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The design and testing of a new device for point contact tunnelling measurements in
superconductors are described. The insert is designed for use with a continuous flow
cryostat which allows for a large range of sample temperatures from 1.5 K to room
temperature. The use of nonmagnetic parts allows tunnelling measurements to be
performed in high magnetic fields. Testing was carried out on a conventional super-
conductor, Nb, in fields up to 6 T using Nb and Au tips to obtain superconductor–
insulator–superconductor and superconductor–insulator–normal metal junctions. In
addition, a moderate-Tc oxide superconductor, Ba1 − xKxBiO3, was used to obtain tem-
perature and magnetic field dependencies of the energy gap.  1998 Elsevier Science
Ltd. All rights reserved
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Tunnelling spectroscopy is a powerful tool for studying the
superconducting density of states (DOS) near the Fermi
energy level1. It also gives sensitive information about the
electronic interaction spectrum (e.g. electron–phonon in
Pb), and in a few cases even the symmetry of the energy
gap in conventional and high-Tc superconductors (HTS).
The superconducting DOS atT = 0 K is obtained2 from the
ratio of the tunnelling conductance in the superconducting
state (ss) to the tunnelling conductance in the normal state
(sn). While ss is readily measured atT¿Tc, the measure-
ment of sn can be difficult. One approach is to introduce
a magnetic field to quench the superconductivity. Another
approach is to raise the temperature to a value aboveTc,
and the largeHc2 for optimally doped HTS3 makes the latter
approach more convenient. In addition, the temperature
dependence of the tunnelling conductance can give
important information on the energy gap,D(T), and pro-
vides a local measurement ofTc. Features aboveTc such
as pseudogaps in HTS can also be explored with a wide
range of temperature control. Point contact tunnelling
(PCT) has proved to be an extremely valuable tool for tun-
nelling into HTS materials. However, a measurement over
the wide temperature range of HTS is difficult because of
thermal expansions in the PCT apparatus, e.g., between the
tip and sample. The junction may be altered, or lost as the
temperature is varied.

To accomplish the above goals, a new high-field appar-
atus with significantly improved temperature control was
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built and is described here. It is based on our previous tun-
nelling apparatus, described elsewhere4, which was shown
to accurately reproduce the quasiparticle DOS observed in
planar junctions of Nb, including the subtle phonon struc-
ture which represents a deviation of about 1% in the con-
ductance5. Previous PCT system designs have been
reported6,7, including one for use in high magnetic fields,
but they are not capable of carrying out normal state con-
ductance of high temperature superconductors. This report
presents the design and operation of a new cryostat insert
which allows for point contact tunnelling measurements in
high magnetic field and varying temperatures. To the best
of our knowledge, this is the widest temperature range and
lowest noise tunnelling system which has been made that
incorporates mechanical junctions. The insert can also be
extended to operate as an STM.

Theoretical background

The tunnel current in superconductor–insulator–
superconductor (S–I–S) and superconductor–insulator–
normal metal (S–I–N) junctions can be written as2

I(V) = c E
`

− `

|T|2r1(E)r2(E + eV)[ f(E) − f(E + eV)]dE (1)

Here,r1(E) and r2(E) are the quasiparticle DOS in the
two electrodes,c is a proportionality constant,f(E) is the
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Fermi–Dirac distribution function which describes thermal
smearing, and |T|2 is the tunnelling matrix element. If |T|2

varies slowly for the voltage range of the experiment (eV
# 2D), the tunnelling matrix element may be assumed to
be energy independent and taken out of the integral. For
an S–I–N junction where electrode 1 is a normal metal,
r1(E) = 1, and in the limitT = 0 K, the tunnelling conduc-
tance,ss = dI/dV becomes

ss(V) = c|T|2r2(E) = sn(V)r(E) (2)

where we have now assumedE = eV. The superconducting
density of states for a BCS superconductor is given by

r(E) =
|E|

√E2 − D2 |E| $ D

= 0 |E| , D

whereD is the energy gap. An exact determination ofr(E)
requires a measurement of normal state (background) con-
ductancesn(V) to divide out the unknown prefactors of
Equation (2).

