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Abstract

Mediated by the interactions with quantum vacuum fields, a probe laser field propagating in a nonlinear optical
medium can generate new pair of light fields over a broad spectral range via spontaneous parametric process. Such
process is inherently independent of the incident direction of light and reciprocal thus far, due to the direction-
independent field-vacuum interactions. In this work, we experimentally demonstrate within sodium atomic vapors
that such spontaneous parametric process can be nonreciprocal by unidirectionally coupling it to another pumped
four-wave mixing process. Thanks to the broad bandwidth of the spontaneous parametric process, in combination
with the Doppler and power-induced broadening of atomic energy levels, we achieve optical isolation with isolation
ratio >25 dB over a bandwidth larger than 100 GHz. Considering that both spontaneous parametric processes and the
pumped four-wave mixing have been realized in diverse solid photonic platforms, the demonstrated concept can
motivate further explorations in the design of integrated magnetic-free broadband optical nonreciprocity via the

interactions between nonlinear optical processes.

Introduction

A basic concept in classical electromagnetic theory
based on the Maxwell’s equations is that the electro-
magnetic field vanishes in a “null” closing space in which
internal sources and external driving are absent. In stark
contrast, quantum optics reveals that an empty space even
without any real excitations is filled with non-zero
quantum fluctuation, which is known as the quantum
vacuum field and has been directly observed with a
superconducting atom'™>. As one of the deepest funda-
mental properties of nature, quantum vacuum field plays
critically important roles for understanding many funda-
mental quantum processes such as spontaneous decay of
atoms?, the Casimir effect™®, and cavity quantum elec-
trodynamics’. Beside fundamental physics, quantum
vacuum fields can efficiently trigger the generation of new
light fields via the third-order nonlinear processes, such as
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the spontaneous parametric process or the pumped four-
wave mixing (FWM)®, when the involved fields simulta-
neously meet the phase-matching condition (PMC, gov-
erning the momentum conservation) and energy
conservation. The spontaneous parametric process can
produce a pair of photons with two probe photons
annihilated, while the pumped FWM process can give rise
to a new light beam under three-beam excitation®.

Since the required PMC is crucially dependent on the
directions of the involved driving fields, the pumped
FWM can occur unidirectionally, indicating a non-
reciprocal optical processlo‘ Optical nonreciprocity
breaking the Lorentz reciprocity can perform optical
isolation by enforcing one-way propagation of light. Such
property plays vital roles in laser protection, optical and
integrated photonic technologies'!, and even quantum
information processing'*~'®. It's worth mentioning that
nonreciprocal optical devices (NORDs) based on wave
conversion attract intensive attentions because they are
inherently compatible with integrated photonic technol-
ogies. However, the spontaneous parametric process is by
far reciprocal because of the time-reversal and spatial
inversion symmetries of quantum fluctuation and its
interaction with a coherent probe field. The current work
theoretically predicts and experimentally demonstrates a
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nonreciprocal spontaneous parametric process for rea-
lizing broadband optical isolation.

Conventionally, NORDs are realized with the magneto-
optical effect'”'®, Such magneto-optical devices have the
unique merit of broad bandwidth, yet their compact and
integrated implementation as a whole component
remains an open challenge. Magnetic-free NRODs are
therefore developed to tackle this challenging problem in
footprint. Beside the aforementioned wunidirectionally
pumped wave mixing, various mechanisms in the classical
regime have been exploited, including optical non-
linearity'®~>®, space-time phase modulation®, phonon-
photon directional coupling®~>, the Sagnac effect in
spinning resonators®>*’, the macroscopic Doppler effect
of unidirectionally moving Bragg optical lattice®® *°
energy loss*’ and directional phase matching in para-
metric process42’43. Moreover, quantum systems have also
demonstrated a great success in designing novel non-
magnetic NRODs by exploiting reservoir of resonators™,
quantum nonlinearity%, chiral interaction of atoms and
photons**™>?, susceptibility-momentum locking®®> and
unidirectional quantum squeezing®.

In comparison with the magneto-optical counterparts,
the practical applications of these magnetic-free approa-
ches for optical isolation are often limited by their narrow
bandwidth due to the requirement of high-quality reso-
nators, or long lifetime of adopted systems. For example,
the precise PMC and energy conservation in pumped
wave conversion such as FWM usually allows a narrow
bandwidth of tens of megahertz. However, broadband
optical isolation is widely required in protecting tunable
coherent laser sources, and in suppressing the back-
scattering noises from signals for broadband optical
information processing and optical communications that
support the growing data capacity, among others. Bene-
fiting from the broadband PMC, a nonreciprocal spon-
taneous parametric process without pumping exhibits an
essential advantage in potentially overcoming the limita-
tion of bandwidth in optical nonreciprocity.

