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Andreev (or superconducting) spin qubits (ASQs) have recently emerged as a promising qubit plat-
form that combines superconducting circuits with semiconductor spin degrees of freedom. While recent
experiments have successfully coupled two ASQs, how to realize a scalable architecture for extending
this coupling to multiple distant qubits remains an open question. In this work, we resolve this chal-
lenge by introducing an architecture that achieves all-to-all connectivity between multiple remote ASQs.
Our approach enables selective connectivity between any qubit pair while keeping all other qubit pairs
uncoupled. Furthermore, we demonstrate the feasibility of efficient readout using circuit quantum electro-
dynamics techniques and compare different readout configurations. Our architecture shows promise both
for gate-based quantum computing and for analog quantum simulation applications by offering higher
qubit connectivity than alternative solid-state platforms.

DOI: 10.1103/PRXQuantum.6.010308

I. INTRODUCTION

To date, two of the most scalable solid-state qubit plat-
forms are semiconducting spin qubits and superconducting
qubits. Recent experiments in these architectures have
realized systems with tens and hundreds of qubits, respec-
tively [1-9], as well as two-qubit gates with fidelities
above 99% [3,10-20]. However, experimental realizations
of both platforms are currently limited to low qubit con-
nectivity, often restricted to nearest neighbors in planar
grids, and typically featuring at most between three and
five connections per qubit [7,9,21-27]. While approaches
to increase the connectivity of superconducting qubits via
virtual coupling through a bus resonator have been pro-
posed [28-31], the sparse connectivity currently results
in a considerable overhead in qubit count, both when
it comes to error-correction codes in gate-based quan-
tum computation applications [27,32—34] and to analog
quantum simulations [35-39].

An alternative platform to the aforementioned qubits
are Andreev (or superconducting) spin qubits (ASQs)
[40—47]. These qubits have their state encoded in the spin
of a quasiparticle localized within a semiconducting quan-
tum dot that is tunnel coupled to two superconducting
leads, thus forming a Josephson junction [40,41]. Recent
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experimental realizations have explored systems with a
single ASQ [43,44] as well as the supercurrent-mediated
coupling between two distant ASQs [45]. Yet, no experi-
ments involving more than two ASQs have been reported.
Architectures for coupling either adjacent Andreev qubits
via wave-function overlap [46] or two distant qubits via
virtual photons [48] have been proposed. However, these
architectures enable the short-distance coupling of nearest-
neighbor qubits in a planar layout plus a reduced number
of long-distance links, sharing the same connectivity con-
straints as semiconducting and superconducting qubits.
Thus, it remains an open question if the compact size of
ASQs and their strong coupling to the supercurrent can
be combined to provide architectural improvements over
more conventional solid-state platforms.

Here, we introduce an architecture that offers a solution
to the connectivity challenge. Our design allows for the
coupling of multiple distant ASQs in a fully connected
and scalable way. As a particular example, we demon-
strate that this architecture permits selective connectivity
between any qubit pair within the system while keeping
all other qubit pairs uncoupled. Importantly, the strength
of the coupling between two qubits in the system is inde-
pendent of the distance between them. Furthermore, we
illustrate how this system can efficiently perform quan-
tum simulations of highly connected Ising models with a
reduced qubit count and a smaller footprint compared to
alternative solid-state platforms. The proposed architec-
ture also facilitates sequential, individual, or joint qubit
readout. Finally, we outline an experimental protocol for
systematically tuning up the system to its operational set
point.

Published by the American Physical Society
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II. CONCEPT

We propose a circuit that consists of a coupling junction,
with Josephson energy E; and phase drop ¢ across it, con-
nected in parallel to a number, N, of ASQs [see Fig. 1(a)].
The subspace of each ASQ is spanned by two spin states,
denoted as |1;) and ||;) for ASQi, where i is the qubit
index. This configuration defines N loops through which
magnetic fluxes, ®;, are threaded, as indicated in Fig. 1(a).

The individual ASQs are implemented using semicon-
ducting quantum dot Josephson junctions [49—56]. The
charging energy of each quantum dot is sufficiently large
such that the ground-state manifold is composed only of
the two singly occupied spin states. Due to the spin-orbit
coupling in the semiconductor, each ASQ is characterized
by a spin-dependent, in addition to a spin-independent,
Josephson energy, denoted as Eso; and Ej;, respectively
[41,57]. The values of Eso; and E;; can be tuned inde-
pendently via electrostatic gates for each qubit (not shown

in Fig. 1). The Hamiltonian of ASQi can be expressed in
terms of these Josephson energies as

. 1. .
H; = E; 0, cos (¢;) — Eso,07 sin (¢) + B2+ (D)

where o7 = [1:) (1] — 11 (Jil and 0 = [19) (1l + 1 12)
({i] denote the Pauli z operator and the identity opera-
tor of ASQi, respectively, o; s the vector of Pauli x, y,
and z operators of ASQi and E7; is the externally applied
Zeeman field expressed in the coordinate system of ASQ:i.

