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Stacks of a few intrinsic tunnel junctions were microfabricated on the surface,8f,BaCyOg, 5 single
crystals. The number of junctions in a stack was tailored by progressively increasing the height of the stack by
ion-beam etching, while its tunneling characteristics were measursitli in a vacuum chamber for tempera-
tures down to~13 K. Using thisin situ etching/measurements technique in a single piece of crystal, we
systematically excluded any spurious effects arising from variations in the junction parameters and made clear
analysis on the following properties of the surface and inner conducting planes. First, the tunneling resistance
and the current-voltage curves are scaled by the surface junction resistance. Second, we confirm that the
reduction in both the gap and the superconducting transition temperature of the surface conducting plane in
contact with a normal metal is not caused by the variation in the doping level, but is caused by the proximity
contact. Finally, the main feature of a junction is not affected by the presence of other junctions in a stack in
a low-bias region.

I. INTRODUCTION It is unsettled yet, however, whether the individual junc-
tions in a stack behave independently or are correlated with
Recently both superconducting and normal-state tunneleach other. Junctions in a stack could be inductively coupled
ing characteristics of junctions intrinsically formed in crys- by supercurrents flowing on thin conducting plaiiéé or
tals of extremely anisotropic highs materials such as coupled by the charging of thin conducting planes by tunnel-
Bi;Sr,CaCy0g. 5 (BIi-2212) and ThBa,CCUs010: 5 (Tl ing electrond® Thus the plasma oscillations excited in a
2223 have attracted much research attentiofl.Previous  ciack of intrinsic junctions, for example, show collective
experimental investigations by many groups have revealef, o225 However, some previous studies indicate the op-
that. th_e superconducting order para}meter in th.e crystals i[§osite may be true. For dc bias current applied alongcthe
penodwally modulated along the axis and the interlayer axis, coupling between adjacent junctions is small enough so
coupling at low-enough temperatures has a Josephson natugﬁat each junction can be assumed to be indeperidadar-

Existence of such naturally formed intrinsic Josephson junc?elated ‘unction behavior would affect the usefulness of a
tions has been directly confirmed loyaxis tunneling mea- J

surements, using small-sized stacks or mesa structures on tﬁ@ct fﬁr dgw_ce ap?hlc?tmr?_s.hl:for Instance, gﬁrrelated IJ_unc—
surface of single crystals, including current-voltagd/) tion behavior is useful for high-frequency oscillator applica-

characteristic&; *2temperature or magnetic-field dependencelions but detrimental to voltage standards applicatfdns.

of the critical current3-18 dynamics of Josephson Thus, the issue of correlation of the tunneling characteristics

vortices'®~2® microwave responséé;2® and the Josephson of intrinsic junctions still remains of prime concern from
microwave emissioR’ both academic and device-application points of view.
Electron-tunneling spectroscopy has been conceived as Tunneling spectroscopy on the surface of highmateri-
one of the most powerful means to determine superconduc@ls is widely used to probe the nature of order-parameter
ing gap and its anisotropy=*® Compared to other spectro- symmetry, mostly using hybrid junctions consisting of con-
scopic technique¥,*°electron-tunneling spectroscopy has aventional and highF, superconducting electrodé&s*4°In
very high energy resolution of the electronic structure neathis case, it is utterly important to make sure that the super-
the Fermi leveEg . Tunneling spectroscopy and its interpre- conducting properties of the surface layer, such as the tran-
tation on highT, materials using conventional techniques sition temperature, the gap value, and its order-parameter
such as scanning tunneling spectroscopy, however, have gdymmetry, do not deviate from those of inherent bulk
ten been controversial, due to problems of poor surface chaproperties’® Recently, surface-sensitive spectroscopy such
acterizations mainly arising from an extremely short coheras angle-resolved photoemission spectrosédpsganning
ence length and uncertainty in the transverse momenturtunneling spectroscops;*® break-junction tunneling® and
direction of the particles upon tunneling via a small¥%3® intrinsic-junction tunneling®*%“is increasingly used to in-
These problems have been conveniently circumvented by westigate the in-plane normal-state conducting properties of
tunneling study using intrinsic junctiondJ's) in high-T,  high-T, materials, i.e., the existence and nature of the
materials. Especially, tunneling measurements on a smalpseudogap, especially as varying the doping level. Since the
sized stack, including only a few intrinsic junctions, provide size of the pseudogap is known to be sensitive to the doping
valuable information on the nature of the inherent superconlevel in the underdoped regini&;*®any possible significant
ducting gap and the pairing mechanism of unusual symmetrgxygen deficiency in the surface layer would lead to a very
in the materials. serious misinterpretation of the intrinsic bulk properties of
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the conducting planes. Additionally, our previous sttidy- q) bare surface

