i545°, while for
Tl-2212,Ft5531010 cm22 andu i560°. This study essen
tially involves four samples, whose characteristics are c
lected in Table I.

Measurements of reversible magnetization need sam
of large volume, but the irradiation imposes limits in thic
ness. Indeed, the ion path in the target must be much lo
than the projected range, in order to ensure an homogen
damage across the entire sample thickness. The proje
range of 6-GeV Pb ions in Bi-2212 and Tl-2212 is abo
150 mm. It must also be taken into account that a be
inclination increases the effective ion path by a fac
(1/cosui).

C. Measuring procedure

The measurements were performed by means of a su
conducting quantum interference device~SQUID! magneto-
meter, with the external magnetic fieldH applied along thec
axis. The samples were mounted on a copper rod, of len
and diameter equal to 220 and 1 mm, respectively. The
tom extremity of the rod was shaped into a ring to ensur
good radial centering of the sample. The crystals were
rectly glued on the rod with a small amount of silico
vacuum grease. This sample mounting yields a well-sha
SQUID response atT.Tc , which is required to reliably sub
stract the background signal.

Reversible magnetization was measured as a functio
H. At fixed T, the magnetic field was first increased from
value Hmin , lower than the irreversible field, up toHmax
55 T, and then it was decreased fromHmax down toHmin .
In order to minimize the problems steming from field sta
lization and drift in the SQUID detector, a waiting time of
mn was respected after each field change, and the three
measuring scans after this pause were rejected. The mag
moment was then obtained by averaging 20 scans of leng
cm. The temperature stability was held at 0.2%.

Curves were registered at various temperatures, includ
one much higher thanTc in order to measure the backgroun
signal resulting from both the sample holder and the nor
state response of the sample. This background signa
nearlyT independent forT.Tc . It was measured at 120 K
for Bi-2212, and at 130 K for Tl-2212. The moment values
these temperatures are rather small~for instance, lower than
531026 emu around 1 T!, but they cannot be neglected. Th
reversible magnetization curves presented below have
been corrected by substracting this field dependent b
ground signal.
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Owing to the great pinning efficiency of CDs, the rever
ible field range rapidly shrinks asT decreases, and impede
the access to the low field regime whereM rev-vs-ln(B) ex-
hibits a positive slope. As done in a previous study,10 we
used the irreversible values on the increasing and decrea
branches~denotedM 1 and M 2 , respectively!, to evaluate
the equilibrium magnetizationM rev.(M 11M 2)/2. In the
virgin state, such a procedure yields data in very good ag
ment with an extrapolation of the high field regime followin
the London model. In irradiated samples, this method yie
a M rev-vs-ln(B) curve which appears, close to the irrever
ibility point, as a smooth extrapolation of thetrue reversible
magnetization, but which suddenly becomes very noisy
low a field value, i.e., when the irreversible part of the ma
netization becomes much larger than the reversible part. T
T-dependent field value limits the range whereM rev is evalu-
ated fromM 1 andM 2 .

III. EQUILIBRIUM MAGNETIZATION IN MISALIGNED
CONFIGURATIONS

The previous works1–3 about M rev in presence of CDs
were carried out in an ‘‘aligned’’ configuration:BiciCDs.
Figures 1 and 2 showM rev-vs-ln(B) curves in Bi45 and Tl60,
i.e., ~see Table I!, for Bic and CDs atu i to thec axis. In both
samples, theM rev-vs-ln(B) curves exhibit a clear dip at inter
mediate fields. Similar unusual field dependencies ofM rev
have been also observed in Bi00 and Tl00~aligned configu-
rations!, in qualitative accordance with the literature.1–3

However, for the misaligned configurations, the dip is n

FIG. 1. Curves of reversible magnetization versus field, fo
Bi-2212 crystal irradiated by 1011 Pb cm22 at an angleu i545°
from c. The temperatures are~from bottom to top!: 50, 55, 60, 65,
70, 75, 78 K.
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15 220 PRB 58V. HARDY et al.
centered aroundBFt , as it is the case foru i50°. TheBFt of
Bi45 and Tl60 are 2 T and 1 T, respectively. Actually, on
observes in Figs. 1 and 2 that the dip rather takes p
around the ‘‘perpendicular equivalent field,’’Bcd5BFt
3cos(ui), which is equal to 1.41 and 0.5 T, for Bi45 an
Tl60, respectively.

