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Abstract
SQUIDs are the most sensitive devices in detecting the
magnetic flux. The devices have been used to detect small magnetic
field, current, voltage, inductance and magnetic susceptibility etc.
In this work, we reported studies and applications of high-Tc
YBa2Cu3Oy SQUIDs. Two main techniques of depositing YBCO
thin films are described; the characteristic of thin film and high-Tc
SQUID are addressed. In magnetocardiography (MCG) application,
we set up an electronic SQUID gradiometer system to optimize the
environmental noises. The MCG measurements are performed in
magnetically unshielded environments. In the SQUID NDE with
the SQUID magnetometer and gradiometer were used to detect the
buried flaws. The phase-depth relation of the buried flaw shows
linear dependence. It was found that the phase-depth relation is
useful to evaluate the depth of the buried flaws. In the scanning
SQUID microscopy, the SQUID probe is used to detect the circuits
using the lock-in detection technique. We successfully demonstrate
that we can image the electrical circuits with the SQUID probe with
samples at room temperature.
Key Words: SQUID, Electronic SQUID Gradiometer, Magnetocardiography, Nondestructive Evaluation, SQUID
Microscopy.

1. Introduction
The direct current superconducting
quantum interference device (dc SQUID)
consists of two Josephson junctions connected
in parallel. When the SQUID is biased with a
current greater than the critical current, the
voltage across the SQUID is modulated with the
flux treading the SQUID at a period of one flux

quantum, Φo ≡ h/2e shown in Figure 1.
Therefore, the SQUID is a flux-to-voltage
transducer.
This
special
flux-to-voltage
characteristic has enabled us to use the device
to detect small magnetic field, current, voltage,
inductance and magnetic susceptibility etc.
SQUIDs are the most sensitive devices in
detecting the magnetic flux. Low-Tc SQUID has
been used in a wide range of applications,
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including biomagnetism [1-2], susceptometors
[3], nondestructive evaluation [4], geophysics
[5], scanning SQUID microscope [7], and
nuclear magnetic resonance [7] etc. Low-T c
SQUIDs are developed for these applications. In
this work we will focus on high-Tc YBa2 Cu 3 O y
(YBCO) dc SQUIDs [8]; starting from the
growth of YBCO thin film, characteristics to
SQUID applications.

Magnetic
Φ/Φ0
Magneticflux,
flux, Φ/Φ

Figure 1. I-V and V-Φ curves of SQUID. The voltage
across the SQUID is modulated with the flux
treading the SQUID at a period of one flux
quantum, Φo ≡ h/2e.

2. Growth of YBCO Thin Films
Among the many different techniques used
to prepare YBCO films, the most widely used
techniques are pulse laser deposition and
sputtering. We have developed both the off-axis
pulse laser deposition and the off-axis
magnetron sputtering technique to prepare
smooth YBCO films [9] with excellent
electrical
properties.
During
magnetron
sputtering process, a mixture of oxygen and
argon (7:3) was kept at 300 mTorr and the
temperature of the substrate was kept at 700 o C.
After the deposition, oxygen of 650 mTorr was
introduced to the sample chamber. The sample
was cooled down to 600 o C at a rate of 5 o C per
minute and was kept at 600 o C for an hour. After
that step, the sample was then cooled down to
25 o C at a rate of 5 o C per minute. With the
pulsed laser deposition [10], the oxygen partial
pressure was kept at 400 mTorr and the
substrate temperature was maintained at about
650 °C. The ArF excimer laser was operated at
repetition rate of 10 Hz and produces 20 ns
pulses with an energy density of about 1.5 J/cm2
on the target. The spot size on the target is
about 0.8 mm x 2.5 mm. After depositing the
films, the chamber is filled with about 600 Torr

of oxygen, and thermally annealed for 5
minutes. The sample was cooled at a rate of
about 20 ºC/min to 400 °C and then the heater
was turn off. The as-deposited YBCO films are
superconducting without any post-annealing at
high temperatures. The root mean square
roughness of the YBCO films was varied from
50 Å to 150 Å depending on the growth
conditions. The substrates for thin film
deposition are rotating during the deposition.
The critical current densities are higher than 10 6
A/cm2 at 77 K for films prepared from the
sputtering or the pulsed laser deposition. To
deposit Au layer for electrical contacts, one can
use thermal evaporation or sputtering with the
substrates at 295 K. We can anneal the samples
at 400-500 o C to achieve a low contact
resistance lower than 10-6 Ωcm.