dicates that depositing noble-metal film such as Au on the of Bi-2212  base mesa  Au electrode
surface of hight. materials, often used for surface protec-
tion for electron conduction measurements, causes a suppres-
sion of the surface layer’s superconductivity by its proximity
contact to normal metal. In this respect, it is of prime impor-
tance to probe any variation in the doping level of the surface
layer from that of the inner layers with intrinsic bulk prop-

baked photoresist

erties.
Most studies on the intrinsic tunneling effect in high-
superconductors, both in superconducting and normal states, Au ;
P P 9 (b) baked clectrode  thin (<300 A)

have been done to date by fabricating a small elevated stack photoresist Au film
structure(with the cross-sectional area usually of a few hun-

dredsum?) on the surface of single crystals with a few 1J’s

in it. The number of the junctions in a stack is varied by EETD™ ALLEE =
changing the height of the stack during the fabrication pro-
cess using ion-beam etching or chemical wet etching. In this :
way, however, accurate tailoring of the number of junctions Bi-2212 base mesa

is a difficult task. To get a deeper understanding of the in- _ ) ) )
terlayer coupling characteristics of an individual intrinsic, F'C- 1. (@ An optical micrograph of a sample prior to situ
junction as well as the conducting properties in a plane, botl1]0n-beam etching. Four small stacks were fabricated on the top

in superconducting and normal states. carafuitu control surface of the base mesa. A-F denote the Au electrodes. Data are
P 9 ’ reported for the configuration, where A and(B and B were used

of the number of 1J’s in a stack is required while monitoring ¢, biasing currents and E andA and O for voltage measure-

their tunneling Charac.:teristiés.. o ~ ments.(b) Enlarged schematic view of the dashed-circle region in
In this report, we first examine the possibility of any sig- (g).

nificant variation of the doping level in the surface layer of i i . .
high-T, single crystals in contact with normal metals, alonglunctions in a stack, we find that the Joule heating effect, not

with a change in the superconducting properties. We thete nonequilibrium, can be a good candidate for that cause.

discuss the physical implication of the scaling of tunneling
resistance and thid/ curves with respect to surface junction
resistance. We also examine whether the main feature of a Bi-2212 crystals were grown from a melt using alumina
junction is influenced by the presence of other junctions in arucibles, details of which are described elsewtéRieces
stack. To that end, we focus on the evolution of the tunnelingf single-crystal platelets with typical size-0.8x0.4
characteristics of 1J’s while progressively increasing thex0.03 mn? were selected from a mass of the cooled melt.
number of junctions in a stack fabricated on the surface ofA platelet was glued onto a sapphire substrate by negative
Bi-2212 single crystals. lon-beam etching was used in comphotoresist, then hard-baked. An optically smooth surface
bination within situ cryogenic measurements, similar to the was prepared by cleaving a platelet of single crystal using
technique reported in Ref. 8. The number of 1J’s in a stackScotch tape. Right after cleaving, a 1000-A-thick Au film
was increased in sequence by carefully controlling the lowwas deposited on the surface of the Bi-2212 crystals to pro-
energy ion-beam etching time with preformed metallic electect the surface from any contamination during stack-
trodes on the surface of the stack. Between each etchin@gbrication processes.

stage thec-axis tunnelingV characteristics and the tempera-  We then patterned a large “base mesa” of siz&50

ture dependence of the-axis tunneling resistanc&(T) X 15X 1 wm? on the crystal surface, using standard photo-
were taken while varying the substrate temperature froniithography and Ar-ion-beam etching, with beam voltage and
room temperature down te13 K. current densitWpean=300 V andlye,,=0.8 mA/cnt, re-

This study directly confirms our previous finding that a spectively. Any residue of burned-out photoresist on the
weak junction(WJ) forms at the surface of a Bi-2212 statk crystal surface was stripped off by oxygen-plasma etching.
that is in contact with a normal-metal electrode. Thesitu  Then a patterned layer of photoresist was placed around the
etching/measurements technique confirms that the supprelsase mesa and hard baked to insulate the region, excluding
sion of the gap and the transition temperature in the surfacthe top surface of the base mesa. A thick Au film
layer of a stack does not result from the change in the doping~8000 A ) was depositetf, and connection pads from the
level or from the proximity-induced weak superconductivity base mesa were patterned and ion-beam etched. Thereafter,
in the Bi-O layeP® that may be surfaced. Rather, the sup-the electric pads of Adtotally ~9000 A ) crossing the base
pression results presumably from the proximity contact ofmesa acted as masks for the small stacks in the fuirthstu
the surface layer wittd,2 2 symmetry to the Au normal etching process. In this stage, a thiess than 300 Ain
metal. This study also convincingly demonstrates that thexominal thicknessAu film was intentionally left on the top
individual junction is little influenced by the presence of surface of the base mesa between the pads to prevent the
other junctions in a stack in a low-bias region. As to theinadvertent premature formation of small stack structures.
cause of development of negative dynamic resistance in th€he remaining Au film would be removed during the naxt
high-bias region of théV curves with increasing number of situ measurement process with controlled ion-beam etching.

