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Intrinsic inhomogeneities in superconductors and the pseudogap phenomenon
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High-Tc oxides are intrinsically inhomogeneous materials. The density of states is evaluated for such an
inhomogeneous system, and it displays a gap structure aboveTc

res ~pseudogap!. Thus, the pseudogap phenom-
enon can be caused by an inhomogeneity of the metallic phase. As a result, the critical temperature is spatially
dependent. Various types of nonuniform structure are described~inhomogeneous carrier distribution, nonuni-
form distribution of pair breakers!. The transition to a dissipationless state (R50) corresponds to the perco-
lation threshold.
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I. INTRODUCTION

The problem of the pseudogap in the high-Tc cuprates has
attracted a lot of interest. Indeed, the existence of a
structure, which is a precursor to the dissipationless s
belowTc

res ~Tc
res is the resistive transition to the supercondu

tive state so that the resistanceR50 at T,Tc
res! is unusual

from the point of view of the conventional theory of supe
conductivity. The pseudogap has been observed for a b
range of temperatures aboveTc

res ~up to the pseudogap tem
peratureTc* ! using various experimental techniques, such
tunneling ~see, e.g., Refs. 1–3!, photoemission,4,5 heat
capacity,6–8 NMR,9 and spectroscopy.10–13 The most direct
observation is provided by tunneling spectroscopy, wh
displays a dip in the measured density of states.

Understanding the nature of such a peculiar phenome
as a gap structure aboveTc is of definite interest. Of course
the presence of an energy gap, that is the discrete structu
the energy spectrum, has several causes, some not eve
lated to superconductivity. But we think that the continuo
smooth change of the gap structure while crossingTc

res ~see,
e.g., Refs. 1–3!, as well as the recent observation of t
isotopic dependence ofTc* , similar to that forTc

res,14 implies
that the gap structure aboveTc

res is related to the gap param
eter in the dissipationless state atT,Tc

res.
We think that the appearance of the pseudogap is due

peculiar, intrinsically inhomogeneous structure of the co
pound. We stated our point of view briefly in Ref. 15. He
we present a more detailed analysis and some new resu

The structure of the paper is as follows: Sec. II descri
our theoretical approach. At first, we present a qualitat
picture, and then we focus on a detailed theory for two p
sible scenarios of inhomogeneity. Section III contains
analysis of experimental data and a discussion.

II. THEORY

A. Qualitative picture: Two scenarios

Consider an inhomogeneous superconducting compo
Inhomogeneity leads to a spatial dependence of the cri
temperature, so thatTc[Tc(r ). As a result, it is realistic to
0163-1829/2001/63~6!/064524~6!/$15.00 63 0645
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imagine the sample containing regions with different valu
of local critical temperature (Tc

L). Of course, for some of

them Tc
L.T̄c , whereT̄c is the average value of the critica

temperature.
Consider the case when these regions form small clus

with local critical temperatureTc
L that is larger thanTc

res ~Fig.
1!. These clusters are embedded in a normal metallic ma
aboveTc

res. If the distance between the clustersL exceeds
some valueL0 ~the criteria will be introduced below!, then
the compound is in the normal resistive state. At the sa
time, in the regionTc

L.T.Tc
res, pairing still exists in the

clusters, which manifests itself in spectroscopy~pseudogap!,
a diamagnetic moment aboveTc

res, heat capacity~loss of
entropy!, etc.

One should emphasize an important aspect of this s
nario we described. The clusters are not isolated but are
bedded in the normal metallic matrix. As a result, the pro
imity effect between the cluster and the matrix plays a v
important role and has to be directly included in the analy
The proximity effect imposes serious restrictions on the sc
of inhomogeneites, and on the distance between clusters

There are two possible scenarios for the inhomogene
of interest:~1! an inhomogeneous distribution of pair brea
ers ~as is known, the presence of a pair breaker leads
local depression inTc!, and~2! an inhomogeneous distribu
tion of carriers leading to a spatial dependence of the c
pling constantl[l(r ). Below we will consider both sce
narios.

