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Abstract

ARAFAREEL B L ELHEH TAL

THESIS: On-chip photonic devices based on transformation optics and

topological photonics

SPECIALIZATION: Physics
POSTGRADUATE: Zhiwei Yan

MENTOR: Prof. Shaochun Li Prof. Hui Liu
Abstract

Introduced in 1969 by Miller, the concept of integrated photonics has played an
increasingly important role in optical communications, which are the keystone of
information technology in modern society. The rapidly growing demands for fast
information processing are driving the development of creating compact and efficient
optical devices. Over the last decade, transformation optics and topological photonics
have become two of the most active research topics in the field of optics. They offer
new design tools for on-chip photonic integration, which have made great
breakthroughs in both principle and experiment. On the one hand, transformation optics
provides a powerful method to manipulate light propagation by mapping the
distributions of permittivity and permeability based on the spatial coordinate
transformation. Transformation optics has brought about myriad novel optical devices,
such as invisibility cloaks, “black hole” absorbers and waveguide lens. On the other
hand, topological photonics exploits geometrical and topological ideas to design and
control the behavior of light, leading to remarkable photonic devices robust against
scattering losses and disorder. In this thesis, we design some useful devices on optical
chips using transformation optics and topological photonics, and explore the

corresponding interesting physical effects, including nanofocusing, broadband
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wavelength conversion and rotated Weyl physics. The main content include:

1. We utilize transformation optics to realize a one-dimensional surface plasmon
polaritons “ black hole ” and demonstrate experimentally the achievement of
nanofocusing of surface plasmon polaritons. By placing a silver microwire on the
surface of a silver film, we fabricated a gradually-varying Metal-Insulator-Metal
waveguide. The effective refractive index of the waveguide increases as the thickness
of air decreases. It is subtle that this waveguide naturally establishes a precise inverse
square law refractive index profile which corresponds to a one-dimensional metric of a
gravitational object. Both analytical theory and full-wave numerical simulations
demonstrate a good performance of nanofocusing. In our experiment, an obvious
nanofocusing effect was observed. In the simulations, we also find an enhancement of

nonlinear optical process if filling the dielectric layer with nonlinear optical materials.

2. We investigate a new design method to broaden the bandwidth of four-wave mixing.
We transform the curved silicon-on-insulator (SOI) waveguide in the physical space
into a straight waveguide in the virtual space through a logarithmic conformal
transformation, so that the properties of the curved waveguide can be analyzed more
conveniently. In the simulations, we find that SOI waveguides with different bending
radii support different propagation constants. We find that bending can change the
group velocity dispersion of the waveguide and apply it to control the bandwidth of the
four-wave mixing. We design SOI waveguides with gradually-varying bending radii. A
gradual acceleration is defined. It is theoretically found that the greater the acceleration,
the broader the bandwidth of the four-wave mixing. Therefore, we can arbitrarily
manipulate the bandwidth of four-wave mixing by changing the gradual acceleration of
the curved waveguide, which is promise for supercontinuum generation and quantum

information processing.

3. We propose an experimental study exploring synthetic rotated Weyl physics based
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on quaternary waveguide arrays (QWAs) on an lithium niobate-on-insulator (LNOI)
chip. By incorporating two geometric parameters of QWAs with the Bloch wave vector,
we study the interesting rotated Weyl physics in the three-dimensional parameter space
based on a simple one-dimensional structure. Unlike traditional Weyl points in
condensed matters, photonic crystals, and metamaterials, our system can hold a single
Weyl point. Moreover, we construct arbitrary interface between two independent Weyl
structures for the first time. The interface can either host gapless topological interface
states (TISs) or not, depending on the relative rotational directions of the two Weyl
structures. If the two Weyl structures rotate in the opposite directions, two types of
topological interface states arise. Otherwise, if the two Weyl structures rotate in the
same direction, only trivial interface state can exist. In experiments, we designed and
fabricated spliced QWAs on an LNOI chip, and observed the TISs through linear and

nonlinear optical measurements.

Key Words: Transformation optics; Topological photonics; Nano-focusing; Four-

wave mixing; Synthetic dimension; Topological interface state
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R (R0 25 T (R PEARE bS8 T R B R AR A A AS, Wl 1.5 (D), JEHTER
JEAERY SR R, TR IIBEST, B R . AR #4450 m DL
TR e 3RIEH  IEBE[50-52].2008 4, FRMFH[S3]H FH AR # b 2% 52 T % PEC
FAE PR BETE . 2010 4, Du 25 A\[54] $& @t @ sk PEC B briHk
SRR A AT EAR . 2017 4F, BATRBLA[SSIEET e FEHIN LB
e (K 1.6 (a)), H{E T Mikaelian B8 TN BT, S 7RI A RED)
Bt (B 1.6 (b)), o TRAYCE RIS RN TR n . 2018 4, AREA KT
I AR A1 I3 3 R ST IR e 39T SR O SR A B e [56], Wl 1.6 (o)
BEAN, ARSI T T G SR AR B [57-59], 1% R LI BV HT[60, 617, 1L
R LRI 58 FfEST62, 6314 .