To lowest order in Esp;/E; and E; ;/E;, the phase drop
through the coupling junction becomes ¢ = 0 and each ¢;
is determined by the cumulative flux values from 1 to i,
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FIG. 1. The scalability of superconducting spin qubits. (a) A circuit diagram of N Andreev spin qubits connected in parallel to
a coupling Josephson junction with Josephson energy E;, thus defining N loops. ASQi has spin-independent and spin-dependent
Josephson energies E;; and Eso;, respectively. The magnetic flux through loop i is denoted as ®;. The phase drop across ASQi is
denoted as ¢; and that across the coupling junction as ¢. The system is operated in the regime E; > E; ;, Eso,;, which results in ¢ =~ 0.
(b) Diagrams of four possible phase set points for an ASQ. When ¢; = 7 /2, —m /2, the spin-dependent component of the supercurrent
vanishes and the qubit is labeled as OFF. When, instead, ¢; = 0, & the spin-dependent component of the supercurrent is maximal and
the qubit is labeled as ON. We use the notation of 113,y = (1, Z; [1;) and 1}y = ({:|Z; |{). (c) The supercurrent across ASQi versus
the phase drop across it for its two basis states, |1;) and ||;). Here, we assume Ego;/h = 300 MHz, E;;/h = 0 for all ASQs and
E;/h = 10 GHz. (d) The coupling strength between two ASQs, 7 and j, versus the phase drop across one of them, ¢; [see Eq. (6)], with
the same parameters as in (c) and with ¢; = 0 for all other ASQs. The points on the ¢; axis with extremal and zero coupling strength
are indicated with ON and OFF labels, respectively. (¢) An example of a design that minimizes the flux cross-coupling between loops.
Each loop is implemented with a twisted gradiometric geometry that renders it insensitive to a global magnetic field. The two subloops
of each loop, shaded with the same color, have identical areas. The magnetic flux through each loop is controlled with a flux-bias line,
indicated with a hue-matching line.
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FIG. 2. The idling flux configuration. A chain with N = 10 showing the flux set point for an idling configuration in which all qubits
are uncoupled. The choice of ®; = ®(/4 and &; = $(/2 for all other loops sets alternating phase drops of 7/2 and —m/2 for all

qubits.

where ¢; = 27 ®;/ Py, Py = h/(2e) is the magnetic flux
quantum, / is the Planck constant, and e is the absolute
value of the electron charge. Therefore, by controlling
the external fluxes, one can independently fix the val-
ues of all phase drops, ¢;. Taking the phase derivative
of the ASQ Hamiltonian [Eq. (1)] and assuming a mag-
netic field aligned with the spin-polarization direction,
Ez;-6; = Ez;07, we obtain its current operator,

T 0H; I,
Ii= —— = —0of +1o,0;, 3)
Qg 0 2 |
where [y; = (—m/®Pg)E;;sin(¢;) represents the spin-
independent component and the spin-dependent supercur-
rent is

-2
I; = ?Eso,i cos (¢;) . “4)
0

Notably, when ¢; is either /2 or —m /2, I; vanishes, ren-
dering the supercurrent identical for both qubit states [see
Fig. 1(c)]. On the contrary, when ¢; is either 0 or 7, the
magnitude of the spin-dependent component of the super-
current is maximal. Throughout this paper, we refer to
these two flux set points as OFF and ON, respectively, as
depicted in Fig. 1(b).

The circuit can be implemented in practice with inde-
pendent control over the individual fluxes and with max-
imal addressability using the implementation illustrated
in Fig. 1(e). Each loop is implemented with a twisted
gradiometric loop geometry similar to the experimental
implementation in Ref. [45]. Each loop is inductively cou-
pled to a flux-bias line with current /; and a symmetrical
design at its end, where currents flow in opposite direc-
tions. This combination of the loop and flux-bias line
designs maximizes their mutual inductance while mini-
mizing unwanted cross-coupling to other loops. First, the
two opposite currents on the flux line induce contribu-
tions to the flux through the loop that add up due to its
twisted geometry. Second, the generated magnetic field
decreases with distance faster than for monopole flux-
line configurations, resulting in reduced magnetic fields
at the locations of other loops. Third, the gradiometric
loop design reduces the sensitivity to homogeneous fields,
again reducing the unwanted cross-coupling, as well as the
sensitivity to global magnetic noise.

We note that the suggested arrangement imposes less
strict line routing constraints compared to other solid-state
qubit platforms. A two-dimensional arrangement of semi-
conducting spin qubits requires the use of multilayer gates
[2,58], while typical superconducting qubit chips require
through-silicon vias [59], air bridges [60,61], or a flip-chip
configuration [62] to manage line crossing. In contrast, the
proposed ASQ system is arranged linearly, allowing gate
and flux lines access from top and bottom, without line-
crossing issues, as shown in Fig. 1(e). We note, however,
that a flip-chip [63] architecture could still be beneficial
for separating the readout superconducting circuitry (see
Sec. V) from the qubit chip in ASQ implementations using
Si-Ge substrates, although implementations of supercon-
ducting qubits and resonators have also been demonstrated
on Si-Ge substrates [64,65].

We envision two possible driving mechanisms
[42,66—68]: either using the flux-bias lines for driving the
spin-flip transitions via their supercurrent-matrix element
or applying microwave-frequency pulses to the electro-
static gates of each qubit, which induces spin transitions
via the electric dipole spin resonance (EDSR) mecha-
nism [69,70]. The supercurrent- and charge-matrix ele-
ments are minimal and maximal, respectively, at the OFF
flux set point [67]. Consequently, we see gate driving as
the preferred driving method to allow for simultaneous
single-qubit operation of different qubits.

The interactions between all pairs of qubits can be
adjusted by varying the flux set points. For example, an
idling configuration where all qubits are OFF is shown in
Fig. 2. By setting ®; = ®(/4, ASQ1 is set to its OFF state,
with ¢; = /2, i.e., the qubit does not interact with any
other qubit. In turn, ®; = ®,/2 for the remaining loops
results in alternating phase drops of 7 /2 and — /2 for all
other ASQs, rendering them OFF as well. Consequently, in
this configuration all qubits are uncoupled.

III. ALL-TO-ALL SELECTIVE COUPLING

Next, we discuss the full circuit Hamiltonian and how
we can control the interactions between multiple ASQs.
When either the Zeeman energy is low, |Ez;| < Eso,
or the external magnetic field is applied along the spin-
polarization direction for all qubits, E7; = Ez;07, the
qubits become pairwise longitudinally coupled to each

010308-3
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other [71], as first discussed in Ref. [41] for the case
of N =2 and experimentally realized in Ref. [45]. In
this situation, the Hamiltonian describing the longitu-
dinally coupled system can be expressed in the ASQ
basis as

N

HASQ:Z EO’ +Z JlleU , (5)

i=1 j<i

where E; = —2Ego; sin (¢;) + Ez; is the energy of qubit
i and J; represents the longitudinal coupling energy
between qubits 7 and j . In Eq. (5) and for the remainder of
this section, we have disregarded spin-independent terms,
as they have no influence on the spin dynamics. Following
Ref. [41] (see also Appendix A), the coupling strength is,
to first order in Eso;/E;, given by

Eso zEso
Jy = —2—04780] (Zm—%)
j
X COS (Z ©r — (pg>, (6)
=1

where

N
E =F; + ZEJJ@iZi:l Pk (7)
=1

is the total spin-independent Josephson energy of the
system and ¢ is the argument of .

