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Current-voltage (I-V) characteristics have been measured over a wide temperature range in a
Bi, gPhy ,SKnCaCuyOg, s Single crystal with tilted columnar defeat€Ds). This configuration was compared to
a crystal irradiated along theaxis. 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 COs<AD K, the
measured-V characteristics showed that besides the persistence of the directional pinning at low temperatures,
there is a shift from the CDs toward tteaxis. Our samples showed, in the high temperature rdige
=40 K) and for B,/10<H <B, (where B, is the matching fiell applied parallel to the CDs, a three-
dimensional Bose-glass transition with the same critical exponerts=&s3+0.1 andy’=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 atTgg(uoH) in the case of tilted columnar defects.
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I. INTRODUCTION , Jgug ¢0
(E1) =g/ i)Fi(—L : (1)
KgT

The state and dynamics of individual vortices in highly
anisotropic  high layered superconductors such agvhereE(=V) is the electric field,)(=1) is the current density,
Bi,SL,CaCyOg,s (BSCCO containing columnar defects andF, andF_ are two scaling functions defined in the flux
(CDs) have been intensively investigated by many groups. Itiquid state(T> Tgg) and localized flux-line statélr > Tgg),
is well established that the introduction of different configu-respectively.§, and ¢, measure the corresponding localiza-
rations of CDs(tilted with respect to the axis or splayed- tion lengths of the vortex lines in the directions which
CDs in BSCCQ generates different vortex structures whichare parallel and perpendicular to the columnar defects. In
are strongly field oriented and temperature depentiémt.  the small current limit, one expects that aboVgg the
common feature exhibited by these irradiated compounds iscaling functionF,(x)— constant asx—0, leading to an
a significant enhancement of the pinning properties. In thehmic resistivity, as expected for the region abdyg; in
case of columnar defects parallel to tbeaxis and to the the thermally dominated vortex-liquid. BelowTgg,
applied magnetic field, theoretié&land experiment&f in-  F_(x— 0) =exp(x V3 describes the glassy behavior of the

vestigations on various high temperature superconductaystem. When approaching the transitin(x) ~ x 2/3 as

(HTS) materials have shown that the pinning improvement IS, o with the result thatp~ J7-23 remains finite afT

due to the enhancement of the magnetic flux pinning_ _
strength. Nelson and Vinoktihave considered the theory of =Tec: At T=Tgg, the B(J) curves are expected to show a

pinning by CDs based on the analogy between the vorteROWer law dependenc&~J* "%, In F.(x), the current
system and the physics of two-dimensio@D) bosons for ~ density is expressed ag,=KgT/(§¢,¢o) with J(0)

the case where external fightlis aligned parallel to the CDs =KgT/[¢0&(0)&.(0)]. Here, J(T) is defined as a current
or thec axis of the crystal. At low temperatures and below crossover corresponding to a balance between the thermal
the matching field, (B = ¢o/d? wheregy is the elementary energy and the work done by the Lorentz force acting on
flux quantum andl is the mean distance between defgats  typical vortex-loop fluctuations of area§(t)¢, (t). The an-
Bose-glass phase has been predicted which has a strong Igotropy of pinning properties due to the uniaxial nature of
calization of vortex lines on the CDs. At higher temperatureshe defects leads tct, (T)=¢,(0)[(T-Tgg)/Tggl "+ and

the Bose-glass phase melts into an entangled vortex liquié(T)=&(0)|(T-Tgg/Tge)| ™, Where vy;=2v, =2v’ in the
through a second-order transitionTaig(B). The critical be-  case of anisotropic correlation volun#.andv’ denote the
havior of this transition can be described in terms of thecritical exponents governing the thermal relaxation time
scaling theory with two critical exponerzs andv’. Accord- 1 #(T) = &/(T)] and transverse correlation length of fluctua-
ing to the predictions of Nelson and Vinokur for a Bose-glasgions of the flux lines, respectively.

transition in the presence of 1D correlated disorder, dynami- In YBa,Cu;O,_s single crystals and films containing CDs
cal predictions for transport measurements with current dermalong thec axis, the existence of a Bose-glass transition has
sity J applied perpendicular to CDs can be expressed as been confirmed by the critical behavior of the ac and dc
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conductivities afTg5.8~2%In BSCCO, a second order Bose- (¢ is defined as the angle between the applied magnetic field
glass transiton was demonstrated by transporH and the crystat axis) for crystal containing inclined de-
measurementsand by numerical simulatio®through the  fects. On the other hand, the static and dynamic critical ex-
critical scaling of current-voltage characteristics. Wheims  ponents,v’ and z’, associated with the Bose-glass scaling
tilted at angley away from the column direction, the Bose- theory will be determined from the voltage-current behavior.
glass phase with perfect alignment of the internal flux den- The remainder of this paper is organized as follows. The
sity B parallel to the columns is predicted to be stable up thesample preparation and experiments are presented in Sec. II.
critical transverse fielH | . producing the so-called Meiss- Tnhe uniaxial enhancement of pinning for the sample with

