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Current-voltage sI-Vd characteristics have been measured over a wide temperature range in a
Bi1.8Pb0.2Sr2CaCu2O8+d single crystal with tilted columnar defects(CDs). This configuration was compared to
a crystal irradiated along thec axis. Above 40 K and in the vortex solid state, angular measurements reveal a
pronounced dip in the dissipation when a magnetic field is applied parallel to the CDs. AtTø40 K, the
measuredI-V characteristics showed that besides the persistence of the directional pinning at low temperatures,
there is a shift from the CDs toward thec axis. Our samples showed, in the high temperature rangesT
ù40 Kd and for Bf /10,H ,Bf (where Bf is the matching field) applied parallel to the CDs, a three-
dimensional Bose-glass transition with the same critical exponents asz8=5.3±0.1 andv8=1.1±0.1 which are
in very good agreement with numerical simulations. Our findings support the existence of the Bose-glass-to-
liquid transition atTBGsm0Hd in the case of tilted columnar defects.
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I. INTRODUCTION

The state and dynamics of individual vortices in highly
anisotropic high layered superconductors such as
Bi2Sr2CaCu2O8+d (BSCCO) containing columnar defects
(CDs) have been intensively investigated by many groups. It
is well established that the introduction of different configu-
rations of CDs(tilted with respect to thec axis or splayed-
CDs in BSCCO) generates different vortex structures which
are strongly field oriented and temperature dependent.1–3 A
common feature exhibited by these irradiated compounds is
a significant enhancement of the pinning properties. In the
case of columnar defects parallel to thec axis and to the
applied magnetic field, theoretical4,5 and experimental6,7 in-
vestigations on various high temperature superconductor
(HTS) materials have shown that the pinning improvement is
due to the enhancement of the magnetic flux pinning
strength. Nelson and Vinokur5 have considered the theory of
pinning by CDs based on the analogy between the vortex
system and the physics of two-dimensional(2D) bosons for
the case where external fieldH is aligned parallel to the CDs
or the c axis of the crystal. At low temperatures and below
the matching fieldBf (Bf=f0/d2 wheref0 is the elementary
flux quantum andd is the mean distance between defects), a
Bose-glass phase has been predicted which has a strong lo-
calization of vortex lines on the CDs. At higher temperatures
the Bose-glass phase melts into an entangled vortex liquid
through a second-order transition atTBGsBd. The critical be-
havior of this transition can be described in terms of the
scaling theory with two critical exponentsz8 andv8. Accord-
ing to the predictions of Nelson and Vinokur for a Bose-glass
transition in the presence of 1D correlated disorder, dynami-
cal predictions for transport measurements with current den-
sity J applied perpendicular to CDs can be expressed as

sE/Jd = sji/j'
z8dF±SJjij'f0

KBT
D , s1d

whereEs~Vd is the electric field,Js~Id is the current density,
andF+ andF− are two scaling functions defined in the flux
liquid statesT.TBGd and localized flux-line statesT.TBGd,
respectively.ji and j' measure the corresponding localiza-
tion lengths of the vortex lines in the directions which
are parallel and perpendicular to the columnar defects. In
the small current limit, one expects that aboveTBG the
scaling functionF+sxd→ constant asx→0, leading to an
ohmic resistivity, as expected for the region aboveTBG in
the thermally dominated vortex-liquid. BelowTBG,
F−sx→0d<expsx−1/3d describes the glassy behavior of the

system. When approaching the transition,F±sxd<xsz8−2d/3 as

x→` with the result thatr<Jsz8−2d/3 remains finite atT
=TBG. At T=TBG, the EsJd curves are expected to show a

power law dependenceE<Jsz8+1d/3. In F±sxd, the current
density is expressed asJx=KBT/ sjij'f0d with Jxs0d
=KBT/ ff0jis0dj's0dg. Here, JxsTd is defined as a current
crossover corresponding to a balance between the thermal
energy and the work done by the Lorentz force acting on
typical vortex-loop fluctuations of area,jistdj'std. The an-
isotropy of pinning properties due to the uniaxial nature of
the defects leads toj'sTd=j's0dusT−TBGd /TBGu−n' and
jisTd=jis0dusT−TBG/TBGdu−ni, where vi ;2v';2v8 in the
case of anisotropic correlation volume.z8 andv8 denote the
critical exponents governing the thermal relaxation time
tftsTd<j'

z8sTdg and transverse correlation length of fluctua-
tions of the flux lines, respectively.

