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Experimental evidence for vortex lines in the vortex-liquid phase of YBaCu3Og o5
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 YB&u;Og g5 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 td., 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 current$S0163-182609)10201-7

INTRODUCTION plied andfg= 6 up toH, [an experimental verification is

in reference in Pb-1110%) (Ref. 16]. In the case of uncor-
In high-T. superconductors, strong thermal fluctuationsrelated pancakes moving in the plane, the electric field is also
and large anisotropy are responsible for new aspects of thia the plane. The existence of a transverse voltage in this

vortex behaviott™3 In particular, it has been experimentally geometry is the signature of some correlations aget 6
shown that the aspect of the transition under magnetic field ithat of the existence of uncut vortex lines. In Iaw's, the
dependent of the type of disorder. In clean and untwinnedump of 6g and 6 to 0 atBc2 is very sharp. Such an ex-
optimally doped YBaCuO, it is considered as a first orderperiment has already allowed to show in a twinned YBaCuO
transition(the so called melting transitiprhile the field is ~ sample that the situation is very similar, with a progressive
not too high*® It may be suppressed by disorder such as twirdlecrease obe atH¢, (Ref. 17 over a width which is typi-
boundaries or columnar defects. In heavily twinnedcally that of the.c_:ritical fluctuatiqns. As a consequence, there
YBaCuoO, the transition is continuofisMany questions re- the two extremities of ;he_flux lines are moving at the.same
main about the nature and behavior of the vortices in th&P€€d, even above this line. The main difference with the

liquid phase above these transitions. It is still unclear if the

vortices can be considered as uncut vortex lines, as in the C
mixed state of an ideal type-1l superconductor, or if the melt- 05
ing is accompanied by the loss of vortex line coherence,

resulting from a decoupling in individual pancakes or from

the possibility for the vortex lines to cut and reconnect.

In order to study this loss of line correlation, it was pro- (a,b)
posed to use the “flux-transformer geometr}? ! With this Ok,
configuration, it was shown that in YBaCuO with twin E
boundarie¥ or with columnar defect}’ the vortices are still
correlated above the irreversibility line. The same experi-
ment in untwinned YBaCuO has led to the conclusion that
no more correlation exists in the absence of such extended 3 p—
defects'* Recently, short range correlations were observed d Ie

B

in thin samples by the same technidde.

We have chosen another configuration described by
|.16

Mathieu et al.™ The geometry is explained in Fig. 1. The

magnetic field makes an anglg with theflaXiS- Measuring FIG. 1. The geometry used for this experiment. The current is
Vy andV,, we are able to extradtg=tan ~(V,d/V,e) which  iniected through the lateral faces, to achieve a homogeneous distri-

defines the direction of the electric field generated by theution with J parallel to the &b) plane. The magnetic field makes
motion of vortices(e and d are the distances between the an angles; with the c axis. With a dissipation flux flow, the electric

contacts defined in Fig.)1In the mixed state of an ideal field generated by the motion of vortices makes the same angle with
type-1l superconductor, the regime of dissipation is the flux-the (a,b) plane. The direction of this field is experimentally given
flow regime, the Josephson relatii= —v,/\B can be ap- by fe=tan }(E,/E,).
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FIG. 2. 6¢ as function offg for =10 mA, B=4 T, andT ! | ) ] ! ]
=85.5 K. The variation is linear up to the transition shown by the 84 86 88 90 92 94
straight augmentation ofg (the line is a guide for the eygs T '|'1 T2 Tc
m [o]
flux transformer geometry is the absence of any shear force '
due to the current if it is homogeneous in the sample. T(K)

We have performed here the same experiment in an un-
twinned crystal of YBaCuO. In such a sample with a small FIG. 3. On the same figuréz andR, as function ofT for B
density of extended defects compared to the vortex density;4 T, 65=10°, andl =10 mA. 6~ g at low temperature pro-
we will be able to see if the vortex phase coherence is stilyides evidence of a line comportment for the vortices abbye

preserved. On the contrary, if the vortex lines in the quuidTWO other characteristic temperatures are shown. They are limiting
phase can cut and reconnect over a length scale which [gspectively the line behavidup to T,), a progressive decorrela-
ion (up to T,) and a state where no more transversal coherence

smaller than the sample th'CkneSSj ,the arfgleshould start exits (aboveT,). Below T,,, 6g increases as the temperature de-
to decrease at the first order transition. creases to reach 90°.

RESULTS AND DISCUSSION

EXPERIMENTAL Figure 2 showsdg as function ofég at T=85.5 K and

B=4 T, i.e., in the liquid phase above the first order transi-
tion. The variation is linear witl9g~ 6 which is consistent
with uncut vortex lines. This was found at many different
ar_nagnetic fields up to 6 T. This is direct proof of the continu-
ous nature of the vortex lines in the liquid phase over a
length which is larger than the sample width mm). Note

The sample is an YB&uO,_ s crystal of length:
4.5x thickness Kwidth 0.5mn?. We chose the slightly
overdoped regime to have a high, and to avoid large
amount of oxygen disorder. The details of the sample prep
ration were previously givetf The sample was annealed at
480 °C for 48 h. It is then obtained nearly optimally dopedy, ' the flux transformer geometry is difficult to use with
with a melting line indicating the first order transition up to g, thick samples. The presence of a large amount of twin
more than 7 T. This was verified by observing sharp jumps,oyndaries is not necessary to prevent any vortex cutting in
in magnetization in the SQUID technique. The experimentatne |iquid phase. The presence of possible few residual twins
value of T, and the annealing conditions coincide with slight i our sample is rather similar to the existence of sample
overdoping(1 K) of a high purity sample. A few twinning edges since the distance among them is aboud0Since
stripes of nanosize thickness were detected with polarizefl is well known that the edges of the samples are very im-
light in the bulk untwinned matrix. The density of such portant to maintain the vortex lines straight in soft Iaws,
mince stripes is certainly few orders of magnitude smalletthis should be also studied here with more detail.
than the vortex density ateéh4 T that we have chosen here. At an angle corresponding to the first order transition, the

