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The point contact tunneling technique is used to examine quasiparticle and Josephson currents in overdoped
Bi,Sr,CaCyOg, s (Bi-2212 single crystals with bulkT. values ranging from 82 K down to 62 K.
Superconductor—insulator—normal-metalN) tunnel junctions are formed between Bi-2212 crystals and a Au
tip, which display well-resolved quasiparticle gap features including sharp conductance peaks. Reproducible
superconductor-insulator-supercondudtdtS) tunnel junctions are also obtained between two pieces of the
Bi-2212 crystals, resulting in simultaneous quasiparticle and Josephson currents. The dynamic conductances of
both SIN and SIS junctions are qualitatively similar to those found on optimally doped Bi-2212, but with
reduced gap values, e.d\,=15-20meV forT,=62 K. Fits to the conductance data in the gap region are
obtained using a model with,._,» symmetry, and it is shown that this provides a better fit teavave
symmetry. Both SIN and SIS tunneling conductances also display dip and hump features at high bias voltages
similar to those found on optimal and underdoped crystals, indicating that these are intrinsic properties of the
quasiparticles. The SIS data indicate that these features appear to be part of a larger spectrum that extends out
to 300—400 mV. The Josephson current has been measured for 13 SIS junctions on the 62 K crystals with
resistances varying over two decades. It is found that the maximum value depends on junction resistance in a
manner consistent with Ambegaokar-Baratoff theory, but with a redudggdproduct.

[. INTRODUCTION and ARPES studies respectively. Tunneling measurements of
the strong-coupling ratio 2/kgT, in Bi-2212 indicate a de-
Most of the early studies on the high-superconductors crease from a value of 9.3 for optimally doped samples to
(HTS’s) focused on the physical and chemical properties ovalues approaching the BCS mean-field value with
optimally doped compounds where the critical temperatur@verdoping: This is consistent with the generally held view
T. is the highest value. Recently, the doping dependence dhat overdoped cuprates, being farther away from antiferro-
the HTS’s has become a significant issue due to pseudogapagnetic insulating phase of the undoped compounds, may
phenomena in underdoped compounds and to the peculigihibit more conventional Fermi liquid behavior.
influence of hole concentration on superconducting proper- It thus has become clear that the overdoped region of
ties such the energy ghpnd spectral features of the tunnel- HTS'’s is interesting in its own right, serving as a possible
ing density of state§DOS).>? One question that arises is base line from which the stronger electron correlations found
whether the pairing symmetry is affected by doping. Thein underdoped materials might be understood. In this article
symmetry of the superconducting order parameter for theve focus on tunneling spectroscopy measurements on over-
optimally doped HTS'’s is consistent with2_,2(d-wave) as  doped crystals of Bi-2212. We find that the tunneling spectra
found in angle-resolved photoemission spectrostdpy are qualitatively similar to those found on optimally doped
(ARPES experiments on BBr,CaCyOg, s (Bi-2212) and  crystals, but with a reduced energy scale, i.e., typicahl-
tricrystal ring® experiments on YB&£uwO,_, and ues are 15-20 meV for a crystal with=62 K, compared to
TI,Ba,CuOs. 5. The possibility of gap symmetry conversion 38 meV for optimal doping:>°°In general, the gap region
from d-wave tos-wave with overdoping of Bi-2212 is sug- spectra are consistent withwave symmetry and there is no
gested by Kendziorat al.” and Kelleyet al® using Raman evidence of a crossover ®wave symmetry with overdop-
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ing. We present a more detailed examination and discussiosuperconductor—insulator—normal-mete$IN) and super-
of the dip and hump spectral features found at high biasgonductor-insulator-superconduct@l|S) junctions exhibit
suggesting that these a part of a larger spectrum that extentise same qualitative features as found on optimally doped
out to 300—-400 mV. Finally, we present the results on thecrystals, but with a reduced gap size. We discuss the extrac-
Josephson current measured in more than a dozen bre#iRn of the energy gap from SIN and SIS junctions using both
junctions where it is concluded that coherent tunneling proS- and d-wave analyses. For the SIN data the gap region
cesses along theaxis are important in the superconducting SPectra are clearly more consistent witd-wave DOS. The
state. gap magnitudes are insensitive to the particular gap symme-
The optimally doped compound of Bi-2212 ha% gonset try used for fitting, and there is good reproducibility. For

of 95 K and itsT, can be reduced either by additional oxy- €X@mple, we find thaf =15-20meV from more than 50
gen contentoverdoping or by the removal of oxygen with junctions(both SIN and SIgon four different crystals with

vacuum annealingunderdoping 2 Thus Bi-2212 is a per- T.=62K. Typical spectral features of SIN junctions include

fect candidate for studying its physical properties over & Weakly decreasing background conductance, asymmetric
large range of the doping phase diagram. Furthermore, Bconductance peaks, and a dip and hump structure at high