In the limit of E;;/E; — 0, the phase-offset ¢; van-
ishes. In such scenario, it directly follows from Eq. (6) that,
when two qubits are ON (with Y ,_, ¢x = 0, 7), the cou-
pling between them is maximal. Conversely, when either
one of the two qubits is OFF (with Y ,_, ¢y = £7/2),
the coupling between them becomes zero, as illustrated in
Figs. 3(a) and 3(b) for two possible flux configurations.

Away from the limit of E;;/E; — 0, the ON and OFF
flux set points deviate from their exact values of 0, 7, and
+m /2, respectively. The offset is ¢z, which depends on the
global flux configuration and, importantly, can be indepen-
dently measured. Therefore, each individual flux can still
be set to either maximize or turn off the couplings between
any pair. At this point, it is interesting to note that when we
adjust the flux configuration to the corrected flux set points,
there is no unwanted coupling arising from the nonzero
values of E; ;. The effect of E;;, on the other hand, is to
reduce the magnitude of the wanted coupling when their
values become comparable to E;.

From Eq. (6), we calculate the coupling strength
between any selected pair of qubits; see Figs. 3(c) and
3(d) for two examples with realistic parameter sets, with

N =10 and N = 30, respectively. We find ON-ON cou-
pling strengths of around 10 MHz that slowly decrease
with increasing E;. The couplings are calculated here for a
situation in which two qubits, ASQn and ASQm, are cou-
pled to each other while the rest of the qubits are kept near
their corrected OFF flux set points but deviate from them,
each by a random value drawn from a uniform distribution
between plus and minus 0.001®,. For typical experimen-
tal implementations, these deviations correspond to errors
in the flux-bias lines currents of less 10 pA [45,72], well
above the resolution of typical current sources [73] and
thus well within experimental reach. The unwanted ON-OFF
and OFF-OFF couplings resulting from these imprecise flux
settings remain significantly lower than the ON-ON cou-
pling strength, by around 2 and 4 orders of magnitude,
respectively, and can be reduced further by more precise
flux control.

By flux pulsing, this selective coupling scheme enables
the implementation of controlled-phase (CPHASE) gates
between any qubit pair within the system [74]. In partic-
ular, coupling strengths of more than 10 MHz, in combi-
nation with virtual corrections to the single-qubit phases
[75], would allow us to realize a CPHASE gate in less than
h/(4J) = 25 ns. Starting from an idling configuration, only
the fluxes of the loops adjacent to the two selected qubits
must be swept to reach the coupling configuration shown
in Figs. 3(a) and 3(b). Importantly, during pulsing, the
two fluxes adjacent to qubit m must be adjusted simulta-
neously to prevent undesired coupling between qubits m
and m + 1.

Based on previous demonstrations on different qubit
platforms [76,77], we anticipate that tuning two qubits
from their OFF to their ON flux set points, and back, can
be achieved within 1020 ns. This fast flux pulsing would
allow for the implementation of a 25-ns CPHASE gate.
Additionally, spin-orbit interaction enables fast single-
qubit manipulation of ASQs. In particular, 7/2 and =
single-qubit rotations have previously been demonstrated
in 2ns and 4 ns, respectively [44]. These fast single- and
two-qubit gates render ASQs a competitive qubit plat-
form, with gate speeds on par with other state-of-the-art
superconducting- and spin-qubit processors.

IV. QUANTUM SIMULATION OF HIGHLY
CONNECTED ISING SYSTEMS

Beyond its use for digital gate-based quantum com-
putation schemes, the system introduced in Fig. 1 holds
potential for applications in analog quantum simulation.
The Hamiltonian presented in Eq. (5), which corresponds
to either a reduced Zeeman field or a Zeeman field aligned
with all qubits, directly maps the Hamiltonian of an all-to-
all longitudinally connected Ising model. More generally,
when the Zeeman field has £7; > Eso, components per-

X
JO1 0

pendicular to the spin dlrectlons EZ, = k7 0f + E7,0
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FIG. 3.

All-to-all selective coupling. (a),(b) Two chains with N = 10, showing two example flux set points needed for selective

two-qubit coupling between (a) qubits 5 and 8 and (b) qubits 1 and 9. In contrast to the idling configuration of Fig. 1(c), the phase
drops across the two selected qubits, labeled as ON, are either 0 or 7, thus maximizing their spin-dependent supercurrent. In these
configurations, the rest of the qubits remain uncoupled. (c),(d) The absolute value of the qubit-qubit coupling strength, |.J;; |, obtained
from Eq. (6), for two parameter configurations, with random offsets added to the ideal flux-bias points. For each panel, the dark green
line indicates the coupling strengths between the two qubits that are ON, n and m, the light green lines indicate the (undesired) coupling
strengths between either n or m and another qubit, and the gray lines indicate the (undesired) coupling strength between any other pair
of qubits. (¢c) For N =10, n =3, m = 8, Eso;/h = 300 MHz, and E, ;/h = 0 for all ASQs. The fluxes deviate from their ideal values
by amounts A ®; that take random values from a uniform distribution between plus and minus 0.001®,. (d) The same as (c) but for

N =30,n=6,and m = 18.

the coupling Hamiltonian also includes transverse o;'c", as
well as 0707 and 070}, coupling terms (see Appendix B):

N E J#
Hyso =) | 50f+ ) (%oﬁoﬁ ®)
i=1 j<i
e il JF
+ ol + 5ol + o f) ©9)

Here, J;7 and J;* denote the longitudinal and transverse
coupling energies, respectively.

