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Radiative cooling of a spin ensemble
B. Albanese1, S. Probst1, V. Ranjan1, C. W. Zollitsch2, M. Pechal3, A. Wallraff
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Physical systems reach thermal equilibrium through energy
exchange with their environment, and for spins in solids
the relevant environment is almost always their host lattice. However, recent studies1 motivated by observations by
Purcell2 have shown how radiative emission into a microwave
cavity can become the dominant relaxation path for spins
if the spin–cavity coupling is sufficiently large (such as for
small-mode-volume cavities). In this regime, the cavity electromagnetic field overrides the lattice as the dominant environment, inviting the prospect of controlling the spin temperature
independently from that of the lattice, by engineering a suitable cavity field. Here, we report on precisely such control over
spin temperature, illustrating a novel and universal method to
increase the electron spin polarization above its thermal equilibrium value (termed hyperpolarization). By switching the
cavity input between resistive loads at different temperatures
we can control the electron spin polarization, cooling it below
the lattice temperature. Our demonstration uses donor spins
in silicon coupled to a superconducting microresonator and
we observe more than a twofold increase in spin polarization.
This approach provides a general route to signal enhancement
in electron spin resonance, or nuclear magnetic resonance
through dynamical nuclear spin polarization3,4.
When a physical system is coupled to several reservoirs at different temperatures, it equilibrates at an intermediate temperature
that depends on the strength with which it is coupled to each bath.
An electron spin in a solid is coupled to two different reservoirs:
phonons in its host lattice and microwave photons in its electromagnetic environment. The strength of this coupling is characterized
by the rate at which the spin, of Larmor frequency ωspin, relaxes by
spontaneously emitting a quantum of energy ℏωspin into each bath.
In usual magnetic resonance experiments5, the spin–lattice relaxation rate Γphon (caused either by inelastic scattering of high-energy
phonons or direct phonon emission and absorption6,7) is many
orders of magnitude larger than the radiative relaxation rate Γphot, so
the spin temperature Tspin is determined by the sample temperature
Tphon, regardless of the temperature Tphot of the microwave photons.
The strength of radiative relaxation can, however, be enhanced
by coupling the spins resonantly to one mode of a microwave
resonator of frequency ω0 = ωspin, as discovered by Purcell2,8,9. The
coupling strength is then given by Γphot = 4g2/κ, where g is the spin–
photon coupling constant and κ is the resonator mode relaxation
rate. Superconducting microresonators can be designed with a small
mode volume, which increases g, while retaining a high quality factor, which reduces κ. This makes it possible to reach the Purcell
regime defined by Γphot ≫ Γphon, as demonstrated in recent experiments1. In this regime, Tspin should thus be equal to Tphot and no longer to Tphon, and electron spin hyperpolarization should be possible
by cooling the microwave field down to a temperature Tphot ≪ Tphon.
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The simplest way to do so is to connect the resonator input to a cold
50 Ω resistor, as shown in Fig. 1a. As long as the coupling rate of the
resonator field κext to this cold reservoir at temperature Tcold is larger
than the coupling rate κint = κ − κext to the hot reservoir consisting of
its internal losses at temperature Tint, the resonator field temperature
is lowered, which in turn cools the spins (Fig. 1a).
To infer Tspin, we use the fact that the amplitude of a spin echo
is proportional to the population difference (N↑ − N↓) ≡ ΔN, where
N↑ and N↓ are the number of spins in the ground and excited states,
respectively. For an ensemble of N = N↑ + N↓ spin-1/2, ΔN = Np(Tspin),
where pðT spin Þ ¼ tanhð_ωspin =2kT spin Þ the temperature-dependent
10
spin polarization
.
I
Another key measurable quantity is the rate Γ1 at which the
spins return to thermal equilibrium. In the Purcell regime, this rate
Γ 1 ¼ ½2
nðT phot Þ þ 1Γ phot is expected to be temperature-dependent
because
the rate of absorption and stimulated emission of microI
wave photons by each spin depends on the average intra-resonator
ðT phot Þ ¼ 1=½e_ω0 =kT phot � 1 (refs. 8,11,12).
thermal photon number n
nðT phot ÞIþ 1 ¼ tanhð_ωspin =2kT phot Þ, we thus
Noting that 1=½2
nðT phot Þ þ 1 in the
expect Γ 1 ðT photI Þ=Γ 1 ð0Þ ¼ pð0Þ=pðT phot Þ ¼ ½2
Purcell regime,
an interesting prediction that we test in this work.
I
This radiative spin cooling scheme requires that across the temperature range between Tcold and Tphon, spins are in the Purcell regime
(Γphot ≫ Γphon) and the resonator is over-coupled (κext ≫ κint). Here,
we use the electron spin of donors in Si, which have a low spin–
lattice relaxation rate Γphon ≈ 10−4–10−3 s−1 below 1 K at 5–10 GHz
(refs. 13,14), coupled to a superconducting microresonator in Nb,
whose internal losses κint are very low in the same temperature interval, to demonstrate radiative spin cooling from Tphon ≈ 0.85 K using a
cold load at Tcold = 20 mK.
The device geometry is depicted in Fig. 1b. The Nb resonator consists of an inter-digitated capacitor shunted by a 2-μm-wide inductive wire. It is patterned on top of a Si substrate in which Bi atoms
have been implanted over a ~1 μm depth. The sample is mounted in
a Cu holder and coupled capacitively to a microwave antenna that
sets the coupling rate κext such that κext ≈ 10κint (see Methods). A d.c.
magnetic field B0 is applied parallel to the sample surface, along the
inductor (z axis), to tune the spin resonance by the Zeeman effect.
The resonator inductance generates a spatially inhomogeneous
microwave magnetic field B1, which results in a spatial dependence
of the spin–resonator coupling constant g shown in Fig. 1b (see
Methods). This leads to a variation of the spin rotation angles and
also relaxation rates Γphot throughout the sample, which are taken
into account in the simulations discussed below.
The donor spin Hamiltonian H = −γeB0Sz + γnB0Iz + AS ⋅ I
describes the Zeeman shift of the S = 1/2 (I = 9/2) electron
(nuclear) spin of the bismuth donor with a gyromagnetic ratio
γe/2π = 28 GHz T−1 (γn/2π = 6.9 MHz T−1) and their hyperfine interaction of strength A/2π = 1.45 GHz (refs. 15,16). In the low-field
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Fig. 1 | Radiative spin cooling principle and energy spectrum of Bi donors
in Si. a, Principle of the experiment. Spins (green) in a crystal (magenta)
are coupled both to a bath of phonons at temperature Tphon with rate Γphon
and to a bath of microwave photons at temperature Tphot with rate Γphot that
determine their equilibrium temperature Tspin. The temperature Tphot is in
turn determined by their coupling with rate κint to the cavity internal losses
at temperature Tint and with rate κext to the load located at the cavity input.
When this load is placed at a low temperature Tcold the intra-cavity field
is radiatively cooled provided κext ≫ κint, and the spins are cooled in turn if
Γphot ≫ Γphon. b, Left: a 50-nm-thick Nb superconducting resonator (red)
of frequency ω0 is fabricated on a Si chip where Bi atoms are implanted.
A static magnetic field B0 is applied parallel to the central inductor wire of
the resonator. Right: device cross-section around the inductor wire (red)
and the donor implantation profile (green curve). Note that part of the
substrate (~500 nm) was etched during resonator fabrication, as shown.
The spin–photon coupling constant g (colour code) is represented in the
Bi-doped region together with the normalized B1 field vector (arrows)
generated by the inductor current. c, Top: solid green lines are calculated
electron spin resonance transitions of the Bi donors. The resonator
frequency, ω0/2π = 7.408 GHz (red line), is resonant with six transitions in
the 0–70 mT range. Bottom: measured spin echo amplitude Ae as a function
of B0 (green line and symbols), showing the expected transitions.

