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Hybrid quantum systems 
with high‑T

c
 superconducting 

resonators
Z. Velluire‑Pellat 1, E. Maréchal 1, N. Moulonguet 1, G. Saïz 1, G. C. Ménard 1, S. Kozlov 1, 
F. Couëdo 1,2, P. Amari 1, C. Medous 3,4, J. Paris 5, R. Hostein 5, J. Lesueur 1, C. Feuillet‑Palma 1 & 
N. Bergeal 1*

Superconducting microwave resonators are crucial elements of microwave circuits, offering a 
wide range of potential applications in modern science and technology. While conventional low-
T
c
 superconductors are mainly employed, high-T

c
 cuprates could offer enhanced temperature and 

magnetic field operating ranges. Here, we report the realization of YBa
2
Cu

3
O
7−δ superconducting 

coplanar waveguide resonators, and demonstrate a continuous evolution from a lossy undercoupled 
regime, to a lossless overcoupled regime by adjusting the device geometry, in good agreement 
with circuit model theory. A high-quality factor resonator was then used to perform electron spin 
resonance measurements on a molecular spin ensemble across a temperature range spanning two 
decades. We observe spin-cavity hybridization indicating coherent coupling between the microwave 
field and the spins in a highly cooperative regime. The temperature dependence of the Rabi splitting 
and the spin relaxation time point toward an antiferromagnetic coupling of the spins below 2 K. Our 
findings indicate that high-Tc superconducting resonators hold great promise for the development of 
functional circuits. Additionally, they suggest novel approaches for achieving hybrid quantum systems 
based on high-T

c
 superconductors and for conducting electron spin resonance measurements over a 

wide range of magnetic fields and temperatures.

Resonators are essential building blocks of microwave circuits in which they can perform a wide variety of 
functions, ranging from narrow-band filtering to enhancing the interaction between electromagnetic waves and 
quantum systems. In practice, the performance of a resonator, such as its ability to store energy, is often limited 
by material losses. Using superconducting materials as the conductive part significantly reduces dissipation, 
which in turn leads to a large increase in the internal quality factor of the resonator. This also gives flexibility in 
the design, allowing for both compact lumped-element or distributed form implementations1. In addition, the 
resonance frequency can be tuned by incorporating Josephson junctions and SQUIDs into the resonator act-
ing as temperature or magnetic field tunable inductive elements2,3. Thanks to their versatility, superconducting 
microwave resonators have attracted extensive research interest, with potential applications in fields such as wave 
detection4,5, parametric amplification6,7 and quantum information processing8. In particular, major progress 
has been achieved in the coupling of microwave cavity modes to quantum objects in hybrid systems, including 
superconducting9,10 or spin qubits11,12, paramagnetic spin ensemble in molecules13–16 and crystals17,18, magnons 
in magnetic materials19,20, nanomechanical resonators21,22 and cold atoms23,24.

So far, most resonators have been made with conventional low-Tc  superconducting materials such as Al, 
Nb and NbN through well-established fabrication processes. Their properties have been well characterized and 
reported in several articles1,25. In this context, high-Tc (HTc ) superconducting materials, such as cuprates, offer 
several advantages. Although, they can not compete with their low-Tc counterparts for ultra-high quality fac-
tors due to intrinsic microwave dissipation, they still offer sufficient performance for many applications and can 
operate at higher temperatures and in stronger magnetic fields. In this letter, we report on a detailed study of 
HTc superconducting coplanar waveguide (CPW) resonators made in YBa2Cu3O7−δ thin films. We show that by 
decreasing the capacitive coupling with the external circuit, a continuous transition occurs from an overcoupled 
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regime, in which the quality factor of the resonator is determined by the coupling, to an undercoupled regime 
in which the quality factor is limited by the losses of the superconductor. The experimental results, including 
resonance frequency, quality factor, and insertion loss, are in good agreement with the predictions of circuit 
model theory. Finally, to assess the application potential of such resonators, we conducted electron spin resonance 
(ESR) experiments on a 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH) molecular spin ensemble from 
0.1 to 17 K. We observe an avoided crossing characteristic of spin-cavity hybridization in a highly cooperative 
regime, which reveals a transition to an antiferromagnetic state below 2 K. 

Design and fabrication of the resonators
In this work, we fabricated �/2 coplanar waveguide resonators in 200 nm thick commercial YBa2Cu3O7−δ thin 
films from Ceraco ( Tc ≃ 88 K), grown on a sapphire substrate with a CeO2 buffer layer, and covered with a 20 
nm thick Au protective layer. Unlike discrete element LC resonators, such resonators consist of a finite segment 
of a transmission line having some distributed inductance and capacitance to ground. Resonators were defined 
by Ar ion beam etching through an AZ5214 optical resist patterned by laser lithography. Alternatively, selective 
amorphization of the YBa2Cu3O7−δ layer by high-energy ion implantation could advantageously replace the 
etching step26,27. Finally, additional Ti/Au contact pads were deposited by lift-off before removing the protec-
tive gold layer. The resonators consist of a w= 60 µm wide central conductor, separated from two lateral ground 
planes by a gap s = 30 µm . To avoid crosstalk between resonators having similar resonance frequencies on the 
same chip, the resonator length was varied from 10.9 to 11.5 mm (Fig. 1a and Table 1).

