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Abstract. The performance of superconducting quantum interference devices (SQUIDs) and SQUID based
magnetometers made from thin films of high transition temperature superconductors (HTS) has greatly improved
since the discovery of HTS more than a decade ago. This fact is related to a steady improvement in the fabrication
technology for HTS thin films and Josephson junctions. The state-of-the-art in HTS SQUID fabrication, device

concepts and applications is briefly reviewed.
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1. Introduction

Superconducting quantum interference devices
(SQUIDs) are the most sensitive detectors for
magnetic flux. SQUID based magnetometers, made
from thin films of low temperature superconductors
(LTS), operate at T =4.2 K, the boiling temperature of
liquid helium (LHe). These devices achieve an
unrivaled magnetic field resolution, on the order of
some fT/Hz"? down to frequencies below 1 Hz. This
sensitivity is adequate for most demanding applica-
tions in magnetometry, like magnetoencephalography
(MEG), which is based on measuring tiny signals
generated from the human brain.

The discovery of high transition temperature
superconductors (HTS) by Bednorz and Miiller [1]
in 1986 and the observation of transition temperatures
(T.) above T=77K, the boiling point of liquid
nitrogen (LN,), opened the perspective to operate
LN,-cooled SQUIDs based on these ceramic oxides.
Since LN, boils away much more slowly than LHe,
cryogenic requirements are significantly relaxed. This
lead to the perception that HT'S SQUIDs, if fabricated
on the basis of a HTS thin film technology, may
eventually be used for more widespread applications,
and this initiated considerable activities to develop
sensitive HTS thin film SQUIDs.

A SQUID is a superconducting ring, intersected by
one or two Josephson junctions [2,3]. Its output is a
periodic function of the applied magnetic flux ®
threading the SQUID loop, with a period of one flux
quantum ®;~2.07 x 10~9Vs, Measuring magnetic
field, rather than flux, requires an appropriate input
circuit, e.g., a flux transformer to enhance the
SQUID’s sensitivity to magnetic fields. Such a flux
transformer is a closed superconducting loop and
contains basic elements of a thin film multilayer
technology: crossovers and vias, that is, intersecting
superconducting lines separated by an insulating layer
and superconducting interconnects between two
superconducting layers. Hence, SQUIDs with proper
input circuits contain all basic ingredients of more
complex superconducting electronics circuits: thin
superconducting films, Josephson junctions and
patterned multilayer structures with superconducting
and insulating thin films. Therefore many research
groups focused on the SQUID as a basic device to
develop a HTS thin film technology, which eventually
might be applicable to more complex HTS circuits as
well.

The intrinsic sensitivity of a SQUID is limited by
the spectral density of its flux noise, which is white at
high frequencies and scales as 1/f below a threshold
frequency. The white noise depends on operating
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temperature T and basic SQUID parameters, as the
critical current /;, and the resistance R of the Josephson
junctions and the inductance L of the SQUID loop.
The 1/f noise arises mainly from fluctuations in the
critical current /, of the Josephson junctions and from
flux noise induced by vortex motion in the film. While
the noise due to /; fluctuations can be largely reduced
by appropriate read-out schemes, the low frequency
flux noise from vortex motion can not be reduced
electronically, and it has been shown that it is strongly
correlated with film quality.

Key technological requirements for sensitive
SQUIDs and magnetometers are the reliable fabrica-
tion of superconducting films with low 1/f noise and
Josephson junctions with reproducible parameters.
For more advanced designs patterned multilayer
structures with low 1/f noise are required, which
have to include well defined Josephson junctions in
integrated devices.

The nature of the cuprate superconductors, namely
their strong sensitivity to chemical and structural
changes on atomic length scales, leads to a strong
sensitivity of their transport and noise characteristics
on microstructure and defect structure. E.g., high
angle grain boundaries strongly depress the critical
current and enhance vortex motion. Very early in the
stage of the field in became evident that epitaxial
growth of single crystal HTS films on lattice matched
substrates is essential to avoid such defects, and to
accomplish the requirements mentioned above.

If compared to LTS SQUIDs, the fabrication of
sensitive HTS SQUIDs faces two major problems:
Firstly, 1/f noise due to vortex motion is high because
thermal energy at 77K is much higher and pinning
energies are lower. Secondly, due to the above-
mentioned strong sensitivity to defects, the
reproducible fabrication of Josephson junctions, i.e.,
two superconducting electrodes separated by a weak
link (e.g., an insulating tunnel barrier), with well
defined interfaces on atomic scale, is quite challen-
ging. Both are major issues for a successful HTS thin
film technology. The performance of thin film HTS
SQUIDs and SQUID based magnetometers has
greatly improved after the first devices have been
made. This fact is related to a steady improvement in
the fabrication technology for HTS thin films and
Josephson junctions.

This brief review is aimed to give an overview on
the state-of-the-art in HTS SQUID fabrication, device
concepts and applications. It starts in section 2 with an

overview of basic device concepts. In sections 3 and 4
HTS thin film technology and fabrication of
Josephson junctions will be discussed, before the
performance of practical devices is presented in
section 5. Finally, some examples of HTS SQUID
applications will be given in section 6. Due to
limitations in space, this review can only give some
basic ideas on device concepts and mention key issues
for their realization. For more details on various
aspects of SQUIDs, the interested reader is referred to
the book edited by H. Weinstock [4]. A more
extensive, recent review on HTS SQUIDs is given
in [5].

2. Device Concepts

The SQUID combines two macroscopic quantum
phenomena, namely flux quantization in a super-
conducting ring [6,7] and the Josephson effect in one
or two weak links intersecting the SQUID loop. An
applied flux @ threading the loop gives an output,
which is typically read out as a voltage, which is a
periodic function of ® with a period of ®,. The
spectral density of flux noise is Sq(f) =Sy (f)/V3,
where Sy (f) is the spectral density of voltage noise
and Vg =0V /0® is the transfer coefficient. The noise
energy per unit bandwidth is &¢=S4/2L. Basic
constraints on the SQUID parameters can be derived
in the white (thermal) noise limit:

e To maintain flux quantization the magnetic, the
Josephson coupling energy per flux quantum (I)% /2L
should be above the thermal energy kT, which sets
an upper limit on the SQUID inductance
L <L, =0}/4nkyT (L ~ 320pH at T=77K).
Hence, the higher operation temperature of HTS
SQUIDs requires smaller inductance. This makes
optimization of magnetometers very difficult since
one has to compromise between optimum noise
performance (small L) and good input coupling
(large L).

e To maintain the Josephson coupling, the Josephson
coupling energy E; =27k, T /1,®, should be above
the thermal energy, which sets a lower limit on the
maximum Josephson current I, 2 I, =2nksT /®,
(I, ~3.3uA at T=77K), which increases with
temperature. LTS SQUIDs are operated with typical
values for the noise parameter I, /I, =T ~0.05. For
HTS SQUIDs I' often is significantly higher [5].

