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Origin of the variable-range vortex hopping in Bi,Sr,Ca; _,Y,Cu,Og with columnar defects
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37200 Tours, France

G. Villard, A. Wahl, and Ch. Simon
Laboratoire CRISMAT,ISMRA, 6 Boulevard du Maghal Juin, 14050 Caen Cedex, France
(Received 28 April 1999

We report on the vortex transport in 8i,Ca ,Y,Cu,0Og single crystals irradiated in a parallel direction
with the ¢ axis with 5.8-GeV Pb ions at fluences of 3:750°cm™2 and 7.5<10'°cm 2. A detailed investi-
gation of the vortex transport using current-voltage measurements is carried out with the magnetic field applied
along thec axis. First, we investigate the critical behavior of the linear and nonlinear conductivity near the
Bose-glass melting line. We obtain field and sample-independent critical expaieanid v’ consistent with
a compressible Bose gla§s., vj=2v, =2v’). Using the valueg’ =5.28+ 0.05 andv’ = 1.04+ 0.06, the data
collapse into two single-scaling functions. Second, we report on conductivity measurements over a wide filling
factor (B/B,) range from 0.04 up to 0.9 within the Bose-glass phase. Our data provide support for a variable-
range hopping mechanism for low current densities, in accordance with the ideas of Nelson and NBhgkur
Rev. B48, 13060(1993]. We determine a glass exponent value of 1/3 for all the filling factors investigated
at large ratios of the penetration depth to the average defect distagpe (- 10). This finding implies that no
Coulomb gap occurs in the pinning energy spectrum. Furthermore, our results show that for low filling factors
(<1/2) the on-site disorder plays a major role in the bandwidth of flux-binding energies. Finally, the appear-
ance of a well-defined crossover near half filling is consistent with the B&ldeparating the strongly pinned
Bose-glass regime from the weakly pinned Bose-glass regime.

I. INTRODUCTION phases have shown that some weak uncorrelated disorder,
such as, for example, atomic impuritisleads to the so-