This relationship betweenBcd and the location of the dip
is pointed out in Fig. 3. At a given temperature for ea
compound, reversible magnetization curves of the sample
u i50° andu iÞ0° are plotted versusB/Bcd . In both com-
pounds, one observes that the dips foru i50° and u iÞ0°
take place at the same value ofB/Bcd . This value is close to
1, but may be slightly different, as in Figs. 3~a! and 3~b!. It
was previously reported1,2 that there is not a systematic, pe
fect correspondence between the dip location and the ma
ing field. In particular, there is always a noticeable shifti
of the dip towards lower fields asT increases.

The characteristic fieldBcd is directly connected toncd ,
the track density in eachab plane:

Bcd5ncd3F0 . ~3.1!

The existence of a close relationship between the dip
cation andncd demonstrates that the vortices in our m

FIG. 2. Curves of reversible magnetization versus field, fo
Tl-2212 crystal irradiated by 531010 Pb cm22 at an angleu i

560° from c. The temperatures are~from bottom to top!: 70, 75,
80, 85, 90, 92.5, 95 K.

FIG. 3. Reversible magnetization curves versusB/Bcd ~see
text!: ~a! at T570 K, for u i50° in Bi-2212,~b! at T570 K, for
u i545° in Bi-2212,~c! at T580 K, for u i50° in Tl-2212,~d! at
T580 K, for u i560° in Tl-2212. The arrows emphasize the clo
relationship betweenBcd and the location of the dip.
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aligned configurations do not behave as stiff lines orien
along H. Rather, such a role ofncd is consistent with a re-
gime where pancake vortices can accommodate to the t
projections in eachab plane. Such a behavior does not ne
essarily imply a complete vortex decoupling. The degree
pancake correlation along the track direction is not easy
investigate experimentally. In aligned configuratio
(BiciCDs), recent studies of Josephson plasma resona
~JPR! have been carried out in Bi-2212.11,12They suggest the
occurrence of two distinct liquid phases above the irreve
ibility line, with stronger and weakerc-axis correlations of
pancake vortices, in agreement with a recent theoret
study.13 Note, however, that the analysis of JPR experime
is still the subject of intense debate.14

For the present study, the key point is that reversible m
netization can be related to the behavior of pancake vorti
for which the pinning energy depends on the track proj
tions on theab planes. Since the track inclination modifie
the size of these projections, one may expect a variatio
the effective pinning energy.

IV. PINNING ENERGY VERSUS EFFECTIVE
DEFECT SIZE

A. Experimental precautions

The most direct way2,3 to extract the pinning energy in
volves measurements of reversible magnetization in the u
radiated state, denoted hereafterMun. Therefore,M rev has
been investigated, before and after irradiation, in the t
samples chosen for this study~Tl00 and Tl60!. The measure-
ments ofMun also allow us to correct the unavoidable unce
tainty about the volumes, by assuming thatMun(B,T/Tc) is
the same in both samples. In practice, the smallest volu
was corrected by a multiplicative factor ensuring the sup
imposition of the @]Mun/] ln B#(T/Tc) curves in both
samples.

B. Basic equations

The reversible magnetizationM rev can be derived from
the free energyF, through the relation

M rev52
]

]BFF2
B2

8pG . ~4.1!

In the frame of a London approach,1 F can be written as

F.
B2

8p
1n« l2npD«, ~4.2!

where np is the areal density of vortices localized on
tracks, whilen is the total areal density of vortices,« l and«p
are the line energies of a vortex located outside of the tra
or in one of them, respectively,D«5« l2«p , is the pinning
energy per unit length,«0 is the basic energy scale:«0
5(F0/4plab)

2, wherelab is the in-plane penetration depth
and d is the mean vortex spacing, connected toB by the
relation:B5n3F0.F0 /d2.

