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Strong tunable coupling between two distant 
superconducting spin qubits

Marta Pita-Vidal    1,3  , Jaap J. Wesdorp    1,3, Lukas J. Splitthoff    1, 
Arno Bargerbos1, Yu Liu    2, Leo P. Kouwenhoven1 & 
Christian Kraglund Andersen    1 

Andreev spin qubits have recently emerged as an alternative qubit platform 
with realizations in semiconductor–superconductor hybrid nanowires. 
In these qubits, the spin degree of freedom of a quasiparticle trapped in a 
Josephson junction is intrinsically spin–orbit coupled to the supercurrent 
across the junction. This interaction has previously been used to perform 
spin readout, but it has also been predicted to facilitate inductive 
multi-qubit coupling. Here we demonstrate a strong supercurrent-mediated 
longitudinal coupling between two distant Andreev spin qubits. We show 
that it is both gate- and flux-tunable into the strong coupling regime and, 
furthermore, that magnetic flux can be used to switch off the coupling 
in situ. Our results demonstrate that integrating microscopic spin states 
into a superconducting qubit architecture can combine the advantages of 
both semiconductors and superconducting circuits and pave the way to fast 
two-qubit gates between distant spins.

Semiconducting spin qubits1,2 have proven to be a promising platform 
for quantum information processing. In such qubits, quantum informa-
tion is encoded in the spin degree of freedom of electrons or holes local-
ized in quantum dots, which leads to long lifetimes and a naturally large 
energy separation between computational and non-computational 
states. Moreover, their small size makes them attractive candidates 
for large-scale quantum devices3,4. However, it remains challenging to 
engineer a direct spin–spin coupling between remote spin qubits as 
their interaction strength decays rapidly with distance. Ongoing efforts 
to overcome this challenge focus on engineering a coupling between 
distant spin qubits mediated by microwave photons in superconduct-
ing resonators5–10. For such photon-mediated spin–spin coupling, the 
interaction strength is currently limited to the order of 10 MHz, which 
makes the implementation of fast, long-range two-qubit gates an  
outstanding challenge4,9. Moreover, the transverse character of the 
coupling puts a constraint on the available qubit frequencies.

An alternative approach to engineer remote spin–spin cou-
pling is to embed the spin qubit into a Josephson junction, creating 
a so-called Andreev spin qubit (ASQ)11,12, where the qubit states carry 

a spin-dependent supercurrent11–17. Recent experiments have dem-
onstrated that a single ASQ can be operated coherently with strong 
coupling of the spin states to superconducting circuits11,12. Similarly, 
it has been predicted that large spin-dependent supercurrents can 
lead to strong, longitudinal, long-range and tunable spin–spin cou-
pling18,19, thus overcoming the challenges imposed by the coupling 
being only a second-order interaction in previous photon-mediated 
implementations of spin–spin coupling as well as circumventing any 
strong constraints on the qubit frequencies.

Here, we investigate the supercurrent-mediated coupling between 
two ASQs by analysing the influence of a shared Josephson inductance 
on the coupling strength using the setup in Fig. 1. Specifically, we design 
a device formed by two ASQs, ASQ1 and ASQ2, connected in parallel to 
a third Josephson junction with gate-tunable Josephson inductance, 
thus defining two superconducting loops (Fig. 1a). Microscopically, 
the longitudinal coupling between the qubits directly results from 
the main characteristic of ASQs: their spin to supercurrent coupling. 
Part of the spin-state-dependent supercurrent of one qubit circulates 
through the loop arm containing the other qubit. This in turn causes 
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quantum interference device (SQUID). We denote by Φ1 and Φ2  
the external magnetic fluxes through each of the loops. The qubit  
frequency for ASQi, fi, where i = 1, 2, is set by the energy difference 
between the spin states, ||↑i⟩ and ||↓i⟩, which is controlled by the magnetic 
field due to the Zeeman effect. We denote the in-plane magnetic field 
directions as Bz, approximately along the nanowires, and By, approxi-
mately perpendicular to the nanowires. See also Supplementary Sec-
tion III.E for additional details on the field alignment. The By component 
of the magnetic field is moreover used to tune Φ1 and Φ2. Note that 
although By is applied in the chip plane, it still threads flux through the 
loops due to the elevation of the nanowires with respect to the NbTiN 
circuitry. This reduces flux jumps compared to using out-of-plane field 
Bx for flux tuning, as discussed in ref. 16. Φ1 and Φ2 set the phase drops 