In YBa2Cu3O7−d single crystals and films containing CDs
along thec axis, the existence of a Bose-glass transition has
been confirmed by the critical behavior of the ac and dc
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conductivities atTBG.8–10 In BSCCO, a second order Bose-
glass transition was demonstrated by transport
measurements11 and by numerical simulations12 through the
critical scaling of current-voltage characteristics. WhenH is
tilted at anglec away from the column direction, the Bose-
glass phase with perfect alignment of the internal flux den-
sity B parallel to the columns is predicted to be stable up the
critical transverse fieldH'c producing the so-called Meiss-
ner effect(TME). More recently, the TME has been observed
by transport measurements in BSCCO when the applied field
is tilted up to an angle ofcc<20° away from the column
direction which is smaller than the lock-in angle.13 The fact
that the Bose-glass behavior is typically observed above
40 K clearly indicates a line nature of the vortices, in con-
trast to low temperature experiments which shows isotropic
pinning in this material.14,15

Previous experiments on vortex pinning properties by co-
lumnar defects tilted with respect to the crystallographicc
axis have also been carried out on BSCCO single
crystals.16–18 Tilted CDs have been used to distinguish their
pinning from intrinsic anisotropy effects. Generally, most of
the reported results on tilted CDs indicate two distinct tem-
perature regimes:2,14,15,17At high temperaturessT.40 Kd,
the angular magnetic and transport measurements confirm
the maximum pinning when the magnetic field is aligned
with the inclined CDs. However, so far, an experimental evi-
dence of the presence of a Bose-glass transition in this con-
figuration, which might be manifested by universal scaling
behavior, has not been shown. At low temperaturessT
ø40 Kd, the pinning is isotropic. In this regime, the magne-
tization curves measured with applied field at various direc-
tions relative to the CDs are almost indistinguishable.2 The
crossover between these two regimes seems to shift to a
lower temperature as the anisotropy decreases. Note that
other groups attributed the absence of unidirectional pinning
in the low temperature to the 2D nature of BSCCO.15

In order to study the effect of tilted tracks on vortex pin-
ning, we have investigated the vortex dynamics over a wide
range of temperatures and applied magnetic fields in
Bi1.8Pb0.2Sr2CaCu2O8+d single crystals with tilted and non-
tilted CDs by measurements of theI-V characteristics. It is
well known that the pinning properties of BSCCO are very
sensitive to the doping level, which can be modified by Pb
substitution on Bi sites.19,20 Thus the Pb doping of BSCCO
increases the carrier concentration, which can lead to the
overdoped region in the phase diagram in comparison with
the Pb-free samples.21 The heavily Pb-substituted BSCCO
shows remarkable increases in the irreversibility line and
critical current densities.22,23 The improved flux pinning
properties in heavily Pb doped BSCCO, below a certain
threshold of the Pb content, are suggested to originate from
the lowered electronic anisotropy, and the existence of strong
3D correlations in the flux line structure due to the Pb
doping.24,25

The main aim of this work is to compare the pinning
properties of a single crystal irradiated atuirr =45° (whereuirr
is the angle between crystallographic axis and the irradiation
direction) and another irradiated atuirr =0° (both with the
same density of tracks in theab plane). We will report about
pinning enhancement in the symmetric orientationc=−45°

(c is defined as the angle between the applied magnetic field
H and the crystalc axis) for crystal containing inclined de-
fects. On the other hand, the static and dynamic critical ex-
ponents,v8 and z8, associated with the Bose-glass scaling
theory will be determined from the voltage-current behavior.

The remainder of this paper is organized as follows. The
sample preparation and experiments are presented in Sec. II.
The uniaxial enhancement of pinning for the sample with
inclined CDs observed by angular measurements over a large
temperature range is presented in Secs. III AsTù40 Kd and
III B sT=20 Kd. In Sec. III C we will show that for
Bf /10,H,Bf and Tù40 K, the same scaling functions
can be used to describe the transition in both
Bi1.8Pb0.2Sr2CaCu2O8+d single crystals with parallel and
tilted columnar defects, which emphasizes the universality of
this transition. Finally, the temperature–field phase diagram
derived from scaling analysis is discussed on the basis of the
theory of Nelson and Vinokur and compared with those ob-
tained previously on BSCCO single crystals11 (Sec. III D).

