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Recent advances in non-Hermitian physical systems have led to numerous novel optical phenomena and
applications. Such systems typically involve gain and loss associated with dissipative coupling to the
environment, hence interesting quantum phenomena are often washed out, rendering most realizations
classical. Here, in contrast, we propose to employ dissipative coupling to enable quantum correlations. In
particular, two distant optical channels are judiciously designed to couple to and exchange information with a
common reservoir environment, under an anti-parity-time-symmetric setting of hot but coherent atoms. We
realize a non-Hermitian nonlinear phase sensitive parametric process, where atomic motion leads to quantum
correlations between two distant light beams in the symmetry-unbroken phase. This Letter starts a new route
to exploring the non-Hermitian quantum phenomena by bridging the fields of atomic physics, non-Hermitian
optics, quantum information, and reservoir engineering. Potential applications include novel quantum light
sources, quantum information processing and sensing, and generalization to correlated many-body systems.
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Standard quantum mechanics requires Hermiticity to
ensure real eigenvalues of the energy spectra andconservation
of the total probability of a quantum system. Surprisingly, it
was found that a non-Hermitian Hamiltonian satisfying
parity-time symmetry ðPT Þ can still exhibit real spectra
[1]. With roots of symmetry in quantum field and topological
theory, PT and anti-PT symmetry have attracted great
interests in photonics [2–9] and many other systems
[10–15], opening opportunities to explore exotic scattering
features for applications in artificial materials and functional
devices [16–24]. With the rapid development of quantum
technology, especially in quantum information processing,
quantumphotonic devices are highly in demand.The ultimate
goal of non-Hermitian optics is to be applied to quantum
photonics [16–19]. Furthermore, potential sensing applica-
tions involving exceptional points (EP) [25–27] raised the
open question of whether the quantum noise limit can be
reached or surpassed. Investigating the information retrieval
and criticality in PT systems [28] is necessary for deeper
understanding of PT symmetric systems as open quantum
systems.However,mostPT symmetry realizations up to date
rely on optical gain-loss systems, where thermal noise
stemming from dissipative baths washes out interesting
quantum effects and impedes the observation of quantum
dynamics. As a result, quantum phenomena in these systems
remain unexplored experimentally.
Here, we propose a unique approach, reservoir engineer-

ing, to accessing and investigating the quantum regime
of non-Hermitian systems. It allows to address the main

challenge that conventional optical gain-loss non-
Hermitian systems face in pursuit of reaching quantum
regime. Unlike typical gain-loss systems where each
optical channel couples to its own bath, in our scheme
they couple to a common bath. To illustrate the idea, in the
anti-PT system we consider, two optical modes indirectly
couple to each other through their dissipative coupling to
the moving atoms, which carry and spread out the infor-
mation of light and act as a common reservoir. By
engineering the coupling of the light to the atomic spin
waves, nonlinear parametric process is realized, leading to
the observation of phase sensitive gain in each optical
channel. Moreover, the optical system is driven to a
stationary quantum correlated state, akin to recent demon-
strations of dissipation induced quantum states preparation
[29–31]. Strikingly, although each channel by itself only
enables linear optics, the flying atoms serve as effective
feedback and turn the two-channel system into a nonlinear
one. This demonstration provides a fundamentally new
route to the development of key building blocks in quantum
technology, such as the preparation of novel quantum states
of light [32], quantum frequency translation [19], as well as
to the enhancement of photon-photon interactions.
The optical system considered here builds on the anti-

PT symmetry platform [12] we developed previously, but
the key change is to use different light polarization
configurations than before in order to enable the non-
linearity and quantum correlations. As shown in Fig. 1, two
spatially separated laser beams interact with Rb atoms
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inside an antirelaxation coated vapor cell, so-called optical
channels. Each undergoes a Λ-type control-probe electro-
magnetically induced transparency (EIT) to create a col-
lective spin wave ρ12 (ground state coherence), which is
then dissipatively coupled to each other through atomic
diffusion. Since EIT creates a linear mapping between the
probe light and the spin excitation, the coupling between
the two probe fields in EIT can be described by the effective
Hamiltonian for the two spin waves [12]:

