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Comparative study of the I -V scaling in highly anisotropic Bi2Sr2CaCu2O8¿d

and isotropic „K,Ba…BiO3 heavy-ion-irradiated single crystals

L. Ammor,* B. Pignon, and A. Ruyter
Laboratoire d’Electrodynamique des Mate´riaux Avance´s, UMR 6157 CNRS-CEA, Universite´ F. Rabelais, UFR Sciences,

Parc de Grandmont, 37200 Tours, France
~Received 25 November 2003; published 19 April 2004; corrected 24 May 2004!

The Bose-glass transition has been investigated by transport measurements on heavy-ion irradiated
Bi2Sr2CaCu2O81d and isotropic (K,Ba)BiO3 single crystals. When a magnetic field was applied parallel to the
defects, we show that, forBf/10,m0H,Bf , the same scaling functions could be used to describe the
transition in these two systems emphasizing the universality of this transition. The field and sample-
independent critical exponents which were found to ben'51.160.1, z55.360.2, anda([n i /n')52, are
consistent with Monte Carlo simulations with screened vortex interactions and columnar defects. In addition,
we found that in both systems, the creep process in the Bose glass phase could be described by the variable-
range hopping mechanism of flux lines with the glassy exponent value ofm51/3 which is close to the
transition and the creep exponentm'1 at lower temperatures suggests that creep is then dominated by a
generation of half loops expanding along the track direction.

DOI: 10.1103/PhysRevB.69.134508 PACS number~s!: 74.25.Fy, 74.72.Hs, 74.25.Qt
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I. INTRODUCTION

It is now well established that the random distributed p
allel columnar defects~CDs! produced by heavy-ion irradia
tion in high-Tc superconductors~HTSs! lead to formation of
a so-called Bose-glass phase, where vortices are localiz
the columnar defects.1 It is predicted that this phase mel
into an entangled liquid through a second-order transition
high temperature. The ‘‘strongly’’ Bose glass is only e
pected to exist below the accommodation field (m0H)*
;Bf/32Bf depending on the system and the irradiati
dose~whereBf is the matching, on average, each column
defect is occupied by one vortex!. For higher magnetic fields
interstitial vortices lead to a formation of a ‘‘weakly’’ pinne
Bose glass phase, which cannot be described by the cri
scaling behavior.2 One signature of a Bose-glass-to-vort
liquid transition is the universal scaling of current-volta
characteristics with well-defined critical exponents. This h
been verified in several experiments3–6 and in numerical
simulations,7 both in highly anisotropic Bi2Sr2CaCu2O81d
~BSCCO! and weakly anisotropic YBa2Cu3O72d ~YBCO!
compounds. The main difference between these two syst
is their anisotropy factor asg5(mc /mab)

1/2.1, wheremc
and mab denote the effective masses of electrons mov
along thec axis and theab plane, respectively. Numerou
studies performed in these materials indicated that the v
of the electronic anisotropy strongly affects the static a
dynamic properties of the vortex matter in the presence
CDs.8,9 For example, the three-dimensional Bose glass w
observed at fields below the matching fieldBf by ac mag-
netic susceptibility measurements in irradiated BSCCO:2
(g;50– 100), while it was not observed in irradiate
Bi2(Sr,La)2CuO61d ~Bi-2201!.9 This difference is due to the
extremely weak coupling between pancake vortices along
c axis in Bi-2201 (g5700) even under the presence of c
lumnar defects. It is interesting to investigate the anisotro
effect on the critical scaling of current-voltage characteris
0163-1829/2004/69~13!/134508~6!/$22.50 69 1345
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near the Bose-glass transition, and this is the subject of
paper.

In this work, we present a comparative study of the vor
dynamics between the highly anisotropic BSCCO and
fully isotropic (K,Ba)BiO3 ~KBBO! systems with columnar
defects. The KBBO superconductor (Tc;30 K) appears to
be particularly interesting since it present a fully isotrop
cubic structure and a phase diagram, which is experiment
accessible down to the lowest temperature. In addition, tra
port and neutron diffraction measurements on the vortex
tice in this system yield the results, which are very similar
the phenomenology of HTSs.10,11 The paper is organized a
follows: We begin by describing the sample preparation a
experiments. We divide Sec. III into two parts. In Sec. III A
the universality of the critical behavior of the resistivi
aroundTBG is explored usingI -V measurements. We show
that, for magnetic fieldsBf/10,m0H,Bf , the same scaling
functions with a single set of critical exponents@n'51.1
60.1, z55.360.2 anda([ni /n')52] can be used to res
cale theI -V characteristics of both BSCCO and KBBO sy
tems emphasizing the universality of the transition in t
field range. Finally, the Sec. III B is focused on the cre
mechanisms in the Bose glass phase in both systems. A q
titative analysis ofV(I ) curves indicates that the vorte
creep is dominated by the nucleation of vortex kinks as h
loops and tunnelling between different columnar defects
the formation of a pair of ‘‘superkinks.’’

