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Among some of the current uses of dc superconducting quantum interference devices (SQUIDs) are
qubit readouts and sensors for probing the properties of quantum materials. We present a gradiometric nio-
bium SQUID design with state-of-the-art sensitivity in the femtotesla range, which can be tuned to specific
readout requirements. The sensor is a next-generation fractional SQUID with a tightly optimized input
coil and a combination of various measures known for restraining parasitic resonances and other detri-
mental effects. Our design combines the practical usefulness of well-defined pickup loops for well-defined
imaging kernel and tunable probing applications with a fractionalization approach to reduce undesired
inductances. In addition, our modeling predicts small dimensions for these planar sensors. These features
make them of relevance for material studies and for the detection of magnetic fields in small volumes,
e.g., as part of a cryogenic scanning quantum imaging apparatus for efficient diagnostics and quantum
device readouts. This manuscript will benefit scientists and engineers working on quantum-computing
technologies by clarifying potential general misconceptions about dc SQUID optimization alongside the
introduction of the flexible compact dc SQUID design.
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L. INTRODUCTION

Superconducting  quantum  interference  devices
(SQUIDs) remain one of the least perturbative and most
sensitive magnetic field detection technologies available
today. The SQUIDs rely on the property of the singly
valued wave function along the SQUID circumference,
which leads to its periodicity with flux through the SQUID
contour [1]. Nearly any physical property of a SQUID
becomes sensitive to flux in a quantized way, allow-
ing it to be used as a sensor of magnetic flux or field.
SQUIDs range from large devices used in bulk mate-
rial characterization, living organism signal detection, and
geological systems [1] to submicron-sized sensors [2]
at superior signal levels, leading to thrilling discover-
ies in quantum materials [3—8]. A particularly underex-
plored area is the utilization of still compact but extremely
high field (integrated flux) sensitivity SQUID sensors in
a scanning setup. They are ideally suited for challeng-
ing applications, such as diagnostics of parasitic surface
spins on full-scale wafers of materials (e.g., monolay-
ers) and, even timelier, as nonperturbing qubit readouts
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[9-16]. By using a qubit-readout SQUID on a scanning
platform [17], a tunable nonperturbative electromagnetic
quantum coupling may be realized, which is not possi-
ble in readouts fabricated on the same chip as the qubit
(Fig. 1). Another possible significance of such devices is in
quantum-classical interfacing [18], where heat dissipation
is removed from a qubit chip by using a remote scan-
ning SQUID, which minimizes back action and minimizes
effects from poisoning phonons and quasiparticles [19—21].
Thus, oftentimes, SQUIDs are desirable on a millimetric
length scale for nonperturbative adjustable coupling and
large-area or large-cross-section field integration for effi-
cient signal collection and reduced effects from polluting
processes.

Here, we first review sensitivity concerns in dc SQUIDs
and then show modeling and the design of practical gradio-
metric SQUID sensors for the femtotesla range (Figs. 2—4)
for the scanning imaging and probing applications men-
tioned above, which is a distinct designation from some
previous femtotesla designs [22]. Our calculations (Fig. 5)
predict a flux noise figure of merit similar to that of high-
coherence qubits and devices [23—25], which substantiates
the prospective effectiveness of these devices (Fig. 6) for
quantum-ready readouts.

© 2020 American Physical Society
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FIG. 1. Scanning SQUID readout of qubits allows for in situ
back action and coupling tuning and optimization. Detrimen-
tal noise from photons, phonons, and quasiparticles can be
efficiently removed in this proposed setup, to enhance qubit
coherence (see more details in the Appendix C).

I1. SENSITIVITY CONSIDERATIONS FOR dc
SQUIDS

The theoretical ultimate energy sensitivity of a simple
dc SQUID is determined to be [26-28]

2
€ =f—z = 16ksTVLC, (1)

where L is the total inductance of the squid loop and C is
the capacitance of each Josephson junction, which yields

