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The superconducting gap, the pseudogap, and their doping and temperature dependences have been mea-
sured by the short-pulse interlayer tunneling spectroscopy for the @igle-layer highT; superconducting
Bi,Sr,CaCu;0,4, 5 System. It is found for a nearly optimally doped sample that the superconducting gap
magnitude is~80 meV and the pseudogap~sL20 meV, the values of which are slightly larger than those for
CuG; double-layer system. Both gap magnitudes show a clear tendency to decrease with increasing doping. In
an underdoped sample, a clear dip-and-hump structure is observed, which declines with increasing doping and
tends to diminish in overdoped samples. The relationship between unchBpaged decreasing superconduct-
ing gap in the overdoped region is discussed in terms of the proximity effect applied to the inequivalent doping
model. We also discuss the dip-and-hump structure in comparison with other spectroscopic results. Finally, we
argue an important implication of the increasing maximum Josephson current and the decreasing supercon-
ducting gap magnitude, both with increasing doping.
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[. INTRODUCTION provided important results, the materials employed were lim-
ited mostly to BjSrL,CaCyOg, s, a CuQ double-layer
Tunneling spectroscopy directly probes the electronichigh-T, superconductat®?!~?*except T}Ba,Ca,ClsOy0. 5,
structure of a metal that composes a tunnel junctig¢hen  in which the range observed was limited far below the su-
the metal is in the superconducting state, this technique vivperconducting gaf®
idly traces the evolution of the superconducting gap. After This paper reports the results of the ITS experiment on a
the discovery of the higfi, superconductivity,two types of  CuO, trilayer highT. superconductor BBrL,CaCu;Oyg. s
tunneling spectroscopy techniques were newly or renewedl{Bi2223). The basis for the present ITS experiments was
developed. One is the scanning tunneling spectroscopiitiated by the first single-crystal growth of Bi2223 by the
(STS®** and the other is the interlayer tunneling spectros-traveling-solvent-floating-zone methé%Bi2223 is crystal-
copy (ITS).>® While the former stemmed from the original lographically equivalent to the BSr,CaCyOg, 5 (Bi2212)
work of Binnig and Rohréron the scanning tunneling mi- system when the CuQdouble layer(bilayey is replaced by
croscope, the latter utilizes naturally built tunnel junctions inthe CuQ triple layer. The transport properties of the Bi2223
a layered crystal structure, commonly called intrinsic Josephsystem were measured recently by Fejiial>’?® They re-
son junctiong® As is well known, STS probes a surface on vealed an anomalous carrier doping dependence, in vilhich
an atomic scale. After its precedent application to the obserremains fixed in the overdoped region irrespective of the
vation of a vortex core in NbSgRefs. 10 and 11 STS was  doping level. This behavior is apparently at variance with the
applied to highT. superconductors to reveal the supercon-generic phase diagraff,which is accepted as a universal
ducting energy-gap structufé?*°electronic states in vortex feature for the understanding of high-superconductivity.
structure!® and, very recently, local electronic inhomogene-At present, it is believed that this anomalous behavior is
ity (at least at surfacgsvith an atomic scale resolutidd=2°  explained in terms of the inequivalent carrier doptg®
This technique is applicable to almost any kind of conduct-which takes place between two inequivalent Gu&yers in
ing material as far as a clean surface is available. On ththe triple-layer system. In such a system, the energy-gap
other hand, ITS is essentially a technique probing into thestructure and its relation td. or carrier doping are yet to be
bulk (not the surfaceof a layer-structured material. There- known. To reveal the existence of the pseudogap and its
fore, this technique is free from surface problems that dismagnitude is also interesting as a key factor in the generic
guise the intrinsic properties. It is an advantage of this techphase diagram. From such points of view, the knowledge of
nigue that the probed part can be characterizedhe electronic structure of this Bi2223 system is thought to
simultaneously by transport measurements, providing a solideepen the understanding of high-superconductivity.
basis for the sample that yielded the results. However, this The electronic structure of the Bi2223 system was re-
method relies on tunnel junctions in a crystal structure and isently measured by the angle-resolved photoemission spec-
applicable only to a limited number of layered materials, introscopy (ARPES by Fenget al*® and Satoet al3! They
which layers are coupled via tunneling. Although ITS hasmade it clear that the superconducting energy dap for
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each system scales with the optimdiyin the corresponding mesa is=19 nm in this case. The lateral size of a mesa is
system. The observed values fagg by both groups are mostly 10x 10 um? for underdoped and slightly overdoped
similar, i.e., Asc=45-55 meV for an optimally doped samples and &5 um? for overdoped samples. Mesa struc-
sample, when they are evaluated from the superconductingires were fabricated by engraving a cleaved crystal surface
peak(SCP or Agz=30-33 meV from the leading edge mid- py the standard Ar-ion milling and photolithograph tech-
point (LEM) shift. The pseudogap was also observed bynique. Prior to these patterning and milling processes, the
ARPES (Refs. 30 and 3ibut much remains to be studied ¢leaved surfaces were covered with a 25-nm-thick Ag and a
concerning its doping-dependent magnitude and the tempergp_nm-thick Au double layer, both for surface protection

ture T*, below which the pseudogap evolves. from damages and for formation of good electrical contact.