(@)

Norli Electric Field 1 -1 Normalized Electric Field 1 o~

Normalized PowerFlow 1 0 Normalized Power Flow 1 -0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 z[m] -0.6-0.4-0.2 0.0 0.2 0.4 06 o.sz[miz'o

K 1.5 (a) LD HREE(48]. IEAS MBSO N EIRer TR RIRCR . (b) &
Bt HITE S DR SE AY H AR [49]
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Experiment

Numerical

7 97 290

K 1.6 (a)e EEMIIEABOREE[55]. (b)JCH AT E B sin B gL AEHR[55]. (c) i
AR T ST R T RS N G R 1 AL [56]

BEE N L BRI 25 , 22 ot o SRR 25 G vl B B RGas AR i) et
TN T TEBREITE 77, AENATTR LRI04 45 A2 R AT R 2 1 A R

122 ALERBOE T Bt

ITEEAER, RO T HEAEIGEAE . AR TR TR A R R
IR, IR B RE R 3 PR IR L R G I AR AR . SO T4 R FEAEIR KRS
JZ BRI BES A BB nT S DG n PR E AR RAE - BU A b AT
HIT T (31 8J AfE AR B 2R TH I S R ShRE T, 42 S REWE T8RO T8 A

EWE? EREHEM.

2012 4, Wu ZE[64]52 ) 7 ETAFOCER LR T O 8. EHZ
NSO AR, BRDCRMER. Bl A2 R L A RIS
o BRG] A ) AR 1 AR LT AR A R DA AR AR L, SRR A
A B 22618y BE 8 B m RO se Bl O IUAE 5 S0 B8 X = i) e o A A EE
AR, B T A IR AR . M ATHESE AR HO A (153,
THART B T 4E A, DR BT 1 A6 7 8 fF A O BT o ANFF—
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FRIFTR A S AR o' 2 v, #EL TR AR 3 i 75 (AR RS B JERE TR (R A B AT
—J7 A ORISR AE R I T2 ok, Blanfe4a 2k mE (SO &I ThALIREE .
Ty J7 RS BEARA0RE,  RERSAE S 58 (0 56 N AR, I sl fe .

Pump Light

. . TO Waveguide Coupler
TOLight Collmatar Polarization Splitter

TO Waveguide

Crossin
9 Photodetector

K 1.7 WSROt Ao R S BOL T8 s K [64]

el 1.8 ()7, BT MEELARX SRS, WlRE R A0, 2 18] A 5 [ [X sk
AR RSB A (R AR TR AR, RS TRV B 90 il 1 W) B RN B2k, 43T i
JBUELAE R UL 2 8] A (5] s S 20 A LS (R A B 2 ) sl At R0 PR IR PR 3 A9
M RE A ELES VR o ZEESEBLZFERIRBOR, Pl M ASHOL A RMEAT 75 24K
i A% 1) S PEAARE, R AR B AR SRR I BRI HES S AR e it T
CICREATBHR 2 ) S PR R B e Ik, R 7 ZEAS I 0 R AR AT, dnls] 1.8 (b))
N SR (a) AT HE ELAS BT R BT R oK E T QB B 1 /A A
IE
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(a) Virtual Space
i ;%} ..
i PR it
W g
(N
S
* QCTO + )
EEESI : S
u gﬂl:\“ = ‘ty
T ﬂgl s»:,‘;ﬁtg 0.4 0.4 I~
H H ST -1-05 0 05 1 -1-05 0 05 1
- T S —
Physical Space 0.5 1 15 0 1 2

B 1.8 (a) i v 3L AR 4K R 0025 1) PO RS [X 3303 45 pe P B 2 ) AR R TG DX, T30 ST
FREZBL. K IR AR O, ARV B A R REWS & R A IR AT . (b) KB (a) I
A IHE ELE T 7 3T B Rk T

WRAEIX AT et AU T HEELAS, APRG T M T B R N IE RIS .
W 1.9 ()ffrs, 8O LF50A SO, B s 98% ) BE i LIl I #E H.45 1%
FRPCTT, SRR RS RIS SR ARARE ARG B 1.9 (b) REEAF
LB IR as, SRS G A T BRI B S A BT F), KRR T AR
BOLA A W s T D9 5% RENE K 7 I 58 O i A\ T8 3 FELIR) DI 5 SR UL e 1 4 1) 4
A 3 B B 1.9 ()2 T Hoas, REUE R A\ 3 i Th 3T 1 7 B = A
Bt . ARSI RCEE Y B AR BT I, AR BRI A
98 A BR AR, 1 e AR R T 0 oA AR SR A T R T AR AT
TEHBTILE, fefr ot ieimmanfottha, LRGN, FF 5 T 5AFER
Sy ANFETT A BB SR, IO R K22 B 5 BOL T AR R S N
o
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(a) (b)

Refractive Index

TO Collimator I

35
e 3
25

2
15

x-~° 1

-5 0 5 10 15
j 5 X (um)
1

Waveguide Coupler

Waveguides

45 10 -5 0 5 10 15
x (um)

L 08

0.6

0.4 e

Y (um)
2 o o &

0.2 2

45 10 5 0 5 10 15
X (um)

-
= o

2012 4, Lipson 55 N[65RIE 1 Jk A2 el = (R I [a] £ 0025 5
fiftk 1A HCS P IR R . — ROk U, i T B A U A Y
ORBC, AR 88 AR oA VR 2 HAbAR K, TR 1 1 3 3 Pl SCRF RO B =R o
Jli7s Lipson SR HIKEEBEGHANN T ki RET AL I 7 (), A BEDRSF Hi
N R AT, i BRI S TR L0 0((c))o IR 30 1R 25 i
SR, F AN I RIS 2 s AR e ANOBCE TR, T A AR 2
AR R, Rk TIEIERH O, ()R,
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B 110 BT AR AR B 028 # F[65] - (a) SEM M A . (b) i = il
S S8 N TR R iR, AR A B (o) e a ik S AN
BefR e N it HASR G R 3 LR 0.

