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A fundamental result of quantum mechanics is that the fluctuations of a bosonic field are given by
its temperature 7. An electromagnetic mode with frequency w in the microwave band has a significant
thermal photon occupation at room temperature according to the Bose-Einstein distribution 7 = kg7/hw.
The room-temperature thermal state of a (27 x 3)-GHz mode, for example, is characterized by a mean
photon number 7 ~ 2000 and variance An* ~ 7. This thermal variance sets the measurement noise floor
in applications ranging from wireless communications to positioning, navigation, and timing to mag-
netic resonance imaging. We overcome this barrier in continuously cooling a (2 x 2.87)-GHz cavity
mode by coupling it to an ensemble of optically spin-polarized nitrogen-vacancy (N-V) centers in a
room-temperature diamond. The N-JV spins are pumped into a low entropy state via a green laser and
act as a heat sink to the microwave mode through their collective interaction with microwave photons.
Using a simple detection circuit, we report a peak noise reduction of —2.3 4 0.1 dB and minimum cavity
mode temperature of 150 = 5 K. We also present a linearized model to identify the important features
of the cooling, and demonstrate its validity through magnetically tuned, spectrally resolved measure-
ments. The realization of efficient mode cooling at ambient temperature opens the door to applications
in precision measurement and communication, with the potential to scale towards fundamental quantum

limits.
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I. INTRODUCTION

Traditional methods of thermal noise reduction in the
microwave regime have relied on cooling the entire appa-
ratus [1-4]. A more direct route is to cool the electro-
magnetic modes themselves. This is possible when a sin-
gle mode in a cavity has a very low heat capacity and
long thermalization time compared with the constituent
material. Targeted cooling of a subsystem has long been
employed in atomic gases [5,6], trapped ions [7,8], and
micromechanical oscillators [9,10], but only recently has
the selective cooling of an electromagnetic mode of inter-
est been explored. In Wu et al. [11], the effectively low
temperature of a polarized spin bath of pentacene was
used to remove the thermal energy from a cavity mode
through their mutual coupling, but was limited to pulsed
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operation. A recent demonstration with diamond nitro-
gen vacancy centers showed cooling down to 188 K from
room temperature with 10-ms pulses [12]. In this work,
we extend this to fully continuous microwave cavity mode
cooling and explain its mechanism with an analytic theory.
Our quantum mechanical treatment of this “spin refrigera-
tor” indicates an optimal parameter regime that depends
both on cavity coupling parameters and spin ensemble
inhomogeneity.

We consider the system presented schematically in
Fig. 1. Here a microwave mode is confined within a dielec-
tric resonator, where it couples to the nitrogen-vacancy
(N-V) spin ensemble in a colocated diamond via magnetic
dipole interaction Hiy = —1 . B, where [ is the transi-
tion (magnetic) dipole moment and B is the magnetic field
operator of the cavity mode [13]. The negatively charged
N-V center possesses a triplet ground state with spin tran-
sition my = 0 <> my = £1 at 2w x 2.87 GHz and 290 K.
An external magnetic bias field breaks the degeneracy of
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FIG. 1. Cooling a microwave mode with a diamond N-V
ensemble: a purple diamond inside a dielectric resonator (DR) at
room temperature is pumped with a green laser. The hyperpolar-
ized N-V ground-state spins are coupled to the TE(;5 cavity mode
by shifting them into resonance with magnetic bias coils (not
shown). The resulting reduction in mode temperature is probed
by a coupling loop and spectrum analyzer (SA) via a stub tuner
(ST), circulator (C), and two stage amplifiers (4; and 45).

the m; = £1 N-V ground-state spin levels and tunes one
of the spin transitions near resonance with the microwave
mode. Simultaneously, each N-V center undergoes spin
polarization under off-resonant laser illumination via the
excited orbital state and subsequent intersystem crossing
and relaxation [14]. This process, in competition with
direct spin relaxation, produces a net steady-state polar-
ization, equivalent to a low-temperature N-J spin popu-
lation. The coupling to the microwave resonator transfers
thermal excitations in the cavity mode to the cold spin
bath.

Our experimental approach uses a microwave cavity
consisting of two cylindrical stacked dielectric resonators
inside a conductive (aluminum) cylindrical shell [15]. The
resonator halves are made of high dielectric constant, low-
loss ceramic sandwiched around a silicon carbide (SiC)
substrate supporting the (3 x 3 x 0.9)-mm? CVD-grown
diamond sample with 4 ppm total nitrogen-vacancy center
concentration [16]. The TEy;s mode, chosen for its spatial
uniformity and spectral separation from nearby modes, is
probed with a shorted loop positioned above the resonator.
A high-power 532-nm pump laser, left on throughout the
experiment, continuously polarizes the ground state of the
diamond N-V ensemble spins. Cavity mode cooling due
to the strong coupling to these polarized spins is observed
when the N-V spins are Zeeman shifted into resonance
with the cavity mode by way of an applied magnetic
field. We develop a theoretical analysis to better under-
stand the nature of this cooling and test it against a range

of experimental parameters, both of which are presented
below.

