%4535 % 20 #1/2025 £ 10 B/¥F¥R

K EHRIK

xR 7ok S5a TERSEAR N TS L5
(FFik)

B, BB, KoL,

%Bﬁéll, )ﬂj\(ﬂﬂgl’ R

"B RE I ARG N R b, B ARRA A E R S, TLO8 M AT 210023;
TPU IR G R SR B T T R AR, D)1 BER 6101015
CHMEEE YR, YR AR 230088

WE  CAEXARE TOLERT IO S Y SR TR A T T S Al S 1 R

T, BEAR HEXT A B T 2 A R A R

IR BRI AR . M HAZ O AR 23, T i Ot R i IR T A -l BB AL B 5 1 5 1 i R 25 2 18] Y
Mo BEE DT IEAMIRA LA O & 2 Tl R BLAL 4% ) A OGP (9 AR B AR AL, (2 45 3 AL -3h & B 8 1) & TR

a4 TR

AR OGRS T X T 5l 5 A B Y RN
SR RHE BE A 1% U7 1 5 LI A Sl 45 BT Y R SR X RPN g — i

e AE B A Sl i 5 B TAEAR EAR AR . X SE AL R [E] B BE R 7R T s R R AR G e I T A
15 FE Al | ZV?&&%@H?‘TUZ?W%?i‘ﬁ%&”ﬂ’]ﬁ*ﬁ’ﬂi”"

— PRV T RPN S L T2

AR R RGN ARG SRR T A By kS R 'ﬁﬂE%@ﬂJ"]hﬁz?‘JH’];?"‘:TEPH’JHWJC Ry T 2 S 0Dl
5 TR R BOR BB AR B 7O A O S Ol AR AR L B i 4 e R TR AR T i R A TR R

B, IR IEAE 1) 5 Ak AR AL 5 T A R A B A R i

REE T FHRTORY REES: FHEIMETOME FRIFD TR

RESES 04312 R ERE A

1 5 El

TPk — 1) 5 7 H Kelvin i) B T 19 a2 42 3,
T IR — R LA o — PR A = dE = 8] Pk
i o e e M F B 5 BT R A, AR HON TR 451 .
MO B ff1 B2, T A B Ay 2 ] i 8 BB T X PR
AIREEE . LS Y B EAE T, TR RO 2 A
JiE 190 i 91 ' 7 A 14 22 5 P i 7 3 B R e e S 1
P 45 22 MG 2F O o O T R i D AR D' 7 Tk
Wy Jo v 1 i I O AR 1 K AR R TR T A B0 A [R] Al AR
G AT SR 25 S B DR A R A A i
R AO6 IR R BOR TR o X SE R R BT T2
XoF O i A 2 B9 18 B R SR 2 I R O A Y R

5K TET| R BB S Bk, 2 408
%*ﬂf?%ﬁ%/ﬁ?%%ﬁﬂﬁlﬁ@%& Jitiz 5l i
TR AL o WG AL A 3 i IR e T
O FR P, 0 78 A e (B i 41 D' 7E A Bt b B A A [ B9 4

KRB 2025-06-15

DOI: 10.3788/A0S251292

ET‘?A; M 5 % i 3% 10T BE 55 . 6 BL R AR By
12 By A R A TR (5 i 9% 5 1 25 R S8 SR R ), Ot e
JiE 5 72 40 I B B AT B B4 . Sagnac sF 0 ik —
WA R AR 2% b I £ 5 390 i 4144 3 e T
H I 32 B AS [R) (4 AT 59 0, B R 5 O A DG Y 1%
T O 0] 5 A 7 22 0 ik BB T S R 22 S5 T 1R B AY T
N, il 2R Ge A IE AL 3% 7 1) L R B R TR A RS AT
4 B 28 B 56 2 v Al T 5 2500 G A PR R
AR, 2 L U R S R RS T2 L HE
I B A A E S N 58 12 1w AR RO T
MBI HER ", X —F 5 F,“FHEL
U pp Az A R F 5 R AR R 1K
HE AR A AT o0 IR AR B S e 1 A A
W . 2017 4F, Lodahl %V R Go 2t “ FE & 7ol
FOARE &, 1 1 A R 1) 32 R A Dl S sl 25 4 op el 3 T
HEA B A BE , Hy 564G 8% O il Z 1RDE B H -5
B|PUE SRR, IZHLHI A S B T AT R Y
TP R AR 2 ) R o R S AL R kB A