3. Fabrication of SQUID Devices
Types of high-Tc Josephson junctions
include bicrystal grain-boundary junctions,
step-edge grain-boundary junctions, ramp-edge
step-edge junctions, step-edge SNS junctions
etc. In this section we briefly show how we can
fabricate the high quality step-edge substrates
and SQUIDs.
We have developed the technology to
fabricate smooth YBCO step-edge substrate.
Figure 2 shows the geometry of the Ar + ion
milling system we set up to fabricate the
step-edge substrates and the SQUIDs devices
[11]. The substrate can be rotated so that we can
orient the substrate to arbitrary direction with
respect to the direction of the incident Ar+ ion
beam. With this system we prepare smooth
step-edge SrTiO3 or MgO substrates and the
angle of the substrates are varied from low
angles to high angles.
Conventional photomasking followed by
Ar+ ion milling is the most commonly used
method to fabricate the SQUIDs. Figure 3
showed the YBCO bare SQUID fabricated onto
step-edge MgO(100)m substrate. To minimize
the damage to the YBCO film, the energy of the
incident Ar+ ion beam was kept lower than 500
eV. To reduce the deterioration of the quality of
the YBCO film, it is also important to cool the
sample either with cooled water or liquid
nitrogen.
To
fabricate
devices
with
submicrometer dimensions, it is preferable to
cool the sample with liquid nitrogen.
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Figure 2. (a) The geometry of the Ar+ ion milling system; (b) step angle and; (c) etching rate as a function of ϑ. ϑ is the
angle the direction of the Ar+ ion beam made with respect to the normal of the substrate.
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Figure 3. The YBCO bare SQUID fabricated onto the step-edge MgO(100) substrate

4. Parameters for dc SQUID
Two parameters are important in determining
the characteristics of SQUID. One is the critical
current modulation parameter βL, βL = 2LIc/Φ0. The
operating condition is βL ≈ 1 for optimizing the
SQUID resolution [12]. The other parameter is
Stewart-McCumber parameter (or hysteresis
parameter) βC [13,14]. The Stewart-McCumber or
hysteresis parameter, βC

2πI c Rn2 C
βc ≡
Φ0

(1)

which is a measure of the damping of the
Josephson junction. Generally speaking, βC must
be kept at a value which less than one to let the I-V
curve to be non-hysteretic.
The thermal noise affects on the performance
of SQUIDs. It tends to round off at the corner of
the I-V curve. The noise can be characterized as the
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noise parameter Γ given by

Γ=

2πk B T
I cΦ 0

(2)

To avoid the magnetic flux to jump around the
SQUID loop, one restrict the flux energy per flux
quantum, Φ02/2Ls, to be larger than the thermal energy
Φ 02
≥ 2πk B T
(3)
2 Ls
Then the inductance Ls of SQUID should be kept
at a value less than 320 pH. For high-Tc SQUIDs
a good performance is usually designed with
inductance in the range of 50 pH < L < 100 pH.

5. Flux Power Spectral Density and
Modulation Voltage of dc SQUID
An important figure of merit for dc SQUIDs
is the noise energy per unit bandwidth, usually
referred to as the energy resolution of the SQUID.
The energy resolution is defined as

ε( f ) =

SΦ ( f )
2 Ls

(4)

in which the flux power spectral density SΦ(f) is
given by
SΦ ( f ) =

SV ( f )
⎛ ∂V ⎞
⎜
⎟
⎝ ∂Φ ⎠

(5)

2

It has been shown that the transfer function at
the optimal point of operation of the dc SQUID is
given by [15]
I c Rn
∂V 7
=
(
∂Φ π 1 + β L )Φ 0

⎛
⎞
⎜1 − 3.57 k B TL ⎟
⎜
Φ 0 ⎟⎠
⎝

(6)

in which T is the operating temperature of the
SQUID. The term in the brackets accounts for the
effect of thermal noise. The thermal noise becomes
significant for large inductances and at high
temperatures. We can express the modulation
voltage, ∆V as following:
∆V =

where

7

π2

k B TL ⎞⎟
I c Rn ⎛⎜
1 − 3.57
(1 + β L ) ⎜⎝
Φ 0 ⎟⎠

versus SQUID inductance under different Ic’s and
the same RN. The results of the simulation indicate
that SQUID with higher IcRn products result in a
larger modulation voltage.
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Figure 4. The modulation voltage, ∆V, as a funtion of
the SQUID inductance for different Ic’s and
the same Rn