Added complications accompany HTS. It is difficult to
justify the assumption that |T|2 is independent of energy
over the wide range needed to explore the HTS gap,D.
Typically 2D | 70 meV, which is not small compared to a
barrier height of say 300 meV. Furthermore, the two-
dimensional band structure of HTS may have important
effects on the tunnelling DOS. This might lead to an
additional momentum dependence to |T|2. In some cases the
background conductance has a strong voltage dependence,
as seen in Bi2Sr2CaCu2O8 + x

8. In the PCT and STM studies,
asymmetric and decreasing background shapes are usually
obtained, including a relatively strong dip in the occupied
states of the band. It is crucial to understand which, if any,
of these effects are intrinsic to the HTS or due to tunnelling
matrix element effects. As a result, accurate background
measurements are needed for a correct interpretation of
the data.

As we mentioned before, to obtainsn, one approach is
to apply a magnetic field to suppress the superconductivity.
However, in the case of optimally doped HTS, the upper
critical field (Hc2) can be very high3 and is usually beyond
the capability of most systems. On the other hand, with
sufficient over- or underdoping of HTS,Tc may decrease
enough to lowerHc2 into an accessible range of magnetic
fields. For this to work, a high field capability is needed.

Insert design

The continuous flow cryostat9 is a versatile apparatus which
allows measurements over a wide temperature range (1.5–
300 K). A magnet installed on such systems can produce
fields up to 19 T. In continuous flow cryostats, cryogens
(liquid helium or nitrogen) flow from the main reservoir
through a capillary tube to the sample chamber, which is
isolated from the cryogen reservoir. The rate of flow of the
cryogen can be regulated to control the sample temperature
(Figure 1). The sample temperature can be changed by:
(A) varying the flow rate of the cryogen through the needle
valve; (B) using the heat exchanger/vaporizer at the bottom
of the sample tube; or (C) pumping on the sample region
to produce evaporative cooling. A temperature sensor,

912 Cryogenics 1998 Volume 38, Number 9

Figure 1 Schematic representation of continuous flow cryostat

placed near to the vaporizer, can be used for monitoring
and providing a feedback loop to regulate the temperature
at a set value using a current output to the vaporizer (Figure
1). Coarse temperature control for PCT measurements is
discussed below. Gas flow cryostats allow the sample to be
changed without removing helium from the He reservoir,
which saves time and operation cost.

There were three important factors that were taken into
account in the design and operation of the PCT insert
described herein. They are broad magnetic field and tem-
perature variation capabilities, design against electrical,
acoustical and vibrational noise, and ease of use, which
includes a compatibility with commercial cryostats.

Since a large magnetic field will be applied to the bottom
part of the insert which contains the sample and tip
assembly, it is essential that the material used in the con-
struction be nonmagnetic over a substantial portion of the
6 T range. Therefore, the differential micrometer, which is
attached to the tip and the sample cage, has been made
of titanium, which has a lower magnetic permeability than
stainless steel (machining stainless steel makes it
magnetic). In addition, titanium has a lower thermal expan-
sion coefficient than stainless steel, which minimizes the
effect of relative thermal expansion between sample and
tip, and partly compensates the relative displacements dur-
ing temperature variations.Figure 2 shows the bottom part
of the insert. The coarse approach of the sample to the tip
along thez-direction is made by the plate A on which the
sample is mounted. A commercial micropositioner10 (B and
C) has been used for coarse adjustment inx–y plane before
placing the insert into the cryostat. This micropositioner is
important to adjust thex–y position of the specimen under
the tip, and is necessary with extremely small crystals. We
have successfully performed tunnelling measurements of
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Figure 2 Schematic representation of the bottom part of the
insert

single crystal specimens as small as (0.5 mm3 0.5 mm).
There is a copper block (E) which is thermally isolated
with Macor layer (D) on the micropositioner, and it has a
hole for a temperature sensor which is close to where the
sample is placed. Temperature has been probed by a Cer-
nox temperature sensor11, which has an extremely small
magnetoresistance. A heater is placed between the sample
and copper block and connected to a temperature controller.
The z (vertical) position of the tunnelling tip is controlled
by a differential micrometer which has a total travel of
0.4 mm and az displacement 11.5 nm per degree of revol-
ution. For PCT, absolute vertical height of the tip is not
important, because the tip is in contact with the sample. A
stainless steel tube holds the differential micrometer. Inside
this tube there is another stainless steel tube which drives
the micrometer for fine adjustment. There is a decoupling
between the micrometer and this tube to prevent vibrations
that may come from the flange. The tube is driven by a
small electric motor which is placed out of the flange on
top of the insert. The cage has only three small windows
to allow adjustment of the sample and shields the tip from
the direct cooling of the He gas which comes from the
vaporizer.

