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Abstract Direct Current Superconducting QUantum Interference Devices (dc
SQUIDs) are sensors for the detection of magnetic flux or any physical quantity that
can be transformed into magnetic flux. They consist of a superconducting loop
interrupted by two resistively shunted Josephson tunnel junctions. Typically
operated at 4.2 K, they exhibit magnetic flux noise levels of the order of 1 p®dy/
Hz'?, corresponding to a noise energy of 1072 J/Hz"?. They can be used for
example as magnetometers, magnetic gradiometers, current sensors and voltmeters,
susceptometers or (rf) amplifier. With their large bandwidth and flat frequency
response ranging from dc to GHz, they are excellent suited for a wide variety of
applications, such as e.g. biomagnetism and geophysical exploration to the detec-
tion of gravity waves and magnetic resonance.

1 Introduction

SQUIDs are today’s most sensitive devices for the detection of magnetic flux @.
They convert magnetic flux or any physical property that can be transformed into
magnetic flux, for example magnetic flux density B, into e.g. a voltage across the
device. The operation of SQUIDs is based on two physical phenomena: flux
quantization in a closed superconducting loop in units of the flux quantum
®, = h/2e = 2.07 x 10> Tm?, and Josephson tunneling.

Superconductivity represents a thermodynamic state—existing below a critical
temperature T—in which e.g. current is carried by pairs of electrons with opposite
momentum and spin, so-called Cooper pairs. For metallic low-temperature super-
conductors (LTS), like the most widely used Nb, T¢ is usually below 10 K. Low
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operation temperatures permit very sensitive measurements but require the use of
cryogenics. Although high-temperature superconductors (HTS) have relaxed
demands on the cooling system, we will restrict this overview to LTS devices due to
their lower intrinsic noise, higher reliability and the potential for an industrial-like
fabrication process. The general considerations remain the same for HTS devices.
Among the variety of SQUID types, we will focus on dc SQUIDs, since they
typically feature superior noise performance compared with rf SQUIDs and are
therefore of main significance nowadays.

In this chapter we will give an overview on SQUIDs, their operation principle
and design guidelines. We will describe fabrication techniques and comment on
associated SQUID electronics. Due to the limited space available, the emphasis is
on the understanding of such sensors in view of their practical applicability. For an
in-depth view on superconductivity and on its various effects, we refer to the
excellent textbooks available [1, 2]. Moreover, a number of books deal in much
greater detail with various research topics we can just briefly touch, and offer a
detailed view on theory as well as on the application of these devices [3—-6].

In Sect. 2 we will briefly review Josephson tunnel junctions as the most
important part of SQUIDs and describe basic effects and relations. In Sect. 3 we
will delineate how these devices are fabricated and operated. We comment on their
sensitivity limitations and how different types of SQUIDs are tailored to the
envisaged application. Section 4 review results achieved with state-of-the-art
devices aimed for a number of the mentioned applications, and in Sect. 5 we
provide some concluding remarks and an outlook.

2 SQUID Fundamentals

The dc SQUID, as first proposed by Jaklevic et al. in 1964 [7], consists of a
superconducting loop with inductance Lg, interrupted by two Josephson junctions.
Before discussing the operation principle of SQUIDs, we will briefly review
Josephson tunnel junctions and related basic effects.

2.1 Josephson Junctions

As described earlier, the current in a superconductor is carried by so-called Cooper
pairs. Since these pairs have zero spin, they follow boson statistics. As a conse-
quence, they all condense in the same quantum state and can be described by a
collective superconducting wave function ¥ = ¥, - exp(i¢), with ¢(x,t) being
the time and space dependent phase and ng = |¥|* the Cooper pair density.

If two superconductors are weakly connected, Cooper pairs can exchange
between them. There are different types of how these weak links or junctions can be
arranged. Probably the most important type and the one we will focus on is the
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so-called SIS Josephson tunnel junction, where a thin insulating barrier (I) is placed
between two superconductors (S). The current through the Josephson junction is
described by the first Josephson equation I = Ic sin(¢), with ¢ = ¢, — ¢, being
the phase difference across the junction [8]. Here I is the junction’s maximum
critical current which is determined by the thickness of the insulating barrier z,,, the
junction area Aj; and the operation temperature 7.

When the maximum critical current is exceeded, the phase difference across the
junction will evolve over time and a dc voltage across the junction appears. It is
described by the second Josephson equation [8]

op 2e 2n
—:—~V :—~V l
8t h DC (I)O DC» ( )

where h = 1.055 x 107* Js is the reduced Planck’s constant. Please note that
subsequently V represents the time averaged dc voltage over the junction. In fact the
Josephson current oscillates with the Josephson frequency 2nVp /@, when biased
with I > Ic.

A typical current-voltage characteristic of an undamped Josephson junction
exhibits a hysteresis, as shown in Fig. 1 (left). A measure for this hysteresis is the
McCumber parameter [9, 10]

2TtlcR2ij
Be = o, (2)
0

In order to avoid the hysteresis and therefore to obtain a single valued charac-
teristic depicted in the right panel of Fig. 1, an additional shunt resistor Ry is usually
placed across the junction to damp its dynamics, which is fulfilled for the condition
fc < 1. The dynamics of Josephson junctions are typically described in the
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Fig. 1 (Left) Current-voltage characteristics of an undamped and (Right) of a damped (shunted)
Josephson tunnel junction. The critical current of the junction I is about 10 pA, as indicated. For
large bias currents, the characteristic of the shunted junction converges into an ohmic behavior,
given by the shunt resistor value
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so-called RCSJ (resistively and capacitively shunted junction) model. Therein a real
Josephson junction is composed of an ideal one with additional resistance R and
capacitance C,; in parallel, describing the tunneling of normal electrons in the
voltage state and the displacement current over the capacitance between the two
superconducting electrodes, respectively.

Due to finite thermal energy at temperatures 7 > 0, the I-V characteristic of a
non-hysteretic junction is noise-rounded for currents of about I, as can be seen in
Fig. 1 (right). The ratio between thermal energy kg7 and Josephson coupling
energy E; = Ic®o/2m describes the strength of noise-rounding due to thermal noise
of the shunt resistor [11, 12] and is known as the noise parameter

N kBT o ZﬂkBT
T E; 1D

r 3)

Here, kg is Boltzmann’s constant. In LTS dc SQUIDs the influence due to
thermal noise-rounding is typically neglected for I' < 0.05.

2.2 dc SQUIDs

2.2.1 Operation Principle

As Cooper pairs can be described by a single valued wave function, the phase

difference A¢ along an arbitrary closed path T inside a superconductor has to be a
multiple of 2. Accordingly, the magnetic flux @ inside a superconductor can only
take integer values of the magnetic flux quantum ®,. The externally applied flux
®,,; to a superconducting loop is therefore compensated in units of @y by an
appropriate self-induced flux @ = Lgg - I due to a circulating shielding current
Icjye in the loop.