over the junctions, ϕ1 ≈
2π
Φ0

Φ1  and ϕ2 ≈
2π
Φ0

Φ2  in the limit of small LJ,C, 

where Φ0 denotes the magnetic flux quantum. The current through 
the flux line, I, tunes Φ1 and leaves Φ2 nearly unaffected, as the loop 
corresponding to Φ2 is placed near the symmetry axis of the flux line 
(Supplementary Fig. 4). The drive pulses, with frequencies fd and fp, are 
sent through the central gate of ASQ2 and are used to drive both qubits. 
We find that it is possible to drive ASQ1 using the gate line of ASQ2 
possibly due to cross-coupling between the gate lines corresponding 
to both qubits or to cross-coupling between the gate line and the trans-
mon island. The coupling junction is controlled by a single electrostatic 
gate whose voltage, VC, is varied to tune LJ,C

20.
To enable readout of the ASQ states, the double-loop SQUID in 

which the ASQs are hosted is placed between a superconducting island 
(red) and ground (purple), forming a transmon circuit21–23 (Fig. 1b,c). 
These circuit elements are implemented in 20-nm-thick NbTiN for 
magnetic field compatibility16,24–29. The transmon frequency depends 
on the energy-phase relation of the double-loop SQUID, which in turn 
depends on the states of both ASQs17. The transmon is subsequently 
dispersively coupled to a lumped-element readout resonator, which 
is coupled to a feedline implemented with a coplanar waveguide and 
monitored in transmission using a probe tone at frequency fr. The 
readout mechanism is illustrated in Fig. 1d, which shows the four pos-
sible frequencies of the readout resonator caused by the different 
dispersive shifts of the four spin states of the combined ASQ1–ASQ2 
system30: {||↑1↑2⟩ , ||↑1↓2⟩ , ||↓1, ↑2⟩ , ||↓1↓2⟩}. Note that spin is not a well- 
defined quantum number for these states. In an ASQ, the spin is hybrid-
ized with spatial degrees of freedom, and thus the eigenstates are rather 
pseudospin states. Similar to previous works11,12, we will refer to the 
eigenstates as spins for simplicity. The measurement is taken at zero 
magnetic field where all spin states are thermally occupied on average, 
because the energy splitting between them is between 0.5 and 1 GHz 
(Supplementary Section III.C), which is smaller than typical effective 
temperatures on the order of 100 mK observed in these devices12. 
Therefore, the lines corresponding to all four states are visible. This 
result already illustrates the presence of two separate ASQs in the 
system. We will now move on to the characterization of these qubits 
before we turn our attention to the two-qubit coupling.

Individual ASQ characterization
We first characterize each ASQ separately while the junction containing 
the other qubit is pinched off electrostatically using the voltages on its 
gates (Fig. 2), following the methods of ref. 12. To set the qubit frequen-
cies, we apply a magnetic field Br = 35 mT in the y–z plane, 0.1 radians 
from the Bz direction (Supplementary Section III.E). This field sets  
f1 ∈ [6, 9] GHz and f2 ∈ [2, 4.5] GHz for ASQ1 and ASQ2, respectively. We 
note that the qubit frequencies are different due to mesoscopic fluctua-
tions in the gate dependence of the spin–orbit direction and g-factor  
of each ASQ (see also Fig. 2 and Supplementary Section III.C). Qubit 
spectroscopy is then performed by monitoring the transmission 
through the feedline near the readout-resonator frequency while 
applying a drive tone with frequency fd to the central gate line of ASQ2 

