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P H Y S I C S

Cooling photon-pressure circuits into the  
quantum regime
Ines Corveira Rodrigues1*†, Daniel Bothner1,2†, Gary Alexander Steele1

Quantum control of electromagnetic fields was initially established in the optical domain and has been advanced 
to lower frequencies in the gigahertz range during the past decades extending quantum photonics to broader 
frequency regimes. In standard cryogenic systems, however, thermal decoherence prevents access to the quantum 
regime for photon frequencies below the gigahertz domain. Here, we engineer two superconducting LC circuits 
coupled by a photon-pressure interaction and demonstrate sideband cooling of a hot radio frequency (RF) cir-
cuit using a microwave cavity. Because of a substantially increased coupling strength, we obtain a large single- 
photon quantum cooperativity 𝒞𝒞q0 ∼ 1 and reduce the thermal RF occupancy by 75% with less than one pump 
photon. For larger pump powers, the coupling rate exceeds the RF thermal decoherence rate by a factor of 3, and 
the RF circuit is cooled into the quantum ground state. Our results lay the foundation for RF quantum photonics.

INTRODUCTION
In the recent decade, the parametric radiation-pressure coupling 
between two harmonic oscillators has been demonstrated to allow 
for groundbreaking experiments in the control and detection of 
harmonic oscillators from the kilohertz to the gigahertz frequency 
regime (1–8). The archetype of a radiation-pressure–coupled sys-
tem is an optomechanical cavity (1), where the interaction between 
a mechanical oscillator and light inside an electromagnetic resona-
tor is used for displacement sensing and motion control of mac-
roscopic objects with unprecedented precision. An outstanding 
feature of the radiation-pressure interaction is the possibility to cool 
low-frequency a mechanical oscillator orders of magnitude below 
its thermodynamic bath temperature using cavity red-sideband 
driving (9–15). The application of this technique to trapped ions 
and atoms (16,  17) or to mechanical oscillators has been used to 
place them in the phononic ground state (18–23) and is the prereq-
uisite for the preparation and investigation of quantum states of 
motion (3, 5, 24).

The implementation of photon-pressure coupling—radiation- 
pressure coupling between two photons of different frequency—
using superconducting LC circuits has recently gained considerable 
attention (25–29), as its realization promises to enable quantum 
control of electromagnetic fields in the radio frequency (RF) domain. 
This platform might also allow for the investigation of unexplored 
photon-pressure parameter regimes, as circuits provide an extremely 
high degree of design flexibility regarding resonance frequencies and 
linewidths. Radiation-pressure–coupled devices provide furthermore 
extensive possibilities for quantum signal processing, such as quantum- 
limited parametric amplification (30–34), nonreciprocal photon 
transport (8, 35–37), slow light (38, 39), and photonic reservoir 
engineering (40, 41). Implementing these technologies in a circuit- 
only platform would not only offer larger coupling rates and more 
architectural possibilities compared to mechanical oscillators but 
would also be naturally compatible with superconducting quantum 

processors (42). Very recently, photon-pressure–coupled circuits 
are also discussed as in the context of fault-tolerant quantum com-
puting using bosonic codes (29) and quantum-enhanced dark matter 
axion detection at low-energy scales (43, 44). To date, however, 
photon-pressure–coupled superconducting circuits have only been 
realized in the classical regime and in the presence of large resid-
ual thermal fluctuations (25, 26).

Here, we report photon-pressure coupling between a hot RF 
circuit and a high-frequency (HF) superconducting quantum in-
terference cavity in the quantum regime. By engineering galvani-
cally connected circuits, we increase the single-photon coupling 
strength and single- photon cooperativity by about one order of 
magnitude compared to the best results reported to date (25, 26). 
This allows for sideband cooling of the residual thermal occupa-
tion in the hot RF mode by a factor of ∼4 with less than one pump 
photon and a single-photon quantum cooperativity 𝒞q0 ∼ 1. Because 
of the large single-photon coupling rate in our device, we reach the 
strong-coupling regime with only 0.7 pump photons, where we 
observe the residual thermal fluctuations of the hybridized normal 
modes and demonstrate ground state cooling of the RF mode. Si-
multaneuosly, the multiphoton coupling rate notably exceeds the 
thermal decoherence rate of the RF mode and the decay rate of 
the HF cavity, which corresponds to the quantum-coherent strong- 
coupling regime, the basis for coherent quantum-state transfer be-
tween the two circuits (45). Our results pave the way toward quantum 
control of RF circuits and quantum-limited detection of photons 
in the RF regime.

RESULTS
Our device combines two integrated superconducting LC circuits, 
which are galvanically connected to each other at the heart of the 
circuit in a superconducting quantum interference device (SQUID). 
A circuit schematic of the device and optical micrographs are shown 
in Fig. 1 (A to C), and the multilayer device fabrication is presented 
in detail in note S1.

The RF mode circuit consists of a large parallel-plate capacitor 
using amorphous silicon as a dielectric and of a short inductor wire, 
which at the same time forms the loop of the SQUID. The SQUID is 
completed by two constriction type Josephson junctions connecting 
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the RF inductor wire to the HF part of the circuit. The remaining 
part of the HF mode consists of an additional linear inductor L and 
two interdigitated capacitors C; cf. Fig. 1. Both circuit modes are 
capacitively coupled to individual coplanar waveguide feedlines for 
driving and readout. The chip is mounted into a printed circuit 
board, connected to microwave input/output cabling, and packaged 
into a radiation tight copper (Cu) housing. A small superconducting 
magnet is attached to the Cu housing below the chip allowing the 
application of an external out-of-plane magnetic field. The experi-
ments are carried out with the whole configuration placed inside a 
cryoperm magnetic shielding and attached to the mixing chamber 
of a dilution refrigerator with a base temperature of Tb ∼ 15 mK.  
More details on the device and the setup are given in notes S2 and 
S3 (46–48).

