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Non-classical microwave–optical photon 
pair generation with a chip-scale transducer

Srujan Meesala    1,2,7, Steven Wood1,2,7, David Lake    1,2,7, Piero Chiappina1,2, 
Changchun Zhong    3,6, Andrew D. Beyer4, Matthew D. Shaw4, Liang Jiang    3 & 
Oskar Painter    1,2,5 

Modern computing and communication technologies such as 
supercomputers and the Internet are based on optically connected 
networks of microwave-frequency information processors. An analogous 
architecture has been proposed for quantum networks, using optical 
photons to distribute entanglement between remote superconducting 
quantum processors. Here we report a step towards such a network by 
observing non-classical correlations between photons in an optical link 
and a superconducting quantum device. We generate these states of light 
through a spontaneous parametric down-conversion process in a chip-scale 
piezo-optomechanical transducer, and we measure a microwave–optical 
cross-correlation exceeding the Cauchy–Schwarz classical bound for 
thermal states. As further evidence of the non-classical character of the 
microwave–optical photon pairs, we observe antibunching in the microwave 
state conditioned on detection of an optical photon. Such a transducer 
can be readily connected to an i nd ep en dent s up er co nd ucting qubit 
module and serve as a key building block for optical quantum networks of 
microwave-frequency qubits.

Networks of remotely situated qubits1,2 are essential for harnessing 
quantum correlations for long-distance secure communication3,4, 
distributed quantum computation5,6 and precision measurements7,8. 
Optical photons are naturally suited to act as flying qubits over room 
temperature links and distribute entanglement in such networks9. 
Quantum optical networks with few nodes have been realized with 
systems such as atoms10,11, quantum dots12,13, trapped ions14 and col-
our centres15, which naturally possess optical frequency transitions 
between their internal energy levels. In parallel developments, super-
conducting circuits based on Josephson junctions have emerged as a 
leading platform for quantum information processing with the ability 
to realize entangled states of many qubits in microwave-frequency 
circuits16–18. However, superconducting qubits do not possess a natural, 

coherent interface with optical photons. This limitation has motivated 
recent efforts to develop transducers capable of generating quan-
tum correlations between optical photons and microwave-frequency 
qubits. Although schemes to produce such states are fundamentally 
well understood, preserving fragile quantum correlations during the 
transduction process has not been possible so far in a wide variety of 
physical platforms owing to technical challenges19–26. For example, due 
to the vast difference between optical and microwave energy scales, 
parasitic absorption of even a small fraction of pump light can gener-
ate a substantial amount of noise and destroy the quantum nature of 
the transduced states.

Here we demonstrate non-classical microwave–optical photon 
pairs from a transducer. We use a piezo-optomechanical device in which 
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blue detuned (Δa > 0) with respect to the optical cavity resonance allows 
us to select either beam-splitter or two-mode squeezing interactions, 
respectively33. The first setting can be used to transfer states between 
the acoustic mode and the optical mode when the transducer is oper-
ated as a frequency converter26,34,35. In this work, we use the latter setting 
to generate non-classical pairs of optical photons and acoustic phon-
ons in an SPDC process. This choice is motivated by recent proposals 
for heralded remote entanglement generation which indicate that 
operation in SPDC mode relaxes the efficiency requirements for 
piezo-optomechanical transducers27,36,37. In this setting, we have 
̂Hom/ℏ = −Gom(t)( ̂a † ̂b † + ̂a ̂b) . The time-dependent optomechanical 

coupling rate Gom(t) = √na(t)gom  is controlled parametrically by  
means of the intracavity photon population na(t) due to the detuned 
pump laser. Here, gom denotes the optomechanical coupling rate at the 
single optical photon and acoustic phonon level. The piezoelectric 
interaction is described by the beam-splitter Hamiltonian 
̂Hpe/ℏ = −gpe( ̂b † ̂c + ̂b ̂c †). Here gpe denotes the piezoelectric coupling 

rate at the single microwave photon and acoustic phonon level. This 
interaction can be used to map the acoustic component of the 