Obviously, thermal fluctuations are a much bigger

issue for HTS SQUIDs than for LTS SQUIDs and



have to be taken into account for modeling and
optimizing the performance of HTS SQUIDs.

2.1. Dc SQUID

The dc SQUID [8] contains two Josephson junctions
intersecting its loop. The junctions should have a
non-hysteretic current-voltage-characteristic (IVC),
described by the resistively shunted junction (RSJ)
model [9,10]. A monotonic change in ® causes a
modulation of the SQUID’s critical current /... If the
SQUID is biased at a constant current / close to 7,
the periodic V-®-pattern is obtained, as shown in Fig.
1. To measure a small change in flux 0@ < @, one
generally sets Iz to get maximum amplitude of the
voltage modulation and then fixes the external flux at
(2n+ 1)®,/4, to obtain the maximum transfer
coefficient OV /0®, which is denoted as V.

Numerical simulations in the thermal noise limit
for LTS dc SQUIDs with representative parameters
(I'~0.05) predict optimum performance for
pp=2LI,/®y~1 [11]. In this case Vgu=xR/L,
Sy~ 16kgTR, and ¢~ 9kzTL/R ~9%kzT®,/2IyR. Thus
the noise power increases linearly with temperature
and (I,R)"", which requires Josephson junctions with
large [yR-products. Similar simulations for HTS dc
SQUIDs [12-14] predict also optimum performance
for 5, close to one, but show a severe degradation in
Ve for L above 50-60pH at T=77K.

The analytic approach by Chesca [15,16] in the

Fig. 1. I-V characteristic of dc SQUID for two values of @
(n: integer). Insets show dc SQUID schematically (upper left) and
V(®)-pattern for constant I (lower right).
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limit f, <1/m (equivalent to L/L, <I'/m) is
expected to give an adequate description for dc
SQUIDs under the presence of very large thermal
fluctuations, while the numerical simulations treat the
thermal noise as a small perturbation. Both theories
predict a strong deterioration of transfer coefficient
and noise for the dc SQUID if the values for either I"
or L/L,, approach one.

2.2. RfSQUID

The rf SQUID [17-19] contains only one Josephson
junction in the SQUID loop [Fig. 2(a)]. An LC-
resonant tank circuit is inductively coupled to the
SQUID and driven by an rf current of frequency w,y at
or close to the resonance frequency, typically some
ten MHz up to 1 GHz. The applied flux ® modifies the
total flux ®; in the SQUID loop according to
®; = ® — LI, sin(2n®d; /D). Rf SQUIDs operate in
two different modes, depending on the value for
Br=2np;.

If 5, > 1, negative values of the slope 0@ /0D give
a hysteretic ®(®) characteristic. In the hysteretic
mode the rf flux applied by the tank circuit induces
jumps between flux states in the SQUID loop [arrows
in Fig. 2(b)] which leads to dissipation of energy that
is extracted from the tank circuit. This in turn leads to
a modulation of the quality factor Q of the tank circuit
and hence to a modulation of the rf voltage across the
tank circuit, which is periodic in ®, with a period of
@,. Sufficient coupling between SQUID and tank
circuit requires kQ” < 1 (x: coupling constant). For
fixed kQ?, the transfer coefficient scales with O,
Q'/2 and L~'/? [20]. Hence increasing w,; and Q
improves performance.

In contrast to the dc SQUID, the noise contribution
from the room-temperature preamplifier can be
substantial. Therefore the energy resolution ¢ depends
on thermal noise and on preamplifier noise [20]. Most
important, & scales as 1/ w,;, and the preamplifier
noise typically dominates for representative values of
LTS rf SQUIDs. However, raising the temperature
from 4.2K to 77 K, the preamplifier noise should not
increase very much, which makes HTS rf SQUIDs
quite attractive, particularly if w,, is raised up to the
GHz range, as has been done over the past few years.

In the nonhysteretic mode (f; <1) the junction
phase transitions are dispersive, and there is no noise
associated with flux jumps, as for the hysteretic case.
The transfer coefficient is modified by a factor
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Fig. 2. (a) The rf SQUID, (b) ®; vs. @ characteristic.

[iL\/KZQ as compared to the hysteretic mode [5],
resulting in substantially larger Vg if x?Q > 1.
Recently the performance of non-hysteretic rf
SQUIDs under the presence of large thermal
fluctuations has been investigated theoretically by
Chesca [21]. His analytic theory predicts & oc I' for
values of I' on the order of one and for values of
L/L,, Z 0.1. Hence for large T the rf SQUIDs appear
to be superior to dc SQUIDs, where &oc I'* is
expected for large I' (in the limit f;<1/m).
Secondly, Chesca finds optimum values 8, =1 if
I'<1land ff, = 1/Tif I > 1. For the latter case the
optimum inductance is approximately equal to
Lp=L,/n, which is approximately 100pH at
T=77K. This explains why optimum HTS rf
SQUIDs can be operated with larger inductances
than HTS dc SQUIDs, which may be a significant
advantage, particularly for magnetometers (section
2.3.1).

2.3. Input Circuits

The high sensitivity of SQUIDs can be used to
measure any physical quantity which can be con-
verted into magnetic flux via an appropriate input
circuit. Most SQUIDs, however, are used as magnet-
ometers or gradiometers. That is they are coupled to
input circuits which convert magnetic field or field
gradient into magnetic flux.

2.3.1. Magnetometers. The figure of merit for
magnetometer input circuits is the effective area
Aeﬂz(aB/Eﬁ(D)*l. The magnetic field resolution is
given as SBESq,/Afﬁc. Hence an obvious task is to
provide an input circuit that gives maximum increase
of A, while Sy, is kept as small as possible. For LTS
SQUIDs the standard approach is based on input
circuits fabricated with a well established low noise

thin film multilayer technology. The situation for HTS
SQUIDs however proved to be much more difficult,
since input circuits based on multilayer structures tend
to induce significant low frequency noise. Therefore a
variety of input structures based on both, single layer
and multilayer HTS films have been investigated
[Fig. 3].

