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Experimental implications of quantum phase fluctuations in layeredd-wave superconductors
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I study the effect of quantum and thermal phase fluctuations on the in-plane andc-axis superfluid stiffness
of layeredd-wave superconductors. First, I show that quantum phase fluctuations in the superconductor can be
damped in the presence of external screening of Coulomb interactions, and suggest an experiment to test the
importance of these fluctuations, by placing a metal in close proximity to the superconductor to induce such
screening. Second, I show that a combination of quantum phase fluctuations and the linear temperature depen-
dence of the in-plane superfluid stiffness leads to a linear temperature dependence of the c-axis penetration
depth, below a temperature scale determined by the magnitude of in-plane dissipation.
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I. INTRODUCTION

The linear temperature dependence of the low temp
ture in-plane penetration depthlab(T) is well established
now in nearly all the high-Tc superconductors.1,2 This behav-
ior is most simply explained in terms of nodal quasiparti
excitations in ad-wave superconductor.3 These low energy
nodal quasiparticles then determine the low temperature
havior of thermodynamic properties and in-plane respo
functions. However, since the high-Tc superconductors
~SC’s! have a low superfluid density and a short cohere
length compared to conventional superconductors, it is p
sible that in addition to quasiparticle excitations, quant
and thermal phase fluctuations could also be important.
importance of such quantum phase fluctuations, espec
for c-axis properties, has been emphasized earlier, from
analysis of the c-axis optical conductivity and sum rules.4

Based on our study of an effective quantumXY phase
action in the superconducting state, we had argued5,6 that
quantum phase fluctuations are important in the cuprate S
at low temperature. With increasing temperature, in the p
ence of dissipation, the system gradually crosses over fro
quantum fluctuation regime to a regime of classical ph
fluctuations6,7 at a crossover scale,Tcl&Tc . ~This has been
observed in recent experiments on thin films of conventio
dirty s-wave superconductors8 whereTcl;0.94 Tc .! It has
been suggested,9 that this crossover scaleTcl!Tc in the
high-Tc systems, and thus classical phase fluctuations sh
dominate the low temperature superconducting state pro
ties. However, for parameter values relevant to the cup
SC’s, and evenoverestimatingthe magnitude of dissipation
which should lead to asmaller crossover temperature, w
found6 that Tcl;20 K. Since a linearT behavior of the su-
perfluid stiffness has been observed in many high-Tc SC’s
from ;30 K down to;1 K, with no evidence of such a
thermal crossover, we conclude that the crossover temp
ture is high*30 K, and classical effects are irrelevant f
in-plane properties at low temperaturesT!Tc . The low-
temperature regime is thus described entirely by quasip
cle excitations around a ground state with strong quan
phase fluctuations. Recently, an experiment has b
proposed10 to observe these quantum phase fluctuations
0163-1829/2002/65~10!/104521~6!/$20.00 65 1045
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studying the excess current along thec-axis, after suppress
ing Josephson tunneling using an in-plane magnetic field

The presence of strong quantum phase fluctuations in
low-temperature superconducting~SC! state raises severa
questions: Can the magnitude of low-temperature quan
phase fluctuations be directly probed? What is the effec
such phase fluctuations on thec-axis superfluid stiffness? We
shall study these questions in this paper. The principal res
of this paper are as follows.~1! External screening of the
Coulomb interactions in a superconductor damps quan
phase fluctuations. Based on this I suggest an experim
where a metal is placed in close proximity to the superc
ductor to induce such external screening, similar to exp
ments which have been carried on gated Josephson jun
arrays.11 In the quantum fluctuation regime, relevant to o
case, this screening reduces the fluctuations and leads to
servable changes in the superfluid stiffness and its temp
ture dependence. In the classical regime, the screening w
not lead to any change in the superfluid stiffness, since
fluctuations are already overdamped. Thus, this experim
would serve as a way to directly measure the magnitude
quantum fluctuations in the superconductor.~2! I show that
quantum phase fluctuations can lead to a linearT increase of
the c-axis penetration depth. This linearT slope arises from
the linearT dependence of thein-plane superfluid stiffness
and the Josephson coupling between layers. The magni
of this effect is sensitive to the in-plane dissipation. The l
ear temperature dependence may be consistent with s
low-temperature c-axis penetration depth data12–15 in
YBa2Cu3O72d ~YBCO! and Bi2Sr2CaCu2O81d ~BSCCO!
systems, thus serving as indirect evidence of quantum ph
fluctuations in the SC state. More generically however,
c-axis penetration depth does not appear to have a lin
temperature dependence. I discuss possible implication
this towards the end.

