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Energy gaps in Bi-Sr-Ca-Cu-O and Bi-Sr-Cu-O systems by electron tunneling
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We report the results of electron tunneling studies of the Bi-Sr-Ca-Cu-O and Bi-Sr-Cu-O systems
by using point-contact tunneling. In these studies, we observed two distinctive energy gaps at each
Bi-Sr-Ca-Cu-O system, having extremely large values. The larger values of the ratios 2A/kT, are
10-12 for Bi,Sr,CaCu,0, and 9-11 for Bi,Sr,Ca,Cu;O, and the smaller values are 5.5-6.1 for
Bi,Sr,Ca,Cu;0,. These differences can be attributed to the gap anisotropies and the ratios of gaps
are 1.7-1.8 for Bi,Sr,CaCu,0, and 1.5-1.8 for Bi,Sr,Ca,Cu;0,. The ratio 2A/kT, in the Ca-absent
material Bi,Sr,CuO, was obtained as 5.4-7.4. The gap values are quite reproducible for the bulk,

single crystal, and thin films.

I. INTRODUCTION

Common characteristic features of high-T, supercon-
ductivity have been associated with the existence of CuO,
planes in their crystal structures. To understand the
essential features of this superconductivity, various physi-
cal properties have been investigated by several experi-
mental techniques. Among them, knowledge of the ener-
gy gaps is crucial for understanding the superconducting
natures in these systems. Especially, electron tunneling
is the most direct probe to measure the energy
gaps. Several reports on tunneling measurements con-
firm that the ratios are 2A/kT,=S5 for La,_,Sr,CuO,
(La-Sr-Cu-O) and 3-5 for YBa,Cu;0, (Y-Ba-Cu-O).!
However, in other studies, 2A/kT,=6-11 are reported
for Y-Ba-Cu-0.%% These differences can be attributed to
(1) the anisotropy of gaps which is related to the direc-
tions parallel and perpendicular to the CuO, planes, and
(2) the uncertainty of the methods for determining the en-
ergy gap 2A from the experimental data. For example,
2A is determined from the peak-to-peak value in tunnel
conductance, or determined from the fitting with the as-
sumed gap function, or from the bias difference where
normal and superconducting tunnel conductances cross
each other. Our results on La-Sr-Cu-O and Y-Ba-Cu-O
yield 2A /kT,=4-5,%° using the energy gaps by fitting
the BCS density of states to the observed tunnel conduc-
tances.

In this paper, we report the measurements of extremely
large gaps in Bi-Sr-Ca-Cu-O and large gaps in Ca absent
Bi-Sr-Cu-O systems. Observed values of energy gaps in
Bi-Sr-Ca-Cu-O are larger than those of Y-Ba-Cu-O, al-
though the latter has nearly the same T, as the former.
To check the reproducibility of these large gap values,
the measurements have been done by using the samples
under several synthesis conditions. Anisotropies of
gaps in Bi-Sr-Ca-Cu-O were also measured by using thin
films. The results indicate that the gap anisotropies
in Bi-Sr-Ca-Cu-O are larger than those of Y-Ba-Cu-O.
This tendency is consistent with the critical-field measure-
ments.® As for Bi-Sr-Cu-O, the gap values are consider-
ably larger than those of conventional strong-coupling
superconductors, although its T, is not so high.
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II. SAMPLE PREPARATIONS

Samples used in the present experiments are polycrys-
tals, single crystals, and sputtered films of Bi-Sr-Ca-Cu-O
(Refs. 7,8) and polycrystals of Bi-Sr-Cu-0.>1° Polycrys-
talline Bi-Sr-Ca-Cu-O samples were prepared by solid-
state reactions. Mixtures of Bi,0;, SrCO;, CaCOj;, and
CuO are pressed into pellets and fired. Our first sample
(we refer to as S-1 hereafter) has the nominal composi-
tions of Bi:Sr:Ca:Cu=1:1:1:2, fired at 800°C for 5 h and
880°C for 12-20 h in air. Our single crystal (S-2) is
nominally Bi:Sr:Ca:Cu=1:2:2:4, cooled down from
980°C to 800°C at the rate of 2°C/h in air. Our third
sample (S-3) is Bi:Sr:Ca:Cu=2:2:1:2, fired at 870°C for
36 h under a flowing oxygen gas. A Pb doped sample
Pb:Bi:Sr:Ca:Cu  =0.6:1.4:2:2:3 (S-4) was sintered at
845°C for 240 h in air. Sputtered films (S-5) were kind-
ly offered by Dr. Nakada of Aoyama-Gakuin Uni-
versity and their nominal composition was
Pb:Bi:Sr:Ca:Cu=0.2:2.0:2.1:1.7:3.0. Details are in Ref. 8.
Polycrystalline Bi-Sr-Cu-O samples were synthesized in
air as follows: Bi:Sr:Cu=2.0:2.0:1.3 at 900°C for 12-24
h (S-6) and 2:2:1 at 900°C for 240 h (S-7). X-ray
diffraction patterns of Bi-Sr-Ca-Cu-O samples showed a
mixture of two phases, but did not have any additional
peaks. The scanning electron microscope (SEM) images
suggested that the repeated reaction and pulverization in
the Bi-Sr-Ca-Cu-O sample made the grain sizes about an
order of magnitude smaller. Large grain sizes are favor-
able for the tunneling measurements. Therefore, to make
the larger grain sizes, starting materials of polycrystals
were reacted carefully at one time. T,.’s were measured
by the standard dc four-probe method, 7,’s (onset-
midpoint-endpoint) are, 111-76 K double transitions for