-V

FIG. 2. Square-washer SQUID geometry, which we use as a
basic element in our calculations and designs. /-V+ and I-V'—
are biasing leads. JJ1 and JJ2 are Josephson junctions. Square
SQUID provides efficient flux collection on a small chip area and
efficient coupling to input coils [39].
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FIG. 3. Simplified circuit diagram of the proposed parallel-
washer SQUID gradiometer. Inductance of N input washers of
the SQUID is reduced to L=L/N due to the parallel connec-
tion to obtain 8 = 1. Inductance of the input coils adds in series
to L; =L;N and is equal to the pickup-loop inductance for the
most efficient flux transfer. Left and right pickup circuits cou-
ple gradiometrically to the external flux. Design includes only
two Josephson junctions, but many loops connected in paral-
lel to those junctions. Very efficient flux transformation can be
achieved in this way, without compromising the intrinsic noise
performance of the SQUID.

the flux noise
¢n — 4\/2(kBD1/2L3/4C1/4. (2)

This value is the approximate theoretical limit expected
with available dc SQUID technologies at finite tempera-
tures (at very low temperatures, there is another quantum-
fluctuations term limiting the possible sensitivity [29]). In
the current best SQUID systems, the noise level is typi-
cally about 10~7 — 10~°®,/+/Hz [1,7,30-35]. Achieving
even these values is not trivial. This figure of merit is rel-
evant to white noise levels at frequencies >10-100 Hz.
Below about 10—100 Hz the so-called 1/f noise is dom-
inant, but, in particularly carefully fabricated devices, the
1/f component is not tremendously high, making the
design considerations in this manuscript valid also for low
frequencies with somewhat lesser sensitivity (dc limit).
Further progress is limited by Josephson-junction tech-
nologies and by parasitic noise sources, such as charge
noise from the dielectrics and from paramagneticlike spin
fluctuations on the surfaces of the metals used in SQUID
fabrication [36]. Thus, a very good level of experimental
noise is typically about 10-°®,/+/Hz. Notably, these are
white-noise figures and low-frequency 1/f noise is typ-
ically worse; however, white-noise figures are what are
typically referred to in the literature.

The detected external flux couples to the SQUID either
directly to the SQUID loop L or through additional super-
conducting coils, loops, or transformers [37]. As the
applied flux ¢ is changed, the current-voltage character-
istics of the SQUID oscillates with a period of @ (the flux
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FIG. 4. Wire diagram of our parallel-washer gradiometric
SQUID (Fig. 3) unfolded in a three-dimensional schematic.
Design implements input coils in series, showing the coupling
between different components of the sensor. There are two gra-
diometrically configured input circuits with pickup loops and
N of one-turn input coils connected in series. SQUID con-
sists of N parallel washers configured in a gradiometric fash-
ion. In the actual CAD (computer-aided design), we further
improve this approach by reducing the number of turns in the
input coils, reducing parasitic capacitances, and implementing
damping resistors to reduce resonances.

quantum); the critical current-modulation depth, Al /21,
depends on the important parameter 8 = 2L,/ Py, which
holds information about the modulation depth, where /o
is the zero-flux critical current. For 8 = 1, the modu-
lation depth is about 50% or Iy [30]. Additionally, the
current-voltage characteristic is a single value, if another
parameter, B. = 2w IoR*C/®y, is less than one [38], where
R is the junction’s shunt resistance. These two parameters
define the baseline performance of the SQUID. As a prac-
tical rule, the values 8 ~ 1 and B, <1 are used to optimize
SQUID performance [26]. Put another way, /pR should be
as large as possible, while keeping 8. <1 and g ~ 1.

The properties above are strongly dependent on the
materials and fabrication process. For a current density of
10 £A/pum? in the trilayer Nb/AlOx/Nb process that we
use with SeeQC Inc. (formerly Hypres Inc.), the smallest
junction radius in our SQUID is about 0.56 um, for which
we obtain a critical current in the smallest junction of about
10 uA, a capacitance of about 50fF, and about 5 Q2 shunt
resistor, while keeping 8. < 1. The condition of 8 ~ 1 leads
to an optimal inductance of the SQUID of L = 100 pF.
In practice, SQUID inductance can be varied by about a
factor of two without a realistically noticeable compromise
in the performance.