The quality of information extracted from PCT measure-
ments is improved by acoustic and electric shielding and
by suppressing thermal fluctuations. In addition, the tunnel
junctions between sample and tip will be formed by mech-
anical contact, so this mechanical system has to be stable
against external (ground) and internal (gas flow) vibrations
to obtain an acceptable signal-to-noise ratio. The system is
housed inside of a complete electrically and acoustically
screened room located in a quiet corner of a laboratory
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basement. The small, rigid design of the tip assembly is
most sensitive to high vibrational frequencies, and good
decoupling is necessary to eliminate such vibrations. The
helium dewar holding the apparatus is supported above the
floor by three air suspension legs12 to decouple it from low-
frequency ground vibrations. Approximately 500 kg of lead
bricks are piled uniformly around the perimeter of the upper
plate of the platform top to lower the resonant frequency
and to improve the damping of any oscillations of the air
table. The cryostat sits inside a silica sand-filled plastic
drum on the lower plate of the platform. Fine silica sand
isolates the sample region from acoustical noise. There is
another silica sand box to isolate vibration which comes
from outside via cables and rubber vacuum hose. All these
precautions allow a stable junction to be maintained during
the data acquisition.

The various ways to change the temperature of the sam-
ple have been mentioned above. For mechanical stability
of the junction, it has been found that adjusting the gas-
flow needle valve is not acceptable for coarse temperature
variation after a particular junction is formed, because it
requires direct contact with the cryostat. The metering valve
is preferred, because it is mechanically isolated from the
cryostat with a rubber hose and a sand box. The vaporizer
and sample heater are connected to LakeShore 91C tem-
perature controllers11 to fine control the temperature to
within an accuracy of 0.01 K between 1.5 K and 300 K.
The magnetic field is obtained using a 6 T superconducting
magnet and controlled with a typical stability of 1 mT.

A sweep circuit is used to supply current and two pre-
amplifiers are used to simultaneously measureI and V of
the junction. The high-input-impedance, differential pre-
amplifiers isolate the junction from thex–y recorder and
data acquisition system. While the tip is pushed against the
crystal theI(V) signal is continuously monitored using an
oscilloscope until an acceptable junction is obtained. The
quality of the junction can be judged using the criteria of
low zero bias conductance and high conductance peak at
the gap voltage. First derivative measurements were
obtained using a bridge with the usual lock-in procedure2.
Data are saved on a computer and plotted on a chart simul-
taneously.

Performance of the system

The system has been tested using a well-known conven-
tional superconductor, high-purity Nb foil, and a moderate-
Tc superconductor Ba1 − xKxBiO3. Tips of both Nb and Au
were cleaned with diamond paper before each low-tempera-
ture run. The tips and Nb foil were etched (in aqua regia
for Au and HF for Nb tip and foil) then mounted on the
sample holder.Figure 3shows the current–voltage charac-
teristics of four different S–I–S (in this case Nb tip–
Insulator–Nb foil) junctions at 4.2 K. Junction resistances
range from 4 kV to 85 kV. The ohmic behavior of the I–
V curves at high bias is expected in conventional supercon-
ductors. While the nature of the barrier is not known for
certain, it is likely due to the insulating Nb2O5 which forms
on air-exposed Nb surfaces. The reduced area of the PCT
junction (contact diameter| 2400 Å)5 and the ability to
move point-to-point enhances the probability of finding a
tunnel junction that is free of barrier defects.

The best way to measure the energy gap of a supercon-
ductor utilizes S–I–S junctions atT¿Tc, since quasiparti-
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Figure 3 Current–voltage characteristics of four different S–I–
S (Nb tip–Insulator–Nb foil) junctions at 4.2 K

cle peak positions are not affected by thermal smearing or
other broadening mechanisms. In addition, conductance
peaks are very sharp relative to S–I–N junctions.Figure 4
shows the normalized conductance of an S–I–S junction at
4.2 K (full circles). Data are analyzed using Equation (1)
plus a phenomenological smearing parameterG, such that

r(E) = Re5 E − iG
√(E − iG)2 − D2 6

and the fit (solid line) results inD(T = 4.2 K) = 1.5 meV
and G = 0.2 meV. In the context of BCS approximation,
D(0) = 1.54 meV is obtained which is in excellent agree-
ment with previous published data13. In this case, the flat
background leaves no doubt about the normalized conduc-
tance. It is obtained by dividing the conductance by a con-
stant value. The inset inFigure 4 shows expanded Nb
sample/Au tip conductances at 4.2 K. The upper conduc-
tance curve is regenerated from Huanget al.5, which was
taken in our earlier PCT system. In the lower curve, the

Figure 4 Normalized conductance versus voltage character-
istics of S–I–S junction at 4.2 K (full circles). Solid line rep-
resents a numerical fit which corresponds to convolution of the
BCS DOS at 4.2 K. For the BCS DOS, the energy gap parameters
are D = 1.5 meV and G = 0.2 meV. The inset shows the expanded
scale of conductivity in the region of phonon structure for Nb
foil/Au tip junction. (a) Huang et al.5, (b) present work

914 Cryogenics 1998 Volume 38, Number 9

data are taken in the present system and clear phonon struc-
tures can be seen in both curves.

