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Observation of vortex lattice melting in twinned YBa2Cu3O72x
using neutron small-angle scattering
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A neutron small-angle scattering study of the flux-line lattice in heavily twinned YBa2Cu3O72x is presented.
It is found that the diffraction signal disappears at temperatures well belowTc , associated with a melting of the
flux lattice. The shape of the melting line is consistent with both a Lindemann criterion and the scaling
expected for a vortex-glass transition with the superconducting parameters from the three-dimensionalXY
model. The influence of twin planes on the structure of the vortex lattice and its melting is studied by applying
the field at different angles to thec axis. The results are compared with recent specific heat measurements on
similar crystals.@S0163-1829~98!03022-7#
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I. INTRODUCTION

High-temperature superconductors~HTS’s! are, in many
respects, different from classic type-II superconductors. T
is due to several factors, including the layered structure
sulting in highly anisotropic superconducting behavi
Moreover, HTS’s have very short coherence lengths lead
to extreme type-II behavior. The combination of these f
tors together with the high operating temperatures can
duce exotic vortex phases such as the vortex-glass and
vortex-liquid phases.1 Over the past few years, these vort
phases have been intensively studied in various compou
particularly in the model low- and high-anisotropy syste
YBa2Cu3O72x ~YBCO! and Bi2Sr2CaCu2O81d ~BSCCO!.
Until recently, the phenomenon of flux-line lattice~FLL! or
vortex-glass melting in YBCO has only been observed
magnetization and transport measurements.2,3 This is be-
cause the vortex behavior is strongly influenced by the p
ence of twin-plane boundaries acting as strong, extended
ning sites and untwinned single crystals of sufficient size
quality have only recently become available. This is in co
trast to BSCCO, in which there are no twin planes and wh
small-angle neutron scattering4 ~SANS! and muon spin
rotation5,6 (mSR! have both demonstrated the existence o
melting transition some years ago. Recently, a first-or
melting transition has been observed using differential th
mal analysis7 ~DTA! on an untwinned crystal also used
570163-1829/98/57~22!/14511~7!/$15.00
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magnetization and transport measurements.3 There have also
been highly sensitive specific heat measurements on hea
twinned crystals of different purity.8,9 In the samples of a
purity similar to those used in the present work, a jump
specific heat, consistent with a second-order phase transi
was found over a certain range of fields. For the very-hig
purity crystals studied, a similar jump was found; howev
on increasing the field a peak in specific heat, consistent w
a first-order transition, could be observed.9 In this paper we
present small-angle neutron scattering measurements
heavily twinned YBCO crystal of a purity similar to thos
studied in Ref. 10, containing about 10% of nonsuperc
ducting inclusions~green phase!.

In addition to the usual orientation of the field parallel
thec direction, we applied the field at an angle of 51° to t
c axis and at 45° to the twin planes running along both

^110& and a^11̄0& direction ~see Fig. 1!. This is done in
order to minimize the influence of the pinning to the tw
planes on the vortex behavior. Such an arrangement has
viously been shown to markedly influence the structure
the FLL. With the field parallel to the twin planes~and hence
the c direction! a fourfold symmetry has been observed p
viously, which has been attributed to the strong pinning
fects of the twin planes combined with that ofab
anisotropy.11,12 Alternatively, such a morphology has bee
claimed to arise fromd-wave effects.13 By applying the field
14 511 © 1998 The American Physical Society



ng
d

pa
n
r
r
e
rre
p
th
o
u

ent
lli-

a
res

ed

as
lied
,

by
e
at

of
ea-
ple

this
t the
en
t
ex-
by
elf.

el
ru

y

he

e

rn
rly
ect
n of
es

14 512 57C. M. AEGERTERet al.
at angles to the twin planes greater than the depinning a
(;25°), a morphology with two triangular lattices, distorte
by the superconductingac anisotropy was found.13,14 This
change in the FLL structure can be clearly seen by com
ing Figs. 2 and 3, which show typical neutron diffractio
pictures for the two cases. For both orientations, we obse
the disappearance of the diffraction signal at temperatu
well belowTc . In this way we map the melting line over th
field range 0.5–4.5 T. These results agree well with the i
versibility temperatures measured using a vibrating sam
magnetometer on a small piece of the same crystal. Fur
discussion in Sec. III compares these results to those
tained in the recent specific heat measurements by Ro
et al.10

FIG. 1. Schematic representation of the alignment of the fi
with respect to the crystallographic axes. The twin boundaries
at 45° to thea and b axes. To minimize the effect of pinning b
twin planes, the field is applied at 51° to thec axis, while at 45° to
the twin boundaries.