Alon.g with the superconducz:t_ing gap and pseudogap, atter the Au/Ag film coating, the crystals were annealed at
peak-dip-humpgPDH) structuré? is another source of inter- 430—450 °C in flowing oxygen or in vacuum depending on

est associated with the electronic structure of Higlsuper- : : ;
conductors. This structure has been observed in Bi2212 bth? requwed doplng level. The dgplng level was copFroIIed
3 . L rimarily by changing the annealing time. The condition to
both ARPES® and tunneling spectroscopylts origin is an . . .
give underdoped samples is rather subtle. Strong reduction

issue and argued in various wa¥’s°—3'The recent ARPES lted in & hiah contact resist g
measurements revealed that PDH structure is observed in tReCCESSES resulted in a nigh contact resistance an dow

Bi2223 systeni®®! Since ITS is free from the surface prob- with a broad resistive transition, which are not suitable for
lem, the observation of the PDH structure by ITS may Ioro_the ITS. measurgments. _Therefore, we eventgally attained
vide additional information to elucidate its origin. only a single doping level in the underdoped region. Samples
In the present study, we have obtained the superconduct? the overdoped region were almost free from this kind of a
ing gap magnitude Of&SG: 79 meV for the Optimum dop- prOblem. After the Ar-ion mllllng, a 350-nm-thick SiO insu-
ing level. This is found to be a little smaller than the ARPESIating layer was deposited by the self-alignment method. A
value’®?! evaluated from the SCP position. The pseudogapt50-nm Au upper electrode was finally deposited and pat-
magnitude 2Ap;we observed is=130 meV, which is com- terned by the lift-off method. Thus, the total thickness of a
parable with the value of 2,5=100 meV observed by Sato Au/Ag film on top of the mesa amounts to 525 nm. This
et al, indicating rough coincidence between the ARPES retather thick Au/Ag electrode is significantly important to
sults and the ITS results. Furthermore, the ITS measuremenssippress self-heating due to current injection during mea-
of the Bi2223 gap structure have been extended to samplesirements. It is shown by the numerical analysis that more
from underdoped to overdoped levels to obtain dopingthan half of the heat generated in the mesa flows out through
dependent behavior of the gap structures. It is found that ththe upper Au electrode chann@i®® Therefore, we adopted
superconducting gap and the pseudogap magnitudes decredise three-terminal configuration for the tunneling measure-
with the doping level. We have also observed a systematiments at the expense of a finite contact resistance. A sche-
and profound change in the PDH structure, which is disimatic cross-sectional illustration for the mesa structure is
cussed in comparison with the corresponding structure in thehown in the inset to Fig. 1.
spectral function observed in ARPES measurem&nts. The contact resistance for most of the samples ranged
Since a sample is a stack of intrinsic Josephson junctionstom 1 to 6Q [in contact resistivity, (1—-6%10 ¢ Q cn¥],
we also measured the maximum Josephson current at variowsich is approximately 1-10 % of the mesa resistaRgat
doping levels to find that the maximum dc Josephson currer800 K. The current-voltagel {V) characteristics for samples
increases significantly with the doping level. The doping de-having a larger contact resistance exhibit nonlinearity at
pendences are reasonably compared with the dopingmall currents. At large currents for these samples, the volt-
dependent transport properties observed by Fafjial>/?8 age drop at the contact resistance does not increase propor-
The relevance of the doping independ&gtand the doping- tionally to the current due to its nonlinearity so that the con-
dependent superconducting gap in the overdoped region tact resistance becomes rather small at higher currents.
discussed in terms of the McMillan tunneling model of the Therefore, the tunneling characteristics fioe 10 mA are
proximity effect® Finally, we discuss the implication of the subjected to little influence of the contact resistance, and
doping-induced decrease ivgg and the concomitant in- hence, so is the gap magnitude. We estimate such effective
crease in the maximum Josephson current to deduce a decientact resistance to be smaller th@p by more than two
sively important nature of high; superconductivity, at least orders of magnitude. For this reason, the contact resistance
in this system. was neglected in the data analysis which follows.
The number of intrinsic Josephson junctiols,included
in the mesa was determined by observiAg characteristics
[l. EXPERIMENT and counting the number of resistive branches. In the present
study, N ranged from 8 to 10. These values fdrroughly
coincide with the mesa thickness estimated from the Ar-ion
Samples used for the ITS measurements were preparedilling time. The mesa thickness was determined fridm
from single crystals grown by the traveling-solvent floating-using a single-layer thickness value of 1.85 iiRef. 40,
zone method® A sample for ITS consists of a small-sized i.e., half thec-axis lattice parameter for the Bi2223 crystal
mesa structure, which comprises ten or less intrinsic Joseplstructure. The mesa area was precisely determined by di-
son junctions connected in series; namely, the thickness of ctly observing the mesa pattern with an optical microscope.

A. Sample preparation
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120 T T T . . case for the Bi2212 systeff,the doping level, or oxygen
contentd, is not determinable fronp.(T), since the rela-
100 L tionship between the doping level and {hgT) curve is not
fully established. However, the doping dependence of the
transport properties by Fujit al?>"?® shows that the value
80 for p. at 300 K is a good measure for the doping level;
€ namely, p. decreases systematically with increasing doping
o level** as shown in Fig. 1. With decreasing doping level, the
c 60 |- . .
= T dependence gb. becomes pronouncedly semiconductive.
o This behavior ofp.. is reasonably compared with the results
40 | for bulk single crystals reported by Fugi al?”?®
At the resistive transition, several samples exhibited a
ool two-step resistive transition, first at 107 K and second at
about 80 K. This two-step resistive transition is due to the
intergrowth of Bi2212 layer&® When a single Bi2212 layer
0 : ' ' ' ' is included in a Bi2223 layer stack, two junctions out of, say,
0 50 100 150 200 250 300