As temperature decreases towardsTc
res, the region occu-

pied by clusters is growing andTc
res corresponds to the per

FIG. 1. Inhomogeneous structure. ‘‘Islands’’ are characteriz
by values ofTc’s higher than the matrix.
©2001 The American Physical Society24-1
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colation threshold, that is, to the formation of an infin
cluster. This cluster forms the channel for a macrosco
superconducting current.

As was noted above, the presence of local supercond
ing regions within the intervalTc

L.T>Tc
res leads to a dia-

magnetic moment aboveTc
res. This problem was considere

by us in Ref. 16. In this paper, we focus on the pseudo
phenomenon. Let us turn to a more detailed evaluation.

B. Main equations and density of states

Our goal is to evaluate the density of states, because
energy gap structure should be directly reflected in the sh
of the density of states. Let us consider first the case o
inhomogeneous distribution of pair breakers. As we kno
magnetic impurities act as pair breakers.17,18 The pair-
breaking effect leads to a depression inTc , so that the value
of Tc depends directly on the impurity concentrationnimp .
As a result, an inhomogeneous distribution of magnetic
purities leads to the dependenceTc(r ). Some regions~clus-
ters! with a small concentration of impurities have a high
value ofTc

L.T̄c .
Below we consider the case ofs-wave pairing. Note, tha

for the d-wave picture, the pair-breaking effect is also qu
important, but the scenario looks even stronger, becaus
addition, nonmagnetic scatters also act as pair breakers

We employ the method of integrated Green’s functio
that was developed by Eilenberger,19 and independently by
Larkin and Ovchinnikov,20 ~see review in Ref. 21!. This
method is very convenient for treating an inhomogene
system. This method was used by us in Ref. 16.

The main equations have the form:

aD2bvn1~D/2!@a] r
2b2b] r

2a#5abG~r !, ~1!

a21b251, ~18!

D52pTl (
vn.0

b~vn!. ~188!

Here, a and b are the usual and pairing Green’s functio
averaged over energy,D is the order parameter,] r

5(]/]r ), vn5(2n11)pT, and G5ts
21, ts is a spin-flip

relaxation time~for the magnetic impurities!.17 Of course,a,
b, and D are spatially dependent functions. It is essen
that, because of an inhomogeneous distribution of magn
impurities, G is a spatially dependent quantity, so thatG
[G(r ). We consider the ‘‘dirty’’ case, so thatD is the dif-
fusion coefficient. The Green’s functionsa and b are nor-
malized by the functionaN , that is, by the value ofa in the
normal state.

Our goal is to calculate the density of statesys . It will be
shown that, indeed,ys displays a pseudogap phenomen
~see below!. At T5Tc* , the order parameterD becomes
equal to zero~thenys5yn!.

Let us start by calculating the local value of the critic
temperature,Tc

L ; this will allow us to explicitly separate the
impact of the proximity effect. In order to evaluateTc

L , we
06452
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use the method employed by us in Ref. 16 for the calculat
of the diamagnetic moment for an inhomogeneous sys
aboveTc

res. According to Ref. 16,

ln~Tc
0/Tc

L!5C@0.51~G`1l1!/2pTc
L#2C~0.5!. ~2!

Here, Tc
0 is the critical temperature in the absence of p

breakers~this is an ‘‘intrinsic’’ value ofTc introduced by us
in Ref. 22!, G` is the value ofG outside of the inhomoge
neous region~grain!, andl1 is the minimum eigenvalue o
the equation

2@~D/2!]2
2 2G~r !#D05~l11G`!D0 . ~3!

For concreteness, consider the case whenG(r ) is de-
scribed by the following dependence:

G5G`~r.r0!, G5G0~r,r0!. ~4!