II. SAMPLE PREPARATION AND EXPERIMENT

Experiments were performed on three BSCCO and t
(K,Ba)BiO3 single crystals. Three BSCCO single crysta
were used in this study: Bi1.8Pb0.2Sr2CaCu2O81d ~sample 1,
Tc580.0 K), BSCCO ~sample 2, Tc589.5 K) and
Bi2Sr2Ca0.64Y0.36Cu2O81d ~sample 3,Tc591.2 K). All of
them were grown by a self flux method which was describ
elsewhere.12 The anisotropy parameter,g;50– 100, was es-
timated by resistivity measurements on the unirradiated
©2004 The American Physical Society08-1
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erence samples. The samples with a typical dimension
0.43130.02 mm3 were irradiated with a beam of 6-GeV P
ions ~which traversed over the entire specimen! at the Grand
Accelerateur National d’Ions Lourds~GANIL, Caen-France!.
Parallel columnar defects of a radiusc0;40 Å, throughout
the thickness of the samples, were created along thec axis
with a matching dose ofBf50.75 T for samples 1 and 3 an
Bf51.5 T for sample 2.13 Here, the matching fieldBf is
defined asBf5ndf0 , wherend is the density of the colum
nar defects andf0 is the flux quantum.

The (K,Ba)BiO3 single crystals were grown by the ele
trocrystalization andw;100mm thick slices were irradiated
with 7.2-GeV Ta ions. The experiments were performed
two samples withBf51 T ~sample 4,Tc;28.0 K) andBf
56 T ~sample 5,Tc;31.5 K). As pointed out in Ref. 14
transmission electron micrographs showed that the irra
tion results in the formation of linear amorphous tracks o
radiusc0;30– 40 Å and produces only a very small chan
in zero field transition temperature.I -V characteristics were
obtained by using a standard dc four-probe method wit
voltage resolution of 0.5 nV and a temperature stability b
ter than 5 mK. The magnetic field was aligned with the io
tracks using a well-known dip feature occurring in dissip
tion for the fields parallel to the columnar defects.

III. RESULTS AND DISCUSSIONS

A. Scaling analysis of current-voltage characteristics

We examined the shape of theI -V curves in the vicinity
of the glass-liquid transition at well-defined temperatu
from a resistive state into a superconducting state (R[V/I
50, in the low current density limit! upon cooling, in an
applied magnetic field lower thanBf along thec axis. For a
fixed filling fraction f f ~i.e., f [m0H/Bf), the typical iso-
thermal I -V curves measured for BSCCO~sample 1! at
m0H50.25T are displayed in Fig. 1 on a log-log scale. A

FIG. 1. TypicalI -V characteristics aroundTBG for the sample 1
at m0H50.25 T. From the right to the left, the data were obtain
at the following temperatures: 59.38, 59.95, 60.52, 61.09, 61
62.23, 62.81, 63.38, 63.96, 64.53, 65.11, 65.68, and 66.25 K.
solid lines indicate the linear response observed at high temp
tures for low currents. The inset shows the scaling collapse with
ordinateRscal5(V/I )/utun'(z22) and the abscissaI scal5I /(Tutu3n'),
at indicated filling fractionsf according to Eq.~1!.
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shown, the characteristics progressively shift from a lin
response (V}I ) for low current densities~solid lines! above
TBG to a power law regime atTBG(V}I z) and finally to a
strongly nonlinear response below the transition tempera
(V/I}exp@2(I0 /I)m#). A similar set ofI (V) curves for KBBO
is presented in Fig. 2. A very similar change in the curvat
was observed in both systems. This result is expected f
glassy vortex system. Such typical behaviors can be
plained based on the basis of the Bose-glass melting the1