II. EFFECTIVE PHASE ACTION

I begin by briefly reviewing the formalism of Refs. 5,6 t
study phase fluctuations in the low-temperature superc
ducting state. We model the dynamics of the phase varia
uR(t) defined on a coarse-grained lattice~with lattice spac-
©2002 The American Physical Society21-1
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ARUN PARAMEKANTI PHYSICAL REVIEW B 65 104521
ing equal to the coherence lengthj0) by a quantumXY
action. We have derived the following coarse-grained act
for the layeredd-wave SC’s:

S@u#5
1

8T (
Q,vn

Fvn
2j0

2dc

Ṽ~Q!
1

s̄

2p
uvnug i~Q!G uu~Q,vn!u2

1
1

4E0

1/T

dt(
R,a

Ja$12cos@u~R,t!2u~R1a,t!#%,

~1!

wheredc is the interplane separation,j0 is the in-plane co-
herence length, a5x,y,z, and g i(Q)5(422 cosQx
22 cosQy). The internal dissipation in the superconduc
arises from the conductivity of the electronic degrees of fr
dom which have been integrated out, and is parametrize
s̄ where, for simplicity, I assume a constant~Ohmic! layer
conductancesdc5(e2/h)s̄. The couplingsJa are given by
Jx,y[Ji5D i

0dc and Jz[J'5D'
0 dc(j0 /dc)

2, whereD i
0 ,D'

0

denote the bare in-plane and c-axis stiffnesses respecti
which are related to the penetration depths throughl i ,'

22

54pe2D i ,' /\2c2. Ṽ(Q)[V(Qia/j0 ,Q') denotes the
scaled Coulomb interaction which arises from the coa
graining procedure, with

V~Q!5
2pe2adc

Qieb
F sinh~Qidc /a!

cosh~Qidc /a!2cosQ'
G ~2!

being the Coulomb interaction appropriate for layered s
tems. Hereeb is some background dielectric constant,a is
the original in-plane lattice spacing, andQi ,Q' are the in-
plane andc-axis components of the momentum, measured
units of 1/a and 1/dc , respectively.

I analyze the quantumXY action within the self-
consistent harmonic approximation16 ~SCHA!. The SCHA
replaces the above action by a trial harmonic theory with
renormalized stiffnessD i ,' chosen to minimize the free en
ergy. It thus takes into account the renormalization of
stiffness due to anharmonic longitudinal phase fluctuati
but ignores vortices and vortex-antivortex pairs~transverse
fluctuations!. The validity of this approximation at low tem
perature, in the classical case where onlyn50 Matsubara
frequency is retained, has been confirmed in recent Mo
Carlo simulations of the classicalXY model.9 Carrying out
the SCHA for our anisotropic case leads to

D i ,'5D i ,'
0 exp~2^du i ,'

2 &/2!, ~3!

where du i ,'[(u r ,t2u r1a,t) with a5x,y for the in-plane
(i) case anda5z for the c-axis (') case. The expectatio
values are evaluated in the renormalized harmonic the
which yields

^du i
2&52TE

2p

p d3Q

~2p!3 (
n

g i~Q!G~Q,vn!,

^du'
2 &54TE

2p

p d3Q

~2p!3 (
n

g'~Q!G~Q,vn!, ~4!
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where g i(Q)5(422 cosQx22 cosQy) and g'(Q)5(2
22 cosQz). Here,G(Q,vn) is the phase propagator given b

G21~Q,vn!5
vn

2j0
2dc

Ṽ~Q!
1S Ji1

s̄

2p
uvnu D g i~Q!1J'g'~Q!.

