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We report the realization of a strong coupling between a Gd3+ spin ensemble hosted in a scheelite
(CaWO4) single crystal and the resonant mode of a coplanar-strip-line superconducting cavity leading to
a large separation of spin-photon states of 146 MHz. The interaction is well described by the Dicke model
and the crystal-field Hamiltonian of the multilevel spin system. We observe a change of the crystal-field
parameters due to the presence of photons in the cavity, which generates a significant perturbation of the
crystal ground state. Using finite-element calculations, we numerically estimate the cavity sensing volume
as well as the average spin-photon coupling strength of g0/2π ≈ 620 Hz. Lastly, the dynamics of the spin-
cavity states are explored via pulsed measurements by recording the cavity ring-down signal as a function
of the pulse length and the amplitude. The results indicate a potential method to initialize this multilevel
system in its ground state via an active cooling process.

DOI: 10.1103/PhysRevApplied.19.024067

I. INTRODUCTION

Interactions between quantum systems via electromag-
netic excitations are currently the basis of operation of
many quantum hybrid systems using photonic entangle-
ment [1]. The confinement of electromagnetic fields in
mesoscopic mode volumes, as in the case of on-chip super-
conducting cavities, allows the study of light and matter
interactions in the strong-coupling regime when the cou-
pling strength gc exceeds the qubit dephasing rate γ and
the cavity dissipation rate κc [2]. Experimentally, electric
dipole coupling between electromagnetic excitations in a
cavity and a single quantum emitter has been achieved in
atomic systems [3] and superconducting qubits [4], where
the electric dipole interaction with the cavity mode is large.
In contrast, achieving strong magnetic coupling between
an electromagnetic field and a single quantum spin remains
elusive due to its small magnetic dipole. However, the
interaction can be collectively enhanced by employing
an ensemble of N -identical spins such that the ensemble
coupling strength is enhanced by a factor of

√
N . In this
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way, strong coupling has been demonstrated with vari-
ous spin systems, such as N-V centers and point defects
in diamond [5–7], molecular magnets [8–10], and transi-
tion metals and rare-earth (RE) ions in crystals [6,11–15].
Moreover, recent studies using Er3+:Y2SiO5 spin-diluted
crystals [16], N-V centers in diamond [17], and Bi defects
in Si [18] have demonstrated the storage and retrieval of
the state of microwave photons at high power and near the
quantum limit regime.

Among the 4f ions, Gd3+ is half filled and possesses
the largest spin quantum number (S = 7/2) with no orbital
angular momentum (L = 0). When doped into CaWO4,
this spin provides a large magnetic moment and crystal
field, which in moderate fields (approximately 0.1 kG)
allows spin transitions at large frequencies of approxi-
mately 18 GHz. The characteristics of the crystal field
allow the use of clock transitions where the spin coher-
ence is insensitive to field fluctuations [19]. It is important
to note that the higher the transition (or cavity) frequency,
the higher is the spin-photon coupling, which is another
benefit of the Gd+3 crystal field. Nevertheless, using a fre-
quency regime, the resulting spin dynamics are still prac-
tical for integration in circuit quantum electrodynamics
(QED) architectures.
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By performing field-dependent cavity-spectroscopy
measurements, we explore the coupling between a Gd3+
spin ensemble and a superconducting on-chip resonator.
We demonstrate that the strong-coupling regime is char-
acterized by a large avoided crossing of 146 MHz, so
large that it leads to a significant perturbation of the
ground state of the crystal due to the presence of a photon.
The experimentally observed spin-cavity dressed states are
well described by the Dicke model [20] for a multilevel
system with high anisotropy. Moreover, we perform pulsed
electron-spin-resonance (ESR) measurements that show a
population inversion and suggest a way to perform active
cooling of the spin system into its ground state.

