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Elastic and inelastic quasiparticle tunneling between anisotropic superconductors
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Illinois Institute of Technology, Chicago, Illinois 60616

~Received 26 May 1998; revised manuscript received 7 October 1998!

Numerical results are presented for quasiparticle tunneling across a superconductor-insulator-superconductor
~SIS! tunnel junction due to elastic and inelastic tunneling, with the latter mediated by spin fluctuations and
phonons. SIS tunnel junctions withdx22y2, extendeds1dx22y2, and extendeds1 idx22y2 superconducting
order-parameter symmetries are investigated. The dependence of the tunneling conductance (dI/dV) on tem-
perature, directional tunneling matrix element, and a tight-binding band structure appropriate for high-
temperature superconductors is studied. The results are compared with recent point-contact tunneling and
scanning tunneling microscope measurements of SIS tunnelingdI/dV curves for optimal and overdoped
Bi2Sr2CaCu2O8. @S0163-1829~99!05817-8#
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I. INTRODUCTION

Recent point-contact tunneling~PCT! and scanning tun-
neling microscope~STM! experiments1,2 have revealed inter
esting behavior in the superconductor-insulat
superconductor~SIS! tunneling conductance curves (dI/dV)
of the high-temperature superconductor~HTSC!
Bi2Sr2CaCu2O8 ~Bi2212!. The peak, at a bias voltage whic
corresponds to 2D(T), whereD(T) is identified as the su
perconducting gap, is accompanied by an unusual high
voltage behavior which displays a dip at approximat
3D(T) on a low, flat background. Furthermore, when t
tunneling conductance for optimally doped and overdop
Bi2212 is measured in these experiments, the measured
D(T) decreases while the dip feature in the measureddI/dV
maintains its position at 3D(T) and appears to become sha
lower in the more overdoped samples.

The aim of this paper is to interpret this latest data us
a combination of elastic and spin-fluctuation-mediated
elastic directional tunneling between anisotropic superc
ductors. The present calculations of the quasiparticle tun
ing dI/dV for an SIS junction are an extension of o
previous work3 on the voltage and temperature depende
of the supercurrent across similar types of model junction
are examined in the present work.

Early results4,5 on HTSC SIS junctions demonstrated d
features indI/dV curves similar to those observed in Refs.
2 in a selection of HTSC with gap values and critical te
perature varying over a large range, demonstrating that
dip is an intrinsic feature of the HTSC state. However,
most widely cited experimental studies of HTSC SIS jun
tions have focused on measurements of the phase of th
perconducting gap and on measurements of the temper
and magnetic field dependence of the Josephson current6,7 in
YBa2Cu3O7. These experiments have provided strong e
dence for a dx22y2 symmetry superconducting gap
YBa2Cu3O7 ~YBCO!. More recent experiments on Pb
YBCO SIS junctions indicate the possibility of a mixe
s-wave andd-wave gap in YBCO.8

Theoretical work on HTSC junctions includes propos
to explain the dip feature in experimental HTSCdI/dV
curves in terms of a one to three quasiparticle decay mod9,10
PRB 590163-1829/99/59~18!/11982~8!/$15.00
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or by using a combination of elastic and inelas
tunneling.11,12 The dip feature is most prominent in SI
dI/dV curves but can also be observed in ST
superconductor-insulator–normal-metal13 and angle-resolved
photoemission spectroscopy~ARPES! measurements on
Bi2212.14 The emergence of the dip feature belowTc and the
observation that the position of the dip is always close
3D(T) in a range of SISdI/dV curves suggests that th
position of the dip feature is determined by the ener
threshold at which quasiparticle emission of antiferroma
netic spin fluctuations~AFMSF’s! occurs in HTSC. The po-
sition of the dip feature, which can be understood to b
consequence of the feedback of superconducting correlat
into quasiparticle interactions belowTc , may also be evi-
dence of an anisotropic superconducting state, such as
proposeddx22y2 state for the HTSC cuprates. The ideas
Refs. 9 and 12 are closely related but not identical vie
points of the underlying physics producing the dip featur