S-1, 88-84-76 K (S-2), 86-83-80 K (S-3),
113-110-108 K (S-4) [p(300 K)=2.8 mQcm],
119-114-103 K (§-5) [p(300 K)=1.9 mQcm],

8.0-7.1-6.5 K (5-6) [p(300 K)=17.9 mQ cm], 11-9-7
K (S-7). The transition widths AT.(10%-90%)/T, (end
point) of Bi-Sr-Ca-Cu-O samples are within 9% and 4%
at the narrowest transition temperature. However, in the
Bi-Sr-Cu-O system, the transition widths are rather broad
(AT,/T.=10%-30%). The sample S-7 became super-
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conducting after long-term annealing and showed semi-
conducting behavior above the transition temperature in
the resistivity measurements. Meissner measurements
showed the superconducting volume fraction of more
than 60%-70% for Bi-Sr-Ca-Cu-O and less than
10% -20% for Bi-Sr-Cu-O.

III. TUNNELING MEASUREMENTS

Electron tunneling was measured by a point-contact
configuration with Al or Pt sheets.!! The Al sheet was
polished with electrolysis and was oxidized on its surface.
Cleaved and edged surfaces of samples came in contact
mechanically with an Al or Pt surface. In order to avoid
the effect of the contact resistance at the electrodes, the
four-probe method was employed for each measurement.
Au conducting paste was used to attach the electrodes.
Tunnel junction areas are 0.1—1.0 mm?2. For the thin-film
measurements, Al sheets were used for the measurements
of tunneling parallel to CuO, planes, and Al needles were
used for tunneling perpendicular to CuO, planes. Dy-
namic conductances dI /dV, where I and V are the tunnel
current and the dc bias voltage, respectively, were mea-
sured by an ac modulation method with a modulation
amplitude of 250-500 uV for Bi-Sr-Ca-Cu-O and 50-200
uV for Bi-Sr-Cu-O. Bias voltage sweeps took 1-2 min
across the peaks in the dI/dV curves. The detector of
the modulated tunnel currents was the PAR-MODEL-
124A Lock-In Amplifier with a 116 preamplifier. Time
constants were less than 1 ms in each measurement.
Temperatures were raised by 1-2 K per h.

IV. EXPERIMENTAL RESULTS

A. Gap measurements in Bi-Sr-Ca-Cu-O systems

Figures 1(a) and 2(a) show the I-V and dI/dV-V
curves in sample S -1 for Bi,Sr,Ca;Cu,0, (Bi-Sr-Ca-Cu-O
2:2:1:2) phase and Bi,Sr,Ca,Cu;0, (Bi-Sr-Ca-Cu-O
2:2:2:3) phase, respectively. Tunnel resistances at
higher-bias regions are about 10 k() and 5 k{2, respective-
ly. Flat background conductances against the biases and
the symmetric dI/dV curves with respect to zero bias
were often observed, which were hardly observed in the
cases of La-Sr-Cu-O and Y-Ba-Cu-O.

To determine the energy-gap values, we tried to ana-
lyze the data on the basis of the BCS theory. The BCS
density of states at =0 K yields the expression

RI(V)=(V?—AY)172 | (1)

where R is the tunnel resistance at the higher-bias re-
gion.'? Figures 1(b) and 2(b) show the ¥? versus I? plots.
V at I =0 gives A, and 2A=81 and 92 meV were ob-
tained for each case. A similar method was employed by
Hawley et al. in organic and high-7, superconduc-
tors.!>!* Next, we determined the gap values from the
observed dI /dV curves. In these cases, we tried to fit the
broadened BCS density of states D(E,I') proposed by
Dynes et al.'> to the observed dI /dV curves, where

