Bench-top Cooling of a Microwave Mode using an Optically Pumped Spin Refrigerator
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We experimentally demonstrate the temporary removal of thermal photons from a microwave
mode at 1.45 GHz through its interaction with the spin-polarized triplet states of photo-excited
pentacene molecules doped within a p-terphenyl crystal at room temperature. The crystal func-
tions electromagnetically as a narrow-band cryogenic load, removing photons from the otherwise
room-temperature mode via stimulated absorption. The noise temperature of the microwave mode
dropped to 507:3;2 K (as directly inferred by noise-power measurements) while the metal walls of the
cavity enclosing the mode remained at room temperature. Simulations based on the same system’s
behavior as a maser (which could be characterized more accurately) indicate the possibility of the
mode’s temperature sinking to ~10 K (corresponding to ~140 microwave photons).These observa-
tions, when combined with engineering improvements to deepen the cooling, identify the system
as a narrow-band yet extremely convenient platform —free of cryogenics, vacuum chambers and
strong magnets— for realizing low-noise detectors, quantum memory and quantum-enhanced ma-
chines (such as heat engines) based on strong spin-photon coupling and entanglement at microwave

frequencies.

On a warm planet, electromagnetic noise associated
with thermal (black-body) radiation is the ubiquitous
bugbear of quantum measurements|1] —especially at mi-
crowave frequencies, where a quantum of energy pales in
comparison with kg7T'. In a single electromagnetic mode
of frequency fimode, the mean occupation number of ther-
mal photons is i = [exp(hfumode/kBT) — 1]71, equating
to ~6,200 for a microwave mode at 1 GHz at room tem-
perature. These photons show up as noise on any signal
extracted from the mode via a coupler and can limit the
speed at which an EPR/NMR spectrum or MRI scan
is taken. It is thus extremely challenging to attain the
single-photon limit at microwave (or lower) frequencies
with sources|2-4], sensors[5, 6] and/or detectors|7, 8] as
is necessary to implement quantum Hanbury-Brown &
Twiss interferometry[9, 10] or other more complex proto-
cols exploiting entanglement.

The most familiar way of removing thermal photons
and their associated noise is to cool the microwave cir-
cuitry down to cryogenic temperatures by housing it
inside a dilution refrigerator. Such refrigerators are
however bulky, mechanically fragile, and energy-guzzling
(dissipating typically kilowatts during operation); these
attributes alas exclude many applications. The alterna-
tive pursued here is similar to the use, in radiometry, of
a cryogenic load connected (to the rest of the microwave
circuitry) through a low-loss waveguide[11]. Albeit only
possible over a narrow band of frequencies, the cryo-
genic load is here replaced by a room-temperature yet
“spin-cold” quantum system capable of absorbing pho-
tons through stimulated absorption[2]. Mode-cooling is
only achieved within the linewidth of the exploited quan-
tum transition, but this cooling still enables useful appli-
cations. Our method, which exploits a cavity of high
magnetic Purcell factor[12], is thus similar in spirit to
recent, cryogenic implementations of radiative cooling

[13, 14], but where the cold reservoir is a spin-bath.

Several decades ago, it was demonstrated how Rydberg
atoms could remove thermal photons from millimeter-
wave cavities (operating at ~100 GHz or higher) via
stimulated absorption [15-21]. The vacuum equipment
needed to do this was still quite bulky, however. Com-
pared to our work at 1.45 GHz presented here, the cavity
modes cooled enjoyed a “head-start” by containing far
fewer thermal photons (72 < 50 at room temperature[20])
in the first place.

