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Interlayer tunneling spectroscopy and doping-dependent energy-gap structure of the trilayer
superconductor Bi2Sr2Ca2Cu3O10¿d
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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 CuO2 triple-layer high-Tc superconducting
Bi2Sr2Ca2Cu3O101d system. It is found for a nearly optimally doped sample that the superconducting gap
magnitude is'80 meV and the pseudogap is'120 meV, the values of which are slightly larger than those for
CuO2 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 unchangedTc and 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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I. INTRODUCTION

Tunneling spectroscopy directly probes the electro
structure of a metal that composes a tunnel junction.1 When
the metal is in the superconducting state, this technique
idly traces the evolution of the superconducting gap. Af
the discovery of the high-Tc superconductivity,2 two types of
tunneling spectroscopy techniques were newly or renewe
developed. One is the scanning tunneling spectrosc
~STS!3,4 and the other is the interlayer tunneling spectr
copy ~ITS!.5,6 While the former stemmed from the origina
work of Binnig and Rohrer7 on the scanning tunneling mi
croscope, the latter utilizes naturally built tunnel junctions
a layered crystal structure, commonly called intrinsic Jose
son junctions.8,9 As is well known, STS probes a surface o
an atomic scale. After its precedent application to the ob
vation of a vortex core in NbSe2 ~Refs. 10 and 11!, STS was
applied to high-Tc superconductors to reveal the superco
ducting energy-gap structure,4,12–15electronic states in vortex
structure,16 and, very recently, local electronic inhomogen
ity ~at least at surfaces! with an atomic scale resolution.17–20

This technique is applicable to almost any kind of condu
ing material as far as a clean surface is available. On
other hand, ITS is essentially a technique probing into
bulk ~not the surface! of a layer-structured material. There
fore, this technique is free from surface problems that d
guise the intrinsic properties. It is an advantage of this te
nique that the probed part can be characteri
simultaneously by transport measurements, providing a s
basis for the sample that yielded the results. However,
method relies on tunnel junctions in a crystal structure an
applicable only to a limited number of layered materials,
which layers are coupled via tunneling. Although ITS h
0163-1829/2003/68~5!/054533~11!/$20.00 68 0545
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provided important results, the materials employed were l
ited mostly to Bi2Sr2CaCu2O81d , a CuO2 double-layer
high-Tc superconductor,5,6,21–24except Tl2Ba2Ca2Cu3O101d ,
in which the range observed was limited far below the
perconducting gap.25

This paper reports the results of the ITS experiment o
CuO2 trilayer high-Tc superconductor Bi2Sr2Ca2Cu3O101d

~Bi2223!. The basis for the present ITS experiments w
initiated by the first single-crystal growth of Bi2223 by th
traveling-solvent-floating-zone method.26 Bi2223 is crystal-
lographically equivalent to the Bi2Sr2CaCu2O81d ~Bi2212!
system when the CuO2 double layer~bilayer! is replaced by
the CuO2 triple layer. The transport properties of the Bi222
system were measured recently by Fujiiet al.27,28 They re-
vealed an anomalous carrier doping dependence, in whicTc

remains fixed in the overdoped region irrespective of
doping level. This behavior is apparently at variance with
generic phase diagram,29 which is accepted as a univers
feature for the understanding of high-Tc superconductivity.
At present, it is believed that this anomalous behavior
explained in terms of the inequivalent carrier doping,27,28

which takes place between two inequivalent CuO2 layers in
the triple-layer system. In such a system, the energy-
structure and its relation toTc or carrier doping are yet to be
known. To reveal the existence of the pseudogap and
magnitude is also interesting as a key factor in the gen
phase diagram. From such points of view, the knowledge
the electronic structure of this Bi2223 system is thought
deepen the understanding of high-Tc superconductivity.

The electronic structure of the Bi2223 system was
cently measured by the angle-resolved photoemission s
troscopy ~ARPES! by Fenget al.30 and Satoet al.31 They
made it clear that the superconducting energy gapDSG for
©2003 The American Physical Society33-1
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each system scales with the optimumTc in the corresponding
system. The observed values forDSG by both groups are
similar, i.e., DSG545–55 meV for an optimally doped
sample, when they are evaluated from the superconduc
peak~SCP! or DSG530–33 meV from the leading edge mid
point ~LEM! shift. The pseudogap was also observed
ARPES ~Refs. 30 and 31! but much remains to be studie
concerning its doping-dependent magnitude and the temp
ture T* , below which the pseudogap evolves.

Along with the superconducting gap and pseudogap,
peak-dip-hump~PDH! structure32 is another source of inter
est associated with the electronic structure of high-Tc super-
conductors. This structure has been observed in Bi2212
both ARPES33 and tunneling spectroscopy.34 Its origin is an
issue and argued in various ways.32,35–37The recent ARPES
measurements revealed that PDH structure is observed i
Bi2223 system.30,31 Since ITS is free from the surface prob
lem, the observation of the PDH structure by ITS may p
vide additional information to elucidate its origin.

