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We argue that incoherent pair tunneling in a cuprate superconductor junction with an optim
doped superconducting and an underdoped normal lead can be used to detect the presen
pairing correlations in the pseudogap phase of the underdoped lead. We estimate that the jun
characteristics most suitable for studying the pair tunneling current are close to recently manufac
cuprate tunneling devices. [S0031-9007(99)09210-8]
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The pseudogap—a depletion of the single particle spe
tral weight around the Fermi energy—is considered to b
one of the most convincing manifestations of the unco
ventional nature of cuprate superconductivity [1]. Th
pseudogap regime sets in as the temperature is lowe
below a crossover temperatureTp, and extends over a
wide range of temperatures inunderdopedsamples [2].
While the pseudogap is clearly present in the spin cha
nel [3], optical conductivity data [4] suggest that the sam
mechanism is responsible for the gapping of the char
degrees of freedom as well. In addition, specific he
data [5] also provide evidence that a gap opens belo
Tp. It has been suggested [6,7] that precursor superco
ducting pairing fluctuations may be responsible for the
phenomena; the observations of a smooth crossover fr
the pseudo- to superconducting gap seen in angle-resol
photoemission [8] and scanning tunneling spectrosco
(STS) [9] lend support to this idea. There are, howeve
several other competing proposals that do not necessa
involve charge2e pairing [10]. It is therefore of interest
to find an experiment which can provide a direct test o
the superconducting precursor scenario. Here we prop
and analyze an experiment involving incoherent pair tu
neling which provides such a test [11].

The measurement of the pair susceptibility in the norm
state of a superconductor, is in principle similar [12] t
other—say, magnetic—susceptibility measurements: w
are interested in finding out the linear response of th
system to a polarizing external field. In the present case
role of the external field is played by the rigid pair field o
a second superconductor below its transition temperatu
which couples to the fluctuating pair field of the norma
lead. This coupling leads to an observable contributio
to the tunneling current—the incoherent pair tunnelin
current—provided that the normal state has sizable pairi
correlations.
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The basic experimental configuration is illustrated
Fig. 1(a). An I-V measurement is made on a tunne
junction formed from an optimally doped cuprate supe
conductorA and a nonoptimally doped materialB, in a
temperature rangeTA

c . T . TB
c . The c axis is perpen-

dicular to theA and B layers which are separated by a
insulating layer. Such a structure could be obtained
varying the doping concentration of a crystal during
layer-by-layer deposition [13]. If theB lead is under-
doped, as indicated in Fig. 1(b), there will be a substa
tial temperature region aboveTB

c in which B will have
a pseudogap, while if the normal lead is overdoped [d
noted byB0 in Fig. 1(b)], this pseudogap region will be
significantly narrower. Now, forTA

c . T . TB
c we can

use the superconducting pair field of the optimally dope

FIG. 1. (a) Proposed experimental configuration for a junctio
involving two cuprate leadsA and B, with transition tempera-
tures as indicated by the phase diagram of (b). (c) Diagra
matic representation of the incoherent pair tunneling curre
contribution. Lines (6k, 6k0) and (6p, 6p0) correspond to
single-electron propagators of the normal pseudogapped (P
B lead and anomalous Gor’kov propagators of the superco
ducting A lead, respectively. The dots (≤) represent tunneling
matrix elementsVpk, and the box stands for the particle-particl
t matrix of B.
© 1999 The American Physical Society
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superconductor to directly probe the strength of the pairin
fluctuations inB, by measuring the incoherent pair tunne
ing contributionIpsV d to the total tunneling currentIsV d
[12,14]. If pseudogap behavior is associated with stron
precursor superconducting pairing, the contribution fro
the incoherent pair tunnelingIpsV d should extend over a
much wider temperature range than for the overdopedB0

lead, even ifTB
c , for the two are equal. Furthermore, if

indeed the pseudogap region is characterized by precur
pairing, the voltage structure ofIpsV d provides a measure
of the frequency dependence of the imaginary part of t
particle-particlet matrix in the pseudogap regime.

The incoherent pair tunneling contribution to the tota
tunnel currentIsV d is shown diagrammatically in Fig. 1(c)
[12]. It should be stressed that, due to the very shortc-axis
coherence length in the cuprates, the pair tunneling tak
place between the two cuprate layers on either side of t
insulating barrier. In order to analyze the experiment
requirements, we consider a circular Fermi surface and
sume that the pairing instability occurs in thed-wave chan-
nel with at matrix given bytk,k0,qsivmd ­ tqsivmd cos3

s2wkd coss2wk0d. Hereivm ­ 2mpT is the bosonic Mat-
subara frequency (unless noted otherwise, we takeh̄ ­
1, kB ­ 1), andwk ­ arctanskyykxd. In the absence of an
external magnetic field, the incoherent pair tunneling co
tribution IpsV d is given by4e times the imaginary part of
the diagram shown in Fig. 1(c) [12],

IpsV d ­ 4eC2Sa2 Imtq50sivm ! 2eV 1 idd , (1)

whereS is the junction area,a is the lattice spacing, and
the coefficientC —which determines the magnitude of the
pair current—is given by the following expression:

C ­
ni

N2 T
X

n,p,k
FpsivndGksivndG2ks2ivnd

3 kjVk,pj2limp coss2wkd . (2)

Here we presume that the mechanism for electron trans
from A to B derives from impurity assisted hopping in the
insulating layer separatingA andB. We defineni to be
the number of impurity scattering sites per unit area
the insulating layer,N is the number of sites of a layer,
and kjVpkj2limp is the impurity averaged single-electron
transfer. The momentap and k are two-dimensional
vectors. In Eq. (2) we have neglected the weak volta
dependence ofC which is justified in the regimes we
will be studying where thet matrix dominates the voltage
dependence of the pair current.