2018 4F, MMl SE A [6615C T — il FH i 22 B S 2e X aeth, anlEl 1.11
()FT7R, %45 B 22 50 IR IE B R 3 e, SEI T 5 SR U AR A5 72
(1A, A R R e S AL A AR 2, 6 i A Vi B 9 B RE R AR .
B TAE (B 111 (c)), ASEIEERSE . KRR L2 HAEE R4
BT TS TR E B R X RS, BRI R S E, S ECCR
s TR A, R T R EEREE 1.11 (b))

.
%,g ZIN

thickness profile ) \él

’c
d

y (um)
bbhbonsoo-

y (um)
bhhbonmaam

y (um)
bbbbonso o
\% 3
F 3
$-—
/ﬁ\
2 = 4

=y =
16»\/ \‘/\/c 16 16,\\/\/ \/\/c
8 - _8
>8 T[> >8 T
16 16 -6

16 8 0 8 16 168 0 8 16 168 0 8 16
x (Hm) x (4m)

-1.0 -06 -02 02 06 10

B BT AR S A AR ) B I A 22 B0 7 S AR GE[66]- (a) Jr: M it
HRAZTE M0 4 22 A 22 30 70 SR B LA 4% e e REER IR AR B0 Ao (b) 38
PP A X ARGV R BRI R I (o) 2R AT A R GUR AT 72 R R )
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Jr AT R Pt

PR HO A RO A BT IR e TARSEIL R, fE0LEMs. it
FAMERE YU E T Z N« AR B A 8158 ARG MR 78 70 R HL
HEZ S DG AR AR SO T RGN A JE . BR 1 AEPERE BT ERTT, Aot
B DC A A 3 B TRV RS AL BEIB SR B T A ISR IS » 2010 45,
SRAIZEN[OTIEL =S 7 — N EFOL A A S 2 I RER) T 5

123 HE SUHRHE R

2015 4F, LIGO 5l /WM as & DM 2 1 51 J1ds5, 2017 4F,
Rainer Weiss #(#% . Barry C. Barish (3% Kip S. Thorne #{#5 tA “ R I 5| 73 ”
PG DURYIE 22, 2019 4F, FA A B s 1 sk EE sk BRI XL
PR SR NHRET AL, EATTTCSHE S T 52 DR T 4E ™ SR 8 TE A 14 (9 48 E
J7SCHA IR R TS T OGAE S i 2 L il R, 6 4R e S OE R E T
AT A AR S5Ok, Eddington X283 A BH BRI AR ek AE %
R SGIESE J HTE (RIS AR A4 e a0 SRAE AR Ja) Bl DX S 78 5 3 R 5 o
757 B 25 ] vt i) LA B[R] RE A RUR [68] - Gordon 4525 2 HH 7 5 S8 A I A 7545 )
T AR BE R, IF HARE] 7 1 F R S B OG  EERL[69]. TR K
Plebanski[ 7018 78 1 51 /13 1 AR (AL #1591 25 il IR 23 (10 S5 BOAR ) 56 &R -

J-g9 Yo;

e=p=—3"g" y=—¢; —> (4.10)

g 00 00
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(a) LIGO - A GIGANTIC INTERFEROMETER

(b)

K 1.12  (a) LIGO 5] 73 28 FHE A . (b) 440 A BE it B 411 55 21 1 BRI R A

X A] DA A2~ L 8] A R] AR SR — AN AR — e R R AR it
2R AT . 1971 4, de Felice[71182H T % T BRI/ B S LA AL
2006 4, Leonhardt A Philbin[72]i#F— B4 H 1B SURXS B TH BT 7Y B il i
BHOFL S, @Bt 5 SO IR 2 B R . F ARt AL SCAH X
W, MR TR R E SR I AR FE A« AR AR

0, = 2 g
“ ok X

4.11)