II. EXPERIMENT

Experiments were performed on two
Bi1.8Pb0.2Sr2Ca1Cu2O8+d single crystals. Both samples were
grown by a self-flux method which has been described
elsewhere.21 The samples with typical dimensions of 0.4
3130.02 mm3 were irradiated at Ganil(Caen, France) with
a beam of 6 GeV Pb ions(which traversed over the entire
specimen). As for sample A, parallel CDs of diameter<90 Å
were created for one crystal along thec axis and for sample
B the beam was oriented at an angle of 45° with respect to
the c axis.26 Fluences of ft=3.7531010 cm−2 (i.e., Bf

=0.75 T), and ft=5.2531010 cm−2 (i.e., Bf<1 T) were
chosen to irradiate samples A and B, respectively. Such a
fluenceBf<1 T, for sample B, has been chosen in order to
obtain a planar density of tracksnCD in the sa,bd planes
fnCD=ft coss45°dg corresponding to a matching field of
0.75 T. IsothermalI-V characteristics were obtained by using
a standard dc four-probe method with a voltage resolution of
0.5 nV and a temperature stability better than 5 mK. Sample
A has a superconducting transition temperatureTc0 (deter-
mined by using the inflection point of the resistive transition)
of 78.4 K, while sample B has aTc0 of 78 K. After irradia-
tion, Tc0 of samples A and B was found to decrease by,5 K
compared to the unirradiated reference sample. The transi-
tion width DTc0 was approximatelyDTc0=1.0–1.5 K. The
anisotropy parameter,g,60, was estimated by resistivity
measurements on the unirradiated reference sample using the
same procedure as Ref. 27. For comparison, similar results
for Pb-substituted BSCCO single crystals with nominal
compositions Bi1.6Pb0.4Sr2CaCu2O8+d sg<68d28 and
Bi1.8Pb0.4Sr2CaCu2Oy sg<100d22 were reported. The angular
dependence of the voltage measurements was systematically
investigated on Pb-substituted BSCCO single crystals before
irradiation. TheVscd does not exhibit a dip at any direction
of the applied field, while in the case of samples irradiated
along thec axis the dip is a typical feature of the anisotropic
pinning induced by CDs.
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III. RESULTS AND DISCUSSIONS

A. Angular dependence of the voltage

The angular dependence of the voltage measurements
Vscd at a fixed current was systematically investigated for
samples A and B. TypicalVscd curves form0H=0.3 T taken
at several temperatures above and below the Bose-glass
melting temperature are shown in Fig. 1(a) for the sample
containing CDs parallel to thec axis and in Fig. 1(b) for the
sample containing tilted columnar defects. For the lowestT
andH ,Bf values, theVscd curves exhibit a pronounced dip
at c=0 (sample A) andc=45° (sample B) in the vortex solid
state when the magnetic field is applied parallel to the CDs.
This pronounced downward dip of dissipation aroundm0Hi

CDs is ascribed to CDs pinning. When the magnetic field is
tilted away from the direction of the CDs, the dissipation
increases with increasing angle, indicating that the pinning
by CDs remains effective up to the accommodation angleca
[the accommodation angleca is determined experimentally
as half the angular width between voltage maxima indicated
by arrows in Fig. 1(a)]. The accommodation angle is about
ca<30° and 25° atT=62.01 and 51.41 K for samples A and

B, respectively. This increase of the voltage has been related
to vortex pinning by CDs, withca the limit of the effective-
ness of CDs pinning. Aboveca, the pinning by CDs
disappears and the dissipation is more controlled by the
intrinsic pinning. These results clearly confirm a strong
localization of the vortex on the columnar defects when
they are aligned. Such a strong angular dependence of
pinning is expected for 3D vortices, but not for the extremely
weak coupling 2D pancake vortices. Similar features
have been previously observed by transport measure-
ments on both moderately anisotropic layered cuprates such
as Bi2Sr2CuOy sBi-2201d thin films29 and on highly aniso-
tropic material such as Bi2Sr2CaCu2O8+d (Refs. 7 and 30)
and Tl2Ba2CaCu2O8.

6,31 In contrast, for extremely aniso-
tropic Bi2Sr2CaCu2O8/BiSr2CuO6 multilayers32 and
YBa2Cu3O7−d /PrBa2Cu3O7−d superlattices,33 there has been
no directional effect at all. This result has been explained by
a strong 2D behavior of these latter materials. Figure 1(b)
clearly shows that tilted defects also improve the pinning
efficiency for magnetic fields applied parallel to the CDs.
These results contrast with magnetization and transport mea-
surements at high temperatures in BSCCO single crystals
and BSCCO thin films irradiated under various irradiation
angles with respect to thec axis where an enhanced pinning
by the CDs was found to be isotropic.34,35The dependence of
the critical current density(determined from magnetization
measurements) on the magnetic field and its orientation con-
sistently indicates two-dimensional pinning of pancake vor-
tices at the CDs. In these two reports, no irradiation induced
directional pinning can be observed when the external mag-
netic field is continuously rotated with respect to CDs. Fur-
thermore, it has been shown that the pinning enhancement by
tilted columnar defects from thec axis can be related to an
increase of pinning energy resulting from the enlargement of
the defects cross section in the CuO2 planes.36–38

