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(57) ABSTRACT

A system comprises a substrate having a planar surface; a
first magnet configured to apply a first magnetic field
parallel to the planar surface; a circuit arranged on the planar
surface; and a superconducting quantum interference device,
SQUID, operably linked to the circuit. The SQUID com-
prises a Josephson junction arranged 1n a superconductive
loop. The superconductive loop includes a portion which
extends perpendicular to the planar surface and 1s orientated
such that the SQUID 1s tuneable by the first magnet. By
allowing the SQUID to be tuned using a magnetic field
which 1s parallel to the planar surface, a reduction 1n tlux
noise may be achieved. Also provided are a method of

operating a SQUID, and a SQUID.
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701 Cooling the SQUID to an operating
X temperature.

- Tuning the SQUID by applying a first
X magnetic field in a direction parallel
to the planar surface and through

the superconductive i0op.

l

703 F
K Flectrostatically gating the
Josephson junction of the SQUID.

Fig. 7
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SUPERCONDUCTING QUANTUM
INTERFERENCE DEVICES AND USES
THEREOFK

BACKGROUND

[0001] Superconducting circuits are used 1in quantum com-
puter devices, as well as 1n quantum science and technology
more generally. Such circuits may be sensitive to magnetic
fields. Both static and time-varying magnetic fields can
introduce noise, thereby degrading the performance of the
circuit.

[0002] Operating certain  superconducting circuits
involves the use of a magnetic field to tune the behaviour of
the circuit. This 1s referred to as flux tuning. Flux tuming may
be useful for devices such as superconducting qubits,
Josephson junction-based parametric amplifiers, and super-
conducting quantum interference device (“SQUID”) mag-
netometers.

[0003] Typically, arelatively weak magnetic field, e.g. one
having a strength of the order of 1 to 100 uT depending on
the area enclosed by the loop of the SQUID, 1s used for tflux
tuning. Background flux noise may be suppressed by adding,
multiple layers of magnetic and superconducting shielding.
The shielding may be local shielding, 1.e. the device may be
arranged 1n a relatively small sample container encapsulated
in mu-metal shielding and arranged 1n the cryogenic cham-
ber. Flux tuning can then be performed by local flux bias
lines or a small coil 1inside the shielding.

[0004] Local shielding 1s suitable for devices operating 1n
zero field but 1s impractical for devices which require a
strong magnetic field. It 1s not possible to generate a strong
field using a small coil inside the shielding.

[0005] Certain superconducting circuits may require the
use of a relatively strong magnetic field, e.g. of the order of
100 mT to several Tesla, 1n order to operate. For example,
a strong magnetic field may be necessary for introducing
topological behaviour in a device comprising a semiconduc-
tor-superconductor hybrid structure, such as a topological
qubit. Topological behaviour refers to a particular type of
excitation, referred to as Majorana zero modes, which may
be mnduced when a semiconductor undergoes energy level
hybridisation with a superconductor. The magnetic field 1s
used to lift spin degeneracy 1n the device, 1n other words to
cause diflerent spin states to have different energy levels. A

more detailed discussion of hybrid devices 1s provided in
Stanescu et al (Physical Review B 84, 144522 (2011)) and

Winkler et al (Physical Review B 99, 245408 (2019)).

[0006] Local shielding of a superconducting circuit 1s not
a practical approach to reducing noise in a superconducting
circuit operated 1n a strong magnetic field. The use of large
multilayer shields around the complete experimental setup
combined with Helmholtz coils to compensate for external
magnetic flux has been proposed. An alternative approach
has been the use of gradiometric circuit designs. In gradio-
metric designs there 1s a trade-ofl between noise sensitivity
and flux tunability. There 1s an upper limit on the out of plane
field strength a thin-film superconducting circuit can toler-
ate. If the magnetic field 1s too strong, static and time
varying vortex currents are induced, which induce additional
noise 1n the form of increased dissipation, inductive noise,
and flux noise.

Aug. 24, 2023

SUMMARY

[0007] In one aspect, there 1s provided a system compris-
ing: a substrate having a planar surface; a first magnet
configured to apply a first magnetic field parallel to the
planar surface; a circuit arranged on the planar surface; and
a superconducting quantum interference device, SQUID,
operably linked to the circuit; wherein the SQUID comprises
a Josephson junction arranged 1n a superconductive loop;
and wherein the superconductive loop includes a portion
which extends perpendicular to the planar surface and 1s
orientated such that the SQUID 1s tuneable by the first
magnet. By allowing the SQUID to be tuned using a
magnetic field which i1s parallel to the planar surface, a
reduction 1n tlux noise may be achieved.

[0008] In another aspect, there 1s provided a method of
operating a superconducting quantum interference device,
SQUID, wherein the SQUID 1s operably linked to a circuit
arranged on a planar surface of a substrate, wherein the
SQUID comprises a Josephson junction arranged in a super-
conductive loop, and wherein the superconductive loop
includes a portion which extends perpendicular to the planar
surface, the method comprising: cooling the SQUID to an
operating temperature; and tuning the SQUID by applying a
first magnetic field 1n a direction parallel to the planar
surface and through the superconductive loop. By using a
parallel field to tune the SQUID, the eflects of flux noise
may be reduced.

[0009] A still further aspect provides a superconducting
quantum interference device, SQUID, wherein the SQUID 1s
arranged on a substrate and comprises: a Josephson junction
arranged 1n a superconductive loop; and a support member
having a top surface and a bottom surface; wherein the
superconductive loop comprises a bottom portion arranged
between a planar surface of the substrate and a bottom
surface of the support member, a top portion arranged on a
top surface of the support member, and two connecting
portions connecting the bottom portion and the top portion,
wherein the connecting portions extend in a direction per-
pendicular to the planar surface of the substrate. The SQUID
1s 1nsensitive to a magnetic field perpendicular to the sub-
strate, because the superconductive loop 1s orientated ver-
tically with respect to the substrate and there 1s no loop 1n the
plane of the substrate. This allows for tuning of the SQUID
using a magnetic field which 1s parallel to the substrate.

[0010] This Summary 1s provided to introduce a selection
of concepts 1 a simplified form that are further described
below 1n the Detailed Description. This Summary 1s not
intended to 1dentify key features or essential features of the
claimed subject matter, nor 1s 1t intended to be used to limat
the scope of the claimed subject matter. Nor 1s the claimed
subject matter limited to implementations that solve any or
all of the disadvantages noted herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] To assist understanding of embodiments of the
present disclosure and to show how such embodiments may
be put into eflect, reference 1s made, by way of example
only, to the accompanying drawings in which:

[0012] FIG. 1 1s a cross-section of an electrostatically
gated Josephson junction;

[0013] FIG. 2 1s a simplified schematic of a system accord-
ing to the present disclosure;
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[0014] FIGS. 3A to 3C 1illustrate a first example of a
SQUID, and are respectively a perspective view, plan view,
and side view 1n the yz plane;

[0015] FIGS. 4A to 4C 1llustrate a second example of a
SQUID, and are respectively a perspective view, plan view,
and side view 1n the yz plane;

[0016] FIGS. 5A to 5C illustrate a third example of a
SQUID, configured as a gradiometer, and are respectively a
perspective view, plan view, and side view 1n the yz plane;

[0017] FIG. 6 1s a cross-sectional view of a variant of the
FIG. 4 device;
[0018] FIG. 7 1s a flow chart outlining a method of

operating a SQUID;

[0019] FIG. 8A 1s a simplified circuit diagram 1llustrating
one example use case for a SQUID; and

[0020] FIG. 8B 1s a circuit diagram showing details of
module L, _ , of FIG. 8A.