H ¼
� jΔ0j − iγ12 iΓc

iΓc −jΔ0j − iγ12

�
; ð1Þ

where jΔ0j is half the frequency difference between the two
spin waves, and Γc is the ground-state-coherence coupling
rate between the two channels. The off-diagonal coupling
term is imaginary due to the random nature of the
coherence transfer between the two channels via ballistic
motion and wall bouncing of atoms. γ12 is the common
decay rate of the spin waves. Anti-PT symmetry breaking
occurs at EP where jΔ0j ¼ Γc and the two eigen EIT modes
perfectly overlap. In the symmetry-unbroken regime
(jΔ0j < Γc), the two eigen-EIT resonance centers coincide
(but linewidths bifurcate), enabling spin wave synchroni-
zation (analogous to synchronization phenomena demon-
strated in Refs. [33,34]) and quantum correlation in our
experiment. To account for the microscopic nature of this
system, we have developed a theoretical model describing
spin dynamics inside and outside the optical channels, with
Langevin noises [35].

By judiciously designing reversed control-probe EIT
configurations in the two channels [Fig. 1(b)], we realize
non-Hermitian phase sensitive parametric process, leading
to the buildup of quantum correlation from dissipation. In
particular, one atomic spin excitation Ŝ† is accompanied by
a lower sideband photon creation locally in one channel,
e.g., Ch1 [see Fig. 1(b)], represented as Ĥ1 ∝ â†l Ŝ

† þ H:c:
This excitation then diffuses out to the dark region outside
the beam, i.e., the reservoir. When it diffuses to the
other channel, e.g., Ch2, with reversed Λ-type EIT polari-
zation configurations, the photon in the upper sideband is
scattered along with the annihilation of the same spin
excitation, captured by Ĥ1 ∝ b̂†uŜþ H:c: Thanks to the
collective buildup effect along the propagation direction of
light [43,44], this two-step interaction results in a two-
mode squeezing-type (TMS) optical parametric process
∝ â†l b̂

†
u þ H:c: in stark contrast to previous setups [12,45]

where identical polarization configurations in the two
channels lead to the dissipative beam-splitter-type (BS)
coupling between the two optical probes, and hence no
quantum correlation occurs there.
Now we report experimental observation of the non-

Hermitian phase-sensitive parametric amplification. We
emphasize that the nonlinear optical phenomena here is
realized with linear atom-light interaction but with moving
atoms serving as effective feedback. First, the EIT spectra
were measured with only one channel on. Their centers are
offset from each other [Fig. 2(a)] due to the opposite ac
stark shift induced by the orthogonally polarized control
beams, which interact off-resonantly with the other upper
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FIG. 1. Schematics for observation of quantum correlation in an anti-PT -symmetry platform. (a) The experiment schematics. Two
spatially separated optical channels (Ch1 and Ch2) with orthogonal circular polarizations propagate in the warm paraffin-coated
87Rb vapor cell under EIT interaction. The coupling between them is mediated by coherent mixing (through atomic diffusion) of the
atomic population and coherence of ground states created in each channel. The cell is mounted inside a four-layer magnetic
shielding. Inside the shield a solenoid gives precise control over the internal longitudinal magnetic field. After the cell, the output
beams are recollimated and directed to the polarization homodyne detection setup. The noise power of the amplified subtracted
photocurrents is recorded with a spectrum analyzer. PBS, polarization beam splitter; BPD, balanced photodetector; -, subtractor;
HWP, half-wave plate; QWP, quarter-wave plate. (b) The Λ three-level scheme in the two channels. The ground states are Zeeman
sublevels of jF ¼ 2i, and the excited state is jF ¼ 1i of the 87RbD1 line. The left- and right-circularly polarized control fields in Ch1
and Ch2 drive the dipole transitions j1i → j3i and j2i → j3i, with Rabi frequency Ω1 and Ω2, respectively. The Zeeman splitting ΩL
is induced by a common longitudinal magnetic field, serving as either the Larmor frequency in the noise spectra measurement or the
two-photon detuning in the EIT measurement [denoted as δB as in Fig. 2(a)]. Fictional magnetic fields of opposite sign in Ch1 and
Ch2 are, respectively, applied to shift the spin waves frequency by jΔ0j, via additional off-resonant laser beams (not shown). Phase
coherence between the two control fields are not required.