In this paper, a proof-of-concept experiment is per-
formed in atomic vapors to show that a spontaneous
parametric process driven by a weak probe laser beam can
be nonreciprocal by umnidirectionally coupling it to a
pumped FWM process. Actually, coherent atomic system
has served as a fertile ground in demonstrating various
regimes of magnetic-free optical non-
reciprocity'**7*>7**¢! "and the achieved maximum isola-
tion ratio is ~40 dB with the insertion loss <1 dB°®, but
the bandwidth for isolation ratio >20dB is limited in the
level of gigahertz. Here, by employing such a non-
reciprocal spontaneous parametric process in hot Na
atoms as an example, we obtain optical isolation for the
probe beam over 100 GHz bandwidth (corresponding to
~0.12nm @ 589 nm) for isolation ratio >25dB, and a

Page 2 of 8

maximum ratio >30 dB with the insertion loss being less
than 0.7 dB. In thermal atomic ensembles, the inevitable
Doppler and power-induced broadening on the deco-
herence rates of involved atomic energy levels are usually
detrimental due to their suppression on desired atomic
coherence effects. Counterintuitively, such broadening
effects in our experiment extend the bandwidth of the
nonlinear responses and further enable the broadband
optical isolation. It’s also worth noting that the current
work employs the interaction between two nonlinear
processes, which is distinctive from the previous studies
involving only one controlled nonlinear process such as
the pumped FWM'’. Moreover, the available non-
reciprocal bandwidth in the current work is determined
by the broadband property of the spontaneous parametric
process, instead of the bandwidth of the pumped FWM.
This fundamentally differentiates our work from previous
nonreciprocal studies relying on pumped multi-wave
mixing processes, whose narrow bandwidths limit the
operating bandwidths of the resulting nonreciprocal
behaviors.

Results

Figure 1 schematically shows the experimental setup.
The probe field E; (frequency w;, wave vector kj, Rabi
frequency G;, horizontal polarization) and two pump
fields E, and E,’ (ws k, and k,/, G, and G/, vertical
polarization) from two dye lasers are injected into Na
atomic vapors confined in a heating pipe oven. The fre-
quencies of the involved lasers are controlled indepen-
dently by their own drivers. The energy-level
configuration of atoms is depicted in the inset, involving
two ground states |3S;/5, F=1) (|0)) and |3S;5, F=2)
(]2)), and an excited state |3P3,,) (| 1)). Two nonlinear
processes happen within this coherently-prepared atomic
ensemble. The probe field E; drives the transition
[0)—> | 1) and forms the four-field degenerate sponta-
neous parametric process, coupling to QVFs via virtual-
photon process. Simultaneously, the pump fields, E, and
E,’, drive the transition |2)— | 1) and can excite a pumped
FWM process together with the probe field.

In our experiment, the condition kg=k;+k,—k,’
(namely PMC1) and the energy conservation (wp=
©1+wy,—wy’) are simultaneously met when the probe field
propagates in the opposite direction of the pump fields. In
this case, the pumped FWM occurs by mediated of the
probe field and a new mode Ep is generated. However,
when the probe beam co-propagates with the pump
beams, the pumped FWM is inefficient because the
required PMC1 breaks. As a result, the probe field is
decoupled from the pumped FWM process.

In the meanwhile, the probe field (mode E,) inside the
atomic vapors can spontaneously convert to a pair of
Stokes mode Eg and anti-Stokes mode E,s (with
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Fig. 1 Experimental setup. The probe beams E; and E;’ counter- and co-propagates with the pump beams (E, and E,’), respectively. The counter-
propagating E; and two pump beams can generate the pumping four-wave mixing (pumped FWM) signal (Eg), which emits along the opposite
direction of E;. The output probe and pumped FWM spectra are received by three APDs. PBS: polarization beam splitter; BS: 50/50 beam splitter; APD:
avalanche photodiode detector; HW: half-wave plate; HR: high-reflectivity mirror. The inset marked by a dashed box shows the atomic configuration

Atomic vapors

frequencies ws and w,s). Because Eg and E,g are initially
QVFs, the condition 2k; = ks+k,s (namely PMC2) and
the energy conservation, 2w; = ws+w,s, are naturally hold
over a broad bandwidth, as depicted in Fig. 2a. This is a
typical spontaneous parametric process employing QVFs
in a “double-A” atomic configuration®® under the
dressing-state framework®®~®*, see more details in Fig. S1
in Supplementary Materials. The virtual-photon process
depicting the energy conservation condition for the
spontaneous parametric process is given in Fig. 2b. Con-
ventionally, this spontaneous parametric process is inde-
pendent of the propagating direction of the probe field,
thus reciprocal.