[0021] FIG. 9A shows a two-tone spectrogram ol a
SQUID tuned using a perpendicular field, as discussed 1n the
Example;

[0022] FIG. 9B shows a two-tone spectrogram ol a
SQUID tuned using a parallel field, and recorded using the
same readout settings as for FIG. 9A; and

[0023] FIG. 10A 1s a plot showing the frequency response
of the LC resonator circuit investigated in the Example to a
magnetic field applied perpendicular to the plane of the
substrate; and

[0024] FIG. 10B 1s a plot showing the frequency response
of the LC resonator circuit mnvestigated in the Example to a
magnetic field applied parallel to the plane of the substrate.
[0025] FIGS. 1 to 6 are schematic, and are not to scale.
The relative proportions of components shown in these
FIGS. may be exaggerated for ease of representation.

DETAILED DESCRIPTION OF EMBODIMENTS

[0026] As used herein, the verb ‘to comprise’ 1s used as
shorthand for ‘to include or to consist of’. In other words,
although the verb ‘to comprise” 1s mtended to be an open
term, the replacement of this term with the closed term ‘to
consist of” 1s explicitly contemplated, particularly where
used 1n connection with chemical compositions.

[0027] Directional terms such as “top”, “bottom”, “left”,
“right”, “above”, “below”, “horizontal” and *“‘vertical” are
used herein for convenience of description and relate to the
device i the orientation shown in the drawings. For the
avoidance of any doubt, this terminology 1s not intended to
limit the orientation of the device 1n an external frame of
reference.

[0028] The x, vy, and z directions referred to herein are
Cartesian axes defined relative to the planar surface of the
substrate. The y direction 1s perpendicular to the planar

surface. The x and z directions are parallel to the planar
surface. The axes are illustrated in each of FIGS. 3A, 4A,

and SA.

[0029] Geometric terms such as “parallel” and “perpen-
dicular” are used for convenience of description. In practice,
manufacturing and operating tolerances will apply.

[0030] As used herein, the terms “superconductor”,
“superconductive”, and the like are used to refer to a
material or component which displays superconductive
behaviour when cooled to an operating temperature below
the critical temperature, Ic, of the component. The use of
these term 1s not intended to limit the temperature of the
device when not 1n use.
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[0031] A “nanowire” 1s an elongate member having a
nano-scale width, and a length-to-width ratio of at least 100,
or at least 500, or at least 1000. A typical example of a
nanowire has a width in the range 10 to 500 nm, optionally
50 to 100 nm or 75 to 125 nm. Lengths may be of the order
of micrometres, e.g. at least 1 um, or at least 10 um.
[0032] A “semiconductor-superconductor hybrid struc-
ture” comprises a semiconductor component and a super-
conductor component which may become coupled to one
another under certain operating conditions. In particular, this
term refers to a structure capable of showing topological
behaviour such as Majorana zero modes, or other excitations
useful for quantum computing applications. The operating
conditions generally comprise cooling the structure to a
temperature below the Tc of the superconductor component,
applying a magnetic field to the structure, and applying
clectrostatic gating to the structure. Generally, at least part of
the semiconductor component 1s 1n intimate contact with the
superconductor component, for example the superconductor
component may be epitaxially grown on the semiconductor
component. Certain device structures having one or more
turther components between the semiconductor component
and superconductor component have also been proposed.
[0033] The content of all documents cited herein 1s hereby
incorporated by reference 1n 1ts enfirety.

[0034] Superconducting circuits are typically fabricated
from a thin film of superconductor material arranged on a
substrate having a planar surface. Past approaches to the flux
tuning of superconducting circuits have relied upon the use
of a magnetic field applied perpendicular to the planar
surface. Provided herein are systems and superconducting
quantum 1nterference devices that may be tuned using a
magnetic field which 1s parallel to the planar surface. It has
been found that superconducting circuits have much greater
tolerance to parallel magnetic fields than to perpendicular
magnetic fields. Since the superconducting circuit 1s fabri-
cated from a thin film, the effective surface area of a
superconducting circuit parallel to the plane 1s typically
much smaller than the eflective surface area perpendicular to
the plane.

[0035] The systems, devices, and methods provided herein
are based on superconducting quantum interference devices,
abbreviated herein as “SQUID”. A SQUID comprises one or
more Josephson junctions arranged in a superconducting
loop. The examples described herein use a radio frequency,
RFE, SQUID including a single Josephson junction. It is
believed that the principals explained herein are applicable
to any type of SQUID. For example, direct current, DC,
SQUIDs comprising two or more Josephson junctions may
alternatively be used.

[0036] An example of a Josephson junction device 100
will first be described with reference to FIG. 1.

[0037] A Josephson junction comprises two superconduc-
tive electrodes 110a, 11056 which are separated from one
another by a so-called weak link. The weak link provides an
energy barrier between the superconductive electrodes 110a,
1105. A supercurrent may flow between the electrodes were
110a, 1105 by quantum tunnelling through the energy bar-
rier. There 1s an upper limit on the magnitude of the
supercurrent which can bridge the junction can support. This
1s referred to as the critical current, 1.

[0038] A weak link may be implemented 1n various ways.
For example, the weak link may be an insulating layer or
portion of normal conductor arranged between the two
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superconductive electrodes. Another possible implementa-
tion of a weak link 1s a constriction 1n an otherwise con-
tinuous superconducting electrode.

[0039] In the example device 100, superconducting elec-
trodes 110aq, 1106 are arranged on a nanowire 112 of
semiconductor material and are spaced from one another by
a gap 111. Semiconductor material 1n the region of the gap
111 acts as the weak link.

[0040] The nature of the superconductor material 1s not
particularly limited and may be selected as appropriate. The
superconductor 1s typically an s-wave superconductor. Any
of the various s-wave superconductors known the art may be
used. Examples include aluminium, indium, tin, and lead. In
implementations where aluminium 1s used, the supercon-
ducting electrodes 110aq, 11056 may for example have a
thickness 1n the range 4 to 10 nm, e.g. about 6 nm.

[0041] Further examples of superconductor materials
include MoRe, TiN and NbTiN. These materials have rela-
tively high upper critical magnetic fields, and in other words
remain superconductive in relatively strong magnetic fields.
For example, the critical magnetic field of MoRe 1s greater
than 8 T. These materials may be particularly preferred in
implementations where strong magnetic fields are to be
used.

[0042] The semiconductor may comprise a I11-V semicon-
ductor matenal, for example a material of Formula 1:

InAs Sb,

[0043] where X 15 1n the range O to 1. In other words, the
semiconductor component 112 may comprise indium anti-
monide (x=0), indium arsenide (x=1), or a ternary mixture
comprising 50% indium on a molar basis and variable
proportions of arsenic and antimony (0<x<1).

[0044] Another class of useful semiconductor materials
are 1I-VI semiconductor maternials. Examples of I1I-VI semi-
conductor materials mclude lead telluride and tin telluride.

[0045] FIG. 1 turther 1llustrates a gate stack comprising a
set of gate electrodes 116, 118 and a gate dielectric 114. The
gate stack 1s arranged below the nanowire. The gate stack
may be positioned between the nanowire 112 and the surface
ol a substrate.

[0046] Gate dielectric 114 serves to prevent a flow of
current between the nanowire 112 and the gate electrodes
116, 118. The nature of the gate dielectric 1s otherwise not
particularly limited. Illustrative examples of dielectric mate-
rials 1nclude aluminium oxide, hafnium oxide, silicon
oxides, and silicon nitrides.