PHYSICAL REVIEW LETTERS 124, 030401 (2020)

030401-2



excited state [not shown in Fig. 1(b)]. In stark contrast, with
both channels on, the dissipative coupling leads to para-
metric amplification and the overlapping of two EIT
spectra. Remarkably, such a behaviour illustrates the
synchronization of two spin waves due to atomic motion.
Here, the two distant optical (probe) modes play the role of
the two different spins in Ref. [33] or different mechanical
resonators in Ref. [34], and the collective atomic spin
excitation coupling to both modes plays the role of the
common cavity mode in Refs. [33,34]. The one-to-one
mapping between the optical field and the local spin waves
[43] then allows the spin synchronization. Although each
channel by itself is linear where the gain of the probe
should not appear, here, their opposite control-probe
configuration, as well as coupling to a common bath,
makes the gain appear. Mathematically, we confirm that the
nonlinear parametric process with gain indeed arises from
the dissipative coupling in the symmetry unbroken
phase [35]. In Fig. 2(b), we verify the phase sensitivity
of the gain by only varying the relative phase between the
control and probe in one of the channels.
For measurements of quantum noise and correlations, we

remove the input probes and let them be the vacuum. Joint
polarization homodyne detection [46] is operated to extract
the information of the quantum fluctuations in the output
probe, as well as the quantum correlations between the two
channels [35]. A common bias magnetic field is applied to
shift the homodyne measurement from dc to the Larmor
frequency, bypassing low frequency technical noises. To
characterize the dynamics of quantum correlation between
the two channels, Gaussian discord is evaluated via the
reconstruction of a bipartite covariance matrix (CM)
[47,48] in continuous variables, more resilient to dissipa-
tive environments than quantum entanglement. Here,

G
ai

n Ch1 uncoupled
Ch2 uncoupled
Ch1 coupled
Ch2 coupled

−1 0 1 2 3 4 5 6
−0.02

0

0.02

0.04

0.06

0.08

0.1

Phase [rad]

G
ai

n

(b)
Ch1
Ch2

(a)

−900 −600 0 300 600 900
−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

B 
[Hz]

