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Nuclear spins are candidates to encode qubits or qudits due to their isolation from magnetic

noise and potentially long coherence times. However, their weak coupling to external stimuli

makes them hard to integrate into circuit quantum electrodynamics architectures, the leading

technology for solid-state quantum processors. Here, we study the coupling of 173Yb(III)

nuclear spin states in an [Yb(trensal)] molecule to superconducting cavities. Experiments

have been performed on magnetically dilute single crystals placed on the inductors of

lumped-element LC superconducting resonators with characteristic frequencies spanning the

range of nuclear and electronic spin transitions. We achieve a high cooperative coupling to all

electronic and most nuclear [173Yb(trensal)] spin transitions, a necessary ingredient for the

implementation of qudit protocols with molecular spins using a hybrid architecture.
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Recent efforts to build quantum computer hardware have
given rise to small-scale processors with more than 100
qubits and to a staggering improvement of their operation

fidelities and computing capabilities1–8. Yet, reaching the condi-
tions needed to perform large-scale computations remains a
challenge for most existing platforms. The main reason is that
correcting errors9,10 demands introducing a highly redundant
encoding, thus significantly increasing the number of qubits
needed for any practical implementation11. A promising alter-
native is to use d-dimensional qudits as the building blocks12–14.
The extra levels can help simplify some quantum algorithms15–17

or quantum simulations18, ease their physical implementation
and even provide a basis for embedding error correction in each
single unit13,19–22, which fulfils both the purpose of encoding
information and accounting for errors resulting from quantum
fluctuations.

Qudits have been realized with several physical systems,
including photons23,24, trapped ions25 superconducting circuits26,
and electronic and nuclear spins27–29. The latter are especially
appealing, on account of their high degree of isolation from
decoherence and the ability to control their spin states by means
of relatively standard nuclear magnetic resonance (NMR)
techniques30. Not surprisingly, NMR experiments performed on
nuclear spins of organic compounds in the solution provided
some of the earliest implementations of quantum protocols31,32.
Very recently, nuclear spin states have also gained interest as a
suitable platform to encode robust qubits in cold atoms trapped
by lasers33,34.

Exploiting nuclear spins as qudits in the context of circuit
quantum electrodynamics (c-QED) is appealing, as the latter
forms one of the most reliable platforms for solid-state quantum
technologies35,36. High cooperativity and even coherent or strong
magnetic coupling have been achieved for electronic spin
ensembles37–40, thanks to a collective enhancement of the
spin–photon interaction. Although some results suggest that it is
possible to reach also quite high couplings between nuclear spins
and photons in three-dimensional cavities41, the implementation
in superconducting circuits remains challenging, mainly on
account of the much weaker interaction of nuclear magnetic
moments with electromagnetic radiation fields. An interesting
possibility to overcome these limitations would be to use nuclear
spin states of magnetic ions. The hyperfine interaction with the
electronic spin mediates the coupling of nuclear spins to elec-
tromagnetic radiation fields42–44, thereby enhancing nuclear Rabi
frequencies with respect to those of isolated nuclei.

Here, we apply this idea to explore the coupling of on-chip
superconducting resonators to the nuclear spins of magnetic
molecules45–47. We focus on one of the simplest realizations of a
molecular qudit, [Yb(trensal)]42,48,49, which hosts an individual
Yb(III) ion ligated by an organic molecule. The 173Yb isotope
exhibits an I= 5/2 nuclear spin coupled to an effective electronic
spin S= 1/2. The strong hyperfine interaction and the presence of
a sizeable quadrupolar splitting, typical of lanthanide ions50, give
rise to the level of anharmonicity necessary for addressing the
(2S+ 1) × (2I+ 1)= 12 spin states and, therefore, to properly
encode a d= 12 electronuclear spin qudit. The molecules form
high-quality and high-symmetry single crystals in which all of
them share the same axial orientation and where they can be
diluted in an isostructural diamagnetic host in order to suppress
decoherence. This introduces a collective enhancement of the
coupling between molecular spin excitations and microwave
photons, while preserving the ability to address individual spin
transitions. This class of molecules has been recently proposed
as a suitable platform to encode error-protected
qubits21,28,42,44,51,52. The experiments described in what follows
were performed using novel, specifically designed lumped-

element resonators, whose properties can be fine-tuned to
match the diverse nuclear and electronic spin transitions in this
molecular system53–56. The high-cooperativity regime between a
nuclear spin ensemble and a superconducting resonator is
achieved, with coupling strengths reaching fractions of MHz.
Such coupling can be further enhanced by lowering the resona-
tor’s inductance and by isotopic enrichment of the crystal. Hence,
these results show that the strong coupling regime for nuclear
spin excitations is within reach and therefore provides a step
towards the implementation of qudit algorithms within a solid-
state hybrid scheme57.