The discovery of the high~. cuprates has triggered an called Bragg gladsat low fields undergoing a field-driven
extensive study of the statics and dynamics of the flux lindransition into a vortex gladsor a pinned liquid. This is
lattices in type-Il superconductotsStatic disorder plays a supported by numerical simulatiofs,by magnetization
crucial role on the structure of the Abrikosov vortex lattice asmeasurements showing an increase of the effective critical
predicted a long time ago by Larknit is now realized that  current'***and by neutron diffraction experimerisin con-
combined effects between temperature, elasticity, and longrast with pointlike impurities, columnar defects, such as
range vortex-vortex repulsion yield to a remarkable varietythose produced by heavy ion irradiatibh®r twin planes,
of states for the flux line lattice when it is driven by the are indeed capable of pinning flux lines over their entire
Lorentz force over a random mediuh The nature of these length and thus act as extended disorder, promising stronger
vortex phases and how they depend on the type and strengfinning effects, as has systematically been observed with all
of the disorder are far from being completely elucidated. It isthe compounds studi¢d:*® Nelson and Vinoku’ and Hwa
generally agreed that quenched disorder produces a glaseyal?! have shown that for low temperatures such extended
low-temperature state separated by a phase transition fromax correlated disorders lead to a variety of glassy vortex
liquid high-temperature state. At zero temperature there is phases such as the Bose glass produced by the presence of
depinning transition from a pinned state where the averagparallel columnar defects into the superconductor and the
velocity of lines is zero to a sliding state at a critical currentsplayed glass resulting from a dispersion in the orientation of
densityJ.. The transition is washed out by the temperaturethe columnar defects.
and thus the average velocity of lines is finite for all driving  On the basis of the theory of two-dimensional bosons
current densities. For low temperatures and current densitiagith short-range repulsive interactions moving in a random
well below the zero-temperature critical current, i.8., potentiel at zero temperatuféNelson and Vinokuf® have
<J., the dynamics of the flux line system is determined bystudied the influence of random columnar defects on the
thermally activated jumps of flux bundles over the pinningphysics of flux lines parallel to the direction of defects. They
energy barriers separating different metastable states. In thisave shown that the flux line system exhibits three distinct
so-called creep regime, the favorable metastable states attermodynamic phases: a vortex liquid at high tempera-
always distant and separated by a diverging barldéd) tures undergoing a continuous phase transitiohgatinto a
~(J./1I)*. The value of the positive glass exponentis  Bose-glass characterized by an infinite tilt modulus due to
determined by the range df® and thus the linear resistivity the strong localization of lines on the columnar defects and
vanishes even at finite temperatufe®ecent theoretical an incompressible Mott insulator at lower temperatures when
investigation§!! on the precise nature of these glassythe density of flux lines exactly matches the density of co-
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lumnar defects. In the Bose-glass phase, the dominant vortex
transport mechanism for low external currents has been pre- 0.03
dicted to be the analog of the Mott variable-range hopping.
In this scenario, a line hops via the formation of a pair of e
“superkinks” extending from one columnar defect to an- §
other unoccupied defect, in general distant with nearly the =
same energy, such that the thermally assisted tunneling pro- 0.01
cess between the sites is optimiZ8dn the absence of in-
tgraction effects,.the glass exponent va;lu; 1/3 is the very ' 0.00 %77
signature for variable-range vortex hopping. Long-range in- 50 65 80 95 110 125 140
teractions between the lines lead to the distinction of a Diameter (A)
strongly and a weakly pinned Bose-glass phase separated in
the B-T plane by the characteristic fieRf (T) introduced in FIG. 1. Data plot of the probability density functiopdf) for the
Ref. 20. Moreover, when the density of flux lines is greaterdefect diameters. Ordinates are normalized in such a way that the
than the density of columnar defects, the interactions shoultatched area be equal to unity. The solid line is a Gaussian curve
also lead to the formation of a state in which the weaklycentered at 93 A with a standard deviation of 12.5 A.
pinned Bose-glass phase coexists with an interstitial vortex
“liquid” phase.?* Some of these predictions have been contors 0.026<f<1. The consequence is that no formation of a
firmed by experiments on different compounds with colum-Coulomb gap occurs in the strongly underfilled regime at
nar defect®~®and by numerical simulatiorS:** Remnants  large \/d~10. In Sec. IV, the origin of the variable-range
of the Mott insulating phase predicted for short-range interhopping mechanism in the underfilled reginfe<(1/2) is dis-
actions at zero temperature have been fotifd*°The irre-  cussed in terms of bandwidth of the pinning energies arising
versibility line of YBaCus0,_ s (YBCO) has been discussed essentially from on-site disorder. A summary of our results
in terms of the Bose-glass melting liféwhereas it has concludes this work.
rather been related to the crossover IB%E(T) for a highly
anisotropic material such as Bir,CaCuyOg_ 5 (BSCCO.3*
Typical creep regimes of the Bose glass have been inferred
from magnetization relaxation and transport d&t&’ on the The experiment has been performed on two irradiated
contrary, it has recently been argued that the vortex creep Bi,Sr,Ca Y ,Cu,0g single crystals withx=0 (sampleA)
dominated by the nucleation of vortex kinks at the sampleandx=0.36 (sampleB) which have been grown by the dis-
surface rather than by bulk excitations as half-loops and pairgnct self-flux methods described in Refs. 42 and 43, respec-
of “superkinks.”** Many investigations of the critical be- tively. The crystal sizes are approximately equal ta 1l
havior of physical quantities, such as ac conducti¥ftf$dc ~ x0.030mni (sample A) and 1.3<1x0.015mni (sample
conductivity?52°=31:3%and third-harmonic transmissivity,at ~ B), with the crystallographic direction along the shortest
the onset of the Bose-glass—to-liquid transition, give supportimension. Samplé has a zero-field transition temperature
to the scaling theory predicted in Ref. 20. Nevertheless, & (determined using the inflexion point of the resistive tran-
large dispersion in the reported values for the critical exposition) of 89.0 K, while sampleB has aT, value of 91.2 K.
nents has been found, and furthermore, contrary to theoretiFor both samples, the resistance as a function of the tempera-
cal predictiond’ and numerical simulatiorff,some of them  ture,R(T), does not exhibit any “shoulder” or other anoma-
imply an incompressible Bose-glass phase just belgwy. lies nearT.. An estimate of their transition widtAT, ob-

In order to clarify further the above issues, a detailedtained from the width at half-maximum of thER/d T peak,
investigation of transport data is carried out in both agivesAT~1.0-1.5K.
BSCCO single crystal and a Y-substituted BSCCO single [rradiations have been carried out at room temperature
crystal irradied at different fluences. The experiment is dewith 5.8-GeV Pb ions delivered at the Grand Alecateur
scribed in the next section. In Sec. llI, the universality of theNational d’lons Lourd§GANIL) at Caen. Both crystals have
critical behavior of the resistivity around@izg is explored  been irradiated along thewr axis. The electronic stopping
using current-voltagel (V) measurements. Both the Bose- power(~32 keV/nm of the Pb ions varied by less than 10%
glass—to—liquid transition lin&gg(B) in the B-T plane and  within the thickness of the samples and was sufficiently large
the critical exponentz’ and »’ are determined. We show for producing homogeneous columnar defects throughout the
that the scaling forms, obtained in both crystals for differentthickness of our crystaf¥. The morphology of the defects
filling factors (f=B/B,) ranging over the interval 0.026— has been characterized by high-resolution electron
0.9, are superimposed on top of each other, and to that endhicroscopy** The apparent images of tracks, viewed along
z' and v' happen to be field and sample independent. Thehe [001] direction, reveal circular zones of different diam-
exponentg’ =5.28+0.05 andv’'=1.04£0.06 are both ob- eters. The probability density function of diameters obtained
tained in this way. We note that such experimental findingdrom a sample of 89 tracks is shown in Fig. 1. It can be seen
are consistent with a true critical behavior along Thg(B) that the diameters have approximately a normal distribution.
line. Another important point of this paper is that beldy;  On the other hand, the global track density, measured from
a variable-range hopping mechanism is clearly evidencedome images recorded for different areas of the crystal, is
from the divergence of the conductivity at low currents. A similar to the incident ion fluence, which is known within a
glass exponent value of 1/3, which is typical of a Bose glasgrecision of about 10%. The fluences expressed in terms of
with short-range interactions, is obtained for all filling fac- the matching field, (B ,= ¢o/d? where ¢ is the elemen-
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FIG. 2. Sketch of contact geometries. The hatched areas repre-