According to the predictions of Nelson and Vinokur for
Bose-glass transition in the presence of one-dimensional
related disorder, the melting of the Bose glass can be
scribed by a scaling formalism in which the correlation vo
ume diverges atT5TBG(m0H). This volume is anisotropic
in the presence of columnar defects and the correla
lengthsj i , parallel to, andj' , perpendicular to, the column
obey the relationj i}j'

a with a52 in the case of screene
vortex interactions (a51 for isotropic pinning i.e. point dis-
order as well as for an incompressible Bose glass with lo
range interactions!.15 In this model, dynamical prediction
for transport measurements with the current densityJ applied
perpendicular to CDs and the magnetic fieldH aligned with
the correlated defects can be derived by a scaling ansa
follows:

E

Jj ij'
2z 5F6S Jj ij'f0

KBT D , ~1!

wherej'(T)5j'(0)u(T2TBG)/TBGu2n', z is the critical ex-
ponent for the correlation timet}j'

z andF1 andF2 are two
scaling functions defined in the flux liquid state (T.TBG)
and localized flux-line state (T,TBG), respectively. The
scaling functionF1(x)5const, F2(x)}exp(21/xm) for x
→0 and F6(x→`)}x(z11)/(11a). n' is the critical expo-
nent describing the divergence of the correlation lengthsj i

and j' . Note that we seta([n i /n')52 in order that the
compressional modulus of the vortex-liquid phasec11

;@KBT(m0H)2/f0
2#/j'

2 j i remains finite atT5TBG.1 Thus,
the only free parameters arez, n' , andTBG. In general, the

7,
he
ra-
e

FIG. 2. Current voltage characteristics of the irradiated KBB
crystal ~sample 5,Bf56 T) taken atm0H57 T;Bf. Temperature
range is 19.0–20.5 K with a step of 0.1 K. The inset denotes
scaling collapse of the same data.
8-2
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estimated values of the dynamic exponentz and the static
exponentn' are derived from a power law dependenceV
;I (z11)/(11a) at T5TBG ~the slope of the dashed linez
5(z11)/(11a) in Fig. 1; z;2) and the fitting the ohmic
resistance~linear part ofI -V curves in the limitI→0) near
TBG in the thermally assisted flux-flow regime which shou
vanish according toR;@(T2TBG)/TBG#n'(z22). In this ba-
sis, in the critical behavior whereR follows the above power
law, a plot of (d ln R/dT)215(T2TBG)/@n'(z22)# versus
temperature should be a straight line with a slope equa
1/@n'(z22)# intercepting the temperature axis atTBG. As
shown in Fig. 3, the plot of (d ln R/dT)215(T2TBG)/@n'(z
22)# versus temperature is consistent with this type of
havior. We obtained@n'(z22)#;3 andTBG572.4 and 71
K, for m0H50.2 and 0.5 T. Combining these two measu
ments, we obtainedn';1 and z;5. We also checked the
I -V curves in the critical region scale, according to the E
~1!, into two curves corresponding toF1 and F2 with the
obtained exponents. It can be seen clearly in the inset of
1 that all of theI -V isothermal characteristics aroundTBG for
sample 1~BSCCO crystal! at different filling fractions f
50.133, 0.266, 0.4, 0.533, 0.666, and 0.8 collapse nic
onto two positive (T.TBG) and negative (T,TBG) curva-
ture curves. From the scaling analysis, the optimum value
the critical exponentsz55.360.2, n'51.160.1, and n
5n'(z22)53.6360.3. Similar scaling behavior wa
achieved atm0H57T;Bf for sample 5 irradiated~KBBO
crystal,Bf56 T). Indeed, as shown in the inset of Fig. 2,
of the isothermalI -V curves collapse by plottingRscal

5(V/I )/utun'(z22) againstI scal5I /(Tutu3n') using the data of
Fig. 2. The vertical dashed line~see, for example, the inset o
Fig. 1! gives an estimate for the current crossover separa
the ohmic and non-ohmic behaviorJ* which can be used to
evaluate the correlation length. We got (jij')1/2;20– 30 Å
at low temperature in all samples. The values of the criti
exponents are similar to those obtained for samples 2
and 4.

FIG. 3. Typical inverse of the logarithmic derivative of the r
sistanceR(T) for m0H50.2 and 0.5 T. The solid lines represent t
power law ofR5R0(T2TBG)n'(z22), with a slope@n'(z22)#21

;0.33 and interceptsTBG572.4 and 71 K, respectively.
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Our critical exponents are in a very good agreement w
the numerical simulations for the case of the stron
screened vortex interactions.15 Those exponents are also in
reasonable accord with those previously obtained
Tl2Ba2CaCu2O8 thin films.16 However, in BSCCO, a com
bined critical exponents valuen5n'(z22);9 and 8.5 has
been extracted from the in-plane and out-of-plane resisti
data, respectively.4,5 This value is surprisingly about thre
times larger than the one found in the present study.
YBCO, there is a large scattering in reported exponents
uesn';0.9– 1.6 andz;2.2– 8.8 in either single crystals o
thin films.3,6,17,18 The finding of critical exponents asn'

;1, z52.2, and a([n i /n');1, by Jianget al.6 for an
irradiated high quality single crystal, suggested that
Bose interaction is long ranged and the Bose-glass is inc
pressible.

