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Structure of Vortex Liquid Phase in Irradiated Bi;Sr;CaCu;0g-5 Crystals
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The c-axis resistivity in irradiated and in pristine M8, CaCuy0s_5 crystals is measured as a function
of the in-plane magnetic field component at fixed out-of-plane compamerim the vortex liquid phase
atT = 67 K. From this data we extract the dependence of the phase difference correlation length inside
layers onB, and estimate the average length of the vortex line segments confined inside columnar
defects as a function of the filling factgf = B, /B¢. The maximum length, about 15 interlayer
distances, is reached nefir= 0.35. [S0031-9007(98)08327-6]

PACS numbers: 74.60.Ge, 74.25.Fy, 74.62.Dh

The structure of the vortex liquid in highly anisotropic to extract the pancake density correlation function using
layered superconductors with columnar defects (CDsjata for JPR frequency as a function Bf at fixed B,
produced by heavy ion irradiation is one of the most[9]. In this Letter we determine the average length of
intriguing questions in the current study of the vortexvortex line segments as a function®f, i.e., of the filling
state in high temperature superconductors. For the mogctor f, from transport measurements on single crystals
anisotropic BiSrCaCuyOg_s (Bi-2212) superconductor of Bi-2212 with and without CDs. For this we have
without strong disorder, neutron scattering and Josephsateveloped a method for extracting the phase difference
plasma resonance (JPR) data provide evidence in favaorrelation function along the layer from measurements
of a pancake liquid with very weak correlations of of the c-axis conductivity, 0., as a function of the
pancakes in different layers [1-3]. When CDs aremagnetic field component parallel to the layeBy, at
introduced into these crystals a large decrease in thiixed B,. The componenB, establishes the vortex state
reversible magnetization is observed [4], indicating thato be studied, while the componeBj; serves as a probe
pancakes are predominantly situated on the CDs, evenf this state, as described below. Knowing the phase
in the liquid state. Recent studies of JPR [5,6] and difference correlation length, we estimate the pancake
axis transport [7,8] in irradiated Bi-2212 crystals revealdensity correlation length along tleaxis.
enhancement of-axis correlations in some interval of In Josephson coupled superconductors in the presence
out-of-plane magnetic fieldsB,, below the matching of ac-axis current, voltage is induced by slips of the phase
field, Bg, at temperature§” ~ 70 K. In other words, difference between layerss, ,+1(r,t), as described by
pancakes at these fields and temperatures appear ttee Josephson relatioW, ,+; = (i/2e¢)¢,,+1. Heren
form aligned segments of vortex lines inside CDs, whilelabels layersy = x,y are coordinates in theb plane,
outside of this region they are better described as and: denotes the time. The-axis conductivity in the
liquid of weakly c-axis-correlated pancakes, as in pristinevortex liquid state is determined by the Kubo formula [3]
crystals. Both c-axis transport and JPR involve the “
flow of Josephson currents and are thus sensitive to oe(BL, By) = (SJOZ/zT)/O dtf arG(r,n), (1)
the misalignment of pancake vortices between adjacent /e ;
planes. CDs aligned with the axis will promote Gr,1) = 2SiN@nn+1(0,0)SIN@y 1 (r, 1)) (2)
interplane pancake alignment in a region of temperature ~ (C0§@pn+1(r, 1) — ©un+1(0,0)]),

yvhere p_anpakes remain largely localized on CPS' .E.VGQ\/here Jo is the Josephson critical current and is
in the liquid state, where pancakes are mobile, fIIIIngthe interlayer distance. Time variations of the phase

of_the avalle_tble cD sites .ShOUId I(_aad to enhanced difference are caused by mobile pancakes [10] induced
axis correlation from statistical considerations alone. Inoy B, and by mobile Josephson vortices induced by the
previous c-axis transport measurements [7]. a dip InparaIIeI componenB). In the lowest order in Josephson
the magnetoresmtancgz(Bi'), of a B|-2212'crystal was coupling we split[¢,,+1(0,0) — ¢,.+1(r,1)] into the
](c)bstervedeaDt a Tagnigc ffl(lzi/(gzorrespondlng o a fIIIIngcontribution induced by pancakes and that caused by the
actoro S/ =B./Bo = : unscreened parallel componeBf. Assuming thatB