In Fig. 1D, the reflection response ∣S11∣ of the two modes is 
shown, measured through their individual feedlines. The RF mode 
has a resonance frequency of 0 = 2 · 452.5 MHz and a linewidth 
0 = 2 · 26 kHz. For the HF mode, the resonance frequency is 0 = 
2 · 7.207 GHz and the total linewidth  = 2 · 380 kHz. The total 
linewidth of the HF mode is the sum of the internal contribution 
i = 2 · 300 kHz and the external contribution due to the coupling 
to the feedline of e = 2 · 80 kHz. For the low-frequency circuit, we 
obtain i = 2 · 10 kHz and e = 2 · 16 kHz. Details on the fitting 
function and routine are given in note S4.

When a magnetic flux b is applied through the SQUID by the 
external coil, the resulting circulating current changes the inductance 
of the Josephson junctions and the HF resonance frequency is shifted 
accordingly. In Fig. 1E, we show 0(b) depending on the external 

bias flux b through the SQUID loop; a theoretical description and 
modeling of the circuit and the flux dependence are detailed in note S3. 
Any oscillating current flowing through the RF inductor induces 
additional flux through the SQUID loop and therefore modulates 
the resonance frequency of the HF mode. As a result, the two modes 
interact via an effective photon-pressure coupling and the Hamiltonian 
of the device is given by (25–27)

    ̂  H   / ħ =    0      ̂  a     †   ̂  a   +    0      ̂  b     †   ̂  b   +  g  0      ̂  a     †   ̂  a  (  ̂  b   +    ̂  b     † )  (1)

where the creation (annihilation) operators for the HF and RF modes 
are given by     ̂  a     †   (   ̂  a   ) and     ̂  b     †   (   ̂  b   ), respectively. The coupling constant 
is given by

   g  0   =   ∂    0   ─ ∂    b        zpf    (2)

with the tunable flux responsivity of the HF cavity ∂0/∂b and the 
effective root mean square value of the RF vacuum flux fluctuations 
zpf ≈ 635 0. Because of the low-power operation regime used for 
the experiments presented here, both circuits act in good approxi-
mation as harmonic oscillators, and the Kerr nonlinearities arising 
from the Josephson junctions can be neglected. With the small 
Josephson inductance LJ0 = 40 pH of the constriction type junctions 
and because of the dilution by linear inductors, both Kerr nonlin-
earities HF = 2 · 2.4 kHz ≪  and RF = 2 · 1.3 Hz ≪ 0 (49) are 
sufficiently low to justify this approximation.

15 mK

CcH

C

C

CRF

CcR

HF

RF

A

L
Ll

LJ

LJ

L0

L0

Re
�e

ct
io

n 
|S

11
| 

0.6

1.0

Frequency (MHz) Frequency (GHz)
452.5 452.6 7.206 7.207 7.208

D

Γ0

Ω0

|S11|RF 

Φb

SQUID �ux bias Φb/Φ0

Re
so

na
nc

e 
fr

eq
ue

nc
y 

(G
H

z)
 

7.25

7.20

7.15

7.10

E

0.0 0.5–0.5–1.0 1.0

  0
|S11|HF

C

100 µm 

L0

L0

Ll

C

C

CcH
L

CRF

20 µm 

LJ

LJ

B

0.2

κ

ω

Fig. 1. A two-mode superconducting LC circuit with a tunable photon-pressure interaction. (A) Circuit schematic. The full circuit has two modes, a low-frequency 
mode and an HF mode. The low, RF mode is formed by the capacitors and inductors CRF and L0 and the parallel combination of Ll and 2LJ. The HF microwave mode is 
formed by the combination of L, C, and L0 and LJ. The inductances Ll and LJ form a SQUID. Both modes are capacitively coupled to individual feedlines for driving and 
readout. (B) Optical image of the device showing the circuit (full image is shown in fig. S2). The dashed box shows the zoom region for (C). In (B) and (C), brighter parts 
correspond to aluminum, and darker and transparent parts correspond to silicon. (D) Resonance curves of both modes versus excitation frequency in the |S11|; colored 
points are data, and the black lines correspond to fits. The inset displays the reduced circuit equivalents for the two modes. (E) Resonance frequency of the HF mode 
versus magnetic flux bias through the SQUID loop generated by an external magnetic coil. The dataset was obtained by combining data from a flux up-sweep with the 
data from a flux down-sweep. Because of a non-negligible loop inductance Ll, the flux dependence is hysteretic and multivalued for flux values around ±0.50 ± 0.30 
(60–62). The flux operation point b = 0 ~ 0.54 used for the data shown in (D) and for the rest of this work is marked by a star.
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From the resonance frequency fit curves shown in Fig. 1E, the 
flux responsivity at the operation point is found to be ∂0/∂ ≈ 2 · 
250 MHz/0, and we get a coupling rate of g0 = 2 · 160 kHz at the 
operation point. At larger flux bias values b/0 ∼ 0.75, the single- 
photon coupling rate reaches values g0 ∼ 2 · 1 MHz ≈ ; cf. note S5, 
a regime typically very difficult to reach in other photon-pressure–
coupled systems. In the current setup, however, this operation point 
is related to considerable low-frequency flux noise, which leads to 
HF cavity fluctuations and slow frequency drifts. Therefore, we chose 
to work at an operation point that simultaneously offers a large 
single-photon coupling rate and negligible HF cavity fluctuations.

Considering the parameter regime of our device with g0/0 ∼ 3 · 
10−4, the photon-pressure nonlinearity (50, 51) induced in the HF 
cavity given by  2  g  0  2  /    0   ∼ 2 · 110  Hz is negligibly small. Therefore, 
the interaction between the two modes with a coherently driven HF 
cavity can be linearized (1), and the interaction part of the Hamiltonian 
with red-sideband driving is captured by a pump-tunable beam- 
splitter interaction

     ̂  H    int   / ħ = g(  ̂  a      ̂  b     †  +     ̂  a     †   ̂  b   )  (3)

Here,  g =  √ 
_

  n  c      g  0    is the multiphoton coupling strength and      ̂  a     †   
and    ̂  a    describe the creation and annihilation of intracavity field 
fluctuations, respectively. In this situation, photons from the pump 
will scatter mainly to the HF resonance frequency 0, each event 
removing one photon from the RF circuit. This process constitutes 
a cooling mechanism, which is exhibited by an additional damping 
term of the RF mode.