II. EXPERIMENTS
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structures with a height of one-half unit cell usually forms in
the samples in an area of 380 wm?. We did not observe
any evidence for the existence of a step in our tunneling
results. In this study, we took measurements for three differ-
ent stacks, all showing similar features. We present a typical
set of data obtained from one of the specimens.

Ill. RESULTS AND DISCUSSION

A. R.(T) curves

Ar-ion beam Progressive evolution dR.(T) by increasing then situ

10 HHH small etching timet, up to 30 min is presented in Fig(&. Incre-
~ 3 ment of the number of junctions in the stack with increasing
& te was monitored by counting the number of quasiparticle

g’ 6 branches in the correspondiihg curves. Figure @) reveals
[ that when we lower the temperature from room temperature
;0 4 down to the bulk superconducting transition temperature, the

) R.(T) curves show metallic behavior &f<5 min but gains

a slightly semiconducting behavior = 6.5 min where the

0 value of R, reaches a maximum &t onset (=92 K). The

0

60 80 100 120 140 value ofR; then starts dropping abruptly and reaches a mini-
T (K) mum atT. (=86.5 K). Interestingly, for all the values of
te, R remains finite belowr . and gradually increases again
FIG. 2. (a) Progressive evolution of theaxis resistanc&®(T) up to the secondary resistance maximunT In the
curves with increasing etching time=0, 3, 5, 6.5, 10, 12, 15, , onset
range ofT¢ ,nsei< T<T. the temperature dependenceRyf

19, 22, 26, and 30 min from bottom to top. The contact resistanceshowS 2 more pronounced semiconducting behavior. Below
was not subtracted. The characteristic temperatli{es T, onset P 9 '

T., andT; onser@nd the temperature regions |, 11, 11l are defined in Tc.onser the value OfRF drops sharply, e’specially for high
the text. The dotted lines show thg dependence off, and  Vvalues ofte, and vanishes to 0.0 at T, (=15 K) and
T. onser (D) A replot of theR.(T) curves, whereR (T) was res-  below.
caled byR(T.=86.5 K). The dotted line is a fit to E(R) for a As to increases,T; ,,sc; decreases from~36 K to
single normal-metal/insulatatvave-superconducto\( ID) sur-  ~17 K, as denoted by the dotted guideline in Fi¢g)2All
f_ace ju_nction withA;=32.6 meV, in corparison with gfit(dashed other characteristic temperatur@s,onset, T andTé , how-
line) with swave gapAo=17 meV. Inset: a schematic view of the ever, remain almost insensitive to the etching time. The tran-
configuration for then situ three-terminal measurements. sition width AT, (=0.3-5.0 K) neafT, gets sharper with

. . . increasingt., while AT, (=2.3 K) nearT. remains un-
Figure 1 illustrates the optical photograph and the Correchanged. The behavior d(T) nearT, . is not only

sponding schematic view of a specimen after completing the® ~ 2. . . "
whole process prior to thial situ etching. Sensitive tot,, but is also highly affected by the ambient

Forin situ monitoring of the tunneling characteristics of a condition. For Instance, the peak value Rf(T¢ onsed IN-
small stack, the specimen was loaded into an ultrahighSreases rapidly and, is suppressed significantly for rf irra-
vacuum chamber equipped with a liquid-helium cooling potdiation of power level as low as-30 dBm (not shown.

as well as an ion-beam etching system. lon-beam etching arfde(T) N€arT¢ ;nseiS SO sensitive to the rf noise that the data
cryogenic measurements could be repeated without breakirigken without filters are greatly affected.

the vacuum. The remnant 300-A-thick Au film and Bi-2212  For the sake of clarity we divide the temperature range
crystal underneath were further etched, while forming fourinto three regions: Region ITET gnseds ! (Teonsei<T
small stacks on the base mesa. The junction size was definedT.), and Ill (T>T.), as shown in Fig. @. The total

by the width (~15 wm) of the base mesa and-(12 um)  number of quasiparticle branches obtained from the

of the electrical pads overlaid perpendicularly to the lengthcurves in Region | for the corresponding etching times are
of the base mesa. In this etching stage we used sufficientlg=4 (te=6.5 min), 4(8 min), 5 (10 min), 5 (12 min), 6

low ion-beam voltage \(pear= 100 V) and current density (15 min), 8 (19 min), 9 (22 min), 10 (26 min), and 12(30
(Iyear=0.16 mA/cn?) to enhance the controllability of the min).