II. MODEL

For a polarized spin ensemble in the weak-excitation
limit, where the mean intracavity photon number z normal-
ized by the number of cavity-coupled N-V centers (V) is
small, n/N ~ 0, we can approximate the spins as harmonic
oscillators [17]. This ‘linearized” approach, also called the
Dicke or Tavis-Cummings model [18], has been widely
used for describing the coupling between spin ensembles
and the cavity mode. Cavity mode cooling in this approxi-
mation can be understood following the quantum Langevin
equation [19-21]. The interaction of a system with a bath
of harmonic oscillators (spins) that has a Lorentzian dis-
tribution of frequencies can be described exactly by an
interaction with a single-spin pseudomode that is itself
damped by coupling to the standard Markovian thermal
bath of oscillators [22,23]. The rate at which this single
pseudomode is damped to the Markovian bath is given by
the frequency spread of the original spin bath. Since the
decoherence rate of the N-V centers and the damping rate
(polarization rate) per N-V center provided by the pump
laser are small compared to the inhomogeneous broaden-
ing, it is the latter that provides the irreversible damping of
the spin system to the cold bath.

We parametrize the system in a linear model following
the prescription above: using the collective interaction rate
between the cavity and the spins, g, the internal loss rate
and the output coupling rate of the cavity mode, respec-
tively denoted by y and « (and through which the cavity
mode is heated by a room-temperature bath), the inho-
mogeneous broadening of the N-J ensemble, r, and the
polarization P = |Py — P;| of the spin bath provided by
the continual laser pumping, where Py (P;) is the popula-
tion of my; = 0 (1) normalized by the total number of N-J
centers in either m; = 0 or my = 1 states. We give the main
results of our linear model here, while the full theoretical
analysis is given in the Supplemental Material [24].

The mean intracavity photon number 7 evaluates to a
weighted sum of the room-temperature photon number
ny = [exp (hw/ksT) — 117! and the effective ‘cold spin
bath” photon number n. = (1/2)[(1 — P)/P]:

i = cos*(0)nr 4 sin®(0)n,. (1)

Here sin’(0) = &r/(k +y + &r) denotes the ‘cooling
ratio” under an effective cooling rate £r. This rate is the
inhomogeneous broadening of the spins reduced by the
dimensionless parameter & = (1 + [r(r + k + y)/4g*]) .
Highly effective cooling is obtained when » >> k + y and
g 2 r. In particular, the theory reveals that it is the inho-
mogeneous broadening of the ensemble, along with the
ensemble coupling g, that primarily governs the rate at
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which heat is extracted from the ensemble. The per-spin
polarization rate I', induced by the laser only determines
the temperature of the spin bath rather than the rate of

extraction of thermal power, and as such, can be much
smaller than » and g.

The electromagnetic mode temperature is obtained
through the noise power spectrum. The reduction in tem-
perature depends on the measured electromagnetic mode
frequency as well as the spin-cavity detuning. The linear
theory gives the cavity output power spectrum as

Np(w) = nr + (n. — nr) |:

where @ = 0 is the cavity frequency and A gives the
cavity-spin detuning. When the spins are resonant, the fre-
quency at which the noise reduction is maximal occurs
at the cavity frequency unless 8g? > 1 + (k + y)?, in
which case the maximum happens for v? = g? — [* +
(k + ¥)?]/8. In the former case the maximum noise reduc-
tion is 2krg*(nr — n.)/[4g> + r(k + ¥)]* and in the lat-
ter it is 64krg®(n. — ny)/[(y + k +r)?(16g* — (y +« —
]

In principle, the ultimate limit for cooling the cavity
mode is the temperature of the spin ensemble, which is
exceedingly low even for modest spin polarizations (e.g.,
340 mK for P = 0.2 and w = 27 x 2.87 GHz). Account-
ing for practical limits on spin-cavity coupling g and cavity
quality factor QO (which determines y), a few Kelvin-mode
temperatures are still achievable. To visualize this, we have
numerically minimized the noise power in Eq. (2) over
a range of g and Q for the case of P = 0.8, r = g, and
cavity mode frequency w = 27w x 2.87 GHz. The linear
model predictions shown in Fig. 2 indicate the potential
for cryogenic-level cooling with about megahertz-scale
coupling and quality factors of a few tens of thousand.

II1. METHODS

A simplified depiction showing the basic features of our
setup is shown in Fig. 1. The diamond is centered inside
a microwave resonator consisting of two dielectric cylin-
drical pucks with a center bore to provide space for the
diamond as well as optical access. The resonator mate-
rial and dimensions are similar to those in Ref. [15] and
resulted in a TEq;5 mode near the diamond N-V zero-field
splitting of w = 27w x 2.87 GHz.