ner effec(TME). More recently, the TME has been observed;njined CDs observed by angular measurements over a large

by transport measurements in BSCCO when the applied ﬁe'fjemperature range is presented in Secs. I{TA 40 K) and
s tilted up to an angle ofj;~20° away from the column B (T=20K). In Sec. IIC we will show that for

direction which is smaller than the lock-in angfeThe fact : .
that the Bose-glass behavior is typically observed abov§¢/ 10<H<B, and T=40 K.' the same Sca."!"g f“!"C“O”S
can be wused to describe the transition in both

40 K clearly indicates a line nature of the vortices, in con-*>° : 3
trast to low temperature experiments which shows isotropi®i18”t.25CaCy0s,s single crystals with parallel and
pinning in this materiat*15 tilted columnar defects, which emphasizes the universality of
Previous experiments on vortex pinning properties by cothis transition. Finally, the temperature—field phase diagram
lumnar defects tilted with respect to the crystallographic derived from scaling analysis is discussed on the basis of the
axis have also been carried out on BSCCO singlgheory of Nelson and Vinokur and compared with those ob-
crystals'®-18 Tilted CDs have been used to distinguish theirtained previously on BSCCO single crystaléSec. 11l D).
pinning from intrinsic anisotropy effects. Generally, most of
the reported results on tilted CDs indicate two distinct tem-

perature regime3i41517At high temperaturegT > 40 K), Il. EXPERIMENT
the angular magnetic and transport measurements confirm .
the maximum pinning when the magnetic field is aligned Experiments were performed on two

with the inclined CDs. However, so far, an experimental evi-Bi1 8Pt 2SKCa&CU,0s.,5 single crystals. Both samples were
dence of the presence of a Bose-glass transition in this corgrown by a self-flux method which has been described
figuration, which might be manifested by universal scalingélsewheré! The samples with typical dimensions of 0.4
behavior, has not been shown. At low temperatuf@s < 1%0.02 mn? were irradiated at GanilCaen, Francewith
<40 K), the pinning is isotropic. In this regime, the magne- beam of 6 GeV Pb iongwhich traversed over the entire
tization curves measured with applied field at various direcSPecimen As for sample A, parallel CDs of diameter90 A
tions relative to the CDs are almost indistinguishdolne ~ Were created for one crystal along tbexis and for sample
crossover between these two regimes seems to shift to B the be§|”r216was oriented at an angle 0(‘; 45(:2W't,h respect to
lower temperature as the anisotropy decreases. Note thHe C axis™ Fluences of¢6:3._725><'101 cm (i.e., By
other groups attributed the absence of unidirectional pinning0-75 D, and ¢;=5.25x 10%cm? (i.e., B4~1T) were
in the low temperature to the 2D nature of BSCEO. chosen to irradiate samples A and B, respectlv_ely. Such a
In order to study the effect of tilted tracks on vortex pin- fluénceB,~1 T, for sample B, has been chosen in order to
ning, we have investigated the vortex dynamics over a wid@bPtain a planar density of trackgp in the (a,b) planes
range of temperatures and applied magnetic fields ihNco=¢: co45°)] corresponding to a matching field of
Bil.SPtb.ZsrécaCLtOShS sing'e Crysta's with tilted and non- 0.75 T. Isothermal-V characteristics were obtained by USing
tilted CDs by measurements of theV characteristics. It is & Standard dc four-probe method with a voltage resolution of
well known that the pinning properties of BSCCO are Very0.5 nV and a temperatyre Stablllty better than 5 mK. Sample
sensitive to the doping level, which can be modified by PbA has a superconducting transition temperatlige (deter-
substitution on Bi site&22° Thus the Pb doping of BSCCO mined by using the inflection point of the resistive transition
increases the carrier concentration, which can lead to thef 78.4 K, while sample B has &, of 78 K. After irradia-
overdoped region in the phase diagram in comparison witfion, Teo Of samples A and B was found to decrease-tfy K
the Pb-free sampleéd. The heavily Pb-substituted BSCCO compared to the unirradiated reference sample. The transi-
shows remarkable increases in the irreversibility line andion width AT, was approximatelyAT,=1.0-1.5 K. The
critical current densitie®23 The improved flux pinning @nisotropy parametery~60, was estimated by resistivity
properties in heavily Pb doped BSCCO, below a certaifh€asurements on the unirradiated reference sample using the
threshold of the Pb content, are suggested to originate frof@me procedure as Ref. 27. For comparison, similar results
the lowered electronic anisotropy, and the existence of stronfpr Pb-substituted BSCCO single crystals with nominal
3D correlations in the flux line structure due to the PbCOmpositions  BigPhy S,CaCyOg,s (y~68% and