Results
Device description. Single crystals of [Yb(trensal)] doped into the
isostructural diamagnetic host [Lu(trensal)] were obtained as
described previously48,58. The crystals contain all stable Yb iso-
topes, all of them with effective electronic spin S= 1/2 but dif-
ferent nuclear spin states I, in their natural abundances. Figure 1a,
b show, respectively, the spin levels and resonant transition fre-
quencies for [173Yb(trensal)], with I= 5/2, for [171Yb(trensal)],
with I= 1/2, and for all remaining isotopic derivatives with I= 0.
For not too weak magnetic fields, nuclear spin transitions
(between states characterized by the same mS and ΔmI= ±1) have
resonance frequencies below 1 GHz (Fig. 1b), whereas electronic
spin transitions (between states characterized by the same mI and
ΔmS= ±1) occur at higher frequencies. To simplify the notation
of resonant transitions, spin levels are labeled by a single index n
in order of increasing energy at a high magnetic field (see Fig. 1a).

The interaction of cavity photons with the molecular electronic
and nuclear spins is realized through a platform designed in the
context of hybrid c-QED systems59,60. A sketch of the device is
shown in Fig. 1c. It consists of eight superconducting lumped-
element LC resonators (LERs) coupled to a common readout
transmission line. These LERs are designed with different
resonance frequencies fr, targeting different electronic and nuclear
spin transitions. Since the LERs are parallel coupled to the
transmission line, parameters such as resonance frequency and
impedance can be freely designed without affecting the
transmission through the device. Thus, as it is described in
Supplementary Note 1, it is possible to tailor the microwave field
b(r) generated by the inductor line in order to optimize the
coupling rate per spin within the crystal volume. A contour plot
of the field created by one of these resonators is included in
Fig. 1c, next to the crystal and LER located on the right-hand side
(see also Supplementary Fig. 1).

Different [Yb:Lu(trensal)] crystals, with concentrations x
ranging from 2 to 8 %, were placed on top of each of the
resonators. Typical crystal sizes were of order 1 × 0.5 × 0.5 mm3

to match the size of the resonator inductances. The magnetic
anisotropy axes lie parallel to the transmission line and to the
external dc magnetic field B. In this geometry, b(r) gives rise to
finite transition rates between multiple pairs of spin states linked
by nonzero matrix elements, as far as the spin energy levels are
brought to resonance with the LER by the action of B.
Experiments have been performed with an input driving power
of −95 dBm. This corresponds (see Supplementary Note 2) to a
microwave photon number ~108, much lower than the number of
spins involved in the coupling (~1016), thus avoiding power
saturation effects (experiments aiming at the optimization of the
driving power are shown in Supplementary Fig. 2).

Broadband spectroscopy. In order to identify the origin of the
different resonances and to guide the design of the resonators, it
is important to characterize the energy spectrum of the different
Yb isotopes under the same conditions. To this aim, we
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performed experiments on an x= 7% single crystal directly
coupled to the superconducting readout transmission line (see
Supplementary Fig. 3 for a sketch of this experimental config-
uration and additional results). These experiments allow us to
address spin transitions at any possible driving frequency
<14 GHz. The normalized transmission derivative d∣S21(B, f)∣/dB
is shown in Fig. 1d as a function of magnetic field and driving
frequency. Details on the normalization of the experimental data
are described in Supplementary Note 3. The results provide a full
picture of the Zeeman energy diagram. Resonances arising from
the coupling to electronic spin transitions in [173Yb(trensal)]
(I= 5/2) and [171Yb(trensal)] (I= 1/2), and to isotopes with zero
nuclear spin are clearly visible. The comparison with theoretical
simulations (see Fig. 1e and methods) reveals that the ratios
between the intensities of these signals are 16, 14, and 70%, in
good agreement with the natural abundances of the respective Yb
isotopes. The half-width γ of the electronic transitions is
~23MHz. This parameter characterizes the inhomogeneous
broadening and it is the main limiting factor to reach a coherent
coupling of the spins to the superconducting cavities37–40.