The large washer SQUID [Fig. 3(a)] is based on the
flux focussing effect of the SQUID washer [22]. Its
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Fig. 3. Types of magnetometers: (a) large washer SQUID; (b)
directly-coupled magnetometer; (c) flux transformer coupled
SQUID; (d) multiloop SQUID.



effective area scales about linearly with inner hole
size and outer dimension of the washer. While large
washer SQUIDs have been used most successfully for
HTS rf SQUIDs, another single layer approach, the
directly-coupled magnetometer [Fig. 3(b)], is most
often used for dc SQUIDs. This design consists of a
large pickup loop of inductance L,, which is
connected to a large fraction o of the SQUID
inductance L. A magnetic field applied to the pickup
loop induces a screening current that is directly
injected into the SQUID body. However, the flux
coupling is quite inefficient since L, is typically much
larger than L. Matching between pickup loop
inductance and SQUID inductance is optimized by
using a flux transformer [23,24] with a large pick-up
loop connected to a multiturn spiral input coil of
inductance L; that is inductively coupled to a washer
SQUID [Fig. 3(c)]. The fabrication of a super-
conducting connection between the innermost turn
of the spiral input coil and the pickup loop requires a
thin film multilayer technique. For HTS magnet-
ometers most often the flux transformer is fabricated
on a separate chip and coupled to the SQUID in flip-
chip configuration. This allows to separate the critical
issues of optimizing SQUID performance, which is
mostly an issue of optimum junction parameters, from
optimizing the multilayer process with respect to low
1/f noise. A second multilayer magnetometer
approach uses the multiloop magnetometer
[25-27]. The basic idea is to connect N loops in
parallel, to reduce the inductance of the SQUID to an
acceptable level while the effective area is kept large
[Fig. 3(d)].

Single layer HTS magnetometers have been quite
successful at a time when multilayer HTS magnet-
ometers showed much higher noise levels at 1 Hz, due
to 1/f noise from vortex motion. Progress in the field
of multilayer magnetometers was strongly connected
to progress in film technology, which will be
discussed in section 3.

2.3.2. Gradiometers. Many applications require
the measurement of field gradients or the detection
of weak signals from localized sources against a large
background magnetic noise. If magnetic shielding is
not appropriate, gradiometers in various configura-
tions are used to measure first order gradients
(0B;/0x;;1,j = 1,2,3) and gradients of higher order.
Two basically different approaches exist. One may
either take the output of single magnetometers and use
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electronic or software subtraction. However this
approach demands a very large dynamic range and
slew rate [28], if strong disturbances are present.
Alternatively one can subtract the magnetic fields at
different locations directly in the pickup structure and
feed the difference signal to the SQUID. The latter is
the standard approach in LTS technology, based on
Niobium wire wound pickup loops, mounted on a
common axis to measure 0B,/0z or 0°B,/dz%. Such
axial gradiometer configurations are not feasible with
HTS technology, due to the lack of a suitable
superconducting wire. Therefore, HTS axial pickup
structures require electronic or software formation of
gradiometers. As an alternative, planar thin film
devices measure off-diagonal gradients e.g., 0B, /0x.
A drawback however is the relatively short baseline,
which is limited by the size of the substrate.

3. Thin Film Technology

The fabrication and micropatterning of thin films is a
basic prerequisite for the realization of sensitive
SQUIDs and proper input circuits. As mentioned in
the earlier sections, such a HTS thin film technology
faces severe problems, due to the specific nature of
these materials. Key requirements for the films are
high crystalline quality to provide good electrical
transport properties and efficient flux pinning. For the
preparation of multilayer structures it is essential to
achieve heteroepitaxial growth of superconducting
and insulating layers. Therefore these materials must
have comparable lattice constants and thermal-
expansion coefficients. They have to be chemically
compatible at the relatively high deposition tempera-
tures, and they must be deposited with sufficiently
smooth surfaces to allow subsequent layers to grow
with high structural and electrical integrity. Moreover,
ex-situ photolithographic patterning of the various
layers, that is between different deposition steps, has
to be performed without introducing a significant
deterioration in thin film properties, particularly at the
film surface and patterned edges.

Throughout the last decade, YBa,Cu;0;_s
(YBCO) with T, ~90K [29] has become the material
of choice for fabrication of practical HTS SQUIDs.
This is mainly due to the fact that its physical
properties and growth mechanisms are relatively well
understood and high-quality thin films can be grown
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epitaxially by a variety of deposition techniques on a
number of substrate materials. Most important, only
c-axis oriented YBCO films have been shown to
provide sufficiently low levels of 1/f noise. Among a
wide variety of suitable substrate materials [30], (100)
SrTiO; and LaAlO; are the most widely used.
However the large dielectric constant of SrTiO;
(STO) can lead to parasitic resonances and adds a
significant stray capacitance to the junction capaci-
tance C, which can drive the junctions into the
hysteretic limit, particularly if [,R is high.
Furthermore its high dielectric losses prevents STO
from being used for high Q superconducting
resonators for rf SQUIDs. LaAlO; undergoes a
phase transition upon cooling to room temperature,
which makes this material not suitable for multilayer
patterning, since the twinning associated with the
phase transition causes displacements in micropat-
terned structures. Hence, the ideal substrate material
for HT'S SQUID fabrication has not been found yet.

3.1. Thin Film Deposition and Properties

Various techniques have been used to deposit YBCO
films [31,32], however the most commonly used for
SQUID fabrication are pulsed laser deposition and
magnetron sputtering. The c-axis films usually 100-
200nm thick are typically grown in an oxygen
depleted, tetragonal phase at substrate temperatures
T,~700 — 800°C in 0.1-1mbar O,, and formation of
the superconducting, fully oxygenated, orthorhombic
phase occurs during cooling to room temperature in
0.5-1 atm O,. Smooth YBCO films with rms rough-
ness around 1 nm can be obtained, and critical current
densities at 77K of up to 6 x 10°Acm ~? are two
orders of magnitude higher than in high-quality
YBCO single crystals. This indicates that a high
density of defects, which provide strong pinning sites,
must be present. However, it is not known yet what
kind of defects act as effective pinning sites and how
formation of these defects can be controlled.

Metallization of Au or Ag contact pads is usually
done by thermal evaporation, electron-beam evapora-
tion, or sputtering with the substrate at room
temperature. A low metal/YBCO contact resistance
(<107°Qcm?) can be achieved if the metal layer is
deposited either in-situ or after only a brief exposure
to air [33].

3.2. Patterning

Patterning the thin films to form linewidths on a
micrometer or even submicron scale is essential for
the realization of SQUIDs and input circuits. Key
issues are on the one hand the possible degradation of
the film surface which is detrimental to epitaxial
multilayer growth, and on the other hand the quality
and shape of the patterned edges. The latter
significantly influences the subsequent growth of
films over these edges and controls vortex entry into
the film, which e.g., has impact on hysteresis in
SQUIDs and on 1/f noise. Contact of YBCO with
water or water-soluble chemicals degrades the super-
conducting properties and has to be avoided. The use
of dry etching methods in vacuum can lead to a
significant heating of the sample and thus to oxygen
loss at the edges. Given these limitations, however, a
number of techniques have been used to pattern
YBCO films [32,34].