Another major feature observed for sample B is an
anomalous minimum centered along the direction perpen-
dicular to the columnar defects. This is the first time, to the
best of our knowledge, that a less pronounced dip atc=
−45° (in additional to the one atc= +45°) has been observed
by transport measurements. The enhancement of this pinning
efficiency for c=−45° might be related to a flux flop phe-
nomenon. This behavior has already been observed by mag-
netic measurement on Bi2Sr2CaCu2O8 single crystals irradi-
ated at 45° from thec direction.15,17 Similar to what is
observed in a lock-in transition towards the CuO2 planes in
layered HTSCs,4 the vortex in the configuration of the ap-
plied field perpendicularsc=−45°d to the CDs flop toward
the direction of defects below a critical field ofm0Hc
<0.001 T at 50 K.2 While the m0H<0.3 T in our experi-
ment is much larger than that, it approaches the experimental
value asm0H<0.1 T reported by Kazumataet al.17 More-
over, recent experiments using Lorentz microscopy at tem-
perature aboveT=19 K on BSCCO films irradiated at 70°
indicated that vortex lines remain trapped along defects even
when a magnetic field was applied in the direction ofc=
−70°.39

B. Low-temperature vortex dynamics

IsVd curves as a function of the anglec (between the
applied field and thec axis), which were taken at 20 K under

FIG. 1. Vscd curves measured in solid state withI =30 mA at
various temperatures for(a) sample A and(b) sample B after
irradiation.
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a magnetic field of 0.3 T, are shown in Fig. 2(a). The typical
I-V curves measured at 20 K before irradiation in a magnetic
field of m0H=1 T is demonstrated in Fig. 2(b) in order to
compare. As seen from Fig. 2(a), the isothermal curves
clearly show a downward curvature in the angular range
from −70° to +70° which is typical for the glassy vortex
system at low temperatures. This result is quite different
from what was observed in the unirradiated reference sample
[see Fig. 2(b), where a positive curvature is usually analyzed
in terms of the flux-creep approach40]. The glassy behavior
observed at low temperatures in the sample containing tilted
defects reflects the pinning by CDs for all orientations of the
applied field investigated. One can notice that there is no
more measurable creep phenomena at low current due to the
low temperature. In fact, the vortex velocity is more strongly
temperature dependent than even the activation energy itself.
Thus measurements are decreased by almost a factor almost
equal to exps−ad when the temperature is decreased down to
low temperature asT/a. Consequently, the vortex motion

cannot be described anymore using the functional form:V
=R0I expf−U /bsI0/ Idmg with b=KBT and m ranging from
1/3 to 1 as predicted for the relevant excitations of the Bose-
glass phase(variable range hopping or half loop).4,5 More-
over, the sudden increase of the velocity suggests a collective
depinning mechanism when the applied magnetic field is
weak enough. Furthermore, it appears that the dip at CDs
angular position which was observed before, shifts away
from the CDs towards thec axis [see Fig. 1(b)]. Figure 3
shows typicalVscd curves measured at 20 K using a fixed
current and an applied magnetic field for the crystal with
tilted CDs sm0H=0.3 Td and the unirradiated samplesm0H
=1 Td, respectively. The most prominent feature of this fig-
ure is a strongly anisotropic pinning observed whenH ic axis
(i.e., mid-direction between the defect andc=−45° direc-
tions) rather than along the direction of the defects atc
=45°. A comparable behavior was reported by Silhaneket
al.41 for YBa2Cu3O7−d and ErBa2Cu3O7−d single crystals
with inclined columnar defects. In this study, the shift away
from the CDs towards thec axis was observed by the angular
dependence of the irreversible magnetization measurements
for m0H,1 T andTù60 K. It was shown that the shift re-
sults from the misalignment between vortices and the applied

FIG. 2. The angular dependence of the isothermalI-V curves
measured atT=20 K for (a) sample containing inclined columnar
defects at a field of 0.3 T and(b) as-grown Pb-substituted BSCCO
crystal in applied fieldm0H=0.3 T.