In the present study, we have obtained the supercond
ing gap magnitude of 2DSG579 meV for the optimum dop-
ing level. This is found to be a little smaller than the ARPE
value30,31 evaluated from the SCP position. The pseudog
magnitude 2DPG we observed is'130 meV, which is com-
parable with the value of 2DPG5100 meV observed by Sat
et al., indicating rough coincidence between the ARPES
sults and the ITS results. Furthermore, the ITS measurem
of the Bi2223 gap structure have been extended to sam
from underdoped to overdoped levels to obtain dopi
dependent behavior of the gap structures. It is found that
superconducting gap and the pseudogap magnitudes dec
with the doping level. We have also observed a system
and profound change in the PDH structure, which is d
cussed in comparison with the corresponding structure in
spectral function observed in ARPES measurements.30,31

Since a sample is a stack of intrinsic Josephson junctio
we also measured the maximum Josephson current at va
doping levels to find that the maximum dc Josephson cur
increases significantly with the doping level. The doping d
pendences are reasonably compared with the dop
dependent transport properties observed by Fujiiet al.27,28

The relevance of the doping independentTc and the doping-
dependent superconducting gap in the overdoped regio
discussed in terms of the McMillan tunneling model of t
proximity effect.38 Finally, we discuss the implication of th
doping-induced decrease inDSG and the concomitant in
crease in the maximum Josephson current to deduce a
sively important nature of high-Tc superconductivity, at leas
in this system.

II. EXPERIMENT

A. Sample preparation

Samples used for the ITS measurements were prep
from single crystals grown by the traveling-solvent floatin
zone method.26 A sample for ITS consists of a small-size
mesa structure, which comprises ten or less intrinsic Jos
son junctions connected in series; namely, the thickness
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mesa is'19 nm in this case. The lateral size of a mesa
mostly 10310 mm2 for underdoped and slightly overdope
samples and 535 mm2 for overdoped samples. Mesa stru
tures were fabricated by engraving a cleaved crystal sur
by the standard Ar-ion milling and photolithograph tec
nique. Prior to these patterning and milling processes,
cleaved surfaces were covered with a 25-nm-thick Ag an
50-nm-thick Au double layer, both for surface protectio
from damages and for formation of good electrical conta
After the Au/Ag film coating, the crystals were annealed
430–450 °C in flowing oxygen or in vacuum depending
the required doping level. The doping level was controll
primarily by changing the annealing time. The condition
give underdoped samples is rather subtle. Strong reduc
processes resulted in a high contact resistance and a loTc

with a broad resistive transition, which are not suitable
the ITS measurements. Therefore, we eventually attai
only a single doping level in the underdoped region. Samp
in the overdoped region were almost free from this kind o
problem. After the Ar-ion milling, a 350-nm-thick SiO insu
lating layer was deposited by the self-alignment method
450-nm Au upper electrode was finally deposited and p
terned by the lift-off method. Thus, the total thickness o
Au/Ag film on top of the mesa amounts to 525 nm. Th
rather thick Au/Ag electrode is significantly important
suppress self-heating due to current injection during m
surements. It is shown by the numerical analysis that m
than half of the heat generated in the mesa flows out thro
the upper Au electrode channel.39,40 Therefore, we adopted
the three-terminal configuration for the tunneling measu
ments at the expense of a finite contact resistance. A s
matic cross-sectional illustration for the mesa structure
shown in the inset to Fig. 1.

The contact resistance for most of the samples ran
from 1 to 6V @in contact resistivity, (1 –6)31026 V cm2],
which is approximately 1–10 % of the mesa resistanceRc at
300 K. The current-voltage (I -V) characteristics for sample
having a larger contact resistance exhibit nonlinearity
small currents. At large currents for these samples, the v
age drop at the contact resistance does not increase pro
tionally to the current due to its nonlinearity so that the co
tact resistance becomes rather small at higher curre
Therefore, the tunneling characteristics forI *10 mA are
subjected to little influence of the contact resistance, a
hence, so is the gap magnitude. We estimate such effec
contact resistance to be smaller thanRc by more than two
orders of magnitude. For this reason, the contact resista
was neglected in the data analysis which follows.

The number of intrinsic Josephson junctions,N, included
in the mesa was determined by observingI -V characteristics
and counting the number of resistive branches. In the pre
study, N ranged from 8 to 10. These values forN roughly
coincide with the mesa thickness estimated from the Ar-
milling time. The mesa thickness was determined fromN
using a single-layer thickness value of 1.85 nm~Ref. 41!,
i.e., half thec-axis lattice parameter for the Bi2223 cryst
structure. The mesa area was precisely determined by
rectly observing the mesa pattern with an optical microsco
3-2
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INTERLAYER TUNNELING SPECTROSCOPY AND . . . PHYSICAL REVIEW B68, 054533 ~2003!
Using these dimensions for the mesa area and thickness
ues for thec-axis resistivityrc were determined.

B. Short-pulse measurements

ITS measurements were carried out by the short-pu
method. Employing short pulses is requisite to reduce
self-heating effect sufficiently. We used composite curr
pulses of 1.7ms width smoothed by placing quarter-perio
sinusoidal curves both at the front and back of a rectang
pulse. This pulse shape was shown to be effective in incr
ing the breakdown voltage and eliminating sample break
by fatigue.42 Voltage responses were acquired at 0.6–0.65ms
from the rise of the pulse. The voltage values were smoot
to give numerical differential (dI/dV)-V curves.