2212 can be grown as a single crystal with a very low defecp!@s:- The SIS junctions also exhibit the dip and hump struc-
density and a very flat surface after cleaving, making it suitfure as well as a higher-energy tail feature th'at exten_ds out to
able for surface sensitive experiments such as scanning tuf?0—400 mV. All of these features are consistent with those
neling microscopy(STM), Raman, and ARPES. Tunneling found on optimally doped junctiorts;® and this gives fur-
spectroscopy is one of the most powerful methods for Study'gher support to the idea that these are intrinsic quasiparticle
ing the DOS near the Fermi levBi!3and the reliability of ~€atures. _ _ .
point contact tunnelingPCT) spectroscopy has been proven . 1he SIS junctions, which we will argue aceaxis junc-
for conventional superconductdfsuch as Nb where strong- tions, exhibit a simultaneous, Well—d_eflned quasiparticle gap
coupling phonon structures have been observed similar t8"d Josephson current when the junction conductance ex-
those found in planar junctions. Tunneling studies of Bi-C€€dS a critical value of about JB. We find a correlation
2212 by PCT(Refs. 1 and 2and STM(Refs. 2, 9, 15, and between th_e maximum Josephson curigrand the n(_)rmal-
16) have shown that the spectra are very similar for thes§t@€ junction resistancg,, the latter value varying by
two techniques despite the fact that PCT has a larger junctiofé@'y two decades. This establishes a basis for comparing
area and relies on a surface tunnel barrier. Planar junctiori§€!cRn product to the measured quasiparticle gap. Our larg-
on Bi-2212 have in general exhibited more broadened gafSt !cRn is about 7 meV, which is over 40% of the gap
region conductanc&&®compared to PCT or STM, but have Magnitude, a surprising result fakwave superconductors,
better mechanical stability allowing easier temperature dewhich indicates that the-axis tunneling process is very co-
pendence measurements. _herer_1t in the_ superqo_nductlng stat_e. Fpr two particular SIS
Near-optimally doped Bi-2212 has been examined by a”unctlon_s Wh_lch exhibit clean quasiparticle _conductances, a
most all of the available tunneling methd@cluding break ~ comparison is made between two model fits to the data: a
junctions192° pCT122L gng STML29151622There is a smea_lred BCS DOS and a momentum—averagmiwe DQS.
wide scatter in the measured values of the superconducting/@ find that thed-wave fit is in better agreement with the
gap parameted. Reported values ok range from 20 to 50 subgap region, but _thgt neither model adequately fits the data
meV12 Recent measurements by STM, PCT, and brealpeyond_z. The deV.IatIOI’]S foeV>2A betwgen the data and
junctiond'2° on high-quality crystals show that this wide model fits are consistent among all of the junctions, an_d per-
spread is likely due to the sensitive dependence of the supef@ps these features are signaling strong quasiparticle lifetime
conducting gap on hole doping, which tends to exacerbat@_ffeCtS analogous to phonon structures observed in conven-
problems associated with inhomogeneous doping or surfadéPnal superconductors.
effects. Because of a better understanding of HTS chemistry
and fabrication, the quality of Bi-2212 crystals has improved
considerably. Better control of the purity of the crystal nar-
rows the spectrum of obtained energy gap values for a given Samples of single-crystal Bi-2212 were grown by a self-
doping level, and now it can be stated with some confidencélux technique in a strong thermal gradient to stabilize the
that for optimally doped Bi-2212 with &, onset of 93—-95 direction of solidification. Extreme overdoping has been ac-
K, A is around 38 meV%:*° This improved reproducibility complished using stainless steel cells sealed with samples
has allowed the observation by PCT and break junctions of anmersed in liquid oxygen, as described elsewHérgun-
remarkable effect whereby the superconducting gap in Bineling measurements were performed on four such crystals
2212 changes substantially and monotonically with dopingwith T, nearly 62 K, and a transition width of about 1 K.
over a narrow doping region where tfig has a maximuml.  Magnetization measurements were taken after each tunneling
On the overdoped side this effect has been seen by STM aseasurement, and no significant changd ghas been ob-
wel| 21516.22 served. Similarly prepared crystals annealed in flowing high
The overdoped Bi-2212 single crystals examined herexygen pressure yielded, values of 78 K, and these were
have T. values of 82, 78, and 62 K, with the lowe$t  studied as well. For comparison, crystals grown by a floating
samples forming the bulk of this study. A few of the resultszone process were examined. These crystals had optimal
have been published in Ref. 2 cited above, but here wéd; onsets of 95 K and using high-pressure oxygen annealing
present much more new data as well as a more detailed exresulted inT,=82 K. The tunneling spectra obtained on the
amination of the spectra. The tunneling spectra from bothdifferently prepared crystals all displayed the same basic

II. EXPERIMENT
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characteristics. Tunneling measurements were done with the c-axis
apparatusés cooled by*He gas coupled to a liquid helium
bath. Cleaved single-crystal samples of overdoped Bi-2212
usually have a shiny surface on tleeb plane. Each is 4
mounted on a substrate using an epoxy so that the tip ap-
proaches along the axis. Normally a Au tip was used as a
counterelectrode, and it was mechanically and chemically
cleaned before each run.

The SIN and SIS junctions are formed as follows. After
the sample is placed in the measurement system and coolec
down to 4.2 K, the distance and contact force between the tip
and sample are adjusted using a differential micrometer. In
the ordinary way, a tip pushes onto the surface of the crystal FIG. 1. Schematic representation of SIS junction formed by a
and a stable mechanical junction forms between the tip andu tip.
crystal. Here the insulating tunnel barrier is the native sur-
face layer of the crystal. The two neighboring Bi-O planes into those of Yurgenst al,”" on intrinsic Bi-2212c-axis junc-
Bi-2212 have weak bonds compared to Cu-O and Sr-O laytions measured in small-area mesas intercalated with §igBr
ers. Therefore the cleaved surface of Bi-2212 is a singlavhich typically had a junction resistance per unit area of 0.5
Bi-O plane, and presumably the barrier is due to this |aye;Q/,um2. Using this value and a typical junction resistance of
and the underlying Sr-O layer. STM studies have indicated k{2, we obtain an estimated junction area of 10n? con-
that this surface layer is semiconducting with an energy gapistent with our measured lateral area. We thus imagine that
of at least 200 meV’ While the tip is pushed against the our break junctions consist of barriers where the adjacent
crystal, thel-V curve is continuously monitored on an oscil- Bi-O layers have been separated slightly by cleaving, similar
loscope until a suitable junction is obtained. Such junctiongo what happens when an intercalate is placed in between
clearly display a superconducting gap in 1R¢ characteris- adjacent Bi-O layers. Based on the schematic of Fig. 1, it is
tics. The first derivative measuremenmt=dl/dV were ob- not obvious why junctions betweeab planes do not con-
tained using a kelvin bridge circuit with the usual lock-in tribute to the current, but as we will demonstrate, the con-
procedurel (V) anddl/dV(V) were simultaneously plotted ductance characteristics are not consistent with such junc-
on a chart and recorded on computer. The junction resistions.
tances range from 30Q to 50 K for the SIN junctions, but The SIN and SIS junctions were easily identified by their
the majority of junctions fall in a narrower range2k—  characteristic tunneling conductances. SIN junctions display
10kQ). Although the tip approaches nominally along the an asymmetric, weakly decreasing background, an asymmet-
axis, the tunneling direction is not known with certainty, but ric dip and hump feature, and as low as 10%-15% zero-bias
we will argue later that both the SIN and SIS junctions haveconductance. The SIS junctions have a symmetric back-
the tunnel barrier perpendicular to tieeaxis. The junction ground, less than 1% zero bias conductance, symmetric dip
area is also not known with certainty; however, a good estiand hump features, and conductance peaksAatii2 addi-
mate for the SIN junctions is found from similar PCT mea-tion, the SIS junctions exhibit a hysteretic Josephson current
surements of NB? where the barrier height analysis of the when the junction resistance is below 10Q.k
tunneling conductance led to a contact diameter2800 A.