The purple diamond (3 x3 x 0.9 mm?, N—V >
4 ppm) is situated on a 330-pwm-thick, two-inch diame-
ter SiC wafer (4H semi-insulating, MSE Supplies) that
provides a thermally conductive path to a surrounding alu-
minum shield. This shield provides both a heat sink for the
diamond and mode confinement for the microwaves. Pump
light is provided by a diode-pumped solid-state laser pro-
viding up to 10 W of continuous-wave power at 532 nm

krg? :| , 2

(/4 + D)k +y)*/4+ (@ — A1+ g°[r(k +¥)/2 = 20(0 — A)] + g*

(Lighthouse Photonics Sprout-G), and its intensity is con-
trolled with a motorized laser power attenuator (Optogama
LPA). The beam is expanded to a 1/e* diameter of 5 mm
to improve the pump homogeneity across the sample, and
apertured to a 6.5 mm diameter to avoid unwanted heat-
ing from beam edges. A dichroic mirror is used as the last
reflector before the microwave shield to allow for the col-
lection of photoluminescence for optically detected mag-
netic resonance (ODMR) and microwave-assisted charge
state spectroscopy [25]. This in situ ODMR is used for the
diamond cavity system to calibrate between N-J spin shift
values for a given Helmholtz coil bias current.

The cavity mode is probed with a shorted 6-mm diam-
eter loop formed from the center conductor of one end
of a 10-cm piece of coaxial cable (Pasternack RG405,

100

g/27t (MHz)

0.2 0.4 0.6 0.8
Q
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FIG. 2. Minimum cavity mode temperatures predicted by the
linear model [Eq. (2)] for a range of spin-cavity couplings
and cavity Q = w/y, w = 2w x 2.87 GHz (i.e., diamond N-V
centers), » = g, and spin polarization P = 0.8, showing that tem-
peratures competitive with cryogenic systems should be achiev-
able with experimentally feasible quality factors and sufficiently
strong coupling.
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0.5-dB loss per foot), and concentrically aligned with the
dielectric resonator 6 mm from one end. The loop feed is
connected to a three-stub tuner (Maury Microwave) and
a low-loss circulator (RF-Lambda RFLC313G27G37, 0.6-
dB loss) by which optional probe signals can be reflected
off of the cavity or the cavity mode noise can be read
out. The TE(;s mode is characterized by monitoring the
S21 parameter through the circulator using a Keysight
N9915A microwave analyzer in network analyzer mode.
The degree of loop-cavity coupling can be continuously
adjusted via the loop position (e.g., translation stage) and
stub tuner, with the reflected Lorentzian linewidth FWHM
asymptotically approaching 140 kHz (Q ~ 2 x 10%) and
measuring about 230 kHz at critical coupling. Fine adjust-
ments to the loop position are needed to recover critical
coupling when the optically pumped N-/ ensemble is res-
onant with the cavity. To verify the cavity measurements,
we simulate the system with finite element methods using
the COMSOL Multiphysics® electromagnetic wave module.
The mode frequency and linewidth from these simulations
are in excellent agreement with measurements, and further
details are given in the Supplemental Material [24].

The cavity mode noise is measured with a Keysight
N9915A microwave analyzer in spectrum analyzer mode.
The adjustable resolution bandwidth B sets the frequency
range over which the flat thermal noise is integrated, cor-
responding to a theoretical thermal noise floor of Np =
kg TB with Boltzmann constant kg and temperature 7. For
B =30 kHz at 300 K, this corresponds to a power level of
—129 dBm. The noise figure of the spectrum analyzer of
22.5 dB sets the actual floor to —106.5 dBm. To operate
well-above instrumentation noise, we use two low-noise
amplifiers in series: the first with 55.7-dB gain and noise
figure 0.75 dB (RF-Lambda RLNA02G04G60) and the
second with 37.1-dB gain and noise figure 0.8 dB (RF-
Lambda RLNA02G08G30). Together these elevated the
thermal noise of the cavity mode to —42.8 dBm. Pre-
cise determination of the noise floor is accomplished by
averaging a few hundred traces to eliminate instantaneous
phase fluctuations on the internal oscillator of the spectrum
analyzer.

We first characterize the N-J cavity system to esti-
mate the model parameters. With the spins unpolarized
(laser off) and not resonant with the cavity, we measured
the unloaded cavity mode frequency to be 2891 MHz
with a linewidth of y = 140 kHz full width at half max-
imum (FWHM), corresponding to a quality factor of about
2 x 10*. Introducing the coupling loop and critically cou-
pling to the cavity increased the linewidth by a factor of
2. ODMR measurements over the entire diamond gave
Gaussian-broadened linewidths of 290 kHz. Previous mea-
surements of similar samples under controlled conditions
to minimize the effects of strain and field gradients gave
linewidths closer to 200 kHz, suggesting that these sources
contribute to broadening in our N-J spin population.