We characterize the total damping rate of the RF resonator by 
probing its response   S 11  RF   in reflection with a small probe tone while 
pumping the HF mode with a variable power microwave tone ex-
actly on the red sideband p = 0 − 0. The experimental scheme is 
shown in Fig. 2A, and the result of the response measurement is 
plotted in Fig. 2B for varying HF sideband pump powers. With in-
creasing HF intracavity photon number nc, the total linewidth eff 
of the RF mode increases from about 2 · 30 kHz at low pump powers 
to ∼2 · 180 kHz for pump powers that correspond to nc ∼ 0.4 intra-
cavity microwave photons. From fits to the response data, the effec-
tive damping rate for each pump power is extracted; the result is 
shown in Fig. 2C. The experimental data are fitted with the theoretical 
expression for the total damping

     eff   =    +    0   ─ 2   −  √ 

____________

     ( −    0  )   2  ─ 4   − 4  g   2     (4)

and as fit parameter, we get the multiphoton coupling strength g 
and subsequently the multiphoton cooperativity  C =   4  g   2  _     0    . The result 
is shown in Fig. 2D and demonstrates that we reach large values 
C > 1 for 0.1 pump photon and a single-photon cooperativity   
C  0   =   4  g 0  2  _     0    ≈ 10 . With the knowledge of g, 0, and  for a given pump 
strength, the photon-pressure interaction is fully characterized.

Without the RF probe tone applied in the previous experiment, the 
currents in the RF mode are given by residual thermal and quantum 
fluctuations. These current fluctuations lead to resonance frequency 
fluctuations of the HF mode, mediated by the SQUID. Therefore, 
when the HF mode is driven with a continuous frequency pump tone 
on the red sideband, the resonance frequency fluctuations induced 
by the LF mode lead to the generation of a sideband at p + 0. This 

sideband corresponds to upconverted thermal photons from the RF mode, 
and its detection and analysis allow to determine the residual RF mode 
occupation. The power spectral density at the detector [HF HEMT 
(High-Electron-Mobility Transistor) amplifier] input in units of quanta 
for a pump around the red sideband is in good approximation given by

    S() ─ ħ
    =   1 ─ 2   +   n  add   ′   +   

   e    g   2  ∣   0  ∣   2  ∣   c  ∣   2    0  
  ─────────────  

 ∣1 +  g   2     c      0  ∣   
2
 
    n th  RF   (5)

with the RF mode occupation as weighted sum of internal and ex-
ternal bath occupations   n th  RF  =      e   _    0     n e  RF  +      i   _    0     n i  RF   and the HF and RF 
mode susceptibilities

    c  
−1  =    ─ 2   + i( −    0  )  (6)
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Fig. 2. Photon-pressure damping of the RF mode and large single-photon 
cooperativity. (A) Schematic of the experiment. The HF mode is driven by a pump 
tone on its red sideband p = 0 − 0, and the response of the RF mode is simulta-
neously measured with a weak probe tone around  ∼ 0. With increasing strength 
of the pump tone or intracavity pump photon number nc, respectively, the linewidth 
of the RF resonance broadens substantially as shown in (B), indicating the regime of 
photon-pressure damping induced by the red-sideband pump field. Circles are data, 
and lines are fits. Subsequent curves are shifted vertically by 1 for clarity. From the 
fits, we extract the effective RF mode linewidth eff depending on the number of 
intracavity pump photons. The extracted values are plotted in (C). By fitting the 
data (circles) with Eq. 6, fit curve is shown as line, we extract and quantify the multi-
photon coupling strength g and the cooperativity  C =   4  g   2  _     0     depending on the number 
of pump photons. The cooperativity extracted from the experimental data is shown 
as circles in (D), and the theoretical curve based on the fit in (C) is shown as a line. 
The gray-shaded area for nc > 0.1 indicates the regime of cooperativity C > 1. Error 
bars in (D) correspond to a 1-kHz uncertainty in the bare RF linewidth 0. Here, the 
best agreement with the data was found with 0 = 2 · 27.5 kHz.
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    0  −1  =      0   ─ 2   + i( −    p   −    0  )  (7)

respectively. For Eq. 5, we assumed that internal and external 
bath of the HF cavity are well equilibrated to the fridge temperature 
  T i  

HF ,  T e  
HF  < 100   mK which translates to   n i  

HF ,  n e  
HF  ≪  n th  RF ,   n  add   ′  , 1 / 2 ; 

for details, cf. note S6 (52).
From a thermal calibration of the RF mode occupation with 

varying fridge temperature, shown in Fig. 3B, we determine the resid-
ual occupation at base temperature to be ∼7 ± 1 RF photons and 
the effective number of noise photons added by the detection chain 
nadd′ ≈ 11 ± 2; details are given in notes S7 and S8. We note that we 
observe a dependence of the bare linewidth 0 not only on the tem-
perature of the mixing chamber but also on the residual RF occupa-
tion at T = Tb, which we attribute to two-level system saturation in 
the amorphous silicon dielectric filling of the RF parallel-plate 
capacitor. For the fridge base temperature data in Fig. 3B, we find 
0 ≈ 2 · 40 kHz, an increased value compared to the values obtained 
from the reflection measurement. This linewidth and   n th  RF  ∼ 7  cor-
respond to a single-photon quantum cooperativity   C  q0   =  C  0   /  n th  RF  ≈ 1 .

The effective temperature of the RF mode occupied with seven 
thermal photons is TRF ≈ 150 mK and thus considerably higher 
than the base temperature of the mixing chamber Tf ≈ 15 mK. We 
attribute this mostly to radiative noise heating through the RF input/
output feedline, which is not strongly isolated from the cryogenic 

RF amplifier mounted in between the 800-mK and the 3.2-K plates, 
but we can also not completely exclude a small contibution from 
imperfect thermalization of the device to the mixing chamber. This 
interpretation is supported by the increase of RF mode occupation 
when the cryogenic RF amplifier is switched on, in which case we 
find   n th  RF  ∼ 21 . For the thermal calibration and the cooling experi-
ment presented in Fig. 3, however, the amplifier is switched off. 
Additional thermal calibration and cooling data with the RF ampli-
fier switched on can be found in note S8.

