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Abstract

Direct measurements of the superconducting superfluid on the surface of vaeausdcl
Bi,SrCaCuy0Os.s (BSCCO) samples are reported. These measurements are accomplished via
Josephson tunneling into the sample using a novel scanning tunneling microscope (STM)
equipped with a superconducting tip. The spatial resolution of the STM of lateratdstass

than the superconducting coherence length allows it to reveal local inhomizgeindihe pair
wavefunction of the BSCCO. Instrument performance is demonstrated fiistagephson

measurements of Pb films followed by the layered superconductor.NbBe relevant
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measurement parameter, the Josephdgnproduct, is discussed within the context of both

BCS superconductors and the high transition temperature superconductors. The local
relationship between tHeRy product and the quasiparticle density of states (DOS) gap are
presented within the context of phase diagrams for BSCCO. Excessive curremsleasibe
produced with these measurements and have been found to alter the local DOS in the BSCCO
Systematic studies of this effect were performed to determine thepractasurement limits

for these experiments. Alternative methods for preparation of the BSCCCQOesanéaalso

discussed.

. INTRODUCTION

Scanning tunneling microscopy (STM) and scanning tunneling speqiso$8dS) have
been extensively utilized for nanometer scale studies of plhysidaelectronic structures on the
surface of high transition temperature (hif)- superconducting cuprates, especially
Bi,SrnCaCuyOgss (BSCCO) and YBZwO,5 (YBCO). A rich array of experiments includes
imaging vortex flux lines*® and mapping the integrated local density of states (LD®%).
These latter results were used to determine a “gaptaRen to be the difference between two
coherence peaks in the LDOS. The spatial resolution combinbdspegtctroscopic results has

been used to produce “gap maps” over the surface for various dopB§EMDO. These studies
have revealed that (i) the formation of gapped regions obtained Wmﬁ*\/év spectra actually
start aboveTc, and there is a linear relation betwe®rand the gap opening temperatufe;

and (ii) there is an anticorrelation between the energy/gapthe superconducting state and the
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normal state conductance at the Fermi edeigyvarious dopings of BSCCO. A challenge with

this approach is that the identification/tbecomes ambiguous in strongly underdoped BSCCO

where the observe@%v curves no longer have welldefined sharp coherence pé&ks.

Although these STM/STS experiments on highsuperconductors have yielded a wealth
of data, they suffer from important limitations. Of particidagnificance in our opinion is that
because they utilize a normal metal tip, these studies canpoothe the locahuasiparticle
density of states (DOS). This DOS almost certainly hasnimate connection with the
superconductivity in these materials; however that relationshsgllisinknown. Furthermore,
the derived “gap” qualitatively changes its shape with dopingcoirast, the BCS theory for
conventional superconductors defines a well-established relationshweenethe gap in the
quasiparticle DOSAgcs) and fundamental quantities of the superconducting state including the
amplitude of the order parameter and the superconducting trartsitiperature]c. Without a
similar theory for the higi— superconductors to enable the inference of the superconducting
properties from the quasiparticle DOS, it is necessary tecttyr probe the superconducting
superfluid of these materials. Two central questions that sualea grobe should address are
(i) whether the superconducting order parameter of BSCCO haal sgatation, and (ii) how

the superconducting ground state correlates with the quasiparticledestaites 4).

In this article we will present the results of experimentsxgusan STM with a
superconducting tip. This instrument allows us to directly probsuperconducting superfluid
using the Josephson effect. We will first discuss the primargtiqpalerived from Josephson
tunneling measurements, thgRy product, and its relationship to the fundamental properties of

the superconductors that make up the tunnel junction. After a description of the teafimecds



of the apparatus, data which verify its successful operation on antmmad superconductor
(Pb) will be presented. The approach is then extended to adasgrerconductor (NbSe and

then finally to the highFc superconductor BSCCO.

II. IcRy PRODUCT

Josephson tunneling is Cooper pair tunneling between two supercondepanatad by
a thin barrier. The zero-voltage supercurrent flowing through thetipn is given by

| =1.sin(p, —¢,), wherelc is the maximum zero temperature supercurrent that the juraztion

sustain an@i)is the phase of two superconducting electrodes’ order parambtemaximum
supercurrent is related to the amplitude of the superconducting gaérfanction. An STM with
a superconducting tip can be a local Josephson probe and can, in princigles #ue
superconducting pair wave function directly on a length scale entafin or comparable to the

superconducting coherence length,

Between the two superconductors in a tunnel junction, the Joselgioproduct Ry is
the normal state resistance of the junction) is a directhsorable quantity uniquely determined

by the specific materials.IcRy is a fundamental parameter that is directly linked to the

superconducting order parameter amplitpﬂla and in the case of conventional superconductors

to the energy gap®\scs through the BCS relationship. Josephson studies using a
superconducting STM on conventional superconductors have shown good agreetween
the measuredicRy and BCS prediction€:** For highT¢ superconductors, on the other hand,
there is no established theory to rel&dBy with A derived from the quasiparticle excitation
spectrum. There can be at least two additional issues noenprésr conventional
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superconductors. The first is that we do not have a universallgdagpon theory of the highe
cuprates and secondly, the symmetry of the order parameterénms;tantiadxz_yz component

thus making the coupling to a conventional superconductewaye symmetry) more
complicated. AnlcRy measurement on BSCCO using a conventional superconducting STM
should, however, both prove the existence and yield the amplitude of the@$air wave
function that couples to the conventional superconducting tip. Because spfatted resolution
of an STM, this measurement could reveal useful new informationdieganhomogeneities in

the superconductivity of BSCCO.

1. EXPERIMENTAL
A. Superconducting Tip

A reproducible and stable superconducting tip fabrication method that we helepdel
begins with a Rtglro»tip mechanically cut from a 0.25 mm diameter witeTips are then
placed in a bell-jar evaporator with the tip apex pointing tde/éine evaporation sources. 5500
A of Pb is deposited at a rate of ~ 40 A/s followed by 36 A gfah a rate of 1 A/s without
breaking vacuum. The thick layer of Pb was chosen such that at «u&llkgelow transition
temperature of PbT¢ = 7.2 K), there would be bulk superconductivity in the tip
(superconducting coherence lendif),of Pb is&, = 830 A). The Ag serves as a capping layer to
protect the Pb layer from rapid oxidation upon exposure to the atmospieredg layer is thin
enough to proximity-couple to the Pb layer, resulting in a superconguig with Tc andAgcs
only slightly below that of bulk Pb. Because the Pb/Ag bilayateisosited without breaking
vacuum, the interface between the layers is expected to loe alehthus superconductivity may
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be induced in the Ag layer by the proximity effétfThe Pb/Ag combination is also a good
metallurgical choice, as there is no significant alloyingtre interfacé® For Josephson
measurements of a conventional superconductor, Pb/Ag samples la@revaporated onto
freshly cleaved graphite substrates during the same depositioa tysst The same Ag capping

layer keeps these samples stable for the transfer from the evapoth®6{OM apparatus.

