Multiple coupling of distinct spin ensembles with a high Tc superconducting resonator
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The problem of coupling distinct ensembles of two level systems through photons in a quantum
box is revisited by using organic radicals (spin 1/2) and a high Tc superconducting coplanar resonator with which an exceptionally strong coupling is obtained. Up to three spin ensembles are
simultaneously coupled and are made physically distinguishable by chemically varying the g factors
and by exploiting the inhomogeneities of the applied magnetic field. The observed multiple anticrossing, along with the simulations performed within the input-output formalism, demonstrate the
coherent coupling.
PACS numbers: 33.90.+h, 75.50.Xx, 76.30Rn, 03.67.-a, 07.57.Pt

Controlling light-matter interaction at the quantum
level is a central problem in modern physics and technology. The paradigmatic system for such investigation is represented by a two-level quantum emitter coupled to a spatially confined mode of the electromagnetic
field [1]. Here, the experimental benchmark of a coherent light-matter interaction is the creation of hybridized
light-matter modes, which can be observed if the cou-

FIG. 1: (a) Measured transmission spectral map (T = 2 K)
with a PyBTM ensemble positioned at the center. The left
inset shows the molecular structure of the PyBTM molecule
(Colors: C, black; Cl, magenta; N, green; H, blue). The right
inset shows the representation of the YBCO coplanar resonator loaded with the PyBTM ensemble. (b) Temperature
dependence of the collective coupling rate g1 /2π of different
PyBTM ensembles (symbols). Solid lines show the measured
temperature dependence of the polarization factor p(T ), for
the same spin ensembles. The temperature dependences of
the spin (γ1 ) and cavity (κ) decay rates are shown for comparison.
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pling between the field and the emitter is larger than
the ones between system and environment. This strongcoupling regime has been achieved by employing a variety
of quantum emitters, ranging from Rydberg atoms to superconducting qubits, all characterized by large electricdipole transition amplitudes [2]. Spin-photon interaction
is much weaker, but can be significantly enhanced by
exploiting cooperative
phenomena in N -spin ensembles,
√
leading to a N enhancement of the spin-photon coupling constant [3, 4]. In this way, the strong coupling
regime has been demonstrated with different spin systems in high quality factor microwave resonators [5–8].
Along the same lines, experimental evidence of the coherent coupling of 3D-cavity photons and magnons in ferroand ferri-magnetic crystals has been provided [9–11].
In the last years, molecular spin systems have revealed
interesting potentialities for quantum-information processing [12], such as a wide tunability of the physical
parameters and decoherence times exceeding 103 the gating times at liquid nitrogen temperature [13–16]. Organic radicals provide possibly the simplest spin systems,
consisting of single unpaired electrons with isotropic gfactors. In addition, the presence of intermolecular exchange interactions in non-diluted ensembles gives rise
to the exchange narrowing effect, which averages out
the intermolecular dipolar and hyperfine interactions and
typically give rise to magnetic dipolar transitions with
Lorentzian line shape and reduced line width [17]. Spin
ensembles of organic radicals can thus combine narrow
magnetic transitions and high spin densities. For this reason, they are particularly suitable for reaching the strong
coupling regime in a microwave cavity [18–20], while their
versatility inspires the implementation of quantum gates
[21].
Here we exploit these features of molecular spin systems in order to demonstrate the coherent coupling between distinguishable spin ensembles. By using (3,5dichloro-4-pyridyl)bis(2,4,6-trichlorophenyl)methyl radi-
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cals (PyBTM) [22], we first show that the strong-coupling
regime is largely fulfilled in a broad temperature range,
with values of the cooperativity reaching 4300 at 2 K.
Due to this large cooperativity, we can provide an experimental evidence of the coherent coupling between up
to three remote spin ensembles mediated by the cavity
mode of a high Tc YBCO/sapphire coplanar resonator.
This can represent a resource for the implementation
of hybrid architectures and of quantum-information approaches based on the use of multiple spin-excitation
modes.
Our experiment consists in measuring the transmission
spectrum of a coplanar resonator in the presence of one
or more ensembles of spin radicals. An external magnetic field, applied in the plane of the superconducting
film along the z axis (Fig. 1), is used to tune the Zeeman
energy of the spins, and thus their detuning with respect
to the energy of the cavity mode. The YBCO resonators
allow us to expand the ranges of temperature, magnetic
field and power, with respect to the Nb cavities, which are
commonly used in circuit-QED experiments. Notably,
the resonance frequency and the quality factor of the
bare YBCO resonator are, at low temperature, weakly
dependent on the external magnetic field [20]. The resonator is installed in a cryo-magnetic set-up [23] and the
transmission scattering parameter (S21 ) is measured by
means of a vector network analyzer. When the sample
is positioned at the center of the resonator, in zero field
the fundamental mode has a frequency ωc /2π ' 7.7 GHz
and a quality factor Q ' 2.3 × 104 , which correspond to
a cavity decay rate κ/2π = ωc /2πQ ' 0.3 MHz. Typical incident power in our experiments is -13 dBm, corresponding to an average number of photons in the cavity
of approximately 1012 − 1014 .
To grasp the essential Physics, we consider a system
formed by M ensembles of s = 1/2 spins, coupled to
a single mode of the cavity. Within the rotating-wave
approximation, this is described by the Tavis-Cummings
Hamiltonian (~ ≡ 1) [4]:
HT C = ωc a† a +