; EEIBHI: 2025-07-28; FHEHBEH: 2025-08-04; MEEHEABH: 2025-08-12

EE&WmH: lil%rél/k‘ﬂ 45 (12305020, 92365107, 12305023) . [E 4 T & #F & 3141 (2019YFA0308700, 2019YFA0308704) .
TR 54 AR AR (20212D0301400) 1T 25045 ST A (JSSCTD202138) v [ 14 1 J5 Bl 2% 3 4 (2023M731613) T 7045 #i

B SR (2023Z2B708) (U1 4 B 11K (2024NSFSC1353)

BIEIEE:

“keyu.xia@nju.edu.cn

2027011-1


https://dx.doi.org/10.3788/AOS251292
mailto:E-mail:keyu.xia@nju.edu.cn
mailto:E-mail:keyu.xia@nju.edu.cn

T S G627 vh B oy PE R PR, o S LR REFE ] 4k
R TR G e R A TR R S B AR
ST A -3 BiUE B RO B T RO
AR T R B SR (EOf AR — A . B
HWFIERIAR B IRA B 22 Al 5] e ) B R GE AR X RO
M 17 1% BIL A B i 252 B 451 - 45 B0 1) 2 1 3 5 TROW
Z W WAL, T LR AR R B8P S A - 3 i B
SE 8 A J5T A AP 25 i R AR O 1 A% 4 O e 3l
o 627 AR 2 M Bl i DT IC SE LA 8 1) i R4 L D5 A
JeF -6 F BOGF P B 19 7 Tl PERE A PR T REAL
o) DU ) P 0 S [ P B 058 ) 9 42 A A R OB ' 1 A

%45 % % 20 /2025 £ 10 B/RFFR
D7 1) B A SEORB A  8 Bl e 5 g 9 ) e U AR A ) R
G TS E O A A 2 i (OAM) B 40 Fh 47 ) =IE X
P i 3 BB ML MO B AS TR A R S R B R
TH R )Tz G- B AR R AR AR VR e &R e i, R
T4l [ e IR 5O T B BESE BE . 7E Lodahl % Y
gradrh, PR FOLEILEE A BE-Sh i BUE 2R
T 150 it 41 ' 7 W | T AR Ak -2 B E L 1) R 46 R
e TR T E Oy R L iRt ng, i —
Ao RO T H M (40 5 W) BT PR AR B R T
TSR B S 25 1] o %5 T, AR SOF 5 88 py A5 4
R LT W A g e R 1

F1 T LT RBETE

Table 1 Research paradigm of generalized chiral optics

Chiral degree of freedom in optical field

Asymmetric physical response

Chiral optical phenomena or generation mechanism

Photon spin
Left (right) circular polarization

o (o))

Refractive index: n- % n.

Absorption coefficient: I' . 7 I" |

Optical activity"”, magneto-optical effect”,
and photon drag effect"”

Circular dichroim"*

Group refractive index: ny, 7 1,

Electric field mode: E(r)# E _(r)

Propagation direction

Direction of light propagation + k

Susceptibility: yx 7 x-«

Interaction strength: g« 7 g &

Sagnac effect”""”
Spin-momentum locking™"

Spin-momentum locking™’, directional quantum

squeezing™™, and reservoir engineering"""”!