Conventional photolithography, combined with
Argon ion-beam etching (IBE) has emerged as the
most widely used technique for patterning YBCO
SQUIDs and input circuits. Sometimes special masks
are used if edge definition is crucial, as e.g., for the
fabrication of step-edge and ramp-edge junctions (see
section 4) and for patterning submicrometer structures
[35,26]. To minimize damage to the YBCO, one
restricts the beam energy and current density to below
500eV and 1 mA/cm? respectively. Oxygen loss of
the film due to excessive heating can be avoided by
using a water or liquid nitrogen cooled sample stage.
The impact of ion-beam voltage, current density and
sample cooling on the critical current density in
narrow linewidth structures has been studied system-
atically [37], and it has been shown that for high-
quality, c-axis YBCO films, the edges are damaged
over a length of much less than 1 um. Reactive ion
etching (RIE), a standard technique wused for
patterning semiconductor or LTS thin films, has
basic advantages, as high etching rates and large
selectivity, which may improve edge definition.
Unfortunately, such a process has not yet been
shown to work successfully for HTS thin film
patterning [37].

3.3. Multilayer Processing

The fabrication of proper input circuits for SQUIDs
requires subsequent deposition and photolithographic



patterning of various superconducting and insulating
layers to form superconducting interconnects (vias)
and crossovers. Key requirements are epitaxial growth
throughout all layers, particularly over patterned
edges and full oxygenation of the lower films.

Following the pioneering work by Kingston et al.
[38] many groups developed such a technology for
HTS thin films, initially using shadow masks and later
on photolithographic processing with chemical wet
etching or ion beam etching Although integrated
integrated magnetometers with up to 15 epitaxial
layers have been made [39], it is difficult to maintain
high crystalline quality throughout so many layers as
is required for high yield and low levels of 1/f noise.
Thus, most work has been confined to trilayers based
on YBCO/insulator/YBCO films. The most widely
used insulator is STO. As an alternative to insulating
materials, PrBa,Cu;0,_s; (PBCO) has been used in
the fabrication of multiturn flux transformers [40].

Standard characterization of multilayer structures
includes electrical transport measurements of 7. and
J. of all YBCO layers and of vias and crossovers, as
well as measuring the resistivity across the insulating
film. Quite early, operation of the basic components at
77K has been demonstrated, including working flux
transformers. However, progress in performance of
Josephson junctions and low noise dc SQUIDs made
evident that 1/f noise in multilayer structures is a key
issue [41], which in fact limited the performance of
most multilayer devices until today.

Subsequently, improved processes were developed
to fabricate most of the low-noise multilayer
magnetometers mentioned in section 5. Each layer is
usually patterned with Argon IBE at a high angle of
incidence to obtain gently sloped edges on the lower
layers, essential for the epitaxial growth of subsequent
layers. Protection of the surface of the lower YBCO
film against degradation from photoresist is achieved
by deposition of an in-situ STO layer (cap layer).
Alternatively, a brief Ar ion beam etch has been used
to clean the surfaces before the deposition of the next
layer. The improved integrity of the insulator however
inhibits the necessary oxygen diffusion and sufficient
oxygenation of the lower YBCO film, which results in
reduced T,.. Hence, re-oxygenation of the lower
YBCO film requires either annealing in an oxygen
plasma rather than in molecular O,, or a considerable
increase in the annealing time. With the improved
process described above, critical current densities up
to 3 x 10°Acm 2 for crossovers [42] and above
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1 x 10° Acm ~ 2 for vias [40,43] have been achieved
at 77K. For more details on HTS multilayer
processing see [5] and references therein.

34. 1/f Noise in YBCO Films

The main requirement for YBCO films used in
SQUIDs is a low level of magnetic flux noise
generated by vortex motion. Therefore, optimization
of the deposition processes described above requires
detailed knowledge of the flux noise generated in each
superconducting layer. Measurements of the critical
current density j. give only limited information on
pinning energies since they are performed with strong
driving forces applied by currents and since only the
crossection of the smallest critical current in a test
structure is detected.

In contrast, flux noise measurements performed in
weak magnetic fields (below 10~ *T) probe directly
pinning energies. This kind of measurements have
been pioneered by Ferrari et al. [44-47], who studied
the flux noise in high-7, thin films and single crystals
(at variable temperature) by measuring their fluctu-
ating magnetization with a sensitive LTS dc SQUID
operated at 4.2 K. From this work it is known that 1/f
flux noise decreases dramatically with improved
crystalline quality of YBCO films. For example, for
a polycrystalline YBCO film a flux noise power of
3x107*®j/Hz at 1Hz and 40K was found [44],
whereas values below 10~'°®3/Hz at 1 Hz and 77K
were obtained for high-quality epitaxial YBCO films
[48].

Subsequently, the availability of HTS dc SQUIDs
with low levels of 1/f noise allowed the measurement
of the flux noise of HTS films in LN, more
straightforwardly by mounting them directly on such
a SQUID [42,49,50]. This kind of measurements
provided important feedback for optimization of a low
noise HTS multilayer technology and resulted in
improved low frequency performance of HTS multi-
layer magnetometers [51].

4. Josephson Junctions

The reliable fabrication of Josephson junctions with
reproducible parameters is essential for the fabrication
and optimization of sensitive SQUIDs. Unfortunately,
in contrast to the Nb/Al,O;/Nb trilayer technology for
LTS junctions [52], such a HTS technology does not
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yet exist. Major problems are created by the
requirement for epitaxial growth, which limits the
choice of materials and processing techniques.
Second, in contrast to Nb, the superconducting
coherence length ¢ in HTS materials is both short
and highly anisotropic, typically 2 nm in the ab-plane
and 0.2nm in the c-axis direction. Hence the
properties of high-7, materials depend strongly on
structural and chemical changes on atomic length
scales. A strong reduction of the /)R product due to
the suppression of the superconducting order para-
meter at the superconductor-barrier interface can only
be avoided if the superconducting electrodes have
perfect crystallinity, and if a well-defined interface
can be obtained within a single unit cell. Third, it is
extremely difficult to fabricate a well-defined barrier
with high crystalline quality and homogeneity. Many
of the possible barrier materials like PBCO are oxides
close to a metal-insulator transition with complex
crystal structure and a strong sensitivity to defects on
an atomic length scale. As a result transport across
these barriers is highly dependent on microstructural
imperfections in the barrier and at the interface with
the electrodes.

A wide variety of HTS Josephson junctions have
been used to fabricate SQUIDs. They fall into three
different classes [53]: junctions with intrinsic inter-
faces (grain boundaries), extrinsic interfaces
(extrinsic barriers) and without interfaces (weakened
structures). For more details and references on
fabrication and properties of HT'S Josephson junctions
see [5,53,54].