FIG. 2. Typical diffraction pattern with the field parallel to thec
direction. The temperature was;5 K, while the field was at 2 T.
The diffraction pattern shows a fourfold symmetry, arising from t
strong pinning to the twin planes~see the text! ~Ref. 11!.
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lin II. EXPERIMENTAL DETAILS

The experiments were carried out using the instrum
D17 at the ILL, Grenoble, France. The neutron beam, co
mated over a distance of 2.75 m with a wavelengthln of
typically 1.2 nm, was incident on the sample mounted in
horizontal-field cryomagnet capable of sample temperatu
down to 1.5 K and a maximum field of 5 T. The scatter
neutrons were detected by a position sensitive detector~ap-
proximately 0.830.8 m2 total area with a pixel size of;10
mm! and located at a distance from the sample that w
varied between 2.88 and 3.43 m, depending on the app
field. The field was initially aligned with the neutron beam
to an accuracy of 0.1° both vertically and horizontally,
observing the diffraction pattern from the FLL in Nb. Th
sample was then aligned with the field either parallel or
51° to the crystallographicc axis~see Fig. 1!, by rotating the
sample about the vertical axis.

The sample consisted of a large YBCO single crystal,
mass 7.8 g, grown using a melt processing technique. M
surements from an inductance coil mounted near the sam
during the neutron experiments gave a value forTc of .92
K. The small-angle neutron scattering data reported in
paper were obtained during three experimental periods a
D17 diffractometer. Data from the first experiment have be
published separately15 and were obtained with the cryosta
heater mounted on the sample stick. In the subsequent
periments the heating and thermometry were improved
placing the cryostat heater on the heat exchanger its

d
n

FIG. 3. Typical diffraction pattern with the field away from th
twin planes~at 51° to thec axis!. The temperature was 5 K and the
field was 1.5 T. Only the left-hand side of the diffraction patte
fulfills the Bragg condition and can be seen. The picture clea
shows two hexagonal FLL’s distorted by the anisotropy. The eff
of the twin planes is thus much reduced, although the orientatio
two spots from each FLL is still aligned with the twin boundari
~see the text!.
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57 14 513OBSERVATION OF VORTEX LATTICE MELTING IN . . .
These changes of sample environment give rise to a s
~approximately 1 K! discrepancy between the Pt resistan
thermometer readings in the first experiment and those f
later measurements. The critical temperature determinein
situ in all cases, however, gives an independent calibra
for the thermometry in the different setups. For this reas
the results presented below will always be given in terms
the reduced temperaturet5T/Tc , with Tc determined in
each case by measuring the inductance at 1 kHz of a
placed near the sample.

A brief consideration of small-angle scattering from
FLL is now given. Typical FLL plane spacings are;50 nm
~corresponding to a field of;1 T!. Thus the FLL can only be
observed by using small angles and long wavelengths. In
experiments we used wavelengths between 1.2 and 1.5
depending on the applied field. Using these typical valu
we obtain scattering angles 2u.2° from the Bragg condi-
tion

ln52dhksin~u!, ~1!

wheredhk is the layer spacing. Due to its magnetic mome
(mn521.913mN) a neutron may interact not only with th
nuclei in a sample, but also with magnetic inhomogeneit
This allows the observation of FLL’s in superconducto
with small-angle neutron scattering.16,17 The intensity of
scattered neutrons in a Bragg reflection, integrated o
angle as the sample is rocked through the Bragg condi
~rocking curve! may then be calculated from the magne
cross section to be4

I hk5
pmn

2fln
2V

8F0
2thk

uF~thk!u2, ~2!

wheref is the flux of incoming neutrons,V is the sample
volume, andF05h/2e is the magnetic flux quantum. Th
magnetic form factorF(thk) is a measure of thethk Fourier
component of the spatial variation of the magnetic field
the sample and can be easily calculated for an extre
type-II superconductor in the London approximation. Due
their long penetration depths and short coherence leng
HTS’s are extremely type II and one obtains

F~thk!5
B

11l2thk
2

. ~3!

