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While transverse coupling (σx) is commonly used in qubit-resonator systems, longitudinal coupling via σz

presents a tantalizing alternative: it does not hybridize the modes, eliminating Purcell decay, and it enables
quantum-nondemolition qubit readout independent of the qubit-resonator frequency detuning. Here, we demon-
strate longitudinal coupling between a {Cr7Ni} molecular spin qubit ensemble and the kinetic inductance of a
granular aluminum superconducting microwave resonator. The inherent frequency independence of this coupling
allows for the utilization of a 7.8-GHz readout resonator to measure the full {Cr7Ni} magnetization curve
spanning 0–600 mT, corresponding to a spin frequency range of fspin = 0–15 GHz. For 2-GHz detuning from the
readout resonator, we measure a 1/e spin relaxation time of τ = 0.38 s, limited by phonon decay to the substrate.
Based on these results, we propose a path towards longitudinal coupling of single spins to a superconducting
fluxonium qubit.

DOI: 10.1103/jz24-qpqv

I. INTRODUCTION

Spin systems are a promising platform for quantum infor-
mation processing (QIP) due to their intrinsic isolation from
the environment, which offers long coherence times [1–4].
However, this isolation also poses a significant challenge for
spin manipulation and readout. Superconducting microwave
circuits provide a compelling solution within hybrid quan-
tum architectures [5–7], combining their versatile design,
quantum-nondemolition (QND) readout, and efficient manip-
ulation with the long coherence times of spin systems. Over
the past decade, superconducting microwave resonators have
demonstrated strong coupling to spin ensembles in various
systems, including vacancy centers in diamond [8], donor
atoms in crystalline substrates [9–11], and molecular mag-
nets [12–15]. Despite these achievements, inhomogeneous
broadening limits ensemble coherence, and QIP requires
precise control over individual spins—a milestone recently
achieved through the readout and manipulation of single elec-
tron spins [4,16].

These advances rely on transverse coupling between spins
and microwave resonators. For the simplest case of a two-level
spin system, the resonator microwave field couples to the spin
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transverse component: H⊥
int = h̄gxσx(a† + a), where gx is the

coupling constant, a† and a are the resonator bosonic opera-
tors, and σx is the spin Pauli matrix. While mode hybridization
due to transverse coupling enables Purcell-effect spin read-
out [4,10–13,16,17], it is restricted to the cavity frequency
and inherently non-QND [18,19]. Longitudinal interaction
provides a robust alternative because the spins couple directly
to the resonator frequency via σz, i.e., H‖

int = h̄gzσza†a. The
longitudinal coupling strength gz = δω/2 leads to a spin-flip-
induced frequency shift, δω. Since H‖

int commutes with σz,
it mitigates the limitations of transverse coupling, enabling
frequency-independent and QND readout [20–27].

We argue that kinetic inductance presents a promising
platform for longitudinal spin coupling, as it can be mod-
ulated by magnetic fields or screening currents induced by
nearby spins. Superconducting quantum interference devices
(SQUIDs) are a potential implementation, where the spin
magnetic moment tunes the SQUID critical current [15,28]
and the corresponding kinetic inductance. However, SQUID-
based designs face challenges, including limited spin-flux
coupling in loop geometries—preventing scalability towards
single-spin readout [28]—and the intrinsic nonlinearity of
Josephson Junctions (JJs), which limits the power dynamic
range of microwave devices. Disordered superconductors,
such as NbN, NbTiN, InOx, and granular aluminum (grAl),
provide a more versatile kinetic inductance for longitudinal
coupling [29–38]. These materials offer several key ad-
vantages: (i) intrinsic magnetic field susceptibility without
requiring a loop geometry, (ii) resilience in Tesla magnetic
fields, and (iii) adaptable nonlinearity, which can be signifi-
cantly lower compared to JJ-based devices [39]. While kinetic
inductance magnetometers (KIMs) [40–42] represent an im-
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(a) (b) (c)

