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Coherent manipulation of an Andreev spin qubit
M. Hays1*, V. Fatemi1*, D. Bouman2,3, J. Cerrillo4,5, S. Diamond1, K. Serniak1†, T. Connolly1,
P. Krogstrup6, J. Nygård6, A. Levy Yeyati5,7, A. Geresdi2,3,8, M. H. Devoret1*

Two promising architectures for solid-state quantum information processing are based on electron spins
electrostatically confined in semiconductor quantum dots and the collective electrodynamic modes of
superconducting circuits. Superconducting electrodynamic qubits involve macroscopic numbers of electrons
and offer the advantage of larger coupling, whereas semiconductor spin qubits involve individual electrons
trapped inmicroscopic volumes but aremore difficult to link. We combined beneficial aspects of both platforms
in the Andreev spin qubit: the spin degree of freedom of an electronic quasiparticle trapped in the supercurrent-
carrying Andreev levels of a Josephson semiconductor nanowire. We performed coherent spin manipulation
by combining single-shot circuit–quantum-electrodynamics readout and spin-flipping Raman transitions
and found a spin-flip time TS = 17 microseconds and a spin coherence time T2E = 52 nanoseconds. These results
herald a regime of supercurrent-mediated coherent spin-photon coupling at the single-quantum level.

A
weak link between two superconductors
hosts discrete, fermionic modes known
as Andreev levels (1). These levels govern
the physics of the weak link on the mi-
croscopic scale, ultimately giving rise to

macroscopic phenomena such as the Josephson
supercurrent. Superconducting electrodynamic
qubits rely on the nonlinearity of the super-
current in Josephson tunnel junctions, a man-
ifestation of the ground-state properties of
millions of Andreev levels acting in concert
(2). Although the vast majority of conduction
electrons undergo collective nonlinear bosonic
oscillations in the superconducting conden-
sate, each Andreev level can be occupied by a
fermionic electronic excitation known as a
Bogoliubov quasiparticle.
It was proposed that quantum information

could be stored in the spin of a quasiparticle
trapped in a weak link possessing a spin-orbit
interaction (3). This Andreev spin qubit (ASQ)
would carry a spin-dependent supercurrent,
opening paths for spinmanipulation andmea-
surement unavailable to electrostatically con-
fined spin qubits (4–7). In particular, this

supercurrent could provide strong coupling
between the spin and a superconductingmicro-
wave resonator (8–13). In the context of such
supercurrent-based integration of Andreev levels
with circuit quantum electrodynamics (cQED),
pairs of quasiparticles have been coherently

generated and recombined (14, 15). However,
because Andreev levels in most weak links are
paired into spin-degenerate doublets, quasipar-
ticle spin manipulation has remained elusive.
Weak links composed of superconductor-

proximitized semiconductor nanowires (“Josephson
nanowires” for short) offer a platform to in-
vestigate spinful Andreev physics (16–18). The
Andreev spectra of Josephson nanowires was
recently observed, owing to the development
of an atomically perfect superconductor-
semiconductor interface. This in turn revealed
a rich interplay between superconductivity,
spin-orbit interaction, electromagnetic field
effects, and device geometry. Properties of
Andreev levels in superconductor-semiconductor
nanowires have been exploited to realize gate-
tunable weak links for superconducting qubits
(19,20), probenon-abelianAndreev levels known
as Majorana zero modes (21), and relevant to
this experiment, investigate spin-split doublets
without a Zeeman field (18, 22).
We performed coherent manipulation of the

spin of an individual quasiparticle excitation
of a superconductor. A naturally occurring
quasiparticle is stochastically trapped in the
Andreev levels of a Josephsonnanowire (14, 15),
where it then resides predominantly in the
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Fig. 1. Principle of the ASQ.
(A) Illustration of a semiconductor
nanowire (white) coated with epitaxial
superconducting leads (light blue). The
pair potential D of the leads confines
the quasiparticle to the weak link.
Because of spin-orbit interaction, if the
quasiparticle is in the spin-up state
(top), supercurrent flows to the right
near zero phase bias φ = 0, whereas in
the spin-down state (bottom), super-
current flows to the left. Nonzero φ thus
breaks spin degeneracy. (B) Energies of
two Andreev doublets tuned to a L
configuration. Two microwave drives
(frequencies f↑, f↓) are equally detuned
from ↑q