FIG. 3. TypicalVscd measured at 20 K and for a fixed current
and the applied magnetic fieldm0H=0.3 and 1 T, respectively,(a)
the crystal with tilted columnar defects sample B and(b) unirradi-
ated sample.
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field direction in anisotropic materials. The combined pin-
ning by the simultaneous presence of twin boundaries, tilted
CDs, and crystallographicab planes, which generates a va-
riety of complex staircases, likely explains the angular shift
in this compound. This scenario could be an explanation of
our observations if we replace the twin boundaries by the
laminar microstructures(LMs) parallel to thea axis observed
with transmission electron microscopy measurement of the
Bi2−yPbySr2CaCu2O8+d single crystals in the case of
y=0.6.23,42 In y=0.6 samples, the LMs act as planar pinning
centers for a wide range of the applied field orientationsc
,70°d.22,28 However, the recent transmission electron mi-
croscopy investigations on Bi2−yPbySr2CaCu2O8+d single
crystals with different compositions have pointed out that the
LMs appears beyond a certain threshold in the Pb content
y=0.4.43,44 This value is higher than that of our moderately
Pb-doped crystalssy=0.2d. This result is in favor of the data
obtained by the angular measurements performed in both
solid and liquid phases of our Bi1.8Pb0.2Sr2CaCu2O8+d

samples, which do not show any additional defects effect
before irradiation.

Other studies have addressed the similar improvements of
the pinning efficiency around thec axis. In general, they
were obtained at higher temperaturessTù60 Kd in
YBa2Cu3O7−d single crystals45 and thin films46 containing
splayed columnar defects or two sets of tilted defects in
Bi-2212 single crystal16 and in YBa2Cu3O7−d thin films.47 In
all of these cases, angular transport and magnetic measure-
ments indicated that a maximum of the critical current den-
sity Jc and of the irreversibility temperatureTirr are obtained
when the magnetic field is applied along thec axis. This
strong pinning is related to the fact that, for this symmetry
direction sH icd, a kinked vortex structure(staircases) be-
tween differently oriented tracks should be favored. Another
parameter, which plays an important role in determining the
vortex elastic and the pinning energies, is the anisotropyg.
In the highly anisotropic BSCCO, the largerg in this system
influences the pinning due to the CDs more than the weakly
anisotropic YBa2Cu3O7. The combined effect of correlated
and intrinsic pinning, depending on the temperature and the
field orientation, produces a variety of complex staircases.
Our results show that the kinked structures dominate the vor-
tex pinning at low temperature.

In conclusion, the dip shift which was observed at low
temperature from inclined tracks direction to thec axis with
decreasingT, could be associated to a partially pinned stair-
cases vortex structure. The origin and detailed physical na-
ture of the pronounced dip forc=−45° and the dip shift
observed with decreasing temperature remain as open ques-
tions.

C. Scaling analysis of current-voltage characteristics

Figures 4(a) and 4(b) show the angle dependence of the
voltage for samples A and B while the applied magnetic field
H was aligned with the tracks using the well-known dip
feature occurring in the dissipation process forcmin<−0.6°
and 44.3°.

We examined the shape of theI-V curves in the vicinity of
the glass-liquid transition at well-defined temperatures from

a resistive state into a superconducting state(R;V/ I =0, in
the low current density limit) upon cooling, in an applied
magnetic field lower thanBf along the CDs direction and
above 40 K. For a fixed filling fractionf (i.e., f ;m0H /Bf)
which is smaller than 1, the typical isothermalI-V curves
measured for samples A and B reveal a negative curvature in
the low temperature region as expected for a glassy vortex
system.11 Such typical behavior can be explained on the ba-
sis of the Bose-glass melting theory.4,5

In general, the estimated values of the dynamic exponent
z and the static exponentv' are derived from a power
law dependenceV, I sz+1d/s1+ad at T=TBG and the fitting
of the ohmic resistance(linear part of I-V curves in the
limit I →0) nearTBG in the thermally assisted flux-flow re-
gime which should vanish according toR,fsT

FIG. 4. Typical angular dependence of the voltage at a fixed
current. The anglec is measured between thec axis and the applied
magnetic field for(a) sample A and(b) sample B. The applied
magnetic fieldH was aligned with the CDs using the well-known
dip feature occurring in the dissipation atcmin<−0.6° and
<−44.3° for samples A and B, respectively. The schematic repre-
sentation of the irradiation and measurements directions is also
shown. The irradiation directions correspond touirr =0 for parallel
and uirr =45° for inclined columnar defects with respect to thec
axis.
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−TBGd /TBGgv'sz−2d. SinceR follows the above power law, a
plot of sd ln R/dTd−1=sT−TBGd / fv'sz−2dg versus tempera-
ture should be a straight line with a slope equal to 1/fv'sz
−2dg intercepting the temperature axis atTBG. The plot of
sd ln R/dTd−1=sT−TBGd / fv'sz−2dg versus temperature is
consistent with this type of behavior. Combining these two
measurements, we obtainedv',1 and z,5. Our experi-
mental observations do not show any signature of the vortex
molasses scenario(VM ) as reported by Reichhardet al.48 In
the VM scenario, one expects the resistivity to follow the
Vogel-Fulcher law asrsTd=rVM expf−1/sT−TGdg, whereas
in the Bose-glass theory the resistivity vanishes asrsTd
,fsT−TBGd /TBGgv'sz−2d.