II. OBSERVATION OF THE STRONG-COUPLING
REGIME DESCRIBED BY THE DICKE MODEL

The spectroscopy of the resonator-photon spin interac-
tion is studied using a home-built heterodyne detector [19].
The sample holder is introduced inside a superconduct-
ing vector magnet with field H0 and thermally anchored
to the mixing chamber of a dilution refrigerator at T �
0.38 K. The resonator is etched out of a 20-nm Nb film and
contains a transition from a coplanar waveguide (CPW)
to a coplanar strip line (CPS) [21], matched for a 50-�
impedance. The CPS is capacitively coupled to a λ/4 res-
onant structure that ends with a short circuit shaped into an
� loop (internal radius of 15 μm). Figure 1(a) shows a sin-
gle crystal (size � 2.5 × 1 × 0.6 mm3) of CaWO4 with a
0.05% spin concentration of Gd3+ [Fig. 1(b)] well pressed
on a bead of grease atop of the loop, where the field dis-
tribution of the resonant mode is mostly concentrated [see
Figs. 1(c) and 1(d)]. The crystal has a I4/a tetragonal sym-
metry with lattice constants of the unit cell a = b = 5.24 Å
and c = 11.38 Å.

The electron-spin Hamiltonian of the Gd3+ S = 7/2 ion
is given by [22,23]

Hs = μBHT
0gS + B0

2O0
2 + B0

4O0
4 + B4

4O4
4 + B0

6O0
6 + B4

6O4
6,

(1)

where the Oq
k are the Stevens operators [24], μB is the

Bohr magneton, H0 is the applied magnetic field vector,
and (g‖, g⊥) = (1.991, 1.992) are the g factors parallel and
perpendicular to the crystallographic c axis, respectively.

Measurements of the field- and frequency-dependent
reflected microwave power are given in Fig. 2(a). The spin-
resonator system is probed with a long 10-μs pulse at a
5-ms repetition time, to allow spin relaxation before each
pulse. The repetition time is on par with relaxation-time
measurements done at 6 K [25]. A sequence of 320 pulses
is sent and the averaged fast Fourier transform (FFT) of
the reflected signal ring down is recorded. At the sample-
holder level, we estimate the power to be Pin = −64 dBm
[see Fig. 1(a)]. For a fixed field H0, the excitation fre-
quency ω is swept around the cavity resonance and the
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FIG. 1. (a) The coplanar-strip-line resonator with a Gd3+ spin
sample. The inset shows an optical micrograph of the �-shaped
short circuit. (b) The unit cell of the Gd3+-doped CaWO4 crystal;
the O atoms are removed for clarity. A static field H0 is applied at
an angle θ = 81.46◦ relative to the crystallographic c axis. (c),(d)
COMSOL simulations of the δH rms

1 -field distribution (the vacuum
field corresponding to Prms = −124.1 dBm) at (c) the center of
the �-shaped loop versus the distance z from the chip and (d) at
the chip surface z = 0, showing where the δH rms

1 field is mostly
concentrated.

process is repeated from negative to positive H0 values.
A small background signal is recorded away from the
spin-cavity resonance and subtracted from the reflected
power, in order to remove unwanted resonances attributed
to impedance mismatch between the coaxial line and sam-
ple holder. A strong hybridization between the spin and
cavity modes results in the observed avoided crossing at
Hr ≈ ±0.072 kG, where the splitting has the largest value
(146 ± 1 MHz). As described below, we use an exact diag-
onalization and a least-squares algorithm to fit the data
and the simulated spectrum is in good agreement with the
experimental results [see Fig. 2(b)].