regime, γeB0 ≲ A, the 20 energy eigenstates are hybridized electronuclear spin states, characterized by the eigenvalues F of the total
angular momentum F = I + S and m of its projection along z, Fz.
They can be grouped into an F = 4 ground-state manifold of nine
752

states and an F = 5 excited-state manifold of 11 states, separated
by ~7.38 GHz (see Methods). All Δm = ±1 transitions are allowed
in this regime; the dependence of their frequency on B0 is shown
in Fig. 1c. Corresponding peaks are observed in an echo-detected
field sweep (Fig. 1c), with linewidths ranging from 0.4 to 1.3 mT
(see Methods). Data in the following are obtained either at
B0 = 62.5 mT on the quasi-degenerate jF ¼ 4; m ¼ �1i $ j5; 0i
and j4; 0i $ j5; �1i transitions or at B0 =I9.5 mT on the seemingly
I
quasi-degenerate
j4; 1i $ j5; 0i and j4; 0i $ j5; 1i transitions; each
of them is treated Iin the following asI the transition of an effective
spin-1/2 system (see Methods).
In a first experiment, we measured the spin polarization p and
relaxation time Γ 1
1 as a function of temperature T, in a set-up ensuring that Tphot = TIphon = Tspin = Tint = T (Fig. 2a). As shown in Fig. 2b,
we first apply a π pulse to excite the spins, let them relax during
a varying time Δt, and finally measure a Hahn echo whose integral Ae is proportional to ΔNðΔtÞ ¼ NpðT spin Þð1 � 2e�Γ1 Δt Þ, a pulse
sequence known as inversion
I recovery5. Echo curves are shown in
Δt  Γ 1
Fig. 2b for Δt  Γ 1
and
1
1 , measured at T = 20 mK. The
phase of theIshort-Δt echo Iis inverted with respect to the long-Δt
echo, as expected. The shape of the short-Δt echo is due to the
dependence of the Rabi angle on detuning and is well reproduced by
simulations (Fig. 2b). Figure 2b shows Ae(Δt) at 20 mK. The curve
is well fitted by an exponential decay of time constant Γ �1
1 ¼ 5:9 s
(dashed curve), in excellent agreement with a complete simulation
I
of the experiment that considers Purcell relaxation without any
adjustable parameter (solid blue curve), confirming that the donors
are in the Purcell regime at 20 mK. We measured Ae(Δt) for varying temperatures T; an exponential fit then yields both the relaxation time Γ �1
1 ðTÞ as well as the steady-state spin echo area Ae(T).
Both quantities
I are shown in Fig. 2c, with a scale evidencing their
similar temperature dependence, in quantitative agreement with the
nðTÞ þ 1 dependence. This demonstrates that the Bi
expected 1=½2
I are in the Purcell regime at least up to 1 K.
donor spins
The set-up for radiative spin cooling is presented in Fig. 3a. The
device is now thermally anchored at the still stage of the dilution
refrigerator, so that Tphon = 0.85 K. We use an electromechanical
switch to connect the resonator input, via a superconducting coaxial cable, to a 50 Ω resistor thermalized either also at the still stage
(hot configuration), that is at Tphon, or at the mixing chamber of the
cryostat (cold configuration, Tcold = 20 mK). The field leaking from
or reflected onto the cavity is routed via a circulator (also anchored
at the still temperature) towards the detection chain, where it is first
amplified by a Josephson travelling-wave parametric amplifier17.
Microwave control pulses are sent into the cavity via a 20 dB directional coupler. This ensures that the temperature of the microwave
radiation field incident onto the resonator, and therefore Tphot, is
dominantly determined by the switch setting.
We first estimate the temperature T cold
phot of the intra-cavity field
when the switch is connected to the cold
I load, using a series of noise
measurements described in the Methods, similar to recent work18,19.
We obtain T cold
phot ¼ 500 ± 60 mK, proving that the microwave field
is indeed cooled
radiatively, but that this cooling is only partial,
I
which we attribute to the presence of microwave losses α between
the cold load and the resonator at temperature Tphon (see Methods
and Extended Data Fig. 1).
Hahn echoes are then measured for the two different switch
settings, under otherwise identical conditions (drive pulse amplitude and repetition time). As shown in Fig. 3b, the echo amplitude
more than doubles when the resonator is connected to the cold
load, which demonstrates radiative spin hyperpolarization with
η ≡ pcold/phot = 2.3 ± 0.1. We also measure Γ 1
1 in the two switch con¼ η,I as expected. Contrary to
figurations, and find that Γ 1hot =Γ cold
1
the energy relaxation time,Ithe coherence time T2 is not affected by
the switch settings, as demonstrated in Fig. 3c, which shows Ae(2τ)
for both configurations. The decay is Gaussian in both cases, with
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the experiment. The spin temperature achieved is explained by
α = 0.23 ± 0.03, corresponding to 1.15 ± 0.15 dB loss at 850 mK, a
plausible value for the combined effect of circulator insertion losses,
the directional coupler contribution and possible spurious reflections due to impedance mismatch in the line.
The sensitivity enhancement obtained by radiative spin hyperpolarization does not scale like η as in other hyperpolarization
schemes such as dynamical nuclear spin polarization (DNP), but
pﬃﬃﬃ
only as η, because the optimal waiting time trep between subsequent experimental
sequences, which is of the order Γ 1
I
1 , also scales
as η, as seen above. We demonstrate this by measuring
the mean
I
value and standard deviation of Ae for 500 echo traces as a function of the repetition time trep (Fig. 3d). The highest sensitivity is
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Fig. 2 | Temperature dependence of spin relaxation rate and polarization.
a, Set-up schematic. The spins, the LC resonator to which they are coupled
and the cold load are all thermalized to the same temperature T, measured
with a calibrated sensor. Microwave pulses are sent to the cavity input via a
−20 dB coupler. The reflected signal, with the spin echo, is amplified at 4 K
by a high-electron-mobility-transistor amplifier (HEMT) and demodulated
at room temperature, yielding the time-dependent quadrature I(t).
b, Measured (green dots) and simulated (blue line) echo signals (left) at
short and long Δt, as well as integrated echo Ae (right) as a function of Δt,
both at T = 20 mK and B0 = 62.5 mT. More details on the simulations are
provided in the Methods (Extended Data Fig. 3). The pulse sequence is
shown in the right panel. The red dashed curve is an exponential fit with
1
Γ �1
1 ¼ 5:9 s. c, Measured relaxation time Γ 1 (red dots) and integrated
I
I
echo Ae (green dots) as a function of temperature T, at B0 = 62.5 mT.
The detailed measurement procedure is explained in the Methods. The red
curve is a fit to the Γ �1
1 ðTÞ data between 0.3 K and 1 K using the function
Γ �1
nðTÞ þ 1, withI Γ 1
f =½2
f as adjustable parameter. The green curve is a fit
I 0.3 K and 1 K using the function AfΔN(T), where
toI the Ae(T) data between
ΔN(T) is the expected population difference for the transition considered
and Af is the adjusted parameter. The green curve deviates from the red
below 0.2 K due to the 20 levels of the Bi donor system.

a characteristic time T2 = 600 μs, due to spectral diffusion in the
bath of 29Si nuclear spins15,20. This confirms that the change in echo
amplitude in Fig. 3b is due to enhanced spin polarization, rather
than to a change in T2.
The measured cooling efficiency η = 2.3 corresponds to a spin
temperature T cold
spin ¼ 350 ± 10 mK, which is close to (or even slightly
cold
lower than) the
I field temperature T phot estimated from noise measurements. This proves that spin–lattice
relaxation is not the factor
I
limiting spin cooling, and that the spins thermalize to the temperature of their electromagnetic environment within the accuracy of
Nature Physics | VOL 16 | July 2020 | 751–755 | www.nature.com/naturephysics

