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Exceptional Photon Blockade: Engineering Photon Blockade

with Chiral Exceptional Points

Ran Huang, S. K. Ozdemir,* Jie-Qiao Liao, Fabrizio Minganti, Le-Man Kuang,

Franco Nori,* and Hui Jing*

Non-hermitian spectral degeneracies, known as exceptional points (EPs),
feature the simultaneous coalescence of both eigenvalues and the associated
eigenstates of a system. A host of intriguing EP effects and their applications
have been revealed in the classical realm, such as loss-induced lasing,
single-mode laser, and EP-enhanced sensing. Here, it is shown that a purely
quantum effect, known as single-photon blockade, emerges in a Kerr
microring resonator due to EP-induced asymmetric coupling between the

optical modes and the nonlinearity-induced anharmonic energy-level spacing.

A striking feature of this photon blockade is that it emerges at two-photon
resonance which in Hermitian systems will only lead to photon-induced
tunneling but not to photon blockade. By tuning the system towards or away
from an EP, one can control quantum correlations, implying the potential use
of their system for frequency tunable single-photon generation and an

1. Introduction

Non-Hermitian systems exhibit a vast
range of counterintuitive phenomena
and substantially different effects, such
as loss-induced lasing!'! and chiral per-
fect absorption,l?l with no correspon-
dence in their Hermitian counterparts,
due to their spectral degeneracies, known
as exceptional points (EPs).>-] Different
from Hermitian spectral degeneracies,
referred to as diabolic points (DPs) which
feature degenerate eigenvalues with or-
thogonal eigenstates, EPs feature degen-
eracy in both the eigenvalues and their
associated eigenstates, leading to a re-

antibunching-to-bunching light switch. The work sheds new light on
EP-engineered purely quantum effects, providing unique opportunities for
making and utilizing various single-photon quantum EP devices.

R. Huang, ).-Q. Liao, L.-M. Kuang, H. Jing

Key Laboratory of Low-Dimensional Quantum Structures and Quantum
Control of Ministry of Education

Department of Physics and Synergetic Innovation Center for Quantum
Effects and Applications

Hunan Normal University

Changsha 410081, China

E-mail: jinghui73 @foxmail.com

S. K. Ozdemir

Department of Engineering Science and Mechanics and Materials
Research Institute (MRI)

The Pennsylvania State University

University Park, PA 16802, USA

E-mail: sko9@psu.edu

R. Huang, F. Minganti, F. Nori

Theoretical Quantum Physics Laboratory

RIKEN Cluster for Pioneering Research

Wako-shi, Saitama 351-0198, Japan

E-mail: fnori@riken.jp

F. Nori

Physics Department

The University of Michigan

Ann Arbor, M1 48109, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202100430

DOI: 10.1002/1por.202100430

Laser Photonics Rev. 2022, 16, 2100430

2100430 (1 of 8)

duction in the system’s dimensionality
and a very skewed vector space. There-
fore, when the eigenenergy maps are re-
constructed by steering the system’s pa-
rameters, a Hermitian system exhibits
a double-cone topology which locates
the DP at the apex where the cones
touch each other, while a non-Hermitian
system exhibits a complex-square-root topology of two intersect-
ing Riemann sheets with a branch point singularity at the EP.

In recent years, peculiar features of non-Hermitian systems
have been utilized as resources to construct unconventional
devices to control the flow of light and its interaction with
matter.[*?] EP-enabled classical devices, such as single-mode
lasers, 28291 wireless power transfer,[*! sensors,31-%¢ and topo-
logical devices,[*”*8] have been demonstrated. Very recently, EPs
have been studied also in purely quantum systems, 32! ingpir-
ing a search for EP-tuned quantum effects and their unique
applications.[**44]

In this work, we show that a truly quantum effect, that is, pho-
ton blockade (PB), can be well tuned by the interplay of EPs and
nonlinearity of the system. As a manifestation of the quantiza-
tion of light, PB refers to the process in which the absorption
of one photon blocks the absorption of subsequent ones.[*! PB
plays key roles in building single-photon devices and creating
non-classical correlations for applications in quantum engineer-
ing, as already studied in a wide range of physical systems.[*6-58]
So far, PB has been classified into three groups: (i) Conven-
tional photon blockade (CPB), which emerges when optical in-
teractions detune the states with high number of photons, leav-
ing the few-photon manifold unaffected;[*6#8>9-631 (ii) unconven-
tional photon blockade (UPB), which occurs due to destructive

© 2022 Wiley-VCH GmbH
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Figure 1. Periodic exceptional points (EPs) in a non-Hermitian system. a) EPs in a resonator with strong Kerr nonlinearity ) driven by a laser field
with frequency @, and amplitude . Both Hamiltonian exceptional points (HEPs) and Liouvillian exceptional points (LEPs) emerge at #/z = {0.5, 1.5}.
Here, Re (Im) denotes the real (imaginary) part of the eigenvalues. b) Normalized cavity excitation spectrum S;;(A) obtained using the semiclassical
(left) and quantum (right) methods. Here, 8; = 1/J12/,1. For experimentally accessible parameter values, see the main text.

interferences among different transition pathways;*%1 and (iii)
PB induced by the truncation of Hilbert space (IPB: truncation-
induced PB), as observed in quantum linear scissors.””*72! For
all these cases, single-photon blockade cannot occur under two-
photon or multi-photon resonance conditions,*#62] because the
involvement of two or more photons indicate that the absorption
of the first photon favors also that of subsequent photons, that is,
resulting in bunched light.