FIG. 1. Implementation of kinetic inductance coupling between a superconducting resonator and molecular spins. (a) Sketch of the
resonator-spin system: high-kinetic-inductance granular aluminum (grAl) resonator (red strip) coupled to a {Cr7Ni} microcrystal (green).
Left inset: grAl consists of crystalline aluminum grains (red) in an amorphous AlOx matrix (gray) [38]. Right inset: The single magnetic
molecule Cr7NiF8(O2CCMe3)16 ≡ {Cr7Ni} has effective spin S = 1/2 and g = 1.8 [43,44]. The magnetization of the spin ensemble due to
the in-plane field B‖ (blue arrow) creates the magnetic field B↑ (green lines). This field locally enhances the kinetic inductance of the grAl
resonator and provides the mechanism for longitudinal coupling. (b) Optical microscope image of the magnetic crystal (green) placed on top of
the grAl readout resonator. The crystal is attached with Apiezon N vacuum grease (transparent gray), which provides thermal conductivity at
cryogenic temperatures, low levels of magnetic susceptibility, and low microwave losses (cf. Appendix B). To excite the spins (black arrows)
composing the crystal, we use inductively coupled niobium lines, visible above and below the grAl resonator and shown as dashed white
outlines in the region underneath the crystal. The 150-µm-long inductor sections of the drive resonators parallel to the central grAl strip
generate radio-frequency magnetic fields perpendicular to the spin quantization axis (defined by B‖). (c) Zoom-out: The grAl readout resonator
(center) is flanked by two low-impedance niobium resonators (top, bottom), necessary to excite the spins. Note that the frequencies fNb,1 and
fNb,2 of the niobium drive resonators are several GHz detuned from the readout fr.

portant step forward, the longitudinal coupling of spins to a
microwave device has yet to be demonstrated. In this work, we
demonstrate longitudinal coupling between a {Cr7Ni} molec-
ular spin qubit ensemble and the kinetic inductance of a
grAl microwave resonator. The spin-ensemble polarization is
encoded in the resonator frequency, independent of the spin-
resonator detuning, enabling us to perform a full microwave
readout of the magnetization curve. Moreover, we demon-
strate time-resolved measurement of spin-ensemble excitation
and decay at GHz detuning from the readout. Finally, we
propose a scheme to achieve single-spin longitudinal coupling
to a superconducting fluxonium qubit.

II. RESULTS AND DISCUSSION

Figure 1 illustrates the conceptual implementation of lon-
gitudinal coupling between a microwave resonator and a spin
ensemble. The magnetic molecules are grown in a single crys-
tal of chemically identical units, composed of eight chromium
atoms with one substituted by nickel, which resemble cyclic
wheels [cf. bottom right inset in Fig. 1(a)]. Each molecule has
an effective spin of S = 1/2 and a gyromagnetic factor of g ≈
1.8 [43–45], chosen with g �= 2 in order to distinguish from
spurious coupling to electronic spins in the environment of
superconducting devices [29,30,35,46]. The molecular crystal
is placed at the center of a grAl stripline resonator with a
resonance frequency of fr = 7.8 GHz and an internal quality
factor of Qi > 105 (cf. Appendix B). The grAl film has a
kinetic inductance fraction of α ≈ 1 [36] (sheet inductance
L� = 0.9 nH�−1) which arises from its microstructure, effec-

tively forming a three-dimensional network of JJs [38,39,47].
To drive the spin ensemble using microwave transverse fields,
on the same chip [cf. Figs. 1(b) and 1(c)], we pattern two low-
impedance resonators ( fNb,1 = 9.8 GHz, fNb,2 = 11.2 GHz)
made of niobium, which can sustain relatively high current
densities.