 , both in the cold and the hot
obtained for t rep ’ 1:25½Γ cold;hot
1
I 1.6 times larger in the cold than in the hot conload cases. It is
pﬃﬃﬃ
figuration, slightly larger than η ¼ 1:52 because switching to the
cold load also substantially reduces
I the effective noise temperature
of our detection chain (by 7%).
To test how this radiative hyperpolarization functions in the
presence of other relaxation mechanisms, we introduce a relaxation rate ΓIR by applying infrared illumination to the sample
(using a 950 nm light-emitting diode (LED)), known to reduce the
spin relaxation time of donors13. First, we see that the overall spin
relaxation time Γ 1
1 , measured in the hot configuration, is indeed
observed to decrease
I with the LED bias current I (Fig. 4a), and from
this we can determine Γ �1
IR ðIÞ. We then measure the cooling efficiency η(I) (Fig. 4a). At Ilarge LED powers, radiative spin cooling
stops working, as expected (η ≈ 1), because spins relax dominantly
by interaction with the charge carriers in the substrate, whose presence is unaffected by the switch settings. The η(I) dependence
predicted by our model agrees semi-quantitatively with the data.
The ratio of relaxation times Γ 1hot ðIÞ=Γ 1cold ðIÞ also closely follows
the measured η(I), as expected.I
We finally investigate the spin polarization dynamics (Fig. 4b).
For that we replace the electromechanical switch with a superconducting device mounted at 20 mK, able to switch in a few nanoseconds without heating21. At 9.5 mT, the area Ae of a Hahn echo
is measured at delay Δt after the switch configuration is changed,
either from cold to hot or vice versa. The relaxation times in the two
nðT cold;hot Þ þ 1Þ
cases are expected to be the two values of Γ phot ð2
determined by the new thermal photon population
after the switchI
�1
Þ ¼ 3:7 s and
ing. An exponential fit of the two curves gives ðΓ hot
1
cold �1
ðΓ 1 Þ ¼ 6:4 s. The approximate equality of Ithe two measured
Γ 1hot =Γ cold
¼ 1:7 and pcold/phot = 1.5, is again in agreement
ratios,
I
1
with ourI model. The reduced η with respect to the previously presented result is explained by a measured 3 dB insertion loss of the
superconducting switch.
We now come to the limitations and potential real-world applications of our scheme. Cooling the spins while keeping the sample
hot is useful in situations where large cooling powers are needed,
for example in spin-based microwave–optical transduction experiments, which require large optical powers22. One limitation of the
present scheme is that the lowest spin temperature that could possibly be reached (in a lossless set-up) is the temperature Tcold at which
the cold load is thermally anchored. However, one could also imagine cooling the resonator field using parametric processes in a circuit quantum electrodynamics platform, as recently demonstrated
in ref. 23. This would enable cooling of the resonator field and thus
the spins to arbitrarily low temperatures, an appealing perspective
for magnetic resonance. Such an active radiative cooling scheme
could work even in 4He cryostats with a base temperature of 1.5–4 K,
as in standard low-temperature electron paramagnetic resonance
(EPR) spectrometers. Even higher operating temperatures could be
envisioned by using high-Tc superconducting thin films, although
the microwave losses caused by quasiparticles may be an issue24.
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Fig. 3 | Radiative cooling demonstration. a, Simplified equivalent electrical
circuit. The spins and the resonator are thermally anchored at Tphon = 0.85 K.
The resonator input is connected to an electromechanical switch that can
either be connected to a hot (Tphon) or cold (Tcold) 50 Ω load. The output
signal is routed via a circulator towards a Josephson travelling-wave
parametric amplifier (JTWPA) installed at 20 mK. Excitation microwave
pulses are sent via a −20 dB directional coupler. b, Inset: measured spin
echo signal showing a η = 2.3 (cooling efficiency) increase in amplitude
in the cold configuration. Main panel: measurements (open circles) and
exponential fits (solid lines) of the integrated echo area Ae as a function
of waiting time Δt of the inversion recovery pulse sequence shown in
�1
Fig. 2b, yielding Γ �1
1 ¼ 4:0 ± 0:2 s (cold) and Γ 1 ¼ 1:7 ± 0:1 s (hot).
I
I
c, Measurements (open circles) and Gaussian fits (solid lines) of the
integrated echo Ae as a function of waiting time τ in a Hahn echo
sequence (top), yielding T2 = 600 μs in both switch configurations.
d, Measured (open circles) signal-to-noise ratio (SNR), obtained by
dividing the mean value of 500 echo samples by their standard deviation,
as a function of the repetition time trep (see pulse sequence on top), for
pﬃﬃﬃﬃﬃﬃﬃ
σ trep Þ,
both switch configurations. Solid lines are fit with pð1 � e�Γ1 trep Þ=ð
I polarization, yielding
where σ is the mean of all σe and p is the equilibrium
η ¼ Γ 1hot =Γ cold
¼ pcold =phot ¼ 2:1. In all panels, red and blue represent data
1
I models in the hot and cold switch configurations, respectively.
or

Regarding applications to magnetic resonance spectroscopy,
we first note that, to our knowledge, the only other existing electron spin hyperpolarization method is optical illumination, which
requires spin systems with very specific level schemes25–28, in
754
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1 ¼ 6:4 ± 0:3 s from hot to cold
I
(blue) and Γ �1
1 ¼ 3:7 ± 0:3 s from cold to hot (red).
I

contrast to our method, which only makes use of the spin transition.
A broad set of EPR measurements (including field sweeps, g-tensor
measurements, HYSCORE, DEER, ENDOR and so on) could benpﬃﬃﬃ
efit from an increase in sensitivity of at least η, translating into a
measurement time shorter by a factor of η, obtained
by radiative
I
hyperpolarization. Only those EPR studies where the spin–lattice
relaxation rate is itself the object of interest would be excluded from
this approach. Regarding suitable spin species, the key requirement
is for the spins to be in the Purcell regime. At cryogenic temperatures, electron spin–lattice relaxation times Γ 1
phon are typically in
2
the 10−3–103 s range29–31, so that a Purcell Itime Γ 1
phot  10 s,
which has already been demonstrated with a different
resonaI
tor geometry32, would be sufficient for many species. The method
could also be fruitfully applied to the radicals used in DNP as
polarizing agents, and might enable us to obtain large nuclear spin
enhancement factors in less demanding conditions than those usually required4 (lower magnetic field, lower microwave frequency or
higher temperature).
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Methods