Here, we show that, contrary to general belief, single-photon
blockade under two-photon resonance can take place at chiral EPs
in a nonlinear Kerr resonator. The basic principle underlying this
counterintuitive effect is the interplay of the EP-induced chiral-
ity and the nonlinearity-induced anharmonic energy-level spac-
ing. Complete localization of a single photon in either the clock-
wise (CW) or the counterclockwise (CCW) mode occurs when the
system is operated at EPs. Namely, the asymmetric coupling be-
tween the optical modes of a microring resonator creates periodic
EPs®31] that impose a strong spatial chirality on the coalesced
modes.] Exactly at the EPs, the modes become fully chiral, such
that the modes propagate in only one direction. Thus, a single
photon is localized in the CW or the CCW mode when the sys-
tem is operated at the EPs, leading to a switchable chirality. We
note that this process does not rely on introducing any gain into
the system.[14773]
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2. Results and Discussions

Our system is composed of a whispering-gallery-mode resonator
that supports periodic EPs.[*3!] The asymmetric coupling be-
tween the frequency-degenerate CW and CCW modes is tuned
by controlling the relative size and position of two nanotips or
Rayleigh scatterers placed within the mode volume of the res-
onator. The first nanotip induces a symmetric coupling between
the CW and CCW modes and lifts their frequency-degeneracy,
leading to mode-splitting. The second nanotip then breaks this
symmetry, leading to periodic EPs that emerge as the relative an-
gle between the nanotips along the boundary of the resonator is
varied!® (see Figure 1). This optical chiral coupling is described
by the Hamiltonian:

Hj = 20,0, + 1], 850, 1)
where 4, and 4, are the photonic annihilation operators for
the CW and CCW modes of the resonator, respectively, [ =
€, + €,6¥2°/ describes the scattering rate and hence the scatterer-
induced asymmetric coupling between CW and CCW modes,
2¢.,, is the frequency splitting induced by the j-th scatterer
alone, and ¢ and p are the azimuthal mode number or relative
angle of the scatterers.
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The Hamiltonian describing the Kerr interaction is given
by!74+-76]

3hw® P
4e,e2 Vg

Ho= ) hyajalap, x= 2)

j=12

where g, (g,) is the vacuum (relative) permittivity, ¥ is the non-
linear susceptibility, and V.4 is the mode volume. In addition to
photonic structures made from highly nonlinear materials,/”-5]
Kerr-type nonlinearity can be achieved in cavity or circuit QED
systems,[*68182] cavity free systems,[®3] magnon devices, 881 and
optomechanics.[>>%¢%7] Then the effective Hamiltonian of the sys-
tem is given by H, = hw&lﬁl + hw&i&z + H]- + H,, where o =
, + €, + €,, and w, is the resonance frequency of the cavity. The
eigenvalues of the system in the zero-, one-, and two-photon ex-
citation subspaces are found as

EE=w+6, E’=20+2y+6"°

89=0, & =\JuJn 6F=—yx1/r:+48 (3)

The corresponding eigenstates are:

W, =10,0)
wiE = V]111,0) £ /7,110, 1)
5= V212,004 57°11,1) + V215,10,2) )

The EPs emerge when E = E and y;" = y;. This imposes
either J,; = 0 leading to v} = |1, 0) (i-e., CW mode), or J;, =0
which leads to y;* = |0, 1) (i.e., CCW mode). For example, when
J15 = 0, we have

cos(268) = —(Ree; |Re[e,] + Im[e, ]Im[e,]) / (Re[e,]* + Im]e,]*)

sin(20p) = —(Re[e,|Ree,] — Ime; |Imle,]) / (Rele,]* + Im(e,]*)

()

and the corresponding J,; is

€ .
Ju=¢€- e_*ei (6)
2

Similar results can be easily obtained for the J,; = 0 case. There-
fore, the Hamiltonian EPs (HEPs), which are the spectral degen-
eracies of the effective non-Hermitian Hamiltonian H,, are peri-
odically located at [see Figure 1a]

Bep = Z_ﬂ' arg (61)2_ arg (62) o
o

+1, £3, ... (7)
with e, /€] # €,/€;,and + (—) corresponds to the case with J;, = 0
and J,; # 0 (J; =0 and J;, # 0). We also note that these chiral
EPs can be closely related to the existence of hidden parity-time
symmetry, as shown in a very recent work.[5]
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2.1. Fully Quantum Model

The non-Hermitian Hamiltonian H; does not take into account
the effect of quantum jumps and the associated quantum noise.
Thus, it provides only the semiclassical picture of the process. For
a fully quantum picture, one should resort to the EPs of the sys-
tem’s Liouvillian.!®%! For this purpose, we rewrite H; as the sum of
a Hermitian and an anti-Hermitian part as H H1 + H, with
(HL) = +H', and use the Lindblad master-equation approach
with the Liouvillian superoperator £ given by!®’!

= —i(Fl.p— pH.) + ). D(5, A)
J

+D(p.1) (8)

where D(j, A ) = A pA)r A.%Aﬁ/Z - ﬁATA/Z are the dissipators

associated with the jump operators A \/_ a,and " = {/-2if
is the additional jump operator. We then find the Liouvillian ex-
ceptional points (LEPs) as the degeneracies of the Liouvillian su-

peroperator by solving the equation!®!:
Lp; = hip; 9)

where 4; and j; are the eigenvalues and the corresponding eigen-
states of L.