ten junctions are heterojunctions, which undergo a resistive
T (K) transition at the Bi2212 transition temperature of 80 K.
Therefore, the resistive transition at 107 K underge&9%
FIG. 1. Temperature dependenceggffor samples having dif-  of the total resistive transition and a480 K it completes the
ferent doping levels. Excitation current isgdA for sampleA and  (est of the transition. The resistive transition of samblis
5 uA for samplesB—D. An additional resistive transition at about compared with this case and it is reasonably concluded that
80 K is caus.ed by Bi2212. intergrowth. Residual resjstance SeegampleA contains a single Bi2212 intergrowth layer. This
below 80 K is contact resistance. SamplesD are differently g1t implies that the superconductivity of a differdntsets
dgf;i,rst;tf liragelr(go the resistive transition at nearly the same terri1r-1 even in a single sheet of a Cy@ouble layer. The exis-
P ' tence of a half unit-cell Bi2212 intergrowth was actually ob-

Using these dimensions for the mesa area and thickness, vﬁgrved by the ”"’.‘”SfT"SS'O” glgctron mmrosg%?py. .
ues for thec-axis resistivityp, were determined. SamplesB-D in Fig. 1 exhibit a sharp resistive transition
¢ at 107 K, implying that they are located near the optimum

doping level or in the overdoped region. For samp¥B,
and D, it is seen that the mesa contains a single Bi2212
ITS measurements were carried out by the short-pulséntergrowth layer. The energy-gap structure for the Bi2212
method. Employing short pulses is requisite to reduce thgystem is, strictly speaking, different from that of the Bi2223
self-heating effect sufficiently. We used composite currensystem and the difference may be reflected on the tunneling
pulses of 1.7us width smoothed by placing quarter-period spectroscopy results. However, its difference is reasonably
sinusoidal curves both at the front and back of a rectangulaconsidered to be small compared with the gap magnitude,
pulse. This pulse shape was shown to be effective in increagnd further the difference is divided iy~ 10 at the normal-
ing the breakdown voltage and eliminating sample breakagization step in the analysis. Therefore, the influence of the
by fatigue*? Voltage responses were acquired at 0.6—u85 Bi2212 intergrowth, if any, is estimated to be a few percent
from the rise of the pulse. The voltage values were smoothedr less, so that the error due to the intergrowth is neglétted
to give numerical differentiald1/dV)-V curves. in the analysis which follows.
From the pulse response decay, it was known that the
self-heating exerts an influence on thé&/ characteristics o
when the current exceeds25 mA for a 10< 10-um? junc- B. 1-V characteristics
tion. At this current level, the voltage response was reduced Figure 2 shows an oscilloscope image of typical char-
in its magnitude by=3% at the corresponding voltage in the acteristics for a Bi2223 mesa of sampe showing ten re-
|-V curve. For overdoped samples, this voltage roughly corsistive branches. A closer look at Fig. 2 reveals asymmetry of
responds to the superconducting gap, in which case the gahe resistive branches. The reason for this is subtle. First, it
magnitude is underestimated by3%. However, this is not must be noted that the graph is a multiscan trace. In a current
the case for samples which are nearly optimal or in the unscan, the order of switching to the voltage state for each
derdoped region, since the tunneling resistaRgeis suffi-  junction varies from scan to scan. In addition, it frequently
ciently high and the gap voltage is reached at a current mucbccurs that more than one junctions switch to the resistive
smaller than 25 mA. state at a time. Such switching behavior together with a scat-
ter in the Josephson current is thought to result in the asym-
Ill. RESULTS metry in the resistive branches.
As seen in this figure, there is a tendency that a few junc-
tions have a smaller maximum Josephson curtgntThe
Figure 1 shows the temperatufedependence op. for  reason for this is yet to be known but is conjectured to be
four typical samples with different doping levels. Unlike the partly due to a scatter of junction area among those in the

B. Short-pulse measurements

A. c-axis resistivity p,
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40 | Sample A
T,=96K
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FIG. 2. An oscilloscope image of theV characteristics for _2 ' _1'00 ' CI) ' 160
sample A measured at 7 K.X axis, 100 mV/div; Y axis.

200 pAldiv. The number of junction®N for this sample is 10, as \Y (mV)
revealed by the number of resistive branches.

! ! B } :
5 - .‘": SSREE USH - -20 -

1
200

N . . FIG. 3. |-V characteristics for sampla at different tempera-
stack or it m|g_ht be due f[o a vortex '”Porporateq in the MES&,res measured by the short-pulse methbis the normalized volt-
structure. Taking these into accouht,is determined to be age for a single junction.
the probable maximum current among resistive branches ob-
served in thd-V characteristics. For the sample in Fig. 2,

is determined to be 0.6 mA. Values for other samples were” o .
determined similarly. =R\S/d are plotted in Fig. 4 for corresponding samples.