Sample processing. The substrate is a Si sample with a natural isotopic abundance
of 4.7% of 29Si nuclear spins. This was implanted with Bi atoms in an energy
range of 500–3,000 keV, resulting in the estimated implantation profile shown
in Fig. 1b. The sample was then annealed at a temperature of 900 °C for 5 min,
under nitrogen flow. Based on ref. 33, we expect an activation yield of 60%.
The total number of dopants was confirmed by standard EPR spectroscopy as
well as conductance measurements. To fabricate the resonator, a 50-nm-thick Nb
film was sputtered and subsequently etched by reactive ion etching. During the Nb
etching step, part of the Si substrate was also etched (measured depth of 500 nm),
which is visible in Fig. 1b.
Resonator parameters. The resonator frequency and external and internal losses
were extracted from the reflection coefficient measurements performed with
a vector network analyser. The data presented in this Letter were collected in
different runs of the experiment. Slight variations of the resonator parameters were
observed from run to run. The frequency ω0 was seen to decrease over time due
to Nb oxidation. The internal loss rate κint was observed to vary slightly from run
to run, as commonly seen for dielectric losses. Variations in the external loss rate
κext from run to run were also observed, indicating a change in capacitive coupling
between the resonator and the antenna that we attribute to slight changes in the
thermal contractions. These changes in κext were observed to affect the precise
value of the Purcell relaxation times consistently with Γphot = 4g2/κ; however, the
cooling factor was found to be quite reproducible over several runs.
We now provide the values measured for each of the runs shown. Internal
losses were always measured with signal power corresponding to an intra-cavity
photon population close to 1. The resonator frequency values reported were
obtained at B0 = 0 mT. For the measurements reported in Figs. 1 and 2 and
Extended Data Figs. 2 and 3, ω0/2π = 7.40785 GHz, κext = 3.4 × 106 s−1 and
κint = 2.8 × 105 s−1. For the measurements reported in Figs. 3 and 4a, the resonator
parameters are ω0/2π = 7.40815 GHz, κext = 4.8 × 106 s−1 and κint = 3.2 × 105 s−1.
The data for Fig. 4b were obtained with the resonator with ω0/2π = 7.41172 GHz,
κext = 3.2 × 106 s−1 and κint = 3.2 × 105 s−1. The noise measurements of Extended
Data Fig. 1 were performed with resonator parameters of ω0/2π = 7.41014 GHz,
κext = 3.8 × 106 s−1 and κint = 3.2 × 105 s−1.
Spin linewidth and cooperativity. The inhomogeneous linewidth of the Bi donor
EPR transitions is visible on the echo-detected field sweep shown in Fig. 1c.
We observe linewidths ranging from 0.4 mT to 1.5 mT, which we attribute to a
combination of two effects. The first is the 0.4 mT Overhauser field caused by the
29
Si nuclear spin bath20. The second source of broadening is the strain exerted by
the differential thermal contraction of the superconducting thin film and the Si
substrate, which was shown to affect A34 and therefore to broaden the Bi donor
linewidth35. The ensemble cooperativity was measured to be ~0.005–0.01 by
determining the additional cavity losses when a Bi donor transition was tuned in
resonance at ω0. The cooperativity being lower than one implies that spins can be
considered as radiating independently from each other1.
Thermalization of a system coupled to N bosonic baths. When a physical system
exchanges energy with an environment consisting of N reservoirs at different
temperatures Tj, the intermediate effective temperature Tsys at which the system
equilibrates depends on the strength Γj with which it is coupled to each bath,
defined as the rate at which the system would spontaneously relax from its first
excited state to its ground state by emitting a quantum of energy into this bath at
zero temperature. For a system coupled to N bosonic reservoirs, Tsys is obtained by
nðT sys Þ ¼

N
X
ðΓ j =ΓÞ
nðT j Þ
j¼1

ð1Þ

0 =kT
� 1 is the occupation number of a bosonic mode at
where nðTÞ ¼ 1=½exp_ωP
I ω0, and Γ ¼ Nj¼1 Γ j the total system–bath coupling. If the system is
frequency

dominantly coupledI to one bath j0 (Γj0 ≫ Γj ≠ j0), the system therefore equilibrates
close to Tj0 regardless of the temperature of the other reservoirs.
Cavity thermal photon population. The resonator mode of frequency ω0
is coupled by internal dissipation of rate κint to a hot thermal bath at Tint, not
necessarily equal to the sample temperature Tphon, and by the external losses
of rate κext, to the thermal radiation in the propagating input mode, whose
temperature Text is determined by the switch state. From equation (1) we get
nðT phot Þ ¼ ðκ int =κÞnðT int Þ þ ðκext =κÞ
nðT ext Þ, where κ = κint + κext. In the same way,
when
the switch is in the cold configuration, the input mode is coupled to the cold
I
bath at Tcold and, as a consequence of losses and impedance mismatches modelled
by the absorption factor α, to the hot bath at Tphon. The thermal occupation of
the input mode at ω0 in the cold state is then an average of the hot and cold bath
nðT cold Þ þ α
nðT phon Þ. In the present
populations expressed as nðT cold
ext Þ ¼ ð1 � αÞ

nðT cold Þ  0. Substituting 
nðT cold
experiment Tcold = 20 mK, therefore
I
ext Þ in the
I
I photons in the
of resonator thermal
expression of nðT phot Þ, the average number
κint
ακ ext
cold
ðT int Þ þ κ 
nðT phon Þ. When in the hot
cold case is found
I to be nðT phot Þ  κ n
nðT hot
nðT phon ÞIand 
nðT int Þ þ ðκext =κÞ
nðT phon Þ.
case, nðT hot
ext Þ ¼ 
phot Þ ¼ ðκ int =κÞ
I
I