The longitudinal spin-resonator interaction arises from the
coupling of the spin magnetic moments μ = −gµBσz/2 to the
resonator’s kinetic inductance Lkin, where µB denotes the Bohr
magneton. The spin-ensemble magnetization M increases Lkin

and shifts the resonator frequency fr by δ fM:

δ fM/ fr,0 ∝ −M2 . (1)

This frequency shift results from persistent currents Ip induced
by the perpendicular component B↑,⊥ of the sample-generated
magnetic field B↑ ∝ M. These currents locally increase the
kinetic inductance Lkin(Ip) ≈ Lkin,0[1 + (Ip/I∗)2], where I∗
characterizes the grAl nonlinearity and is typically on the
order of the critical current [40,48]. Given that the grAl effec-
tive penetration depth exceeds the resonator width by orders
of magnitude [49,50], we consider Ip ∝ B↑,⊥. Note that the
contribution of the superconducting gap suppression to δ fM is
neglected, as the persistent current suppression dominates by
3 orders of magnitude for our resonator geometry [35].

Using the grAl resonator, in Fig. 2, we demonstrate the
measurement of the {Cr7Ni} crystal magnetization curve in
parallel magnetic field B‖. The observed frequency shift
δ fr (B‖, M ) [cf. Fig. 2(a)] consists of two contributions: the
shift δ fM from the crystal magnetization M [cf. Eq. (1)] and
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(a)

(b)

FIG. 2. Detuning-independent readout of the spin-ensemble magnetization. (a) Resonance frequency shift of the grAl readout resonator
coupled to the molecular spin ensemble δ fr (B‖, M ) (blue markers) in the magnetic field. The parabolic frequency shift of the bare
resonator δ fr (B‖, M = 0) (black dashed line) is given by the suppression of the grAl superconducting gap δ(B‖) in the magnetic field [35].
The resonator experiences an additional frequency shift δ fM due to the magnetization of the spin ensemble (red shift), yielding the measured
total frequency shift δ fr (B‖, M ). To disentangle these two contributions, we fit a parabolic frequency shift, δ fr (B‖, MS), to the tail of the
data for B‖ > 0.32 T (black solid) where the magnetization of the crystal is saturated (M = MS). We can then remove the vertical offset to
get δ fr (B‖, 0) (dashed black) and δ fM (red arrows). At B‖ = 0.29 T, as expected for g = 1.83, we measure an avoided level crossing due to
the transverse coupling of the spin ensemble to the geometric inductance of the resonator. At B‖ = 0.26 T, we observe an additional feature
corresponding to transverse coupling of g = 2 spurious electron spin resonance (ESR) [29,30,35,46]. (b) Extracted frequency shift δ fM (red
markers) due to the magnetic field of the crystal and corresponding magnetization M ∝ √

δ fM (green markers). Above B‖ = 0.32 T, the crystal
magnetization saturates, and δ fM remains constant. In the range B‖ = 0.244–0.302 T, anticrossings (see double arrow markers) arising from
residual transverse coupling to g = 2 and g = 1.83 spins prevent a reliable extraction of the magnetization. Note that the magnetization curve
shown here is measured on a sample without Nb drive resonators (cf. Fig. 1) in order to avoid field distortions (cf. Appendix C).

an additional parabolic frequency decrease due to the grAl
gap suppression in B‖ [35]. To disentangle these effects, we
fit the parabolic tail of the frequency shift δ fr (B‖, MS) in the
field range where the ensemble magnetization is saturated
(M = MS), specifically for B‖ > 0.32 T in Fig. 2(a).
Subtracting the fitted parabolic response δ fr (B‖, 0) [dashed
line in Fig. 2(a)] from the measured data δ fr (B‖, M ) isolates
the contribution δ fM from the crystal’s magnetization, shown
in Fig. 2(b). In addition, due to the resonator’s geometric
inductance, near B‖ = 0.29 T we observe small transverse
couplings to the g = 1.83 spins and to spurious g = 2 spin
impurities.

