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perconductors that carriers are mostly confined within
quasi-two-dimensional (quasi-2D) metallic sheets (CuO,
double layers), while the sheets are weakly coupled by
the Josephson effect. Within these quasi-2D CuO; layers,
carriers are believed to behave as different entities, such as
holons and spinons [1]. In such a case, the carrier transport
mechanism parallel and perpendicular to the CuO, layers
is expected to be different. Since this picture is closely
related to the occurrence of high-T.superconductivity
in some models [2], it is particularly important to gain
an understanding of the interlayer transport and relevant
" electronic states. However, no general consensus has yet
been reached even as to the semiconductive temperature
(T') dependence of the c-axis resistivity p, [3].

In some highly anisotropic high-T. superconductors,
the layered crystal structure forms a stack of Josephson
tunnel junctions [4,5]. If such tunnel junctions are prop-
“erly handled, they provide a unique means for inter-
layer tunneling spectroscopy, which directly probes the
c-axis transport and simultaneously the relevant electronic
states. This technique is different from photoemission
spectroscopy or scanning tunneling spectroscopy (STS) in
“‘that the former probes the energy of carriers traversing
the layers, while the latter deals only with the electrons
extracted into a vacuum from the outermost CuO, layer.
~ Furthermore, interlayer tunneling spectroscopy employs
superconductor-insulator-superconductor (SIS) junctions,
which offer better energy resolution than superconductor-
insulator-normal-metal (SIN) junctions. -
For the interlayer tunneling spectroscopy experiments,
- we fabricated very thin small mesas containing approxi-
mately ten junctions on the surface of a Bi;Sr;CaCuzOg.t 5
~crystal by using fine processing technology. We em-
ployed these mesas to measure the tunneling characteris-
tics of slightly overdoped Bi>Sr,CaCu,Ogis crystals by
_the short pulse method. The influence of heating caused

0031-9007/99/82(26)/5361(4)$15.00
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We have measured the interlayer tunneling characteristics of slightly overdoped Bi,Si,CaCu;03+5
in the c-axis direction from 10 to 220 K by using very thin mesas containing approximately ten
CuO; double layers. The superconducting gap 2A is 50 meV at 10 K and shows a temperature
(T) dependence similar to that of the BCS theory. A pseudogap evolves below 150 K, where the
c-axis resistivity p, is semiconducting. The normal-state tunneling resistance Ry shows a linear T
dependence down to T,, exhibits an abrupt decrease at T,, and saturates at low T. 'This reflects =
scattering arising from -an electronic interaction that is relevant to:the high-T. superconduct1v1ty

by quasiparticle current injection Was:r;egligible in the ob-
served current-voltage (I-V) ch,araCteristics. From these
characteristics, we found that the magnitude of the su-

‘perconducting gap 2A is approximately 50 meV for these

crystals. We also observed the evolution of a pseudo-
gap below 150 K with a magnitude ranging from 37 to
62 meV. The most notable observation in this study is the
characteristic 7 dependence of the normal state tunneling
resistance Ry, which behaves differently below T... This
not only suggests that an electron-electron interaction is
relevant to high-7, superconductivity but also provides the
temperature (7") dependence of the phase relaxation time
7 of the scattering related to the electronic interaction.
We fabricated mesas about 15 nm thick using conven-
tional photolithography and the Ar ion milling technique.
BizSr,CaCu, 034 5 crystals were grown by the traveling-
solvent-floating-zone method [6] and annealed at 600 °C
for 100 h. Prior to the photolithography, a 75 nm thick
Ag/Au bilayer was evaporated on the cleaved surface of
the crystals. Then the crystals were annealed at 430 °C
in an oxygen atmosphere to reduce the contact resis-
tance. The mesa thickness was controlled by the ion-
milling time so that each mesa contained ten Josephson
junctions. Eventually, the mesas contained nine to eleven
junctions, which we confirmed from the number of re-
sistive branches in the I-V curve. The mesa size was
typically 20 gm X 20 um. A 250 nm thick SiO film
was evaporated in a self-aligned manner to provide in-