a phase difference across the second qubit and hence affects its spin 
transition frequency. We show that the qubit–qubit coupling in this 
configuration can be in situ controlled by the flux through the super-
conducting loops as well as by changing the Josephson inductance of 
the shared junction using an electrostatic gate. In particular, we reach 
the strong longitudinal coupling regime where the coupling strength 
is larger than the qubit linewidths. Moreover, we show that the cou-
pling can be switched fully off for particular values of the flux, which 
makes this platform appealing as an alternative for implementing fast 
flux-controlled two-qubit gates between spin qubits.

Device
In our device, each ASQ is hosted in a quantum dot Josephson junction 
that is implemented in a separate Al/InAs nanowire and controlled by 
three electrostatic gates placed beneath the nanowires (Fig. 1b). 
Throughout this work, the gate voltages are fixed as specified in Sup-
plementary Table 2 (see also Supplementary Information, which con-
tains further details about the theoretical expression for the coupling 
strength, fabrication and experimental setup, device tuneup and addi-
tional data). Moreover, we define an additional regular Josephson junc-
tion with gate-tunable Josephson inductance LJ,C in one of the nanowires. 
The nanowires are galvanically connected to a NbTiN circuit that defines 
the superconducting loops forming a double-loop superconducting 
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Fig. 1 | Device and readout. a, Circuit diagram of two coupled ASQs (ASQ1 and 
ASQ2) connected to a coupling junction with a tunable Josephson inductance LJ,C. 
Φ1 and Φ2 are the magnetic fluxes through the two loops. b, False-coloured optical 
microscope image of the device. The ASQs are placed between a transmon island 
(red) and ground (purple). The three Josephson junctions are implemented in two 
separate Al/InAs nanowires, with one containing ASQ1 and the other containing 
ASQ2 and the coupling junction. The in-plane magnetic field directions are denoted 
as Bz and By, approximately parallel and perpendicular to the nanowires axis, 
respectively. Additional flux control is achieved through the applied current I in 
the flux line (amber). Each ASQ is electrostatically controlled by three gates below 
the nanowire (brown), and the coupling junction is controlled by one gate line 
(cyan) at voltage VC. The drive tones fd and fp are applied through the central gate 
of ASQ2. See Supplementary Fig. 5 for further details about the geometry of the 
loops area. c, Zoomed-out false-coloured optical microscope image showing the 
transmon island (red) capacitively coupled to a lumped-element readout resonator 
consisting of a capacitor (yellow) and an inductor (blue, inset). The resonator is 
further capacitively coupled to a coplanar waveguide (green centre conductor) 
with input and output ports labelled 1 and 2, respectively. A readout tone fr is 
applied through the waveguide. d, Amplitude of the transmission through the 
readout circuit, |S21|, divided by the background, |S21,b|, as a function of the current 
through the flux line, I. The measurement is performed at a magnetic field of Bz = 0 
with a fixed Φ2 ≈ −Φ0/4, set by By = −1.04 mT. Scale bars, 10 μm (b), 100 μm (c).
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(Fig. 2a,b). On resonance with the qubit transition, we observe a strong 
change in transmission because spin–orbit coupling and a magnetic 
field enable electrical driving of the spin16,17,31. The qubit frequencies, f1 
and f2, can be tuned by flux, as shown in Fig. 2a,b. Note that the phase dis-
persion is expected to be sinusoidal (refs. 19,32), as is the case for ASQ2. 
However, for ASQ1 we rather observe a skewed sine. From the ratio of 
the inductance of ASQ1 and LJ,C we rule out a non-linear flux-phase rela-
tion. This could indicate that non-zero-length effects beyond the model 
from refs. 1719 in combination with higher orbitals in the quantum dot 
must be considered to accurately describe the physics of the junction 
containing ASQ1. Although flux tuning provides fine-tuning of the qubit 
frequency within a frequency band of a few GHz set by the spin–orbit 
coupling strength, we can also tune the qubit frequencies over a larger 
range by varying the magnetic field, due to the Zeeman effect. From the 
magnetic field dependence of the frequencies, we extract the g-factor 

of each ASQ (Fig. 2c). We find that the different g-factors are consistent 
with earlier work16,17,33 (see also Supplementary Section III.E).