In this letter, we demonstrate a compact refrigerator
capable of operating at room temperature and pressure in
zero applied magnetic field (“ZF”). It exploits pentacene
molecules doped within a crystal of p-terphenyl that
are spin-polarized through photo-excitation. The crystal
with a doping concentration of 0.1% is placed in the bore
of a dielectric ring made of crystalline strontium titanate
[“STO”, see Fig. 1(c)] housed within a cylindrical cop-
per enclosure. The ring + enclosure support a compact
TEp1s microwave cavity mode whose lines of a.c. mag-
netic flux density penetrate the crystal [see Fig. 1(b)],
enabling effective photon < spin coupling between the
microwave mode and the pentacene molecules.

The lowest photo-excited triplet state of pentacene in
p-terphenyl has been extensively investigated for its use
in dynamic nuclear polarization (triplet-DNP)[22], room-
temperature masers[12, 23-26], quantum memory [27]
and photovoltaics[28]. These previous studies have fo-
cused on pentacene’s spin-polarization immediately after
photo-excitation. We instead exploit its opposite polar-
ization at later times for the express purpose of mode-
cooling. Fig. 1(a) shows how the triplet state is gener-
ated: a pentacene molecule is first excited from its singlet
ground state (Sp) to its first excited singlet state (Si).
Then, through intersystem crossing (ISC), it transfers
to its first-excited triplet state (T3)[29], and thereupon
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FIG. 1. (a) Simplified Jablonski diagram for molecular pen-
tacene together with how the polarization across the |X) and
and |Z) sub-levels of the lowest triplet state evolves from emis-
sive (red circles) to absorptive (blue circles). (b) Dependence
of the number of thermal photons (green dots) occupying the
cavity’s TEg1s mode (grey lines of a.c. magnetic flux) on the
population distribution across the X-Z transition. (c¢) Photo-
graph of the strontiun-titanate ring holding a 0.1% pentacene-
doped p-terphenyl crystal. Its surrounding cylindrical copper
enclosure is not shown.

undergoes rapid internal conversion down to the lowest
triplet state (T;) while preserving its ISC-acquired spin
polarization. In zero applied magnetic field, T; comprises
three separated sub-levels: |X), |Y) and |Z), with initial
populations 0.76:0.16: 0.08[30]. Initially, due to sizable
population inversion between the |X) and |Z) sub-levels,
thermal photons already occupying the cavity mode are
multiplied up through stimulated emission across the X-
Z transition, resulting in maser oscillation [see the upper
half of Fig. 1(b)]. Because the decay rate of |Z) (2 x 103
s~1) is considerably slower than that of |X) (2.8 x 10*
s~1) and the spin-lattice relaxation between them is slow
compared to these rates[31], the |Z) sub-level becomes,
after masing has ceased, significantly over-populated rel-
ative to |X); see the bottom of Fig. 1(a). An extremely
spin-cold two-level system across |X) <> |Z) is thus tem-
porarily formed. As shown conceptually in the lower half
of Fig. 1(b), this system will act to attenuate (i.e. re-
move photons from) the electromagnetic mode through
stimulated absorption. Mimicking Gordon and Townes’
original acronym, we refer to this refrigeration process as
“masar" cooling.

To verify the concept, we first quantified the achiev-
able spin temperature, Tx.z, of the system using
zero-field time-resolved electron paramagnetic resonance
(TR-EPR) performed at room temperature, with the
pentacene-doped p-terphenyl crystal pumped by a long-
pulse dye laser. Details of this technique and how
our crystal was grown have been reported elsewhere[31].
Here, the spin temperature is determined by the relative
instantaneous populations of the |X) and |Z) sub-levels

——— Laser Pump

.