Spin effective temperature Tspin and cooling factor η. The spins are
coupled with strength Γphot to the resonator mode populated by thermal
photons, and with strength Γphon to the lattice phonon mode of occupation
number nðT phon Þ. From equation (1), the spin temperature is defined as

nðT spin Þ ¼
nðT phon Þ þ ðΓ phot =ðΓ phon þ Γ phot ÞÞ
nðT phot Þ.
I ðΓ phon =ðΓ phon þ Γ phot ÞÞ
As
I discussed in the main text for the Purcell rate, a spin coupled to
a bosonic mode of temperature Tj with strength Γj relaxes at a rate
Γ 1 ¼ Γ j ð2
nðT j Þ þ 1Þ as a consequence of absorption and emission rate
dependence
on the thermal population of the mode. The relaxation
I
rate of the spins coupled to the effective bath of temperature Tspin is then
Γ 1 ¼ ðΓ phon þΓ phot Þð2
nðT spin Þþ1Þ ¼ Γ phon ð2
nðT phon Þþ1ÞþΓ phot ð2
nðT phot Þþ1Þ,
that
I is, the sum of the spin–photon and spin–lattice relaxation rates, as
expected. On the other hand, the polarization of the spins at temperature
Tspin is p(Tspin) = 1/(2 n(Tspin) + 1) = (Γphon(2 n(Tphon) + 1)/Γ1)p(Tphon) +
(Γphot(2 n(Tphot) + 1)/Γ1)p(Tphot), so equal to the equilibrium polarizations at
the two baths’ temperatures weighted by the corresponding relaxation rates.
The cooling factor, defined as the ratio of the equilibrium polarization in the
two switch states, is therefore still equal to the ratio of total relaxation rates as
Γ phon ð2nðT phon Þþ1ÞþΓ phot ð2
nðT hot
Þþ1Þ
phot

for purely Purcell relaxation, η ¼ Γ

. In this work

nðT phon Þþ1ÞþΓ phot ð2
nðT cold
phon ð2
phot Þþ1Þ

I in agreement with the result of simulations.
we assume Γphon to be negligible,
Under illumination by the infrared LED, a new relaxation process of rate ΓIR(I)
is introduced. Neglecting Γphon, the cooling factor model η(I) used to fit the data
Γ IR ðIÞþΓ phot ð2
nðT hot
Þþ1Þ
phot

in Fig. 4b is then ηðIÞ ¼ Γ

.

nðT cold
IR ðIÞþΓ phot ð2
phot Þþ1Þ

I
Measurement of cavity mode temperature. Measuring the noise power spectral
density S in the output mode yields an estimate of the resonator mode temperature.
S(ω,Tphon) was measured in a 6 MHz bandwidth around ω0 for Tphon ranging
from 840 mK to 1.16 K in both switch configurations. A lower resonator quality
factor in the cold than in the hot configuration, measured at B0 = 0, points to a
hot
reduced temperature of the internal losses T cold
int < T int possibly due to cooling of
the electric dipoles coupled to the resonator.I We therefore consider the general
case of resonator internal losses temperature, Tint ≠ Tphon. In the hot configuration
then, Shot =GðωÞ_ω ¼ ð1 � βðωÞÞnðT phon Þ þ βðωÞnðT hot
int Þ þ 1=2 þ nTWPA ,
where IG(ω) is the known frequency-dependent total gain of the output line,
nTWPA is the noise added by the TWPA and βðωÞ ¼ 4κ int κext =ðκ2 þ 4ðω � ω0 Þ2 Þ
I
is the transmission function. On the other hand,
the expression of S in the cold
case is Scold =GðωÞ_ω ¼ αð1 � βðωÞÞnðT phon Þ þ βðωÞnðT cold
int Þ þ 1=2 þ nTWPA .
A first fit
I of Shot(Tphon) gives nTWPA = 0.75 ± 0.25. By then fitting Shot(ω) for each
cold
value of Tphon we obtain the corresponding T hot
int , while α and T int result from
the fit of Scold(ω). The temperature Tint of theI resonator internalI losses is found
to be ~10% larger (lower) than Tphon values in the hot (cold) configuration. For
all Tphon values we extract α ≃ 0.47 ± 0.1 (note that this value differs from the one
given in the main text because of the slight difference between the estimated
spin temperature and the cavity field temperature estimated from the noise
measurements). The extracted parameters allow us to calculate the cavity thermal
nðT phon Þ þ ðκ int =κÞ
nðT hot
photon population using nðT hot
phot Þ ¼ ðκ ext =κÞ
int Þ and
cold

nðT cold
n
n
Þ
¼
αðκ
=κÞ
ðT
Þ
þ
ðκ
=κÞ
ðT
Þ
in
the
hot
and
cold
configuration,
ext
phon
int
I
phot
int
hot
respectively.
The effective intra-cavity field temperature of T phot ¼ 850 mK
I
and T cold
I
phot ¼ 500 ± 60 mK are then found at Tphon = 840 mK, corresponding
to a predicted
cooling factor of η = 1.65 ± 0.2 for the spins. The measurement
I
of S therefore confirms that the spin cooling efficiency is limited by the
temperature of the intra-cavity mode rather than non-radiative spin
relaxation phenomena.