Next, we characterize the coherence properties of each ASQ  
at the frequencies indicated with markers in Fig. 2a,b. At these set-
points, we extract energy decay times of T ASQ1

1 = 3.3 ± 0.1 μs  and  
T ASQ2
1 = 11.8 ± 0.4μs  for ASQ1 and ASQ2, respectively, where the repor

ted uncertainties are the 1σ confidence intervals from the fit. These 
decay times are to a large extent limited by Purcell decay to the trans-
mon qubit (Supplementary Section IV.B). Furthermore, from a Ramsey 
experiment, we extract dephasing times of T ∗ASQ1

2 = 7.6 ± 0.2 ns and 
T ∗ASQ2
2 = 5.6 ± 0.2 ns for ASQ1 and ASQ2, respectively, which are com-

parable to times found in earlier works11,12. For these measurements, 
we use Gaussian pulses with a full width at half-maximum of 4 ns, which 
is comparable to T ∗

2 . Therefore, the π/2-pulses cannot be considered 
instantaneous, which is the conventional assumption in a Ramsey 
experiment. Rather, a non-zero overlap of the pulses of order T ∗

2   
can result in an overestimation of the extracted T ∗

2 , as further dis-
cussed in Supplementary Section IV.C. Therefore, these numbers 
should be interpreted as an upper bound to the pure dephasing  
times. Furthermore, we extract echo times of T ASQ1

2E =  17.3 ± 0.4 ns  

and T ASQ2
2E = 17.4  ± 0.4 ns (Supplementary Section IV.A, three times  

larger than T ∗
2 , which points at low-frequency noise being a strong 

contributor to dephasing, consistent with previous observations in 
InAs-based spin qubits11,12,34.

Longitudinal coupling
Having two ASQs, we describe the joint system by the following  
Hamiltonian with the two qubits coupled longitudinally with coupling 
strength J19:

H = −ℏω1
2 σ z

1 −
ℏω2
2 σ z

2 −
hJ
2 σ z

1 σ
z
2 , (1)

where ωi = 2πfi and σ z
i = ||↓i⟩ ⟨↓i|| − ||↑i⟩ ⟨↑i|| denote the phase-dependent 

spin-flip frequency and the z Pauli matrix of ASQi, respectively,  
h is the Planck constant and ℏ = h/(2π). In this description, the longitu

dinal term −hJ
2
σz1σ

z
2  originates from the fact that the spin-dependent 

supercurrent of ASQ1 induces a spin-dependent phase difference over 
ASQ2, thus changing its transition frequency by ±J and vice versa. 
Importantly, the longitudinal coupling does not arise from direct wave-
function overlap35 or magnetic interactions as the spins are separated 
by a distance of approximately 25 μm. From this physical understand-
ing of the interaction, we can express the coupling strength J as a func-
tion of the circuit parameters by19

J(LJ,C,Φ1,Φ2) =
1
2h

LJ,CLASQ(Φ1,Φ2)
LJ,C + LASQ(Φ1,Φ2)

I1(Φ1)I2(Φ2). (2)

Here, we define LASQ(Φ1, Φ2) as the total spin-independent inductance  
of the two ASQs in parallel. Ii(Φi) denotes twice the spin-dependent 
supercurrent through ASQi, which we define as the difference in super-
current across ASQi for its two possible spin states. In this expression, 
one of the main features of the device becomes apparent: the coupling 
is tunable with flux and can be switched to zero when either I1 or I2 is 
set to zero.