Susceptibility-momentum locking” "

Orbital angular momentum

Topological charge 4=/

Interaction strength: g, 7 g,

Electrical quadrupole coupling™**"
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Fig. 1 Optical activity in natural substances”. (a) Quartz crystals exhibiting natural optical activity (left and right panels correspond to

left- and right-handed quartz, respectively); (b) chiral cylindrical molecules
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Fig. 5 Spin—-momentum locking induced nonreciprocal photon transmission. (a) Schematic of spin-momentum-locked photons in a

microring resonator chirally interacting with atoms and (b) the corresponding atomic level diagram™; (c) schematic of spin—

momentum-locked photons in a microsphere resonator chirally interacting with atoms and (d) the corresponding atomic level
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Fig. 7 Photon—photon chiral coupling induced by directional
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Fig. 8 Nonreciprocal design principle based on reservoir engineering””. (a) Basic scheme for generating directionality: two cavities are

directly coupled via a coherent Hamiltonian interaction Hmh, and each cavity is also coupled to a common (non-directional)

dissipative reservoir; (b) shared dissipative environment in Fig. 8(a) mediates a nonlocal dissipative coupling between the two

cavities

2027011-8



£ 45 % 5 20 H9/2025 £ 10 B/ F 24

JEHLAOE A S BT ik 35 dB B R A IR B D) L g
FEiE— 2 IR T J7 1n) MR Dy BB (IE [ iR GA 12 dB,
S 1) D) 2 B )

ZIE ETREG Y REE 2hE T A,
BN : Lu %5 7 AR 7 R 40 bl o 4 3 9E 5 R R e fig
FEIR BT RS B SE BT G AN S B AT 3 T i A
5 GG s Wang S5 U i s — b 3 T RE BIOM v X
FRAE 0 BB AL, 30 2 0 4 2K 32 07 2 v i A A Bk R B
5 BT RS TR R ) TR RS T W AR
i 3 BP AT 45 ) Al B 5y A EOVE 9 R RE % 5 Ahmadi
G TN TR PR IR R S b R
RO A T S5 AR T R A T ¥ 80N, LB T
5 e g 22 ] E A RE RS, B E AR TR T
fig i B ARIOR I O A ok i A% T RE A A AR AL T B
e 3 i
35 BEFHETFAF

H 1 OAM & — Fl R 5K 19 2 (0] 45 44 g 4, 6
hy WEHE I BT AR AL , ) 4, Laguerre—Gaussian £ 3 A #L
RUIE 2 e, Fovp 78 40 far B0, B 8 T 0 SR Dk T Y i
] 20> 0 KR 26 e MR e 5 1< 0 m A e d2 i ™, x
Fofr 3082 T 17 A9 AN St R A T O A LA s 4 0 R B T
] g

AT AL, 6 IE AR Bl TR T BR AT B
W B A EHZR . SR, 558 3% A o Ot
OAM M DA B 2 52 i) J5 7 10 N 2 2540, DR IR 7E 1 R 7
PR BRLIE /N T 6 TR ot i RO 8 R R 1 e s
2016 4, Kaler 1 A" UE B , o 2% OAM 7] DL 5 J5L F N
SHEAER . A7 Z 8 1 &% T F A Laguerre—
Gaussian 1% 20 3 & B DU BRAE L & 8824 OAM 5 A Jig
1 2l & L A o SE A A R BRE ROR B R, 56
UETOEF OAM AT 52 il 7 BRE i P2 o 1% TAE W
ST OAMTESC 5 Y RS & th e, OAM 2 5 £y
Bl i R AL R HE T SR AR o R R R
DA O W8 4 55 O 1) FFRE TR AR

2024 4, Chen % R —Fp 2 T3 7 i 7 L oh
RGN e e T AR B TR (E9) . ZT
2830 1K O T A TR G A AR FOBE ff Bh 2 R OAM 1 4l
B L K A A KA FREAS 1A, A& 9(b) B, AL
R E B T 0 R DO A BR AT 2 AU A ] BT T — ROt
FHBEFRAZ AT A 2 AR s
B OAM 06T 555 B T BRIT 5 2R &, A RE X ILAA
SE VR 1 S5 A AR B 1 T TR BRI R 1%
o AE RO T 17 R BRAE AR B REAS L 98 %0 .