Increasing the force of the tip against the crystal produces Ill. RESULTS OF SIN JUNCTIONS

an Ohmic contact~1 () between the tip and crystal, likely , ) ,
due to a perforation of the barrier layer. This results in a  Before showing the experimental results, we review here

mechanical bond between Au and Bi-2212 because, whelfl€ Pasic theoretical approach to analyzing the tunneling
the tip is elevated, often a piece of Bi-2212 crystal also goeglataa. The tunneling current in an SIN junction can be written
up that is fastened to the tip. We have found that it is nof

necessary to raise the tip to form a SIS junction, but merely

to relieve the pressure. Presumably, in this case, one of th¢(V)=cJ |T|2Nsn(E)Nnn(E+ eV)[f(E)—f(E+eV)]dE,

Bi-O plane pairs is separated and this results in an SIS junc-

tion, which forms between different parts of the crystal. The @)
dislodged piece probably remains in the cavity in the largeswhere f(E)=[1+expE/ksT)] * is the Fermi function,
crystal as these SIS junctions are mechanically very stableN, (E) is the DOS of the superconductdi,,(E) is DOS of

As a consequence, this technique provides a fresh junctiothe normal metal which is Au in our cagd)? is the tunnel-

that is formedn situ deep in the crystal, thereby minimizing ing matrix element, and is a proportionality constant. The
the exposure of the surface. A proposed schematic of the Siguasiparticle energy is given I, which is defined relative
junction between two pieces of crystal is represented in Figto the Fermi level. For a rough estimation of the tunneling
1. The junction area is again uncertain; however, for a rouglturrent, we considef =0 K and assume thad,,, is a con-
idea, the lateral size of a few attached crystallites was on thetant near the Fermi level and the tunneling matrix element
order of 100um on edge, so this provides an upper bound tqT|2, has a weak energy dependence over the voltage range
the area. The thickness of the crystallites was much less thaif the energy gap. Then,

the lateral dimensions so thataxis transport is generally

favored. Our SIS conductance characteristics are very similar ~ dI/dV=o¢=c|T|?Ng(E)=c|T|?Ng(E)N,(E), (2

X

7
\E = e
& 5hmic Contact —— Junction —— ,’ e

|.,24
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where we have now séE=eV. Ng(E) is the supercon- 0.6
ducting part of the DOS, and,(E) is the normal-state DOS 0.5
of the superconductor. In most loWs: superconductors, 04
N,(E) usually is a constant over the energy range of interest. g )
The ratio ofos/ o, gives the superconducting DOS. Accord- 0.3
ing to BCS theory, the superconducting DOS is % 0.2
E 0.1
NygE)=Re) ———, |E|=A,
sl 4 m] | | 0
1.2
Ng(E)=0, |E|<A. ©) 1
22}
For conventional superconductors, the energy &yéoa con- ij 0.8
stant ink space(isotropic swave pairing symmetyy How- % 0.6
ever, for superconductors withwave pairing symmetry, the 04
energy gap is anisotropic on the Fermi surface. In a two- 0.2
dimensional superconductor, a simpiewave DOS sug- 0 :
gested by Won and MaKiis given by 07 TS
Ny(E,k)=R e (4) 2) 82 3
s JE=-ID)=AK)2|’ £ o4 3
: 2 03 3
whereA (k) = A cos(2) is thek-dependent energy gap aAd 5 0.2 3
is the polar angle ik space. The total superconducting DOS 0'1 3
Ng(E) is found by an integral over the polar angleHereE “E L A AT T
is replaced byE-iT", whereT is a smearing parameter to $06--T50"-100"50 0" 30 100 150 200

account for the quasiparticle lifetinf8.Note that when a\ Voltage (mV)