For the subsequent discussion, let us assume two identical junctions, each with
critical current I, which are arranged symmetrically in the SQUID loop, as illus-
trated in Fig. 2. If the SQUID is biased with a constant current Iz > 2I, the bias
current is equally divided between the two branches. As an external flux &,,, leads
to a circulating current to fulfil the flux quantization in the loop, the bias current in a
SQUID is redistributed in dependence of the external magnetic flux. For @,,, = n®,
no circulating screening current flows and the critical current of the SQUID is just
I = 2I, whereas ®,,, # n®, leads to a suppression of the critical current of the
SQUID. The critical current of a SQUID—or in case of a constant current bias the
voltage across the SQUID—hence modulates between the two extremal values
D, =ndy and @,,, = n®y/2 and has a periodic dependence on P,,, as shown in
Fig. 3. A measure for the suppression of the critical current of the SQUID is the
dimensionless screening parameter
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Fig. 2 Schematic of a dc SQUID with two Josephson junctions with SQUID inductance L,
critical currents I, junction capacitance Cj;, and resistance R. The external flux @,,,, coupled to
the SQUID loop, results in a circulating screening current /.., which modulates the measured
voltage V across the SQUID
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Fig. 3 (Left) Measured I-V characteristics of a SQUID for ®,,, ranging between ®,,, = n®, and
D, = (2n + 1)Py/2 and (Right) corresponding set of flux-voltage characteristics for bias currents
from 0 pA to 55 pA in steps of 1pA. The flux-voltage characteristics represent the projection of
the current-voltage characteristics for modulating external flux @, The kinks in the
current-voltage characteristics are due to resonances occurring in the SQUID, as will be discussed
later
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For 5, < 1 the current swing Al approaches 21, whereas for 5; > 1 it reduces
to zero.

The SQUID may be operated with constant current (so-called current bias) or
constant voltage (voltage bias). In current bias mode it is typically operated on the
steep part of the flux-voltage characteristics, where the transfer coefficient Vg = 9V/
99 is maximum. In the small signal limit (®,,, < @) it therefore converts an
external magnetic flux @,,,, or other physical quantities that can be transformed into
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Fig. 4 Typical flux noise "' T g T 5 T
spectrum of a dc SQUID
measured at 4.2 K.
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inductance of Ly, = 180 pH
and a normal resistance of
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magnetic flux, into a voltage across the SQUID. Since the external flux typically
exceeds the small signal limit, the SQUID is usually operated in a so-called
flux-locked-loop (FLL) feedback circuit, which will be discussed in the subsequent
Sect. 2.3.

2.2.2 Noise in dc SQUIDs—White and 1/f Noise

The noise in SQUIDs has two contributions: a frequency independent white and a
colored noise, which increases at low frequencies. The colored part of the spectrum
is called 1/f noise, too. A representative spectrum of flux noise' is shown in Fig. 4.
At 4.2 K typically Nyquist noise of the shunt resistors is the dominant source of
white noise. It has been shown [13] that for optimum conditions (f¢ = ff; =~ 1) the
power spectral density of voltage noise is given by

Sy (f) =~ 16kgTR, (5)
which is equivalent to a flux noise with spectral density
So(f) = Sv/Vg = 16kgTL, /R. (6)

Here, the approximation Vg = R/Lg, for the transfer coefficient is used. Please
note, that the measured noise is roughly four times the Nyquist noise due to mixing
down effects in the SQUID.

In order to compare SQUIDs with different inductances Lgg, one usually refers
to the equivalent energy resolution & = S¢/2Lgo—the energy of the signal equal to
the intrinsic noise energy in the unit bandwidth. For the optimum conditions above

"The equivalent flux noise S is given by the measured voltage noise S¥2 and the transfer function

Vo as S22 = SV V.
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one can rewrite these relations as a function of the SQUID inductance Lg, and
junction capacitance Cj; as

VSalf) =4- Ly, C))* - \/2ksT and (7)
6(f) = l6kBT\/LSQij. (8)

where we have set fc = f, = 1.

Typically, the white flux noise of LTS dc SQUIDs operated at 4.2 K is of the
order of 107® ®y/Hz'? and the energy resolution amounts to 1072 J/Hz"?, cor-
responding to several h, with h being Planck’s constant. For temperatures of about
0.3 K a noise energy of about 2h has been achieved for SQUIDs with
Lso =~ 100 pH [14]. For such a SQUID inductance the condition 5, = 1 results in a
junction’s critical current of about /- ~ 10 pA, which is a typical value for low
noise SQUIDs.

It is obvious from the relation above that the energy resolution can be improved
by reducing the SQUID inductance, the working temperature and the junction
capacitance.

However, for practically applicable sensors the coupling to an external signal
imposes a lower limit for the SQUID inductance. The effective flux capture area of
e.g. a square washer SQUID scales with the linear dimension of the washer hole,
which in turn is proportional to Lgy. Hence, there is a tradeoff between a small
inductance for a high energy resolution and a large inductance for a sufficiently
effective area and therefore for adequate coupling to external signals

The working temperature of LTS dc SQUID:s is typically fixed—either at 4.2 K
or even lower temperatures, determined by the measurement task and available
cooling devices. To further enhance the SQUID performance in terms of noise, the
total junction capacitance C;; and hence the junction size needs to be reduced,
which is typically limited by the used fabrication process. Furthermore, small area
junctions can take advantage of their low capacitance only if careful attention is also
been paid on the immediate surroundings of the junctions. An undesired parasitic
capacitance Cy;,, due to a nearby overlap of superconducting electrodes may affect
or even dominate the performance of superconducting devices. This requirement
will be discussed in more detail in Sect. 3.

In addition to the white noise discussed above, below a certain frequency fc,
known as the 1/f corner, the noise increases with 1/f*, where o ranges between 0.5
and 1.0. At fc the contribution of white noise equals the contribution of 1/f noise
and may be below 1 Hz. Several sources of low-frequency noise in dc SQUIDs
have been identified so far. According to [15] one can distinguish between fluc-
tuations in critical currents of the Josephson junctions and flux noise.

It is generally accepted that critical current fluctuations originate in a random
trapping and release of electrons in defect states in the junction barrier. Therefore
the barrier height and in this way the critical current of the Josephson junction is
locally changed, which leads to a random telegraph noise. The superposition of
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many of these fluctuations, each with its own characteristic lifetime, leads to a
1/f dependence of the power spectral density of the flux noise S¢ [16]. As we will
see in Sect. 2.3, the influence of critical current fluctuations can be reduced or even
eliminated by use of an adequate electronic readout scheme.

The second source of noise, so-called flux noise, arises from the movement of
trapped vortices—small non-superconducting regions inside the superconductor—
in the SQUID washer. The affinity to trap flux in superconducting structures can be
expressed by calculating Gibbs free energy [17-19]. According to these estima-
tions, a small linewidth of the superconductor is usually favorable to prevent vortex
trapping in the superconductor during cool-down in an ambient magnetic field. By
reducing the linewidth w of superconducting structures to below w ~ (®y/B)"? this
kind of flux noise can in principle be eliminated. For a magnetic flux density
B ~ 50 pT this results in w < 6 pm.

More recently another source of low-frequency flux noise has been identified,
but up to now there is no comprehensive understanding of this phenomenon.
During the last years several possible candidates to explain the microscopic origin
of this low-frequency flux noise have been discussed. For example Koch et al. [20]
suggested that spins of unpaired electrons on the surface of the superconductor,
hopping on and off defect states due to thermal activation, may produce such a
signature. In this case, the direction of the spins would be locked as long as the
electrons are trapped, thus contributing a random magnetic signal. The superposi-
tion of many uncorrelated changes of spin direction would thereafter sum up to the
observed 1/f power spectrum.

As the power spectral density of flux noise scales with Vg, this contribution
vanishes in working points with 9V/0® = 0, whereas critical current fluctuations do
not. This allows for an independent estimation and optimization for the contribu-
tions of critical current and magnetic flux noise. Although the question about the
origin of this kind of flux-noise is still an unsolved puzzle, it seems that the quality
of the superconducting film and its interface to e.g. the substrate play an important
role for the amount of this 1/f flux noise and one may expect considerable
improvements in the future.