4.1. Grain Boundary Junctions

This new class of Josephson junctions has no analog
in low-T, superconductors. It is based on the strong
anisotropy of the high-7, cuprates and involves weak
coupling between two superconducting grains with
different orientations, in the so-called grain boundary
junctions (GBJs) [55,56]. In fact, the first HTS dc
SQUIDs were fabricated with naturally occuring grain
boundaries in polycrystalline YBCO films [57].
Subsequently, three types of engineered GBJs were
developed: bicrystal, step-edge and bi-epitaxial GBJs
[Fig. 4(a)—(c)].

4.1.1. Bicrystal Grain Boundary Junctions. The
development of a useful high-7,. Josephson junction
technology and the understanding of transport across
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Fig. 4. Schematic view of various types of HTS Josephson
junctions.

grain boundaries was pioneered by the work on
bicrystal GBJs at IBM, Yorktown Heights [58]. A
bicrystal GBJ is fabricated by the epitaxial growth of a
high-T.. thin film on a bicrystal substrate with a pre-
determined misorientation angle 6 [Fig. 4(a)]. In
contrast to other GBJ fabrication techniques (see
below), this method can be used to obtain arbitrary
misorientation angles and geometries [59], enabling a
systematic study of transport across high-T,. grain
boundaries. The grain boundary is formed along a
straight line running across the substrate. Hence, this
technique is appropriate for SQUIDs or for other
applications which do not require many junctions at
arbitrary position on a chip. Given a well defined grain
boundary in a bicrystal substrate, the fabrication
technology for this junction type is the most reliable
and successful currently available.

Bicrystal junctions exhibit characteristics close to
the RSJ-model provided 0 exceeds a critical value,
about 10° for YBCO [59,55]. The critical current
density j. for YBCO junctions decreases exponen-
tially with increasing 0 [60,61]. This behavior has
been explained with an increase of the barrier



thickness with increasing 6. Particularly at large
misorientation angles (approaching 45°) the faceting
of the grain boundary combined with d-wave pairing
symmetry is expected to give a further contribution to
the suppression of j. with 0 [62]. For fixed 0, the
critical current density can be changed by more than
one order of magnitude by appropriate annealing in
oxygen [63], implying that the barrier thickness or
height depends on oxygen content. Most SQUIDs
have been made from YBCO films on 24° or 36° STO
bicrystals. With 0 =24° their IR product is typically
0.1 —0.3mV at 77 K, corresponding to j. ~ 10*A/cm”.
Although standard deviations in j,. and IR of around
20% have been reported for junctions on a given
bicrystal [41,64], the parameters often vary much
more widely because of variations in the quality of the
bicrystal substrate.

4.1.2. Step-edge Grain Boundary Junctions. If an
epitaxial c-axis YBCO film is grown over a steep step
in the substrate or deposited film it changes its
orientation at the step, which results in the formation
of at least two grain boundaries at the lower and upper
edge of the step [Fig. 4(b)]. After this technique had
been introduced [65] it was subsequently refined by
several groups and is now used for fabrication of
practical devices. Common substrate materials are
STO and LaAlOj;. For large step angles (« > 70°) the
weak link behavior is determined solely by the lower
grain boundary [66]. The substrate steps are usually
patterned by lithography and Ar ion milling. Hence,
their location can be chosen at will, which gives more
freedom in circuit design as compared to the bicrystal
technique. However, the properties of step-edge
junctions depend strongly on the microstructure of
the milled step and on the film growth conditions.
Therefore a well controlled edge definition and film
growth is essential for this process. Similarly to the
bicrystal GBJs, it is possible to trim the junction
parameters by an appropriate annealing process [67].
I,R products are similar to those obtained with
bicrystal GBJs.

4.1.3. Bi-epitaxial Grain Boundary Junctions. The
45° in-plane rotation of an epitaxially grown MgO-
film on r-plane Sapphire or of a CeO, — film on STO
has been used to fabricate asymmetric 45° GBJs with
a photographically defined grain boundary [68]. The
structure consists of a patterned seed layer and a
buffer layer on top of which the HTS film is deposited
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[Fig. 4(c); buffer layer not shown]. The absence of
topological limitations and the freedom to design
grain boundaries of arbitrary shape and at arbitrary
locations are appealing. However, the large misor-
ientation angle results in very low I,R products, and
the spread in the parameters is high, most likely due to
inhomogeneities and defects introduced by the edge
definition of the seed layer.

4.2. Extrinsic Barrier Junctions

This class of junctions involves a thin deposited
interlayer between two superconducting electrodes.
Hence extrinsic interfaces are involved, and the
control of their properties requires an advanced
fabrication technology.

4.2.1. Step-edge-SNS Junctions. The step-edge
SNS junction [Fig. 4(d)] is fabricated by cutting a
steep step in the substrate, using photolithography and
Ar ion milling [69]. Directional deposition of a high-
T, film leads to formation of a gap at the step. This is
filled in-situ by directional deposition of Au or Ag,
making contact to the a-b planes of the high-T,. films.
Very high IR products, up to I mV at 77K, and high
normal resistance, above 10Q for 4-8 ym width, have
been reported. However quite often the IVCs show
significant deviations from the RSJ-model, and
transport and noise properties are still unsettled
issues. The major problem appears to be the lack of
control of the interface properties which determine R
and are most likely responsible for the large spreads in
1. These difficulties have hindered the application of
this type of junction to SQUIDs.

4.2.2. Ramp-edge Josephson Junctions. Ramp-
edge junctions [Fig. 4(e)] require the fabrication of
an epitaxial trilayer with two superconducting
electrodes separated by a thin barrier layer [70].
Current transport is along the a-b planes of the c-axis
oriented electrode films, taking advantage of the
larger coherence length along this direction.
Fabrication starts with deposition of a insulator-on-
YBCO bi-layer, which is patterned to form a ramp
with a shallow angle (typically 10° to 20°) using ion
milling or anisotropic wet etching. Finally, the barrier
material, (e.g., doped YBCO, PBCO or STO) and top
electrode are deposited in-situ. A key requirement is
the fabrication of a lower electrode with a smooth
ramp-edge of excellent crystalline quality to support
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the growth of a thin, homogenous barrier. Thus, any
damage caused by milling the ramp or by its exposure
to air has to be healed prior to deposition of the
barrier. Alternatively to the deposition of a thin
barrier, the surface of the ramp can be modified by ion
milling or an in-situ plasma treatment, which leads to
formation of a thin layer of a non-superconducting
phase of YBCO [71].

The transport mechanism can be of various types,
like proximity effect coupling for junctions with low
or negligible interface resistance, or transport via
tunneling through localized states in the barrier or
interface. Quasi-planar junctions with PBC(Ga)O
barriers that exhibited negligible interface resistance
have been fabricated using bromine etching [72].
IVCs of these junctions were close to the RSJ-model
with )R ~200mV and R ~ 1Q at 77K, which is
appropriate for SQUIDs.