doping2425 Bi; gPhy 4SpCaCyO, (y~ 1002? were reported. The angular
The main aim of this work is to compare the pinning dependence of the voltage measurements was systematically
properties of a single crystal irradiatedét=45° (whered,,  investigated on Pb-substituted BSCCO single crystals before

is the angle between crystallographic axis and the irradiatioffradiation. TheV(y) does not exhibit a dip at any direction
direction) and another irradiated at,=0° (both with the of the applied field, while in the case of samples irradiated
same density of tracks in thab plane. We will report about  along thec axis the dip is a typical feature of the anisotropic
pinning enhancement in the symmetric orientatign-45°  pinning induced by CDs.
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B, respectively. This increase of the voltage has been related

wE* 63.00K 68.01K to vortex pinning by CDs, withy;, the limit of the effective-
o 62.01K X 66.02K ness of CDs pinning. Abovej, the pinning by CDs
12 s 65.01K disappears and the dissipation is more controlled by the

10

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 BbSrCuQ, (Bi-2201) thin films?® and on highly aniso-
tropic material such as B$r,CaCyOg,s (Refs. 7 and 30

and TLBa,CaCyO0g.53! In contrast, for extremely aniso-

Normalized Voltage (107 V)

tropic  Bi,SL,CaCyOg/BiSr,CuQ; multilayers? and
v (degrees) YBa,Cu;07-s/ PrBgCus0;-; superlattices? there has been
no directional effect at all. This result has been explained by
Y — — — N — — — — a strong 2D behaviqr of these latter materials. FigL(@ 1
N Esample B Jote o 69.70K 3 clearly shows that tilted defects also improve the pinning
% | =30 mA , AN 2 gg-ggE E efficiency for magnetic flelds appll_ed _parallel to the CDs.
S 40F T s . s 5141K These results contrast with magnetization and transport mea-
~ ST ! \ = 20K surements at high temperatures in BSCCO single crystals
)] E de 000—?,‘0"0-0{) \ N E P : : - : e
S Y T 7/ A e PENg . A~ 3 and BSCCO thin films irradiated under various irradiation
&30 J VICol N N2\ E angles with respect to theaxis where an enhanced pinning
N Y Y *\' /'\:3; 3 by the CDs was found to be isotropit3° The dependence of
o 20F J LN s \. L. \“0 3 the critical current densitydetermined from magnetization
2 3 é",:,: / LY N\, 7t 3 measurementon the magnetic field and its orientation con-
- E T S ‘*’/9’ v o\ E sistently indicates two-dimensional pinning of pancake vor-
g 10 E_b | . - ‘ E tices at the CDs. In these two reports, no irradiation induced
S ( ).' \\.L__/-’ [ directional pinning can be observed when the external mag-
< 0 . L i [T A i Lo A netic field is continuously rotated with respect to CDs. Fur-

100 -80 -60 -40 20 O 20 40 60 80 100 thermore, it has been shown that the pinning enhancement by
tited columnar defects from the axis can be related to an
increase of pinning energy resulting from the enlargement of
the defects cross section in the Gu@anes’6-38
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/at
—45° (in additional to the one at=+45° has been observed
by transport measurements. The enhancement of this pinning
efficiency for ¢y/=-45° might be related to a flux flop phe-
The angular dependence of the voltage measuremengomenon. This behavior has already been observed by mag-
V(y) at a fixed current was systematically investigated fornetic measurement on f8r,CaCyOg single crystals irradi-
samples A and B. Typica¥(y) curves forugH=0.3 T taken ated at 45° from thec direction!>'” Similar to what is
at several temperatures above and below the Bose-glasbserved in a lock-in transition towards the Gu@anes in
melting temperature are shown in Figaflfor the sample layered HTSCS$,the vortex in the configuration of the ap-
containing CDs parallel to the axis and in Fig. (b) for the  plied field perpendiculaty=-45° to the CDs flop toward
sample containing tilted columnar defects. For the lowlest the direction of defects below a critical field qQfgH.
andH <B, values, theV(¢) curves exhibit a pronounced dip ~0.001 T at 50 K2 While the ugH=0.3 T in our experi-
at =0 (sample A and=45° (sample B in the vortex solid ment is much larger than that, it approaches the experimental
state when the magnetic field is applied parallel to the CDsvalue asuoH=~0.1 T reported by Kazumatat all’ More-
This pronounced downward dip of dissipation aroygHl| over, recent experiments using Lorentz microscopy at tem-
CDs is ascribed to CDs pinning. When the magnetic field iperature abovd=19 K on BSCCO films irradiated at 70°
tilted away from the direction of the CDs, the dissipationindicated that vortex lines remain trapped along defects even
increases with increasing angle, indicating that the pinningvhen a magnetic field was applied in the directionof
by CDs remains effective up to the accommodation aggle -70°3°
[the accommodation anglg, is determined experimentally _
as half the angular width between voltage maxima indicated B. Low-temperature vortex dynamics
by arrows in Fig. {a)]. The accommodation angle is about 1(V) curves as a function of the anglg (between the
¥,~30° and 25° af=62.01 and 51.41 K for samples A and applied field and the axis), which were taken at 20 K under