6. Directly Coupled SQUID Magnetometer
The magnetic field sensitivity of bare SQUID
is limited by its area. To increase the sensitivity
one can couple the SQUID with the pickup coil to
form the directly coupled SQUID magnetometer
shown in Figure 5. The magnetic signal detected
from the pickup loop is coupled to the SQUID via
an induced current injected into the SQUID loop.
The advantage of a directly coupled SQUID
magnetometer is that only single fabrication
process is required for the entire magnetometer.
Therefore it is simple to fabricate the devices and
can have high yield in the device fabrication.
Directly Coupled dc SQUID Magnetometer
Im−

I+ V+

Im+

Im+

Im−

(7)

∂V
∆V
≅π
∂Φ
Φ0

Figure 4 shows the modulation voltage, ∆V,

Ib − V−

Figure 5. The geometry of the directly coupled SQUID
magnetometer, also shown current, voltage,
and modulation leads of SQUID
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Aeff = As + kLs

Ap

(12)

Lp

where As is the effective area of the bare SQUID, k
is a constant which describes the coupling
efficiency, Ap and Lp are the area and inductance of
the pickup loop, respectively. To maximize Aeff, we
must maximize the ratio of kAp/Lp and use the
largest SQUID inductance Ls permitted by other
constraints.
In good quality directly coupled high-Tc
magnetometers the white noise is about 10
µΦ0/√Hz. Furthermore, some results show that the
white noise can be lowered to several µΦ0/√Hz.
Now, the magnetometers show magnetic field
noise of SB½ = 10-50 fT/Hz½ in the white noise
region at 77 K [17-19].
The relevant figure of merit for a
magnetometer is the root mean square magnetic
field noise, SB1/2(f) = SΦ1/2(f)/Aeff. Thus, to reduce
the magnetic field noise one needs to minimize the
flux noise and maximize the effective area.
Figure 6 shows representative V-Φ
characteristic for a step-edge YBCO SQUID
grown on a step-edge MgO substrate at 77 K. The
I-V curve of the SQUID shows the resistively
shunted junction behavior. As the bias current is
increased, the amplitude of the voltage increases
smoothly to a maximum and then decreases. The
SQUID is normally operated at the bias current
that gives the maximum value of ∂V/∂Φ.
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Figure 6. V-Φ characteristic for an step-edge YBCO
SQUID on MgO substrate at 77 K

In Figure 7 we show the V-Φ curves of a
directly coupled SQUID magnetometer at different
temperatures. The critical current of SQUID is 12

µA, the normal state resistance is 5.2 Ω and the
product of the IcRn is 62.4 µV at 77 K. The
experimental modulation voltage is 6 µV, which is
a bit smaller than the theoretical estimated value
from Eq. (7).
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The effective flux capture area of a directly
coupled magnetometer is given by [16]
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Figure 7. V-Φ curves of a directly coupled SQUID
magnetometer at different temperatures

Dual-channel dc SQUID magnetometer layouts
on a 10 mm x 10 mm SrTiO3 bicrystal substrate are
shown in Figure 8. The square pick-up loop has an
outer side length 4 mm and an inner side length 1
mm which is surrounded by an integrated modulation
coil of The distance between the two integrated
modulation coils of width 100 µm. The SQUID body
with a hole area of 75 µm x 4 µm. The junction width
is 2 µm. The flux noise of this SQUID magnetometer
in dc and ac bias is shown in Figure 9. The magnetic
field sensitivity of the SQUID is 150 fT/Hz1/2 at 1
kHz. The white noise level is comparable to the
current status of the SQUID magnetometers for
SQUID with a size of 5 x 5 mm2. The low frequency
1/f noise was observed.
There are two main separate sources of 1/f
noises. One is from the motion of vortices. The
other is from the fluctuation of critical current in
junctions. Resistance fluctuation can contribute the
1/f noises. However, at low voltages where the
SQUID are operated, the critical current
fluctuation dominates the resistance fluctuation.
The 1/f noise due to the critical fluctuation can be
removed with the technique of the ac bias reversal
technique [8]. Due to the low frequency noise
cannot be reduced with the ac bias reversal
technique, we attribute the low frequency 1/f noise
mainly to the flux motion in this sample.