an acoustic mode acts as an intermediary between microwave and opti-
cal fields26,27. First, a pump laser pulse generates photon–phonon pairs 
in an optomechanical cavity by means of a spontaneous parametric 
down-conversion (SPDC) process. Subsequently, a strong piezoelec-
tric interaction converts the phonon into a microwave photon. To 
characterize the photon pairs emitted by the transducer, we simulta-
neously perform single photon detection of the optical component 
and heterodyne detection of the microwave component. We verify 
non-classical statistics by measuring two distinct correlation funct 
ions. First, for experimental trials in which single optical photons a 
re detected, we observe that the microwave output intensity is nearly 
four times higher than that in the unconditional case. This yields a 
cross-correlation function violating the Cauchy–Schwarz classical 
bound28–30 in our experimental setting, where the pump is expected 
to induce noise with thermal statistics in the transducer output ports.  
Second, we measure a higher-order correlation by means of the normal-
ized second-order intensity correlation function of the microwave state 
conditioned on optical detection, hereafter referred to as the condi-
tional g(2). Observation of a conditional g(2) < 1 signifies the preparation 
of a non-Gaussian state. Violation of both of the above inequalities 
cannot be explained by a classical probability distribution in the phase 
space of the two modes and constitutes an unambiguous demonstra-
tion of quantum or non-classical states from the transducer. Compared 
with a recent demonstration of microwave–optical two-mode squeez-
ing31, our experiment demonstrates the requisite techniques for imple-
menting the well-known Duan–Lukin–Cirac–Zoller protocol4, which 
uses detection of optical photons to herald entanglement between 
distant nodes in quantum networks.

Our result is primarily enabled by fabricating nearly all circuit 
components of a chip-scale piezo-optomechanical transducer from 
niobium nitride (NbN)—a superconductor in which quasiparticles 
generated by optical absorption relax on the timescale of a few nanosec-
onds32. Compared with our previous work in which we directly coupled 
such a transducer to a transmon qubit on the same chip26, using a circuit 
with fast quasiparticle relaxation allows us to mitigate the effects of 
parasitic absorption of stray optical pump light by superconducting 
components of the transducer. A similar material choice was recently 
implemented in a transducer SPDC experiment in which optical detec-
tion was used to herald a conditional increase in pump-induced micro-
wave noise intensity25. However, the large number of noise quanta 
precludes such states from entanglement distribution. Substantial 
device improvements are required to generate quantum states using 
such a transducer. Here, through single-chip integration of an opti-
mized transducer and a light-robust superconducting resonator, we 
achieve the necessary leap in microwave readout efficiency and noise 
performance, which enables us to generate and unambiguously detect 
microwave–optical photon pairs with non-classical correlations. Such 
correlations are a key prerequisite for distributing entanglement in 
microwave quantum networks using optical channels.

Figure 1a shows a conceptual schematic highlighting the resona-
tor modes involved in our transduction experiment. Interaction 
between an optical mode, ̂a and a microwave-frequency acoustic 
mode, ̂b is mediated by a pump laser driving an optomechanical cavity 
in the resolved sideband regime. Simultaneously, the acoustic mode 
is resonantly coupled to a microwave-frequency electrical mode, ̂c  by 
means of the piezoelectric effect. We can write the Hamiltonian for 
this system as

̂H/ℏ = −∆a ̂a † ̂a + ωb ̂b † ̂b + ωc ̂c † ̂c + ̂Hom/ℏ + ̂Hpe/ℏ (1)

Here ωb, ωc are the frequencies of the modes ̂b, ̂c , respectively, and 
̂Hom, ̂Hpe are the optomechanical and piezoelectric interaction Ham-