RIGRI AR 0EFEIIG A RIS R b, THAEA A OLE i
A R B 1R Y5 B PR R SRR R FE B 25 2

MO R, NTTERDE . S B T -5 I Tk, ¥r2) U
XF 1 X DO £ 222 B 28 N ' S A RS DL S, B0 4R TR [73-78],  HT
[79-81], T KIERIE[S2], FH ZAK[83], 2% R T IR[84], F=HT 72 I FH Fh R A[85],
51 141586, 871, HEVGHEA MI[88])54%. filtn, XtTELH 2019 A PAHIRRIM
SR, FLEE 2 AT O A 1R 2 238 F AR 2 (1 D7 VA AE 52060 =5 (1 PR B Hh A
PRI T Hisk. 2009 4E, Genov HPA[74]#1 Narimanov H{PA[75]% BT 42 H T
R FH 5 [ (R P R R AR B SRR R B T AR . 2010 4F, R RS B R4l
(7718 F BT N L4 B FF FUPR IR A8 A A RL S T fipk e B 1) BRI R . 2013
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F, BATREAT8ITEN TG S RNGIER, & MR TK ST 15 2 SR
AT A0 (B 1,13 (a) BiiidR), 55— IRAESEE B SEEL 1 n] WG B 2R
Jeor, Wl 1.13 (@) FEBRPTR, R EETHE “ B EHEAR. 2016 4,
BT AR A SR R, BATTURZH R FH AN [ RO 477 5565 286 3 A SEII T 5% 5% DR 4 H 30 R
FIRAN84]. 1Bl 1.13 (b) Bt s, RAKH OGS 7iE s 5] S =N
R, (ERE R G E IR 2EODCIR, RRER T 985 mOBE KR IR O
W Wi RAREFC BMBANE R . 2018 4, AT RLL[8S /AN BT T F14%
BOoCHE S PR B TR LT SR T 6T SO 1 v I 5 R R T L
BEfrASEal, il 1.13 (o), JAEL I IE 3k AR B BT I 2 2 AV SR A i 9 A [+
iONITETIIE
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1.13  (a) W WOBIRB 22 IR 78]. b WA TR S5 BETE: F: S2I6 ESeEl
SGT IR (b) ZRUHA N84, . FHWHIHIAI S, . 236 EH#A 6K
SR AL 2 RIS o (c) i SR = 1 5% I 556 DL K AT B X EL[85] .

2011 4F, Smolyaninov[82]18 Bl T XU KL, FIFH L op—AN i A UH By
B, ALK S IA) AR A VR I TR, AT 7E = 48 19 [ B 2 oSS0t R (R R 247
T B THRRER I A S H 0 A, AR M TSR 6 TS B T T KR M DL A Y,
WK 1.14 ()ffi7~. 2012 4E, Smolyaninov[83 K IR AL f# y— MBI T 5 I ik
Y, U AR A S H o A, FESEE BRIl T K R
& 1.14 (b)Ff7m. 2015 4, Segev 1 Bekenstein 25 A\ [871KF AE £t A Jofi v i At
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FIE R
EIEIF RO EEE, W AR Airy B2 E R 5] T2 1]
PIFHEAER, B T 5| J0id&ss, Wiy JIUA R 5| TSI S, K 1.14 (c)
Fr7R o

(C) Simulated and sketched trajectories

oY

weaq 8ujesa)@d

uoy|os
weaq Fuijeis|adoe Jeaur

v

r\mflanon

' big bang”

Escaping the soliton

toy “big bang”

B 114 (a) FASCHEADRESE A 5 8 KRBT BAS A AR dh R A 2K 1 [82]

(b) A XU R AT RS 5 H AR Br BAR R R e R A S2 RS [83]. () SII40#%

RDGARAN87]. b JRBURER. sBeW (“A7) MInEE AR MEN B H3) )5

g ORHD VLEBEITARZMEN BRI R (THED; R Sei EXG R A 3 A%
AR -

B EMBRESLEL L8] SCHXHE T s B AL 3T 36 5 5K, (B E Prg 2 iy
AL LA BRI 25| J1 B AR K, AR DA A2 i PR3 3 2 K
B 02 TR A2 TR I SR P BR 0 7 BROMIAT N, 1034 7
MLFBTE ) 51 7330 BEI, TG 52 1) R R N AR B AU SCH X IR RE /14T
P - PN

2008 4=, Batz il Peschel[89]HIE T MW AL IE iR . Fm i R
W R R T B S B E EAAT A, BEE 1 R 283 i e fr A e 22
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fitie 2010 4, MAIIFESRES B ALEE 2 sRTE IE v th 4 i BRTED b SR AR BARAT 5 4
P&, AR S T % 1) S )y HOhiE AR [90]. 2015 4, AATRTFST T il -
1) HBT 5258, K% 1 M3 A TR [91]. 2017 4F, Segev PRAIL1[92]
£ Schwarzschild FEAE TR Flamm #4711 UL 30 & s A8 6 AR 27 3
Fo 2018 4, ARATTCHRE T Inid e G /E H T B REAK[93]. L, AMTRIL,
FE T E AL BRI S5 8O AE —ANRRE (10725 il i 2 AL B

FE) TR R RS SRS 18 RIORE Ff G — T vk AR A e FE RN [ B
VU 2B 2 A5 31 7 425 1B, )4~ T 6 R N 80 v, DSt ot T A 11
)5 2 (R SRARRL ST T 1 AR R 5025 i 2 18] o 2020 4E, FRATER L [94] 1 7T %5 ik
[¥] MT (Morris-Thorne) HURBERN, BTNHIME T AT 28 Bk SO 4 i S RF o, Wl
1.15 ()AL AT, B B0 LR S 45 7 A, B g AR, A2 R
N FTR LR MT S B e N . B 115 (b), A — SRR 28 A0
N OSSR T, SRR R IR, A DA R T AR S
WItH 8, HETEANIREER, SRS EITFRRE, w51 SURXHEH
WA IR R K . [FAE, AR [9S]TE 2 SR ek 5 Hh e i Y A (1 VB AL HIE B
7 i A S K Y FRW (Friedmann-Robertson-Walker) I 4% HH 004,
W 115 ()i AREm BB, WK 115 (dFSEsas R, AGHOGHEdEA
23 T O 9 S U % 3 I ) 1860, AR I RBL 17 MR 5 v e B i
k.
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Bl 1,15 (a) MT HRHR N BRI B IR BT AR AR [94] . (b) 6o 2 Bk HU] (g I o 28 P
FISZIGHE F[94]. (o) AL 5 BEAK A e i oh T A 5 A 1o AN S il = S S B E[95]. (d)
NI S 6 BE[95]