The central conductor input and output are symmetrically coupled to the external circuit through either gaps 
(Fig. 1b) or interdigitated finger (Fig. 1c) capacitors, enabling the exploration of a wide range of coupling. A total 
of eight different types of resonators, labeled R1 to R8, are considered in this work (Fig. 1 and Table 1). Because 
input and output capacitors impose a current node, resonances occur at frequencies fn = ωn

2π  = n c
2l
√
ǫeff

 , where n 
= 1, 2, 3... is the order of the resonance mode, c is the velocity of light in vacuum and ǫeff  ≃ ǫr+1

2  ≃ 5.5 is the rela-
tive effective permittivity ( ǫr is the relative permittivity of sapphire)28. The characteristic impedance of the CPW 
resonator is Z0 ≈ 

√
Ll/Cl  ≈ 52.02 � where Ll ≈ 4.14 × 10−7 H.m−1 and Cl ≈ 1.48 × 10−10 F.m−1 are the resonator 

geometrical inductance and capacitance per unit length, respectively, that can be calculated using conformal 

Figure 1.   YBa2Cu3O7−δ CPW resonators. (a) Optical picture of resonator R4 with microwave probes on the 
contact pads. (b) Picture of a 1 µm gap input capacitor (R4). (c) Picture of a 3+3 fingers gap input capacitor (R2) 
(d) Scheme of the vertical cross-section of the resonators showing the central conductor of width w and the gap 
with the lateral grounds s.

Table 1.   Description of the input–output capacitors type for each of the resonators The values of Cc are 
obtained by finite elements method based electromagnetic simulations.

name coupling + length name coupling + length

R1 6 + 6 fing. C c  = 92 fF l = 11.52 mm R5 gap 10µm C c  = 4.81 fF l = 10.92 mm

R2 3 + 3 fing. C c  = 39 fF l = 11.19 mm R6 gap 30µm C c  = 2.74 fF l = 11.19 mm

R3 1 + 1 fing. C c  = 17 fF l = 11.13 mm R7 gap 60µm C c  = 1.54 fF l = 11.19 mm

R4 gap 1 µm C c  = 9.91 fF l = 10.92 mm R8 gap 100µm C c  = 0.81 fF l = 11.42 mm
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mapping29. The influence of the kinetic inductance can be neglected compared to the geometrical one ( Ll ) at 
temperature much lower than Tc.

Results and discussion
The properties of the CPW resonators were measured using a low vibration cryogen-free microwave probe sta-
tion from MyCryofirm having a base temperature of 4 K. The system is equipped with a long focal length optical 
microscope and piezoelectric motors to position microwave Z-probes [0–50GHz] (FormFactor) on the sample 
of interest with a precision of 5 µ m (Fig. 1a). In this experiment, the probes were connected to a 20 GHz Vector 
Network Analyzer (ZNB Rohde &Schwartz) through a set of cryogenic and room temperature coaxial cables. 
Prior to the measurements, a full two-port calibration of the microwave set-up was performed using a cryogenic 
calibration kit located next to the sample. Such a procedure is necessary to determine the scattering matrix 
parameters Sij of the resonators. In all our measurements, the power applied to the resonators was kept suffi-
ciently low to avoid any non-linear effect30, with the exception of the high power measurement reported in Fig. 6.

Figure 2a shows the magnitude of the transmission in dB for the resonator R3 measured on the full frequency 
range [0.1–20 GHz]. Three resonance peaks are visible, corresponding to the fundamental mode n =1 and the 
two first harmonic modes n = 2 and n = 3, respectively. To analyze these data, we first consider the scheme shown 
in Fig. 2c where the resonator is represented by a transmission line segment of length l coupled to the external 
circuit through a capacitance Cc on both sides. Each section is modeled by a transmission (ABCD) matrix that 
relates the voltages and currents at their two ports. ABCD coefficients for standard circuit elements can be found 
in microwave engineering textbooks28. The total matrix of the three cascaded networks in series is obtained by 
a simple product:

where γ = α + iβ is the transmission line complex wave propagation coefficient ( α is the attenuation constant 
and β=ωǫeff

c  is the wave number). Finally, the scattering transmission coefficient S21 of the resonator is expressed 
as a function of the abcd parameters28

where RL is the real part of the load impedance. The experimental transmission spectrum in Fig. 2a can be fitted 
with Eqs. (1) and (2) leading to Cc = 22 fF, α = 1.5 ×10−2 m −1 and ǫeff  = 5.5. The latter corresponds to ǫr ≃ 10 for 
the sapphire substrate. A very good agreement is obtained throughout the entire frequency range, which validates 
both the fabrication process and the model in Fig. 2c. However, while the matrix approach provides a powerful 
tool to analyze the broadband properties of the resonators, a more practical description based on an equivalent 
circuit model is particularly useful to gain a more informed understanding of the system. For frequencies close 

(1)
(
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C D

)