To estimate the size of the pair current we have used t
Bardeen-Cooper-Schrieffer (BCS) form for the Gor’ko
function to describe the superconductingA lead,

Fpsivnd ­
DA coss2wpd

v2
n 1 e2

p 1 D
2
A cos2s2wpd

. (3)

Here DA is the maximum of the associatedd-wave
superconducting gap. The detailed nature of the Gree
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functions inB are of course very important in determining
the particle-particlet matrix. However, the coefficient
C is obtained by summing over both the momentu
and frequency variables of the propagators. ThusC
is only marginally affected by the precise form of th
single particle propagators. Whether one replaces
product of the B Green’s functions by their nonin-
teracting form GksivndG2ks2ivnd ­ sv2

n 1 e
2
kd21,

or whether one uses an extreme limit of pseud
gap theories [7] GksivndG2ks2ivnd ­ fv2

n 1 e
2
k 1

D
2
B cos2s2wkdg21, changes the estimate ofC only by

factors of order unity. In these expressionsep andek are
the single particle energies inA andB, respectively.

We will assume that the insulating layer gives rise to
diffuse [15] electron transfer with

kjVpkj2limp ­ jV0j
2 1 jV1j

2 coss2wpd coss2wkd . (4)

More generally one could imagine expanding the imp
rity averaged single-electron transferkjVpkj2limp in two-
dimensional crystal harmonics. In Eq. (4) we have ke
only the uniform andd-wave pair transfer parts. It is the
second term in Eq. (4) that will enter in our calculation
The required size ofV1 will be discussed below, togethe
with other junction requirements.

Using Eqs. (2)–(4) one finds that

C ­ p2niNAs0dNBs0d jV1j
2DAT

X
n

IAsvndIBsvnd , (5)

whereNAs0d and NBs0d are the single particle density of
states per spin, per site for layerA and B, respectively,
and

IA,Bsvnd ­
Z dwp

2p

cos2s2wpdp
v2

n 1 D2
A,B cos2 2wp

­
2

p
p

v2
n 1 D2

A,B

3

"
Esknd 1

√
vn

DA,B

!2

fEsknd 2 Kskndg

#
.

(6)

In the above expressionk2
n ­ D

2
A,Bysv2

n 1 D
2
A,Bd, andK

and E are the complete elliptic integrals of the first an
second kind, respectively. Carrying out the Matsuba
sum in Eq. (5), we find that to within numerical factor
of order unity,

C .
p2

4
niNAs0dNBs0d jV1j

2. (7)

Now at low temperatures, whereA and B are both
superconducting, a similar calculation shows that t
Josephson critical current is given byIc ­ 2eC0DBS,
with DB the low temperature maximum gap inB and the
coefficientC0 is closely related toC given by Eq. (2) [16].
4305
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Using this to normalize the strength ofIpsV d we have
IpsV d

Ic
ø

EJ

Ec
Imt̄s2eV d . (8)

HereEJ ­ h̄Icy2e is the zero temperature Josephson co
pling energy betweenA and B, Ec ­ sSya2dNBs0dD2

By2
is the condensation energy of theB cuprate layer, and
Imt̄svd ­ NBs0d Imt0svd is a dimensionless form of thet
matrix for q ­ 0.

It can be seen from Eq. (8) that the important quanti
measured in a pair tunneling experiment is Imt̄svd. The
form of this function varies depending on the particula
scenario adopted for describing the pseudogap. Fo
wide class of theories Imtqsvd can be expressed in terms
of the pair susceptibilityxqsvd and the pairing coupling
constantg [7],

Imtqsvd ­
2g2 Imxqsvd

f1 1 g Rexqsvdg2 1 fg Imxqsvdg2 . (9)

A useful form of Eq. (9) for experimental comparison
is discussed in Ref. [7], although other alternatives ma
eventually be proposed using different precursor scenar
[6,17]. The approach of Ref. [7] provides a concrete di
grammatic prescription for computingx. For q ­ 0 and
sufficiently low frequencies,1 1 g Rex0svd ø saygd 3

sv 2 v0d and g Imx0svd ø vyg, where (for T close
to TB

c ), v0 ­ sgyad sTyTB
c 2 1d. The values ofa and

g depend ong. Under these conditions, Eq. (9) yields
Imt̄svd . gvyfa2sv 2 v0d2 1 v2g. In the weak-
coupling limit, where the dimensionless parametera . 0,
this yields the well-known result [12,14] Im̄tsvd ­
svygdyfsTyTB

c 2 1d2 1 svygd2g. In this regime the
pairing fluctuations are associated with critical behavio
and are essentially diffusive in nature. This case w
addressed in earlier incoherent pair tunneling experime
[14] on conventional superconductors. By contrast,
the intermediate coupling regime, which corresponds
a . 1, the value ofv0 is strongly reduced, resulting in a
pronouncedresonancein Imt̄svd at this frequency. Thus,
the pair fluctuations acquire a propagating nature [7].