value is giV(_an for a d-wave analysis it represents the maxi- FiG, 2. Dynamic conductance of three SIN junctiofuots,
mum value in momentum space from three different doping levels of overdoped Bi-2212 crystals at
Figure 2 shows the dynamic conductances of three SIM.2 K. The negative-bias region corresponds to occupied states in
junctions at 4.2 K(dots obtained from three different over- the DOS. The solid lines are estimated normal-state conductances
doped crystals witlT =62, 78, and 82 K. Negative voltage (%), which are generated from verifying the sum rule of the DOS.
corresponds to removal of electrons from the superconductor
or occupied quasiparticle states in the DOS. Each junctiof@r to thea-b plane, these junctions typically display pro-
displays sharp conductance peaks in the range 20—25 miyounced ZBCP features and smeared-out quasiparticle gap
and a decreasing background conductance out to 200 my€atures. The experiments of Covingtehal*® verified the
Each junction also displays a pronounced d|p and hump fopredictions Of KashiWay@t al. and demonstrated that SUCh
negative bias that is also seen in tunneling studié%'®of =~ ZBCP anomalies are typical fa-b plane junctions. Since
optimally doped Bi-2212 and is consistent with ARPESWe never observe this feature, this indicates that our SIN
(Refs. 3 and #measurements of the spectral weight functionjunctions all have the barrier parallel to the Cu-O planes, as
along the(,0) momentum direction. This dip feature is lo- would result if it originates from the native Bi-O layer on the
cated at approximately twice the voltage of the conductancéleaved crystal surface. Such interfaces do not change the
peak and hence is Sca”ng W|th the Superconducting gap |§|gn Of thed'WaVe Order parameter fOI’ e|ECtI’OI’lS Upon I’eﬂeC-
self. A possible explanation for the origin of the dip featuretion and therefore do not give rise to the Andreev bound
in terms of strong coupling effects is given in Ref. 2, butStates responsible for the ZBCP.
here we simply note that it is observed in the most overdoped Because of large upper critical fiefiof HTSs, normal-
crystals studied to date. The zero-bias conductances vagfate conductance cannot be obtained experimentally and it
from 20% to 40% of the estimated normal-state conductancd!as to be estimated. Since the superconducting and normal-
but in a few cases we have seen values as low as 10%—158ate conductances are expected to merge at voltages much
in overdoped crystals. By inspection, it is seen that the subbigher than the gap, we can extrapolate the values dt
gap shapes in Fig. 2 are not consistent with ordirsayave  high voltages and get an approximatiofj , thus obtaining
superconducting gaps, but rather they display a more cus@n approximate DOS from the ratio of /o), . We masked
like shape near zero bias which is more suggestivddwave the superconducting gap region conductance out to the dip
symmetry. location, used a simple polynomial fit to obtairf , and
Note that none of the SIN junctions of Fig. 2 display any checked the resulting normalized conductance to make sure
zero-bias conductance pe@BCP) and this is typical of our that the sum rule of the DOS, was verified. The solid lines in
PCT junctions-? Kashiwayaet al?’ calculated the differen- Fig. 2 represent estimated normal-state conductance curve
tial conductance between a normal metal andhsave su-  using this procedure with a sixth-order polynomial. The in-
perconductor junction within the framework of Blonder- ferred normal-state conductance, which exhibits a broad peak
Tinkham-Klapwijk (BTK) theory,28 which includes near bias, may be due to the underlying electronic structure
tunneling and Andreev reflection. For interfaces perpendicuef the Cu-O plane, which according to band structure calcu-
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25 prer e T T T T T T large when compared to a BCS ratio of 4.28 fod-aave
5 F E superconducto® Thus we find that the energy gap decreases
3 ] rapidly whenT_ goes from 95 to 62 K, and the trend is to
* 15 _ 3 approach the BCS mean-field gap value. This rapid decrease
e F ] of the gap with increased hole doping is also seen in ARPES
o” 1F E experiment¥ and STM measuremeit® on overdoped Bi-
o0sE 3 2212.
F AVE ] The curves of Fig. 3 show that fer'vV> A the data do not
0 Dot : — o L] match either thel-wave ors-wave models. This is not too
- surprising as these are BCS-type DOS which do not capture
2 - A1_== 202551111“637 strong-coupling effects such as the quasiparticle decay pro-
% _ 1sE ’ cesses found near peaks in the phonon density of states in
o TF conventional superconductarsThe dip and hump features
\b" 1 _ may be indications of such quasiparticle decay processes as
: is suggested in ARPE®!
05k
0 ™ "] IV. RESULTS OF SIS JUNCTIONS
s 3 3 If both electrodes are identical superconductors in(Eyg.
« F ] the quasiparticle conductance peaks are2A. As a result
" , : " of the convolution of the superconducting DOS, the quasi-
Bw ' ] particle peaks are sharper and zero-bias conductances are
0.5 3 E lower than SIN junctions. The Fermi function effect is very
~r ] small compared to SIN junctions. In addition, Cooper pairs
T A vt 3 may tunnel through the barrier and a Josephson current oc-

%00 "150 -100 -5 PR 150 200 curs at zero bias in theV characteristics®
Voltage (mV) In this part of the paper, highly reproducible and stable
FIG. 3. Normalized conductance of three SIN junctigdets, SIS junctions will be examined. Figuresa# 4(b), and 4c)
which are given in Fig. 2. The solid lines acewave fits which ~ Show current-voltage characteristics of three junctions from
include the smearing factdt. A andI” values are given in the figure three different crystals witfi,=62 K. These were measured
for each fit. The dashed line i@) is the smeared BCS DOS with at 4.2 K, and the junctions indicate SIS type, with very low
A=20meV andl'=2 meV. leakage currents and sharp current onsete\&t 40 meV,
which is twice the gap value found in the SIN junctions.
lations and ARPES measuremétitias a van Hove singu- They also exhibit a hysteretic Josephson current at zero bias.
larity near the Fermi energy which may be influencing therigure 4d) shows the subgap region of Figcon a more
tunneling background* Such a peak in the band structure sensitive scale to clearly show the hysteretic nature of the
DOS is a natural explanation for the consistent observatiogosephson current. Hysteresis is a signature of Josephson

of the decreasing background in both PCT and STV ~junctions and is due to the fact that the current is switching
When the superconducting dynamic conductance is difrom pair tunneling to single electron tunneling.
vided by o}, , we obtain the normalized conductandests Figure 5 shows conductance-voltage characteristics of SIS

in Fig. 3), which can then be compared to a theoretical DOSunctions from three different 62 K samples at 4.2 K. The
to find the energy gap of the superconductor. The solid linefunction resistances are in the range 5-13. Kere the

of Fig. 3 correspond td-wave fits, and the parameteksand  nearly vertical rise of the Josephson current produces a very
I' are indicated on each plot. No least-squares fitting procelarge conductance peak at zero bias, which is off the scale.
dure was used; rather, the parameters were adjusted to b&is is another clue that these zero-bias peaks are not the
match the subgap region of the spectrum. The dashed line same as the ZBCP observedsitb plane junctiong”-?° Such