[0047] The gate electrodes are for tuning the properties of
the semiconductor based on the field-eflect. In the example
shown 1n FIG. 1, the gate electrodes include a pair of plunger
gates 116a, 1165 and a cutter gate 118. Each plunger gate 1s
arranged under a respective one ol the superconducting
clectrodes 110qa, 1105 and 1s spaced from the superconduct-
ing electrodes 110a, 1106 by the gate dielectric 114 and the
nanowire 112. Cutter gate 118 1s arranged between the
plunger gates 116a, 1165 and aligned with the gap 111.

[0048] Various modifications may be made to the 1llustra-
tive gate stack shown in FIG. 1. The number and arrange-
ment of the gate electrodes may be selected as desired
depending on the use case. The illustrated example 1is
bottom-gated. Top- and side-gated arrangements are also
contemplated. In a side-gated device, gate dielectric 114
comprise an empty space as an alternative or 1n addition to
a layer of matenal.

(Formula 1)
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[0049] In use, the behaviour of a Josephson junction is
determined by two key parameters. The first of these is the
s1ze of the energy barrier. The other 1s the diflerence 1n the
phases of the wave functions which describe the supercon-
ductivity 1n the two superconductive electrodes.

[0050] Flectrostatic gating allows for control over the
height of the energy barrier. When the Josephson junction 1s
arranged 1n a superconductive loop of a SQUID, the phase
difference may be controlled by applying magnetic flux
through the loop.

[0051] FIG. 1 1s one illustrative example of a Josephson
junction device, and many other implementations are pos-
sible. In particular, the use of electrostatic gating 1s optional.
The precise nature of the Josephson junctions used 1n the
systems and devices provided herein 1s not particularly
limited.

[0052] An example system of the present disclosure will
now be described with reference to FIG. 2. FIG. 2 shows a
simplified block diagram of the system.

[0053] System 200 includes a circuit 220 arranged on a
planar surface 212 of a substrate 210. Also arranged on the

substrate 1s a SQUID 230.

[0054] The substrate 210 typically comprises a water of
semiconductor material. A waler 1s a single crystalline piece
of material. One example waler material 1s indium phos-
phide, which 1s a high band-gap semiconductor. Other
examples of waler materials 1nclude gallium arsenide,
indium antimonide, indium arsenide, and silicon (e.g., high
resistivity silicon or P-doped silicon).

[0055] The substrate may consist of the wafer or may
further include additional structures arranged on or over a
waler. For example, the substrate may include layers of two
or more materials.

[0056] The substrate has a planar surface 212 on which the
circuit 220 1s arranged. The inclusion of components which
are grown epitaxially on the substrate, such as selective-
area-grown semiconductor components, 1s contemplated.
Trenches 1n, or mesas on, the surface of the substrate may be
present 1n some 1mplementations.

[0057] The nature of circuit 220 1s not particularly limited.
Circuit 220 may comprise a superconducting circuit. A
superconducting circuit 1s one which includes at least one
superconductor component, and may further include nor-
mally conductive components and/or semiconductor com-
ponents. An example circuit 220 1s a qubit device. Circuit
220 may include a semiconductor-superconductor hybrid
device.

[0058] In particular, circuit 220 may include a supercon-
ductive ground plane. A superconductive ground plane 1s a
layer of superconductive material configured to provide
clectrical grounding. Typically, a superconductive ground
plane covers a majority of the surface of the substrate, for
example 60% or more, or 75% or more of surface 212.
Circuits including such ground planes may be particularly
susceptible to the eflects of perpendicular magnetic fields
due to the ground plane’s relatively large surface area.
Induced currents 1n the ground plane are believed to be a
significant source of flux noise 1n superconducting circuits.

[0059] The ground plane may include defect sites config-
ured to trap vortex currents. The defect sites may comprise
holes having a diameter selected to be smaller than the
diameter of the vortices. Such defect sites are described 1n
Kroll et al., Phys. Rev. Applied 11, 064053 (2019). The

inclusion of defect sites may help to reduce noise.
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[0060] To fabricate a circuit 220, surface 212 of substrate
210 may be coated with a layer of superconductor material,
and the layer may be patterned, for example by etching, to
form components of the circuit.

[0061] A SQUID 230 1s operably linked to the circuit 220.
The SQUID 230 comprises a Josephson junction arranged 1n
a superconducting loop. The SQUID 230 may be galvani-
cally connected to the circuit 220 or may be inductively
coupled to the circuit 220.

[0062] The circuit 220 may comprise an LC resonator
circuit. The SQUID may be embedded 1n the LC resonator
circuit. In such implementations, the SQUID provides a
non-linear inductance to the LC resonator circuit. The LC
resonator circuit may be comprised 1 a transmon qubit
device, fluxonium qubit device, or other superconducting
qubit device.

[0063] The LC resonator circuit may be connected to a
frequency generator. This allows the SQUID to be moni-
tored by monitoring the complex valued microwave
response of the LC resonator circuit.

[0064] Examples of circuits comprising a combination of
a SQUID and resonator circuit, as well as the functions of
such circuits, are described 1n e.g. Tinkham, “Introduction to
Superconductivity (2”4 Edition)”, Dover Publications Inc,
2004, pp. 230; and Fagaly, “Superconducting quantum inter-
ference device instruments and applications™, Review of

Scientific Instruments 77, 101101 (2006).

[0065] Further examples of superconducting circuits are
described 1n e.g. Wendin, “Quantum information processing
with superconducting circuits: a review’”, Rep. Prog. Phys.
80, 106001 (2017) (arX1v:1610.02208v2); Blais et al, “Cir-
cuit Quantum Electrodynamics”, arXiv:2005.12667v1
[quant-ph]; and Burkard et al, “Superconductor-semicon-
ductor hybnid cavity quantum electrodynamics” Nature
Reviews Physics (2020) (arXiv:1905.01155v]1 [cond-mat.
mes-hall]).

[0066] The superconductive loop of SQUID 230 extends
vertically from the planar surface 212 of the substrate 210.
The loop 1s defined in the yz plane. Illustrative examples of
suitable SQUIDs are discussed below with reference to

FIGS. 3 to 6.

[0067] The system further comprises three magnets 240,
250 and 260. The magnets are configured to apply magnetic
fields 1n an x direction, a y direction, and a z direction,
respectively. The y direction 1s perpendicular to the planar
surface 212 of the substrate 210. The x and z directions are
cach parallel to the planar surface 212 and mutually per-
pendicular.

[0068] The first magnet 240 1s configured to apply a first
magnetic field B_1n an x direction, 1.e. through the loop of
the SQUID 230. First magnet 240 1s useful for flux tuming,
of the SQUID. The magnetic field applied by first magnet
240 B, may have a static component, providing an ofiset,
and a Vanable component, providing the tuning.

[0069] The second magnet 250 configured to apply a
second magnetic field B, in the z direction. The magnetic
field applied 1n the z direction 1s parallel to the plane of the
substrate, but does not pass through the loop of SQUID 230.
The flux applied in the z direction does not therefore vary the
tuning of the SQUID 230, and 1n this sense the SQUID i1s not
sensitive to the second magnetic field B_. The second magnet
250 1s useful 1n implementations where 1t 1s desired to apply
a further magnetic field for operating one or more compo-
nents of the circuit. The flux applied 1n the z direction may
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alter the properties of the Josephson junction itself, which
may be uselul for mducing topological behaviour or for
studying the eflects of the magnetic field in the z direction
on the Josephson junction.

[0070] The third magnet 260 1s configured to apply a third
magnetic field By 1n the y-direction, 1.¢. perpendicular to the
planar surface of the substrate. This may be useful for
operating components of certain superconductive circuits.
[0071] The strengths of the first, second and third mag-
netic fields may be selected as approprniate depending on the
configuration of the SQUID and the nature of the circuit. For
example, the strength of the first magnetic field may be
selected based on the area enclosed by the superconductive
loop of the SQUID.