Herel is the ~temperature-dependent! magnetic penetration
depth andB is the average induction. Thus, for fields grea
than Bc1

, corresponding tolthk.1, the scattered intensit

depends on the penetration depth of the sample asI}l24.
Since the HTS’s have very long penetration dep
(lab;150–200 nm at low temperature and even lon
close toTc) the scattered intensities are very weak compa
to conventional type-II superconductors.

Due to these difficulties, intrinsic in neutron scatteri
studies of HTS’s, long counting times were required. F
thermore, there is very strong background scattering fr
extended defects in the sample. To obtain clear scatte
images from the FLL in the sample, we subtracted a ba
ground measurement taken above the transition tempera
Tc . Due to thermal contractions of the cryostat and sam
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stick, this background was numerically shifted by a fracti
of a detector pixel in order to obtain good subtractions n
the beam stop. Typical counting times were 1 h each for a
foreground and a background.

III. RESULTS AND DISCUSSION

A typical diffraction pattern for the field parallel to thec
axis is shown in Fig. 2, at low temperatures and a field o
T. There is a distinct fourfold symmetry visible in the sca
tering. This should not, however, be interpreted as the ob
vation of a square lattice. As pointed out earlier,13,14 mea-
surements performed on similar crystals using hig
resolution were able to distinguish 24 diffraction peaks c
responding to four different orientations of ahexagonallat-
tice. All of these orientations, corresponding to different d
mains in the sample, have strong diffraction peaks at 45
the horizontal, consistent with strong pinning of FLL plan
to twin boundaries. The different FLL orientations with th
same strong 45° spots correspond to different orientation
the crystallographica and b axes due to twinning.11,12 The
slight distortion from an ideal hexagonal lattice for the d
ferent orientations can then be understood as due to the s
ab anisotropy present in YBCO. It can thus be seen that
main features of the FLL in the case where the field is p
allel to thec axis is determined by the twin boundaries.

In the case of an inclined field~at 51° to thec axis!, the
situation is drastically changed. This is shown in Fig.
where a typical diffraction pattern at low temperatures an
field of 1.5 T is shown. The figure does not show a f
diffraction pattern, as the scattering angles of the farth
spots differ by more than the width of the rocking curv
Therefore, the left-hand side of the pattern was delibera
illuminated by rocking close to the Bragg condition for spo
on that side. One can clearly see six Bragg peaks on the
half, showing a distorted hexagonal symmetry. Taking
right-hand side of the pattern into account, this results in
spots corresponding to two orientations of a hexagonal
tice distorted byac anisotropy. Assuming that the heav
twinning in our sample results in an effectively isotropicab
plane, this distortion can be parametrized by the ratio of
minor (a) and major (b) axes of the ellipse on which Brag
spots are situated. This should scale with angle as

~a/b!25cos~q!211/g2sin~q!2, ~4!

whereq is the angle between the field and thec axis and
g5lc /lab parametrizes the anisotropy. For an angle of 5
this scaling function is still determined almost entirely by t
cosine term. To obtain an estimate of theac anisotropy, we
performedmSR measurements with the field both paral
and perpendicular to thec direction.18 This gives an anisot-
ropy of g 5 4.3~2!, in agreement with earlier determination
by SANS of 4.5~2!.14 This parameter will be used again i
the discussion of the melting line.

The temperature dependence of the scattered neutro
tensity, summed over all diffraction peaks, is shown for a
plied fields of 1 and 4 T in Fig. 4. The temperature wel
below Tc , at which the intensity falls to zero, is interprete
as the melting of the FLL.4 In both cases the field was a
51° to thec axis. There are several interesting features
this figure. First, the scattered intensity is zero above
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14 514 57C. M. AEGERTERet al.
melting temperature. As is the case in BSCCO,4 this is most
probably due to the entanglement of the vortices~disorder
along their length! above the melting temperature, which r
duces the scattered intensity to zero. The observation of
tangled~or decoupled! vortex lines has already been report
from measurements applying a current at the top of a sam
while recording the voltage difference on the bottom19

Above the irreversibility line, the voltage measured on t
bottom of the sample drops to zero, indicating an entan
ment of the vortices. This would also be in accord with n
merical simulations,20 which show a simultaneous occu
rence of melting and entanglement.