Here, r0 is the radius of the small region. AssumeG0
,G` , so that the regionr0 is characterized by a highe
value of localTc[Tc

L .
Then,~see Ref. 16!

l15dG1g, ~5!

where

2dG5G`2G0 ~58!

and

g50.5D~z0 /r0!2. ~588!

z0 is the lowest zero of the Bessel functionJ0(z). As a
result, we obtain

ln~Tc
0/Tc

L!5C@0.51~G01g!/2pTc
L#2C~0.5!. ~6!

Using this equation and the expression17 ln(T c
0/T c

is.)
5C@0.51G0 /T c

is.#2C(0.5), whereT c
is. is the critical tem-

perature of an isolated grain, we obtain the following equ
tion for Tc

L :

ln~T c
is/Tc

L!5C@0.51~G01g!/2pTc
L#

2C~0.51G0/2pTc
is!, ~7!

whereg is defined by Eq.~5!. One can see directly from Eq
~7! that the valueTc

L is depressed relative toT c
is , and this is

due to the proximity effect between the grain and the mat
the proximity effect is described by the parameterg.

Let us turn to calculation of the density of states. T
order parameter and the Green’s functionb in the first ap-
proximation have the form:16

D5CD0 ; b5CD0~v1l11G`!21, ~8!

whereD0 is the normalized solution of Eq.~3!.
The dependenceC[C(T) can be evaluated with the use o
higher terms inb and is described by relation
4-2
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INTRINSIC INHOMOGENEITIES IN . . . PHYSICAL REVIEW B63 064524
C2~T!5A~Tc
L!@ ln~Tc

L/T!1C~0.51l/2pTc
L!

2C~0.51l/2pT!# ~9!

A21~T!5~4pT!21@C8~0.51l/2pT!1~l/4pT!

3C9~0.51l/2pT!#2„D/2~2pT!2
…

3C9~0.51l/2pT!E drW D0
2~]D0 /]r!2,

wherel5l11G` .
As was mentioned above, our main goal is to evaluate

average value of the density of statesy, that is, ^y&
5Rê a&. It is natural to assume that nearTc

L the deviation of
the Green’s functiona from its normal value inside the ma
trix is caused by the proximity effect and is small. As
result, we arrive at the following expression for the avera
value ofa:

^a&512~ncC
2/2!@l22v212ilv#~l21v2!22. ~10!

Here,C[C(T) andl1 are determined by Eqs.~9! and ~5!,
nc is the concentration of superconducting clust
~‘‘spots’’ !. The density of states is defined^y&5Rê a& and
can be determined directly from Eq.~10!. The density of

states is peaked near the valuev>G̃[vp @see Fig. 2~a!#.
One can see directly from Eq.~10! and Fig. 2~a! that there

is a ‘‘softening’’ of the low-energy part of the density o
states, and this is a manifestation of the pseudogap phen
enon.

If the temperature is aboveTc
resand increases towardsTc* ,

(Tc* >max$T c
L%) then C2→0 @see Eq.~10!#, and the differ-

enceDy5ymax2ymin→0. At the same time the position o
the peak is independent ofT. This feature is very specific fo
a pseudogap phenomenon caused by an inhomogeneou
tribution of pair breakers.

C. Inhomogeneous distribution of coupling constants

In this section, we consider the case when the coup
constant is spatially dependent:l[l(r ). Here, the set of
equations for the integrated Green’s functions has a form@cf.
Eq. ~1!#

aD2bv1~D/2!@a~]2b/]r2!2b~]2a/]r2!#50,

a21b251; D52pTul~r !u (
vn.0

b~v!. ~11!

Equations~11!, similar to Eq.~1!, determine the spatially
dependent functionsa, b, andD. As was mentioned above
we focus on a layered conductor and, in a first approxim
tion, we neglect the interlayer hopping and consider a tw
dimensional system. We also assume that the spatial de
dence ofl is such that in some small region it has a lar
value, so that

l5l0~r.r0!; l5l1~r,r0!; l1.l0 .
06452
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r0 is the radius of the spot. In order to determine the tran
tion temperature of the cluster~‘‘spot’’ !, we consider the
linearized Eq.~11!:

D2bv1
D

2
@r21]/]r~r]b/]r!#50. ~12!