=
(

1 1
iCcω
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2
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Figure 2.   Comparison between the broadband ABCD matrix approach and the Lorentzian approximation. (a) 
Magnitude of S21 measured at T = 8 K on resonator R3 showing three resonances at frequencies f1 ≃ 5.61 GHz, 
f2 ≃ 11.18 GHz and f3 ≃ 16.68 GHz. Data are fitted using the matrix model (Eq. (2)). (b) Same experimental 
data than in panel a showing Lorentzian fits for each resonance (Eq. 4), giving quality factors QL = 416 for 
f1 , QL = 257 for f2 and QL = 230 for f3 . (c) Equivalent electrical circuit used to compute the transmission S21 
with the ABCD matrices model. It includes input-output coupling capacitances Cc and a �/2 segment of CPW 
transmission line of impedance Z0 and wave propagation coefficient γ . Each element in the red dashed line 
boxes is described by a single matrix (Eq. 1). RL = 50� denotes the impedance of the VNA. In this model, we 
neglect the capacitance to ground at the input and output of the resonator. (d) Equivalent RLC electrical circuit 
in the Lorentzian approximation.
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to the resonance frequency fn , the impedance of the CPW resonator can be approximated by that of a lumped-
elements parallel RLC circuit (Fig. 2d)28.

where C = CLl/2 , L = 2LLl/π
2 , ωn = n/

√
LC and R = Z0/(αl) . The circuit internal quality factor Qint = ωnRC 

is controlled by the dissipation processes taking place in the resonator, represented by the loss parameter α . The 
transmission coefficient of the resonators can then be written as

where QL = 
(

1
Qint

+ 1
Qc

)−1
 is the loaded quality factor of the resonator, expressed as a parallel combination of 

Qint and Qc , and q = Qint/Qc is the ratio of the two. The square modulus of the transmission coefficient, |S21(ω)|2 , 
takes then a standard Lorentzian form. The coupling quality factor Qc = ωnR

∗C/2 quantifies the rate at which 
the energy stored in the resonator escapes into the external circuit. We have introduced R∗ = 1+ω2

nC
2
c R

2
L

ω2
nC

2
c RL

 , which 
plays the role of a frequency-dependent effective resistance in the expression of Qc

25. Similarly, we also define an 
effective capacitance C∗ = Cc

1+ω2
nC

2
c R

2
L
 . R∗ and C∗ can be considered as the resistance and capacitance of a parallel 

circuit equivalent to the circuit consisting of Cc in series with RL (Fig. 2d). Large coupling capacitances slightly 
decrease the resonance frequency ωn = n√

L(C+2C∗)
 . At resonance, the insertion loss, IL, is given by

The q coefficient sets the coupling type: for q ≫ 1 , the resonator is in the overcoupled regime with QL ≈ Qc , and 
for q ≪ 1 , the resonator is in the undercoupled regime with QL ≈ Qint . Fig. 2b shows an example of Lorentzian 
fits performed on the first three resonance modes. The agreement with experimental data is very good close to 
the resonance frequencies fn.

We now focus on the analysis of the fundamental mode within the Lorentzian approximation. Figure 3 shows 
the transmission measurements of all resonators close to f1 = ω1/2π , from the highest to the lowest value of the 
coupling capacitance. Curves are fitted by a Lorentzian function (Eq. 4) of full width at half maximum δf  centered 
on f1 , providing the values of QL and q. A very good agreement is observed between the data and the model with 
the exception of resonator R1, which has a too large bandwidth to really satisfy the Lorentzian approximation. 
A continuous evolution of the quality factor and insertion loss is observed covering the two different coupling 
regimes (Fig. 4). In the overcoupled regime ( q ≫ 1 ), QL ≃ Qc ≃ C/(2ω0RLC

2
c ) is entirely determined by Cc (green 

(3)ZRLC ≃
R

1+ 2iRC(ω − ωn)
,

(4)S21(ω) ≃
q

q+1

1+ 2iQL

(

ω
ωn

− 1
) ,

(5)IL(dB) = −10 log |S21(ω = ωn)|2 = −20 log

(

q

q+ 1

)

Figure 3.   Resonances of the fundamental mode. The figures show the magnitude of S21 in dB as a function of 
frequency at the resonance of the fundamental mode for the eight different resonators at T = 8 K fitted by Eq. 
(4). The quality factor increases when the coupling capacitance is decreased from left to right.
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dashed line in Fig. 4a) and the resonator has a perfect transmission (IL ≃ 0, Fig. 4b). In the undercoupled regime 
( q ≪ 1 ) the resonator is isolated from the external circuit and its quality factor is dominated by the internal losses, 
QL ≃ Qint . This translates into a strong increase of the insertion loss, IL ≃ -20log(q) . In both regimes, the evolution 
of QL with Cc is well described within the Lorentzian approximation framework. The overall dependence of our 
YBa2Cu3O7−δ resonators on the coupling is similar to that observed on conventional low-Tc superconducting 
resonator25 but with reduced internal quality factors. Another way to examine the resonance curves is to plot 
S21 in the complex plane as a function of frequency as presented in Fig. 5. In the Lorentzian approximation, the 
corresponding plot can be fitted by a circle (red dashed lines), whose diameter is defined by the ratio QL/Qc . 
While this diameter is close to one in the overcoupled regime (R1, R2, R3 and R4), it strongly decreases in the 
overcoupled one (R6, R7 and R8) as the losses ( Qint ) start to dominate QL . The position of the circle center with 
respect to the imaginary axis shifts from Im(S21) < 0 for large value of the coupling capacitors Cc towards Im(S21) 
= 0 for very small capacitors, which corresponds to the expected limit for the pure Lorentzian form.