�� �
↔ ↑aj i and ↓q

�� �
↔ ↑aj i,

inducing a Raman process between
the qubit states ↑q

�� �
and ↓q

�� �
by way

of a virtual level (black dashed line).
(C) Both drives induce an rf electric
field Ed between the superconducting
leads. But for a nanowire symmetric
across the plane M (only nanowire +
substrate), drive-induced spin-flips
would be forbidden. (Inset) However,
the mirror symmetry is broken by both
the partial aluminum shell as well as the cutter (blue, bias Vg,c) and plunger gates (black, bias Vg,p). (D) The
Josephson nanowire (light blue) is embedded in a superconducting loop (gray), which enables phase bias
through an external flux φ ≈ 2pF/F0 as well as inductive coupling to a superconducting microwave resonator
(dark red). The resonator reflection coefficient G = I + iQ is probed with a tone near its fundamental
frequency fr = 9.188 GHz. (E) Histogram of repeated 1.9-ms measurements of G clustered into three
distributions, corresponding to ↑q

�� �
; ↓q
�� �

, and gj i (standard deviation s). The system state was assigned
according to thresholds indicated with the black dotted lines.
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two spin states of the lowest-energy Andreev
doublet with roughly equal probability (22).
First, we initialized this ASQ by post-selecting
on a single-shot cQED spinmeasurement (22).
We then achieved coherent control of the ASQ
by driving Raman transitions in a L system
formed by the two spin states and an auxiliary
higher-energy Andreev level. We observed spin
lifetimes of up to TS = 17 ms and a spin co-
herence time T2E = 52 ns, which appears to be
limited by a spinful bath.
Our realization of the ASQ hinges on the

interplay between spin-orbit interaction in
the semiconductor nanowire and the super-
conducting phase bias across the weak link
(Fig. 1A) (3–6, 18, 22). In a conventional weak
link, a trapped quasiparticle is restricted to
spin-degenerate Andreev doublets, and there-
fore the spin cannot be coherently manipu-
lated. In a Josephson nanowire, however, an
intersubband spin-orbit interaction can cause
spin to hybridize with translational degrees of
freedom (this hybridized spin is sometimes
known as pseudospin; we will continue to
refer to it as “spin” for simplicity). Because of
this interaction between spin andmotion, the
two spin states of an Andreev doublet carry
equal and opposite supercurrent ±IS/2 at φ = 0,
with IS being doublet dependent (5). Then, be-
cause energy varies linearly with ∫Idφ, the
doublet degeneracy canbe liftedwith anonzero
phase bias: Perturbatively near φ = 0, the spin
splitting is Ds = ISφF0/2p.
Microwave quantum optics techniques are

well suited to achieve quasiparticle spin man-
ipulation, given such a phase-induced spin
splitting. In this experiment, the two spin
states ↓qj i; ↑qj i of one Andreev doublet form
the qubit basis (Fig. 1B), while a second,
higher-energy doublet provides auxiliary states
↓aj i; ↑aj i critical for both qubit control and
measurement (22). The number of Andreev
doublets is given roughly by the ratio between
the weak link length (here, ≈500 nm) and the
superconducting coherence length (typically
~200 nm for the presented device parameters)
(5, 6, 18). To manipulate the ASQ, we used the
qubit states ↓qj i; ↑qj i in conjunction with ↑aj i
as a L system. We applied simultaneous mic-
rowave drives to both the ↑qj i↔ ↑aj i transition
(drive frequency f↑) and ↓qj i↔ ↑aj i (drive fre-
quency f↓). By equally detuning the two drives
from their respective transitions, a Raman pro-
cess is induced so that the ↓qj i; ↑qj if g mani-
fold can be coherently manipulated while ↑aj i
remains minimally populated.
The success of the Raman process is con-

tingent on driving both the spin-conserving
transition ↑qj i↔ ↑aj i and the spin-flipping tran-
sition ↓qj i↔ ↑aj i. In principle, a radio frequen-
cy (rf) electric field can flip spin by coupling to
the spatial character of the spin-orbit hybrid-
ized Andreev levels (23). However, as we out-
line here [(24), section 1], a broken spatial

symmetry of the Josephson nanowire system
is also required. Our hexagonal nanowire was
made of [001] wurtzite indium arsenide grown
by use ofmolecular beam epitaxy. Such a nano-
wire lying alone on a substrate would possess
a transverse mirror symmetry (Fig. 1C); this
property would then be inherited by the levels
of the nanowire so that one spin state of each
doublet would be mirror-symmetric and the
other spin state mirror-antisymmetric (mirror
character coincides with spin component char-
acter). Because we applied the drive voltage
along the weak link, the rf electric field did not
break themirror symmetry—it points along the
nanowire—and therefore would not flip spin.
In our device, the mirror symmetry is bro-