[0072] The first, second and third magnets 240, 250, 260
may each independently be any appropriate type of magnet,
and are typically electromagnets. The first magnet 1s typi-
cally configured to generate an adjustable strength magnetic
field. The second magnet may also be configured to generate
an adjustable strength magnetic field. The third magnet may
be configured to generate a constant strength magnetic field
or an adjustable strength magnetic field.

[0073] In use, substrate 210, circuit 220, and SQUID 230
are arranged 1n a cryogenic chamber 270, for cooling the
circuit 220 and SQUID 230 to an operating temperature. The
first, second and/or third magnets 240, 250 and 260 may also
be arranged within the cryogenic chamber 270 1n certain
implementations. In such implementations, the circuit 220
and magnets may be cooled to different extents. For
example, the circuit 220 and SQUID 230 may be cooled to
a temperature of the order of 30 mK by a dilution stage of
the cryogenic chamber, with the magnets 240, 250, 260
being cooled to a temperature of the order of 3 K by pulse
tubes of the cryogenic chamber.

[0074] A magnetic field for tuming the SQUID 1s applied
using the first magnet. The strength of this magnetic field
may be adjusted to cause the SQUID to behave 1n a desired
way.

[0075] Magnetic fields for operating one or more compo-
nents of the circuit and/or varying the properties of the
Josephson junction may be applied using the second and/or
third magnet. The magnetic field B_ applied by the second
magnet may be varied without mnducing significant flux
noise, because this field 1s parallel to the planar surface of
the substrate. A further magnetic field By may be applied
perpendicular to the planar surface by the third magnet. Any
variations in the By field are preferably minimized when
measuring the signal generated by the SQUID.

[0076] Since the superconductive loop of the SQUID 230
1s arranged 1n the yz plane, flux tuning of the SQUID 230 by
applying magnetic field B, parallel to the planar surface of
the substrate 210 and through the loop of the SQUID 1s made
possible. It 1s then no longer necessary to use a perpendicu-
lar field for flux tuning. Variations in the perpendicular field
may generate vortex currents or rearranging supercurrents,
resulting i high flux noise. As demonstrated 1n the
Example, the inventors have found that using a parallel field
for tuning results 1n significantly less tlux noise.

[0077] Further, as will be explained 1n more detail below,
the eflective area enclosed by the superconductive loop of
the SQUID may also be reduced. It 1s relatively straightior-
ward, using current fabrication methods, to achieve small
vertical spacings between components. Minimum compo-
nent sizes and spacings in the plane of the substrate are much
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more constrained. By reducing the area enclosed by the
superconductive loop, less flux may be coupled 1nto the loop
and noise may therefore be further reduced.

[0078] Various modifications to the example system are
possible. For example, the second and third magnets are
optional, and either or both of these magnets may be omitted
in some 1mplementations. It should be appreciated that the
labels “second” and “third” are arbitrary labels for ease of
discussion. Implementations which include the third magnet
but omit the second magnet are contemplated.

[0079] As described 1n more detail with reference to FIG.
5, 1f the superconductive loop further comprises a gradiom-
cter 1n the plane of the substrate, then full decoupling of flux
noise 1n the Y-direction 1s made possible. Such a SQUID has
improved tolerance to variations in the perpendicular mag-
netic field, while remaining flux tuneable using a parallel
field 1n the x direction.

[0080] A first example of a SQUID 300 useful in system
200 1s shown 1 FIGS. 3A to 3C. FIG. 3A shows a perspec-
tive view of the SQUID 300. FIG. 3B shows a plan view of
the SQUID 300, in the xz plane. FIG. 3C shows a side view
of the SQUID 300, 1n the yz plane. The xz plane is the plane
of the substrate. The y direction 1s the direction perpendicu-
lar to the surface of the substrate.

[0081] SQUID 300 1s a radio frequency, RF, SQUID
comprising a superconducting loop 310 interrupted by a
single Josephson junction 312. One part of the supercon-
ducting loop 310 1s spaced vertically from the plane of the
substrate by a height h, in this example by a layer of
dielectric material 314.

[0082] FIG. 3B shows a projection of the SQUID 300 1n

the xz plane. As may be seen, a loop 1s present 1n this plane.
Any magnetic tlux ¢, applied perpendicular to the plane of
the substrate 1n the y-direction will coupled into the loop.
The SQUID of this example therefore remains sensitive to a
magnetic field applied 1n the y-direction. SQUID 300 1s
suitable for use in systems that do not include a second
magnet 260 for applying a magnetic field perpendicular to
the plane of the substrate. The SQUID 300 may be coupled

to other components of a circuit via the loop 1n the xz plane.

[0083] FIG. 3C shows a projection in the yz plane. As may
be seen, since a portion of the superconducting loop 310 1s
suspended over the substrate, there 1s an effective loop 1n the
yz plane. Therefore, magnetic flux ¢_applied in the x-di-
rection, parallel to the plane of the substrate, may be used to
tune behaviour of the Josephson junction. No perpendicular
field 1s required for tuning.

[0084] One of the parameters which determines the area of
the loop 1n the yz plane 1s the height h of the loop 310. This
height may be varied by controlling the thickness of the
dielectric layer. It 1s possible to fabricate dielectric layers
having a wide range of thicknesses using currently available
techniques. For example, the dielectric layer may have a
thickness 1n the range 5 nm to 100 nm, e.g. 20 to 30 nm.
Layers having a thickness of less than 5 nm are possible, e.g.
by fabricating a boron nitride monolayer by extoliation.
There 1s no particular upper limit on dielectric layer thick-
ness.

[0085] The area enclosed by the loop may therefore be
selected as desired by adjusting the thickness of the dielec-
tric layer. In some implementations, 1t may be useful to
providing a loop having a small area, 1n order to reduce
sensitivity to tlux noise. By way of comparison, a typical
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minimum spacing between metal components fabricated on
the surface of a planar substrate 1s of the order 50 nm due to
fabrication constraints.

[0086] Various modifications to the described SQUID are
possible.
[0087] A gate stack for electrostatically gating the Joseph-

son junction may be included.

[0088] The part of the superconducting loop which 1is
spaced vertically from the plane of the substrate does not
necessarily need to include the Josephson junction as 1llus-
trated in FIG. 3A. If desired, depending on the form of
Josephson junction used, the Josephson junction may be
directly on the substrate.

[0089] In the illustrated example, the vertical spacing is
achieved using a dielectric layer. Other techniques are
possible. For example, the Josephson junction, or a part of
the superconducting loop, may be arranged on a nanowire.

[0090] The Josephson junction may be provided by a
device of the type described above with reference to FIG. 1.

[0091] A second example of a SQUID 400 1s 1llustrated 1n
FIGS. 4A to 4C. FIG. 4A shows a perspective view of the
SQUID 400. FIG. 3B shows a plan view of the SQUID 400,
in the xz plane. FIG. 3C shows a side view of the SQUID

400, 1n the yz plane.

[0092] SQUID 400 differs from SQUID 300 principally 1n
that the superconductive loop 410 1s arranged vertically, and
there 1s no loop 1n the plane of the substrate. SQUID 300 1s
therefore mnsensitive to magnetic fields in the y-direction, or
in other words the tuning of SQUID 300 1s not affected by
a magnetic field applied 1n the y-direction. A magnetic field
in the y-direction may however change the properties of the
Josephson junction of the SQUID.