v (degrees)
FIG. 1. V(¢) curves measured in solid state with30 mA at

various temperatures fofa) sample A and(b) sample B after
irradiation.

III. RESULTS AND DISCUSSIONS

A. Angular dependence of the voltage
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1 105 10 1073 FIG. 3. TypicaIV(l/f) mea_lsured at 20 K and for a fiqu current
and the applied magnetic fiejdygH=0.3 and 1 T, respectivelya)
Current (A) the crystal with tilted columnar defects sample B ghylunirradi-

ated sample.
FIG. 2. The angular dependence of the isothertrél curves
measured al =20 K for (a) sample containing inclined columnar
defects at a field of 0.3 T an@) as-grown Pb-substituted BSCCO
crystal in applied fieldugH=0.3 T.

cannot be described anymore using the functional fovm:
=Ryl exg—U/B(ly/1)*] with B=KgT and x ranging from
1/3 to 1 as predicted for the relevant excitations of the Bose-
glass phasgvariable range hopping or half lopf® More-

a magnetic field of 0.3 T, are shown in FigaR The typical  over, the sudden increase of the velocity suggests a collective
I-V curves measured at 20 K before irradiation in a magneticlepinning mechanism when the applied magnetic field is
field of ugH=1 T is demonstrated in Fig.(8 in order to  weak enough. Furthermore, it appears that the dip at CDs
compare. As seen from Fig.(8, the isothermal curves angular position which was observed before, shifts away
clearly show a downward curvature in the angular rangdrom the CDs towards the axis [see Fig. {b)]. Figure 3
from -70° to +70° which is typical for the glassy vortex shows typicalV(y) curves measured at 20 K using a fixed
system at low temperatures. This result is quite differentcurrent and an applied magnetic field for the crystal with
from what was observed in the unirradiated reference samplited CDs (uoH=0.3 T) and the unirradiated samplg,H

[see Fig. &), where a positive curvature is usually analyzed=1 T), respectively. The most prominent feature of this fig-
in terms of the flux-creep approgh The glassy behavior ure is a strongly anisotropic pinning observed wht axis
observed at low temperatures in the sample containing tilted.e., mid-direction between the defect agicc—45° direc-
defects reflects the pinning by CDs for all orientations of thetions) rather than along the direction of the defectsyat
applied field investigated. One can notice that there is ne&45°, A comparable behavior was reported by Silhasek
more measurable creep phenomena at low current due to tl¢*! for YBa,Cu;0,_5; and ErBaCusO,_; single crystals
low temperature. In fact, the vortex velocity is more stronglywith inclined columnar defects. In this study, the shift away
temperature dependent than even the activation energy itseffom the CDs towards the axis was observed by the angular
Thus measurements are decreased by almost a factor almagipendence of the irreversible magnetization measurements
equal to exp-«) when the temperature is decreased down tdor u,H <1 T andT=60 K. It was shown that the shift re-
low temperature ag/a. Consequently, the vortex motion sults from the misalignment between vortices and the applied

