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A defining characteristic of superconductorsis their tendency to expel magnetic
fields, yet above a critical threshold, magnetic flux penetrates in discrete quanta

carried by Abrikosov vortices'. The superconducting gap is completely suppressed
atthe vortex core, rendering them dissipative, semi-classical entities thatimpact
applications from high-current-density wires to quantum devices. Material disorder
candrive a crossover to vortices that preserve an energy gap at the core’*, owing to
intrinsic® or emergent granularity on the scale of the coherence length*®. Although
quantum vortex behaviour could emerge in this effective tunnel-junction regime’,

and signatures have been observed in diverse systems

8710 coherent manipulation

of vortex states has remained elusive. Here we present evidence that vortices trapped
ingranular superconducting films can behave as two-level systems, exhibiting
microsecond-range quantum coherence and energy relaxation times that reach
fractions of amillisecond. Using the tools of circuit quantum electrodynamics®,

we perform coherent manipulation and quantum non-demolition readout of

vortex states in granular aluminium microwave resonators, heralding future
directions for quantum information processing, materials characterization and

sensing.

From the moment of its discovery, the antagonistic relation between
superconductivity and a magnetic field has provided a complex
playground for experimentalists and theorists alike. The measure-
ment of the critical field and the Meissner effect’? have anchored
phase-transition theories™", and the trapping of quantized fluxinside
superconductors has provided direct evidence for the existence of
Cooper pairs®. A hallmark of type Il superconductivity in a magnetic
field is the formation of Abrikosov vortices: regions of local gap sup-
pression that interact to form lattices'. Vortex dynamics is detrimen-
tal for a wide range of applications®, causing heating, flux noise and
magnetic hysteresis. However, pinned vortices enable quasiparticle
trapping in their core, which enhances the critical current™ of super-
conducting films, improves micro-cooler efficiency”, boosts resonator
quality factors™ and improves qubit coherence'®?. In all these cases,
owing to the normal state core, vortices can be understood within
semi-classical models.

Gap suppression in the vortex core stems from the crowding of
supercurrent at its centre, a consequence of continuity in the super-
conducting medium. Recent work®has proposed that in discretized sys-
tems, suchasgranular superconductors where non-superconducting
regions separate superconducting islands, the vortex core can remain
gapped and dissipationless; a closely related regime has also been
predicted for strongly disordered superconductors, where emergent

superconductingislands® host vortices withinsulating cores*. Although
quantum behaviour has been revealed by tunnelling of vorticesinlong
Josephson junctions® and thin films®, or via the zero-point motion of
pinned vortices', direct evidence of coherent superconducting vortex
states has yet to be observed.

Here we show that vortices trapped in a superconducting granular
aluminium (grAl) microwave resonator form field-tunable two-level
systems that behave like effective spins, strongly coupled to the reso-
nator. They can therefore be regarded as quantum bits (qubits) that
arise fromvortex tunnellingin afield-modulated double-well potential
formed between pinning sites. These vortex qubit (VQ) states exhibit
microsecond coherence and energy relaxation times on the order of
102 ps, strikingly different from the dissipative dynamics of Abrikosov
vortices. We find that VQs remain stable for weeks, enabling coherent
control and quantum non-demolition readout within the framework
of circuit quantum electrodynamics™.

Asschematized inFig.1, we use agrAlmicro-stripline resonator, with
resistivity p=3,600 pQ cm, chosentobe withinafactor of 3 below the
superconducting-to-insulating transition®. In this regime, the film
consists of Al grains of 3-4-nm diameter separated by amorphous
AlO, barriers, resulting in a coherence length £ = 7 nm and London
penetration depth of A, =4 pm (refs. 5,22,23). The resonatoris placed in
acylindrical copper waveguide (Supplementary Information sectionI)
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Fig.1|Field coolingintroduces VQstates that couple to thegrAlresonator.
a,When cooled to 20 mKin perpendicular magnetic field B.4=0 uT,aA/2
micro-stripline grAl resonator behaves as aquantum harmonic oscillator
withresonant frequency w,. The electric-and magnetic-field distributions are
illustratedinblueandred, respectively. The grAlfilm hasa thickness of t=20 nm
and asuperconducting coherencelength of §=7nm.b, Phase response arg(S;,)
of the resonator measured inreflection, as afunction of perpendicular
magnetic field Bapplied after cooling. The measured parabolic suppression of
theresonanceis given by the increase in kineticinductance owing toscreening
currents®, and the field range is limited by the vortex penetration threshold®.
¢, When cooledin perpendicular magnetic field B.4=820 uT (see main text),
vortices enter the grAl resonator and the system exhibits abehaviour akintoa