etching rate. The height of a small stack was controlled by In Region |, the stack has Au/IDIDID. .. configura-

the total etching timet.. In every 1-2-min etching, the tion, where BD’) denotes th¢suppressedsuperconducting
chamber was pumped out and a stack was characterized inlayer withd,2_,2 symmetry. Since both the surface and inner
three-probe-measurement configuratieae the inset in Fig. junctions are Josephson coupled the junction resistance sub-
2(b)]. The R,(T) was measured using a dc method with atracts from the value R, for a low current biad? Thus,R.
constant-bias current of 1(A. To reduce the effect of ex- in this case is essentially the contact resistaRge between
ternal noise, low-pass filters were connected to the voltagthe Au electrode and the surface layef; IR.(T)=Rct
and the current leads. A recent repdindicates that, using =<0.1 , which is at least two orders of magnitude smaller
the similar cleaving technique on Bi-2212 crystals, stepthanR. in other temperature ranges.
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The finite value ofR; found in the stack in Region Il is valid for the true BCS-type behavior, for thig>_,> symme-
known to be always present in a three-terminaltry «=1.45 gives a better fit and is consistent with the the-
measuremerit>'1"%Since the 1J's in the stack beloW,  oretical predictior?® The fit turns out very satisfactory in
should be in zero-resistance state for a low-bias current, thglmost all temperatures in Region II. The value/qyf is in
finite R; at temperatures in Region Il in this three-terminal good agreement with the results of other studies, obtained
configuration is attributed to theurfaceweak junction con-  from 1V curves of the inner 1J’s with DID-junction configu-

sisting of the topmost Cu-O bilayer in the normal state, angations near the liquid-helium temperatdr@°the scanning
the adjacent inner Cu-O bilayer in the superconductlnqunne"ng spectroscopi# 3 or photoemission

state!! In other words, the surface Cu-O bilayer undemeaﬂ%pectroscopf?g using optimally or slightly overdoped
the normal-metal electrode has a suppressed transition te@émples ’

perature, which is essentially, os- Thus, in Region Il, the For comparison, we also draw the best-fit curve with an

configuration becomes Au/RDIDID . .., where N denotes isotropics-wave gaf? with Ay,=17 meV/(the dashed curye
the surfape layer in its normal state. The corresponding "€ hich gives, however, only a marginal fit at best ndar
sistance is . ,
Any largers-wave gapA, would result in even a poorer fit
R.(T)=Rer+ Ryin(T) =Ry 1p(T) (1)  over the range of Region II. Insensitivity of the rescaled
R.(T) to the number of 1J’s in a stack in Region Il indicates
-1 d 1 (= that the variation ofR,(T), at least fort.=10 min, was
Ryip(T)= Iimw =| Iimw—, N(E,A) caused by the variation in the junction area with etching.
vV—0 v—odV eRyJ - Note that this insensitivity also implies the number of the

-1 N’ID junctions does not change with progressive etching;
x[f(E)—f(E+e\/)]dE] ’ 2) only one NID junc_tio'n exists presumably on .the surface of
the stack. The deviation &.(T) from the merging curve for
) ) ) ) ] te<<10 min is due to an incomplete formation of the stack
whereRy/p(T) is the quasiparticle tunneling resistance of gng will be discussed below. One notices in Figh)2hat the
the N'ID surface junction or WJR;, its junction resistance, curvesR(T)/R.(T.) do not show any merging behavior in
and f(E) the Fermi distribution function. The normalized Region III, even for long etching times>10 min. This is
density of statedN(E,A) of the superconducting Cu-O bi- consistent with the fact that tHe.(T) in Region Il include
layer with d,2_,2 symmetry can be obtained by averaging the tunneling resistances of both number of inner 1J’s and the
over the in-plane angle ink space a N(E,A)  surface WJ, which are scaled 1%, and R! [=R:(T)].
=Re (1/2m) [§T{E/JE?~[A cos(2p)}d¢]. Here, A is the  respectively. ThusR.(T) in Region Iil is not scaled by
temperature-dependent energy gap of the inner layers. R(T.) alone.

In Region Ill, the configuration is Au/NNININ . . ., with The inset of Fig. 3 shows more detailsRf(T) curves in
the tunneling resistance R(T)=Rcr+ Ry n(T)+M  Region Il fort,=15, 19, 22, 26, and 30 min corresponding
X Rnin(T) =Ry in(T) +mX Ry n(T), where N denotes the ton=6, 8, 9, 10, and 12, respectively. Each curve shows a
inner Cu-O biIayer in its normal state the total number of pronounced metallic behavior in the high-temperature re-
IJ's (note thatm=n—1), andRy/;y (Rnin) stands for the  gion, which may imply that the conducting planes are in a
quasiparticle tunneling resistance of eachNN(NIN) junc-  highly overdopedregimel”*%4! gradually turning into a
tion. semiconducting behavior arouid=170~180 K with low-

From Egs.(1) and (2) we note thatR:(Tc)=Ry/ip(Tc)  ering temperatures. Increasihgtends to increas®.(T) in
=R} and the value increases gradually with increasing  proportion as more 1J's are included in the stack. In Fig. 3
The values oR.(T.) in Fig. 2(a) are 1.1, 1.2, 1.8, 3.2, 5.2, we plot the single junction contribution to the tunneling re-
6.0, 7.0, 8.3, 9.0, 9.3, and 93 for t, from O up to 30 min  sistivity p¢singe as converted from the relativn
[see Fig. 7a)]. We presume the variation &(T) is dueto R singie(T) =[Re(T,i +j) = Re(T,i)1/j using the geometric
shrinking of the junction area as the etching gets longer, thparameters, the junction ar&s= 12x 15 um? and its thick-
reason for which will be discussed below. nessd=12 A, for the number of junctions+j=8, 9, 12,