~sulation. A 350 nm thick Au layer was evaporated onto

the mesa surface for the upper electrode wiring. The

~ samples had a three-terminal configuration. The contact

resistance of the mesas was typically 0.2—0.3 Q and neg-
ligible in the present tunneling measurements. The other
fabrication details have been described elsewhere [7].
The mesa resistance R, showed a metallic 7 depen-
dence down to 140 K and semiconductive behavior from
140 Kto T, = 87.1 K, where R, showed a sharp resistive

© 1999 The American Physical Society 5361
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transition. The value for p. at 300 K was estimated from
R, to be 32.5 Q cm. As regards the oxygen content &,
we obtained an estimate of § = 0.28 by comparing the
R.-T curve with the p.-T curves for BipSrp,CaCuyOgy s
single crystals with a known oxygen content [6]. 
mesas were, therefore, slightly overdoped.

Previously used Bi;Sr;CaCu;Og+s5 mesas have usu-_ ;
ally been thick and have contained a large number of

Josephson junctions [5]. The tunneling measurements
made on them were, to a greater or lesser degree, ac-
companied by heating due to current self-injection. . In
an extreme case, a large current injection drove the speci-
men into the normal state [5]. Although the heating was
greatly reduced by reducing the mesa thickness, the influ-

ence of heating was still noticeable even in such very thin
mesas and caused a reduction in the superconducting gap

voltage [7,8]. It also caused ambiguities in the local tem-
perature of the sample and the characteristic energy value.
Thus we needed further reduction in heating. Therefore,
we adopted the short pulse method [9], in addition to
using very thin mesas. In this method, current pulses 1 s
wide and with a duty of 0.02% were supplied from an ar-
bitrary waveform generator. The output voltage was mea-
sured with a four-channel digital oscilloscope at 500 ns
from the rise of a pulse. The voltage was determined by
averaging 50 accumulated data values. We also estimated
the influence of heating induced by the current injection
by measuring the voltage response shape. The voltage re-
sponse had a peak and a subsequent decay within 500 ns
of the pulse rising. The decay corresponds to the influ-
ence of the heating. We found that the magnitude of the
voltage decay reached a maximum of 2.6% of the total
height when the current pulse height I, was 80 mA.
When I, > 80 mA, the voltage decay became less signifi-
cant. Thus the influence of heating on the gap parameter
is less than 3% in the present tunneling measurements.
The inset in Fig. 1 shows an -V curve at 10 K for
a mesa containing eleven junctions. The curve exhibits
resistive branches with a spacing of approximately 25 mV,
implying that the mesa contains eleven junctions in series.
Figure 1 shows a set of /-V curves for this mesa measured
by the short pulse method at various temperatures from 10
~to 220 K. In the measurements, we applied a magnetic
field of 1 T parallel to the ¢ axis to suppress the Josephson
current [10]. For clarity hereafter the voltages are divided
by the number of junctions (N = 11). Thus the voltages
in the figures indicate the single junction value. In Fig. 1,
the superconducting gap structure is clearly seen in each
curve below T,. No negative resistance can be observed
in these curves, indicating that the heating caused by the
current injection was greatly reduced as expected. The
T dependence of the I-V curves reflects a systematic
decrease in 2A with decreasing 7. Another feature of these
[-V curves is a characteristic T dependence of Ry, which
is described in greater detail below. ‘
Figure 2(a) shows a set of dl/dv- V curves below T
which we obtained numerically from the data in Fig. 1.

5362
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FIG. 1.
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The I-V characteristics of a Bi,Sr;CaCu,0g+5 mesa
containing 11 Josephson junctions measured with 1 us current
pulses at temperatures from 10°to 220 K. ‘A magnetic field
parallel to the c¢ axis was applied to suppress the Josephson -
current. The inset is an oscilloscope: trace of the I-V curve
in the absence of a field, showing eleven resistive branches
separated by a space of 25 mV. '