-300

FIG. 2. Non-Hermitian parametric interaction between two
weak-probe fields aided by anti-PT -symmetric coupling of spin
waves. (a) Probe gain as a function of two-photon detuning δB,
proportional to the common magnetic field applied, under
coupled (both channels on) and uncoupled (only one channel
on) conditions. Here, “Gain” is defined by the ratio of the probes
output power and input power (calibrated at output with a far-off-
resonance probe of the same input power) minus one. Positive
(negative) value of “Gain” stands for gain (absorption). (b) Gain
for the two probes changes as the probe’s phase (in radian) in one
of the channels is swept. In (a) and (b), the cell temperature is at
40 °C. The lines in (b) are to guide the eye.
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FIG. 3. Discord, EIT separation, and noise spectra at
varying jΔ0j, the frequency offset of both spin waves but
towards opposite directions as shown in Fig. 1(b). The left
column is experiment and the right is theory result. (a) The
discord shown at various jΔ0j values. (b) The separately
measured EIT peak positions at various jΔ0j values. The
narrow structure (in dashed box) of the noise spectrum shown
in the inset of (a) is displayed in (c)–(f) for sampled jΔ0j,
where the red and blue traces are VarðX̂1Þ and VarðX̂2Þ
respectively, and the green is VarðX̂1 − X̂2Þ. They are iden-
tical to VarðP̂1Þ, VarðP̂2Þ, and VarðP̂1 þ P̂2Þ, respectively,
which are not shown. The experiment noise spectra (c1)–(f1)
correspond to the 1st, 3rd, 7th, and 10th point on the discord
curve in (a1). The theory noise spectra (c2)–(f2) correspond
to the 1st, 3rd, 7th, and 11th point on the discord curve in
(a2). The shot noise level is set at 0 dB in both columns,
observed when only one channel is on. As expected, when
jΔ0j increases, the two spin waves are not synchronized,
responsible for decreased contrast of the narrow structure.
The discord drop is more dramatic near EP, where the EIT
separation curve bends. The slight (abnormal) drop in discord
for the left two points in (a1) is due to the unwanted optical
pumping of the off-resonant beams which changes jΔ0j
through ac-stark shift. This optical pumping destroys some
coherence and slightly decreases the contrast of the noise
spectrum, as can be seen from (c1) compared to (d1). The
input power of the control in each channel is 700 μW in the
experiment. The cell temperature is at 63°C.
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canonical position and momentum operators of the quan-
tum light field can be defined through Stokes operators as
X̂ ¼ Ŝx=

ffiffiffiffiffiffiffijSzj
p

and P̂ ¼ Ŝy=
ffiffiffiffiffiffiffijSzj

p
.

To study the change of quantum discord near EP, we
vary the frequency difference of the two spin waves 2jΔ0j
by applying two local fictional magnetic fields of opposite
sign [35]. The noise spectra of the vacuum probes and the
Gaussian discord at different jΔ0j are shown in Fig. 3. A
typical noise spectrum [Fig. 3(a) inset] includes a broad
feature originating from single pass atom-light interaction,
and a sharp peak from multiple returns of atoms back to
the beam. This narrow structure is the outcome of the
engineered â†l b̂

†
u parametric process that will contribute to

quantum correlation. Measured noise spectra of each
channel VarðX̂1;2Þ and the joint variance VarðX̂1 − X̂2Þ
[identical to VarðP̂1;2Þ and VarðP̂1 þ P̂2Þ, respectively]
for four representing jΔ0j values are displayed in
Figs. 3(c1)–3(f1), accompanied by the theoretically cal-
culated spectra in Figs. 3(c2)–3(f2). Discord is calculated
at the Larmor frequency in the noise spectra [35]. Gaussian
quantum correlations beyond entanglement can be captured
by the measure of Gaussian discord, hence a discord value
well above zero indicates the quantum nature of the
correlation between the two channels.
Around EP, we observe apparent changes of the

Gaussian discord with respect to jΔ0j. For jΔ0j large
enough, the phases of the two spin waves are not
synchronized, reducing the efficiency of mutual coherence
stimulation between the two channels. Consequently, the
two noise spectra are offset away from the Larmor
frequency, and also become dispersivelike, accompanied
by contrast drop and broadening of the narrow peak. These
together reduce the discord. When jΔ0j is smaller than Γc,
the system is in the symmetry unbroken regime, and the
two spin waves frequencies are pulled together, giving rise
to relatively larger discord generated by TMS operation. To
verify that the relatively sharp change in discord happens
near EP, we independently measured the peak separation
between the two channels’ EIT with the weak probes on,
and found that the separation versus jΔ0j curve bends
around the region where discord drops fast, which corre-
sponds to jΔ0j ∼ Γc. The corresponding theoretical curves
qualitatively agree with the experiment, although the line-
width of the noise spectra is smaller than those in the
experiments, mainly due to the neglect of multi-level
effects in the model.
We report the first implementation of non-Hermitian