The magnetization curve in Fig. 2(b), extracted from δ fM

using Eq. (1), increases from M = 0 to saturation M = MS

in fields above 300 mT. It follows the paramagnetic response
M = MS tanh( gµBB‖

2kBTS
) for a spin-1/2 ensemble, from which we

fit a spin temperature of TS = 70 mK (kB is the Boltzmann
constant). Notably, TS is above the cryostat temperature of
T ≈ 30 mK, indicating limited thermalization of the molec-

ular spin crystal via the vacuum grease (cf. Fig. 1). In a
subsequent run with a smaller crystal, we extract a spin tem-
perature of TS = 30 mK (cf. Appendix C), illustrating the
challenge of thermalizing the ensemble—an issue commonly
referred to as the phonon bottleneck [51]. To conclude the
spin-ensemble characterization, we leverage the detuning-
independent nature of the kinetic inductance readout, which
remains effective during spin manipulation via the trans-
versely coupled Nb resonators. As shown in Fig. 3(a), we
perform two-tone spectroscopy of the spins around 9.85 GHz,
2 GHz detuned from the readout resonator, and we measure
g = 1.83 ± 0.01 (black dashed line), comparable to values re-
ported in the literature [43,45]. The excitation pattern reflects
the expected convolution of the frequency-dependent drive
amplitude, shaped by the Nb resonator’s Lorentzian response,
combined with the spin ensemble’s inhomogeneous linewidth.
This measurement confirms that longitudinal readout remains
unaffected by transverse driving mediated through auxiliary
circuit elements.
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(a)

(b) (c)

FIG. 3. Excitation and decay of the spin ensemble 2 GHz de-
tuned from the readout. (a) Continuous wave two-tone spectroscopy
of the spin ensemble. To excite the spins, we sweep a drive tone fd

in the vicinity of the niobium resonator frequency fNb1 = 9.84 GHz
while monitoring the readout resonator at fr = 7.87 GHz. The rela-
tive change of the ensemble magnetization δM/MS (green colorbar)
is calibrated to the measured shift in fr utilizing a magnetiza-
tion curve [cf. Fig. 2(b)]. The excitation of the spin ensemble is
only effective within the bandwidth κ/2π = 2 MHz of the Nb
drive resonator. The dashed line indicates the center frequency of
the spin distribution given by h f = gµBB‖, with g = 1.83 ± 0.01.
(b), (c) Time-domain characterization of the spin ensemble at B‖ =
0.384 T [red marker in panel (a)]: excitation to saturation (b) and
decay from saturation (c) for different drive powers, with a 1/e time
τ = 0.38 s.

On resonance with the Nb drive [red marker in Fig. 3(a)],
we measure time-resolved excitation and decay of the en-
semble magnetization [cf. Figs. 3(b) and 3(c)]. We observe
a nonexponential decay with 1/e reached after τ = 0.38 s.
This lifetime, significantly longer than reported for the same
{Cr7Ni} molecules in solution [44], is likely limited by the
decay of the crystal phonons into the substrate. In fact, the
much lower heat capacity of the phonon bath compared to that
of the spins leads to a phonon bottleneck [51,52]. Reducing
the number of spins could mitigate this limitation, ultimately
aiming to reach the single-spin regime. Note that we exclude
drive-induced heating as the origin of the spin excitation,
since the ensemble magnetization remains unchanged when
the spins are detuned from the drive [e.g., at B‖ = 0.36 T in
Fig. 3(a)].

III. OUTLOOK

While we estimate that approximately 1011 spins within the
molecular crystal contribute to the readout signal in Figs. 2

(c)

(b)(a)

FIG. 4. Towards longitudinal coupling between superconducting
circuits and single spins. (a) Implementation of a spin-modulated
Josephson junction: scanning electron microscope image of a grAl
nanojunction with a single spin sketched on top. The nanojunction
consists of an ≈(20 nm)3 grAl volume [47], which remains coherent
in Tesla-scale magnetic fields [46]. When biased in the magnetic
field B‖, the two spin orientations generate different local magnetic
fields, leading to distinct Josephson energies E↑