From the pulse response decay, it was known that
self-heating exerts an influence on theI -V characteristics
when the current exceeds'25 mA for a 10310-mm2 junc-
tion. At this current level, the voltage response was redu
in its magnitude by'3% at the corresponding voltage in th
I -V curve. For overdoped samples, this voltage roughly c
responds to the superconducting gap, in which case the
magnitude is underestimated by'3%. However, this is not
the case for samples which are nearly optimal or in the
derdoped region, since the tunneling resistanceRN is suffi-
ciently high and the gap voltage is reached at a current m
smaller than 25 mA.

III. RESULTS

A. c-axis resistivity rc

Figure 1 shows the temperatureT dependence ofrc for
four typical samples with different doping levels. Unlike th

FIG. 1. Temperature dependence ofrc for samples having dif-
ferent doping levels. Excitation current is 1mA for sampleA and
5 mA for samplesB–D. An additional resistive transition at abou
80 K is caused by Bi2212 intergrowth. Residual resistance s
below 80 K is contact resistance. SamplesB–D are differently
doped, but undergo the resistive transition at nearly the same
perature of 107 K.
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case for the Bi2212 system,43 the doping level, or oxygen
contentd, is not determinable fromrc(T), since the rela-
tionship between the doping level and therc(T) curve is not
fully established. However, the doping dependence of
transport properties by Fujiiet al.27,28 shows that the value
for rc at 300 K is a good measure for the doping lev
namely,rc decreases systematically with increasing dop
level,44 as shown in Fig. 1. With decreasing doping level, t
T dependence ofrc becomes pronouncedly semiconductiv
This behavior ofrc is reasonably compared with the resu
for bulk single crystals reported by Fujiiet al.27,28

At the resistive transition, several samples exhibited
two-step resistive transition, first at 107 K and second
about 80 K. This two-step resistive transition is due to t
intergrowth of Bi2212 layers.26 When a single Bi2212 laye
is included in a Bi2223 layer stack, two junctions out of, sa
ten junctions are heterojunctions, which undergo a resis
transition at the Bi2212 transition temperature of 80
Therefore, the resistive transition at 107 K undergoes'80%
of the total resistive transition and at'80 K it completes the
rest of the transition. The resistive transition of sampleA is
compared with this case and it is reasonably concluded
sampleA contains a single Bi2212 intergrowth layer. Th
result implies that the superconductivity of a differentTc sets
in even in a single sheet of a CuO2 double layer. The exis-
tence of a half unit-cell Bi2212 intergrowth was actually o
served by the transmission electron microscopy.26

SamplesB–D in Fig. 1 exhibit a sharp resistive transitio
at 107 K, implying that they are located near the optimu
doping level or in the overdoped region. For samplesA,B,
and D, it is seen that the mesa contains a single Bi22
intergrowth layer. The energy-gap structure for the Bi22
system is, strictly speaking, different from that of the Bi22
system and the difference may be reflected on the tunne
spectroscopy results. However, its difference is reasona
considered to be small compared with the gap magnitu
and further the difference is divided byN;10 at the normal-
ization step in the analysis. Therefore, the influence of
Bi2212 intergrowth, if any, is estimated to be a few perce
or less, so that the error due to the intergrowth is neglecte45

in the analysis which follows.

B. I -V characteristics

Figure 2 shows an oscilloscope image of typicalI -V char-
acteristics for a Bi2223 mesa of sampleA, showing ten re-
sistive branches. A closer look at Fig. 2 reveals asymmetr
the resistive branches. The reason for this is subtle. Firs
must be noted that the graph is a multiscan trace. In a cur
scan, the order of switching to the voltage state for ea
junction varies from scan to scan. In addition, it frequen
occurs that more than one junctions switch to the resis
state at a time. Such switching behavior together with a s
ter in the Josephson current is thought to result in the as
metry in the resistive branches.

As seen in this figure, there is a tendency that a few ju
tions have a smaller maximum Josephson currentI c . The
reason for this is yet to be known but is conjectured to
partly due to a scatter of junction area among those in

n

m-
3-3
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stack or it might be due to a vortex incorporated in the m
structure. Taking these into account,I c is determined to be
the probable maximum current among resistive branches
served in theI -V characteristics. For the sample in Fig. 2,I c
is determined to be 0.6 mA. Values for other samples w
determined similarly.

In the I -V curves in Fig. 2, the spacing between resist
branches for the lowest two appears to be smaller than
others. This is partly because the Josephson current is s
and the spacing is reduced due to nonlinear quasipar
current and partly because the mesa contains a single Bi2
intergrowth layer, which may lead to a smaller spacing.