D(E,T)=Re{(E —iT)/[(E —iT 2—A2]'/%} 2)

and I' is the broadening parameter. The temperature fac-
tor was considered for the fitting calculations. It should
be emphasized that the peak-to-peak values in dI /dV at
finite temperatures are, in our opinion, over estimated
and should not be adopted as the energy gaps. Figures
1(c) and 1(d) present the fitting results at 7’=6.0 and 57.6
K. Solid circles are the experimental data normalized by
the background conductances. Data points in Fig. 1(c)
are taken from the dI /dV curve in Fig. 1(a), where the
background conductance is also shown by the broken
line. The results give 2A=76.0 meV and I'=13.3 meV
for Fig. 1(c) and 2A=60.4 meV and I'=17.0 meV for
Fig. 1(d). At low temperatures, the gap values are also
given by the interval of points where the superconducting
conductance (dI /dV), and background (normal) conduc-

~tance (dI/dV), crosses each other [(dI/dV),=(dl/

dV),]. This method yields 2A=81 meV in Fig. 1(a). The
gap values determined with these methods are almost
consistent with each other. In these experiments, we also
pay special attention to determining T,. T, determined
from the tunnel junction is more reliable than that ob-
tained from zero resistance or Meissner measurements.
Figure 3 shows the temperature dependence of dI /dV (0
mV) normalized to dI /dV (140 mV) in Fig. 2(a). From
the temperature that dI/dV (0 mV) begins to reduce, T,
is assigned as about 105 K. Using the T,’s determined
from this method, the ratios 2A /kT, for Bi-Sr-Ca-Cu-O
2:2:1:2 and Bi-Sr-Ca-Cu-O 2:2:2:3 are 11.6-12.4 and
10.0-11.0, respectively. These are consistent with the re-
sults of reference 16. Temperature dependences of ener-
gy gaps are shown in Fig. 4. 2A’s were determined by us-
ing the fitting procedure described above. The gap values
are well above their BCS values, but their temperature
variations coincide with the scaled BCS curves. To check
the reproducibility of these extremely large gap values,
we prepared the samples under several synthesis condi-
tions. Tunneling parallel to the CuO, planes has been
measured on the single crystal (S-2). Figure 5 shows the
I-V and dI/dV-V curves. 2A is about 73 meV from
(dI /dV),=(dI/dV),, the value 2A/kT, is 9.6-11.0, al-
most the same as the Bi-Sr-Ca-Cu-O 2:2:1:2 phase in S-1.
Figure 6(a) shows the temperature variation of dI/dV
curves from sample S-3. Very sharp gap structures were
observed at around 7 =60 K. The reduction of
(dI/dV),/(dI/dV), begins at ¥ =120 mV, outside the
gap. Tunnel resistances at T'=52.9 K are 1.7 kQ at
V' =40 mV and 3.7 kQ near zero bias. The (dI/dV), in-
creases against bias voltages and fairly symmetrical with
respect to the Fermi level. As is shown in Fig. 6(a), peaks
in dI /dV curves are gradually smeared when the temper-
atures are raised, but the peak positions in dI /dV curves
do not shift to lower biases. The peak positions in dI /dV
shift to rather higher biases with thermal broadening and
are smeared out at about =100 K. 2A at T=52.9K is
about 60 meV determined from (dI/dV),=(dI/dV),
and about 50 meV from an I? versus V2 plot. This gap
value at T'=0 K is about 6% larger than that at 7'=52.9
K assuming that the temperature dependence of the ener-
gy gap obeys the BCS curve. The small energy gap in
Fig. 6(a) compared to that in Fig. 2(a) can be attributed to
the gap anisotropies. This will be discussed later. Figure
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6(b) shows the temperature variation of dI/dV (0 mV)
normalized by dI/dV (100 mV). Data corresponds to
that in Fig. 6(a), indicating that the main phase at point
contact regions is the Bi-Sr-Ca-Cu 2:2:2:3 compound, al-
though Josephson-like anomalies at zero biases are also
observed up to T'=73 K, the vicinity of the zero-
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resistance temperature 7 =79 K. The reduction of
dI/dV (0 mV) are observed up to 104 K, thus the ratio
2A(T =0 K)/kT, is 5.9-7.1. To measure the energy gap
of Bi-Sr-Ca-Cu 2:2:2:3 phase more precisely, we have syn-
thesized the Pb doped Bi-Sr-Ca-Cu 2:2:2:3 phase (sample
S-4). Figure 7(a) shows the I-V and dI/dV-V curves

[
Bi-Sr-Ca-Cu-0 T=6K /(a)
5 M N
il 1
a k} Bi-Sr-Ca-Cu-0 T=6K
\>/ 24 =81meV
© (b)
©
z1x7 v (JIO) mv? ) ¢
o ' 1 1
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0
VOLTAGE (mV)

50 100 150

(c)
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.