iltonians described in more detail below. Δa = ωp − ωa is the difference 
between the frequency of the optical pump, ωp and that of the optical 
mode, ωa. Setting the frequency of the pump laser to be red (Δa < 0) or 
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Fig. 1 | Quantum transducer. a, Transducer mode schematic indicating optical 
( ̂a), acoustic ( ̂b) and microwave ( ̂c) modes along with interaction rates for 
optomechanical coupling (Gom) and piezoelectric coupling (gpe), respectively. 
The optical and microwave modes are coupled to waveguides with external 
coupling rates, κe,a and κe,c, respectively. The input and output modes in the 
optical and microwave waveguides are denoted by ̂ain, ̂aout, ̂cin, ̂cout, respectively. 
b, Micrograph of transducer device showing optical access by means of lensed 
fibre on the left and microwave access by means of 50 Ω transmission line on the 
right. c, Device schematic. From left to right, suspended optical waveguide 
(orange) leading to the piezo-optomechanical transducer (purple) whose 
electrical terminals (red) are connected to a microwave kinetic inductance 
resonator (blue). d, Micrographs of various components of the transducer. From 
left to right, optical micrograph of the coupler section at the end of the optical 
waveguide; scanning electron micrograph of the transducer indicating the 
silicon optomechanical crystal cavity in purple; close-up of the piezo-acoustic 
cavity highlighting the piezoelectric material in green and electrodes in red; 
scanning electron micrograph of the superconducting loops in the meandering 
ladder trace of the kinetic inductance resonator.
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optomechanical two-mode squeezed state onto the microwave electri-
cal mode. In the absence of any added noise, the joint state of the modes, 
̂a, ̂c  can be described in the photon number basis by the wavefunc-

tion |ψ⟩ = |00⟩ + √p |11⟩ + p |22⟩ +O(p3/2). For a weak pump field, the 
higher-order terms with more than one excitation may be neglected. 
Detection of a single optical photon with probability, p ≪ 1 can then be 
used to discard the vacuum component of this state and show that 
single optical and microwave photons are produced strictly in pairs. 
Further, the optical measurement heralds a single microwave photon, 
which is a non-Gaussian state with a vanishing g(2).

Figure 1b shows the physical schematic of our chip-scale device, 
which consists of a half-wavelength superconducting kinetic induct-
ance resonator38 coupled to a piezo-optomechanical transducer. 
The transducer itself comprises a half-wavelength aluminium nitride 
piezo-acoustic cavity attached to a silicon optomechanical crystal 
(OMC) resonator by means of an acoustic waveguide26. We achieve 
piezoelectric coupling in our system by using the two end terminals of 
the microwave resonator as electrical leads over the aluminium nitride 
section of the transducer. The microwave resonator is patterned in a 
disordered, thin film of NbN in a meandering ladder geometry. The 
inclusion of closed loops in the thin superconducting film, as shown in 
Fig. 1c, allows tuning of kinetic inductance, and hence tuning of the fre-
quency of the microwave resonator by means of an external magnetic 
field39. Using narrow superconducting wires in a meandering geometry 
results in high impedance, which helps us to achieve strong piezoelec-
tric coupling, gpe, with a small acoustic mode volume (Supplementary 
Information Sections 3 and 4). This design strategy maximizes the 
fraction of acoustic energy in silicon, which has the lowest acoustic loss 
in our material stack. The NbN resonator is capacitively coupled to a 
50 Ω transmission line (not shown in schematic) to facilitate microwave 
spectroscopy of the transducer. Likewise, the optical cavity is coupled 
to a waveguide, which terminates in a tapered coupler at the edge of the 
chip and enables efficient coupling to a lensed optical fibre. The layout 
of our device is chosen to reduce optical flux from stray pump light at 
the microwave resonator. We use an ∼1-mm-long optical waveguide 
to physically separate the circuit section of the transducer from the 
optical coupler, where there is substantial scattering of pump light. 
Adiabatically tapered tethers, designed for low scattering loss, are 
used to anchor this suspended waveguide to the bulk of the device layer 
(Supplementary Information Section 4). Additionally, we use extended 
electrical terminals to physically separate the optically sensitive cur-
rent antinode of the kinetic inductance resonator from the OMC and 
reduce the impact of local pump scattering.