quantum nonlinear optics or photonics in the form of
stationary quantum correlations between two distant optical
modes, thus making a first step towards experimental
quantum studies of non-Hermitian systems with (anti-)
PT symmetry without resorting to single-spin systems
[14,49]. By engineering the dissipative coupling of
light channels to the common reservoir formed by flying
atoms, non-Hermitian phase-sensitive parametric gain and

spin-wave synchronization are achieved. This Letter opens
up a new avenue for exploring quantum properties in non-
Hermitian photonic systems, with potential applications in
quantum information processing and sensing. Due to the
tight connection to the ion trap [30] and atomic ensembles
[31], this approach could be extended to strongly correlated
many-body PT systems, where a recent study suggested
that there exists a novel quantum phase transition without a
correspondence in a Hermitian quantummany-body system
[50]. Experimental advances towards such directions will
facilitate new progress in PT symmetric quantum science.

The authors are grateful to Klaus Mølmer, Eugene S.
Polzik, Kenan Qu, Johannes Borregaard, Li Ge, and
Yunfeng Xiao for fruitful discussions. This work is sup-
ported by National Key Research Program of China under
Grants No. 2016YFA0302000 and No. 2017YFA0304204,
and National Natural Science Foundation of China under
Grants No. 61675047 and No. 91636107. H. Shen
acknowledges the financial support from the Royal
Society Newton International Fellowship (NF170876) of
the United Kingdom.

*These two authors contributed equally.
†heng.shen@physics.ox.ac.uk
‡yxiao@fudan.edu.cn

[1] C. M. Bender and S. Boettcher, Real Spectra in Non-
Hermitian Hamiltonians Having PT Symmetry, Phys.
Rev. Lett. 80, 5243 (1998).

[2] S.-B. Lee, J. Yang, S. Moon, S.-Y. Lee, J.-B. Shim, S. W.
Kim, J.-H. Lee, and K. An, Observation of an Exceptional
Point in a Chaotic Optical Microcavity, Phys. Rev. Lett. 103,
134101 (2009).

[3] L. Chang, X. Jiang, S. Hua, C. Yang, J. Wen, L. Jiang, G. Li,
G. Wang, and M. Xiao, Parity-time symmetry and variable
optical isolation in activepassive-coupled microresonators,
Nat. Photonics 8, 524 (2014).

[4] B. Peng, Ş. K.Özdemir, M. Liertzer, W. Chen, J. Kramer, H.
Yılmaz, J. Wiersig, S. Rotter, and L. Yang, Chiral modes
and directional lasing at exceptional points, Proc. Natl Acad.
Sci. U.S.A. 113, 6845 (2016).

[5] C. E. Rüter, K. G. Makris, R. El-Ganainy, D. N. Christo-
doulides, M. Segev, and D. Kip, Observation of parity-time
symmetry in optics, Nat. Phys. 6, 192 (2010).

[6] B. Peng, Ş. K. Özdemir, F. Lei, F. Monifi, M. Gianfreda,
G. L. Long, S. Fan, F. Nori, Carl M. Bender, and L. Yang,
Parity-time-symmetric whispering-gallery microcavities,
Nat. Phys. 10, 394 (2014).

[7] B. Zhen, C. W. Hsu, Y. Igarashi, L. Lu, I. Kaminer, A. Pick,
S.-L. Chua, J. D. Joannopoulos, and M. Soljačić, Spawning
rings of exceptional points out of Dirac cones, Nature
(London) 525, 354 (2015).

[8] A. Regensburger, C. Bersch, M.-A. Miri, G. Onishchukov,
D. N. Christodoulides, and U. Peschel, Parity-time synthetic
photonic lattices, Nature (London) 488, 167 (2012).