Gold wires were attached to silver pads. The resistanctngitudinal voltageV, disappears, allowing a nonzero trans-
contacts were so typically less than(ll The distances be- verse voltage, which induces an angle of 90°. The situation

tween the contacts ar=1 mm andd=2.5 mm. The cry-
ostat is a home made set(gee Ref. 19 for more detajlsTo

in the solid phaséabove 28° hereis very surprising. Note
that the situation of completely uncoupled pancakes should

be sure that any misalignment of the contacts does not pegive 8z=0. In Fig. 3 (bottom par}, 6 is represented as a

turb the results, we have for each measure perforsiaeaind

function of temperature foB=4 T and forfg=10°. Above

his symmetric with respect to the current vector. This procethe first order transition which can be seemat84.25 K on

dure eliminates a possible contribution\éf or V, .

the Ry(T) curve presented in the upper part of Fig. 3, we
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. FIG. 5. The current distribution expected whep is zero and

1 V, nonzero. Only the bulk current is responsible to dissipation,
7 while I, is nondissipative. The current in the direction of the trans-
port current is superficial and nondissipative wHitel .
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FIG. 4.V, and 6 as function ofl for B=4 T, T=84.25 K, and ~ With £,,=20 A andT.,=91.8 K (the experimental valye
65=10°. At high current, the regime is flux flowthe linear varia- At T=84.25 K, the numerical application giveR;
tion of V., with a slope neaR;; , coincides well with the saturation =4.9X10"4 ) and is a good agreement with the experimen-
of 6 at 109. For | lower than the critical current, defined gson  tal value (5.4 104 Q).
the figure, the transverse voltage is surprisingly nonzero, resulting Below the critical current., the longitudinal voltage is
in the 6 saturation at 90°. zero, but again, there exists a transverse nonzero component
(#=90°). The consistency of this observatiov,&0; V,

obﬁerve;] thab is rathe( constant Wi? a var:ue ‘ﬂ%: 10°. #0) in different experimental situations suggests that this is
When the temperature increases and reacheBdhiine, ¢ a real physical effect. We find no interpretation if we assume

decreases progressively to zero. On the figure, we have dgsa; the transport current is a bulk and homogeneous current
fined two temperatured; and T, corresponding, respec- pejoy | The absence of vortex lines should gige=0
tively, to 0.9, and 0.},_. The line behavior is gradually l0st ctead of 90°.
betweenT,; and T, above which no more phase coherence As explanation can be found using a model proposed by
exists (fg=~0° in the normal stape Mathieu et al® which predicts this effect for soft type-II
The loss of the coherence which appears betvigeand  superconductors. The principle of this model is that the non-
T, is very similar to which was already analyzed in the pre-dissipative transport currerit below | is superficial and
vious report on the twinned sampliéThe loss of line cou- changes its direction in order to maintain a zero dissipation,
pling appears at abol., over a width which is typically j.e.,V,=0 (in Fig. 5, al, component appearsThe anisot-
that of the critical fluctuations. For example, at 4Hig. 2),  ropy of the critical current. can allow for this. However,
Teo-T(Bc2) is about 2.2 K |dBc2/dT|~1.9 T/K (Ref. 20]  any directional deviation of in the z direction (,) must be
and the width of three dimensional critical fluctuations iscompensated by a component in the oppositirection ( ;
about 4 K in Fig. 5 since the current cannot flow out of the sample if
In order to study the nature of the dissipation in the fluxthere are no current leads. The interesting part here is that if
flow regime, we have studied, as a function of the applied the nature of the two components differs, i.e., one is nondis-
currentl near the “melting” temperatur@, atB=4 T and  sipative and superficiall§) and the other is in the bulk and
0s=10° (Fig. 4. At high current(corresponding with the dissipative (), we will observel ,=1;+1,=0 butV,#0, as

regime wherede= 6g), we haveV,=R¢(l-1.). Close tol ., seen in the above experiments. The details of this model are
the presence of the first order transition makes the curve vergescribed in Ref. 16.

different from the one observed in a lofy material. How- In this type of a model, an overall dissipative bulk current
ever, in a simple model of flux flow, is observed when all of the superficial, nondissipative current

aths are exhausted at=1., and then the vortex motion
Ri1=Rn(T)B/Beo(T). @ gccursz.1 This is consistent with our present observation.
Due to the relatively small value ofg, as first good ap- Above the irreversibility line].=0 and there are no more
proximation, we hav@®.,(6g=10°)~B.,(05=0°). We use superficial currents, so the current is indeed homogeneous in
the linearized Ginzburg-Landau equation the sample when the decoupling of the vortex lines occur at
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B.,. Many other consequences of this model can be alstongitudinal one is zerdgnot dissipative regime This un-

experimentally verified and this will be the subject of future usual phenomenon can be qualitatively explained if we con-

works. sider the change of the current distribution at the “melting
transition,” and if we separate the transport current in two
components, as predicted by the Mathieu-Simon theory.

CONCLUSION
This experiment shows the line behavior of the vortices in

the dissipative regime of an untwinned YBaCuO sample ACKNOWLEDGMENTS
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