BT B WA S SRR, B MERRE I TR T
M. 2008 4, Philbin A Leonhardt[9614! F Y21 A A iR (K 58 /R B ME, VEN—TR
50 e AR (P R R Bk o A SR HT S 3, T ) — ARSI (R S G R DRI, 55
FEZ B T IR RS RGN, RIS T kb e LB, BEP= AR T — ANt
WK 1.16 (a) Fas. AATETTE] 7S GE AL MRS, Bb TR R I &
GATIEE SRR . 2019 4F, fbATHRIE T 5 T UL A sSeib il 245 1, RILTES
FESTEYE[97]. bR T TFBL, 2019 4, Steinhauer AR [98]7E B (11-%2
PRITHEER (& (BEC) AR I IR ELMINE] T E 45, JFHIE T ESRE.
BEHT, A 7R AR R IR SRR AT HIARIE[99]. 2019 4F, AUREAL[100]13 T-#7
AR S RESR R, SIS B AL SR B SRR TR IR AT A R AR A
WAL, SERBTHINE] 116 (b)fias. FESEE T, W I BRI SO - I B I v A
PRTAEF BN 22 P R AG o UL, B0 T IR A AE R 5 B A B 2R B9 308 43I AR s 7
A, BLEAGERAE, XL TR R Txt, BA IEREE 1T ki T
ke, T fRE RO AL R AR, RIS E SRR AR EARLL, e A
U B 551 1A R E TN W 1.16 (o) fTn.
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@ ®) 4

_‘Exﬁhedpﬂsmon

B 1.16 (a) FEARLMESEET IRk BEBOE A A AL I 202 . TR B [96] -

(b) TEMAP T REHI AR R T IR 7 A2 B TR e TE, B R R i g

SR RN 1 B FE I B M R rh B3R Y OR[100] 6 (c) LSBT 501U A0 B SR R P
gy, AT FEAL, EAEZFEANF[100].

XBEIRATRANA TR T E— N, BFIRZ D SZEEW L.
B, HEREARHOESE[101, 102], JEJE KA HOG2[103, 104], 25 AR
JEE[25, 105)%55 . X BEAFHKIR,

1.3 FREMEFEFEE T

ANE T HA R A2 SO, A AR RORR AL DI R B AR A
Vo FANAAR R — DA RIESI AR & . B, X TAR R RN
1 A& e b i S A =4k, #RATLOE g (genus) ZERRAE, g AILAFEAR
SRR AL AT T R b, — BRI g 8 0, —AMEPR g N 1. X
PN PR A B 388 3 3 A8 A e i D AR 1, BIVAE ) AR A 1) 52 B P e 0 SR 220
J B — LA RAE BN LIA, XTI R B S AN R B R R T AL

25



F1E

R, AMIRZ #EFMEZE (topological phase transitions). Gauss-Bonnet &
BAR W, R g v DUE e 1R LA JE EATR &R, BlaE o B R i B R
IR AR AR B AEHCEET, g AT LIS X B P T s S
AT A E]

JERNATRIL, £ T, SIS B T RIR 3 A 393 & AR R i) e

ZERE o IXAMEDLR , ABLELREF R GERIARIEANAL HAS & B B AR 2 S
AR, T3 B0 B A B FHTOT R AR O3 AR . X T Al B AR b
IR RL, EAZ IR L T 2R 2 SCRF R AR A 5 L A RF IR TE IR B A ) B A - X
S BRASAE e R B R B, R SRR R SR, B 2 H
Ko IXPARBI FN A T35 2 TR ) B R OC R AR Z NAKR-11 K A& (bulk-boundary

correspondence).

Vi R G 4E FEAE S SN VE R 73 28 B EEER] . il 1.17 ki
W, MR SAAET 1 RGN R, 2 ERGNIAE, B3 3 RS
Rif. BH, D NYERTANEEERA N 4ERESM (N-1) 4EfiL 535, B
an, 1 YESR AN GARHIL TR IRAE RS 0 ZER A, 2 ARSI GAR A SR 1
Yer, 3 YRR INEGAR AL TSR 2 dER TS .
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(N-1)D topological states

1D 2D 3D
edge states surface states
0D localized
1D propagating

2D conducting surfaces

Higher-order topological states

corner states hinge states

\”

L

B 117 AFEEEE TR 251061, FRRIRINESAAIE RN 405, (ERAEHILS L
R B TR BRI ELS AT T o SN GAR BRI B AN

BRI RN 1980 FFRILAIE T /RM, & LR R R S8R
BB 2 4k R GErR, Lkt T 3mBE TR [107]. %R MR8 Bt S 450 (Chern
number)[108]. & T E /R RGN INL TS IBNFIEL AL, WEL AR
Feff, RSB0 . 2005 4E, Kane A1 Mele KRB T — R 1] S 38 %R
Ve B A R BE-BUE AR AR A 2R Ads, BRZ v E IEE /RAH[109]. E—
i 5 2\ Kane-Mele f84m, #24 TH WA RFE/RM, Hri Blem L s+
AE TE ] T AR LT AR, RS2 B S R S5 RO o RN ) BB R A AR X A &
GIEMRECN 0, (HRAE LM EEM EEMEC™ =(C, -C,)/2. &1