In the calculation, we used least-square smoothing. The
small dI/dV values at V = 0 indicate slight leakage
conductance for the junctions in the mesa. The systematic
change in the dI/dV curves clearly indicates that 2A
decreases with increasing 7. As an approximation to 24,
we use 2Ap, defined as half the separation of the peaks in
the dI/ dV V curves. Thus we obtain values of 2A,, =
50 meV at 10 K and 2A,, = 30 meV at 80 K, and 24,
appears to vanish when T approaches T.. In the present
study, we obtained values of 2A,, = 48 to 53 meV at
10 K for different samples.. These values are smaller than
the STS result reported by Renner et al. [11] by a factor of
0.8-0.9. The dI/dV values are nearly proportional to V2
for v < 40 mV at low temperatures, which is consistent
with the d-wave symmetry of the order parameter. =
Figure 2(b) shows a set of dI/dV — V curves at
various temperatures from 85 to 220 K The curves
at 90 K and above form a broad peak structure, pro-
viding evidence for the evolution
shghtly overdoped BleI’zC uz ‘

... This structure
indicating that the
ximately 150 K. This
o that previously observed
[8] except that it has a
hICh resulted from the

cute relauonshlp between
and the pseudogap. It is not
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FIG. 2. (a) dI/dV-V curves below T, obtained numerically
from the data in Fig. 1. Each curve is shifted by 1 Q7! to
make it easier to see. (b) dI/dV-V curves above T, obtained

numerically from the data in Fig. 1. Each curve is shifted by
0.05 QL.

necessarily clear from this figure that the superconducting
gap evolves within the pseudogap.

While the view of a single broad peak appears valid
for the dI/dV spectrum, a closer inspection of the peak

structure reveals two- broad peaks centered at 37 and .

62 mV. This structure can be observed in different
samples and is probably one of the intrinsic properties of

this system. An interpretation is that the peak at 37 mV
corresponds to the pseudogap while the peak at 62 mV
arises from a band-structure effect such as a van Hove
singularity. This peak at 62 mV appears to exist below
T.. Inthe dI/dV-V curves from 40 to 80 K in Fig. 2(a),
we find similar traces near 60 mV. This is reasonable if
the peak at 62 mV is of band-structure origin.

Figure 3 shows the T dependence of 2A,, together
with the two peak positions. To contrast with the
conventional behavior, we depict the BCS 2A curve (solid
line) in the weak-coupling limit. There is a definite
difference in the T-dependent behavior in a higher than
30 K range. Since 2Ap, becomes larger than real 2A
with increasing T [12], the difference is actually much
greater than that shown in Fig. 3. This implies that 2A
is much more T dependent in a lower T range than
the BCS 2A behavior. The significant upward deviation
near T, probably indicates that the superconducting peak
is hybridized with the pseudogap peak. We observed
a similar T dependence of 24, for different samples.
Some samples differed in the degree of upward deviation
near T,. The broad peaks in the dI/dV-V curves

- above T, showed little shift with inCreasing T, which is

consistent with the observation by Renner et al. [13].
Figure 4 shows the T dependence of Ry and its large
change at T.. It is known that the thermal conductivity
in the Bi;SrpCaCu,0Og4s system is enhanced below T,
[14].- However, its degree of approximately 20% brings
about very little change if any in the tunneling result via
heating. It is therefore difficult to explain this change in
terms of the thermal conductivity anomaly. '
The T dependence of Ry, shown in Fig. 4, is the most
important result in the present study. ' This can be obtained
only by interlayer tunneling spectroscopy. The dashed
line in the figure indicates the T dependence of R./N for
comparison. The T dependence ‘of Ry is characterized
by the following three points. First, Ry shows a linear T

70 —r—————r——

W by

(meV)

PP

2A

0 20 40 60 80 100 120
T(K)
FIG.3. The T dependence of 2A,, defined as half the

separation of the df/dV peaks. The open squares indicate the
pseudogap peaks as described in the text.
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FIG. 4., The T dependence of Ry. The dashed line shows the
T dependence of R./N. The inset shows the relationship Ry

vs T/T.. The solid line in the main panel and the dashed line
in the inset are guldes to the eyes

dependence above T,. Second, Ry coincides with R./N
for T > 160 K, but deviates from it for T < 160K,
where p. is semiconductive. Third, Ry shows a sharp
drop at T, and saturates at low temperatures. The first
point clearly indicates that the tunneling resistance is not
reflected by p.. The deviation of p. from Ry at lower
temperatures arises from the nonlinearity of the I-V curve
due to the evolution of the pseudogap.

