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Abstract:

| The integrated and high-performance nonreciprocal photonic devices are extremely
important in quantum computing and information processing. Therefore, how to achieve

‘optical non-reciprocity and laser output simultaneously in one physical system is an

‘urgent problem to be solved. The aim of this project is to ingeniously implement optical
‘non-reciprocity, light amplification, and laser oscillation in one physical system, to
analyse and discuss the physical principles and characteristics of nonreciprocal lasers
ldeeply in this system. Detailed contents of our research plan are: Firstly, the coherent
‘active atomic system are established based on spontaneously generated coherence, four
%ware mixing, and microwave field effects to amplify the probe light. Then, by utilizing
| lattice defects to break the spatial symmetry of probe susceptibility, the amplified
light signal can also be reflected multiple times, and further modulated to achieve

| threshold conditions for probe light and outputting nonreciprocal laser. Finally, the

' lexible control of high—performance, low threshold nonreciprocal lasers can be achieved
!by optimizing parameters and settings; while the effects of coupling field strength and
fdetuning, coherent field phase, and the variation of defect lattice structure in
|ditterent active atomic system are also analysed; and we will explore how to generate
'multi-mode nonreciprocal lasers, etc. This study has important applications in integrated
|chips and long-distance quantum communications, which is of great significance for

| promoting the development of current quantum technology to research on nonreciprocal

| lasers in-depth

RBIE RS RPATT: dabeitia: JF 506 VUSRS F B4R S A T

‘Keywords (FI%-247F) : Quantum coherence; lattice defect; nonreciprocal
laser; four wave mixing; spontaneously generated coherence

g




A [ % VAR B 4 i ) 7 1% GRS 1)

LGIREEEMR

BAE L |

TR U{ES WESEDT | R PR ¥l VR il TEf T H 431 ﬂ(-rljl'-}'l;ﬂ }
| AR 1985.07 | 4 i) F 2 Wil [l A5 13031920596 585302’%50724 WEERARTUN 10

2 SaTE: | 1983.02 Y UES s (L35 S ATV | TF i N 0898-65883210 23{3'2261%30220 iRt 5 |
3 A K 1994.09 | Y} UFip 15 R AV [ TF P N 0898-65861168 ?3?224]9940916$.'ﬂ!—3*—i}'ﬁ-‘$ 5

PN e SH7% I -t A -+ F
10 2 I 2 5

110




o 5 SRR S v 0 (BRI

EXRBAMFEEHREFMBEMER

St 4t S 12564048 SiHRBA: B EFRAL: 10

RV FhH 24 %5 B

(1) 1 FRpdkehmE qaE% M & 31. 0000
(2) 1.1 @& 0. 0000
(3) o R HE 2 0. 0000
(4) 1.2 k%o 12. 0000
(5) 1.3 %% 19. 0000
(6) 2. HAERATEFURIMNEEE 0. ooool
(7) 3. HAth AP TE & 0. 0000

e L VST I0H 69 S b i A B KR H P &%
2. (1)i=¢2) + (4) +(5) ,
3. MBEALEAMRE S,  (6) iftH “07 .
4 MR AR 4, (7) i “0” .

mopy




V. N K AR S BT i35 (BRI

TE GRS
I AEESKHRE LR

HER (EREANFELTEHRATNRHNRT) $AXER, ZRARKALFYE. BREXETEFLE
BEN, XEREEFFATERK. AHH, FIMVEEEERFALLAEIHARRTELRNRA.

1.1 &% (EHFETEEHAIRTUERSHEAMNBILE, YAANBREHTARAE, UREE )2
T BEEMEZLEARA., 1E*K§}§ﬁ“ﬁ*iﬁﬁﬁiﬁﬂaﬁi e, EHREBIHEHLELER
MEHEBERENTRTIRSE, HEBREWER, %ﬁﬁﬁwﬂﬁﬁm%rb«&ki MEFHRE. £ AT
507 7T (4507 7T) ﬂiﬁzfzﬁﬂéex¥&% AR, TERASBENE,

%

1.2 L &8 (REGEERARFEENLHME. HEMAEREFESHRY, B, £5, BERERA,
gmﬂwhuwl MEHA., BR/XH/ et/ PrENES,. ¢/ ER/EMRAETHERA, URER
HEE ,iﬂﬂ._qﬁf;r*‘”xtﬂsiﬁ )

ﬂkﬁ!étrf 12F7T. REXR/BEAGE/ARFENESEL6FT; W/ EZR/ERAEXHRERA 1047

ﬁ.*#ﬁ;#T-

—. X#/EREF/DREHFSER 1.6 7.

1) Tk, BHEELSE: 0.2 FT/EX4 £=0.8 A T.

2) JEp, TER. Ri]. fFRAT: 0.2 FT/EX4 E=0.8 A L.

Z. e/ &%/ BREE _,,‘_-?:??-i" 10457

i)ﬁaﬂﬁﬁﬁﬁﬁt%a.w¢$ﬁfﬂ$ehmﬁasﬁi,ﬁiﬁ$=$ﬁ§m1f.éﬁ#ﬁ%

H0.0577T, RARN04FAT/AK, 2B 1 FT/AK. BAL: (4 FX0.05FT/K+0.4 Fc+0.1

Ft) /AN X8 AK=5.6 A T&.

2) EFAEERRARASAT: ATRARAZENHTHEFE, AETRERSERATR TR, +3—

KB R, BRAEEAH0.08 7T, BREAXENL2F T/ AL, ﬁFffh?'XOOS*"'H°

) X 1Ak=4.8Fx.

1.3 FER (EHEETEEZRLTEFPINLLETEFRTHFRLE, #LE. fﬁ##URfaﬁﬂwﬁqk
R, HAHAAREAFSLRT, URXFLBHBEASHE RN RAS, S, D42 FL58 5

SHAERTESHLEE. BEARFEINIERK, ERTENAERSE T#.mﬂkﬁ¢ﬂﬁﬁ%ﬁﬂﬁm%o
X s L EREXFEAENRT. )

FERFZT19.0F7T: XF¥LEFHFR 14477, STRENHRERLE6FT. REFELT:
—. FEFEE MLAT .

1) ML EHBFH0.BFT/A/A, S5EH6 MAHE, THEEHYS MEFFTS.
#F: 0,08 FT/A/BA X6 A X5 AX4£=06F7,

2) ML ERBTHLITT/AA, EFRZAOAATE, THEEH2/E484.

BE: 0.1 T4/ A/AX6MAX2 AX1E=48FF.

Z.EXESEURER L6 T T,

1) FiERFER0.08 F L/ AKX AK/FEXL5=1.6 F .