14

Hong-Chang Yang et al.

Imd−
Ime−

Bicrystal line

Imd+

Ib+ V+

Ime+

Integrated modulation coils

Ib− V−

Figure 8. Schematic diagram of the dual-channel dc SQUID magnetometers on a 10 mm x 10 mm SrTiO3 bicrystal
substrate with integrated modulation coils (not drawn to scale). The right side is the directly coupled SQUID
magnetometer.
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Figure 9. Flux noise of the SQUID magnetometer. The magnetic field sensitivity of the SQUID is 150 fT/Hz1/2 at 1 kHz.

7. SQUID Applications
As the sensitivity of high-Tc SQUID has
progressively improved, the range of applications
has grown rapidly. Currently, the most interest is
focused on magnetocardiography, and to some
extent in NDE, SQUID microscope, and other
applications [20].
7.1 Biomagnetism

A major requirement for biomagnetic
measurements is high magnetic field-sensitivity

at frequencies down to 1 Hz. Low-Tc SQUID has
already met this requirement. The niobium based
SQUID magnetometer has achieved a sensitivity
of a few fTHz-1/2. The 1/f noise in high-Tc
SQUIDs is an issue and to reduce the low
frequency noise of the high-Tc SQUID has been
a major challenge.
Biomagnetism refers generally to the
measurement of magnetic fields produced by any
living organism. These bimagnetic fields range
from several tens of picotesla from human heart
down to a several hundreds of femtotesla from
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human brain. Demonstrations of the MCG have
been reported in shielded, moderate shielded or
unshielded environments [21-23].
To measure the MCG in unshielded
environments is more challenging because the
MCG signal is quite small compared with the
environmental noises. To get rid off the
environmental noise, we set up an off-axis 2nd
order SQUID magnetocardiography (MCG)
system in unshielded environments and
developed the fast Fourier technique to reduce
the noise of the SQUID MCG system. The
detailed description of the noise reduction and
the Fourier transform technique was reported in
references [24]. Figure 10 shows the
configuration of the MCG system we have
developed. Three rf SQUIDs are arranged inside
the liquid nitrogen dewar with an off-axis
configuration. The SQUIDs are controlled with
the SQUID electronics. The output of the SQUID
is fed to the analog compensation electronics to
from 1st order and 2nd order gradiometer. The
output of the 2nd gradiometer is further filtered
with the notch filter and the low frequency filter.
With optimum parameters in compensation
electronics and filtering, the peak-to-peak value
of the background field can be reduced from
about 60 nT to about 25 pT. The noise level at 10
Hz is ~ 0.1 nT/Hz1/2 for the magnetometer in
unshielded environments and this noise is
reduced to 1.5 pT/Hz1/2 for the 2nd-order
gradiometer. This noise is much lower than the
typical MCG signal of human heart. Therefore,
we can perform the MCG of human in
unshielded environments with averaging. Figure
11 shows the averaged MCG signal over the
chest of human for 25 different measurement
sites. The rate of heartbeat of our subject is
about 72 beats/min. The measurement of each
position was taken 90 seconds for recording
more data to average. Each position is spaced by
4 cm. The total time display in the figure is
800 ms, about the time between two heartbeats.
The time, which the averaging data displayed, is
chosen to be about the period of single heartbeat
to prevent losing any information. Note that at
the instance about 0.3 sec, the upper right signals
display positive amplitudes whereas the lower
left signals display negative amplitudes. The T
wave in the upper right of Figure 11 also display
positive amplitudes and in the lower left of the
figure display negative amplitudes, similar as
that at the instance of 0.3 sec.
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Figure 11. Averaged MCG signal over a scanned area of
120×20 cm2