To study the intrinsic properties of the interlayer coupling12 andi=6, 6, 8, 6, respectively. Thus, the curves corre-
or the conduction in the Cu-O planes, one needs to eliminatgpond to averaging-axis resistivity over 2, 3, 4, and 6 junc-
the effect of the variation in the junction area by normalizingtions, respectively. SincB.(T.) as seen in Fig. () is sta-
R¢(T) with respect to the junction resistance. Rescaled curveilized fort,=15 min, not much relative error is assumed to
R:(T)/R(T,) for each set of curves in Fig(& correspond-  be involved in this conversion. Note that the surface WJ
ing to t, equal to 10 min or longer tends to merge into acontribution is subtracted fromy ingie @nd it contains only
single curve at temperatures in Regiofidée Fig. 20)]. The  the inner 13 contribution. One noticeable featurepgtingie
temperature dependence of the curve is well in accordandg that the lineafF behavior is significantly diminished in the
with Ry p(T) expressed in Eq2). Note that in Eq(2) only  temperature range of>170 K, which implies that the
R, has t, dependence, thuRy:p/R; or equivalently linearT behavior in the inset of Fig. 3 arises mainly from the
Re(T)/R(Tc) as plotted in Fig. &) should be independent surface WJ. The temperature dependencg.Qfygqe for dif-
of ty. The best fit denoted as the dotted curve is obtained foferent etching stages merges well into a single curve. The
Ao=A(0)=32.6 meV with the assumption of the BCS-type dashed curve shows the leagtfit of the data to the empiri-
temperature  dependence  of the gap, A(T)  cal relation po(T)=(a/T)exp(A*/T)+bT+c as adopted in
=Aptanh@yT./T—1) with «=1.45. Althougha=1.74 is  Ref. 41 anticipating the occurrence of a pseudogap above
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FIG. 3. The single junction contribution to the tunneling resis- 0 © ®
tivity pcsingilT) as converted from the relatiolR ingi(T) 12 )
=[Ry(T,i+])—R(T,i)]/j and the geometry parameters for | < %% glg &) 30 min (12)
=8, 9, 12, 12 and=6, 6, 8, 6, respectively. Inset: the,(T) g8 139K
curves abovd for t,=15, 19, 22, 26, and 30 min, corresponding —
ton=6, 8, 9, 10, and 12, the total number of quasiparticle branches 4 y,
below T,. 0
0

01 02 03 0 01 02 03 04

. . VV) V (V)
T., with the best fit parameters af=146+8 () cmK, A*

=240+10 K, b=0.0250-0.008 Q cm/K, and c=17.3 FIG. 4. Current-voltage characteristics for the etching time
+1.0 Q cm. The parameter values, especially the value, of te=6.5 min (1=4), (b) 10 min (n=5), (c) 15 min (1=6), (d) 19
in comparison with Fig. 4 of Ref. 41 indicate that, althoughMin (N=8), (¢) 22 min (n=9), and(f) 30 min (n=12). Thesub-
the linearT dependence is much reduced, the inner stack§trate temperatures were in the range 13.91-6.8 K. Inset: the en-
are still in a overdoped regime. The surface layer, at leaggrded view near zero bias that shows a hysteretic behavior of the
with Au protection on itcannot be less dopetian the inner surface WJ. Arrows indicate voltage changes while varying the bias
layers. Thus, the suppressed superconductivity in the surfacdment
layer should be attributed to other causes rather than its oxy-
gen loss. The plausible cause is the effect of the proximitymin. This conclusion is consistent with what we discussed in
contact of the surface layer with the normal-mé#al) elec-  relation with theR,(T) curves.
trode, as proposed previousfy. If we consider the stack ascaaxis one-dimensional array

of the underdamped Josephson junctitifs;>*the McCum-

B. Tunneling IV curves ber parametéf B. deduced from the ratid I,/

~4/(7\B.)~0.031 is about 1600, which is about two or
Figure 4 shows the evolution of the quasiparticle brancheghree times larger than the results of others, i&=500

in the tunnelingV curves belowT as the stack forms with (Ref. 11 or 300—700Refs. 23 and 25 This difference may
increasing etching time,. In Fig. 4a), for te=6.5 min, one  arise from a high critical current density=1300 A/cn? of
sees four branches develop. As the bias current is increasedir sample. One should note that the first quasiparticle
voltage jumps to an adjacent higher-voltage branch at theéranch in thdV curves in three-probe measurements comes
critical current of each branch. But the critical curréptor ~ from the DID surface WJ. The magnified view of the first
the return currenk,) for each branch is much different from branch in a very low-bias range in the inset of Figh)4
each other. ThaV curve for 8-min etching shows similar shows a hysteretic behavior with a much smaller critical cur-
behavior to that fot,=6.5 min, while the critical currentin rentl /=46+3 uA and return current; =18+1 uA.

