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Hoenig [20]. Figure 5 shows the”Krenikon” system being used to measure functional
magnetic fields of human subject’s heart and brain. After the “Krenikon” and SQUID-related
R&D at Siemens were discontinued in the early 1990s, Hoenig transferred to the newly
created “Institut fiir Hoch-physikalische Technologie® (IPHT-Jena) and was instrumental in
establishing there a flourishing SQUID activity, including the European Foundry and an
industrial spin-off, “Supracon” [21].

Fig. 5. The “Krenikon” 37-channel biomagnetometer used to measure human subject’s
heart and brain magnetic field activity (courtesy of H.E. Hoenig and Siemens AG — Sector
Healthcare, “MedArchiv”).

In 1987, feverish activities following the discovery of the high-7. cuprates promptly
encompassed the SQUID area and resulted in a wave of European contributions, of which
only few withstood well the dent of time. One of the first polycrystalline SQUIDs reported
was that of Colin Pegrum ef al. [22]. In the 1990s, one of the more prominent activities in
high-7. SQUIDs, especially in applications, became that at the Research Center Jiilich (FZJ),
Germany, initially led by late Ch. Heiden, who years ago was also inspired at Berkeley.
There, Y. Zhang et al. gradually developed what became the now standard design of a
sensitive (near microwave) high-7, rf SQUID [23]. The most robust and sensitive high-7¢ dc
SQUIDs with Pr-barrier step junctions were developed by U. Poppe and M. Faley of a
different Jiilich group [24]; these are used in currently custom-manufactured commercial 77
K SQUID systems [25].

III. THEORY AND BASIC EXPERIMENT

The theory of SQUID signal and noise, in the limit of small thermal fluctuations, evolved
almost exclusively in the US, except for that of rf SQUIDs, to which J. Kurkijirvi [26], and
Likharev et al. [9, 27] made significant contributions. Much of rather important work by
European authors was actually performed while on postdoctoral or sabbatical stay at
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Berkeley. As an example, we cite here Hilbert and Clarke’s first systematic work on SQUID
rf amplifiers [28]. Recently, Miick, while at Berkeley, demonstrated the extension of
amplifier performance to microwave frequencies by inventing the SQUID with microstrip
input circuit [29, 30]. Nearly quantum-limited noise was attained at 0.5 GHz, with noise
temperatures as low as 50 mK at temperatures below 80 mK [31].

The first conceptually new European SQUID circuit, or rather a readout method, was the
relaxation oscillation dc SQUID (ROS), first demonstrated by P. Guttmann [32]. It exploited
earlier work by Vernon and Pedersen on relaxation oscillations in hysteretic Josephson
junction [33]. More on ROS can be found in Section V. Guttmann’s ROS achieved the then
record low value of SQUID energy resolution of 3.9x10™' J/Hz. However, shortly thereafter
this record was beaten by Cromar and Carelli, who, guided by the noise theory of Tesche and
Clarke [34], experimentally investigated low-noise thin-film dc SQUIDs and, for a very low
inductance SQUID design (L ~ 1 pH) attained energy resolution approaching the quantum
limit: 6 x 10" J/Hz = 0.9 /4 [35]. For a coupled SQUID of a hybrid design and somewhat
larger inductance of ~ 6 pH (see Section IV) they attained 71 A. This work was one of a
number of milestones establishing the dominance of the dc SQUID, rather than the rf SQUID,
as the most sensitive flux detector.

In 1990s, to further the understanding of dc and rf high-7; SQUIDs, B. Chesca developed
analytical solutions based on the Fokker-Planck equation, and useful also in the limit of large
thermal fluctuations [36,37]. For the rf SQUID, some surprising predictions of that theory
were validated experimentally by Zheng et al. [38]. For dc SQUID, extensive numerical
simulations of coupled Langevin equations, also in the limit of large thermal fluctuations,
were performed in a work initiated at Berkeley by R. Kleiner [39,40]. In contrast to
analytical theory, valid in limited range of SQUID parameters, the simulation results are
applicable in a broader parameter range. Most recently, Kleiner ef al. published also the first
ever extensive simulations of the rf SQUID [41, 42]. The effect of dc SQUID asymmetry
was studied by Koelle et al. both numerically and experimentally [39], and also by Testa et
al., who showed that for certain dc SQUID parameters asymmetry can lead to noise reduction
[43].