However, the inherent reciprocity can break when the
probe mode directionally interacts with an auxiliary mode
Er. In the counter-propagating case, this auxiliary mode
Er enhanced by the pump fields couples to the probe
mode, and the spontaneous parametric process is strongly
modified by the pumped FWM. This coupling dresses E;
into energies w;tg (see Fig. 2c) and breaks the energy
conservation condition under PMC2. As the result, the
spontaneous parametric process is dramatically sup-
pressed and the probe transmission is strong. While in the
co-propagating case, the pumped FWM is off so that the
probe mode decouples from the Er mode. Consequently,
PMC2 retains and the spontaneous parametric process
recovers efficiently. The probe field is absorbed strongly
by converting to the Stokes and anti-Stokes pairs. In this
sense, we create a nonreciprocal spontaneous parametric
process, which can lead to different transmission char-
acteristics for the probe beams incident from opposite
directions. It's worth mentioning that our scheme is

Kg o, wg

2k, o=gf |
I‘:'is @1 Das l

Fig. 2 Descriptions of virtual photon process. a Phase-matching
condition for the spontaneous parametric process under the
interaction of the probe beam and sodium vapors. b Virtual photon
process for the spontaneous parametric process when the energy
conservation is met in both single probe and co-propagating cases
due to the absence of pumped FWM. c In the counter-propagating
case, E; is dressed by the strong coupling (under a strength of g) with
Er, and the spontaneous parametric process is suppressed due to the
breaking of energy conservation

fundamentally different from those based on parametric
amplification®* and the unidirectionally pumped FWM'°.
In both works, the weak probe mode forms a pumped
FWM with the strong pump fields under corresponding
PMC and energy conservation. This pumped FWM
involves a QVF with fixed momentum and energy, thus
gives rise to nonreciprocity within narrow bandwidth.
The evolutions of the probe field, the paired Stokes and
anti-Stokes fields during spontaneous parametric process,
and the pumped FWM signal are critically related to the
atomic linear and third-order nonlinear susceptibilities.
The linear susceptibility is given by Xi(l):N//tmnzpi(a)i)/
(e0hG;), where piw;)= iG;/(T,,,+iA;) is the first-order
density matrix element according to the density matrix
method®. Here we assume the atomic density N and
consider the transition |m)«<|n) (m, n=0, 1, 2), with T,,,,,
being the decoherence rate, and g, being the electric
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dipole moment. The Rabi frequency of field E; (i =4S, S,
1, 2, F) with a complex amplitude E; is described as
G, = pmnE:/h. The linear absorption coefficient y; = (w;/c)
Imy, " determines the decay of the corresponding field.
The nonlinear susceptibilities Xi(S) responsible for spon-
taneous parametric process and pumped FWM are posi-
tively dependent on the corresponding third-order density
matrix elements p® (see Supplementary Materials),
which are described as:

P = —iGiGs/[(dy + GE/Too)do(dy + 61 + G2 /dy)]
(1.1)

P = —iGiG}/[(dy + G} /Too)da(dy — 0y + G /dy)]
(1.2)

P = —iGy|Gaf* /{dy (Toag + i) [Too + i(Ay — AL)]}
(1.3)

where do = I'oop + i01, dy = I'oe + i\, and dy = Tyog—idy,
with §; being the frequency gap of two-dressing states
induced by E;. The probe detuning A;=wjo—w; is
defined as the difference between the frequency interval
of the levels connected by E; and its frequency. The pump
detuning A,’ satisfies A;—A,' =0, describing the two-
photon resonant condition for the pumped FWM. See
more details of dressing states in Fig. S1 in Supplementary
Materials. The natural decoherence rate I';,,, for single Na
atom without interacting with light is about tens of
megahertz. For laser-excited thermal atomic ensembles,
the Doppler and power-induced broadening of the
decoherence rate need to be considered®. In light-
induced atomic coherent processes, the driving laser can
broaden the distribution of the energy levels it connects,
and its power determines the degree of such broadening.
For example, the linewidth of the well-known electro-
magnetically induced transparency (EIT) can increase
with the intensity of the pump field®®. As a consequence,
the effective decoherence rate I',,,r becomes tens of
gigahertz (see Supplementary Materials). The power and
Doppler broadening effects together make great con-
tributions to expanding the valid range of bandwidth for
the nonreciprocal spontaneous parametric process.

The spontaneous parametric process and pumped
FWM process are governed by the following effective
interaction Hamiltonian between field modes”:

Hy = ih[(ks + Kas)/2)a%alals + ilcpaza'sata, + H.c.
(2)
where 4; (i=aS, S, 1, 2, F) is the bosonic annihilation

operator for corresponding field, the operator d,’ is for
Ey, and the coefficient «;=|—ik;y®)| represents the
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coupling strength depending on x;%. In the limitation of
the strong classical fields, we can replace the annihilation
operator d; with the complex amplitude E; of the positive-
frequency component of the corresponding field.