Bi-Sr-Ca-Cu-0
T=6K
A=380meV
=133 meV

(d)

dl/dV(arb. units)
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A=302meV
M=170meV

0
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FIG. 1. (a) The I-V and dI/dV -V curves of Bi-Sr-Ca-Cu-O 2:2:1:2 phase in sample S-1. The broken line is the background con-
ductance (dI /dV), interpolated from higher-bias regions. (b) The I? vs ¥'2 plot taken from the I-¥ curve in Fig. 1(a). (c) and (d) Fit-
ting results of the D (E,T’) to the experimental data at (c) T=6.0 K and (d) T=57.6 K. Solid lines show the D (E,I') with tempera-
ture broadening. Solid circles are the experimental data normalized by the background conductance (dI /dV),. Experimental data in

(c) are taken from the dI /dV curve in (a).
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FIG. 2. (a) The I-V and dI /dV -V curves of Bi-Sr-Ca-Cu-O 2:2:2:3 phase in sample S-1. (b) The I* vs ¥'? plot taken from the I-V

curve in (a).

from S-4. The gap structure is clearly observed. The ab-
sence of anomaly in dI/dV (0 mV) suggests the absence
of short circuits in the tunnel junction and dI /dV (0 mV)
is well reduced by about 90% of its peaks in dI/dV.
A plot of I? versus V? [Fig. 7(b)] gives 2A=85-87
meV from the straight line fitting and this
almost coincides with the gap value determined from
the third procedures described above [(dI/dV);
=(dI/dV),]. Figure 7(c) shows the raw data of dI /dV
at different temperatures taken from the same junction in
Fig. 7(a). Since the tunnel junction became unstable at
about T =60 K, the measurements up to T, could not be
succeeded. In Figs. 7(a) and 7(c), negative peaks in
dl/dV exist at around ¥ =90 mV and reductions in
dI /dV outside of their peaks begin at about ¥ =120 mV.
These phenomena are observed also in Figs. 1(a) and 6(a)
and are also reported in reference 17.

B. Gap anisotropies in Bi-Sr-Ca-Cu-O systems

The energy gaps in Bi-Sr-Ca-Cu-O are expected to
have large anisotropies with respect to being perpendicu-
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FIG. 3. Temperature variation of the dI /dV at zero bias nor-
malized by the dI/dV at bias of 140 mV. The gap is opening at
T =105 K. The sample is S-1.

lar and parallel to CuO, planes. For example, Iye et al.’
reported that H_ ,(]||Cu0O,)/H,(LCu0,)=10-60 in
Bi-Sr-Ca-Cu-O, 2:2:1:2 where ||CuO, and 1CuO, mean
parallel and perpendicular to the CuO, planes. The value
is larger than that of Y-Ba-Cu-O.*"7 We show the re-
sults of gap anisotropy measurements by using the orient-
ed films (S'-5). Figure 8(a) shows the dI/dV -V curves
from point contact tunnel junctions of Bi-Sr-Ca-Cu-O
2:2:2:3 perpendicular (LCuO,) and parallel (]|Cu0O,) to
the CuO, planes. In the process of measuring of films, we
observed single gap structures at the first contact, but
after the repeated adjustments of contact conditions addi-
tional gap structures can be observed. These facts sug-
gest that the frequent readjustments distort the sample
surface because the sample is pressed into the counter
electrode, or a needle penetrates the sample and the elec-
trons from several directions of crystal axes are detected.

Bi-Sr-Ca-Cu-0

80 120

2A(meV)

40

<0 20 20 60 80 100
T(K)

FIG. 4. Temperature dependences of the energy gaps for Bi-
Sr-Ca-Cu-O (sample S-1). 2A are extracted by using Eq. (2).
Open circles and solid squares correspond to Bi-Sr-Ca-Cu-O
2:2:1:2 and Bi-Sr-Ca-Cu-O 2:2:2:3 phases, respectively.
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Thus, it raises the question that we are actually measur-
ing the anisotropies of the energy gaps in these samples.
However, we obtained the strong relationship
(> 60% —70%) between the gap values and the directions
of the CuO, planes at the interfaces of the tunnel junc-
tions. Therefore, we concluded that two different gap
values correspond to those of different crystalline direc-
tions, i.e., LCuO, and [|CuO,, respectively. The observed
values are 2A(1Cu0,)=49-54 meV and
2A(]|Cu0,)=80-88 meV. 2A(LCuQ,) is in fairly good
agreement with the result in Fig. 6(a) (2A ~50-60 meV),
synthesized under different
conditions. 2A(||CuO,) also agrees with those of Fig.
2(a) and Fig. 7(@). The ratio of gaps is
A(|Cu0O,)/ A(1CuO,)=1.5-1.8. Since T, is
approximately 103 K, 2A(||CuO,)/kT,=9.0-9.9,
2A(1Cu0,)/kT,=5.5-6.1. Figure 8(b) shows the result
of gap anisotropy measurements in the Bi-Sr-Ca-Cu-O
2:2:1:2 phase. The x-ray diffraction pattern of sample
S-5 shows that the Bi-Sr-Ca-Cu-O 2:2:2:3 phase is mixed
in the Bi-Sr-Ca-Cu-O 2:2:1:2 phase (ratio of 2:2:2:3 to
2:2:1:2 equals 1:3), though zero resistance is attained at
T =103 K. Therefore, the energy gaps of the Bi-Sr-Ca-
Cu-O 2:2:1:2 phase can be reasonably observed for sam-
ple S-5. The gap values in the Bi-Sr-Ca-Cu-O 2:2:1:2
phase are 2A(1Cu0O,)=38-40 meV, 2A(]|CuO,)=68-70
meV, A(||Cu0,)/A(LCu0,)=1.7 —1.8 which agrees with
that of the Bi-Sr-Ca-Cu-O 2:2:2:3 phase. The 2A(1CuO,)
value is consistent with that of Lee et al.!” and Chen
et al.'® The 2A(]|Cu0,) value is almost the same as those
of Fig. 1(a) and Fig. 5. These results confirm that the gap
anisotropies in the Bi-Sr-Ca-Cu-O systems are larger than