anchoredtothe 20-mK base plate of a dilution cryostat and measuredin
reflection. When cooled in zero magnetic field B.,; = 0 uT, the grAl reso-
nator behaves as aweakly anharmonic oscillator?, with afundamental
frequency f, = 7.572 GHz, set by its dimensions (3 pm wide, 400 um
long; Extended Data Fig. 1). Figure 1b shows the frequency decrease
with perpendicular magnetic field B, as expected with the increase in
kinetic inductance®?.

Following field-cooling, sweeping Breveals avoided level crossings
inthe grAlresonator response asillustrated in Fig. 1d, which we inter-
pretasevidence of strong coupling with g/2m=95 MHz to vortex states.
To extract the mode’s spectrum, we sweep a second microwave drive
while probing the readout resonator (Fig. 1e). We observe aminimum
vortex mode frequency f,=2 GHz at the sweet spot B,=128 uT (Fig. 1e,
inset), withaslope of the hyperbolic field dispersiony=20 GHz mT?,
reminiscent of a flux qubit?. As the field approaches the sweet spot,
the resonance narrows, pointing to magnetic-field fluctuations as
dominant noise source?. Frommeasured spectraacross 32 field-cooling
cyclesinsix different resonators, we extract values of g, f,, Boand y that
are of similar order of magnitude but vary between cycles (Supplemen-
tary Information section II), suggesting different underlying vortex
configurations. Repeated resonator reflection coefficient S;; measure-
ments at the sweet spot reveal two distinct clusters in the quadrature
plane (Fig.2a), indicating that the vortex state has alifetime well beyond
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flux qubit withatransition frequency w, coupled toareadout resonator, as
illustratedind and e.d, The measured phase response of theresonatorasa
function of Breveals avoided level crossings, suggesting coupling to vortex
states. The purple dashed line shows afit to the asymmetric quantum Rabi
model (equation (2)), yielding the coupling g/2m =95 MHz. e, Extracted VQ
frequency f, from two-tone spectroscopy (see inset) as a function of B. The
greenlinecorrespondstothejoint fit of dataind and e to equation (2),and
the purple dashed line marks the bare resonator frequencyf,. Inset: two-tone
spectroscopy in thevicinity of B, corresponding to the minimum frequency of
the VQ. The colour scaleindicates the measured phase response as a function
ofthe frequency fyof the second drive.

the 1.2-ps integration time, thereby enabling single-shot state dis-
crimination. As demonstrated in Fig. 2b, by driving at f,, we can calibrate
a20 nsm-pulse, whichinvertsits thermal population (see Supplemen-
tary Information section Il for the Rabi oscillations). These signatures
define the VQ states|g) (ground) and |e) (excited). From their steady-
state populations, we extract a 74-mK effective temperature. The VQ-
resonator interaction induces a state-dependent dispersive shift
x/2n= jj,‘e) - j:,‘ o AsshowninFig. 2¢, fitting the resonator’s phase res-
ponsetothe centres ofin-phase and quadrature (IQ) clouds measured
versusreadout frequency yields y/2m=-1.32 MHz (see Supplementary
Information section IV for all measured IQ clouds).