2) ERBER, MIMKEEBEISAR, FATHEIRARO2FT/AK, 0.27 T/ Ak X15A%=3.0% .
2 I&!H*é#ﬁ%hui&

EHerAR A ERREL R T - REAEHNARRARE M AMAERTLERR, ELS ML
ﬁ€$t.%w—uﬁ

p

3. RAXERS

MARFAFLHERER, FEARFXARMEENRA.

x




E K AR G R H & F GRITEIIEH )

REEX

FF 2 P9 25 AOEIF FE B bR fi BE R i F 40T

AT E B 726 AR A AR AR SO b R R A TR E R T B o 20%LL L

AT BIF IR A& A e A 4R B S E BRI 30T E TR RS P B 75 ] L S T 42 )
EORIEAT A

L




.Y [l AR R e T . (BT

ERBARFEEMBENFTA. KITBELRIES

EXERRFESTE HFRAEESR

ANHT A BEZINF ARSI % D, b3 deh A7, WEBRBAIT ¢
K Ht— o EHE A R TE ) Tt — y%%H%%F#m@&ﬂﬁ%ﬂéﬁmﬁ‘
WY CGCFMREEMARNE L) (BHHema g GRIT) ) Z85%E, MME L RE2E8 |
ERURKTHINNEEM, HHBESE SR, £ GHH) ME RuBHFdfEd: |

(=) &R CHEERANY (B2 A ARBL AR &% OO0 B o R -BEUR AT MBS Gtk
b REITPEE. TUHRTEFRAEER, G (D R,

() BT “2rg” B, MBI AR X%, %8 GHE) fSeAmE Jitme
T 12564048) , DISEORAERF S CAER ], diHREA AR MRS BRI LS, AEIY
FHHME SR Jr @Al N, A LA H S2HE R AR BRASAH 5 e S R0 2

(:)@?ﬂwﬁﬁ‘ﬂﬁwﬁmﬁﬂﬁﬁﬁ%,Maﬁﬁﬁﬁlﬁ,ﬂﬁ%mﬁﬁ%m&%‘
MIRAS I 9 Rk A 42 T s B AT AT W?#$ﬁaﬁ%m&%ﬁﬂt%%&%Fﬁﬁﬁﬁam& |
T RMELFZARIRE “H87 , AENREL. MHFREBE A IE &b A& iHRGs,
LT 5 AN NI H 4R 53 7 2 03 S RM RS S SR A (T 5

(M0 PERFERER, LRI R, THRke:, B, RXNZLSFE. B, A
NI FERBE RN, AMARR SR 22 I SRR & ;

(L0 BIH RS T SATMEM R TEMFASH, HESRBHTNFEE, Ristamsy
HETH H %5 437 kR ?

(73) BT H ZHp 3 A0 AT B, Al s DL F A RSk,

BT B, AANERZER ARFIER SR A ST T B S TR E .

(SRR DA R =2 AT AL I 554 FTB )

Pe B A7 B B AR b3 [ 5 R 2 S A T AT ST BA R R SE FF S0
HS2iERT R4 th, PEdgsr thdleh se i it T .%thW«K?L S5 NSRRI S 2 e
FRAY TSR MMM A R R E W) TR A&
WY CRHEERd A IE GRIT) ) e, AMEZRARFSEEEENL @fwmgﬁﬁﬁ.may
VA IR, RHIRAE B AR A I TS R I E, IR SiE.

14



-

. N E K 0 AR SR HIH 5 ()

EXRBARFE S RN B EMEZE

W EWR MRS E DN

Tl o b o £ L

p 'y
E
E‘ *d--‘.a;;u'r-
XY
Lt (BT )é"t f? ;:,g
‘IT:- H Mg [_l H?
20254 108 23\
Pl
==
| .
v v

2025% 10A 73R

15




o B4 2025

TiH AR BT SRR B AR R 5 L S A0 BNk SO
WA, X RS GE H
HI LS. A2205. g & A RURI& Tk

ExXBANMFEEME Ehi!)\iﬁl#'-‘a#iiﬁ#

T Hi PR QREREREETE v AT Al MR QLM R A, RN
AR R (P AR JCHIE R A B <Pla AT IE G &0 OF 1M b e fl
fiff i 5 e i m%+&m»«%?iw&%%ﬂjahmhmﬂlﬂmJMLw SRy Ok T sl

ARG D) LARFHEEE . BARFE M 5 2 FRHIF LT A VAT L fll'b‘.'”- I F4 LA
Jeifidf, AE fo"ILtE{{{'éiﬁiﬁUﬁ‘ifr'{@ 4me ol i g T4 I T olads P BHITEAE PSR I 7 (TR
AR R @A P, W RIIT A fE . BB RGBSR, ey LI-‘ril' IR IR B

fHt, FEELL T A
(=) 2%, Mo b AHRIER. 8 SFER R A Dbl SRt Sl . aorelit:
() WP REHIEE: WX, 5. SRS S BRI FIT IS 5 2P DL W, i Fg W o292
408U
() EREREAMIE. FRME. SITRE, 30 C0bRT ol b 1R R e 1) .
(W)mﬂ&ﬂﬁ$ﬂ§ﬁﬂﬁﬁmﬂwﬁwqmﬁﬁﬂ
CT) RAATART TR AR WY DR 0T i A 2 A 10 Vi 448 44 o B HEA v oy el 2o fi £ o 5 1L

() 1l B SRE R R L ST, Ui, e .Luwumfuwmm
PR HFIE S R SR P el S P 2 PR AT s

(B MIEAR, WPHEFERMIEATEAL S W0 ks AP, ik iif)
£ OB, BUERMERLTE. il DUREE D ST AT RE WV 2 RN

O\) i R LR L TR AR S B ML (M -

L) EHEEFEEAE, MFASAAL, EFENMEIE W5 RN R MR AR
WA TT R I S 3«

1 HAb R ERT A

WiEH LR, ANBEIESZ MR HREETIE SR 00 S ARDGRET I 5 ik A @A
AR TR AP I E , GBI E 5 02e o, w4k Coddied e UGl E ti]lﬂéli'l'éi 188 F
FRGWH PR, NI 6 AT 0 B e L g a2 AN 50 20 08 % b 43 76