The properties of resonator R8 were further studied as a function of temperature and microwave power. 
Figure 6a shows the temperature dependence of its fundamental resonance frequency f1 = 1

2π
√
LC

 , where C and 
L are the effective capacitance and inductance introduced in the Lorentzian approximation (Eq. 3). While the 
kinetic inductance played a negligible role in the low-temperature range discussed earlier, it must be taken into 
account for analyzing the complete temperature dependence. The total inductance L is therefore the sum of the 
geometric inductance LG = 2LLl/π

2 and the kinetic inductance of the superconductor Lk(T) that varies with 
temperature. At low temperatures, L is predominantly determined by LG , leading to the saturation of f1 below 
15 K. However, at the critical temperature Tc , Lk diverges, resulting in a pronounced shift of f1 towards lower 

Figure 4.   Evolution of quality factors and insertion loss with the coupling. (a) Quality factors QL , Qint and Qc 
of the resonators measured as a function of the coupling capacitances Cc at T = 8 K. The blue line is a fit to the 
Lorentzian model. The green and red dashed lines correspond to the limiting cases Qc ≃ C/(2ω0RLC

2
c ) and 

Qint = π
2αl respectively. The critical coupling q = 1 separating the undercoupled (UD) and the overcoupled (OC) 

regimes is reached for Cc ≃ 4 fF. (b) Insertion loss as a function the coupling capacitance fitted by the Lorentzian 
model.

Figure 5.   Resonance Circles. Resonant curves of the fundamental mode for the eight resonators showing the 
real part (bottom axis) and imaginary part (left axis) of S21 as a function of frequency (color scale) fitted by a 
circle in the Lorentzian approximation (red dashed line). The diameter of the circles corresponds to the ratio 
QL/Qc . The red dot indicates the center of the circle.
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frequencies. In the Gorter–Casimir two fluid model, the temperature dependent kinetic inductance of a super-
conductor is given by31

where L0 is the zero temperature value of the inductance that dependents on the exact geometry of the super-
conductor and its London penetration length �0 . The best fit yields an exponent a ≃ 2.09, which aligns well with 
values close to 2 typically observed for high-quality high-Tc superconductors.27,32–34.

We now discuss the temperature dependence of the quality factor of resonator R8 shown in Fig. 6b. As seen 
previously, this resonator is deeply in the undercoupled regime for which QL ≈ Qint . In planar resonators, dif-
ferent mechanisms can contribute to the losses, which in turn, set the value of the internal quality factor. These 
include losses in the conducting material, dielectric losses, two-level systems in the substrate, and radiation 
losses. However, in resonators fabricated using high-Tc superconducting materials, conductor losses represent 
the dominant contribution to the overall losses in the system. As depicted in Fig. 6b, the quality factor rises when 
the temperature is decreased below T c . This improvement can be attributed to the reduction in the number of 
quasiparticles in YBa2Cu3O7−δ as the superconducting gap becomes larger. At temperatures below 40 K, the 
quality factor reaches a saturation point, mainly due to residual losses. Additional measurements in a dilution 
refrigerator show that the value of the quality factor remains constant down to 100 mK (Supplementary Fig. 2). 
In high-Tc superconducting thin films, residual losses are commonly attributed to weak-links caused by grain 
boundaries. Additionally, vortices can also contribute to residual losses as confirmed by the variation of the 
quality factor in the presence of an external magnetic field (see Supplementary Information)35. In this work, 
we obtained a maximum quality factor Qint ≃ 9100 for resonator R8 corresponding to an attenuation constant 
α ≃ 1.5 ×10−2 m −1 . The microwave losses in thin films are often described in terms of surface resistance which 
can be estimated from the value of α34. Assuming a typical value of the London penetration depth �0 ≃ 180 nm, 
we obtain a surface resistance Rs ≈ 40 µ� at T = 8 K, which is in good agreement with values reported in the 
literature for resonators in the same frequency range35,36. The value of α , extracted from the resonance of the 
harmonic modes at higher frequencies, indicates that conductor losses tend to increase linearly with frequency 
(Supplementary Fig. 3).

The presence of grain boundaries and vortices in the YBa2Cu3O7−δ thin films is a natural source of non-
linearity at high microwave power. Figure 6c illustrates the evolution of the resonance curves of resonator R8 
when subjected to high microwave power at its input. Beyond P = −15 dBm, the resonance starts to exhibit skew-
ing, a characteristic feature of nonlinear oscillators. Additionally, f1 decreases, and the bandwidth undergoes a 
significant increase. However, as observed in Fig. 6d, which represents the relative variation of the quality factor 
as a function of input power, QL remains constant over a wide power range. It begins to decrease significantly 
only for relatively high powers, around P = −15 dBm, corresponding to a substantial number of photons in the 
cavity, approximately n̄ ≃ 6 × 1011 . The sources of dissipation and non-linearity in high-Tc  superconducting 
resonators are mainly extrinsic and can vary significantly depending on the quality of the films and in particu-
lar the specific growth method. Higher quality factors could be reached by optimizing the resonator geometry 
such as using a thicker YBa2Cu3O7−δ film and a wider central conductor, while maintaining its characteristic 
impedance constant. The impact of vortices can be mitigated by employing YBa2Cu3O7−δ superconducting films 