The free energy in the virgin stateFun can be estimated
from Eq. ~4.2! by consideringnp50, and by using the com
plete expression of« l including the core contribution« l
5«0@ ln(lab/jab)1

1
2#, where jab is the in-plane coherenc

length (Bc25F0/2pjab
2 ). In this way, one obtains

a
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Fun.
B2

8p
1

B«0

F0
F lnS d

jab
D1

1

2G . ~4.3!

Except for a factor close to unity (h8.0.381), which ab-
sorbs numerical constants, this is the standard expressio
the modified London model, when one roughly takes in
account the core contribution15,16

Fun5
B2

8p
1

B«0

F0
F lnAh8Bc2

B
1

1

2
G . ~4.4!

From Eq.~4.1!, one derives

Mun52
«0

2F0
lnS h8Bc2

B
D . ~4.5!

Note the absence of a factore.2.72, in the denominator
compared to the pure London model. It turns out that t
factor is cancelled out by the core term inFun. This core
contribution makes Eq.~4.5! closer to the Hao-Clem model17

than the pure London approach. Combining Eqs.~4.1! and
~4.2!, the reversible magnetization in the irradiated state
be expressed as

M ir5Mun1D«3S ]np

]B D . ~4.6!

C. Analysis of the low field regime

Following the literature,2,3 one considers that all the vor
tices are pinned on tracks in the low field regimeB
!Bcd), i.e., np5n. As a consequence, (]np /]B)51/F0 ,
andD« can be directly derived from the shift in magnetiz
tion DM5M ir2Mun:

D«5DM3F0 . ~4.7!

Some examples ofM rev-vs-ln(B) curves, before and after ir
radiation, are given in Fig. 4. One observes thatM ir is shifted
from Mun, even in the high field range for whichB@Bcd .
This behavior was systematically observed, for allT values,
not only in Tl00 and Tl60, but also in another pair of Tl-221
crystals irradiated in the same conditions. Similar resu
have also been obtained in Refs. 1 and 2. By contrast, in
10, the curves merge together at high fields, anduM iru is
found to be larger thanuMunu in the region of the dip. This
last behavior seems inconsistent with Eq.~4.6! since nega-
tive values ofD«3(]np /]B) are not expected. In our cas
the persistence of a clear shift betweenM ir andMun, for B
@Bcd , questions the reliability ofMun in Eq. ~4.6!. In fact,
the ‘‘virgin magnetization’’ involved in Eq.~4.6! is related to
the contribution of vortices located outside the tracks. The
fore, an extrapolation ofM ir(B@Bcd) down to low fields
should be more relevant to the present analysis thanMun
measured before irradiation.

This procedure actually permits us to take into acco
irradiation induced modifications of superconducting para
eters, which affect all the vortices even those outside of
tracks. The two main expected effects are a slight decreas
Tc ~found to be about 2 K, for Tl00 and Tl60!, and an in-
crease of lab . The latter effect has been previous
addressed1,18 by considering the influence of tracks on ma
of
o

s

n

s
f.
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of

netic screening. This approach leads to renormalize thelab
value of the virgin state to an effective, larger penetrat
depthl̃ab :

l̃ab
2 5lab

2 /~122pRab
2 ncd!, ~4.8!

wherencd andRab are the areal density and the characteris
size of the defects in theab planes, respectively. For track
parallel toc, one hasRab5R, while for tracks atu i relative
to c, we consider19 Rab'AR3R/cosui. With R.5 nm and
ncd.531010 cm22, one obtains (122pRab

2 ncd).0.92.
This value is independent ofu i , since the increase ofRab

2

~by 1/cosu i) just counterbalances the decrease ofncd ~by
cosu i). The modification oflab induces a renormalization o
«0 andMun:

« 0̃5«0~122pRab
2 ncd!, ~4.9a!

Muñ5Mun~122pRab
2 ncd!. ~4.9b!