e %fam

E TEE LR ] AR Rlses B0 i _f_;_ |

—\\

L | skEhe / miliiakey Riiiiiiiitnidais, é L. Z

KW/ BEREIITERY [ Ieekesbcscsey

e
.
=
|
|
]l

NS SR LN .~ YOS _ LSRN

16




"b

. N [l ¢4 SR B s Sl

20254

SRIT#R: BT SR BRI T REER I 15 B 9
TEAI,  HRRRORRE L i
R AQR:  A2205. ¢ bt ;4B RIHE T2

EFXSANFEST ERiFRARKER
N1 HAP T BRI AR 20 A, LR RIE TR R RS, RARRECT
%ﬁfé&ﬂ%ﬁﬁ$ﬁiﬂ#&ﬂiwﬁ‘ﬁ%
v AT 4 3=L FA0 OV g FE AT A W) Tt — UL R SR BNk
AU DU g W iiuuﬂLHdquwmuUM"Liﬂﬁﬂi
R I N AR I.:‘{#.-}"i-r’-.i-'-‘ WG RMD)  (FHE A RE RSB A T — L RS MEREH 8 (E
B BR G0 AT A iU P (0 BLOE 4 305 ICRIRHF I 1 T o fIlHJJﬁﬂEﬁ)) o, WA R R (L
i R,
o DT CI AT AR i.“ SRT I R AT B R S T TR T
W CIH 5 IR FL S, -nmmw% CARASEE Iy o DRI LR TRT, I AN A a
EMUHATIL T AL s T, S R R TR, MR S Eh R T L EEETS
T R P ‘|Ilu I AR A B 7 Ty S R T H g R
TR 2025 I K R AL BT AR ) (K A SRR S T E Y4 E
O AT A *"-i»'i;f- IG5 ML IV R, NITE AT Waa SR, oA e for
BT MRSk . e M il o (70 A M A SR BT 75 F 0 I . 3 R R MR
PRI 78 15J’!'H’5€1'“1|'1H-“"r DO {TAT I B 1 LR B A R N S AR TR H Y B K A
PRUATT . SIEOTFOE . A AR LS 53R R, iRIBIRS 5 B % &3 B Rl
AR 1y
U ST Ry A Tl Ak B, 1 o A g N TR, Bl TN
C ) BMERDE AT A LTI HAT I G PO e 65 BRI ar i f P R ES E, T
P A AT 1 (]
oo 8L s A Y ANICB Y & LA A TTF S R SR OME T AL A
& FriEZE. LGk, kR e, du-rter s, "Jii"s'iﬂiTii'ITTZJ\;,. W%, sSmEird T
Ao PP S PLOLIT o) o] i Sy B ERE G 7 2 TR 2 0455 20
=2 .d' i'u, AATUT R AE T B IUN 5 AL X B0 B il % 48
) S ey A2 S ORI . HERIUE 5 ARFISE R ST .
(1) Je;%fr P \,\ S AR TR RS S B R S 0 E D R A ¢
() . (. BISE. | 9REIT S S AT Yo £
CLY ALl g CHERRH SR R L A FT R ¥
e AR FEFE G A A IR, S AR, TS R RIORLEY 4 TR 0 R e
$EARBITEH R R R 2
Ll i:.=_<11'-" 4 TR 2 TR B SE S BRSO L A S TUEFE v e, (ISR I
1% 'H’Z\ﬂn'iﬁ ﬁ"yﬂﬁ]"li“ U RER L G A e PR 2 G R EERE ST0 E PiRER . UAE
wwf} fir \Hm, 9y EL R T St 7 A TN S £ 5 U 5 5

-

-
‘J

AL o B AR A%
AL E TR AM: % H A

17



AREAER I
15 R RFAEE B, BIDAEIES, #SITE SR
FUE CHER R ) — 4
A fk .

1.Xinfu Zheng, Chen Peng, Duanfu Chen,Tinggui Zhang, Hanxiao Zhang, Dong Yan, Jinhui
Wu and Hong Yang*, Modulation of unidirectional reflection lasing via the dual mechanisms of
destructive interference and asymmetric distributed feedback, Phys. Rev. App, 25, 064011 (2026).
R &R (20235 7D

2. Duanfu Chen, Xinfu Zheng, Chen Peng, Yiting Zheng, Dong Yan, Hanxiao Zhang and
Hong Yang*, Unidirectional reflection lasing via microwave modulation in defective atomic
lattice, Opt. Express, 34 (10): 17440-17460 (2026). #—1F# . Wima (20242601 542

3. Chen Peng, Xinfu Zheng, Duanfu Chen, Hanxiao Zhang, Dong Yan, Jinhui Wu and Hong
Yang*, Unidirectional spectral singularity lasing in a defective atomic lattice, Opt. Express, 34
(9): 17320-17333 (2026). HF—1E&: &R Q025 A7tk

4. Yiting Zheng, Chen Peng, Guanrong Li, Xinfu Zheng, Duanfu Chen, Dong Yan, Hanxiao
Zhang, Yan Zhang and Hong Yang*, Unidirectional reflection amplification without inversion,
Phys. Rev. A, 113, 033112 (2026). H—1E#: MialF (2023 b L i)

5. Qiongyi Xu, Chen Peng, Duanfu Chen, Hanxiao Zhang, Dong Yan and Hong Yang*,
Amplified nonreciprocal and unidirectional reflection in a defective atomic lattice via
spontaneously generated coherence, Optics Continuum, 5 (4), 1184-1197 (2026). #H—{E#&: 1&
IR (202240 R LA 7LD

6. Yiting Zheng, Xinfu Zheng, Chen Peng, Duanfu Chen, Hanxiao Zhang, Dong Yan and
Hong Yang*, Multicolored unidirectional reflection amplification based on two-photon resonance
in the defective atomic lattice, Opt. Express, 33 (23): 49639-49651 (2025). % —1E#: i

(2023 Atk 742D

7. Xu Qiong -Yi, Zhang Jin, Zheng Yi-ting, Yan Dong, Zhang Han-xiao,Yang Hong*,
Nonreciprocal reflection in one-dimensional quasi-periodic defective atomic lattice, Acta Phys.
Sin., 74 (11), 116402 (2025). H—AFE#&: HRIEMH (2022400 LT

8.Yue Geng, Chen Peng, Xinfu Zheng, Dong Yan, Han-xiao Zhang, Jinhui Wu and Hong
Yang*, Unidirectional amplified reflections based on four-wave mixing and spontaneously

generated coherence, Phys. Lett. A, 534, 130241 (2025). s—{F#&: HkIH (202100 A 504

18



9. Qiongyi Xu, Guangrong Li, Yiting Zheng,Dong Yan, Hanxiao Zhang, Tinggui Zhang, and
Hong Yang*,“Broadband unidirectional reflection amplification in a one-dimensional defective
atomic lattice” Phys. Rev. A, 110, 063724 (2024). ZE—1E#: #REtE (20224 7 4E)

10.Tian-ming Li, Hong Yang*, Mao-hua Wang, Chen-ping,Yin, Ting-gui Zhang *, and Yan
Zhang *, “Unidirectional photonic reflector using a defective atomic lattice” Phys. Rev.
Reasearch, 6, 023122 (2024). 55— 1F#: 2RU] (201604 F LD

11. Xin-yu Lin, Xinfu Zheng, Yue Geng , Guanrong Li, Qiongyi Xu, Jinhui Wu, Dong Yan
* and Hong Yang *, Amplified Nonreciprocal Reflection in a Uniform Atomic Medium with the
Help of Spontaneous Emissions, Photonies , 11, 389 (2024). ZH—/E#&: M (20214 LA
T

12. Li Guang-Rong, Zheng Yi -Ting, Xu Qiong -Yi, Pei Xiao -Shan Geng Yue Yan Dong
Yang Hong*; Perfect non-reciprocal reflection  amplification in closed loop coherent gain
atomic syste, Acta Phys. Sin., 73(12), 126401 (2024). 5—1E#&: 2= (2021 FIHAF 74

13. Guan-rong Li, Yue Geng, Xiao-shan Pei, Jin-hui Wu, Xin-Yu Lin, Dong Yan, Han-xiao
Zhang, and Hong Yang*, Phase and detuning control of the unidirectional reflection amplification
based on the broken spatial symmetry, Opt. Express, 32 (7): 12839-12851 (2024). #H—{F#: &
WLZR (2021 Zehs LA A

14. Yue Geng, Xiao-shan Pei, Guan-rong Li, Xin-Yu Lin, Han-xiao Zhang, Dong Yan, and
Hong Yang*, spatial susceptibility modulation and controlled unidirectional reflection
amplification via four-wave mixing, Opt. Express, 31 (23): 38228-38239 (2023). —1/E¥&: Bk
I (2021 h-Lw LD

