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Current-driven vortex state in Bi,Sr,CaCu,Og. 5 With columnar defects
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The effects of applied current on the vortex-lines dynamics in heavy-ion-irradiagSt,8aCyOg ., 5 are
studied through Monte Carlo simulation. From the analysis of current-voltage characteristics, we find a clear
peak effect in the critical current density, prominent near the melting transition of the vortex solid, when the
magnetic field is increased toward the matching field. The peak field corresponds to a fracti@r) filling
factor of the vortices to columnar defects. This enhanced vortex pinning occurs simultaneously with a rapid
change in the interlayer-coupling nature of the current-driven vortex state. In addition, numerical results on
current-driven moving vortex lines could also explain other anomalies obtained from the recent Josephson
plasma measuremen{$0163-18209)03637-9

The nature of disordered vortex matter and vortex pinninghe peak effect ofl; in the nonequilibrium glassy phase-

is a vital topic in studies of high, superconductors. reversibleregime, but the direct relationship remains un-
Among other things, topologically line defects such as co-clear for the solid phase, in comparison with the well-
lumnar defectCDs) produced by heavy-ion irradiation are developed JPR thedt¥/for the high-temperature VL phase.
known to yield a low-temperature glassy phase of vortices, In this work, we simulated the current-voltage\() char-
called Bose glastBG), resulting in a large critical curredt  acteristics of a BSCCO model wittandomly distributed
under magnetic fiel®. The existence of BG phase has beencps (| ¢ axis), by using Monte CarldMC) dynamics at
confirmed by theoreticitnd experimentdf® analyses based finjte temperatures. Focusing on the field dependende\of

on the temperature-driven continuous melting transition intqryes that obey the BG scaling law, we obtained direct nu-
vortex liquid (VL). Nevertheless, many unusual behaviors .rical evidence for a sharp peak effect J8°(B) at

related to thec-axis vortex correlation have recently been _ ; : o
reported and are being actively debated, in the vicinity of theBpk/B‘I’Nlls’ in excellent agreement with the magnet|z§1t|on
melting or freezing transition of BG. _study. For thg VL _ph_a_se, a remarkable dip appears in the
3 . in-plane Ohmic resistivitR*°(B) at the samé=B,,. We
osephson plasma resonaii#éR measurements on irra- T . P
diated BySKLCaCyOg, 5 (BSCCO (Refs. 6,7 first sug- founq. that such.deﬂnlte signs of a reduc.tlon in the .vortex
gested that two kinds of VL with differemtaxis correlations Mopility occur simultaneously with a rapid change in the
may exist, based on the observation of double JPR peakg1_terlayer—coupllng nature of the.current-drlven vgrtex state.
The paper argued that the pancake vortex gas decomposedsoHCh a change could also explain unusual experimental data
low field may exhibit a dramatic phase change into partiallyof JPR (Refs. 14,15 for the low-temperature BG vortex
linelike liquid, as the field increases towards the matchingState. o
field By, just above the irreversibility linélL). The numeri- The BSCCO superconductor under te| ¢ axis is de-
cal simulatioff supports this scenario to demonstrate that &5cribed by the vortex-variable representatith of the
field-driven type of interlayer coupling transition occurs in Lawrence-Doniach modél. We treat a Josephson-coupled
the VL phase at a specific coupling fieBt,~Bg/3. Also, §tack of two—d|men.'~?|onaﬂ\lZ superconducting layers includ-
the c-axis electric resistivity and reversible magnetizatith g N, pancake vortices on each layer, where pancake vortex
show dip anomalies around the coupling field, that may beoordinates {ri(z)} form the ith vortex-line ({
partially interpreted as entropy reduction due to partial align=1.2, . .. N,) penetrating through all the layers. The in-
ment of vortices along CDs. plane inter-vortex repulsive interaction is given by a modi-
Furthermore, in the low-temperature BG phase, quite refied Bessel functiorodKo(|rjj| /X 4p) with the magnetic pen-
cent irreversible magnetization measureménté revealed ~ etration depthh. We typically choosen,,=2000 A, the
that an anomalous magnetization peak manifests itself in @oherence lengthi,,=10 A, layer thicknessi=10 A, and
high-temperature range just below IL, implying a novel peakthe effective mass anisotropgy=VM./M,,=100, where in-
effect in J(B) as a function ofB. Such nonmonotonic be- plane energy scale,d/kg=1000 K. We also seN,=16
havior of J. cannot be explained from the collective pinning andN,=40, where periodic unit cells with image potentials
theory*? which usually predicts monotonic magnetic field are used on each layer. The CPqaxis) is modeled by the
dependence ol (B)=1/B for B<Bg . Experimentally, the cylindrical potential well with a radiug,=&,, and depth
peak field B, scales withBg,, and By, almost coincides U= (eod/2)IN[1+(co/\2£,,)?]=343 K[ xkg], and we to-
with the aboveB,, in the VL phase. Thus, the interlayer tally used ten random sets of CD configurations for the
coherence of the vortex state can give crucial clues to explaisrample average. The density of CDs was fixed toBge
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FIG. 1. Scaling plot of thd-V characteristics at the magnetic magnetic field B [T]

