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Mesa-structured submicron intrinsic Josephson junctions are successfully fabricated and well characterized on

underdoped BizSroCai Y Cu2Og4 5 single crystals with a Tc of 80 K. Tunneling spectra at the temperatures ranging

from 4.2 K to 295 K are measured. A pulse technique is used to reduce sample heating for the measurement near

pseudogap opening temperature T* ~ 280 K. Our experimental results show that the superconducting gap, the peak-

dip separation, and the pseudogap opening temperature are all increased as compared with those from near optimally

doped samples, which requires further theoretical analysis in the future.
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1. Introduction

The pairing mechanism and the nature of
the pseudogap!!! are the two most important un-
in the study of high-T,
superconductors.?) Various spectroscopic techniques,

solved issues cuprate
such as angle-resolved photo-emission spectroscopy
(ARPES),®! opticall¥ and tunneling spectroscopy, !
have been used to obtain a better understanding.
Among these techniques, the tunneling experiment is
unique, as it plays a central role in the case of con-
ventional superconductors and provides the key test
of the epoch-making microscopic BCS theory.[6]

In the tunneling studies of BisSraCaCuyOgys
high-T, superconductors, scanning tunneling micro-
scope (STM),P! break junctions (BJs),!®9 and intrin-
sic Josephson junctions (IJJs)!'°~15 have been used.
Compared with STM and BJs, IJJs bear a closer
resemblance to the conventional planar-type tunnel
junctions!”) with the intrinsic double CuOs planes as

the superconducting electrodes.[!6:17]

Being intrinsic,
1JJs can provide stable and convenient temperature
It has

been shown that submicron sized 1JJs!'2 exhibit tun-

and magnetic-field-dependent measurements.

neling spectra that are considerably different from

sl101] in which self-heating

those of micron sized 1JJ
could be more influential (heating is known to in-
crease as sample size increases).[lg] Analysis of the
tunneling spectra for near optimally doped submicron
IJJs shows consistent pictures with those from BJs
at low temperatures and from STM in the pseudogap
phase at high temperatures.*15] Furthermore, anal-
ysis based on a self-energy model proposed by Nor-
man et al.' demonstrates that within the precursor
paring scenario the same Fermi arc behaviour as ob-
served in ARPES experiment? can be obtained from
the tunneling results of submicron 1JJs.[15]

Tunneling studies of submicron IJJs have so far
been limited to samples near optimal doping, and it
is of much interest to extend the results to other dop-
ing levels. In this work, underdoped submicron IJJs
are fabricated and spectra from 4.2 K up to above the
pseudogap temperature 1™ are presented. We describe
our fabrication process and a pulse measurement tech-
nique that avoids increasing heating effect at the T
near room temperature. Finally, the temperature de-
pendent spectra and their comparison with previous
tunneling results are discussed.
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2. Experiment and results

Underdoped BisSroCa;_, Y, CusOg s single crys-
tals were used in our experiment, which were grown by

(1] Compared with

the method described previously.
the variation of the oxygen content, the substitution of
Y for Ca can lower the doping level quickly. Since hole
density p equals § for BiaSroCaCusOgis with ideal
stoichiometry, it is likely that the underdoped phase
is achieved with a smaller change in oxygen content,
and thus less change of the tunnel barrier property
than that of the optimally doped samples.
Mesa-structured 1JJs were fabricated on the crys-
tals, glued onto Si substrates, using a process similar

(12,22-24] T the exper-

to that in the previous reports.
iment, special care was taken to avoid the deteriora-
tion of the superconducting properties of the topmost
surface CuOg double-layer in the mesa during prepa-
ration so that all the layers in the mesa were as iden-
tical as possible. This was realized through the in
situ low-temperature cleavage of the crystals, followed
immediately by the evaporation of Au films at high
speed.l?®l One important change compared with our
previous work is that instead of PMMA950, ZEP520
resist was used, which was found to be more resistant
against Ar-ion milling, and the mesa structures with
lateral dimensions down to submicron size could be
easily fabricated with high reproducibility by electron
beam lithography.

Three-terminal configuration was used for mea-
suring resistance R(T") and I-V curves in our experi-
ments. The top Au electrode was used as both the cur-
rent and the voltage leads. I-V curves were recorded
by using a dc, or pulse method, or by a digital os-
cilloscope, and dI/dV spectra were obtained by their
numerical differentiation. In Fig. 1(a), we show the I—-
V' characteristic in a voltage range below 300 mV, in
which branches from 10 IJJs can be seen. The mesa

had an area of 4x4 pum?.

The temperature depen-
dence of the resistance R across the mesa is plotted
in Fig. 1(b), where superconducting transition occurs
at T. = 80 K and above T,, R decreases monotoni-
cally with temperature increasing. From the R ~ T
and I-V characteristics, we can see that the topmost
surface CuO4 double-layer has nearly the same T as
the inner layers in the mesa and critical current I. of

the surface 1JJ is close to those of the inner 1JJs.
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Fig. 1. (a) I-V curve branches of an underdoped
BigSraCay— Y, CuzOg4s mesa, 4 pm in size and contain-
ing 10 IJJs, and (b) resistance across the mesa measured
using 1-puA excitation current, showing a T of 80 K.