BEIR ARG R 5 IR A RES, WA RN e, R NIBELRES, [
Pt 1 BURHR G A, SE I TR SO R AR o JE R AT B 3 1 Zo 4R 40
HORFAEHARAMER . BiJG 2006 4F, &7 HEE /KM HKE RS AERE TR
JiR &S sEHi[110, 1117,
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BT HBEE R IO T NI AN AR 2 1% Bh)E, ATk
L7 B A PO AREAIAS R 4 B Fh 4 A R [112] 0 S0 3N AR A7 7 T T YT 1
ARG, HFFALET Floquet BEMFAEH, Horp (B A B 1) SR 50 o 301 £k
FEAAR, AR T — AL o IR IIRIR N, w] DU S 15520 Floquet
W& B R IR Floquet AEAFASHI[113, 1140 T 4 IRBNSNAEARET, 23 Hy B S K
ARG FIRIMAT115],  HSZRr 0 R QR AR SR 40 Fh 2 AR 116]

I, MNIURILT —FEF B A il AN Z AR 1171 A5
RN ZR AR, —A n INAZAASCRE (N-n) 45T RS L LRI . 4
an, fE 3 AT, CEr R INEGAREANFRIR I B 1 4EEEE B R TR BRI
WIS, M =Mrndh ik RAEE 0 4E0M ECRF RIS, i 1.17
NHEARFTR .

X WAPRE S0 A S AR I i 2R sk, ATTARHS 1 S R T 58 KB
R P73 I 1] S s SR ) R 0 (it AN 7 BSURS TRL IR i) ) RN ) s 388 ORA5 11 21
gt (AN EAM It B T 6D o Wl 1,18 o, KRS XU ARE L 14
&, BRI TC BRI S, e Ry, WL A
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Topological order for photons
Broken TR symmetry Preserved TR symmetry

Unidirectional

Spin-polarized
edge state dge

edge states

Frequency
Frequency

Bulk modes Bulk modes

Wavevector Wavevector

® Field duality (QSHE)
® Spatial symmetry (VHE)
# Spatial modulation

* Magneto-optics (QHE)
¢ Temporal modulation

Bl 118 2 4RI T R TI 2 2 98, I 1] S A R PR AT R ARR IR ) S R R 1 R o

KL EFE R RGNS AK F T B e B T Sn AR ST, DLFT A i J]
SIEX R, 2008 4F, Raghu A1 Haldane $2 i 738118, 119]. 2009 4, Wang
SN T URAE i U B3 R P @ s 7 AR SIE T P 3 S T R 1) T U A
[120]. KT, H Mk LUK REEADRIEE BIZE DG 7 [B1#%, DR LE AR g AR
59, IXFIVEME LT BB FECE R AT |2 ik % T ORFF AN ) S 38
X 5, CAdT &R asell, mpSHEI[121, 122], #ME1EIRE[123],
JGT ERAR[124], EEAEI125]555%, a0ffrs. flln, Rechtsman 55 A[121]3 T i3 iE
(13 5 FE A S T A Floquet FhAha 2% i, BRI 5 A8 B e IR A 450
RIS G A AR R, ST — Y. B, XA RGRRT 2 4ElF/R
FERE) BRI (8] ARG o (EASE R, I 5 BB AR 5 2 ORFF I 1] SR R IE T,
11745 50 3 B A e T AE U B 5 AR 3R (1 7 1) o 53— AN AT RV i) 7 22 2
i1 Hafazi & tH I £0AM B (1.55 pm) KRS HIEIEIRIE[123, 126]. KB
VR s 0 SR 187 (R DU e T o 4 RO, M T B 1 b B o T AN ]
JERR K BhRA 0T LS| N E EAH TS ) X B R GUAR B A2 6 AL I ) e Jsi ke
PRV, WA I 5 BT 25 BRI W i £, BT — AN E T HIRE R
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o BAN, WA V2 HABK LB 7 A IRE /KRG RS, A& R ERE T
o R CHIRE RS & 25 L B BB AR AR DD [127, 128], T ARMOG T S iA-F AR )
WA ER R AR R AL AR [129-137], HLT[RIEK[138, 139], X% [ P dh A4
[125, 14014545,

Topological photonic structures

Gyromagnetic crystal Helical waveguides

K 1.19 SMnieT RS

LA I FEFRNEAREE

BT S 4RI, VIR R G 48 BEAE ¥ FMH B PR ORI 73 28 b ke A SR,
M4k RS RETT R E BB SR, BRI e, AR I M R R
LA B AT RESE T IA RRLESS M d S 4 R Gl ? B =2 H E M.
iR, BEFREANTTIN T A AL RS INES, DASEA LA 4E FE XT3 R 4 ) BRI 141,
142].