With the fridge temperature set back to its minimal value Tb = 
15 mK, we measure the HF mode output spectra for varying red- 
sideband pump power; cf. Fig. 3C. For the smallest pump power 
shown, the upcoverted thermal noise spectrum displays a Lorentzian 
lineshape with an effective linewidth eff ≈ 2 · 65 kHz, broadened 
by dynamical backaction. With increasing sideband pump power, 
the thermal noise peak broadens further until, for the largest powers, 
the lineshape deviates from a Lorentzian because of the onset of 
normal-mode splitting. Additional spectra for a larger residual RF 
occupation   n th  RF  ∼ 21  are given in note S8.

By fitting the spectra with Eq. 5, shown as lines and shaded areas 
in Fig. 3C, the equilibrium RF photon numbers are determined and 
converted to the sideband-cooled photon occupation

      n cool  
RF   =  n th  RF       0   ─ 

 +    0       
4  g   2  + ( +    0  )

  ─ 
4  g   2  +     0  

   +  n th  HF     ─ 
 +    0       

4  g   2 
 ─ 

4  g   2  +     0  
    (8)
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Fig. 3. Sideband cooling of a hot RF resonator with less than a single pump photon. (A) For the observation of upconverted thermal noise and cooling of the RF 
resonator, a pump tone is set to the red sideband of the HF mode p = 0 − 0, and the cavity output field around  = 0 is detected with a signal analyzer. (B) Thermal 
RF photon number versus fridge temperature. Symbols are data, the black line is the Bose factor, and the orange line is a more elaborate model taking into account ther-
mal radiation on the feedline and imperfect chip thermalization; cf. note S7. From this thermal calibration, we determine the thermal occupation of the RF mode at fridge 
base temperature to be   n th  RF  ~ 7 ± 1 . (C) Measured HF output power spectral density for increasing red-sideband pump power normalized to the on-chip pump power P0. 
Frequency axis is given as detuning from the low-power noise center frequency. Circles are data, and lines with shaded areas are fits. With increasing pump strength, the 
RF resonance gets broadened by photon-pressure damping, and its total thermal noise power gets reduced, which corresponds to sideband cooling of the RF mode. The 
slight asymmetry in the power spectral density for the largest pump powers originates from a small detuning  ≈ 2 · 30 kHz of the pump from the red sideband, which is 
taken into account in our analysis. In (D), the thermal mode occupation photon number is shown as symbols versus HF pump photon number. The initial thermal occu-
pation is cooled by about a factor of ~4, and theoretical expectation is shown as a line. Error bars in (B) and (D) correspond to uncertainties of ±2 HF photons of added 
noise in the detection chain and ± 2 kHz in bare RF linewidth 0.
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Note that this relation differs from the result usually quoted in 
optomechanics (1, 20, 53), which is only valid for  ≫ 0 and un-
derestimates the cooling rate in the unusual regime 0 ≲ . The 
full equation taking into account also finite pump detunings  
can be found at the end of note S6.

The resulting sideband-cooled RF mode occupation is shown in 
Fig. 3D. Therefore, with less than a single pump photon, the RF 
mode is cooled by about a factor of ∼4 to an occupation of only 
1.7 RF quanta, demonstrating the applicability of sideband cooling 
for photon-pressure–coupled circuits and an extraordinarily large 
single-photon cooling rate. At higher pump powers than the ones 
discussed so far, the two circuits hybridize in the parametric normal- 
mode splitting regime (20, 26, 53, 54).

In the strong-coupling regime, i.e., when the frequency splitting 
of the normal modes exceeds the hybridized linewidths, the residual 
thermal occupation of the RF mode is distributed between the 
hybridized normal modes. Equation 8, however, remains valid, and 
the onset of mode hybridization does not prevent the RF mode from 
being cooled further. The theoretical limit for cooling in the regime 
g ≫ , 0 is given by   n lim  RF   =  n th  RF     0   / ( +    0   ) ≈ 0.67  photons, as-
suming a ground state HF cavity. The remaining thermal excitations 
of the system are then equally distributed between the RF and the 
HF modes; cf. also note S9.

To characterize the residual number of thermal RF photons in the 
strong-coupling regime, we detect the output noise of the normal 
modes in the HF domain for varying detuning of the pump tone 
from the red sideband . In Fig. 4, the measured output spectra 

around  =  − 0 are shown color-coded in Fig. 4B and as individual 
line scans in Fig. 4D. We find an excellent agreement between the 
data and theoretical calculations, shown color-coded in Fig. 4C and 
as lines in Fig. 4D. For large detunings ∣∣ > 2 · 2 MHz, a hot mode 
with a large noise amplitude is observed, whose frequency follows 
closely p + 0 and corresponds to the normal mode dominated by 
the RF circuit in this regime. At the same time, no output noise field 
is detected around the HF cavity–like normal mode close to  = 0, 
indicating that this mode is cold and in thermal equilibrium with its 
bath. For small detunings  ∼ 0, we observe a pronounced avoided 
crossing of the RF mode with the driven HF cavity, centered at  = 0. 
The splitting between the two hybridized modes is given by g/ ≈ 
2 MHz, indicating that we reach the so-called quantum-coherent 
coupling regime where  g > ,    0    n th  RF   (45) and a quantum coopera-
tivity   C  q   = C /  n th  RF  ≈ 35 .

For a quantification of the effective normal-mode thermal occu-
pation, we treat the modes as two independent HF modes; a detailed 
description is given in notes S9 and S10. The lower-frequency mode 
has the resonance frequency −, linewidth −, and external linewidth 
e−, the higher-frequency mode +, +, and e+, respectively. The 
complex resonances of the normal modes are given by (53)

     ~    ±   =    0   +    ─ 2   + i    +    0   ─ 4   ±  √ 

________________

   g   2  −   (      −    0   + 2i ─ 4   )     
2
     (9)

and the resonance frequencies and linewidths are     ±   = Re [    ~    ±  ]  
and     ±   = 2Im [    ~    ±  ] , respectively.
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an unmodified background level of 11.5, and subsequent lines are offset by +2 quanta each. In the regime  = 0, the splitting between the modes is given by g/ with 
g = 2·1 MHz. We treat the two parametrically coupled normal modes as individual HF modes with resonance frequencies − and + and extract the corresponding, effective 
thermal photon numbers n− and n+ from the spectrum shown in (D). The values are plotted in (E). From the normal-mode occupations n±, we determine the occupation 
of the bare HF and RF modes shown in (F). Around  = 0, both bare modes are in the quantum ground state with residual occupations   n cool  

HF   ≈  n cool  
RF   ∼ 0.8 ± 0.2 . For the 

theoretical calculations, shown as lines, we assume   n th  HF  = 0.01  and find as equilibrium thermal occupations   n th  HF  = 8.0 . Error bars in (E) and (F) correspond to uncertainties 
of ±2 HF photons of added noise in the detection chain and ± 2 kHz in 0.