PHYSICAL REVIEW LETTERS 124, 030401 (2020)

030401-4

https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevLett.103.134101
https://doi.org/10.1103/PhysRevLett.103.134101
https://doi.org/10.1038/nphoton.2014.133
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1073/pnas.1603318113
https://doi.org/10.1038/nphys1515
https://doi.org/10.1038/nphys2927
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature14889
https://doi.org/10.1038/nature11298


[9] L. Ge and H. E. Türeci, Antisymmetric PT -photonic
structures with balanced positive- and negative-index ma-
terials, Phys. Rev. A 88, 053810 (2013).

[10] Y. Li et al., Anti-parity-time symmetry in diffusive systems,
Science 364, 170 (2019).

[11] T. Gao et al., Observation of non-Hermitian degeneracies in
a chaotic exciton-polariton billiard, Nature (London) 526,
554 (2015).

[12] P. Peng, W. Cao, C. Shen, W. Qu, J. Wen, L. Jiang, and Y.
Xiao, Anti-parity-time symmetry with flying atoms, Nat.
Phys. 12, 1139 (2016).

[13] K. Ding, G. Ma, M. Xiao, Z. Q. Zhang, and C. T. Chan,
Emergence, Coalescence, and Topological Properties of
Multiple Exceptional Points and their Experimental Reali-
zation, Phys. Rev. X 6, 021007 (2016).

[14] M. Naghiloo, M. Abbasi, Y. N. Joglekar, and K.W. Murch,
Quantum state tomography across the exceptional point in a
single dissipative qubit, Nat. Phys. 15, 1232 (2019).

[15] J. Wu, M. Artoni, and G. C. La Rocca, Non-Hermitian
Degeneracies and Unidirectional Reflectionless Atomic
Lattices, Phys. Rev. Lett. 113, 123004 (2014).

[16] R. El-Ganainy, K. G. Makris, M. Khajavikhan, Z. H.
Musslimani, S. Rotter, and D. N. Christodoulides, Non-
Hermitian physics and PT symmetry, Nat. Phys. 14, 11
(2018).

[17] L. Feng, R. El-Ganainy, and L. Ge. Non-Hermitian pho-
tonics based on parity-time symmetry, Nat. Photonics 11,
752 (2017).

[18] Miri Mohammad-Ali et al., Exceptional points in optics and
photonics, Science 363, eaar7709 (2019).

[19] S. K. Özdemir, S. Rotter, F. Nori, and L. Yang, Parity-time
symmetry and exceptional points in photonics, Nat. Mater.
18, 783 (2019).

[20] A. Guo, G. J. Salamo, D. Duchesne, R. Morandotti, M.
Volatier-Ravat, V. Aimez, G. A. Siviloglou, and D. N.
Christodoulides, Observation of PT -Symmetry Breaking
in Complex Optical Potentials, Phys. Rev. Lett. 103, 093902
(2009).

[21] Z. Lin, H. Ramezani, T. Eichelkraut, T. Kottos, H. Cao, and
D. N. Christodoulides, Unidirectional Invisibility Induced
byPT -Symmetric Periodic Structures, Phys. Rev. Lett. 106,
213901 (2011).

[22] K. G. Makris, R. El-Ganainy, D. N. Christodoulides, and
Z. H. Musslimani, Beam Dynamics in PT Symmetric
Optical Lattices, Phys. Rev. Lett. 100, 103904 (2008).

[23] J. Doppler, A. A. Mailybaev, J. Böhm, U. Kuhl, A. Girschik,
F. Libisch, T. J. Milburn, P. Rabl, N. Moiseyev, and S. Rotter,
Dynamically encircling an exceptional point for asymmetric
mode switching, Nature (London) 537, 76 (2016).

[24] H. Xu, D. Mason, L. Jiang, and J. G. E. Harris, Topological
energy transfer in an optomechanical system with excep-
tional points, Nature (London) 537, 80 (2016).