Classically, efficient simulation is possible only for
sparsely connected longitudinal systems with planar cou-
plings. However, when either transverse terms are present
in a planar system or the system exhibits higher connectiv-
ity, only nondeterministic polynomial-time (NP)-hard clas-
sical exact solutions exist [78]. Flux-qubit systems have
been used to approach the solution of some problems using
quantum annealing [79—81]. Nonetheless, these quantum

annealers have sparse connectivity, which requires an
initial embedding of the desired problem into the qubit sys-
tem at the cost of an increased number of physical qubits
[35]. Due to their high connectivity, as we have intro-
duced here, Andreev spin qubits constitute a promising
solid-state platform well suited for simulating a broader
range of problems without requiring additional overhead in
terms of qubits. Besides applications in quantum anneal-
ing, this system can be used to explore the Ising spin
dynamics without the need for Trotterization [5]. The sys-
tem presented here extends the range of Ising problems
that can be simulated to encompass all partitioning prob-
lems, defined by JijZ-Z = afaj , J;Z = aj.‘ajz. , Jl.JZ." = alz.a}‘ , and
Jii* = aja;. However, a generic longitudinal Ising system
has a total of (N> — N)/2 independent couplings, mean-
ing that the ASQ system studied here, with N free flux
parameters, cannot simulate all possible connectivity con-
figurations of the Ising model. Note that the tuning of the
system from its fully uncoupled idling state (Fig. 2) to a
fully coupled state [Fig. 4(a) or Fig. 4(b)], only requires the
adjustment of the flux through loop 1 by a quarter of a flux

010308-5
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FIG. 4. Quantum simulation with ASQs. (a),(b) Circuit diagr
qubits are coupled to each other, thus mapping a highly conne

ASQ7

ASQ6

ams for N = 10 exemplifying two flux configurations in which all
cted Ising system. (c),(d) Graph diagrams indicating the couplings

(edges) between each pair of qubits (nodes). Panels (c) and (d) correspond to the flux configurations depicted in (a) and (b), respectively.
For (c), all coupling strengths have equal sign J; = —|J;;| (black edges). For (d), the coupling strengths have either a negative sign,

Jij = —Jylif |i — j| = 2n (black edges), or a positive sign, J; =

quantum. This provides straightforward control over the
evolution time of an analog quantum simulation by only
pulsing a single flux line.

V. READOUT

The spin-supercurrent coupling of superconducting spin
qubits provides a means for reading out their state through
the use of circuit quantum electrodynamics techniques
[42,57,82—84]. In this section, we detail different readout
alternatives that depend on the readout circuitry and on
the specific qubits that need to be measured. In Sec. V A,
we present a protocol for sequentially reading out the state
of all qubits in the computational basis for a scenario in
which the magnetic field is parallel to all qubits. This can
be achieved using either a transmon or a fluxonium cir-
cuit [85]. Subsequently, in Sec. V B, we present a means to
selectively read out the state of a single qubit while keep-
ing all qubits uncoupled. Lastly, in Sec. V C, we instead
present the joint readout of multiple qubits to determine
the total number of qubits that are in their excited state.
Note that in all cases, the readout circuit must be detuned
from all ASQ frequencies to prevent transverse coupling
between the qubits and the readout. Moreover, for all read-
out protocols, the readout circuit must stay in its ground
state during readout. This requires the readout resonator to

+Jj1if [i — j| = 2n + 1 (gray edges), where 7 is an integer number.

be in the few-photon regime, analogous to the situation for
readout of other superconducting circuits [86,87].

A. Sequential readout of all qubits

The resonator and transmon circuits used to read out the
spin in previous work are sensitive to the ASQ inductance
[43—45,57,82—84]. As aresult, these circuits are maximally
sensitive to an ASQ state when the ASQ is in its OFF set
point and fully insensitive to it when the set point is ON.
In the absence of a magnetic field or under the presence
of a magnetic field parallel to all qubits, if all qubits are
set to their ON set point, they are fully uncoupled from the
readout circuit but they are also maximally longitudinally
coupled to each other. In this case, their relative phases
rotate over time but the population in each computational
basis state remains conserved as the coupling is longitudi-
nal, thus preserving the measurement result. As illustrated
in Fig. 5, we can use this idea for reading out each of the
qubits, by sequentially switching all of the ASQs to their
OFF set point one by one [an example for qubit 5 is shown
in Fig. 5(a)], since an ASQ at its OFF set point couples
strongly to the readout circuit. We discuss two alternative
circuits for selectively reading out the state of a qubit when
it is OFF while being insensitive to the states of the qubits
that are ON.
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FIG. 5. Sequential readout of qubits at their OFF set point. (a) The circuit for reading out the state of qubit 5. All qubits except
for ASQS5 are ON. The phase drop ¢s ~ /2 sets ASQ5 OFF. (b),(c) Two alternative readout circuits, shown for the case N = 1 for
simplicity. (b) The transmon-readout circuit diagram. A capacitor with charging energy E. is connected in parallel to the coupling
junction and the Andreev spin qubit. (¢) The fluxonium-readout circuit diagram, also including an inductor with inductive energy £
connected in parallel. The inductor and the coupling junction define a loop with magnetic flux & through it. (d),(e) The transmon
potential versus the phase drop across the coupling junction, ¢, for ®; = 0 (ON) and ®; = (/4 (OFF), respectively. In both cases,
E;1 =0, E./h =1.0GHz and E;/h = 10.0 GHz. The dotted lines indicate the case Eso; = 0. The colored lines indicate the two
possible potentials depending on the state of the ASQ, for Eso/h = 3 GHz. The color-filled regions represent the wave functions
of the two lowest-energy scales in each case, in arbitrary units. (f),(g) The same as (d),(e) but for the fluxonium circuit with E; /7 =
0.3 GHz and at ® = ®(/4. (h) The first transmon transition frequency versus the flux for the two possible spin states, |1) and || ),
indicated with red and blue, respectively. (j) The frequency of a readout resonator with bare frequency f;o = 5.5 GHz capacitively
coupled to the transmon with a resonator-transmon coupling strength g/ = 200 MHz. (i) The first fluxonium transition versus the
flux for the two possible spin states. (k) The same as (j) but for a readout resonator capacitively coupled to the fluxonium with
resonator-fluxonium coupling strength g/h = 200 MHz.