M
X

[ωk Sz,k + ηk (a† Sk,− + aSk,+ )], (1)

k=1

where ωc is the frequency of the cavity mode, ωk the Zeeman splitting of a spin belonging to the k-th spin ensemble, and ηk the coupling between each of such spins and
the cavity mode. In the low-excitation limit (i.e. if the
number of excitations is much smaller than the number
of spins Nk in each spin ensemble), one can introduce the
Holstein-Primakoff transformation [24], where the states
of each spin ensemble are mapped onto those of a bosonic
mode. As a result, the system Hamiltonian becomes:
H = wc a† a +

M
X

[ωk (b†k bk − Sk ) + gk (a† bk + b†k a)], (2)

k=1

√

where gk = ηk 2Sk is the collective coupling between
the spin ensemble and the cavity mode [23]. In order to
simulate the observed spectra, we make use of the standard input-output formalism [25]. The relations between
the input and output modes of the two-sided cavity can
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FIG. 2: Transmission spectroscopy experiments with two
spin ensembles. Schematics of the superconducting resonator
loaded with: (a) two PyBTM samples at the center; (d) one
PyBTM and one DPPH sample at the center; (g) two PyBTM
samples at the boundaries of the central electrode. In the panels (b,e,h) we show the transmission spectral map measured
at 2 K; the panels (c,f,i) contain the comparison between experimental and simulated spectra at the multiple anticrossing
field.