7.2 Nondestructive Evaluation

Nondestructive evaluation (NDE) is the
noninvasive examination of flaws of materials. These
are varieties of techniques used in NDE, for instance,
acoustic, thermal, and electromagnetic methods.
These methods are often not adequate for detecting
flaws at an early stage because of the lack of the
space and the depth resolution. One important
application of high-Tc SQUID is to replace the
induction coil in the eddy current imaging by the
SQUID sensor. In this method one applies an
alternating magnetic field produced by the drive coil
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and lock-in detected the magnetic fields induced the
eddy current around the flaws. Since the eddy current
over the skin depth, which is inversely proportional
to the square root of the frequency, deep flaws require
corresponding low frequencies. The flat response of
SQUIDs shows a distinct advantage over the
response of detection coils, which fall off with
decreasing frequency. Furthermore, high-Tc SQUIDs
are preferable over the low-Tc SQUID because the
associated lighter dewar and the easy handling of the
nitrogen liquid.
The NDE detection of flaws using high-Tc
SQUIDs has been reported by several groups [25-30].
Both magnetometers or gradiometers have been used.
We have also done works on SQUID NDE. Jeng et al.
[28-30] developed high-Tc NDE nondestructive
evaluation (NDE) system to detect flaws in
aluminum sheets. The NDE systems were in the
unshielded environment [29,30]. We also simulated
the magnetic field produced by the eddy current
around the defect and the results are consistent with
the simulation [31,32]. Recently, we investigated
flaws with NDE systems with an integrated planar
gradiometer [24]. Figure 12 shows the schematics of
the NDE system using the planar gradiometer. The
system was developed to detect buried flaws with the
differential phase technique for the magnetic field of
the eddy current from the defects in aluminum plates.
The results of SQUID NDE with the integrated
planar SQUID gradiometer were compared with
those derived from an axial electronic SQUID
gradiometer. The phase-depth relations of the buried
flaw show linear dependences as shown in Figure 13.
The phase depth relation can be useful to evaluate the
depth of the buried flaws. The results for both
systems are consistent. Overall, the SQUID NDE
system with the planar gradiometer is relatively
simple and practical in unshielded environments.
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Figure 12. Schematics of the planar NDE system.
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7.3 SQUID Scanning SQUID (SSM) System

Magnetic microscope based on the SQUIDs
has been developed to image magnetic fields, in
which the sample is either at low temperature or at
room temperature. Most cases the samples are
scanned across the SQUID. The best resolution of
the scanning SQUID microscope with cold sample
is about 5 µm while those with room temperature
sample the spatial resolution is 50 µm. A magnetic
tip has been used [34] to focus the flux into the
sample to achieve a higher spatial resolution. The
potential of the microscope for biology is
intriguing. One novel example is the immunoassay.
Here one labels an antibody with a tiny magnetic
particle and then bind it to the antigen. The binding
of the antibody and the antigen is immobile
particles. One can detect the particles with
magnetic relaxation, remanent magnetization, or
susceptibility.
For the future SQUID applications, we
developed the SQUID SSM system. We used the
pulse laser deposition (PLD) to grow YBCO film
and then fabricate SQUID. The SQUID we made is
a bare SQUID with a hole area of 50 x 50 µm2 and
a junction width of 5 µm. The noise of the SQUID
is 12 pT/Hz1/2 at 1 kHz in shielded environments.
The Vpp of the SQUID is 6 µV and the effective
area is 5.8 x 10-7 m2.
The SQUID SSM system was first used to
examine the electrical circuits. The circuit is the
grid like pattern shown on the left-hand side. The
size of each grid is 4 mm x 4 mm and the line
width is 1 mm shown in Figure 14. The distance
between the SQUID and the circuit is 1 mm. The
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magnetic field pattern of the tested circuit is
generated from the function generator and the
magnetic field is then lock-in detected. The
magnetic field image is shown in the false color.
The dark and bright parts represent the opposite
directions of the magnetic field. The boundary
between the dark and the bright area corresponds
to the circuit. The magnetic field image clearly
shows the pattern of the circuit. Using the
Biot-Savart law, we simulate the magnetic field
distribution of the circuit pattern. Our results of the
simulation shown in Figure 15(b) are consistent to
the scanned imaging. The SSM for detecting the
flaws in electrical circuit can be found in reference
[35]. The present success of the SSM paves the
way for our future research on immunoassay using
SQUIDs.
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adequate for many practical applications. Indeed,
one important application of biomagetism is the
magnetocardiography. The clinical results on MCG
are encouraging and clinical efforts on large
number of patients have to be done. One might
hope that the high-Tc MCG system will become
more wide spread modality over the next few years,
for instance, in the assessment of damage to heart
muscle following a cardiac infarction or to locating
the sources of certain kind of arrythmia. The MCG
are largest potential for the high-Tc SQUID in
biomagnetic applications. Other applications in
NDE and SSM can also be promising in the future
demands. More works both in basic and
application are needed to achieve these goals.
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