2.2.3 Practical Devices

As already discussed, a dc SQUID consists of a superconducting loop with
inductance Lg, interrupted by two Josephson junctions. Nowadays SQUIDs are
typically fabricated in thin film technology, rather than the bulk material SQUIDs
that were used in the beginning. In Sect. 3 we will discuss the main steps for the
fabrication of modern highly sensitive devices.

Let us now consider one of the simplest designs: the square washer SQUID.
Therein the SQUID inductance is shaped as a washer with inner and outer
dimensions d and D, as shown in Fig. 5 (left).

Although these “bare” or uncoupled SQUIDs, as no external signal other than
the flux threading the hole is coupled to the SQUID, have small inductances given



Superconducting Quantum Interference Device (SQUID) Magnetometers 287

Josephson
Junctions

Josephson
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Fig. 5 (Left) Model of an uncoupled and (Right) of a coupled square washer SQUID. The SQUID
inductance is shaped as a square washer with a hole in the center and a slit. The Josephson
junctions are located at the outer edge of the slit, as indicated. The coupled SQUID exhibits an
input coil on top of the SQUID washer

by Lgo =~ pod, they exhibit a very small effective flux capture area of about
Ay = 9®P/0B = dD [21] and therefore poor magnetic field noise

VS8(f) = /Sa(f)/Agy- )

They are favorable for applications where a good spatial resolution is needed,
like in SQUID microscopy or miniature susceptometers [22].

To increase the effective area of these devices without changing their inductance
one can simply increase the outer dimension D of the washer, and make use of the
flux-focusing effect due to perfect diamagnetism in superconductors. Although this
method has successfully been applied especially in high-temperature supercon-
ductor devices, the increased linewidth w of the superconductor may deteriorate the
low-frequency performance due to trapped flux.

A more effective approach is to place a multi-turn thin film input coil on top of
the SQUID washer to ensure a tight inductive coupling between both, as illustrated
in Fig. 5 (right). These two layers are separated from each other by an insulating
layer. Now a separate pickup loop with much larger effective area can be connected
to this input coil to improve the magnetic field resolution. In addition to the input
coil, a second coil is typically integrated on top of the SQUID washer in order to
couple a feedback signal to the SQUID, as will be discussed in Sect. 2.3.

By integrating a thin-film input coil, SQUIDs can be implemented not only as
SQUID magnetometer, but also as sensors for any physical quantity that can be
transformed into magnetic flux. Magnetic gradiometers, current sensors and volt-
meters, susceptometers, (1f) amplifier or displacement sensors are possible imple-
mentations. SQUIDs are therefore very versatile and their applications range from
biomagnetism [23, 24] and geophysical exploration [25, 26] to magnetic resonance
imaging [27]. Typical sensitivities of SQUIDs for some of these application
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Table 1 Typical sensitivitieS  peasurement Sensitivity

of SQUID sensors - ~15 12
Magnetic field 107 °° T/Hz
Current 107" A/HZ'?
Voltage 1071 v/HZ!
Resistance 1072 Q
Magnetic moment 107'% emu

scenarios are listed in Table 1. In Sect. 4 we will provide more information on
some state-of-the art devices.

As discussed in Sect. 2.2, for the comparison of SQUIDs with different induc-
tances Lgp, one usually refers to the equivalent energy resolution &. As this
describes the energy resolution of an uncoupled SQUID, in practice the so-called
coupled energy resolution ¢c is used, which is given by

& = e/k2, (10)

with k;, being the coupling constant between the input coil inductance L;, and the
SQUID loop inductance Lgp. It is determined via the mutual inductance M,,
between the input coil and the SQUID

M;, = kinn/LsoLin- (11)

According to the definition of ¢, the coupled energy resolution ¢ corresponds to
the minimum energy that can be detected in the input coil per unit bandwidth.
Depending on the intended application and accordingly L;,, present SQUIDs
exhibit coupled energy resolutions of below 100 h.

The design of coupled SQUIDs on the base of washer SQUIDs is rather
straightforward and can easily be carried out based on experimentally proven
expressions [28, 29]: The SQUID inductance is thus given by

LSQ =1, —‘rLS—f—Lj (12)

Here L is the inductance of the washer hole, L; the inductance of the slit and L;
the inductance associated with the Josephson junctions (which typically can be
neglected). The inductance of the washer hole is

with o = 1.25 for square washer, o = 1.05 for an octagonal washer and o = 1 for a
circular washer. The slit inductance can be approximated by

Ly = 0.3pH/um. (14)
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The mutual inductance between the SQUID and an integrated multi-turn input
coil on top of the SQUID washer is given by

Min %I’ZLSQ. (15)
The inductance of the input coil can be expressed as
Lm ~ nzLSQ. (16)

The input coil inductance should be matched to the inductance of the pickup
circuit for optimum coupling. In case of a SQUID magnetometer the pickup loop is
typically a thin film or wire wound loop with inductance L,, as shown in Fig. 6.

The shape of the pickup circuit has to be adapted to the measurement task, as
shown for planar and axial first order gradiometers in Fig. 6.

In practical devices, however, deviations from the ideal behavior may appear, as
e.g. stray capacitances between the SQUID washer and the input coil can lead to
resonances in the flux-voltage characteristics and may therefore strongly deteriorate
the device performance. In consequence, a careful design optimization procedure is
typically required for such tightly coupled SQUIDs. Detailed information on this
topic can be found e.g. in [30, 31].

Although the coupled energy resolution is a good method to compare SQUIDs
with different inductances, the figure of merit for e.g. a magnetometer is the
magnetic field noise S§. It has been shown that the magnetic field resolution and
hence the magnetic field noise Sz can be improved by increasing the pickup loop
area while maintaining L;, ~ L,. In Ref. [32] the approximation for the white noise
level of S5 vs. the radius r,, of the pickup loop is given as

2VHo€ (17)

Sp ~ 3/2
Tp

For a circular pickup loop area with 7, = 15 mm and ¢ = 10732 Js this results in

SH? ~ 100 x 107'° T/Hz'* = 0.1 fT/HZz'.

Fig. 6 Common pickup loop configurations: a represents a magnetometer, b a first order axial
gradiometer and c a first order planar gradiometer. The two ends of the pickup loops are connected
to an integrated input coil on top of the SQUID washer
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It is worth to note at this point that although the SQUID sensor by itself may
exhibit such an excellent noise performance, the overall noise performance of the
SQUID system may be impaired by e.g. noise of the readout circuit as well as the
environment as for example by noise arising from the dewar.

Another way to increase the effective area of the magnetometer while main-
taining the SQUID inductance at a tolerable level is to divide the superconducting
pickup loop into a number of separate loops connected in parallel in order to reduce
the total SQUID inductance. In these so-called multiloop magnetometers, as
described in detail in [33-36], the SQUID itself typically acts as the sensitive area,
whereas the so-called Ketchen-type SQUID is inductively coupled to an antenna as
discussed above. Due to inevitable losses owing to the used flux transformer in
inductively coupled SQUIDs, the multiloop magnetometer allows for the best field
resolution for a given chip area, as for instance described for first order gra-
diometers in [37].