In a simple square barrier model, the tunneling prob-
ability scarcely depends on temperature. Indeed, Ry is
nearly 7 independent for tunnel junctions made of con-
ventional superconductors [15]).: In this sense, the present
result for Ry-T presents a sharp contrast with the conven-
tional behavior. In a quasi-2D system, as in the present
case, -the electron transfer along the ¢ axis occurs via
hopping between the layers. In this case, the hopping
is reflected by the scattering in the metallic ab planes
[16]. Therefore, Ry is proportional to 71, where 7 is the
phase breaking time in the ab plane. Since 7 is known as
h/T = akT in the higher than T, temperature range [17],
the linear 7 dependence of Ry reflects the scattering of
carriers in the ab planes. This implies coherent (elastic)
interplanar tunneling between adjacent layers [18].

In Josephson tunnel junctions made of conventional
superconductors, little change is observed in Ry at T..
When pair formation involves phonons, electron conden-
sation brings about very little change in the phonon spec-
trum and therefore little change in the scattering time
at T.. In contrast, if the pairing involves bosons aris-
ing from an electronic interaction, the boson spectrum
changes greatly at T, because of the condensation of
electrons below T,. In this case, a significant change is
expected in the scattering time at T,. Therefore, the ob-

- spin-lattice relaxation experiments [21].

served large change in Ry at T, in the present study
strongly implies that the pairing is based on an electronic
interaction. A number of experiments have already sug-
gested that the pairing interaction is electronic in origin
[19,20]. The present result provides another piece of evi-
dence for the electronic origin of high-T, superconductiv-
ity directly from transport measurements.

It is interesting to know the functional form of the T
dependence of Ry. As shown in the inset in Fig. 4, we
find that the data is best fitted by the form A + BT? which
suggests the relationship 77! = 7'0 + T3. It should be
noted that this T dependence is assumed for the pair
breaking time due to spin fluctuation to explain the NMR

In conclusion, we have measured the tunneling charac-
teristics of a very thin mesa containing eleven Josephson
junctions in the ¢ axis direction for a slightly overdoped
Bi,Sr;CaCu;0g45 crystal. The observed -V character-
istics show little indication of the effect of heating. We
obtained a value of 2A,, = 50 meV for the superconduct-
ing gap and values of 37 to 62 meV for the pseudogap,
which evolves below 150 K. We also found that Ry shows
a characteristic- 7' dependence ‘which suggests scattering
caused by electronic interaction relevant to the pairing.

*Present address: Department of Electronic Science and
Engineering, Kyoto University, Kyoto 606-8501, Japan.
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Tunneling spectroscopy using a very thin stack of intrinsic Josephson junctions has revealed that the
superconducting gap is. definitely different from the pseudogap in the Bi;Sr,CaCu, 0345 system. In the
underdoped region; the conductance peak arising from the superconducting gap is independently observed
in the dI/dV-V.curve and its position. is much lower than that of the pseudogap. Near the optimum
doping level and in the overdoped region, both peaks are located in close proximity. These findings are
in conflict with a previous understanding of the pseudogap. '

PACS numbers: 74.72.Hs, 74:50.+1, 74.25.Jb

It is now widely accepted that the electronic density of
states in high-T, superconductors undergoes -a decremen-
tal change in its spectrum around the Fermi level below
a certain temperature 7, which is much higher than 7T..
This change, called the pseudogap (PG) evolution [1], is
observed almost commonly in high-T. superconductors.
Since it is believed that PG is closely related to the pair-
ing mechanism of high-T. superconductivity, the origin of
PG and its relation to the superconducting gap (SG) have
been attracting wide and continued interest both theoreti-
cally and experimentally. Angle resolved photoemission
spectroscopy (ARPES) experiments [2] revealed that PG
has the same d-wave symmetry as SG. Scanning tunnel-
ing spectroscopy (STS) experiments [3] suggested that SG
smoothly connects with PG at T with a sizable magnitude.
These results have postulated a picture that the order pa-
rameter amplitude persists up to 7™ high above T, while the
macroscopic phase coherence sets in only below T, [4,5].