Our experiments are carried out by mounting the transducer chip 
on the mixing plate of a dilution refrigerator. We initially perform opti-
cal and microwave spectroscopy to identify the frequencies of the 
internal transducer modes as well as the optomechanical and piezoelec-
tric coupling rates. For the device used in the experiments that follow, 
we found an optical resonance at a wavelength λ = 1,561.3 nm with 
critical coupling to the external waveguide, κe,a/2π = κi,a/2π = 650 MHz. 
The subscripts i and e refer to linewidths due to coupling to internal 
and external baths, respectively. We identify the hybridized microwave- 
frequency electrical and acoustic modes supported by the integrated 
transducer–resonator system in Fig. 2a. In this measurement,  
we use a vector network analyser (VNA) to electrically excite the micro-
wave resonator through the microwave input port while optically 
pumping the optomechanical cavity of the transducer with a laser 
tuned to the blue side of the optical resonance. The optical pump 
reflected from the OMC and an optical sideband generated due to 
transduction of the input microwave signal are together sent to a 
high-speed photodetector whose output is connected to the detection 
port of the VNA. The magnitude of signal generated in this VNA spec-
trum by each of the hybridized microwave-frequency modes of the 
transducer–resonator system is proportional to the transduction 
efficiency of the corresponding mode. For the mode at a frequency of 

5.001 GHz with the highest transduction efficiency and narrowest  
linewidth, we perform pump power dependent optomechanical  
spectroscopy and measure an optomechanical coupling rate, 
gom/2π = 270 kHz. We then investigate this mode and its closest neigh-
bouring resonance at 5.011 GHz with the second highest transduction 
efficiency. Over the frequency range shown by the grey shaded window 
in Fig. 2a, we perform microwave reflection spectroscopy of the trans-
ducer–resonator system as we sweep a magnetic field applied perpen-
dicular to the sample. Figure 2b shows the measurement result with an 
anticrossing between the high transduction efficiency mode and its 
closest neighbouring resonance, which we identify as the microwave 
electrical resonator mode through its characteristic quadratic tuning 
response in a magnetic field (Supplementary Information Section 3). 
The minimum frequency splitting between these two modes allows us 
to estimate the piezoelectric coupling rate, gpe/2π = 800 kHz.  
The independent linewidths of the modes are measured far from the 
anticrossing and are found to be κi,b/2π = 150 kHz for the microwave 
acoustic mode and κe,c/2π = 1.2 MHz, κi,c/2π = 550 kHz for the microwave 
electrical resonator mode. For the experiments that follow, we set  
the external magnetic field at the value corresponding to the minimum 
mode splitting of 2gpe/2π = 1.6 MHz where both modes are maximally 
hybridized. This corresponds to the condition, ωb = ωc in equation (1). 
In this setting, we define the hybridized electromechanical modes, 
̂c± = ( ̂b ± ̂c)/√2  with frequencies, ω± = ωc ± gpe, respectively. Even 

though the transducer supports other microwave-frequency acoustic 
modes, as shown in Fig. 2a, these are far detuned from the modes of 
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Fig. 2 | Optical and microwave spectroscopy. a, Continuous wave transduction 
spectrum measured using a VNA at zero magnetic field. The microwave resonator 
is excited through the input mode, ̂cin, and the optical output mode, ̂aout, is 
electrically detected by means of its microwave-frequency beat note with the 
optical pump on a high-speed photodetector. Two modes of interest in the 
hybridized transducer–resonator system are highlighted in the grey shaded 
window. b, Microwave reflection spectrum of the highlighted modes in panel a 
probed as a function of external magnetic field. The horizontal axis refers  
to detuning from the acoustic mode at zero magnetic field. Inset shows  
a close-up of the anticrossing between the tunable microwave-frequency 
electrical and stationary acoustic modes revealing a minimum mode splitting, 
2gpe/2π = 1.6 MHz.
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interest, ̂c±, relative to the coupling rates, gpe and Gom. As a result, we 
expect the Hamiltonian in equation (1) to provide a sufficiently accurate 
description of our system. Based on a master equation simulation of 
our system (Supplementary Information Section 14) with the coupling 
rates measured above, we expect a microwave conversion efficiency, 
ηmw = 0.56 into the microwave output port for a single phonon created 
by an SPDC event.