D
ow

nloaded from
 https://w

w
w

.science.org at D
elft U

niversity on O
ctober 18, 2021



Rodrigues et al., Sci. Adv. 2021; 7 : eabg6653     15 October 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 8

The power spectral density of the HF output field in terms of 
these normal-mode parameters can be written as

     S  nms   ─ ħ
   =   1 ─ 2   +   n  add   ′   + 4      e−      −   ─ 

  −  2   + 4   −  2  
    n  −   + 4      e+      +   ─ 

  +  2   + 4   +  2  
    n  +    (10)

where n± are the effective photon occupations of the two normal modes, 

± =  − ± and the external linewidths      e±   =     e   _ 2   (  1 ±    _ 
 √ 
_

     2  + 4  g   2   
  )    ; cf. 

notes S9 and S10. The effective normal-mode occupations n− and n+ 
depending on the pump detuning are shown in Fig. 4E. While for 
large detunings the RF-like normal mode is still hot and the HF-like 
mode is in the quantum ground state, both normal modes appear to 
be in the quantum ground state when they are close to the full-mode 
hybridizaton at  ∼ 0. The minimum occupation that we observe at 
the symmetry point is n− = n+ = 0.8.

From comparison between the two versions of the HF power 
spectral densities (Eqs. 10 and 5) and the condition Snms = S, we 
obtain the HF mode occupation in the cooling regime   n cool  HF    by

     e    n cool  
HF   =    e−    n  −   +    e+    n  +    (11)

For zero pump detuning, this simplifies to   n cool  
HF   =  n  −   =  n  +   = 0.8 . 

Using the equation for the total thermal occupation   n cool  
tot    of the sys-

tem in the strong-coupling regime (cf. note S9), we calculate the 
residual occupation of the RF mode   n cool  

RF   =  n cool  
tot   −  n cool  

HF   . The re-
sulting occupation of both bare modes is shown in Fig. 4F, showing 
that   n cool  RF   ≈  n cool  

HF   = 0.8 ± 0.2 , i.e., both are in the quantum ground 
state for  ∼ 0.

DISCUSSION
In future devices, both the cooling factor and the thermal noise de-
tection efficiency could be considerably improved by reducing the 
external linewidth of the HF cavity by one to two orders of magni-
tude. A correspondingly optimized device might also be suitable to 
generate quantum-squeezed RF states or to entangle distinct RF 
circuits, similar to what has been reported for optomechanical 
devices (3, 7). If at the same time the HF cavity flux noise can be 
reduced by, for example, improved shielding and/or lower-noise 
current sources, then an HF cavity operation point with larger g0 can 
be chosen while maintaining the high values for the single-photon 
cooperativity reported in the current work.

With the results presented in this work, we demonstrated photon- 
pressure coupling of a hot RF circuit to a superconducting micro-
wave cavity in the quantum regime. By a galvanically connected 
circuit design, we markedly increased the single-photon coupling 
strength and achieved a single-photon quantum cooperativity of 
unity. On the basis of the large single-photon coupling rate, we were 
able to demonstrate both sideband cooling of the RF mode by a factor 
of 4 and the strong-coupling regime, with less than a single pump 
photon. For stronger pump powers, we enter the quantum-coherent 
coupling regime and demonstrate photon-pressure ground state 
cooling of the originally hot RF mode.

Compared to other recently developed radiative cooling techniques 
of circuits and other systems (55, 56), sideband cooling can reduce 
the effective mode temperature far below the physical temperature 
of any bath (57). Furthermore, in contrast to previous reports of 
sideband-cooling techniques with circuits using highly nonlinear 

systems such as superconducting qubits (58, 59), our approach 
allows for both participating circuits to have a very high degree of 
linearity which is highly desirably for many signal processing appli-
cations. This work lays the foundation for RF quantum photonics 
for quantum-limited RF sensing and has potential applications in 
quantum-limited microwave signal and bosonic code quantum in-
formation processing based on photon-pressure–coupled circuits.

MATERIALS AND METHODS
The photon-pressure system used in this experiment consists of two 
galvanically connected lumped-element LC circuits, and it was en-
gineered via a multilayer nanofabrication process. The HF mode of 
the circuit comprises two interdigitated capacitors, a SQUID con-
taining two Josephson junctions and two linear inductors. Aside from 
the firstly patterned 50-nm-wide, 100-nm-long, and 15-nm-thick 
aluminum nanobridge junctions and their respective 500 nm by 
500 nm contact pads, the circuit is made of a ∼70-nm-thick alumi-
num layer on a silicon substrate. Both layers were patterned via a 
sputtering deposition in combination with electron beam lithography 
and liftoff. In addition, an argon milling process (∼2 min) was per-
formed in situ before the second deposition step to provide good 
electrical contact between the two layers. The RF mode is formed by 
a parallel-plate capacitor with a ∼130-nm-thick amorphous silicon 
layer as a dielectric and a short inductor wire that simultaneously 
acts as the loop of the SQUID. The inductor wire was patterned 
together with the bottom capacitor plate and the HF circuit mode 
components. Subsequent to this step, the dielectric deposition took 
place, i.e., a PECVD (plasma-enhanced chemical vapor deposition) 
process followed by a reactive ion etching step and O2 plasma ashing. 
Last, we patterned the top capacitor plate. This one is made of a 
250-nm aluminum layer, and it was fabricated via another sputtering- 
liftoff procedure, which once again included an in situ argon milling 
to guarantee good contact between the plates. A step-by-step de-
scription of the device fabrication is given in note S1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg6653

REFERENCES AND NOTES
 1. M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Cavity optomechanics. Rev. Mod. Phys. 86, 

1391–1452 (2014).
 2. J. D. Teufel, T. Donner, M. A. Castellanos-Beltran, J. W. Harlow, K. W. Lehnert, 

Nanomechanical motion measured with an imprecision below that at the standard 
quantum limit. Nat. Nanotechnol. 4, 820–823 (2009).