On a more practical level, the geometry of the SQUID
plays an important role in noise performance of its field
sensitivity (as opposed to flux sensitivity). This geome-
try defines the inductances of the SQUID and flux pickup
circuits, as well as the parasitic inductances and capaci-
tances, which may induce noisy resonances. External and
trapped flux rejections are important concerns; flux cou-
pling and flux collection efficiency are also determined
by SQUID geometry [39]. Here, we focus our optimiza-
tion on these parameters and associated designs to achieve
high field sensitivity, B, = ¢, /A.s, Where ¢, is the intrin-
sic flux noise of the SQUID defined above and A is the
effective area of the SQUID, which generally considers
flux-focusing and shielding effects [29,39—42]. For square-
washerlike SQUIDs (Fig. 2) with D> A and w > A,
where A is the relevant magnetic penetration depth (Lon-
don or Pearl), the effective area is not the same as the
simple geometrical size of the washer and is determined
by Aeg~ D(D + 2w). The inductance of this square-
washer SQUID is L = u,(D + w)(2/m){In[1 + (D/w)] +
0.5}, for D/w>10, and L = u,DQ2/m){In[5 + (D/w)] +
0.25} for D/w> 10, and L = 1.25 u,D otherwise [29]. The
washer thickness, d, usually enters as a parameter coupled
to the penetration depth. The conditions above, D >> X and
w > A, mean that we assume the thickness of the washer
is d > A. In practice, if we are using niobium layers of a
few hundred nanometers thick, with a London penetration
depth of about 80 nm and lateral sizes larger than 1-2 um,
the conditions above are well satisfied. Using these expres-
sions, combined with the flux noise expressions above, we
calculate the SQUID field sensitivity, as shown in Fig. 5
(note, the approximate, but practically convenient, expres-
sions used for inductances result in artifacts appearing as
kinks in the plots). For a SQUID (single, not gradiometer)
pickup area of about 5 x 5 mm?, signal resolution in the
order of 5fT/+/Hz is expected, which makes femtotesla
signals attainable within a few seconds of averaging time.
However, 1 fT/+/Hz requires a much larger pickup area
(210 x 10 mm?) in this simple geometry.

One intuitive (but typically incorrect) suggestion for
improving the field sensitivity of SQUIDs is to increase
the number of turns of the SQUID loop, and thus, effec-
tively increase the phase drop (proportional to the flux)
on the Josephson junctions. However, the main problem
with this solution is that the inductance of the SQUID
grows rapidly with the number of turns (usually as the
square of the number of turns) and does not outpace
the gain from the effective larger pickup (linearly pro-
portional to the number of turns), especially for narrow
line loops [43]. This increase happens because the loops
must be large (millimeters) for our target field sensitivities,
yielding high single-loop inductances. A better strategy
is to reduce the detrimental effects of large inductance,
rather than only making the SQUID pickup area effectively
larger. Notably, while this approach may be useful for
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Sensitivity figures for the Ketchen SQUID (solid line) and fractional-loop washer SQUID (dashed lines) with an input coil.

External flux is collected by a pickup loop and through a series of one-turn input coils coupled to the SQUID. (a) Contour plots of the
noise in 7/+/Hz of a SQUID or a pickup loop with an arm width, W, versus the opening size, D. (b) Same sensitivity data plotted as the
lateral size of the SQUID versus the SQUID opening size. In bare SQUIDs, to obtain femtotesla sensitivities, SQUIDs should be quite
large, more than 20 x 20 mm?. In the fractional-loop SQUID, and for realistic fabricated chip sizes of about 10 x 10 mm?, we can
obtain sensitivities in the range of sub - fT/,/Hz. Achieving femtotesla range sensitivities is projected with the one-stage input-coil
designs; both fractional SQUIDs and Ketchen SQUIDs provide the same expected noise performances.

very small SQUIDs (nano-SQUIDs and micro-SQUIDs)
with small inductance, such SQUIDs are not relevant to
field-sensitivity devices.

I1I. FLUX INPUT CONFIGURATION

One way to improve the field performance of the SQUID
with direct flux input is to connect several SQUID loops
of smaller dimensions side-by-side to increase the overall
field collection area and minimize parasitic capacitive cou-
pling [44-50]. In this geometry, the total inductance of the
SQUID is about L/N, where L is the individual loop induc-
tance and N is the number of loops. However, improve-
ments in the size of the SQUID are incremental and in
the range of a couple of tens of percent reduction (calcu-
lated data not shown). This approach usually works well
for somewhat less demanding target fields (smaller SQUID
pickup area), in this case, the improvement can be more
substantial [44—50]. Besides, the multiloop SQUID is not
suitable for direct-field imaging of nearby objects due to
the complicated imaging kernel of multiple pickup loops.
In this section, we rationalize that a different parallel-loop
approach can be very useful in SQUIDs with input-coil cir-
cuits, but not in the direct detection form discussed in the
preceding paragraphs.