We operate the transducer in SPDC mode by exciting it with optical 
pump pulses at the blue optomechanical sideband of the optical cavity 
(Δa = (ω+ + ω−)/2). Each pulse represents an experimental trial with a 
finite probability of generating a microwave–optical photon pair. To 
determine pump conditions suitable for non-classical pair generation, 
we performed a detailed investigation of pump-induced noise in the 
transducer. Our system allows efficient microwave detection of trans-
ducer noise at levels well below a single quantum owing to high 

microwave conversion efficiency and the use of a near-quantum-limited  
Josephson travelling-wave parametric amplifier in the readout chain. 
Figure 3a shows a schematic of this measurement wherein microwave 
emission from the transducer in the output mode, ̂cout  is sent to a 
heterodyne detection set-up. Using the input–output formalism for a 
phase-insensitive amplifier40,41 in the limit of large amplifier gain, G ≫ 1, 
we write the output of this set-up as ̂sout ≈ √G( ̂cout + ̂h †), where ̂h † is  
the noise mode added by the amplifier. Emission from the transducer 
modes ̂c± is concentrated in a small bandwidth about the frequencies 
ω± within ̂sout. We isolate this signal by integrating the recorded hetero-
dyne voltage signal with a matched emission envelope function f(t), as  
detailed in Supplementary Information Section 9. This corresponds 
to a measurement of the quadratures of the temporal mode  
̂S(t) ∶= ∫ ̂sout(t + t′) f ∗(t′)dt′  at the output of the heterodyne detec-

tion set-up. Similarly, we define ̂C(t) ∶= ∫ ̂cout(t + t′) f ∗(t′)dt′  and 
̂H(t) ∶= ∫ ̂h(t + t′) f ∗(t′)dt′  to be temporal modes corresponding to  

emission referred to the output port of the transducer device and 
amplifier noise. The envelope function, f(t) is constructed to capture  
emission from both hybridized modes ̂c± and, consequently, the tem-
poral mode ̂C(t) has large spectral overlap with both of them. By meas-
uring the heterodyne voltage signal in the presence (absence) of optical 
pump pulses, we collect complex-valued voltage samples of ̂S  ( ̂H †).  
These voltage samples are then used to calculate the moments of  
the microwave field, C̄mn = ⟨ ̂C

†m ̂C
n
⟩, where m and n are non-negative  

integers, by taking an ensemble average over the experimental trials 
and inverting the amplifier input–output equations (Supplementary 
Information Section 8 and ref. 42).

For m = n = 1, this procedure amounts to subtraction of 
amplifier-added noise of ∼2.5 quanta, primarily determined by the 
travelling-wave parametric amplifier, to obtain the transducer micro-
wave output intensity. Figure 3b shows an experimentally measured 
time trace of C̄11 versus delay τ from the peak of the optical pump pulse. 
For this measurement, we used Gaussian pump pulses of two sigma 
duration, Tp = 160 ns, peak power of 83 nW corresponding to peak 
intracavity optical photon occupation na = 0.8 and a repetition rate of 
50 kHz. Under these pump conditions, the SPDC scattering probability, 
p = ∫ 4g2omna(t)dt/ a = 1.8 × 10−4 , is far below unity. As a result, the 
microwave output intensity recorded is nearly entirely due to 
pump-induced noise in the transducer. We complement this microwave 
measurement of pump-induced noise with an optomechanical side-
band asymmetry measurement43, which reveals an average acoustic 
mode occupation of 0.097 ± 0.012 over the duration of the pump pulse. 
Both noise measurements are found to be consistent with a heating 
model incorporating two pump-induced hot baths coupled to the 
acoustic mode ̂b and the electrical circuit mode ̂c, respectively (Sup-
plementary Information Section 14). Our model indicates that the 
temporal shape of the noise in Fig. 3b is primarily determined by 
delayed heating of the acoustic bath after the optical pump pulse30,44. 
By varying pump power as shown in Fig. 3c, we identify an operating 
regime where the maximum noise added by the transducer is well below 
the signal expected from a single phonon created by noiseless SPDC. 
This ideal signal level is set by the microwave conversion efficiency, 
shown by the grey horizontal line. From a power law fit, we find that 
the scaling of noise with pump power is sublinear with an exponent of 
0.58 ± 0.03. Further, from Fig. 3b, we observe that although most of 
the noise decays on the timescale of a few microseconds, a small com-
ponent persists as steady state heating and contributes to a finite noise 
level before the arrival of the pump pulse. We characterize this slow 
noise component by varying the repetition rate of the optical pulses. 
The data in Fig. 3d confirms decay of this slow component with an 
exponential timescale, Tslow = 33 ± 6 μs.