ken by both the superconducting leads and
the electrostatic gates (Fig. 1C) as well as any
symmetry-breaking disorder present in the
nanowire. The superconducting leads consist
of 10-nm-thick epitaxial aluminum, of which a
500-nm length was removed to form the weak
link. The aluminum only covers two of six
nanowire facets, breaking themirror symmetry
of the nanowire-substrate system. Because the
gates are fabricated on one side of the nano-
wire, they also break the mirror symmetry.
Both the cutter and plunger gates were used to
tune the transparency of the weak link and
were biased toVg,c = –71.9mVandVg,p = 4.0mV,
respectively, unless otherwise noted [system
tune up is provided in (24), section 2].
As mentioned above, the ASQ appears spon-

taneously when a quasiparticle is stochasti-
cally trapped in the Josephson nanowire. These
nonequilibrium quasiparticles are ubiquitous
in superconducting circuits and likely orig-

inate from background ionizing radiation and
infrared photons (25, 26). By embedding the
Josephson nanowire in a cQED architecture
(Fig. 1D), the effect of spin-orbit interaction
can be harnessed to determine whether a
trapped quasiparticle is in the “spin down”
state ↓qj i or the “spin up” state ↑qj i or whether
the weak link is in the ground state gj i, where
no quasiparticles are present (Fig. 1E) (22). For
the bias conditions presented in this work, a
quasiparticle remained trapped in the weak
link on average 22 ± 1 ms and had a spin-flip
lifetime TS = 17 ± 1 ms [(24), section 6]. Below,
we present data in terms of spin state occu-
pation probabilities P↑, P↓ computed on the
basis of the thresholds displayed in Fig. 1E.
Because the two spin states were occupied
with roughly equal probability, under any co-
herent manipulation ↓qj i↔ ↑qj i the observed
spin state populations would not change.
Throughout this work, we overcame this prob-
lem by preparing the quasiparticle in ↑qj i by
means of an initial readout pulse and post-
selection [ ↓qj i post-selection is provided in (24)].
The first step in driving the Raman process

(Fig. 1B) was to locate the two transitions that
defined theL system: ↑qj i↔ ↑aj iand ↓qj i↔ ↑aj i.
After breaking spin degeneracy with F =
–0.010F0 (Fig. 1D), wemeasured the spectrum
(Fig. 2A) using two-tone spectroscopy, without
spin initialization. The dip in P↑ at 13.00 GHz
corresponds to the drive coming into resonance
with the ↑qj i↔ ↑aj i transition, resulting in pop-
ulation transfer out of ↑qj i and into ↑aj i. Sim-
ilarly, the dip in P↓ at 13.68 GHz corresponds to
the ↓qj i↔ ↑aj i transition. Taking the difference
yields the spin splitting D/h = 680 MHz.
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Fig. 2. Raman transitions of a
trapped quasiparticle. (A) Two-
tone spectroscopy of the
↑q
�� �

↔ ↑aj i and ↓q
�� �

↔ ↑aj i tran-
sitions consisting of a saturation
pulse (gray, 1 ms long with variable
carrier frequency fd) followed by a
readout pulse (dark red). (B) The
quasiparticle was first prepared in
↑q
�� �

by means of an initial readout
pulse and postselection. Simulta-
neous Gaussian pulses [235 ns full
width at half maximum, 30 dB
more power than used in (A)] with
variable frequencies f↑, f↓ were
then applied, followed by a final
readout pulse. Color shows proba-
bility of measuring ↓q

�� �
, and the

peak in the final ↓q
�� �

population
lies along f↓ = f↑ = 610 MHz (black
dashed line). (C) Full G histograms
of the final readout pulse for the two subsets of measurements enclosed by the gray and black solid lines in
(B). Data accrued in the region enclosed by the black line (right) show appreciable population transfer
↑q
�� �

→ ↓q
�� �

compared with data enclosed by the gray line (left).
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After initializing the quasiparticle in ↑qj i ,
we applied two simultaneous Gaussian pulses
with variable respective carrier frequencies f↑
and f↓ and then measured the final state (Fig.
2B) [awider frequency range is available in (24),
section 3]. Along the line f↓ = f↑ + 610MHz, we
observed an increased ↓qj i population that we
attribute to a Raman process. As expected for
Raman transitions, the slope of the line is
unity because a shift of one drive frequency
must be compensated by an equal shift of the
other. The discrepancy between the spin split-
ting D/h = 680 MHz and the 610 MHz offset is
due to an uncontrolled jump of the Andreev
spectrum that occurred between the measure-
ments shown in Fig. 2, A and B (24).
We then proceeded to coherent manipula-

tion of the spin of an individual quasiparticle.
Parking f↑, f↓ on resonance with the Raman
process [(24), section 4], we varied the ampli-
tudes A↑, A↓ of the two Gaussian pulses be-
fore determining the final quasiparticle state
(Fig. 3A). The observed oscillations in the spin

population difference are characteristic of a
coherent Raman process. Qualitatively, when
either A↑ = 0 or A↓ = 0, there is no population
transfer because both drives are required for
the Raman process. As the amplitudes of both
drives are increased (roughly along the diag-
onals A↑