[25] H. Hodaei, A. U. Hassan, S. Wittek, H. Garcia-Gracia, R.
El-Ganainy, D. N. Christodoulides, and M. Khajavikhan,
Enhanced sensitivity at higher-order exceptional points,
Nature (London) 548, 187 (2017).

[26] W. Chen, S. K. Özdemir, G. Zhao, and L. Yang, Exceptional
points enhance sensing in an optical microcavity, Nature
(London) 548, 192 (2017).

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

[28] K. Kawabata, Y. Ashida, and M. Ueda, Information
Retrieval and Criticality in Parity-Time-Symmetric Sys-
tems, Phys. Rev. Lett. 119, 190401 (2017).

[29] F. Verstraete, M. M. Wolf, and J. I. Cirac, Quantum com-
putation and quantum-state engineering driven by dissipa-
tion, Nat. Phys. 5, 633 (2009).

[30] P. Schindler, M. Müller, D. Nigg, J. T. Barreiro, E. A.
Martinez, M. Hennrich, T. Monz, S. Diehl, P. Zoller, and
R. Blatt, Quantum simulation of dynamical maps with
trapped ions, Nat. Phys. 9, 361 (2013).

[31] H. Krauter, C. A. Muschik, K. Jensen, W. Wasilewski, J. M.
Petersen, J. I. Cirac, and E. S. Polzik, Entanglement Gen-
erated by Dissipation and Steady State Entanglement of
Two Macroscopic Objects, Phys. Rev. Lett. 107, 080503
(2011).

[32] G. S. Agarwal and K. Qu, Spontaneous generation of
photons in transmission of quantum fields in PT -symmetric
optical systems, Phys. Rev. A 85, 031802(R) (2012).

[33] B. Zhu, J. Schachenmayer, M. Xu, F. Herrera, J. G.
Restrepo, M. J. Holland, and A.M. Rey, Synchronization
of interacting quantum dipoles, New J. Phys. 17, 083063
(2015).

[34] C. A. Holmes, C. P. Meaney, and G. J. Milburn, Synchro-
nization of many nanomechanical resonators coupled via a
common cavity field, Phys. Rev. E 85, 066203 (2012).

[35] See the Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.124.030401 for details
on experimental setup and the numerical model, which
includes Refs. [36–42].

[36] S. M. Rochester, Modelling nonlinear magneto-optical ef-
fects in atomic vapors, Ph.D. thesis, UC Berkley, 2010.

[37] O. Firstenberg, M. Shuker, A. Ron, and N. Davidson,
Colloquium: Coherent diffusion of polaritons in atomic
media, Rev. Mod. Phys. 85, 941 (2013).

[38] I. Novikova, R. L. Walsworth, and Y. Xiao, Electromag-
netically induced transparency-based slow and stored light
in warm atoms, Laser Photonics Rev. 6, 333 (2012).

[39] L. Davidovich, Sub-Poissonian processes in quantum op-
tics, Rev. Mod. Phys. 68, 127 (1996).

[40] Q. Glorieux, R. Dubessy, S. Guibal, L. Guidoni, J.-P.
Likforman, T. Coudreau, and E. Arimondo, Double-Λ
microscopic model for entangled light generation by
four-wave mixing, Phys. Rev. A 82, 033819 (2010).

[41] H. Shen, Spin squeezing and entanglement with room
temperature atoms for quantum sensing and communica-
tion, Ph.D. thesis, University of Copenhagen, 2015.

[42] D. Budker, L. Hollberg, D. F. Kimball, J. Kitching, S.
Pustelny, and V. V. Yashch, Microwave transitions and
nonlinear magneto-optical rotation in anti-relaxation-coated
cells, Phys. Rev. A 71, 012903 (2005).

[43] M. Fleischhauer and M. D. Lukin, Dark-State Polaritons in
Electromagnetically Induced Transparency, Phys. Rev. Lett.
84, 5094 (2000).