Figure 5 shows the best scaling collapses of the whole set
of I-V characteristics which are consistent with Eq.(1) for
both samples usingz8=5.3±0.1 andv8=1.1±0.1. The same
critical exponents were obtained for both samples over a
wide range of filling fractions of 0.133ø f ø0.8. Two experi-
mental observations are presented in Figs. 5(b) and 5(c).
First, the I-V data nicely collapse into the upper(ohmic:
T.TBG) and lower(non-ohmic:T,TBG) scaling branches.
From asymptotic behaviors of scaling functionsF+ (upper
branchT.TBG) and F− (lower branchT,TBG), we have
extracted two quantitiesR0 andIxs0d, which can be related to
the sample’s normal resistance and vortex-loop area, respec-
tively. As shown in Fig. 5, the horizontal and oblique solid

lines showF+sxd=1 andF±sxd=xsz8−2d/3, respectively. Their
intersection point givesJxs0d which can be used to evaluate
the correlation length. We estimatefjis0dj's0dg1/2

.20–30 Å which is considered to be a physical value and
comparable to what was determined in BSCCO single crys-
tals irradiated in the direction which is parallel to thec
axis.11 Moreover, Figs. 5(b) and 5(c) show thatR=R0 tv8sz8−2d

asT→TBG
+ is independent ofT andH for both samples. Note

that the values of the critical exponentsz8=5.3±0.1 andv8
=1.1±0.1[i.e., v8sz8−2d=3.63] are found for either sample
to be insensitive toH over a range of fields corresponding to
a filling fraction 0.133, f ,0.8.

This result is reasonably consistent with numerical studies
for the case of strongly screened vortex interactions, which
predicted thatz8=4.6±0.3 andv8=1.00±0.01.49 It is also in
accord with other experimental results where for
Bi2Sr2CaCu2O8+d single crystals withv8sz8−2d are equal to
about 4 (Ref. 50) and for Tl2Ba2CaCu2O8 thin films z8
=4.9±0.2 andv8=1.1±0.2(Ref. 51) or z8=4.4±0.3 andv8
=1.8±0.1.6 More recently, Soret et al. obtained z8
=5.28±0.05 and v8=1.04±0.06 in irradiated
Bi2Sr2CaCu2O8+d and Bi2Sr2Ca1−xYxCu2O8+d single
crystals.11

So far, as for tilted CDs, the only reported values for the
critical exponents are obtained from the Bose-glass scaling
of current-voltage characteristics in YBa2Cu3O7−d melt-
textured and thin film samples irradiated in splayed configu-
ration of uirr = ±45° and ±10°.46,52 In the former case, the
values z8=4.0±0.2 andv8=0.95±0.2 are found when the
magnetic field is aligned along the columnar defect. In the
latter case,z8<7.20 andv8<1.25 are extracted from the
critical scaling of VsId curves when the magnetic field is
applied parallel to thec axis. We note that field and sample
independent values of the critical exponentsz8=5.3±0.1 and
v8=1.1±0.1 are consistent with hypothetical universal criti-
cal behavior at standard continuous transitions.

The Bose-glass theory gives two distinct predictions: for
the dynamics scaling of vortex transport properties and the
response to tilted magnetic fields. Such a behavior has been
observed in our doped and undoped BSCCO single crystals
irradiated parallel to thec axis.11,13The fact that we observe
the scaling behavior in Pb-substituted BSCCO single crystals
with tilted CDs with the same critical exponents as those
observed in doped and undoped BSCCO containing parallel
CDs support the Bose-glass picture. This result shows that
the vortex dynamics is not sensitive to the doping level,
doses, and inclination of irradiation also seem to favor the
presence of the Bose-glass transition. The existence of the
Bose-glass-to-liquid transition in Bi1.8Pb0.2Sr2CaCuO8+d

crystal irradiated along the direction inclined by 45° from the
c axis is in very good agreement with the previous reports on
BSCCO irradiated at the same configuration.53,54