AFMSF’s play an important role in HTSC~Ref. 15! and it
is the aim of the present work to extend previo
investigations11,12 of how inelastic AFMSF emission pro
cesses by electrons at low temperature might provide an
planation for the dip and the type of background observed
some tunneling experiments at higher bias voltages. Prev
work by one of the present authors11,12on inelastic, tunneling
mediated by emission of spin fluctuations, proposed a p
sible explanation for the dip feature seen in HTSCdI/dV
curves and ARPES originating from the development o
spin gap due to superconductivity in the AFM susceptibili
The quasiparticle spectral weight curves generated in
type of approach may explain recent angle-resolved ph
emission spectroscopy~ARPES! results on Bi2212 where a
large inelastic background, with a dip feature, is observed
the data.14

There also exists a large body of theoretical work on
role of quasiparticle scattering at interfaces in generat
zero-energy peaks in the density of states, in suppressi
dx22y2 superconducting gap locally at an interface and
generating various mixed symmetry superconducting g
such as the time-reversal symmetry breakings1 id
state.16–20The present work will focus on tunnel junctions
which the normal to the junction is along the crystallinex
11 982 ©1999 The American Physical Society
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PRB 59 11 983ELASTIC AND INELASTIC QUASIPARTICLE . . .
axis and in which tunneling also occurs primarily along th
direction. In this case, no zero-energy peaks are predicte
the density of states and so the effect of these can be igno
The effect of a mixed symmetry extendeds1 id state is in-
vestigated in the present work, however.

Another important feature of the present work is the
corporation of tunneling directionality into calculations
the dI/dV curves for quasiparticle tunneling in SIS jun
tions. The assumption of some degree of directional tun
ing has been implicit in analyses of Pb-YBCO junctio
experiments6 and YBCO rings on tricrystal substrates7 which
have been used to investigate the phase of the supercon
ing gap. Tunneling directionality, which is incorporated in
calculations of thedI/dV via a momentum-dependent tun
neling matrix element, is particularly important in studyin
the HTSC materials because of the anisotropy intrinsic to
electronic properties of the copper oxide planes of the HT
coming from the shape of the Fermi surface, the Van Ho
singularity associated with the (p,0) Brillouin-zone ~BZ!
point, and thedx22y2 symmetry gap with its line of node
along the BZ diagonal.

The remainder of this paper consists of Sec. II in wh
the theoretical formalism is presented and Sec. III in wh
numerical results are discussed. The quasiparticle tunne
curves (dI/dV) are calculated with a tight-binding ban
structure and various superconducting gaps includingdx22y2,
extendeds1 idx22y2, and extendeds1dx22y2 symmetries. A
tunneling matrix element is used in the calculations wh
selects out a line ofk states in the BZ of the superconducto
on either side of the junction along thex axis with the normal
to the tunneling interface assumed to be along this same
A phenomenological spectral weight function for AFMSF
is used for the inelastic quasiparticle tunneling chan
which incorporates the qualitative shape and supercond
ing feedback effect that were calculated microscopically
Ref. 12.

Finally, the contribution of phonon-mediated inelas
tunneling is investigated in the present work using a reali
phonon spectral weighta2F(v) for the Bi2212 material.21

II. FORMALISM

The elastic and inelastic quasiparticle tunneling curr
can be expressed as22,23

I qp
el ~V,T!54e/\E dE

p
@ f ~E!2 f ~E1eV!#N~E!n~E1eV!

~1!

and

I qp
inel~V,T!54e/\E dE

p E dE8

p
@12 f ~E!2 f ~eV2E!#

3@ f ~E8!1n~E82E1eV!#D~E82E1eV!

3N~E!N~E8!, ~2!

where f (E) andn(E)are the Fermi-dirac and Bose-Einste
distribution functions. The spectral weight of spin fluctu
tions or phonons is incorporated throughD(E). The tunnel-
ing density of states of quasiparticles,N(E), is defined as
in
ed.
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N~E!5(
k

Tk Im G~k,E!. ~3!

In Eq. ~3!, G(k,E) represents the quasiparticle Green fun
tion and its imaginary part is defined as

Im G~k,E!5uk
2 G

~E2Ek!
21G2

1vk
2 G

~E1Ek!
21G2

, ~4!

where uk and vk are the usual superconducting coheren
factors and G is the quasiparticle damping rate.Ek

5A@jk
21Dk(T)2# represents the quasiparticle energy andjk

is obtained from the tight binding band structure defined
jk522t@cos(kx)1cos(ky)#2m wherem is the chemical po-
tential. Qualitatively similar results would be obtained wi
the t2t8 band structure more appropriate for Bi2212.