Based on Eq.~12!, we can write for the region inside the sp

b5B2~B1/2!r2; D05DB11vB, ~13!

whereB,B1 are some constants, andD0 is the value of the
order parameter atr50.

For the regionr.r0 ~matrix! where l5l0 , one can
write

b5AK0S rA2v

D D , ~14!

whereK0 is the Bessel function andA is a constant.
With the use of continuity conditions, we obtain the fo

lowing values of the constantsA, B, andB1 :

FIG. 2. The behavior of the density of states for different typ
of inhomogeneites. The dashed line corresponds to higher temp
ture.~a! Density of states for an inhomogeneous distribution of p
breakers.~b! Density of states for an inhomogeneous distribution
carriers and, correspondingly, the coupling constants.
4-3
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A5~D0 /v! f ~a!; B5~D0 /v!g~a!, ~15!

f ~a!5@K0~a!1ãK1~a!#21, ~158!

g~a!5@K0~a!1~a/2!K1~a!# f ~a!. ~1588!

Here,

a5a~vn!5r0~2vn /D !1/2; ã5~a/2!1~2/a!. ~16!

As a result, we arrive at the following expression for t
transition temperature of the clusterTc

L :

ln~Tc
0/Tc

L!52pT (
vn.0

1

vn
@12g~a!#, ~17!

where g(a) is defined by Eq.~59!. Here Tc
0 is the critical

temperature of the bulk superconductor with coupling c
stant l1 . One can see directly from Eq.~17! that, indeed
Tc

L,Tt
0 , that is, the proximity effect between the clusterr

,r0) and the matrix leads to decrease inTc ; Tc
0 corre-

sponds to the absence of the proximity effect. Note that
measured quantity isTc

L .
As was noted above, our goal is to evaluate the densit

states. It will allow us to conclude whether or not there is
gap structure~‘‘pseudogap’’!, that is, a softening in the den
sity of states at low energies. We focus on the regionT̄c

,T,Tc
L . If the region occupied by the clusters is sma

thenT̄c>Tc
vol , whereTc

vol is determined by the coupling con
stantl0 . The density of statesy}Rea. The functiona for
the matrix slightly deviates from the normal value and, in
first approximation, can be written in the form:

a>12b2/2512~D~0!2/2v2!K0~a!

3@K0~a!1ãK1~a!#22, ~18!

wherea and ã are defined by Eq.~16!; recall that the func-
tion a is normalized to its normal valueaN . As was noted
above,D0[D(0,T) is the value of the order parameter atr
50. The temperature dependenceD(0,T) can be obtained
from Eqs.~11! and ~18!, and is described by the relation

D2~0,T!5p2H ~Tc
L!2 ln2S ṽ

Tc
LD 1/2

2T2 ln2S ṽ

T D 1/2J Y I . ~19!

Here, ṽ5D/(pr0
2), and I 5*1

`dyy ln5 y(11ln y)2451.055.
One can see that, indeed,D(0,T)→0 asT→Tc

L .
The average density of states^y&}^Rea& can be calcu-

lated with the use of Eqs.~18! and~19!, and the correspond
ing analytical continuation. The result of the calculations
presented in Fig. 2. The density of states is peaked in
regionvp,v,D/r0

2, where

vp>pncr0
4D2~0,T!/4D. ~20!

In this region^a& has a form

^a&511pncr0
6D2~0,T!ln~2/a~v!!/4D2 ~21!

Here,nc is a concentration of the clusters withl5l1 , and
a(v) is defined by Eq.~18!. The density of states is sup
06452
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pressed in the regionv,vp , so that the total number o
states is conserved. This suppression is a direct manifesta
of the pseudogap.

