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Experimental evidence for vortex lines in the vortex-liquid phase of YBa2Cu3O6.95
in a geometry of tilted vortices
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Using a transport method with a geometry of tilted magnetic field, we have studied the direction of the
electric field generated by the motion of vortices. This experiment gives evidence of uncut vortex lines in
slightly overdoped untwinned YBa2Cu3O6.95 above the melting first order transition, showing that the first
order transition does not correspond to a decoupling of the vortex lines. The gradual loss of the line correlation
appears close toTc2 on a width which is typically that of the critical fluctuations. Those results are similar to
what we have found previously in a heavily twinned sample and lead to the conclusion that the twin planes are
not necessary to induce uncut vortex lines in the liquid phase, even in a thick sample. Moreover, we observe
a nonzero transverse voltage below the critical current, which is not explained unless referring to surface
nondissipative currents.@S0163-1829~99!10201-7#
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INTRODUCTION

In high-Tc superconductors, strong thermal fluctuatio
and large anisotropy are responsible for new aspects of

vortex behavior.1–3 In particular, it has been experimental
shown that the aspect of the transition under magnetic fie
dependent of the type of disorder. In clean and untwinn
optimally doped YBaCuO, it is considered as a first ord
transition~the so called melting transition! while the field is
not too high.4,5 It may be suppressed by disorder such as tw
boundaries or columnar defects. In heavily twinn
YBaCuO, the transition is continuous.6 Many questions re-
main about the nature and behavior of the vortices in
liquid phase above these transitions. It is still unclear if
vortices can be considered as uncut vortex lines, as in
mixed state of an ideal type-II superconductor, or if the me
ing is accompanied by the loss of vortex line coheren
resulting from a decoupling in individual pancakes or fro
the possibility for the vortex lines to cut and reconnect.7–9

In order to study this loss of line correlation, it was pr
posed to use the ‘‘flux-transformer geometry.’’10,11With this
configuration, it was shown that in YBaCuO with twi
boundaries12 or with columnar defects,13 the vortices are still
correlated above the irreversibility line. The same expe
ment in untwinned YBaCuO has led to the conclusion t
no more correlation exists in the absence of such exten
defects.14 Recently, short range correlations were observ
in thin samples by the same technique.15

We have chosen another configuration described
Mathieu et al.16 The geometry is explained in Fig. 1. Th
magnetic field makes an angleuB with thec axis. Measuring
Vx andVz , we are able to extractuE5tan21(Vzd/Vxe) which
defines the direction of the electric field generated by
motion of vortices~e and d are the distances between th
contacts defined in Fig. 1!. In the mixed state of an idea
type-II superconductor, the regime of dissipation is the flu
flow regime, the Josephson relationE52v1`B can be ap-
PRB 590163-1829/99/59~1!/199~4!/$15.00
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plied anduB5uE up to Hc2 @an experimental verification is
in reference in Pb-In~10%! ~Ref. 16!#. In the case of uncor-
related pancakes moving in the plane, the electric field is a
in the plane. The existence of a transverse voltage in
geometry is the signature of some correlations anduB5uE

that of the existence of uncut vortex lines. In lowTc’s, the
jump of uE and uB to 0 at Bc2 is very sharp. Such an ex
periment has already allowed to show in a twinned YBaC
sample that the situation is very similar, with a progress
decrease ofuE at Hc2 ~Ref. 17! over a width which is typi-
cally that of the critical fluctuations. As a consequence, th
the two extremities of the flux lines are moving at the sa
speed, even above this line. The main difference with

FIG. 1. The geometry used for this experiment. The curren
injected through the lateral faces, to achieve a homogeneous d
bution with J parallel to the (a,b) plane. The magnetic field make
an angleuB with thec axis. With a dissipation flux flow, the electri
field generated by the motion of vortices makes the same angle
the ~a,b! plane. The direction of this field is experimentally give
by uE5tan21(Ez /Ex).
199 ©1999 The American Physical Society
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flux transformer geometry is the absence of any shear fo
due to the current if it is homogeneous in the sample.