Generally, the main advantage in using the field coil
input circuit is that the large inductance of the input coil
can be implemented without a substantial degradation of
the SQUID performance. Magnetic field or flux can be col-
lected by a fully superconducting loop of a desired shape
and then magnetically (rather than electrically, as in the

direct schemes above) coupled to a SQUID [39]. This
approach keeps the SQUID inductance small, while the
pickup coil inductance can be larger than that achieved via
direct schemes, without a large penalty in intrinsic SQUID
noise. However, measures against the effect of parasitic
capacitances and inductances that may lead to undesired
resonances must be taken. If not removed properly, these
undesired resonances, when fed into the SQUID, can be
amplified by the nonlinear current-voltage characteristic
of the Josephson junctions, effectively compromising the
performance of the SQUID [51-57].

The choice of the input-coil geometry is not arbitrary.
Flux coupling is most efficient when the inductance of
the input coil is (ignoring inductances of connecting lines)
equal to the inductance of the pickup loop(s): L; = Lpp
(if there are two electrically connected pickup loops then
coupling is most efficient when L; = 2Lp.). In this case,
half of the sensed flux [flux through the pickup loop(s)] is
screened by the pickup-loop portion of the input circuit and
the other half by the coil at the input to the SQUID. Thus,
the SQUID detects only a fraction of the external flux.
The amount of flux detected by the SQUID, ¢, depends
on the mutual inductance between the input coil and the
SQUID, M;:

¢/ s = 2L/ M,. 3)
Generally, the mutual inductance is smaller than or equal
to the input-coil self-inductance. Therefore, the flux noise
performance (or energy sensitivity) of such a scheme
is worse than that of the direct flux-coupling SQUID
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FIG. 6. Representative design of a 100 aT gradiometric magnetometer and susceptometer. This image is a CAD layout with the
main components labeled. Additional shield over washers not shown for clarity. Area of the image is 22 x 10.5 mm?. See Appendix
B for more details. In the legend, ‘MN’ and ‘M’ layers are niobium, ‘IN’ and ‘I’ layers are openings in the insulating layers, ‘A’ —
anodization, ‘J’ —junctions area, ‘R’ —non-superconducting metal layers. The Layers correspond to the nomenclature used by Hypres

Inc. and SeeQC, Inc.

described in Sec. I. However, a gain in field sensitivity may
be obtained for much smaller pickup-loop sizes, because
the effect on § is minimized with the input-coil scheme.

In other words, a practical benefit arises because the
pickup loop can have a large inductance and a large flux-
collection area without a large effect on the intrinsic noise:
the input coil can be constructed to have a matching induc-
tance, for example, by using the Ketchen coupling scheme
of a spiral input coil to a wide-washer SQUID [39,40].
In this case, the self-inductance of the input coil scales
with the square of the number of turns, L; ~ n’L, while
the mutual inductance scales as M; =~ nlL [27,30,40]. Thus,
the flux noise performance of such a scheme is

_ 2y ) 4
opL = ﬁiiﬁs = 2ng;. 4)

Combining Eq. (4) with the basic noise performance
equation [Eq. (2)] reveals that the size of the SQUID for
sensitivities in the range of 1 {fT are substantially smaller
than those in the direct-coupling schemes. This design,
therefore, constitutes a promising direction to achieve high
field sensitivities. In the next section, we discuss a further
improvement with a scheme of several washers in parallel
and input coils connected in series.

IV. ORIGINAL DESIGN WITH SERIES INPUT
COILS AND FRACTIONAL SQUID LOOPS

The main advantage in using the field-coil input cir-
cuit is that the large inductance of the input coil can be

implemented without a substantial degradation of SQUID
performance. However, the flux sensitivity is compro-
mised during matching of the input-coil inductance and the
pickup-loop inductance. This is tolerable for some appli-
cations, but often higher sensitivity is needed. Often, this
compromise is forced by use of a commercial SQUID
with a fixed-inductance input coil and a customer-provided
pickup loop. In other words, when » is large in Eq. (4), it
can degrade the performance of a standard input coil with
the washer setup.