However, transformer-coupled SQUIDs offer the possibility to include thin-film
low-pass filters in the design to increase their robustness—especially for electro-
magnetically unshielded operation. As an example, Fig. 7 depicts the inner part of a
transformer-coupled SQUID with the Josephson junctions [38]. The SQUID itself is
shaped in form of a clover leaf with the input coil on top. The layout of the SQUID
as a first order gradiometer results in its insensitivity to homogenous ambient field
and it may thus be operated as a current sensor.

2.3 SQUID Electronics

As introduced above, the SQUID itself acts as a very sensitive magnetic
flux-to-voltage transducer with nonlinear periodic flux-to-voltage characteristic
(Fig. 3). In order to obtain a linear dependence of the voltage across the SQUID

Fig. 7 Microphotograph of
the central part of a .
transformer-coupled SQUID 4
current sensor with the two

Josephson junctions indicated
as JJ1 and JJ2. The yellow
lines on top of the SQUID
washers represent the input
coil. Reprinted from
Reference [38], reproduced
with permission of IOP
Publishing Ltd
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from the flux threading the SQUID loop, the SQUID is operated in a feedback loop
called flux-locked loop (FLL).

2.3.1 Flux Locked Loop

There are two main FLL schemes [39]: flux-modulation and directly coupled
readout.

Due to its ability for the design of compact readout circuits, which are suitable
for the use in multi-channel systems with a sufficiently large bandwidth and
dynamic range as well as lower power consumption, the directly coupled SQUID
electronics is typically used nowadays. We will therefore restrict the discussion to
this type of FLL, although the basic concept holds for both.

Before going into details of the directly coupled readout, it should be mentioned
that with the flux-modulation readout scheme the preamplifier low-frequency noise
and in-phase critical current fluctuations of the Josephson junctions are suppressed.
As critical current fluctuations in state-of-the-art LTS tunnel junctions are generally
very weak, this is not a major concern for most applications. There are as well
readout options like bias reversal [15, 40], which allow suppressing in-phase and
out-of-phase critical current fluctuations in both readout schemes.

The directly coupled readout scheme is schematically shown in Fig. 8. The
voltage across the SQUID due to a changing signal flux ®Pg;, is amplified, integrated
and fed back to the SQUID as a feedback flux @, via a feedback resistor Rg;, and a
mutual inductance Mgy,

The FLL therefore keeps the flux inside the SQUID constant and the output
voltage, the voltage across the feedback resistor, becomes linearly dependent on the
applied signal @g;, with a strongly increased linear working range.

Besides the linearization, the main purpose of the electronics is to read out the
voltage across the SQUID without compromising the low voltage noise level of the
SQUID. The influence of the read-out electronics on the total measured flux noise
S(If, can be expressed as [39]

I Amplifier Integrator
5|
| e v

Fb on/off

RFb

Fig. 8 Schematics of a directly coupled SQUID electronics. Ry, and Mg, denote the feedback
resistor and mutual inductance between feedback coil and SQUID, respectively. In feedback mode
the output voltage V,,, is linearly dependent on the external signal flux Pg;,
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2

2
\/S LAm S m R n
S(pﬁt = (1/S¢15Q)2 + (‘Z:p> —+ < W) . (18)

Here Sfp/ng is the intrinsic flux noise of the SQUID, S‘l,/imp and § Ilfmp are the

preamplifier input voltage and current noise, respectively. Ry, denotes the dynamic
SQUID resistance in the working point.

Typical input voltage and input current noise of state-of-the-art SQUID elec-
tronics are about 0.35 nV/Hz'? and (2-6) pA/Hz”2 [41, 42]. For currently avail-
able dc SQUIDs the usable voltage swing and transfer function can typically vary
between (30-150) pV and (100-500) pV/®, respectively. The dynamic resistance
of such SQUIDs is usually between 5 and 50 Q. As a result, the contribution of the
room-temperature SQUID electronics can amount up to (1 — 5) p®dy/Hz"* and may
thus considerably contribute to the total measured flux noise. In part two of this
section we will comment on possible noise-reduction techniques.

Note that the expression above does not account for the noise contribution due to
thermal noise in the feedback resistor, given by SF? = (4kgT/Ry)"%. This current
noise converts into flux noise in the SQUID via the mutual inductance Mpy,.
Especially in SQUID systems requiring a large dynamic range, for example for
unshielded operation within the Earth’s magnetic field, this noise, however, may
become important or even dominant.

Since SQUIDs are vector magnetometers, a rotation in the Earth’s field results in
a field difference® of up to 130 uT. Thus a SQUID magnetometer system with
magnetic field noise of for example 10 fT/Hz'? would require a dynamic range of
the order of 200 dB which is larger than 30 Bit.*> Even if the SQUID electronics
would allow such an operational range, current analogue to digital converters
(ADC) are nowadays still limited to about 24 Bit.

Besides the dynamic range, another important parameter correlated with the
dynamic behavior of the FLL is the system slew rate [39, 41] given by

0Py
ot

M
=21 fopp - OV - 2. (19)
Rpp

d.Smau(‘

It describes the maximum signal change in a certain time interval that the
electronics is able to follow. Here fgpp is the gain-bandwidth product, a fixed value
for a specific amplifier configuration and 6V describes the usable voltage swing of
the SQUID. Accordingly, a high system slew-rate demands a large dV and a small
feedback resistor value, which however may limit the system noise. The

2Depending on the location on Earth and taking into account only the crustal contribution of the
Earth’s magnetic field.

In a 1Hz bandwidth, the dynamic range can be calculated as DR =20 * log
(130uT/10fT/Hz **crest factor). Taking a crest factor of 4 this results in DR = 190 dB > 30 Bit.
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configuration of the feedback circuit is therefore always a tradeoff between low
system noise and high dynamic range and slew rate.

2.3.2 Noise-Reduction Techniques

As pointed out before, the noise contribution of the electronics may become
dominant even with state-of-the-art SQUID electronics. It is obvious that increasing
the transfer function Vg results in a reduction of this contribution.

In order to raise Vg of the SQUID, a readout scheme known as additional
positive feedback (APF) was proposed by Drung et al. [43]. It consists of a resistor
Rpr with an inductor L, pr in series, which are connected in parallel to the SQUID,
as shown in Fig. 9. The incorporated inductor L,px is magnetically coupled to the
SQUID. In a working point on the positive slope of the flux-voltage characteristics
a small signal 6@ will produce a positive voltage V. Accordingly, the current
through the APF coil will increase and will thus enlarge the SQUID voltage further.
As aresult, the flux-voltage characteristic is steepened at the positive slope, whereas
the negative slope will be decreased, as illustrated in Fig. 9.

This LsprRapr circuit acts as a small signal preamplifier and the transfer
function Vg will be increased on the positive slope of the flux-voltage character-
istics. The effect of the input voltage noise of the preamplifier is therefore reduced.
This enhancement in V4 comes along with a reduction in the usable voltage swing
of the SQUID and it reduces the linear flux working range @;;,. It is thus unfa-
vorable for systems needing a large slew rate [39]. In such a configuration R4 pp will
as well contribute to the total measured noise.

Another way to decrease the contribution of the room temperature SQUID
electronics is to use a second SQUID as a low noise preamplifier [44]. Figure 10
illustrates such a two-stage setup. Here, the SQUID to be measured (SQ,) is typ-
ically operated in voltage bias mode (R¢c < Rgy,,) and the current modulation due to

working

point \

voltage [a.u.]