We have performed here the same experiment in an
twinned crystal of YBaCuO. In such a sample with a sm
density of extended defects compared to the vortex den
we will be able to see if the vortex phase coherence is
preserved. On the contrary, if the vortex lines in the liqu
phase can cut and reconnect over a length scale whic
smaller than the sample thickness, the angleuE should start
to decrease at the first order transition.

EXPERIMENTAL

The sample is an YBa2Cu3O72d crystal of length:
4.53thickness 13width 0.5 mm3. We chose the slightly
overdoped regime to have a highTc and to avoid large
amount of oxygen disorder. The details of the sample pre
ration were previously given.18 The sample was annealed
480 °C for 48 h. It is then obtained nearly optimally dop
with a melting line indicating the first order transition up
more than 7 T. This was verified by observing sharp jum
in magnetization in the SQUID technique. The experimen
value ofTc and the annealing conditions coincide with slig
overdoping~1 K! of a high purity sample. A few twinning
stripes of nanosize thickness were detected with polar
light in the bulk untwinned matrix. The density of suc
mince stripes is certainly few orders of magnitude sma
than the vortex density at the 4 T that we have chosen her

Gold wires were attached to silver pads. The resista
contacts were so typically less than 1V. The distances be
tween the contacts aree51 mm andd52.5 mm. The cry-
ostat is a home made setup~see Ref. 19 for more details!. To
be sure that any misalignment of the contacts does not
turb the results, we have for each measure performeduB and
his symmetric with respect to the current vector. This pro
dure eliminates a possible contribution ofVx or Vz .

FIG. 2. uE as function ofuB for I 510 mA, B54 T, andT
585.5 K. The variation is linear up to the transition shown by t
straight augmentation ofuE ~the line is a guide for the eyes!.
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RESULTS AND DISCUSSION

Figure 2 showsuE as function ofuB at T585.5 K and
B54 T, i.e., in the liquid phase above the first order tran
tion. The variation is linear withuB'uE which is consistent
with uncut vortex lines. This was found at many differe
magnetic fields up to 6 T. This is direct proof of the contin
ous nature of the vortex lines in the liquid phase ove
length which is larger than the sample width~1 mm!. Note
that the flux transformer geometry is difficult to use wi
such thick samples. The presence of a large amount of t
boundaries is not necessary to prevent any vortex cuttin
the liquid phase. The presence of possible few residual tw
in our sample is rather similar to the existence of sam
edges since the distance among them is about 100mm. Since
it is well known that the edges of the samples are very
portant to maintain the vortex lines straight in soft lowTc’s,
this should be also studied here with more detail.

At an angle corresponding to the first order transition,
longitudinal voltageVx disappears, allowing a nonzero tran
verse voltage, which induces an angle of 90°. The situa
in the solid phase~above 28° here! is very surprising. Note
that the situation of completely uncoupled pancakes sho
give uE50. In Fig. 3 ~bottom part!, uE is represented as
function of temperature forB54 T and foruB510°. Above
the first order transition which can be seen atT584.25 K on
the Rx(T) curve presented in the upper part of Fig. 3, w

FIG. 3. On the same figure,uE and Rx as function ofT for B
54 T, uB510°, andI 510 mA. uE'uB at low temperature pro-
vides evidence of a line comportment for the vortices aboveTm .
Two other characteristic temperatures are shown. They are limi
respectively the line behavior~up to T1), a progressive decorrela
tion ~up to T2) and a state where no more transversal cohere
exits ~aboveT2). Below Tm , uE increases as the temperature d
creases to reach 90°.



d
-
t

ce

re

is

ux

ve

n-

nent

is
me
rent

by
I
on-

on,

if
at if
dis-
d

are

nt
ent

n.
e
s in

r at

ltin

,
s-

PRB 59 201BRIEF REPORTS
observe thatuE is rather constant with a value ofuB510°.
When the temperature increases and reaches theBc2 line, uE
decreases progressively to zero. On the figure, we have
fined two temperaturesT1 and T2 corresponding, respec
tively, to 0.9uB

and 0.1uB
. The line behavior is gradually los

betweenT1 and T2 above which no more phase coheren
exists (uE'0° in the normal state!.