Figure 2(c) shows reflected power P11(ω/2π) (in deci-
bel milliwatts) for ωs = ωc, where the two reflection dips
have equal intensity and the largest split (ωs is the spin-
level separation and ωc is the resonator mode). The fit
(orange line) of the reflection scattering coefficient is based
on input-output formalism in the presence of a spin system
[6,26] (P11 ∝ S2

11):

|S11|2 (ω) =
∣
∣
∣
∣
∣
∣

1 + κe

i (ω − ωc)− κc + g2
c

i(ω−ωs)−γs

∣
∣
∣
∣
∣
∣

2

. (2)

The cavity κc/2π = 10.485 MHz and external κe/2π ≈
0.99κc/2π = 10.38 MHz damping rates of the resonator
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(a) (b)

(c)

FIG. 2. (a) The reflected power as a function of the field and
frequency, showing a large splitting of approximately 146 MHz
due to spin-photon strong coupling. The dashed line indicates
the location of maximum separation between dips. (b) The nor-
malized A2,4 and A2,5 values [see Eq. (4)] as the lower and
upper branches, respectively. Simulated resonance frequencies
are shown by yellow stars in (a), in good agreement with the
experiment. (c) The reflected power P11 (black circles) at the
resonance field represented by the dashed line in (a). The solid
orange line corresponds to a fit to the data using Eq. (2).

are determined from the reflected spectrum away from res-
onance and used as fit constants. We obtain an ensemble
spin-resonator coupling strength gc/2π = 73.0 ± 0.6 MHz
and a spin line width (dephasing rate) γs/2π = 8.8 ±
1.5 MHz. The gc value is simply half of the signal splitting
and is an oversimplified view when translated to the Gd
multilevel system. The coupling term between the Gd3+
spin S = 7/2 and the photon mode has to be described
by the Dicke model [20], initially proposed to describe
the superradiance emission of light by an ensemble of N
atoms. We apply it here for spin S = N/2, with N = 7 in
the presence of the CaWO4 crystal field:

H = Hs + ωc

2π
a†a + gc

2π
(

a† + a
) (

S+ + S−)

, (3)

where a† and a are the photon creation and annihilation
operators and the S± are the spin-raising and -lowering
operators, respectively.

Contrary to the Tavis-Cumming model, the inclusion
of the counter-rotating coupling terms is necessary for
spin S = 7/2 in the presence of a crystal field, where the
zero-field splitting energy is comparable to the resonator
transition frequency. As discussed below, the number of
photons in the cavity nc = a†a is much smaller than the
number of excited spins and therefore we can use an exact

diagonalization of H for nc = 0, 1, which is a 2(2S +
1) matrix. The spin-photon eigenvalues and eigenstates
{Ek, |k〉}k=1...16 in the laboratory frame are obtained as a
function of the H0 size and orientation.

In order to reproduce the observed signals, we analyze
the |2〉 → |4〉 and |2〉 → |5〉 transitions, indicated in Fig. 3
with green and orange arrows, respectively. We compute
the absorption spectra, as the ones shown in Fig. 2(b),
using the transition amplitude:

Aif = |〈ψf |a|ψi〉|2e−Ei/(kBT)δ
(

Ef − Ei − �ω
)

, (4)

for which a maximum value implies a photon absorption
and thus a minimum in the |S11|2. The state |ψi〉 = |2〉 is
the first excited pure spin state; |ψf 〉 = |4〉 and |ψf 〉 = |5〉
correspond to the final states for the lower and upper
branch transitions, respectively [Fig. 2(b)]. These states
are shown in Table I and obtained by exact diagonalization
using the Quantum Toolbox (QuTiP) in PYTHON [27].

An iterative least-squares comparison between the
experimental spectra [Fig. 2(a)] and the calculated tran-
sition frequencies [Fig. 2(b)] leads to crystal-field param-
eters Bq

k , a cavity resonance frequency ωc/2π , a relative
orientation θ of the static field relative to the c axis, and
a spin-cavity coupling strength gc: B0

2 = −945.66, B0
4 =

−1.2435, B4
4 = −25.3, B0

6 = 5.712 × 10−4, and B4
6 =

70.0 × 10−4 (all in megahertz); ωc/2π = 17930.7 MHz,
θ = 81.66◦, and gc/2π = 57.35 MHz. All of the crystal-
field parameters agree with our previous weak-coupling
study [19] to within a 1% difference except for B4

4, which
here is found to be 3.5 times larger.