I; without APF
N/ AE -1.0f ——with APF 7
M \pr 0.0 0.5 1.0 1.5 2.0

flux [® ]

Fig. 9 Schematics of the additional positive feedback (APF) circuit. The flux-voltage character-
istic with APF is steepened at the positive slope compared to the characteristics without APF. Note
that the usable voltage swing across the SQUID decreases for APF
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Fig. 10 Schematics of a two-stage measurement setup. The current modulation of SQUID SQ,
due to an external signal flux @,,, is sensed in an amplifier SQUID SQ,. Feedback may be applied
to the first stage SQUID (as shown in the figure) or to SQUID SQ,, when operated as a voltmeter

an external signal is sensed in an amplifier SQUID SQ,. An appropriate choice of
the mutual input coil inductance M, of the amplifier SQUID sets the flux gain
Gg = (09,/99,) between the two SQUID stages to a sufficient level. The overall
noise of the two-stage configuration using a directly coupled SQUID electronics
amounts to [39]

2 2
1 S m S m, 'Rxn.
Vo= | (VEo) (m)2+<—vvx ) +< Suvp Fanz ) .

3
(20)

The subscripts 1 and 2 denote SQUID SQ, and SQ, respectively.

Obviously, a large flux gain allows neglecting the contribution of the amplifier
SQUID and the FLL. Especially in cases where the front-end SQUID SQ; is
operated at a very low temperature 7 < 4.2 K, the two-stage configuration is often
the only way to make use of the low level of SQUID noise. However, in such a
configuration the linear flux-range and thus the system slew rate are reduced.

To increase the voltage signal and thus the transfer function without affecting the
linear flux range, a so-called series SQUID array with many identical SQUIDs
connected in series can be used. If the deviation in the critical currents of the
SQUIDs is low enough and provided that the same flux is coupled to all SQUIDs in
the array, the voltage modulations of the individual SQUIDs coherently sum up to a
single SQUID-like characteristic. For a series array of N SQUIDs the transfer
function and flux noise are given by

Vqs,Army =N- V(p_’SQ and (21)

V/Soana(f) = \/Sasolf)/VN. (22)
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Obviously, the flux noise of a SQUID array can become considerably smaller
than for a single SQUID. The direct use of series SQUID arrays as a current sensor
coupled to a pickup loop with the purpose of measuring the flux induced screening
current is, however, not feasible, as inevitable inaccuracies in the lithography and
hence small variations in SQUID geometries lead to amplitude modulation of the
flux-voltage characteristics for large flux bias values. Trapped flux in the individual
SQUIDs of the array may as well cause distortions in the flux-voltage
characteristics.

SQUID arrays are therefore often used as amplifier SQUIDs in a two-stage
configuration as discussed above. As the flux noise scales with N 2 even a mod-
erate number N of SQUIDs and a low flux gain may be sufficient for most appli-
cations. In Refs. [45, 46] the use of series SQUID arrays as readout devices for
SQUIDs has been shown. They achieved output voltages in the mV range and
bandwidths of more than 100 MHz.

Instead of a series array, which provides a periodic flux-voltage characteristic, a
series connection of intentionally different SQUIDs with an appropriate distribution
of SQUID inductances show only one pronounced minimum [47, 48]. These
devices are known as superconducting quantum interference filter (SQIF). Although
this scheme shows somewhat higher noise than series SQUID arrays with the same
number of individual SQUIDs, it may be advantageous for some applications since
locking to multiple working points in the amplifier SQUID in FLL mode is not
possible.

Let us conclude this section with a more general comment: nowadays SQUID
electronics have become mature and offer low noise and large bandwidth combined
with low thermal drift, low power consumption and small size, allowing to operate
SQUID systems even in remote areas. They are typically computer controlled with
an automated setup of SQUID working points and there even exist user-friendly
one-button solutions. The current trend is towards a higher speed and bandwidth or
the integration of preamplifier stages (also SQUID based) at 4.2 K to avoid the
delay times due to signal propagation in the connecting wires between
room-temperature and the cryogenic bath.

3 SQUID Fabrication

The fabrication of LTS SQUIDs is based on sophisticated thin-film techniques
similar to their use in semiconductor industry. SQUID sensors are fabricated on
wafers, which are then diced into chips with dimensions of several mm? size
depending e.g. on the necessary pickup area for the envisaged application. Quartz,
silicon or oxidized silicon wafers sized 4 inch or larger are typically used as
substrates. Therefore, hundreds of SQUIDs can be fabricated in one run.

In this section we will comment on basic thin-film techniques used for the
fabrication of LTS SQUIDs and we will highlight the most important step, the
junction fabrication. More detailed information can e.g. be found in [49].
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3.1 Lithography and Thin-Film Techniques

Nowadays superconducting thin film materials for LTS SQUIDs are mainly Nb and
Al In the beginning usually Pb or Pb alloys have been used (as well as electrode
material for the junction fabrication), but the limited long term stability and
problems associated with thermal cycling have led to the “all-refractory” process
used today.

To fabricate thin superconducting films, various deposition techniques such as
thermal or e-beam evaporation, molecular beam epitaxy, plasma and ion beam
sputtering can be used. Due to the high melting temperature of Nb, sputtering is de
facto the standard. This is typically done in ultra-high vacuum, as impurities may
dramatically change the superconducting thin-film properties.

A careful optimization of the deposition and patterning process of supercon-
ducting films with respect to their influence on e.g. minimum film stress, super-
conducting properties or the shape of the structured edges is essential. Steep edges
of superconducting films are usually favorable, as they are less susceptible to flux
trapping. In multilayer processes, moreover, special attention has to be paid to avoid
residues or fence structures associated with the patterning of the films as they may
lead to shortcuts in or failure of the devices. Higher integrated multilayer processes
like the Josephson junction based rapid single flux quantum (RSFQ) logic [50, 51]
try to overcome difficulties associated with an increased number of superconducting
layers and therefore potential step height or surface topography problems by pla-
narization of isolation layers (typically with chemical mechanical polishing). As the
design of SQUIDs is usually less complex than RSFQ circuits, planarization is in
generally not performed in SQUID fabrication nowadays, but it may be imple-
mented in future.

The patterning of the thin films is either done by lift-off or by etching. For
lift-off, the photoresist is applied to the substrate prior to the thin film deposition.
When the thin film is patterned via etching, the photoresist is placed on top of the
thin film. In both cases the resist acts as a mask for the structure to be defined. For
lift-off the resist is removed in an (ultrasonic) solvent bath so that the film on top of
the resist is removed as well. The etch process is typically done by dry etching such
as plasma or reactive ion-beam etching. Wet etching may as well be used, but is not
that attractive due to the isotropic etch behavior. To avoid over-etching of the
underlying film, one can either use an end-point detector or make use of thin natural
etch stops like an Al layer for a fluorine based etch process.

In general, elevated temperatures should be avoided (especially when the trilayer
to form the Josephson junctions is already deposited on the wafer), as this increases
e.g. the diffusion of hydrogen into the thin film or may change the barrier char-
acteristics [52, 53].

The typical film thickness is in the range of 50 to about 300 nm. The linewidth
of superconducting structures such as patterned multi-turn input coils on top of the
SQUID washer may be as small as 1 um or even less. The resist thickness depends
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via MO/M1 Josephson junction " shuntresistor | via M1/M2

Fig. 11 Scanning electron microscope image of the cross-section of a shunted Nb—AlO,—Nb
Josephson junction. The sample was prepared by focused ion beam etching. MO, M1 and M2
indicate the different Nb wiring layers. The vias are interconnects between these layers. Reprinted
from Reference [54], reproduced with permission of Elsevier

on the lithography method and the lateral dimension of the desired thin film
structure and may vary between several hundred nm to about 2 um.