For further insight into the nature of the VQ and its interaction
with the grAl resonator, we measure y versus field, as shown in
Fig. 2d. We model it using the quantum Rabi model (QRM) for a spin
S=1/2coupledviaH,= Fzg(c*fr +d)o, to aharmonic oscillator with fre-
quency w, and Hamiltonian #, = hw, (&T& + %) (Supplementary Infor-
mationsection V). Here 4" and @are the resonator bosonic operators,
h=h/(2n) is the reduced Planck constant and g, is the Pauli matrix for
aspinS=h/20.Theinteraction energy between the spin and the mag-
neticfieldisyS- (B +B’), where yisthe gyromagneticratioand thefield
consists of two contributions: a pseudo-field Bthatsetsthe VQ energy
atthe sweet spot, and the applied magnetic field|B’| = B-B,measured
from the sweet spot. We compare joint fits of the measured VQ and
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Fig.2| Theasymmetric quantum Rabi model describes the VQdispersively
coupled toitsresonator. a, Consecutive S;; measurements at the sweet
spotshow twoIQcloudsinthecomplex plane. Therelative occurrence of
pointsinthe clouds corresponds to the population of the|g) (ground) and|e)
(excited) states. The qubit excited state population P, yields an effective qubit
temperature T~ 74 mK. b, Measured IQ clouds following a20-nsdriveatf,
calibrated toimplementam-pulse show a populationinversion as expected for
atwo-level system. Theblackcircles have aradius of 1.5 standard deviation.

¢, Resonator phase response arg(S,,), obtained from the centres of the IQ
clouds, measured versus readout frequency fro in the vicinity of f,. Afit to the
data (black solid line) yields a dispersive shift of xy/2m=-1.32 MHz. The dark red
(lg» and lightred (le)) points correspond to the datainaat fy,=7.5714 GHz
(dashedline).d, Variation of y with magnetic field B, shown as triangles, with
theyellow triangle corresponding to the measurementinb. The dashed line
indicates the expected values from the asymmetric quantum Rabi model
equation (2) withg,qrm/21=92.5 MHz, and the dash-dotted line to the symmetric
quantum Rabi model equation (1) with gsogw/21=20 MHz. The solid greenline
represents the qubit frequency (right axis), similar to Fig. 1d.

resonator frequenciesin field (Fig. 1d,e), using the symmetric quantum
Rabi model (SQRM)

h [~
HSQRM = Hr + HC + Zy O.Z. Bz + B,2 y (1)
and the asymmetric quantum Rabi model (AQRM)
hy ~ h
Haorm=H; +H+ 7}/023 - TVOX " 2

Only the AQRM captures the non-monotonic dependence of y with
B. In contrast, the SQRM predicts a monotonically decreasing y with
detuning from the resonator. Moreover, using the coupling constant
gfrom the joint fit in Fig. 1d,e, we obtain quantitative agreement for
the measured y, as shownin Fig. 2d. This suggests that the VQ, possibly
consisting of persistent currents, arises from dynamics in adouble-well
potential, analogous to fluxon tunnelling through the Josephson junc-
tion of a flux qubit?. Within this model, the pseudo-field B is given by
the fluxon tunnelling amplitude’.

We complete the characterization of the VQ with time-domain meas-
urements at the sweet spot. As shown in Fig. 3a, the fitted energy
relaxationtimeis 7,=186 s, with values ranging from 40 psto 300 ps
across multiple VQ preparation cycles (Supplementary Information
section VI). Relaxation times extracted from VQ quantum jumps (Sup-
plementary Information section VI) fall within the temporal fluctua-
tions observed in free decay, indicating a quantum non-demolition
readout. Remarkably, the VQ exhibits quantum coherence, with a
Ramsey time T5 = 440 ns, which extends to7§"°=1.2 psin Hahn-echo
measurements, which suppress the low-frequency noise (Fig. 3b,c).
The Ramsey fringes exhibit a beating pattern, correspondingto a tog-
gling of the VQ's frequency between two values separated by 1.9 MHz.
This feature is sometimes also observed in superconducting qubits?,
possibly indicative of charge noise or conductance channel fluctua-
tions. The measured VQ lifetime T, is competitive with superconduct-
ing flux qubits**?, whereas the coherence T}, T§" remains more
modest, inline with flux qubit devices realized entirely from disordered
superconductors®®2, Away from the sweet spot, both 7} and 75°
decrease (Supplementary Information section VI), consistent with
flux-noise-limited dephasing in loop-based superconducting circuits
and motivating a detailed comparison with established flux-noise
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Fig.3|Measurement oflow loss and coherenceinthe VQ. a, Freeenergy
decay measured after a20-ns m-pulse applied selectively to the VQ measured in
theground state|g). Thereadout pulse hasaduration 7,,=1.2 ps. The excited VQ
populationas afunction of wait time tis fitted with anexponential corresponding
to 7,=186 ps (solid line). b, Ramsey fringes exhibit abeating pattern, resulting