The six lowest eigenenergies |k〉k=1...6 are shown in
Fig. 3(a) for gc/2π = 0 (dashed gray) and gc/2π =
57.35 MHz (blue). For gc = 0, the states are labeled
|g, nc〉 and |ej , nc〉, with nc = 0, 1 for the ground and the
j th excited spin state, respectively (j = 1, 2, 3). States
| {g, e1} , 0〉 and | {e2, e3} , 0〉 correspond to the 7/2 and
5/2 Kramers doublets, respectively (see Fig. 3(b) left),
split by the transverse field H0. States | {g, e1} , 1〉 cor-
respond to the |Sz| ∼= 7/2 doublet raised by �ωc (see
Fig. 3(b) right). A spin-cavity coupling strength gc/2π =
57.35 MHz leaves |1〉 = |g, 0〉 and |2〉 = |e1, 0〉 untouched
but gives a hybridization between the |e1, 1〉 and |e2, 0〉,
leading to the experimentally observed gap of 146 MHz
between states |4〉 and |5〉 (states |{3, 4, 5}〉 are listed in
Table I). Thus, the exact diagonalization leads to a cooper-
ativity factor C = g2

c/κcγs ≈ 35 rather than approximately
58 obtained from the two-level picture of the S11 fit. We
note that larger factors have been inferred in other RE ions
[15] but no gap is observed.

The observed large difference in the crystal-field B4
4

parameter between the weak- and strong-coupling cases, as
mentioned above, can be explained using the Dicke Hamil-
tonian of Eq. (3). We calculate the change in E1 ∼= Eg,0 at
zero field as a function of B4

4 (see Fig. 3(c), left axis) and
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FIG. 3. (a) The lowest six spin-resonator eigenenergies. For gc = 0 (dark gray) the states are pure spin states: ground |g, 0〉 and
excited | {e1, e2, e3} , 0〉 states for zero photons and |g, 1〉, |e1, 1〉 for one photon in the resonator. For a large coupling gc/2π =
57.35 MHz (blue lines), a hybridization of |e2, 0〉 and |e1, 1〉 is indicated by the green and orange arrows. (b) The energy-ladder
diagram (not to scale). The gc = 0 states are shown by the dashed gray lines for the cases of zero (left) and one (right) photons. The
hybridized states (gc > 0) at resonance are represented by the solid black lines: |2〉 → |4〉 and |2〉 → |5〉 correspond to the experi-
mentally observed resonances. (c) The calculated perturbation of the spin-cavity ground state at zero field due to: (i) the crystal-field
term B4

4, with no photons in the cavity (left axis, black squares) and (ii) a single photon in the cavity seen as (E3 − E1)− ωc/2π as a
function of gc/2π (right axis, blue dots); the two vertical axes have the same range. The two dependencies are similar, which indicates
that the change in B4

4 is due to the presence of a photon field in the cavity.

compare it to the change brought about by the presence
of a single photon in the cavity E3 − E1 as a function of
gc for fixed B4

4 = −25.3 MHz (E3 = Eg,1 only for gc = 0).
For a proper comparison, the photon frequency needs to
be subtracted as well, as shown in Fig. 3(c) (right axis).

The two vertical axes of Fig. 3(c) have the same range:
as B4

4 or gc increases, so does the perturbation of the elec-
tronic ground state, leading to an approximately 130 MHz
shift for the measured values of B4

4 and gc. The similarity
between the two trends indicates that the photon field is so

TABLE I. The eigenstates of the cavity-spin Hamiltonian at the observed resonance field Hr = 72 G. Amplitude coefficients less
than 0.01 have been disregarded for clarity.