15. Xiao-shan Pei, Han-xiao Zhang, Meng-mei Pan, Yue Geng, Tian-ming Li, and Hong
Yang*, Two-color unidirectional reflections by modulating the spatial susceptibility in a
homogeneous atomic medium, Opt. Express, 31 (9): 14694-14704 (2023). =5—{F#&: FZEIl

(2020 Zehsi -t se L)

19



PHYSICAL REVIEW APPLIED 28§, 064011 (2026)

Modulation of unidirectional reflection lasing via the dual mechanisms of
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The ingenious scheme we propose for achieving unidirectional reflection lasing (URL) onset involves
integrating a one-dimensional defective atomic lattice with a coherent-gain atomic system. Its physical
essence lies in the fact that the right-side reflectivity is drastically reduced due to the destructive inter-
ference between direct and secondary reflections, whereas on the left-side direct reflection is effectively
suppressed and the secondary reflection is efficiently enhanced, ultimately reaching the lasing thresh-
old. Through numerical results and further analyses, we have elucidated how to precisely tailor the lattice
parameters and coupling fields to control the destructive-interference point, thereby enabling the onset and
active modulation of URL. Our scheme not only effectively circumvents the stringent structural-parameter
tuning process required to directly reach the URL onset, but also benefits the integration of active pho-
tonic devices into compact quantum networks and may improve the efficiency of optical information

transmission.

DOI: 10.1103/ws6v-b98c

I. INTRODUCTION

In the past decade or so, optical nonreciprocity has gar-
nered extensive research attention. From the irreversible
manipulation based on the magneto-optical Faraday effect
[1,2] to the establishment of magnet-free optical non-
reciprocal systems [3—15], and further from the perfect
nonreciprocity of unidirectional light propagation [16-20]
to the realization of unidirectional light amplification [21—
25] and unidirectional lasing [26-28], research in this
field has been steadily advancing toward integrated high-
performance photonic devices. In particular, magnet-free
unidirectional lasing not only protects lasers to ensure
their stable operation but also isolates backscattered light
[29-33], avoids unnecessary reflections and crosstalk, and
safeguards fragile light sources. As the foundation of
nonreciprocal photonic networks, it further promotes the
development of integrated photonic devices [34—39].

So far, achieving higher precision in chip-integrated
all-optical controlled nonreciprocal devices has remained
a significant challenge. Nevertheless, substantial progress
has been made in the research of nonreciprocal lasing
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across diverse physical systems; for example, the nonre-
ciprocal Brillouin lasing within silicon waveguides [40—
43], the nonreciprocal magnon lasing in a hybrid-cavity
optomagnonic system [44—46], and the nonreciprocal
phonon lasing in coupled optomechanical and nonlinear-
optical resonators [47,48]. However, the unidirectional
lasing that can be an indispensable component of pho-
tonic integrated circuitry requires more ingenious design
and precise control. Unidirectional lasing modes associ-
ated with the frozen-mode regime of nonreciprocal slow-
wave structures have been proposed, which can only exist
in cavities with broken time-reversal and space-inversion
symmetries [22,49]. Stable unidirectional lasing in ring
resonators has been investigated by adding an S-shaped
waveguide element to the ring resonator to form a so-called
“Taiji” resonator (TJR) [50,51]. Evidently, the combina-
tion of nonreciprocity and optical cavities is the core mech-
anism for achieving nonreciprocal lasing or unidirectional
lasing [52,53]. However, cavity losses induced by factors
such as diffraction effects and mode competition, coupled
with mode-stability issues, represent critical bottlenecks
limiting the performance enhancement of cavity-based las-
ing. Despite continuous technological innovations driving
devices to constantly break physical limits in terms of out-
put power and beam quality, developing a system capable

© 2026 American Physical Society
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Unidirectional reflection lasing via microwave
modulation in defective atomic lattice
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Abstract: Unidirectional lasing is highly desirable for practical high-performance quantum
information processing platforms, while most existing schemes still rely on the combination of
resonant cavities and nonreciprocal mechanisms. Here, we propose a cavity-free scheme for
achieving the onset of narrowband unidirectional reflection lasing (URL) in a single physical
system by introducing a coherent gain atomic medium into a one-dimensional defective atomic
lattice, where the former amplifies the probe field and the latter provides spatial symmetry
breaking and a distributed-feedback mechanism. We show that the threshold condition for URL,
characterized by 17! ~ A=! — 0, can be tuned from single-mode to dual-mode by varying the
microwave field and the lattice structure. Its underlying mechanism lies in the constructive or
destructive interference between the reflections from both sides under distinct Bragg conditions.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical nonreciprocity has important applications in unidirectional quantum information transfer
and integrated photonic networks because of the unique characteristics of nonreciprocal light
propagation [1-8]. Driven by the crucial applications of nonreciprocity, extensive experimental
and theoretical studies have been carried out in diverse physical systems in recent years. Examples
include parity-time (PT)-symmetric systems [9-12], space symmetry breaking systems [13—15],
cavity optomechanical systems [16—-22] and the self-induced isolation of optical signals without
any external bias field, which is based on a nonlinear nonreciprocal susceptibility mechanism
in optical media and has been experimentally realized [23]. Different physical systems exhibit
distinct characteristics and advantages, yet the shared objective of researchers is to realize tunable,
miniaturized, and high-efficiency nonreciprocal photonic devices. Therefore, further exploration
of nonreciprocal optical amplification based on the integration of gain media and nonreciprocal
mechanisms remains highly desirable. For instance, the amplified unidirectional reflection has
been realized in coherent active atomic systems with spatially varying coupling fields [24,25];
unidirectional amplification has also been demonstrated in the hot atom system due to the Doppler
shifts [26,27]. Specifically, based on the reflection effect of resonant cavities, nonreciprocal
optical amplification has developed more rapidly in cavity optomechanical systems [28-30],
including whispering-gallery microcavities [31,32], ring resonators [33,34] and Taiji resonators
[35].