Our experimental observations are in contradiction with
the interpretation of the irreversibility in terms of single pan-
cake depinning from columns, as reported by Van der Beek
et al.55 In fact, the directional effect(uniaxial pinning) and
critical scaling up the matching fieldBf, clearly evidenced in
our study in Pb-substituted BSCCO, are not in favor that
vortices form two-dimensional(2D) Abrikosov pancake vor-

FIG. 5. Bose-glass scaling of theI-V characteristics at different
temperatures and in different applied magnetic fields parallel to
CDs.(a) Universal scaling forms for the resistance were obtained in
both samples over a wide range of filling factors 0.026ø f ø0.9.
The scaling obtained in(b) and(c) was normalized byR0 andIx. Ix

is the current crossover separating the ohmic regime from the non-
ohmic regime. The same scaling exponentsz8=5.3±0.1 andv8
=1.10±0.1 are used for all fields. According to Eq.(1), the upper
and lower branches display Bose-glass universal functionsF+ and
F− above and below the critical temperatureTBG, respectively. In-
sets are scaling forms for the resistance above and belowTBG at
different filling factors of 0.023ø f ø0.9 for samples A and B, re-
spectively.(b) is for sample A withf =0.1, 0.133, 0.267, 0.4, 0.67,
0.8, and 0.9.(c) is for sample B withf =0.075, 0.1, 0.2, 0.3, 0.4,
0.5, 0.75, and 0.9. The solid lines represent asymptotic behaviors,
and their crossing identifies the quantityIxs0d for T.TBG.
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tices pinned by different column sites and the vision that
vortex lines are extremely soft. Nevertheless, the experi-
ments done by Van der Beeket al. are performed on an
optimally doped or a lightly overdoped irradiated BSCCO
with the electronic parameter valuesg=360 and 550, respec-
tively. These values are much higher compared tog=60
measured in our Pb-substituted BSCCO crystals. Numerous
studies performed in high-Tc superconductors indicated that
the value of the electronic anisotropy strongly affects the
static and dynamic properties of the vortex matter in the
presence of columnar defects.2 For example, the 3D Bose-
glass was observed at a field below the matching fieldBf by
the ac magnetic susceptibility measurements in irradiated
BSCCO single crystals.50 Whereas, the Bose-glass behavior
was not observed in irradiated Bi2Sr2CuO6+d sBi-2201d. This
difference is due to the extremely weak coupling between
pancake vortices along thec axis in Bi-2201sg=700d even
under the presence of columnar defects.

Finally the main result of this work, which was clearly
demonstrated in Fig. 5(a), is that the inclined columnar de-
fects introduced by heavy ion irradiation do not change the
vortex dynamics for the solid-to-liquid transition as long as
the applied magnetic field is aligned along the CDs. The
existence of the Bose-glass behavior indicates that vortex
lines are always strongly localized at temperatures below
TBG. In contrast, when the magnetic field is applied perpen-
dicular to CDs for sample B, there is no way to fit the data to
Eq. (1) indicating that the vortex dynamics deviates from the
Bose-glass theory. The second observed dip in theVscd then
can only be explained by the pinning efficiency enhancement
related to a flux flop phenomenon.

In conclusion, our experimental results show the univer-
sality of our observations for both samples. Further investi-
gations are needed in order to understand the behavior in the
presence of inclined CDs. The study of the stability of the
Bose-glass phase when the applied magnetic fieldH is tilted
away from the CDs direction is necessary to clarify the in-
fluence of inclined columnar defects on vortex dynamics.
The next important point to be explored is to check the ex-
istence of a TME in such a configuration of defects.

D. Vortex phase diagram

Figure 6 shows a plot of the normalizedTBGsm0Hd line
[i.e., tBGsfd], extracted from the scaling analysis of each
sample. TheTBG line measured in our previous work11 of a
BSCCO single crystalsBf=0.75 Td irradiated parallel to the
c axis was also shown. As seen from this figure, the Bose-
glass lines of all samples have similar features as those re-
ported by Zechet al.18 and Seowet al.53 We observe a pro-
nounced shift of theTBGsBd lines for both samples A and B
towards higher fields and temperatures due to the presence of
CDs. Moreover, the shape of these lines exhibits some fea-
tures which are not observed in the irreversibility line of the
unirradiated reference sample. The first is the presence of a
clear kink that occurred in the vicinity of characteristic fields
B<Bf andB<Bf /3, for all samples. We note that the simi-
lar form of the Bose-glass line for sample B compared to
what is observed for samples irradiated along thec axis sug-

gests the same pinning properties of CDs with changing tem-
perature and/or applied magnetic field for both directions of
irradiation. This implies that the inclination of the CDs does
not change the pinning properties compared to irradiation
oriented parallel to thec axis. This result has already been
observed in investigations of the irreversibility line in
BSCCO single crystals irradiated parallel and at an angle of
45° to thec axis with the same doses which are equivalent to
Bf=0.5 T whenH is applied parallel to CDs.53