Coupling cavity photons to multiple electronuclear spin tran-
sitions. The complex spin level spectrum of [173Yb(trensal)] and
the presence of different Yb isotopes lead to multiple resonances
of spin transitions n; n0 with each of the resonators. Illustrative
examples are shown in Fig. 2. The microwave transmission ∣S21∣
measured as a function of magnetic field and driving frequency at
10 mK shows clear signatures of the coupling to the spins, namely
a shift of the cavity frequency and a drop in its visibility. The
high-quality factor of these resonators leads to bare linewidths κ
of the order of a few kHz, which contribute to very high sensi-
tivity and allow resolving each of the individual transitions at
their respective resonant fields. For frequencies above 1 GHz
(fr= 2.93 GHz in Fig. 2a), only electronic spin transitions con-
tribute. Using the information about the field dependence of these
spin levels obtained previously (Fig. 1), it is possible to assign all
these features to specific electronic spin transitions of the dif-
ferent isotopes. As with the broadband spectroscopy results dis-
cussed above, the coupling to the more abundant I= 0 isotopes
shows the highest visibility. This agrees with the fact that the
visibility of any spin resonance i, j increases with the collective

Fig. 1 Sample description and characterization. a Energy levels associated with the effective electronic S and nuclear I spin states of the different isotopical
derivatives of [Yb(trensal)] molecules as a function of the magnetic field B. Solid colored lines correspond to [173Yb(trensal)] (S= 1/2, I= 5/2), dashed
gray lines to [171Yb(trensal)] (S= 1/2, I= 1/2) and dashed-dotted gray lines to all remaining stable Yb isotopes having S= 1/2 and I= 0. The magnetic
field is parallel to the C3 crystal axis, which also defines a common magnetic anisotropy axis for all molecules. For sufficiently strong B, levels can be labeled
by their electronic (mS) and nuclear(mI) spin projections, but at lower B both spins become entangled and this identification is no longer possible. In this
work, we instead assign a single index n(= 0, 1, …(2S+ 1)(2I+1)) to each level that follows the order of increasing energy at high B. b Frequency of
resonant transitions between the different spin levels of all these derivatives as a function of a magnetic field. Only those lying below 1.1 GHz, which mainly
correspond to nuclear spin transitions, are shown. Dots mark the frequencies and magnetic fields at which resonant transitions are observed in the
experiments. c Scheme of an [Yb(trensal)] crystal (yellow) interacting with a superconducting circuit composed of several LC resonators with different
characteristic frequencies, which are inductively coupled to a common readout superconducting transmission line. The latter line is parallel to the external
dc magnetic field and to the crystal C3 axis and can also be used to perform broadband magnetic spectroscopy on a single crystal located directly onto it.
d Experimental results of on-chip broadband spectroscopy measurements for an [Yb:Lu(trensal)] crystal with a 7% Yb concentration. The normalized
transmission derivative dS21/dB, measured at 10mK, provides a direct map of all spin excitations as a function of B and energy (or frequency). e Theoretical
simulation of the normalized dS21/dB. The conditions are the same as in d. Electronic spin transitions are clearly detected for the different isotopical
derivatives. The labels in d and e mark transitions involving the ground spin state n= 0 of [171Yb(trensal)] (I= 1/2, 14% natural abundance),
[173Yb(trensal)] (I= 5/2, 14% natural abundance) and all remaining derivatives with I= 0 (70% natural abundance).
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spin–photon coupling Gi,j, which is proportional to
ffiffiffiffiffiffiffi
Ni;j

p
, where

Ni,j is the number of spins involved in each particular transition.
For frequencies below 1 GHz, nuclear spin transitions from the

isotopes having nonzero I are also observed. In particular, Fig. 2b
shows the coupling of several nuclear spin transitions in
[173Yb(trensal)] to a fr= 548.5 MHz superconducting cavity.
These transitions are identified by their resonant magnetic fields
and weaker visibility as compared to the electronic ones.
Combining experiments performed on multiple resonators
having different frequencies (in our case, fr= 403.6, 414.3,
548.5, and 549.5 MHz) allows tracking of how several of these
transitions evolve with a magnetic field. These data were shown in
Supplementary Fig. 4. Nuclear spin transitions are characterized
by a much weaker magnetic field dependence, as expected (see
Fig. 1b).