sent the contacts@ Sample A: contacts are positioned to its 10° L

corners and have typical dimensions of 45660.m? with ~100

um separation(b) Sample B: four contacts are put along its 1010

length and have typical dimensions of 100D75um? with ~75 10" 104 103 102 10"
mm separation. current (A)

tary flux quantum andl is the mean distance between de- FIG. 3. Double-logaritmic plot of isotherm&tV curves forB
fects are 1.5 T for samplé\ and 0.75 T for sampl® fixed. From the right to the leff =63.958, 64.531, 65.105, 65.679,

Electrical contacts have been made by evaporing four ALEG.ZSS, 66.828, 67.403, 67.978, 68.553, 69.129, 69.705, and 70.281

pads on a face of each crystal and attaching gold wires t0" _The stranght lines d'Sp.'ay a fit of Ohm laws, anq the arrows

. . indicate Ohmic—non-Ohmic crossover. The curved lines are a fit

those pads with silver epoxy. The whole has then been an- ; . B .

led und ir at 400°C during 30 mi ithout affecti according to Eq(2) (with x=1/3) to the data obtained for weak

nea}e unaer a'.r ‘.a uring mln without aftecting o, e nts inset: Randl vs T. The dotted lines are a guide for the
seriously the efficiency of the vortex pinning due to colum-

. . K eyes.
nar defect$® The ensuing contact resistang@er contact in- Y

cluding lead resistanges less than 8. The contacts on law [Eq. (2)] to the data obtained for weak currents and

crystal B are along th_e Iength_of the sample, whereas f_orhigher(lower) temperatures. The inset of the figure shdws
crystalA they are positioned to its corners due to sample SIZ& < 4 function off. It may be seen tha® vanishes abruptly

limitations, as schematically shown in Fig. 2. It.was rgacently.l.he inset also showk, separating the Ohmic regime from
suggeste?f that such contact arrangements, in which the '

vortices follow trajectories crossing the edges, are unsuitabI'Fﬁ]he non-Ohmic regime as a function of Herel is deter-
. SN ' in m ring, within the experimental errors, th
for probing bulk pinning inclean BSCCO crystals due to ed by measuring, wit the experimental errors, the

strong surface barriers, which are found to dominate th {hreshold current, for which the ratio of/l to R departs
9 ’ §rom unity. The result is thdt, vanishes in the same manner

transport properties. Nevertheless, it is generally agreed th%tsR Such typical behaviors can be explained on the basis of
the presence of columnar defects in this material producet?]e Bose-glass melting theo?y

bulk pinning more effectively than the surface effetts’
We therefore consider that both contact geometries used in

our experiment do not influence the results reported below. A. Universal critical scaling of the resistivity
The resistances aT=100K are R(100K)~0.11Q and near the Bose-glass transition
R(100K)~0.83() for sample A and B, respectively. It In the above approach, one expects that fggy the re-

should be emphasized that such a difference in resistance captivity should obey the following ansat?:
qualitatively be explained by the combination of two causes.

One, which has an intrinsic origin, arises from the difference p o

in doping level of the crystal¥, and another is due to the |t E =k,
sample dependence of the geometric factor between the re- Po

sistivity and the measured resistance. Isotheimdlcurves  \yhere the+ subscript means above and bel®y, respec-
have been recorded using a dc four-probe method with yely. In Eq. (1), t denotes the reduced temperatuf® (
sensitivity of approximately 10°°V and a temperature sta- —T_)/To, 2’ and»’ are the critical exponents governing
bility better than 5 mK. Currents up to 100 mA have beenthe time relaxation and transverse correlation length of fluc-
used without detecting some heating effects from the temyations, respectively, the exponemiaccounts for the scal-
perature controller. The magnetic field was aligned with thqng form |,~1% between the longitudinal correlation length

iqn tr_acks us?ng the well-known dip feature occurring in_ qis'and the transverse correlation length, auddis a flux-creep
sipation for fields parallel to the columnar defects at f'"'ngresistivity scale. In the functionB..(x), the current density

factorsf=B/B,<1. is scaled byJ* =J%[t|” 9 with J5 =ksT/(doloilo)-
Here J*(T) defines a current crossover corresponding to a
. RESULTS balance between the thermal energy and the work done by
the Lorentz force acting on typical vortex-loop fluctuations
of area~Ilg o, |t| =" **9). Note that the current effects are
always dominant with respect to thermal effects very near
Tgg becausel* vanishes afl =Ty . Both scaling functions

)
ik (1)