field B=0.3 T. The inset shows raw data at various temperatures

ranging from 4.5 to 81 K: 4.5, 9, 13.5, and 18 to 81 K in 3K steps.  FIG. 2. In-plane induced-voltage for the vortex liquid phase at
They can be collapsed to two scaling curves withs=52 K, v various temperatures: fixed currentx10® [A/cm?]. The inset
=1.6, andz=3.2. shows the Ohmic characteristics.

=1 T. |-V characteristics are calculated by newly adding a duced bility in theb ol h
uniformly tilted potential— (4 /c)zX13,3,r,(z) with the reduced vortex mobility in theb plane may suppress the

Lorentz force of the applied currentdriving vortices. The Phase slip between adjacent superconducting layers, through
induced voltageV is obtained from the average vortex drift e weak but non-negligible interlayer Josephson coupling.
velocity v in the MC time scalé® through the Josephson As a result, a.reducnon afaxis resistivity could also occur,
relationV=B X v/c, by following the earlier report&?° as was experimentally observed above’IL.

A current-free (=0) MC study showed that the BG Typical examples of the non-Ohmic branchle¥ curves
melts into VL such that the Lindemann melting criterion at various magnetic fields are shown in the inset of Fig. 3.
holds, and the obtained melting lifgg(B) is similar to the ~ Non-monotonic behavior of; can be expected since the
experimentally observed IL. Starting from this equilibrium curves in a family cross each other. We set a threshold volt-
vortex state, newly calculatddV curves show the transition age(with criterionV,=10"2) to estimate the effective criti-
from Ohmic to non-Ohmic behavior aroui=Tgg, with  cal current densityl; from the calculated-V curves. As is
decreasingT. The second-order phase transition theory ofseen from Fig. 3, the obtaineld(B) at various temperatures
BG-VL melting? predicts that isothermd+V curves should exhibits a clear peak effect arourigl~B4/3. We find an
obey the scaling law of the resistivity V/I additional bump in the vicinity of the integer filling/Bg,
=|t|"*"2F_ (1|t|~3"), wherev andz stand for spatial and =1, which may be thought of as remnant of the Mott insu-
dynamical critical exponents, respectively, with reducedlator predicted at low temperature. Notably, the peak field
temperaturea=T/Tgg—1. BothF_(x) andF_(x) are uni- By~Bg/3 seems to be almost independent of temperature,
versal functions with dimensionlegssfor t>0 andt<O0, re-
spectively. Indeed, the numericklV data at a fixed mag-
netic field nicely collapse into the upp&hmic) and lower 3,108
(non-Ohmig scaling branches, as typically shown in Fig. 1.
We numerically obtained the critical exponents of
=1.2-1.8 andz=3.2—4.0(see the upper insgetwhich seem
insensitive toB in the field range of 0.015 ¥B<0.64 T2
These values reflect the collective property of BG, in com-
parison with »=1.1+0.2 andz=1.7+0.2 from the MC
simulation of the single vortex lin€, and z=6+0.5 from
that of the dirty boson modéf. Our results also agree with
the experimental results on Josephson-coupled layered su-
perconductors with large anisotropyr=1.8=0.2 (1.1
+0.2) andz=4.4-0.3 (4.9£0.2) from electric transport
measurements for JBaCaCyOg thin films with Bg, i
=31 T(0.2 1. 3X105o 01 0.1 1 10