The result in Fig. 4, whose axes are normalized when
resistivity is measured in units ofr0* (r0* ;rn) and the cur-
rent in units of J* (J* 5J0* utun'(11a) with J0* 5KBT/
(,0i,0')), shows that the whole set of curves for the thr
different BSCCO samples and various magnetic fie
(Bf/10,m0H,Bf) can be superimposed into two main
curves. We would emphasize two remarkable points. Firsz
andn' are found for all BSCCO samples to be insensitive
H over a range of fields corresponding to a filling fractio
0.133, f ,0.9 as shown in the inset of Fig. 4. Another im
portant point is that the values of the critical exponents
pear to be, within the experimental errors, sample and d
irradiation independent. Finally, our main result is the scal
collapse of theI -V curves for all samples. As shown in Fig
5, the same scaling functions with the critical exponentz
55.360.2 andn'51.160.1 can be used for both BSCCO
~samples 1, 2, and 3! and KBBO~samples 4 and 5! systems
emphasizing the universality of the transition in this fie
range. Finally, note that we could not scaleI -V curves for
m0H<Bf/10 in either BSCCO or KBBO. We observed
very strong curvature that rapidly deviates from the hi

FIG. 4. Universal scaling forms for the resistivity obtained in
BSCCO samples over a wide range of filling factors 0.026< f
<0.9. The scaling 4 is normalized byr0* andJ* . J* is the current
crossover separating the ohmic and non-ohmic regimes aboveTBG .
The inset shows the filling factor independent combined criti
exponentsn5n'(z22).
8-3
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temperature linear regime, thus suggesting a much ab
depinning of the vortices in this low field range.

B. Creep mechanism

We now investigate the Bose-glass phase itselfT
,TBG). In the Bose-glass phase, the vortex dynamics is
termined by the current-dependent pinning barriers, wh
give a rise to a highly non-linear thermally activate
regime1,19

E~J!5r0J exp@2EK /KBT~Jc /J!m#, ~2!

wherer0 denotes the normal-state resistivity,EK is the typi-
cal kink energy, andJc is the characteristic current scale
the creep process. The value of the glassy exponentm is
regime specific and characterizes the creep process. With
creasing current,m51 and 1/3 for half loop and double
superkink excitations, respectively. In the limit of weak cu
rent densities and close to the transition, the most impor
mechanism for vortex transport is the tunneling between
ferent columnar defects via the formation of a pair of ‘‘s
perkinks’’ in the analogy with the VRH transport of charg
carriers between localized states in disordered semicon
tors. In this case, the creep exponent is expected to bm
51/3 for a noninteracting vortex~i.e., when the London pen
etration depth is considerably smaller than the average de
spacingl/d!1).1 Taking the vortex-vortex interactions int
account, by using numerical simulations, Ta¨uber and Nelson,
showed that these interactions led to the emergence of a
lomb gap in the distribution of pinning energies, with th
result that the glassy exponentm varied in the range betwee
1/3 and 1.20 For example, they found that for fillings 0.
< f <0.4 and large valuel/d>5 the creep exponent reache
a maximum value ofm'2/3. Experimentally, the creep ex
ponent was determined by calculating the logarithmic deri
tive of Eq.~2! with respect toJ. We extracted the value of th
glassy exponentm by recasting Eq.~2! into the form
d@ ln(E/J)#/dJ5(mEK /J0KBT)(J0 /J)m11 so that a log-log plot
of the graph ofd@ ln(E/J)#/dJ versusJ is a straight line,
whose slope is equal to2(m11). Figure 6 displays log-log

FIG. 5. RescaledI -V characteristics using Eq.~1! ~see the text
for details! for all BSCCO and (K,Ba)BiO3 samples. The solid line
corresponds to a variable range hopping creep mechanism.
13450
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plots of d@ ln(V/I)#/dI versusI corresponding to typical iso
thermalI -V curves for BSCCO@Fig. 6~a!# and KBBO@Figs.
6~b! and 6~c!#. Parallel straight lines support Eq.~2! with a
magnetic field independent exponent valuem'1/3, which is