We have examined in some detail how curves behave
around the superconducting transitioR=£lim,_.oV/I=0)
in magnetic fields less thai, . As an example, Fig. 3 shows

le-l ithmic plot of isoth Vv i . . . ;
a double-logarithmic plot of isotherm&V curves obtained F . (x) are unknown analytic functions; their asymptotic be-

atB=0.85T in the samplé (B,=1.5T). One can notice a .
nonlinear behavior of the curves at lower temperaturesr,w’“/'c?rs are nevertheless well 'knO\%?hOne expects=. (x)
@ -al1ta)  gg x—oo with the result that p

whereas the upper curves exhibit a linear regime. The X )
straight (curved lines display a least-squares fit of Ohm's ~J ~®)/(1*9) remains finite aff =Tgg, F, (X)—const as
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FIG. 4. Scaling forms for the resistivity above and belbyy, at
different filling factorsf =0.026, 0.04, 0.066, 0.133, 0.200, 0.266,
0.333, 0.466, 0.566, 0.666, and 0.900. The solid lines represe
asymptotic behaviors, and their crossing identifies the quadfity
for T>Tgg-
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pg is comparable in magnitude to the normal resistivity
and defineJ§ by a simple method: we assunte.(x)
=x('~28 for x>1 and F,(x)=1 for x<1, where x
=T/T5=3/3* with the relation T=1/(T|t]*"') and T}
=AJ;/T, whereA is a sample-dependent constant. Thus we
obtain in this waydg /T directly from the asymptotic behav-
iors of F, . It should also be stated that we get 2 in order
that the compressional modulus of the vortex-liquid phase
c1~ (kg TB% ¢2)1%/1, remains finite afT=Tgg, in accor-
dance with the ideas of Nelson and VinoKfirSo the only
free parameters ar®, v’, andTgg. Using this procedure
over a wide range of filling factorsc1 investigated in both
crystals, we succeed in superimposing the data onto a unique

rE?T(perimental curve, as shown in Fig. 4 for sampldJpper

>Tge) and lower T<Tgg) branches are associated with
F. and F_, respectively, and the horizontal and oblique

solid lines showF . (x)=1 and F. (x)=x# 2R respec-

x—0, leading to an Ohmic resistivity, as expected just abovdively. Their intersection point givek§ wherefrom we esti-

Tge In a thermally dominated vortex liquid, and_(x)
~exp(1kY®) asx—0, as required by the variable-range hop-
ping prediction.

Technically, the problem of measuring the critical expo-

nentsz’ and v’ by fitting Eq. (1) to the data is difficult

mate (o, 1o)Y% in both samples, we obtainl |2
~15-20A, which are physical values. Moreover, Fig. 4
clearly shows that the postulated form- p5t? =" asT
—Tgg, Wherep} ~ p, is independent of andB, holds for a
physical extrapolation of the upper branch. The main finding

because- . (x) are unavailable at present. In preference tois that for both sampleg’ and »’ are independent of the

any numerical sophisticated treatment, we determaine’,

filling factor, as listed in Table |. Moreovez, andv’ appear

andTgg by the following simple procedure. First, we assumeto be independent, within the experimental errorsBgfand

thatJ§/T andpg are sample-dependent constants, indepeny, i.e., the defect density and the yttrium concentration in the
dent of T andB, along the Bose-glass melting line. Such anmaterial, respectively. We note that the absence of both field
hypothesis is based upon the well-known standard universaknd sample dependences in the exponehtnd v’ is con-

ity rules applicable to second-order transitions, which implysistent with hypothetical universal critical behavior at the
that different fields less thaB, should correspond to a Bose-glass—to—liquid transitidfl. The values z'=5.28
unique vortex system. We therefore expect that the aniso+0.05 and »'=1.04+0.06 obtained here agree rather
tropic length scales in the system exhibit only one implicitclosely with the exponents’ =6+ 0.5 and»’=1.00+0.01
field dependence throughsg(B) in such a way that both.  obtained from numerical simulatioffsand are in good
and I, are independent of the magnetic field fol ( agreement with those obtained in,B&CaCyOg_s (TI-
—Tge)/ Tre fixed. It follows that botH o, andly, (and there- 2212 thin films2’ whereas there exists a large scatter in
fore J%) should be independent & Second, we state that reported value&$—32%"Recently, Maziluet al?® reportedz’

TABLE |. Measured exponents and critical temperature at different filling factors.

B SAMPLE A SAMPLE B

f By z'+£0.05 v'+=0.06 Tge+0.1K z'£0.05 v'=0.06 tgg=0.1K
0.026 5.30 0.97 76.5

0.040 5.27 0.97 75.2

0.066 5.25 0.95 73.1 4.85 0.92 81.0
0.133 5.30 1.02 71.6 5.30 1.05 71.9
0.200 5.25 0.95 71.2

0.266 5.30 1.00 70.0 5.27 1.10 70.4
0.333 5.25 0.95 69.9

0.400 5.30 1.10 69.3
0.466 5.25 1.00 68.6

0.533 5.30 1.10 67.3
0.566 5.30 1.05 66.9

0.666 5.30 1.05 65.0 5.30 1.15 65.2
0.800 5.27 1.15 62.8
0.900 5.30 1.12 59.3




9804 J. C. SORETet al. PRB 61

i ' S‘ample A 6 A e
[ J
1.00 ., " 1+ Sample B 5 F Sample A + Sample B
_ "ty < half flling T oosstsos ]
® @ —_ E 4
Pl R Rt T 2 ,
@ . e < 1} 1
0.10 ffoso " 1 9 ob ]
A. . . S