[0093] Superconductive loop 410 includes a bottom part
410a arranged on the substrate; a top part 4106 arranged
over and vertically spaced from the bottom part 410a, and
two vertical parts 410c, 4104 which connect the top and
bottom parts 410a, 4105. The top part 4105 1s supported by
dielectric layer 414.

[0094] SQUID 400 further includes transmission lines
416a, 4165 for linking the SQUID 400 to other components
ol a circuit.

[0095] As shown in FIG. 4B, the SQUID 400 does not
include a loop 1n the xz plane. The SQUID 400 therefore has
no sensitivity to flux applied perpendicular to the substrate.
SQUID 400 1s therefore compatible with strong perpendicu-
lar fields. SQUID 400 may be immune to flux noise in the
y and z directions.

[0096] FIG. 4C 1illustrates that a loop 1s present 1n the yz
plane. Thus, the SQUID 400 remains tuneable using a
magnetic field applied parallel to the surface of the substrate.

[0097] As with SQUID 300, various modifications to
SQUID 400 are possible. Dielectric layer 414 may be
replaced by a nanowire, or a combination of a nanowire and
a dielectric layer. The Josephson junction may be arranged
on the surface of the substrate, or in one of the vertical parts
of the superconducting loop, as an alternative to being
arranged 1n the top part of the loop as 1llustrated.

[0098] SQUID 400 may be modified to allow for electro-
static gating by using a semiconductor in place of dielectric
layer 414 and by configuring the gate stack as a side-gate,
spaced horizontally from the semiconductor. The gate elec-
trode 1 such an example may be formed of a normal
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conductor, or a superconductive electrode which 1s config-
ured not to shield the whole area of the vertical loop from the
magnetic field.

[0099] A third example of a SQUID 300 1s illustrated 1n
FIGS. 5A to 53C. FIG. 5A shows a perspective view of the
SQUID 500. FIG. 3B shows a plan view of the SQUID 500,
in the xz plane. FIG. 5C shows a side view of the SQUID

500, 1n the yz plane.

[0100] SQUID 500 1s similar to SQUID 300 as described
above, differing 1n that the loop 1n the xz plane 1s configured
as a gradiometer. The sensitivity of SQUID 3500 to a mag-
netic field m the y-direction may be selected by selecting,
relative sizes of the loops of the gradiometer. At the same
time, sensitivity to magnetic fields in the x-direction 1s
cllectively doubled.

[0101] A gradiometer comprises a pair ol superconductive
loops 510L, 510R each enclosing a respective area 520L,
520R. The superconductive loops S10L, 510R which share
a central section 1 common. The basic topology of a
gradiometer 1s described 1n more detail 1n e.g. Rev: Sci. Instr.

79, 053704 (2008) and Appl. Phys. Lett. 80, 3638 (2002).

[0102] In the present example, the central section com-
prises a Josephson junction and 1s spaced vertically from the

plane of the substrate, as previously described with reference
to FIG. 3.

[0103] As shown in FIG. 3B, there 1s a superconductive
loop 1n the xz plane. However, magnetic flux through one of
the superconductive loops cancels the eflect of magnetic flux
through the other of the superconductive loops. The sensi-
tivity to magnetic flux in the y direction therefore depends
upon the difference 1n the areas 5201, 520R enclosed by the
loops 5101, 510R.

[0104] Therefore, the sensitivity of SQUID 500 to mag-
netic flux in the y direction may be controlled by selecting
the areas enclosed by loops 510L, S10R. If the areas of the
loops 510L, 510R are equal, then the effects of magnetic flux
in the y direction may be cancelled out. Compared to vertical
SQUID 400, gradiometric SQUID 500 may show lower
parasitic capacitance since SQUID 500 does not include two
portions of the superconductive loop spaced by a dielectric.

[0105] Alternatively, 1f sensitivity of tuning to magnetic
flux 1n the y direction 1s desired, then the loops 510L, S10R
may be configured to enclose unequal areas.

[0106] The effect of applying a magnetic field in the x
direction may be understood by considering FIGS. 5A and
5C together. FIG. 5C shows that, when viewed along the x

direction, SQUID 500 has a superconductive loop similar to
that shown 1n FIG. 3C.

[0107] As a consequence of the gradiometric design, a
magnetic field applied 1n the x direction encounters two such
loops, highlighted by dotted lines 530L and 530R 1n FIG.

5A. The loops together form a tent shape.

[0108] Field coming from the x direction penetrates loop
530L, inducing a current 1n the loop and therefore a phase
change over the junction. The field then penetrates loop
530R. The flux through this loop induces a current 1n the
same direction as the current through loop 530L. The total
flux 1n the x direction 1s the sum of the flux penetrating loop
530L and loop 530R. The two loops can be thought of as
approximating a two-turn coil; for a coil, total electromotive
force 1s proportional to the number of turns in the coail.

[0109] SQUID 500 i1s thus tuneable using magnetic flux
applied in the x direction, with greater sensitivity compared
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to the FIG. 3 example, while at the same time having
reduced sensitivity to noise due to a magnetic field i the y
direction.

[0110] The possible modifications described above with
reference to SQUID 300 of FIG. 3 are also applicable to the
SQUID 500. In particular, the Josephson junction may be
clectrostatically gated. For example, the Josephson junction
may be implemented as shown in FIG. 1.

[0111] In some implementations of SQUID 500, a shunt
inductance may be coupled to the SQUID to allow for
control over the sensitivity of the gradiometric loop to
magnetic fields in the y direction.

[0112] FIG. 6 1s a cross-sectional view of a further SQUID
600. SQUID 600 1s a variant of SQUID 400, differing {rom
SQUID 400 1n that the Josephson junction 612 1s arranged
on the surface of the substrate 605, rather than being
suspended above the surface of the substrate 605.

[0113] Similar to SQUID 400, SQUID 600 includes a
superconductive loop 610 which extends in the wvertical
direction, to allow for flux tuning of the SQUID by applying
a magnetic field parallel to the surface of the substrate 605

and through the loop 610. A portion of dielectric material
614 supports the top part of the loop 610.

[0114] This demonstrates that the position of the Joseph-
son junction within the superconductive loop may be
selected as desired. It 1s not essential to space the Josephson

junction vertically from the substrate.

[0115] The SQUIDs provided herein may be fabricated

using any appropriate techniques. Examples include those

described in Pita-Vidal et al, *“a gate tuneable, field-com-
patible fluxontum”, arXi1v:1910.07978v2.

[0116] A method of operating a superconducting quantum
interference device will now be explained with reference to
the flowchart shown in FIG. 7.

[0117] The present method 1s useful for operating a
SQUID which 1s operably linked to, 1.e. inductively coupled
to, galvanically connected to, or embedded 1n, a circuit
arranged on a planar surface of a substrate, wherein the
SQUID comprises a Josephson junction arranged in a super-
conductive loop, and wherein the superconductive loop
includes a portion which extends perpendicular to the planar
surface of the substrate. In particular, the method 1s useful

for operating the SQUIDs of FIGS. 3 to 6.

[0118] The method includes, at block 701, cooling the

SQUID to an operating temperature using, for example, an
appropriate cryogenic chamber. As will be appreciated, the
operating temperature 1s a temperature at or below the
critical temperature of the superconducting loop and any
superconducting components of the circuit.

[0119] At block 702, the SQUID 1s tuned by applying a
first magnetic field 1n a direction parallel to the planar
surface and through the superconductive loop. Since the
superconductive loop extends vertically out of the plane of
the substrate, tuning using a parallel field 1s made possible.
Using a parallel field as opposed a perpendicular field for
tuning may reduce flux noise. For example, a parallel field
may not induce unwanted currents in a ground plane of the
circuit.