Compared with nonreciprocal optical amplification, unidirectional lasing (UL) exhibits
ultrahigh spatial coherence, excellent directional consistency, and superior beam quality. In
addition, UL based on exceptional points (EPs) provides a useful platform for investigating
the mode evolution and topological phase transitions in non-Hermitian systems, serving as an
ideal platform for exploring what we believe to be new principles of nonreciprocal photonic
devices [36-38]. At present, research on UL is mainly focused on resonant cavity systems,
since single-mode, narrow-linewidth lasing can typically be achieved via the mode selection
of resonant cavities [39—41]. Stable UL has been demonstrated in Taiji resonators—structures
formed by integrating an S-shaped waveguide element into a conventional ring resonator—and is
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Unidirectional spectral singularity lasing in a
defective atomic lattice
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Abstract: We propose an efficient scheme for achieving mode-tunable unidirectional reflection
lasing (URL) by establishing a coherent gain atomic system to amplify the probe field and
ingeniously designing a one-dimensional (1D) defective atomic lattice. This lattice not only
replaces the resonant cavity to provide a distributed feedback mechanism but also breaks the
spatial symmetry of the probe susceptibility. Correspondingly, the URL can be characterized
by a non-Hermitian degenerate spectral singularity (NHDSS), where the two eigenvalues of the
inverse scattering matrix are engineered to satisfy /l;i, = A, - 0. This intriguing NHDSS
depends on the probe susceptibility and the Bragg condition, both of which can be modulated by
adjusting the external driving fields and lattice structure, rendering the scheme experimentally
feasible. Our approach achieves both nonreciprocity and lasing oscillation in a single system,
significantly enhancing the efficiency of optical information transmission and facilitating the
integration of active photonic devices into compact quantum networks.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The nonreciprocal laser, which is usually based on nonreciprocal amplification, has significant
applications in quantum networks and optical information processing due to its high efficiency,
high density, and narrow linewidth [1-3]. Nonreciprocal amplification [4-6] enables the
amplification of sensitive and fragile weak signals in quantum systems, while isolating them
from external noise induced by backscattering [7-10], a phenomenon that has been extensively
investigated in numerous active systems [11-15]. However, the realization of nonreciprocal
lasers requires not only a gain medium but also an optical resonator. For instance, in a system
composed of a spinning microwave resonator coupled to a magnetic material, a nonreciprocal
phonon laser can be realized by leveraging the Fizeau light-dragging effect [16]. Alternatively, the
optical Sagnac effect can be exploited in a coupled cavity system consisting of an optomechanical
resonator and a spinning resonator, to achieve the same result [17]. Besides, directional phonon
lasers can be realized by coupling optomechanical resonators to nonlinear optical resonators [18].
This type of nonreciprocal phonon device, characterized by directionally amplified phonon flow,
can be applied to chiral phonon transport, phonon isolation, unidirectional mechanical networks,
and invisible acoustic sensing, among others [19-22]. Similar to the rapid development of
phonon lasers, magnon lasers utilizing magnon-induced Brillouin scattering have also seen rapid
progress. The manipulation of nonreciprocal magnon lasers can be effectively achieved through
the Fizeau light migration effect in both optical cavity [23—-26] and parity-time (PT)-symmetric
cavities optomagnonic systems [3,27], where the effect is caused by resonator rotation.

It can be seen that the resonator cavity plays a crucial role in both phonon lasers and magnon
lasers. Similarly, the realization of nonreciprocal photonic lasers is generally based on resonator
cavity systems, where optical signals achieve the threshold condition through repeated oscillation
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Unidirectional reflection amplification without inversion
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Unidirectional reflection amplification is a desirable functionality for nonreciprocal photonic components.
We propose an inversionless route to this effect in a homogeneous ensemble of a three-level A-type atomic
system using a spatially graded coupling field. The linear position dependence of the coupling strength breaks
the spatial symmetry of the optical susceptibility, enabling strong reflection from one side while suppressing
the counterpropagating reflection channel. With the assistance of spontaneously generated coherence and a
weak incoherent pumping field, the medium provides coherent gain without population inversion, resulting
in essentially unidirectional reflection amplification, including the emergence of dual amplification bands.
Moreover, both the magnitude and spectral location of the amplification can be reconfigured by tuning the
relative phase, detuning, and intensity of the coupling field, offering flexible control over the nonreciprocal
response. These results establish a simple, nonmagnetic, and highly tunable platform for realizing reflection-type
nonreciprocal amplifiers and related functionalities, with potential applications in quantum optics and integrated

photonic devices.

DOI: 10.1103/11hc-srq7

I. INTRODUCTION

Optical nonreciprocal transmission aims to enable light to
behave as electrons in a circuit diode, allowing only one-
way propagation. With the rapid advancement of quantum
information technology, optical nonreciprocal devices such
as all-optical diodes, isolators, and circulators have been
extensively studied as fundamental components of quantum
circuits. Traditionally, reciprocity is broken by disrupting
time-reversal symmetry through the Faraday magneto-optical
effect, but such devices rely on strong magnetic fields and
are bulky, making them incompatible with integrated circuits
and limiting their practical applications. To address these lim-
itations, numerous nonmagnetic nonreciprocal solutions have
been proposed, such as spatial-temporal refractive-index mod-
ulations [1-6], optical nonlinearity effects in media [7-14],
asymmetric coupling of atomic states [15-20], optomechani-
cal systems [21,22], and the Doppler effect [23-26].

In quantum information systems, amplifying optical sig-
nals is essential to enhance the robustness of quantum
systems against interference. In recent years, researchers have
developed various nonreciprocal amplification schemes in
diverse systems, such as Josephson circuits [27,28], non-
Hermitian time Floquet systems [29,30], and even-odd time
symmetric structures [31,32]. Additionally, in silicon pho-
tonic device technologies, nonreciprocal amplification based
on Brillouin scattering within silicon waveguides has become
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central to the development of high-performance photonic de-
vices [33-36]. Cavity optomechanics has also emerged as a
critical platform for designing on-chip high-performance non-
reciprocal devices, including microwave amplification using
cavity magnonic systems [37,38], unidirectional amplifica-
tion in whispering-gallery cavities [39,40], and nonreciprocal
phonon lasing in coupled cavity systems involving optome-
chanical and spinning resonators [41-43], as well as other
innovative approaches [44—48].

Spontaneously generated coherence (SGC) [49-53], also
referred to as vacuum-induced coherence [54-56], induces
destructive quantum interference between multiple quan-
tum pathways and has been experimentally demonstrated in
atomic ensembles. Studies on SGC-induced absorption dis-
persion characteristics under various models [57-63] have
shown that while absorption is significantly reduced, sponta-
neous radiation coherence alone cannot generate gain in the
system. Although pumping can excite particles from lower-
to higher-energy levels, low-power pumping fails to achieve
population inversion and thus cannot produce sufficient gain.
Therefore, The synergistic effect of the SGC and incoherent
pumping field has been widely applied, e.g., in the manipula-
tion of optical vortex field and optical switching [64,65].

In this work, we propose a three-level A-type atomic
system that leverages low-power incoherent pumping and
the SGC effect to achieve atomic coherent gain, enabling
reflected light amplification. The coherent gain mechanism
is driven by the combined influence of the pumping field
and SGC. By engineering a position-dependent coupling
field, we demonstrate nonreciprocal amplification in the left
and right reflection channels of the probe light, achieving
significant amplification within specific frequency ranges.