As seen in the spectra of the Liouvillian superoperator £ and
that of the effective Hamiltonian H, depicted in Figure 1a, the
positions of the LEPs and HEPs coincide, that is they occur at
the same values of g. The features of EPs can also be clearly seen
in the excitation spectrum, where two spectrally separated reso-
nance modes become overlap.[*3!l Moreover, under weak-driving
condition, the occurrence of single-PB is closely related to the res-
onance mode in the excitation spectrum.!**]

We see that both HEPs and LEPs emerge at f = z/2 and
37/2 in the cavity excitation spectrum, see Figure 1b, with a
good agreement between the semiclassical and fully quantum ap-
proaches. This agreement means that, in our system, the role of
quantum jumps can be safely ignored when locating the posi-
tions of EPs. Thus the semiclassical HEPs give a good approxi-
mation for the fully quantum LEPs in this case. This agreement
was also found in for example, a quantum non-Hermitian sys-
tem with coupled bosonic modes, with the same dynamic equa-
tions derived from the Hamiltonian and the master equation.[®’!
Nevertheless, we stress that the role of quantum jumps should al-
ways be checked in a specific quantum EP system. We note that,
for example, in a quantum two-level system,!*#] significant dif-
ferences between HEPs and LEPs were revealed, which means
that in that case only LEPs can be reliably considered (see more
details in ref. [89]).

In the frame rotating with the drive frequency ;, the Hamil-
tonian of the system becomes

a,0,) + H + H, +£(a, +a)) (10)

where A = 0 — @, & = [y P,/ (Aw;)]"/? is the drive amplitude
with laser power P,,, and y,, is the resonator-waveguide coupling
rate. The total cavity loss is given by y = y,, + ,, where y, denotes
the intrinsic losses of the resonator with the intrinsic quality
factor Q, = w,/7,. The experimentally accessible parameters are
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Figure 2. Non-Hermitian photon blockade (PB) at the EPs. a) The energy-level structure of the eigenstates indicates a two-photon resonance transition

from yy — y; for the light with @, = @. b) gﬁ) (0) of the CW mode versus f for w; = w. The inset shows the evolution of the second-order correlation

gﬁ) (r) as a function of the time delay yz, for f/z = 0.5. c) g® (0) versus f/z for different values of Kerr nonlinearity.”68% The other parameters are

the same as those in Figure 1.

chosen as: V 5 =150 um?,P%?1 Q) = 10,0291 40) /g2 = 1.8 x
107 m2 V27778 ¢, Jy = 1.5 — i0.1, €, /y = 1.485 — i0.14,8) 1 =
1550 nm, and P,, = 4fW.[**] The quality factor of the ring res-
onator Q, has reached 10'2,°2%) and y© /&2 = 2.0 x 10" m?/V?
for the semiconductor materials with GaAs.””78] The materials
with indium tin oxide can reach y©® /e? = 2.12 X 1077 m? /V2,[7?]
and y® can be further enhanced to 2 x 107! m/V? by introduc-
ing other materials.[7680]

Now we study the full quantum dynamics of the system by con-
sidering the effects of quantum jumps, based on the Liouvillian
superoperator £ with H = H, + H_:

p=—ilH,, 5+ ) D(p &)+ D1 (11)
J

where j(t) is the normalized density matrix of the system at
time ¢, with tr(p) = 1. We analyze the cavity excitation spec-
trum S;(t) = (&;(t)&j(t))/no (=12) and Sy(A)=1lim,_, S;(t)
with n, = £*/y?, as well as the quantum second-order cor-
relation gfl) 0) = (&Izaf)/ (818,)%, which can be measured in
experiments.[*6*8] The condition gﬁ)(O) <1 [gﬁ)(O) > 1] character-
izes PB (photon-induced tunneling) with sub-Poissonian (super-
Poissonian) photon-number statistics or photon antibunching
(bunching).[*64862] Photon antibunching can also refer to two-

time correlation effects,[*! that s, g2 (0) < g ().

2.2. Photon Blockade with Exceptional Points

We first explore the quantum behavior of the system at EPs
emerging at f = z/2 or 3z /2. Figure 2a shows the energy-level
structure of the eigenstates of the non-Hermitian system at the
EPs, which indicates a two-photon resonance transition from
w, = w, for the light with ; = w. Here, the eigenstates y, y",
and u/;—"o are the superposition states of the CW and CCW cav-
ity modes [Equation (4)]. Very interestingly, under such a two-
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photon resonance condition, we find the single-PB effect, as
clearly shown in Figure 2b. We find that g?(0) ~ 0.012 < 1 and
gﬁ)(O) < gﬁ)(r), indicating strongly antibunched single photons
at EPs, which is a signature of single-PB. Moreover, the width of
the antibunching region related to this PB at EPs can be extended
by enhancing Kerr nonlinearity [Figure 2c]. This single-PB effect
with two-photon resonance, due to the interplay of the EPs and
Kerr nonlinearity, can be observed in the energy-level diagram of
the bare states of the system [Figure 3a, left panel], which is other-
wise impossible since the two-photon resonance generally result
in the PIT in conventional Hermitian systems [Figure 3a, right
panel].[#8:62]