be obtained by combining the two equations that define
the boundary conditions for the cavity with the M + 1
Heisenberg equations for the field and spin-ensemble annihilation operators. The elements of the scattering matrix are given by
√
κ1 κ2
S21=
, (3)
2
PM
gk
1
i(ωc−ω)+2 (κ1+κ2+κint)+ k=1 i(ωk−ω)+γ
/2
k
where κ1 and κ2 represent the cavity photon escape rates
to the two sides of the cavity, while κint accounts for additional cavity-relaxation channels. The relaxation rate
of the k-th spin mode is γk .
We initially considered the simplest case, where a single spin ensemble is positioned at the antinode of the
magnetic field, corresponding to the center of the coplanar resonator (Fig. 1). The spin ensemble is formed
by PyBTM radicals, characterized by a g-factor of 2.003.
The transmission spectrum, measured as a function of the
external magnetic field, displays a well-defined anticrossing [Fig. 1(a)]. The splitting between the two lines at the
resonance field Br ' 0.274 T is about 191 MHz. The lowtemperature transmission spectrum can be simulated by
means of the input-output relation (Eq. 3, with M = 1),
which is used to estimate the physical parameters of the
Hamiltonian H and the relevant relaxation rates. The
best fit between the measured and the computed spectra is obtained for g1 = 95 MHz and γ1 = 7 MHz [23].
The estimated rates of the cavity-photon loss to the
input and output modes are κ1 = κ2 ' 4 kHz. The
cavity-photon lifetime is however limited by the internal
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losses, being κint ' 0.3 MHz, as estimated by fitting the
transmission spectrum far off resonance [23]. Altogether,
these parameters allow us to reproduce the Lorentzian
line shapes of the peaks at resonance. Being the spinphoton coupling g1 larger than all the dissipative rates,
the strong-coupling between the spin ensemble and the
cavity mode is clearly achieved, with values of the cooperativity C = g12 /γ1 κ1 as high as 4300 at 2 K. Notice that
this number is two order of magnitude larger than those
typically reached with spin impurities in crystals [2] and
even larger than those obtained with ferrimagnetic YIG
coupled to coplanar resonator [9].
The transmission spectra are expected to display
a temperature dependence, which can be investigated
thanks to the stability of the YBCO resonator in a wide
temperature range [20]. In particular, we focus on the
temperature dependence of the spin-photon coupling, resulting from the thermal occupation of spin states corresponding to nonmaximal values of the total spin. The results are displayed in Fig. 1(b) for three different ensembles of PyBTM radicals and compared with the square
root of the polarization factor p(T ) = 2M /N ≤ 1 (solid
lines), which are independently derived from the measurement of the average value of the magnetization (M )
[23]. The trends of the two quantities are indeed similar:
g 2 (T )/g 2 (0) ' p(T ). On the other hand, we note that
the dependence of the polarization factor significantly
deviates from what expected for an ensemble of uncoupled spins. This suggests that some interaction among
the spins of the ensemble is indeed present. The temperature dependence of the magnetic susceptibility [23]
confirms this, and additionally shows that such interactions tend to favor states with lower values of the total
spin, with respect to the case of noninteracting spins.
Based on the estimated value of the single-spin coupling
η = 0.6 Hz [20], we can also estimate the number of spins
that form the three spin ensembles, which is of the order of 1017 in all three cases. Finally, the spin decay
rate γ1 monotonically increases with temperature in the
range 2 − 30 K, while the overall photon-decay rate remains below 0.5 MHz. The strong-coupling regime is thus
preserved (at least) up to T = 30 K.
The phenomenology becomes richer when physically
distinguishable spin ensembles are simultaneously coupled to the same cavity mode. Such distinguishability
results from different values of the Zeeman energies, this
in turn can result either from the use of spins with different values of the g-factor, or from possible inhomogeneities in the applied magnetic field. In the following,
we provide examples of both approaches.
As a preliminary study, we consider the case where the
previous ensembles of PyBTM radicals is divided into
two parts, and these are positioned at the center of the
resonator, separated by about 200 µm [Fig. 2(a)]. The
transmission spectrum shows a single anticrossing as a
function of the magnetic field, centered at the resonance
field of PyBTM [Fig. 2(b)]. This behavior confirms that,
if the two ensembles are degenerate (ω1 = ω2 ), one obtains a dark and a bright mode, the latter being characterized by an enhanced spin-photon coupling [27, 28].
The observed spectrum thus coincides with that of a sin-

gle, large spin ensemble. In this case, the transmission
spectrum is well reproduced by the input-output relations, with M = 1, g12 ' 95 MHz, and γ1 = 7 MHz, as for
the spin ensemble prior to the separation.
In order to observe additional features in the transmission spectrum, we replace one of the two PyBTM ensembles with a slightly inequivalent one, formed by DPPH
radicals, without modifying the system geometry. The gfactor of DPPH is 2.0037, slightly different from that of
PyBTM. An additional, faint line now appears between
the two main ones at the avoided level crossing, and the
on-resonance transmission spectrum shows three peaks
[Fig. 2(f)]. The two spin ensembles are no longer degenerate, and this induces a mixing between the bright
and dark modes discussed above. Being this effect absent in the previous case, the removal of the degeneracy
can be attributed, at least partially, to the slight difference in terms of g-factor between the two radicals. The
transmission spectrum can be reproduced by assuming
g1 = 50 MHz and γ1 = 8 MHz for PyBTM, g2 = 37 MHz
and γ2 = 14 MHz for DPPH [23].
An inequivalence between two spin ensembles can also
result from gradients in the applied magnetic field across
the resonator. From the study of the resonance field of
a DPPH reference sample as a function of its z position
on the resonator, we have indeed assessed the presence of
a field gradient of approximately 0.9 T/m directed along
the z axis [23]. In order to exploit this effect, we position
two identical ensembles of PyBTM at the opposite sides
of the resonator, close to the boundaries of the central superconducting electrode [Fig. 2(g)]. The measured transmission spectral map [Fig. 2(h)] qualitatively reproduces
the features shown in the previous case. In this case, however, being the spins that form the two ensembles physically identical, the removal of the degeneracy between
the respective Zeeman energies can only be ascribed to
a magnetic-field gradient. As expected, the coupling to
the resonator mode is weaker than the one observed in
the previously considered geometry, where all the spins
are positioned at the antinode of the magnetic field. The
values of the parameters that result from the fitting procedure are: g1 = 22 MHz and g2 = 29 MHz, and lead to
a good agreement between theory and experiment [23].
Besides, the observed line widths are significantly larger
than in the previous cases, and result in the following
estimate of the spin relaxation rates: γ1 = γ2 = 13 MHz.
This is probably due to the inhomogeneity of static field
in correspondence to the boundaries of the lithographed
electrode.
The possibility to reach the strong coupling even when
the spin ensembles are located at the boundaries of the
central electrode allows us to study the coupling of three
inequivalent spin ensembles with the resonator mode. In
order to observe the peculiar features of a three-spin ensemble system, the difference between the Zeeman energies of any two ensembles must be comparable to the collective spin-photon coupling [23]. Such condition can be
met on one hand by reducing the size of the PyBTM ensembles, and thus the spin-photon coupling, with respect
to the ones considered so far, and, on the other hand,
by tuning the difference in Zeeman energies through a