There is a temperature interval between 0.72 and 0.83Tc,
where the Bose-glass melting line for all irradiated samples
can be scaled on top of each other. This shows that the en-
hancements of pinning after irradiation are the same at the
same reduced temperature and filling factor. It also implies
that in this temperature range, the vortex interactions with
CDs are not sensitive to the Pb doping level, dose, or incli-
nation of irradiation. In this regime, the Bose-glass melting
line follows the accommodation fieldB* which separates the
strongly localized regime where the vortices are localized on
the CDs from the collective pinning regime due to vortex-
vortex interactions. This can be clearly seen in Fig. 2(b) of
Ref. 54, in accordance with Nelson and Vinokur’s theory.5 In
fact, B* <sC0/2jabd2 f1−sT/Tcdg decreases linearly above
the temperatureT0 up to the depinning temperatureT1. Be-
yond this interval, the vortex system is increasingly domi-
nated by vortex-vortex interactions(high field) or thermal
fluctuations and/or vortex-vortex interactions(high tempera-
ture) in agreement with previous studies on BSCCO single
crystals with columnar defects.38,56,57

The kinks observed aroundBf /3 stBG,0.83d and 0.8Bf

stBG,0.72d in the Bose-glass transition lines can be related
to the two characteristic temperaturesT1 and T0 of Refs. 4
and 5, respectively. Indeed, the first temperatureTBG
,0.72Tc is identified with the crossover temperatureT0
separating the low- and high-temperature limits defined by
the relationC0=21/2jabsT0d. Using jab=20 Å andC0=45 Å,
we find T0=f1−2sjab/C0d2gTc,0.68Tc. The second tem-

FIG. 6. Semilogarithmic plots of Bose-glass melting line, ex-
tracted from scaling analysis. The lines are normalized by the
matching field vs normalized temperature dependence for samples
A and B over a wide range of filling fractionsf. TheTBGsm0Hd lines
of a BSCCOsBf=0.75 Td irradiated parallel to thec axis are also
reported for comparison to Ref. 11. The data obtained abovef .0.9
were determined by using a low ohmic resistivity criterionRcrit

,1 mV.
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peratureTBG,0.83Tc is related to the depinning temperature
T1, i.e., the temperature at which the thermal energy becomes
comparable to the pinning energy. For the strongly aniso-
tropic BSCCO, the 2D depinning temperature was estimated
to beT1,da«0, whered is the Cu layer spacing,a,1 is the
pinning efficiency of columnar defects, and«0

=sf2
/4pm0l2d is the line tension. Using a typical value of

d=15 Å and our experimental valueT=0.83Tc, one can ob-
tain a,0.7, which is consistent with other experimental
results.54

IV. SUMMARY

The angular dependence of the current-voltage character-
istics over a wide range of filling fractionf and temperature
are used to investigate the vortex dynamics in
Bi1.8Pb0.2Sr2CaCu2O8+d single crystals irradiated by high-
energy heavy-ions along the direction inclined byuirr =45°
from thec axis. This configuration was compared to a crystal
irradiated along thec axis. Above 40 K, angular measure-
ments for both samples reveal that the dissipation in the vor-
tex solid state exhibits the usual anisotropic pinning effect
when the vortex lines and CDs are aligned. In both cases, in

this range of temperature, theI-V characteristics can be de-
scribed by the scaling laws which were predicted for Bose-
glass melting with the same critical exponents. This result
implies the existence of the Bose-glass-to-liquid transition at
TBGsBd for magnetic fieldssf ,1d, even for inclined colum-
nar defects. Moreover, for inclined CDs, an additional clear
dip was observed when the magnetic field direction is −45°.
Finally, the Vscd curves measured at low temperaturessT
=20 Kd reveal two main features in the case of inclined par-
allel columnar defects: the optimum pinning is obtained for
fields applied around thec-axis direction and the persistence
of the directional pinning. It should be noted that the accom-
modation of the vortices to the tracks was sharply decreased
below T,40 K. The dip shift observed at low temperature
from the inclined CDs direction toward thec axis with de-
creasingT can be ascribed to a partially pinned staircases
vortex structure.
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