Note that an increase in temperatureT→Tc* (Tc*
>maxTc

L) is accompanied by decrease inD(0,T) @see Eq.
~19!# and, consequently, by the shift~towards tov50! of
the peak position in the density of states@Fig. 2~b!#.

Herein lies a major difference between two scenarios c
sidered in the present paper. In both cases, we are de
with the appearance of the pseudogap. However, if it is
to an inhomogeneous distribution of pair breakers~see Sec.
II B !, the peak position does not depend on temperatur
T→Tc* ~the depth of the pseudogap is getting smalle!,
whereas the present case@l[l(r )# is characterized by a
continuous shift of the peak position and corresponding
crease of the pseudogap region. Real superconductors
combine both factors.

III. EXPERIMENTAL DATA: DISCUSSION

The phenomenon of the pseudogap has been observ
many studies, e.g., Refs. 1–14. The most direct techniqu
observe the pseudogap is tunneling spectroscopy, w
measures explicitly the density of states. Such experime
were described in Refs. 1–3. There are also interesting p
toemission data,4,5 the observation of a loss of entropy i
heat capacity measurements,6–8 infrared spectroscopy data,12

and a decrease in nuclear relaxation in the normal state.9

According to our approach, the appearance of
pseudogap is due to intrinsic inhomogeneites that lead to
existence of regions~clusters! with values of localTc5Tc

L

higher thanT̄c5Tc
res. We described above two possible sc

narios of inhomogeneity:~1! an inhomogeneous distributio
of pair breakers, and~2! a spatial dependence of the couplin
constant:l[l(r ). Both scenarios lead to a pseudogap, b
they each have distinctive behaviors of the peak positi
~see above!.

The density of states and its temperature dependence
directly measured by tunneling spectroscopy in Ref. 1. O
can see directly from the data~see Fig. 1 in Ref. 1!, that the
gap structure~pseudogap! persists aboveTc , but the peak
position does not depend on temperature. This is in a di
correspondence with the first scenario discussed above~see
Sec. II B! and, therefore, indeed, for the Bi2Sr2CaCu2O81d
sample studied in Ref. 1 the pseudogap phenome
is caused by an inhomogeneous distribution of the p
breakers.

An interesting interlayer tunneling spectroscopy for ov
doped Bi2Sr2CaCu2O81d compound was described in Ref.
The authors2 also observed the occurrence of the pseudo
below 150 K, that is at much higher temperatures than
resistiveTc>87 K. The data,2 like Ref. 1, is also consisten
with the picture of an inhomogeneous distribution of p
breakers. The break junction technique was employed in R
3 for T.Tc

res to study the~Bi,Pb!2Sr2Ca2Cu3O101d com-
pound. A slight shift in the peak position asT→Tc* reflects
the presence of some inhomogeneity ofl.

The proximity effect leads to restrictions on the scale
4-4
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the regions, namely, on the size of the superconducting c
tersr>js5hvF/2pTc

L ; otherwise, the proximity effect will
destroy the pairing. On the other hand, in the pseudo
region (Tc* .T.Tc

res) the distance between the clustersL
>jN5hvF/2pT; then we are dealing with normal transpo
(RÞ0).

The pseudogap region is characterized by a normal re
tance (RÞ0), because the distance between the superc
ducting clusters is large and there is no macroscopic su
conducting path~see below!. Nevertheless, one can expect
frequency-dependent superconducting response of the
ters. As we know, the conductivitys[s(v) in the super-
conducting state has the form:s5s11 is2 , s2>ns , where
ns is the ‘‘superfluid’’ density. Recent microwav
measurements23 show that in the pseudogap region (Tc

res

,T,Tc* ) s2Þ0 and this is consistent with our picture. W
will analyze the microwave response in detail elsewhere