J and E↓
J . (b) We use

the spin-state-dependent nanojunction to build a fluxonium quantum
circuit with the junction capacitance CJ, the superinductor Lq, and
the external flux 	ext . The spin polarization tunes the Josephson
energy EJ and, consequently, the fluxonium transition frequency fq.
(c) Simulation of the qubit frequency shift δ fq for a spin-flip versus
distance d from the nanojunction surface for several B‖ bias values.
Note that for the calculation we used a spin with magnetic moment
μ = 10 µB (see Ref. [15]) on top of a regular gralmonium qubit [47].

and 3, sensitivity can be further enhanced by adopting loop-
based geometries akin to KIMs [40–42] and narrowing the
resonator width to increase kinetic inductance nonlinearity
at a constant persistent loop current. Figure 4 extends the
idea of tailoring the readout circuit by proposing a kinetic-
inductance-based coupling scheme designed for single-spin
detection, utilizing established grAl circuit elements. To ob-
tain longitudinal coupling to the highly localized dipole field
of a single spin, we need to concentrate the kinetic inductance
within a nanoscopic volume. This volume reduction inher-
ently increases device nonlinearity [39], which for the 20-nm
cross section in Fig. 4(a) effectively results in a Josephson
junction, referred to as a grAl nanojunction [47]. The spin-
dependent local magnetic field threading the nanojunction
locally induces a quadratic suppression of the grAl supercon-
ducting gap 
, resulting in a spin-state-dependent Josephson
energy EJ : E↑

J �= E↓
J .

We propose embedding the grAl nanojunction into a flux-
onium quantum circuit operated at the half-flux sweet spot,
where the qubit frequency is exponentially sensitive to varia-
tions in EJ [47]. The resulting circuit shown in Fig. 4(b) can
be described by the standard fluxonium Hamiltonian

Hflux = 4ECn2 + 1

2
EL

(
ϕ − 2π

	ext

	0

)2

− EJ cos ϕ , (2)
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(a)

(b)

FIG. 5. Resilience of grAl resonators in a parallel field. Internal
quality factor Qi (blue markers) corresponding Fano uncertainty
range [56] (blue shaded area) of the grAl resonator in the magnetic
field B‖. The resonator is measured at an average photon number of
n̄ ≈ 10 with a coupling quality factor of Qc = 25 × 103. The dips
in Qi, shown as peaks in the decay rate �i = 1/Qi in panel (b),
correspond to ESR of spurious electronic spins with g = 2 (left) and
the molecular spin ensemble with g = 1.83 (right). The associated
resonance frequency shifts are presented in Fig. 7.

where EL = (	0/2π )2/Lq and EC = e2/2C denote the flux-
onium inductive and charging energies, respectively. Besides
the trivial modulation from the bias field B‖, EJ = EJ(B‖, σz )
also depends on the spin qubit state σz, thereby implementing
a longitudinal coupling where σz commutes with Hflux. A prac-
tical realization of such a circuit should be resilient to the high
magnetic fields required for spin qubit operation, as recently
demonstrated in a gradiometric geometry in Ref. [46].

To estimate the fluxonium qubit frequency shift δ fq due
to a spin flip in a realistic scenario, we model the spin
as a pointlike magnetic dipole with a magnetic moment of
μ = 10 µB oriented (anti-)parallel to the bias field B‖. Spins
with such large magnetic moments can be engineered in
single-molecule magnets with strong anisotropy, forming an
effective two-level-system [15]. For a spin centered at a
distance d above the nanojunction, we numerically calcu-
late the local grAl gap suppression 
( �B↑(�r) + �B‖)/
(0) =√

1 − (| �B↑(�r) + �B‖|/Bc)2 [53] at position �r within its
(20 nm)3 volume. By numerically solving Eq. (2) for the
corresponding EJ ∝ ∫∫∫

d�r
(�r), we find the qubit frequency
shift δ fq, shown in Fig. 4(c). Positioning the spin as close as
possible to the nanojunction and operating in the B‖ ∼ 102 mT
range enables spin-state-dependent frequency shifts δ fq on the
order of kHz. Given that superconducting qubit frequencies
can be resolved with kHz-accuracy [54,55], we are optimistic
that longitudinal coupling via kinetic inductance will enable
single-shot QND readout of individual spins.