 3. E. E. Wollman, C. U. Lei, A. J. Weinstein, J. Suh, A. Kronwald, F. Marquardt, A. A. Clerk, K. C. Schwab, 
Quantum squeezing of motion in a mechanical resonator. Science 349, 952–955 (2015).

 4. H. Xu, D. Mason, L. Jiang, J. G. E. Harris, Topological energy transfer in an optomechanical 
system with exceptional points. Nature 537, 80–83 (2016).

 5. A. P. Reed, K. H. Mayer, J. D. Teufel, L. D. Burkhart, W. Pfaff, M. Reagor, L. Sletten, X. Ma, 
R. J. Schoelkopf, E. Knill, K. W. Lehnert, Faithful conversion of propagating quantum 
information to mechanical motion. Nat. Phys. 13, 1163–1167 (2017).

 6. R. Riedinger, A. Wallucks, I. Marinković, C. Löschnauer, M. Aspelmeyer, S. Hong, 
S. Gröblacher, Remote quantum entanglement between two micromechanical 
oscillators. Nature 556, 473–477 (2018).

 7. C. F. Ockeloen-Korppi, E. Damskägg, J.-M. Pirkkalainen, M. Asjad, A. A. Clerk, F. Massel, 
M. J. Woolley, M. A. Sillanpää, Stabilized entanglement of massive mechanical oscillators. 
Nature 556, 478–482 (2018).

 8. H. Xu, L. Jiang, A. A. Clerk, J. G. E. Harris, Nonreciprocal control and cooling of phonon 
modes in an optomechanical system. Nature 568, 65–69 (2019).

 9. P. F. Cohadon, A. Heidmann, M. Pinard, Cooling of a mirror by radiation pressure. Phys. 
Rev. Lett. 83, 3174–3177 (1999).

D
ow

nloaded from
 https://w

w
w

.science.org at D
elft U

niversity on O
ctober 18, 2021

https://science.org/doi/10.1126/sciadv.abg6653
https://science.org/doi/10.1126/sciadv.abg6653


Rodrigues et al., Sci. Adv. 2021; 7 : eabg6653     15 October 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 8

 10. V. B. Braginsky, S. P. Vyatchanin, Low quantum noise tranquilizer for Fabry-Perot 
interferometer. Phys. Lett. A 293, 228–234 (2002).

 11. C. Höhberger Metzger, K. Karrai, Cavity cooling of a microlever. Nature 432, 1002–1005 
(2004).

 12. S. Gigan, H. R. Böhm, M. Paternostro, F. Blaser, G. Langer, J. B. Hertzberg, K. C. Schwab, 
D. Bäuerle, M. Aspelmeyer, A. Zeilinger, Self-cooling of a micromirror by radiation 
pressure. Nature 444, 67–70 (2006).

 13. O. Arcizet, P. F. Cohadon, T. Briant, M. Pinard, A. Heidmann, Radiation-pressure cooling 
and optomechanical instability of a micromirror. Nature 444, 71–74 (2006).

 14. D. Kleckner, D. Bouwmeester, Sub-kelvin optical cooling of a micromechanical resonator. 
Nature 444, 75–78 (2006).

 15. A. Schliesser, P. Del’Haye, N. Nooshi, K. J. Vahala, T. J. Kippenberg, Radiation pressure 
cooling of a micromechanical oscillator using dynamical backaction. Phys. Rev. Lett. 97, 
243905 (2006).

 16. D. J. Wineland, R. E. Drullinger, F. L. Walls, Radiation-pressure cooling of bound resonant 
absorbers. Phys. Rev. Lett. 40, 1639–1642 (1978).

 17. W. Neuhauser, M. Hohenstatt, H. Dehmelt, Optical-sideband cooling of visible atom 
cloud confined in parabolic well. Phys. Rev. Lett. 41, 233–236 (1978).

 18. F. Diedrich, J. C. Bergquist, W. M. Itano, D. J. Wineland, Laser cooling to the zero-point 
energy of motion. Phys. Rev. Lett. 62, 403–406 (1989).

 19. S. E. Hamann, D. L. Haycock, G. Klose, P. H. Pax, I. H. Deutsch, P. S. Jessen, Resolved-
sideband raman cooling to the ground state of an optical lattice. Phys. Rev. Lett. 80, 
4149–4152 (1998).

 20. J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, 
K. W. Lehnert, R. W. Simmonds, Sideband cooling of micromechanical motion 
to the quantum ground state. Nature 475, 359–363 (2011).

 21. J. Chan, T. P. Mayer Alegre, A. H. Safavi-Naeini, J. T. Hill, A. Krause, S. Gröblacher, 
M. Aspelmeyer, O. Painter, Laser cooling of a nanomechanical oscillator into its quantum 
ground state. Nature 478, 89–92 (2011).

 22. I. Wilson-Rae, N. Nooshi, W. Zwerger, T. J. Kippenberg, Theory of ground state cooling 
of a mechanical oscillator using dynamical back action. Phys. Rev. Lett. 99, 093901 
(2007).

 23. F. Marquardt, J. P. Chen, A. A. Clerk, S. M. Girvin, Quantum theory of cavity-assisted 
sideband cooling of mechanical motion. Phys. Rev. Lett. 99, 093902 (2007).

 24. D. M. Meekhof, C. Monroe, B. E. King, W. M. Itano, D. J. Wineland, Generation 
of nonclassical motional states of a trapped atom. Phys. Rev. Lett. 76, 1796–1799 (1996).

 25. C. Eichler, J. R. Petta, Realizing a circuit analog of an optomechanical system 
with longitudinally coupled superconducting resonators. Phys. Rev. Lett. 120, 227702 
(2018).

 26. D. Bothner, I. C. Rodrigues, G. A. Steele, Photon-pressure strong coupling between two 
superconducting circuits. Nat. Phys. 17, 85–91 (2021).