Bi donors in Si. The spin Hamiltonian of Bi donors in Si includes a Zeeman
effect and an isotropic hyperfine coupling: H/ℏ = B ⋅ (−γeS ⊗ 1 + γn 1 ⊗ I) + AS ⋅ I,
where γe/2π = 27.997 GHz is the electronic gyromagnetic ratio, γn/2π = 6.9 MHz
is the nuclear gyromagnetic ratio and A/h = 1.475 GHz is the hyperfine coupling
constant. For low applied static magnetic field aligned along z (B0γe ≲ A), the
eigenstates of S and I are highly hybridized and the energy eigenbasis is jF; mi,
I
in which F = S + I is the total angular momentum of eigenvalue F and Fz its
projection along B0 with eigenvalue m. An oscillating field along x or y can
therefore excite transitions satisfying ΔFΔm = ±1, whose matrix elements
hF; mjSx jF þ 1; m ± 1i = hF; mjSy jF þ 1; m ± 1i are comparable in magnitude with
I ideal electronic spin 1/2
the
I transition h�1=2jSx j1=2i ¼ 0:5. We note here that in
the −4 < m ≤ 4 manifold the jF; m � 1i I$ jF þ 1; mi and jF; mi $ jF þ 1; m � 1i
I in frequency and the sum of
I their associated
transitions are quasi-degenerate
Sx matrix elements is equal to 0.5. The spectrum consists then of six resolvable
transitions for B0 < 100 mT, as shown in Fig. 1c. At zero field the nine ground
(F = 4) and 11 excited (F = 5) multiplets are separated by a frequency of 7.38 GHz.
For B0 going from 0 to 65 mT, the hyperfine splitting within the two multiplets
Ehyp ¼ EjF;mþ1i � EjF;mi increases from 0 to ~150 MHz.
I
Population difference ΔN(T) for Bi donors. The magnetic resonance signal is
proportional to the population unbalance ΔN = N↑ − N↓, where N↑ (N↓) is the total
number of spins in the excited (ground) state of the spin transition considered. In
the case of Bi donors, where the electron spin transitions j4; mi $ j5; m � 1i and
j4; m � 1i $ j5; mi (for −4 < m ≤ 4) are quasi-degenerate Iin frequency compared
I
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to the resonator linewidth, ΔN(Tspin) is the population unbalance between the two
excited and two ground states: ΔNðT spin Þ ¼ Nðpj4;mi þ pj4;m�1i � pj5;mi � pj5;m�1i Þ,
I
where N is the total number of donors
and pjF;mi ¼ e�EF;m =kT spin =Z is the occupation
P
I spin the partition function. The green
�EF;m =kT
probability of jF; mi, with Z ¼ F;m e
I
line in Fig. 2 shows
ΔN(T) for
the
transition
considered.
I
As long as Tspin > 100 mK and B0 < 70 mT, the thermal energy is much
larger than the energy difference between hyperfine states of both F = 5
and F = 4 manifolds EjF;mi � EjF;m�1i. In that case, one can show that
�_ω0 =kT spin
ΔNðT Þ ’ N 1þe I
tanhð_ω =2kT Þ, which can be approximated
spin

9 1þ11=9e�_ω0 =kT spin

0

spin

I N tanhð_ω =2kT Þ, especially when kT > ℏω , which happens in our case
by
0
spin
spin
0
10
for TIspin > 300 mK. This is visible in Fig. 2c, where the computed ΔN(T) (green
curve) indeed coincides well with the result for a spin-1/2 tanhð_ω0 =2kT spin Þ
(red curve) for Tspin > 300 mK (by proper choice of the scale Ifor Ae).