that of Y-Ba-Cu-O, where A(||CuQ,)/A(LCu0,)=1.3
—1.6.19’20

C. Gap measurements in the Bi-Sr-Cu-O system

Electron tunneling measurements in Bi-Sr-Cu-O draw

less attention since T, is low (7 K). However, it implies

Bi,Sr,Ca,Cu,0,  T=4.2K

%

10

dl/dv (mS)

05

200 0 200
VOLTAGE (mV)

FIG. 5. The I-V and dI/dV -V curves for tunneling parallel
to CuO, planes in the single-crystal sample S-2. 2A obtained
from the interval of points, where the (dI /dV), (raw data) and
(dI/dV), (narrow solid line) cross each other, is about 73 meV.
The upper curve shows the difference between (dI /dV), and
(dI/dv),.
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the key point in understanding why T,’s are so different
between Bi-Sr-Cu-O and Bi-Sr-Ca-Cu-O. To elucidate
the difference of the pairing mechanisms between Bi-Sr-
Ca-Cu-O and Ca-absent Bi-Sr-Cu-O, we have made tun-
neling measurements in this Ca-absent material. Two
types of samples, S-6 (7,=8.0-6.5K) and S-7
(T,=11-7 K), were used. Figure 9(a) shows the

Bi-Sr-Ca-Cu-0

dl/dv

1 n 1 A
-100 0 100
VOLTAGE (mV)

=

£

8 Bi-Sr-Ca-Cu-0 75K 104K

S| w RO

= Nl

Oe| o

3o

£

=

>

O

=w . A

© <0 50 100
T(K)

FIG. 6. (a) Temperature variation of dI/dV raw data for
sample S-3. (b) Temperature variation of dI/dV at zero bias
normalized by dI/dV at 100 mV. Data are taken from (a). Gap
opening begins at T=104 K and 75 K. These correspond to
each phase of Bi-Sr-Ca-Cu-O.
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dl/dV-V curves from different tunnel junctions made
from S-6 with Al sheets as counter electrodes. Since the
present samples are more brittle than Ca-contained ma-
terials, high-quality point-contact tunnel junctions are
difficult to obtain. However, the dI /dV curves are sym-
metric with respect to their zero biases. The upper curve

shows Josephson-like anomaly at zero bias. Tunnel resis-
tances at the biases of 10 mV are about 0.7Q for the
upper curve and 15Q for the lower curve. The gap open-
ing begins at the same biases despite the large difference
of tunnel resistances. This indicates the intrinsic feature
of this material. The reductions of dI/dV (0 mV) are

T=4.2K

Bi-Sr-Ca-Cu-0:Pb

(a)
(@)
Te]
7 [
3, Bi-Sr-Ca-Cu-0 :Pb  T:42K
~ ©
> —
=k (b)
~ S
T |5
0 e (1'103 mv Z)6
o |

2100 0 100
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T=586K 551
513
490
./'\ 431
401
341
290
229
210
At
/

(Bi,Pb)le’zCG 2CU30y

dl/dV (arb. units)