B. NbSe,

Single crystal BI-NbSe was chosen as a first target material beyond conventional
superconductors as a surrogate to the fAigbuperconducting cupratesd-NbSe, a family of
layered transition-metal dichalcogenides, is a type-Il conmealtisuperconductor withc = 7.2
K and charge density wave (CDW) transitioMgsw = 33 K, so the CDW state coexists with the
superconducting state beldlg. This material also has short coherence lengihs< 77 A and
& = 23 A), an anisotropis-wave gap varying from 0.7 to 1.4 meV across the Fermi Sifface
and multiband superconductivity indicated from observations of momentum-dependent
superconducting gap on the different Fermi surface sfeatan der Waals bonding between Se
layers is so weak that the crystal is easily cleavekpose a fresh and inert surface for STM
measurements. However no Josephson tunneling measurements have besh vefme those
of our group'® partly because it is difficult to grow a stable insulatinguglly oxide) layer for

planar tunnel junctions.
C. BiZSrzCaCu208+.s

There is still much discussion and controversy about the symofetrg order parameter
of high-Tc superconducting cuprates and whether the pseudogap state obsertiesel in

underdoped region in BSCCO is a precursor to the coherent superconditeteg If the



symmetry is strictlyd-wave, there should exist no Josephson coupling betweenThigh-
superconducting cuprates and a conventional superconducting tip. Haleeephson coupling
has been observed between conventional superconductors and"¥Y&C®ell as BSCC&:*
Thus Josephson measurements of BSCCO using a superconducting STMrekhealdnew
results about the symmetry of the BSCCO order parameter.l&mme betweencRy products
from the Josephson effect and the energy jameasured from the quasiparticle excitation
spectra of BSCCO should contribute to the construction of a microstopary of the
mechanism of high~ superconducting cuprates. An apparent constraint indicated by a previous
study of BSCCO at high STM currentthat we will discuss later is that there is a threshold
current above which the BSCCO morphology and spectroscopy are ahastiad irreversibly
changed. This effect appears at a tunneling current of about 5@apdwill be taken to sweep
the bias of the STM junction such that the resulting tunneling currerst mioeexceed this

threshold to avoid changing the BSCCO electronic structure.

BSCCO single crystals are grown by the floating zone méthuith the hole doping,
ranging between heavily underdopéid € 64 K) and overdopedl¢ = 74 K) via optimally-
doped samplesT¢ = 94 K). Tc was determined by magnetic susceptibility measurements. In
these current studies, extensive Josephson measurements weraggedoroverdoped samples
with different dopingsTc = 76 K, 79 K and 81 K). Our BSCCO samples which have typical
dimensions of 1 mnt 1 mm and a few tens of um thick are glued onto a copper platsiivih
epoxy (Epoxy technology EE 129-4). All of the samples were cleaved in high vgeu8xn10°®
Torr) at room temperature to expose a fresh surface. BiO-Bi@eplare attracted by weak Van

der Waals bonding so that they are most likely the cleavage Plaith the conducting CuO



surface two layers below. Cleaved samples are then cooled t1 K after being inserted into

the STM.

D. E,, phasefluctuations, Ty, current density

The signature Josephson response of a superconducting STM differthétoof typical lowRy
planar S/I/S devices. For identical superconductors, Ambegaokar amatbf8' derived the

temperature dependent Josephson binding engésgwhere

E,(T)= 2; = Z; Aé:) tanh(%j . Q)

Because of the experimental base temperafure.1 K) and largd’y associated with an STM,

E; is smaller tharksT for the Josephson STM. For example, with an STéistence of 50 R,

E% is roughly 1 K. Also for ultra-small tunnel junctis, the Coulomb charging enerdy can
B

be large. We estimate the capacitar@epf the STM junction formed between the conicpl ti
apex and the sample surface to be about 1§F= e%C is therefore of order 1 K: comparable
to bothE;, andksT. The time-scale of an electron tunneling in®iéM junction and conducting
off the tip is much shorter th#/EC , SO that the electron is swept away long befoeectiarging
effects become relevant. Becaugé@ is the dominant energy, the phase difference oftice
superconductorsg, is not locked in a minimum of the sinusoi@alvs. ¢ washboard potential,

but is thermally excited and diffusive (Fig. 1). Wia current bias, the phase diffuses
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preferentially in one direction as illustrated imgFL. Near zero bias voltage the observed

Josephson current is therefore dependent on teedb&to the dissipative phase motion.

¢
U((P) \ /\ kBTn

0 21 45 6x 8 10r

FIG. 1. Josephson phase dynamics of the washbotedtfl in the classical thermal fluctuation
regime.

The phase diffusion model was first proposed byndteenko and Zil'bermdf and
further developed by othef3?® In this model we can consider the thermal fluttus as

Johnson noise generated by a resigigg, at a noise temperatuile; both parameters depend

only on the experimental set-up. In the limit af= E, T <1, they derived a simple analytic
B'n

form for thel-V characteristics of the thermally fluctuated Josephcurrents,

(V) = IéZENv v

2
2 VZiiV? @)

As described above, the relevant energy scale 05& Josephson junctions é8<1, so that
the analytic form of the Eq. (2) is applicable tmbyzing our data.

Now the pair current has a voltage dependencedltietdiffusive phase motiokp, as a
function of T, andZgny, is the voltage where the pair current becomesimax. Vp will not

change ifT, andZgyy are constant parameters intrinsic to the juncsia@rivironment, whiléc



increases aRy is decreased. Thus the thermally fluctuated Jasaphurrent is characterized by
three quantities, maximum supercurréntT, andZgyy. T, is an effective noise temperature for
the ultra-small junction. This temperature can levaed by noise from the room temperature
electronics unless all the leads connecting to jtimetion are heavily filteredZgny is the
impedance of the junction’s environment or the tetedc circuit where the junction is

embedded. It is reported that for ultra-small ®ljanctions, the Josephson phase dynamics is at
very high frequency, characterized by the Josepiptasma frequencyyp or E% (for STM

Josephson junctions, it is of order of*16 10" Hz) and the frequency dependent damping at
this frequency region is dominated by stray capacié and inductance of the cables connecting

the junction to the external circdt?®#°*° The cables will load the junction with an impedan
on the order of the free space impedares ‘% =377Q.
0

Experimentally we are interested in determining dbeephsomcRy product, a quantity
characteristic of the superconductivity of the dnent materials. If we observe the phase
diffusion branches in our STM Josephson junctiavescan characterize them by identifying the
two parametersl,, andZgny and then we can directly derivgRy of the material of interest by

comparing the observed data and fits to the phiffssion model.