The anomalous behaviors in question can be seen in the ) ’
magnetic field dependence of the above vortex transport
properties. First, the in-plane induced-voltagéB) derived
from the Ohmic branch is shown in Fig. 2. A large dip struc-  FIG. 3. Magnetic field dependence of the critical current density
ture appears ne®d~B4/3, implying a rapid decrease in the J; at various temperatures. Inset: Nonlinéa¥ characteristics be-
vortex mobility in the flux-flow state of the VL phase. The low the melting temperature.
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FIG. 4. Temperature dependence of the interlayer Josephson F_IG. 5. Magn(_eticfield dependence of interla)_/er Josephson fluc-
fluctuation energy at 0.3 T and various applied currentsd, 2,3, ~ tuation energy in the Bose glass phase: fixed currenB
5, 8, 10, 20, 30, 50, 80, 100, 200, 300, 5000° [Alcn?]. Inset: <10 [A/em’]
schematic drawing of the interlayer phase coherence as a function
of temperature. remain controversial. Recently, Matsue@al?® argued that

the anomaly may be attributed to the nonequilibrium critical

and these peaks become prominent at rather higher tempergate in an irreversible regime, by noting that the critical
ture close to the melting temperaturgs(B). These numeri-  currents in the Bean critical-state modele to inhomoge-
cal features are in striking agreement with the irreversibleneous field distributionprobably promote strong decoupling
magnetization daté:** Just aB=B,, we also found a sud- of vortex lines. The above numerical result provides direct
den increase in the average trapping rate of current-driveyvidence for the occurrence of stronger current-driven de-
vortices to CDs, leading to an enhanced pinning force. Whilgoupling at lower temperature below the melting line. As
it looks similar to a sort of matching effect of 1/3 filling, temperature is increased, thermally depinned pancake vorti-
there is a distinct feature that the defects are not regularly biges(zigzag structuretend to form straight vortex-lines under
randomly distributed, and conversely thermal fluctuations arghe driving Lorenz force, thereby leading to a restoration of
important for the pinning force. the interlayer coherence with increasing temperature. There-