Depending on the design complexity, the fabrication of LTS SQUIDs includes at
least 2 superconducting layers, one for the SQUID washer and one for the input and
feedback coils, and (several) isolation layers. Figure 11 shows a scanning electron
microscope image of a cross-section of a shunted Josephson junction together with
the appropriate Nb wiring layers used in the Fluxonics foundry RSFQ process [54].

3.2 Junction Fabrication

Nowadays SIS Josephson junctions are typically based on a sandwich of an in situ
deposited Nb—AIO,—Nb trilayer. There are other material systems like e.g. Nb—
SiN,—Nb but they do not exhibit such a good junction quality, reproducibility, low
junction capacitance, and low level of critical current fluctuations. Detailed infor-
mation on other material systems used in the past can be found in [49, 55].
Today, most fabrication technologies are based on the so-called SNAP process
(selective niobium anodization process) [56] or its numerous variations. In 1983
Gurvitch introduced the use of Nb—AlO,—Nb Josephson junctions [57]. This
material combination has led to superior junction characteristics and became soon
the most important junction fabrication process. Up to now it is the standard even
for very complex RSFQ circuits for digital applications and it allows the reliable
fabrication of up to tens of thousands Josephson junctions on a single chip [50].
The junction fabrication starts with the deposition of a trilayer consisting of a Nb
base electrode, a thin Al layer (which is partly oxidized during the trilayer depo-
sition) and another Nb layer as counter electrode. The in situ deposition of the
trilayer is essential for clean interfaces between these layers. The AlOy is formed by
exposing the sputtered Al to pure oxygen atmosphere for a certain time. The
thickness of the AlO, layer z,,—given by the product of oxygen partial pressure and
exposure time—determines the junction’s critical current density jo, which is
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exponentially dependent on 7,,. For SQUIDs j¢ is in the range of (0.1-2) kA/cm?
depending on the desired junction’s critical current and size. The typical film
thickness is (50-300) nm for Nb layers and about 10 nm for Al. The thin Al layer is
used to level out the surface roughness of the underlying Nb layer and allows a low
junction capacitance due to the much lower dielectric constant ¢, of AlO, compared
to NbO,.

In the SNAP process the junction area is defined by anodizing the upper elec-
trode of the trilayer. During anodization the desired junction area is covered by a
small resist dot. In this so-called window-type process the typical minimum junc-
tion size is several pm”. Since the anodization solution creeps partly under the
photoresist, small junctions are less reproducible or even defective.

For electrical connection of the junction a Nb layer is deposited on top of the
counter electrode. Finally a shunt resistor is placed close to the junction to damp its
dynamics and to fulfil the condition Bc < 1. Usually Pd, AuPd, Ti, or Mo is used
as shunt material. Figure 12 (left) shows a scanning electron microscope image of
such a window-type junction with dimensions of (3 x 3) um>.

The specific capacitance of a Nb—AlO,—Nb Josephson junction (it forms a
parallel-plate capacitor) is about 45-60 fF/um?, depending on the barrier thickness
and therefore on the critical current density [58]. Due to the overlap of supercon-
ducting layers around the junction (e.g. to compensate inevitable alignment errors
between different layers), a parasitic capacitance is formed, which adds to the
junction capacitance. The influence of this effect becomes even more pronounced as
the junction size is reduced.

As discussed in Sect. 2.2, a small total junction capacitance is favorable since it
will improve the performance in terms of energy resolution and voltage swing of
the SQUID. To reduce or even avoid parasitic capacitance, several fabrication
technologies have been reported. One possible approach is the so-called cross-type
technology [59], in which the junction is defined by the overlap of two narrow

o @™ input coil
‘J .

shunt resistor b N, I
junctionarea Josephson junctions’@ '

.

Fig. 12 (Left) Scanning electron microscope (SEM) image of a Josephson junction fabricated in
the window-type technology and (Right) SEM image of a SQUID fabricated in the cross-type
junction technology. In this technology the junction size is considerable reduced and parasitic
capacitances due to the overlap of superconducting layers around the junction is avoided
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perpendicular strips. Figure 12 (right) shows a SEM image of the central SQUID
part with the Josephson junctions as indicated. The lower strip is the entire Nb—
AlO,—Nb trilayer, which is patterned with the width corresponding to the desired
linear dimension of the junction. The second perpendicular strip of Nb is deposited
on top of the trilayer and acts as a mask for patterning the Nb counter electrode
from the trilayer. Due to the self-alignment of the process, no parasitic capacitance
is formed. In [59], high quality Josephson tunnel junctions with dimensions of
(0.6 x 0.6) um? have been reported. Due to the narrow linewidth design of the
junctions, flux trapping is avoided and these devices can be cooled in the Earth’s
magnetic field without restrictions [60].

The current trend in superconducting fabrication technology is the further
decrease in junction capacitance and accordingly a downsizing of the Josephson
junctions, while maintaining a high fabrication yield and low parameter spread over
the entire wafer.

4 State-of-the-Art Devices

As discussed above, SQUIDs can be used not only as magnetometers, but also as
sensors for any physical property that can be transformed into magnetic flux. In this
section we will show results achieved with state-of-the-art devices aimed for a
number of applications.

4.1 SQUID Magnetometer

For a SQUID magnetometer the figure of merit is the equivalent magnetic field
noise Sy” = S('Ifz/Aqﬁr. As we have seen, for optimized SQUID parameter f3; and ¢
of about unity, the flux noise Si*> can be expressed as a function of the design
dependent parameters SQUID inductance Lgg and junction capacitance Cj;. For the
smallest junction size in the used fabrication process, the optimization with respect
to low S4? can be carried out by minimizing the ratio LgolAg It describes how
effective a given SQUID inductance—which determines the magnitude of white
flux noise—is transformed into an effective area.

As already discussed above, multiloop magnetometers allow for the best field
resolution for a given chip area. Excellent results have been achieved, yielding in
magnetic field noise levels of below 1 fT/Hz'? in the white noise region [36, 61].
Figure 13 (left) shows a field noise spectrum of a device with an outer pickup coil
dimension of 12 mm. The devices show a typical white field noise of about
0.3 fT/Hz'”.

SQUID magnetometers may also be realized by connecting a thin-film or wire
wound pickup coil to the input coil of a current sensor SQUID. As discussed in

Sect. 2.2, the magnetic field noise can be improved by increasing the pickup loop
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Fig. 13 (Left) Field noise spectra of an integrated multiloop magnetometer SQUID with an outer
pickup coil dimension of 12 mm and (Right) of a magnetometer composed of a SQUID current
sensor and an all thin-film pickup coil with dimensions of (29 x 33) mm?. The left figure is
reprinted from Reference [61], reproduced with permission of IOP Publishing Ltd

area, while maintaining L;, ~ L,. Limitations of this approach are e.g. due to the
inner cryostat dimensions or noise arising from impurities in the dewar walls or the
used superinsulation around the dewar. The SQUID system should moreover fea-
ture a sufficiently large dynamic range for the intended application.

Figure 13 (right) shows a magnetic field noise spectrum of a SQUID magne-
tometer composed of a highly sensitive SQUID current sensor connected to a
thin-film pickup coil with dimensions of (29 x 33) mm?. The device exhibits a
white field noise level of about 0.1 fT/Hz"?, showing excellent agreement with the
rough approximations in Sect. 2.2. It is worth to note that Sg> is still below
1 fT/Hz' at 1 Hz.