FIG. 6. Sample holder and magnetic field configuration.
Photograph of the cylindrical waveguide sample holder with a
schematic of the two-dimensional vector magnet, showing the
directions of applied magnetic fields parallel and perpendicular to
the chip plane. Inset: Cross-sectional view of the sample holder.
The grAl resonator, fabricated on a sapphire chip, is coupled via the
evanescent field of a stripped microwave coaxial pin. A Helmholtz
coil pair, oriented perpendicular to the chip plane, compensates for
misalignment between the solenoid coil’s field and the chip plane.
Adapted from Ref. [46], licensed under CC BY 4.0.

IV. CONCLUSION

In conclusion, we have demonstrated longitudinal cou-
pling between a {Cr7Ni} molecular spin ensemble and a
grAl superconducting microwave resonator via kinetic induc-
tance, enabling frequency-independent and nondemolishing
spin readout. The independence of the readout contrast on
detuning between the spins and the resonator allowed us to
measure the full magnetization curve over a field range of
hundreds of mT and observe time-resolved spin dynamics at
GHz detuning. To overcome ensemble limitations like inho-
mogeneous broadening and the phonon relaxation bottleneck,
we propose extending this longitudinal coupling scheme to a
single spin positioned in the close vicinity of a grAl nanojunc-
tion in a fluxonium qubit. For state-of-the-art grAl devices,
our simulations predict a spin-dependent qubit frequency shift
up to kHz, opening the path for QND interaction at the single-
spin level. Order of magnitude stronger interaction could be
possible by miniaturizing the nanojunction by a factor of 2
and embedding the magnetic molecule in its center.
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(a)

(b)

FIG. 7. Readout of the spin-ensemble magnetization in the presence of on-chip Nb drive resonators. (a) Resonance frequency shift
δ fr (B‖, M ) (blue markers) of the grAl readout resonator coupled to the molecular spin ensemble, measured in the presence of Nb drive
resonators (which remain undriven during this measurement). To extract the magnetization M ∝ √

δ fM (green markers) in panel (b), we fit the
parabolic frequency shift δ fr (B‖, MS) for saturated spin crystal magnetization (M = MS) in the range B‖ = 150–270 mT and follow the main
text procedure (cf. Fig. 2). For fields above B‖ = 0.27 T, as shown by the frequency shift δ fM (red markers) in panel (b), anticrossings arising
from residual transverse coupling to g = 2 and g = 1.83 spins (gray arrows) as well as screening fields from the superconducting Nb structures
distort the extracted frequency shift δ fM.
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APPENDIX A: FABRICATION DETAILS

The resonators discussed in this paper are fabricated on
a double-side-polished c-plane sapphire substrate. They are
patterned using lift-off optical lithography with AZ5214E
photoresist, followed by development in AZ developer. Before
metal deposition, an Ar/O2 plasma cleaning step is performed
using a Kaufman ion source. Additionally, a titanium gettering
step reduces the chamber pressure to p ∼ 10−7 mbar before
evaporation in a Plassys MEB 550S shadow evaporation sys-
tem. The 20-nm granular aluminum (grAl) film is deposited at
1 nm/s, yielding a sheet resistance of 1.1 k
/�. In a second
lithography step, 50-nm-thick niobium drive resonators are

patterned and deposited with an evaporation rate of 1 nm/s,
using the same optical procedure.

APPENDIX B: GRAL RESONATOR IN MAGNETIC FIELD

In Fig. 5, we confirm the resilience of the grAl readout
resonator in the parallel magnetic field B‖. The internal quality
factor remains above Qi � 105, even when accounting for
systematic Fano uncertainty in the loss measurement [56],
except for two distinct dips. These increased losses occur
where the resonator frequency matches the ESR of the g =
1.83 molecular spin ensemble and of spurious g = 2 spins,
commonly observed in the environment of superconducting
devices [29,30,35,46]. The latter can serve as an in situ cali-
bration of the on-chip magnetic field strength.