For the pump conditions in Fig. 3b chosen hereafter for low-noise 
operation, optical emission in the mode ̂aout  of the transducer is 
directed to a superconducting nanowire single photon detector 
(SNSPD) after passing through a Fabry–Perot filter set-up to suppress 
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Fig. 3 | Transducer noise characterization. a, Mode schematic for 
measurements of pump-induced transducer noise. Optical emission is directed 
to a single photon detector and microwave emission is directed to a heterodyne 
set-up with gain, G and added noise, ̂h

†
. b, Time trace of transducer microwave 

output noise quanta, C̄11 under pulsed optical pumping with pump conditions 
indicated on the plot. Shaded region about the trace indicates a confidence 
interval spanning two standard deviations about the mean. The triangle marker 
denotes peak noise quanta and the circle marker denotes noise quanta before  
the optical pump pulse. c, Peak microwave output noise quanta versus peak 
optical power (top axis), also shown in units of peak intracavity optical photon 
occupation, na (bottom axis). The solid line is a power law fit revealing an 
exponent, 0.58 ± 0.03. The grey horizontal line indicates ηmw = 0.56, the 
microwave output quanta expected from a single phonon created by noiseless 
SPDC. The dashed red box shows the power used for the data in panel b.  
d, Microwave output noise quanta before the pump pulse versus repetition 
period, Tr of the pulse sequence. Error bars indicate +/− one standard deviation 
determined from 2 × 106 (2 × 105) voltage samples of the modes ̂S  ( ̂H), as defined 
in the main text. The solid line is an exponential fit revealing a decay time, 
Tslow = 33 ± 6 μs. The dashed red box shows the repetition period used for the  
data in panel b.
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the pump pulses reflected by the transducer. In Fig. 4a, we show the 
optical photon flux at the SNSPD obtained by histogramming detection 
times of single photon ‘clicks’ over multiple trials of the experiment. 
By gating optical clicks received in a time window of duration 
2Tp = 320 ns, as shown by the grey shaded region, we obtain a heralding 
probability, pclick = 2.7 × 10−6, which leads to an optical heralding rate, 

Rclick = 0.14 s−1. The heralding probability is in reasonable agreement 
with the product of the SPDC scattering probability, p = 1.8 × 10−4 and 
the independently calibrated collection efficiency of our optical set-up, 
ηopt = 1.7 × 10−2. Contributions of various components in the optical 
path to ηopt are tabulated in Supplementary Information Table 4 and 
those of finite stray counts to pclick are tabulated in Supplementary 
Information Table 5. To measure microwave–optical cross-correlations, 
we perform conditional microwave readout by triggering the hetero-
dyne measurement based on the occurrence of an optical click in an 
experimental trial. Following the same inversion process used for the 
unconditional microwave field in our noise spectroscopy measure-
ments, we can obtain the moments of the microwave field conditioned 
on optical detection, C̄mn|click = ⟨ ̂A † ̂C †m ̂C n ̂A⟩/⟨ ̂A † ̂A⟩. Here, ̂A refers to 
the temporal mode defined by gating the optical waveguide mode, 
̂aout, in the time window indicated by the grey shaded region in  

Fig. 4a. The result for m = n = 1 is shown by the purple time trace in  
Fig. 4b. We observe that detection of an optical photon is correlated 
with substantially higher microwave intensity than that of the uncon-
ditional state, shown by the red trace in the same plot. The conditional 
signal is in good agreement with the result of a numerical simulation 
of our system (Supplementary Information Section 14). Dividing the 
conditional and unconditional microwave intensity traces recorded 
in Fig. 4a, we obtain the normalized microwave–optical intensity 
cross-correlation function,

g(2)AC (τ) =
⟨ ̂A † ̂C †(τ) ̂C(τ) ̂A⟩
⟨ ̂A † ̂A⟩⟨ ̂C †(τ) ̂C(τ)⟩

(2)

In Fig. 4b, we plot this function sampled at three representative  
time delays, as indicated by vertical dashed lines in Fig. 4a. τo is  
the delay corresponding to the maximum conditional microwave  
intensity, C̄11|click and τ± = τo ± 800 ns are offset from τo in opposite direc-
tions by five times the full-width at half-maximum duration of the  
optical pump pulse. We measure g(2)AC (τo) = 3.90+0.093