025 o -1k 4
07 .0~o.s 2 2F 4

. ; : 3 L L 1n . 1 ) " !
0.60 0.70 0.80 0.90 1.00 4 3 2 4101 2 3 4 5

TIT,

Log,(Ji*)

sar: Iclisilcé?eg;lgetﬁ:aiFr)I;)etSOfe::htﬁ/f %saet;:%;SS mzlt'iAn ?:I(Iei;?cfr%rsg?th FIG. 6. Universal scaling forms for the resistivity obtained in
P | he h Fl)f filled reai Igm h he fi both samples at filling factorsf €B/B,). The exponent values
ﬁ::;:ssizle; ?I'(rzzedtgttteg Iir?e i;(:\ r&gzn]%r ?hseeré SeSOWSt efigureta. g 58+ 0.05 andy’ =1.04+0.06 hold for all filling factor ranging
: 9 yes. from the heavily underfilled regime to the nearly filled regirfe.
andF _ are scaling functions above and below the critical tempera-
~7.2 andv’~1.2 for YBCO thick films. Budhanit al?® .ture Tee, respectively. The solid lines represgnt asymptotic behav-
foundz’ = 4.4+ 0.3 andy’ = 1.8+ 0.2 for TI-2212 thin films. 'S @nd their crossing occurs at the normalized p). Here
Miu et al SO'OBtained ’(Z’—é);é for BSCCO films ana pg is field independent andt exhibits an implicit field dependence
Seowet él 3 o ortedva similar valugy’ (z/ — 2)~8 5]’ for throughTgg(B). For T>Tgg, the physical meaning of the quanti-
BSCCO Céystalz from out-of-plane transport mea.surement ties p§ andJ* is clear: the former accounts for the linear resis-

, p %ivity, and the latter is the current crossover separating the linear
However, the exponentg’'~2.2-2.3,v'~0.9-1, and«

. . . A regime from the nonlinear regime.
~1.1-1.2, implying an incompressible Bose glass, were ob-

tained for YBCO crystaf™** as compared @’ ~5.7, ' where pg is a characteristic flux-creep resistivit§y is a
~1.8, anda="5/3 obtained for YBCO thin fim&® In the  \ink energy, and, is a current scale. The value of the glass
present experimental work, the only field-dependent adJUStexponent,u is typical of vortex-loop excitations, e.gu=1
able parameter i$gg in such a way thalgg(B) defines the o1 half l1oops andu=1/3 for double superkink& Over a
Bose-glass line transition in ti&-T plane. Figure 5 and its  ide filling range 0.04&f<0.9, Fig. 7 showsd[In(V/))/dI
inset show a semilogarithmic plot and a linear plotTels  yersus| for T<Tgg. It should be noted that such log-log
scaled byT, as a function of the filling factor, respectively. plots should indeed be an appropriate way to determias

We find that the Bose-glass lines can be scaled to one apnay be seen by calculating the logarithmic derivative of Eq.
other as observed elsewhere in BSCCO crystdisoreover, (2) with respect ta), namely,d[In pl/dJ=(Jo/I)“* L. In Fig. 7,

we observe close to the half filling a well-defined crossoverne solid lines are a least-squares fit of a power law to the

separating an almost linear behavior abd@g/2 from an  qata. We obtain in this way.=0.33+0.06. As a compari-

upward curvature below, as shown in the inset of Fig. Sson the dashed lines represent an attempt td[fit pJ/dJ
Such a remarkable crossover at a fiBlg~ B ,/2 has already «(Jo/y**1, wherepw =1, to the data. We note that the central

been observed in investigations of the irreversibility line invalue,u=1/3 is valid throughout the filling range investi-
YBCO crystals and BSSCO crystals with columnar gateq, This result also applies to sampleSuch a value for
defects'®**** B, was related tcB* separating the single- , is the very signature of a variable-range vortex hopping
vortex regime from the collective pinning regime, in accor-yrangport as predicted in a Bose glass with short-range inter-

dance with the ideas of Nelson and Vi_nokﬂrlndeed, as  action effects, in the limit of weak current densitf@g.auber
will be seen below, our experimental findings support the

relevancy of this scenario. Finally, Fig. 6, whose axes are .
normalized such that the resistivity is measured in units of Sample Ay

po and the current in units af*, shows that the data ob- 100 po: — ' 1
tained from both samples can be superimposed on a unique 3 Seied ] ) . 4=0.29
curve. This result, which holds for filling factors varying § 5 - \ )
from the heavily underfilled regime to the nearly filled re- = s \’<Z7 =044 N WY
gime, is consistent with the scaling theory of the Bose-glass— 5 s ' .
to—liquid transitior?® et

10 10'10-2 current () 107

103 102 10"