-200 0 200
VOLTAGE (mV)
FIG. 7. (a) The I-V and dI/dV -V curves for Pb doped Bi-Sr-Ca-Cu-O 2:2:2:3 (sample S-4). (b) I? vs V2 plot obtained from the
I-V curve in (a). A straight line can be drawn between 3-6(10°mV?). From the extrapolated line to I =0, 2A is obtained as 85-87
meV. (c) Temperature variation of dI /dV raw data up to T=58.6 K. The tunnel junction is identical with that of (a).
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about 10% (the upper curve) and 14% (the lower curve)
of their each peaks in dI/dV. These are not so drastic
compared with the cases of Bi-Sr-Ca-Cu-O. This may be
due to the large leakage current through the junctions,
i.e., electron tunneling between nonsuperconducting ma-
terials. This will be suggested by the small superconduct-
ing volume fraction (< 10%) of Bi-Sr-Cu-O. In the lower

Bi,Sr,Ca,Cu 30,

1.0

n
E
n
o
>
©
o
n
3 20.5K
w|
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oL
n
L L 1 s L
-100 -50 0 50 100
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o
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FIG. 8. (a) Gap anisotropy in Bi-Sr-Ca-Cu-O 2:2:2:3 phase of
sample S-5. Electron tunneling parallel (||CuO,) and perpen-
dicular (LCuO,) to the CuO, planes. 2A(||CuQO,)=280-88 meV
and 2A(1Cu0O,)=49-54 meV are obtained. The ratio of gaps
is A(]|Cu0O,)/A(LCu0O,;)=1.5-1.8. (b) Gap anisotropy in
Bi-Sr-Ca-Cu-O 2:2:1:2 phase of sample S-5. 2A(]|CuO,)
=68-70 meV. 2A(LCu0,)=38-40 meV. A(||Cu0,)/
A(LCu0,) =1.7-1.8.
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curve, the gap value estimated from the bias at
(dI/dV),=(dI/dV), is 3.0-3.5 meV, which yields
2A/kT,=5.4-6.2 with a T, of 6.5 K. Figure 9(b) shows
the set of dI/dV -V curves for several tunnel junctions
from sample S-7 with Pt sheets. Tunnel resistances are 3
kQ (the upper curve) and 133 Q (the lower curve) near
the gap edges. While the tunnel resistances are so

~
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- :
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= wn
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w
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w
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he)
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(c) Te=89K

d1/dV (0 mV)/d1/dV (30 mV)
090
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FIG. 9. (a) The dI/dV-V curves of Bi,Sr,Cu, ;0, (sample
§-6). Two curves are obtained from different tunnel junctions.
2A=3.0-3.5 meV are obtained from the lower curve. (b) The
dI/dV -V curves of Bi,Sr,Cu,0, (sample S-7). Two curves are
obtained from different tunnel junctions. 2A=5.0-5.7 meV.
(c) Temperature dependence of dI /dV at zero bias normalized
by the dI/dV at 30 mV. This is obtained from the same tunnel
junction which shows the lower curve in (b).
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different (factor of 20) and the tunneling densities of
states varies in their shapes, the bias positions of the
peaks in dI /dV are almost the same. The gap values in
these cases are 5.0-5.7 meV. Figure 9(c) presents the
temperature dependence of dI/dV (0 mV) normalized by
dI/dV (30 mV) in the upper curve of Fig. 9(b). A T, of
8.9 K is obtained from the temperature that dI/dV (0
mYV) begins to reduce. The ratio 2A /kT, of sample S -7 is
6.5-7.4, and this is much larger than that of the BCS
value.

V. DISCUSSIONS

As shown in Figs. 1(a), 2(a), 8(b), 9(a), the dI/dV
curves of Bi-Sr-Ca-Cu-O and Bi-Sr-Cu-O are symmetric
with respect to the Fermi level and flat with respect to
bias voltage. These results suggest that the bias-
dependent dI /dV curves outside the gap and asymmetric
natures are not intrinsic for the tunneling density of
states in the cuprates oxides. These can be attributed to
the asymmetric potential barriers and/or low work func-
tions of insulating layers in the tunnel junctions. Howev-
er, the symmetric dI /dV curve with respect to the Fermi
level and flatness against the bias have rarely been ob-
served for La-Sr-Cu-O and Y-Ba-Cu-O.

The measurements on La-Sr-Cu-O yield 2A/kT,~5.
There seems to be general agreement in the data for this
value, which can be explained within the strong coupling
regime extended from the BCS theory. In Y-Ba-Cu-O,
2A/KkT, values are converged to 4-5 among almost all
researchers. In the present paper we reported extremely
large values of 2A/kT, in both phases of Bi-Sr-Ca-Cu-O
and considerably large values in Bi-Sr-Cu-O systems. It
should be emphasized that the data are reproducible.