Figure 3 shows a set of typicalI -V characteristics mea
sured by the short-pulse method at various temperat
from 10 to 200 K. In the figure, the abscissa scale repres
the normalized voltage for a single junction, i.e., the o
served voltage divided byN. AboveTc , the pseudogap mani
fests itself as a nonlinearity in theI -V curves. In this set of
I -V curves, it should be emphasized that, at high voltage
any temperatures, theI -V curve approaches the straight lin
that crosses the origin, the behavior of which is a con
quence of a usual tunneling theory. The normal tunnel
resistanceRN is defined as the static resistance at high vo
ages where theI -V curve sufficiently approaches the straig
line that crosses the origin. These characteristics are in s
contrast with the break junction characteristics,46 where the
I -V curve at high voltages deviates significantly from t
straight line that crosses the origin. Such anomalous cha
teristics probably originate from break junction’s undefin
junction area, which might be a function of bias voltag
temperature, and others. It is also conjectured that s
heating causes this type of anomalousI -V characteristics in
such junctions.

In the present case, the junction areaS is unambiguously
defined by the geometrical mesa size. Therefore, theI -V
curve approaches the straight line at high voltages, as
standard tunneling theory predicts, providing definite valu

FIG. 2. An oscilloscope image of theI -V characteristics for
sample A measured at 7 K.X axis, 100 mV/div; Y axis.
200 mA/div. The number of junctionsN for this sample is 10, as
revealed by the number of resistive branches.
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for RN . Values for the normalized tunneling resistancerN
5RNS/d are plotted in Fig. 4 for corresponding sample
From this, it is clearly seen thatRN increases with increasing
T. This presents a sharp contrast with the semiconduc
behavior exhibited byrc , which is the dynamic resistance a
V50 in Fig. 2. The same behavior is observed in the Bi22
system.6 It is also seen thatrN coincides withrc in the T
range whererc shows metallic behavior. This is a plain con
sequence that the pseudogap is filled and vanishes in thT
range, in which theI -V curve is straight. The stepwise de
creaseDrN just belowTc is supposed to be related to th
superconducting condensate.6 Its fractional magnitude
DrN /rN depends on the doping level and increases with
creasing doping, as demonstrated in Fig. 4. This is a
closely related to the maximum Josephson current den
Jc , as we will refer in the following section.

Definite evaluation ofRN is important when the Joseph
son current is discussed. Indeed, it turns out later thatRN and
Jc are key factors that lead to an important conseque
concerning the nature of high-Tc superconductivity in this
system.

C. Tunneling spectrum

Figures 5~a!–5~c! show thedI/dV-V characteristics for
samples at underdoped, nearly optimum, and overdoped
els, respectively. In these figures, the abscissa scale als
dicates the normalized voltage. In thesedI/dV-V character-
istics, or differential tunneling conductancesT(V), a sharp
peak is clearly seen, which decreases in height and pos
with increasingT and disappears atTc . Therefore, in the
case of Fig. 5~a!, the peak at 82 meV at 10 K is the supe
conducting peak. We define the superconducting gap ma

FIG. 3. I -V characteristics for sampleA at different tempera-
tures measured by the short-pulse method.V is the normalized volt-
age for a single junction.
3-4
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tude 2DSG as half the peak separation, so that 2DSG
582 meV for the underdoped sample of sampleA.

For the nearly optimally doped and overdoped samp
@samplesB and C in Figs. 5~b! and 5~c!#, 2DSG579 meV
and 2DSG564 meV, respectively. The latter value is clear
smaller than that for the underdoped sample, indicatin
tendency that 2DSG decreases with increasing doping lev
Clearly, this decrease in 2DSG is not caused by the Bi221
intergrowth, because the frequency of Bi2212 intergrowth
one part per ten or less and irrelevant to the doping. It is a
clear that the height of the superconducting peak increa
with increasing doping level. Even when the peak heigh
normalized by the value forsT(0) at 200 K, it increases with
increasing doping. This behavior is accompanied by an
crease in the maximum Josephson current densityJc in the
I -V characteristics. At first thought, it is conjectured that t
is related to an increase in the superfluid density, which
expected to increase with doping. We discuss in the follo
ing section that this may not be the case.

In Fig. 5~a!, besides the superconducting peak at 82 m
another broad peak is seen at'120 meV. This peak also
decreases in height with increasingT, becomes broader, an
collapses to form a broad hump near and aboveTc . This
broad peak at 120 meV might be viewed as a hump of
PDH structure in the ARPES energy dispersion curve n

FIG. 4. Temperature dependence of the normal tunneling re
tance RN normalized by the dimensional factorS/d, i.e., rN

5RNS/d for samplesA–C. rN is compared withrc to be found to
approachrc at high temperatures asymptotically. Plots arerN and
solid lines arerc .
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FIG. 5. (dI/dV)-V curves at various temperatures obtained n
merically for samplesA–C. The voltages are normalized by th
junction numberN. The dashed lines indicate the curves close toTc

for corresponding samples. The irregularities nearV50 are caused
by the unsuppressed Josephson currents.
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the (p,0) point. However, the structure in Fig. 5~a! is a
broad peak rather than a hump, and its position is m
lower than that in the ARPES results of 100 meV~Ref. 30!
or higher,31 to which DSG should be added when compare
with the hump position in superconductor/insulato
superconductor~SIS! tunneling results, as discussed in t
following section. At present, it does not necessarily follo
straightforwardly that the peak at 120 meV in Fig. 5~a! di-
rectly conforms to the PDH structure in ARPES. The PD
structure becomes more significant for underdoped sam
because of the relatively smaller height of the supercond
ing conductance peak. We should stress the fact that the P
structure observed in the present study is very sharp
clear, in particular for sampleA. This is partly due to the high
resolution of SIS tunneling spectroscopy. It is also notew
thy that the background ofsT(V) evolves systematically a
T decreases.