B. Variable-range vortex hopping current (A)

ﬂu)'ig'rg‘g’ Trffs ’isg\r/‘if expects a nonlinear thermally actived o, ) |00 b1t ofd In(v/1)/di vs | for B andT fixed in the
P y Bose-glass phase(® f=0.9, T=58.809K; ¢ =09, T
=57.098K; ¥ f=0.04, T=74.902K; ® f=0.04, T=72.589 K.
L The straight lines are regression lines wherefrom we obtain the
p=poexp — 2B ‘]_0 2) glassy exponent ©=0.33+0.06. Inset: @ f=0.566, T
0 kgT | J =66.253K; @ f=0.2, T=68.553 K.
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102 T T T T T
\ \ Sample A (@ Sample A |
SN £=0.04 REFIII f=0.9
_ . \ Tge=59.3 K
S [74902K N\ Z 16| 58.800K " I\“M.' e, ]
€ c\ D 72.589 K = 58.238 K (N .".!" »
T 74323 K N 57.668 K '.3.0 ’
— =13 E 57.098 K Bl U
— =213 N\ 8 et ®e ]
H=e 56.528 K
""" p=1 e
1
1010—2 10" 0 1 2 3 4 5 [
current (A) |_1 3
102
Sample A (b) FIG. 9. In(v/1) vs | " for B and T fixed within the Bose-glass
f=0.133 phase. Dashed lines are a least-squares fit of Bqwith u=1/3)
5 to the data. Note that the dashed lines intersect at a single point
= 71.435 K \ 69.129 K lying on the ordinate axis wherefrom we obtdtg (see Table .
S ‘ 3
T ‘ \\
= n )
© — u=1/3 N\ . . . . .
— t=2/3 \ N\ shown in Fig. 9 are regression lines obtained &t0.9 for
------ p=1 sampleA. According to theoretical predictions, we note that
10110_2 10 the variable-range hopping model fails to account for the
current (A) data at higher currents. In Fig. 9, the slope of every dashed

P ; 13 ; ;
FIG. 8. Log-log plot ofd In(V/1)/dI vs | for B andT fixed in the !me IS rglated_ to the quantlty @/.kBT)‘]O L while their
strongly underfilled Bose-glass regime with long-range interactionémers’eCtIon Wlth.the axis of the orc.llnates gives. It C.an he
Nay/d~10. (3) f=0.04 and(b) f=0.133. The straight lines are inferred that'R0 is con;tant forB 'flxed. The resultlngRo
regression lines for some typical values of the glassy expopent values are listed for_ different filling factors in '_I'aple 1. It
(see the test The finding is that no Coulomb gap appears in theMay be seen thaR, is only sample dependefiithin the
distribution of pinning energies_ error bar$. We ObtainRof"'\’O.gi OZ[LQ for Samp|eA and
Ro~1.7+0.3{) for sampleB. Note that the product dR,
and w is roughly equal to a constanRgw~ 10 11 m).
This suggests an independence mf with respect to the
bsample. Such a very low estimate fgy, which is five orders

3 ; ety - . of magnitude lower than the normal resistivity, accounts for
ap should appear in the distribution of pinning energies, L .
gap PP b 9 9 the smallnest of the creep resistivity scale as expected in a

arising from long-range repulsive interaction effects, with ) "
the result thaj varies over the interval 1/3—1. For example, Bose glass. Finally, for sampla the values %the fitting

they have found that for ratios of the in-plane penetratioParameter related to the quantity Eg/ksT)Jo~, as de-
depth to the mean distance between the pigs/d, varying sp_nbed abovc_e, are displayed for different temperatures and
over the interval 0.5—5y monotonously increases from  fing factors in Fig. 10.

~0.52 tou~0.74 forf=1 and fromu~0.43 to u~0.71

for f=0.6 whereasu reaches an upper value 6f2/3 as TABLE Il. Measured prefactor of Eq(2) at different filling
\./d=5 for low filling factors (f<0.1)3° We do not ob- factors.

serve this feature, as shown in Figéa)8and 8b) where the

and Nelsof” and Wengel and “tbef® have shown using
numerical simulations that the analogue of the Coulom

noninteracting resulp.=1/3 still holds for low fil!ing frac- f:E SAMPLE A SAMPLE B
tions 0.045fs(_).133 and Ipng-range |nteract|oﬁsab/d o By Ry (1) Ry (1)
=10. Two possible explanations can at least be given. One is

that the dispersion of pinning energies essentially arises frorfl-026 0.9-0.2

some disorder effect. Note that the weakening of the vortex0-040 0.8:0.2

vortex interaction in the presence of columnar defégives  0.066 0202 2.2:0.3
an added effect to this situation. Another reason is that th€.133 0.8:0.2 15:0.3
measurements have been done at high temperativds. (  0.200 0.6-0.2