Cooling occurs when the N-V spins are resonant with the
cavity mode. At this resonance, strong coupling between
the polarized spin ensemble and the cavity splits the cavity
resonance into hybrid spin-cavity eigenmodes. We utilized
this cavity splitting to locate the resonance frequency and
quantify the amount of coupling for our system. The detun-
ing between the N-JV spins and the cavity mode (A) is con-
trolled by keeping the cavity resonance fixed and scanning
the spin transition frequency. Using a uniform magnetic
field generated by three sets of orthogonal Helmholtz coil
electromagnets aligned to the (100) crystal axis, all four N-
V' orientations can be swept through the cavity resonance
simultaneously.

The spin-cavity coupling is measured via the cavity
mode splitting. A weak probe signal is reflected off of the
cavity and the amplitude spectra (Fig. 3) are collected for
arange of A by means of microwave homodyne detection.
In general, the '“N-induced hyperfine interaction splits
the spin transition into three subensembles separated by
roughly 2.15 MHz, resolvable in both our ODMR cali-
bration and cavity reflectivity measurements. The splitting
dv as the magnetic field shifts the spins through the cav-
ity in Fig. 3 occurs at a distinct bias for each of the
three subensembles. Combined with knowledge of the

gmo
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FIG. 3. The splitting §v due to the collective coupling of the
spin ensemble to the cavity mode is measured by reflecting a
weak probe at cavity detuning w as the N-V spin detuning A is
swept through the bare cavity resonance at 2895.3 MHz. The data
shown here are for a laser pump power of 5.5 W distributed over
the whole diamond. Three splittings are visible due to the N
hyperfine interaction. The inset shows the middle splitting (red
dashed line) compared with the bare cavity resonance.
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ground-state spin polarization, this splitting (§v ~ 200 kHz
in Fig. 3) quantifies the collective coupling between the
low-temperature spin bath and the cavity mode.

IV. RESULTS

Our main experimental result of fully continuous, spec-
trally resolved microwave cavity mode cooling is shown
in Fig. 4. For a cw pump power of 3 W distributed over
the whole diamond and critical output coupling, we report
a maximum thermal noise reduction of —2.3 +0.1 dB,
which corresponds to an effective temperature of the cavity
output of 150 & 5 K when accounting for detection noise
and bandwidth.

The cavity mode cooling measurement is conducted for
a range of spin-cavity detunings A but without a probe
signal and with the input to the coupling loop circulator
terminated. The spin-polarizing pump laser is kept on con-
tinuously throughout the experiment. Because the pump
laser also heats the diamond through absorption (and thus
the resonator through thermal contact), a sufficient amount
of time for equilibration (i.e., a few minutes) is allowed
after any changes to the pump power setpoint. The cou-
pling loop position is then tuned to achieve near-critical
coupling to the cavity mode. A three-stub tuner impedance
matched the short (10 cm) coaxial feed from the coupling
loop to the detection circuit. This circuit is made up of a
low-loss circulator (isolator), two series low-noise high-
gain amplifiers (NFi; < 0.8 dB, Gyt & +93 dB), and a
spectrum analyzer with sufficiently low instrumentation
noise. To reduce the effect of instantaneous measurement
fluctuations due to phase noise on the spectrum analyzer

internal oscillator, 200 independent traces are averaged for
each spin detuning.

Thermal noise power goes as Np = kzTB, where B rep-
resents the measurement bandwidth. In our case this is
set by the spectrum analyzer resolution bandwidth that is
fixed to B = 30 kHz, corresponding to —129.2 dBm at
290 K. The two-stage, low-noise amplifier further raised
this noise floor to —42.8 dBm, over 100 dB above the
technical floor of the spectrum analyzer, while contribut-
ing negligible additional noise. We checked the dominance
of thermal noise in our measurement by verifying the
bandwidth dependence and agreement with theory (Sup-
plemental Material [24]).

The spectral shape of the mode cooling is discerned
through use of a sufficiently narrow detection bandwidth.
Figure 4(a) clearly shows three well-resolved noise dips
as each of the hyperfine subensembles become resonant
with the cavity. A fit to our model, shown in Fig. 4(b),
accurately reproduces the noise suppression for fixed y =
27 x 140 kHz (as determined from reflectivity measure-
ments) and free parameters g = 27 x 197.7 kHz (similar
to the measured cavity splitting), » = 27 x 229.0 kHz
(less than but similar to the ODMR broadening), and x =
2w x 185.1 kHz (indicating slight overcoupling). A pref-
actor accounts for 1.35 dB of loss between the coupling
loop and the detector.