In order to directly examine the-axis vortex correlation  fore, the driving current plays a new and crucial role in de-
in the presence of driving current, we approximately calcutermining thec-axis correlation especially for the irreversible
lated the interlayer Josephson fluctuation enekdy;) regime of the BG vortex phase.
=(€o/mdy?)(1—(coS¢,,,1)), Where ¢, ., represents the  |n Fig. 5, we also plot the field dependencem{(B) for
gauge-invariant phase difference between two adjacent sguch a BG phase, with a fixed curreint 3x 10° Alcm?.
perconducting layers, based on the average quasi-elastic eAround the peak field,,~Bg/3, we can see an upwatdr
ergy part of vortex line€ E;=3,(2s/eo/m)[1+IN(\ap/S)]  downward jump indicating a decouplingor recoupling
X(rize1—Tif%4r5—1) for |ri,1—r,]<2ry, and E; transition along the axis for T=30 K (or T=30 K), thus
=3 ,(2sleg/m)[1+ In()\ab/s)]x(lrml—ri,z|/rg—2) other-  implying a direct correlation between tkeeaxis anomaly and
wise, with Josephson string = y£,, and interlayer spacing the peak effect. Note that the current-free system shows only
s (we sets=d). As one result, we found a current-induced the decoupling transition at the BG ph&sErom the JPR
decoupling of the BG phase below the melting line. Figure 4measurement on irradiated BSCCO, Hanagtral'* ob-
shows the temperature dependenc&gfT) (B=0.3 T) at served double JPR peaks only for<30 K, in the BG
various currents. In the absence of the applied curkeytil) phase. The origin of the unusual peak may be ascribed to the
monotonically increases with increasing temperature. On theeentrantB dependence oE; caused by the above recou-
other hand, in the presence of the applied currEgtin the  pling transition; as the magnetic field is increased with a
Bose glass phase is very sensitive to the applied current, imicrowave frequency fixed ab;, the resonance may occur
contrast to the liquid phase, as is schematically drawn in thewice at two different fields, satisfying,(B,1)=w,(B;,)
inset of Fig. 4.E,(T) (or (cos¢,,,1)) shows nonmonotonic = w;, merely in the reentrant case. In addition, as should be
temperature dependence accompanied by a reentoant expected in the case of a decoupling transition, there seems
cusplike behavior afT =Tgg. In particular, as the tempera- no double-peak anomaly for 30 KT<Tgg.

ture decreases beloWgg, the interlayer fluctuations con- It is also interesting to note that the difference between
tinue to grow rapidly, implying rapid loss of the interlayer the decoupling and recoupling transitions also appears in the
coherence. field-dependent behavior of, (Fig. 3 in the lower field

Experimentally, the JPR measurements exhibit a rapid deregime ofB<B/3. There the gradual increaselg(B) oc-
crease in the resonance fieB} when temperaturd de-  curs in the low-temperature ran¢feelow 30 K) of the recou-
creases below the IL, accompanied by a cusp on thialL pling transition, whereas the decreaseJinoccurs in the
T=Tgs(B)].2**® Here, the resonance fiel, satisfies high-temperature rangabove 30 K of the decoupling tran-
wﬁ(Br,T)=w,2)(0,T)<cos¢Z,Z+1>. This suggests a rapid de- sition. At sufficiently low field, since the intervortex interac-
crease in the interlayer coherence with decrea3inghow-  tion is negligible,J. is determined by the depinning current
ing decoupling of layers in the glassy phase. So far, severaif individually pinned vortices at CDs. At very low tempera-
mechanisms such as thermal depinftrand glasslike low- ture, when the field increases, the untrapped vortices tend to
energy excitation modé&shave been proposed, but they still be effectively pinned due to a cage effédrom intervortex
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repulsive interactions, and as a resijtmay be an increas- simulation of current-driven flux-lines in irradiated BSCCO
ing function of B, with enhanced interlayer coupling of vor- and found a direct relationship between the CD-induced peak
tex lines. In contrast, for the high-temperature regime neaeffect andc-axis interlayer coherence of the vortex state. The
the melting, thermal fluctuations may activate decouplechumerical results could illustrate the unusual critical state
movement of untrapped pancake vortices in the presence ebserved in the irreversible magnetization and JPR measure-
the driving current. Thenl.(B) decreases wittB for B ments, on which the driving current sheds new light.
<Bg/3, which is then followed by the large trapping or pin-
ning rate via the interlayer decoupling B&=Bg/3. Thus, _ _ )
strong collaboration between thermal fluctuation and inter- Itis a great pleasure to thank N. Chikumoto, T. Hanaguri,
vortex interaction is important for the peak effect and theX. Hu, A. Maeda, Y. Matsuda, M. Kosugi, T. Shibauchi, and
c-axis vortex correlation as well, unlike other mechanismsT. Tamegai for fruitful discussions. This research was sup-
including the dimensional crosso¥éiin a pristine sample, ported by the Joint Research Promotion System on Compu-
and the matching effe€ton regular defect arrays. tational Science and Technolod$cience and Technology
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