|3〉 = Sz = 7/2 Sz = 5/2 Sz = 3/2 Sz = 1/2 Sz = −1/2 Sz = −3/2 Sz − 5/2 Sz = −7/2

n = 0 0.010 −0.629 −0.092 0 0 −0.153 −0.318 0
n = 1 0.669 0.01 0 0 0.036 0 0 0.145

|4〉 = Sz = 7/2 Sz = 5/2 Sz = 3/2 Sz = 1/2 Sz = −1/2 Sz = −3/2 Sz − 5/2 Sz = −7/2

n = 0 0 0.145 0.140 0 0 0.05 0.578 0
n = 1 0.561 0 0 −0.03 0.03 0 0 −0.553

5〉 = Sz = 7/2 Sz = 5/2 Sz = 3/2 Sz = 1/2 Sz = −1/2 Sz = −3/2 Sz = −5/2 Sz = −7/2

n = 0 0 0.605 0.015 0 0 0.141 −0.010 0
n = 1 0.460 0 0 0.033 0.024 0 0 0.631
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strongly coupled to spin that the electrostatic interaction,
intrinsic to the crystal only, is severely perturbed.

III. ESTIMATION OF SINGLE-SPIN COUPLING
STRENGTH

The average single-spin coupling to the resonator is cal-
culated by integrating the coupling to the vacuum field
δH1 over the mode volume for an input power Pn=0 =
�ωcκc/2 = −124.1 dBm. For |ψi,f 〉 = |e1,2, 0〉, the single-
spin coupling strength is g0(r) = γe|〈ψf |δH1(r) · S|ψi〉|,
where γe = 2.8025 MHz/G and δH1(r) is the spatial dis-
tribution of the vacuum fluctuations obtained from the
COMSOL finite-element calculations as shown in Figs. 1(c)
and 1(d). With a static field approximately perpendicu-
lar to the c axis, the leading contribution to g0 comes
from 〈e2, 0|Sx|e1, 0〉 = 0.715, while 〈e2, 0|Sz|e1, 0〉 is only
0.01 (calculated using QuTiP) despite the fact that the z-
field δH1,z contribution is approximately 67% larger than
that for δH1,x (from COMSOL). The spin-ensemble coupling
strength is [19]

gc = γe |〈e2, 0|Sx|e1, 0〉|
√

ρ(0.7)
∫

Vm

d3r
∣
∣δH1,x(r)

∣
∣
2, (5)

where Vm is the mode volume, the spin concentration ρ
is corrected by min(κc/γs, 1) = 1 (spin selectivity as done
by the cavity) and for the 70% abundance of the Gd I = 0
isotopes.

Assuming no gap between the crystal and the chip, the
integration volume Vm is increased around the center of
the � loop and for Vm ≈ 104 μm3 (much less than the
crystal volume) the experimental value of gc is obtained
(for a similar calculation, see also Ref. [19]); this vol-
ume corresponds to Ns = 7.5 × 109 excited spins. There-
fore the spatially averaged single-spin coupling strength
is g0/2π = gc/(2π

√
Ns) ≈ 620 Hz. An upper limit of the

number of intraresonator photons can be estimated from
the input power at the sample-holder level Pin = −64 dBm
as nc = Pin/(�ωcκc) = 3.2 × 106, thus fulfilling the limit
nc  Ns.

IV. PULSED ESR WITH DRESSED STATES

In our experiments, we excite state |2〉 rather than the
ground state |1〉 due to the limited cavity bandwidth and
matching between the resonance frequency and spin states.
Both states are similar in the sense that they are spin
states for nc = 0. We perform pulsed-ESR measurements
to study the dynamics of the |2〉 → |4〉 transition and
explore a potential way of initializing the system in the
|1〉 ground state. The spin-cavity system is initially in ther-
mal equilibrium at T, with spins almost equally distributed
between the |1〉 and |2〉 states (p|2〉/p|1〉 = e−�E/(kBT) =
0.97,�E = 203 MHz). A pulse ω/2π = 17760 MHz ∼=
E4 − E2 [green arrow in Fig. 3(a)] of variable duration τ
and power Pin is sent to the sample and the FFT of the
reflected cavity ring down is analyzed [8,28]. For each