~5!

In what follows, I analyze the above equations in vario
limits, at low temperature, and also compare with a full se
consistent numerical solution17 of Eqs.~3!–~5!.

III. AN EXPERIMENTAL PROBE OF IN-PLANE
QUANTUM PHASE FLUCTUATIONS

In this section, I study the damping of in-plane quantu
phase fluctuations due toexternalscreening of Coulomb in-
teractions. This leads us naturally to a suggestion for an
periment to estimate the magnitude of these fluctuation
the cuprate SC’s. Previous work on the damping of quant
phase fluctuations include studies on resistively shunted
sephson junctions arrays with short range charging ener18

and on a related model for superconductors with a low
perfluid density.19 These works focussed on the quantu
phase transition from an insulator to a superconductor, dri
by increasing the strength of dissipation. Subsequently, s
a quantum phase transition was observed experimentall
gated Josephson junction arrays,11 where the quantum phas
fluctuations were damped by external screening from a~gate-
tuned! metallic bath. I show below within our phase fluctu
tion action, which differs in important respects from the e
lier models, that such damping of quantum fluctuatio
through an external metallic bath leads toobservable conse
quencesfor the low-temperature superfluid stiffness. Th
may be used to study the importance of quantum fluctuati
in the high-Tc superconductors, with a setup similar to th
one used in the above experiment.

Let us confine ourselves to the case of a thin superc
ducting film capacitively coupled to a metallic bath, an
work in the two-dimensional~2D! limit of the phase action.
For electrons situated at an interface between vacuum, w
dielectric constant of unity, and a~metallic! substrate with
esub(v)5(e`14p isext/v), the Coulomb interaction is
given by V2D(Q)54pe2adc /@11esub(v)#Qi . Thus, the
metallic bath provides dynamical screening of the Coulo
interactions,19,20 and leads to an additional term in the pha
action in Eq.~1!, such that

~ s̄/2p!g i~Q!uvnu→@s̄g i~Q!1s̄EQi#
uvnu
2p

, ~6!

where s̄E[(j0 /dc)(sextdc)/(e
2/h), and eb→(11e`)/2 in

the Coulomb interaction in Eq.~2!. Thus, external dissipation
due the metallic bath (sext) appears together with the inte
nal dissipation from the electronic degrees of freedom of
superconductor which have been integrated out (s̄), and they
can both lead to damping of quantum fluctuations in a si
lar manner. Note that our approach differs from the ear
work of Ref. 19 in two important ways.~i! We retain the
dynamical termvn

2j0
2dc /Ṽ(Q) in the action in Eq.~1!, and
1-2
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EXPERIMENTAL IMPLICATIONS OF QUANTUM PHASE . . . PHYSICAL REVIEW B 65 104521
the renormalized propagator in Eq.~5!. ~ii ! We make a dis-
tinction between the dissipation which arises from the
grees of freedom internal to the superconductor and
from external screening. This is reflected in the fact that
conductivitiess̄ and s̄E appear with differentQ-dependent
coefficients in the above action.21