While this picture appears persuasive, the T dependence
of SG [6], penetration depth (A™2) [7], and the maximum
Josephson current [§~10] also seem to indicate the disap-
pearance of the order parameter amplitude at T.. If SG
starts to evolve at Tc, PG must be interpreted differently
such as a spin excitation of a certain kind. Thus the eluci-
dation of detailed behavior of SG and PG near T is cru-
cially important. In this Letter, we report the results of
tunneling spectroscopy (TS) intended to discriminate SG
from PG.
~ In order to obtain a sufficient energy resoluuon and a
clear energy structure in TS measurements, we employed
superconductor-insulator-superconductor-type intrinsic Jo-
sephson junctions (IJJ) of BiSr,CaCuyOg+s5 (BSCCO)
[11]. The most important advantage of the use of IJJ for
TS is that we can ascertain the T dependence of the c-axis
resistivity p. of the very portion to be probed. With this
means, we can estimate the doping level almost exactly
[12]. We have measured more than 20 specimens with dif-
_ ferent doping levels. From the results, we have deduced
~the systematic behavior of SG and PG. The major conse-

0031-9007/00/85(22)/4787(4)$15.00

quence is that SG (order parameter magnitude) disappears
at T¢ and-is definitely distinct from PG.

Specimens used for the interlayer TS are very thin IJJ
stacks made of BSCCO crystals with different doping lev-
els. They were fabricated by forming a 10 or 20 pm square
15 to 20 nm thick mesa (approximately ten junctions con-
nected in a series) on a cleaved surface of a BSCCO crystal
grown by the traveling-solvent-floating-zone method [12]
or by the self-flux method. Before the photolithograph pro-
cess, a25 nm thick Ag thin film and a 50 nm thick Au thin
film were evaporated on the cleaved surface and then an-
nealed at 430—-450°C for 1 to 1.5 h'in oxygen atmosphere
or in vacuum, depending on the carrier doping level. The
other fabrication processes were detailed in previous pub-
lications [8,13].

Current-voltage (/-V) characteristics were measured by
the short pulse method [14] with 1 ws wide current pulses
at a duty of 0.05%. The influence of heating due to self-
injection of current is less than 3% on the voltage scale
for 20 pm square overdoped specimens, as detailed else-
where [14]. Since smaller junction size reduces the heat-
ing, the influence of heating is expected to be much less
than 3% for 10 um square junctions and for underdoped
specimens, in particular. In this method, the maximum ap-
plied voltage was approximately 1.5 V. When the pulse
voltage was higher, the specimens were destroyed by the
electric field surrender during measurements. This limited
the voltage range to less than approximately 120 mV for a
single junction.

Figure 1 shows p.-T charactenstlcs for four specimens
with different doping levels. It is known that in the BSCCO
system there is a clear and nearly unique relationship [12]
between the doping level § and the ratio r = pmax/p300 K,
where p" is the maximum p. just- above 7. and
p20K s p. at 300 K. The relationship is expressed
as 6 = 0.174 + 0.321/(r + 1.932) with an error of
Ad = *0.005. Thus, the doping levels of the specimens
in Figs. 1(a)-1(d) were estimated as 6 = 0.22 (under-
doped), 0.24, 0.25 (near optimum), and 0.28 (overdoped),

© 2000 The American Physical Society 4787
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FIG. 1. Temperature dependence of the c-axis resistivity cal-
culated from the stack resistance R; for four specimens having
different carrier doping levels: (a) 6 = 0.22 (underdoped), (b)
8 =024, (¢c) 6= 0.25 (near optimum) (d) 6 = 0.28 (over-
doped). The dashed line in (c) is the contact resistance 1nferred
from the oscilloscope /-V. measurements. .

respectively, as mdlcated in F1g 1 together w1th a value
for T..