[0120] At block 703, an electrostatic field 1s applied to the
Josephson junction using a gate electrode. Using a combi-
nation of tlux tuning and electrostatic gating may allow for
finer control over the behaviour of the junction, and thus, the

SQUID.
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[0121] The use of electrostatic gating 1s optional. In 1mple-
mentations using electrostatic gating operations 702 and 703
may be performed 1n any order, or simultaneously.

[0122] An example of a circuit 800 1n which the SQUID
may be used will now be described with reference to the
circuit diagrams of FIGS. 8a and 85. The example circuit 1s
useful 1, for example, circuit quantum electrodynamics
investigations 1nto the behaviour of Josephson junctions 1n
strong magnetic fields. The junction modulates an L.C reso-
nator imnductance which can be probed by looking at the
resonator response under different parameter settings of the
junction.

[0123] As shown 1n FIG. 8a, circuit 800 i1ncludes a fre-
quency generator 810 which 1s connected to an LC circuit
820 via a coupling capacitor 812, and to an amplifier 830.
[0124] L.C circuit 820 comprises a capacitance C, and an
inductance L., . , connected in parallel. An LC circuit 1s an
electrical resonator which has a resonance frequency which
depends upon the magnitude of the capacitance and the
inductance 1n the circuit. The resonance frequency may be
calculated using Formula 1:

1

ZHVLC

[0125] where { 1s the resonance frequency 1 Hz, L 1s the
inductance in Henry (kg-m”-s™-A™"), and C is the capaci-
tance in Farad (s*-A*m ~kg™").

[0126] FIG. 8B shows 1n more detail the source of induc-
tance L, ., 1n LC circuit 820. The inductance 1s provided by
an inductor L. which 1s connected in series with an
electrostatically-gated SQUID. In the limit where the micro-
scopic Andreev bound states inside the junction are far
detuned from the resonator frequency, and at zero tempera-
ture we can approximate the SQUID to behave as a perfect
variable inductor, with an inductance L1 that varies as a
function of the magnetic flux through the superconductive
loop of the SQUID, and also as a function of the gate
voltage. A shunt inductance, L, . ., 1s further provided.

[0127] The total inductance of the L.C resonator of circuit
800 may be described by the equation:

1
L'+ L (9, Vy)

L(gg, Vg) =Lp +

[0128] where L 1s the inductance of inductor L. ;L.

18 the inductance of the shunt; L. 1S the inductance of the
SQUID, ¢ 1s the flux through the SQUID, and V , 1s the gate
voltage applied to the SQUID.

[0129] It will be appreciated that the above embodiments
have been described by way of example only.

[0130] More generally, according to one aspect disclosed
herein, there 1s provided a system comprising a substrate
having a planar surface; a first magnet configured to apply
a first magnetic field parallel to the planar surface; a circuit
arranged on the planar surface; and a superconducting
quantum 1nterference device, SQUID, operably linked to the
circmit. The SQUID comprises a Josephson junction
arranged 1n a superconductive loop. The superconductive
loop 1ncludes a portion which extends perpendicular to the
planar surface and 1s onentated such that the SQUID 1s
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funeable using the first magnet. By allowing the SQUID to
be tuned using a magnetic field which 1s parallel to the
planar surface, a reduction 1n flux noise may be achieved.

[0131] The SQUID may be embedded in the circuit;
galvanically connected to the circuit, e.g. via a transmission
line; or may be inductively coupled to the circuut.

[0132] The system may further comprise a cryogenic
chamber for cooling the SQUID to an operating temperature,
1.e. a temperature at which the superconductive loop shows
superconductive behaviour. Alternatively, the system may
be arrangeable 1n a cryogenic chamber.

[0133] The nature of the circuit 1s not particularly limaited.
The described system 1s useful 1n any context requiring a
flux tunable Josephson junction, for example 1n the field of
circuit quantum electrodynamics.

[0134] The circuit may be a superconducting circuit. The
circuit may include a superconducting ground plane on the
planar surface. Superconducting ground planes may gener-
ate flux noise when exposed to a perpendicular field. Avoid-
ing the use of a perpendicular field for tuning may therefore
be particularly advantageous when the circuit includes a
superconducting ground plane.

[0135] The superconducting ground plane may include
defect sites configured to trap vortex currents. The defect
sites may comprise holes having a diameter selected to be
smaller than the diameter of the vortices.

[0136] The circuit may be a quantum circuit. The circuat
may 1nclude a semiconductor-superconductor hybrid device.
Examples of quantum circuits are disclosed 1n e.g. Pita-

Vidal et al. arXi1v:1910.07978 [cond-mat, physics:quant-ph]
(2019); and de Lange, G. et al. Phys. Rev. Lert. 115, 127002
(2015).

[0137] The circuit may comprise an LLC resonator circuit.
The SQUID may be embedded in the 1.C resonator circuit.

[n such implementations, the SQUID may provide a variable
inductance to the circuit.

[0138] The LC circuit may be a component of a qubat
device, for example a transmon or flux qubit. In a qubit
device, the LC circuit may be coupled to a readout resonator
or transmission line; or may be connected 1n series with a
readout resonator and may provide part of the readout
resonator inductance. The coupling may be capacitive 1n the
case of a transmon, or inductive 1n the case of a flux qubat.

[0139] The circuit may include a qubit device, 1n particu-
lar qubit devices operated 1n high external magnetic fields,
optionally a topological qubit device or a transmon qubait
device. Example qubit devices are disclosed 1n Luthi, F et
al. Phys. Rev. Lerr. 120, 100502 (2018); Bargerbos et al.,
Phys. Rev. Lert. 124, 246802 (2020); and Kringhg) et al.,
Phys. Rev. Lert. 124, 246803 (2020). In particular, the qubit

device may be a topological box qubat, such as described 1n
Plugge et al, New J. Phys. 19, 012001 (2017).

[0140] The circuit may be configured to allow the use of
readout techniques for circuit quantum electrodynamics to
investigate the physics of Andreev bound states possibly 1n
the topological regime. It 1s believed that strong magnetic
fields may be needed to allow the study of Andreev bound

states 1n the topological regime. See, e.g., Viayrynen et al,
Phys. Rev. B 92, 134308 (2013); Janvier et al., Science 349,
1199-1202 (2015); Hays et al., arXiv:1908.02800 [cond-
mat, physics:quant-ph] (2019); Hays et al., Phys. Rev. Lett.
121, 047001 (2018); Tos1 et al., Phys. Rev. X 9, 011010
(2019).
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[0141] The first magnet 1s useful for tuning the behaviour
of the SQUID. The first magnet may be configured such that
the field strength 1s variable. The field may include a static,
oflset component with a field strength 1n the range 0 to 12
T, and a vaniable tuning component.

[0142] The amount of flux used for tuning may be selected
as appropriate depending upon the area enclosed by the
superconductive loop perpendicular to the planar surface. As
the area increases, the amount of flux for tuning the SQUID
decreases. By way of illustration, a variation in field strength
of 2 m'T may be appropriate for a loop enclosing an area of
1 um?; and a variation in field strength of 1 mT may be
appropriate for a loop enclosing 2 pm-.

[0143] The area enclosed by the loop may be selected as
appropriate depending on the use case. The area may be 1n
the range 0.5 to 10000 um?, e.g. 100 to 1000 um?.

[0144] The superconductive loop may further comprise a
planar gradiometer portion arranged on the planar surface. A
planar gradiometer portion comprises a pair of supercon-
ducting loop portions arranged on the plane of the substrate.
Each loop portion may enclose an equal area of the planar
surface. The superconducting loops of the planar gradiom-
eter may each enclose equal areas of the surface of the
substrate. This may cancel the eflects of a magnetic field
applied perpendicular to the substrate.