The superconducting order parametersDk(T) investigated
in the present calculation aredx22y2 symmetry, extendeds
1dx22y2, and s1 idx22y2. The d-wave superconducting
order-parameter symmetry is given by

Dk
d~T!5

D~T!

2
@cos~kx!2cos~ky!# ~5!

and the extendeds-wave symmetry is given by

Dk
s~T!5

D~T!

2
@cos~kx!1cos~ky!#, ~6!

where the temperature-dependent prefactorD(T) used for
both the extendeds-wave anddx22y2 symmetries is

D~T!5D0 tanh@1.76A~Tc /T21!#. ~7!

In the present work, the same form of tunneling mat
elementTk is assumed for both elastic and inelastic tunn
ing, and is given by

Tk5T0uvg•nuexpS 2k21~k•n!2

~k•n!2u0
2 D , ~8!

wheren is the normal vector to the tunneling interface a
vg5“jk is the normal-state quasiparticle group velocity.u0
determines the width ink space of the line of states selecte
by Tk .The matrix element of Eq.~8! is a modification of that
proposed in Ref. 24 in that it incorporates the effect of t
quasiparticle group velocity. The group velocity factor w
first discussed for tunneling in Ref. 25. It is particularly im
portant to include this factor in the case of HTSC due to
presence of the van Hove singularity~VHS! in the band-
structure density of states which, however, does not app
in the experimentally measured tunneling density of sta
The prefactorT0 can be adjusted to vary the relative cont
butions of the elastic and inelastic tunneling channels to
total current across the tunnel junction. In the calculatio
presented in this paper,T0

inelastic5A(p)T0
elastic.

The spin-fluctuation-mediated inelastic channel is de
mined by the spectral width of AFMSF’s, denoted byD(E),
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11 984 PRB 59YUNG-MAU NIE AND L. COFFEY
in Eq. ~2!. The dependence ofD(E) on temperature and
energyE has been studied12 before whereD(E) was calcu-
lated from

D~E!5(
q

~g/t !2 Im x~q,E!. ~9!

In Eq. ~9!, g/t represents a coupling constant andx(q,E)
was calculated using a random-phase approxima
formalism.12 One of the results of that work12 is that the
onset of superconductivity atTc results in a shifting of spec
tral width in D(E) to energies aboveE52D(T). In the
present work, the model forD(E) which captures the essen
tial features of the calculations of Ref. 12, is shown in t
top panel of Fig. 1 for two temperatures (T/Tc50.8 for the
dotted line andT/Tc50.01 for the solid line!. The shifting of
the peak inD(E) to E>2D(T) for T/Tc50.01 reflects the
development of the sin gap due to superconducting feedb
effects.12 The position of the peak inD(E) is chosen to be a
2D(T).

The lower panel of Fig. 1 depicts the phonon spec
weight from Ref. 21. This is used to estimate the poss
contribution of phonon-mediated inelastic tunneling p
cesses using Eq.~2! above.

III. NUMERICAL RESULTS

Results for elastic an inelastic SIS tunneling are shown
Figs. 2–8. Figures 2, 3, 4, and 5 are calculated withm5

FIG. 1. The spin-fluctuation spectral function,D(E), ~upper
panel! and the phonon spectral weight~lower panel! used in Eq.~2!
for inelastic quasiparticle tunneling.D(E) is calculated forT/Tc

50.8 ~dotted line! andT/Tc50.01 ~solid line!.
n

ck

l
e
-

n

20.2t in the tight-binding band structurejk522t@cos(kx)
1cos(ky)#2m and illustrate a variety of SISdI/dV curves for
dx22y2, extendeds1dx22y2, and extendeds1 idx22y2 order
parameters. In Fig. 2 forT/Tc50.01 and Fig. 3 forT/Tc

50.8, the right-hand column of the three figures illustra
the case where the tunneling is directional withn along the
kx axis andu050.1 rad in Eq.~8! and the left-hand column
is for the case of no directional tunneling whereTk51. The
group velocity factoruvg•nku is also set to unity in calculat
ing the results of Figs. 2 and 3 because a value ofm5
22.0t results in a Fermi surface over which the magnitu
of the quasiparticle group velocity is relatively constant.