We now proceed to investigate the spin–spin coupling at the  
same gate voltages and magnetic field used for Fig. 2. To this end, we 
open both loops simultaneously and set Φ1 and Φ2 at points where  
the slopes of the qubit frequencies ∂fi/∂Φi ∝ Ii are large, close to Φ1 ≈ 0 
and Φ2 ≈ Φ0/2. When the two qubits are longitudinally coupled, the 
transition frequency of each of them depends on the state of the other, 
as schematically depicted in Fig. 3a,d. In each panel, the blue arrows 
indicate the two possible frequencies of one qubit, separated by twice 
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Fig. 2 | Individual ASQ properties. a,b, Readout signal amplitude with the 
median background subtracted, |S21| − |S21,m|, showing qubit spectroscopy of ASQ1 
(versus Φ1) (a) and ASQ2 (versus Φ2) (b), respectively. During spectroscopy of one 
qubit, the other qubit is turned off by setting its gates to −1 V. We set Br = 35 mT for 
both panels (indicated in c with a dashed line). c, Qubit frequency versus Bz for 
both ASQs. fi is calculated as the average between its maximum and minimum 
values versus flux. The grey lines indicate a linear fit to the data from which we 
extract the g-factors indicated in the labels. d, Energy decay time (T1) 
measurements of both ASQs at the frequency setpoints indicated in a and b 
(f1 = 7.4 GHz and f2 = 3.4 GHz, respectively). The experiment was performed  
by sending a π-pulse followed, after a delay τ, by a readout pulse (inset).  
e,f, Measurements of the coherence times (T∗2) of ASQ1 and ASQ2 at the same 
setpoints, measured using a Ramsey experiment. Oscillations with a period  
of 4 ns (e) and 3 ns (f) are realized by adding a phase to the final π/2-pulse 
proportional to the delay time τ. The pulse sequence is shown in the inset  
for a phase of π. T∗2 is extracted by fitting a sine with a Gaussian decay envelope. 
The experiments were performed using Gaussian pulses with a full width at 
half-maximum of 4 ns. All datasets are averaged over 3 × 105 shots, readout time 
ranges from 1 to 2 μs, and the total measurement time for T∗,ASQi

2  ranges from 
around 10 min for ASQ1 to around 30 min for ASQ2. The normalized population 
inversion (norm. pop. inv.) on the y axis of panels d–f is defined as the measured 
signal normalized by the signal difference between having sent no pulse and a 
π-pulse before the readout pulse.
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the coupling strength, J, for the two possible states of the other qubit. 
To determine the magnitude of the coupling strength, we perform  
the following measurements: first we determine f2 − J by performing 
qubit spectroscopy of ASQ2 starting from the ground state, ||↓1↓2⟩, 
where ASQ1 is in the spin-down state (black trace in Fig. 3b). Then  
we repeat the spectroscopy while applying another continuous  
pump tone at a frequency fp resonant with the spin-flip transition of 
ASQ1, driving ||↓1↓2⟩ ↔ ||↑1↓2⟩ . The presence of this additional tone 
results in ASQ1 being in a mixture of ||↓1⟩ and ||↑1⟩. When performing 
spectroscopy of ASQ2 under these conditions (red trace in Fig. 3b), we 
observe the emergence of a second peak corresponding to the shifted 
frequency of ASQ2 due to ASQ1 having population in its excited state, 
||↑1⟩. This frequency splitting arises from the longitudinal coupling 
term, and thus we determine the value of J = −178 ± 3 MHz from a double 
Gaussian fit as half of the difference between the two frequencies (see 
Supplementary Section II.E.2 for details on the fit procedure). Since 
the coupling term is symmetric with respect to the two qubits, we 
should observe the same frequency splitting when we exchange the 
roles of ASQ1 and ASQ2 (Fig. 3e). (Note that the increase in amplitude 
around 7.8 GHz is unrelated to the ASQs but due to a resonance of the 
travelling wave parametric amplifier.) From this measurement, we 
extract a value of J = −165 ± 4 MHz, similar to the value we extracted 
before. We speculate that the modest difference between the values 
of J extracted from the measurements of both qubits may be due  
to temporal instabilities, which we found to be present in the system. 