The presence of superconducting clusters can also
tribute to the diamagnetic response of the sample aboveTc

res.
Such response, indeed, has been observed aboveTc for the
overdoped Tl-based cuprate.24 Based on the describe
model, we calculated the diamagnetic moment and its t
perature dependence,16 in good agreement with the data.24

The pseudogap is most evident in underdoped cupra
and inhomogeneities in this region of the phase diagram h
been observed in a number of experiments. Scanning tun
ing microscopy ~STM! at low temperatures into cleave
single crystals of BiSrCaCuO~Ref. 25! has revealed the
presence of large variations in the tunneling conductance~re-
flecting large variations in the superconducting gap! depend-
ing on the position of the STM tip. This variation was mo
pronounced in samples with lower resistive transition te
peratures than those withTc’s closer to the optimally doped
93 K.26 Of course, it will be necessary to map out in det
this variation of the density of states above the resistive tr
sition in the pseudogap temperature region to determin
experimental evidence forlocal superconductivity persists in
underdoped BiSrCaCuO above the resistive transition.
cently, anomalous diamagnetism above the resistiveTc has
been observed in underdoped YBaCuO from magnetiza
and Cu NMR-nuclear quadrupole resonance relaxa
measurements.27 This diamagnetism has been observed w
into the pseudogap regime but did not seem to persist ab
the maximum knownTc for YBaCuO, at least within the
sensitivity of the reported measurements.

We have recently learned about another interesting se
of measurements28 in which an electrically discontinuou
~insulating! Pb film is covered with increasing thicknesses
Ag. The Ag act to couple the superconducting Pb grains
the proximity effect. The resistive transition, as well as tu
neling spectra, has been taken on a series of these films
most insulating film has no resistive transition but a full
gap as revealed by the tunneling spectra. This gap is red
as silver is added reflecting the decrease in the mean-fielTc
of the Pb grains. At some point, the composite film becom
continuous and superconducting with a low resistive tran
tion temperature. The evolution of the mean-field transit
temperature and the resistive transition temperature with
06452
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creasing Ag thickness mimics the phase diagram of the
prates with doping. The mean-field transition temperature
sembles the pseudogap onset temperature and the res
Tc resembles the superconducting transition temperat
with the mean-field transition temperature lying above
resistive transition.

We believe that the results on the Pb/Ag artificial inh
mogeneous superconductor model the behavior of the
prates. The cuprates are doped substitutionally and inhom
enously. At some concentration of doping there are regi
with a high enough concentration of carriers to locally sup
conduct and therefore reduce the low energy density
states. The evolution of these islands into a percolating
sistanceless state would resemble the percolating proxim
coupling described above. It is not then surprising that
phase diagrams would be nearly identical.

The pseudogap region is characterized by the coexiste
of normal resistance and the gap structure, and it is due t
intrinsic inhomogeneity of the system. The question ari
about the dynamics of transition to the dissipationless s
with R50 asT decreases towards toTc

res. According to our
approach, the system contains regions with variousTc’s. The
decrease inT towardsTc

res is accompanied by the formatio
of new superconducting ‘‘clusters’’ and by their growt
This is a percolation picture andTc

res corresponds to the per
colation threshold. According to the percolation theory~see,
e.g., Ref. 29!, this threshold is related to formation of th
infinite superconducting cluster. Formation of such a clus
allows us to observe a macroscopic superconducting cur
with R50 and phase coherence within such cluster.

A similar percolative scenario was introduced by Gor’k
and one of the authors30 to describe the properties of man
ganites. Note that a similar approach can be used in orde
describe the evolution of the system as a function of
doping level at fixed low temperature.

One should stress that usual inhomogeneous picture~see,
e.g., Ref. 31! implies the coexistence of the metallic an
insulating phases~phase separation!. In this paper, we focus
on an additional and different aspect, namely, on the in
mogeneity of the metallic state. This leads to the coexiste
of superconducting and normal metallic regions similar
proximity systems.