High cooperative coupling to electronic spins. Each of the
observed transitions i, j can then be analyzed in detail, in order to
determine the strength of the spin–photon coupling Gij and the
spin resonance linewidths γi,j. We first consider electronic spins.
Figure 3a shows an illustrative example, taken from the low field
region of Fig. 2a. This LER couples to the 0, 3 and 0, 11 electronic
spin transitions of, respectively, [171Yb(trensal)] (I= 1/2) and
[173Yb(trensal)] (our I= 5/2 qudit). A 2D least-squares fit of
these experimental data, based on a generalized input-output
model described in the methods section below, is shown in
Fig. 3b. As can be seen in Fig. 3c and d, the fit reproduces very
well the effect that the coupling to the spins has on the effective
LER frequency ~f r and resonance width ~κ, thus showing that this
model provides a reliable description of the underlying physics.

The fit gives G0,3= 7.9 MHz for [171Yb(trensal)] and G0,11= 5
MHz for [173Yb(trensal)]. Values for other electronic transitions
are shown in Supplementary Tables 1, 2. The linewidths are in
good agreement with those derived from broadband spectroscopy
experiments. They decrease with concentration, from about
22MHz for x= 8% to 13MHz for x= 2%. The limit of strong
coupling, defined by the condition Gi,j > κ and γi,j is only achieved
for the I= 0 isotopes (see Fig. 2a, Supplementary Fig. 5, and
Supplementary Table 1) for which G0,1= 22MHz, again as a
consequence of their larger natural abundance. Still, all transitions
measured reach the high cooperative coupling, characterized by a
larger than unity cooperativity parameter Ci;j � ðGi;jÞ2=ðγi;j � κÞ.
For the transitions shown in Fig. 3, C0,3= 129 and C0,11= 46,

while for the I= 0 isotopes C0,1 reaches 946. Reaching this limit
implies that, at resonance, nearly every photon in the cavity is
coherently transferred to the spin ensemble37.

High cooperative coupling to nuclear spins. Reaching a similar
condition with the nuclear spin states is, a priori, much more
demanding on account of the very small nuclear magnetic
moments. However, as we have mentioned above, the electronic
spin introduces a quite efficient path to couple the nuclear spins
to external magnetic fields. Therefore, it is to be expected that the
same effect also enhances the coupling to cavity photons.

Figure 4a, b show experimental data for the 1, 2 and 2, 3
nuclear spin transitions in 173Yb(trensal), which are brought into
resonance with a fr= 414.3 MHz LER near 17 and 80mT,
respectively. The highest coupling rates for these transitions,
G1,2= 0.24 and G2,3= 0.11MHz, are achieved at 10 and 50 mK,
respectively. Other nuclear spin transitions give comparable
results (see Supplementary Table 3 and Supplementary Figs. 6, 7
for the complete set). For instance, the 0, 1 transition resonates
with a 548.5 MHz LER at about 20 mT, as shown by Fig. 2b, with
G0,1= 0.13 MHz. The corresponding linewidths are
γ0,1= 2.1 MHz, γ1,2= 1.6 MHz, and γ2,3= 0.6 MHz, consistently
with the effect of strain on quadrupole and hyperfine parameters.
Indeed, the hierarchy between the γi,j reflects the one between the
derivatives of the corresponding gaps with respect to the
Hamiltonian parameters B, Ax,z and p (see Supplementary Figs. 8
and 9), pointing to inhomogeneous broadening as the origin of
the observed linewidth. With a resonator half-width κ≃ 3.78 kHz,
the high-cooperativity limit is achieved for all of them: C0,1= 2.0,
C1,2= 9.1, and C2,3= 4.9. The highest cooperativity has been
achieved for the 1,2 resonance at fr= 403.3 MHz and a relatively
high Yb concentration x= 8%, for which G1,2= 0.43MHz,
γ1,2= 2.3 MHz, and C1,2= 24.0.

Although the couplings and cooperativities are about ten times
smaller than what is achieved for the electronic transitions in the
same molecular system, they are nevertheless remarkably high. If
the nuclear and electronic spins were uncoupled, i.e., if the
hyperfine interaction vanished, the nuclear spin–photon coupling
would be mediated solely by the nuclear Zeeman interaction. As
shown in Supplementary Fig. 10, this would lead to a ratio of
about 10−4 between the coupling rates of nuclear and electronic
transitions (say 1, 2 vs 0, 11). Therefore, the electronic spins help
to mediate a much stronger interaction with the circuit photons.