Sqd_far thertte_t i:_as _b;een T.O techtr;]qu(Jje avalla;ble f.ofs along thex axis, we obtain a simple expression for
providing quantitative information on the degree ol C-axiSy, o .qnyripytion of the parallel component to the phase
correlation or on the length of pancake line segments. | ifference

addition, it is unclear whether vortex interactions play a 0.0) — (r.1) ~
significant role in enhancing correlation in the liquid state. #7711\ $nnt+1215
Previously, a method was proposed, but not yet realized, [¢,,+1(0,0) — @, ,+1(r,1)]g,=0 — 27sB)y/Po. (3)

1008 0031-900799/82(5)/1008(4)$15.00 © 1999 The American Physical Society



VOLUME 82, NUMBER 5 PHYSICAL REVIEW LETTERS 1 EBRUARY 1999

Inserting this expression into Egs. (1) and (2) we obtain ~ For our experiments, high quality Bi-2212 crystals
5 . (T. = 85 K) of about1 X 1.5 X 0.02 mm’ were used.
o.(BL,By) = (msJ; /T)f drrG(r,B1)Jo(aB)r), The irradiation by 1.2 GeV 8% ions was performed
(4) on the ATLAS accelerator (ANL). According to TRIM
calculations these ions produce in Bi-2212 continuous
w amorphous tracks with diameter 4—8 nm and length
Gr,B)) = f dtG(r,t,B ). (5) 25-30 um. Below, we present the results for the samples
) 0 ) irradiated with a density of CDs corresponding to the
The functionG(r, r) describes the dynamics of the phasematching fieldBy = 2 T and for a reference pristine
difference caused by mobile pancakes. g8, ,B)) = sample.
oc(B1,B|)/oc(B.,0) is known in Zthez vortex liquid, the  oyr measurements afaxis conductivity were carried
correlation functionG(r) = G(r) Jo ®y/4msTo:(B1,0)  out in a cryostat withtwo superconducting magnets
may be found using the inverse Fourier-Bessel transformproviding magnetic fields in orthogonal directions. The
_ magnets are controlled independently and provide fields
G(r.B,) = / dB)B)g(By BL)JolaByr).  (6) up to 8 T in one direction and up to 1.5 T in the other
direction. Samples can be oriented along the axis of
either magnet. Misalignment of the crystalaxis with
respect to the perpendicular componént was detected
R? — fx PRSI fw i rG(r) (7y by the asymmetry op.(By) with respect to the sign of
0 G ! 0 R2G(0) Bj. We adjusted the direction of the field components,
Note thatR, is related to the coefficient of thgj term in gg%}"(il'tnlgo $Z¥?;T§;ry ?ﬁ:eowo?r:?alaiizltle;cir;rdjtr:]t(ijv;;}soyv
. R 2 0 .
the expansion o (5., By) in By, was calculated using the average resistivity(B|) !

whereJy(x) is the Bessel functiony = 27s/®,, and

The correlation length®® and R; of this function are
defined by the relations

g(B.,By) = 1 — [msR((B.)/®o]Bj . ®)  [pc(B)) + pc(—By]/2. Two silver contact pads were
ThusR (B ) can be obtained independently from data fordeposited on both sides of the sample using a mechanical
o.(B.,B)) at smallBy. shadow mask. The mask provided a clean surface rim

Such a procedure to obtain the functieh(r,B,) is  ~0.1 mm from the sample edges agd um separation

valid if the vortex state depends weakly on the Josephsobetween current and potential pads. The area of the
coupling and hence on the probe figdg (which affects contact was=0.75 mn? for current and=0.05 mnv
Josephson coupling). Then this method is nondestructivéor potential terminals. The resistance of the current
Let us check first under what conditions we can neglecpads at room temperature was2 (1. A current of
the effect of Josephson coupling on the equilibrium vortexi mA, driven through the sample, provides an Ohimig¢
state. The energy of Josephson coupling in the correlataggime. For very anisotropic Bi-2212, in our range of the
areamR? is wEgR?/A3, which should be much smaller magnetic field and temperatures, in-plane conductivity,
than the temperatur@ to be treated as a perturbation o, ~ 103c. [11], providing nearly equipotential current
[9]. HereEy(T) = ®fs/1673A%,(T). For Bi-2212, with  distribution in theab plane, at least in the central area
¥ = 300 and A,;,(0) = 2000 A, the Josephson coupling of the sample. Thus the contribution @f,, to the