From the nonlinear Helmholtz equation under the
slowly-varying amplitude approximation®?, we obtain
the coupled equations describing the propagation of
spontaneous parametric process and pumped FWM as:

OE1/0z = —y,E1 — (ks + Kus)E1EsE s x M — KF|E2\2EF

(3.1)
OE,/dz = —ygEs + Kas|E1[*Eigx M + Bq (3.2)
OE5/9z = —Y ysEas + Ks|E1["Esx M + B (3.3)
OEr/dz = —ypEr + k¢|Ea|*Es (3.4)

with 8, = \/Z_)QE :(z) being the Langevin noise modeling
the quantum fluctuation®~®°, which is important for
generating spontaneous parametric process, The noise
operator satierfles the correlation functions (€;(z)&;(2)) =
0 and (§;(z)¢; (2))= 8(z — Z). Here, kg =0 is for the co-
propagating case while the nonzero kg for the counter-
propagating case. Because the pump fields E, and E,’ are
strong and propagate in almost the same direction, we
consider them constant during propagation. For simpli-
city, we replace E,’ with E, due to their identical intensity.
In experiment, the Stokes and anti-Stokes fields can be
generated in pair in the spontaneous parametric process
over a wide range of the frequency and wave vectors,
exhibiting a cone (containing hundreds of paired spatial
modes) around the probe beam”®~"% To consider this
effect, we multiple the spontaneous parametric signals by
a factor M. Es and Es in Eq. (3) define each pair of Stokes
and anti-Stokes modes.

Figure 3a and b show the simulated spectra of the
transmitted probe field, the Stokes and anti-Stokes fields,
and pumped FWM signals after passing the atomic vapors
for three cases: (i) in the absence of the pump beams
(probe only, red curves); (ii) the co-propagating case
(backward, blue curves); (iii) the counter-propagating case
(forward, green curves). The spontaneous parametric
process is efficient in cases (i) and (ii), and the probe field
is completely expended over a broad bandwidth [see red
and blue curves in Fig. 3a] due to the resonant absorption
and the considerable conversion to spontaneous para-
metric signals. In the backward case (ii), the pumped
FWM process annihilates because PMC1 breaks, and its
interaction with the probe beam is negligible. As a result,
the generations of paired spontaneous parametric signals
[red and blue curves in Fig. 3b] are similar in the two
cases, so are the transmissions of the probe field.
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Nevertheless, the spontaneous parametric signals are
slightly stronger and the probe transmission is accord-
ingly lower in case (ii) than that in case (i). This is because
the optical pumping effect of the introduced pump fields
increases the effective atomic density’®”?, leading to a
more efficient spontaneous parametric process. Here the
anti-Stokes and Stokes modes occur symmetrically with
respect to A;=0, since they are different in frequency.
Figure 3c theoretically shows the propagation of the probe
beam inside the medium. In both cases, the probe first
declines slowly when the Stokes and anti-Stokes signals
are weak. Then, it decays from z=0.13m (z=0.12m)
rapidly to vanishing small at z=0.2m (z=0.16 m) in the
probe only (backward) case. Correspondingly, the gener-
ated spontaneous parametric signals increase fast to a
saturated intensity during this propagation distance, see
Fig. 3d.

In obvious contrast with the backward case (ii), the
probe in the forward case (iii) shows a strong non-
reciprocal transmission. The pumped FWM process
occurs because of the satisfaction of PMC1 and energy
conservation. This is reflected by the pumped FWM sig-
nals (black curves) shown in Fig. 3b, d. The significance of
the occurred pumped FWM lies in modulating the
spontaneous parametric process by introducing a strong

coupling between the probe mode and the Er mode. This
chiral coupling interaction dresses the probe energy and
unidirectionally breaks the energy conservation condition
for spontaneous parametric process. Therefore, the
spontaneous parametric process is greatly suppressed and
the probe field can pass through atomic vapors with small
attenuation, see Fig. 3a, ¢, indicated by the very weak
spontaneous parametric signal (green curve) in Fig. 3d.
The nonreciprocal spontaneous parametric process is in
coincidence with the calculated third-order suscept-
ibilities for three cases (Fig. S2 in Supplementary
Materials).

The nonreciprocity of the spontaneous parametric pro-
cess is experimentally displayed in Fig. 4a. Considering the
spatial ring structure of the spontaneous parametric pro-
cess, the anti-Stokes and Stokes modes are undistinguish-
able in space®’. The captured spectrum of spontaneous
parametric process contains both modes, and exhibits a
double-peak profile, corresponding to the sum of anti-
Stokes and Stokes components (see theoretical Fig. S3 in
Supplementary Materials). Here we measure the power
spectra of the Stokes and anti-Stokes modes generated in
the spontaneous parametric process in aforementioned
three corresponding cases. The spontaneous parametric
process in the cases (i) and (ii) are strong because the
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pumped FWM process is prevented and the probe mode
decouples from the Ex mode. Consequently, the probe field
converts to the Stokes and anti-Stokes modes efficiently,
see red and blue curves in Fig. 4a, and the corresponding
probe transmissions are weak (see Fig. 4b). Since the strong
pump fields repump the atoms, the conversion is enhanced
and the transmission is lower in the backward case (ii). In
distinct contrast, the pumped FWM happens in the for-
ward case (iii) and heavily interacts with the probe mode.
This interaction modifies the probe mode to break the
PMC?2 for spontaneous parametric process over a wide
range of frequency. Therefore, the spontaneous parametric
process is substantially suppressed (green curve in Fig. 4a)
and the corresponding probe transmission is high (green
curve in Fig. 4b).