1. Transmon readout depends on all fluxes. 7 is the conjugate charge of ¢ and

The first approach employs a transmon circuit % .is the offset charge %n the transmon island, expressed in
[67,88,89], as depicted in Fig. 5(b), for simplicity for the ~ units of the Cooper-pair charge 2e.

case N = 1. The transmon consists of a capacitor, with As shown in Fig. 5(d), when an ASQ is at its ON set point

charging energy E., connected in parallel to the coupling ~ (#1 = 0), the eigenstates of the transmon have the same

and ASQ junctions. Its Hamiltonian can be expressed as energy independently of the qubit state (1) or [{)). Con-

sequently, the transmon transition frequencies are identical

H, = —4E.(h — ng)Z + E;(1 — cos(¢)) + Hasq(9), for both qubit states [see Fig. 5(h)]. If the ASQ is instead

(10)  at its OFF set point, the transmon eigenenergies change

depending on the qubit state [red and blue in Fig. 5(e)]

where Hasq(¢) denotes the Hamiltonian of all ASQs in  [44,90]. In Fig. 5(j), we show the resulting frequencies of

parallel, now including the spin-independent parts, which ~ a readout resonator capacitively coupled to the transmon
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FIG. 6. The selective readout of a qubit at its ON set point. (a) The circuit diagram for N = 10, exemplifying the flux configuration
for reading out the state of qubit 5. The phase drop ¢s ~ 0 sets ASQ5 ON, while all other qubits are OFF and thus uncoupled. (b) The
same as Fig. 5(c). In this case, the value of ® is not fixed. E./# = 4.0 GHz, Eso,1/h = 1.5GHz, f;y = 6.6 GHz, g/h = 300 MHz, and
the other parameters are the same as in Fig. 5. (c)~(e) The frequencies of the fluxonium (top) and of a resonator capacitively coupled

to it (bottom) for different flux configurations: (c) ®; = 0; (d) ®; =

Dy /4; (e) © = 0.06D. For (c) and (d), the ASQ is ON and OFF,

respectively. As & is varied, there are different anticrossings between the resonator and the second fluxonium transition. (¢) The @,
dependence when @ is fixed near one of such anticrossings, at the value indicated with a vertical dotted line in (c) and (d). This results
in equal resonator frequencies when the ASQ is OFF and in different resonator frequencies when it is ON.

with a coupling energy g. The resonator frequencies are
different when the qubit is at its OFF set point and identical
when it is ON, thus allowing us to selectively read out the
state of individual OFF qubits. The difference between the
two resonator frequencies is then the effective dispersive
shift from the ASQ. For the parameters used in Fig. 5, we
find a maximal effective dispersive shift of 7.4 MHz.

2. Fluxonium readout

An alternative readout circuit to realize the same pro-
tocol is a fluxonium circuit [91], shown in Fig. 5(c). Its
Hamiltonian can be expressed as

H;

—4En* + %EL(qﬁ —9)? +E; (1 —cos (9))
+ Hasq(9), (1)

where E; is the inductive energy of the fluxonium shunt-
ing inductor and ¢ = 2w ®/ P, denotes the reduced flux

through the loop formed by the inductor and the coupling
junction. If the fluxonium flux is set to ¢ = /2, the cir-
cuit can be used to selectively read out qubits at their OFF
set point, analogously to the transmon case [see Figs. 5(f),
5(g), 5(i), and 5(k)]. Note that, due to the complexity
of the dispersive shifts in a resonator-fluxonium system
[92], the resonator dispersion [Fig. 5(i)] does not follow
the dispersion of the lowest-energy fluxonium transition

[Fig. 5(K)].

B. Selective readout of one qubit

In certain applications, such as ancilla-based parity read-
out, there is a need to selectively read out the state of
an individual qubit without affecting any other qubits. To
facilitate this selective readout, we introduce the protocol
illustrated in Fig. 6. This method consists of configuring
all qubits to their OFF set points, ensuring that they remain
uncoupled. Simultaneously, the specific qubit that needs to
be measured is set to its ON set point [see Fig. 6(a)]. As
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only one qubit is ON, it does not interact with any of the
other qubits.

As discussed in the previous section, a qubit that is ON
cannot be read out using the inductance-sensitive readout
circuits presented in Fig. 5. Instead, we use a fluxonium
circuit such as the one shown in Fig. 6(b). This circuit
is tuned to a precise flux ¢ set point positioned near an
avoided crossing between a higher-order fluxonium tran-
sition and the readout resonator. In fact, fluxonium qubits
often get most of their dispersive shift from interactions
with higher-lying states [92,93]. In Figs. 6(c) and 6(d),
we show an avoided crossing between the second fluxo-
nium transition and the readout resonator as ¢ is varied,
for the ON and OFF ASQ set points, respectively. By setting
@ close to this avoided crossing, the frequency of the read-
out resonator depends on the ASQ state when the ASQ is
ON and remains unaffected when it is OFF. This approach
enables the selective readout of the state of an individ-
ual qubit at the ON set point while being insensitive to
all other qubits that are at the OFF set point. Note, how-
ever, that there is a balance between the proximity to the
avoided crossing and the number of readout photons, as the
closer the flux point is to the avoided crossing, the higher
is the hybridization between the readout resonator and the
fluxonium states [94].