AboveTc , the tunneling conductancesT(V) changes to a
broad peak located at'120 meV for the underdoped samp
@Fig. 5~a!#. This is clearly the pseudogap in the Bi2223 sy
tem. Here, we define the magnitude of the pseudogap 2DPG
as half the peak separation. As the temperature is raised
peak structure becomes obscure and the peak position s
slightly to higher energies. When the peak is low and bro
2DPG was determined by enlarging the portion vertically.
that case, a scatter of data eventually caused a large u
tainty in the value for 2DPG. The obtained values for 2DPG
at 150 K for samplesA–C are 150 meV, 130 meV, and 9
meV, respectively. It is clear that 2DPG decreases with in-
creasing doping in the Bi2223 system. Similar tendency w
observed in the Bi2212 system.21 Values forDSG andDPG are
summarized in Table I for samplesA–D together with those
for various properties and dimensions.

It appears that this pseudogap structure connects smo
with the background belowTc , on which the superconduct
ing gap and the dip structure are thought to evolve, or it m
be that the pseudogap structure connects smoothly with
hump structure itself. If we regard the background to be

TABLE I. Values for DSG, DPG, N, Tc , Rc , rc , RN , contact
resistanceRcontact, and various properties, together with sample
mensionsS andd for samplesA–D.

Sample A B C D

Tc ~K! 96 107 107 107
2DSG ~10 K! ~meV! 82 79 65 53
2DPG ~150 K! ~meV! ;150 ;130 ;90 ;60
2DSG/kBTc 9.7 8.6 7.1 5.8
N 10 8 10 8
rN ~200 K! (V cm! 31.7 23.8 15.1 7.27
Jc(<10 K)(A/cm2) 470 1700 5100 7800
rc ~300 K! (V cm! 36.6 25.4 13.0 8.0
Rc ~300 K! (V) 53.6 43.1 34.2 62.2
Rcontact (;10 K) (V) 1.7 5.1 5.0 5.9~at 64 K!

Mesa pattern (mm2) 10310 10310 10310 535
S (mm2) 127 88 87 19
d ~nm! 18.5 14.8 18.5 14.8
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lated to the pseudogap, it naturally follows that the superc
ducting peak is distinct from the pseudogap. In the sa
sense, the superconducting gap does not directly con
with the pseudogap aboveTc . This is also a consequenc
from the distinctT-dependent behavior of the supercondu
ing gap, which swiftly diminishes in height and energy sca
asT approachesTc and finally disappears atTc .

From Fig. 5, it is possible to estimate values forT* , be-
low which the pseudogap evolves. For the underdop
sample in Fig. 5~a!, sT(V) at 200 K shows a broad dip
centered atV50 so thatT* is much higher than 200 K. Fo
the nearly optimum and slightly overdoped samples in Fi
5~b! and 5~c!, only a trace of broad dip is seen insT(V) at
200 K for both samples, indicating thatT* .200 K for the
optimum and slightly overdoped Bi2223 system. This res
for T* is in reasonable agreement withTrc

* obtained from the

transport measurements by Fujiiet al.27,28

Figure 6 shows the temperature dependence of half
peak separation 2Dpp and the hump positions in thesT(V)
curves. 2Dpp represents 2DSG for T,Tc and 2DPG for T
.Tc . The temperature dependence for 2DSG is quite similar
to that for the Bi2212 system. 2DSG decreases with increas
ing T and, above'90 K, the superconducting peak is almo
indiscernible andDSG is indeterminable in this range from 9
K to Tc . The peak insT(V) switches from the superconduc
ing gap to the pseudogap at around 90 K, from which
appears thatDpp reaches the minimum at;90 K, then in-
creases with increasingT, and finally approaches th
pseudogap value aboveTc .

D. Doping dependences

Figure 7 shows the plots of values forTc , the maximum
Josephson current densityJc at low temperatures, 2DSG, and

FIG. 6. Temperature dependence of half the peak separa
2Dpp in (dI/dV)-V tunneling characteristics for samplesA–C
shown in Fig. 5. Plots forT,Tc correspond to 2DSG, while plots
for T.Tc correspond to 2DPG. The hump positions are also plo
ted.

-
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2DPG for samples of different doping levels as a function
sc(300 K)5rc(300 K)21, thec-axis conductivity at 300 K.
In this figure, the plots include the data for samples wh
are not listed in Table I. Since the doping level is difficult
determine in the present case, we takesc(300 K) as a mea-
sure of the doping level. This is well substantiated by
transport study conducted by Fujiiet al.27,28 for this Bi2223
system. In Fig. 7, it is clearly recognized thatTc remains
unchanged in the overdoped region whilesc(300 K) is in-
creased, or, equivalently, doping is increased. This is
same result as obtained by Fujiiet al.27,28