each branch reduced rapid{giot shown here The signifi- The negative dynamic resistance or the “backbending”
cant discrepancy ih; (or I;) most likely resulted from the for a set of longer etching times in Figs(d—4(f) is a ge-
differences in the junction area for a series of 1J's near theeric feature in thdV characteristics of stacked tunneling
bottom of a stack due to inhomogeneous etching around thgosephson junctior.Either a nonequilibrium quasiparticle
boundary of a stack. The irregularity in the values gind  distribution in ultrathin conducting lay&f or a Joule heating

|, appearing in the high-bias range in the initial etchingeffecf’ has been proposed to explain the feature. Figure 4
stages is seen to continuously reduce, and both of the quaolearly demonstrates that the backbending develops gradu-
tities approach stable values of their own in the low-biasally as the number of 1J's in the same stack increases, attrib-
range ad. increasegsee Figs. &)—4(f)]. This behavior also uting it to a high-bias effect. In Fig. 5 we replotted the high-
implies that the branches with the irregularand|, corre-  bias branches showing the backbending behavior for the
spond to incompletely developed junctions near the bottondifferent number of junctions in the stack. The backbending
of the stack. When the etching time is increased beyond 1€eature is visible, even from the early stages of etching (
min, at least a few low-bias branches in thé curves start =15 min corresponding tm=6), and becomes more pro-
showing almost the same critical currentd 2.3  nounced for longer etching. A remarkable feature in this fig-
+0.1 mA) and return currentsl (~70+4 uA). Thus, a ure is that the voltage-turning points lie well on the 3-mwW
few small stacks are believed to develop fully fipe=10  power-dissipation line. Although no symptom of temperature
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FIG. 5. A replot of the high-bias branches showing the back- 5 ¢ Replot of the first low-bias branch ®¥ curve for
bending behavior in Fig. 4 for different numbers of junctions in thet =6.5 (open circlg minutes shown in Fig. @), together with the
. . . e . . ’
stack. The dotted line represents the 3-mW power line, which; . hree low-bias branches of 6 setsfcurves corresponding to
passes through the voltage-turning points of the curves, pointing, etching times of 10solid squarg 12 (open squane 19 (solid
toward the Joule-heating mechanism for the backbending behavio&iamond 22 (open diamony 26 (solid triangle, and 30 (open
_ ) triangle minutes. The symbols are not clearly identifiable because
change was detected in the thermometry, this strongly sugsf the high overlap of the data. The dotted line in the first branch
gests that Joule heating could be a likely cause of the backthe solid line in the second brancts the fit to the behavior of
bending effect. D’ID surface WJa DID inner 1J. The specimen temperatures were
Careful examination of Fig. 5 reveals thattgdncreases in the rangel3.9-16.8 K.
a certain quasiparticle branch for a constant current bias shift , L
to higher voltage range. This is opposite to what one woulds‘;Ing b?tWe(_’-l:Rbn andR,, Iregard_lesrs1 ofdt_he etching t'mgl' .
expect from the nonequilibrium quasiparticle distribution orT_tﬁ EQ'”;W' b lecome clearer in the discussion In refation
from the Joule heating effect. We infer that it arises from theVith Fig. 7(a) below.
We now determine the value of the zero-temperature en-

increase in the_junctlon re_S|s_tanR¢ a_nd Ry due to shrink- ergy gap in the surface layeh, by fitting the first stable
ing of the Junction area with Increasing. branch to Eq(3), while adoptingAy=32.6 meV, which was
In Fig. 6, we replotted_the first low-bias branch N. already obtained from the fit &®.(T) in Fig. 2b), and set-
curve forte=6_.5 min, Wh'Ch.WaS already shqwn in Fig. ting R/, to be R,(T.) obtained from Fig. @&). The best-fit
4(a), and the first three low-bias branches of six set$\of value® is A/ =15.3+ 1.1 meV assuming the BCS tempera-
curves corresponding to the etching times from 10 min to 3Qure depengence. of gép energy witk= 1.45. This value of

min. To eliminate the variation of the junction resistance o g\ rface gap is about one-half of the intrinsic gap value

with te, the current axis in eachV curve was rescaled by o1 any number of fully developed junctions. From the best
multiplying R¢(T.) obtained from Fig. &). One notices that it of the second or the third branch to E(@), we obtain

in this rescaled plot the first branch 6f=6.5 min almost R —1.54  for t,=30 min, which is about one sixth of
coincides with the first stable branch fog=10 min or  R’(30 min)=R(T,; 30 min. It yields the characteristic
longer. The first stable branch arises from the surface WJ iDoltage 1.R,~3.5 mV, which is much smaller than
D’ID configuration, and the second and third branches from,TAO/2e:51_2 mV predicted by the Ambegaokar-Baratoff

the inner IJ's, both in DID configuration. If we assume that g|atiorf® in conventional superconductors or the theoretical
the D'ID (DID) junction has the same junction reS'Stanceprediction Aole for dy o symmetry®® The value R,