The slices shown in Figs. 4(c) and 4(d) along the spin
and microwave frequency axes, respectively, reveal the
sensitivity to tuning mismatch and the cooling bandwidth.
From Fig. 4(c), it is seen that the noise dips have a
FWHM = 670 kHz, roughly 2-3 times the spin ensem-
bles inhomogeneous linewidth as measured from ODMR.
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FIG. 4. Measured change in thermal noise on the cavity output and comparison with the model: (a) steady-state change in noise
power (compared with no pump) at cavity microwave detuning @ and N-J spin detuning A for an optical pump power of 3 W and 30-
kHz detection bandwidth, (b) model prediction [Eq. (2)] assuming a spin polarization P = 0.8, and parameters g = 27 x 197.7 kHz,
y =21 x 140 kHz, r = 27 x 229.0 kHz, and ¥ = 27 x 185.1 kHz. Slices along the N-V spin detuning axis and microwave cavity
output frequency axis are shown in (c) and (d), respectively, along with the theory prediction from (b). At this pump intensity we report
a peak (—2.3 & 0.1)-dB reduction in thermal noise (150 &+ 5 K) compared with an unpumped system.
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For a single subensemble tuned to the cavity resonance
[Fig. 4(d)], the microwave spectrum has a broad, flattened
shape with a FWHM ~ 750 kHz bandwidth. This is also
seen in the model, represented by a solid line and using
the same fit parameters as listed above, and indicates the
onset of strong coupling. As the spin-cavity coupling is
increased, the model predicts a splitting of the cavity mode
noise suppression. Our reflectivity measurements suggest
that we are on the verge of strong coupling (often desig-
nated as when the cavity splitting exceeds the linewidth),
and thus we do not resolve a splitting in the cooling but
only a broadening.

The effective cooling rate depends critically on the spin-
cavity coupling g [Eq. (2)] as well as the spin polarization
P [Eq. (2)] that sets the effective temperature of the N-
V spin ensemble. Although the bare g, which is partly
determined by N-V-center concentration and cavity mode
overlap with the diamond, is not easily changed in our
experimental system, we could control the optical pump
intensity with a variable attenuator that had a direct impact
on P. We varied the pump laser intensity over 2 orders
of magnitude and measured its effect on the cavity mode
splitting and mode temperature. The results (Fig. 5) dis-
play an increase in both cavity splitting and mode cooling
with higher laser power followed by a leveling off at about
3 W or 10~*-mW/um? optical intensity.

We explain these phenomena through a two-level N-V
rate model [26] including the competing effects of optical
spin pumping and temperature-dependent 7' relaxation.
The blue filled region in Fig. 5 indicates the results of
a Monte Carlo simulation for the spin polarization using
the above model with uncertainties from the literature
and estimated for our sample. The correlation seen in
Fig. 5 between the cavity mode splitting (i.e., spin-cavity
coupling) and ground-state polarization is explained by
the former depending on the number of emitters coher-
ently interacting with the cavity mode. As the optically
induced spin pumping rate of the N-J" ensemble becomes
comparable to the longitudinal relaxation rate (1/77}), the
polarization begins to saturate (top plot of Fig. 5). As the
excitation laser beam is spread over a diameter of about
5 mm, leading to pumping intensities (<10™* mW/pum?)
much smaller than the N-J saturation intensity (about
I mW/um) [26], nonlinear processes such as photoion-
ization and charge state conversion are negligible. The
steady-state polarization reached here is lower than that
achieved in single-N-JV experiments [26] (Supplemental
Material [24]), but as spin polarization is exponentially
related to spin temperature [27,28], the limited polarization
does not preclude microwave mode cooling. The dashed
green line shows the model prediction [Eq. (2)] with the
fitted parameters from Fig. 4 and matches the data for high
polarization but fails to capture the data at small polar-
izations. The blue dashed line shows a phenomenological
model where the effective g varies with the square root
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L 150 ; . 0.6 ‘g
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FIG. 5. Cavity mode splitting §v (top) and depth of cav-
ity mode cooling (bottom) versus applied optical pump power.
The mode splitting, itself a measure of spin-cavity coupling g,
depends partly on the spin polarization generated by the pump
laser. The predicted behavior from a model including tempera-
ture effects is shown by the blue region (Supplemental Material
[24]). The bottom plot shows the inferred cavity mode temper-
ature from measuring the noise power reduction on the output
(black circles). Error bars indicate the standard error. The green
dashed line shows the prediction by the linearized model, and the
blue dash-dot line includes a phenomenological correction to the
spin-cavity coupling.

of P, while the best agreement comes from assuming that
g & P, shown as the red dash-dot line. Further theoretical
work is required to understand this behavior at low optical
pump powers.