FIG. 7. Plots ofTc , Jc , 2DSG, and 2DPG for Bi2223 as a
function of sc(300 K) for samples at various doping levels. Sin
sc(300 K) is considered to be roughly proportional to the dop
level, the above plots represent the doping dependence forTc , Jc ,
2DSG, and 2DPG. The dashed lines are guides to the eyes.
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On the other hand,Jc shows a tendency to increase almo
linearly with increasing doping. As mentioned earlier, this
in accordance with the doping dependence of the super
ducting peak height, i.e.,sT[dI/dV at V52DSG/e. In
ARPES experiments, a similar behavior was observed in
superconducting peak height of the spectral function
Bi2212.47,48 SinceJc in a tunnel Josephson junction is pro
portional to the square root of the superfluid density,49 this
implies that the superconducting order parameter should
crease with increasing doping in the conventional B
theory. However, this contradicts with the actual observat
that DSG decreases with increasing doping level. We arg
the reason for this inconsistency in the following section.

There is a clear tendency that 2DSG and 2DPG decrease
with increasing doping. The behavior is in basic agreem
with an expected behavior from the generic phase diagr
In the BCS theory in the weak-coupling limit, the superco
ducting gap is proportional toTc . Since the superconductiv
ity behavior in the overdoped region is considered in m
cases to be consistent with the BCS behavior,29 the present
relationship between the pinnedTc and the decreasingDSG is
anomalous in this sense. We discuss the reason for this
parently anomalous behavior in the following section w
relevance to the inequivalent doping.27,28,50

IV. DISCUSSION

A. Superconducting gap and pseudogap

By the ITS measurements, it has become clear that, in
Bi2223 system, the superconducting gap and the pseudo
exist in a similar way as they do in the Bi2212 system. T
magnitude for the superconducting gap of 2DSG.80 meV
for the optimum doping level is similar to or a little larger b
no more than 10% than that for the Bi2212 system. In t
sense, the scaling betweenTc and DSG is not as clear as in
the case of the ARPES results.30,31

As was previously reported,27,28 Tc in the Bi2223 system
remains unchanged while the doping level increases from
optimum level, which is at variance with the generic pha
diagram.29 The present study has made it clear thatDSG de-
creases with increasing doping level whileTc remains un-
changed. As mentioned above, this is anomalous if the B
theory is simply applied. This apparently anomalous beh
ior can be interpreted in terms of the inequivalent dop
model.27,28,50In the Bi2223 system, there are two inequiv
lent CuO2 layers, i.e., inner and outer CuO2 planes. In the
inequivalent doping model, the doping level becomes ou
balance between these two inequivalent CuO2 planes;
namely, in the overdoped region, the outer CuO2 planes are
more doped and inner CuO2 planes are less doped. Then
occurs that the doping level of the inner CuO2 planes are
fixed at a value near the optimum level andTc remains un-
changed while the outer CuO2 planes are overdoped. Sinc
Tc of the system is determined by the higherTc of the two
planes, this results in a pinnedTc of 107 K in the overdoped
region.

From the point of view of the proximity effect, this situ
ation is interpreted in terms of McMillan’s tunneling mod
3-7
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for the proximity effect.38 Within this framework, it is under-
stood that the inner and outer CuO2 planes are coupled via
tunneling. For such a combination, McMillan’s tunnelin
model predicts that the CuO2 proximity sandwich has aTc of
the inner plane, which is higher than the other, and an in
mediateDSG value, which lies between those of the inner a
outer CuO2 planes.51,52 When the coupling is weak, the pa
potentialD has two peaks, while when it is strongD has only
a single peak. In the present case, the coupling is likely to
sufficiently strong, which is consistent with measuredsT
having a single peak at 2DSG. The magnitude ofDSG de-
pends on the coupling strength between these planes.51,52 In
the present case, the outer CuO2 planes are overdoped and i
DSG is much smaller than that at the optimum doping lev
Then, from McMillan’s tunneling model, theDSG value to be
observed is smaller than that of the inner plane in the p
ence of an appropriate coupling strength. Since further d
ing reducesDSG of the outer plane further, it follows tha
DSG decreases with doping, whileTc remains unchanged
The inner plane is thought to play a role of sustainingTc at
its maximum. Thus, the present results for the doping dep
dence ofTc and DSG are reasonably interpreted in terms
McMillan’s tunneling proximity model. This also implie
that the present result is consistent with the inequivalent d
ing model in the Bi2223 system.

The present results forDSG should be compared with th
ARPES results by Fenget al.30 and Satoet al.31 The value of
DSG for the optimum doping in the present study is 40 me
which is smaller by'10 meV than that estimated by th
ARPES SCP position and larger by'10 meV than that es
timated by the LEM of the ARPES spectral function. It
known that the SCP position is fixed againstT while the
LEM decreases with increasingT, which means that the half
width of SCP increases withT ~Ref. 53!. In contrast,DSG
obtained by short-pulse ITS clearly decreases withT, the
behavior of which is definitely different from the ARPE
results. Furthermore, it was reported that the broad ARP
quasiparticle peak at'50 meV, which is regarded as th
pseudogap peak, connects with the SCP belowTc at the same
binding energy.31 This behavior is also different from th
present ITS results, in which no smooth connection is
served between the superconducting gap and the pseud
The present results are in agreement with the ARPES re
only in that both gap structures exist. The behavior and
magnitude of both gap structures are different between
two spectroscopy results in the strict meaning. As for
value for T* , Satoet al.31 estimated thatT* .150 K. This
value is smaller than the transport result27,28 or the present
tunneling result, in which a finer resolution is attained.

