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Structure of Vortex Liquid Phase in Irradiated Bi2Sr2CaCu2O82d Crystals
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Thec-axis resistivity in irradiated and in pristine Bi2Sr2CaCu2O82d crystals is measured as a function
of the in-plane magnetic field component at fixed out-of-plane componentB' in the vortex liquid phase
at T ­ 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 factorf ­ B'yBF . The maximum length, about 15 interlayer
distances, is reached nearf ø 0.35. [S0031-9007(98)08327-6]

PACS numbers: 74.60.Ge, 74.25.Fy, 74.62.Dh
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The structure of the vortex liquid in highly anisotrop
layered superconductors with columnar defects (CD
produced by heavy ion irradiation is one of the mo
intriguing questions in the current study of the vorte
state in high temperature superconductors. For the m
anisotropic Bi2Sr2CaCu2O82d (Bi-2212) superconductor
without strong disorder, neutron scattering and Joseph
plasma resonance (JPR) data provide evidence in fa
of a pancake liquid with very weak correlations o
pancakes in different layers [1–3]. When CDs a
introduced into these crystals a large decrease in
reversible magnetization is observed [4], indicating th
pancakes are predominantly situated on the CDs, e
in the liquid state. Recent studies of JPR [5,6] andc-
axis transport [7,8] in irradiated Bi-2212 crystals reve
enhancement ofc-axis correlations in some interval o
out-of-plane magnetic fields,B', below the matching
field, BF , at temperaturesT , 70 K. In other words,
pancakes at these fields and temperatures appea
form aligned segments of vortex lines inside CDs, wh
outside of this region they are better described as
liquid of weaklyc-axis-correlated pancakes, as in pristi
crystals. Both c-axis transport and JPR involve th
flow of Josephson currents and are thus sensitive
the misalignment of pancake vortices between adjac
planes. CDs aligned with thec axis will promote
interplane pancake alignment in a region of temperat
where pancakes remain largely localized on CDs. Ev
in the liquid state, where pancakes are mobile, filli
of the available CD sites should lead to enhancedc-
axis correlation from statistical considerations alone.
previous c-axis transport measurements [7], a dip
the magnetoresistance,rsB'd, of a Bi-2212 crystal was
observed at a magnetic field corresponding to a filli
factor of CDs,f ­ B'yBF ø 1y3.

So far there has been no technique available
providing quantitative information on the degree of c-ax
correlation or on the length of pancake line segments.
addition, it is unclear whether vortex interactions play
significant role in enhancing correlation in the liquid sta
Previously, a method was proposed, but not yet realiz
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to extract the pancake density correlation function usi
data for JPR frequency as a function ofBk at fixed B'

[9]. In this Letter we determine the average length
vortex line segments as a function ofB', i.e., of the filling
factor f, from transport measurements on single crysta
of Bi-2212 with and without CDs. For this we have
developed a method for extracting the phase differen
correlation function along the layer from measuremen
of the c-axis conductivity, sc, as a function of the
magnetic field component parallel to the layers,Bk, at
fixed B'. The componentB' establishes the vortex stat
to be studied, while the componentBk serves as a probe
of this state, as described below. Knowing the pha
difference correlation length, we estimate the panca
density correlation length along thec axis.

In Josephson coupled superconductors in the prese
of ac-axis current, voltage is induced by slips of the pha
difference between layers,wn,n11sr, td, as described by
the Josephson relationVn,n11 ­ sh̄y2ed Ùwn,n11. Here n
labels layers,r ­ x, y are coordinates in theab plane,
and t denotes the time. Thec-axis conductivity in the
vortex liquid state is determined by the Kubo formula [3

scsB', Bkd ­ ssJ 2
0 y2T d

Z `

0
dt

Z
drGsr, td , (1)