In the -V curves in Fig. 2, the spacing between reSistiveFrom_this, it is clearly seen th&, incre_ases with inpreasing_
branches for the lowest two appears to be smaller than th& ThiS presents a sharp contrast with the semiconductive
others. This is partly because the Josephson current is smaghavior exhibited by, which is the dynamic resistance at
and the spacing is reduced due to nonlinear quasiparticl¥ =9 |neF|g. 2. The same behavior is observed in the Bi2212
current and partly because the mesa contains a single Bi22£yStem: It is also seen thapy coincides withp. in the T
intergrowth layer, which may lead to a smaller spacing.  fange wherg . shows metallic b.ehiawor. This is a plaln_ con-

Figure 3 shows a set of typicatV characteristics mea- Seduence thgt the pseudogap is f|||9d and vamsheg inmthis
sured by the short-pulse method at various temperaturd@nge; in which the-V curve is straight. The stepwise de-
from 10 to 200 K. In the figure, the abscissa scale represenfd€aseApy just belowT. is supposed to be related to the
the normalized voltage for a single junction, i.e., the ob-Superconducting condensét_e.lts fractional magnitude
served voltage divided by. Above T, the pseudogap mani- Apn/pn depends on the doping level and increases with in-
fests itself as a nonlinearity in tHeV curves. In this set of Creasing doping, as demonstrated in Fig. 4. This is also
I-V curves, it should be emphasized that, at high voltages £l0Sely related to the maximum Josephson current density
any temperatures, tHeV curve approaches the straight line Jc, @S we will refer in the following section.
that crosses the origin, the behavior of which is a conse- Definite evaluation oRy is important when the Joseph-
quence of a usual tunneling theory. The normal tunneling?on current is discussed. Indeed, it tu.rns out laterRpadnd
resistanceRy is defined as the static resistance at high volt-Je aré key factors that lead to an important consequence
ages where the-V curve sufficiently approaches the straight concerning the nature of highs superconductivity in this
line that crosses the origin. These characteristics are in shafySt€m-
contrast with the break junction characterisfitsyhere the
[-V curve at high voltages deviates significantly from the
straight line that crosses the origin. Such anomalous charac-
teristics probably originate from break junction’s undefined Figures %a—5(c) show thedl/dV-V characteristics for
junction area, which might be a function of bias voltage,samples at underdoped, nearly optimum, and overdoped lev-
temperature, and others. It is also conjectured that selfels, respectively. In these figures, the abscissa scale also in-
heating causes this type of anomaldtg characteristics in  dicates the normalized voltage. In theséd V-V character-
such junctions. istics, or differential tunneling conductaneg(V), a sharp

In the present case, the junction a®#&s unambiguously peak is clearly seen, which decreases in height and position
defined by the geometrical mesa size. Therefore, Ithe  with increasingT and disappears af.. Therefore, in the
curve approaches the straight line at high voltages, as thease of Fig. &), the peak at 82 meV at 10 K is the super-
standard tunneling theory predicts, providing definite valuesonducting peak. We define the superconducting gap magni-

for Ry. Values for the normalized tunneling resistange

C. Tunneling spectrum
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FIG. 4. Temperature dependence of the normal tunneling resis-
tance Ry normalized by the dimensional factd/d, i.e., py
=R\S/d for samplesA—-C. py is compared wittp. to be found to
approachp, at high temperatures asymptotically. Plots aggand
solid lines arep.. .

tude 2Agg as half the peak separation, so thaigg
=82 meV for the underdoped sample of sample

For the nearly optimally doped and overdoped samples
[samplesB and C in Figs. §b) and 5c¢)], 2A5c=79 meV
and 2A ;=64 meV, respectively. The latter value is clearly
smaller than that for the underdoped sample, indicating a %2,
tendency that &g decreases with increasing doping level.
Clearly, this decrease inX5; is not caused by the Bi2212 T
intergrowth, because the frequency of Bi2212 intergrowth is ©
one part per ten or less and irrelevant to the doping. It is also
clear that the height of the superconducting peak increases
with increasing doping level. Even when the peak height is
normalized by the value far{(0) at 200 K, it increases with
increasing doping. This behavior is accompanied by an in-
crease in the maximum Josephson current derdgity the
I-V characteristics. At first thought, it is conjectured that this
is related to an increase in the superfluid density, which is
expected to increase with doping. We discuss in the follow-
ing section that this may not be the case.

In Fig. 5a), besides the superconducting peak at 82 meV,
another broad peak is seen atl20 meV. This peak also
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FIG. 5. (d1/dV)-V curves at various temperatures obtained nu-

decreases in height with increasifigbecomes broader, and merically for samplesA—C. The voltages are normalized by the

collapses to form a broad hump near and abdye This

junction numbeN. The dashed lines indicate the curves closé to

broad peak at 120 meV might be viewed as a hump of théor corresponding samples. The irregularities néar0 are caused
PDH structure in the ARPES energy dispersion curve nealty the unsuppressed Josephson currents.
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TABLE I. Values forAgg, Apg, N, T¢, R., pe, Ry, contact 200 ——————— ;
resistanceRonace @Nd various properties, together with sample di- - Sample A B C
mensionsS andd for samplesA-D. 2A,, W A @ al

I 2APG o A o ]

Sample A B C D 150 fhump - + x rL FL n 1
Te (K) 96 107 107 107 < LIE[H % % A A A
2Aee (10K) (MmeV) 82 79 65 53 2 (F i ; ﬁ
2Apc (150 K) (meV)  ~150 ~130 ~90 ~60 < ool tE, l+ 4 |
ZIN 97 86 71 5.8 a | 8 o
N 10 8 10 8 ALY ™ 1 *%%H% %
py (200K (Q cm) 317 238 151 7.27 eee,, Vi,
J(=10 K)(Alcm®) 470 1700 5100 7800 50| ‘el u 1
p. (300K (Qcm) 366 254  13.0 8.0 i °e
R, (300 K) () 53.6 431  34.2 62.2 i
Reomact(~10K) (@) 17 51 50 59at64K i
Mesa pattern gm?)  10x10 10<10 10x10 5x5 0 ' e ‘
S () 127 88 87 19 0 50 100 150 200
d (nm) 185 148 185 14.8 T (K)