Fig. 3(a) shows a fit from Eq(1) using a smeared BCS DOS, Andreev bound states are part of the single-particle DOS,
i.e., Eqg.(3), with the inclusion of a quasiparticle lifetime and when the spectral weight is shifted to the ZBCP it occurs
termI". The smeared BCS fit leads to an identical gap valueat the expense of the superconducting gap features which are
but a clearly much poorer fit to the subgap region of thethen heavily smeared out. As is seen in Fig. 5, the gap peaks
conductance. This was found in all of the overdoped SINare very sharp with large PHB ratios, which would not be
junctions where the peak height to background PHB ratiacconsistent with the enormous peak at zero bias if it were due
was close to 2. Obviously, there is some uncertaintyfn  to Andreev bound states. The similarity of the quasiparticle
near zero bias, but when we change the amount of data thapectra to intrinsic junctions of Yurgees al2*indicates that

are masked or the order of the polynomial fit, there is nathese SIS break junctions are agai@axis, which then pro-
change in the fitted gap value or in the comparisod-afave  vides an explanation for the absence of Andreev bound
vs.s-wave fits. In general, the-wave fit was always better in states.

the subgap region. Energy gaps vary from 15 to 20 meV for The strong conductance peaks in Fig. 5 correspond to
the SIN junctions on the 62 K samples, which leads to*2A values. Symmetric dips are found nedr &s found on
2A/kgT, in the range of 5.6—7.5. For optimally doped Bi-2212 crystals near optimal dopidg? On average, the dip
samples;2°1%the corresponding&/ksT.~9.3. This is very  strength is low with respect to optimally doped samplés.
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FIG. 4. The current-voltage characteristics of three different SIS junctidhss an expanded scale &f) near-zero bias for clarity(d)
shows hysteretic zero-bias feature which indicates a Josephson current.
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The conductance at higher bias voltagep/(>3A) at first
decreases with increasing bias, as found in the SIN junctions.
This behavior exists out tpv|~300 mV, but for bias volt-
ages beyond this value, there is an upturn in the conductance.
A similar upturn is also observed in break junctions of Bi-
2212 by Mandruset al!® In the simple approximation ex-
pressed in Eq(2), it is assumed that the tunneling matrix
element|T|? is energy independent. However, at very high
bias voltages we are likely approaching the barrier height
potential. As a consequence of this, the tunneling transmis-
sion probability is increasing and the barrier height effect
which gives a parabolic increase in conductafceay be-
come dominant beyond 300 mV.

The fact that the upturn in conductance occurs at nearly
the same bias value in these junctions as well as other break
junctiong® which can differ in resistance by two orders of
magnitude strongly argues against extrinsic effects such as
heating as the cause of the initial decreasing background be-
tween 100 and 300 mV. Rather, the data suggest that the dip
and hump feature is part of a larger spectrum that includes a
tail extending out to 300—400 mV and that all of these fea-
tures are intrinsic effects of the quasiparticle DOS in Bi-
2212. These high-bias features are also consistent with what
is found on the SIN junctions. It should be noted that a
similar dip-hump-tail feature is found in the quasiparticle
spectral weight functiom\(k, ) measured in ARPE%. Al-
though no definitive explanation of these spectral features
exists, it is important to note the consistency between tunnel-

FIG. 5. The tunneling conductance of SIS junctions for over-ing and ARPES.
doped Bi-2212. The upturn around300—400 mV may indicate
that the bias is approaching the barrier height. The subgap tunneliig obtain the energy gap of the Bi-2212, and we used the
conductance cannot be seen, because of switching.