fromtwo frequencies separated by f,.,.=1.9 MHz. We extract T, Ramsey
coherencetimes of 440 ns. ¢, Spin Hahn-echo measurement with extracted
T5M°=12 ps. For each panel, the corresponding pulse sequence is sketched
atthetop, and theinsets show measured coherence times, with error bars
indicating the standard deviation from the fit, over several hours.
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Fig.4|Originofthe double-well potential. Gibbs free energy G, (equation (3),
baseline) of asingle vortex, shown with added pinning potentials modelled

as Lorentziandips, inunitsof gy = (DOZ/anOA =2 THz. Thevortex positionis
measured fromthe edge, asindicated by the coordinate axis. Colours represent
differentapplied magnetic fields from Bs= ¢ps®,/w*to -B,. Top inset: example
ofadouble-well potential formed by the energy landscape of adjacent pinning
sites separated by 6,z and offsetin energy by €. The localized wavefunctions
correspond to the two vortex positions|L)and|R), coupled by tunnelling
amplitude 4, with an energy splitting of Aw,. Bottominset: at the sweet spot
(B, which canbe higher or lower than Bg; see Supplementary Information
sectionll), the double well is degenerate, with VQ states forming symmetric
and antisymmetric combinations of the localized wavefunctions, yielding
hw,=24.

mechanisms®***, In future experiments, detailed noise characteriza-
tion®, environment polarizability**, as well as susceptibility to in-plane
magnetic® and electric fields® could shed light on the microscopic
origin of the VQ and its environment.

Togive ahypothesis for the origin of the double-well potential of the
VQ, we consider the process of introducing vortices into the grAl
resonator through field-cooling. Their formation and spatial arrange-
ment depend on the value of the flux bias during cooling ¢ = B.qw*/®,,
where @, = h/2eis the magnetic flux quantum, e is the charge of an
electron, and wis the width of the resonator. In the Pearl limit*, where
the thickness of the film ¢ < A, the threshold for stable vortices is
o5 = (2/mInQw/m§) (refs. 37-39), corresponding to ¢ =3.59 for our
geometry (Supplementary Information section VII). The Gibbs energy
for vortices threading the film*>*is

w . (Tx _@Dy(B-n®y)
Gx)= 50‘"[HE sm( w ) + 1) Tah x(w-x), (3)

where g, = (DOZ/(eryO/l) sets the single-vortex energy scale, nisthe
density of vortices (n = 0 for the first vortex), A= Z/IL /t is the Pearl
length of the resonator, and x is the position of the vortex measured
from the resonator edge. As B decreases from Bs = ¢ps®,/w* to zero, the
minimum of G,(x) vanishes (Fig. 4, baseline), and in the absence of
pinning the vortex would be expelled.

Toaccount for the measured stability of the VQ across magnetic-field
sweeps (Fig.1), weincorporate pinning potentials, presumably abun-
dantgiventhe disordered nature of grAl. They are modelled by adding
Lorentzian dips V,;,= Vi(1+ (x-x))*/6)" to G,(x), at random positions
X;, depth V;and width o, sketched as the coloured energy landscapes
in Fig. 4. A vortex tunnelling between pinning sites forms a double-
well potential (Fig. 4, top inset), in which B tunes the relative pinning
depths according to equation (3). At B,, the minima are degenerate

66 | Nature | Vol 653 | 7 May 2026

and the vortex delocalizes, with|g) and |e) given by symmetric and
antisymmetric superpositions of |L) and |R) wavefunctions (Fig. 4,
bottominset).