(6)Lk(T) =
L0

1−
(

T
Tc

)a

Figure 6.   Evolution of resonator R8 with temperature and microwave power. (a) Resonance frequency as a 
function of temperature (open symbols) fitted by the Gorter–Casimir model (Eq. 6). (b) Loaded Quality factor 
as a function of temperature. c) Resonance curves for different microwave powers at the input of the resonator 
(color scale). (c) Relative variation of the quality factor of QL as a function of input power extracted from panel 
c.
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with increased surface roughness, leading to enhanced vortex pinning. Quality factors larger than 250,000 were 
already reported in very large and lower frequency YBa2Cu3O7−δ LC resonators37.

Electron spin resonance
In the following, we examine the potential of our resonators to perform Electron Spin Resonance (ESR) experi-
ments on a spin ensemble. The high-Q resonator R8 was connected to a microwave printed circuit board and 
a 0.25 mg pellet of DPPH powder containing N0 ≈ 3.8 × 1017 spins was deposited at the center of the resonator. 
The DPPH molecule possesses a highly stable free radical whose orbital motion is quenched and behaves like a 
spin 1/2, which is commonly used as a reference marker in ESR spectroscopy. The sample was cooled down in a 
dilution refrigerator equipped with a superconducting magnet producing an in-plane Zeeman magnetic field B. 
The microwave signal was coupled to the resonator through a 45 dB attenuated line and the transmitted signal 
was amplified at the 3 K stage by a low noise cryogenic HEMT amplifier. Two isolators at the 100 mK and 3 K 
stages were included between the sample and the amplifier to limit the back action noise on the device. All the 
experiments were performed with an average number of photons n̄ ≈ 1.3 × 109 in the cavity, which is deduced 
from the input power and quality factor38. The quality factor of the resonator was only marginally affected by 
the magnetic field used in this study (B ≃ 200 mT) and a decrease of only 35% in the quality factor value was 
observed at 6 T (Supplementary Fig. 1), demonstrating that YBa2Cu3O7−δ resonators can operate under large 
magnetic fields in agreement with previous work16.

Figure 7 shows examples of the transmission spectra in color scale as a function of the Zeeman magnetic field 
B at four different temperatures. The spin resonance occurs for �ω1 = gLµBB0

39 corresponding to a magnetic field 
B0 ≃ 197 mT ( gL ≃ 2.0037 is the Landé g-factor of DPPH). In addition to the strong suppression of the transmis-
sion peak, an avoided crossing is observed, revealing a spin-cavity hybridization as expected in the framework 
of the Jaynes–Cummings model which describes the interaction between a quantized electromagnetic field and 
a two-level quantum system40. At the spin resonance, the eigenstates of the system are a balanced superposition 
of mixed spin-photon states of the form |�±� = 1√

2

(

|↑, 0� ± |↓, 1�
)

 . While the magnetic dipole coupling of a 
single spin to the electromagnetic field, gs , is in principle very weak, an ensemble of independent spins generates 
an enhanced effective collective coupling gc . For a small excitation, corresponding to a number of photons in 
the cavity much lower than the number of polarized spins, gc = gs

√
N(T) , where N(T) is the temperature-

dependent number of polarized spins41. In presence of the spin ensemble, the transmission of the resonator 
becomes42
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Figure 7.   ESR experiment on DPPH. (a–d) Magnitude of S21 in color scale as a function of frequency and 
magnetic field measured on resonator R8 in presence of DPPH for four different temperatures. The dashed line 
on each panel corresponds to a fit of the Rabi spliting (Eq. 8). (e) ESR spectrum for two values of the magnetic 
field B measured at T = 3 K. At the spin resonance B0 = 197 mT, two peaks separated by 2gc are visible 
corresponding to the two branches of the Rabi splitting. (f) Quality factor of the resonance as a function of 
magnetic field fitted to Eq. (9). (g) Coupling ( gc ) and spin decay rate ( γ ) as a function of temperature extracted 

from the fitting procedure. The red dashed line is a fit to the expression gc = gs

√

N0 tanh

(

hf1
2kBT

)

 . For T > 2 K, 

the spins are in a paramagnetic (PM) state and for T < 2 K antiferromagnetic (AF) correlations generate an 
increase of γs . (h) Cooperativity (left axis) and Landé g-factor (right axis) and as a function of temperature. The 
dashed line corresponds to gL ≃ 2.0037 which has been used to calibrated our magnetic field at T > 2 K.
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where ωL = gµBB/� is the Larmor frequency and γs is the decay rate of the spin ensemble. Close to the spin 
resonance, |Ss21(ω,ωL)|2 displays two resonance frequencies that correspond to the eigenenergies of the hybrid-
ized states (neglecting the damping γs)

where � = gµB(B− B0)/� is the detuning. At the spin resonance, the two Rabi branches are exactly separated 
by 2 gc (Fig. 7e). For each branch ( ω+ , ω− ) , |Ss21(ω)|2 can be locally approximated by a Lorentzian form with a 
quality factor18

This expression is valid for the range of parameters covered in this work. While for large detunings Qs ≃ ω1
κ

= QL , 
the decrease of Qs when approaching the resonance, is controlled by the spin-photon coupling and the spin decay 
rate ( Qs ≃ γsω1

4g2c
).