Temperature dependence of polarization for transitions j4; �1i $ j5; 0i and
I of polarization
j4; 0i $ j5; �1i. We first measure the temperature dependence
atI B0 = 62.5 mT, waiting several hours at each temperature value before measuring
the echo amplitude Ae. The result reported in Extended Data Fig. 2 (red circles)
shows a significant deviation below 200 mK from the calculated ΔN(T) (red line).
Spins are then in a non-thermal state below 200 mK, possibly due to residual
infrared radiation reaching the sample. This is known to cause redistribution of
population in the Bi hyperfine levels36. We repeat then the same measurement by
adding, at each temperature point, a first step during which we set B0 = 9.3 mT for
20 min before setting the field back to 62.5 mT. Four minutes after the field is set
to 62.5 mT, we measure Ae. The result is reported in both Fig. 1c (green dots) and
Extended Data Fig. 2 (black circles) and is in good agreement with the calculated
ΔN(T) for the same transitions and B0 = 9.3 mT. This shows that at lower field the
spins reach thermal equilibrium while the depolarizing phenomenon taking place
at 62.5 mT is not effective. In a third measurement performed at T = 83 mK,
we first set B0 = 9.3 mT for 20 min, then we set B0 = 62.5 mT and immediately after
this we record Ae continuously as a function of time. The result reported in
the inset of Extended Data Fig. 2 shows the spins reaching the equilibrium
non-thermal state in a timescale of hours, orders of magnitude longer than the
4 min waiting time used to detect the thermal equilibrium polarization after a
field sweep from 9.3 mT to 62.5 mT.
Estimate of single spin coupling g. The interaction of the individual Bi
donor spins with the resonator mode of frequency ω0 is described by the
Jaynes–Cummings Hamiltonian H = ℏg(σ+a + σ−a+), where σ+ (σ−) is the spin
raising (lowering) operator, a (a+) is the annihilation (creation) operator for
intra-cavity photons, and g is the spin–photon coupling strength. All the spin echo
measurements in the present work, unless specified, are performed at 62.5 mT
on the j4; �1i $ j5; 0i and j4; 0i $ j5; �1i quasi-degenerate transitions, whose
I
matrix elements
are equal to I0.28 and 0.22, respectively. As a consequence, two
families of spins are probed simultaneously, with different coupling strengths
given by g ¼ γ e hF; mjSy jF þ 1; m � 1ijδB1 j, where δB1 is the magnitude of the
magnetic field
vacuum fluctuations at the spin location generated by the current
I
vacuum fluctuations
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ δi in the resonator
pﬃﬃﬃﬃﬃﬃﬃﬃﬃinductor wire. The value of δi is given
by δi ¼ ω0 _=2Z 0, where Z 0 ¼ L=C ¼ 46 Ω is the characteristic impedance
of the
I LC resonator estimated
I from electromagnetic simulation realized in CST
Microwave Studio. To obtain δB1 in the Si substrate around the inductor, we
perform simulation of the magnetic field generated by δi using COMSOL software.
A non-uniform distribution of the current density in the superconducting Nb wire
is assumed. The so-obtained spatial distribution of the coupling constant g(x,y) for
the j4; 0i $ j5; �1i transition is shown in Fig. 1b. Combining g(x,y) for the two
I
transitions
with the spin implantation profile (Fig. 1b), we extract the coupling
distribution density of the spin ensemble ρ(g) (Extended Data Fig. 3a) that we use
in the spin simulation to reproduce the Hahn echo measurements.
Spin simulation. The simulation of the dynamics of the spin ensemble weakly
coupled to the intra-cavity field consists in numerical solution of the system
semi-classical equation of motion, as described in ref. 37. The system of differential
equations is solved for M values of coupling g and the results are averaged using
ρ(g) as a weighting function. The transverse relaxation time is fixed to the
measured T2, while the longitudinal
relaxation rate is imposed for each g value to
κg 2
be the Purcell rate, Γ 1 ¼ κ2 =4þδ
2 , where δ = ωspin − ω0 is the spin–cavity detuning.
The spin distributionI in frequency is modelled as a square centred at ω0 and 3 MHz
wide. Simulation of Rabi oscillations driven by varying the amplitude of the second
pulse in the Hahn echo sequence is shown in Extended Data Fig. 3b. The average
of signals emitted by spins with different Rabi frequencies results in damped
oscillations that are in qualitative agreement with the experimental data. The pulse
amplitude giving the maximum signal is then chosen as the π-pulse amplitude for