In our preliminary analysis of these SIS data, the goal was

simplest approach, which was to use EL.with a smeared
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FIG. 7. The positive bias part of the tunneling conductance of
SIS junctions(doty. Relatively small Josephson current helped to
reveal subgap conductance very clearly. The solid line and dashed
lines are two different estimated normal-state conductances. The
inset shows the full spectrum.
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from SIN data using either & or sswave analysis, but that
the d-wave fits were much better in the subgap region. The
energy gaps inferred from the SIS data were consistent and
found to be dramatically smaller than that of optimally doped
! Bi-2212. However, it is clear from the fits in Figs(@@and 6
500000 100 200 that a smeared BCS DOS does not adequately fit the data in
Voltage (mV) the important subgap region. We now focus on a similar
) ) ~ d-wave analysis of the quasiparticle conductance in SIS
FIG. 6. The normalized tunneling cpndgctance of SIS J”n_Ct'onﬁunctions. To do this we must choose relatively high-
(dots. (&) and(b) are the same data with Figsa@and 8b). () is  resjstance junctions where the effects of the Josephson cur-
a different junction. The normalizations are conducted by a constaniant are minimized. The inset of Fig. 7 shows another SIS
valye which are chosen_ at 1_50 mV. The solid lines are BCS ﬁtstunneling conductance which is particularly clean. The Jo-
which are calculated using giveh and 1" values at graph and  sephson current was very low for this particular junction due
=4.2K. to its higher resistance-40 k)) and a relatively small zero-
bias conductance peak is observed. To obtain the subgap
BCS DOS for both electrodes. Furthermore, one of the keyonductance very clearly, the dc bias current was swept very
differences betwees- and d-wave models of the SIS con- slowly inside the gap in both directions. These data also
ductance is in the shape of the subgap region, which is difdisplay generic Bi-2212 quasiparticle tunneling conductance
ficult to obtain experimentally because of the switchingcharacteristics such as sharp quasiparticle peaks and a dip
property of the Josephson current. Thus a detailed compar&nd hump feature at high bias. Because the data are symmet-
son of the two models for every junction is not fruitful, and ric with bias polarity, we focus only on the positive-bias side
we found that an accurate estimate & @ould be obtained of the spectrum. Our goal is to examine to what extent the
directly from the conductance peak voltage. To demonstratehape of the subgap conductance in a SIS junction reveals
this, the data of Figs. (8 and 5b) were normalized by a information on pairing symmetry. Thus we consider the
constant value which is the conductance at 150 mV. Theimple d-wave model of Eq.(4) for comparison to the
normalized conductances are displayed in dots in Fig@. 6 smeared BCS model.
and Gb). The steeper background shape in Fi@) Slid not The data in Fig. 7 exhibit a strong decreasing background
allow us to normalize it with constant value, so we choseconductance at high bias which is consistent with the SIN
another junction(which was not measured to a high bias data of Fig. 2, again indicating it is an intrinsic effect of the
voltage for normalization in Fig. ). The solid lines in Fig. quasiparticle spectrum. But this background presents ambi-
6 represents SIS fits with the smeared BCS DOS @and guities in the normalization procedure. Therefore, we have
=4.2 K. TheA andT values are shown for each curve. Note used two different estimated normal-state conductances for
that in each case the conductance peak voltage is exactthe data which are shown in Fig. 7. For the fitg}f, we
2A/e. The quality of the fits in the subgap region varies, butmask the data below 100 meV and extrapolate the back-
the significance of this is difficult to assess since switchingground to Fermi level at zero bidsolid line in Fig. 3. For
of the Josephson current can introduce structural artifactthe second one, we obtairf; without masking any energy
near zero bias. The principal result here is that the energgange in the spectr@ashed line in Fig. 7and fitting with a
gap values 4 =16—-18 meV) are consistent with those found third-order polynomial curve. This gives a higher PHB ratio
in SIN junctions. Considering all of the SIS junctiofis20)  than first one. The dots in Fig.(® show the normalized
on the four differeniT,=62K crystals, the full range of gap tunneling conductance curve obtained from Fig. 7 using the
values wasA = 15—-20 meV. dashed line normal state. The solid line in Figa)8is the
Up to now, we have shown the same gap value is obtainedmeared BCS fit, which is obtained from E(L) with
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'FIG_. 8. The_normahzed condu_ctanc@ots) of th_e junction O e s o = 100 T50
which is shown in Fig. 7(a) Normalized by dashed lin€b) Nor- Voltage (mV)
malized by solid line. The solid lines are SIS fits for BCS super-
conductors  which are calculated fofa) A=17.5meV, T FIG. 9. The momentum-averaged DOS for a superconductor
=1l4meV, andT=4.2K, (b) A=17.5meV, I'=2.1meV, andT  yjth d,. > pairing symmetrya). The convolution ofa) with itself
=4.2K. produces a SIS tunneling conductaribe

T=4.2 K to obtain the SIS tunneling conductance. The dotsio from a value of 4 or 5 down to a value of 2 as th&ave
in Fig. 8(b) also show the normalized tunneling conductancemodel requires.
curve obtained from Fig. 7 using the solid line normal state. Another possibility is that one or more of the underlying
Both fits reveal the value of®2=35 meV which is consistent assumptions of the simple model are incorrect. ARPES re-
with the other junctions and as noted above could have beesults reveal that Bi-2212 has arch like Fermi surfaces in the
obtained directly from the conductance peak voltage. Théour corners of the Brillouin zorié' and this suggests the
overall quality of the fits is poor. The smaller subgap peak inpossibility that particular regions of momentum space are
the BCS fit neai arises from thd™ parameter while the data more heavily weighted than others in the contribution to the
do not show such a distinct feature. This kink is not experi-tunneling current, either due directly to the band structure or
mentally observed in any of the conventional or HTS SISto the tunneling matrix element. These effects might be
junctions to our knowledge. The broadening fadfois rea-  stronger inc-axis SIS junctions where identical Cu-O planes
sonably consistent with that obtained in similar fits to thelie on either side of the barrier. For this reason we include a
SIN data. weighting functionf (6), to Eq.(4) as is in Refs. 35 and 36:
Before discussing thel-wave fit of the SIS data, it is
useful to present the generic features of the simplest model
since these reveal some rather unique effects. Figae 9 E-ill
shows a generated DOS curve fwave symmetry using Ns(Eve):f(g)Re{ \/(E—iF)Z—A(e)Z]' ®)
Eq. (4). The underlying assumptions are that the Fermi sur-
face is isotropic and the probability of tunneling is same for
all k directions®® The cusp feature at zero bias is the basicwheref(6)=1+ a cos(4)) and the angle is measured with
indication of d-wave pairing symmetry. The SIS tunneling respect to thé€,0) direction in the Brillouin zone. Here is
conductance curve is obtained with convolution of Fige)9 a directionality strength and the full quasiparticle DOS is
with itself using Eq.(1), with T=4.2 K, and this is shown in obtained by integrating ovel. It should be emphasized that
Fig. 9b). Note that the maximum PHB ratio is2 for the  Eg. (5) is a phenomenological expression and there is no
model d-wave SIS tunneling conductance, whereas the norrigorous derivation of this result, but it can be seen immedi-
malized SIS curves of Figs. 6 and 8 suggest a PHB ratio thattely that this weighting function will qualitatively reproduce
is much higher than 2. Thus we see at the outset that thisome of the conductance features observed in the experi-
simpled-wave model will not fit our data. One possible con- ment. Physically, the weighting function selects particular
sideration is that our estimated normal-state curve is incorregions of the Brillouin zone, thereby minimizing the effects
rect. While this cannot be ruled out, it is difficult to conceive of gap anisotropy. For the extreme case of very strong direc-
of a normal-state conductance that would bring the PHB rationality, a nearly constant gap would be obtained as is found
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. E another SIS junctioridots. The solid line is an estimated normal-
. L ] state conductance. The inset shows the full spectrum.
J 3 flects the generally broader features of this junction’s spec-
(b) 3 trum, and there is better agreement with data in the subgap
— " T50— 200 region. Nevertheless, f@V>2A the data display the same
Voltage (mV) deviation from the fit as found in Fig. 10. Looking back to