Another concern for implementing a Josephson STkhéshigh current density due to
the small geometry of the STM junction. A low juioct resistance is desired such thatis
maximized, but it results in a high current density this configuration the current densiy,
can be calculated using the tunnel curient10 nA which is a typical value for Pb/I/Pb STM
Josephson junctions and the effective diameterhef superconducting tip, ~ 3 A (for fcc

structure of Ag, the nearest neighbor distanced9 A) over which electrons are being injected.
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This calculation yieldg ~ 10° A/em?, a very high current density. Nevertheless asepttes!

later, Josephson current was observed using th®T3Ctip and no self heating effect due to the
high current density was observed for Pb and MB'Sécor BSCCO, however, previous work
reported that the high current density caused & haffect on both its electronic structure and

morphology’

V. EXPERIMENTAL RESULTS
A. Pb

To test the operation of our SC-STM, we first stadiAg-capped Pb films with our Ag-
capped Pb tip (a symmetric junction). The spectmenobtained is shown in Fig. 2 and is
characteristic of S/I/S tunnel junctions: very ghapherence peaks correspondingetb= +
(Atip+Asampld, from which we obtainedy, = Asample= 1.35 meV, slightly smaller than the bulk
value for Pb 4puk = 1.4 meV) due to the proximity effect of the Aapping layer. Moreover, the
deviations from the BCS density of states outsideRb gap due to strong-coupling effects are
clearly seen at energies corresponding to theuesss and longitudinal phonon energieé; -
2A = 4.5 meV an@dV, - 2A = 8.5 meV, respectively. Furthermore, just abdwelarge coherence
peaks we see the effects of the Ag proximity ongbperconducting Pb. This shows up as a
small dip just above the peak at.ZFig. 3 presents severaV curves measured at differeRy
by changing the tip-sample distance sequentiallge Buperconducting gap size remains
unchanged aBy is decreased. Low leakage current below the Ph(glagwvn in Fig. 3) and the

observation of the phonon structure in Fig.2 confiigh quality vacuum tunnel junctions.
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FIG. 2. Normalizeod%v spectrum of a Pb/I/Pb STM junction &t= 2.1 K. The Pb phonon

structures are clearly seen at energies correspgridithe transverse and longitudinal phonon
energies.

R =5.5M0

M0 5 0 5 10
V (mV)

FIG. 3.1-V characteristics of Pb/I/Pb STM junctionsTat 2.1 K.I-V curves are measured as the
junction normal state resistan@g is varied g position) with the tip positiorx(y) fixed.

Fig. 4 shows the observéd/ characteristics at lower voltages (lines) for SJdéephson
junctions formed between a Pb/Ag superconductingtid a Pb/Ag superconducting filithe
top panel of Fig. 4 shows that the location of ¢fag¢p does not change Rg§ is lowered. The
bottom panel is a close-up view BV characteristics near zero bias and clearly shaedkqul

structures first appearing and then exhibitingeasing heights &y is decreaseds; enhanced).
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These observed-V curves are fitted to the phase diffusion modeluéign 2) with two

parametersyp andlc.

FIG. 4.1-V characteristics of Pb/I/Pb STM junctionsTat 2.1 K. (Top panel) Apparent are both
the onset of the tunnel current\at 2A and structures near zero bias (inside the boxjttgBn)

I-V characteristics near zero bias for lower junctiesistances than those in the top frame. The
lines display the measured thermally fluctuatedephson current and the symbols represent
two-parameter fits to the phase diffusion model.

The best fits to the phase diffusion model areasgmted by the symbols in the bottom

panel of Fig. 4 and the quality of these fits coiee us that we have observed the signature of
pair tunneling. This analysis yields a plotlgfx./e/k,T, vs. G, =1/R,, expected to be linear

with zero intercept (ndéc at infinite Ry) and a slope equal iQ R, x./e/ k;T, , as shown in Fig.

5(a). We can calculateRy of Pb from the Ambegaokar-Baratoff formtiiar Eq. (1) usingh =
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1.35 meV afl = 2.1 K and including a factor of 0.788 due to sty@lectron-phonon coupling in
Pb3? ForT = 2.1 K andT¢ (Pb) = 7.2 K, the hyperbolic tangent is very clasenity and we get
IcRn (Pb/I/Pb) = 1.671 mV. Substituting this value itihe slope of the linear data fit in Fig 5(a)
for our STM Josephson junctions, we can determjp@ndZgyy, Which are intrinsic parameters
depending only on the experimental set-up. Cuvahtes of these quantities for our apparatus
are 15.9 £ 0.1 K and 279 £, respectively. The fact thdi, is slightly higher than the base
temperature can be explained by leakage of rf ntmsthe junction from room temperature
electronics.Zgny is close to the expected value of the impedanctesf space as described
above. These quantities were measured using a pliamwith 10° gain. We repeated the
Josephson measurements to defliyand Zgny using other preamplifiers with lower gains {10
and 106) to cover the larger tunneling current range. tAtee data sets of theRy plots in Fig.
5(b) fall on the same single line, convincing uattthhe Josephson coupling is enhancel\gis
decreased andl, and Zgyy are constant parameters intrinsic to the experiahemtcumstances
and configuration. This also indicates tHatremains the same even for high current density
(lower Ry). No heating effect or degraded superconducting@®the Pb tip or sample were

observed
The lowest junction normal state resistance wdistl was 4.6 ®, which is smaller than
the quantum resistance of a single channel in tikstic regime,R, :%ez =12.9 K. Sub-

harmonic gap structures observed in the Pb/I/Pb 3®8&phson junctions indicates that the low
resistance STM junction is not in the weak tunrglimit (T = D = 10° or smaller), but

somewhat higher transparenéy;- 0.1 contributed from several conduction chanfiels.
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FIG. 5. (a) Plot ofl.x,/e/k,T, vs. Gy of Pb/l/Pb STM junctions. The slope is equal to
IRy x+/e/ kT, and is shown as a linear fit. From the fitte¢psl@and using the known value of

IcRn (Pb/I/Pb), T, andZgny are determined to be 15.9 + 0.1 K and 279Q, espectively. (b)
Log-log plot of I . x\/e/k,T, vs. Gy for data from three different preamplifiers (inding that

from 5(a). All data fall onto the same single |imedicating T, does not change due to large
current flowing through the tunnel junction.

B. NbSe,

The data of Pb/I/INbS&TM Josephson junctions are presented in Fig. 6.éXperimental
data on the bottom panel (lines) are contributitmasn the thermally fluctuated Josephson
currents after subtraction of the quasiparticlekgemund due to thermally excited quasiparticles
The background is obtained from th¥ curves of high resistance junctions where no Josap

currents are observed. Fig. 6 shows good agreebenteen the fits to the phase diffusion
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model (symbols) and the observed data. Since tbpeshalue in Fig 7 is equal to
R\ x /el kT, and we can assume thigtandZgny remain constant, we can write a relationship
JksT. 1 e=IcRy(Pb)slope(Pb) =1cRy(Pb/NbSe)/slope(Pb/NbSg), wheredope(Pb) is obtained

from the linear-fit to the data in the x/e/k;T, vs.Gy plot of the Pb/I/Pb STM Josephson

junctions shown in Fig. 5. Substituting the knovaiues,|cRy(Pb)sope(Pb) and the measured
slope (Pb/NbSeg), we obtain cRy(Pb/NbSe) = 1.39 + 0.03 mV. We then use the formula f& th
Josephson binding energy for different supercomscitT = 0 K given the gaps of eath

g, A (oA (3)
TR, A FA, | AFA,

where K(x) is a complete elliptic integral of the first kindSubstitutingA; = Ap= 1.35 meV

and A, for the smallest and average gap of Nh$leat is 0.7 and 1.1 meV respectively into
equation 3 yields 1.34 mV kRy (Pb/NbSe, T = 0 K) < 1.70 mV. Our result of 1.39 mV is in

good agreement with the theoretical expectation.
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FIG. 6.1-V characteristics of Pb/I/NbS&TM junctions afl = 2.1 K. (Top panel) Apparent is a
current rise at V ®Apy, + Anpsea (Bottom)1-V characteristics near zero bias for lower junction
resistances than those in the top frame, showiagnally fluctuated Josephson current. The
symbols represent two-parameter fits to the phdkestn model.
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FIG. 7. Plot ofl.x./e/ kT, vs. Gy for Pb/I/NbSe STM junctions. The slope is equal to

IR, x+/e/k;T, and is shown as a linear fit to the data. Fromfifted slope and using the
known value ofl, = 15.9 K,IcRy (Pb/NbSeg) is determined.