~0.8) where the wandering of vortex lines, neglected in0.266 1.6:0.2 1.2£0.3
Refs. 39 and 40, is here expected to be increased signif.333 1.2-0.2

cantly due to thermal fluctuations. Finally, takipg=1/3 and  0.400 0.8-0.2 2.2£0.3
substituting forw into Eq. (2), we fit Eq.(2) to the data. In  0.466 1.6:0.2

this way, we introduce here only two independent fitting pa-0.533 1.5-0.3
rameters. One corresponds to the quariﬁtwé"“, and the 0.566 1.3-0.2

other denoted adr, is proportional topy; namely, Ry 0.666 0.8-0.2 1.60.3
=A"po/w, wherew is the thickness of the crystal a#d is  0.800 1.8:0.3
a dimensionless geometric factor which depends on the comyggg 1.0-0.2

tact configuration. As an example, the dotted straight lines
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= 1.5 q In Eq. (4), y should be given by the combination of en-
E i Sample A ergy dispersions arising from some structural and on-site
; ¥ disorders:
® 10| 1 3
2 leoqss . y=tat . (5)
";; 05 _:8:%88 An estimate for the energy dispersion due to the structural
= 10333 disorder, i.e., the randomness in the distance between the
& v0.466 irradiation tracks, has been made in terms of the hopping
0.0 L0268 . - matrix element connecting sites separated by the typical dis-
64 68 72 tanced,?°
Temperature (K)
FIG. 10. ZE/(kgT)l5" vs T(T<Tgg) for different filling fac- ty~V2/m exp — ——1. (6)
tors. The lines display a fit of the model described in the text. VEk kg T kT

Theoretical curves and experimental data quantitatively agree in th

underfilled regime {<1/2). The dotted lines are associated with . . .

; ameters as the first cause for random on-site enefgies
f=0.466 andf =0.566. This breakdown accounts for the crossover_. 1 imate. in Ea5 to th idth of th
from a strongly pinned Bose glass to a wealky pinned Bose glass. |F|g . ), yve a]E)prox!ma e n . q( ), 7i to the wi ot the
occurs close to the half-filled regime and is probably related to th istribution of pinning energies:
well-defined crossover in the Bose-glass melting lisee Fig. 5.

®n the other hand, assuming the variation in the defect di-

dcy
du,’

To test the accuracy of the above view, we estimate frorr%n Eq. (7), the pinning energy per unit lengthly, and the

the model® the typical kink energy and the characteristic defect radiusc, are related to one another through the

P(Up=P(cy) @)

IV. DISCUSSION

0
current in Eq.(2). formule?
The kink energyEy is given by e
Uk:7|n[1+(ck/\/§§ab)2], (8)
Ex=dve.U, 3 and P(c,) define a distribution of defects, such thdfc,)

= [{“P(c;)dcy is the number of columnar defects per unit
with d~ ¢, /B, being the mean distance between defectsgrea with radius less tham,. Note thatP(c,) is normalized
e1~eg0In(ay/&,p) being the tilt modulus where is the an-  such thatN(+ ) = 1/d.
isotropic parameters o= ¢3/(47uoh2y) is the line tension, Applying Egs. (3)—(8) and assuming a normal law for
ag~ b, /B is the vortex-lattice parametet=U,f(T/T*)  P(cy), we have attempted to fit the quantit/T)Jg" to
being the binding free energy per unit length whelgis the  the data. We have worked out a least-squares fit with five

mean pinning energyT* = max cy,V2£,] Fson is the en-  fitting parameters: the average defect radiys (cy), the
ergy scale for the pinning, anf(x) = (x2/2)exp(~2x%) ac- Standard deviation o€y, the anisotropy paramete;, and
counts for thermal effects. both the in-plane penetration depth and the in-plane coher-
In Eq. (2), Jo=1/[ bog(7)d%], whereg(%) denotes the €NCce length aff =0. Indeed, Fig. 10 shows that the experi-
density of pinning energies at the chemical potential separaffental data obtained at filling factors1/2 quantitatively
ing the occupied defects from the empty defects. Note tha®9"€€ with the theoretical curves. This result also applies to
g(s) is normalized such thdt+°°g(s)d8=1/d2. Although a sampleB. Here note that we have used the temperature de-
form of g(&) is not yet available, an estimation gfz) can pendenge as predictgd in the two-fluid model for thﬁiB;plane
be done in terms of, the bandwidth of pinning energies. An Ip;enebtra:]lon delpth, A'e')‘a?(T):}]}.ab(o)[l_(T/TC) ] e
intrinsic dispersion in the pinning energies originates from', do_t sart?lp es, the Op“_m“_?’ ftting parameterbva ues éare
the combined effects between vortex repulsion and disordelSt | in Table Ill. Two significant fpomts_ can be noted.
The field-independent value of the glass exponent1/3 l\ilalrz\y, Wwe obtain an a‘_’efage_ de+ectAd|am_eteu:0290
suggests thay is mainly due to the disorder effect. Thus we =4 A With a standard deviation =15+ 3 A that is strongly
can consideg(e) as a smooth function ner.3“°Then we consistent with the probability law for the defect diametgr

have approximatelg(7)~1/(d2y), wherefrom we obtain obtained from high-resolution electron microscopy, as shown
Ve approxi (%) (A, w W ! in Fig. 1. Second, the only sample-dependent quantity is

Nab(0). Neglecting the effective renormalization of the pen-
Jo= /[ dod]. (4) etration depth due to defedd the sample dependence of

TABLE lll. Fitting parameters.