According to Ref. 32, the Na-doped WO3 compound is
characterized by a diamagnetic moment and by a decrea
resistance. Afterwards, interesting studies were describe
Ref. 33. Moreover, recent STM spectroscopy34 has revealed
the dip in the density of states, that is, the gap structu
Probably, this system is inhomogeneous and contains sur
superconducting ‘‘islands.’’ This corresponds to an inhom
geneous picture described above.

The inhomogeneous structure of the cuprates has b
observed with the use of neutron diffraction technique.35,36

Recently, we have learned about one such interes
study.36 According to Ref. 36, the underdoped region is ve
inhomogeneous and the compound becomes more hom
neous if we move towards optimum doping and above. S
a picture is totally consistent with our scenario for t
pseudogap, because, as we know, this phenomenon is
ticularly strong in the underdoped region.
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As was mentioned above, recently we learned about
STM measurements25,37 performed at different locations o
the BiSrCaCuo compound~at T>4.2 K!. The energy gap
defined as a distance between the peaks of the densi
states displays a strong spatial dependence.
observations25,37 provide a strong experimental support f
the concept of inhomogeneity of the metallic phase. There
therefore, rather compelling evidence for inhomogenei
playing a very important role in the evolution of the supe
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conducting phase diagram, including the nature and temp
ture dependence of the pseudogap.

ACKNOWLEDGMENTS

The authors are grateful to S. J. L. Billinge, J. Davis,
Dynes, T. Egami, S. Sridhar, and S. Reich for sending th
papers and fruitful discussions. The research of V.Z.K. w
supported by the U.S. Office of Naval Research under C
tract No. N00014-99-F0006.
nd

o,

A.

i-

l

.

s. J.

llo

i
d

tt.

da,
1Ch. Renner, B. Revaz, J.-Y. Genoud, K. Kadowaki, and
Fischer, Phys. Rev. Lett.80, 149 ~1998!.

2M. Suzuki, T. Watanabe, and A. Matsuda, Phys. Rev. Lett.82,
5361 ~1999!.

3T. Ekino, Y. Seraki, S. Mashimoto, and H. Fujii, J. Low Tem
Phys.117, 359 ~1999!.

4H. Ding, T. Yokoya, J. C. Campuzano, T. Takahashi,
Randeria, M. Norman, T. Mochiku, K. Kadowaki, and
Giapintzakis, Nature~London! 382, 51 ~1996!.

5A. Loeser, Z.-X. Shen, D. S. Dessau, D. S. Marshall, C. H. Pa
P. Fournier, and A. Kapitulnik, Science273, 325 ~1996!.

6J. Loram, K. Mirza, J. Wade, J. Cooper, and W. Liang, Physic
235, 134 ~1994!.

7J. Tallon, J. Cooper, P. de Silva, G. Williams, and J. Loram, Ph
Rev. Lett. 75, 4114 ~1995!; J. Tallon and J. Loram
~unpublished!.

8N. Momono, T. Matsuzaki, T. Nagata, M. Oda, and M. Ido,
Low Temp. Phys.117, 353 ~1999!.

9W. Warren, Jr., R. E. Walstedt, G. F. Brennert, R. J. Cava,
Tycko, F. Bell, and G. Dabbagh, Phys. Rev. Lett.62, 1193
~1989!.

10J. Orenstein, G. A. Thomas, A. J. Millis, S. L. Cooper, D.
Rapkine, T. Timusk, L. F. Schneemeyer, and J. V. Waszcz
Phys. Rev. B42, 6342~1990!.

11J. Mason, R. Mallozzi, J. Orenstein, J. Eckstein, and I. Bozo
Nature~London! 398, 221 ~1999!.

12R. Kaindl, M. Woerner, T. Elsaesser, D. Smith, J. Ruan,
Farnan, M. McCurry, and D. Walmsley, Science287, 470
~2000!; T. Timusk and B. Statt, Rep. Prog. Phys.62, 61 ~1999!.
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