The disadvantage of testing the system with a conven-
tional superconductor is that a flat background is obtained
very often. Furthermore the lowTc does not test the limits
of our system. We have therefore extended the above test-
ing of the system to include Ba1 − xKxBiO3, which is an
oxide superconductor similar to HTS cuprates, withTc

varying with K doping from 20 to 32 K. So it is a perfect
candidate for this study.

Samples of Ba1 − xKxBiO3 (nominally with x = 0.375)
were prepared from the oxide powders (Bi2O3, BaO and
KO2) in a melt-process technique described previously14.
Tunnelling results on these polycrystals have been pub-
lished earlier15. Here, we reproduced those results and mea-
sured the temperature and magnetic field dependence of the
same samples to test the system. Because of the aging
effects, the surface color has changed from deep blue to
black. Magnetic susceptibility measurements indicate that
Tc degraded to 28 K. The surface of the samples was pol-
ished with various grades of diamond paper, the final one
with 3 mm diameter grit size paper. The samples were then
blown clean with dry N2 gas, after contacts were applied.
Temperatures below 4.2 K are obtained filling the sample
chamber with liquid He, closing the needle valve and reduc-
ing the pressure by a vacuum pump.Figure 5shows an S–
I–N junction conductance for Ba1 − xKxBiO3 at 1.5 K. The
voltage,V, is that of the tip relative to the sample. This
means that negative bias region corresponds to occupied
states in the DOS. The curve displays low (almost zero)
zero bias conductance, flat subgap feature, well-resolved
quasiparticle peaks and phonon structure which fulfill
requirements of high-quality tunnelling data.

Figure 6 shows dynamic conductances of an S–I–N
junction at different temperatures. ForT > Tc, the figure
explicitly shows that the background is not flat and exhibits
an asymmetric, weakly increasing behavior. Now, to obtain
the normalized conductance, theT = 29 K curve conduc-
tance can be used. Normalized conductance has been found
s = s(T = 4.2 K)/s(T = 29 K), and fitted to the BCS DOS
(including lifetime smearing) resulting in an energy gap
value of 4.2 meV. Because the main purpose of this paper
is to prove the reliability of the design, more detailed dis-
cussions of Ba1 − xKxBiO3 data are deferred to a future arti-
cle.

We have also examined the magnetic field dependence

Figure 5 S–I–N tunnelling conductance of Ba1 − xKxBiO3 at 1.5 K
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Figure 6 Dynamic conductance of Ba1 − xKxBiO3 for different
temperatures. Data have been shifted vertically by 1s, 2s, …,
for clarity (s = 1.0 mS). T = 29 K curve corresponds to normal
state conductance

of S–I–N (Au tip) junction at 11.5 K, as seen inFigure 7.
Applying magnetic fields up to 6 T does not completely
suppress superconductivity in Ba1 − xKxBiO3. The quasipart-
icle peak height gradually decreases and the zero bias con-
ductance increases. Based on the phase diagram of
Ba1 − xKxBiO3, from Klein et al.16, a magnetic field greater
than 20 T is needed to obtain normal state conductance at
11.5 K.

In summary, we have designed and tested a new insert
for point-contact tunnelling measurements. We have dem-
onstrated that the system is very reliable and versatile for
tunnelling studies of superconductors. Even at this early
stage of development, the system has reproduced some of
our best data obtained at 4.2 K in comparison with our earl-
ier design. In addition, we have demonstrated a wide range
of temperature and magnetic field control. Future work will
involve HTS cuprates, with an explicit attempt to measure
D(T) and to study in detail the origin of the unusual back-
ground features found in the tunnelling conductances.
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Figure 7 Magnetic field behavior of dynamic conductance of
Ba1 − xKxBiO3 at 11.5 K. Data have been shifted vertically by
1s,2s, …, for clarity (s = 0.2 mS). Superconductivity exists even
at 6 T
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