Notably, the quality factors of the grAl resonator are not
affected by the Apiezon N vacuum grease on top, used to
thermalize and attach the crystal (cf. Fig. 1). Within the
uncertainty, the values reported in Fig. 5 are equivalent to
values reported in the literature [35,36,56] and could be
further improved by an order of magnitude for optimized
geometry, substrate, and cleaning procedures, as shown in
Ref. [57].

Beyond field strength, we also calibrate the field direction
to ensure that all measurements in this paper are performed
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with B‖ strictly aligned with the substrate plane. This prevents
hysteretic, nonmonotonic resonance frequency shifts and ad-
ditional perpendicular field (B⊥) effects that would complicate
the extraction of δ fM. To compensate for minor chip mis-
alignments within our cylindrical sample holder (cf. Fig. 6;
identical to Refs. [35,46,56]) we introduce an out-of-plane
compensation field B⊥,comp for each applied B‖. We determine
B⊥,comp by sweeping the perpendicular field component B⊥
and maximizing the resonator frequency.

APPENDIX C: ADDITIONAL MAGNETIZATION CURVE

In Fig. 7, we confirm that the presence of the Nb drive
resonators, which introduces magnetic field distortions, still
allows reliable extraction of the spin-ensemble magnetization.
As shown in Fig. 1, these Nb resonators are patterned directly
adjacent to the grAl readout resonator. The extracted shift
δ fM and corresponding magnetization M, shown in Fig. 7(b),
exhibit saturation behavior similar to the sample without
Nb resonators (cf. Fig. 2). The frequency shift at saturation
δ fM(MS) is smaller compared to Fig. 2 due to the use of
a smaller molecular crystal. From a fit to the paramagnetic
response M = MS tanh( gµBB‖

2kBTS
) for a spin-1/2 ensemble, we ex-

tract a spin temperature of TS = 30 mK. We attribute the lower
spin temperature compared to Fig. 2 to the higher surface-to-
volume ratio of the smaller crystal, which enhances phonon
decay into the substrate. For bias fields above B‖ > 300 mT,
the magnetization remains constant, but an additional shift
in δ fM arises due to out-of-plane magnetic fields generated
by screening currents in the niobium structures of the drive
resonators.

APPENDIX D: TOWARDS LONGITUDINAL COUPLING
TO A SINGLE SPIN

A single spin positioned directly atop a granular alu-
minum nanojunction modifies the local superconducting gap

FIG. 8. Simulated fluxonium qubit spectrum for the spin-
dependent Josephson energy EJ. Transition frequency fq of a
fluxonium qubit as a function of the external flux 	ext , for two
values of the Josephson energy EJ. The two spin states of a mag-
netic moment located atop the grAl nanojunction lead to E↑

J �= E↓
J ,

corresponding to the flux-dependent fluxonium qubit frequency shift
δ fq. The coupling strength is exaggerated for visual clarity.

via its magnetic field, resulting in the spin-state-dependent
Josephson energy E↑

J �= E↓
J . Embedding such a nanojunction

into a fluxonium circuit realizes a longitudinal spin-fluxonium
interaction, where the spin state shifts the fluxonium transition
frequency fq by an amount δ fq. This frequency shift depends
on the external flux bias 	ext, reaching a maximum at the
half-flux sweet spot (	ext = 0.5 	0), where the fluxonium is
most sensitive to variations in EJ.

Figure 8 illustrates the principle of longitudinal spin–
fluxonium coupling by showing the simulated qubit spectrum
for two distinct values of EJ, corresponding to the two spin ori-
entations. The two spectra cross at a specific flux bias where
fq(E↑

J ) = fq(E↓
J ), defining the operating point at which the

longitudinal coupling vanishes. This flux tunability provides a
valuable handle for modulating the interaction strength in situ.
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