To quantitatively study the effect of the external scree
ing, let us consider parameter values relevant to the cup
SC’s. I choosee`'10, j0 /a'10 ands̄'10 as representa
tive of the YBCO system22 and any typical substrate mate
rial. We model YBCO as a system of strongly coupled bila
ers, with the bilayer stiffness being twice the single lay
stiffness, and an interbilayer spacingdc /a'3 being twice
the mean layer spacing. This will simplify our calculatio
since we do not have to introduce an additional paramete
distinguish intrabilayer and interbilayer couplings; a mo
sophisticated calculation would not lead to any qualitative
significant quantitative change. For the present analysis,
will use a barebilayer stiffness and its linearT slope such
that the renormalized stiffnessJi(T), for the above param
eters and withs̄E50, leads to a penetration depthl i(0)
'1600 Å and dl i /dT'4 Å/K in agreement with
experiment.1,14We can then vary the external dissipations̄E ,
and study its effect onJi(T). In Fig. 1, I plot the behavior of
the the stiffnessJi(0), and itsslope dJi /dT, for various
values of s̄E corresponding to differing levels of extern
dissipation.

It is clear that the stiffnessJi(0) increases with increasin
dissipation, as quantum fluctuations are damped, leading

FIG. 1. TheT50 in-plane superfluid stiffness for various valu

of external dissipations̄E . The inset shows the behavior of th
linear T slope ofJi(T). The above results have been obtained
solving the Eqs.~3!–~5! for a two-dimensional case, assuming ba
bilayer stiffnessJi(0)'150 meV with a slope;0.65 meV/K, and

an internal dissipations̄510. These values have been chosen s

that, for s̄E50 we obtain a penetration depthl i(0)'1600 Å, and
a slopedl i /dT'4 Å/K, in agreement with experiment1.
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more ordered state. With increasing dissipation~classical!
thermal phase fluctuations also contribute to the normal fl
density, in addition to the ‘‘bare’’ quasiparticle contributio
leading to an enhancement in the slope ofJi(T). A measure-
ment of the stiffness and its temperature dependence in
presence of external screening would thus serve as a te
quantum phase fluctuations. This could be probed in l
frequency optical experiments, or penetration depth exp
ments, and it might also be reflected in a systematic incre
in the superconducting transition temperature with exter
dissipation. A minor caveat concerning penetration depth
periments is that the effective~Pearl! penetration depthleff

5l i
2/d where d is the film thickness, and hence one h

cannot use the strictly 2D limit in the above calculation bud
has to be kept finite. This is not expected to lead to a
qualitative changes in our results forJi(T).

IV. QUANTUM PHASE FLUCTUATIONS AND THE c-AXIS
PENETRATION DEPTH

Having shown that quantum phase fluctuations may af
the in-plane superfluid stiffness, I next turn to examine
effect of these fluctuations on thec-axis superfluid stiffness
Many earlier studies of thec-axis stiffness have focussed o
the quasiparticle contribution to the normal fluid density, e
phasizing the role of tunneling matrix elements,23 or effects
of disorder and pair tunneling on the temperature dep
dence of the critical current.24,25 Here, I study the effect of
phase fluctuations on the c-axis superfluid stiffness wit
the SCHA, and find that phase fluctuations can lead t
linear temperature dependence of thec-axis superfluid stiff-
ness and penetration depth. This linearT slope arises from
the linearT dependence of thein-plane stiffnessand the Jo-
sephson coupling between layers, and it is agenericeffect in
such models.

We shall begin by assuming that the barec-axis stiffness
is T independent at low temperature. This assumption may
justified as follows. Quasiparticles may be important for
plane properties, but the interplane tunneling mat
element26 being proportional to;(coskx2cosky)

2, leads to a
very small depletion of the superfluid density, since mat
element vanishes for in-plane nodal quasiparticles. In
calculation we shall neglectc-axis dissipation since the shar
Josephson plasmon seen in experiments on BSCCO im
a very smallc-axis conductivity, and the conductivity ha
been measured to be small over a wide frequency range.27 In
YBCO, there are added complications due to the chains,
I will ignore this.