—MABBLT, —ANIELR G YERE N T B S T R URT4ERE, Biltn 0 4E1
JIE[143, 144]. 1 4ER3E T [145] 2 4ERDGTaiAR[146]. 3 4ERER EI[147, 148]5%
o GRUYERE, RAEJRARK LA A E BN NI LERE . AE—A D 4ER L4k RS
I d DG RRYERE, BLRER A D+ 4ER)A R AL, BRI RS5O — > D+
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WILR[35-40]. 2011 4F, FRIAFURALH[4 115 F A R G ARAE 1 4 J8 FEE 2 T 1
FUZEWIERE, SEH 745 530 Luneburg % %%, WK 2.2 (a)ffiw, L2sfheet
R FE I SPPs RAEZNEHE I — i b (B 2.2 (b)), SEBMEBIFERI AR R A5 b b,
At A T B B A e I A B OT A A G H Y R AR B i ) [
FE[42-45]. WK 2.2 (c)Fi7n, Pendry[451F] LI AR ¥, K TE IR KA &)@ AR AR
Bl A BRANEE BTG . AR I A B REAR, BATH AR 7 AL R
BeZER T, BT SCRRIN SPP AR S AE [ 7 3 mUAL PRI A B 220 1%, AR 8 ST AU
ek, AWK RER (B 2.2 (¢). BT ILRAR MG (R AR S o2 4 i
RFPE, AR5 5 R 7 e 451 e 2k R R TEBR K RS8R 1 S OGS R, Sl T
ARG B Y A 3R o F SERR N TIX Se 3 e 5 0 A IR Bk . B T X LA
SR BISE BT O AT, AR AR #OG 2 IR W — Sy D 7 48
P AL 5| D7 AR Rk BIWCEE LI H I[46-51]. A1, £ FRIXEE R g,
ELE S0 = PO T AT PR A (A BB AE DG AR K T S R I
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RIEADEE, AR BRI S Tk

5 D=g'/(a+d) D, =§’/a
=i

T
/ / 0
tric field uniform electric’field

K 22 (a) Z5E0T Luneburg iB45 1) SEM [ [41]. (b)FF SPPs 5 525 BT
Luneburg &4 5 — A _E A SZIGARN[41]. (0)i@ it L AR Hoks To R A 45 B T ik 248 A
A IRKNEIA A 75 57 S5 [45].  (d) ZBH)5 I3 57 LA B I 5R A U [45].

uniform el

0
x'D

FEARE, RAVESLR ESLHl | — Mot oKk RESF R R E. BT
REARWOK 2T AR R AR, ATIE T —FheJE-A5 k- Rs, €
SCRFIEIBE R I SE BT (GSPP) AR, B3 B2 ML, e Rk it vl LA
T GSPP LA R i 3 AU IS, IX Al GSPP I 7 R AR A K T
J7 S EERIT S 23 o A s %00 A 5 51 T3 RAR B — 4R AR B A 13 I #EAe 73 A
DL a P BUE AU AR UE W] % S AF UK R AR I R A PERE . AERATHI IR+, B
S22 T IR RO

2.2 BEE#TER GSPP K 3%it

B 2.3 Eon 7 AT GSPP I S 45 ¥ . EIN T e, AT SerE Sio2
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2T ARSI A RS BT AR A
A g T ERPENBRTE (PMMA) B, BRP B2 T mE T PBS
B, BTREEE—E PMMA B, K2 500nm J%. fE/5, FRAE PMMA &
(R T S A W B - — ) 80 nm JE MR . AAGTRATIE— IR E AR 25 pum.
K2 2 mm PERGOR R TERE A AR BT . 2 )5, FRATHIUR 4 Ha B (FEI
Dual Beam HELIOS NANOLAB 6001) [ EE T (FIB) fEARE b 5EUT 4R 2 I
UEIRPAT TARR AT [ O Z0 bl R 390 750nm . FOAE & 6, 6 P A R 16 A B3
ZHN30keV, 80 pA. 2.4 B/~ T GSPP I T HIFIH T BB (SEM) & Fs
Jet y T A B 30 pm, x T RIESEEZI0Y 12 pme 7R x J7FLE, S0 S
ez it Z Tl B 52 30um.

Kl 23 JREEHIAZN GSPP T
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K 2.4 GSPP I SHAM BT EMERA

anitt, AT AR AR AR T ] - ARAR R, AAROR . AR L e
ISR =F IR T AN EEHAL B GSPP 3, WAl 2.3 A7 AR A i 14
Fizse ATBURIL, S5 ARE MR MR s i, PR IRNR 2 SR B R AR 2
PSRRI GSPP AT Raf i R th = Kk AR ARAE

T2 5 b AE75 6] B B i s (R BE S x 048, XX A~ GSPP K34
TSR AR 22 se W 5 7 FRAS AN B — AN e A fpT s . SR, S T s L, AT
A DAE— AN E 0 x AL B ESRAR, 2B EE b2 e R, B GSPP KR
ZER T LU AE R — AN B G B - A AR - S B M LT 4544 . DRk, FRATT AT BLR A%
HIEFIE AT %5 GSPP S b x (T EMGAHBOCR. XH, BITAHEERS
X AR SPP A [52], H AR RWIR:

h 2_k2 2_k2
tanh VP~ 4L (S Kot =0, (5.1)
2 8m\jﬂ2_k02‘9d

Hrr, p it GSPP HIMEREHHL edm 2SR (BJR) BIMHERL ko= olc ZH
TR K. XHE, LATRM Drude Ok £ & 1 A o E %,