At each temperature, the transmission of the resonator as a function of frequency and magnetic field, was 
fitted to Eq. (7), which provides the values of the parameters gc and γs . The frequencies ω± and quality factor Qs 
are then calculated with Eqs. (8) and (9) respectively. In both cases, a good agreement is found with the experi-
mental data, as seen in Fig. 7 (panels a,b,c and d for ω± and panel f for Qs ). The temperature dependence of the 
effective coupling constant extracted from the fitting procedure is shown in Fig. 7g. The coupling gc varies from 
8.6 MHz at T = 17.4 K to 35 MHz at T = 0.1 K. We first focus on temperatures above 2 K corresponding to data 
points on the right region in Fig. 7g. In this range, the temperature dependence of gc(T) is consistent with a 

thermal depolarization of the spin ensemble described by a Boltzmann statistics gc = gs

√

N0 tanh

(

hf1
2kBT

)

 . 

Given the estimated total number of spins N0 ≈ 3.8 × 1017 contained in the DPPH pellet, we deduce a single spin 
coupling constant gs ≃ 0.15 Hz, consistent with the geometry of the resonator and previous studies16. In the same 
temperature range, γs slightly decreases when lowering the temperature, which could be a consequence of 
exchange narrowing at low temperature43. The spin decay rate γs reaches a minimum value of 11 MHz at 2 K 
corresponding to a relaxation time of 90 ns. The coupling efficiency between the cavity and the spin can be evalu-
ated through the dimensionless cooperativity parameter Cop = g2c /(κγs) (Fig. 7h). Throughout the whole tem-
perature range, the system is in a highly cooperative regime ( Cop ≫ 1), indicating coherent transfer of photons 
between the electromagnetic field and the spin ensemble before spin relaxation. The strong coupling regime 
conditions, gc ≫ κ , γs , for which the coupling is faster than the decay rate of both the cavity and the spin ensem-
ble are also partially satisfied.

For T < 2 K, a significant increase of the spin linewidth γs is observed, indicating the appearance of correla-
tions between spins. Likewise, the temperature dependence of the coupling gc starts to deviate from its expected 
trend, indicating that the spins are no longer independent and therefore do not provide the 

√
N(T) enhance-

ment of the collective coupling to the cavity (Fig. 7g). These observations are also reinforced by the drop of the 
Landé g-factor extracted experimentally from the value of the magnetic field at the resonance B0 and the drop 
of the cooperativity below 2 K (Fig. 7h). We ascribe these phenomena to an emerging antiferromagnetic state, 
previously reported in DPPH at a Néel temperature TN ≈ 0.4 K in monocrystals44,45. However, in crystalline 
powder, signatures of the transition have been identified at higher temperatures, up to 2 K, in agreement with 
our observation and possibly related to a stronger exchange interaction44. A similar increase in spin linewidth has 
also been observed recently in van der Waals compounds when approaching an antiferromagnetic transition46. 
Our ESR technic is therefore particularly interesting to probe the spin dynamics in insulating magnetic materials.

Conclusion
In summary, we have fabricated YBa2Cu3O7−δ CPW superconducting resonators and evidenced two different 
operating regimes depending on the geometry : an overcoupled lossless regime, where the quality factor is con-
trolled by the coupling to the external circuit, and an undercoupled dissipative one, where the quality factor is 
limited by the intrinsic losses in the resonator. While a maximum value of QL ≈ 9100 has been demonstrated in 
this geometry, higher values of the quality factor could be reached by optimizing the resonator design. In addi-
tion, we have successfully used a high-Q resonator to perform an ESR experiment on DPPH crystalline powder 
containing N0 ≈ 3.8 × 1017 molecular spins, even though the resonator geometry was not optimized for high spin 
sensitivity. The ESR spectra reveal a spin-cavity hybridization in the strong cooperative regime with a double 
peak structure due to a Rabi splitting. The analysis of the spin-cavity coupling strength, the spin decay rate, and 
the Landé g-factor point toward an antiferromagnetic transition at low temperatures. Our findings demonstrate 
that YBa2Cu3O7−δ resonators hold promising potential for realizing hybrid quantum systems, where quantum 
information could be stored or processed. However, despite achieving the strong coupling regime in our ESR 
experiment, both the spin and photon lifetimes within the cavity fall short for practical quantum memory appli-
cations. To overcome this technological limitation, resonators with a quality factor larger than 50000 are needed, 
which requires further development. In a broader scope, YBa2Cu3O7−δ resonators can be valuable in applications 

(7)Ss21(ω,ωL) ≃
ω1/Qc

ω1/Q + 2i(ω1 − ω)+ 2g2c
i(ωL−ω)+γs

,

(8)ω± = ω1 +
�

2
±

√

�2 + 4g2c
2

,

(9)Qs =
�2 + γ 2

s

2g2c γs + κ(�2 + γ 2
s )

ω1,
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requiring high magnetic fields (up to a few T) and operating at intermediate cryogenic temperatures (below 50 
K). Some of these applications include, but are not limited to, ESR experiments in high magnetic fields and the 
study of excitations in magnetic materials.