A number of interesting features are evident in Figs. 2 a
3. The choice ofm522.0t places the intersection of th
Fermi surface atkx5p/2 and results in the peak positions
the dI/dV curves being located at approximately half
2Dmax whereDmax is the maximum value in the BZ of eithe
of the three order-parameter symmetries,dx22y2, extended
s1dx22y2, and extendeds1 idx22y2, investigated in this
work. Thes1dx22y2 case is particularly interesting as show
in the second panel on the right-hand column of Fig. 2 wh
the directional matrix tunneling element of Eq.~8! is used in
calculatingdI/dV. The extendeds1dx22y2 gap is close to
zero for those states along the selectedkx axis which inter-
sect the Fermi surface in this figure and this results in th
being very little evidence of a superconducting gap in
directional tunneling conductance. The result of angle av
aging the same gap symmetry over morek states as depicted
in the second panel on the left-hand side of Fig. 2~where
Tk51) incorporates additional portions of the Fermi surfa
in which the extendeds1dx22y2 is nonzero.

It can also be seen in the right-hand columns of figures
both Figs. 2 and 3 that directional tunneling enhances
ratio of the peak height to high bias voltage conductance
tends to yielddI/dV curves that resemble some of the e
perimental curves more closely.1,2 Furthermore, the com-
bined effect of the elastic tunneling channel and the sp
fluctuation and phonon-mediated inelastic channels~the
contributions for the latter are depicted in the lower sect
of each of the panels of Figs. 2 and 3! results in a broad dip
feature in thedI/dV curves. The position of the dip feature
in the figures of the current work are not at exactly thr
times the gap, where the gap is taken as approximately
of the value of the position of the main SISdI/dV peak in
the figure. In the present work, the exact location of the
feature, which appears in the combined elastic and inela
tunneling conductance, is determined by factors such as
degree of quasiparticle dampingG in G(k,E) ~which gov-
erns the width of the main SIS conductance peak!, the exact
shape of the spectral weightD(E) and the relative magni-
tudes of the contributions from phonon and spin-fluctuatio
mediated inelastic tunneling channels, and the value cho
for the chemical potential~m!. The position of the dip feature
in the present work lies between two and three times the
but can be adjusted to be at three times the gap, as is
experimentally,5 by suitable choice of parameters inG(k,E)
andD(E).

In Fig. 4, a comparison of the contributions of the sp
fluctuation-mediated inelastic tunneling channels is illu
trated for the three gap symmetries,dx22y2, extendeds
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FIG. 2. SIS quasiparticle tunneling conductance curves (dI/dV) at a temperature 0.01Tc between twodx22y2 superconductors@panels~1!
and ~2!#, two extendeds1dx22y2 superconductors@panels~3! and ~4!# and two extendeds1 idx22y2 superconductors@panels~5! and ~6!#.
The voltage is in units of 2Dmax whereDmax is the maximum value in the BZ of thek-dependent order parameter being presented in
particular figure. The value of the chemical potentialm522.0t in all of the curves. The left-hand side of the figure is calculated with
tunneling directionality and the right-hand side uses the tunneling matrix element of Eq.~8! with the group velocity prefactor set to unity
In each panel, the lower dashed curve represents spin-fluctuation-mediated inelastic tunneling and the lower dotted curve
phonon-mediated inelastic tunneling. The solid line represents the combination of the inelastic and elastic tunneling channels.
parameters used in calculating thesedI/dV curves areD050.2t andG50.005t. In the case of the directional tunneling curves,u050.1 rad
andn in Eq. ~8! is along thekx axis. The factor 4eT0

2/t\ in Eqs.~1! and ~2! is set equal to unity in computing these curves.
th

r t
e

rt

also
ure.
ity
1dx22y2, and extendeds1 idx22y2. The exact location of the
onset threshold plays an important role in determining
location of the dip feature in the totaldI/dV curves pre-
sented in this work.

Finally, in Fig. 3 forT/Tc50.8, thedI/dV curves develop
a small peak close to zero-basis voltage. This is simila
what is observed in conventionals-wave SIS conductanc
calculations.23

Figure 5 illustrates the effect of increasing the quasipa
e

o

i-

cle damping rateG on the shape of thedI/dV curves for the
case of directional tunneling. Increased damping,G, lowers
the ratio of the peak height to the height of thedI/dV curve
for energies greater than the position of the peak and
changes slightly the location and the shape of the dip feat