4

Fig3.png

FIG. 3: Transmission spectroscopy experiments with three spin ensembles. One ensemble is positioned at the center of the
resonator, while the two external ensembles are placed on the edge of the central electrode (upper row) or on the gap between
the central strip and the external box (lower row). In each row we display the experimental results obtained for a given
geometry (a,b) and the corresponding simulations performed through the input-output formalism (b,e). The dashed lines show
the calculated eigenvalues of the system Hamiltonian. Panels (c,f) show the entropic measures Sk , and their sum S calculated
for the hybrid spin-photon modes, as a function of the magnetic field.

suitable positioning of the spin ensembles within the superconducting electrode. In particular, if we position one
spin ensemble at the center of the resonator, and two
ensembles at the edges of the central electrode, the values of the spin-photon couplings and of the detunings
(g1 = 13 MHz, g2 = 20 MHz and g3 = 49 MHz) give rise
to a multiple level crossing [Fig. 3(a,b)]. Here the cavity mode and the three spin modes are all hybridized in
the same range of magnetic field values. If the two lateral spin ensembles are positioned on the gaps between
the central electrode and the the external box, then the
detuning between the spin ensembles, relative to the spinphoton couplings, is increased with respect to the previous case (g1 = 12 MHz, g2 = 18 MHz and g3 = 38 MHz).
As a result, the three spin ensembles give rise to three

nearly independent anticrossings, and their excitations
hybridize with those of the cavity in different regions of
the spectrum [Fig. 3(d,e)].

The transmission spectra obtained for two different geometries seem to present a qualitative difference. In the
former case, the four hybrid spin-photon modes are all
involved in a multiple anticrossing, and four lines are
observable in the same range of values of the magnetic
field. In the latter case, the normal modes give rise to
two sequential anticrossings, each involving three lines at
a time. This characterization of the anticrossings can be
put on a quantitative basis by introducing an entropic
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measure of the coherent mode mixing, such as
S=

M
+1
X
k=1

Sk =

M
+1
X

(µkl )2 log2 (µkl )2 .

(4)

k,l=1

Here, the entropy Sk tells us to which extent the normal
mode ck is distributed amongst the resonator mode a and
the spin modes bk , while S gives the overall degree of mixing that characterizes the normal modes. In the case of
the first geometry in Fig. 3, all the entropies Sk present
a maximum at approximately the same value of the field
[solid colored curves in Fig. 3(c)], where the overall entropy S reaches its own maximum. In the case of the
second geometry, the entropies Sk present two well separated maxima, one for each pair of normal modes [Fig.
3(f)]. At each of the two maxima, one of the modes has a
vanishing small entropy and approximately corresponds
to a non-hybridized spin mode.
In conclusion, we have demonstrated the coherent coupling between physically distinguishable ensembles of organic radicals. The fingerprint of such coupling is represented by the multiple anticrossing between hybridized
spin-photon modes, observed as a function of the applied
field. This observation is allowed by the slight physi-
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