4.3. Weak Links

This class of junctions [Fig. 4(f )—(h)] involves either a
narrow constriction, such as a planar nanobridge or a
c-axis microbridge, or a weakened structure, in which
the superconducting properties of a thin film are
locally degraded after its deposition. These junction
types generally show much larger deviations from the
RSJ-behavior than the ones discussed above, and
transport and noise properties are not very well
understood. Although SQUID operation has been
presented with most of these junctions, only the weak
links created by oxygen ion irradiation [73] were used
to fabricate practical devices; but no systematic data
on transport and noise have been reported. Therefore
this class of junctions will not be discussed here in
more detail.

To conclude this section on junctions, it should be
noted that many high-7, junctions show RSJ-like
IVCs, however significant deviations are frequently
observed. Furthermore GBJs and junctions with
artificial barriers show a scaling I,R oc j¥ (p~0.5)
over seven orders of magnitude in j., and fluctuations
in I, and R induce large levels of 1/f noise in most
junction types [53]. The universal scaling of [,R is
probably the most important feature of high-T,
junctions because it may be the key to understanding
their transport and noise properties and offers the
possibility of adjusting important junction parameters
for optimum SQUID performance. The fact that both
GBIJs and junctions with artificial barriers have the

same scaling suggests a common transport
mechanism governed by thin interface layers.
However, the details of this mechanism are still
controversial [5,53].

5. Practical Devices
5.1. Practical dc SQUIDs

Most dc SQUIDs are fabricated in a square washer
design, which allows coupling to a flux transformer, to
form a magnetometer or gradiometer. A selection of
washer designs on bicrystal substrates made at UC
Berkeley is shown in Fig. 5. The designs differ in the
location of the Josephson junctions which modifies
the SQUID inductance and the effective area [74]. For
a typical outer dimension of 500 um and L =40pH,
the type A/C gives the largest A, However, the grain
boundary line intersects most of the washer, which
can induce large 1/f noise due to vortex motion along
this line, particularly if the device is cooled in the
ambient magnetic field.

In most cases the SQUIDs are immersed in LN,,
and to measure their intrinsic noise they are
surrounded by magnetic shields to greatly attenuate
the ambient field. Additionally HTS shields have been
used to provide even greater attenuation of time-
varying fields. For almost all applications the SQUIDs
are operated in a flux-locked loop (FLL), in which the
voltage change across the SQUID induced by an
applied flux is amplified and fed back as an opposing
flux. The FLL linearizes the SQUID response,
provides a straightforward means of measuring the
intrinsic SQUID noise, and allows to track inputs
equivalent to many flux quanta. Due to large I,-
fluctuations of almost all types of HTS Josephson
junctions, it is essential to use appropriate electronic
read-out schemes (bias reversal) to cancel their
contribution to 1/f noise. For details on readout
schemes see [5,28].

Very low levels of mms flux noise
Sllb/ P~ 1.4,u(I)0Hz’1/ 2 and energy  resolution
£~2x 1073'J/Hz have been achieved at 77K in the
white noise limit [75-77]. More typical values are a
few u®yHz~'/? and 10 ~ ** J/Hz which extend down to
about 1Hz if the SQUIDs are operated with bias
reversal. A typical noise spectrum for a YBCO
bicrystal dc SQUID is shown in Fig. 6. Except for a
few cases [77] the experimental values for ¢ are



type C

type A

grain boundary

Fig. 5. Design of dc SQUID washers.

typically an order of magnitude above the theoretical
predictions [5], which is not yet understood. However
this sensitivity is still very adequate for applications if
it can be maintained for SQUIDs coupled to proper
input circuits.

The 1/f noise power in unpatterned films and in
washer SQUIDs increases linearly with cooling field,
due to the penetration of vortices during cooling
through T, [47,78]. Therefore it is essential that for
operation of SQUIDs in unshielded environment one
either effectively pins the flux vortices or eliminates
their presence in the film. The latter approach has
been taken by Dantsker et al. [79,80], who fabricated
slotted SQUIDs as the one shown in Fig. 5. For a film
of width w cooled in a perpendicular field B,
penetration of vortices is energetically unfavorable
if w < (n®,/4B,)"/* [81]. For a slotted SQUID with
w =4 um the 1/fnoise at 1 Hz started to increase for a
cooling field around 130 uT, which is roughly a factor
of two above the earth magnetic field. Large changes
in magnetic field while the SQUIDs are operated

static bias

£ (J/Hz)

bias reversal 110

10° 10" 10* 10° 10°
frequency (Hz)

Fig. 6. Energy resolution and spectral density of flux noise of a
bicrystal dc SQUID operated at 77K with flux modulation and
bias reversal [5].
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type A/C type A/A slotted SQUID

below T, e.g., if the SQUIDs are rotated in the
ambient magnetic field, can also induce a significant
increase in low frequency noise and hysteresis [5].

For 500 um washer SQUIDs, A, is on the order of
107 %m> As a consequence, a flux noise of a few
,u(DOHZ’l/ 2 corresponds to a magnetic field resolution
around 1 pT Hz~ "2, which is not adequate for many
applications. Various schemes for improvement of Sg,
as discussed in section 2.3.1 have been realized. A
selection of devices is shown in Fig. 7.

Directly-coupled magnetometers based on YBCO
dc SQUIDs with bicrystal GBJs [Fig. 7(a)] have been
the first devices which achieved magnetic field
resolutions below 100fTHz ' at frequencies as
low as 1 Hz and T="77 K [82]. Subsequent optimiza-
tion of the SQUID parameters and reduction of the
large mismatch between L, and L lead to Sllg/ *x (20~
40)fTHz~'/? in the white noise limit for devices on
lcm? substrates [83-85]. At f=1Hz the noise
increased slightly to about (60-70)fTHz "2 if the
SQUIDs were operated with bias reversal. This simple
single layer approach, which adds only small or
negligible excess low frequency noise (at 1 Hz), has
also been extended to the use of single layer flux
transformers. Such a transformer consists of a very
large pickup loop and a single turn input coil, which is
coupled to the pickup loop of a directly-coupled
magnetometer in a flip chip arrangement. With a
transformer fabricated on a 2 inch waver
S;/Z(IHZ) = 39fTHz /> has been achieved [49].
Furthermore, the direct coupling scheme offers the
advantage to easily implement narrow linewidth
SQUIDs. In principle, cooling such devices in the
ambient magnetic field should not add significant
excess low frequency noise. This makes this single
layer magnetometer approach quite appealing, parti-
cularly for geophysical applications, where magnetic
shielding is not possible, but large pickup areas can be
tolerated.
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Fig. 7. Photographs of dc SQUID magnetometers made at UC Berkeley: (a) 20pH washer SQUID—part of directly-coupled
magnetometer; (b) washer SQUID (bottom layer) with spiral input coil (upper layer) integrated on the same chip; (c) multiloop SQUID

[87]. Arrows indicate connection to pickup loop.