B. Peak-dip-hump structure

The PDH structure is commonly observed in the ene
spectrum for high-Tc superconductors in various spectr
scopic experiments. In the present study, the PDH struc
is more clearly observed than in other observations beca
of SIS tunneling. The cause of the PDH structure is suppo
variously. The most straightforward one is the existence
another peak structure in the single-particle excitation d
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sity of states~DOS! above the superconducting peak, say,
E5V. In this case, a SIS tunneling spectrum exhibits th
peaks atV52D/e, (D1V)/e, and 2V/e. When the DOS
peak atE5V is broad, the SIS tunneling conductance pe
at V52V/e becomes almost indiscernible, as simple n
merical calculations show, and the peak atV5(D1V)/e can
be quite sharp, forming a clear PDH structure reminiscen
the spectra shown in Fig. 5. If we regard the hump as a p
arising from such a broad DOS peak atE5V, the values for
V are determined from Fig. 5. It is found thatV decreases
with increasingT, as is seen from theT-dependent hump
position shown in Fig. 6. The rate of decrease is sligh
faster than that ofD for underdoped sampleA and more or
less slower for overdoped sampleC. For sampleB, the tem-
perature dependence ofV nearly scales with that ofD. The
values forV at 10 K are 79, 76, and 50 meV for samplesA,
B, andC, respectively, showing a tendency to decrease w
increasing doping level. At present, we know nothing de
nite about such a single-particle excitation peak in the D
but the superconducting peak. However, it may be interes
to note that the broad pseudogap peak, which can be dis
from the superconducting peak belowTc , might lead to the
broad DOS peak. In this sense, it should be noted that
background in the tunneling spectrum clearly exhibits a s
nificantT dependence belowTc . This might be linked with a
systematicT dependent change in the growth of the condu
tance background aboveTc , which is a pseudogap an
which smoothly changes to the broad hump structure be
Tc .

The present values for the dip and hump positions
Bi2223 ITS spectrum are 80–100 meV and 100–120 m
respectively. Strikingly, these values are compared with
Bi2212 break junction results of 70–90 meV for the d
position and 100–140 meV for the hump position.32,34,46,54

There are only a few reports on Bi2223 break junctions,55,56

in which the peak and dip were observed to be located
80–105 meV and;170 meV, respectively. Clearly, the la
ter is much greater than the present observations. The re
of this discrepancy has yet to be known.

On the other hand, the PDH structure is also observe
the superconductor/insulator/normal-metal~SIN! tunneling
spectroscopy. For example, the dip position in the STS sp
trum for the Bi2212 system ranges from 70 to 90 meV a
the hump position ranges from 100 to 150 meV.3,14 These
values are rather common in SIN tunneling spectroscopy.34,57

From these values, it follows thatV5100–150 meV and the
hump position for SIS tunneling to be compared should
130–190 meV, providedDSG530–40 meV. These value
are larger than the hump position values of 100–140 m
obtained from Bi2212 break junctions.34,54,57They are also
larger than the hump position values of 80–120 meV for
Bi2223 ITS tunneling results in the present study. Althou
there is some quantitative discrepancy in the values forV, it
does not seem to rule out the possibility that the PDH str
ture arises from the broad DOS peak.

It was argued that the dip-peak separation scales withTc
and reaches the maximum when the doping is optimum.32 In
the present results, a similar tendency is seen as far as
optimum and overdoped samples are concerned. In the
3-8
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derdoped region, however, the dip-peak separation of 2
meV at 10 K is larger than that of 21.6 meV at the optimu
doping or that of 16.5 meV in the overdoped region, as s
in Fig. 5, presenting a conflicting tendency. Thus, in t
Bi2223 system, it is difficult to find a simple correlatio
between PDH structure andTc as argued by Zasadzinsk
et al.32 for the Bi2212 system. Rather, the present result s
ply displays a clear tendency that the PDH structure is
hanced as the doping decreases. Furthermore, it shoul
noted that the peak-dip separation shown in Fig. 5 decre
with increasingT. In some models, this separation energy
associated with the neutron resonance peak energy.32 How-
ever, the neutron resonance peak energy is actually ne
constant belowTc ~Ref. 58! and increases with increasingT
~Ref. 59!, the behavior of which is at variance with th
present results.

The PDH structure is more commonly observed in
ARPES spectra near (p,0) position both in the Bi2212 and
the Bi2223 system.30,31Recently, it is proposed that this PD
structure is caused by the bilayer splitting,33 in which the
sharp quasiparticle peak is attributed to the antibonding b
and the broad hump to the bonding band. The bilayer sp
ting was actually observed near (p,0) in the Bi2212
system.53,60 However, it appears that the energy splitting
not seen in the recent ARPES experiments on Bi22
system.30,31 In cuprate superconductors, thec-axis hopping
integral is proportional to (coskx2cosky)

2 ~Ref. 61!, so that
the tunneling conductance spectrum reflects an ARPES s
tral function with a large weight in the (p,0) direction.
Therefore, the tunneling spectrum and the ARPES re
should have a correlation with respect to the PDH structu
In this sense, the hump position in the ARPES spectr
reflects the value forV ~150 meV@Ref. 31#, 120 meV@Ref.
30#!. Clearly, these values are nearly equal to those in S
tunneling spectra, and a similar argument applies to this c
Also in this case, the PDH results in the ARPES observa
presents a similar quantitative discrepancy, which remain
be known.