©2026 American Physical Society
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Amplified nonreciprocal and unidirectional
reflection in a defective atomic lattice via
spontaneously generated coherence
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Abstract: Simultaneously realizing nonreciprocity and signal amplification in the same physical
system cannot only greatly enhance the efficiency of nonreciprocal photonic devices but also
facilitate their integration. We propose a scheme to achieve gain-assisted nonreciprocal or even
unidirectional reflection amplification by exploring spontaneously generated coherence (SGC)
activated by a weak incoherent pump in a defective atomic lattice. The numerical results show
that the monochromatic to two-color nonreciprocal reflection amplification (the maximum of
reflectivities R; ~ 10* and R, ~ 102), and even unidirectional reflection amplification (R; ~ 10% and
R, ~107%) can be modulated freely by adjusting the relative phase ¢, the dipole moment angle
6 and the parameters of defective atomic lattice, e.g., the number and period of vacant lattice
cells, the period of filled lattice cells, and so on. This indicates that nonreciprocal reflection
amplification can be enhanced and modulated via the SGC effect and multiple reflections within
the atomic lattice. Such efficient nonreciprocal amplification can be effectively applied to
integrated chips, thereby advancing the development of quantum information technology.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical nonreciprocity refers to the phenomenon where the transmission path’s response is no
longer symmetric when the source and observation points are swapped during the light propagation.
This characteristic is crucial in designing nonreciprocal optical devices, such as optical isolators,
circulators, and phase shifters [1-6]. These devices have boosted the development of optical
signal processing, optical communication, and quantum networks [7-9]. However, optical signals
may weaken or even disappear due to the interaction with the environment during propagation.
The amplified nonreciprocal transmission can more efficiently protect coherent information
processing against noise and backscattering benefiting from the advantages of signal amplification
and optical nonreciprocity [10-13], which have attracted a great deal of research interest and
demonstrated in various systems [14—16]. The physical essence is mainly based on the magneto-
optical Faraday effect, optical nonlinearity, and time-reversal symmetry breaking, chiral materials,
and topological photonics systems [17-23]. For instance, nonreciprocal amplification has been
achieved in silicon waveguides through Brillouin scattering [24-26], active optomechanics
systems [27-31], atomic systems [32—36], and parity-time (PT) symmetry systems [37,38]. It
is believed that the above systems are powerful tools for the development of nonreciprocal
optical amplification. However, each system has its own advantages and limitations, e.g., Faraday
effect in magneto-optical medium is incompatible with integrated circuit technology, optical
nonlinearity requires high power that is typically suitable for pulse systems, PT-symmetry system
often requires complex external driving fields and so on. Therefore, more effective nonreciprocal
optical amplification schemes need to be studied.
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the defective atomic lattice
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Abstract: Improving the performance of non-reciprocal photonic devices is one of the key
factors for promoting the development of quantum networks. To achieve this goal, we propose a
scheme to realize multicolored unidirectional reflection amplification in the defective atomic
lattice, with all atoms trapped in each filled lattice cell being driven into a four-level diamond-type
coherent gain atomic system by two coupling fields and two probe fields. Therefore, this scheme
simultaneously achieves light amplification (resulting from the joint effect of the coherent gain
atomic system and the distributed feedback mechanism of the atomic lattice) and non-reciprocity
(arising from the symmetry-breaking effect of the defective atomic lattice) in a single physical
system. Furthermore, we propose a reasonable scheme for obtaining equivalent results by reducing
the energy level structure, and through numerical simulations and calculations, it is concluded
that perfect unidirectional reflection amplification requires that the two-photon resonance is not
only located in the gain region, but also satisfies the Bragg condition. This scheme can be used
to design non-reciprocal photonic devices that are easily integrable, high-efficiency, and capable
of flexible multi-channel manipulation.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Non-reciprocity is an exotic property of certain materials, e.g., time crystals, chiral materials and
magnetic materials, etc [1-5]. However, establishing different physical systems to manipulate
the non-reciprocity of light propagation [6—10] has greater degrees of freedom and adjustability,
that can be widely used to design new photonic devices such as diodes and isolators, which
plays an important role in the fields of quantum networks and quantum information processing
[11-15]. High-performance nonreciprocal light propagation can simultaneously amplify the
weak signal output by the quantum system and isolate the sensitive quantum system from the
backscattered external noise, this requires more perfect non-reciprocity of amplified light signal,
that is, unidirectional optical amplification, has aroused widespread research interest in recent
years [16—18].

The purpose of achieving unidirectional optical amplification is to improve the efficiency of
photonic devices. This can be achieved by completely suppressing the propagation of light signal
on one side and amplifying the light signal on the other side. Our recent works have focused on
studying unidirectional light amplification (on one side, the reflectivity is suppressed as low as
1072, while on the other side, it reaches as high as 102.) in a uniform cold atomic medium, based
on the spatial symmetry breaking effect and skillfully designed coherent active atomic system
[19-21]. However, in the hot atomic system by exploiting Doppler shifts, a high transmissivity of
400 on one side and almost zero transmissivity on the other side have been achieved [12,22-24].
Especially, the whispering-gallery cavity [25,26], ring resonator [25,27] and other optical cavities
[28-33] play an important role in unidirectional light propagation. In addition, photonic crystals
[34], Josephson circuit [35,36], and non-Hermitian time Floquet systems [37] and other systems
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Communicated by S. Khonina

The ability to realize unidirectionality and signal amplification in the same device has become an urgent demand,

with the increasingly high requirements for integrating signal processing devices. We propose a feasible scheme
to achieve amplified unidirectional reflection in a coherent active atomic system via four-wave mixing (FWM) and
spontaneously generated coherence (SGC), based on symmetry breaking caused by the spatially linear modulation
of coupling on symmetry breaking caused by the spatially linear modulation of coupling fields. Specifically, a
narrowed and amplified unidirectional reflection band can be generated in the weak-coupling regime of light-
atom interactions with the combination of FWM and SGC, which can be modulated by the relative phase ¢ and
dipole angle 6. This high and narrow band yields low out-of-band noise, which can prove more advantageous for
many on-chip functionalities.

1. Introduction

All-optical diodes, isolators and circulators, serve as fundamental el-
ements in integrated quantum circuits have attracted intensive research,
for its important potential applications in quantum information technol-
ogy [1-5]. High-performance nonreciprocal amplification is an essential
functionality in integrated photonic circuits, which can simultaneously
amplify the weak signal output by the quantum system and isolate the
sensitive quantum system from the backscattered external noise [6,7].
However, under normal conditions, the nonreciprocal and amplified de-
vices are independent of each other in the information network, each
performing its own function separately. It is an urgent demand to simul-
taneously manipulate optical nonreciprocity and signal amplification in
the same device, for the increasingly high requirements of integrating
signal processing devices.

Up to now, various promising physical systems have been proposed
for nonreciprocal optical amplification. Such as Josephson circuit [8,9],
non-Hermitian time Floquet systems [10,11], and parity-time symmet-
ric structures [12,13], and these seem to be the intensively studied fields
in nonreciprocal amplification and asymmetric lasing of active systems.

* Corresponding authors.

E-mail addresses: jhwu@nenu.edu.cn (J. Wu), yang_hongbj@126.com (H. Yang).

https://doi.org/10.1016/j.physleta.2025.130241

Additionally, in silicon photonic device technologies, the nonreciprocal
amplified light signal within silicon waveguides based Brillouin scatter-
ing is central to the development of high-performance photonic devices
[14-17]. Cavity optomechanics is also playing an increasingly important
role in making and steering on-chip high-performance nonreciprocal
devices, including microwave amplification using a cavity magnonic
system [18,19], the unidirectional amplification in whispering-gallery
cavity [20,21], the nonreciprocal phonon lasing in a coupled cavity sys-
tem composed of an optomechanical resonator and a spinning resonator
[22-24], and others [25-29]. The optical cavity plays an important role
in nonreciprocal amplification for its feedback effect, and atoms coupled
with the optical cavity are also a feasible regime [30]. However, it is
promising to explore more functions and applications by manipulating
nonreciprocal amplification in atomic system. The nonreciprocal am-
plification based on four-level hot atoms by exploiting atomic Doppler
shifts opens up a new avenue towards realistic devices based on nonre-
ciprocal amplification [31,32].