&, =g +ig! :5—a)§/(a)2 +ia)a)T), Horprg! el 4399 A& A B i B S A 5

wp=9.1 eV BB TR, w.=0.021 eV &MGERK[53]. X8, NEERLT
/—::\4’ Ed&?'\j 10
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SEMR N, GSPP WAL IEHHEE =32 EE b (NI N GSPP A 84T
W nett 5E SUN netr= plko, FRATERE 2.6 Hhim H T & 2 9% KN 785nm W ness B2
SIZEE h BENRR, TESZEE /N, new K, BEE AT 0, ner
Bl T 55 K. teah, AT E 7 REE RSy 785nm fE LT GSPP HIHF# &
ve FIAHIRE v, IR/, BN SZEE b R RIE 2.6 s, ALK
W, PR RSl BRI, B SZ RS bR, GSPP AUREIRFE ve A
FHEFE vp BB Wik T 0, ftk, GSPP HIMEIE LIRS, FF4HMAE hiaT 0
fhr B 1k, AT 51 RSB A T E He il s AR IR 2R AR
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e
£30
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BUE AT Z 0T ) GSPP A T I3 ner 5 8 AREMER R 42 fid i PRI )
PR x Z IR ARG &R o Bl 2.3 AR ) GSPP 55 45 4 (A s, &3S
JRIZSE h BEAERE B x (/NS AT 5¢ & a] F — 4> eR B0t A -

h(x)=R-VR*-x*,(x<R), (5.2)

H, RNRELHF4ZE. JARAMEARGC2OMRAARGDIIEHEER)E, 2153
—NEEITFE, BAAABERE MRV XN new T x WA, SR, M hET
0 I, FATATPIRI—2iEl. 6 FEE N ER)ZEE b, x/R<1,

h(x)=R- R(1_(x/R)2)”2 ~X2/2R >0, F%EHhk, <1, AIf

tanh{h“ﬂzkozgdjzxz“ﬂzkggd : (5.3)
> .

4R

BEIMCNAGB.1), Sid—sefbf@in] PLS 3

4¢,R a)) . b\’
Nn.(X)=n — =n"|1+| = | [+in"|1+| =] |, 5.4
eff( ) 0 8mk0X2 oo( (ij w( (Xj] ( )
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ds® =dz® = —g,,(r)dt* + g, (r)dx*, (5.5)
X, goov g NERLME, r=|x NARMEEERS . MRIAHOC I, BEIRAES

HHy 22 o) o A 1 55 AT AE AR S S A b AR H . ARES S0 A R A S R e] s SO
N=0, /00 [46] XHE, AT ge =1, 9, =nf; o VFZ LRI I P 5]
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TIRAEHFFERX DR, O T2, ZEEMBAEES0]. 1Mh24iB s —
HEMITEOLN 9o =1+ g, = n FIEERLBLRESR Bt — AR T IRATH GSPP 331
AR, XA BT LU B —NRPR I — 4 SR TR B R

HITI, AR A A R AR, K T R R N B

_i Br @ ay B 1 o°E” -
\/Eﬁﬂ\/gg 0,E" + \/5 0,./9978 E b =0, (5.6)
Heh, av oy BoRTEALEK Fhr, EORNHE, ¢ GHE, g NEM. BHAR
(5.5 RN L, 58 SPP IFAL T 171 (EY =w(x)e"™), AR (5.6)AT LS A :

oyt (x) 1 ang(x) dw(x)

X ) X ax +[Ne (ko] w7 (x) =0, (5.7)

a’

HA, ner HARGHEH, M x#&iET 0, ng(x)=n) 2 , FRANAKG7HER:

oy’ (x) 261,y(x) n'za“k2

ox? x OX v =0. >
Ry R, Y < ARG i
v Nak oy, (5.9)

OX 2x°
T, w AIARgA . A5 1135 AL 751 GSPP 13758 ) N«

1(x) =y ([ = 1,6/ = gl (5.10)
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MEEARGS 0T R, M x<| B, 375875208 HE.

it — IR FRATIX NS T GSPP (4% 3%, AT R i 384 PR
Z 84 (FDTD) (Lumerical Solutions, Inc.) #HT 7 &M E. & 2.8 BN
RV VEOE il < A= a 5 Y Tl S N i) o N e S 2
i ATERIAL B, 7R R MR Al Ak, R Ik R AR BB N . GSPP
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7No 4 GSPP AL BB Al U pHE, oIl I X, SRl L THIaA A
SHIRERI R T 10452 2. F4h, fdE BIEA TN H 1R A (5.10), &
AT FLA5 R T BUE IS, SR ERER] 2.9 1, DIALEOBAL IR, X T
HAER, i R E A RAE x = 0 (b7, 30 i BBt I 1) oK/
A BRG], AREIEBITCIR AN AH R, 355 b8 B He i s e T A 1 i %5 5 A (5.10)
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SUREZ[10]7E =4 PEC MG T i iA (B 4.1 (b)) o E IRFESES: EINE 1 1k
BB R SR IR IMAR P R T A H B VE . IEES M ISR RUZSESI N AR &
LI 2018 4, FKARUREA[3E TR AL &N FuEs kL (B 4.1 (¢)
LT[R AR A BAR SRR A, FE SRS IR TR R R A . 2017 4,
Rechtsman %5 A[11]7E82 T (103 3 FE 51 (B 4.1 (c) ORI T = RMANR A
LRSS EINE] T SRR R TR . BhAh, BT & mgers, AT A fE(R4E
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