To understand the physical mechanism behind such a coun-
terintuitive effect, as well as the difference with the Hermitian
case, we analyze the excitation pathways, as shown in Figure 3.
At the EPs of the system, the CCW (CW) mode couples to the
CW (CCW) mode, that is, J,; =0and J;, # 0 (J;; =0 and J,, #
0); resulting in a predominantly CW (CCW) propagating mode.
For J,; =0, we have only y, = |1,0) with eigenenergy E;, = w
in the one-photon subspace, as well as y; " = V2 J1,12,0) and
v, = V2],,12,0) — 2|1, 1), with eigenenergies Ef’=2w+2y
and E; = 2w, respectively, in the two-photon space. Light in-
put in the CW direction with w; = @ resonantly couples to the
transition |00) — y; = |1, 0). The transitions from y; = |1,0) to
v =12 ]1,12,0) are forbidden because the energies of these
states are detuned by 2y from the two-photon resonance energy
of 2w [see Figure 3a).

One may think that a transition to the two photon state |2, 0) is
possible because the eigenenergy of y; coincides with the two-
photon resonance energy of 2w. However a closer look reveals
two things: First, the transition to the |2, 0) state is governed by
J15, which is negligible in a system with CW drive and in a pre-
dominantly CW mode [see S;; > S,, ~ 0in the left panel of Fig-
ure 3b]. Second, the |1,0) state is intensively populated in the
strongly nonlinear system (y > y) under weak-driving condition

© 2022 Wiley-VCH GmbH
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Figure 3. a) The excitation pathway of the non-Hermitian case (left panel) shows the origin of photon blockade (PB) at EPs. The right panel shows the
excitation pathway of the Hermitian system realized by one nanotip positioned near a resonator for J,; = J;, =J. b) The normalized cavity excitation
spectra of the CW (S;;) and CCW (S,,) modes. In the non-Hermitian case (left panel), Sy, (orange solid curve) and S,, (grey dashed curve) are obtained
for @, = . In the Hermitian case (right panel), S;; (blue solid curve) and S,, (green dashed curve) are obtained for J/y = 2. c) The deviations of the
photon distribution P, from the standard Poisson distribution P, with the same mean photon number m for @, = @ (A = 0). The upper panel shows
PB at EPs (8/z = 0.5, orange bars), while the lower panel shows photon-induced tunneling (PIT) in the Hermitian case for J/y = 2 (blue bars). d) Photon

correlation gﬁ) (0) versus frequency detuning A/y for the non-Hermitian (orange curve) and Hermitian (blue curve) cases.

(& < y). Thus, once a photon is coupled into the CW mode |1, 0),
it suppresses the probability of the second photon with the same
frequency going into the CW mode |2, 0). As a result, the inter-
play of EP-induced chirality and the Kerr-nonlinearity-induced
anharmonic energy-level structure produces an effective PB of
the CW mode. This PB at EPs is confirmed by the enhancement
of the single-photon state and the suppression of two- or more-
photon states, which is clearly seen when the probabilities of the
single-photon state (P;) and more-photon states [P,,(m > 1)] are
compared with the Poisson distribution P,,, as shown in Fig-
ure 3c.

In a system with one nanotip, the optical coupling is Hermi-
tian and symmetric, J,; = J;, = J, S;; ~ S,, [see the right panel of
Figure 3b]. The CW input light with @; = w leads to one-photon
excitation in the CW and CCW modes. For the input coupled to

the CW mode, |0, 0) A |1,0), the coupling J enables the transi-
tion of the single photon from the CW mode to the CCW mode

as [1,0) EA |0,1). Subsequently, a second photon can couple to
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the CW mode through ¢ leading to |1, 1). Finally, the photon in
the CCW mode completes the transition back to the CW mode
through the action of J, which results in the state |2, 0). Thus, in
this case, two photons can be absorbed in the CW mode through
the pathway [Figure 3al:

10,0y > |1,0) > [0, 1) <> |1,1) vy 2,0) (12)

As a result, two- or more-photon probabilities P, (m > 2) are en-
hanced leading to photon-induced tunneling [Figure 3c]. We con-
clude that for light with w; = @, PB with strong antibunched sin-
gle photons emerges at EPs, while a bunched stream occurs in
the Hermitian case [Figure 3d]. This behavior is also seen in Fig-
ure 2b. By tuning the system close to or away from EPs using f
as a knob, one can vary the value of gﬁ) (0) from bunching with
gﬁ)(O) ~ 5.37 to anti-bunching light with gﬁ) (0) ~ 0.012, that is,
up to 3 orders of magnitude.

© 2022 Wiley-VCH GmbH
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Figure 4. a) Eigenenergy spectrum as a function of 5. Photon blockade (PB) at EPs (yellow star) emerges with @, = @ (two-photon resonance, yellow solid
arrows). Conventional photon blockade [CPB(<+)] induced by the anharmonic energy-level structure with single-photon resonance occurs forw, = @ + &,

for different B. The red crosses indicate suppressions of two-photon resonances. b) Photon correlation gﬁ) (0) obtained as a function of A/y and f/x.
CPB (+) (black curves) and PB at EPs (yellow star) indicate single photons with frequencies in the range [w — 3y, @ + 3y]. The colored circles and squares

are examples for CPB (+) and CPB (—), respectively.