simulation of the inversion recovery sequence.
Pulse sequences. All the Ae data points presented in this work, excepted the
SNR measurement, are obtained using a Hahn echo sequence followed by a
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Carr–Purcell–Meiboom–Gill sequence (CPMG). From 100 to 300 π pulses are
therefore applied after the first echo to record as many additional echoes, which
are then averaged to improve the SNR. The π-pulse length is fixed to 250 ns,
double with respect to the π/2 pulse. The amplitude of the two pulses is always
the same while the phase of the π pulses is 90° shifted. The spectrum presented
in Fig. 1d is measured with a delay τ = 8 μs between the π/2 pulse and the π pulse,
with 10 additional CPMG π pulses separated by 16 μs and a repetition time trep
of 5.8 s. The measurement is averaged 32 times at each B0 field value. The Γ1
measurements of Fig. 2 are realized with τ = 15 μs, 300 CPMG pulses separated
by 2τ and trep = 80 s. At each temperature, the Γ 1
1 measurement is repeated eight
I a function of temperature, shown
times and then averaged. The echo amplitude as
in Fig. 2c, is obtained with τ = 15 μs, trep = 120 s, 300 CPMG pulses separated by 2τ
and no further averaging. For the Γ1 measurement of Fig. 3, τ = 15 μs, trep = 120 s,
100 CPMG pulses are separated by 2τ and no further averaging is used. In the T2
experiment of Fig. 3c, trep = 10 s, 300 CPMG pulses separated by 8 μs are used and
each data point is averaged four times. The pulse sequence of each echo sample
in the SNR experiment of Fig. 3d does not include CPMG and has τ = 15 μs.
Figure 4a shows the results of Γ1 measurements realized with τ = 15 μs, trep = 40 s
and 300 CPMG pulses separated by 2τ. At each LED I, the Γ1 measurement is
repeated four times and then averaged. The cooling and recovery dynamics
of Fig. 4b are instead measured using τ = 19.5 μs, trep = 30 s, 100 CPMG pulses
separated by 2τ and 20 averages of each data point.

Data availability

Source data are available for this paper. All other data that support the plots within
this paper and other findings of this study are available from the corresponding
author upon reasonable request.
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Extended Data Fig. 1 | Noise power spectral density measurement. a, Frequency dependence of the noise power spectral density S measured at
Tphon=840 mK for the hot (red circles) and cold (blue circles) switch configurations. Solid lines are fit (see Methods). The blue dashed line indicates the
expected Scold(ω)for α=0. b, Still temperature Tphon dependence of S measured at ω = ω0 (open circles) and at ω − ω0 = − 2.7 MHz (open triangles) for
both hot (red) and cold (blue) configurations. Solid lines are plot of Shot (red) and Scold (blue) with parameters obtained from the frequency dependence
fits performed at all Tphon, and with nTWPA = 0.75.
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Extended Data Fig. 2 | Temperature dependence of polarization. Equilibrium polarization of transitions ∣4, − 1 > ↔ ∣5, 0 > and ∣4, 0 > ↔ ∣5, − 1 >
measured at B0=62.5 mT (red circles). Several hours are waited at each temperature before recording Ae. Red line is the calculated ΔN(T) for the
considered transition at B0=62.5 mT. A second polarisation measurement of the same transitions (black circles) is reported. In this experiment, for each
temperature value, B0 is first set to 9.3 mT during 20 min, then it is set to 62.5 mT and finally after 4 min Ae is recorded. The black line is the calculated
0
ΔN(T)for the considered transition at B0=9.3 mT. The polarisation p(T)= tanhð_ω
2kT Þ of a spin 1/2 is also shown for comparison (green). Ae as a function of
I to 9.3 mT for 20 min. The same data are represented in the main plot with
time (inset) is measured at T=83 mK and B0=62.5 mT after B0 has been set
the blue arrow.
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Extended Data Fig. 3 | Simulation of Rabi oscillations. a, Distribution of the spin-cavity coupling g obtained from the spatial distribution of δB1. b, Rabi
oscillations measured at B0=62.5 mT and T =850 mK by varying the amplitude of the second pulse in the Hahn echo sequence (blue circles). The pulse
1
amplitude is normalized to the value Pπ 2 corresponding to the maximum in detected signal. The solid green line is the result of the numerical simulation of
a spin ensemble described by ρ(g). I
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