This hypothesisis supported by the fact that typically measured gyro-
magnetic ratios y/2m = 3-25 GHz mT *are consistent with flux tunnelling
between pinningsites separated by tens of nanometres (Supplementary
Information section VII), reminiscent of tunnelling through grAl nano-
junctions®. Moreover, to leading order, akinetic-inductance-mediated
VQ-resonator coupling g/w, = 0.1-1% (Supplementary Information
section VIII) is consistent with the observed avoided level crossings.
Although single-vortex pinning can account for the observed VQ, it
is well established that multiple vortices simultaneously enter the
resonator once the threshold for entry is reached®, asillustrated by the
setof Gibbs curvesinthe foreground of Fig. 4. We estimate the VQ-VQ
interaction in the 10-100 MHz range (Supplementary Information
section IX), suggesting that collective vortex dynamicsis unlikely. Nev-
ertheless, distinguishing between single- and multi-vortex dynamics,
forinstance, using imaging methods*®*>*, or by shaping the resonator
width®®, remains animportant avenue for future research.

In conclusion, field-cooling a grAl micro-stripline resonator repro-
ducibly generates VQ states that couple dispersively to the resonator
and canbe coherently driven. Our results demonstrate that supercon-
ducting vortices can harbour quantum coherence on microsecond
timescales. Remarkably, the VQ energy relaxation times are on the
order of hundreds of microseconds, comparable to those of engineered
superconducting qubits™*°, and qualitatively distinct from the dissipa-
tion expected for Abrikosov vortex dynamics. This supports a picture of
grAlasathree-dimensional network of Josephsonjunctions, expected
to host gapful-core vortices once the coherence length becomes
comparable to the intergrain spacing ¢, with a growing minigap for
&< (refs. 2,3). The observed dispersive shifts and spectra are accu-
rately captured by an asymmetric quantum Rabi model, consistent
with atwo-level systeminadouble-well potential. Microscopically, this
may arise from vortex tunnelling between pinning sites, modulated by
the magnetic-field dependence of the Gibbs energy. This hypothesis,
although consistent with our measurements, remains to be confirmed
by future experiments such as scanning tunnelling or scanning super-
conducting quantum interference device (SQUID) microscopy.

Looking ahead, the measurement of quantum coherence in vortex
states, along with their relative technological simplicity, opens several
exciting avenues in quantum science. Disordered superconductors
beyond grAl**#’ or engineered two-dimensional networks of Josephson
junctions*® may host similar VQs, shedding light onto the complex
physicsin the vicinity of the superconductor-to-insulator transition***°,
Moreover, this would offer anembedded tool for material characteriza-
tionat the microscopic level. Inthe same spirit, if the observed dynam-
icsindeed stem from single-vortex tunnelling, VQs could be harnessed
for nanoscale sensing. Ultimately, engineering the pinning landscape
and device geometry, combined with noise spectroscopy and suscep-
tibility measurements to magnetic and electric fields, will be crucial to
enhance VQ coherence and possibly launch a vortex-based quantum
information platform.
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Methods

We fabricated the sample on a double-side polished c-plane sapphire
substrate using electron-beam lithography and wet etching. The sub-
stratewas cleanedina 50 °Cacetone bathandrinsedin ethanol, before
applying an Ar/O, ion descum process using a Kaufman ion source in
aPreVac evaporation system. After performing titanium gettering,
we deposited a20-nm grAl film at room temperature by evaporating
aluminiumat1nm s™under dynamic oxidation. The resulting film had
asheet resistance of 1.5 kQ [ To define the resonator geometry, we
patterned a 300-nm-thick resist layer (ARN 7520.18) using a 50-keV
e-beam writer. We developed the resist for 40 sin an AR 300-47:H,0
mixture (4:1), followed by wet etching in MF 319. Extended Data Fig. 1
shows microscopy of theresulting grAl resonator structures. The reso-
nator had a uniform height of 24 nm with slanted edges.
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Extended DataFig.1|Microscopy ofthe grAlresonator. (a) Optical micrograph  slanted edges. (c) Atomic force microscopy (AFM) image acquired in tapping
showing the 400 pm long resonator. (b) Scanning electron microscope (SEM) mode (tip radius <8 nm). (d) The AFM line profile yields a film thickness of
image of the resonator’s end (top) and center (bottom) reveals 250 nm wide t=24nm.
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