Fig. 2 Coupling cavity photons to multiple electronuclear spin transitions in [Yb(trensal)]. a Color plot of the microwave transmission measured at
T= 10mK near the bare resonance frequency fr= 2.93 GHz of a LC superconducting resonator and as a function of the magnetic field. Changes in the
resonator mark the coupling of cavity photons to different electronic spin transitions. The crystal had a x= 5% Yb nominal concentration. The lines assign
each of the observed features to the different Yb isotopes naturally present in this crystal b Same as in a for a fr= 548.5MHz resonator and a crystal with
x= 8%. This LC cavity is specifically designed to optimally couple to nuclear spin transitions in [173Yb(trensal)]. Some of them are identified in the caption.
Color scale bars indicate the amplitude of the transmitted signal in relation to the input signal on a logarithmic scale.
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Coupling rates of temperature dependence. Following the same
procedure, we have determined the coupling constants of most
detectable transitions as a function of temperature, which con-
trols the relative populations of the electronuclear spin levels and,
therefore, also the number of spins involved in the coupling to
photons. Results obtained for electronic and nuclear spin tran-
sitions coupled to ~0.5 GHz LERs are shown in Fig. 5 (see also
Supplementary Figs. 6 and 7). They are compared to numerical
simulations based on the spin Hamiltonian of each species and on
high-resolution 3D maps of the magnetic field generated by the
LER (Fig. 1b and Supplementary Fig. 1). The only fitting para-
meter is an overall scaling factor that parameterizes the effective
filling of the LER mode by the molecular crystal. The theory (see
methods) reproduces fairly well the dependence of Gi,j with T,
although deviations are seen at the lowest temperatures. These
mark the point where the relative spin level populations involved
in each transition deviate from equilibrium. The fact that this
happens at higher temperatures (of order 200 mK) for the nuclear
spins than for the electronic spins (≤20 mK), suggests that the
former have longer spin-lattice relaxation times T1. Together with
the smaller linewidths observed for them (~1−2MHz vs
~14−16MHz for the electronic ones), this confirms that nuclear
spins in [173Yb(trensal)] remain less sensitive than the electronic
ones to external perturbations and decoherence. In return, these
results show that the initialization of the nuclear spin state needed
for quantum implementations will probably require quite long
thermalization times.

Time-resolved experiments. We have further investigated this
point by means of time-resolved experiments, recording the
charging and discharging of the resonator following the

application of square microwave pulses through the readout line.
Results of transmission as a function of driving frequency and
time are presented in Fig. 4c, d at two different magnetic fields
corresponding to in and off-resonant conditions with the 1, 2
nuclear spin transition of [173Yb(trensal)]. Additional data are
shown in Supplementary Fig. 11. In the stationary state, attained
near the end of the pulse duration, the response agrees perfectly
well with the results measured with the continuous wave method.
At shorter times, the response depends on the photon decay rate
~κ and on how it is affected by the coupling to either electronic or
nuclear spins. Figure 4d, e show that ~κ becomes maximum
whenever the photons become hybridized with the spins. Besides,
the characteristic spin linewidth γ obtained near resonance is
about ten times smaller for nuclear spin transitions than for
electronic ones, at the same frequency, and agrees well with the
value derived from continuous wave measurements.

Discussion
We have shown a high-cooperativity regime between nuclear
spins and photons in an on-chip superconducting resonator
setup. In particular, we have achieved this regime for both elec-
tronic and nuclear spin excitations in crystals of [Yb(trensal)]
molecules. The hyperfine interaction with the electronic spin of
the same ion plays here a key role as it enhances the interaction of
nuclear spins to microwave magnetic fields, thus allowing them to
reach the high-cooperativity regime without compromising their
good isolation from noise42,44. The balance between spin opera-
tion rates and coherence can furthermore be tuned by the mag-
netic field, which controls the degree of electronuclear spin
entanglement43. The results also exemplify the application of
these devices to perform magnetic resonance at diverse

Fig. 3 Coupling cavity photons to the electronic spin. a Color plot of the microwave transmission measured at T= 10 mK near the bare resonance
frequency fr= 2.93 GHz of a superconducting lumped-element resonator (LER). The magnetic field brings the splittings between levels 0 and 3 of
[171Yb(trensal)] and 0 and 11 of [173Yb(trensal)] into resonance with the cavity photons, leading to the observed avoided crossings. b Optimized simulation
of the experimental data shown in a, from which the collective spin–photon coupling and the spin line width are determined. Color scale bars indicate the
amplitude of the transmitted signal in relation to the input signal on a logarithmic scale. c Resonance frequency (~fr) and d linewidth (~κ) of the coupled spin-
LER system as a function of the magnetic field, extracted from the experimental data (blue dots) and from the fit (solid red line). Errors have been
determined from the Jacobian matrix obtained from the fits to Eq. (3).
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frequencies and in a single experimental run, from which a
complete characterization of multiple spin levels of different
species (in our case, isotopical analogs of the same molecule) can
be obtained.