Ry (Rp) as the NID (NID) junction, we can rewrite th&V  —1 54  corresponds tg,~23 € cm, which is close to
rela_mon for the WJ(primed variables and 1J's (unprimed  the value Of pe.single=20—22 Q cm of I1I's in the high-
variables as follows: temperature regiofsee Fig. 3. Thus the enhanced, above

R, aroundT ,nsetis believed to be the quasiparticle contri-
bution discussed in Ref. 6.
Since junctions in a stack switch to the higher resistive
state before reaching the gap edge of a junction, there are
—f(E+eV)]dE, 3 uncertainties in determining both the normal-state resistance
R, and the critical current. directly from the data. As
in which A’ is the temperature-dependent suppressed energyointed out in Ref. 9, in a fit to Eq3) the values oR,, and
gap of the surface layer. BoR, andR, contain the possible A, are interrelated. For instance, one gets the smaller fit
variation of the junction area with etching times. Equationvalue of R, for the choice of largen,. We eliminated this
(3) predicts that eachV curve of the WJ or a 1J will show its uncertainty by adopting the measured valueRRgfT.) for
own scaling behavior with respect to different junction resis-R;,, and alternatively determinefly, A}, andR,, respec-
tancesR|, andR,, depending only on the energy gAp and tively, from the normalizedR.(T) curves in Region Il and
A. The remarkable feature in Fig. 6 is that, when scaled byV curves in Region I. This process is possible only for
R.(T.) all together, all the three branches, for significantlyrepeated progressive measurements in a single piece of crys-
different etching times longer than 10 min, fall into three tal with the same material parametens, and A, through
merging curves. This confirms a definite proportionality ex-the entire measurements.

! 1 * ! ’
Ionp X R >=5f NOE;AC)YN(E+eV:A)[f(E)
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@ 10 for temperatures above and below the bulk superconducting
transition temperature of Bi-2212 single crystals. Three-
8 probe measurements in comparison with usual four-probe
—_ measurements provided an advantage of enabling us to in-
G 6 vestigate the nature of the surface junction with suppressed
:o coupling strength as well as the conducting properties of the
~, 4 inner junctions. Compared with a previous attempt by
others® we were capable of lowering temperatures even be-
2 ‘ low the Josephson coupling temperatdre of the surface
o —-o— R, junction using liquid-helium cooling. Our study reveals that
0 0 R.(T) curves are scaled by the junction resistance of the
(®) surface WJ below .. On the other hand, th/ charcteris-
40 tics for both 1J’s and the WJ in stable etching stage tfor
70 =6.5 min are scaled by the junction resistance of WJ, which
- ¢ _ indicates that a definite proportionality exists between the
§_ 1 3'0",.\ values of junction resistances of the WJ and IJ's.
= 60 : a One of the main findings of this study is that the gap in
= -« 202 the surface layed is much reduced from the bulk value of
50 A ) IJ’s, while the junction resistance of the surface VR})(is
\‘b ___________ R, ol 10 much larger than that of the 1’'R(). We obtainedR,, from
a fit to the secondV branch as shown in Fig. 6. Mentioned
Y — . 0 15 20 25 30°° earlier, in a fit to Eq(3) an almost similar fit quality can be
Etching time t, (min) achieved by choosing different values for interrelated param-

etersR, and A,. Instead of obtainind?;, from R.(T.), just

FIG. 7. () The etching time dependence B(T,) obtained Setting R, to be R, for example, may be a reasonable
from Fig. Za) and the normal-state resistarRg obtained from the  choice. With this choice, however, the fit givag=3A,,
numerical fit to Eq(3) of thelV curves for the second branches in i.e., the surface layer has a gap about three times larger than
Fig. 6 belowT. For comparison the resistance values were normalthe inner layers. Recently it has been claimed that, in the
ized by those fort,=30 min; R(T)=9.52 0 and R, underdoped regime, the gab, has a larger valé 362
=1.54 Q. The lines are guides to the ey&b) The etching time  even for a lower transition temperatuf . Thus it may
dependences df; andlc' at T=13-16 K. The critical currents  seem plausible to expect widening of the gap at the surface
were taken from the firstl{) and the secondl{) quasiparticle |ayer whileT/ is suppressed. However, the universal relation
branch_es of théV curves belowT; as shown in Fig. 4. The lines patween the superconducting gap and the transition tempera-
are guides to the eyes. ture in Ref. 35 indicates that the magnitude of the gap for