Both spectra in Fig. 13 show a shallow increase of the noise starting at fre-
quencies of about 10 kHz, which is caused by magnetic flux noise as discussed in
Sect. 2.2. If this source of noise is identified, further noise improvement in the
frequency range 1 Hz < f < 10 kHz may be expected. At frequencies below about
1 Hz, noise arising from critical current fluctuations in the Josephson junctions
became dominant, as can be seen in Fig. 13 (right).

Beside the superior noise performance of the devices, which is usually measured
inside a high-permeable and superconducting shielding, the performance of the
SQUID system in unshielded operation is of particular importance. In e.g. [62] the
noise of a SQUID system cooled and operated in the Earth’s magnetic field has
been investigated. The system noise is estimated by correlating the signal of two
identical SQUID systems aligned in parallel to cancel out natural geophysical noise.
Figure 14 (left) shows the spectrum from raw data of these two systems. As could
be seen, there is an excellent correlation between the channels in parallel, allowing
to use the discussed correlation techniques.

Figure 14 (right) shows the estimated intrinsic noise by cross-correlation in the
frequency domain. The according white system noise is about (1.2—1.5) fT/Hz'?
for the three orthogonal channels. The estimated low-frequency noise may not
represent the intrinsic system noise due to a small misalignment between the two
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Fig. 14 (Left) Spectra of two highly sensitive SQUID systems, each comprising three orthogonal
SQUIDs. Unshielded measurement was performed simultaneously NW of Delta, Utah, USA.
(Right) Estimated intrinsic SQUID system noise obtained by a cross-correlation technique in the
frequency domain from the raw data as shown left. Reprinted from Reference [62], reproduced
with permission of IOP Publishing Ltd

systems and probably due to noise induced by motion of the system in the Earth’s
magnetic field.

4.2 Gradiometer

As we have discussed in Sect. 2.3, the mobile operation of such highly sensitive
SQUID magnetometers in the Earth’s magnetic field would require a dynamic range
exceeding 30 Bit, well beyond the capability of current electronics and AD con-
verter. If the pickup loop is configured as a gradiometer with two or more coils of
opposite winding arranged at a certain baseline, distant (noise) sources do not
produce a signal in the input coil since they produce spatially very homogeneous
fields. Signals from a nearby sample, however, produce a spatially inhomogeneous
field at the gradiometric pickup loop, leading to a signal current in the loop, which
will be detected by an inductively coupled SQUID current sensor [63].

The quality of the gradiometer is usually denoted as the balancing, that is the
gradiometer response to a homogenous magnetic field. For an ideal gradiometer
there is no response, as the effective areas of opposite windings of the input coil are
equal. As inaccuracies in e.g. the lithography cannot be avoided, real devices
exhibit (small) parasitic areas to a homogenous magnetic field. Thus, in a gra-
diometer system all components of the magnetic field are usually measured
simultaneously to allow for a compensation of the residual imbalance.

There are in principle two classes of gradiometers: electronic and intrinsic
gradiometers. In electronic gradiometers, the FLL output voltages of two SQUID
magnetometers separated by a certain baseline are subtracted. However, the sen-
sitivity of such SQUIDs, and therefore of the gradiometer, is typically low due to
dynamic range issues as discussed for magnetometers operating in the Earth’s
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magnetic field. To reduce the dynamic range requirements, these two magne-
tometers may be operated within a global feedback scheme [64].

Intrinsic gradiometers directly measure the difference of magnetic fields
threading two pickup-loops. Typically a serial connection of two pickup loops,
which are arranged in a figure of eight, is used. The pickup loop may consist of a
thin film or be wire wounded, and is connected to the input coil of a SQUID current
sensor. In this case the SQUID should be arranged as a second order gradiometer to
solely measure the flux induced by the screening current in the pickup loop.

Depending on the component of the magnetic field gradient tensor G;; = {9B;/
9x;} (with ix; € {x, y, z}) that should be measured, either planar or axial type
gradiometers are used. Planar type gradiometers are often integrated all thin-film
devices, as this allows for better balancing, which is ideally limited just by
lithography alignment errors. In their axial counterparts usually a wire wound
pickup coil is used.

With an appropriate balance of the gradiometer, they allow for a mobile oper-
ation within the Earth’s magnetic field, without exceeding the dynamic range of
current feedback circuits. Thus, they enable to measure the complete magnetic
gradient tensor with high sensitivity. Sophisticated inversion algorithms may thus
enable the detection and probably a localization of the signal source.

Figure 15 shows a noise spectrum of a planar integrated all thin-film SQUID
gradiometer. The gradiometer has a baseline of 40 mm and a gradiometric pickup
loop shaped in a figure of eight with a size of the two loops of each (20 x 20) mm?>.
The white noise amounts to 18 fT/mHz'2. These integrated devices show a balance
of about 1 x 10*. Using the simultaneously acquired magnetic field components to
compensate for the measured parasitic areas, a balance of up to 1 x 10" has been
achieved [65].

4.3 Current Sensors

For SQUID based current sensors typically an integrated superconducting input coil
is placed on top of the SQUID washer. The input coil is inductively coupled to the

Fig. 15 Noise spectrum of a e T T ™ " iy
planar SQUID gradiometer
measured inside a magnetic
shielding. The gradiometer
baseline is 40 mm and the
size of the two pickup loops is
(20 x 20) mm? each. The
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is 18 fT/mHz">
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SQUID loop, so that a current in this coil produces a magnetic flux inside the
loop. It therefore can be used as a current sensor with inductive input impedance.

Tight coupling of the input coil allows for a good current resolution S;’* = S§/
M;,. Since the mutual input inductance M,, is proportional to the SQUID inductance
and the number of turns on the SQUID washer, many turns need to be integrated
depending on the required current resolution. Limitations arise from the minimum
linewidth and distance between adjacent windings given by the fabrication process.
Moreover, the superconducting properties of the input coil need to be preserved: the
superconducting thin film needs sufficient edge coverage so that the signal current
does not exceed the critical current of the thin film.

However, tight coupling of an integrated input coil may lead to strong reso-
nances in the flux-voltage characteristics and demands for a throughout sensor
optimization, as discussed in Sect. 2.2. Another possibility to effectively couple an
input coil with a few uH to a SQUID with an inductance of about 100 pH or less is
to make use of a double-transformer coupling scheme [66]. Here, an additional
intermediate flux transformer is used, which may be a thin-film variant, which may
as well be located on a separate chip or a wire wound transformer typically used e.g.
for cryogenic current comparators [67].

In [68] a wire wound current comparator having 10,000 turns in the primary coil
is reported, achieving a current resolution of 4 fA/Hz'? in the white noise region.
Integrated thin-film devices are in most cases preferable to their bulky wire wound
counterparts and recently white noise levels of about 110 fA/Hz'? [69],
25 fA/Hz'? [70] and 3 fA/Hz'? [71] have been achieved.