C. BIzSI' 2CaCu,0g+5

Fig. 8 is an atomic resolution image of cleavedmally-doped BSCCO scanned by the
superconducting STM tip af = 2.1 K. Because of the thick Pb layer used in our
superconducting tip fabrication, it is difficult tautinely obtain atomic resolution images.
However we can easily locate step edges and isiidateurfaces where all the present data were

obtained.
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FIG. 8. Optimally-doped BSCCO topography scanneduperconducting STM tip dt= 2.1 K.
The white bar is equal to 10 A.

S/IIS STM junctions formed between the supercondgd®b tip and overdoped BSCCO
single crystals show different features than trasserved for the Pb/I/Pb STM junctions. Firstly,

the energy gap of BSCCO is an order of magnitudgetathan the Pb gap and secondly, the

dydv spectrum for the BSCCO gap has a “gaplessnessihn-zaro conductance at the Fermi

energy — with an asymmetric normal state backgrowotbuctance. Fig. 9(a) presents|av
characteristic of Pb/l/overdoped BSCCO STM jundi@t T = 2.1 K taken aRy = 10 MQ,
clearly showing the Pb gap around 1.4 meV. The &b efige does not have a sharp onset of
tunnel current compared to that of Pb/I/Pb STM fioms because states exist all the way to the

Fermi energy in the density of states of BSCCOother words, quasiparticles can tunnel at the
Fermi energy of BSCCO. The inset of Fig. 9(a) sha\ﬁg/dv spectrum in the region of the Pb
gap. The conductance outside the Pb gap is afféstelde large energy gap of BSCC&sécco
=40 meV as measured by the energy of the cohepale). Fig. 9(b) shows %i/dv spectrum

19



taken with a large sweep range for the local dgmdistates of BSCCO at the same locatigq (

= 500 MQ).
0.2 ‘
(@
<
£00 -
- 3\\//
° fv @y f
0.2 0 3
V (mV)
(b) |
£
)
>
5
S
-100 0 100
V (mV)

FIG. 9. (a)l-V characteristic of Pb/l/overdoped BSCCO STM juniatT = 2.1 K, clearly
showing a Pb gap around 1.4 meV. Note the absenhtmakage although the Pb gap edge is
smeared compared to that of Pb/I/Pb STM junctiars td finite states all the way to the Fermi

energy in the BSCCO density of states. In%\/ for the Pb gap taken & = 10 MQ. The

conductance outside the Pb gap is affected byatively large energy gap of BSCCQgkcco=
40 meV). (b)d%v spectrum taken over a large voltage range for tREBO gap at the same

location.Ry = 500 M. The modulation amplitude added to the bias veliad.5 m\kus.

For the local Josephson measurements for BSCCQesingstals, we first observe the
d%v spectrum at a particular surface point on overddp8€CCO ¢ = 79 K) in order to

measure the energy gap(solid line in the inset of Fig. 10). We use stamtllLock-in techniques
with 1 kHz modulation and a 2.5 mMs modulation voltage on the bias voltage and a janct

normal resistanceRy ~ 500 MQ. Although it is clearly a simplification of a mommplex
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structure, we use the same definition foas in previous works in order to make comparisons.
We then decread®y to enhances; in order to observe the pair tunnel current. Aedénce is
that we cannot use very large currents with BSC@®td the current limits for BSCCO damage
(to be discussed below). This limitation also intpabe determination dRy. Since the energy
gap of BSCCO is much larger than that of Pb it mrendifficult to measurd&y from thel-V
curves because of the limits on maximum current. @acedure is to record seveltaV curves
by sweeping the bias voltage above the Pb gap. Rhae determined by making use of our

knowledge that the junction normal resistance m$ite BSCCO gap (above the Pb gap) is 3 ~ 4

times larger than that outside the BSCCO gap détexanfrom thed%v spectrum such as

illustrated in the inset of Fig. 10. For the lovj@nction resistanceV curves,Ry was calculated

from the factor required to scale the current st thoverlaps with already normalizédVv)R,
versusV curves with the ratio of the conductance insidehad outside the BSCCO gap. A set of

d%v data for the BSCCO gap ardVv curves taken with progressively lower junction

resistances are necessary to calculateldRg product every time the tip is moved to a new

location.
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FIG. 10. I-V characteristics of Pb/l/overdoped BSCCRQ £ 79 K) STM Josephson junctions at
T = 2.1 K. The Pb gap is clearly seen arovhd 1.4 mV. Inset: d%v spectrum (solid line)

measured before lolRy measurements, showing sharp coherence peaksAwith37 meV.
d%v spectrum measured after |d®; measurements (dotted line) indicates an LDOS ahang

due to high current density.

In the main frame of Fig. 10 we plot th&/ characteristics at lower bias and lovig A low
leakage current below the Pb gap confirms the lgghlity of the vacuum tunnel junctions.
Further decreasingRy increases the quasiparticle tunneling probabibtyd finally the
contribution from the thermally fluctuated Josephsarrents is observed whé&gis comparable

to kg Tp.2°
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FIG. 11. (a) Low bia$-V characteristics of Fig. 10 for various junctiosistances af = 2.1 K.

(b) Averaged-V characteristic near zero bias for quasiparticiekeound (dotted line). One of
the observed-V curves is shown by the solid line. (c) Thermallycfuated Josephson currents
peaked aVp as derived by subtracting quasiparticle backgraiingl 11(b)) from thé-V curves
(Fig. 11(a)). The data are represented by the mesthe symbols represent two-parameter fits
to the phase diffusion model.

Fig. 11 displays a close-up view of th® characteristics near zero bias, clearly showing
that the superconducting Pb tip was Josephson eduid the BSCCO. The quasiparticle
background represented by the dotted line in Figb)lis obtained from an average of several
normalized -V curves at higheRy without the phase diffusion branches as descrbede. Fig.
11(c) shows the contributions from the thermallycfuated Josephson current after subtracting
the quasiparticle background of Fig. 11(b) from E\é curves of Fig. 11(a). The data in Fig.
11(c) are shown as lines and the best fits to theatoon (2) are represented by the symbols.
These good fits convince us that we have obselvedgair current between a conventiorsal (
wave) superconducting Pb tip and overdoped BSCQ Juggests that the BSCCO does not
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have a pur@-wave order parameter. In addition, 1‘?\%\/ spectrum represented by the dotted

line in the inset of Fig. 10 was observed afterltveestRy measurements in Fig. 11. The LDOS
has changed significantly during the measurememd;the quasiparticle coherence peaks have

disappeared, perhaps due to the high current geps$itthe measurements at the highest

conductance studied. This “modifiedjydv curve resembles those previously observed in

heavily underdoped BSCCE;?in the “pseudogap” state at temperatures afievé’ and, in

strongly disordered BSCCO thin film. It is also similar to théj%v spectra observed by

others on surfaces which were altered by scannitiglarge tunnel currenfs.lt is important to
note that LDOS changes were observed only aftessanements were made wiRy below 30
kQ and | above the threshold current around 500 pA. Moreawe Josephson current
disappeared after these irreversible changes di@S on BSCCO occurred. In order to avoid
this effect, most of the data presented here wetaired withRy ranging from 30 & to 100 K.