Gsr, td ­ 2ksinwn,n11s0, 0d sinwn,n11sr, tdl

ø kcosfwn,n11sr, td 2 wn,n11s0, 0dgl ,
(2)

where J0 is the Josephson critical current ands is
the interlayer distance. Time variations of the pha
difference are caused by mobile pancakes [10] induc
by B' and by mobile Josephson vortices induced by t
parallel componentBk. In the lowest order in Josephso
coupling we split fwn,n11s0, 0d 2 wn,n11sr, tdg into the
contribution induced by pancakes and that caused by
unscreened parallel componentBk. Assuming thatBk

is along thex axis, we obtain a simple expression fo
the contribution of the parallel component to the pha
difference,

wn,n11s0, 0d 2 wn,n11sr, td ø

fwn,n11s0, 0d 2 wn,n11sr, tdgBk­0 2 2psBkyyF0 . (3)
© 1999 The American Physical Society
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Inserting this expression into Eqs. (1) and (2) we obtain

scsB', Bkd ­ spsJ 2
0 yT d

Z
drrG̃sr, B'dJ0saBkrd ,

(4)

whereJ0sxd is the Bessel function,a ­ 2psyF0, and

G̃sr, B'd ­
Z `

0
dtGsr, t, B'd . (5)

The functionGsr, td describes the dynamics of the phas
difference caused by mobile pancakes. IfgsB', Bkd ­
scsB', BkdyscsB', 0d is known in the vortex liquid, the
correlation functionGsrd ­ G̃srdJ 2

0 F
2
0y4psTscsB', 0d

may be found using the inverse Fourier-Bessel transfor

Gsr , B'd ­
Z

dBkBkgsBk, B'dJ0saBkrd . (6)

The correlation lengthsR and R1 of this function are
defined by the relations

R2 ­
Z `

0
dr

rGsrd
Gs0d

, R2
1 ­

Z `

0
dr

r3Gsrd
R2Gs0d

. (7)

Note thatR1 is related to the coefficient of theB2
k term in

the expansion ofgsB', Bkd in B2
k,

gsB', Bkd ø 1 2 fpsR1sB'dyF0g2B2
k . (8)

ThusR1sB'd can be obtained independently from data fo
scsB', Bkd at smallBk.

Such a procedure to obtain the functionGsr, B'd is
valid if the vortex state depends weakly on the Josephs
coupling and hence on the probe fieldBk (which affects
Josephson coupling). Then this method is nondestructi
Let us check first under what conditions we can negle
the effect of Josephson coupling on the equilibrium vorte
state. The energy of Josephson coupling in the correla
areapR2 is pE0R2yl

2
J , which should be much smaller

than the temperatureT to be treated as a perturbation
[9]. HereE0sT d ­ F

2
0sy16p3l

2
absT d. For Bi-2212, with

g ø 300 and labs0d ø 2000 Å, the Josephson coupling
in the correlated area isø0.2T at the maximum value
of R found below and atT . 60 K. Thus the effect
of Josephson coupling, and henceBk, on the equilibrium
vortex state may be neglected. For dynamical paramete
such assc, higher order terms in Josephson couplin
describing dynamic screening ofBk omitted in Eq. (3),
may be important. This will be discussed below.

We anticipate that in the pancake vortex liquid state
pristine crystals the characteristic lengthsR andR1 of the
correlation functionGsrd are of order of the intervortex
distance,a ­ sF0yB'd1y2, because each pancake he
is mobile and induces phase slippage as described
Ref. [10]. In irradiated crystals with CDs we anticipat
much biggerR andR1 if pancakes form long segments o
lines inside CDs. Then only ends of segments contribu
significantly to the phase differencewn,n11sr, td and lead
to suppression of Josephson coupling andsc, while
the effect of pancakes in neighboring layers inside t
segments is much smaller.
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For our experiments, high quality Bi-2212 crysta
sTc . 85 Kd of about 1 3 1.5 3 0.02 mm3 were used.
The irradiation by 1.2 GeV U238 ions was performed
on the ATLAS accelerator (ANL). According to TRIM
calculations these ions produce in Bi-2212 continuo
amorphous tracks with diameter 4–8 nm and leng
25 30 mm. Below, we present the results for the samp
irradiated with a density of CDs corresponding to th
matching field BF ­ 2 T and for a reference pristine
sample.