224511-4



ANGLE-RESOLVEDI-V CHARACTERISTICS.. PHYSICAL REVIEW B 69, 224511(2004

field direction in anisotropic materials. The combined pin- T e B B A 0
ning by the simultaneous presence of twin boundaries, tilted E 3
CDs, and crystallographiab planes, which generates a va- nr Sample A HoH=03T e
riety of complex staircases, likely explains the angular shift —~ : T=60.81K

in this compound. This scenario could be an explanation ofz eF | =20 mA

our observations if we replace the twin boundaries by the™~ 60 E 3
laminar microstructured_Ms) parallel to thea axis observed g : /] ]
with transmission electron microscopy measurement of theS g5 F /_;;SE 3
Biz_beéSrZCaCLQOBM single crystals in the case of O : OV 3
y=0.62342In y=0.6 samples, the LMs act as planar pinning > 5 L , 3
centers for a wide range of the applied field orientatign C ( — f / ]
~70°).2228 However, the recent transmission electron mi- 45 F () 7 :
croscopy investigations on BiPhSr,CaCyOg,; single : . . . . . . 3
crystals with different compositions have pointed out that the ~ 40 ™ o8 8 @ 48 & 85

LMs appears beyond a certain threshold in the Pb conten

y=0.4%344This value is higher than that of our moderately V (degrees)

Pb-doped crystaléy=0.2). This result is in favor of the data

obtained by the angular measurements performed in bott &5 T — T T T T

solid and liquid phases of our BiPh,,SrL,CaCuyOg,s C ]

samples, which do not show any additional defects effect ¢ [ Sample B

before irradiation. i
Other studies have addressed the similar improvements ¢&

wH=0.3T p
T=62.81K
[y

the pinning efficiency around the axis. In general, they < 55| =Sz
were obtained at higher temperaturd¥=60 K) in 2 i /
YBa,Cu;0;_; single crystal® and thin filmg® containing & i S
splayed columnar defects or two sets of tilted defects in§ X \ °T7j/‘
Bi-2212 single crystaf and in YBaCu;O;_; thin films#7 In i ! /
all of these cases, angular transport and magnetic measurc 45 [ ’ E
ments indicated that a maximum of the critical current den- i (b) ’
sity J, and of the irreversibility temperatuikg,, are obtained P P T T T N
when the magnetic field is applied along theaxis. This 30 40 50 60 70 80 90
strong pinning is related to the fact that, for this symmetry
direction (Hlic), a kinked vortex structurgstaircases be-
tween dlfferentlly oriented tr_acks should bg favored._Another FIG. 4. Typical angular dependence of the voltage at a fixed
parameter, \.NhICh plays an llmportant' rolg In determlnlng thecurrent. The anglg is measured between toeaxis and the applied
vortex glastlc a,nd the'plnnlng energies, 'S_the gnlsotmpy magnetic field for(a) sample A and(b) sample B. The applied

In the highly anisotropic BSCCO, the larggiin this system

. S magnetic fieldH was aligned with the CDs using the well-known
influences the pinning due to the CDs more than the Weaklyﬁp feature occurring in the dissipation ak,,~-0.6° and

anisotropic YBaCu;O7. The combined effect of correlated ~_44.3° for samples A and B, respectively. The schematic repre-
and intrinsic pinning, depending on the temperature and thgentation of the irradiation and measurements directions is also
field orientation, produces a variety of complex staircasesshown. The irradiation directions correspondég=0 for parallel
Our results show that the kinked structures dominate the vorand 6,,=45° for inclined columnar defects with respect to the
tex pinning at low temperature. axis.
In conclusion, the dip shift which was observed at low
temperature from inclined tracks direction to thexis with  a resistive state into a superconducting st&eV/I1=0, in
decreasingl, could be associated to a partially pinned stair-the low current density limjtupon cooling, in an applied
cases vortex structure. The origin and detailed physical nanagnetic field lower thaB, along the CDs direction and
ture of the pronounced dip fog=-45° and the dip shift above 40 K. For a fixed filling fractiof (i.e., f= uoH/B,)
observed with decreasing temperature remain as open quaghich is smaller than 1, the typical isothermaV curves
tions. measured for samples A and B reveal a negative curvature in
the low temperature region as expected for a glassy vortex
systemt! Such typical behavior can be explained on the ba-
Figures 4a) and 4b) show the angle dependence of the sis of the Bose-glass melting thedr.
voltage for samples A and B while the applied magnetic field In general, the estimated values of the dynamic exponent
H was aligned with the tracks using the well-known dip z and the static exponeni, are derived from a power
feature occurring in the dissipation process figr,~-0.6° law dependenceV~ @D+ gt T=Ty, and the fitting
and 44.3°. of the ohmic resistancéinear part of -V curves in the
We examined the shape of th&/ curves in the vicinity of  limit 1 —0) nearTgg in the thermally assisted flux-flow re-
the glass-liquid transition at well-defined temperatures frongime which should vanish according toR~[(T

v (degrees)