Sample co (A) o/Co (%) 1/e Nan(0) (A) £an(0) (A)

A 45+2 17525 50+ 2 1790+ 20 17+2
B 45+ 2 16=2.5 52+2 191G+ 20 15+2
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Nap(0) can qualitatively be explained in terms of different scaling hypothesis of the glass transition. Field and matching
doping levels” Then the corresponding,,(0) values field-independent valueg’=5.28+0.05, v’ =1.04+=0.06,
clearly show that the in-plane penetration depth decreases asd a=2 have been found to be in good agreement with
the hole doping is increased, as expected in the underdopddose predicted to the Bose-glass—to-liquid transition from
regime® numerical simulations. This result is compatible with the
To Conc|ude, we discuss in more detail the Origin of theWe”'eStab“Shed UniVersa”ty rules for the critical eXponentS
variable-range vortex hopping transport. Using the fitting paat standard_ con_tinuous transitions, since_both different fields
rameter values listed in Table Il and applying E€®).and ~ and matching fields correspond to a unique vortex system.
(6)—(8), we draw a comparison betwegnand y; in Eq. (5). Another finding is that the anlsotroplc length s_cale is inde-
In this way, we find thaty; is still much greater thaty for ~ Pendent o for T—Tgs/Tgg fixed, as expected in the pres-
all temperatures and filling factors. As an example Tat €nce of a true critical region alonBsg(B). A third result is
=70K and for 0..f=<0.4, the ratio ofy, to ty varies from that the resistivity, obtained for both different field8 (
100 to 200. Thus we conclude that the dispersion in the<By) and matching fields as a function of temperature, col-
pinning energies, which results in the variable-range hoppindaPses into two single curves when plotted using the rescaled
process, essentially arises from on-ite., diagonal disor- ~ axes according to Eq1). All these experimental findings are
der. consistent with a critical behavior of the resistivity that one
However, this conclusion is only valid for the underfilled Would expect if the Bose-glass—to—liquid transition was gov-
Bose_g|ass regime where all the vortices are Strongbﬁrned by the usual second-order transition Universa”ty rules.
bounded to the columnar defects. Obviously, such an argulhe experimental evidence of these rules clearly requires fur-
ment breaks down in the case of the weak Bose-glass regintger investigation.
where some vortices are localized by energetically favorable Second, the behavior of the conductivity Bt Tgg has
interstitial sites due to the vortex-vortex interaction. There-Peen examined in some detail for different filling factors
fore, it must be kept in mind that the above model should ndB/B4)<1. A variable-range vortex hopping mechanism
longer be valid foB=B*. Indeed, it may be seen in Fig. 10 typical of a Bose glass has clearly been observed, in accor-
that the theoretical curves and the experimental data quantflance with the theoretical prediction of Nelson and Vinokur.
tatively agree as long as the inequalfty 1/2 holds. Such a The glass exponent valye~ 1/3 has been found over a wide
result is also verified for samplB. This strongly suggests filling factor range from 0.04 to 0.9 for long-range interac-
that for the interaction rangen{,/d~10) probed in our ex- tions Nap/d~10. This suggests that no Coulomb-gap-like
periment,B*/B,,~1/2. Such an estimate df remarkably feature occurs in the distribution of pinning energies. Such a
agrees with that obtained from numerical simulations, agonclusion is compatible with a compressible Bose glass as
may be seen by using the Fig. 1 shown in Ref(a#0ln  inferred from the above finding that=2, since a divergence
addition, it should be emphasized that the Bose-glass meltin@f €11 ¢an be connected to a gap in the density of vortex
line also exhibits a crossover Bt,~B,/2, as shown in Fig. States'’ Finally, the origin of the variable-range hopping
5. This is not probably coincidental, and thBs is consis- Mechanism has quantitatively been discussed in terms of the
tent with B*, in accordance with other experimental bandwidth of the pinning energies arising from some disor-
works 3334 der effect. So we have demonstrated the experimental evi-
dence that for filling factors<1/2 the on-site disorder plays a
V. SUMMARY major role. Our finding supports the view of an underfilled
Bose-glass regimeB(B,<1/2) in which the vortices are
In this work, two important features of the vortex trans- strongly localized on the columnar defects, followed by a
port in Bi,Sr,Ca _,Y,Cu,0g 5 Single crystals with colum- crossover to a regime of weak localization due to interaction
nar defects along the axis have experimentally been inves- effects. It is probably no coincidence that the Bose-glass
tigated from current-voltage measurements. First, the criticainelting line also exhibits a crossover near the half filling
behavior of the superconducting phase transition has beefactor, as shown in Fig. 5. In accordance with numerical
studied for magnetic fieldB<B) aligned with the defects. simulations, this crossover from a strongly to a weakly
The critical exponents’ (=v,),a(=v,/v,), andz’ andthe pinned Bose-glass regime is found to be consistent with the
critical temperatureTgg have been determined using the field B* introduced in Ref. 20.
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