Our measurements ofc-axis conductivity were carried
out in a cryostat with two superconducting magnet
providing magnetic fields in orthogonal directions. Th
magnets are controlled independently and provide fie
up to 8 T in one direction and up to 1.5 T in the oth
direction. Samples can be oriented along the axis
either magnet. Misalignment of the crystalc axis with
respect to the perpendicular componentB' was detected
by the asymmetry ofrcsBkd with respect to the sign of
Bk. We adjusted the direction of the field componen
providing asymmetry below 5% atBk . 2 T and below
10% at lower fields. The normalized conductivitygsBkd
was calculated using the average resistivityrcsBkd ­
frcsBkd 1 rcs2Bkdgy2. Two silver contact pads were
deposited on both sides of the sample using a mechan
shadow mask. The mask provided a clean surface
,0.1 mm from the sample edges and25 mm separation
between current and potential pads. The area of
contact wasø0.75 mm2 for current andø0.05 mm2

for potential terminals. The resistance of the curre
pads at room temperature wasø2 V. A current of
1 mA, driven through the sample, provides an OhmicI-V
regime. For very anisotropic Bi-2212, in our range of th
magnetic field and temperatures, in-plane conductiv
sab , 103sc [11], providing nearly equipotential curren
distribution in theab plane, at least in the central are
of the sample. Thus the contribution ofsab to the
anisotropic conductivity is weak and can be neglecte
in the limit of small pad separation. Thus a standard
probe method can be used forrc measurement instead o
the complicated multiterminal Montgomery analysis. Th
temperature was stabilized with an accuracy650 mK.
The resistivityrcsBkd was measured in theB' interval
where g at maximumBk drops with Bk at least to the
value 0.2.

In Fig. 1 we presentrc as a function of B2
k at

different B' for (a) irradiated and (b) pristine crystals
For irradiated crystals at lowBk the resistance increase
quadratically withBk as prescribed in Eq. (8). In contras
for the pristine crystal we observed thatrc increases
quadratically at highBk, but exhibits a minimum at low
fields that is not described by Eq. (8). This low fiel
behavior is caused by dynamic screening ofBk that results
in additional dissipation at low fields, due to the combin
effects of motion of Josephson vortices induced byBk and
of pancake vortices. These effects are not importan
1009
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high fields. They do not appear in the irradiated crys
due to pinning of the Josephson vortices.

In Fig. 2 we show the dependenceg ­ scsbdyscs0d
on b ­ BkysBsB'd1y2 for irradiated and pristine sample
at differentB'. Here Bs ­ F0y2ps2. For the pristine
crystal the valuesscsB'd at Bk ­ 0 were determined by
extrapolation ofrcsBkd from the high field quadratic de-
pendence to zero as shown in Fig. 1b by the dashed lin
Note that for the pristine crystal all three curves coi
cide at high fields, demonstrating scaling of the corre
tion lengthR with a. Such a scaling is not observed fo
the irradiated crystal atB' # 1.2 T, because the average
distance between CDs,aF ­ sF0yBFd1y2, gives another
length scale in addition toa. More importantly, we see
thatg drops withBk much faster for the irradiated sample
The correlation lengthRsB'd is related viaR ø F0yB̃ks
to the magnetic field̃Bk which characterizes the scale o
the drop ofsc with Bk. HereB̃k is the magnetic field at
which flux in the areaRs is øF0. If we define the char-
acteristic fieldB̃k, as given bygsB̃kd ­ 0.1, then from
Fig. 2 atB' ­ 0.2 T, we estimate for the pristine crysta
Rya ø 2.5, while for irradiated oneRya ø 8. As one
can see from Fig. 2, at the high fieldsBk used in our mea-
surements, the dependencegsBkd is close to exponential,
and we use this to extrapolategsBkd to higher fields. Then
we determineGsrd in the intervalr , rm ø 0.5 mm by
use of Eq. (6). Accuracy of our experimental data and
the inverse Fourier-Bessel transformation is not sufficie
to obtainGsrd at r . rm.

In Fig. 3a we show the functionsGsryad and in Fig. 3b
the same data versusx ­ ryR, where the scaling length
RsB', BFd is defined by Eq. (7). For the pristine crysta
at B' ­ 0.1 and 0.2 T we obtainRsB'd ø a. The curve
for B' ­ 0.2 T is plotted by the dashed line, and it prac
tically coincides with that atB' ­ 0.1 T. For the irradi-
ated sample we show the curves corresponding to regi
below, above, and at the position of the dip in the ma
netoresistance curve,rcsB', 0d from Ref. [7] as shown in
the inset. It is evident in Fig. 3a that the rate of decay
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FIG. 1. Dependence of resistivityrc versus B2
k for

perpendicular componentsB', increasing sequentially with the
step 0.1 T in irradiated (a) and pristine (b) crystals.
1010
tal

s

es.
n-
la-
r

.