Data availability
The data used in this study are available from the corresponding author on reasonable request.

Received: 15 May 2023; Accepted: 27 August 2023

References
	 1.	 Zmuidzinas, J. Superconducting microresonators: Physics and applications. Annu. Rev. Condens. Matter Phys. 3, 169–214 (2012).
	 2.	 Palacios-Laloy, A. et al. Tunnable resonators for quantum circuits. J. Low Temp. Phys. 151, 1034 (2008).
	 3.	 Kennedy, O. W. et al. Tunable Nb superconducting resonator based on a constriction nano-SQUID fabricated with a Ne focused 

ion beam. Phys. Rev. Appl. 11, 014006 (2019).
	 4.	 Day, P. K., LeDuc, H. G., Mazin, B. A., Vayonakis, A. & Zmuidzinas, J. A broadband superconducting detector suitable for use in 

large arrays. Nature 425, 817–821 (2003).
	 5.	 Vardulakis, G., Withington, S., Goldie, D. J. & Glowacka, D. M. Superconducting kinetic inductance detectors for astrophysics. 

Meas. Sci. Technol. 19, 015509 (2008).
	 6.	 Castellanos-Beltran, M. A. & Lehnert, K. W. Widely tunable parametric amplifier based on a superconducting quantum interfer-

ence device array resonator. Appl. Phys. Lett. 91, 083509 (2007).
	 7.	 Bergeal, N. et al. Phase preserving amplification near the quantum limit with a Josephson ring modulator. Nature 465, 64 (2010).
	 8.	 Xiang, Z.-L., Ashhab, S., You, J. Q. & Nori, F. Hybrid quantum circuits: Superconducting circuits interacting with other quantum 

systems. Rev. Mod. Phys. 85, 623 (2013).
	 9.	 Wallraff, A. et al. Strong coupling of a single photon to a superconducting qubit using circuit quantum electrodynamics. Nature 

431, 162 (2004).
	10.	 Hofheinz, M. et al. Generation of Fock states in a superconducting quantum circuit. Nature 454, 310 (2008).
	11.	 Samkharadze, N. et al. Strong spin-photon coupling in silicon. Science 359, 1123–1127 (2018).
	12.	 Mi, X. et al. A coherent spin-photon interface in silicon. Nature 555, 599 (2018).
	13.	 Collauto, A. et al. A slow relaxing species for molecular spin devices: EPR characterization of static and dynamic magnetic proper-

ties of a nitronyl nitroxide radical. J. Mater. Chem. 22, 22272 (2012).
	14.	 Abe, E., Wu, H., Ardavan, A. & Morton, J. J. L. Electron spin ensemble strongly coupled to a three-dimensional microwave cavity. 

Appl. Phys. Lett. 98, 251108 (2011).
	15.	 Ghirri, A. et al. Coherently coupling distinct spin ensembles through a high-Tc superconducting resonator. Phys. Rev. A 93, 063855 

(2016).
	16.	 Ghirri, A. et al. YBa2Cu3O7 microwave resonators for strong collective coupling with spin ensembles. Appl. Phys. Lett. 106, 184101 

(2015).
	17.	 Kubo, Y. et al. Strong coupling of a spin ensemble to a superconducting resonator. Phys. Rev. Lett. 105, 140502 (2010).
	18.	 Schuster, D. I. et al. High-cooperativity coupling of electron-spin ensembles to superconducting cavities. Phys. Rev. Lett. 105, 

140501 (2010).
	19.	 Hou, J. T. & Liu, L. Strong coupling between microwave photons and nanomagnet magnons. Phys. Rev. Lett. 123, 107702 (2019).
	20.	 Tabuchi, Y. et al. Hybridizing ferromagnetic magnons and microwave photons in the quantum limit. Phys. Rev. Lett. 113, 083603 

(2014).
	21.	 Regal, C. A., Teufel, J. D. & Lehnert, K. W. Measuring nanomechanical motion with a microwave cavity interferometer. Nat. Phys. 

4, 555–560 (2008).
	22.	 Pirkkalainen, J.-M. et al. Hybrid circuit cavity quantum electrodynamics with a micromechanical resonator. Nature 494, 211–215 

(2013).
	23.	 Amico, L. et al. Colloquium: Atomtronic circuits: From many-body physics to quantum technologies. Rev. Mod. Phys. 94, 041001 

(2022).
	24.	 Hattermann, H. et al. Coupling ultracold atoms to a superconducting coplanar waveguide resonator. Nat. Commun. 8, 2254 (2017).
	25.	 Göoppl, M. et al. Coplanar waveguide resonators for circuit quantum electrodynamics. J. Appl. Phys. 104, 113904 (2008).
	26.	 Malnou, M. et al. High-Tc superconducting Josephson mixers for terahertz heterodyne detection. J. Appl. Phys. 116, 074505 (2014).
	27.	 Amari, P. et al. High-temperature superconducting nanomeanders made by ion irradiation. Supercond. Sci. Technol. 31, 015019 

(2018).
	28.	 Pozar, D. M. Microwave Engineering Addison-Wesley (Reading, MA, 1993).
	29.	 Watanabe, K., Yoshida, K., Aoki, T. & Kohjiro, S. Kinetic inductance of superconducting coplanar waveguides. Jpn. J. Appl. Phys. 