)

€5 05

Qo

e}
§s
o
0.0
(b)  exto® . . . 3.0x10™
15 [
8 0 12.4x10' ¢,
8 = =5
S =1 2x10" >
g 11.8x10 u S,
a N -
51 F3
5= {12x0® 2 €
% S -2x10°F TR-EPR Measurement < 5N
a7 \ —— Simulated AN s S
ﬂc-’ -4x10"5 + \\ — — Simulated N 16.0x10
ST =-170MK "<
_6x1015 -t N ~ o L 00
00 15

05 _ 1.0
Time (ms)

FIG. 2. (a) Instantaneous pump power of dye laser as used for
our TR-EPR experiment. (b) Measured (olive green trace)
and simulated (solid teal green line) TR-EPR response of
a 0.1% pentacene-doped p-terphenyl crystal pumped by the
same dye laser. This response measures the population differ-
ence (AN) between the triplet sub-levels, |X) and |Z). The to-
tal population (N) in the two sub-levels is modeled as a func-
tion of time and indicated by a dashed purple line. Red and
blue shading emphasizes the emissive (E) and subsequently
absorptive (A) epochs of the X-Z transition respectively.

[2]:
Tx.z = hfx.z/[2ks tanh ' (AN/N)], (1)

where fx.z = 1.4495 GHz is the frequency of the X-Z
transition (at ZF), the population difference AN = Ny —
Nx, and the total population N = Nz + Nx.

Fig. 2(a) displays the time profile of a typical 590-nm
pump pulse, with the dye laser set to a low output such
that no masing occurs; it lasts ~300 ps and integrates
to 250 mJ in energy. As displayed in Fig. 2(b), the mea-
sured signal, proportional to AN, is strongly emissive for
the first 250 us but then becomes strongly absorptive for
the next 500 ps.This dramatic cross-over behavior, as was
remarked upon almost four decades ago[30], is well fitted
by the model reported in ref. 31. Using it, the time profile
of N can be accurately simulated, as shown in Fig. 2(b).
By substituting the simulated values of AN and N into
Eq. (1), one calculates that the maximum excursions of
the polarization in the emissive and absorptive epochs
correspond to Boltzmann-equivalent spin temperatures
of -170 mK (red star) and 80 mK (blue triangle), respec-
tively.

We have probed the extent to which the coldness of
the X-Z transition can, in practice, be transferred to a
target microwave mode by measuring the instantaneous
power extracted from the mode by a metal loop threaded
by a small fraction of the mode’s a.c. magnetic flux. The
power so extracted from this coupling “port” is to first ap-
proximation proportional to the number of photons occu-
pying the mode. The port’s reflection coefficient, 'Y, was
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FIG. 3. (a) Experimental arrangement for measuring the en-
ergy of the TEp15 mode of an STO cavity at room tempera-
ture. (Top left) STO ring (beige) housing a 0.1% pentacene-
doped p-terphenyl crystal (pink) inside a copper enclosure
(with hole for optical access). (Top right) Direct detection of
the maser output with a wideband detector. (Bottom right)
Heterodyne receiver suitable for measuring low mode ener-
gies. C.F. stands for center frequency; B.P.F., H.P.F., and
L.P.F. stand for band-, high-, and low-pass filter, respectively.
(b) Comparison between the receiver’s acceptance band (blue)
and the measured widths of the TEg1s mode (red) and pen-
tacene’s X-7 transition (purple).

adjusted (by changing the loop size) to zero (critical cou-
pling) in the absence of pumping. Our exact experimen-
tal set-up, incorporating a high-gain heterodyne receiver,
is shown in Fig. 1(c) and Fig. 3; our Supplementary Ma-
terial provides additional technical details covering how
the noise flow is modeled and calibrated[32]. At fx.z, the
TEp15s mode of our STO-loaded cavity had a measured
linewidth at critical coupling of 400 kHz, inside of which
the receiver’s own measurement bandwidth of 50 kHz lay
(see Fig. 3b).