FIG. 6. Temperature dependence of half the peak separation

. . . . 2A,, in (dI/dV)-V tunneling characteristics for samplés-C
the (m,0) point. However, the structure in Fig(éh is @  shown in Fig. 5. Plots fof <T, correspond to R«g, while plots

broad peak rather than a hump, and its position is muckor T>T correspond to . The hump positions are also plot-
lower than that in the ARPES results of 100 mé&Ref. 30  teq.

or higher’! to which Agg should be added when compared
with the hump position in superconductor/insulator/|ated to the pseudogap, it naturally follows that the supercon-
superconductofSIS) tunneling results, as discussed in the ducting peak is distinct from the pseudogap. In the same
following section. At present, it does not necessarily followsense, the superconducting gap does not directly connect
straightforwardly that the peak at 120 meV in Figaj5di-  with the pseudogap abovE.. This is also a consequence
rectly conforms to the PDH structure in ARPES. The PDHfrom the distinctT-dependent behavior of the superconduct-
structure becomes more significant for underdoped sampléag gap, which swiftly diminishes in height and energy scale
because of the relatively smaller height of the superconductas T approached and finally disappears at;.
ing conductance peak. We should stress the fact that the PDH From Fig. 5, it is possible to estimate values Tot, be-
structure observed in the present study is very sharp andw which the pseudogap evolves. For the underdoped
clear, in particular for samplé. This is partly due to the high sample in Fig. &), o(V) at 200 K shows a broad dip
resolution of SIS tunneling spectroscopy. It is also noteworcentered avV=0 so thatT* is much higher than 200 K. For
thy that the background af+(V) evolves systematically as the nearly optimum and slightly overdoped samples in Figs.
T decreases. 5(b) and Jc), only a trace of broad dip is seen ir (V) at
Above T, the tunneling conductaneer(V) changestoa 200 K for both samples, indicating tha@t =200 K for the
broad peak located at 120 meV for the underdoped sample optimum and slightly overdoped Bi2223 system. This result
[Fig. S(@)]. This is clearly the pseudogap in the Bi2223 sys-for T* is in reasonable agreement willj obtained from the
tem. Here, we define the magnitude of the pseudog®g;2 transport measurements by Fgt a127:28
as half the peak separation. As the temperature is r'a'|sed, 'ghe Figure 6 shows the temperature dependence of half the
pe_:ak structure become_s obscure and the p_eak position Sh'f&i_\ak separation £, and the hump positions in the(V)
slightly to higher energies. When the peak is low ar\d broadCUrves. 2, represents &g for T<T, and 2 for T
2Apg was determined by enlarging the portion vertically. In ~T,. The temperature dependence far is quite similar

that case, a scatter of data eventually caused a large UNCEL that for the Bi2212 system.f0s. decreases with increas-

tainty in the value for A,5. The obtained values for&s¢ in ; ;
g T and, above~90 K, the superconducting peak is almost
at 150 K for samples\—C are 150 meV, 130 meV, and 90 indiscernible and\ 5 is indeterminable in this range from 90

meV, respectively. It is clear thatA%g decreases with in- K to T,. The peak inr-(V) switches from the superconduct-
creasing doping in the Bi2223 system. Similar tendency Waﬁqg gacp.) to the pseugiogap at around 90 K. from which it
observed in the Bi2212 systethValues forA g andApg are appears that\__ reaches the minimum atv90’K then in-
summarized in Table | for samplés-D together with those . withppincreasing', and finally appro,aches the

for various properties and dimensions.
; seudogap value above..
It appears that this pseudogap structure connects smooth?y gap <

with the background below ., on which the superconduct-

ing gap and the dip structure are thought to evolve, or it may
be that the pseudogap structure connects smoothly with the Figure 7 shows the plots of values fog, the maximum
hump structure itself. If we regard the background to be redosephson current density at low temperatures,£5g, and

D. Doping dependences
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120 I —— On the other hand], shows a tendency to increase almost
() linearly with increasing doping. As mentioned earlier, this is
B 7 in accordance with the doping dependence of the supercon-
110 L | ducting peak height, i.e.gr=dl/dV at V=2Ags/e. In
2  EAPE B —— ARPES experiments, a similar behavior was observed in the
vo - - superconducting peak height of the spectral function in
i // | Bi22124"“8 Since J, in a tunnel Josephson junction is pro-
portional to the square root of the superfluid den$ithis
N w - implies that the superconducting order parameter should in-
crease with increasing doping in the conventional BCS
90 I e B L theory. However, this contradicts with the actual observation
- 8  (b) P e that A5 decreases with increasing doping level. We argue
NE B - 7 the reason for this inconsistency in the following section.
o 6 - - 7 There is a clear tendency tha\2g and 2Apg decrease
< - .', 7 . with increasing doping. The behavior is in basic agreement
S 4 " - with an expected behavior from the generic phase diagram.
T = - - In the BCS theory in the weak-coupling limit, the supercon-
o 2 - vt & . ducting gap is proportional td.. Since the superconductiv-
2 = 2 - ity behavior in the overdoped region is considered in most
0 | |f';, I T Y Y T cases to be consistent with the BCS behafldahe present
(©) relationship between the pinndd and the decreasinysg is
. 80 | S | anomalous in this sense. We discuss the reason for this ap-
% - parently anomalous behavior in the following section with
£ LN relevance to the inequivalent dopifg?®>°
~—— 70 L ~ & i
3 o
J 60}t ~ _ IV. DISCUSSION
~N
= \.\ A. Superconducting gap and pseudogap
128 _ — .} = ] By the ITS measurements, it has become clear that, in the
RN ] Bi2223 system, the superconducting gap and the pseudogap
< 180 A = N exist in a similar way as they do in the Bi2212 system. The
[0} - W - magnitude for the superconducting gap of =80 meV
E 10t B - 8 for the optimum doping level is similar to or a little larger by
B = 7 no more than 10% than that for the Bi2212 system. In this
© 90 L | TN 4 . . .
4 i = i sense, the scaling betweén andlASG is not as clear as in
N S i the case of the ARPES resuffs®
i - As was previously reported;?® T, in the Bi2223 system
50 ' L ! L1 remains unchanged while the doping level increases from the
0 4 6 8 10 12 14 optimum level, which is at variance with the generic phase