�� �� ≅ A↓

�� ��), the spin population dif-
ference undergoes coherent oscillations. As
expected, the data are symmetric under A↑→
–A↑ and A↓ → –A↓. Quantitatively, we verified
this interpretation by using a Lindbladmaster
equation to numerically calculate the dynam-
ics induced by the drive pulse (Fig. 3B) (24).We
then fit the simulation to themeasured data by
varying the four interdoublet transitionmatrix
elements, a slight detuning from the Raman
resonance condition (fitted value 5.5 ± 0.1MHz),
and a phenomenological drive-induced de-
trapping rate (fitted value 10.8 ± 0.9 MHz at
A↑

�� �� ¼ A↓

�� �� ¼ 1) to capture the measured in-
crease of ↓qj i; ↑qj i→ gj i for larger drive powers.
We then characterized the coherence lifetime

of an Andreev spin by performing Ramsey (Fig.

4A) andHahn-echo experiments (Fig. 4B). The
measured coherence times, T2R = 18 ± 1 ns and
T2E = 52 ± 3 ns, are similar to what has been
measured for spin-orbit qubits (23, 27). How-
ever, we found that coherence lifetimes of so-
called “pair transitions” were systematically
an order of magnitude longer [(24), section 5].
In a pair transition, two quasiparticles are ex-
cited out of the condensate into both levels of a
doublet so that the transition frequency is ag-
nostic to baths that couple to spin (14, 15, 18).
It therefore appears that themuch shorter ASQ
coherence lifetime is limited by such a spin-
coupled bath—perhaps hyperfine interactions
with the spinful nuclei of indium and arsenic
[although nuclear baths typically have a lower
frequency spectrum than the measured ratio
T2E
T2R

¼ 2:9would indicate (28)], phonon-induced
fluctuations of spin-orbit coupling, or paramag-
netic impurities on the nanowire surface (7).
At the heart of the ASQ lies a spin-dependent

supercurrent, presenting a natural mecha-
nism for coherent integration of spins and
electrodynamic modes at the single-quantum
level. This fusion of superconducting electro-
dynamic qubits and semiconductor spin qubits
has the potential to inherit the benefits of both
platforms while leaving behind certain short-
comings. Inmodernmany-qubit superconduct-
ing processors, the qubit size is comparable
with that of the readout resonators (29). The
ASQ presents the possibility to shrink the qubit
area by a factor of more than a thousand with-
out sacrificing coupling strengths. The small
spatial footprint of the ASQ also protects it
from dielectric loss mechanisms prevalent in
superconducting qubits, and experiments fol-
lowing the path carved by electrostatically con-
fined spins (such as the dynamics in tesla-scale
magnetic fields)may diagnose the decoherence
mechanisms observed here (7). The effects of
dephasing and quasiparticle de-trapping could
be mitigated by the use of a resonant stim-
ulated Raman adiabatic passage (STIRAP) pro-
tocol, which would reduce the required pulse
lengths and amplitudes (30). Last, our single-
spin manipulation techniques could be used
in conjunction with a superconducting bus to
achieve gates between spatially distant spin
qubits, a long-standing goal in the spin qubit
community (8–13).
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Fig. 3. Coherent L-Rabi
oscillations of the
ASQ. f↓ = 13.280 GHz; f↑ =
13.964 GHz. Color repre-
sents the probability
difference between ↑q

�� �

and ↓q
�� �

after the drive.
(A) Varying the amplitudes
A↓, A↑ of the simultaneous
drive pulses (94 ns full
width at half maximum)
resulted in oscillations
between ↑q

�� �
and ↓q

�� �
.

(B) Simulated dynamics of
the quasiparticle under
the action of the drive
pulses. The reduced contrast observed in (A) is taken into account by using the measured readout fidelities.

Fig. 4. Coherence decay of
the ASQ. Vg,c = –59.1 mV;
Vg,p = –33.3 mV; F =
–0.115F0. (A) Ramsey and
(B) Hahn-echo experiments
reveal T2R = 18 ± 1 ns and
T2E = 52 ± 3 ns, respectively
(supplemenatary materials,
materials and methods).
Oscillations were introduced
in both cases by adding a
phase proportional to t to
the final Raman pulse. The
smaller value of P↑ + P↓ in
(B) as compared with (A) is
likely due to additional
quasiparticle detrapping
↓q
�� �

; ↑q
�� �

→ gj i caused by
the echo pulse.
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