The temperature dependence of the FLL signal below
melting temperature is different for the low-field data fro
the high-field data. We note that this temperature depende
will arise from two causes:~i! the variation of the supercon
ducting penetration depth, which for a perfect FLL wou
give a temperature dependence of intensity according to
~2! and~3!, I (T)}1/l4(T), and~ii ! the variation of the FLL
order as thermal destruction of the flux line structure
creases with temperature. Clearly, the second term is
cause of the zero intensity as the flux lattice melts, but
first term will contribute to the temperature dependence
low Tm , so we consider its contribution. The Ginzbur
Landau mean field picture gives a variation of the pene
tion depth asl(T)5l(0)(12t)1/2. If we assume thatl is

FIG. 4. Temperature dependence of the scattered intensity
the melting temperature at two different fields. Top, 1 T; bottom
T. As can be seen, the intensity falls continuously to zero at
melting temperature consistent with a second-order transition t
entangled vortex liquid. As can be seen by comparing the two p
the falloff at low fields is slower than at high fields~see the text!.
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little affected by our applied fields, which are much less th
the mean fieldHc2

at the melting temperature, then this giv

I (t)5I 0(12t)2. However, it appears from microwave me
surements at zero field21 that critical fluctuations renormalize
the temperature dependence of the penetration dept
l(T)5l(0)(12t)1/3; this is the dependence expected in t
three-dimensional~3D! XY model and givesI (t)5I 0(1
2t)4/3. Whatever the functional dependence ofl(T), unless
it tends to infinity at the melting temperature, it will no
affect the temperature dependencevery closeto Tm : This
will be controlled by the FLL order. Hence it is of som
importance to note that within our experimental error, t
intensity falls to zerocontinuouslyat Tm , implying that the
transition is not of first order. At 4 T the FLL intensity falls
to zero approximately linearly with temperature, while t
falloff is much more gradual at 1 T. This can be quantifi
by fitting a power law of the formI (t)5I 0(12t/tm)n, where
n parametrizes the shape of the temperature dependence
is ;1 at 4 T and;1.5 at 1 T. If we regard the scattere
intensity as the square of a phenomenological FLL or
parameter, then at 4 T the intensity surprisingly follows the
temperature dependence expected for an order paramet
mean field theory. At low fields, however, this is not th
case. Since we do not know of a detailed theory for th
results, we confine ourselves to reporting the rest of our d
in terms of the power lawI}(12t/tm)n that best describes
the variation of the intensity belowTm . The results are sum
marized by Fig. 5, where we see a general trend to smoo
transitions at low fields.

It is interesting to compare this field dependence with t
of the jump observed in specific heat~Fig. 11 in Ref. 10!. For
their sample withx50.03, which is very similar to the one

ar

e
an
s,

FIG. 5. Field dependence of the exponentn parametrizing the
temperature dependence of the scattered intensity~see the text! for
both orientations. This field dependence is in qualitative agreem
with the field dependence of the jump in specific heatDC as given
in Fig. 11 of Ref. 10. Such a field dependence might arise from
difference in thermal fluctuations at different fields, but no conc
theoretical description could be found~see the text!.
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studied here, the step shows a comparable qualitative de
dence.DC in that sample is almost field independent at fie
above 5 T and then decreases below fields;3 T, until the
jump cannot be resolved at fields lower than 1.5 T. T
corresponds to our observation of the field dependence o
exponentn, being field independent above;4 T and in-
creasing at lower fields. Viewing the scattered intensity a
FLL order parameter as discussed above, an increasing
ponentn corresponds to a smaller change in the slope of
order parameter at the melting transition. Thus a bigger
ponentn corresponds to a smaller jump in specific heat, c
sistent with the observation.

As already mentioned, the melting transitions that we
serve are apparently continuous. Such a behavior is con
tent with a second-order phase transition, as observe
similar crystals by Roulinet al., using specific heat measure
ments single crystals,7 where DTA measurements demo
strate the existence of a first-order transition. Similar res
are also found in specific heat measurements on ultrah
purity twinned YBCO crystals,9 where a peak in specific hea
was found at intermediate fields. Moreover, in SANS expe
ments on a large untwinned crystal~with very few remaining
twin planes!, show a much sharper transition than those p
sented here22 at high fields. Although no clear jump in neu
tron intensity, as expected for a first-order transition, co
be found in that sample, the data are not inconsistent wi
smeared first-order transition.