In the following approach, based on the “fractional
SQUID” designs, we substantially improve this perfor-
mance with parallel SQUID loops (Figs. 3 and 4). Instead
of having one washer SQUID loop and an input coil
consisting of many turns, we use many parallel washer
SQUID loops [58], with a single-loop input coil each in
the gradiometric configuration both for the pickup loops
and the input washers to cancel out the influence of the
external field noises, when the currents flow with oppo-
site chirality in different subloops (Figs. 3 and 4). Each
input loop is connected in series, and their parameters
and the number of washers, N (and thus, the input-coil
turns), are matched to the pickup-loop inductance. When
using a single-turn coil, » =1, per SQUID washer from
Egs. (3) and (4), assuming the same flux through all of
the fractional washers, we obtain the total flux sensed
by the SQUID as ¢, = (My;/2L1;)¢p/N. For washers
[39,40], the mutual inductance is equal to the washer
inductance, M; = L; (Fig. 3), and therefore, ¢p = 2¢;.
This is the best flux-at-the-pickup to flux-at-the-SQUID
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conversion that can be achieved. Our scheme presented
here makes use of this estimate and opens up the possibility
for femtotesla sensitivities within relatively small sizes of
chips.

It is necessary to have on the order of N = Lpy /L
SQUID loops connected in parallel, as well as the same
number of input coils, leading to a total matching to the
pickup-loop inductance of tens of nH. Figure 5 shows our
calculations of these inductances for several target field
sensitivities. The calculations are done by looping through
w and D, calculating the expected SQUID flux noise given
the inductances and other parameters of the SQUID and
junctions, translating those to field noise using the effective
area of the pickup loop, and then displaying lines of equal
field noise as a function of the size of the pickup loop.
Compellingly, this design promises subfemtotesla sensitiv-
ity in about 10 x 10 mm? footprint per pickup loop. This
promises many additional uses in fields ranging from mate-
rial sciences to neurosciences and in similar, or potentially
more compact, experimental setups [59—70].

V. FABRICATION-READY GRADIOMETER FOR
THE FEMTOTESLA RANGE

Gradiometric designs [71] can offer an external noise
rejection of about 10 000 times or more [1,72—74]. In addi-
tion, gradiometers enable more efficient studies of material
properties, as they are not susceptible to background sig-
nals that do not originate from the samples under study.
A field coil can be used to induce local magnetization
in the materials. Following the concepts and calculations
proposed in the preceding sections, we design 50 fT gra-
diometers (and susceptometers) within about 10 x 20 mm?
(Fig. 6).

Figure 6 depicts the overall layout, along with a leg-
end for the layers legend. The pickup loops are wide,
and therefore, have moats for flux trapping [75] to reduce
the potential 1/f component (so other components of the
SQUID have moats). This design implements 16 parallel
washers, and the main geometries of the SQUID are sum-
marized in Table I. Figure 7 in Appendix B contains details
of one realization of the Josephson junctions’ region

TABLE 1. Geometrical parameters of a femtotesla SQUID
gradiometer.
Line Nominal Screened

Inner size, width, w inductance inductance
Component D (mm) (mm) (nH) (nH)
Pickup loop 8.850 0.1 36.2 —
One 0.625 0.011 2.25 2.21
input-coil
turn
One SQUID 0.600 0.05 1.59 1.03
washer

with shunt resistors and an additional damping resistor
[52,76—79], which reflect the 8 =1 condition for a 10 A
critical current with 16 parallel washers, resulting in about
100 pH SQUID inductance. Figure 8 in Appendix B
illustrates a section that includes several parallel washer
SQUIDs that are arranged in two parallel columns of eight.
These washers have flux-trapping moats [75]. The first
eight and remaining eight washers are also gradiometri-
cally configured to reject external noise. The two sets of
input coils are electrically isolated. Very small parasitic
inductances, due to the wide lines, and very small capac-
itances, due to very thick oxide (a couple of micrometers
of Si0,), are achieved in these designs: the total parasitics
are in the range of a few hundreds of pH. The undesired
effects of these parasitics should be further minimized by
the damping resistors. Figure 9 in Appendix B shows an
individual 1.59 nH washer section, with the flux-trapping
moats [75] and damping resistors emphasized. Overall,
these designs show compact devices with greatly enhanced
field sensitivity, while still being of similar or smaller
dimensions than those previously reported [59—70]. This
makes this design very attractive for practical applica-
tions, requiring only a few millimeters of spatial resolution
and yielding an extraordinary field sensitivity in a poten-
tially more compact form than that used before. More-
over, they can be manufactured at a foundry using con-
ventional superconducting integrated-circuit fabrication
methods.