in the correlated area iss0.2T at the maximum value anisotropic conductivity is weak and can be neglected,
of R found below and atl > 60 K. Thus the effect in the limit of small pad separation. Thus a standard 4-
of Josephson coupling, and henBg on the equilibrium  probe method can be used fof measurement instead of
vortex state may be neglected. For dynamical parameterie complicated multiterminal Montgomery analysis. The
such aso., higher order terms in Josephson couplingtemperature was stabilized with an accurac$0 mK.
describing dynamic screening & omitted in Eq. (3), The resistivity p.(B)) was measured in th8, interval

may be important. This will be discussed below. where g at maximumB) drops with B at least to the
We anticipate that in the pancake vortex liquid state invalue 0.2.
pristine crystals the characteristic lengh@ndR, of the In Fig. 1 we presentp. as a function ofBﬁ at

correlation functionG(r) are of order of the intervortex different B, for (a) irradiated and (b) pristine crystals.
distance,a = (®y/B)'/?, because each pancake hereFor irradiated crystals at lo the resistance increases
is mobile and induces phase slippage as described iquadratically withB) as prescribed in Eq. (8). In contrast,
Ref. [10]. In irradiated crystals with CDs we anticipate for the pristine crystal we observed that increases
much biggerR andR, if pancakes form long segments of quadratically at highB;, but exhibits a minimum at low
lines inside CDs. Then only ends of segments contributéields that is not described by Eq. (8). This low field
significantly to the phase differengg, ,+(r,¢) and lead behavior is caused by dynamic screeningpthat results