Before discussing the origin of the large energy gaps in
Bi-Sr-Ca-Cu-O and Bi-Sr-Cu-O, the possibilities of nonin-
trinsic energy gap structure should be considered. Re-
cently, Barner and Ruggiero?' and Bentum er al.?? ob-
served the tunneling characteristics for systems consist-
ing of small isolated metal particles embedded between
two tunneling electrodes. These data closely resemble the
tunneling characteristics reported for the high-T, super-
conductors. These data, however, are not originated
from the intrinsic superconducting energy gap, but from
the so-called charging effects related to the surface granu-
larity of the materials. In this case, tunneling first begins
to occur at ¥V ==*e/2C, where C is the capacitance of the
particles. However, in our experiments, this is not likely
since the gap values are quite reproducible by changing
the contact pressure, i.e., capacitances of the tunnel junc-
tions. Another possibility is that electron tunneling
occurs between two superconducting regions within the
sample [superconductor-insulator-superconductor (SIS)
configuration]. This is also unlikely because we have
sometimes observed the gap which seems to be that of the
SIS configuration; it is broader in shape and has a
Josephson-like zero-bias anomaly, but is almost twice as
large as that which most frequently appeared.

It is difficult to understand why the present results on
Bi-Sr-Ca-Cu-O and Bi-Sr-Cu-O give a much larger
2A/kT, than that of Y-Ba-Cu-O and La-Sr-Cu-O, where
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the same CuQ, planes are crucial for the superconductivi-
ty. Especially, it should be noted that Bi-Sr-Ca-Cu-O and
Y-Ba-Cu-O have nearly the same 7, of about 100 K,
whereas 2A /kT, values in Bi-Sr-Ca-Cu-O are more than
2 times larger than that of Y-Ba-Cu-O. It is known that
the short coherence length of high-7T,. oxides induces
weakening of the gap value at the interface of the tunnel
junction.”> Assuming that pairing mechanisms are the
same, the gap values are expected to be the same, since
the coherence lengths of Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O
are short and of the same order of magnitude.

Vieira et al.** observed the distribution of supercon-
ducting energy gaps for Bi-Sr-Ca-Cu-O polycrystalline
samples by STM with a Pt-Rh tip. Their tunnel resis-
tances are about 10-100 M, whereas in our experiments,
they typically show about 10 k). This means that tunnel
current in our case possibly flows through the broad re-
gion of the sample surface. One of their main con-
clusions is the broad distribution of the energy gap. Most
of their data ranging from 30 to 46 meV in 2A are deter-
mined by the energy separation between the maximum
and the minimum in d%I/dV? and these values result
in 2A/kT,=4.5-6.5. The maximum value of their
data was 2A=~60 meV which is somewhat smaller
than our typical data of polycrystalline samples of the
Bi-Sr-Ca-Cu-O 2:2:1:2 phase (2A=68-76 meV). Howev-
er, this coincides with our smaller gap obtained from the
film measurements discussed in Sec. IV B.

The high resolution photoemission study of
Bi-Sr-Ca-Cu-O 2:2:1:2 single crystals by Imer et al.?’
shows 2A=60110 meV. They observed unambiguously
the low-lying quasiparticle excitation originating from
the superconducting states. Their gap value was obtained
by an analytic procedure where A was varied until a satis-
factory agreement was obtained between the experimen-
tal data and the simple model for the superconducting
density of states. This gap value yields 2A/kT,=8+1.4
within our results.

We will list the differences between Bi-Sr-Ca-Cu-O,
Bi-Sr-Cu-O, La-Sr-Cu-O, and Y-Ba-Cu-O except for
those with values of 2A /kT,. One difference is found in
the crystal structures; the former group consists of multi-
ple layer structures, having CuO, and insulating Bi,0,
layers, while the latter consists of the stacking of CuO,
layers. The difference may be reflected in the degree of
anisotropies of H_, and energy gaps with respect to CuO,
planes.

Another difference between Bi-Sr-Ca-Cu-O and
Y-Ba-Cu-O was clarified from the specific-heat measure-
ments. Yuan et al.?® obtained the jump of specific heat at
T.(AC/T,) in Bi,Sr,Ca;Cu;0,(T,=80 K) as 0.49
mJ/g.K? whereas 56-62 mJ/mol.K? was in Y-Ba-Cu-
0.7 This means that the electronic density of states near
the Fermi level in Bi-Sr-Ca-Cu-O is much larger than
that of Y-Ba-Cu-O, although both have the same
T.. This may be reflected in the large energy gaps in
Bi-Sr-Ca-Cu-O.

Recently, Den and Akimitsu?® pointed out that the
hole carrier concentrations p in Bi-Sr-Ca-Cu-O and
Bi-Sr-Cu-O are substantially in excess compared with
those of La-Sr-Cu-O and Y-Ba-Cu-O. Excess p in the cu-
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prates is known to suppress the 7,. An appropriate dop-
ing to control p makes T, higher. For example, in the
Bi-Sr-Ca-Cu-O 2:2:1:2 phase, substitution of Y on the Ca
site raises 7, about 10 K at Y 30% mole ratios. Fein
et al?® observed very large apparent gaps for
La, 47819 ,;Cu0,_,, and we also preliminarily observed
very large gap structure (30—35 meV) taken as a peak-to-
peak value in dI /dV) for La, ;Sr, ;CuO, with T, below 4
K. Both cases are within the excess hole region in the
La-Sr-Cu-O system. Whether or not these excess hole
concentration states enlarge the gap value is still under
investigation.