C. Scaling analysis of current-voltage characteristics
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A o e
Sample A 7'-53

lines showF,(x)=1 andF,(x)=x@ 273, respectively. Their
1 intersection point givesd,(0) which can be used to evaluate
B the correlation length. We estimatd &(0)¢, (0)]*?
. =20-30 A 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 tloe
| axis! Moreover, Figs. B) and §c) show thatR=R, t # -2
14 asT— Tgg is independent of andH for both samples. Note
© 1] that the values of the critical exponemts=5.3+0.1 andv’
// iR =1.1+£0.1[i.e., v’ (2 —2)=3.63 are found for either sample
! to be insensitive t&1 over a range of fields corresponding to
| SRR a filling fraction 0.133<f<0.8. _ _ _
o e g This result is reasonably consistent with numerical studies
4 3 2 1 0 1 2 3 4 5 6 7 8 for the case of strongly screened vortex interactions, which
L 3/ predicted that’' =4.6+0.3 andy’=1.00+0.01%° It is also in
0810 [ x] accord with other experimental results where for
FIG. 5. Bose-gla}ss spaling of thelv character.isti(?s at different Sll)zosurfcf ER%?8+§C; lr;?]lg ?LB:S?&I;;ZVgZC(éosZ?[h?;efﬁr%ialz’t °
temperatures and in different applied magnetic fields parallel to_ P - ,
CDs.(a) Universal scaling forms for the resistance were obtained in_A"giO'2 andw’=1.1x0.2(Ref. 5] or z _4'4iO'$ andv
. - =1.8+0.15 More recently, Soretet al. obtained z’
both samples over a wide range of filling factors 0.626<0.9. _ + , ) + . . .
The scaling obtained ith) and(c) was normalized byr, andl,. I __5'28—0'05 and v _1_'04—0‘06 n Irra(_jlated
is the current crossover separating the ohmic regime from the norB252CaC40s.s and  BbSKCa Y, C0g:5  single

ohmic regime. The same scaling exponents5.3+0.1 andy’ crystalsit .
=1.10+0.1 are used for all fields. According to E), the upper So far, as for tilted CDs, the only reported values for the

and lower branches display Bose-glass universal functignand  Critical exponents are obtained from the Bose-glass scaling
F_ above and below the critical temperatifgs, respectively. In-  Of current-voltage characteristics in YR2;0;,_5; melt-

sets are scaling forms for the resistance above and b&jgyvat  textured and thin film samples irradiated in splayed configu-
different filling factors of 0.023<f<0.9 for samples A and B, re- ration of &, =+45° and +10%%52In the former case, the
spectively.(b) is for sample A withf=0.1, 0.133, 0.267, 0.4, 0.67, valuesz'=4.0£0.2 andv’'=0.95+0.2 are found when the
0.8, and 0.9(c) is for sample B withf=0.075, 0.1, 0.2, 0.3, 0.4, magnetic field is aligned along the columnar defect. In the
0.5, 0.75, and 0.9. The solid lines represent asymptotic behavior$atter casez’ =7.20 andv’=1.25 are extracted from the
and their crossing identifies the quantity0) for T>Tgg. critical scaling of V(I) curves when the magnetic field is
applied parallel to the axis. We note that field and sample
independent values of the critical exponezits5.3+0.1 and

11111111

Sample B
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—Tge)/ Tasl' 1@ 2. SinceR follows the above power law, a