To study the effect of phase fluctuations, let us analyze
fluctuation integral for̂ du'

2 & in Eq. ~4! for the physically
relevant case ofJ' /Ji!1. Since we are interested only i
J'(T) we fix the in-plane stiffness,Ji(T), from experiment,
and study thec-axis fluctuations^du'

2 &(T). I will first

present results for the case with no in-plane dissipations̄
50) and later consider the effect of dissipation to see h
these results are affected by a finites̄Þ0. Finally, I will
compare our results with experimental data on BSCCO
YBCO.

h

1-3
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ARUN PARAMEKANTI PHYSICAL REVIEW B 65 104521
A. Dissipationless case„s̄Ä0…

For s̄50, we can first do the Matsubara summation in t
fluctuation integral in Eq.~4!. This leads to

^du'
2 &52E

2p

p d3Q

~2p!3
g'A Ṽ

~Jig i1J'g'!

3cothS 1

2T
AṼ~Jig i1J'g'! D , ~7!

where we have suppressed theQ dependence ofg',i
andṼ.

We next note that the temperature dependence of^du'
2 &

arises from two sources:~i! in the cotanh factor, which cor
responds to thermal excitations of the plasmon mode and~ii !
in the prefactor, through the temperature dependence ofJi . I
have numerically checked that the cotanh factor may be
to unity at low temperature for the cases of interest, since
in-plane plasmon energy is very large. Even when thec-axis
Josephson plasmon energy is very low, as in case of BSC
the phase space for this low-energy excitation is small in
fluctuation integral and the characteristic plasmon energ
very high ~see Fig. 1 of Ref. 5!. The crossover associate
with this factor then only leads to large power laws for te
peratures above thec-axis plasmon scale. Further,J' /Ji
!1 means we can now safely setJ'50 in the prefactor.
Thus we are led to

^du'
2 &'

2

AJi~T!
E

2p

p d3Q

~2p!3
g'~Q!A ṼQ

g i~Q!

[C1F S 2pe2

ebj0
D 1

Ji~T!G
1/2

, ~8!

whereC1 is a constant of order unity, which depends only
j0 /dc , and which can be determined numerically for a giv
system. It is now easy to see that the linearT dependence o
Ji directly leads to a linearT dependence of̂du'

2 & and hence
of J' ,l' . To relate the slope ofl' to the slope ofJi , we
setJi(T)5Ji(0)2aT. Using Eq.~3! we then get

dl'

dT
5C1S l'~0!

8 D S a

Ji~0! DAS 2pe2

ebj0
D 1

Ji~0!
. ~9!

B. Nonzero dissipation„s̄Å0…

In the presence of dissipation, we can again analyze
Matsubara summation in the fluctuation integral to obtain
asymptotic low temperature behavior, similar to our ear
analysis for the in-plane fluctuations.6 In this case, fors̄
@1 andT→0, we find

^du'
2 &'

8

s̄
lnS s̄

2p
A2pe2

eb

1

Ji~T!
D

1T2
2s̄

3 E
2p

p d3Q

~2p!3

g'g i

~g iJi1g'J'!2
. ~10!
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While the leading linearT dependence of̂du'
2 & arises

from the linearT dependence ofJi in the first term in the
above equation, aT2 dependence arises, primarily from th
second term fors̄@1. With Ji(T)5Ji(0)2aT, as before,
the leading temperature dependence of the fluctuation
now given by

^du'
2 &~T!2^du'

2 &~0!5
4T

s̄

a

Ji~0!
1C2

2s̄

3 S T

Ji~0! D
2

,

~11!

where

C25E
2p

p d3Q

~2p!3

g ig'

$g i1@J'~0!/Ji~0!#g'%2
~12!

is a constant depending on the anisotropyJ' /Ji at T50,
which may be easily determined numerically. This leads t
crossover scaleT254aJi(0)/(C2s̄2) beyond which tem-
perature the linear temperature dependence crosses ove
T2 behavior. ForT!T2, we find a linearT behavior in
l'(T) with a slope

dl'

dT
5

a

s̄Ji~0!
l'~0!. ~13!