The consistency of the above fits are further ascertainedc~30 K is at bestA~1.3A, which is far smaller than
by cross-checking the etching time dependence of the jund3A, obtained from the fit above. In addition, it has also been
tion parameters obtained by different methods. In Fig) 7 known that the suppression of the transition temperature of
we plotR, determined from a fit of the second branch to Eq.Bi-2212 material itself down to 17—36 K cannot be achieved
(3) for different etching times of,=10—30 min. We also with a high degree of oxygen deficiency, because a band
plotted R.(T.) obtained directly from Fig. @) for different  with Bi-O antibonding near the Fermi level acts as a source
te. Although showing a large difference in the absolute val-of holes®® The picture that the surface layer is more under-
ues for a givert,, the two data sets obtained by different doped than the inner layers is again contradictory to the be-
ways, when normalized by the values tat=30 min, i.e., havior revealed in Fig. 3, where the opposite was concluded
Re(T¢; 30 min =R (30 min)=9.52 Q) and R,(30 min) earlier. In this sense, we discard the picture of an increased
=1.54 (), show an excellent agreement with one another foilgap with suppressed transition temperature at the surface
all the ranges of, values. This fact makes it clearer that a layer, and cling to the original results of fit with a suppressed
definite proportionality exists betweeR; and R, in any  surface gap. In this case, however, we must provide an ex-
stack-forming etching stages. The valueRy{(T,) starts in-  planation for the concurrent reduction & and A in the
creasing forte>5 min and becomes fully stabilized fog  syrface layer, which is apparently in contradiction to the
around 19 min. The minimal etching time required for thenown relatiod® between the two variables. The only way to
full development of the stack can also be examined from thejiminate the inconsistency is to assume that the concurrent
te dependence of the critical currefits; of the Wl and . of g nression of, and T/ of the surface layer is not caused
IJ's as sh_own ,m Fig. (). The critical currents were taken by the change in the doping level in it, but by its proximity
from the first () and the second {) quasiparticle branches .,niact to the Au normal electrode as supposed by us in Ref.
of the IV curves in Fig. 4. Both values df; andI. are 17 Recently, Manabe and co-workers observed that, in scan-
stabilized forte around 10-15 min. ning tunneling spectroscopy measurements on Bi-2212, the

gap becomes smaller as the tip approaches closer to the crys-
V. CONCLUSIONS tal surface® We believe this is consistent with our claim of

In this study, we focused on the evolution of the tunnelingthe proximity-induced suppression of the gap on the surface

characteristics for stacks containing a few intrinsic junctionsjayer in our specimen. Although currently, to our knowledge,
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no theory is available to allow any quantitative confirmationThis leads us to the conclusion that not much correlation
of our claim, this study apparently strengthens our previougffect is present among the 1J's. Material parameters such as
arguments. Ay and Ay do not change in the wholen situ etching/

Recently there have been tunneling spectroscopic studigaeasurements process, which thus gives stronger conviction
on the nature of order-parameter symmetry ofof the scaling behavior in ouR,(T) and IV data as dis-
YBa,CuOg, 5 (YBCO-123 and Bi-2212 superconducting cussed above.
materials by employing higliy superconductor/normal Thein situtechnique is also extremely useful to study the
metal/conventional swave  superconductor  hybrid so-called backbending effect. It convinces one that the effect
junctions?****>Some of these studies have reported the exdevelops by increasing the number of junctions contained in
istence of significant and finits-wave components for a single piece of crystal, which in turn allows us to draw a
YBCO-123 and Bi-2212 superconducting materials,power-dissipation line. Comparing the backbending feature
respectively’>*® Our study indicates that in tunneling spec- in the IV branches from different crystals in terms of power
troscopy using the above-mentioned hybrid junctions onelissipation would be less meaningful. This technique is ex-
should be concerned about the change in the supercondugfected to provide powerful means to examine both the inter-
ing state at the crystal surface, not by the oxygen deficiencjayer coupling properties in the superconducting state and
as one might easily assume, but by the contact othe in-plane conducting nature in the normal state.
d,2_,2-wave surface layers with a normal layer in a junction.
On the other hand, scanning tunneling spectroscopy may be
more affected by the oxygen deficiency at the surface.

The variation of the junction area along with continuous We wish to acknowledge useful discussions with Profes-
etching, in fact, acts as a disadvantage in studying the inhesor M. Tachiki. We are grateful to Professor M. Oda for
ent tunneling properties in the system. Ironically, howeverproviding valuable information on his recent work on the
this can be advantageous as in this study, because as illudeping-level dependence of the pseudogap behavior. This
trated both in Fig. 2 and in Fig. 6, we were able to be conwork was supported by the Korea Science and Engineering
vinced that, once the data are normalized by proper ared=oundation under Contract No. K97005, Basic Science Re-
dependent parameters like junction resistance, the junctiorsearch Institute funded by the Ministry of Education and
in any etching stage exhibit no discernible variation in theirPOSTECH under Contract No. 1NH9825602, and the Min-
properties, regardless of the number of junctions containedstry of Defense through MARC.
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