diagram? The present study has made it clear that; de-
creases with increasing doping level whilg remains un-
. changed. As mentioned above, this is anomalous if the BCS
FIG. 7. Plots ofT¢, Jc, 2Asg, and 2pg for Bi2223 as a  theory is simply applied. This apparently anomalous behav-
function of o(300 K) for samples at various doping levels. Since jor can be interpreted in terms of the inequivalent doping
0.(300 K) is considered to be roughly proportional to the dOpingmodeI?7'28'50In the Bi2223 system, there are two inequiva-
level, the above plots represent the doping dependencefode,  |oni cuq layers, i.e., inner and outer Cy@lanes. In the
2Asc, and 2pg. The dashed lines are guides to the eyes. inequivalent doping model, the doping level becomes out of

2A e for samples of different doping levels as a function of Palance between these two inequivalent guflanes;
0(300 K)=p(300 K)~1, thec-axis conductivity at 300 K. hamely, in the overdoped region, the outer Guilanes are
In this figure, the plots include the data for samples whichmore doped and inner Cy(lanes are less doped. Then it
are not listed in Table I. Since the doping level is difficult to occurs that the doping level of the inner Cu@lanes are
determine in the present case, we tak€300 K) as a mea- fixed at a value near the optimum level ahgremains un-
sure of the doping level. This is well substantiated by thechanged while the outer Cy(planes are overdoped. Since
transport study conducted by Fugit al?"?8for this Bi2223 T, of the system is determined by the high&rof the two
system. In Fig. 7, it is clearly recognized tha remains planes, this results in a pinndd of 107 K in the overdoped
unchanged in the overdoped region whitg(300 K) is in-  region.

creased, or, equivalently, doping is increased. This is the From the point of view of the proximity effect, this situ-
same result as obtained by Fuii al2"2® ation is interpreted in terms of McMillan’s tunneling model