It turns out that this correction directly yieldsMuñ(ln B)
curves which are very close toM ir( ln B) at high fields, i.e.,
well consistent with a regime where most of the vortices
outside the tracks. This behavior prompted us to make us
Muñ, instead ofMun, for the derivation ofDM andD«. In
practice, we adjusted, in each case, the parameteK

5Muñ/Mun, leading to a merging ofMuñ(ln B) with
M ir( ln B) at high fields. Owing to the reduction ofTc after
irradiation, theK values slightly decrease asT increases, but
they stay in the range 0.93–0.85, consistently with the e
mate of (122pRab

2 ncd).
The derivation ofD« from Eq. ~4.7! can be performed

only for fields much lower thanBcd . The data led us to
chooseB51000 G, in order to allow for a determination o
D« on a broad enough temperature range, in both samp

FIG. 4. Reversible magnetization curves versus field, illustrat
the extraction of the pinning energy atB51000 G~sample Tl60!.
The dashed lines are logarithmic fits to the data obtained be
irradiation, while the filled circles are the measurements after i
diation. The solid, straight lines are the corrected ‘‘virgin curves
leading to a superimposition on the ‘‘irradiated ones’’ in the hi
field regime~see text!. The arrows display the chosen criterion fo
DM ~see text!.
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D. Results

Figure 5 showsD« versust5T/Tc , for Tl00 and Tl60, at
B51000 G. These values were obtained fromDM5M ir

2Muñ, but the results are qualitatively identical forDM
5M ir2Mun @the D«(t)’s are just slightly shifted to highe
values in the latter case#. In any cases, theD« values are
found to be larger foru iÞ0° than foru i50°. In the avail-
able temperature range (t>0.7), one finds a good linear de
pendenceD«5A*(1 2t), as in Refs. 2 and 3. The prefacto
are found to beA(Tl00).11.731027erg/cm andA(Tl60)
.16.731027 erg/cm. These values are of the same orde
magnitude than those of Refs. 2 and 3. It is convenien
expressD« as a function of the basic energy scale«0 . The
«0(t) values were derived from Eq.~4.5!, using the data
before irradiation. The analysis of the whole temperat
range is well consistent with a BCS-like dependence, yie
ing lab(nm).190/A12t2. However, if one just consider
the high-T range corresponding to the study after irradiati
(t>0.7), «0 exhibits a linear dependence:«0(erg/cm)
512.331027(12t). Since theD« values in Fig. 5 were
derived from the renormalized magnetizationMuñ the most
relevant energy scale is« 0̃.0.923«0 . The pinning energies
for Tl00 and Tl60 can finally be rewritten as

D«~Tl00!.1.03« 0̃, ~4.10a!

D«~Tl60!.1.48« 0̃. ~4.10b!

E. Discussion

The two main features of these results are~i! D« values
close to« 0̃, ~ii ! existence of a slight increase ofD« with Rab
~characteristic size of the track projection on theab planes!.
These features are in accordance with the theore
expressions20–22 of D« ~replacing«0 by « 0̃)

FIG. 5. Pinning energy versus reduced temperature, aB
51000 G, in Tl00~filled squares! and Tl60~filled diamonds!. The
track projections on theab planes, in Tl00 and Tl60, are sketche
by the circle and the ellipse, respectively. The solid lines are lin
fits to the data~see text!.
f
to

e
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D«5
« 0̃

2 F11 lnS Rab

A2jab
D 2G for Rab>A2jab ,

~4.11a!

D«5
« 0̃

2 S Rab

A2jab
D 2

for Rab<A2jab . ~4.11b!

It turns out that Eq.~4.11a! is the most consistent with ou
data. Indeed, the experimentalD« values are larger than
« 0̃/2, and theirT dependence appears to be essentially rela
to « 0̃(t).