The microwave mode cooling produced in the cavity can
be transferred to a transmission line, producing nonthermal
voltage power spectral density at a distance. A demon-
stration is shown in Fig. 6 where we vary the length of
a coaxial microwave line from 0 to 6 m and measure the
effective temperature from the noise power as before. We
find that the cooling in the cavity band falls exponentially
with cable length, with constant « = 5.3 m, consistent with
the Ohmic loss in the line [29]. At a distance of 6 m we
observe a reduction of 40 K, showing the potential of this
technique for cooling on laboratory scales.

V. OUTLOOK

The results presented here open a pathway to reducing
noise in a range of applications as well as to achieving
much lower temperatures. The latter could enable quantum
technologies at ambient conditions. A number of routes to
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FIG. 6. Varying the length of the coaxial cable between the
output of the cavity and the detector. We find that the rate of
cooling decreases exponentially with a length constant of o =
5.3 m. Inset: spectrally resolved power reduction at varied cable
lengths.

realizing lower temperatures exist. The number of spins
could be increased by using a larger diamond sample or
one with greater N-V concentration. The effective spin-
cavity coupling could be increased using cavity designs
that concentrate the mode at the location of the ensem-
ble while maintaining high Q [13]. Importantly, as our
theoretical model reveals, cooling requires sufficient inho-
mogeneous broadening of the spins. Assuming that one
starts with an underbroadened N-J ensemble, tuning this
inhomogeneous linewidth, for example with a magnetic
field gradient, will allow one to optimize the thermal noise
suppression. Finally, although in this system a magnetic
field is used to tune the spins into resonance with a cavity
mode relatively near the N-V zero-field splitting, increased
bias fields or the use of other spin defects could allow for
cooling at other frequencies, thereby extending its useful-
ness. As it stands, the continuous cooling demonstrated
in this work surpasses what is possible with thermoelec-
trically cooled systems, and offers strong potential for
performance competitive with cryogenic systems in the
future.
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APPENDIX A: COOLING A MICROWAVE MODE
WITH A N-V ENSEMBLE

Nitrogen-vacancy centers in diamond contain a spin
triplet that forms a V' system, in which the two transi-
tions are in the microwave band (approximately 2w x 2.87
GHz). The states with J, = 1 are the excited states and
J. = 0 the ground state. In addition, naturally abundant '“N
has a nuclear spin of 1, resulting in a triplet. The nuclear
spins are merely an auxiliary system, and each electronic
spin transition is split into three. Since the width of our
cavity mode is much less than the separation of the hyper-
fine splitting, we use one of the transitions for cooling and
treat the N-V centers as a two-level system.

The Hamiltonian of the ensemble of N-J centers and the
microwave cavity mode is H, where

% = Z Ang) + g (aaju—H.c.).

J

Here Pg ) is the projector onto the upper level of the jth N-
V center, denoted |e,j), A; is the detuning between spin j
and the cavity mode, g; is the interaction strength between
spin j and the cavity mode, and a is the annihilation oper-
ator for the cavity mode. The cavity is single sided and
damped though its single output coupling at rate . We
denote the internal loss rate of the cavity by y.

Room-temperature thermal noise flows into the mode at
rate y due to internal loss and at rate ¥ from the input-
output coupling. However, it is only the noise at rate y
that represents unavoidable heating. To reach the lowest
temperature when cooling the mode, we can turn off the
output coupling.

Optical pumping of N-V centers polarizes them such that
the population is in the ground state. We deduce the tem-
perature of the N-J bath as a function of the polarization.
Since the cooling will be achieved simply by coupling the
mode to this cold bath, it is also useful to know what the
average thermal occupation of the mode would be if it were
at the temperature of the spins. This would be the number
of photons in the mode if it were at thermal equilibrium
with the spins.

The polarization of the N-J centers (i.e., the length of
the Bloch vector) is

P =|pg —pel = 12pg — 1] = |1 = 2p,|, (Al)
where p,, p. are the populations of the ground state and
excited states, respectively. The average number of pho-
tons in a resonator that is at the same temperature as an
ensemble of spins with this polarization is

1/1-P
n ==\——
cold ) P

(A2)
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and the temperature of the mode (and the spins) would be

ha)/kB

i+ 1ol (A3)

Tcold =

where w is the frequency of the mode (in our case approx-
imately 2 x 3 GHz).

From Eq. (A2) we find that even if the spin polarization
is only 70% (P = 0.7) then the spin bath is at a temperature
in which the mode would have only about 0.2 photons. The
spin ensemble is thus a very cold bath for the mode.

The pump laser polarizes the spins, acting against the
intrinsic damping rate of the spins that would otherwise
thermalize them at the ambient temperature. The polariz-
ing rate depends on the laser power, and must be at least
comparable to the intrinsic damping rate to keep the spins
cold (sufficiently well polarized).