 27. J. R. Johansson, G. Johansson, F. Nori, Optomechanical-like coupling between 
superconducting resonators. Phys. Rev. A 90, 053833 (2014).

 28. A. Ü. C. Hardal, N. Aslan, C. M. Wilson, Ö. E. Müstecaplıoğlu, Quantum heat engine 
with coupled superconducting resonators. Phys. Rev. E 96, 062120 (2017).

 29. D. J. Weigand, B. M. Terhal, Realizing modular quadrature measurements via a tunable 
photon-pressure coupling in circuit QED. Phys. Rev. A 101, 053840 (2020).

 30. A. Metelmann, A. A. Clerk, Quantum-limited amplification via reservoir engineering. Phys. 
Rev. Lett. 112, 133904 (2014).

 31. F. Massel, T. T. Heikkilä, J.-M. Pirkkalainen, S. U. Cho, H. Saloniemi, P. J. Hakonen, 
M. A. Sillanpää, Microwave amplification with nanomechanical resonators. Nature 480, 
351–354 (2011).

 32. A. Nunnenkamp, V. Sudhir, A. K. Feofanov, A. Roulet, T. J. Kippenberg, Quantum-limited 
amplification and parametric instability in the reversed dissipation regime of cavity 
optomechanics. Phys. Rev. Lett. 113, 023604 (2014).

 33. C. F. Ockeloen-Korppi, E. Damskägg, J.-M. Pirkkalainen, T. T. Heikkilä, F. Massel, 
M. A. Sillanpää, Low-noise amplification and frequency conversion with a multiport 
microwave optomechanical device. Phys. Rev. X 6, 041024 (2016).

 34. D. Bothner, S. Yanai, A. Iniguez-Rabago, M. Yuan, Y. M. Blanter, G. A. Steele, Cavity 
electromechanics with parametric mechanical driving. Nat. Commun. 11, 1589 (2020).

 35. D. Malz, L. D. Tóth, N. R. Bernier, A. F. Feofanov, T. J. Kippenberg, A. Nunnenkamp, 
Quantum-limited directional amplifiers with optomechanics. Phys. Rev. Lett. 120, 023601 
(2018).

 36. N. R. Bernier, L. D. Toth, A. Koottandavida, M. A. Ioannou, D. Malz, A. Nunnenkamp, 
A. K. Feofanov, T. J. Kippenberg, Nonreciprocal reconfigurable microwave 
optomechanical circuit. Nat. Commun. 8, 604 (2017).

 37. S. Barzanjeh, M. Wulf, M. Peruzzo, M. Kalaee, P. B. Dieterle, O. Painter, J. M. Fink, 
Mechanical on-chip microwave circulator. Nat. Commun. 8, 953 (2017).

 38. A. H. Safavi-Naeini, T. P. Mayer Alegre, J. Chan, M. Eichenfield, M. Winger, Q. Lin, J. T. Hill, 
D. E. Chang, O. Painter, Electromagnetically induced transparency and slow light 
with optomechanics. Nature 472, 69–73 (2011).

 39. X. Zhou, F. Hocke, A. Schliesser, A. Marx, H. Huebl, R. Gross, T. J. Kippenberg, Slowing, 
advancing and switching of microwave signals using circuit nanoelectromechanics. Nat. 
Phys. 9, 179–184 (2013).

 40. K. Fang, J. Luo, A. Metelmann, M. H. Matheny, F. Marquardt, A. A. Clerk, O. Painter, 
Generalized non-reciprocity in an optomechanical circuit via synthetic magnetism 
and reservoir engineering. Nat. Phys. 13, 465–471 (2017).

 41. L. D. Tóth, N. R. Bernier, A. Nunnenkamp, A. K. Feofanov, T. J. Kippenberg, A dissipative 
quantum reservoir for microwave light using a mechanical oscillator. Nat. Phys. 13, 
787–793 (2017).

 42. F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R. Barends, R. Biswas, S. Boixo, 
F. G. S. L. Brandao, D. A. Buell, B. Burkett, Y. Chen, Z. Chen, B. Chiaro, R. Collins, 
W. Courtney, A. Dunsworth, E. Farhi, B. Foxen, A. Fowler, C. Gidney, M. Giustina, R. Graff, 
K. Guerin, S. Habegger, M. P. Harrigan, M. J. Hartmann, A. Ho, M. Hoffmann, T. Huang, 
T. S. Humble, S. V. Isakov, I. Jeffrey, Z. Jiang, D. Kafri, K. Kechedzhi, J. Kelly, P. V. Klimov, 
S. Knysh, A. Korotkov, F. Kostritsa, D. Landhuis, M. Lindmark, E. Lucero, D. Lyakh, 
S. Mandrà, J. R. McClean, M. McEwen, A. Megrant, X. Mi, K. Michielsen, M. Mohseni, 
J. Mutus, O. Naaman, M. Neeley, C. Neill, M. Y. Niu, E. Ostby, A. Petukhov, J. C. Platt, 
C. Quintana, E. J. Rieffel, P. Roushan, N. C. Rubin, D. Sank, K. J. Satzinger, V. Smelyanskiy, 
K. J. Sung, M. D. Trevithick, A. Vainsencher, B. Villalonga, T. White, Z. J. Yao, P. Yeh, 
A. Zalcman, H. Neven, J. M. Martinis, Quantum supremacy using a programmable 
superconducting processor. Nature 574, 505–510 (2019).

 43. K. M. Backes, D. A. Palken, S. Al Kenany, M. M. Brubaker, S. B. Cahn, A. Droster, G. C. Hilton, 
S. Ghosh, H. Jackson, S. K. Lamoreaux, A. F. Leder, K. W. Lehnert, S. M. Lewis, M. Malnou, 
R. H. Maruyama, N. M. Rapidis, M. Simanovskaia, S. Singh, D. H. Speller, I. Urdinaran, 
L. R. Vale, E. C. van Assendelft, K. van Bibber, H. Wang, A quantum enhanced search 
for dark matter axions. Nature 590, 238–242 (2021).

 44. S. Chaudhuri, “The dark matter radio: A quantum-enhanced search for QCD axion dark 
matter,” thesis, Stanford University, Stanford, CA (2019).