Finally, we study the case where the drive input light has the
frequency w; = @ + 6,. As seen in Figure 4, one can observe con-
ventional photon blockade [CPB(+)] at various values of the rel-
ative angular position f between the scatterers. The origin of
CPB(z) can be understood from the anharmonic energy-level
structure induced by the strong nonlinearity [see Figure 4a]. In-
put lights with frequencies w; = w + §, are resonantly coupled
to the transitions from y; to y;"; however, the transitions from
the single-photon subspace y* to the two-photon subspace y/;—"o
are forbidden because the energies of these transitions are largely
detuned from the two-photon resonance energy 2w;. As a result,
the system can absorb only one photon, leading to PB and anti-
bunched single photons with gﬁ) (0) < 1[Figure 4b]. In contrast to
the CPB with fixed frequencies in Hermitian systems,#6:48:5355.96]
the CPB (+) and PB at EPs in our system can generate single
photons with frequencies in the range [w — 3y, @ + 3y]. The fre-
quency of these photons can be tuned by varying g. This func-
tionality can be useful in constructing frequency-tunable single-
photon devices.

3. Conclusions and Outlook

In conclusion, we have shown that EPs provide a powerful new
tool for quantum engineering of single photons in nonlinear sys-
tems. Our study reveals:

(i) The interplay of EPs and Kerr nonlinearity creates a new
type of single-photon blockade effect which takes place at
a two-photon resonance. In stark contrast with Hermitian
two-photon resonances which exhibit bunched light, mode-
coalescence at EPs, together with the nonlinearity, results in
strongly anti-bunched single photons.

(i) By tuning the system toward or away from EPs, quan-
tum correlations of photons can be well tuned from
antibunching-to-bunching regimes or vice versa. We note

Laser Photonics Rev. 2022, 16, 2100430
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that, together with other methods (e.g., tuning the optical
phases, see ref. [97] for details), more degrees of freedom can
be achieved in steering quantum behaviors of single pho-
tons.

The frequency of single photons can be tuned in the range
[@ = 37, w + 3y] by tuning the relative angle of the scatterers
p and the optical detuning A.

(iii)

These observations suggest the important role of EPs in tun-
ing quantum effects of various systems and achieving unconven-
tional devices such as EP-controlled single-photon sources or EP-
enhanced quantum sensors. We also note that the two-photon
resonance antibunching, as revealed here, is also possible to oc-
cur in a wide range of other chiral quantum systems, such as
photonic-crystal membranes and resonator-emitter systems.[®®!
In a broader view, our work can stimulate more explorations
on EP-engineered quantum or topological effects.[*99191 With
quantum and/or topological EP devices at hand to manipulate
strongly correlated photons, one may envision exciting possibili-
ties for building unconventional quantum information architec-
tures.

Acknowledgements

The authors thank Wei Qin, Fen Zou, Yunlan Zuo and Adam Miranow-
icz for helpful discussions. S.K.O. is supported by the Air Force Office of
Scientific Research (AFOSR) Multidisciplinary University Research Initia-
tive (MURI) grant (Award No. FA9550-21-1-0202). R.H. and H.). are sup-
ported by the NSFC (11935006 and 11774086). R.H. is supported by the
Japan Society for the Promotion of Science (JSPS) Postdoctoral Fellow-
ships for Research in Japan (No. P22018). J.-Q.L. is supported by NSFC
(11774087 and 11822501). L.-M.K. is supported by NSFC (1217050862
and 11434011). F.N. is supported by Nippon Telegraph and Telephone
Corporation (NTT) Research, the Japan Science and Technology Agency
(JST) [via the Quantum Leap Flagship Program (Q-LEAP), and the Moon-
shot R&D Grant Number JPMJMS2061], the Japan Society for the Promo-
tion of Science (JSPS) [via the Grants-in-Aid for Scientific Research (KAK-
ENHI), Grant No. JP20H00134], the Army Research Office (ARO) (Grant

© 2022 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

No. W911NF-18-1-0358), the Asian Office of Aerospace Research and De-
velopment (AOARD) (via Grant No. FA2386-20-1-4069), and the Founda-
tional Questions Institute Fund (FQXi) via Grant No. FQXi-IAF19-06.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

exceptional point, photon blockade, quantum correlations, single photons

Received: August 3, 2021
Revised: March 23, 2022
Published online: May 19, 2022

(1]

2]

(3]
(4]

(3]

[6

7]

[8

9

(1]
!
(2]

(13]
[14]
[15]
[16]
(17]
(18]

[19]
(20]
(21]

[22]
(23]

Laser Photonics Rev. 2022, 16, 2100430

B. Peng, S. K. Ozdemir, S. Rotter, H. Yilmaz, M. Liertzer, F. Monifi,
C. M. Bender, F. Nori, L. Yang, Science 2014, 346, 328.

S. Soleymani, Q. Zhong, M. Mokim, S. Rotter, R. El-Ganainy, S. K.
Ozdemir, Nat. Commun. 2022, 13, 599.

C. M. Bender, Rep. Prog. Phys. 2007, 70, 947.

S. K. Ozdemir, S. Rotter, F. Nori, L. Yang, Nat. Mater. 2019, 18, 783.
R. El-Ganainy, M. Khajavikhan, D. N. Christodoulides, §. K.
Ozdemir, Commun. Phys. 2019, 2, 37.