One might think that the cooling mechanism would
work as follows. The mode is coupled to the spins via a
unitary interaction that would usually cause a cycling of
energy between the mode and the spins at the Rabi fre-
quency given by the collective coupling rate. The cooling
of the spins by the laser sucks this energy out of the spins
at a similar or higher rate, thus suppressing the oscilla-
tions. In that case the rate at which the laser cools the spins
would determine the rate of energy extraction from the
mode. Somewhat surprisingly, this is not the mechanism
for cooling, at least only indirectly.

To understand what sets the cooling rate for the cav-
ity mode, it is useful fist to note that energy transferred to
the spins from the mode is spread across the spins. Since
there are 10'* spins, the amount of energy transferred to
each spin is extremely small. As a result, the rate at which
the laser extracts energy from each spin can be very much
smaller than the rate at which energy is transferred from
the mode to the spin ensemble.

It is useful now to consider how a bath of oscillators
takes energy out of a system irreversibly. The standard
model of a thermal bath is an ensemble of oscillators
whose frequencies form a near continuum with an essen-
tially constant number of oscillators per unit frequency.
This results in a very simple “Markovian” dynamics for
the system in which the damping is given by rate equa-
tions. This is only true if the density of oscillators per unit
frequency is flat (up to some very high frequency). If the
bath has a spectral density of oscillators that is Lorentzian
then it has been shown in Refs. [22,23,30] that the dynam-
ics induced in the system is identical to that induced by
coupling the system to a single (fictitious) oscillator that
is itself coupled to a Markovian bath. The damping rate
for the fictitious oscillator is the width of the Lorentzian
spectrum for the bath.

Since the spins in the ensemble have very low excita-
tion, they are well approximated by harmonic oscillators.
The inhomogeneous spread of the spins therefore acts in

the same way as the spectral distribution of an oscilla-
tor bath, and thus produces an irreversible decay from the
system into the ensemble. Admittedly, the frequency distri-
bution of the spins is a Gaussian rather than a Lorentzian,
but if we assume that treating it as a Lorentzian is a reason-
able approximation, the spin bath is equivalent to coupling
the mode to a fictitious oscillator in which this oscillator is
damped at a rate given by the inhomogeneous broadening
of the spins. It is therefore the inhomogeneous broadening
that sets the rate at which energy is irreversibly extracted
from the mode.

First we write down the quantum Langevin equations
(input and output equations) for the mode, including the
coupling to the spins, and then move to the equivalent
mode that contains the fictitious oscillator. The Langevin
equations are [19,20]

J

2
(A4)
do; = —(% + iAJ-)aj +ig; (PY) — PY))adt
/ N el
+ V(PP — PYydey). (A5)

Here we have enforced the rotating-wave approximation
for the interaction between the mode and the spins, and the
laser cooling of the spins is modeled by a damping for the
spins at rate g. The correlation functions for the input field
aip are

(@l (Naw(?)) = nrd(t — 1),

(an(®)a (1)) = (nr+ DEE — ).

(A6)
(AT)

Those for b, are the same, and those for c¢;, are obtained
merely by replacing ny with neq in Eq. (A7).

We now write down the equivalent model in which the
spin bath is replaced by a single fictitious oscillator as
described above. This model is [22,23,30].

da=|:—K+y

df = _<g — iA)fdt—i— igadt + «/’_’dcim

a— igf:|dt + Viday, + /ydbi,
(A8)

Here f is the mode operator for the fictitious oscillator,
r is the with of the (assumed Lorentzian) frequency dis-

tribution of the spins, and g = /Zj gj2 is the collective
interaction with the spin bath.
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One way to determine the steady-state energy of the cooled mode is to derive the equations of motion for the second

moments of @ and /. These are

dn = d(a'a) = da'a + a'da + da'da

K
= [—Endt +igf Tdt + (\/Edajn+\/?dbjn)a + H.c.:| + Knrdt

= —K[n — nr]dt + |:igf Tadt + (\/Edajn—kﬁdb;fn)a + H.c.],

d(ffa) = df Ta + f Tda + df Tda

(A9)

K
= { - B + iA}/ Tdt + iga'dt + ﬁdcjn}a + f*[ — Sadi — igfdi + (ﬁdajn+ﬁdbfn)a}

_ |:K+r

df'fy=df'f +fdf +dftdf = —if fdt+ iCa'ef — gf Ta)dt + meoudt + rdelf + rdcif ",

with K = x + y. We now solve these for the steady state.
Setting the derivatives to zero we have

i
n=nr+ ]?[s —s*], (A12)
<K oy iA)s — ig%i — iQ, (A13)
0 = g Neold — ;[S -5, (Al14)
where we have defined
n=(n), s=gifla),  0=g(f). (A5

We first eliminate Q by substituting Eq. (A14) into
Eq. (A15):

K 2
(TH + iA>s — g (i — o) — g7[s — 5] (A16)
Writing s — s* in the form

% 2[(K +1r)/2]
s—s8 =
[(K +R)/2]> + A?