However, since the linearT to quadraticT2 crossover tem-
perature depends very sensitively on the dissipation, la
dissipation might lead to aT2 behavior down to the lowes
observed temperatures. We therefore make estimates of
temperature scaleT2 for BSCCO and YBCO6.95; we then
compare our results for the temperature dependence
l'(T) with some experimental data on BSCCO a
YBCO6.95.

C. Comparison with experiments

I begin by fixing the parameters connected to the in-pla
stiffness in the phase action, andl'(0) since we are only
interested in our predictions for the temperature depende
of l'(T). I then compare the slopedl'(T)/dT with existing
experiments in BSCCO and YBCO systems.

For BSCCO, I usej0 /a'10 anddc /a'4, and set the
bilayer stiffnessJi(0)'80 meV with its linearT slope a
'0.8 meV/K. These values correspond28 to a penetration
depth l i52100 Å with dl i /dT'10 Å/K. I then set
l'(0)'150 mm and choose a reasonable value (s̄520) for
the internal dissipation. This givesC1'0.6, C2'1.35, and
T2'60 K below which we expect to see linearT behavior;
the low temperature slopedl' /dT'0.075 mm/K is some-
what smaller than some experimentally reported values12,15

of ;0.25–0.3 mm/K.
For YBCO6.95, I use j0 /a'10, dc /a'3.2, and set the

bilayer stiffness Ji(0)'100 meV with its slope a
'0.5 meV/K. This leads to a penetration depthl i
1-4



-
s

tu

s
f
uc

ie

fo
um
th
o

im-
igh-
e
in
t an
ob-
the

r
o a

ex-
w-
e
to a
and

e-
per.
us-

EXPERIMENTAL IMPLICATIONS OF QUANTUM PHASE . . . PHYSICAL REVIEW B 65 104521
'1600 Å with dl i /dT'4 Å/K in agreement with
experiment.1,14 Finally, I setl'(0)'1.1 mm, and use a rea
sonable values̄510 for the intrinsic dissipation. This give
C1'0.5, C2'0.4, andT2*Tc , below which we expect to
see linearT behavior. Thus, the linearT behavior from phase
fluctuations is expected to persist over a larger tempera
scale in YBCO6.95. I then find the slopedl' /dT'5 Å/K.
This is somewhat smaller than some reports13 of dl' /dT
;15– 20 Å/K on this system. While this behavior wa
attributed13 to the effect of the chains in YBCO, the role o
phase fluctuations could clearly also be important. The fl
tuations atT50 lead to a;30% renormalization of the
stiffness J'(0), in reasonable agreement with an earl
c-axis conductivity sum rule analysis4 carried out for
YBCO6.6.

More generically, the experimentally observedc-axis pen-
etration depth in BSCCO and YBCO6.95 is reported to have a
weaker temperature dependence~see Ref. 14, for instance!,
possibly;T2 at low temperature. One possible reason
this discrepancy between the prediction of the quant
phase fluctuation model and the experiments could be
effects of disorder between the planes which deserves a m
careful investigation.
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V. CONCLUSIONS

We have seen that it is possible to directly probe the
portance of in-plane quantum phase fluctuations in the h
Tc superconductors forT!Tc through measurements of th
in-plane superfluid stiffness or the transition temperature
the presence of external screening. I have also shown tha
indirect measure of quantum phase fluctuations may be
tained from studying the temperature dependence of
c-axis penetration depthl'(T). It is possible that disorde
between the planes could affect our prediction, leading t
weaker temperature dependence more consistent with the
perimental data; we leave this issue for future work. Ho
ever, the linearT behavior might still be observable in som
clean materials. Experimental tests of these would lead
better understanding of the superconducting ground state
its low energy excitations.

ACKNOWLEDGMENTS

I am grateful to M. Randeria for his constant encourag
ment, useful discussions, and critical comments on the pa
I thank D. Gaitonde and C. Panagopoulos for helpful disc
sions.
.