This effect will be discussed in subsequent sestion

Each fit to the Josephson portion of 1R¥ curves in Fig. 11(c) generates a single data
point in the plot shown in Fig. 12 in the similaayvas described in the Pb/I/Pb and Pb/lI/NbSe
STM junction results. A&y is increasedRy is reduced) the observéglincreasesH; increases).
Using the previously determinel, and Zgyy for this experimental apparatus, and taking the

slope of the linear fit shown in Fig. 12, we firgRy at this surface point to be 335 pV.
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FIG. 12. Plot ofl. x/e/ kT, vs.Gy of Pb/l/overdoped BSCCOI¢ = 79 K) STM Josephson

junctions. The slope is equal tgR, x./e/k;T, . Using the fitted slope and substituting the

previously determined,, the Josephson product at this surface pointuaddo belcRy = 335
V.

There are numerous normal tip STM studies of BSG@ed at developing a spatial
picture of the electronic quantities of this maikrSeveral of these investigations have produced
renderings referred to as “gap mapsThese images reveal the inhomogeneous natureeof th
energy gapand periodic electronic modulation both inside Woetex core® and aboverlc.*
Again these data were derived from quasiparticleitatton spectra, not probing the
superconducting pair state itself. It is naturalask (i) whether the superconducting order
parameter of BSCCO has spatial variation, and h@yv the superconducting ground state
correlates with the quasiparticle excited statgs $ince we have the capability to measure both
A (Fig. 10) andcRy (Fig. 11) at the same location on the surfacehaee used these techniques
to address these questions. In order to avoidrtaeersible change in the LDOS for higher

currents (Fig. 10 inset), the minimum junction sésnce was kept above 3Q.k The result for a
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second location on overdoped BSCC € 79 K) is presented in Fig. 13. Unlike the case
shown in Fig. 10, the inset of Fig. 13(a) showsappreciable change in the LDOS after thé
measurement at the lowdsj. We foundA = 47 meV at this surface pointcRy derived from

these data is also different from the previoustioca
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FIG. 131-V characteristics of Pb/l/overdoped BSCCRRQ € 79 K) STM Josephson junctions at
different location from that in Fig. 10. (&M characteristics of Pb/l/overdoped BSCCIQ € 79

K) STM Josephson junctions @t=2.1 K. Inset: d%v measured before loWy measurement

(black line) and after it (gray line). Note thateegy gap is unchanged. (b) Thermally fluctuated
Josephson currents (lines) and fits (circles) te tphase diffusion model. (c) Plot of
lox/el/ kT vs.Gy: IcRy =279 pV. Two data points &y = 15 and 39 uS correspond Ity
characteristics without any pair current observed.
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Of note in Fig. 13(c) are two data points showiegoc appearing in thé-Ry plot. The
disappearances of are observed &by = 15 and 39 puSI{V curves without any Josephson
contributions). In order to check reproducibility the pair current, we first repeated the
Josephson current measurement at the $mas that when currents had been observed. We also
checked the linear relationship betwekn and Gy (both increasing and decreasi).
Reproducibility was usually observed. However,astonallylc disappeared. Fig. 14 shows the
IcR\ plot of Pb/l/overdoped BSCCQA({ = 76 K) measured dt= 2.1 K. We first measured the
V characteristic for the BSCCO gap (solid line ig.Fi4(a)). TherRy was decreased to see the
Josephson current on thev characteristics. In Fig. 14(b), each Josephsonsunement is
labeled in the chronological order in which it waken. The Josephson coupling increases as we
decreasdly (expected) but then unexpectedly disappears @awver Ry (label 5). Increasiny
(decreasingsy) results in the Josephson coupling returning (&abeand 7). This behavior is all
unexpected. After these loRy measurements, the large biag curve was again recorded to
observe the BSCCO gap. This curve (dashes) in H¢n) indicates that the LDOS of the
BSCCO and the energy gap remains the same befdrafear the lowRy measurements so that
the disappearance of was not caused by the LDOS change due to highermumensity.
Although the origin of this disappearance is siilider investigation, we observe that &y
measurementdR( below ~ 300 K) on BSCCO, increases the low frequency noise eriutthnel
current. This noise appears to be induced locallthe BSCCO and not from the environment or
the electronics. These effects were not ever seenri Josephson studies on the Pb-Pb or pNbSe
systems. We assure ourselves that we have nattedfehe tip during the measurements by
verifying that the Pb gap is always reproduced thedexponential decrease of the tunnel current

vs. the tip-sample distance is also observed Efte Ry measurements.
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FIG. 14. 1-V characteristics andicRy plot of Pb/l/overdoped BSCCOT{ = 76 K) STM
Josephson junction for studying reproducibilitylef (a) I-V curve (solid line) measured before
low Ry measurements, showing = 40 meV.I-V curve measured after loRy measurements
(dotted line), indicating that the energy gap & gurface point remained the same. (b) Plot of

| x /el ksT, vs.Gn. The number labels represent the chronologicarosfithe data sets. This

order clearly shows the Josephson currents disdppeg) and reappearing (6 and 7). Data
points of (1,2) and (6,7) were measured repeatady = 80 and 63 R, respectively.

Keeping these observations in mind, we performedh blmcal Josephson and
spectroscopic measurements on the overdoped BSQ@&e c = 79 K). Fig. 15 shows the
spatial dependence of the energy gap lafi measured simultaneously every 5 ~ 10 A on a
particular region on the surface. It clearly indésathaticRy and therefore the superconducting
pair wave function of BSCCO changes on a nanontetgth scale on the surface. More
interestingly, we can see an anticorrelation betw&eand IcRy such thatlcRy tends to be

reduced ad increases. This is not predicted by the BCS thedrgreAgcs andicRy are linearly
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correlated. The tendency was also observed in dke taken along a line of 100 A on another

overdoped BSCCOT¢ = 76 K) sample. This relationship is more appavemenlcRy is plotted

in the next section as a functionfofor a variety of experiments.
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FIG. 15 Spatial studies of both (A)and (b)IcRy at the same locations on overdoped BSCCO
(Tc = 79 K).IcRy changes spatially and seems to anticorrelate svitNote that no Josephson
contributions were observed at the surface poietotkd by arrows (in (b)) where the largest

energy gaps were measured in this 2& &5 A region. (c) The line-cut d‘%v spectra are
measured along the y-axis in (a), showing a wetivikm gap inhomogeneity (offset for clarity).



V. DISCUSSION
A. d-wave Superconductors

The observation o€-axis Josephson coupling in planar Pb -YB&0;; (YBCO) single
crystal Josephson junctions has been reported asdexplained by astwave component in the
order parameter of YBCO induced by an orthorhombistortion’®  Although the
crystallographic symmetry of Ern,CaCuyOg:s (BSCCO) makess- and d-wave mixing less
likely,** Josephson coupling in planar junctions betweervetional superconductors and
BSCCO has been obsen@d! IRy values for these junctions (Nb- or Pb-BSCCO) range
from 1 pV to 10 pV, suggesting that theomponent is about three orders of magnitude small
than thed-component. BecaudegRy was measured in macroscopic junctions in previoois,
any strong local inhomogeneities were obscured arehningful comparisons with an
inhomogeneoud could not be made. It is, therefore, very impdrtanlocally probe the order

parameter in this strongly inhomogeneous matesagiJosephson tunneling.