−0.093, which indicates 
strongly correlated microwave and optical emission at this time delay. 
The error bars for this observation and subsequent correlation func-
tions referred to in the text are determined by means of a bootstrapping 
procedure over the dataset of heterodyne voltage samples (Supple-
mentary Information Section 15) and represent a confidence interval 
spanning two standard deviations about the mean. We observe that 
the microwave–optical correlations disappear at times well before  
and after the optical pump pulse as evinced by the near-unity values 
of g(2)AC (τ+) = 1.00+0.08

−0.08  and g(2)AC (τ−) = 0.94+0.27−0.27.

For classical microwave–optical states, g(2)AC  is bounded by a 

Cauchy–Schwarz inequality, g(2)AC ≤ √g(2)AAg
(2)
CC  (refs. 28–30). Here, g(2)AA  

and g(2)CC  are the normalized intensity autocorrelation functions of the 
unconditional optical and microwave temporal modes, ̂A and ̂C, respec-
tively, and are defined in a manner similar to equation (2). Using the 
moment inversion procedure with the unconditional microwave volt-
age samples, we measured g(2)CC = C̄22/(C̄11)

2 = 1.91+0.14−0.14 at τ = τo. This is 

consistent with the theoretically expected value of 2 for a thermal state. 

An explicit measurement of g(2)AA  with our current device is impractical 
given the low coincidence rate expected in a Hanbury–Brown–Twiss 
measurement. In principle, since optomechanical scattering from an 

acoustic mode in a thermal state is expected to produce g(2)AA = 2, we 

expect the classical upper bound, g(2)AC ≤ 2. Our observation that g(2)AC (τo) 
exceeds this classical bound for thermal states by over twenty standard 
deviations serves as a promising signature of non-classical statistics  
of the microwave–optical states. In our experiment, the extent of  
violation of the Cauchy–Schwarz bound is primarily limited by 
pump-induced noise. By performing the cross-correlation experiment 
with increasing pump power, which is accompanied by increasing 
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Fig. 4 | Microwave–optical cross-correlations. a, Time-binned histogram of 
optical detection events shown in the form of a time trace of optical photon count 
rate registered on the single photon detector. The shaded vertical window 
indicates the gating window used for heralding. Parameters for pulsed optical 
pumping are also indicated on the plot. b, Microwave quanta in the temporal 
mode: ̂C  at the transducer output port as a function of delay, τ the from the centre 
of the optical gating window. The red trace corresponds to unconditional 
microwave readout and the purple trace corresponds to microwave readout 
conditioned on an optical click. The shaded region about the trace indicates a 
confidence interval spanning two standard deviations about the mean. The 
conditional trace is an average over 9.1 × 104 heralding events. The unconditional 
trace, acquired in an interleaved manner with the conditional data, is an average 
over 1.4 × 107 optical pulse repetition periods. c, Normalized microwave–optical 
intensity cross-correlation function, g(2)AC  at delays τ0, τ± indicated in panel b.  
The height of the coloured bars on the plot indicates the mean value and the error 
bars on the data points indicate +/− one standard deviation determined by means 
of a bootstrapping procedure (Supplementary Information Section 14). These 
values are obtained from 9.1 × 104 conditional microwave voltage samples and 
1.4 × 107 unconditional microwave voltage samples. The dashed line indicates the 
expected classical upper bound for thermal states. d, Normalized second-order 
intensity correlation function of the unconditional microwave state (red) and the 
microwave state conditioned on an optical click (purple). The height of the 
coloured bars on the plot indicates the mean value and the error bars on the  
data points indicate +/− one standard deviation determined by means of a 
bootstrapping procedure (Supplementary Information Section 14). The dashed 
line indicates the classical lower bound. These values are obtained from 9.1 × 104 
conditional microwave voltage samples and 3.2 × 107 unconditional microwave 
voltage samples.
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noise, we observe that g(2)AC (τo) monotonically decreases towards the 
classical bound (Supplementary Information Section 17).