.
ys.
,

.
T.

,
-

-
ai,

t
nce

s.
.

rty,

uge
the
de-

the
1W.N. Hardy, D.A. Bonn, D.C. Morgan, R. Liang, and K. Zhan
Phys. Rev. Lett.70, 3999~1993!.

2C. Panagopoulos and T. Xiang, Phys. Rev. Lett.81, 2336~1998!,
and references therein.

3P.J. Hirschfeld and N. Goldenfeld, Phys. Rev. B48, 4219~1993!;
P.A. Lee and X.G. Wen, Phys. Rev. Lett.78, 4111 ~1997!; A.J.
Millis, S.M. Girvin, L.B. Ioffe, and A.I. Larkin, J. Phys. Chem
Solids 59, 1742 ~1998!; J. Mesot, M.R. Norman, H. Ding, M
Randeria, J.C. Campuzano, A. Paramekanti, H.M. Fretwell
Kaminski, T. Takeuchi, T. Yokoya, T. Sato, T. Takahashi, T. M
chiku, and K. Kadowaki, Phys. Rev. Lett.83, 840 ~1999!.

4L.B. Ioffe and A.J. Millis, Science285, 1241 ~1999!; L.B. Ioffe
and A.J. Millis, Phys. Rev. B61, 9077~2000!.

5A. Paramekanti, M. Randeria, T.V. Ramakrishnan, and S.S. M
dal, Phys. Rev. B62, 6786~2000!.

6L. Benfatto, S. Caprara, C. Castellani, A. Paramekanti, and
Randeria, Phys. Rev. B63, 174513~2001!.

7T.R. Lemberger, A.A. Pesetski, and S.J. Turneaure, Phys. Re
61, 1483~2000!.

8S.J. Turneaure, T.R. Lemberger, and J.M. Graybeal, Phys.
Lett. 84, 987 ~2000!.

9E.W. Carlson, S.A. Kivelson, V.J. Emery, and E. Manousak
Phys. Rev. Lett.83, 612 ~1999!.

10H-J. Kwon, A.T. Dorsey, and P.J. Hirschfeld, Phys. Rev. Lett.86,
3875 ~2001!.

11A.J. Rimberg, T.R. Ho, C. Kurdak, J. Clarke, K.L. Campman, a
A.C. Gossard, Phys. Rev. Lett.78, 2632~1997!.

12T. Shibauchi, N. Katase, T. Tamegai, and K. Uchinokura, Phys
C 264, 227 ~1996!.

13C. Panagopoulos, J.R. Cooper, T. Xiang, G.B. Peacock, I. Ga
son, and P.P. Edwards, Phys. Rev. Lett.79, 2320~1997!.
.

n-

.

B

v.

,

a

e-

14K. Zhang, D.A. Bonn, S. Kamal, R. Liang, D.J. Baar, W.N
Hardy, D. Basov, and T. Timusk, Phys. Rev. Lett.73, 2484
~1994!; D.A. Bonn, S. Kamal, A. Bonakdarpour, R. Liang, W.N
Hardy, C.C. Homes, D.N. Basov, and T. Timusk, Czech. J. Ph
46, 3195 ~1996!; A. Hosseini, S. Kamal, D.A. Bonn, R. Liang
and W.N. Hardy, Phys. Rev. Lett.81, 1298~1998!.

15D.V. Shovkun, M.R. Trunin, A.A. Zhukov, Yu.A. Nefyodov, H
Enriquez, N. Bontemps, A. Buzdin, M. Daumens, and
Tamegai, JETP Lett.71, 92 ~2000!; H. Enriquez, N. Bontemps
A.A. Zhukov, D.V. Shovkun, M.R. Trunin, A. Buzdin, M. Dau
mens, and T. Tamegai, Phys. Rev. B63, 144525~2001!; M.R.
Trunin, Yu.A. Nefyodov, D.V. Shovkun, A.A. Zhukov, N. Bon
temps, A. Buzdin, M. Daumens, H. Enriquez, and T. Tameg
cond-mat/0006371~unpublished!.