The coupling of input signals to a SQUID is
efficiently improved if a flux transformer with a
multiturn input coil is used. Effective areas of such
HTS devices on 1cm? chips are around (1-2)mm?,
which is an order of magnitude above A, for typical
direct coupled magnetometers. The first flip-chip
magnetometer with a low noise bicrystal dc SQUID
achieved a magnetic field resolution below
40fTHz ~ "2 in the white noise limit. However large
excess 1/fnoise from the flux transformer deteriorated
its performance strongly to a level of 1.7 pT Hz ~ "/ at
1 Hz [41]. Subsequently the refinement of the HTS
multilayer technology lead to a dramatic improve-
ment in the low frequency performance of this type of
magnetometers. Together with further optimization of
the performance of bare SQUIDs and of the inductive
coupling between transformer and SQUID this lead to
low levels of magnetic field noise at 77K:
85fTHz "2 in the white noise limit and
27fTHz ~ "? at 1 Hz [51], for the best device reported
so far. Integration of SQUID and flux transformer on
the same chip [Fig. 7(b)] has also been achieved with
a similarly low level of magnetic field noise in the
white noise limit [86]. The integration of SQUID and
flux transformer may eventually lead to improved
coupling, however up to now there is no clear
experimental evidence for this assumption [50].
Apart from frequently observed resonances in these
structures, which have not been reported for flip chip
magnetometers, and which are well known from LTS
magnetometers to degrade the SQUID performance
[20], a major drawback of integrated HTS magnet-
ometers is the low yield of fabricating high
performance devices. This also holds for the other

type of integrated magnetometer, the multiloop
SQUID [Fig. 7(c)]. A device based on bicrystal
GBJs with 16 loops in parallel, with an outer diameter
of 7mm had an estimated inductance of 145 pH and
an effective area of 1.9mm?. Despite its relatively
large inductance, the almost optimum junction
parameters for this device lead to a low level of
white flux noise and a magnetic field resolution of
18 fTHz ~ "% at 1kHz and 37 fTHz ™ " at 1 Hz [87].

5.2. Practical rf SQUIDs

During the past few years the performance of HTS
rf SQUIDs improved impressively (for details see
Ref. [5] and references therein). Major contributions
to this field were made by the group at the
Forschungszentrum (FZ) Jiilich, who replaced the
standard design of the tank circuits, based on lumped
elements, by high Q microwave resonator structures.
This step allowed an increase of the rf pump
frequency up to about 1 GHz, with a concomitant
increase in transfer function and reduction in flux
noise. Similarly to dc SQUIDs, the rf SQUIDs are also
operated in a FLL. Most devices operate in the non-
hysteretic mode and are based on single layer, large
washer rf SQUIDs [see Fig. 3(a)] with step-edge
GBJs. The SQUID inductance is typically within 100-
300 pH, which is much higher than for optimized dc
SQUIDs. The junction parameters are usually
trimmed until ﬂlzl, which results in very small
critical currents. Although not known precisely, it is
expected that I is close to unity. Hence, these devices
are operated in the limit of large thermal fluctuations,
which is described by the theory of Chesca [21].



In one of the most recent designs a large washer
SQUID (typically 3mm in diameter) is inductively
coupled to a thin film flux concentrator, surrounded by
a coplanar resonator [Fig. 8(a)]. A 260 pH SQUID
coupled to such a resonator with a 13 mm-diameter
flux concentrator had a white rms flux noise of
8.5 ,uCDOHZ’I/ 2, corresponding to an energy resolution
of 6 x 10~ *'J/Hz and magnetic field resolution of
16fTHz ' at a pump frequency of 650 MHz and
T=77K [88]. The noise at 1Hz however was
substantially higher, about 100fTHz ™ '/2, most
likely due to vortex motion in the washer or flux
concentrator. An important step towards even better
sensitivity involves the use of a multilayer flux
transformer [Fig. 8(b)]. This design integrates a
planar superconducting flux transformer and a
planar resonator on one chip. The flux transformer
consists of the outer rectangular pickup loop and a
multiturn input coil, similarly to flux transformers
used for dc SQUIDs. The transformer couples the low
frequency signal to one half of a two-hole rf SQUID
[Fig. 8(c)]. Inside the pickup loop, separated by an rf
shielding ring, a labyrinth resonator couples the rf
signal to the second half of the two-hole SQUID via a
single turn rf input coil. The separation between low-
frequency and rf currents allows to maintain a high Q
factor. For a device fabricated on a 1 cm? substrate and
coupled to a two-hole rf SQUID in a flip-chip
arrangement, a magnetic field noise of 11fTHz ™ 172
has been achieved in the white noise limit [89].
However, the low frequency noise of this device was
substantial and most likely arose from vortex motion
in the flux transformer.

(@) (b)
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5.3. Practical Gradiometers

Various gradiometer configurations have been rea-
lized with HTS SQUIDs. These include axial
gradiometers, based on large washer rf SQUIDs
with electronic subtraction and planar, off-diagonal
gradiometers based on both, multilayer and single
layer devices. The latter used either large washer two-
hole SQUIDs or the direct-coupling scheme and were
sometimes coupled to large single layer gradiometric
flux transformers to increase their baseline. Due to the
short baseline of the planar off-diagonal gradiometers,
their gradient sensitivity may not be adequate for
biomagnetic applications, however they have been
shown to be useful for applications in nondestructive
testing (section 6.2). For more details and references
see [5]

6. Applications

The steady improvement in sensitivity of HTS
SQUIDs opened up a wide field of possible
applications. In most cases the bare sensors, or HTS
SQUIDs integrated in prototype systems have been
used to demonstrate their feasibility for various
applications.

6.1. Biomagnetism

Biomagnetic applications of SQUIDs have been
focused on magnetoencephalography (MEG) and
magnetocardiology (MCG) to detect signals from

Labyrinth
Resonator
Shielding Ring
rf Input Coil
r'y (C)

/ %QUID
dc

Pickup Loop Input Coil

Fig. 8. Layouts for input coupling to rf SQUIDs: (a) flux concentrator with coplanar resonator [88]; (b) flux transformer for two-hole rf

SQUID and (c) two hole rf SQUID [89].
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the human brain and heart, respectively. MEG
demands a magnetic field resolution of a few
fTHz ~ /% at frequencies down to about 1Hz. Most
commercial LTS SQUIDs are used in multichannel
systems for this application; some of them with more
than 100 channels. Although neuromagnetic measure-
ments, e.g., of signals from the central and peripheral
nervous system with 100 fT amplitudes [86,90] have
been demonstrated with HTS SQUIDs, their sensi-
tivity appears not yet to be sufficient for most
applications in MEG. On the other hand, MCG
requires typically field resolutions of some tens of
fTHz ~"? in the same frequency range. Therefore
most biomagnetic measurements with HTS SQUIDs
focused on this application.