L. Feng, M. Ayache, ). Huang, Y.-L. Xu, M.-H. Lu, Y.-F. Chen, Y. Fain-
man, A. Scherer, Science 2011, 333, 729.

B. Peng, S. K. Ozdemir, F. Lei, F. Monifi, M. Gianfreda, G. L. Long,
S. Fan, F. Nori, C. M. Bender, L. Yang, Nat. Phys. 2014, 10, 394.

B. Peng, S. K. Ozdemir, M. Liertzer, W. Chen, ). Kramer, H. Yilmaz,
J. Wiersig, S. Rotter, L. Yang, Proc. Natl. Acad. Sci. U.S.A. 2016, 113,
6845.

Q. Zhong, S. Nelson, S. K. Ozdemir, R. El-Ganainy, Opt. Lett. 2019,
44, 5242.

C. E. Riiter, K. G. Makris, R. El-Ganainy, D. N. Christodoulides, M.
Segev, D. Kip, Nat. Phys. 2010, 6, 192.

H. Jing, S. K. Ozdemir, X.-Y. Li, ). Zhang, L. Yang, F. Nori, Phys. Rev.
Lett. 2014, 113, 053604.

H. Jing, S. K. Ozdemir, Z. Geng, J. Zhang, X.-Y. Lii, B. Peng, L. Yang,
F. Nori, Sci. Rep. 2015, 5, 9663.

H. Lu, C. Wang, L. Yang, H. Jing, Phys. Rev. Applied 2018, 10, 014006.
H. Jing, S. K. Ozdemir, H. L, F. Nori, Sci. Rep. 2017, 7, 3386.

H. Zhang, F. Saif, Y. Jiao, H. Jing, Opt. Express 2018, 26, 25199.
T.-X. Lu, H. Zhang, Q. Zhang, H. Jing, Phys. Rev. A2021, 103, 063708.
H. Xu, D. Mason, L. Jiang, |. Harris, Nature 2016, 537, 80.

N. Bender, S. Factor, ). D. Bodyfelt, H. Ramezani, D. N.
Christodoulides, F. M. Ellis, T. Kottos, Phys. Rev. Lett. 2013, 110,
234101.

C. M. Bender, B. K. Berntson, D. Parker, E. Samuel, Am. J. Phys. 2013,
81, 173.

X. Zhu, H. Ramezani, C. Shi, J. Zhu, X. Zhang, Phys. Rev. X 2014, 4,
031042.

B.-I. Popa, S. A. Cummer, Nat. Commun. 2014, 5, 3398.

R. Fleury, D. Sounas, A. Alu, Nat. Commun. 2015, 6, 5905.

C. Shi, M. Dubois, Y. Chen, L. Cheng, H. Ramezani, Y. Wang, X.
Zhang, Nat. Commun. 2016, 7, 11110.

[24]
(25]
[26]
[27]
28]
[29]

(30]
(31]

(32]
33]
(34]
(35]
(36]

(37]

38]

39]
[40]
[47]
[42]
43]
(44]
45]
(46]
(47]
48]
(49]

(5]

[51]
[52]

[53]

2100430 (7 of 8)

www.lpr-journal.org

K. Ding, G. Ma, Z. Q. Zhang, C. T. Chan, Phys. Rev. Lett. 2018, 121,
085702.

Y. Li, Y.-G. Peng, L. Han, M.-A. Miri, W. Li, M. Xiao, X.-F. Zhu, J. Zhao,
A. Aly, S. Fan, C.-W. Qiu, Science 2019, 364, 170.

H. Zhang, R. Huang, S.-D. Zhang, Y. Li, C.-W. Qiu, F. Nori, H. Jing,
Nano Lett. 2020, 20, 7594.

H. Zhang, M. Peng, X.-W. Xu, H. Jing, Chin. Phys. B 2022, 31,
014215.

L. Feng, Z.J. Wong, R.-M. Ma, Y. Wang, X. Zhang, Science 2014, 346,
972.

H. Hodaei, M.-A. Miri, M. Heinrich, D. N. Christodoulides, M. Kha-
javikhan, Science 2014, 346, 975.

S. Assawaworrarit, X. Yu, S. Fan, Nature 2017, 546, 387.

W. Chen, S. K. Ozdemir, G. Zhao, |. Wiersig, L. Yang, Nature 2017,
548, 192.

Z. Dong, Z. Li, F. Yang, C.-W. Qiu, J. S. Ho, Nat. Electron. 2019, 2,
335.

Q. Zhong, J. Ren, M. Khajavikhan, D. N. Christodoulides, S. K.
Ozdemir, R. El-Ganainy, Phys. Rev. Lett. 2019, 122, 153902.

Y.-H. Lai, Y.-K. Lu, M.-G. Suh, Z. Yuan, K. Vahala, Nature 2019, 576,
65.

M. P. Hokmabadi, A. Schumer, D. N. Christodoulides, M. Kha-
javikhan, Nature 2019, 576, 70.

P.-Y. Chen, M. Sakhdari, M. Hajizadegan, Q. Cui, M. M.-C. Cheng,
R. El-Ganainy, A. Alt, Nat. Electron. 2018, 1, 297.

T. Gao, E. Estrecho, K. Y. Bliokh, T. C. H. Liew, M. D. Fraser, S. Brod-
beck, M. Kamp, C. Schneider, S. Héfling, Y. Yamamoto, F. Nori, Y. S.
Kivshar, A. G. Truscott, R. G. Dall, E. A. Ostrovskaya, Nature 2015,
526, 554.