These two theoretical limits are illustrated in Fig. 2
which presents the self-consistently calculatedt matrix
[7] in weak and intermediate coupling, corresponding
B0 and B, respectively. HereTyTB

c ­ 1.1. Notice the
asymmetry Im̄tsvd fi Imt̄s2vd in the second case which
provides a strong signature for pair resonance effects. T
asymmetry is, in turn, related to an asymmetric densi
of states [7], which may be associated with that observ
in STS experiments [9]. This figure also reflects th
predicted voltage dependence of the pair tunneling curre
Within the superconducting pairing fluctuation scenario
of the type discussed in Ref. [7] a prominent peak
Imt̄svd is expected to persist in underdoped cuprates
temperatures of the order ofT , Tp, considerably higher
than TB

c [18]. Alternative scenarios [6,17] can be used
presumably, to provide analogous signatures, within the
4306
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FIG. 2. Predicted voltage dependence of the pair tunnel
current; following [7] the solid and dashed curves correspo
to under (B)—and overdoped (B0) leads atTyTc ­ 1.1; the
slightly doping dependent energy scaleV is of the order
of 100 meV. The dashed curve is similar to that of th
conventional fluctuation picture [12]. The asymmetry of th
solid curve is an important signature which should be noted.

respective theoretical framework. The importance of t
incoherent pair tunneling experiment lies in its ability t
detect the temperature and voltage dependence of s
features and therefore to confirm or falsify different class
of pseudogap scenarios.

Let us now estimate the size of the pair currentIp

given by Eq. (8). The condensation energy density c
be inferred from heat capacity measurements [5]: F
an underdoped YBa2Cu3O61x of Tc , 60 K we obtain
econd , 2 3 104 Jym3. Using typical values for the junc-
tion surface areaS , 1028 m2 [19] and taking the layer
thickness of order,c , 10 Å, we find Ec ­ econdS,c ,
2 3 10213 J ø 106 eV. For a typical critical current of
orderIc , 10 mA, the corresponding Josephson couplin
energy isEJ ­ h̄Icy2e , 3 3 10218 J ø 20 eV. Con-
sequently,Ip , IcsEJyEcd , 0.2 mA, which is of the
same order as the pair currents detected in conventio
superconductors [14].

Thus it is important to fabricate junctions withc axis
Josephson current density in the range of102 Aycm2.
Critical current densities sustained by recently fabricat
trilayer junctions [13] are in this range. Further complica
tions might be caused by thermal voltage noise [14,20]
the junction circuit due to the relatively elevated temper
tures at which these measurements need to be carried
One possibility would be to use the single-layer Bi220
compound for both leads: this material has a phase d
gram similar to that in Fig. 1(b), but with a relatively low
optimal Tc. If achievable, a combined junction—with
optimally doped Bi2212 and underdoped Bi2201 as ele
trodes—might permit extending the temperature windo
of operation toTp of the Bi2201 compound.IpsV d can
be suppressed [14] by turning on a magnetic fieldH in
the plane of the junction [see Fig. 1(a)]. The suppre
sion is given by [12]r ­ 2eHl

A
abjabyh̄c, provided that

H , HA
c1. Using typical numbers for theA-side pene-

tration depthl
A
ab , 103 Å, B-side coherence length nea
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c , j

B
ab , 102 Å, and fieldH , 102 G, we findr , 0.1.

Once the characteristic voltage feature due toIpsV d was
identified nearTB

c , it could be traced to higher tempera
tures. The detection ofIpsV d is helped by the fact that typi-
cal Bi2Sr2CaCuO81d samples act as a stack ofN , 103

intrinsic Josephson junctions [21]: the effective quasipa
ticle gap isNDA and the subgap conductance is suppress
by 1yN.

In conclusion, we have argued that the measurement
the pair tunneling current between an optimally doped a
an underdoped cuprate can be used to probe the pair
fluctuations in the pseudogap state. This experiment h
in principle, the potential to reveal whether the pseudog
state is in fact due to pairing fluctuations. Indeed, stron
pairing correlations in the pseudogap state will be manife
in a large pair current, as compared to the pair curre
of a junction where an overdoped lead of the sameTc

is used. No such strong doping dependence of the p
current is expected within pseudogap scenarios that do
invoke the onset of strong pairing correlations belowTp.
To illustrate this experiment, we have chosen the particu
case of ac-axis junction geometry and identified the regio
of the phase diagram where the experiment should
performed. We have also discussed the range of ba
junction parameters suitable for observing the pair curre
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