[0145] The superconductive loop may be configured such
that the SQUID 1s sensitive to magnetic fields perpendicular
to the substrate. For example, the superconductive loop
includes a loop portion in the plane of the substrate. Alter-
natively, the superconductive loop may comprise a planar
gradiometer arranged on the planar surface, comprising a
pair of superconducting loop portions which enclose
unequal areas of the substrate. Providing unequally-sized
loop portions stimulates a smaller loop, having an area equal
to the diflerence 1n area between the two loop portions.

[0146] Altematively, the superconductive loop may be
configured such that the tuning of the SQUID 1s 1nsensitive
to magnetic fields perpendicular to the substrate. For
example, the superconductive loop may be orientated ver-
tically, without a loop portion in the plane of the substrate;
or may comprise a gradiometer 1n the plane of the substrate
configured to cancel the eflects of a magnetic field perpen-
dicular to the substrate.

[0147] The system may further comprise a second magnet
configured to apply a second magnetic field parallel to the
planar surface and orthogonal to the first magnetic field. The
second magnet may be useful for operating certain compo-
nents which may be included 1n the circuit. Depending on
the orientation of the superconductive loop, the first magnet
and the second magnet may be used together to tune the

SQUID.

[0148] The system may further comprise, as an alternative
or 1n addition to the second magnet, a third magnet config-
ured to apply a third magnetic field perpendicular to the
planar surface. A perpendicular field may be useful for
operating certain circuits. In implementations where a per-
pendicular field 1s used, the perpendicular field may have a
constant field strength when 1n use. The SQUID may be
configured to have reduced sensitivity to the perpendicular

field.

[0149] The Josephson junction may be arranged on a
nanowire. The nanowire may comprise a semiconductor
material, such as a material of Formula 1 as described above.
Arranging the Josephson junction on a nanowire 1s one
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convenient techmque for fabricating a superconductive loop
includes a portion which extends perpendicular to the planar
surface and may also facilitate electrostatic gating of the
Josephson junction.

[0150] Alternatively, the Josephson junction or a portion
of the superconducting loop may be spaced from the planar
surface by a layer of a dielectric material.

[0151] The system may further comprise at least one gate
clectrode for electrostatically tuning the Josephson junction.
For example, the system may further comprise a plunger
gate and a cutter gate. Flectrostatic gating provides an
additional techmique for controlling the behaviour of the
Josephson junction.

[0152] The SQUID may be a radio frequency, RF, SQUID.
An RF SQUID comprises a single Josephson junction
arranged 1n a superconductive loop. The examples described
herein used an RF SQUID. However, the principals of the
present invention are applicable to any magnetically tune-
able device comprising superconducting loop containing a
Josephson junction, such as a DC SQUID or a fluxomum,
which 1s a variation of the SQUID structure further com-
prising a shunt capacitor.

[0153] Another aspect provides a method of operating a
superconducting quantum interference device, SQUID,
wherein the SQUID 1s operably linked to a circuit arranged
on a planar surface of a substrate, wherein the SQUID
comprises a Josephson junction arranged 1n a superconduc-
tive loop, and wherein the superconductive loop includes a
portion which extends perpendicular to the planar surface,
the method comprising: cooling the SQUID to an operating
temperature; and tuning the SQUID by applying a first
magnetic field 1n a direction parallel to the planar surface
and through the superconductive loop. By using a parallel
field to tune the SQUID, the eflects of flux noise may be
reduced.

[0154] The method may be a method of operating a system
according to the previous aspect. It will be appreciated that
features described with reference to the system are equally
applicable 1n the context of the method.

[0155] Tuning the SQUID may further comprise applying
an electrostatic field to the Josephson junction using a gate
clectrode. Using a combination of magnetic and electrostatic
tuning may allow for finer control over the behaviour of the

SQUID.

[0156] The method may further comprise applying a sec-
ond magnetic field parallel to the planar substrate. The
second magnetic field may be orthogonal to the first mag-
netic field. The second magnetic field may be useful for
operating one or more components of the circuit, depending
on the implementation.

[0157] The method may further comprise applying a fur-
ther magnetic field perpendicular to the planar substrate. The
turther magnetic field has a constant field strength. Avoiding
variations in the perpendicular field may reduce flux noise,
¢.g. by avoiding inducing vortex currents or rearrangement
currents. Additionally or alternatively, the superconductive
loop of the SQUID may be configured such that the tuning
of the SQUID 1s msensitive to a perpendicular magnetic
field, as described above with reference to the system. The
further magnetic field may be usetul for operating one or
more components of the circuit.

[0158] A still further aspect provides a superconducting
quantum interference device, SQUID, wherein the SQUID 1s
arranged on a substrate and comprises: a Josephson junction
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arranged 1n a superconductive loop; and a support member
having a top surface and a bottom surface; wherein the
superconductive loop comprises a bottom portion arranged
between a planar surface of the substrate and a bottom
surface of the support member, a top portion arranged on a
top surface of the support member, and two connecting
portions connecting the bottom portion and the top portion,
wherein the connecting portions extend in a direction per-
pendicular to the planar surface of the substrate. The tuning
of the SQUID 1s 1nsensitive to a magnetic field perpendicu-
lar to the substrate, because the superconductive loop 1is
orientated vertically with respect to the substrate and there
1s no loop 1n the plane of the substrate. This allows for tuning
of the SQUID using a magnetic field which 1s parallel to the
substrate.

[0159] The SQUID may be operably linked to a circuit
arranged on the substrate. The circuit may be any of the
circuits described above. For example, the SQUID may be
embedded 1mn an LC resonator circuit. The LC resonator
circuit may be comprised 1n a qubit device. The circuit may
include a superconducting ground plane.

[0160] The nature of the support member 1s not particu-
larly limited provided that the support member can be
penetrated by magnetic flux. For example, the support
member may comprise a nanowire or a layer of dielectric
material. In some 1implementations, certain superconducting,
materials may even be used based on their thickness and
type.

[0161] The Josephson junction may be arranged 1n the top
portion of the superconductive loop. The Josephson junction
may be arranged on the top surface of the support member.
Devices configured in this way have been investigated 1n the
examples.

[0162] Alternatively, the Josephson junction may be
arranged 1n the bottom portion of the superconductive loop,
or one ol the connecting portions. The position of the
Josephson junction within the superconductive loop 1s not
particularly limited.

[0163] The SQUID may be an RF-SQUID, comprising a
single Josephson junction arranged in the superconductive
loop. Alternatively, the SQUID may be a direct current, DC,
SQUID comprising two Josephson junctions arranged in the
superconductive loop. The principals presented herein have
been described with reference to RF SQUIDs by way of
illustration but are also applicable to other types of SQUID.
[0164] A still further aspect provides the use of a magnetic
field to tune a superconducting quantum interference device,
wherein the superconducting quantum interference device 1s
operably linked to a circuit arranged on a planar surface of
a substrate, wherein the magnetic field 1s applied parallel to
the planar surface. By using a parallel, as opposed to
perpendicular, field to tune the SQUID, the effects of flux
noise may be reduced.

EXAMPLE

[0165] A gradiometric SQUID of the type illustrated 1n
FIGS. 5A to 5C was fabricated on the surface of a substrate.
The central section of the SQUID comprised an electrostati-
cally gated Josephson junction device of the type shown 1n
FIG. 1. The device was arranged 1n a circuit as described
with reference to FIG. 8, and surrounded by a superconduc-
tive ground plane.