2
6_ (300 K) (108 cm™)
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for the proximity effect® Within this framework, it is under-  sity of stategDOS) above the superconducting peak, say, at
stood that the inner and outer Cu@lanes are coupled via E=(). In this case, a SIS tunneling spectrum exhibits three
tunneling. For such a combination, McMillan’s tunneling peaks atv=2A/e, (A+Q)/e, and 2)/e. When the DOS
model predicts that the Cy@roximity sandwich has &, of  peak atE=() is broad, the SIS tunneling conductance peak
the inner plane, which is higher than the other, and an interat V=2(/e becomes almost indiscernible, as simple nu-
mediateA 5 value, which lies between those of the inner andmerical calculations show, and the peak/at (A +)/e can
outer CuQ planes’**2When the coupling is weak, the pair be quite sharp, forming a clear PDH structure reminiscent of
potentialA has two peaks, while when it is strodghas only  the spectra shown in Fig. 5. If we regard the hump as a peak
a single peak. In the present case, the coupling is likely to berising from such a broad DOS peakit (), the values for
sufficiently strong, which is consistent with measured () are determined from Fig. 5. It is found th@t decreases
having a single peak atXss. The magnitude ofAsg de-  with increasingT, as is seen from th&-dependent hump
pends on the coupling strength between these pRimésn position shown in Fig. 6. The rate of decrease is slightly
the present case, the outer Guidanes are overdoped and its faster than that oA for underdoped sampla& and more or
Aggis much smaller than that at the optimum doping level.less slower for overdoped samgle For sampleB, the tem-
Then, from McMillan’s tunneling model, th& g value to be  perature dependence €f nearly scales with that ak. The
observed is smaller than that of the inner plane in the presvalues for() at 10 K are 79, 76, and 50 meV for sampkss
ence of an appropriate coupling strength. Since further dopB, andC, respectively, showing a tendency to decrease with
ing reducesA g of the outer plane further, it follows that increasing doping level. At present, we know nothing defi-
Agg decreases with doping, whil&; remains unchanged. nite about such a single-particle excitation peak in the DOS
The inner plane is thought to play a role of sustainingat  but the superconducting peak. However, it may be interesting
its maximum. Thus, the present results for the doping deperto note that the broad pseudogap peak, which can be distinct
dence ofT. and Agg are reasonably interpreted in terms of from the superconducting peak beldw, might lead to the
McMillan’s tunneling proximity model. This also implies broad DOS peak. In this sense, it should be noted that the
that the present result is consistent with the inequivalent dopbackground in the tunneling spectrum clearly exhibits a sig-
ing model in the Bi2223 system. nificantT dependence below,. This might be linked with a
The present results fak g should be compared with the systematicT dependent change in the growth of the conduc-
ARPES results by Fengt al*° and Satcet al®! The value of tance background abov&,, which is a pseudogap and
A for the optimum doping in the present study is 40 meV,which smoothly changes to the broad hump structure below
which is smaller by=~10 meV than that estimated by the T..
ARPES SCP position and larger by10 meV than that es- The present values for the dip and hump positions for
timated by the LEM of the ARPES spectral function. It is Bi2223 ITS spectrum are 80—100 meV and 100-120 meYV,
known that the SCP position is fixed agaifstwhile the  respectively. Strikingly, these values are compared with the
LEM decreases with increasifg which means that the half- Bi2212 break junction results of 70-90 meV for the dip
width of SCP increases witfi (Ref. 53. In contrast,Agg  position and 100—140 meV for the hump positi§ri*“6->*
obtained by short-pulse ITS clearly decreases Witithe  There are only a few reports on Bi2223 break junctiois,
behavior of which is definitely different from the ARPES in which the peak and dip were observed to be located at
results. Furthermore, it was reported that the broad ARPE80-105 meV and-170 meV, respectively. Clearly, the lat-
guasiparticle peak a&=50 meV, which is regarded as the ter is much greater than the present observations. The reason
pseudogap peak, connects with the SCP bélgwat the same  of this discrepancy has yet to be known.
binding energy* This behavior is also different from the  On the other hand, the PDH structure is also observed in
present ITS results, in which no smooth connection is obthe superconductor/insulator/normal-met&IN) tunneling
served between the superconducting gap and the pseudogapectroscopy. For example, the dip position in the STS spec-
The present results are in agreement with the ARPES resultsum for the Bi2212 system ranges from 70 to 90 meV and
only in that both gap structures exist. The behavior and théhe hump position ranges from 100 to 150 ne¥.These
magnitude of both gap structures are different between thealues are rather common in SIN tunneling spectroscopy.
two spectroscopy results in the strict meaning. As for theFrom these values, it follows th&=100-150 meV and the
value forT*, Satoet al®* estimated thafi* =150 K. This  hump position for SIS tunneling to be compared should be
value is smaller than the transport re${s# or the present 130-190 meV, provided\sc=30-40 meV. These values
tunneling result, in which a finer resolution is attained. are larger than the hump position values of 100-140 meV
obtained from Bi2212 break junctiori$>*%" They are also
larger than the hump position values of 80—120 meV for the
Bi2223 ITS tunneling results in the present study. Although
The PDH structure is commonly observed in the energythere is some quantitative discrepancy in the value$Xpit
spectrum for highF. superconductors in various spectro- does not seem to rule out the possibility that the PDH struc-
scopic experiments. In the present study, the PDH structurture arises from the broad DOS peak.
is more clearly observed than in other observations because It was argued that the dip-peak separation scales With
of SIS tunneling. The cause of the PDH structure is supposeand reaches the maximum when the doping is optiritim.
variously. The most straightforward one is the existence othe present results, a similar tendency is seen as far as the
another peak structure in the single-particle excitation deneptimum and overdoped samples are concerned. In the un-

B. Peak-dip-hump structure
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derdoped region, however, the dip-peak separation of 23.3_ gradually decreases with increasing doping becausg
meV at 10 K is larger than that of 21.6 meV at the optimumgecreases concomitantly. However, this is not the case, as
doping or that of 16.5 meV in the overdoped region, as s€eQgep iy Fig. 7. The present results indicate the opposite ten-

in Fig. 5, presenting a conflicting tendency. Thus, in thedency ford.; namely,J. increases with increasing doping in

Bi2223 system, it is difficult to find a simple Co”e'f"‘“of‘ spite of a decrease iAgg. Similar behavior was also ob-
between PDH structure ani@l, as argued by Zasadzinski din the Bi2212 61t i her likelv that thi
et al 3 for the Bi2212 system. Rather, the present result sim>ervec n the Bi system.It is rather likely that this