C. Joint readout of all qubits

In situations in which the Esp; values of all qubits are
similar, there is a third readout option available, which
allows differentiation between various joint states based
on the total number of qubits that are in their |4;) state.
This joint-readout protocol entails configuring all qubits
to their OFF flux set points, which leaves them uncou-
pled and thereby does not affect their state, and using
the inductance-sensitive readout circuits introduced in
Figs. 5(b) and 5(c). As a result, all joint states with the
same number of qubits in their |1;) state lead to the same
dispersive shift on the resonator. In total, there are N differ-
ent resonator frequencies, each corresponding to a different
total number of |1;) spins. This configuration has several
potential applications:

(1) Direct counting of excited qubits. 1If the dispersive
shifts and resonator line width are designed so that
the NV resulting readout signals can be distinguished,
this configuration allows for the direct count of the
total number of qubits in their |1;) state.

(2) Measurement-induced state initialization. By select-
ing a specific readout frequency to distinguish
the [{od1 --- ln) state from all other states, this
approach can be employed for state preparation, to
herald the system in this state [95,96]. Such tech-
niques can also be used to herald entangled states
[97].

(3) Fidelity benchmarking of quantum gates. The abil-
ity to differentiate the |]¢l; --- {n) state from
all other states can be used to benchmark gate
sequences that should have the global ground state
as their final state, such as randomized benchmark-
ing protocols [98].

(4) Quantum simulation. Finally, in quantum simula-
tion, distinguishing states with a fixed number of
[1;) spins from all other states can be useful to ver-
ify if the final state falls within the correct subspace,
confirming the accuracy of the simulation [99].

These diverse applications underline the versatility of the
ASQ system. However, further research is essential to
address specific implementation details.

VI. TUNE-UP PROTOCOL

To demonstrate the viability of this proposal, we now
discuss a tuning protocol assuming the physical realiza-
tion of ASQs as done in Refs. [43—45]. Implementing
each Andreev spin qubit in a semiconducting Josephson
junction permits pinching it off (i.e., setting both of its
Josephson energies to zero) by electrostatic gating. In this
section, we explain how, by selectively pinching off dif-
ferent combinations of qubits, the global system can be
sequentially tuned up to its operational configuration, as
depicted in Fig. 7.

The tune-up process follows the procedure outlined in
Ref. [45,57] for the N = 1 and N = 2 cases, respectively.
In the initial step, illustrated in Fig. 7(a), all ASQs are
pinched off and the coupling junction is characterized. As
the E. and E; values are known by design, the value of
E; can be determined from the measured frequency of the
transmon or fluxonium-readout circuitry. If the coupling
junction is implemented with a semiconducting Josephson
junction, £, can be electrostatically set at this step to a tar-
get value much larger than the target value for Egp; and
E J i

Subsequent steps involve selectively pinching off all
ASQs except one, allowing it to be tuned up independently.
This configuration is shown in Figs. 7(b)-7(d) for qubits 1,
2, and 3, respectively. This sequential approach permits the
independent investigation of the gate and magnetic field
dependencies of each qubit, enabling the selection of an
optimal gate set point. Note that as opposed to semicon-
ducting spin qubits, where capacitive crosstalk between
the electrostatic gates of adjacent qubits requires defining
virtual gates [100,101], we do not expect the ASQ architec-
ture suggested here to suffer from significant gate crosstalk,
thus simplifying the system tune-up. Any small residual
crosstalk can be accommodated by iteratively fine tuning
the electrostatic gates of all the qubits one by one.

Initially, the gate space is mapped out at zero mag-
netic field to identify regions with sizable Eso; and low
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FIG. 7. Sequential qubit tune-up. Each panel shows the circuit
diagram of the loop array in different configurations, at subse-
quent steps in the tune-up process. (a) All qubits are pinched off
with their electrostatic gates so that Esg; = E;; = 0. In this con-
figuration, there are no loops and the value of E; can be directly
determined. (b) While keeping the rest of ASQs pinched off,
ASQL is tuned up with its electrostatic gates following the pro-
cedure described in Ref. [57]. This allows us to fix the desired
values of Ego; and Ej 1, as well as to determine the /; set points
that set ®; = 0 and ®,. (c) Subsequently, the flux set point of
ASQL is fixed at ®; = 0 and the electrostatic gates of ASQ1 are
pinched off. Following a procedure analogous to that in (b), one
can set the values of Esg » and E; ; and determine the I, set points
that set &, = 0 and ®y. (d) The same as (b) and (c) but for ASQ3.

E;;. This optimization aims at maximizing the coupling
strength [see Eq. (6)]. An efficient way to perform this
mapping is by detecting a frequency splitting of the readout
resonator at fixed ASQ flux points (see Sec. V).

Subsequently, the magnetic field is set to a nonzero
value, allowing for the investigation of the magnetic
field dependence. This step provides access to the spin-
polarization direction and the g factor at each gate set
point.

During operation, the global magnetic field will be
fixed at a predetermined value and direction, chosen to
align with the chip plane to maximize the magnetic field
resilience of the readout circuitry [102—106]. Therefore,
for each ASQ, a gate set point is selected so that the spin-
polarization direction aligns with the preferred direction
relative to the chosen magnetic field operation direction.
This relative alignment depends on the application. For
gate-based quantum computing, the operation is simpli-
fied if only longitudinal coupling terms are present [as in
Eq. (5)]. Thus, the spin direction must either be chosen

to be aligned with the magnetic field direction or, alter-
natively, the system can be operated under magnetic field
strengths much lower than Egg ;. The latter option avoids
the need for the spin-polarization directions of all ASQs
to be aligned with each other, thus simplifying the sys-
tem tune-up, and at the same time reduces the charge-
noise sensitivity [107]. For quantum simulation of Ising
systems, however, the spin direction can be adjusted to
determine the ratio between longitudinal and transverse
coupling terms. A consideration regarding the g factors is
that the qubit frequencies should not match the frequencies
of the readout resonator or the readout superconducting
qubit and that they lie within an experimentally accessible
frequency band. For InAs-based devices, typical g-factor
values range from 2 to 16 [57,84,108]. This corresponds to
frequencies between 1.5 and 11.2 GHz for an applied mag-
netic field of 50 mT. The frequencies of physically nearby
qubits are chosen so that they do not overlap, to avoid pos-
sible drive crosstalk during operation. Once the set point
for one qubit is determined in this manner, its junction can
be pinched off, and the next qubit can be characterized and
tuned up similarly.