In 1997, Carelli et al. proposed a novel absolute magnetometer consisting of a series array
of dc SQUIDs with incommensurable loop areas [44]. Simulations and preliminary
experiments confirmed the feasibility of such a device with non-periodic voltage versus flux
characteristic. Unfortunately, the results were less than impressive due to low number(s) of
SQUIDs in the arrays, not exceeding 7. Even earlier, a study of large Josephson junction
arrays with long-range interaction resulted in experimental data quite suggestive of such
characteristics [45]; Carelli et al. were probably unaware of that work. In 1999-2001,
Oppenlénder et al. performed a systematic theoretical analysis of 1D junction arrays
connected to form a one-dimensional parallel or series array such that there are, respectively,
(N — 1) or 2N individual superconducting loops of arbitrary shapes; N is here the number of
junctions [46, 47]. This analysis, including numerical modeling of array’s nonlinear
dynamics, resulted in what the authors named superconducting quantum interference filter
(SQIF). In the parallel array resistive mode (/ > ), all the junctions oscillate with the same
Josephson frequency, fg, which in general can be a function not periodic in @y. The authors
showed that with junctions conforming to the RCSJ model, f3 is solely a function of the array
geometry. For certain loop size distributions, analogous to unconventional grating structures,
Josephson oscillations result in time averaged voltage response exhibiting a singularity, i.e., a
sharp global minimum at B = 0, which corresponds to maximum coherence of the array. This
should be so in both parallel and series arrays. Subsequently, the Carelli’s concept of an
absolute magnetometer, was convincingly demonstrated experimentally in both parallel and
series array configuration [48,49]. These demonstrations confirmed very well the theoretical
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predictions. Figure 6 compares the simulated voltage response of a SQUID (N = 2) with that
of a periodic 1D parallel array (N = 11) and of a 1D array with an unconventional grating
structure (N = 18), where the voltage is a unique function of applied flux. In subsequent
years, multiple modeling and experimental contributions by original authors followed, also in
collaboration with two other European groups. These will be reviewed in Section IV.
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Fig. 6. Voltage response V,y, in units of IR versus external flux through largest area
element of interferometer a; with N overdamped junctions for bias current / = 1.1 NI, and
vanishing inductive coupling; (a) symmetrical SQUID (N = 2), (b) periodic 1D array (N =
11), (c) 1D array with unconventional grating structure. The loop areas in (c) are randomly
distributed between 0.1 and 1.0a;, but with the same total area as in (b) [46] (© APS, with
permission).

A valuable experimental contribution to understanding the 1/f noise behavior of high-7;
SQUID, and flux trapping in them, was the visualization of vortices in SQUID washers, and
other thin-film SQUID elements by low-temperature scanning electron microscopy (LTSEM)
[50]. The underlying calculations of vortex coupling to round washer SQUID were first done
analytically by Humphreys [51] and for a square washer via numerical simulations by
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Khapaev et al. [52]. By correlating flux noise data with the observed spatial distribution of
vortices an average vortex hopping length was estimated at ~ 10 nm.

IV. PRACTICAL SQUID TECHNOLOGY AND DESIGN
A. Technology and Magnetometers

The Nb/Al203/Nb junction fabrication technology pioneered by Rowell, Gurvitch and Geerk at
Bell Laboratories [53], and the coupled thin-film washer SQUID with integrated planar input
coil developed at IBM by Jaycox and Ketchen [54] became the technological foundations of
modern low-7c dc SQUID magnetometers. This multilayer thin-film technology enabled
modern designs of numerous practical dc SQUIDs, many of which were developed or co-
developed in Europe. As examples we mention here two variants of a planar multiloop dc

SQUID inspired by the original Zimmerman concept [55]. The first was the mentioned above
hybrid approach of Cromar and Carelli [35], later improved by Carelli ef al. [56]. The authors
placed a planar multiloop SQUID inside of a multi-turn input coil of a flux transformer. The

other, simpler and more practical, originated at PTB-Berlin and became a design used in their
sensitive biomagnetometers [15, 57]. This so-called “cartwheel” or “Drung’s wheel”is shown
in Figure 7, in both a low-7¢ and high-T7¢ version.