The intensity of the observed anti-Stokes and Stokes
spectra exhibits an asymmetric structure with respect
to A; =0, due to the other transition |3S;,5)— |3Py/2) of
Na atoms. Considering the Doppler and power-induced
broadening effect on the state |3P;,,), the incident E;
(resonant with |3S;/5)— | 3P3/,2)) can also excite the
transition |3S;,5)— |3P1/2), but under the far-detuning
condition. Namely, both transitions can produce
absorption for E; and spontaneous parametric process.
A smaller value of A; means that frequency of probe
field is set further from the resonance of state |3Py,),
which hence gives rise to a weaker absorption. The
observed asymmetric intensity profile of the probe
transmission (probe only case) advocates this effect
(Fig. S4 in Supplementary Materials). When the

absorption from the transition 3S;,,—3P;,, is theore-
tically considered, the simulated spontaneous para-
metric spectrum exhibits an asymmetric double-peak
profile (Fig. S3 in Supplementary Materials). In the
meanwhile, the self-Kerr nonlinearity also contributes
to the asymmetric profile. For A; <0 and A; > 0 regions,
the nonlinear atomic system can behave focusing and
defocusing, respectively, due to the opposite signs of
self-Kerr nonlinearity’*”>. The spot size of the probe in
the defocusing case is broader than that in the focusing
case. The beam with a larger size covers and interacts
with more atoms, thus enabling stronger resonant
absorption, which indicates that the probe can provide
less energy and produce weaker spontaneous para-
metric signals, resulting in more asymmetric spectra in
experiment.

The transmitted probe intensities of the forward and
backward cases are denoted as Trand T}, and we calculate
the isolation ratio as #=10log,o(T/T}). The contrast
dependence on the probe detuning is presented in Fig. 4c
with either probe laser beam (E; or E," in Fig. 1) selec-
tively on. The contrast is larger than 25 dB over 100 GHz
band (approximately —45 GHz to 55 GHz) and reaches
the maximum value 30dB (corresponding an insertion
loss of <0.7 dB) at A;~10 GHz. According to Eq. (1), the
further enhancement of the pump-field intensity will
produce a stronger pumped FWM, which can provide
more suppression on the Stokes and anti-Stokes signals to
increase the forward probe transmission. In addition, a
stronger pump field can lead to more efficient optical
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pumping effect’® to reduce the backward probe trans-
mission. Such a combined effect in both backward and
forward cases will undoubtedly improve the isolation ratio
and the insertion loss. However, limited by our experi-
mental condition, the accessible maximum output power
of both pump beams is 3.75 mW.

Our nonreciprocal regime can bypass dynamic reci-
procity’’, which impose severe constraint on most non-
linear isolators, when two probe beams are oppositely
(collinear) incident into the medium together. The
transmission contrast versus the probe detuning is close
to the single-probe contrast shown in Fig. 4¢, according to
Fig. S5 in Supplementary Materials. The nonreciprocal
bandwidth for contrast >25dB exceeds 100 GHz and
remains stable as the input power increases from 90 pW
to 190 uW (see Fig. 4d). This result indicates that the
demonstrated optical isolation exhibits robustness against
the input probe power over a broad bandwidth. The
nonreciprocal behavior with both probe fields present also
advocates the interaction between Er and the spontaneous
parametric process is nonreciprocal. This is due to the
Doppler frequency shifts caused by the unavoidable ran-
dom thermal motion of atoms>>°,

Discussion

In summary, we experimentally demonstrated a non-
reciprocal spontaneous parametric process by breaking its
spatial inversion symmetry and time reversal symmetry
after introducing a pumped FWM. Based on this non-
reciprocal spontaneous parametric process, we achieved
optical isolation for the injected probe field with large
isolation ratio and broad bandwidth. The development of
chip-scale vapor cells”®”® that are compatible with wafer-
scale fabrication will be promisingly expected to promote
the miniaturization and integration of the designed non-
reciprocal spontaneous parametric configuration. Further,
considering that both spontaneous parametric process and
pumped FWM processes have been realized in not only
gaseous but also diverse solid optical platforms. The con-
cept of this work can promising motivate the explorations
of integrated broadband optical nonreciprocity by
employing the interactions between commonly seen non-
linear optical processes in solid nonlinear materials. Also,
the demonstrated nonreciprocal spontaneous parametric
process with quantum nature may also stir up the studies
in designing broadband nonreciprocal quantum devices.