A second-order transition, as observed in this and an o
work,10 has been predicted for the melting of a vort
glass.1,23 The glass transition line is predicted to scale1 as
BG}j22, wherej is the coherence length with a temperatu
dependence of the formj(T)5j0(12t)2n, wheren51/2 in
the mean field approximation andn52/3 in the 3D XY
model. This results in a scaling for the melting line as

BG}~12t !4/3 ~5!

in the limit where the 3DXY model is applicable. However
as we observe a diffraction pattern the supposed vortex g
has to be what is called a ‘‘weak glass’’ or ‘‘Bragg glass.’’24

It is thus rather surprising that such weak glassiness may
the first-order transition expected for an ideal lattice into
second-order transition. The different available data22,7,9,10

seem to indicate that not only the twin planes, but also
degree of purity may be important in modifying the order
the transition.

In a twinned crystal containing no green phase, Jun
et al.9 observed a melting line of first or second order d
pending on the applied field. Similarly, DTA measureme
on untwinned crystals7 find no latent heat at the melting tran
sition in low fields (B,0.5 T!, indicating that there is eithe
no transition or a second-order transition at low fields. Mo
over, the first-order~high-field! and second-order~low-field!
transitions found in Ref. 9 lie on the same phase line, in
cating a single process.

Setting aside the nature of the transition, we may s
obtain predictions as to the position of the melting line in
B-T phase diagram using a Lindemann approach. The L
demann criterion for the melting of a lattice involves calc
lating the thermal fluctuations of the lattice. When these fl
en-
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tuations reach a certain fraction of the lattice constant,
phase transition is thought to occur. This leads to a criter
for melting

^u2~T!&5cL
2a0

2 , ~6!

where cL.0.1–0.2 is the Lindemann number anda0
;(F0 /B)1/2 is the intervortex distance. Calculating the the
mal fluctuations using the~dispersive! elastic constants of a
FLL then leads to the expression23,25

Bm~T!.
F0

5cL
4

@1.5pgkBTl~T!2#2
, ~7!

where kB is Boltzmann’s constant. Using the temperatu
dependence of the penetration depth in the 3DXY model
presented earlier, this gives a similar temperature dep
dence of the melting temperature to that predicted for
vortex-glass transition@see Eq.~5!#. For temperatures clos
to Tc , where the 3DXY model is applicable and the 1/T in
Eq. ~7! may be regarded as constant, the two predictions
exactly the same and cannot be distinguished. At hig
fields, however, where 1/T becomes important and mea
field theory might be applicable, the two theories pred
different melting lines. Such fields are, however, beyond
range of measurement.

Figure 6 shows the melting temperatures, as determi
from the point above which the scattered intensity dis
pears, for both orientations studied. The line through the d

FIG. 6. Melting lines as determined from the temperature
pendences of the scattered intensities for both orientations~filled
circles,q 5 0°; open circles,q 5 51°). The lines through the dat
correspond to a fit to Eq.~7!, yielding a value for the Lindemann
number ofcL 5 0.15. The data for the field parallel toc differ
slightly from the expected angular scaling@see Eq.~8!#. This is
probably due to pinning by twin planes~see the text!.
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14 516 57C. M. AEGERTERet al.
is a fit to Bm5B0(12t)4/3, corresponding to Eq.~7!. Ac-
cording to the anticipated angular scaling for the melti
line,

Bm~q!5Bm~0!/@cos2~q!11/g2sin2~q!#1/2, ~8!

the prefactors in the two orientations are expected to di
by a factor ofB0(0)/B0(51)50.66 ~assumingg54.2; see
above!. From the fitted valuesB0(0)5100(10) T and
B0(51)5135(10) T, we obtain 0.74~9!, in fair agreement
with the prediction. Taking into account the values for t
anisotropy and the penetration depth as determined
mSR,18 we can then determine the Lindemann number to
cL50.15, also in reasonable agreement with theoretical
pectations. It should be noted, however, that Kwoket al.2

find an angular dependence of the melting temperature sh
ing a cusp aroundq50. In contrast to these transport me
surements however, SANS and specific heat measureme10

find a clear melting transition for fields parallel to thec
direction, not inconsistent with the angular scaling observ
in untwinned crystals.22,7,26The fact that the ratio of prefac
tors we obtain is somewhat bigger than expected might n
ertheless arise from the strong pinning properties of the t
planes. A similar trend can be found in the data of Rou
et al.,10 who determine the anisotropy from the melting lin
and the upper critical fieldBc2

parallel and perpendicular to

thec axis. The anisotropies determined from the melting li
are consistently smaller than those determined fromBc2

, but
as in the case presented here the experimental uncertain
too large for a quantitative discussion of such a small effe
It is possible that in the presence of twin plane pinnin
SANS and specific heat measurements give a better ind
tion of melting than transport measurements because
former tell us aboutequilibrium thermodynamicproperties of
the system. Considering that the structure of the FLL
mainly determined by the twin planes~see Figs. 2 and 3! it is
surprising, however, that the twin planes do not have a str
ger influence on the melting temperatures.