Figure 9 shows a real-time trace of an MCG
measured in a magnetically shielded room with the
most sensitive integrated HTS dc SQUID magnet-
ometer (Sy/*(1kHz) = 10fTHz-1/2 and 53 fTHz ~ '/
at 1 Hz) [86] fabricated to date. The signal-to-noise
ratio of 130 for the R-peak is acceptable for low-T,
MCQG systems. An important point is that HTS devices
may be somewhat less sensitive than LTS devices
since they gain in signal-to-noise ratio due to the
possible operation at a smaller source-to-sensor
distance [91]. Multichannel systems which allow
spatial field mapping have also been fabricated with
HTS SQUIDs, with up to 32 sensors [92]. However
the magnetic field resolution of their large washer
SQUIDs was about an order of magnitude above the
values required for useful MCGs.

The advantage of relaxed cryogenic requirements
for HTS SQUID systems will probably not result into

significantly reduced costs of a MEG system, unless
the expensive magnetic shielding can be avoided.
Although 2™ order electronic gradiometers have been
used to record good quality MCG without shielding
[93], unshielded multi-channel systems still operate at
noise levels clearly above 100fTHz ™~ 12 However,
significant progress in this field is still possible.

6.2. Nondestructive Evaluation

Nondestructive evaluation (NDE) is an important
technique for materials inspection in highly safety
relevant areas, such as testing of aircraft components,
or reinforcing rods in concrete structures. The
requirement for magnetic field resolution is clearly
relaxed as compared to biomagnetic applications.
Furthermore, LN, cooling allows fabrication of
smaller and less expensive systems as compared to
LHe cooling, and even commercial cryocoolers have
been successfully employed in HTS systems for NDE
applications [94,95].

In eddy-current imaging, a widely used technique
to detect subsurface cracks in metallic structures [96],
the perturbation of field induced eddy currents by
structural defects causes a distortion of the magnetic
field to be measured. Detection of deep lying defects
requires low frequency operation. Hence, the high
dynamic range and the flat frequency response of
SQUID systems leads to a significant advantage over
conventionally used induction coils. Eddy current
detection with HTS rf SQUIDs has been successfully
demonstrated in an aircraft hangar to detect cracks in
aircraft felloes [97,98], as shown in Fig. 10. The
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Fig. 9. Real-time trace of magnetocardiogram recorded with integrated HTS dc SQUID magnetometer in a magnetically shielded room

(bandwidth: 0.016-200 Hz; no power line filters) [86].
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Fig. 10. SQUID signal track recorded in one rotation of Airbus
wheel with artificial inner flaws [98].

periodic structure is in part due to the presence of the
ferromagnetic steel bars (keys). The signals from
cracks, which penetrate 25% and 65% of the wall
thickness are clearly visible. The smaller crack lies
beyond the detection limit of conventional low
frequency eddy current devices.

Another SQUID NDE technique is based on the
detection of magnetic fields generated by magnetized
particles or components in the devices under test. An
important HTS SQUID application of this type has
been already established on the NDE market: Using a
second order electronic rf SQUID gradiometer [93],
ferrous inclusions in disks of turbine engine rotors are
detected [99]. If the density of such inclusions
induced by the manufacturing process exceeds a
critical value, they can lead to failure of the aircraft
engine.

6.3. Scanning SQUID Microscopy

The combination of high sensitivity to magnetic flux
or field and high spatial resolution is combined in
scanning SQUID microscopy. HTS SQUID micro-
scopes have been built for imaging at 77 K or at room
temperature [100,101]. The spatial resolution is given
by the size of the pickup structure, typically on the
order of 10 um or by the SQUID-to-sample distance,
as small as a few um for cooled samples and typically
on the order of 50-100 u for warm samples. These
systems have been applied to eddy current micro-
scopy (f=1kHz—1MHz) [102], rf microscopy
(f=1MHz-1GHz) and microwave microscopy
above 1GHz [103]. For one system a SQUID-to-
sample distance as low as 15 um has been achieved
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with a 3pum thin SiNi, window, separating the
sample at room temperature from the SQUID which
is placed on a cold finger in vacuum [101]. A novel
application of this microscope, in which the sample is
held fixed, is the detection of flux noise from the
motion of magnetotactic bacteria with a magnetic
moment of about 5x107'°Acm® for a single
bacterium. Possible measurements include the
dynamics of living bacteria [104], the effects of an
applied magnetic field, and the migration of bacteria
through porous media.

6.4. Geophysics

Liquid Helium cooled SQUIDs have been demon-
strated to be useful for a variety of geophysical
applications, like magnetotellurics (MT), controlled
source electromagnetics (CSEM) or transient electro-
magnetics (TEM) and cross-borehole sounding [105].
The introduction of LN, cooled SQUIDs is expected
to have a major impact on geophysical SQUID
applications, due to the possible reduction in system
size and significant increase in cryogenic hold time,
which is of great importance for operation in remote
areas. Most applications require the use of an
orthogonal set of three magnetometers. A HTS
version of such a 3-axis magnetometer has been
built with directly-coupled dc SQUID magnetometers
and was operated with sufficient slew rate for use in
the ambient field [106]. A German consortium
developed 3-axis HTS rf SQUID magnetometers for
TEM and showed its applicability in various field tests
[107,108]. The comparison with a commercial
induction coil system showed a superior signal-to-
noise ratio for the HTS SQUID system. If such
unshielded systems achieve low levels of magnetic
field resolution, on the order of some ten fTHz 172
down to low frequencies, possibly below 1Hz, they
are expected to be very competitive with the
conventional induction coil technique.

7. Conclusions

The progress in HTS thin film and Josephson junction
technology resulted in the demonstration of greatly
improved performance of YBCO SQUIDs and
SQUID based devices at a level which is already
quite adequate for some real-world applications.
However, a major problem, which still has to be
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solved, is the lack of a more reliable and reproducible
process for low noise thin film multilayer structures
and for well defined Josephson junctions. This
probably requires a much deeper understanding of
the complex interplay between processing parameters,
thin film microstructure and transport and noise
properties. On the other hand, much work still has
to be done to integrate HTS SQUIDs into systems
useful for applications and to demonstrate adequate
performance if the SQUIDs are operated in unshielded
or only moderately shield environment. Avoiding
expensive magnetic shielding will allow to take
advantage of the relaxed cryogenic requirements for
LN,-cooled SQUIDs, and this may eventually lead to
much more widespread applications of these devices.
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