The change in the global magnetic field during the pre-
ceding steps alters the ®;(/;) mappings. Additionally, there
might be unwanted flux crosstalk between nearby loops.
Therefore, all ®;(/;) mappings can be determined in a
subsequent round of tune-up steps, carried out after fix-
ing the global magnetic field at its operational set point.
In this step, each qubit i is sequentially opened (i.e., set
to its gate set point) and, for each flux line in the system,
an /; dependence is performed to determine the /; values
that set ®; = 0 and ®; = ®, as indicated in Fig. 7. As
a result of this calibration, a flux crosstalk matrix can be
defined [109], analogously to how virtual gates are used
in semiconducting spin qubits [100,101], and by invert-
ing the crosstalk matrix the unwanted flux crosstalk can
be canceled.

VII. DISCUSSION AND CONCLUSIONS

In the preceding sections, we have discussed the poten-
tial of highly connected Andreev spin qubits for quantum
computing and quantum simulation tasks. Our analysis
has focused on an estimation of the coupling strength to
first order in Eso;/E;, as detailed in Sec. III. However,
it is crucial to consider the contribution of the spin-
dependent inductance of each ASQ, which becomes sig-
nificant away from the limit Esp;/E; — 0 (see Appendix
A). These contributions introduce higher-order coupling
terms of the form ijal?(;*j?a,f , with Jir = €1Jj;, where €, ~
Esox/E;. For instance, the experimentally realistic val-
ues of Egp;/h = 300 MHz and E;/h = 30 GHz discussed
in Fig. 3 result in an ON-ON coupling strength of J;; /h =
6 MHz and unwanted higher-order coupling terms between
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two ON qubits, i and j, and an OFF qubit, &, of the order of
Jij/h = 60 kHz.

To reduce the Eso;/E; ratio and, consequently, miti-
gate the magnitude of higher-order terms, one can reduce
the inductance of the coupling junction. A reduction
to Eso;/E; =1/1000 within experimentally attainable
parameters can be realized by setting Eso;/# = 1 GHz and
E;/h = 1000 GHz. This, in turn, sets the ON-ON coupling
to J;j/h =2 MHz. Under these conditions, the higher-
order coupling terms have an amplitude of J;; /7 = 2 kHz.
This magnitude of E; can be achieved by replacing the
coupling junction with a linear inductor and using a res-
onator, instead of a transmon or fluxonium, for readout
[43,50,82,84,110]. Note that the reduced coupling strength
in this regime leads to slower dynamics and calls for qubit
coherence higher than that of previous ASQ implementa-
tions [43—45].

These higher-order terms reduce the CPHASE-gate
fidelity, imposing a constraint, Np,x, on the maximum
number of qubits in the system. As described in Ref. [111],
we can estimate the contribution of these third-order cou-
plings to the infidelity of a CPHASE gate between qubits i
and j, to second order, as

I —Fez =Y (025J; + 02575 + 0.1875J,
ki j
+ 0.25 i + 0.2513 ).

In particular, if Ji; /J; = € for all qubits, we expect a two-
qubit gate infidelity of 1 — Fcz = 0.1875((N — 2)em)>.
For e = 0.001, this results in Npmax 99 = 737 and Npmax09.9 =
234 for target gate fidelities of 99.0% and 99.9%, respec-
tively. Moreover, as discussed in Sec. III, imprecise flux
control would lead to residual ON-OFF couplings, further
reducing the gate fidelity. If Jj/Jy; = Ji /Sy = Jiu/Jij =
€, the gate infidelity is 1.1875((N — 2)em)? which, for
€ = 0.001, limits the number of qubits to Npyax 99 = 294
or Nmax99.9 = 94 for the same target gate fidelities.
Another aspect that sets a constraint on the maximum
number of qubits in the system is the total required mea-
surement time for the sequential-readout scheme, which
increases linearly with the qubit count as #,N. Here, #iy
denotes the single-shot integration time and we have disre-
garded the negligible flux pulsing time between the readout
of consecutive qubits. This linear scaling of the total read-
out time poses a limitation once it becomes comparable
to the ASQ decay time. Note that the ASQ dephasing time
does not play a role during sequential readout, as the qubits
waiting to be measured idle in the Z basis. Previous imple-
mentations of Andreev spin qubits in InAs have used fy
values of the order of 1us [43-45,82] and have shown
spin decay times of up to 40-50 us [44,82]. These val-
ues would impose a limit on the order of Ny, &~ 10 for
sequential readout. Increasing this constraint would require

Pt Tiid=4
EXEXEEEN

FIG. 8. Quantum computing with superconducting spin
qubits. (a) One cluster of N coupled ASQs is represented with
a star symbol. (b) Each cluster is read out with a transmon
circuit. Different clusters are capacitively coupled to each other
to mediate intercluster coupling.

future generations of ASQs to attain decay times similar to
those of state-of-the-art superconducting qubits and semi-
conductor spin qubits, on the order of 1 ms [112—116].
These decay times would significantly increase the limit
on Np,x set by sequential readout to make it comparable to
the constraints imposed by third-order coupling terms and
thus mitigating it as a concern.

To scale up beyond this limit, we envision defining inde-
pendent unit cells, each containing Ny, qubits, as illus-
trated in Fig. 8(a). A potential architecture for coupling dif-
ferent clusters to each other involves capacitively coupling
the readout circuits of two separate clusters [Fig. 8(b)].
This hierarchical approach provides a scalable path for
creating larger quantum processors while mitigating the
impact of higher-order coupling terms.