ply displays a clear tendency that the PDH structure is enpehavmr. ot is ger.‘e“?‘”y seen in cgprates. .
hanced as the doping decreases. Furthermore, it should be Equa‘u_on(;[) may indicate that the mcrea}sng shown in
noted that the peak-dip separation shown in Fig. 5 decreas&dd- 7(b) is simply caused by a decrease in the normal-state
with increasingT. In some models, this separation energy istUnneling resistancRy . However, a change iRy, namely,
associated with the neutron resonance peak eféigpw-  an increase (300 K) from the lowest to the highest for
ever, the neutron resonance peak energy is actua”y near]ﬂpe Samples in Flg 7, is insufficient to explain the increase in
constant belowT, (Ref. 58 and increases with increasiy  Jc- When o¢(300 K) increases 4.7 times from 0.027 to
(Ref. 59, the behavior of which is at variance with the 0.125 Scm® in Fig. 7,Ry decreases 0.21 times, singg is
present results. thought to be proportional tp;(300 K), as conjectured from
The PDH structure is more commonly observed in theFig. 4. From Fig. 7c), Asg decreases by a factor of 0.65.
ARPES spectra nears(,0) position both in the Bi2212 and With these values, the increaseJpis calculated from Eqg.
the Bi2223 systeri”**Recently, it is proposed that this PDH (1) to be a factor of 3.1. Clearly, this value is smaller than
structure is caused by the bilayer splittiffigin which the  that for the increase id, of a factor of~ 15. Therefore, it is
sharp quasiparticle peak is attributed to the antibonding banevidently difficult to explain the increase ih, with doping
and the broad hump to the bonding band. The bilayer splitsolely in terms of a simple ordinary picture. Similar behavior
ting was actually observed nearm) in the Bi2212 is observed also in the Bi2212 systéfif> The fact thatl,
systent>®° However, it appears that the energy splitting isincreases significantly whila s decreases is indeed extraor-
not seen in the recent ARPES experiments on Bi2223linary in light of the conventional superconductivity model.
systent®3! In cuprate superconductors, teeaxis hopping It seems that this behavior conveys an important implication
integral is proportional to (cds(—cosky)2 (Ref. 61, so that concerning the nature of high: superconductivity or at
the tunneling conductance spectrum reflects an ARPES spelgast in the Bi2223 and the Bi2212 system.
tral function with a large weight in the#,0) direction. This apparently contradictory behavior &f can be inter-
Therefore, the tunneling spectrum and the ARPES resulpreted reasonably and uniquely only when the junction elec-
should have a correlation with respect to the PDH structuretrodes, i.e., the CuPplanes in the present case, consist of
In this sense, the hump position in the ARPES spectrunsuperconducting regions and nonsuperconducting highly re-
reflects the value fof) (150 meV[Ref. 31, 120 meV[Ref.  sistive regions. In the latter regions, we assume rather de-
30]). Clearly, these values are nearly equal to those in SINbleted density of states so that the tunneling conductivity is
tunneling spectra, and a similar argument applies to this casemall. In this model, it is reasonably assumed that an in-
Also in this case, the PDH results in the ARPES observatiortrease in the doping level leads to an increase in the super-
presents a similar quantitative discrepancy, which remains toonducting area, or the superconducting fractfgnof the
be known. electrode, while the area-normalized tunneling probability
It is argued in some modéfs®®3"that this dip is a sigha- and the density of states in each area are supposed not to
ture of strong coupling to an excitation of some kind, say,change significantly. When the superconductor is phase sepa-
magnetic origin. However, as mentioned above, it is difficultrated in such a way, the Josephson current flows only in
to find evidence which directly relates this dip to an excita-junction portions where both sides are in the superconduct-
tion that is supposed to be involved in the pairing of quasiing phase. From this it follows thalcscfé. This contrasts
particles. We should rather say at this point that the PDHsharply with the case in which the superconductor is homo-
structure clearly indicates the transfer of quasiparticle dengeneous, or superconducting regions are located in correlated
sity of states from the dip position to the superconductingpositions on both sides of the junction ahdx f5. To evalu-

peak when the system undergoes the transition. ate the change irig, we use an approximate relationship
fsco(300 K) (Ref. 64, from which it follows thatfg in-
C. Maximum Josephson current and the normal-state creases 4.7 times in the same doping range. Combining Eq.
tunneling resistance (1), Jo*xAgsf2, from which J; turns out to increase 14.4
In the BCS theory, the maximum Josephson curferi times. Clearly, this valu_e is in g.ood agreement WIFh the qb—
expressed 43 served value of-15. This experimental result provides evi-
dence for the phase-separated superconductivity in this sys-
| 7TASGt Asg ! tem. . . o
“~%eR, am’m- oy The implication of this consequence is decisively impor-

tant. The result strongly suggests that the phase separation
Therefore,| . is proportional to the superconducting order takes place in the Bi2223 system and that the fraction of the
parameterAgg at low temperatures. In this framework, it superconducting phase increases with doping. This is also
should follow that the maximum Josephson current densityprobably the case in the Bi2212 system for the same reason.
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This consequence is consistent with the recent STS observthe overdoped region, the superconducting gap is observed to
tion of inhomogeneous distribution of the superconductingdecrease with increasing doping whilE. remains un-
order parameter 1% By inhomogeneity, however, we changed. This fact is interpreted in terms of McMillan’s tun-
should mean spatial distribution of superconducting regionsneling proximity model. It is found that the peak-dip-hump
since the systematic change in the tunneling conductance amstiucture observed in the tunneling spectrum does not neces-
the sharpness of its superconducting peak imply that thearily correspond straightforwardly to that of the ARPES re-
magnitude of the order parameter is regarded rather homaults. It is found that the decrease in the superconducting gap

geneous in the superconducting region. and the increase in the maximum Josephson current with
increasing doping imply that the phase separation takes place
V. CONCLUSION between superconducting region and nonsuperconducting

] highly resistive region.

Using the short-pulse ITS, we have measured the super- ‘Note addedAfter the submission of this manuscript, we
conducting gap and the pseudogap for the Cutple-layer  noted a paper reporting a doping dependaat; for the
Bi,Sr,CaCu30,9, 5 System. It is found that the magnitude gjo223 system based on ARPES experiméfits.
of the superconducting gap and the pseudogap-&@ meV

and 130 meV, respectively, in the case of optimum doping.
Together with these gap structures, a clear dip-and-hump
structure is observed. The energy scales for these gap struc-
tures decrease with increasing doping level, showing a simi- This work was partially supported by The Mitsubishi
lar tendency observed for the Cu@ouble-layer system. In  Foundation.
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