Recently, our two works have focused on studying nonreciprocal
reflection amplification in a uniform atomic medium, based on the spa-
tial symmetry breaking effect and skillfully designed coherent active
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Broadband unidirectional reflection amplification in a one-dimensional defective atomic lattice
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Assisted by the probe gain, we propose a scheme to realize the amplified unidirectional broadband reflection
in a one-dimensional defective atomic lattice. In this system, some lattice cells are intentionally designed to
prevent atom trapping and exhibit a periodic distribution, in order to break the spatial symmetry of light
propagation and form a well reflection band. While the filled lattice cells of 8’Rb atoms are driven into the
closed three-level A-type configuaration, which can realize the amplification of the probe field. By optimizing
parameters and reasonable settings, it is obvious that our scheme not only yields a flexible and adjustable
broadband unidirectional reflection amplification, but also has reduced the requirement for probe gain and greatly

shortened the length of defective atomic lattices.

DOLI: 10.1103/PhysRevA.110.063724

I. INTRODUCTION

The optical nonreciprocity refers to allowing the one di-
rection transmission or reflection and prohibits the opposite
direction, which can be used to design all optical diodes,
isolators, and other nonreciprocity devices [1-5]. Optical
nonreciprocal devices need to both transmit information in
the desired direction while isolating the backscattered noise.
Therefore, they play an important role in optimizing system
performance by suppressing undesired signal paths, noises,
and spurious modes [6-8]. However, every quantum system
inevitably interacts with its environment, and the quantum
properties e.g., coherence, entanglement, etc. could be lost. It
is an urgent demand to manipulate optical nonreciprocity am-
plification in photonic circuits, which can amplify the optical
signals and reducing noise.

In general, it is relatively easy that the nonreciprocal and
gain devices are performingtheir own function separately.
Thus, that the nonreciprocity and signal amplification are
realized in one device has been the central goal in many
works, with the increasingly high requirements of integrated
devices. In recent years, significant progress has been made
in the nonreciprocal, even unidirectional amplification of
a signal, including electromagnetic wave radiation, trans-
mission, and reflection in various specific physical systems
[9-11]. For example, the unidirectional signal amplification
is mainly achieved in silicon waveguides based on Bril-
louin scattering [12—-14], and it can also be realized by
adding non-Hermiticity into time-varying systems [15-17].
In addition, Josephson circuit [18,19], parity-time symmetric
structures [20-22], whispering-gallery microcavities [23,24],
fiber-guided system [25,26], and atomic ensembles [27,28]
are also the intensively studied fields in nonreciprocal am-
plification. Specifically, extensive research on nonreciprocal
amplification has been conducted on optomechanical sys-
tems [29-32]. For the transmission behavior of a weak signals
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can be enhanced significantly assisted by another strong con-
trol field [33-35], or a strong input field based on the nonlinear
interaction without introducing the additional strong control
field [36,37] based on optomechanical systems. The optical
cavity plays an important role in nonreciprocal amplification
for its feedback effect. Therefore, high-quality resonant cavi-
ties are needed. However, our recent works have achieved am-
plified unidirectional reflection in the coherent active atomic
system, based on a symmetry breaking caused by the spa-
tially linear variation of coupling fields [38—40]. Thus uniform
atomic schemes are able to be implemented in experiments.

Nonreciprocal amplification in a uniform atomic medium
requires a relatively strong gain, as there is no assistance
of optical cavity. However, one-dimensional (1D) atomic lat-
tices, like an optical cavity, can serve as a good distributed
feedback mechanism, in which the probe light can form
wide photonic bandgaps [41-46]. In addition, it has been
used to fabricate non-Hermitian optical materials satisfying
(anti-) parity-time symmetry [47-50] or spatial Kramers-
Kronig modulation [51], and achieve the manipulation of
optical nonreciprocity under appropriate modulation of stand-
ing wave fields. Recently, we found that the defects of
atomic lattices can disrupt the symmetry of probe light prop-
agation, which leads the nonreciprocity of left and right
reflections [52]. In further, under the specifically designed and
optimized parameters, a unidirectional photonic reflector can
be achieved in a defective atomic lattices, with all atoms in the
filled lattice cells driven into a three-level A type [53].

In this paper, we propose a well designed scheme to
achieve and modulate a unidirectional amplified broadband
reflection, utilizing the coherent driven three-level A-type
active atomic system for amplifying a week probe field, 1D
defective atomic lattices (DALSs) for destroying the symmetry
of left and right reflections, and provide a distributed feed-
back mechanism. To be more specific, the DAL we used was
comprised of both filled lattice cells (trapping atoms) and
vacant lattice cells (not trapping atoms), which is different
from the parity-time symmetry [47-50] and the spatial sym-
metry broken of probe susceptibility [38—40]. The symmetry

©2024 American Physical Society
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Abstract: It is important to elaborate on versatile strategies for achieving the perfect nonreciprocal
reflection amplification, which is the key technology of high-quality nonreciprocal photonic devices.
In this work, we ingeniously design a coherent four-level N-type atomic system to harness the
nonreciprocal light amplification, in which the uniform distribution of atoms is driven by two strong
coupling fields and a weak probe field. In our regime, the strength of the two control fields is designed
with linear variation along the x direction to destroy the spatial symmetry of the probe susceptibility,
leading to the nonreciprocity of the reflection. In particular, the closed-loop transitions to amplify
the probe field are due to the combined effect of the control fields and spontaneous emissions. The
numerical simulation indicates that the perfect nonreciprocal reflection amplification can be realized
and modulated by the appropriate settings of the control fields and the detuning, A.. Our results
will open a new route toward harnessing nonreciprocity, which can provide more convenience and
possibilities in experimental realization.

Keywords: nonreciprocal reflection amplification; spontaneous emission; symmetry breaking

1. Introduction

Reciprocal optical responses need to be broken if a source has to be isolated from
one side or is unwanted. Thus, nonreciprocal optical responses have been widely studied,
especially magnetic-free optical nonreciprocity for its potential applications in optical
communications and technology [1-5]. Optical diodes and chip isolators based on magnetic-
free optical nonreciprocity [6-9] do not need bulky magnets and are thus compatible with
integrated circuit technology [10,11]. A number of schemes based on different physical
principles have been proposed that avoid the need for the integration of magneto-optical
elements. For example, the nonreciprocal quantum optical system induced by the thermal
motion of atoms [12,13], the optomechanical system operating on a few photons or single-
photon bands in one-dimensional coupled-resonator optical waveguides [14-20], and
moving atomic lattices [21,22], even without broken parity or time-reversal symmetry
to demonstrate chirality, an asymmetric property widely found in nature [23]. Some of
the above schemes have been experimentally verified. In addition, most, though still far
from practical realization, include periodic structures with spatial asymmetry [24,25], a
parity-time (PT) symmetric or antisymmetric system with standing-wave coupling fields
based on time-reversal symmetry breaking [26-28]. Owing to the complex atom-light
coupling configuration, precise light-field arrangement in space, and many other factors,
the implementations of these schemes are confronted with significant challenges.