For highd¢ superconducting cuprates where the pairing meshais still under debate,
attempts to extract the possible coupling due ¢osttong electron-phonon interaction were done
for YBaCwOy although the authors cautioned that the “gap” oMesk in the normalized

conductance data for YB@uwOys is not of the BCS form. Nevertheless, the expetiedvas

calculated from the normal state parameters; (w) and A derived from the observe@/dv

spectrum and found that it was 2/3 of the measTigasf this materiaf?
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Recently microscopic studies of the phonon strectoy STM were performed for

Bi,SrLCaCuOg:s and electron-doped cupratBjsdaCe 1.Cu.** They have, however,

extracted the phonon energies from positive pealé?sz%vzspectra, with an assumption that

the observed gap was equal to the superconductipg rgther than following the previous
procedure. Furthermore it has been suggestedhbmtresults could be interpreted as inelastic
tunneling associating with apical oxygen within therrier®*° Electrons tunneling from the
STM tip can lose energy to an oxygen vibrationammn mode inside the barrier, yielding a new
tunneling channel and mimicking the results rembrte~urthermore, angle-resolved
photoemission spectroscopy (ARPES) data has beerpiated within the context of a strong

electron-phonon interaction modél.

B. Variation of IcRy in overdoped Bi,Sr,CaCu,0s:s

We interpret these results within the framework thé phase diagram for hight
superconducting cuprates proposed by Emery andI€6ng® High-Tc superconducting
cuprates are doped Mott insulators with low supétftiensity ns. Therefore the phase stiffness,
which is the energy scale to twist the phase, iallsim these superconductors such that phase
fluctuations could play an important role in detegrimg Tc. There are two possible temperature
scales that could affect the transition to supetaotivity. T, is a temperature at which the phase
ordering disappears because the phase stiffneappdiars. Another temperature scale,is
described as the temperature below which a gap@muasiparticle spectrum appears. On the
low doping side, a system could be divided intoiaeg where the order parameter is well
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definedlocally but not globally (a granular superconductor wiheegrains are weakly coupled
to each other). These areas becomes larger withasing doping, resulting in stronger inter-
granular coupling so that the phase coherenceHelngtomes longer and less susceptible to
phase fluctuationdly is increased as the hole dopidgjncreases, leading to a rise of the global
Tc of the sample. Meantim@, continues to decrease &sincreases. At the optimal dopint
andT cross over, so that the whole sample region is pbase coherent but the mean field
value (energy gap) of the sample is suppres3énisT, andT are the upper-bounds Te. Ty is
more significant due to the phase fluctuationshenlower doping side (underdoped), whileis
more important on the higher doping side (overdppeid. 16 plotsTc vs. hole dopingy, based
on this Emery-Kivelson model and the supercondgctegion forms a dome shape with the
maximumT¢ at 6, ~ 0.16 (optimally-doped). Decreasing or increasinfyom this value results

in aTc decrease.

0.05 0.16 0.3

FIG. 16. Phase diagram based on the phase flumuatbdel of highFc superconductors as

functions of temperaturé and hole dopingd, proposed by Emery and Kivelson. Optimally-
doped (OP) region is a cross-over from underdopid) to overdoped (OV) region. The phase
ordering temperaturd,, and the mean field transition temperatire are defined in the text.
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FIG. 17. Typicaldydv spectra and the corresponding averaged energy japsat T = 2.1 K

for BSCCO with three different dopings. They arelemoped Tc = 64 K), optimally-dopedTc
= 94 K) and overdopedl¢ = 76 K) samples. Note thata,e monotonically decreases &g
increases.

In order to interpret our results using this Emi€iyelson model {c vs. o), we make
two assumptions in order to replagein their model by the energy gap,which we actually
measure in our experimerifsFirst of all, T" changes monotonically with, and decreases &g
increases. Previous STM studi€Sreported the spatially averaged gap value moncediyi

increased from overdoped (the average 40 meV) to underdoped (the average 60 meV),

and d%v with A > 65 meV is often observed in heavily underdopedptasnto no longer

exhibit sharp coherence peaks. We also measurezt thamples with different dopings:
underdopedTc = 64 K), optimally-dopedT = 94 K) and overdoped'¢ = 76 K) and observed
this tendency as shown schematically in Fig. 1fe Tesults indicate that the averageAave,

seems to monotonically increasedass decreased. It was reported that the formatfagapped
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regions obtained from th@%v spectra actually started aboVe and there is a linear relation

betweenA and the gap opening temperatufe,for optimally-doped and overdoped BSCCO
samples. Combining with all these facts, we suggest that&haxis in the Emery-Kivelson
model can be transformed into theaxis, but nowT monotonically increases withave as

shown in Fig. 18.

Second, McElroyet al.? reported that all the gap-map studies for differéapings,
ranging from underdoped to overdoped, show not atitgpng gap inhomogeneity over all
samples, overdoped or underdoped (observationeofattger gap in regions of the overdoped

and that of the smaller gap in regions of the utholeed samples), but also the shape of the

averageod%v spectra for a given gap seems to be very simi@ependent of whether the

bulk sample is overdoped or underdoped. These usath make the second assumption that
although the bulk (macroscopic) doping of each B&&@mple is characterized by the transport
Tc and the spatially averaged energy gap.e, local doping which will determine the local
superconducting nature of the sample (the localyasaredA, the pair amplitudeTc) reflects
the observed inhomogeneity. Putting it another whag, smaller gap region which is sparsely
distributed on the underdoped sample behaves &doped”, while the larger gap region which
is rarely observed in overdoped sample behavesuadefdoped”. This suggestion is also
supported by the recent finding of local Fermi aoef variations on BSCCO, indicating that local

doping is not equivalent to the macroscopic dopifne samplé?

Since we measurg, we choose to replot the Emery-Kivelson model sttecally as
shown in Fig. 18. We flip th&c vs. 6, relation in the Emery-Kivelson model toTg vs. Aave

relation. Thus, the region, where the smaller gapneasured, we regard as an “overdoped”
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region, while the region with larger gap is regar@s “underdoped” region, even though our
local Josephson measurements are done on overdapgiles Tc = 76, 79 K and 81 K). Now
T (and delta) monotonically increases and the damaged region is simply flipped horizontally

as shown when plotted vA.

Emery-Kivelson model

* N
T\ T,

Sy
Transform

op to A on
X-axis

T-A relation

AA\/E

FIG. 18. Modified Errlery-KiveIson model which includesatvassumptions, (1) the linear
relation betweerk andT and, (2) a local doping variation on the BSCCOauaf
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With this adaptation in hand, we now summarize m@asurements of the Josephson
IcRn product vsA for five overdoped samples with each data poikeriaat locations roughly 5
~ 10 A apart® Shown in Fig. 19 is the summary plot with the ified Emery-Kivelson model
superimposed. Although there is scatter in theeeslIcRy values for a givem, this figure
clearly indicates the nanometer scale inhomogeseiti bothlcRy andA. The reason for the
scatter from experiment to experiment is understigation. We believe this scatter is related to
the microscopic inhomogeneities of BSCCO. We do se¢ this kind of scatter in the
investigations of Pb/Ag or Nb&eA consistent but surprising feature seen frora ot is that
IcRy tends to be a maximum whenis between 40 and 45 meV, and the trend is fao it

decrease or become zeroAasicreases or decreases from this maximal point.