2
[z‘g2 (71 — Neold) — g;(s - s*)].
(A17)

We combine the s — s* terms and rearrange to obtain

o ALk D/ (K +1)
1+ [4g%/(K + 1)L+r(A)/r

(1 — neola),
(A18)
where Ly (A) = [(K +1)/2P /K +1)/2F + A2 s

the Lorentzian with a FWHM of K +r and a max-
imum of 1. We can simplify the equation using

+ iA}f*adt +iga'adt — igf 'f + Vidawf, +/ydbuf T+/rdc)a,

(A10)

(All)

(

R =4g’Lg..(A)/(K + r), the adiabatic population trans-
fer rate:

. . TR _
s—s =lr+R(n—nco1d). (A19)
Substituting this into the above yields
_ 1 R ( ) (A20)
n=nr Kr+R Reold)-

This expression is a weighted average of the occupa-
tion numbers of the hot and cold baths, nr and 7n..4q.
Rearranging gives,

K(n —nr) = (rl|R)(n — neowa), (A21)

where a||b = ab/(a + b) is the series transfer rate which is
the same as the parallel resistance.

Note that Eq. (A21) has an intuitive interpretation; the
heating K (n — ny) equals the cooling (7||R) (7 — n¢olq); the
cooling rate (7||R) is limited by whether either the damping
rate r or the population transfer R between the cavity and
spins is slower. We define the cooling rate I’ = r||R.

The cooling rate I' approaches the inhomogeneous
broadening (r) when R >> r, or, equivalently,

g> /r(r+K).

(A22)

If the spins are also heating at an appreciable rate v to the
thermal occupation nr, the cooled cavity photon number
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will be

[R'/(R' + r)]rncoa + {[R'/(R' + )]v + K}nr
R¥/(R +7r)+K

n=

b

(A23)

where ¥ = r 4 vand R = 4g°Lg,(A) /(K +F).
We also note that, for the resonant case (A = 0),

I£:§ r(K+r)+l =K+)/ r(/c+)/+r)+1'
r r 4g2 r 4g2

(A24)

When the output coupling goes to zero, which gives the
best cooling, then

K
2_ (Y4 rr+n _ (A25)
r r 4g2
APPENDIX B: OUTPUT POWER SPECTRUM
FROM A SINGLE-SIDED CAVITY COOLED VIA A
COLD DAMPED OSCILLATOR

We start with the model of the dynamics in which the
cavity mode is coupled to a fictitious damped oscillator,
given in Appendix A [Eq. (A8)]:

da = —|:K —; 14 + iA:|adt — igfdt + ﬁdain + ﬁdbin,
(B1)

df = —[g}/dt — igadt + /rdci. (B2)

Here « is the input-output coupling rate, y is the inter-
nal loss rate, 7 is the effective cooling rate of the cold

J

(Al (o) dou (@)

fictitious oscillator, and g is the collective coupling to
the spin ensemble. We now transform these equations to
frequency space, giving

—iwA = —[% + iA}A — igF 4 /Kt + /¥ bin,
(B3)
_ioF = —[%]F — igA + /7Cin. (B4)

We write these in matrix form and calculate its inverse
to determine the frequency-space solution for the mode
operator:

= /2 = i) (i + 7bi) — ig/ren
2=k +y)/2 —ilw - A)]+g*

Using the input and output relations in Refs. [19,31], the
field output from the cavity mode is

Aout(@) = \/EA — ain(w)
N W(I’/z - iw)Z)in - i\/’(—rgéin
22— i)k +)/2 — i — A)] + g2
|:(7’/2 —iw)[(k —y)/2+i(w—A)] —g2:|~'

/2 — i)k +7)/2 — ilw— N)]+g2]°
(B5)

To find the power spectrum of the output field S(w), we
use the autocorrelation function in frequency space:
(@3 (@) (@) = S@)8(@+@);  (B6)

then

krg*(n. — n)

S(w) = =nr+
R TP T AT otk + A+ @ AT+ g+ @l + 1)/2 — 20w — M)
(B7)
with
2
krg-(n. — nr)
S(w =nr+ s B8
@laco =" 4 a2/ + P T & + 2T T 772~ 26] (B9
SO)|_, = nr— (nr—n,) krg? = np— (np —np) e (B9)
a0 T ket A+ 2P T T @ 4k + 1) /48T
the minimized output powers on resonance (A = 0) where the spectrum is coldest.
The minimum is w = 0 unless
V2 2

g > §+—(K§y) : (B10)
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and at o = 0 we have

Kr
S0) =ny— (nyr — n, . (B11
O === e paer Y
The value of « for which this is minimum is
4 2
k=y + 2. (B12)
r
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