bR T TAEZ AN D WA — Se i st s 138 i
1A H E-BLE A sR AR X PR A F e TR &R
G5 52 W e A T A VR 09 0 L 90 40 i e ' T L
i B ) OAM [n] i 5 B 7 B8 BE L 18] (1 B & L 76
FTRFERSTIESEFEmA . Wi, F 0
200 R T GO B R s 5 A8 25 A A T bR, il

i (a)
é Control pulse

o=(%)

mj=-5/2 =3/2 -1/2 +1/2 +3/2 +5/2
lllnn) Izlon) ]3ion) |4’jou) |5|,,n) |6iun>

AN

B s=+1¢=+1),,
/ . |5=+1n€=0)cav
/ B Is=+18=-1)qy
. W Is=-1¢=+1)q
. Is=-1,¢= 0)cav
Bis=-1{=-1),

i

(®)

4812

1) +1/2
my=-1/2

PO e 4 RO T 7 4 A A B 1) LB R = A () B
TR Y e 4EROE T A B T R,

A HBE A OAM Y P A 506 7 bk s p, A p, £ g 1 4 i1
Fedida A (b) & 7 BROE RE LI, BRAT J2 i o6+ AN A Y

FIEA OAM 445 5K 3 1Y
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Fig. 10  Single-emitter chiral topological photonic interfaces. (a) Scanning electron microscope image of a topological photonic crystal
waveguide, composed of two photonic crystals with distinct topological properties (indicated by blue and yellow shading, left
panel), where the interface supports helical edge states with opposite circular polarizations, the top right panel shows the
energy-level diagram of a quantum dot featuring two transitions with opposite circular polarizations, and the bottom right panel
displays the emission spectrum collected from the excitation region”"”; (b)(c) chiral coupling between a single quantum dot and a

[106-107

7 (d) a four-port add—drop topological filter constructed using a single quantum dot chirally coupled to a

[108]
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Fig. 11 Multi-emitter chiral topological photonic interfaces L4 7 M B ) B T AL ST 4 3 T B S
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(a) Schematic of an array of two-level quantum emitters
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Abstract

Significance

Chirality, a fundamental geometric and symmetrical property introduced by Lord Kelvin in the 19th

century, has long been central to classical optics and is exemplified by phenomena such as optical activity and circular
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dichroism. In recent years, this concept has been remarkably extended into the quantum domain, giving rise to the

emerging field of chiral quantum optics. This field focuses on direction-dependent light — matter interactions that break
spatial inversion or time-reversal symmetry, offering novel mechanisms for asymmetric photon transport, quantum
information processing, and quantum-enhanced sensing. To move beyond the traditional paradigm of spin—momentum
locking, researchers have proposed a broader framework, generalized chiral quantum optics, which incorporates multiple
optical degrees of freedom, such as polarization, orbital angular momentum (OAM), and propagation direction, to
engineer direction-dependent light - matter interactions. This unified framework has facilitated the discovery and design of
nonreciprocal quantum behavior across diverse physical platforms. The ability to control the directionality of light-matter
coupling at the quantum level opens up promising avenues for scalable nonreciprocal quantum networks, high-dimensional
quantum encoding, and topologically robust quantum devices. A comprehensive review of generalized chiral mechanisms

and their integration into quantum optical systems is essential for advancing asymmetric quantum technologies.