plot of (d In R/dT) l:.(T_TBG)/['.“(Z_ 2)] versus tempera- ,_1 140 1 are consistent with hypothetical universal criti-
ture should be a straight line with a slope equal tvl{z .5 pehavior at standard continuous transitions.
—2)] intercepting the temperature axis Bjc. The plot of The Bose-glass theory gives two distinct predictions: for
(dIn R/dT)™=(T-Tgg)/[v.,(z-2)] versus temperature is the dynamics scaling of vortex transport properties and the
consistent with this type of behavior. Combining these tworesponse to tilted magnetic fields. Such a behavior has been
measurements, we obtained ~1 andz~5. Our experi-  gpserved in our doped and undoped BSCCO single crystals
mental observations do not show any signature of the vorteyradiated parallel to the axis113The fact that we observe
molasses scenari@M) as reported by Reichhaet al*® In - the scaling behavior in Pb-substituted BSCCO single crystals
the VM scenario, one expects the resistivity to follow theyjth tilted CDs with the same critical exponents as those
Vogel-Fulcher law ap(T)=pyy exd-1/(T-Tg)], whereas  gpserved in doped and undoped BSCCO containing parallel
in the Bose-glass theory the resistivity vanishespé¥)  CDs support the Bose-glass picture. This result shows that
~[(T-Tge)/Teal'+ 2. the vortex dynamics is not sensitive to the doping level,
Figure 5 shows the best scaling collapses of the whole sefoses, and inclination of irradiation also seem to favor the
of 1-V characteristics which are consistent with Et) for  presence of the Bose-glass transition. The existence of the
both samples using' =5.3+0.1 andv’=1.1+£0.1. The same Bose-glass-to-liquid transition in BiPhk,,Sr,CaCuQ,;
critical exponents were obtained for both samples over @rystal irradiated along the direction inclined by 45° from the
wide range of filling fractions of 0.138 f<0.8. Two experi- ¢ axis is in very good agreement with the previous reports on
mental observations are presented in Figd) @nd c). BSCCO irradiated at the same configuratiéf?
First, the |-V data nicely collapse into the uppéohmic: Our experimental observations are in contradiction with
T>Tge) and lower(non-ohmic: T<Tgg) scaling branches. the interpretation of the irreversibility in terms of single pan-
From asymptotic behaviors of scaling functioRs (upper cake depinning from columns, as reported by Van der Beek
branchT>Tgg) and F_ (lower branchT<Tgg), we have et al®® In fact, the directional effectuniaxial pinning and
extracted two quantitieR, andl,(0), which can be related to  critical scaling up the matching fieB,, clearly evidenced in
the sample’s normal resistance and vortex-loop area, respegur study in Pb-substituted BSCCO, are not in favor that
tively. As shown in Fig. 5, the horizontal and oblique solid vortices form two-dimensionaRD) Abrikosov pancake vor-
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tices pinned by different column sites and the vision that 10!
vortex lines are extremely soft. Nevertheless, the experi-
ments done by Van der Beedt al. are performed on an
optimally doped or a lightly overdoped irradiated BSCCO
with the electronic parameter valugs 360 and 550, respec-
tively. These values are much higher comparedyto60
measured in our Pb-substituted BSCCO crystals. Numerous '
studies performed in high; superconductors indicated that .
the value of the electronic anisotropy strongly affects the * Bi-2212
static and dynamic properties of the vortex matter in the g0z Ll
presence of columnar defeét&or example, the 3D Bose- 02 03 04 05 06 07 08 09 10

glass was observed at a field below the matching t8g)dby to, = (To,/T.)

the ac magnetic susceptibility measurements in irradiated Be ~teel c

BSCCO single Cry'stgl@ Whereas, the Bose_—glass beh_awor FIG. 6. Semilogarithmic plots of Bose-glass melting line, ex-
was not observed in irradiated fi,CuQs.5 (Bi-2201). This  yacted from scaling analysis. The lines are normalized by the
difference is due to the extremely weak coupling betweemnatching field vs normalized temperature dependence for samples
pancake vortices along theaxis in Bi-2201(y=700 even  Aand B over a wide range of filling fractiorfs The Tgg(uoH) lines
under the presence of columnar defects. of a BSCCO(B,=0.75 7) irradiated parallel to the axis are also

Finally the main result of this work, which was clearly reported for comparison to Ref. 11. The data obtained abhove.9
demonstrated in Fig.(8), is that the inclined columnar de- were determined by using a low ohmic resistivity criteriBg;
fects introduced by heavy ion irradiation do not change the~1 u(.
vortex dynamics for the solid-to-liquid transition as long as
the applied magnetic field is aligned along the CDs. Thegests the same pinning properties of CDs with changing tem-
existence of the Bose-glass behavior indicates that vortegerature and/or applied magnetic field for both directions of
lines are always strongly localized at temperatures belovirradiation. This implies that the inclination of the CDs does
Tge- In contrast, when the magnetic field is applied perpennot change the pinning properties compared to irradiation
dicular to CDs for sample B, there is no way to fit the data tooriented parallel to the axis. This result has already been
Eq. (1) indicating that the vortex dynamics deviates from theobserved in investigations of the irreversibility line in
Bose-glass theory. The second observed dip it then  BSCCO single crystals irradiated parallel and at an angle of
can only be explained by the pinning efficiency enhanceme5° to thec axis with the same doses which are equivalent to
related to a flux flop phenomenon. B4=0.5 T whenH is applied parallel to CD%

In conclusion, our experimental results show the univer- There is a temperature interval between 0.72 and 083
sality of our observations for both samples. Further investiwhere the Bose-glass melting line for all irradiated samples
gations are needed in order to understand the behavior in th@n be scaled on top of each other. This shows that the en-
presence of inclined CDs. The study of the stability of thehancements of pinning after irradiation are the same at the
Bose-glass phase when the applied magnetic field tilted ~ same reduced temperature and filling factor. It also implies
away from the CDs direction is necessary to clarify the in-that in this temperature range, the vortex interactions with
fluence of inclined columnar defects on vortex dynamics.CDs are not sensitive to the Pb doping level, dose, or incli-
The next important point to be explored is to check the exnation of irradiation. In this regime, the Bose-glass melting
istence of a TME in such a configuration of defects. line follows the accommodation fieE" 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 Figd) Df

Figure 6 shows a plot of the normaliz&@g(uoH) line  Ref. 54, in accordance with Nelson and Vinokur’s thebhy.