16D.M. Wood and D. Stroud, Phys. Rev. B25, 1600~1982!.
17In the numerics, the Matsubara sum in Eq.~4! is cutoff at finiten.

While this affects the magnitude of quantum fluctuations aT
50 to a small extent, the results for the temperature depende
are not sensitive to this cutoff.

18S. Chakravarty, G.-L. Ingold, S. Kivelson, and A. Luther, Phy
Rev. Lett. 56, 2303 ~1986!; S. Chakravarty, G.-L. Ingold, S
Kivelson, and G. Zimanyi, Phys. Rev. B37, 3283~1988!.

19V.J. Emery and S.A. Kivelson, Phys. Rev. Lett.74, 3253~1995!.
20S. De Palo, C. Castellani, C. Di Castro, and B.K. Chakrave

Phys. Rev. B60, 564 ~1999!.
21This difference arises from the fact that the external~bath! elec-

trons have been treated in a gauge invariant fashion, while ga
invariance is not recovered for the superconductor unless
phase fluctuations are also integrated out. See Ref. 5 for a
tailed discussion of this last point. This distinction between
two sources of dissipation was missed in earlier work~Ref. 19!.
1-5



th

co

n

ly

nce
n,

ys.

ev.

le,

J.N.

ARUN PARAMEKANTI PHYSICAL REVIEW B 65 104521
22The damping of phase fluctuations arises from the real part of
optical conductivity over a wide frequency range;0 –50 meV.
Over this range, we use a reasonable value for the bilayer

ductivity s̄510 for YBCO6.95, corresponding~Ref. 29! to s
'2000 (V cm)21. We are not aware of conductivity data o
BSCCO over a similar frequency range; however theT→0 con-
ductivity at the highest terahertz frequencies~Ref. 30! (v

;0.5 meV) is not inconsistent withs̄'20. We use this in our
calculations for BSCCO, noting that the real dissipation is like
smaller. We have checked that an additional~large! low fre-
quency Drude conductivity, experimentally observed~Ref. 30!
for v&0.5 meV, does not significantly affect our results.

23T. Xiang and J.M. Wheatley, Phys. Rev. Lett.77, 4632~1996!.
24 R.A. Klemm and S.H. Liu, Phys. Rev. Lett.74, 2343~1995!.
25 R.J. Radtke, V.N. Kostur, and K. Levin, Phys. Rev. B53, R522

~1996!.
10452
e

n-

26S. Chakravarty, A. Sudbo, P.W. Anderson, and S. Strong, Scie
261, 337 ~1994!; O.K. Andersen, A.I. Liechtenstein, O. Jepse
and F. Paulsen, J. Phys. Chem. Solids56, 1573 ~1995!; O.K.
Andersen, O. Jepsen, A.I. Liechtenstein, and I.I. Mazin, Ph
Rev. B49, 4145~1994!.

27K. Tamasaku, Y. Nakamura, and S. Uchida, Phys. Rev. Lett.69,
1455~1992!; S. Uchida, K. Tamasaku, and S. Tajima, Phys. R
B 53, 14 558~1996!.

28S.-F. Lee, D.C. Morgan, R.J. Ormeno, D.M. Broun, R.A. Doy
J.R. Waldram, and K. Kadowaki, Phys. Rev. Lett.77, 735
~1996!.

29D.N. Basov, B. Dabrowski, and T. Timusk, Phys. Rev. Lett.81,
2132 ~1998!.

30J. Corson, J. Orenstein, Seongshik Oh, J. O’Donnell, and
Eckstein, Phys. Rev. Lett.85, 2569~2000!.
1-6