Attaining a sufficiently high coupling of cavity photons to spin
qubits and qudits is also crucial in order to exploit the latter either
as quantum memories61,62 or as operational units of a hybrid
processor57,63. Even without reaching strong coupling, the circuit
used in this work can serve as a basis for proof-of-concept rea-
lizations (on ensembles) of algorithms based on a qudit encoding.
As proposed in refs. 21,22,42, a nuclear spin I > 1 coupled to an
effective electronic spin 1/2 (of which [Yb(trensal)] is a proto-
typical realization) can be exploited to embed an error-protected
logical unit within a single molecule. In the proposed setup, the
control of nuclear spins, which encode the error-protected unit,
can be done by introducing an extra excitation line and using
conventional NMR techniques30. Then, sufficiently high coop-
erativity would provide a way to dispersively read out the
results64.

Our results show that we are not far from reaching the strong
coupling limit. Besides, they provide ample room for improving
the spin–photon couplings. First, one can work with isotopically
pure crystals containing only the most interesting [173Yb(trensal)]
molecules. For any concentration x, this introduces a collective
enhancement of the coupling by a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1=0:16

p
’ 2:5 with

respect to samples with natural isotopical abundances. Next, the

interface between the sample and the crystal also plays a very
important role65. The comparison of the measured coupling rates
to theoretical simulations suggests that the filling factor of the
cavity modes is as low as 4%, which is compatible with the
existence of a gap of about 50 μm between the chip surface and
the crystal (Supplementary Fig. 12). This leaves margin for a
further factor 5 enhancement in Gi,j, perhaps even more, by
exploiting the possibilities to design LERs adapted to the crystal
sizes and geometries. For instance, one could work with smaller
crystals coupled to resonators having correspondingly smaller
inductor lines or, the opposite, use resonator designs leading to
larger cavity volumes. Then, achieving a strong coupling regime
seems feasible. In this regime, we expect γ to be further reduced,
thanks to the cavity-protection mechanism66–68. The strong
coupling of an inhomogeneously broadened spin ensemble with
the resonator introduces a gap between the bright and dark
(subradiant) states, which protects the former from decay. This
condition is met if the distribution of the spin ensemble fre-
quencies decays faster than a Lorentzian, as typically found in NV
center ensembles67 and expected also here. An even more pow-
erful alternative is that of engineering the lineshape of the spin
ensemble by spectral hole burning techniques, see e.g., refs. 69–71.

Combined with suitable circuit designs72,73 and including
nanometer-wide inductor lines in order to confine and locally
enhance the microwave magnetic field74, these ideas might even
allow reaching sizeable couplings to individual nuclear spins, thus

Fig. 4 Coupling cavity photons to nuclear spins. a Color plot of the microwave transmission showing the resonance of a fr= 414MHz superconducting
lumped-element resonator (LER) to the 1, 2 nuclear spin transition in [173Yb(trensal)]. b Same as in a for the 2, 3 nuclear spin transition. Color scale bars
indicate the amplitude of the transmitted signal in relation to the input signal on a logarithmic scale. c Time and frequency dependence of the transmission
through the device normalized to the transmission of the bare readout line (see color scale bar on the right-hand side) and measured near the resonance of
a fr= 414MHz LER following the application and removal of a 400 μs long pulse through the readout transmission line. The two plots show the behavior
observed in and out of resonance with the 1, 2 nuclear spin transition in [173Yb(trensal)]. d Charging and discharging of the resonator were measured at
constant driving frequencies near ~fr and for the same magnetic fields. Dots are experimental results and lines are fits for a resonator with an effective
photon decay rate ~κ (see Supplementary Note 4, in particular, Supplementary Eqs. (5–7)). e Magnetic field dependence of ~κ across the resonance with the
1, 2 nuclear spin transition. The solid line is a fit based on the input-output theory described in Supplementary Note 4, which allows deriving the nuclear
spin linewidth γ1,2≃ 2.9MHz. Error bars in e are smaller than the data point size. They have been determined from the Jacobian matrix obtained from the
fits based on Supplementary Eqs. (5–7).
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opening the perspective of wiring up different nuclear spin qudits
into a scalable architecture47. In summary, the results offer many
promising prospects for the integration and exploitation of
nuclear spins in c-QED quantum architectures.