Materials and methods

Both dye lasers are pumped by the same injection-
locking single-mode Nd: YAG pulse laser (Continuum
Powerlite DLS 9010, 10 Hz repetition rate, 5ns pulse
width). The wavelength of the probe laser is set as
~589.0 nm, while the coupling laser works around
~589.6 nm. The angle between the two pump beams are
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about ~0.3°. The output of three APDs enter a multi-
channel SR200 series Boxcar Averager system (followed
by a data acquisition setup) to plot the spectra signals.
The temperature of the sodium atomic vapors inside the
heating pipe oven (with a length of 20 cm) is about 280 °C,
corresponding to an atomic density of ~1.24 x 10'*cm ™2,

Acknowledgements

This work was supported by National Natural Science Foundation of China (Grant
Nos. 62475209, 62022066, 12074306 and 92365107), the National Key R&D Program
of China (Grant No. 2019YFA0308700), Qinchuangyuan “Scientist+Engineer” Team
Construction of Shaanxi Province (Grant No. 2024QCY-KXJ-178), Key Scientific and
Technological Innovation Team of Shaanxi Province (2021TD-56), the Program for
Innovative Talents and Teams in Jiangsu (Grant No. JSSCTD202138).

Author details

"Key Laboratory for Physical Flectronics and Devices of the Ministry of
Education & Shaanxi Key Lab of Information Photonic Technique, School of
Electronic Science and Engineering, Faculty of Electronic and Information
Engineering, Xi'an Jiaotong University, Xi'an 710049, China. “Department of
Physics, University of Arkansas, Fayetteville, AR 72701, USA. *College of
Engineering and Applied Sciences, National Laboratory of Solid State
Microstructures, and School of Physics, Nanjing University, Nanjing 210093,
China

Author contributions

Z.Z.and KX. planned the project. C.L. and ZZ. carried out the experiment with
helps from and Y.Z. and MX; RH. and JW.Y. performed the data acquisition
and edited the experimental figures. CL. and J.Q.Y. provided the theoretical
supports with helps from KX. and Z.Z; CL, JQY. KX. and ZZ. wrote the
manuscript with discussions from all authors.

Data availability

The experimental data generated in this study are openly available in the
Open Science Framework (OSF) at https://doi.org/10.17605/OSF.I0/9RKQU,
under a CC-BY 4.0. license.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541377-025-01844-8.

Received: 14 September 2024 Revised: 9 March 2025 Accepted: 21 March
2025
Published online: 19 May 2025

References

1. Hoai, I. C. et al. Probing the quantum vacuum with an artificial atom in front of
a mirror. Nat. Phys. 11, 1045-1049 (2015).

2. Benea-Chelmus, I. C. et al. Electric field correlation measurements on the
electromagnetic vacuum state. Nature 568, 202-206 (2019).

3. Baumann, S. et al. Electron paramagnetic resonance of individual atoms on a
surface. Science 350, 417-420 (2015).

4. Scully, M. O. & Zubairy, M. S. Quantum Optics. (Cambridge: Cambridge Uni-
versity Press, 1997).

5. Xu, Z J. et al. Non-reciprocal energy transfer through the Casimir effect. Nat.
Nanotechnol. 17, 148-152 (2022).

6. De Liberato, S. & Ciuti, C. Quantum vacuum radiation spectra from a semi-
conductor microcavity with a time-modulated vacuum Rabi frequency. Phys.
Rev. Lett. 98, 103602 (2007).

7. Larson, J. & Mavrogordatos, T. The Jaynes-Cummings Model and Its Des-
cendants. (Bristol: IOP Publishing Ltd, 2021).

8. Zhang, C. et al. Spontaneous parametric down-conversion sources for mul-
tiphoton experiments. Adv. Quantum Technol. 4, 2000132 (2021).


https://doi.org/10.17605/OSF.IO/9RKQU
https://doi.org/10.1038/s41377-025-01844-8

Li et al. Light: Science & Applications (2025)14:200

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

Boyd, R. W. Nonlinear Optics. 3rd edn. (Waltham: Academic Press, 2008).
Song, F. et al. Optical nonreciprocity using four-wave mixing in hot atoms.
Appl. Phys. Lett. 119, 024101 (2021).

Lai, Y. H. et al. Earth rotation measured by a chip-scale ring laser gyroscope.
Nat. Photonics 14, 345-349 (2020).

Noh, T. G. Counterfactual quantum cryptography. Phys. Rev. Lett. 103, 230501
(2009).

Riedinger, R. et al. Non-classical correlations between single photons and
phonons from a mechanical oscillator. Nature 530, 313-316 (2016).

Lecocq, F. et al. Control and readout of a superconducting qubit using a
photonic link. Nature 591, 575-579 (2021).

Daiss, S. et al. A quantum-logic gate between distant quantum-network
modules. Science 371, 614-617 (2021).

Lau, H. K & Clerk, A. A. Fundamental limits and non-reciprocal approaches in
non-Hermitian quantum sensing. Nat. Commun. 9, 4320 (2018).