to suppression of Josephson coupling amd, while  in additional dissipation at low fields, due to the combined
the effect of pancakes in neighboring layers inside thesffects of motion of Josephson vortices inducediyyand
segments is much smaller. of pancake vortices. These effects are not important at
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high fields. They do not appear in the irradiated crystakorrelations with distance is not a monotonic function of
due to pinning of the Josephson vortices. B, andis a minimum at a value corresponding to the dip in
In Fig. 2 we show the dependenge= o.(b)/c.(0) p.(B.). Notably all these curves quite accurately merge
onb = By /(Bs;B.)"/? for irradiated and pristine samples in Fig. 3b, providinga universal functionG(x) for both
at differentB,. Here B, = ®y/2xs>. For the pristine pristine and irradiated samples with a single scaling length
crystal the valuesr.(B, ) at B = 0 were determined by R, although the irradiated sample is characterized gener-
extrapolation ofp.(B)) from the high field quadratic de- ally by two lengths: andas. In comparison with pristine
pendence to zero as shown in Fig. 1b by the dashed linesrystals CDs simply diminish the effective concentration
Note that for the pristine crystal all three curves coin-of pancakes acting on Josephson coupling by the factor
cide at high fields, demonstrating scaling of the correlaa?/R>.
tion lengthR with a. Such a scaling is not observed for The correlation lengttR as a function ofB; is shown
the irradiated crystal a8, = 1.2 T, because the average in Fig. 4. It exhibits a distinct maximunR/a = 4, at
distance between CDsg = (®y/Bge)'/?, gives another f = 0.35, again coinciding with the position of the dip in
length scale in addition ta. More importantly, we see p.(B.). At f = 0.35 the ratio of R(B,) for irradiated
thatg drops withB) much faster for the irradiated sample. and pristine crystals is about 4 times.
The correlation lengtiR (B ) is related viaR =~ ®y/Bys The lengthR; obtained from the functiorG(r) using
to the magnetic field3;; which characterizes the scale of Eq. (7) is=2R at all valuesB, studied. The same length
the drop ofo,. with Bj. HereB is the magnetic field at determined directly from the functiog(B)) at small B,
which flux in the areaks is =®,. If we define the char- using Eq. (8) is=3R. Thus we estimate the accuracy of
acteristic fieldB), as given byg(B)) = 0.1, then from  extractingG(r) as~30%.
Fig. 2 atB, = 0.2 T, we estimate for the pristine crystal In order to determine the-axis correlations of pan-
R/a = 2.5, while for irradiated oneR/a = 8. As one cakes and to explain scaling, we note that at snfall
can see from Fig. 2, at the high fiel8g used in our mea- pancakes are positioned mainly inside CDs and hence the
surements, the dependeng@B)) is close to exponential, drop in the phase difference correlations is caused by in-
and we use this to extrapolagéB)) to higher fields. Then terruptions in pancake arrangement inside CDs. Namely,
we determineG(r) in the intervalr < r,, = 0.5 um by  we suppose that the phase differengg,+(r) is in-
use of Eq. (6). Accuracy of our experimental data and ofluced when a columnar defect in the layeris occu-
the inverse Fourier-Bessel transformation is not sufficienpied by a pancake, but the site inside the same CD in
to obtainG(r) atr > ry,. the layern + 1 is empty (and vice versa). At larger
In Fig. 3a we show the function@(r/a) and in Fig. 3b  f the unpinned pancakes also contribute to the decay
the same data versus= r/R, where the scaling length of correlations. Scaling for both pristine and irradi-
R(B.,Bg) is defined by Eq. (7). For the pristine crystal ated crystals means that ends of vortex segments in-
atB, = 0.1and 0.2 T we obtaiR(B,) = a. Thecurve side CDs act on the phase difference correlations as
for B, = 0.2 T is plotted by the dashed line, and it prac- unpinned pancakes. The net concentration of interrup-
tically coincides with that aB, = 0.1 T. For the irradi- tions and unpinned pancakes igR?, i.e., the average
ated sample we show the curves corresponding to regioriength of vortex segments /s ~ R?/a”. In the most
below, above, and at the position of the dip in the magaligned vortex liquid, atf = 0.35, we estimateL/s =
netoresistance curve. (B, ,0) from Ref. [7] as shown in 15. This is much larger thai,y/s = 1/(1 — f) = 1.5
the inset. It is evident in Fig. 3a that the rate of decay of
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FIG. 1. Dependence of resistivityp. versus Bﬁ for
perpendicular componens, , increasing sequentially with the FIG. 2. Dependencg(B)) = o.[B;/(B;B.)"*]/c.(0) in ir-
step 0.1 T in irradiated (a) and pristine (b) crystals. radiated and pristine crystals.
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tracted from g(B)) for irradiated (solid) and for pristine B_/B
(dashed) samples. Insgt:(B.) at By = 0 from Ref. [7]. Ar- 0" "

rows indicateB . values for the presente@(r) curves. FIG. 4. Dependence of the correlation lengthas a function

of filling factor, f = B, /B, of columnar defects for irradiated
] ] ] - and pristine samples. Dashed lines are guides.
in the model of noninteracting pancakes positioned ran-

domly on CDs. Thus we conclude that interaction of pan-

cakes is important for enhanced alignment inside CDs. to occupy positions outside of CDs. We argue that en-

In the hierarchy of interactions in the presence of CDs ancement of the alignment of pancakes inside columnar
both the pinning energy per pancake and the intralaye'? 9 P

repulsion energy of pancakes are characterized by th%izgié?u?#:fge?ggge interaction of pancakes confined
same energy scal&,. The scale of magnetic pair . . | .

: P : Useful discussions with V.M. Vinokur are greatly
attraction of pancakes in different layers is smaller bya reciated. We thank P. Kes and T-W. Li for orovidin
the factors/A,,. The random distribution of CDs is PP ’ ' N P g

important. Repulsion between vortices in the same Iayeggsigtlaiczlng‘lliiscxgssl\?vazgi R(')rt(e)(ljsgoqhéob ;ecg(n)léal
leads to a significant increase of pancake energy inside ' PP y = )
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