Methods
Experimental details. The superconducting cavities are based on a lumped-
element resonators (LERs) design56. They are fabricated by maskless lithography
and reactive ion etching techniques on a 100-nm-thick Nb film deposited by means
of DC magnetron sputtering on a 350 μm thick silicon substrate. The base pressure
prior to the Nb deposition is better than 2.0 × 10−8 Torr. The cavities were
designed using the commercial software Sonnet for the RF simulations and our
CUDA code to calculate b(r) (see Supplementary Note 1 and Supplementary
Fig. 1).

Single crystals of [Lu:Yb(trensal)] (where H3trensal= 2,2,2-
tris(salicylideneimino)-triethylamin) employed in these experiments consist of
[Yb(trensal)] doped into the isostructural [Lu(trensal)] at different concentrations
x. They were synthesized and grown over several weeks following a method
described previously for Er(trensal)58, which employed a mixture of Yb CF3SO3

� �
3�

9H2O and Lu CF3SO3

� �
3� 9H2O. The crystal and molecular structures were

characterized by X-ray diffraction of single crystals and powder samples (crashed
single crystals), verifying their nature and purity. The complexes crystallize in the
trigonal P�3C1 space group. The actual Yb concentration was determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Bruker Aurora Elite).
The instrument was tuned prior to measurement and external calibration was
performed using calibration points spanning the range of concentrations
encountered in the samples. The nitric acid used was TraceSelect grade, and the
reference material was provided by Inorganic Ventures. The sample was prepared
by dissolving a single crystal from the same crystallization batch as the one
providing the crystal for the experiments presented in 2% nitric acid (dissolved in
50 mL from which 0.125 mL was diluted to 50 mL). The sample preparation for
ICP-MS and its analysis were performed at the Department of Chemistry,
University of Copenhagen. Finally, the crystals were located on top of their
respective superconducting LER. To improve the crystal-chip interface, we covered
and gently pressed them with Teflon tape, fixed to the ground planes with low-
temperature grease (Apiezon N). The chip was mounted in a BlueFors LD450
dilution refrigerator equipped with a 1 T superconducting magnet. A cold finger is
used to place the chip in the center of the magnet. As shown in Supplementary
Fig. 1, the microwave magnetic field created by the cavities is mostly perpendicular
to the crystal anisotropy axis. The geometry of the setup is shown in Fig. 1c and
Supplementary Fig. 3. The chip is connected through coaxial lines to a Vector
Network Analyzer (VNA) with a measurement frequency bandwidth ranging from
10MHz to 14 GHz. The device is then characterized by measuring the transmitted
signal S21.

Spin Hamiltonian. In our calculations, [Yb(trensal)] is described by the effective
spin Hamiltonian:

H ¼ μBS � gS � B� μNgII � B
þ AkSzIz þ A?ðSxIx þ SyIyÞ þ pI2z

ð1Þ

The first two terms correspond to the Zeeman coupling of electronic and nuclear
spins, respectively, to the magnetic field. The A∥ and A⊥ terms describe the
hyperfine coupling while the last term accounts for the quadrupolar interaction of
the nuclear spin. Parameters for the three different Yb isotopes are summarized in
Table 1.

Coupling of spins to a transmission line. The broadband spectroscopy experi-
ments were analysed using an input-output theory for a 1D coplanar transmission
line adapted to the conditions of our experiments. In this model, the coupling Γi,j of
a particular spin transition with resonance frequency (Ωi,j) to the photons with
frequency f traveling through the transmission line is given by:

Γi;j ¼ 2πG � ψj

D ���V̂ ψi

�� ���� ���2 � ΔPi;j � Ωi;j � ðni;j þ 1Þ ð2Þ

Where G(f) is a spin–photon coupling density, which depends on the mode density
in the transmission line and on a geometrical factor. The operator V̂ðrÞ ¼
gSμBbðrÞ � S� gIμNbðrÞ � I mediates the interaction with the photons in the line at
the position r, ΔPi,j is the population difference between spin states i, j involved in
the transition, and ni,j is the bosonic occupation number. Therefore, the trans-
mission through the superconducting line is modeled as:

S21 ¼
α

1þ∑i;j
Γi;j

γi;jþiðΩi;j�f Þ
ð3Þ

Where α is a complex attenuation factor accounting for the dependence of the
transmission line losses as a function of the driving frequency.