Progress In this paper, we systematically review recent advances in asymmetric quantum optics from the perspective of
generalized chirality. The review begins with representative classical optical phenomena that exhibit chiral responses,
including natural optical activity, magneto-optical effects, the photon drag effect, and the Sagnac effect (Figs. 1-4). These
effects arise from intrinsic or extrinsic symmetry breaking in the material system or reference frame, giving rise to direction-
dependent light-matter interactions. For instance, optical activity arises fundamentally from the breaking of spatial
inversion symmetry in a medium, resulting in different refractive indices for left- and right-handed circularly polarized light.
Magneto-optical effects, such as the Faraday effect, on the other hand, stem from time-reversal symmetry breaking
induced by an external magnetic field. The photon drag effect corresponds to the modulation of the effective refractive
index for different polarization states induced by medium motion. In a rotating reference frame, the Sagnac effect reveals
that clockwise and counterclockwise propagating beams experience different group refractive indices, leading to direction-
dependent propagation times and accumulated phases. At the quantum level, five representative mechanisms underpinning
chiral quantum optical interactions are highlighted: 1) spin - momentum locking, which reveals a deterministic coupling
between the transverse spin and propagation direction of light, enabling directional coupling between photons and quantum
emitters with chiral transition selection rules (Fig. 5); 2) susceptibility-momentum locking, which exploits unidirectional
control fields and microscopic Doppler effects to induce direction-dependent susceptibility in thermal atomic ensembles
(Fig. 6); 3) directional quantum squeezing, where nonlinear momentum-matching conditions in cavity quantum
electrodynamics systems enable the generation of squeezed states with propagation-direction selectivity, leading to chiral
photon—photon and photon—matter interactions (Fig. 7); 4) reservoir engineering, which utilizes coordinated control of the
system and its common dissipative environment to construct nonreciprocal coupling channels with propagation-direction
dependence (Fig. 8); 5) high-dimensional chiral interactions induced by OAM, where electric quadrupole transitions
enable asymmetric light-matter coupling in the topological charge degree of freedom (Fig. 9). We further explore the deep
integration of chiral mechanisms with topological photonics (Figs. 10-11) and non-Hermitian optics (Fig. 12), and
introduce two emerging hybrid directions: chiral topological quantum optics and chiral non-Hermitian quantum optics. The
former embeds quantum emitters into topological photonic structures to realize interfaces that simultaneously exhibit
topological protection and directional selectivity. The latter introduces chiral couplings into the non-Hermitian evolution of
open quantum systems, enabling systematic exploration of direction-dependent dynamics in nonequilibrium quantum
regimes. This leads to propagation-direction-dependent excitation and decay processes and yields stable, controllable
nonreciprocal quantum responses, thus significantly enhancing sensitivity to external perturbations. Experimental
demonstrations in topological photonic crystals, thermal atomic ensembles, and passive magneto-optical cavities reveal

diverse novel nonreciprocal quantum dynamics and sensing capabilities.

Conclusions and Prospects Generalized chiral quantum optics provides a unifying framework for understanding and
exploiting asymmetric light-matter interactions across classical and quantum domains. As the field advances, several
promising directions are emerging. Integrating multiple degrees of freedom, such as spin, OAM, and propagation
direction, opens opportunities for high-dimensional chiral interactions and flexible quantum control. In parallel, collective
effects in multi-emitter systems are expected to give rise to direction-dependent superradiance, dissipative phase
transitions, and emergent nonreciprocal quantum phases, paving the way toward scalable chiral quantum networks. On the
implementation side, the integration of chiral optics with metasurfaces and metamaterials offers a practical path toward
chip-scale, tunable nonreciprocal devices. Recent demonstrations of loss-enabled chirality inversion near non-Hermitian
singularities highlight the potential of such platforms for dynamic control. Moreover, the inherent sensitivity of chiral
quantum systems to direction, when combined with quantum coherence and non-Hermitian features, holds promise for
ultra-sensitive sensing applications such as quantum gyroscopes and magnetometers. Finally, the emergence of chirality

through nonlinear interactions, such as spontaneous symmetry breaking in Kerr microresonators, reveals new pathways for
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realizing self-organized, structure-free chiral quantum devices. In summary, the field of chiral quantum optics is at a pivotal
stage of rapid development and deep expansion. On the one hand, its foundational theories are being continuously refined
and extended; on the other hand, the technological pathways toward practical implementation are becoming increasingly
well-defined. This synergy between fundamental research and applied innovation is expected to provide sustained
momentum for the advancement of nonreciprocal quantum optics and quantum information technologies, laying a solid

foundation for the realization of high-dimensional, integrated, and scalable quantum devices and applications.

Key words chirality; chiral quantum optics; optical nonreciprocity; chiral topological quantum optics; chiral non-Hermitian

quantum optics
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