-
N
w
—

(d)

Fig. 7. The planar multiloop magnetometer: (a) simplified schematics, (b) simplified layout
showing the SQUID junctions, (c) microphotograph of the mature low-7, version [57], (d) an

experimental high-7, version [ 58], which did not find practical application (© SuST, IOP with
permission).
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In the current decade, stimulated by the need for robust and easy-to-use SQUID
amplifiers, which could also be operated in the temperature range below 1 K and down to 10
mK, PTB developed a whole family of complex devices with several hundreds of SQUIDs in
series arrays and auxiliary components on chip. Some of these are available commercially.
Just one recent example is the two-stage, on-chip integrated device consisting of an input
SQUID with additional positive feedback, and the second stage shunted series array of 16
SQUIDs serving as a low-noise preamplifier. It is briefly described in the Forum paper ST2,
to which we refer our readers.

In the search for ever more sensitive devices, Seppi et al. analyzed dc SQUID operation
with unshunted, hysteretic junctions [59]. The promise of even lower noise and a high gain
appeared high, but (to the best of our knowledge) was not confirmed by practical results.

High-T; technology, when used for SQUID fabrication, is usually that of junctions created
at a bicrystal boundary [60]. However, the most stable in time and largely self-shielded are
ramp or edge junctions with Pr barriers pioneered by Gao ef al. [61]. In this decade, such
junctions have been used in magnetometers, and implemented in some commercial SQUID
systems [25]. For very sensitive high-7, coupled magnetometers a flux transformer must be
used. In this case, the flip-chip configuration is a practical solution, due to the relative
immaturity of the multilayer fabrication technology and the resulting low yield. Of such
devices, the most sensitive to date have been those developed by Faley et al. [24].

For rf SQUIDs, Kornev et al., introduced the already mentioned rf SQUID with a
dielectric resonator [10], which later, in a planar high-7¢ version developed by Zhang et al.
[23] became a relatively mature and simple device.

European authors and groups contributed significantly to the detailed design analysis of
low-noise coupled dc SQUIDs, taking into account the effects of parasitic inductances and
capacitances. The parasitic elements create the possibility of deleterious LC resonances in the
SQUID dynamics. For the bare dc SQUID this was first analyzed by Ryhénen et al. [62].
For integrated thin-film coupled SQUID the input coil deposited on top of the washer
introduces a large parasitic capacitance C, across the SQUID inductance. The resulting
resonances were analyzed by Knuutila, Seppi ef al. [63, 64, 65], and minimization of C, by a
suitable layout was shown [66]. Methods of damping these resonances by appropriate shunts
and damping resistors, but without affecting the noise were demonstrated [67], also for high-
T. SQUID [68]. More details on parasitic effects and the related references can be found in
[1].

A problem in practical applications is flux trapping even in well-shielded low-7. SQUIDs.
Therefore, encapsulated commercial sensors as a rule contain a heater for flux expulsion by
heating just above T,. One of the proven remedies reducing flux trapping in low-T7, devices is
to design coupled SQUIDs with junctions placed near the outer edge of the junction, outside
of the integrated input coil. This was shown, for example, by Penttild ef al. [69]. These
authors were also probably first to observe effectiveness of MgB; shielding when operating a
low-noise low-7;, SQUID with a cryocooler.

B. Gradiometers

While gradiometers measure gradients, their main use is to suppress undesirable signals from
unwanted, more distant signal sources, the so-called common mode (see Section I). For quite
a long time, three-dimensional axial (radial) coil gradiometers wound of suitable
superconducting wire were generally used in practical applications, although planar,
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alternative DROS implementations, (a) with reference SQUID and (b) with reference
junction. Figure 15 (c) shows the step-like V' versus @, = @, characteristic of DROS, which
at the operating point results in high | Vo | . However, the relaxation oscillation frequency
must be very high, in the microwave range, to attain low noise and high sensitivity [102].
The DROS has been used in experimental GWD systems being developed by Twente
researchers.