We additionally measure the qubit spectroscopy as a function of  
the pump tone power, shown in Fig. 3c,f, and we observe a power 
dependence on the peak amplitude. At low powers, not enough excited 
population is generated in the ASQ, whereas the second peak gradually 
appears at higher powers. At too-high powers, the readout resonator 
shifts too much due to the non-linearity of the resonator mode,  
and it becomes more lossy, which results in a reduced signal (at  
even higher power, both peaks fully disappear). Additional data  
and a numerical analysis of the expected pump power dependence  
and relative peak heights, in agreement with the experimental  
observations, can be found in Supplementary Sections V and I.D, 
respectively.

Next, we compare the extracted value of J to the linewidth of the 
ASQ transitions and find J = 165 MHz > 28 MHz = 1/(2πT ∗ASQ2

2 ), indicat-
ing that the system is in the strong longitudinal coupling regime.  
This value of J puts a speed limit on a controlled-Z two-qubit gate at  
a time of t = 1/(4J) = 1.4 ns and a coherence limit on the average gate 
fidelity of around 85%, which will be explored in future experiments. 
Such a two-qubit gate, combined with single-qubit rotations, enables 
a universal set of gates. On the other hand, such a fast gate would 
require distortion-free flux pulses36, with a rise time much smaller  
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Fig. 4 | Tunability of the coupling strength. a, Qubit–qubit coupling strength, 
J, as a function of flux in the loop containing ASQ1, Φ1, (see also inset) at fixed 
Φ2 ≈ 0.51Φ0. The purple line shows the expected dependence from equation (2). 
b,c, Representative fits at two Φ1 points highlighted with coloured (and letter-
marked) markers in a. The signal measured in the absence of a pump tone (black 
markers) is fit with a single Gaussian (black line) to determine fi − J (vertical black 
line in the x axis). The signal measured in the presence of a pump tone at the other 
ASQ (pink and red markers in b and c, respectively) is additionally fitted (pink 
and red line in b and c, respectively) to determine fi + J. The grey lines in b show 
the two individual Gaussians. d, Frequency of ASQ1, f1, versus Φ1 (markers) and 
interpolation (line) used to estimate I1(Φ1) ≈ h∂f1/∂Φ1. e, Qubit–qubit coupling 
strength J at fixed Φ1 = −0.07Φ0 and as a function of LJ,C, which is varied using 
the gate voltage at the coupling junction (inset). The continuous line shows the 
dependence from equation (2), and the dashed line shows a linear dependence 
Jh = LJ,CI1I2/2. The yellow marker in a and e is a shared point between the two 
panels. In a and e, the markers and error bars represent the best-fit values of J 
(b,c) and their estimated standard errors (1σ confidence intervals), respectively.
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than the gate time of 1.5 ns. This two-qubit gate time is much faster  
than typical fast two-qubit gates with superconducting qubits  
(10–45 ns (refs. 37,38)) and comparable to the fastest short-distance 
exchange gates in spin qubits coupled via directly overlapping 
wavefunctions1,39,40.

Tunability of the coupling strength
We have so far investigated the coupling strength at fixed gate volt-
ages and flux. We now investigate the dependence of J on different 
control parameters and demonstrate that it is tunable as predicted by 
equation (2) (ref. 19). We vary Φ1 using the flux line (Fig. 4a) and find 
that the coupling strength is directly proportional to I1, as expected. 
The current difference across ASQ1, I1, is extracted from a measure-
ment of the qubit frequency as a function of flux, as shown in Fig. 4d. 
Note that by varying the flux, we not only vary the magnitude of J but 
also switch its sign, crossing zero coupling. Thus the two ASQs can be  
fully uncoupled by setting J = 0 at the flux points that maximize or  
minimize fi(Φi) and where thus Ii = 0, for either of the qubits. The 
coinciding of zero coupling with these frequency extrema is useful 
as these are the first-order flux-insensitive points of the qubit transi-
tion frequency. Two representative situations in which the ASQs are 
coupled and uncoupled at nearby flux points are shown in Fig. 4b,c, 
respectively. The data were measured and analysed using the same 
procedure described for Fig. 3.