Let us try to quantify the expected influence of the tra
inclination onD«. SinceRab5R for Tl00, Eqs.~4.10a! and
~4.11a! lead to ln(R/A2jab)'0.5. According to a previous
study7 on Tl-2212, one can consider an average valuejab
'3 nm in the T range of Fig. 5. This yields aR value
around 7 nm, i.e., slightly larger than the amorphous c
itself (.5 nm). It is not unexpected to find a value of th
effective pinning radius which is larger than the amorpho
core,2 since it is clear that superconductivity must be affec
in the matrix just surrounding heavy-ion tracks. For Tl6
one hasRab'A2R. Using the above estimates ofR andjab ,
Eq. ~4.11a! yieldsD«'1.35« 0̃ for Tl60, which is close to the
experimental result@Eq. ~4.10b!#. Beyond this rather good
quantitative agreement, the important point is that a mea
able difference inD« could be expected betweenu i50° and
u i560°, and such a difference has been actually observ

V. MODELIZATION OF THE FIELD DEPENDENT SHIFT
OF M rev BETWEEN THE VIRGIN AND IRRADIATED

STATES

A. Preliminary remarks

The first attempt to account for the shape ofM ir-vs-ln(B)
curves in the whole field range, i.e., fromB!Bcd up to B
@Bcd , was carried out by Bulaevskii, Vinokur, and Male
~BVM model5!. This model assumes completly decoupl
pancakes and includes entropy contribution to the free
ergy. The pancakes are distributed among two types of
corresponding to a localization in one of the tracks or b
tween them. This problem can be mapped onto the statis
of fermions. The general expression ofM ir( ln B) derived
from this model was shown to reasonably fit to the data
Refs. 2 and 3. We propose here another approach base
Ref. 1, which included the random nature of the track dis
bution. The entropy is not taken into account in this ca
thus the general expression ofM ir is just given by Eq.~4.6!.

B. Modelization

The problem is to determine theaccommodation function
np(n). The required limit behaviors—already assumed
Sec. IV—arenp.n for n!ncd , and np.ncd for n@ncd .
We presently need to construct a continuous function o
the whole range ofn/ncd . To do this, it must be realized tha
the vortex-vortex interactions oppose a complete accom
dation of the vortices to the random track distribution.

In the simplest quantitative approach,1 one estimates the
shortest distancer separating two pinned vortices. The r
pulsive energy per unit length between two vortices, se

r
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rated by the mean vortex spacingd, is equal15 to
2«0ln(lab/d). One can deriver by balancing the pinning and
interaction energies, when one vortex approachs the oth
fill a track. The distancer corresponds to the situation whe
the energy decrease due to pinning of the second vortex
equals the increase of interaction energy. One obtainsr5d
3exp(2D«/2«0). For very weak pinning (D«!«0), one has
r;d ~the vortex lattice is almost undisturbed!, while for
strong pinning,r tends to 0. It may be more useful to co
sider the distanceL5d2r, which corresponds to the large
possible displacement of a vortex from its equilibrium po
tion in a lattice. Grayet al.23 have precisely evaluated th
quantity by considering the interaction with the neighbori
vortices over a large scale. Within this approach,

L5sd, ~5.1a!

s5bAD«

2«0
, ~5.1b!

with b;0.77. This is a more general result than the previo
approach@s512exp(2D«/2«0)#, which just involves two
vortices. This previous result actually corresponds to the c
of a large vortex displacement along a nearest-neighbor
rection. According to Ref. 23, this specific situation leads
a slightly different parameterb;0.62. With this value, it
turns out that both expressions ofs are nearly superimpose
as long asD«/2«0,2.

In Ref. 1,np is estimated by considering that cells of si
r ~in a closely packed arrangement! cannot contain more
than one pinned vortex. This yields an upper limit fornp ,
which can be considered as a good approximation foB
.Bcd . Nevertheless, this expression obviously fails forB
,Bcd , since it can exceedn. In order to describe the whol
field range, we use a slightly different approach, with cells
sizeL, centered on the positions of vortices in a lattice~see
inset of Fig. 6!. To simplify, we considered a square lattic
and square cells. Note that the cells do not overlap, even
the largest value ofs. A vortex is pinned if its cell contains
at least one track. This approach ensures that the dist
between two pinned vortices is always larger thanr, but it
can lead to underestimatenp . For instance, whenB@Bcd ,
this model does not take into account the possibility of lo
distortions in the vortex lattice, allowing for the occupan
of tracks located outside all of the cells. Bearing in mind t
limits of this approach, we derive anapproximationof np ,
by multiplying n by the probability for finding at least on
track in a cell of sizeL. This probability is 12P0 , where
P0 is the probability for finding no track in the cell. Accord
ing to the Poisson distribution of the tracksP05exp(2a),
wherea is the mean number of tracks per cell (a5L2ncd
5s2ncd /n). It results that