Yan, W. et al. Waveguide-integrated high-performance magneto-optical iso-
lators and circulators on silicon nitride platforms. Optica 7, 1555-1562 (2020).
Liu, T. J. et al. Thermal photonics with broken symmetries. eLight 2, 25 (2022).
Fan, L. et al. An all-silicon passive optical diode. Science 335, 447-450 (2012).
Yu, M. J. et al. Integrated electro-optic isolator on thin-film lithium niobate. Nat.
Photonics 17, 666-671 (2023).

Del Bino, L. et al. Microresonator isolators and circulators based on the intrinsic
nonreciprocity of the Kerr effect. Optica 5, 279-282 (2018).

Yang, K Y. et al. Inverse-designed non-reciprocal pulse router for chip-based
LiDAR. Nat. Photonics 14, 369-374 (2020).

Chang, L. et al. Parity-time symmetry and variable optical isolation in active-
passive-coupled microresonators. Nat. Photonics 8, 524-529 (2014).

Fang, K. J. et al. Generalized non-reciprocity in an optomechanical circuit via
synthetic magnetism and reservoir engineering. Nat. Phys. 13, 465-471 (2017).
Estep, N. A. et al. Magnetic-free non-reciprocity and isolation based on para-
metrically modulated coupled-resonator loops. Nat. Phys. 10, 923-927 (2014).
Tian, H. et al. Magnetic-free silicon nitride integrated optical isolator. Nat.
Photonics 15, 828-836 (2021).

Sounas, D. L. & Alt, A. Non-reciprocal photonics based on time modulation.
Nat. Photonics 11, 774783 (2017).

Tzuang, L. D. et al. Non-reciprocal phase shift induced by an effective mag-
netic flux for light. Nat. Photonics 8, 701-705 (2014).

Guo, X. X. et al. Nonreciprocal metasurface with space-time phase modula-
tion. Light Sci. Appl. 8, 123 (2019).

Kittlaus, E. A. et al. Non-reciprocal interband Brillouin modulation. Nat. Pho-
tonics 12, 613-619 (2018).

Sohn, D. B, Kim, S. & Bahl, G. Time-reversal symmetry breaking with acoustic
pumping of nanophotonic circuits. Nat. Photonics 12, 91-97 (2018).

Dong, C. H. et al. Brillouin-scattering-induced transparency and non-reciprocal
light storage. Nat. Commun. 6, 6193 (2015).

Shen, Z et al. Reconfigurable optomechanical circulator and directional
amplifier. Nat. Commun. 9, 1797 (2018).

Kim, J. et al. Non-reciprocal Brillouin scattering induced transparency. Nat. Phys.
11, 275-280 (2015).

Sohn, D. B, Orsel, O. E. & Bahl, G. Electrically driven optical isolation through
phonon-mediated photonic - Autler-Townes  splitting. Nat. Photonics 15,
822-827 (2021).

Maayani, S. et al. Flying couplers above spinning resonators generate irre-
versible refraction. Nature 558, 569-572 (2018).

Huang, R. et al. Nonreciprocal photon blockade. Phys. Rev. Lett. 121, 153601
(2018).

Yu, Z F. & Fan, S. H. Complete optical isolation created by indirect interband
photonic transitions. Nat. Photonics 3, 91-94 (2009).

Wang, D. W. et al. Optical diode made from a moving photonic crystal. Phys.
Rev. Lett. 110, 093901 (2013).

Horsley, S. A. R. et al. Optical nonreciprocity of cold atom Bragg mirrors in
motion. Phys. Rev. Lett. 110, 223602 (2013).

Huang, X. V. et al. Loss-induced nonreciprocity. Light Sci. Appl. 10, 30 (2021).
Hua, S. Y. et al. Demonstration of a chip-based optical isolator with parametric
amplification. Nat. Commun. 7, 13657 (2016).

Guo, X. et al. On-chip strong coupling and efficient frequency conversion
between telecom and visible optical modes. Phys. Rev. Lett. 117, 123902 (2016).
Metelmann, A. & Clerk, A. A. Nonreciprocal photon transmission and ampli-
fication via reservoir engineering. Phys. Rev. X 5, 021025 (2015).

Hamann, A. R. et al. Nonreciprocity realized with quantum nonlinearity. Phys.
Rev. Lett. 121, 123601 (2018).

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

Page 8 of 8

Lodahl, P. et al. Chiral quantum optics. Nature 541, 473-480 (2017).

Pucher, S. et al. Atomic spin-controlled non-reciprocal Raman amplification of
fiber-guided light. Nat. Photonics 16, 380-383 (2022).

Xia, K. Y. et al. Reversible nonmagnetic single-photon isolation using unba-
lanced quantum coupling. Phys. Rev. A 90, 043802 (2014).

Tang, L. et al. On-chip chiral single-photon interface: isolation and unidirec-
tional emission. Phys. Rev. A 99, 043833 (2019).