Our results in Fig. 19 show thefRy is maximized at a gap value of 40 ~ 45 meV, the
averageA typically observed in optimally-doped BSCCO (cspending to the higheskc
samples)lcRy decreases as becomes larger. It also decreasea decomes smaller. THeRy
vs. A that we measure behaves in a similar wayass. 6, (asd, changes towards zero from the
critical doping ~ 0.3 at the end of the supercotidgcregion), and it does not follow the
behavior ofA vs. T¢ as expected from BCS theory. It is important iterate that for any given

sample, we observed inhomogeneities both andlcRy values as a function of location.

From our results we correlate the observedRy with the amplitude of the
superconducting order paramef@ as well as with thdc of BSCCO via the Emery-Kivelson
model phase diagraffi. On the underdoped side of the phase diagrame tthese quantities
(IR, |¥] andTe) decrease (smaller superfluid densityyaisicreases and anticorrelate with
This inverse relation betwedgRy andA in BSCCO is an unconventional result becauseen th

BCS pictureAgcs, IcRy, || and Tc are all correlated. On the overdoped side of thase
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diagram, Tc decreases a&, is increased above 0.18 @lso becomes smaller in this doping
region; a conventional result). Since the overdogide is the amplitude dominated regidn,
closely relates ta and hence decreasesdass increasedlcRy decreases asis decreased from
the value around 40 meV in Fig. 19, indicatiR@y, |¥|, Tc, A andT behave similarly and

conventionally as$y, is increased towards the critical dopiiag £ 0.3) wherd ¢ vanishes.

600, / @ Sample (T _=76K)
* // O Sample 4T _=76K)
T/ B Sample 3T _=79%K)
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FIG. 19.I1cRy vs. A overlaid with the Emery-Kivelson model. SketchésTe andT from the
Emery-Kivelson model are shown by dotted and dagined, respectively. The vertical scale
for the model curves is arbitrary (obtained frorh 88)

Another possible framework for discussing our ressid the two-gap scenario observed

in recent ARPES measuremerfts’ In the underdoped regime in BSCCO samples, alsmal
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energy gap is observed and it becomes larger witteasing doping in the nodal region, distinct
from the larger energy gap (pseudogap) in the adéhregion where no coherence peaks are
observed. Moreover a temperature dependence obtied gap follows the BCS functional form
very well, while the antinodal gap remains finiteTg. The same trend &f(T) is also observed

in overdoped samples, but the gapless region abgvexpands on the Fermi surface with
increasing doping (suppression of the pseudogaad also been reported that two gaps are

observed in overdoped (BPh,),SrLCuGs.x using a variable temperature SPRIt was claimed
that there are smaller, homogeneous energy gajshuam neafTc as measured from tﬁé%v

spectra normalized by normal state conductancevedisas the larger, inhomogeneous energy
gaps, which have very weak temperature dependelitieough consistent with ouicRy
measurements, we do not observe the secondigagly. To our knowledge, the momentum
component of the tunneling electron parallel to jinection barrier is conserved in the tunnel
process, but the very small confinement of thetedacdue to the STM tip might increase the
uncertainty of momentum and relax the constraint foomentum conservation. Thus the
tunneling current observed in the STM could poysii# averaged over a large fraction of the
momentum space, therefore, making it difficult ésalve a momentum dependent gap by STM.
Moreover the results in Fig. 19 represent measuntgsnef bothlcRy and A averaged over

momentum space, and therefore we are unable tesglthis alternate model.

C. Current density effect

We have observed notable changes in the LDOS HiterRy (high current density)

measurements. Most of these observations involeéinpnary results, and more studies are
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necessary to come to a quantitative conclusioneNesless, we have observed this effect so
often that it deserves reporting. The effect issiitated in the inset of Fig. 10. Several questions
arise: Does the LDOS change suddenly or continy@udlhen or at whaRy does it happen?
How does LDOS change relate to the Josephson ttri&te performed “back and forth”
measurements in which the BSCCO gap (lghmeasurement) was measured followed by low

Ry measurements at the same location on the sufesilts are shown in Fig. 20. We first

measuredj%v labeled 1, then measuréd/ characteristics at lower voltages in the region of

the Pb gapRy is lowered until it reaches that of th&/ curve labeled 7. The tip is backed up to

increaseRy to measur or the gap labeled 8 and so on. It is@sting that the
[ Ry é]"dvf he BSCCO labeled 8 and It isr@sting that th

BSCCO gap remains almost unchanged after meastmngb gap aRy = 68 K2, but a large

LDOS change is observeé‘%v labeled 20) after obtaining the/ curve labeled 19 &y = 11

kQ. The dydv curve labeled 20 indicates not only a disappea&afhsharp coherence peaks but
an apparent increase in the energy gap size. Fuldeeeasindiy to measure the Pb gap\(
curve labeled 24) makes the LDOS change to a “\a’pek(d%v labeled 25) where we can no
longer define an energy gap. From similar measun&mnee have observed that the BSCCO gap
and the shape di%v rarely change by measuring the Pb gap Wytils reduced to around 30
kQ, but further decreasindgRy causes a deformation of LDOS. Howadtl al. observed
qualitatively similard%v curves on the intentionally disordered surfacesdgnning with large

tunnel current. Their tunnel condition, however, waslat 500 pA withV = - 200 mV so the
power dissipated from the tip was fOW, while the typical tunnel condition used in taes

current measurements for th& curve atRy = 30 K2, for example, i3 = 500 pA withV = 1.2
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mV so that the power dissipated from the superccimytip is 100 times smaller than that used
by Howald et al. although tip-sample distance in our STM junctidassmaller. In this
configuration the current density,could be calculated using the tunnel curient500 pA and
the effective diameter of the superconducting-tif3, A over which electrons are being injected.
Thus it yieldsj ~ 1 A/cm?, a very high current density. It is still undevéstigation to answer
why Ry ~ 30 K2 is the threshold resistance for the BSCCO’s LD@&nge. We conclude that

current density is the relevant parameter thatesatiese surface and spectral changes.
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FIG. 20. (a)l-V characteristics and (b)d%v spectra taken at the same surface point on
overdoped BSCCOT¢g= 74 K) atT = 2.1 K. LDOS change of this sample is caused lyRQ
measurements. The numbers labeledlfgrand dydv curves are measured in chronological

order. For example,dydv spectrum (14) is taken right afte¥ curve (13) was measured.