np5n@12exp~2s2ncd /n!#, ~5.2!

s is the pinning parameter@Eq. ~5.1!#, which increases from
0 without pinning, up to 1 for maximal pinning. The functio
np /ncd versusn/ncd is shown in Fig. 6, for a typical value o
s. The reversible magnetization can be directly derived fr
Eqs. ~4.6! and ~5.2!. Including also the renormalization o
lab @Eq. ~4.9b!#, one obtains
to
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M ir5Mun~122pRab
2 ncd!

1
D«

F0
@12exp~2a!2a exp~2a!#, ~5.3!

with a5s2ncd /n.

C. Comparison to the data

Figure 7 shows examples of fits to experimen
M ir-vs-ln(B) curves via Eq.~5.3!. We used Tl60 for which
the reversible domain is the largest in field and temperat
As previously discussed, the first term in the right-hand s

FIG. 6. Calculated densities of trapped pancake vortices (np) as
function of the total vortex density perab planes~n! present work
with s50.92 ~solid line!, BVM model5 with p51000 ~dashed
line!. The low field limit of complete pinning (n5np) corresponds
to the dotted line, andncd is the track density in eachab plane. The
present modelization involves an array of cells~sizeL5sd), cen-
tered on the equilibrium vortex positions~stars!, and separated by
the distanced ~see text!.

FIG. 7. Data of reversible magnetization versus field in Tl
~filled circles!, together with fits to Eq.~5.3! ~solid lines! and curves
before irradiation~dashed lines!, at ~a! T595 K, ~b! T585 K,
and ~c! T575 K.
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of Eq. ~5.3! was derived from an extrapolation of the hig
field range. The parameterBcd was fixed to its nominal
value, i.e.,Bcd55000 G for Tl60. The fits yield values o
the parameters2, which is related to the shape of the cros
over between the low and high field regimes. In the wholT
range, it was found thats250.9260.05. This parameter is
linked to D« by Eq. ~5.1b!, which can be rewritten ass2

5b2(D«/2« 0̃), where«0 has been substituted by« 0̃. With
theD« values found in Sec. IV@Eq. ~4.10!# andb;0.77, the
expecteds2 value should be equal to 0.44, i.e., smaller th
half the experimental value. Nevertheless, it was pointed
in Ref. 23 that the calculateds2 value is increased by factor
;2 –3 when one considers a highly disordered vortex ar
as it must be the case aroundBcd . Considering this correc
tion, the experimental values ofD« ands2 become consis-
tent with each other. Note, however, that one must be c
tious in the quantitative comparison betweenD« and s2.
Indeed, D« is rather well defined by the height of th
‘‘jump’’ between the low and high field regimes, where
the fitting yields a largeapparents2 value, to counterbal-
ance the weakness of the model which ‘‘oversmooths’’
np(n) variation. As a matter of fact, Fig. 7 shows that t
experimental dip inM ir( ln B) is more pronounced than in th
fitting curves. The agreement is better asT increases, i.e., a
the effective pinning energy decreases.