Spin-resonator coupling. For the resonator-spin case, the transmission probes the
coupled system via the LC-resonator. The simplest model considers the two
resonance frequencies, one for the spins Ωi,j and another one for the LC-resonator,
fr. The coupling between them is Gi,j. In this case, S21 is computed by solving the set

Fig. 5 Evolution of the spin–photon rates with temperature.
a Experimental (dots) and theoretical (lines) coupling rates as a function of
temperature for the three electronic spin transitions coupled to a
fr= 414.3MHz cavity. b Experimental (dots) and theoretical (lines)
coupling rates as a function of temperature for different nuclear spin
transitions in [173Yb(trensal)]. Here, the 0, 1 transition resonates at
fr= 548.5MHz, while the others are measured with the same 414.3MHz
cavity as the electronic spin transitions shown in a. Errors have been
determined from the Jacobian matrix obtained from the fits to Eq. (4).

Table 1 Parameters of the effective spin Hamiltonian for
different [Yb(trensal)] isotopical derivatives.

gS⊥ gS∥ gI A⊥ (GHz) A∥ (GHz) p (GHz)
171Yb 2.935 4.225 −0.02592 3.3729 2.2221 0
I=0Yb 2.935 4.225 0 0 0 0
173Yb 2.935 4.225 −0.02592 −0.615 −0.897 −0.066

The table shows the principal values (perpendicular, gS⊥, and parallel, gS∥, to the magnetic
anisotropy axis) of the electronic spin g-tensor, the nuclear spin gI factor, the principal values
(perpendicular, A⊥, and parallel, A∥, to the magnetic anisotropy axis) of the hyperfine coupling
tensor and the nuclear quadrupolar moment p.
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of coupled equations

iðf r � f Þ þ κ iGi;j

iGi;j iðΩi;j � f Þ þ γi;j

 !
� b1

b2

� �
¼ �i

ffiffiffiffiffiffiffiffiffiffi
κeeiφ

p a1
a2

� �
ð4Þ

and making S21 ¼ α � j1� i
ffiffiffiffiffiffiffiffiffiffi
κeeiφ

p
� b1j. Notice that since the system is driven

through the superconducting cavity, a1= 1 and a2= 0. Actually, it is possible to
obtain Eq. (3) from Eq. (4) with Gi,j= 0 making κe= Γi,j and κ− κeeiφ= γi,j (thus
replacing the resonator with the spin ensemble).

The diagonal elements of the interaction matrix include the properties
(resonance frequency and losses) of two oscillators: the superconducting LER (fr, κ)
and the i, j spin transition (Ωi,j, γi,j). The off-diagonal elements depend on the
coupling Gi,j between these two oscillators. In our case, this parameter corresponds
to the coupling rate of the spin ensemble to the microwave magnetic field generated

by the LER. It is related to the coupling per spin Gi;j as follows: Gi;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiR
VG

2
i;j

q
,

where Gi;j ¼ jhψjjV̂ jψiij � ΔPi;j. Finally, the resonator losses due to its coupling to
the experimental setup (including the transmission line), are parameterized with a
complex external loss rate (κeeiφ) that multiplies both the driving and the
transmission, and that also accounts for the asymmetries in the transmission
signal54. Using this model, the experimental data are then fitted for the whole
frequency and dc magnetic field measurement ranges at once. The fit gives optimal
values for κ, fr, γi,j, the field-dependent spin transition frequency
Ωi,j(B)≡ geffμBB+Ωi,j(0), and Gi,j. The model can be expanded to several spin
transitions coupled to the same LER by simply increasing the dimension of the
interaction matrix accordingly. This allows characterizing each coupling individually
even if the transitions are close to each other in a magnetic field (see Fig. 3a).

The coupling rate Gij derived from the fits can be compared to the theoretical
values in order to estimate the filling factor of the crystal-LER interaction. The
theoretical coupling rate is calculated using the spatial distribution of the microwave
magnetic field b(r) obtained from the LER design. In the simulation, each cell with
volume ΔV contributes with a coupling ~Gi;jðrÞ ¼ AρΔVjhψjjV̂ð r!Þjψiij � ΔPi;j ,
where A is the isotopic abundance and ρ is the density of spins in the crystal. The
theoretical coupling rate is then obtained by simply adding the contribution of every

cell in the rf magnetic field simulation: Gi;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑k

	
~G
k
i;j


2r
.

Data availability
All data were available at the FATMOLS Zenodo repository https://zenodo.org/
communities/fatmols-fet-open-862893/about/. https://doi.org/10.5281/zenodo.6769030.
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