To conclude, we have presented an approach for scal-
ing up Andreev spin qubits in a highly connected way.
Our work demonstrates the ability to control the magni-
tude of the coupling strength between any pair of qubits,
independently of their physical distance, by varying the
applied flux. This feature enables the realization of fast
two-qubit gates across the entire system. Moreover, as all
couplings can be made of the longitudinal type, the cou-
pling strength remains independent of the relative qubit
frequencies. This characteristic offers great flexibility for
increasing the qubit count without encountering issues
associated with frequency crowding.

When it comes to gate-based digital quantum compu-
tation, this enhanced qubit connectivity opens up oppor-
tunities for exploring alternative quantum error-correction
codes, potentially requiring fewer physical qubits per logi-
cal qubit compared to existing surface codes [34]. Regard-
ing analog quantum simulation of Ising systems, the all-
to-all connectivity extends the range of NP-hard problems
that can be simulated in solid-state qubit platforms without
the need for additional qubit overhead to encode the rel-
evant problems, presenting an advantageous alternative to
other superconducting-qubit approaches. We note, more-
over, that the approach presented here could be generalized
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to achieve all-to-all qubit connectivity via inductive cou-
pling for other flux-based superconducting qubits, such
as the fluxonium qubit [74], or alternatively for bosonic
qubits, providing more straightforward tunability and scal-
ing compared to prior work [37].

ACKNOWLEDGMENTS

We thank P. McMahon, B. van Heck, and V. Fatemi for
discussions and their feedback on this paper. This work
is cofunded by Microsoft Corporation. C.K.A. acknowl-
edges support from the Dutch Research Council (NWO)
and from the Horizon Europe Framework Program of the
European Commission through the European Innovation
Council Pathfinder Grant No. 101115315 (QuKiT).

APPENDIX A: HIGHER-ORDER LONGITUDINAL
COUPLING TERMS

Away from the limit Esq;/E; — 0, it becomes essential
to account for modifications to the coupling described in
Eq. (6) due to the presence of a state-dependent parallel
inductance. This inductance introduces a modification to
E, resulting in

N N
E=E/ + ZEJ,lei Ther 6 4 ZGfEso,lei(%+Zi=l 2
=1 =1
(AD)

The Eso,/E; term gives rise to higher-order coupling
terms of the form o700} that can be found by Taylor
expanding Eq. (6) around Ego;/E; = 0. The second-order

contribution from the denominator yields

N
E . I
@ M 0,1 B
JP = (1—§ —alze’(2+zk—1(p")>, (A2)

=1

where Jij(-l) is the first-order approximation from Eq. (6).
This results in a contribution to the three-qubit cou-
pling terms, J,-jkafajza,f , that is a factor of E;/Eso times
smaller than the two-qubit coupling terms Jj; (i.e., Jjx =
Esox/EsJi).

Additionally, Eq. (A1) results in a o7-dependent contri-
bution to ¢g. This contribution can be as high as

(A3)

E N
05 = tanfl <Z SO,k z) Z 1?

k=1 k=1

when all qubits are OFF. Here, the approximation is again
made to first order in Eso/E;. Similarly, this introduces
a second contribution to the three-qubit coupling terms,

again given by

Eso
Jijk = Jij £

(A4)
Once again, this term is scaled by a factor of Esox/E;
compared to the two-qubit coupling terms.

APPENDIX B: TRANSVERSE COUPLING UNDER
THE PRESENCE OF A PERPENDICULAR
ZEEMAN FIELD

For the sake of simplicity and without loss of gen-
erality, we consider the case N = 2. The Hamiltonian
of the coupled ASQ system, expressed in the eigenba-
sis of the system at zero magnetic field and disregarding
spin-independent terms, is given by

1
—Jp0703.

1
E +
202 )

1
Elal +2

3 (B1)

Hasq =
If a perpendicular magnetic field is applied, the qubit

eigenstates are no longer the same. In particular, the
Hamiltonian of ASQi becomes

Hy(¢) = Ej,0; cos (¢) — Eso,07 sin (¢)) (B2)

1 1
+ EEZ,i cos (6;)o; + EEZJ sin (607",  (B3)

where E; represents the magnitude of the Zeeman field
and 6; is the angle between the direction of the external
Zeeman field and the zero-field spin direction of ASQi.
In the limit of Ez; > Eso,, the eigenstates of ASQi,
expressed in its zero-field basis, become

- o (2)n(£)
- (- (§)on(2))

Consequently, the zero-field o7 and o7,
new {|E), |ﬁ>} basis, become

(B4)

(BS)

expressed in the

o/ = cos (Gi)af + sin (01-)0?, (B6)

o} = cos (6)0; + sin (6;)07, (B7)

where of = [1;){ti| = [} (L] and of = [1:){Li] + [13)

(Ti\. This leads to the coupling Hamiltonian, expressed in
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the new spin eigenbasis
| R R
Hasq = 5E101 + 2 E20;

+ =J1z cos(0)) cos(Br)oro;

+ =J12 sin(6;) cos(Br)oi o5

+ =J12 cos(6)) sin(fr) o705

[\

1 _

+ EJIZ sin(0;) sin(@z)crf‘af.

(B8)

This expression comprises both transversal (XX') and lon-
gitudinal (ZZ) coupling terms, along with ZX and XZ

terms, with amplitudes

J5 = Jiz cos(9)) cos(6), (B9)
= = Jjpsin(8)) cos(6y), (B10)
5 = Jia cos(6)) sin(f,), and (BIT)

Ji5 = Jipsin(6;) sin(6,). (B12)

If the Zeeman field is perpendicular to both qubits, 6; =

6, = /2, the longitudinal, the XZ and ZX terms

van-

ish, leaving only the transverse coupling term with an

amplitude of J35 = Ji».
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