Figure 16 shows the noise spectrum of the device described in [71]. The white
current noise amounts to 3 fA/Hz"?. It consists of a SQUID chip with dimensions
of (2.5 x 2.5) mm” and separate flux-transformer chips of (12.5 x 12.5) mm?>.
With the measured input inductance of 9.5 mH the energy resolution can be esti-
mated to about 65 h.
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Fig. 16 Noise spectra of the SQUID current sensor with and without the transformer normalized
to the input current. The white noise amounts to 3 fA/Hz"? and 110 fA/Hz"? with and without
transformer, respectively. Reprinted from Reference [71], reproduced with permission of IOP
Publishing Ltd
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4.4 Further Applications and Trends

4.4.1 Miniature and Nano-SQUIDs

In contrast to SQUID magnetometers, which are usually aimed for a low magnetic
field noise, miniature or even nanometer sized SQUIDs or SQUIDs with pickup
loops in this dimension are optimized for a good spatial resolution and low noise.
They may be used for SQUID microscopy [22] or as miniature SQUID suscep-
tometers [14].

Current research focuses e.g. on the application of such sensors for the inves-
tigation of small spin systems and the detection of single electron spin-flips [72—
74].

In order to improve the spin sensitivity S,l,/2 = S}plz/fbﬂ of such SQUIDs (here S,
and S are the noise spectral power density normalized to the magnetic moment and
flux, respectively), one needs to reduce their physical dimensions, thereby reducing
the equivalent flux noise spectral density S via the decrease in total SQUID
inductance Lggp, as well as increasing the coupling @, between a particle with
magnetic moment u to the SQUID [14, 75].

Miniaturized SQUIDs are usually realized using constriction type junctions,
where a small hole is patterned into a thin superconducting strip either by electron
beam or focused ion beam lithography [76-79]. In [80] a nano-SQUID has been
realized by depositing a SQUID loop on the apex of a hollow quartz tube pulled
into a very sharp pipette. For Pb based devices white flux noise levels of down to 50
n®y,Hz'" have been reported.

The above presented cross-type Josephson tunnel junctions allow for the
implementation of SIS junctions that are preferred compared to their SNS
(superconductor-normal conductor-superconductor) counterparts [81]. Their small
junction capacitance results in a remarkable reduction of white flux noise levels.
Figure 17 shows a scanning electron micrograph of a device with an inner loop
dimension of 1.5 um. The right panel of Fig. 17 shows the flux noise spectrum of a
device with 0.5 pm loop dimension. From the measured white flux noise of about
70 ndy/Hz" a spin sensitivity of Su'* < 7u/Hz'? has been estimated [82].

4.4.2 Emerging SQUID Concepts

To overcome the problems associated with the dynamic range of SQUID systems
and limited resolution of current AD converters, several SQUID concepts have been
introduced, with e.g. digital feedback loops operated either at room temperature
[83, 84] or integrated on the sensor chip [85, 86]. These so-called digital SQUIDs
are usually based on a critical current comparator in a superconducting pickup
loop. Here, the screening current due to an external flux threading the pickup loop is
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Fig. 17 (Left) Scanning electron micrograph of a miniaturized SQUID with an inner loop
dimension of 1.5 um based on cross-type Josephson junctions. (Right) Flux noise spectrum of a
nanoSQUID with 0.5 um loop dimension. The equivalent white flux noise corresponds to 66 n®q/
Hz'2. The spin sensitivity (right hand axis) was calculated according to SL/Z = ng/d)ﬂ, with the
estimated coupling @, = 10.5 n®¢/u . Reprinted from Reference [82], reproduced with permission
of IOP Publishing Ltd

superimposed to the bias current of e.g. a hysteretic single Josephson junction. If
the sum of both exceeds the junctions critical current, it switches to the voltage
state. Applying an ac-bias allows to reset the hysteretic junction and further enables
the up and down-counting of the flux in the loop. The single junction may be
replaced by a magnetically coupled SQUID to increase the current sensitivity and to
avoid a direct feedback to the pickup loop.

The integration of on-chip Josephson junction logic like RSFQ avoids the time
delay due to signal propagation to the room-temperature electronics and enables
data pre-processing. Thus, large bandwidths of several 100 MHz and large system
slew-rates may become possible. First prototypes of such SQUIDs have been
fabricated, but the reliable low-noise operation has to be proven in practical
applications. However, the on-chip integration is accompanied by a strong increase
in circuit complexity and thus greater demands on the fabrication process.

In [87], another operation principle has been introduced to overcome the
dynamic range limitation of current SQUID systems. In this configuration, a cas-
cade of coplanar SQUIDs, which exhibit effective areas differing by several orders
of magnitude, are arranged on a single chip. Assuming a homogenous magnetic
field over the chip area, the information is thus split into several channels, which are
digitized individually. Information is composed by post-processing of the data.
Figure 18 illustrates the cascade principle. The correct branch of the sensitive
SQUID is determined by a reference SQUID which operates in its own feedback
loop. The sensitivity of the SQUID system is given by the most sensitive SQUID in
the cascade. In [87] an overall dynamic range of 190 dB has been reported. The
presented SQUID system, moreover, enables the absolute measurement of the
vector components of the Earth’s magnetic field.



306 M. Schmelz and R. Stolz

u4
I N/
/ / / / , | \/
-100 uT 7/ V(B / 100pT B
v// f/// ..............

region of interest

Fig. 18 Working principle of the SQUID cascade setup: In the region of interest, the reference
SQUID exhibits a unique operating point. The output voltage of this reference SQUID Vj then
indicates the possible working range of the sensitive SQUID, which determines the overall system
sensitivity. Reprinted from Reference [87], reproduced with permission of IOP Publishing Ltd

5 Concluding Remarks and Outlook

SQUIDs are today’s most sensitive devices for the detection of magnetic flux with
energy resolutions approaching the quantum limit. They have a wide and flat fre-
quency response ranging from dc to several GHz. SQUIDs can be used as sensors
for any physical quantity that can be transformed into magnetic flux, such as
current, voltage, magnetization and susceptibility, displacement as well as tem-
perature and others. They are therefore very versatile and can address a large variety
of applications.

To exploit the superior sensitivity of LTS dc SQUIDs, however, a low operation
temperature, of 4.2 K and below is mandatory. The need for cryogenics is a sig-
nificant barrier to the widespread application of SQUIDs since both the operator’s
convenience and the system costs are impaired. In this context we would like to
recall the comment of Harold Weinstock given at a NATO Advanced Study
Institute in 1990: “Never use a SQUID when a simpler, cheaper device will do the
job.”

Fortunately, during the last years, general demand has advanced the develop-
ment of cryocoolers which are now commercially available in a variety of models.
However, to use these mechanical coolers, the measurement chamber is typically
magnetically shielded, to attenuate magnetic and vibrational noise from the cry-
ocooler. If these noise sources can be reduced considerably at reasonable expenses,
a variety of potential markets may be opened.

The fabrication of LTS SQUIDs based on Nb—AlO,—Nb Josephson junctions is
already a mature technology and allows the reliable fabrication of up to tens of
thousands Josephson junctions on a single chip. Current technology development is
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mainly towards a further decrease in junction capacitance and accordingly a
downsizing of the Josephson junctions, as well as yield and parameter spread
optimization. This will result in a strong sensitivity increase of SQUIDs. Moreover,
small linewidth devices enable the operation in ambient magnetic fields. Revealing
the origin of magnetic flux noise may further improve the sensitivity of modern
SQUIDs.

During the last years, SQUID electronics have been developed towards low
noise and large bandwidth together with low thermal drift, low power consumption
and small size. User-friendly solutions that can be operated even by
non-professional personal are available. Current research focuses towards a higher
speed and further increased bandwidth and the integration of preamplifier stages at
4.2 K. A significant increase in dynamic performance—a key issue especially for
highly sensitive unshielded mobile operation—may be expected.
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