In order to avoid difficulties in most systems, research on optical nonreciprocity has
shifted toward uniform atomic systems. Recently, perfectly asymmetric reflection has
been achieved in a homogeneous continuous medium, with a refractive index of the plane
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Abstract: In order to achieve the tunable unidirectional reflection amplification in a uniform
atomic medium that is of vital importance to design high-quality nonreciprocal photonic devices,
we propose a coherent closed three-level A-type atomic system by applying a microwave field,
and a strong coupling field of linear variation along the x direction to control a probe field.
In our scheme, the linearly increased coupling field destroys the spatial symmetry of probe
susceptibility and effectively suppresses the reflection of one side; the microwave field constructs
closed loop transitions to amplify the probe field and causes phase changes. The numerical
simulation indicates that the unidirectional reflection amplification is sensitive to the relative
phase ¢ and the coupling detuning A.. Our results will open a new route toward harnessing
optical non-reciprocity, which can provide more convenience and possibilities in the experimental
realization.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

It is important to realize optical components that photons are only allowed to propagate in one
direction, namely non-reciprocal photonic device, similar to diodes in electronic information
science [1-4]. The magnetic-free optical diodes and chip isolators [5—7] controlling the flow of
light are of principal significance for information processing and quantum networks, because it
doesn’t need bulky magnets and is thus compatible with integrated circuit technology [8—10].
Versatile strategies have been Elaborated to achieve optical nonreciprocity, such as chiral quantum
optical systems by asymmetric coupling of atomic internal states [11-15], optomechanically
induced non-reciprocity on a few photon or even single-photon level has reported in theory and
experiment [16-21], even at room temperature [22]. A similar effect can also be investigated
in nonlinear regimes [23], giant-atom systems [24] or a chip by quantum squeezing one of two
coupled resonator modes [20]. In particular, the perfect non-reciprocity reflection (unidirectional
reflection) has been studied in a moving atomic lattice based on time reversal symmetry breaking
[25-27], or in a stationary atomic lattice with applying standing-wave coupling fields based on
parity-time (PT) symmetric or antisymmetric [28—30]. In addition, the unidirectional perfect
reflection or reflectionless have been guaranteed to occur in PT-symmetric system of double-lattice
photonic crystals or two-dimensional periodic structures [31,32].

The above physical systems have made significant progress in optical nonreciprocity photonic
device. However, high performance optical amplification is an essential functionality in integrated
photonic circuits. Therefore, harnessing non-reciprocial light amplification is more important,
which can simultaneously amplify the weak signal output by the quantum system and isolate
the sensitive quantum system from the backscattered external noise, and it is promising to
explore more functions and applications [33—-36]. Up to now, unidirectional amplification or
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Abstract: Control of unidirectional light propagation is of paramount importantance to optical
signal processing and optical communication. Especially, the amplified optical signal can isolate
noise well that may provide more applications. In this work, we propose a dynamically modulated
regime to realize unidirectional reflection amplification in a short and dense uniform atomic
medium, and all atoms are driven into four-level double-A type by two coupling fields with
linearly varied intensities along x direction and two weak probe fields. Based on four-wave mixing
resonance and the broken spatial symmetry, the complete nonreciprocal reflection (unidirectional
reflection) can be amplified with reflectivity more than 2.0, even to 6.0. In addition, the width,
height, and position of the unidirectional reflection bands can be tunable. Thus, our regime is
feasible and may inspire further applications in all-optical networks that require controllable
unidirectional light amplification.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical non-reciprocity is widely used to design novel photonic devices, such as all-optical
diodes and chip isolators [1,2], which can isolate noise, stabilize signals on integrated chips
and protection of sensitive laser equipment from unwanted reflections [3—6]. Efficient and
stable integrated chips are the key in quantum computing and information processing [7—11].
Therefore, it is of great significance to carry out research on non-reciprocal light propagation to
promote current quantum technology. The conventional route to optical nonreciprocity is mainly
based on the Faraday effect in magneto-optical medium [12-14], which leading to the materials’
permittivity becoming an asymmetric anisotropic tensor. However, the bulky magnets is always
required in order to achieve high external magnetic field, in addition, the inevitable loss inherent
to magneto-optical materials are also significant limiting factors, especially at optical frequencies.
Thus, the mechanism depending on magneto-optical Faraday effect to realize symmetry-breaking
effect is incompatible with integrated circuit technology.

Recent researches show that optical nonreciprocity of non-magnetic has made great progress.
In chiral quantum optical systems, nonreciprocity can be realized by asymmetric coupling of
atomic internal states [15—18]; Such a nonreciprocal light manipulation has achieve important
results in optomechanical systems, that on a few photon or even single-photon level [19-22]; It
has also been widely studied in nonlinear optical systems, e.g., a parity-time (PT) symmetric or
antisymmetric system as standing-wave coupling fields are applied in a one-dimensional atomic
lattice [23-25], or a moving atomic lattices which based on time reversal symmetry breaking
[26-28],even in the hot atom system with considering Doppler shifts [29]. It is then justified,
the above physical systems have made significant progress in studying optical nonreciprocity.
However, the challenge in these schemes is the requirement of precise modulation, including
achieving a balance of gain and loss within a single period, precisely arranging the spatial
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Abstract: Non-reciprocal reflections of optical signals are unusual yet fascinating to achieve
the imminent applications of non-reciprocal photonic devices and circuits. The complete
non-reciprocal reflection (unidirectional reflection) was recently found to be achievable in a
homogeneous medium, if the real and imaginary parts of the probe susceptibility satisfy the spatial
Kramers-Kronig (KK) relation. We propose a coherent four-level tripod model for realizing
dynamically tunable two-color non-reciprocal reflections by applying two control fields with
linearly modulated intensities. We found that, the unidirectional reflection can be obtained if the
non-reciprocal frequency regions are located in the electromagnetically induced transparency
(EIT) windows. This mechanism is to break the spatial symmetry by the spatial modulation
of susceptibility to induce unidirectional reflections, the real and imaginary parts of the probe
susceptibility are no longer required to satisfy the spatial KK relation.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the past few decades, progress has been made in the study of nonreciprocal optical propagation
in optical systems [1-5]. Especially in atomic systems, the non-reciprocal response have been
investigate theoretically and experimentally [6,7]. The momentum locking of susceptibility can
not only be generated by the random thermal motion of atoms to achieve a non-reciprocal optical
system and an irreversible transmission-light amplification based on the Doppler effect [8,9].
However, the non-reciprocal light propagation can also be realized by using the parity-time
(P-T) symmetric system combined with the one-dimensional (1D) atomic lattice and standing
wave [10—13], so that the incident light signal from one side in the medium is suppressed while
that on the other side is strengthened. Moreover, rapid progress has been made in designing
optical non-reciprocity, and it may also be achieved in optomechanical and optical cavity systems
[14-18]. In addition, an all-optical approach to achieve optical non-reciprocity on a chip has been
attempted by the quantum squeezing of two coupled resonator modes. This protocol creates a new
pathway to achieving integrable all-optical non-reciprocal devices, permitting chip-compatible
optical isolation and non-reciprocal quantum-information processing [19]. lately, the nontrivial
single-photon scattering properties of giant atoms has been investigated, which being an effective
platform to realize nonreciprocal and chial quantum optics [20].

Recently, it has been found that non-reciprocal optical propagation can also be realized in an
homogeneous medium, which requires that the refractive index, susceptibility or permittivity
of plane electromagnetic waves are complex analytic functions, their real and imaginary parts
satisfy the KK relation of spatial distribution [21-23]. The advantage of realizing unidirectional
light propagation based on the spatial KK relation is that, there is no strict requirement for the
incident-light angle, which is simpler and more controllable in experiments [24—28]. Furthermore,
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