Z.Zhang, X. Qiao, B. Midya, K. Liu, J. Sun, T. Wu, W. Liu, R. Agarwal,
J. M. Jornet, S. Longhi, M. N. Litchinitser, L. Feng, Science 2020, 368,
760.

Y. Wu, W. Liu, J. Geng, X. Song, X. Ye, C.-K. Duan, X. Rong, J. F. Du,
Science 2019, 364, 878.

F. Klauck, L. Teuber, M. Ornigotti, M. Heinrich, S. Scheel, A. Szameit,
Nat. Photonics 2019, 13, 883.

M. Naghiloo, M. Abbasi, Y. N. Joglekar, K. W. Murch, Nat. Phys.
2019, 15, 1232.

W. Cao, X. Lu, X. Meng, J. Sun, H. Shen, Y. Xiao, Phys. Rev. Lett. 2020,
124, 030401.

H. Y. Yuan, P. Yan, S. Zheng, Q. Y. He, K. Xia, M.-H. Yung, Phys. Rev.
Lett. 2020, 7124, 053602.

J. Pefina, A. Luks, J. K. Kalaga, W. Leoriski, A. Miranowicz, Phys. Rev.
A 2019, 100, 053820.

A. Imamoglu, H. Schmidt, G. Woods, M. Deutsch, Phys. Rev. Lett.
1997, 79, 1467.

K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T. E. Northup, H.
J. Kimble, Nature) 2005, 436, 87.

A. D. Greentree, C. Tahan, J. H. Cole, L. C. L. Hollenberg, Nat. Phys.
2006, 2, 856.

A. Faraon, |. Fushman, D. Englund, N. Stoltz, P. Petroff, J. Vu¢kovi¢,
Nat. Phys. 2008, 4, 859.

A. Reinhard, T. Volz, M. Winger, A. Badolato, K. J. Hennessy, E. L.
Hu, A. Imamoglu, Nat. Photonics 2012, 6, 93.

K. Miiller, A. Rundquist, K. A. Fischer, T. Sarmiento, K. G.
Lagoudakis, Y. A. Kelaita, C. Sdnchez Mufioz, E. del Valle, F. P.
Laussy, J. Vutkovi¢, Phys. Rev. Lett. 2015, 114, 233601.

A. Miranowicz, ). Bajer, M. Paprzycka, Y.-x. Liu, A. M. Zagoskin, F.
Nori, Phys. Rev. A 2014, 90, 033831.

R. Huang, A. Miranowicz, ).-Q. Liao, F. Nori, H. Jing, Phys. Rev. Lett.
2018, 121, 153601.

C. Lang, D. Bozyigit, C. Eichler, L. Steffen, J. M. Fink, A. A. Abduma-
likov, M. Baur, S. Filipp, M. P. da Silva, A. Blais, A. Wallraff, Phys. Rev.
Lett. 2011, 106, 243601.

© 2022 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[54]
[55]
[56]
[57]

[58]

[59]
[60]
[61]
(62]
(63]

(64]
[65]

[66]
[67]
[68]
[69]
[70]

71
[72]

73]
[74]
[75]
[76]

[77]

Laser Photonics Rev. 2022, 16, 2100430

Y.-X. Liu, X.-W. Xu, A. Miranowicz, F. Nori, Phys. Rev. A 2014, 89,
043818.

P. Rabl, Phys. Rev. Lett. 2011, 107, 063601.

J.-Q. Liao, F. Nori, Phys. Rev. A 2013, 88, 023853.

H. Wang, X. Gu, Y.-X. Liu, A. Miranowicz, F. Nori, Phys. Rev. A 2015,
92, 033806.

J.-B. You, X. Xiong, P. Bai, Z.-K. Zhou, R.-M. Ma, W.-L. Yang, Y.-K. Lu,
Y.-F. Xiao, C. E. Png, F. ). Garcia-Vidal, C.-W. Qiu, L. Wu, Narno Lett.
2020, 20, 4645.

S. S. Shamailov, A. S. Parkins, M. ). Collett, H. J. Carmichael, Opt.
Commun. 2010, 283, 766.

A. Miranowicz, M. Paprzycka, Y.-X. Liu, ). Bajer, F. Nori, Phys. Rev. A
2013, 87, 023809.

C. Hamsen, K. N. Tolazzi, T. Wilk, G. Rempe, Phys. Rev. Lett. 2017,
118, 133604.

A. Kowalewska-Kudtaszyk, S. I. Abo, G. Chimczak, . Pefina, F. Nori,
A. Miranowicz, Phys. Rev. A 2019, 100, 053857.

A. Delteil, T. Fink, A. Schade, S. Héfling, C. Schneider, A. imamoglu,
Nat. Mater. 2019, 18, 219.

T. C. H. Liew, V. Savona, Phys. Rev. Lett. 2010, 104, 183601.

M. Bamba, A. Imamoglu, I. Carusotto, C. Ciuti, Phys. Rev. A 2011,
83,021802.

H. Flayac, V. Savona, Phys. Rev. A 2017, 96, 053810.

H. J. Snijders, ). A. Frey, J. Norman, H. Flayac, V. Savona, A. C. Gos-
sard, ). E. Bowers, M. P. van Exter, D. Bouwmeester, W. Léffler, Phys.
Rev. Lett. 2018, 121, 043601.