The 1nset of Fig. 2 displays an oscilloscope image of the
[-V. characteristics for the specimen of Fig. 1(c), whose
doping level is near the optimum. The characteristics ex-
hibit multiple resistive branches, from which we deter-
mined the value of N = 13 for the number of junctions.
The maximum Josephson current is rather homogeneous
except for one junction which is probably located in con-
tact with the Ag/Au electrode on the top. Since the I-V
characteristics are measured for all the junctions in series,
the influence of the outermost junction is negligible. The

‘l [ A S I T A P YL T
20 [
1of
<
E ol
10 |
-20 4 58 04 0 04 08
v
00 50 0 50 100
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FIG. 2. I-V characteristics at different temperatures for the
specimens in Fig. 1(c). The inset displays the oscilloscope /-V
characteristics measured at 6 K, in which the lower branch is
used for the tunneling spectroscopy.
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- clear unlike the case of overdoped specimens [6].

numbers of junctions determined in this way for the speci-

‘mens in Figs. 1(a)—1(d) are 12, 7, 13, and 14, respectively.

The main panel of Fig. 2 shows the I-V characteristics
measured by the short pulse method for the same speci-
men. In this I-V curve, the gap position is not necessarily
Fur-
thermore, the gap structure in the /-V curve is much less
discernible for underdoped specimens.

- Figures 3 show four sets of dI/dV -V characteristics ob-
tained numerically from the short pulse /-V characteristics
for the same specimens shown in Fig. 1'at various tempera-

“ tures from: 10 to 180 K. The values for V are for a single

junction. The thick curves indicate the results obtained at
a temperature very close to T.. Each curve is shifted ver-
tically for an appropriate amount for convenience. For the
specimen in Fig. 3(a), the excess conductance at V = 0 V
is approximately 4.8% of the dI/dV value at 180 K and
V. = 100 mV. Those for specimens.in Figs. 3(b) to 3(d)
are 8.4%, 3.4%, and 12%, respectively. Thus, the influ-

“ence of the excess conductance on the electronic density

spectra seen in Fig. 3 is regarded as very small.

When we turn to dI /dV -V curves for T > T, in Fig. 3,
itis clearly seen that they exhibita significant gap structure
even above T.. This strongly T dependent structure is pre-
sumed to be due to a PG observed for the BSCCO system
extensively by various methods, particularly by ARPES
[2,5] and STS [3,15]. Then, the dI/dV-V curves indicate
that PG starts to evolve at a higher than 200 K tempera-

“ture for specimens in Figs. 3(a)-3(c) (underdoped and op-

timum), while it starts to evolve at 140 K for the specimen
in Fig. 3(d) (overdoped). The PG magnitude is basically
reflected by the depth and the width of the dI/dV-V curve,
e.g., at T. (thick line). It is evident from Fig. 3 that the PG
magnitude systematically decreases as the doping level in-
creases from Figs. 3(a) to 3(d). This tendency is consistent
with the previous observations by ARPES and STS. In the
present dl/dV-V characteristics of Flgs 3(a) and 3(b),
the PG peak is located outside the maximum voltage due to
the experimental limitation. Therefore, we approximately

estimated the peak position by fitting the BCS model [15]
with a finite quasiparticle relaxation time to the dI/dV-V
curve near T, (thick line). The estimates of the peak posi-

“tion are 150 = 20 mV, 130 = 20 mV, 80 + 10 mV, and

30 = 5 mV, for Figs. 3(a) to 3(d), respectively. The PG
magnitude decreases with the doping level & but still per-
sists in the overdoped region. This is in accordance with
the existence of p. upturn, which is clearly present inp.-T
curves in the overdoped region. ‘

In Fig. 3(a), the dI/dV-V curve at 10 K exhibits a
small peak at around V = 80 mV, which changes from
a small peak to a cusp as 7 increases and disappears at T.
This peak is superposed on the shoulder of the PG conduc-
tance peak, so that the T dependence of the peak position
is not very clear. However, a close inspection reveals that
it tends to shift toward lower energtes as T increases. We
observed a similar peak and behavior for all the specimens
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FIG. 3. . dI/dV-V curves at various temperatures for the specimens in Fig. 1. Each curve is shifted vertically for an appropriate
value. The thick lines indicate the curve very close to T,. The normal tunneling resistance for the specimen in (d) exhibited a

characteristic T dependence very similar to those in Ref. [6].

that were measured with a similar & value. Based on these
observations, we can conclude that the peak near V =
80 mV corresponds to SG. The SG magnitude 2A,, de-
fined as half the peak separation at 10 K is 79 meV, which
is also reasonably compared with the STS results [3,15,16].