We overlay the Φ1 dependence of the coupling strength with the 
expected dependence from equation (2). The values of LJ,C = 8.4 nH  
and I2 ≈ h∂f2/∂Φ2|Φ2=0.51Φ0 =  −2.52 nA are fixed and independently 
extracted from measurements of the transmon frequency and of  
f2(Φ2), respectively. LASQ(Φ1) is calculated as the parallel combination 
of the spin-independent Josephson inductances of both qubits, which 
are determined from separate transmon spectroscopy measurements 
(Supplementary Section III.C), and I1(Φ1) ≈ h∂f1/∂Φ1 is estimated  
from Fig. 4d. As shown in Fig. 4a, the measured J(Φ1) is in good agree-
ment with equation (2).

Finally, we investigate the LJ,C tunability of J by fixing Φ1 =  
−0.07Φ0, which sets I1 = 2.16 nA, and varying the value of VC (see Sup-
plementary Section III.B for the corresponding qubit parameters). We 
observe an increase of the magnitude of J as the value of LJ,C is increased, 
as shown in Fig. 4e. The measured data follow to a large extent the 
dependence expected from equation (2), indicated with a continuous 
line in Fig. 4e. The |J| increase is limited to a maximum when the cou-
pling junction LJ,C becomes comparable to the finite spin-independent  
inductance LASQ of the ASQs. For the solid line in Fig. 4e, we use the inde
pendently measured value LASQ(Φ1 = −0.07Φ0, Φ2 = 0.51Φ0) = 102.0 nH. 
For comparison, the dashed line depicts the limit of LASQ » LJ,C.

Conclusions
In conclusion, we have extended earlier results demonstrating single 
ASQs11,12 and integrated two InAs/Al-based ASQs within a single trans-
mon circuit. The two ASQs are separated by around 25 μm, two orders 
of magnitude larger than the size of the individual qubit wavefunctions. 
Both ASQs showed coherence properties comparable to those reported 
in prior work11,12. We have shown strong supercurrent-mediated cou-
pling between the two ASQs and found that the coupling strength, J, 
can be tuned with either a magnetic flux or an electrical voltage. In 
particular, we have shown that J can be fully suppressed using a mag-
netic flux. This switchability of the coupling is essential for the use 
of longitudinally coupled ASQs to perform quantum computation. 
Furthermore, the high sign and magnitude tunability of J could have 
applications for the use of ASQs to perform analogue quantum simula-
tions. More generally, ASQs could in the future provide an independent 
platform for quantum computing and simulation or, alternatively, be 
incorporated into existing spin-qubit platforms and serve as read-
out modules or long-distance couplers. Independently of the precise 
use case for ASQs, we emphasize that strong spin–spin coupling as 

demonstrated here will be an essential requirement, although smaller 
dephasing rates would be desired.

Previous works suggest that one possible mechanism limiting 
dephasing is coupling to the large nuclear spins of InAs11,12,34. Although 
the origin of dephasing must be further investigated, this suggests that 
a possible route to increase the dephasing times is implementing ASQs 
in an alternative nuclear-spin-free material such as germanium41–45. We 
expect that future efforts using alternative materials could provide a 
path towards integration in more established semiconductor-based 
quantum architectures as well as strongly increased coherence times. 
If longer coherence times can be achieved in combination with the 
strong qubit–qubit coupling demonstrated here, ASQs will emerge as 
an encouraging platform for the realization of high-fidelity two-qubit 
gates between remote spins.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-024-02497-x.
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