VI. SUMMARY

Our detailed optimization methods yield gradiometric
SQUID designs with projected sensitivities in the fem-
totesla range. Several variants of the designs can be imple-
mented, mainly with varying pickup-loop dimensions and
numbers of washers. Other parameters that can be varied
marginally are the critical currents in Josephson junc-
tions, as well as the quantity of such junctions and the
values of their shunting resistors. These SQUIDs, even
when gradiometric, are of a small size that are practical
and relevant for use in various technological and scien-
tific applications, where unprecedented field sensitivity is
required. This potentially opens the door to beyond the
femtotesla range, so that attotesla-sensitivity SQUID sen-
sors can be fabricated as compact chips in the near future,
which may open up technological capabilities for discov-
eries of various phenomena in quantum materials and in
other interdisciplinary fields [48,80-86] of science and
technology, including qubits and quantum information.
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APPENDIX A: OPTIMIZING FLUX TRANSFER
FOR N FRACTIONAL-LOOP SQUID AND
IN-SERIES INPUT-COIL LOOPS

Here, we provide details that lead to the conclusion
that the design with a fractional-loop SQUID with one-
turn in-series input-coil loops is optimal for our purposes
of detecting efficiently fluxes sensed by large inductance
pickup loops, but with relatively small dimensions. When
a flux, A¢pr, from a studied source couples to the pickup
loop, it induces a screening current, J;, which produces an
equal amount of flux distributed in the input transformer,
as follows [87]:

JiLpy + JiLi eff + JiLi swip = AdpL,

where the effective screened inductance of the input coil
with N one-turn loops [1] is

Liex~ (1 —ks)L; = (1 — k2s)NLy;.

The input-coil coupling constant is k; = (M /+/LiL1;) =
/L1/Ly;; s is defined in Ref. [1] and is on the order of 0.04
in our example above, L; is the total unscreened input-coil
inductance, L,; is the inductance of the unscreened one-
input-coil segment of N connected in series, and M is the
mutual inductance between one segment of the input coil
and one fractional SQUID washer.

In the classic washer geometry, the inductance of the
input coil (an n-turn secondary coil) actually coupled to
the washer (a one-turn wide primary coil) is equal to the
washer inductance due to an almost perfect imaging of the
secondary coil by currents in the primary coil plus the strip
inductance of the secondary coil [1,30]:

Li;=n’Ly + nLi srip-
The flux-transfer factor is the ratio between the externally
applied pickup-loop flux, A¢pr, and the flux sensed by the
SQUID, A¢s = M /N x NJ; = ki/L1L,J; [30,87]:

kM VLiLy
 Lp+ (1 — k2s)NLy;

By taking the derivative of this expression with respect to
the pickup-loop inductance, it can be easily shown that this
factor is maximized when Lp. = (1 — k?s)NLy;, yielding
the maximum factor:

ki/N

L
2./(1 — k2s) V L

Typically, for wide washers and narrow input coils fabri-
cated with standard lithography, k; ~ 0.7 — 0.9 and s is on

Fmax=

the level of a few percent [1], and therefore,

P
max N Lli.

Inserting known expressions for the washer and the input-
coil inductances [1,88] gives

1 Ly + Lg;
Fmax N

2N 2 (L +5) + Ly

El

Ly is the geometric inductance of the central hole in a
washer (primary coil), Lgy is the slit inductance, and Lgip, is
the stripline inductance of the secondary line (which essen-
tially represents flux leakage). In relatively large washers
(tens or hundreds of um), we can safely assume L, > Lg
for finding the optimal n. Furthermore, in our case, Lgip
is in the order of 100 pH per turn of the input coil, while
L, =~ L = 1.59nH. We can thus write

Fmax ~ ﬁ’

which is obviously optimized for n =1 and L = 1, as in
our design (notably, this is not necessarily accurate for
small SQUIDs, for example, with a larger fraction of flux
leakage in between the primary and secondary soils and in
the washer slit).