The dI/dV tunneling spectra of a mesa with an
area of 0.6x0.6 pum? fabricated on the same crystal
are presented in Fig. 2 as indicated by solid lines. The
temperature ranges from 4.2 K up to 295 K, which is
above pseudogap opening temperature T* ~ 280 K.
The voltage is divided by 1JJs number so it represents
the value per 1JJ. In the figure, we see that the curve
at 4.2 K has a well-known peak-dip-hump structure.
At 75 K near T, the dip-hump disappears while the
pseudogap persists with temperature increasing until
T* ~ 280 K (not shown here for clarity). The curve
at 295 K > T is seen to be gapless.
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Fig. 2. Tunneling spectra (solid curves) of a mesa 0.6 ypm
in size on the same crystal as that in Fig. 1. V is the volt-
age per 1JJ. The solid curve at 295 K, which is above T* ~
280 K so pseudogap vanishes, is obtained from pulse mea-
surement, while the dotted line at the same temperature
exhibits hysteresis due to heating.
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The dot line in Fig. 2 was obtained at 295 K in the
same way as those at lower temperatures but it shows
a hysteresis when the bias current I is sweeping up
and down. It turns out that the sample’s heating was
the cause for such a strange behaviour. In Fig. 3(a),
we exaggerate the heating effect by biasing the mesa
at two current values and the voltage per 1JJ is plot-
ted against time. It can be seen that at I = 200 pA,
the voltage has a clear decrease with time in a scale
of 1 or 2 min, which results from sample temperature
rise (compared with the temperature dependence of
R in Fig. 1). The temperature rise from self-heating
becomes more severe when I increases to 300 pA as
can be seen in the figure.
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Fig. 3. Pulse measurement at 295 K used to reduce heat-
ing. (a) Voltage per 1JJ versus time for two indicated
constant currents, and (b) voltage per I1JJ versus time for
300-pA current pulse of 50-ms width.

We note that for the near optimally doped sample
with the same area, the influence of heating is already
small for temperatures near and below 7% ~ 230 K.[12
That the problem of heating becomes more serious in
the present case can be explained as follows. First,
thermal conductivity for the Bi-based cuprates be-
comes smaller as the material is more underdoped.?®!
Secondly, T* increases from 230 K to 280 K which is
near room temperature. In this temperature range,
thermal conductivity of the Si substrate below the
BisSraCag—, Y, CuyOg 5 crystal has a large decrease
with temperature increasing!?®! while that of Au film

above the crystal mesa also decreases slightly. There-
fore, thermal conduction for nearly all the materials in
concern becomes poorer in the present measurement
as compared with the case in Ref. [12].

To solve the self-heating problem, we performed
the pulse measurement as previously used by Ana-
gawa et al.2”) The principle of this method is that the
bias current I for the measurement sustains for only a
short period of time before heating becomes obvious
and the temperature rise is observable. In Fig. 3(b),
we show the results of I = 300 pA with a pulse width
of 50 ms. We can see that the change of the voltage
per 1JJ is already negligible from pulse to pulse for a
width of 50 ms that can be easily prepared. The solid
line at 295 K in Fig. 2 is the result obtained by using
the pulse measurement.

3. Discussion

It is interesting to compare the experimental spec-
tra in Fig. 2 with those from the sample with near
optimal doping.'21415] At a low temperature of T
= 4.2 K, the present result shows a superconducing
peak position at 68.4 mV (thus the energy gap A ~
34.2 meV) and a dip position at 96.4 mV, which are
larger than 63.1 mV and 84 mV from the near opti-
mally doped mesa with the same area.l'?] Tn Ref. [9],
the spectral dip feature was attributed to the coupling
of bosonic excitations (either phonons or spin fluctua-
tions served as a glue to the superconducting pairing)
to the electronic system. Under such a consideration,
the dip is located at an energy of 2A + (2, where 2
roughly corresponds to the energy of the bosonic ex-
citations. In the present case, we have {2 ~ 28 meV,
which is greater than 2 ~ 23 meV for the near opti-
mally doped sample. The increases in A and 2 are
consistent with the reported values of Refs. [8] and [9],
respectively.

Turning to the high temperature side, we have
pseudogap opening temperature T ~ 280 K, which
is higher than the value of 230 K from the near opti-
mally doped sample.['*15] The increase of T* as dop-
ing level decreases is observed in the previous STM
and BJs experiments.[5] The value of T* ~ 280 K is
close to that of the STM results but is considerably
higher than that from the BJs experiment for samples
with a similar doping level. More detailed analyses as
performed for the near optimally doped samples!!415]
are required to have a further understanding of these

experimental results.
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4. Conclusion

Mesa-structured submicron IJJs are successfully
fabricated and well characterized on underdoped
BisSraCag—, Y, CuyOg s single crystals, which has a
T, of 80 K. Tunneling spectra in a temperature range
of 4.2 K295 K are measured. It is found that near the
pseudogap opening temperature T ~ 280 K, thermal
conductions of the mesa IJJs and the surrounding ma-
terials become poor compared with those in the case
of near optimally doped samples so self-heating causes
obvious distortion of the tunneling spectra. In order to
reduce heating, a pulse measurement technique is used

and the result without distortion is obtained. The
present tunneling spectra show that the superconduct-
ing gap, the peak-dip separation, and the pseudogap
opening temperature are increased as compared with
those from the near optimally doped samples, which
requires further theoretical analysis in the future.
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