Figures 6 illustrates the effect of the Van Hove singular
in the underlying normal-state band structure on theI-V
curve for an SIS tunnel junction with adx22y2 symmetry on
both sides of the junction for the casem520.01t.The solid
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FIG. 3. The same as Fig. 2 exceptT/Tc50.8.
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curves are calculations with the group velocity prefactor
the tunneling matrix element of Eq.~8! set to unity. The
VHS in the underlying normal-state density of states res
in a large peak in theI-V curve at the onset voltage thresho
which now occurs at the maximum possible value of 0t
because, in the casem520.01t, the Fermi surface is clos
to the (kx ,ky)5(p,0) point. The effect on theI-V curve of
incorporating the group velocity dependence ofTk of Eq. ~8!
is shown in the dotted curve in Fig. 6 where the promin
peak associated with the VHS is now significantly reduc
The inset of Fig. 6 shows theI-V curve form520.5t with
the group velocity factor set to unity and illustrates how t
VHS related peak shifts to a voltage above the onset in
I-V curve.

The conductance curves (dI/dV) for two I-V curves for
m520.01t are depicted in Fig. 7, including the effect of th
inelastic tunneling channels. In the top panel of Fig. 7, wh
ts

t
.

e

h

is generated from the dottedI-V curve of Fig. 6, a negative
dI/dV results from the negative slope on the high volta
side of the peak in the corresponding dottedI-V curve of Fig.
6. The combination of the elastic and inelastic tunneli
channels results in a dip feature above the main peak in
dI/dV curve. The difference in thedI/dV curves in the up-
per and lower panels of Fig. 7 is due to the choice o
different damping parameterG (G50.005t in the upper
panel andG50.02t in the lower panel!. The inset of the
lower panel of Fig. 7 illustrates thedI/dV curve resulting
from the combination of elastic tunneling and spi
fluctuation-mediated inelastic tunneling alone. The inset
the top panel illustrates the inelastic tunnelingdI/dV sepa-
rately for the totaldI/dV curve of the top panel of Fig. 7
indicating the structure of the spin-fluctuation and phon
spectral weight functions that were shown in Fig. 1.

In recent PCT and STM measurements2 on optimally and
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overdoped Bi2212, the voltage at which the SIS conducta
peak is located decreases with increased hole doping.
dip feature maintains its position at close to three times
superconducting gap in the three samples in the experim
but becomes shallower as the level of hole doping is
creased. The level of hole doping~denoted byp in the com-
panion paper of Ref. 1! is determined by using an empirica
relation between the measuredTc and doping from Ref. 26
A comparison of the results of the present calculations
the tunneling conductance with the experimental results
Ref. 2 is shown in Fig. 8. In particular, curvesA and C of
Fig. 4 of Ref. 2 are depicted by the dotted curves of Fig. 8
the upper and lower panels, respectively. The solid lines
Fig. 8 are the calculations.

In the present work, a more negativem corresponds to
overdoping and a change inm from 20.01t to 22.0t pro-
duces a change in the Fermi surface from a nested sur
(m520.01t) to one which intersects thekx axis at (p/2,0)
(m522.0t). This is the reason for the downward shift in th

FIG. 4. A comparison of the spin-fluctuation-mediated inelas
tunneling channel contribution to the SISdI/dV in the absence of
tunneling directionality shown in the left-hand column of Fig.
The solid curve is thedx22y2 symmetry case, the dotted curve is th
extendeds1dx22y2 symmetry case, and the dashed curve is
tendeds1 idx22y2 case. These curves are already shown in Fig
and are reproduced here to show more clearly the onset of
inelastic tunneling channel for the three superconducting gap s
metries.

FIG. 5. The effect of increasing the quasiparticle damping ratG
from 0.005t of panel~2! Fig. 2 to 0.02t.
ce
he
e
nt,
-

r
f

n
in

ce

peak position in the theoretical curves shown in Fig. 8 wh
is determined by the value ofDk(T) on the relevant Ferm
surface. In the top panel of Fig. 8, the solid theoretical cu
and the dotted experimental curve have been lined up
choosing an appropriate value of the prefactorD0 in Eq. ~7!.
As can be seen from the lower panel of Fig. 8, by keep
the value forD0 fixed, the downward shift of the peak in th
theoretical curve matches quite closely that of the dotted
perimental curve. This suggests that a significant contrib
ing factor to the observed variation in the superconduct
gap, with variations in doping, in Ref. 2 may originate in th
change in the location of the Fermi surface in the Brillou
zone and not to a change in the strength of the supercond
ing pairing mechanism.