Tang, J. S. et al. Nonreciprocal single-photon band structure. Phys. Rev. Lett.
128, 203602 (2022).

Yuan, L. Q, Xy, S. S. & Fan, S. H. Achieving nonreciprocal unidirectional single-
photon quantum transport using the photonic Aharonov-Bohm effect. Opt.
Lett. 40, 5140-5143 (2015).

Scheucher, M. et al. Quantum optical circulator controlled by a single chirally
coupled atom. Science 354, 1577-1580 (2016).

Zhang, S. C. et al. Thermal-motion-induced non-reciprocal quantum optical
system. Nat. Photonics 12, 744-748 (2018).

Xia, K.Y, Nori, F. & Xiao, M. Cavity-free optical isolators and circulators using a
chiral cross-Kerr nonlinearity. Phys. Rev. Lett. 121, 203602 (2018).

Burresi, M. et al. Observation of polarization singularities at the nanoscale. Phys.
Rev. Lett. 102, 033902 (2009).

Dong, M. X. et al. All-optical reversible single-photon isolation at room tem-
perature. Sci. Adv. 7, eabe8924 (2021).

Hu, X. X. et al. Noiseless photonic non-reciprocity via optically-induced mag-
netization. Nat. Commun. 12, 2389 (2021).

Liang, C. et al. Collision-induced broadband optical nonreciprocity. Phys. Rev.
Lett. 125, 123901 (2020).

Wu, H. D. et al. Fundamental distinction of electromagnetically induced
transparency and Autler-Townes splitting in breaking the time-reversal sym-
metry. Laser Photonics Rev. 16, 2100708 (2022).

Tang, L. et al. Quantum squeezing induced optical nonreciprocity. Phys. Rev.
Lett. 128, 083604 (2022).

Lu, X. D. et al. Nonreciprocity and quantum correlations of light transport in
hot atoms via reservoir engineering. Phys. Rev. Lett. 126, 223603 (2021).
Boyd, R. W. et al. Four-wave parametric interactions in a strongly driven two-
level system. Phys. Rev. A 24, 411-423 (1981).

Barnett, S. M. & Radmore, P. M. Methods in Theoretical Quantum Optics. (Oxford:
Oxford University Press, 2002).

Krems, R. V. Molecules in Electromagnetic Fields: from Ultracold Physics to Con-
trolled Chemistry. (Hoboken: John Wiley & Sons, Inc, 2019).

Sun, J. et al. Two-photon resonant four-wave mixing in a dressed atomic
system. Phys. Rev. A 70, 053820 (2004).

Zheng, A. J. et al. Electromagnetically-induced-transparency intensity-
correlation power broadening in a buffer gas. Phys. Rev. A 93, 043825
(2016).

Coldren, L. A, Corzine, S. W. & Masanovi¢, M. L. Diode Lasers and Photonic
Integrated Circuits. 2nd edn. (Hoboken: John Wiley & Sons, Inc, 2012).

He, B. et al. Quantum noise effects with Kerr-nonlinearity enhancement in
coupled gain-loss waveguides. Phys. Rev. A 91, 053832 (2015).

Jiang, Y., Mei, Y. F. & Du, S. W. Quantum Langevin theory for two
coupled phase-conjugated electromagnetic waves. Phys. Rev. A 107,
053703 (2023).

Pan, X. Z. et al. Orbital-angular-momentum multiplexed continuous-variable
entanglement from four-wave mixing in hot atomic vapor. Phys. Rev. Lett. 123,
070506 (2019).

Boyer, V. et al. Entangled images from four-wave mixing. Science 321, 544-547
(2008).

Corzo, N. V. et al. Noiseless optical amplifier operating on hundreds of spatial
modes. Phys. Rev. Lett. 109, 043602 (2012).

Happer, W. Optical pumping. Rev. Mod. Phys. 44, 169-249 (1972).

Wang, H, Goorskey, D. & Xiao, M. Enhanced Kerr nonlinearity via atomic
coherence in a three-level atomic system. Phys. Rev. Lett. 87, 073601 (2001).
Zhang, Y. P. et al. Controlled spatial beam splitter using four-wave-mixing
images. Phys. Rev. A 80, 055804 (2009).

Hu, Y. Q et al. Multiwavelength magnetic-free optical isolator by optical
pumping in warm atoms. Phys. Rev. Appl. 12, 054004 (2019).

Shi, Y, Yu, Z. F. & Fan, S. H. Limitations of nonlinear optical isolators due to
dynamic reciprocity. Nat. Photonics 9, 388-392 (2015).

Zektzer, R. et al. Nanoscale atomic suspended waveguides for improved
vapour coherence times and optical frequency referencing. Nat. Photonics 15,
772-779 (2021).

Kitching, J. Chip-scale atomic devices. Appl. Phys. Rev. 5, 031302 (2018).



	Nonreciprocal spontaneous parametric process
	Introduction
	Results
	Discussion
	Materials and methods
	Acknowledgements