It is argued in some models32,36,37that this dip is a signa-
ture of strong coupling to an excitation of some kind, s
magnetic origin. However, as mentioned above, it is diffic
to find evidence which directly relates this dip to an exci
tion that is supposed to be involved in the pairing of qua
particles. We should rather say at this point that the P
structure clearly indicates the transfer of quasiparticle d
sity of states from the dip position to the superconduct
peak when the system undergoes the transition.

C. Maximum Josephson current and the normal-state
tunneling resistance

In the BCS theory, the maximum Josephson currentI c is
expressed as49

I c5
pDSG

2eRN
tanh

DSG

2kBT
. ~1!

Therefore,I c is proportional to the superconducting ord
parameterDSG at low temperatures. In this framework,
should follow that the maximum Josephson current den
05453
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Jc gradually decreases with increasing doping becauseDSG

decreases concomitantly. However, this is not the case
seen in Fig. 7. The present results indicate the opposite
dency forJc ; namely,Jc increases with increasing doping i
spite of a decrease inDSG. Similar behavior was also ob
served in the Bi2212 system.62 It is rather likely that this
behavior ofJc is generally seen in cuprates.

Equation~1! may indicate that the increase inJc shown in
Fig. 7~b! is simply caused by a decrease in the normal-s
tunneling resistanceRN . However, a change inRN , namely,
an increase insc(300 K) from the lowest to the highest fo
the samples in Fig. 7, is insufficient to explain the increase
Jc . When sc(300 K) increases 4.7 times from 0.027
0.125 S cm21 in Fig. 7,RN decreases 0.21 times, sinceRN is
thought to be proportional torc(300 K), as conjectured from
Fig. 4. From Fig. 7~c!, DSG decreases by a factor of 0.65
With these values, the increase inJc is calculated from Eq.
~1! to be a factor of 3.1. Clearly, this value is smaller th
that for the increase inJc of a factor of; 15. Therefore, it is
evidently difficult to explain the increase inJc with doping
solely in terms of a simple ordinary picture. Similar behav
is observed also in the Bi2212 system.62,63 The fact thatJc
increases significantly whileDSG decreases is indeed extrao
dinary in light of the conventional superconductivity mode
It seems that this behavior conveys an important implicat
concerning the nature of high-Tc superconductivity or at
least in the Bi2223 and the Bi2212 system.

This apparently contradictory behavior ofJc can be inter-
preted reasonably and uniquely only when the junction e
trodes, i.e., the CuO2 planes in the present case, consist
superconducting regions and nonsuperconducting highly
sistive regions. In the latter regions, we assume rather
pleted density of states so that the tunneling conductivity
small. In this model, it is reasonably assumed that an
crease in the doping level leads to an increase in the su
conducting area, or the superconducting fractionf S of the
electrode, while the area-normalized tunneling probabi
and the density of states in each area are supposed n
change significantly. When the superconductor is phase s
rated in such a way, the Josephson current flows only
junction portions where both sides are in the supercond
ing phase. From this it follows thatJc} f S

2 . This contrasts
sharply with the case in which the superconductor is hom
geneous, or superconducting regions are located in correl
positions on both sides of the junction andJc} f S . To evalu-
ate the change inf S , we use an approximate relationsh
f S}sc(300 K) ~Ref. 64!, from which it follows thatf S in-
creases 4.7 times in the same doping range. Combining
~1!, Jc}DSGf S

2 , from which Jc turns out to increase 14.4
times. Clearly, this value is in good agreement with the o
served value of;15. This experimental result provides ev
dence for the phase-separated superconductivity in this
tem.

The implication of this consequence is decisively impo
tant. The result strongly suggests that the phase separ
takes place in the Bi2223 system and that the fraction of
superconducting phase increases with doping. This is
probably the case in the Bi2212 system for the same rea
3-9
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This consequence is consistent with the recent STS obse
tion of inhomogeneous distribution of the superconduct
order parameter.17,18,65 By inhomogeneity, however, we
should mean spatial distribution of superconducting regio
since the systematic change in the tunneling conductance
the sharpness of its superconducting peak imply that
magnitude of the order parameter is regarded rather ho
geneous in the superconducting region.

V. CONCLUSION

Using the short-pulse ITS, we have measured the su
conducting gap and the pseudogap for the CuO2 triple-layer
Bi2Sr2Ca2Cu3O101d system. It is found that the magnitud
of the superconducting gap and the pseudogap are'80 meV
and 130 meV, respectively, in the case of optimum dopi
Together with these gap structures, a clear dip-and-hu
structure is observed. The energy scales for these gap s
tures decrease with increasing doping level, showing a s
lar tendency observed for the CuO2 double-layer system. In
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