f

l

of
nt

l

-

ons
g-

of

correlations with distance is not a monotonic function
B' and is a minimum at a value corresponding to the dip
rcsB'd. Notably all these curves quite accurately mer
in Fig. 3b, providinga universal functionGsxd for both
pristine and irradiated samples with a single scaling len
R, although the irradiated sample is characterized gen
ally by two lengthsa andaF. In comparison with pristine
crystals CDs simply diminish the effective concentrati
of pancakes acting on Josephson coupling by the fa
a2yR2.

The correlation lengthR as a function ofB' is shown
in Fig. 4. It exhibits a distinct maximum,Rya ø 4, at
f ø 0.35, again coinciding with the position of the dip i
rcsB'd. At f ­ 0.35 the ratio of RsB'd for irradiated
and pristine crystals is about 4 times.

The lengthR1 obtained from the functionGsrd using
Eq. (7) isø2R at all valuesB' studied. The same lengt
determined directly from the functiongsBkd at smallBk

using Eq. (8) isø3R. Thus we estimate the accuracy
extractingGsrd asø30%.

In order to determine thec-axis correlations of pan-
cakes and to explain scaling, we note that at smalf
pancakes are positioned mainly inside CDs and hence
drop in the phase difference correlations is caused by
terruptions in pancake arrangement inside CDs. Nam
we suppose that the phase differencewn,n11srd is in-
duced when a columnar defect in the layern is occu-
pied by a pancake, but the site inside the same CD
the layer n 1 1 is empty (and vice versa). At large
f the unpinned pancakes also contribute to the de
of correlations. Scaling for both pristine and irrad
ated crystals means that ends of vortex segments
side CDs act on the phase difference correlations
unpinned pancakes. The net concentration of interr
tions and unpinned pancakes is1yR2, i.e., the average
length of vortex segments isLys ø R2ya2. In the most
aligned vortex liquid, atf ø 0.35, we estimateLys ø
15. This is much larger thanL0ys ø 1ys1 2 fd ø 1.5

FIG. 2. DependencegsBkd ­ scfBkysBsB'd1y2gyscs0d in ir-
radiated and pristine crystals.
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FIG. 3. The functionsGsryad (a), and GsryRd (b) as ex-
tracted from gsBkd for irradiated (solid) and for pristine
(dashed) samples. Inset:rcsBcd at Bk ­ 0 from Ref. [7]. Ar-
rows indicateB' values for the presentedGsrd curves.

in the model of noninteracting pancakes positioned ra
domly on CDs. Thus we conclude that interaction of pa
cakes is important for enhanced alignment inside CDs.

In the hierarchy of interactions in the presence of CD
both the pinning energy per pancake and the intralay
repulsion energy of pancakes are characterized by
same energy scaleE0. The scale of magnetic pair
attraction of pancakes in different layers is smaller b
the factor sylab . The random distribution of CDs is
important. Repulsion between vortices in the same lay
leads to a significant increase of pancake energy ins
CDs situated near those already occupied by panca
[12]. As B' increases, some CDs become more favorab
for filling by pancakes, while others remain unoccupie
Another important point is that favorable configuration
are similar in all layers due to the geometry of CD
Thus repulsion of pancakes inside randomly position
CDs in the same layer leads to enhancement ofc-axis
correlations. Another mechanism for pancake alignme
inside CDs is magnetic attraction of pancakes in adjace
layers.

In conclusion, we extract the universal phase differen
correlation function using measurements ofc-axis resistiv-
ity as a function of the parallel component of the magne
field at fixed perpendicular component. We estimated t
correlation length of the pancake density correlation fun
tion along thec axis as a function of the filling factorf
of columnar defects. It first increases withf, reaches a
maximum atf ø 0.35, and then drops as pancakes sta
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FIG. 4. Dependence of the correlation lengthR as a function
of filling factor, f ­ B'yBf, of columnar defects for irradiated
and pristine samples. Dashed lines are guides.

to occupy positions outside of CDs. We argue that e
hancement of the alignment of pancakes inside colum
defects is caused by the interaction of pancakes confi
inside columnar defects.
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