33, 5708 (1994).
	30.	 Abdo, B., Sergev, E., Shtempluck, O. & Buks, E. Nonlinear dynamics in the resonance line shape of NbN superconducting resona-

tors. Phys. Rev. B 73, 134513 (2006).
	31.	 Tinkham, M. in Introduction to Superconductivity, McGraw-Hill, Inc, 2nd Ed., (1996).
	32.	 Rauch, W. et al. Microwave properties of YBa2Cu3O7−x thin films studied with coplanar transmission line resonators. J. Appl. 

Phys. 73, 1866–1872 (1993).
	33.	 Wolf, T. et al. YBCO josephson junctions and striplines for RSFQ circuits made by ion irradiation. IEEE Trans. Appl. Supercond. 

23, 1101205 (2013).
	34.	 Vendik, O. G., Vendik, I. B. & Kaparkov, D. I. Empirical model of the microwave properties of high-temperature superconductors. 

IEEE Trans. Microw. Theory Tech. 46, 5 (1998).
	35.	 Ghigo, G. et al. Microwave dissipation in YBCO coplanar resonators with uniform and non-uniform columnar defect distribution. 

Supercond. Sci. Technol. 17, 977 (2004).
	36.	 Arzeo, M., Lombardi, F. & Bauch, T. Microwave losses in YBCO coplanar waveguide resonators at low power and millikelvin range. 

IEEE Trans. Appl. Supercond. 3, 25 (2015).
	37.	 Mage, J.-C., Marcilhac, B., Poulain, M., Y. Lemaître, Kermorvant, J. & Lesage, J. Low noise oscillator based on 2D superconducting 

resonator. Proc. of the EFTF & IEEE-IFCS Joint Conference (2011).
	38.	 Sage, J. M., Bolkhovsky, V., Oliver, W. D., Turek, B. & Welander, P. B. Study of loss in superconducting coplanar waveguide resona-

tors. J. Appl. Phys. 109, 063915 (2011).
	39.	 Al’tshuler, S. A. & Kozyrev, B. M. Electron Paramagnetic Resonance (Academic Press Inc, 1964).
	40.	 Jaynes, E. T. & Cummings, F. W. Comparison of quantum and semiclassical radiation theories with application to the beam maser. 

Proc. IEEE 51, 89–109 (1963).
	41.	 Dicke, R. H. Coherence in spontaneous radiation processes. Phys. Rev. 93, 99 (1954).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:14366  | https://doi.org/10.1038/s41598-023-41472-z

www.nature.com/scientificreports/

	42.	 Clerk, A. A., Devoret, M. H., Girvin, S. M., Marquardt, F. & Schoelkopf, R. J. Introduction to quantum noise, measurement, and 
amplification. Rev. Mod. Phys. 82, 1155 (2010).

	43.	 Anderson, P. W. & Weiss, P. R. Exchange narrowing in paramagnetic resonance. Rev. Mod. Phys. 25, 269 (1953).
	44.	 Prokhorov, A. M. & Fedorov, V. B. Antiferromagnetism of free radicals. J. Exptl. Theor. Phys. 43, 2105–2109 (1962).
	45.	 Voesch, W., Thiemann, M., Bothner, D., Dressel, M. & Scheffler, M. On-chip ESR measurements of DPPH at mK temperatures. 

Phys. Procedia 75, 503–510 (2015).
	46.	 Senyk, Y. et al. Evolution of the spin dynamics in the van der Waals system M2P2S6 ( M2=Mn2 , MnNi,Ni2 ) series probed by electron 

spin resonance spectroscopy. Phys. Rev. Mat. 7, 014003 (2023).

Acknowledgements
The authors thank L. de’ Medici and G. Lang for fruitful discussions.This work has been supported by the ANR 
PRCE (ARPEJ ANR-21-CE24-0023), ANR JCJC (HECTOR ANR-21-CE47-0002-01), by the Région Ile-de-France 
in the framework of the DIM Nano-K and Sesame programs and by the French RENATECH network (French 
national nanofabrication platform).

Author contributions
Samples were fabricated by Z.V-P., E.M. and C.F-P. Z.V-P. performed the measurements with the help of E. M., G. 
M., G. S. and S. K., under the supervision of C.F-P. and N.B. Z.V-P, N. M. and E. M. performed electromagnetic 
simulations. Z.V-P. carried out the analysis of the data with inputs from all the authors. Z.V-P. and N. B. wrote 
the manuscript with inputs from E. M. and C.F.-P.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​41472-z.

Correspondence and requests for materials should be addressed to N.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023, corrected publication 2023

https://doi.org/10.1038/s41598-023-41472-z
https://doi.org/10.1038/s41598-023-41472-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hybrid quantum systems with high-T superconducting resonators
	Design and fabrication of the resonators
	Results and discussion
	Electron spin resonance
	Conclusion
	References
	Acknowledgements