IV. CONCLUSIONS

In conclusion, we have presented SANS measurement
the melting of the FLL in heavily twinned YBCO. The dat
are consistent with a recent specific heat study on crys
.
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with similar twinning and purity.10 The findings are consis-
tent with a second-order phase transition, at a phase bo
ary as predicted by a Lindemann criterion. The observ
melting line also shows the field and temperature dep
dence expected for a vortex-glass melting line as predic
from the 3D XY model. With the limited range of fields
studied we are not able to distinguish between the two th
retical predictions. The effect of the twin-plane boundar
and the superconducting anisotropy on both the melting l
and the FLL structure were studied by applying the fie
parallel to thec direction and at an angle of 51°. It wa
found that the lattice structure is strongly influenced, w
the diffraction pattern showing a fourfold symmetry~but not
a fourfold lattice! for the field parallel toc, whereas two
distorted hexagonal lattices are found for the field at 51°.
contrast, the melting line is only very slightly affected by th
presence of the twin planes, consistent with the findings
specific heat measurements.10

Finally, we find unexpected behavior in the temperatu
dependence of the scattered intensity close to the mel
temperature. The temperature dependence of the scat
intensity, as parametrized by the exponentn, depends on the
applied field, falling more rapidly~decreasingn) with in-
creasing field. This behavior is reminiscent of that observ
by heat capacity measurements on a similar sample,10 where
the jump in heat capacity at the melting transition rises w
field. However, in both these cases, the results reflect
temperature dependence of not only the FLL structure,
also the underlying superconducting parameters, such as
penetration depth and the coherence length.

ACKNOWLEDGMENTS

We would like to thank Tim Armstrong for providing the
sample and Michel Bonnaud~ILL ! for technical support.
Discussions with Marlyse Roulin on our and her results we
appreciated. Financial support from the EPSRC of the Uni
Kingdom and the Swiss National Science Foundation
gratefully acknowledged. This work was funded in part
Oak Ridge National Laboratory, which is managed by Loc
heed Martin Energy Research Corporation under Contr
No. DE-AC05-96OR22464 for the U.S. DOE.
o

g

.

.

.

*Present address: Laboratoire de Physique des Solides, Baˆtiment
510, Universite´ Paris–Sud, 91405 Orsay, France.

† Present address: The Institute of Physics, 76 Portland Place, L
don W1N 4AA, United Kingdom.

1D. S. Fisher, M. P. A. Fisher, and D. A. Huse, Phys. Rev. B43,
130 ~1991!.

2W. K. Kwok, S. Fleshler, U. Welp, V. M. Vinokur, J. Downey, G
W. Crabtree, and M. M. Miller, Phys. Rev. Lett.69, 3370
~1992!.

3P. L. Gammel, L. F. Schneemeyer, J. V. Waszczak, and D.
Bishop, Phys. Rev. Lett.61, 1666~1988!; H. Safar, P. L. Gam-
mel, D. A. Huse, D. J. Bishop, J. P. Rice, and D. M. Ginsber
ibid. 69, 824 ~1992!; D. E. Farrell, J. P. Rice, and D. M. Gins-
berg, ibid. 67, 1165~1991!.

4R. Cubitt, E. M. Forgan, G. Yang, S. L. Lee, D. McK. Paul, H. A
n-

J.

,

Mook, M. Yethiraj, P. H. Kes, T. W. Li, A. A. Menovsky, Z.
Tarnawski, and K. Mortensen, Nature~London! 365, 407
~1993!.

5S. L. Lee, P. Zimmermann, H. Keller, M. Warden, I. M. Savic´, R.
Schauwecker, D. Zech, R. Cubitt, E. M. Forgan, P. H. Kes, T
W. Li, A. A. Menovsky, and Z. Tarnawski, Phys. Rev. Lett.71,
3862 ~1993!.

6S. L. Lee, C. M. Aegerter, H. Keller, M. Willemin, B. Sta¨uble-
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