The present result implies that SG disappears at 7, and
PG which exists above T, is distinct from SG. Figures
3(a) and 3(b) also indicate that the PG magnitude is much
greater than SG in the underdoped region.. The relationship
between SG and PG is rather different from the ARPES
and STS results in which SG connects smoothly at T, with
PG. It appears that the smooth connection of both gaps
reflects the behavior only to be observed near the opti-

mum doping, as seen in Fig. 3(c). The present results
also imply that the quasiparticle excitation spectrum has
two energy scales.  This is also argued in the under-
doped YBa;Cu307-, [17-19] and La,_,Sr,CuOy [20,21]
through different experimental probes.

Figures 3(a)-3(d) show that, as the doping level in-
creases, the superconducting peak becomes. increasingly
pronounced, the height becomes greater, and the peak
sharper. The behavior reflects that the superfluid density
increases significantly as the doping level increases from
the underdoped to overdoped region. With these changes
in the peak profile, 2A remains almost unchanged from
245, = 79 meV at § = 0.22 in the underdoped region to
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FIG. 4. T dependence of 2A,, for SG and, partly, for PG
for the same specimens in Fig. 3. Open squares and triangles
indicate PG values and the other symbols indicate SG peak-to-
peak values.

2Ap, = 77 meV near the optimum level of § = 0.25. It
then decreases to 2A,, = 45 meV at § = 0.28 in the over-
doped region. In the overdoped region, the SG peak is
much sharper than in the underdoped region and the T de-
pendence of 2A,, is clearly visible. Figure 4 shows the T
dependence of 24, for the four specimens together with
values for the PG peaks that are visible. It is noted that
the PG values for & = 0.28 obtained by fitting are much
smaller than the 2A,, values.

It should be noted that the PG peak position also shifts to
lower energies with the increasing doping level at a faster
rate than 2A . Near the optimum doping level, SG and PG
are located in rather close proximity. In this situation, both
peaks are merged to form a single peak as Fig. 3(c) reflects.
It can then occur that SG appears to connect smoothly with
PG at T, near the optimum doping level. Indeed, in that
doping range, the characteristics are very similar to the
STS results [3,15].

In the overdoped region, the PG peak is less pronounced
and the SG peak is dominant so that we observe rather
conventional behavior for the evolution of SG. The T
dependence of the peak position is not necessarily the same
as, but comparable to the BCS T dependence of the order
parameter which disappears at 7.

In spite of many STS measurements of the BSCCO Sys-
tem, reports on the dI/dV-V curve similar to Figs. 3(a)
or 3(b) are astonishingly rare.. Oda et al. [16] observed a
similar dI/dV-V curve for an underdoped BSCCO crys-
tal, although they attributed the shoulder of the pseudogap
to a large excess conductance which happened to accom-

pany their characteristics. The rareness of such data might
be due to an unknown shift of the oxygen doping level to-
wards the optimum level, which might occur in the doping
dependence measurements by surface spectroscopy.
~ Concerning the origin of PG, several models were pro-
posed [4,22,23], among which the fluctuation model might
be in conflict with the present result, since SG evolves in-
dependently from PG with a different gap energy. This is
at variance with the argument that the tunneling probes the
single particle excitation and not the phase coherence and
that PG is the order parameter amplitude. The present re-
sult is also at variance with a model which assumes the es-
tablishment of the macroscopic phase coherence at 7. for
bosons - that are formed below 77, which is much higher
than 7. It is alsoin conflict with a model which assumes
a smooth connection of SG and PG.

After the submission of this manuscript, we noted a
paper by Krasnov et al. [24] with the same conclusion.

The authors thank Dr. Azusa Matsuda for very valuable
discussions.
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