(a) I (b) I (c)

Sensor Sensor

sQuID SQUID 1
R h R h
S S V W
\Y; \Y;
Lsh Lsh ~1.6 |c
Ref. SQUID Ref. Junction D™

Fig. 15. DROS schematic circuits: (a) with reference SQUID, (b) with reference junctions; (c) the steplike V' —
@, transfer function with operating point W. Adapted from [87], Fig. 4.12 (© Wiley-VCH with permission).

In addition to the DROS, digital SQUIDs can be seen as alternative readout schemes.
Because of their potential for very high dynamic range and slew rate they have been pursued
in many alternative versions, the most sophisticated using the rapid single flux quantum
(RSFQ) logic approach involving a decimation filter. However, only rather simple
comparator circuits were fully operational. A recent European digital SQUID study was
motivated by earthquake monitoring in the presence of high-level magnetic disturbances
[103]. The demonstrated SFQ SQUID itself is insensitive, but in combination with an analog
SQUID the authors expect to attain both the dynamic range and sensitivity in a hybrid device.

VI. EUROPEAN FOUNDRY AND INDUSTRIAL SQUID FABRICATION

A European foundry fabricating customer-designed SQUID chips exists at [IPHT-Jena [104].
It can fabricate both low-7; and high-7; SQUID chips of designs conforming to this foundry
rules. SUPRACON, a small company spun-off from IPHT-Jena, is marketing SQUID chips
adapting its own designs to customer needs [21]. They also manufacture direct-coupled
SQUID electronics. Also MAGNICON fabricates SQUID chips and electronics, both on PTB
license [89]. The CNR of Naples fabricates SQUID chips for all the Italian biomagnetic
systems, and VTT of Espoo, Finland, for all the Finnish biomagnetic systems fabricated by
Electa Neuromag. However, neither of these two functions as a regular SQUID foundry.
With reference to the ESNF paper RN-9, we note that the trend towards more complicated
SQUID circuits on one chip requires that better fabrication equipment, especially for
photolithography, be accessible to the foundry and small industrial manufacturers.

VII.CONCLUDING REMARKS

European authors and groups contributed significantly to the development of practical
SQUIDs, SQUID electronics, and of applications to be discussed in Part II. However, of all
the novel device concepts originated in Europe, it is the SQIF which might turn out to be most
important in the future. While SQIF devices are still in a rather early stage of development,
we believe there is bright future for their use in diverse applications.

18


http://snf.ieeecsc.org/sites/ieeecsc.org/files/RN9.pdf

IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (ESNF), No. 8, April 2009

Currently, low-7; SQUIDs are still the workhorses in most applications, in spite of
considerable efforts expended during the past decade to develop practical high-7, SQUIDs.
The main reasons for avoiding these are the still immature high-7, fabrication technology,
especially of multilayer devices, high level of flux trapping in high-7¢ thin films, and high
cost related to expensive single- and bicrystal substrates and low fabrication yields. Low- and
high-T, SQIFs are much more tolerant to junction and layout parameter spreads, hence their
additional advantage. In any event, the current trend towards more complicated SQUID
circuits on chip, including SQUID arrays and auxiliary devices, presents new challenges for
low-T7, fabrication technology (essentially Nb/AlOy/Nb). Due to the rather antiquated
equipment currently available, the resulting linewidth and reproducibility are well below
standards of semiconductor manufacturing. = However, independent of the necessary
fabrication equipment upgrade, the nanometer thick Josephson junction AlOy barriers will
always impose insurmountable limits to narrowing junction critical current tolerances.

While in the past decade biomagnetometer requirements were the main drivers in practical
SQUID and electronics progress, SQUID readout of large radiation detector arrays has
recently taken over that role.
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