[i.e., tgs(f)], extracted from the scaling analysis of eachfact, B"~(Cy/2¢,,)? [1-(T/T,)] decreases linearly above
sample. TheTgg line measured in our previous wdtkof a  the temperaturd, up to the depinning temperatufg. Be-
BSCCO single crystalB,=0.75 T) irradiated parallel to the yond this interval, the vortex system is increasingly domi-
c axis was also shown. As seen from this figure, the Bosenated by vortex-vortex interaction&igh field) or thermal
glass lines of all samples have similar features as those rétuctuations and/or vortex-vortex interactiofiégh tempera-
ported by Zectet al'® and Seowet al>3 We observe a pro- ture) in agreement with previous studies on BSCCO single
nounced shift of th@g(B) lines for both samples A and B crystals with columnar defect§:56-57

towards higher fields and temperatures due to the presence of The kinks observed arouri8,/3 (tgg~0.83 and 0.8,
CDs. Moreover, the shape of these lines exhibits some fedigg~0.72 in the Bose-glass transition lines can be related
tures which are not observed in the irreversibility line of theto the two characteristic temperaturés and T, of Refs. 4
unirradiated reference sample. The first is the presence ofand 5, respectively. Indeed, the first temperatiig;
clear kink that occurred in the vicinity of characteristic fields ~0.72 T, is identified with the crossover temperatlfg
B~B, andB~B,/3, for all samples. We note that the simi- separating the low- and high-temperature limits defined by
lar form of the Bose-glass line for sample B compared tothe relationCy=2%2¢,,(T,). Using £,,=20 A andC,=45 A,
what is observed for samples irradiated alongdfais sug- we find Ty=[1-2(&,,/Co)?]T.~0.68T,. The second tem-

—

100

[u]

sample A

(n,H/B,)

10 © sample B

f
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peraturelTgg~ 0.83T, is related to the depinning temperature this range of temperature, thev characteristics can be de-
T,, i.e., the temperature at which the thermal energy becomescribed by the scaling laws which were predicted for Bose-
comparable to the pinning energy. For the strongly anisoglass melting with the same critical exponents. This result
tropic BSCCO, the 2D depinning temperature was estimatednplies the existence of the Bose-glass-to-liquid transition at
to beT; ~ dagg, whered is the Cu layer spacingg<1listhe  Tgg(B) for magnetic fieldgf<1), even for inclined colum-
pinning efficiency of columnar defects, andey  nar defects. Moreover, for inclined CDs, an additional clear
:((,52/477#0)\2) is the line tension. Using a typical value of dip was observed when the magnetic field direction is —45°.
d=15 A and our experimental valug=0.83T,, one can ob- Finally, the V(i) curves measured at low temperatu(@s
tain a~0.7, which is consistent with other experimental =20 K) reveal two main features in the case of inclined par-
results>* allel columnar defects: the optimum pinning is obtained for
fields applied around the-axis direction and the persistence
of the directional pinning. It should be noted that the accom-
IV. SUMMARY modation of the vortices to the tracks was sharply decreased

The angular dependence of the current-voltage characteF—elowTN40 K. The dip shift observed at low temperature

istics over a wide range of filling fractiohand temperature rom t.he inclined CDs Q|rect|on ‘OWa'Td ”‘e‘?‘x's with Qe—
are used to investigate the vortex dynamics increasingT can be ascribed to a partially pinned staircases
Bi, gPhy ,SKCaCuyOg, s single crystals irradiated by high- vortex structure.
energy heavy-ions along the direction inclined &y=45°

from thec axis. This configuration was compared to a crystal

irradiated along the axis. Above 40 K, angular measure-  We gratefully acknowledge helpful discussions with L. M.
ments for both samples reveal that the dissipation in the vorPaulius. The authors thank Christophe Honstettre and Mich-
tex solid state exhibits the usual anisotropic pinning effeckline Barbey for technical support. This work was supported

when the vortex lines and CDs are aligned. In both cases, iby the CNRT-Région Centr@-rance.
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