As further evidence for the non-classical nature of the microwave–
optical photon pairs, we measure the conditional microwave g(2) in 
trials with an optical click, g(2)CC |click = C̄22|click/(C̄11|click)

2
. For noiseless 

SPDC, at low scattering probability, we expect g(2)CC |click = 0 with the 
detection of an optical photon heralding a pure single photon in the 
microwave mode. In our experiment, although the value of g(2)CC |click will 
be higher owing to pump-induced noise, a violation of the inequality 
g(2)CC |click ≥ 1  marks a clear threshold for a non-Gaussian conditional 
microwave state. This violation can also be seen as a consequence of a 
non-classical phase space distribution for microwave and optical fields 
(Supplementary Information Section 16). With the conditional  
heterodyne voltage samples collected in our experiment, we  
observe g(2)CC (τo)|click = 0.42+0.27−0.28. As shown in Fig. 4c, this observation 

is below the classical bound of unity by 2.1 standard deviations. This 
corresponds to a probability of 1.7% for the null hypothesis of condi-
tional preparation of a classical microwave state. The P value is prima-
rily limited by the sample size of our dataset with 9.1 × 104 heralding 
events acquired over one month. Further details of the dataset and the 
posterior probability distribution of g(2)CC (τo)|click  are provided in  

Supplementary Information Section 15. With feasible improvements 
to transducer performance, which we discuss further below, more 
precise measurements of the conditional g(2) are within reach. In  
summary, the violation of the Cauchy–Schwarz bound by the cross- 
correlation function together with the observation of a non-Gaussian 
conditional microwave state constitute strong evidence for non- 
classical microwave–optical photon pairs.

Towards entanglement of remote quantum processors, the micro-
wave emission from such a transducer can be efficiently absorbed in a 
superconducting qubit45 in a separate processor module20. Following 
the Duan–Lukin–Cirac–Zoller protocol4, interference of optical emis-
sion from two transducers and single photon detection can herald 
entanglement between remote superconducting qubits46. In this work, 
we demonstrate both a capable transducer and key experimental tech-
niques for such a remote entanglement scheme. In the near future, for 
two nodes separated by tens of metres in a single facility, propagation 
delays for optical photons will be much shorter than decoherence 
times of state-of-the-art transmon qubits16. Thus, the fidelity of the Bell 
state heralded between remote qubits will be primarily determined by 
the fidelity of a single microwave photon heralded with an individual 
transducer. With our current pair source, a simulation of the condi-
tional microwave state estimates this fidelity at ∼40% (Supplementary 
Information Section 14). With a modest increase in piezoelectric cou-
pling, gpe, by a factor of a few, the main source of infidelity, microwave 
loss during piezoelectric conversion, can be substantially reduced 
to increase the fidelity to ∼80%. The heralding rate of 0.14 s−1 in the 
present work can be increased by nearly an order of magnitude if the 
optomechanical coupling, gom, and fibre-to-waveguide coupling effi-
ciency can each be improved by a factor of two. These improvements 
to fidelity and heralding rate are well within reach of our current design 
(Supplementary Information Section 4) with better fabrication yield. 
In addition to these transducer performance improvements, dual-rail 
encoding of microwave and optical photons in time bin36 or frequency 
bin27 degrees of freedom allows the detection of photon-loss errors by 
means of a parity check. Because this approach involves generation of 
microwave–optical Bell pairs in a single node, it also provides a natural 
setting for explicitly verifying microwave–optical entanglement. The 
sublinear scaling of noise with pump power indicates that long-term 
improvements to fidelity and heralding rate will need to be driven 
by mitigation of pump-induced noise. In agreement with our previ-
ous work26, we find that the noise for a given scattering probability in 
piezo-optomechanical transducers is substantially higher than that in 
pure silicon OMCs30,43. Understanding this large gap will require more 

detailed studies of pump-induced heating, which could be performed 
by means of efficient microwave readout, as shown in this work. From 
the standpoint of engineering improved chip-scale optomechanical 
transducers, higher acoustic energy participation in silicon47 with a 
stronger piezoelectric material25,34, electrostatic approaches48 and 
OMCs with better thermalization of the acoustic mode49 are promising 
avenues towards low noise at higher heralding rates.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-024-02409-z.
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