This result echoes textbook expressions for the clas-
sic input-coil design for a single washer [72,87], with
the exception that our expression contains variables that
represent a single segment in the input coil and a sin-
gle turn in the fractional washer. Thus, in our case, the
Josephson junctions will see a much smaller (L;/N)[1 —
siki(NL1;/NLy; + Lp.)] inductance, s; = 0.5 in our case,
as defined in Ref. [1], which is beneficial for maintaining
a relatively high overall energy sensitivity of the SQUID
(meeting the optimization condition for 8 = 1).

Notably, also, the energy sensitivity of our design is not
better than that of previous approaches and is still funda-
mentally limited by the same considerations as those in the
classic cases [30,51,87], but this design is optimized for
the compactness of the pickup loop, while maintaining a
high integrated flux (field) sensitivity without compromis-
ing the SQUID inductance. There is one instructive way
to understand our results, in that the flux from the pickup
loop is effectively squeezed by a factor of about 100 (in our
example) into a smaller area, while still being effectively
coupled to a small-inductance SQUID. This effect may
have further fundamental applications in quantum sensing,
in general.
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I-V (left washers) I-V (right washers)

R damping
i e

{

R shunt . Rshunt

FIG. 7. Josephson junctions (JJ1 and JJ2). Area of the image
is 45 x 30 um?. This design provides small parasitic inductance
and resonance damping.

APPENDIX B: DETAILS OF THE DESIGN
LAYOUT

Figures7—9 are enlarged regions of the design presented
in Fig. 6. They serve as examples of the design details to
guide engineering efforts based on our paper.

APPENDIX C: ADDITIONAL MOTIVATIONS AND
CONSIDERATIONS FOR SCANNED SQUID
READOUT AND OTHER USES

If one would like to explore experimentally how cou-
pling between a qubit and a readout squid influences
the performance of the qubit, a SQUID, such as the
one presented here, installed in a scanning apparatus will
allow scanning over a large area of a wafer containing
many quantum chips, and thus, effectively replace hun-
dreds, if not more, on-chip fabricated read-out or diag-
nostics SQUID devices. In a scanning mode, different
SQUID-qubit geometrical arrangements (couplings) can
be explored more easily than that with on-chip readouts.

When a weak coupling is desired, one can think of a
(flux) qubit as being a magnetic dipolelike source, where,

Flux-trapping

moats Washers &

input coils

Left input leads § !
DET ]

t Josephson junctions

FIG. 8. Input coil and parallel washers. Area of the image is
2 x 1 mm?. This is an approach with single-turn input coils con-
nected in series, while the washers are connected in parallel to
reduce the SQUID inductance.

Intra-coil*

FIG. 9. Details of the washer section. One-turn loops are used
as input coils: one coil for each of the gradiometer pickup
loops. Flux traps are implemented as moats in wide Nb sections.
Damping resistors are implemented.

in weak coupling, one would want to position the SQUID
far enough away from the qubit. At the same time, the
collected signal is lost, so to compensate for that, one
would want to increase the detection area of the SQUID
(to collect more flux). The back action of the noise from
the large SQUID on the qubit is smaller than that of a
small noisy SQUID coupled to a small qubit SQUID, as
the noise is likely to be dispersed in many directions and
not just directly in the qubit. Thus, the hypothesis is that a
large fraction of the noise electromagnetic radiation will
disperse in the open space (into a cavity and grounded
cryostat parts), while a large fraction of the qubit signal can
be collected by the large SQUID. More thorough calcula-
tions of back actions and experiments will be required to
support this hypothesis in the future, but these are beyond
the scope of this work. In addition, by implementing a
remote SQUID, coupling of noise through the substrate to
the qubit is eliminated, which, again, provides advantages
for quantum diagnostics tools.

The kind of SQUIDs presented here could be useful for
wafer-scale testing apparatuses for quantum-information
technologies, similar to the one introduced recently by
Bluefors-Intel-Afore, which is tagged a cryogenic wafer
prober for the millikelvin range and said to dramati-
cally help at speeding up the developments of cryogenic
quantum devices [89]. Our sensors can enhance the capa-
bilities of such diagnostics tools.

Another possibility for using these sensors is to test
complex noisy quantum systems and to troubleshoot their
performance. One such example is when targeting on the
individual qubit level may not be useful due to the overall
complexity of the tested chip, but the integrated sensitivity
to noise and fluctuations is desired. In this case, the spa-
tial resolution is compromised, but finer integrated field
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resolution be obtained, allowing for spectroscopic studies
of complex quantum systems.
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