FIG. 6. A log-log plot ofd@ ln(V/I)#/dI vs I for H andT fixed in
the Bose glass phase obtained~a! on sample 1~Bi-2212 crystal:
Bf50.75 T) and~b! and ~c! sample 4~KBBO crystal: Bf51 T).
Inset of ~c! the temperature dependence of the creep exponent
the KBBO sample 5 withBf56 T and m0H57 T. The straight
lines are regression lines from where we obtain the glassy expo
m;1/3, which indicates that this creep proceeds via variable-ra
vortex hopping. In comparison, the dashed lines represent an
tempt to fit d@ ln(V/I)#/dI;(I)2(m11) with m52/3 andm51 which
are typical for double-kink and half loop transport processes for fl
lines, respectively.
8-4
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COMPARATIVE STUDY OF THEI -V SCALING IN . . . PHYSICAL REVIEW B69, 134508 ~2004!
in a good agreement with the VRH mechanism. In comp
son, the dashed lines represent an attempt to
d@ ln(V/I)#/dI;(I)2(m11) with m52/3 and m51 which are
typical of double-kink and half loop transport processes
flux lines, respectively. The glass exponent valuem'1/3 has
been found over a wide filling range from 0.04 to 0.9 f
long-range interactions (l/d;10) in both systems. This sug
gests that no Coulomb-gap-like feature occurs in the dis
bution of pinning energies. An extensive study of the vor
creep in BSCCO is presented in Ref. 21 and led to the s
creep exponent. Thus the VRH seems to be the domin
mechanism for the vortex creep close to the transition and
shown in Fig. 5~solid line!, F2(x) is thus of the formF
2(x);exp@2(x0 /x)1/3# in the low current limit. A similar
creep process has been observed whenH is tilted at an angle
u away from the column direction. Below the transition, t
I (V) curves can still be well fitted by the VRH up tou
;25° and 20° in KBBO and BSCCO samples, respective
For lower temperatures~that is for higher current densities!,
depinning occurs through the vortex half-loop activati
mechanism characterized by a glassy exponentm51 in
BSCCO and KBBO systems.22,23 The half-loop exponentm
51 has also been obtained from the frequency depend
of the ac transmittivity measurements on BSCC
crystals.24,25These experimental results obtained in both s
tems with very different electronic anisotropy and irradiati
doses, universal scaling ofI -V characteristics and flux-cree
mechanism in the glassy state, were found to be consis
with the Bose glass predictions for vortex line pinning
columnar defects. The fact that the Bose-glass behavio
observed in highly anisotropic BSCCO with CDs indicat
that the pancake vortices pinned by columnar tracks
heavy-ion irradiated BSCCO crystals behave as well-coup
vortex lines. The three-dimensional coupling of vortices
CDs was demonstrated by the transport measurements in
transformer geometry26 and Josephson plasma resonance
BSCCO with CDs.27

The main finding in this work is the evidence of stron
similarities in the transport data obtained in KBBO a
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BSCCO single crystals with columnar defects. However,
cent specific heat measurements in heavy irradiated KB
crystals showed that the thermodynamic transition line
duced from specific heat measurements is directly relate
the melting of the Bose glass.28,29 Those experiments thu
suggested that the scaling functions in KBBO seem to
scribe the transition between the superconducting and
normal states than the melting of the Bose glass in the
called vortex liquid.29 The observation of a universal scalin
behavior in KBBO and BSCCO systems suggested that s
lar effects might be observed in irradiated high-Tc cuprates.
Therefore, specific heat measurements on irradiated cup
will be very helpful in order to clarify the origin of the sca
ing properties obtained by transport measurements.

IV. SUMMARY

I -V characteristics over a wide range of filling fractio
f 5(m0H/Bf) were used to investigated vortex dynamics
heavily irradiated Bi2Sr2CaCu2O81d and (K,Ba)BiO3 single
crystals. We found a strong similarity between the Bose gl
transitions in the highly anisotropic Bi2Sr2CaCu2O81d and
the isotropic (K,Ba)BiO3 systems. In both cases, theI -V
characteristics could be described by the scaling laws
dicted for the Bose-glass melting withz55.360.2, n'

51.160.1, anda([n i /n')52. These values were foun
reasonably consistent with those predicted to the Bose-gl
to-liquid from numerical simulations in the case of strong
screened vortex interactions. A detailed quantitative anal
of I -V curves in the glassy state indicated that the cre
proceeds via variable-range hopping at low current close
TBG and by half loop model at high current regime in bo
systems.
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