 45. E. Verhagen, S. Deléglise, S. Weis, A. Schliesser, T. J. Kippenberg, Quantum-coherent 
coupling of a mechanical oscillator to an optical cavity mode. Nature 482, 63–67 (2012).

 46. R. Vijay, J. D. Sau, M. L. Cohen, I. Siddiqi, Optimizing anharmonicity in nanoscale weak link 
josephson junction oscillators. Phys. Rev. Lett. 103, 087003 (2009).

 47. R. Vijay, E. M. Levenson-Falk, D. H. Slichter, I. Siddiqi, Approaching ideal weak link 
behavior with three dimensional aluminum nanobridges. Appl. Phys. Lett. 96, 223112 
(2010).

 48. R. Igreja, C. J. Dias, Analytical evaluation of the interdigital electrodes capacitance 
for a multi-layered structure. Sensors Actuators A 112, 291–301 (2004).

 49. M. F. Gely, G. A. Steele, QuCAT: Quantum circuit analyzer tool in python. New J. Phys. 22, 
013025 (2020).

 50. A. Nunnenkamp, K. Børkje, S. M. Girvin, Single-photon optomechanics. Phys. Rev. Lett. 
107, 063602 (2011).

 51. P. Rabl, Photon blockade effect in optomechanical systems. Phys. Rev. Lett. 107, 063601 
(2011).

 52. A. J. Weinstein, C. U. Lei, E. E. Wollman, J. Suh, A. Metelmann, A. A. Clerk, K. C. Schwab, 
Observation and interpretation of motional sideband asymmetry in a quantum 
electromechanical device. Phys. Rev. X 4, 041003 (2014).

 53. J. M. Dobrindt, I. Wilson-Rae, T. J. Kippenberg, Parametric normal-mode splitting in cavity 
optomechanics. Phys. Rev. Lett. 101, 263602 (2008).

 54. J. D. Teufel, D. Li, M. S. Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, R. W. Simmonds, Circuit 
cavity electromechanics in the strong-coupling regime. Nature 471, 204–208 (2011).

 55. M. Xu, X. Han, C.-L. Zou, W. Fu, Y. Xu, C. Zhong, L. Jiang, H. X. Tang, Radiative cooling 
of a superconducting resonator. Phys. Rev. Lett. 124, 033602 (2020).

 56. B. Albanese, S. Probst, V. Ranjan, C. Zollitsch, M. Pechal, A. Wallraff, J. J. L. Morton, D. Vion, 
D. Esteve, E. Flurin, P. Bertet, Radiative cooling of a spin ensemble. Nat. Phys. 16, 751–755 
(2020).

 57. M. Yuan, V. Singh, Y. M. Blanter, G. A. Steele, Large cooperativity and microkelvin cooling 
with a three-dimensional optomechanical cavity. Nat. Commun. 6, 8491 (2015).

 58. S. O. Valenzuela, W. D. Oliver, D. M. Berns, K. K. Berggren, L. S. Levitov, T. P. Orlando, 
Microwave-induced cooling of a superconducting qubit. Science 314, 1589–1592 
(2006).

 59. M. F. Gely, M. Kounalakis, C. Dickel, J. Dalle, R. Vatré, B. Baker, M. D. Jenkins, G. A. Steele, 
Observation and stabilization of photonic Fock states in a hot radio-frequency resonator. 
Science 363, 1072–1075 (2019).

 60. E. M. Levenson-Falk, R. Vijay, I. Siddiqi, Nonlinear microwave response of aluminum 
weak-link Josephson oscillators. Appl. Phys. Lett. 98, 123115 (2011).

 61. O. W. Kennedy, J. Burnett, J. C. Fenton, N. G. N. Constantino, P. A. Warburton, 
J. J. L. Morton, E. Dupont-Ferrier, Tunable Nb superconducting resonator based 
on a constriction Nano-SQUID fabricated with a Ne Focused ion beam. Phys. Rev. Appl. 11, 
014006 (2019).

 62. I. C. Rodrigues, D. Bothner, G. A. Steele, Coupling microwave photons to a mechanical 
resonator using quantum interference. Nat. Commun. 10, 5359 (2019).

D
ow

nloaded from
 https://w

w
w

.science.org at D
elft U

niversity on O
ctober 18, 2021



Rodrigues et al., Sci. Adv. 2021; 7 : eabg6653     15 October 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 8

Acknowledgments 
Funding: This research was supported by the Netherlands Organisation for Scientific Research 
(NWO) in the Innovational Research Incentives Scheme–VIDI, project 680-47-526. This project 
has received funding from the European Research Council (ERC) under the European Union’s 
Horizon 2020 research and innovation program (grant agreement no. 681476 - QOMD) and 
from the European Union’s Horizon 2020 research and innovation program under grant 
agreement no. 732894 - HOT. Author contributions: I.C.R. and D.B. designed and fabricated 
the device, performed the measurements, analyzed the data, and developed the theoretical 
treatment. G.A.S. conceived the experiment and supervised the project. I.C.R. and D.B. edited 
the manuscript with input from G.A.S. All authors discussed the results and the manuscript. 
Competing interests: The authors declare that they have no competing interests. Data and 

materials availability: All data and processing scripts of the results presented in this paper, 
including those in the Supplementary Materials, are available on Zenodo with the identifier 
https://doi.org/10.5281/zenodo.4733659.

Submitted 20 January 2021
Accepted 23 August 2021
Published 15 October 2021
10.1126/sciadv.abg6653

Citation: I. C. Rodrigues, D. Bothner, G. A. Steele, Cooling photon-pressure circuits into the 
quantum regime. Sci. Adv. 7, eabg6653 (2021).

D
ow

nloaded from
 https://w

w
w

.science.org at D
elft U

niversity on O
ctober 18, 2021

https://doi.org/10.5281/zenodo.4733659


Use of think article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

Cooling photon-pressure circuits into the quantum regime
Ines Corveira RodriguesDaniel BothnerGary Alexander Steele

Sci. Adv., 7 (42), eabg6653. • DOI: 10.1126/sciadv.abg6653

View the article online
https://www.science.org/doi/10.1126/sciadv.abg6653
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at D
elft U

niversity on O
ctober 18, 2021

https://www.science.org/about/terms-service