D. Comparison to the BVM model

Let us now compare our fits with those derived from t
BVM model.5 Following the proposed method, the expre
sion used to fit to the data is

M ir5M ir̃1
kT

sF0
lnS u1Au21pb

11p D , ~5.4!

u5@11~12b!p#/2,

b5B/Bcd ,

p5~2kT/«0s!~Bcd /Bc2!exp~sD«/kT!,

where M ir̃ is the linear extrapolation ofM ir-vs-ln(B), from
the low field regime (B!Bcd) to higher fields, the interlaye
spacings was fixed to 1.5 nm,Bcd was fixed to 5000 G,
corresponding toBFt51 T with u i560°, according to a
previous study,7 we took Bc2 (T)51803(12t), and «0

was substituted by« 0̃.
The fitting yieldsp values which rapidly decrease asT

increases, e.g.,p.1000, 150, and 1.5 forT575, 85, and 95
K, respectively. These values are in good agreement w
those derived5 from the data of Refs. 2 and 3.

Figure 8 displays, at a given temperature, the fitt
curves from Eqs.~5.3! and~5.4!. Comparing to the data, th
crossover aroundBcd is clearly too smooth in our mode
while it is too steep in the BVM model. This must be relat
to the fact that our model underestimatesnp , whereas it is
likely overestimated in Ref. 5, since the spatially-rando
track distribution is not taken into account. Recently,24 it was
also suggested that the shape ofM rev-vs-ln(B) could be af-
fected by a coupling transition of the pancakes as field
increased. The fitting quality of our model increases withT
-

n
ut

y,

u-

e

-

th

is

~see Fig. 7!, whereas the BVM model is better asT de-
creases. The difference between the two models is em
sized in Fig. 6, through the calculated field dependence onp
in both cases, with parameters corresponding to the fit
curves of Fig. 8.

VI. CONCLUSION

Reversible magnetization has been investigated, as fu
tion of field applied alongc, in Tl-2212 and Bi-2212 single
crystals containing columnar defects~CDs! either parallel to
the c axis, or tilted by an angleu i . In all cases, the
M rev-vs-ln(B) curves exhibit the same unusual shape, with
field region of negative slope smoothly connecting tw
nearly parallel lines of positive slope, in the low and hig
field regimes. These features, previously reported foru i50,
are thus found to persist for highly ‘‘misaligned’’ situation
i.e., for large angles~e.g., 60°) between the field and th
CDs. Moreover, comparisons betweenu i50° and u iÞ0°
clearly indicate that the dip in the crossover region tak
place for the same ratioB/Bcd , where Bcd is the field at
which the vortex and track densities, perab plane, are the
same.

For a few samples, reversible magnetization curves w
recorded before and after irradiation. These measurem
clearly display the persistence of a shift in the high fie
regime (B@Bcd) between the curves of the virgin and uni
radiated states. Note that this behavior is still controversia
the literature.1–3,10In the present study, the shift was system
atically observed in four samples measured before and a
irradiation. It is shown that such a decrease of theuM u values
after irradiation, in the high field regime, can be accoun
for by an increase of the effective penetration depth due
screening effect by the tracks.

The pinning energy,D«, has been determined in Tl-221
crystals irradiated atu i50° or u i560°. The pinning energy
was found to be slightly larger in the latter case, namely~in
erg/cm, for t>0.7), D«(0°).11.731027(12t) and
D«(60°).16.731027(12t). This variation is in good
agreement with the expected increase ofD« with the size of

FIG. 8. Field dependence of the reversible magnetization
Tl60 at 75 K ~filled circles!, together with the fitting curves to Eq
~5.3! ~present work, solid line! and Eq.~5.4! ~BVM model, 5 dashed
line!.
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the track projections on theab planes, which is the relevan
parameter to pancake pinning. This result also reinforces
interpretation recently proposed to account for the existe
of larger critical current densities withu i575° than withu i
50°, at low field in Bi-2212.25

A model was proposed to account for the smooth cha
ter of the crossover between the low field (B!Bcd) and high
field regimes (B@Bcd). We tried to estimate how the vorte
localization is affected by the random nature of the tra
distribution. Despite the roughness of some assumptions
fitting curves derived from this approach are in reasona
agreement with the data. However, this model omits the
fluence of entropy contribution to the free energy.5 A next
n,

to,

d

,

.

n,

h.

n,

D.
lid

s,

c-

.
.

he
ce

c-

k
he
le
-

step would consist in combining such entropic effects w
those induced by the spatially random track distribution.
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