[0166] The circuit was fabricated by sputtering a 22 nm
thick layer of NbTiN onto a substrate, and then patterning,
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the LC resonator circuit, transmission lines, gate lines, and
gradiometric SQUID loop 1n a single step using SF . reactive
ion etching. Subsequently, a vapour-liquid-solid grown
nanowire having an aluminium shell was transferred to the
middle of the gradiometric loop using a nanomanipulator.
The Josephson junction was then etched 1n the aluminium.
The aluminmum-coated ends of the nanowire were connected
to the loop by placing 100 nm NbTiN contacting pads.

[0167] The superconductive electrodes comprised a 6 nm
thick layer of aluminium. The spacing between the super-
conductive electrodes of the Josephson junction targeted
during fabrication was 80 nm. The spacing in the device as
fabricated 1s believed to have been about 150 nm, due to
limitations on the accuracy of the fabrication process.

[0168] The dielectric layer was a 28 nm thick layer of

S1,N,, fabricated by plasma enhanced chemical vapour
deposition, PECVD.

[0169] The nanowire was an mdium arsenide nanowire
having a diameter of 80+5 nm. The length of the nanowire,
spacing one side of the superconductive loop from the other,
was 4 um.

[0170] The expected area enclosed by the superconducting
loop 1n the yz plane was thus:

[0171] (Length of nanowire) x (nanowire diameter+di-
electric layer thickness)=4 um x (80 nm+28 nm)=0.44 um~

[0172] As explained above with reference to FIG. 5, due
to the gradiometric design of the device the effective area in
the xz plane that causes a phase difference over the junction

is doubled to 0.88 um”.

[0173] In the present example, 1t 1s believed that the
cllective nanowire diameter was reduced because the
nanowire was partially covered by the aluminium. The
aluminium layer expels flux due to the Meissner eflect. The
required field for threading a single flux quantum through
the loop was determined by monitoring the period of oscil-
lation of the resonator 1n response to an applied field, and
was found to be 3.3 mT. This 1s consistent with the effective
diameter of the nanowire being smaller than 1ts full diameter.
It 1s estimated that the eflective area of the gradiometric

SQUID loop was about 0.6 pm~.

[0174] The gradiometric loop 1n the xz plane was config-
ured such that the diflerence 1n area between the two parts
of the gradiometer was 0.77 um~.

[0175] The responses of the SQUID to varying magnetic
fluxes applied 1n the y direction (perpendicular to the
substrate) and 1n the x direction (parallel to the substrate)
were mvestigated using two-tone spectroscopy. The results
are shown 1n FIGS. 9A and 9B. The two spectrographs were
generated using 1dentical readout settings (e.g integration
time, gate voltage, etc) and an equal field resolution of 10
wl.

[0176] Two-tone spectroscopy provides a representation
of energy levels 1n the investigated system. The relevant
portion of the spectrographs shown in FIGS. 9A and 9B 1s
the generally U-shaped trace towards the middle of the
spectrograph. This trace shows the transition energy
between the ground state and the excited state of an Andreev

doublet.

[0177] FIG. 9A shows the eflect of tuning the SQUID

using a magnetic tlux applied in the y direction. As may be
seen, a noisy central trace was obtained. This 1llustrates that
the device generated a relatively large amount of flux noise
when tuned using a perpendicular magnetic field.
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[0178] FIG. 9B shows the eflect of tuning the SQUID
using a magnetic flux applied in the x direction. The central
trace 1s substantially smoother than that shown in FIG. 9B,
showing that a reduction in flux noise 1s achieved when
using a parallel field for flux tuning.

[0179] Measurements of resonator frequency as a function
of applied flux in the parallel (x) and perpendicular (y)
directions were also performed. The results are shown 1n
FIGS. 10A and 10B, with FIG. 10A showing the effects of
the perpendicular field, and FIG. 10B showing the results of
the parallel field. As may be seen by 1nspection of the plots,
less noise was observed when applying the parallel field
compared to the perpendicular field.

[0180] Other variants or use cases ol the disclosed tech-
niques may become apparent to the person skilled in the art
once given the disclosure herein. The scope of the disclosure
1s not limited by the described embodiments but only by the
accompanying claims.

1-15. (canceled)

16. A system comprising:

a substrate having a planar surface;

a first magnet configured to apply a first magnetic field

parallel to the planar surface;

a circuit arranged on the planar surface; and

a superconducting quantum interference device, SQUID,

operably linked to the circuit,

wherein the SQUID comprises a Josephson junction

arranged 1n a superconductive loop; and

wherein the superconductive loop includes a portion

which extends perpendicular to the planar surface and
1s orientated such that the SQUID 1s tuneable by the
first magnet.

17. The system according to claim 16, wherein the circuit
includes a superconducting ground plane on the planar
surface.

18. The system according to claim 16, wherein the super-
conductive loop further comprises a planar gradiometer
portion arranged on the planar surface.

19. The system according to claim 18, wherein the planar
gradiometer comprises two loop portions each enclosing
respective areas of the planar surface, wherein the respective
areas are equal.

20. The system according to claim 18, wherein the planar
gradiometer comprises two loop portions each enclosing
respective areas of the planar surface, wherein the respective
areas are unequal.

21. The system according to claim 16, wherein the super-
conductive loop 1s configured to be insensitive to a magnetic
field perpendicular to the planar surface.

22. The system according to claim 16, further comprising
a second magnet configured to apply a second magnetic field
parallel to the planar surface and orthogonal to the first
magnetic field.

23. The system according to claim 22, further comprising
a third magnet configured to apply a third magnetic field
perpendicular to the planar surface.
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24. The system according to claim 16, wherein the
Josephson junction 1s arranged on a nanowire.

25. The system according to claim 16, further comprising,
at least one gate electrode for electrostatically gating the
Josephson junction.

26. The system according to claim 16, wherein the
SQUID 1s a radio frequency SQUID.

277. The system according to claim 16, wherein the circuit
includes a qubit device.

28. A method of operating a superconducting quantum
interiference device, SQUID, wherein the SQUID 1s operably
linked to a circuit arranged on a planar surface of a substrate,
wherein the SQUID comprises a Josephson junction
arranged 1n a superconductive loop, and wherein the super-
conductive loop includes a portion which extends perpen-
dicular to the planar surface, the method comprising:

cooling the SQUID to an operating temperature; and

tuning the SQUID by applying a first magnetic field 1n a
direction parallel to the planar surface and through the
superconductive loop.

29. The method according to claim 28, further comprising,
clectrostatically gating the SQUID by applying an electro-
static field to the Josephson junction using a gate electrode.

30. The method according to claim 28, wherein the
method further comprises applying a second magnetic field
parallel to the planar surface.

31. The method according to claim 28, wherein the
method further comprises applying a further magnetic field
perpendicular to the planar surface.

32. A superconducting quantum interference device,
SQUID, wherein the SQUID 1s arranged on a substrate and
COmprises:

a Josephson junction arranged 1n a superconductive loop;
and

a support member having a top surface and a bottom
surface;

wherein the superconductive loop comprises a bottom
portion arranged between a planar surface of the sub-
strate and a bottom surface of the support member, a
top portion arranged on a top surface of the support
member, and two connecting portions connecting the
bottom portion and the top portion, wherein the con-
necting portions extend in a direction perpendicular to
the planar surface of the substrate.

33. The SQUID according to claim 32, wherein the

support member comprises a nanowire or a layer of dielec-
tric material.

34. The SQUID according to claim 32, wherein the

Josephson junction i1s arranged in the top portion of the
superconductive loop.

35. The SQUID according to claim 32, wherein the
Josephson junction 1s arranged in the bottom portion of the
superconductive loop.
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