There are no crystallographic differences between the
samples of nominal compositions Bi,Sr,Cu,; 30,(S-6) and
Bi,Sr,Cu,0,(S-7). Slight differences of T, may be attri-
buted to the difference of net p on the CuO, planes. The
ratios 2A /kT, for Bi-Sr-Cu-O are much larger than those
of conventional superconductors having almost the same
T,. For example, another low carrier density oxide su-
perconductor BaPb,_,Bi, O; (Ba-Pb-Bi-O) has the same
T,(=10 K) as Bi-Sr-Cu-O, and 2A/kT,=3.5 within the
BCS value.’®3! In addition, the 2A /kT, of Bi-Sr-Cu-O
has larger values than those of La-Sr-Cu-O and
Y-Ba-Cu-O in spite of the lower T,. Small 2A/kT, with
small reduction of (dI /dV); (0 mV) can explain that the
material at the point contact region is different from the
regular stoichiometry of the superconducting phase.
However, large 2A/kT, and small reductions of
(dI /dV),(0 mV), like in these cases, are difficult to under-
stand unless this is an intrinsic feature in this material.

We turn to consider the gap values in Bi-Sr-Ca-Cu-O
on a basis of those in Bi-Sr-Cu-O. Why does the insertion
of more CuO, planes drastically raise 7T, and why does it
enhance the 2A/kT, of 6-7 in Bi-Sr-Cu-O to 9-12 in
Bi-Sr-Ca-Cu-O? One of the reasons is the increase of car-
rier concentration which contributes to the superconduc-
tivity as discussed in the case of Bi-Sr-Ca-Cu-O and
Y-Ba-Cu-O. Why does this enhancement occur from
Bi-Sr-Cu-O to Bi-Sr-Ca-Cu-O 2:2:1:2, and not occur from
the Bi-Sr-Ca-Cu-O 2:2:1:2 phase to the Bi-Sr-Ca-Cu-O
2:2:2:3 phase?

The differences in 2A/kT, between Bi-Sr-Ca-Cu-O,
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Bi-Sr-Cu-O, La-Sr-Cu-O, and Ya-Ba-Cu-O should be
carefully supported with further experimental evidence
that the electronic properties in Bi-Sr-Ca-Cu-O and Bi-
Sr-Cu-O systems are different from those of La-Sr-Cu-O
and Y-Ba-Cu-O systems.

We finally briefly mention the structures observed at
V'=120-140 mV (eV —A=80-120 meV) in the dI/dV
curves as observed in Figs. 1, 2(a), 7(a), and 7(c). The
anomaly of this bias region is also observed by Miyakawa
et al®® and Bulaevskii et al.*® in a single crystal of
Bi-Sr-Ca-Cu-O (Ref. 32) and EuBaZCu3Oy,33 respectively.
This is possibly attributed to some kind of excitation cor-
responding to the superconductivity. Moreover, it is
worthy to note that the effective exchange interaction in
the cuprate oxides is on the order of 100 meV. Mi-
yakawa et al.>? observed other complicated structures in
the dI/dV curves of Bi-Sr-Ca-Cu-O single crystals and
they attributed these structures to a multiphonon pro-
cess.

VI. CONCLUSION

In summary, we observed reproducible large energy
gaps in Bi-Sr-Cu-O and Bi-Sr-Ca-Cu-O systems: 2A/kT,
are 5.4-7.4 for Bi-Sr-Cu-O polycrystals, 11.6-12.4
for Bi-Sr-Ca-Cu-O 2:2:1:2, 9.2-11.0, and 5.9-7.1 for
Bi-Sr-Ca-Cu-O 2:2:2:3, and 9.6-11.0 for Bi-Sr-Ca-Cu-O
2:2:1:2 single crystals tunneling parallel to CuO, planes.
Gap anisotropies are A(]|Cu0O,)/A(LCu0O,)=1.5-1.8 for
Bi-Sr-Ca-Cu-O  2:2:2:3, 1.7-1.8 for Bi-Sr-Ca-Cu-O
2:2:1:2, and 2A/kT, are 9.0-9.9 (||Cu0O,), 5.5-6.1
(LCuO,) for Bi-Sr-Ca-Cu-O 2:2:2:3 film. The gap values
are larger than those of BCS but quite reproducible from
sample to sample even though the synthesis conditions
are different.
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