[44] K. Hammerer, A. S. Sørensen, and E. S. Polzik, Quantum
interface between light and atomic ensembles, Rev. Mod.
Phys. 82, 1041 (2010).

PHYSICAL REVIEW LETTERS 124, 030401 (2020)

030401-5

https://doi.org/10.1103/PhysRevA.88.053810
https://doi.org/10.1126/science.aaw6259
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nature15522
https://doi.org/10.1038/nphys3842
https://doi.org/10.1038/nphys3842
https://doi.org/10.1103/PhysRevX.6.021007
https://doi.org/10.1038/s41567-019-0652-z
https://doi.org/10.1103/PhysRevLett.113.123004
https://doi.org/10.1038/nphys4323
https://doi.org/10.1038/nphys4323
https://doi.org/10.1038/s41566-017-0031-1
https://doi.org/10.1038/s41566-017-0031-1
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.106.213901
https://doi.org/10.1103/PhysRevLett.100.103904
https://doi.org/10.1038/nature18605
https://doi.org/10.1038/nature18604
https://doi.org/10.1038/nature23280
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/s41467-018-06477-7
https://doi.org/10.1103/PhysRevLett.119.190401
https://doi.org/10.1038/nphys1342
https://doi.org/10.1038/nphys2630
https://doi.org/10.1103/PhysRevLett.107.080503
https://doi.org/10.1103/PhysRevLett.107.080503
https://doi.org/10.1103/PhysRevA.85.031802
https://doi.org/10.1088/1367-2630/17/8/083063
https://doi.org/10.1088/1367-2630/17/8/083063
https://doi.org/10.1103/PhysRevE.85.066203
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.030401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.030401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.030401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.030401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.030401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.030401
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.030401
https://doi.org/10.1103/RevModPhys.85.941
https://doi.org/10.1002/lpor.201100021
https://doi.org/10.1103/RevModPhys.68.127
https://doi.org/10.1103/PhysRevA.82.033819
https://doi.org/10.1103/PhysRevA.71.012903
https://doi.org/10.1103/PhysRevLett.84.5094
https://doi.org/10.1103/PhysRevLett.84.5094
https://doi.org/10.1103/RevModPhys.82.1041
https://doi.org/10.1103/RevModPhys.82.1041


[45] Y. Xiao, M. Klein, M. Hohensee, L. Jiang, D. F. Phillips,
M. D. Lukin, and R. L. Walsworth, Slow Light Beam
Splitter, Phys. Rev. Lett. 101, 043601 (2008).

[46] A. Furusawa, J. L. Sørensen, S. L. Braunstein, C. A. Fuchs,
H. J. Kimble, and E. S. Polzik, Unconditional quantum
teleportation, Science 282, 706 (1998).

[47] G. Adesso, G., and A. Datta, Quantum versus Classical
Correlations in Gaussian States, Phys. Rev. Lett. 105,
030501 (2010).

[48] P. Giorda and M. G. A. Paris, Gaussian Quantum Discord,
Phys. Rev. Lett. 105, 020503 (2010).

[49] Y. Wu, W. Liu, J. Geng, X. Song, X. Ye, C.-K. Duan, X.
Rong, and J. Du, Observation of parity-time symmetry
breaking in a single-spin system, Science 364, 878
(2019).

[50] Y. Ashida, S. Furukawa, and M. Ueda, Parity-time sym-
metric quantum critical phenomena, Nat. Commun. 8,
15791 (2017).

PHYSICAL REVIEW LETTERS 124, 030401 (2020)

030401-6

https://doi.org/10.1103/PhysRevLett.101.043601
https://doi.org/10.1126/science.282.5389.706
https://doi.org/10.1103/PhysRevLett.105.030501
https://doi.org/10.1103/PhysRevLett.105.030501
https://doi.org/10.1103/PhysRevLett.105.020503
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1126/science.aaw8205
https://doi.org/10.1038/ncomms15791
https://doi.org/10.1038/ncomms15791