The loss of the coherence which appears betweenT1 and
T2 is very similar to which was already analyzed in the p
vious report on the twinned sample.17 The loss of line cou-
pling appears at aboutBc2 over a width which is typically
that of the critical fluctuations. For example, at 4 T~Fig. 2!,
Tco-T(Bc2) is about 2.2 K@ udBc2/dTu'1.9 T/K ~Ref. 20!#
and the width of three dimensional critical fluctuations
about 4 K.20

In order to study the nature of the dissipation in the fl
flow regime, we have studiedVx as a function of the applied
currentI near the ‘‘melting’’ temperatureTm at B54 T and
uB510° ~Fig. 4!. At high current~corresponding with the
regime whereuE5uB), we haveVx5Rf f(I -I c). Close toI c ,
the presence of the first order transition makes the curve
different from the one observed in a lowTc material. How-
ever, in a simple model of flux flow,

Rf f5Rn~T!B/Bc2~T!. ~1!

Due to the relatively small value ofuB , as first good ap-
proximation, we haveBc2(uB510°)'Bc2(uB50°). We use
the linearized Ginzburg-Landau equation

FIG. 4. Vx anduE as function ofI for B54 T, T584.25 K, and
uB510°. At high current, the regime is flux flow~the linear varia-
tion of Vx , with a slope nearRf f , coincides well with the saturation
of uE at 10°!. For I lower than the critical current, defined asI c on
the figure, the transverse voltage is surprisingly nonzero, resu
in the uE saturation at 90°.
e-

-

ry

Bc2~T!5F0~12T/Tc!/~2pjab
2 ! ~2!

with jab520 Å andTco591.8 K ~the experimental value!.
At T584.25 K, the numerical application givesRf f
54.931024 V and is a good agreement with the experime
tal value (5.231024 V!.

Below the critical currentI c , the longitudinal voltage is
zero, but again, there exists a transverse nonzero compo
(uE590°). The consistency of this observation (Vx50; Vz
Þ0) in different experimental situations suggests that this
a real physical effect. We find no interpretation if we assu
that the transport current is a bulk and homogeneous cur
below I c . The absence of vortex lines should giveuE50
instead of 90°.

As explanation can be found using a model proposed
Mathieu et al.16 which predicts this effect for soft type-I
superconductors. The principle of this model is that the n
dissipative transport currentI below I c is superficial and
changes its direction in order to maintain a zero dissipati
i.e., Vx50 ~in Fig. 5, aI 2 component appears!. The anisot-
ropy of the critical currentI c can allow for this. However,
any directional deviation ofI in the z direction (I 2) must be
compensated by a component in the oppositez direction (I 1
in Fig. 5! since the current cannot flow out of the sample
there are no current leads. The interesting part here is th
the nature of the two components differs, i.e., one is non
sipative and superficial (I 2) and the other is in the bulk an
dissipative (I 1), we will observeI z5I 11I 250 butVzÞ0, as
seen in the above experiments. The details of this model
described in Ref. 16.

In this type of a model, an overall dissipative bulk curre
is observed when all of the superficial, nondissipative curr
paths are exhausted atI 5I c , and then the vortex motion
occurs.21 This is consistent with our present observatio
Above the irreversibility line,I c50 and there are no mor
superficial currents, so the current is indeed homogeneou
the sample when the decoupling of the vortex lines occu

g

FIG. 5. The current distribution expected whenVx is zero and
Vz nonzero. Only the bulk currentI 1 is responsible to dissipation
while I 2 is nondissipative. The current in the direction of the tran
port current is superficial and nondissipative whileI ,I c .
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Bc2 . Many other consequences of this model can be a
experimentally verified and this will be the subject of futu
works.

CONCLUSION

This experiment shows the line behavior of the vortices
the dissipative regime of an untwinned YBaCuO sam
which presents a first order transition. Above the critical c
rent, the dissipation is similar to that of a moving crystal
vortices with the resistivity of the flux flow regime. Close
Hc2 , the line correlation is gradually lost. Below the critic
current, it appears a transverse voltage in a region where
J

d

.

o

n
e
-
f

he

longitudinal one is zero~not dissipative regime!. This un-
usual phenomenon can be qualitatively explained if we co
sider the change of the current distribution at the ‘‘meltin
transition,’’ and if we separate the transport current in tw
components, as predicted by the Mathieu-Simon theory.
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