the d-wave fits in Fig. 3 for SIN data, there is a similar

FIG. 10. The normalized conductan€doty of the junction
which is shown in Fig. 7(a) The solid line is a SIS fit for d-wave

discrepancy foreV>A. This suggests the possibility that
these characteristics of the SIS spectraddt>2A are in-

superconductor with weightingf(68) =1+ 0.8 cos(4), which is
calculated forA=17.5meV, I'=0.05meV, andT=4.2K. (b)
The parameters aref(#)=1+0.4cos(4), A=17.5meV, T’
=0.1meV, andT=4.2 K.

trinsic and not due to a less interesting effects such as a
distribution of gap values due to sample inhomogeneity. It
was recently argued that the dip feature is a strong-coupling
effecf analogous to the phonon structures observed in con-
ventional strong-coupled superconductbi®erhaps the en-
with sswave symmetry and it has already been demonstratetire spectrum beyondXrequires a full microscopid-wave

that a smeared BCS DOS can exhibit a large PHB as showmodel, analogous to strong-coupling theory for conventional
in Fig. 8. superconductors.

We fit the normalized SIS tunneling conductance, given
in Figs. 8a) and 8&b), using Eq.(5), and the solid lines in
Figs. 1Ga and 1Q@b) show the resulting curve with\
=17.5meV, I'=0.05, «=0.8 and A=17.5meV,T In this part of the paper, we will present and discuss Jo-
=0.1, «=0.4, respectively. As before, note here tiais sephson currents on overdoped Bi-2212. Reproducible Jo-
the maximum ofA(k) and is the same magnitude as ob-sephson tunnel junctions have been obtained, indicating both
tained with the BCS fit. FoeV<2A, the experimental re- quasiparticle and Josephson tunneling currents simulta-
sults and fit are in better agreement than for the BCS fit imeously as we displayed in Fig. 4. Josephson currents are
Fig. 8. As with the SIN junctions, the parameters have been

V. JOSEPHSON CURRENTS

adjusted to best match the subgap region.é?dr 2A the fit 25 prevrrrr T L

shows an abrupt drop from the peak to background that is not - gf‘sjave

found in the data. This feature appears to be generic to 2F N 0 meees BCS-fit

d-wave model$see Fig. %)], but we have never observed it [ 4 \\\

in over 50 SIS junctions on Bi-2212 with various hole ® LS| Y .

doping*? and to our knowledge such an abrupt drop has \b= C '.' SN

never been seen in the literature. Rather the experimental & 1} ! ==

data invariably exhibit a much broader conductance peak C £ d-wave + weighting BCS-fit

followed by the dip and hump feature, which is also not 05 f RS ey AsigSmev ]

found in this simpled-wave model. The inset of Fig. 11 . RO)=1+0.6c05(46) PN

shows another SIS junction which was chosen for analysis 1) 2 AP I ]

because of the relatively low Josephson current and clean 0 30 100 150
Voltage (mV)

quasiparticle data. This junction exhibits a smaller PHB ratio

than in Fig. 10. The solid line in the Fig. 11 is the estimated FjG. 12, The normalized conductan¢gots of the junction
normal-state conductance using second order polynomial fifynich is shown in Fig. 11. The solid line is a SIS fit fodavave
The normalized data are displayed in Fig. 12 along with thesyperconductor with weightind( 6) = 1+ 0.6 cos(4), which is cal-

d-wave (solid line) and smeared BC®&lashed ling fit ob-
tained with A=19.5meV,I'=1.5, «=0.6

=18.5meV, I'=3.5, respectively. The largdr value re-

and A

culated forA=19.5meV, I'=1.5meV, andl=4.2 K. The dashed
line is a SIS fit for BCS superconductors, which is calculated for
A=18.5meV, I'=3.5meV, andT=4.2 K.
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BT T T T that is,k must equak’ for quasiparticle states on either side
4F 3 of the junction. In this case the signs of the order parameters
: ] are multiplied, i.e., ¢1)? or (—1)?, and this leads to a
nonzero Josephson current fdrwave superconductors. It
should be noted that recent measurements of the Josephson
current for intrinsicc-axis junctions in Bi-2212 mes#4sare
also consistent witld-wave gap symmetry and coherent tun-
neling processes. This is a remarkable effect. Abbyethe
electronic system is generally not described by Fermi liquid
: ] theory and the-axis transport is best understood by incoher-
P11 S PR RSP S B ent tunneling between Cu-O planes. However, in the super-

3 35 Loer @ 4.5 3 conducting state a simpbwave gap is found that is consis-

€ % tent with a Fermi liquid ground state and tb@xis tunneling

FIG. 13. Josephson current vs junction resistance for overdope@@comes coherent. Clearly, more experimental and theoreti-
Bi-2212 at 4.2 K(dots in logarithmic scale. The solid line is the cal work is needed to understand the magnitude of the Jo-
Ambegaokar-Baratoff prediction fak =17 meV. sephson ;R, products observed here and the nature of the

c-axis tunneling process.