We have also measured the lateral range of the t¢ugtent density alteration of the

LDOS by moving the tip away from the original aftérocation to measuw‘é%v curves a few

nanometers away. Fig. 21 shows the degraded LDOSominuously changing, finally

recovering to the superconducting LDOS as thestimoved away from the originally damaged

point. Thed%v spectrum with sharp coherence peaks is recovard®@ am away from the
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damaged point in opposite directions along a fvkile Howaldet al. “burned” the surface by
scanning with a large tunnel current, we “burneti"aaspecific surface point by takingv
characteristics at lowRy. It is interesting to note that spatial destructiof the BSCCO
superconducting LDOS is similar for both experinger®nly qualitative studies of the high
current density effect on BSCCO’s electronic suitethave been done so far, however, a
relation between the thermally fluctuated Josepltsorent and LDOS change is still unknown.

Further study is necessary to discuss this effieantitatively.
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FIG. 21. d%v spectra taken along a line from the originally dged surface point (offset for
clarity). The bottom curve is the sarﬁ%v spectrum labeled 25 in Fig. 20(b).

D. Different surface preparation

Cleaving the BSCCO to expose an atomically flafas@d is widely used for STM
studies of this material; however, no study ofeffect of the cleaving on the electronic structure
of BSCCO has been reported. This fact results imguastion as to whether the gap

42



inhomogeneity routinely observed on cleaved sugasentrinsic to BSCCO or a result of the
cleave. It is well known that the superconductingniling probes the depth of a coherence
length into the sample surface. Therefore it isartgnt to address this question because the
electronic degradation on the surface of BSCCOcaffect its tunneling current due to the very
short c-axis coherence lengtled < 1 nm) compared with much longég of conventional
superconductors. Chemical etching is an alternathod to remove a degraded surface layer
and possibly make a passivated layer. A chemiadiireg technique, originally reported by
Vasquezet al.>® was applied to Pb/I/'YBCO tunnel juncticfig’ and Josephson junctiols.An
STM study of etched YBCO single crystils’ revealed that etching with 1 % Bromine (Br) by
volume in methanol resulted in an etching rate  Z/min. The etching proceeds layer by
layer and results in large flat areas separatestdgys with single unit cell depth (~ 12 A). The
etching also produced pits on the surface whichaedpradially, introducing some surface

roughness, but further etching removed layers withtcreasing roughness.

For BSCCO single crystals, we observed that 1 % Bnethanol was strong enough to
dramatically roughen the etched surface, causiadsifivl to tip-crash. This result suggests that
BSCCO is more sensitive to the etching than YBQ@®order to optimize the etching condition,
etching rate calibrations were performed as foltoWse BSCCO single crystal was coated with
thinned rubber cement leaving a small region ofosepd BSCCO. The etching solution
consisting of 0.1 % Br in methanol was kept on B&®&CCO single crystal for 3 minutes. The
surface was then rinsed by dipping the sample itham®l in an ultrasound cleaner and the
rubber cement was removed by sonication in tolugneommercial profiler revealed clear steps
at various edges of the etched region of roughB06R in height. This result indicates etch rates

for BSCCO using 0.1 % Br of 2000 A/min.
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Fig. 22 shows a typical surface of overdoped BSQT&= 74 K) etched in 0.1 % Br in
methanol for 3 minutes followed by sonication inthamol and finally blown dry with nitrogen
gas. The etched surface consists of “pancakes”latghal dimensions ~ a few hundred A. These
pancakes have various step heights of not onlyfaihi cell in depth, 15 A (Fig. 23), but also 5
A and 10 A. Fig. 24 shows a large area scan ofstmae sample as Fig. 22. A vertical
corrugation over this surface is less than 30 Aljcating that the 0.1 % Br etching proceeds

layer by layer.

FIG. 22. STM image of 0.1 % Br etched overdoped 88T = 74 K) at room temperature.
Scan size is 800 A 800 A.
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FIG. 23. Surface height cross section along tieshown in Fig. 22.

FIG. 24. Room temperature STM image of the samfamirin Fig. 22 with larger scan area
(3200 Ax 3200 A).
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Fig. 25 shows thé’%v spectra measured on the 0.1 % Br etched overd8g&L O sample at

T=4.2K. Twod%v curves were taken 10 A apart. It is noteworthy tha spectral line shape

looks very similar to that observed on the cleaB®ICCO sample except the asymmetry
typically observed for cleaved samples in the cehes peaks is reversed. Nevertheless the
result is reproducible. This sample was then cotdeli= 2.1 K to measure the Pb gap. Fig. 26
shows thd-V characteristic measured at a lolgr The Pb gap was clearly seen arowie 1.4
mV although thel-V curve was not taken at the same surface pointigs 26. Further

investigation is required to determine whetherghp inhomogeneity is intrinsic to this material.

It would also be useful to study how th‘é%v spectra and the JosephdeRy product vary

over an etched surface.

di/dVv (a.u)
'_\
=

o
(4
T

2100 50 0 50 100
V (mV)

0.0

FIG. 25. d%v spectra with a large bias measured on the 0.1 émniBe etched overdoped
BSCCO aff =4.2 K. Two d%v spectra were measured 10 A apart.
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FIG. 26.1-V characteristic measured at lowgg on the 0.1 % Bromine etched overdoped
BSCCO aff = 2.1 K. The Pb gap is clearly seen aroMrel 1.4 mV.

It is shown from these preliminary experiments tteg Br etching proceeds layer by
layer on BSCCO and yields a passivated surfacee®@aisons of the superconducting Pb gap
ensure that the passivated layer is thin enoughvdcuum tunneling; however difficulty in
reproducible observation of the Pb gap suggeststiigathickness might change from etched
sample to sample. Low temperature image scansagipear noisier than room temperature
images, and there is difficulty at obtaining reproittle low temperature images. Since Br must
be handled under a fume hood because of its hifghility and toxic nature, the etching process
is done in air. This constraint possibly resultsiirface contamination although it still remains
puzzling why the image is better (less noisy amlagucibly obtained) at room temperature than

at low temperature.

In summary, we have prepared the BSCCO surface Hgmical etching for our

superconducting STM study. The etched BSCCO surféslels reproducibled%v spectra,
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however extensive lowRy measurements to observe Josephson current havebasut

accomplished yet.

VI. CONCLUSION

We have described a series of experiments thateauitl superconductor-tipped STM to perform
Josephson tunneling measurements on the higbdperconducting cuprate, BSCCO. These
measurements are motivated by the desire to diracttess the pair wave function given the
lack of a theory to connect the quasiparticle DOShe superconducting state, in contrast to
BCS superconductors. Operation of the apparatssbean verified by measurements of a
conventional superconductor, Pb, and then the éalysuperconductor Nbge We find good
agreement between these measurements and thdgpetidiztions, giving us confidence in our
BSCCO data for which no prediction is availableur @sults indicate that like the quasiparticle
DOS, the pair wave function is also inhomogeneousr dhe doping range studied, with
variations on length scales of roughly 1 nm. Femtfore, we find that the gap measured from
the quasiparticle DOS is anti-correlated with tllsephsoncRy product for areas where the
local superconducting nature has the characteistic is consistent with underdoped samples.
In addition we observe that excessive current desstan irreversibly alter the LDOS in these
samples; and we have determined a limit on theenuriTaking care to stay below those limits
allows us to avoid this effect. In an effort taatenine whether the local inhomogeneities are
intrinsic or the result of the surface preparatioyp cleaving, we have also performed

measurements of BSCCO samples that have been etithea Br/methanol solution. Although
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no Josephson signal has been detected, this appdoas appear to yield reasonable surfaces,

albeit with apparent tip contamination challenges.
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