Our principal results are shown in Fig. 4. The baseline
at 0 dB in Fig. 4(a) includes both amplified noise re-
ceived from the non-pumped cavity and the heterodyne
receiver’s self-generated noise. Excursions in the cav-
ity’s output power above this level reflect masing action;
though note that, in Fig. 4(a), the peaks of the blue trace
are compressed due to saturation of the later-stage am-
plifiers (and a protective diode limiter) in the heterodyne
receiver. Dips below it arise from noise-power reduction
of the microwave mode, reflecting masar cooling. Here,
it is crucial to avoid mistaking the fool’s gold of a “deep
fade” (which will spontaneously occur at random times
when observing narrow-band noise) from genuine cause-

and-effect cooling. We suppress deep fades by averaging
the recorded instantaneous power over 11 separate (sta-
tistically independent) measurements performed in quick
succession; the resultant average, shown in dark blue in
Fig. 4(a) more faithfully indicates the cooling response.

Fig. 4(a) displays that, during masing, deep notches
in the out-coupled power are detected by the heterodyne
receiver. We interpret them not as cooling but instead
as being caused by collective coupling between the polar-
ized pentacene spins (regarding the X-Z transition as a
two-level system) and the TEg;5 mode’s microwave pho-
tons, causing the mode to split[27]. Temporarily, this
splitting in frequency space is sufficient for the two arms
of the spin-photon polariton to straddle the receiver’s
channel bandwidth (50 kHz), rendering them silent. Con-
fronted by this phenomenon, the limited dynamical range
(80 dB) and bandwidth of our receiver drove us to mea-
sure the out-coupled power directly with a separate wide-
bandwidth log detector, shown in Fig. 3; this allowed the
TEpi1s mode’s energy to be monitored accurately during
periods of strong maser bursts; traces from this detec-
tor are shown in Fig. 4(d) and (e). The discernible Rabi
oscillations in the three bursts have time-dependent fre-
quencies ranging from 100 to 500 kHz because the num-
ber of pentacene spins available to interact with the mi-
crowave photons varies in response to the optical pump’s
time profile convolved with pentacene’s own spin dynam-
ics (see Supplementary Material for details[32]). Oscilla-
tions faster than 500 kHz in the maser burst “I” are not
resolved due to coarse sampling (owing to the limited
memory depth of the oscilloscope used). Nevertheless,
these traces show that the splitting of the TEp;s mode
can certainly exceed 100 kHz, beyond the 50-kHz band-
width of our heterodyne receiver’s band-pass filter.

Cooling of the microwave mode is demonstrated by the
received noise power dipping below its ambient (room-
temperature) level after each maser burst, i.e. the cooling
epochs A to C shown in Fig. 4(a). The maximum reduc-
tion in noise power was found to be AP = —7.170{ dB
by fitting and we here invoke a noise model based on
the “wave approach”|2, 33]; see Supplementary Material
for the error and noise analysis[32]. Through this model,
the relation between the mode’s noise temperature (thus
average photon population), Tiode, and the reduction in
noise power measured at the heterodyne receiver’s out-
put, AP, can be accurately calibrated; the curve is drawn
in Fig. 4(c). As shown in Fig. 4(a), the maximum reduc-
tion in noise power observed (occurring after the first
maser burst) indicates that Ti,0de drops from room tem-
perature T = 290 K to 501%3 K. This degree of cooling
comes close to the limits of our instrumentation: due
primarily to the input noise of the heterodyne receiver’s
first LNA | a dip in the noise power corresponding to
Timode < 12.5 K cannot be discerned above the receiver’s
noise floor at —8.1 dB.

The evolution of Thode can also be estimated, via
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FIG. 4. (a) Instantaneous power out-coupled from microwave cavity in response to a train of three optical (590 nm) pump
pulses as recorded by the heterodyne receiver. The average of 11 consecutive measurements is drawn in dark blue, the standard
error associated with this average is displayed as the light blue region. Masing (AP > 0) and cooling (AP < 0) signals are
labeled. The average instantaneous optical pump power is shown in orange. (b) Simulated noise temperature of the TEq1s
mode as a function of time. The bright masing regime is omitted. Note that delay in the receiver’s SAW filter causes the
experimental traces in (a) to be delayed (by ~150 us) relative to those shown here. (c) Simulated power reduction (AP) at
the receiver as a function of the noise temperature of the mode Tode. The maximum power reduction observed in (a) and its
associated Tmode (black star), 95% upper and lower confidence limits are labeled (black circles). (d) Single trace (red) of the
instantaneous out-coupled power of maser oscillation measured via the direct detection with the wideband log detector. The

simulated maser signals (blue) were obtained using the same model developed for simulating the cooling signals in (b).