observed at 4.2 K when the junction conductance exceeds a
minimum value. For the overdoped crystals here the mini-
mum value was about 1@S, whereas it was about/sS for VI. SUMMARY AND CONCLUSION
near-optimal-doped Bi-221@Ref. 33. The hysteretic nature  \we have performed PCT measurements on overdoped Bi-
of the Josephson current is shown in Figdidand thel (R, 2212 single crystals with bulk, values near 62, 78, and 82

product for this particular ju7nction is 3 mV. The K. High quality reproducible SIN and SIS junctions were
Ambegaokar-BaratoffAB) theory’” for BCS superconduct- optained, and the two junction types gave consistent results

ors predicts the relation for the gap magnitudes as well as the high-bias spectra. The
SIN data were clearly better fit in the subgap region to a
R wA(0)

Log I.(A)

©) simple d-wave DOS, indicating no evidence for any cross-
¢ 2e '’ over to swave symmetry with overdoping. Attempts to fit
the SIS spectra required a weighted, momentum-averaged
wherel is the Josephson currefR,, is the resistance of the d-wave DOS, and this might have significance for the tun-
junction, andA (0) is the energy gap at 0 K. Figure 13 shows neling processes in intrinsizaxis junctions of single-crystal
the measured critical curremt as function of the junction Bj-2212, implying that quasiparticles near tle,0) point
resistanceR, for 13 different SIS junctions formed on the tunnel more easily than those along thew) direction. The
four overdoped T.=62K) Bi-2212 crystals. Note that the d-wave fit led to identical gap values as found with a
junction resistance varies by about two decades. The soligmeared BCS DOS, but with a somewhat improved fit to the
line corresponds to the maximum theoretical value expectegubgap region of the conductance. The measured gaps on the
from AB theory usingA =17 meV, the average gap found in overdoped crystals are reduced considerably from that found
the quasiparticle data. The data show that the maximum Jan optimally doped crystals. The value of the strong-
sephson current depends on junction resistance in a mannesupling parameter 2/kT, is between 5.6 and 7.5, reduced
which is consistent with AB theory, but with a valuelgR,  from the value of 9.3 found on optimally doped samples, and
that is reduced from that expected using the average quaghis indicates a trend toward weak-coupling, mean-field be-
particle gap. This dependencel@fvs R, is important for it  havior as hole doping is increased.
suggests that many of the underlying assumptions in AB The dynamic conductance spectra of the SIN and SIS
theory can be carried over to tllewave case. Furthermore, junctions are qualitatively similar to those found on opti-
it all but rules out any possibility that the ZBCP anomaliesmally doped-?°'°and near-optimally doped crystfiswith
are responsibfé as these effects would not exhibit any cor- all junctions exhibiting d-wave-like subgap conductance,
relation withR,,. We obtained a maximum of 7 mV fogR, sharp conductance peaks, and a dip-hump-tail feature that is
product[see Fig. 4b)], which is approximately 40% of the also seen in the quasiparticle spectral weight measured by
expected magnitude, and the overall average is 2.4 mV. ARPES The position of the dip is-2A for SIN junctions
While the averagé.R,, product is small compared to AB and~3A for SIS junctions. Thus the energy scale for the dip
theory, it should be remembered that this theory applies tdeature is set by the superconducting gap value. This strongly
s-wave superconductors and assumes that the tunneling msdggests that the dip-hump-tail features are intrinsic to the
trix elementT, ,, is a constant, independent of electron mo-quasiparticles and do not arise from some extrinsic sources
mentum. When this type of incoherent tunneling matrix ele-such as barrier effects or junction heating. Furthermore, the
ment is applied tod-wave superconductors, one obtainssimilarity with ARPES(Ref. 34 suggests that a quantitative
I.R,=0 to leading ordef®*° This is a consequence of the comparison of the two spectroscopies is important. Neither
changes in sign of thd-wave order parameter as one sumsthe smeared BCS DOS nor tliewave DOS gives a good
over momentum. Thus thie R, products observed here are agreement with the data fevV>2A. In particular, we have
actually quite large fod-wave superconductors. The reasonnever observed the sharp decrease in conductance for SIS
for these large values is probably an indication that there is functions ateV=2A, which is predicted by BCSl-wave
significant coherent part to the tunneling matrix elem&nt; theory. What is likely needed to explain all the spectral fea-
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tures foreV>2A is a full microscopic theory of the quasi- tunneling between the electrodes as is done in AB theory.
particle self-energy, analogous to Eliashberg theory for conTherefore, coherent tunneling processes must be important.
ventional superconductors. We note, for example, that it haSince the SIS break junctions studied here are quite similar
been proposed recently that the dip in quasiparticle tunnelingp the intrinsic,c-axis junctions in single crystals, this im-
is a consequence of electrons interacting with spin excitaplies that superconductivity along tleedirection can be un-
tions, in particular, the sharp resonance mode observed iderstood in terms of coherent tunneling between Cu-O
neutron scattering' If so, then our experiment is indicating planes. The increased coherence may be linked to the ob-
that such a resonance feature must persist well into the oveserved increase in tunneling directionalftyhat is necessary
doped region. to fit the SIS quasiparticle data. If SkSaxis junctions are
Josephson currents are observed as a robust feature of tleminated by those electrons ndar,0) directions, then a
SIS junctions when the junction conductance exceeds a minimore coherent process is immediately obtained.
mum value of about 1S. The maximum critical current
scales with junction resistance in a manner consistent with
AB theory for swave superconductors, but with a value of
thel R, product that is reduced from that expected using AB  This work was partially supported by the U.S. Department
theory and the measured quasiparticle gap. Nevertheless, tbé Energy, Division of Basic Energy Sciences-Material Sci-
average value of:R, (2.4 mV) and the maximum valué/  ences, under Contract No. W-31-109-ENG-38, and the Na-
mV) are much larger than expected for the Josephson curretibnal Science Foundation, Office of Science and Technol-
between twod-wave superconductors assuming incoherenbgy Centers, under Contract No. DMR 91-20000.
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