C. Vaneph, A. Morvan, G. Aiello, M. Féchant, M. Aprili, J. Gabelli, J.
Esteve, Phys. Rev. Lett. 2018, 121, 043602.

B. Li, R. Huang, X. Xu, A. Miranowicz, H. Jing, Photon. Res. 2019, 7,
630.

S. K. Ozdemir, A. Miranowicz, M. Koashi, N. Imoto, Phys. Rev. A
2001, 64, 063818.

A. I. Lvovsky, J. Mlynek, Phys. Rev. Lett. 2002, 88, 250401.

S. K. Ozdemir, A. Miranowicz, M. Koashi, N. Imoto, Phys. Rev. A
2002, 66, 053809.

T. . Arruda, R. Bachelard, J. Weiner, S. Slama, P. W. Courteille, Phys.
Rev. A 2020, 7101, 023828.

S. Ferretti, D. Gerace, Phys. Rev. B 2012, 85, 033303.

Z.Vernon, |. E. Sipe, Phys. Rev. A 2015, 92, 033840.

H. Choi, M. Heuck, D. Englund, Phys. Rev. Lett. 2017, 118,
223605.

J. M. Hales, S.-H. Chi, T. Allen, S. Benis, N. Munera, ). W. Perry, D.
McMorrow, D. J. Hagan, E. W. Van Stryland, in, CLEO: Science and
Innovations, pp. JTu2A-59, Optical Society of America, Washington,
DC 2018.

[78]
[79]
(8]
181
(82]

83]
(84]

85]
36]
187]
(88]
(89]

[90]
o1

92]

193]

54

[95]
[%6]

1571

198]

%9

[100]

2100430 (8 of 8)

www.lpr-journal.org

M. Heuck, K. Jacobs, D. R. Englund, Phys. Rev. Lett. 2020, 124,
160501.

M. Z. Alam, I. De Leon, R. W. Boyd, Science 2016, 352, 795.

J. A. Zielinska, M. W. Mitchell, Opt. Lett. 2017, 42, 5298.

G. Kirchmair, B. Vlastakis, Z. Leghtas, S. E. Nigg, H. Paik, E. Ginos-
sar, M. Mirrahimi, L. Frunzio, S. M. Girvin, R. J. Schoelkopf, Nature
2013, 495, 205.

X. Gu, A. F. Kockum, A. Miranowicz, Y.-X. Liu, F. Nori, Phys. Rep.
2017, 718-719, 1.

K. Xia, F. Nori, M. Xiao, Phys. Rev. Lett. 2018, 121, 203602.

Y.-P. Wang, G.-Q. Zhang, D. Zhang, T.-F. Li, C.-M. Hu, J. Q. You, Phys.
Rev. Lett. 2018, 120, 057202.

G.-Q. Zhang, Z. Chen, D. Xu, N. Shammah, M. Liao, T.-F. Li, L. Tong,
S.-Y. Zhu, F. Nori, J. Q. You, PRX Quantum 2021, 2, 020307.

Z.R. Gong, H. lan, Y.=x. Liu, C. P. Sun, F. Nori, Phys. Rev. A 2009, 80,
065801.

X.-Y. Lii, W.-M. Zhang, S. Ashhab, Y. Wu, F. Nori, Sci. Rep. 2013, 3,
2943.

A. Hashemi, S. M. Rezaei, S. K. Ozdemir, R. El-Ganainy, APL Pho-
tonics 2021, 6, 040803.

F. Minganti, A. Miranowicz, R. W. Chhajlany, F. Nori, Phys. Rev. A
2019, 700, 062131.

K. ). Vahala, Nature (London) 2003, 424, 839.

S. M. Spillane, T. ). Kippenberg, K. J. Vahala, K. W. Goh, E. Wilcut, H.
J. Kimble, Phys. Rev. A 2005, 71, 013817.

N. G. Pavlov, G. Lihachev, S. Koptyaev, E. Lucas, M. Karpov, N. M.
Kondratiev, I. A. Bilenko, T. ). Kippenberg, M. L. Gorodetsky, Opt.
Lett. 2017, 42, 514.

V. Huet, A. Rasoloniaina, P. Guillemé, P. Rochard, P. Féron, M.
Mortier, A. Levenson, K. Bencheikh, A. Yacomotti, Y. Dumeige, Phys.
Rev. Lett. 2016, 116, 133902.

I. Schuster, A. Kubanek, A. Fuhrmanek, T. Puppe, P. W. Pinkse, K.
Murr, G. Rempe, Nat. Phys. 2008, 4, 382.

X.T. Zou, L. Mandel, Phys. Rev. A 1990, 41, 475.

A. ). Hoffman, S. ). Srinivasan, S. Schmidt, L. Spietz, J. Aumentado,
H. E. Tuireci, A. A. Houck, Phys. Rev. Lett. 2011, 107, 053602.

E. Z. Casalengua, ). C. L. Carrefio, F. P. Laussy, E. d. Valle, Laser Pho-
tonics Rev. 2020, 14, 1900279.

P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel, P.
Schneeweiss, |. Volz, H. Pichler, P. Zoller, Nature (London) 2017,
541, 473.

M. Hafezi, E. A. Demler, M. D. Lukin, J. M. Taylor, Nat. Phys. 2011,
7,907.

M. Hafezi, S. Mittal, ). Fan, A. Migdall, J. M. Taylor, Nat. Photonics
2013, 7, 1001.

© 2022 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