(a) (b)

(c)

FIG. 4. (a) Pulsed-ESR measurements of the reflected cavity ring-down signal as a function of the pulse length and the square root
of the applied drive power. (b) A horizontal cut of the FFT amplitude for a 2-μs pulse and its low-pass FFT average done to remove
unwanted noise: a clear pattern corresponding to the Rabi oscillations of the state admixture is seen. (c) Pulse-length cuts of the relative
FFT amplitude obtained from (a) at large applied powers Pin. The inset shows the inversion-pulse length τinv versus the inverse of the
cavity input drive power 1/

√
Pin.
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power value from Pin = −67 dBm to −47 dBm, τ is varied
from 0.2 to 8 μs. In Fig. 4(a), the reflected signal P11 − Pin
is plotted as a function of τ and

√
Pin. Pin is subtracted

from P11 to show that the initial signal (τ → 0) is the same
for all powers. A clear minimum is observed (blue shad-
ing), while the other oscillatory features are more vague
but present nevertheless.

This aspect is shown better in Fig. 4(b) using the
smoothing (dashed red line) of a horizontal cut at constant
pulse length τ = 2.0 μs, which indicates a clear damped
oscillation of the cavity-spin states. The main minimum
is well developed at high powers, as shown by the verti-
cal cuts in Fig. 3(c). The inset shows the position of the
dip τinv as a function of 1/

√
Pin and gives the required

pulse length to transfer the population of |2〉 to |4〉. In the
simplest case of a driven two-level qubit, it is expected
that the nutation angle increases linearly with

√
Pin giv-

ing an oscillatory decay of the Rabi signal. In a similar
fashion, the inversion time of the Rabi flop will decrease
with increasing field amplitude. In the case of our experi-
ments, the Gd spins are multilevel systems in the presence
of a large and highly anisotropic crystal field (analyzing
the spin dynamics would require solving the time depen-
dence of the full Hamiltonian in the laboratory frame). An
outcome of the observed population inversion suggests the
possibility of an active cooling procedure [29,30]: (i) a τinv
pulse depletes |2〉 and populates |4〉 and (ii) a fast relax-
ation from |4〉 to |1〉 provides the cooling to the ground
state. Such relaxation can be induced by a ω41 pulse reso-
nant with the |4〉 → |1〉 transition or simply by waiting a
certain amount of time. Although ω41 is slightly detuned
from ωc, the pulse can have enough power to stimulate the
|4〉 → |1〉 transition, by adding another microwave source.
Using Eq. (4), we find A24, A41 � A12 ∼= 0 and thus the
relaxation to |1〉 can take place prior to a repopulation of
|2〉. By repeating the pulse sequence, one can in principle
provide a spin initialization in its ground state.

The on-chip pulsed-ESR measurements shown here rep-
resent a first step for the characterization of the spin
dynamics of this multilevel system. Having a well-known
description of the pulse lengths and drive power will
lead to π -pulse dynamical decoupling sequences such as
spin echo [31] and Carr-Purcell-Meiboom-Gill (CPMG)
[32,33] that provide a direct measure of the spin dephasing
time.

V. CONCLUSION

In conclusion, we demonstrate the strong-coupling
regime between the Gd3+ multilevel spin system and an
on-chip superconducting resonator. Using exact diagonal-
ization of the spin-cavity Dicke Hamiltonian, we estimate
the coupling strength of the spin ensemble as gc/2π =
57.35 MHz. Together with the estimated cavity and spin
dephasing rates, this leads to a cooperativity factor C ≈ 35

and an averaged single-spin coupling strength of 620 Hz.
The dynamics of the cavity-spin states are explored using
pulsed-ESR measurements and a population inversion is
observed. Most remarkably, we measure a strong perturba-
tion of the anisotropic crystal-field parameter B4

4 due to the
large coupling between the spins and the resonator.
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