The

pump source is the same as used in (a). (e) Zoom-in of the three maser bursts in (a) with the time-dependent Rabi frequencies

labeled.

modeling, from the instantaneous out-coupled power as
measured by the wideband detector [top of Fig. 3(a)],
whose signal faithfully reflects the number of photons
q(t) as a function of time ¢, in the cavity during each
maser burst [see Fig. 4(d)]. We point out that, simi-
lar to the heterodyne detection of extremely weak maser
bursts from Rydberg atoms|34], the measured maser sig-
nals [shown in Fig. 4(a)] from our receiver suffer both
temporal delay and spread on account of its narrowest
band-pass (SAW) filter. The actual duration of the maser
bursts is indicated in Fig. 4(d) and (e) where the longest
burst lasts about 160 ps. The required modeling involves
solving semi-classical rate equations; see Supplementary
Material|32]. This approach cannot simulate the Rabi os-
cillations observed experimentally during epochs of mas-
ing, but can accurately predict the power envelop of each
maser burst [see Fig. 4(d)]. Using the same values of fit-
ted parameters, the same model can be used to predict
the population dynamics and hence ¢(t) during each cool-
ing epoch [see Fig. 4(b)]. To accomplish this, the rela-
tionships g = [exp(h’fmodc/kBTmodc) - 1]71 and Ppaser =
qh fmoderick /(14+k)[27] are used; Ppaser is the out-coupled
maser power shown in Fig. 4(d), k. = 27 x 0.4 MHz is
the cavity decay rate (corresponding to the cavity decay
time ~ 400 ns) and k is the coupling coefficient of the
cavity.

Fig. 4(b) implies the cooling effect occurs almost imme-
diately after the cessation of maser oscillation, when |Z)
becomes over-populated and the rate of stimulated ab-
sorption from |Z) to |X) exceeds the rates of cavity decay
(i.e. the rate of thermal photons filling in the cavity) and
spin-lattice relaxation. The duration of cooling (~625
us) is limited by the need to satisfy Nz > Nx, which
is controlled by the lifetime of |Z) (77 ~500 us) relative
to that of |X), the former being one order of magnitude
longer[31]. The depth of the cooling depends on the rate
of stimulated absorption, which is proportional to the
population difference (equal to Nz — Nx) between |X)
and |Z), and follows its own time evolution; see Supple-
mentary Material[32]. According to the simulation, the
lowest Tinode reached was around 10 K, corresponding to
~ 140 photons in the microwave mode. This is close to
the 95% lower confidence limit of Ty,ode (i-e. 5033 K)
inferred from our calibration curve relating AP to Tiode-

In conclusion, our work demonstrates that the photo-
excited triplet state of pentacene doped in p-terphenyl
can be exploited to realize a spin refrigerator that cools,
by the stimulated absorption of thermal photons, an elec-
tromagnetic mode of a microwave cavity from room tem-
perature down to a few tens of kelvin (if not lower).
The cooling performance can certainly be improved upon
through engineering, e.g. increasing the crystal’s mag-



netic filling factor, and through material science, i.e. iden-
tifying (then growing) crystals exhibiting greater absorp-
tive spin polarization. The approach reported here opens
up a new bench-top, room-temperature route to investi-
gating quantum entanglement[35] and to the realization
of quantum heat engines[36, 37]. A cold cavity mode
so-prepared could be exploited to boost measurement
sensitivity in (pulsed) EPR/NMR experiments[38], ra-
diatively cool a secondary system[13, 14], or to reduce
errors in quantum gate operations|39.
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