Furthermore, the observed variation in the shallownes
the dip feature with doping is also captured in the pres
work. In the calculations, the shallowness of the dip form
522.0t is caused by an increase in the contribution of t
elastic tunneling channel. Form520.01t, elastic tunneling
results in a large peak at 2Dk5kF

(T) but virtually no contri-
bution for higher bias voltages. This is due to the fact that
directional tunneling along thekx axis and, form520.01t,
the band structure results in an absence of states for el
tunneling for voltages above 2Dk5kF

(T). For more negative

m, i.e.,m522.0t, the Fermi surface is located deeper in t
Brillouin zone and this results in unoccupied states above
Fermi surface being available for tunneling at bias voltag
greater than 2Dk5kF

(T). The contribution to elastic tunnel
ing from these states adds to the inelastic channel wh
starts from zero at approximately 2Dk5kF

(T). The combined
effect is a shallower dip feature than for the ca
m520.01t.

In the present work, we have not attempted to correl

c

-
2
he

-

FIG. 6. Current-voltage curves~I-V curves! for quasiparticle
elastic directional tunneling between twodx22y2 symmetry super-
conductors atT/Tc50.01 and form520.01t. The tunneling direc-
tion n is chosen to be along thekx axis. The inset shows the case fo
m520.5t. The solid lines use Eq.~8! but with the quasiparticle
group velocity factor set to unity. The dotted curve incorporates
full quasiparticle group velocity factor for the tight-binding ban
structure.
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precisely the variation in chemical potentialm with a particu-
lar change in doping. In the experimental measurement
Ref. 2 the change in doping can be estimated to be appr
mately 50%~using Fig. 3 of Ref. 1! from curveA to curveC
in Fig. 4 of Ref. 2. In any theoretical model, the depende
of m on hole doping is determined by the details of the ba
structure and many-body interaction effects. For exam
the shift in the main SIS conductance peak seen in Fig.
the present work would occur for thet2t8 band structure:

j522t@cos~kx!1cos~ky!#24t8 cos~kx!cos~ky!2m

with t8520.45t, for example, if the chemical potentialm
was increased from a value21.75t ~where the position of
the chemical potential in the band coincides with that of
VHS! to 22.0t. This degree of change inm would be rea-
sonable for the doping variations investigated in Refs. 1
2.

While the variation in the position of the conductan
peak and the evolution of the dip feature compare favora
with experiment, as can be seen in Fig. 8, the height of

FIG. 7. The upper panel represents thedI/dV curve for the
dotted curve of Fig. 6 withG50.005t and the lower panel repre
sents thedI/dV curve for the same conditions as the dottedI-V
curve of Fig. 6, except thatG50.02t. The inelastic spin-fluctuation
mediated and phonon-mediated channels are also included in
figures. The inset on the top panel shows the inelastic tunne
dI/dV alone, indicating how the shape is determined by the spec
weight curves of Fig. 1. The inset in the lower panel is a combi
tion of the elastic and the spin-fluctuation-mediated inelastic ch
nels alone. This combination produces a deep dip at approxima
2.5D(T), similar to that seen in the experimental results of Refs
and 2.
of
xi-

e
d
e,
of

e

d

ly
e

conductance peak in the comparison with the experime
curveC in the lower panel of Fig. 8 is in disagreement. T
noticeable narrowing of the experimentally measured c
ductance peak in going from curveA to curveC of Ref. 2
suggests that the quasiparticle damping rate~denoted byG in
this work! is smaller in sampleC compared to sampleA of
Ref. 2. In the theoretical curves in Fig. 8,G is held fixed at
0.02t. A small decrease inG, which would be consistent with
the experimental behavior, would yield a sharper, hig
peak in the theoretical curve in the lower panel of Fig. 8 a
enhance the agreement between the experimental curveC of
Ref. 2 and the present calculations. The sensitivity of
tunneling conductance peak to variation inG can be gauged
by examining Fig. 7 of the present work.
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FIG. 8. A comparison between theoretical and experimental
sults for the quasiparticle tunneling in SIS junctions. In the up
panel, the dotted line depicts the experimental results for the o
mally doped Bi2212 junction from curveA of Fig. 4 of Ref. 2. The
solid line depicts the normalized theoretical calculation form5
20.01t andG50.02t. In the lower panel, the dotted line depicts th
highly overdoped Bi2212 curveC of Fig. 4 of Ref. 2. The solid line
depicts the normalized theoretical calculation form520.2t andG
50.02t. D* is defined by lining up the peak positions of the expe
mental and theoretical curves.
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