Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

IRZEA R AL BT K LR S
LRF RRM SHR PR LEX
Polaritons in low—dimensional materials and their coupling characteristics

Ma Sai-Qun  Deng Ao-Lin  LuBo-Sai HuCheng  ShiZhi-Wen

55 &, Citation: Acta Physica Sinica, 71, 127104 (2022) DOI: 10.7498/aps.71.20220272
TEZE[R]1E View online: https:/doi.org/10.7498/aps.71.20220272
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FRFT BRI AR I HA SCEE

Articles you may be interested in
TR T ST

Recent progress of nearfield studies of two—dimensional polaritonics

WIFEAEAE. 2019, 68(11): 110701 hitps://doi.org/10.7498/aps.68.20190341

R4 AR EA R LMD A SUS A I

Research progress of low—dimensional semiconductor materials in field of nonlinear optics

YIFR£4. 2020, 69(18): 184211  https://doi.org/10.7498/aps.69.20200206

TERAER AT RHIE ST
Research progress of low—dimensional ferroelectric materials

YIBR2E4f. 2018, 67(15): 157701 https://doi.org/10.7498/aps.67.20180483

25 B AT 00 A T R BT S R i B B HE R RS
Tip-sample interactions in terahertz scattering scanning near—field optical microscopy and its influences

PyFEEEAR. 2021, 70(24): 248703 https:/doi.org/10.7498/aps.70.20211715

Jighe — e AL O TEER I i A i 3l 1“2 etk
Rotational dynamics characteristics of planar superimposed vortices of exciton polariton condensates

PIBR2A4R. 2020, 69(23): 230303  hitps:/doi.org/10.7498/aps.69.20200697

{18 RS s Y E N v S A SN (SN 7/ e E s B S AR
Construction, physical properties and applications of low—dimensional atomic/molecular crystals

YrH2E 4. 2018, 67(12): 126801  https://doi.org/10.7498/aps.67.20180846



#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 127104

T (REM BRI AT I iE

Nl
oIT]

(R4 BHRL BT X B ST

LB PRME BEE WKk E2EX

(RS R 2B S R IC2EBE, N T S PR T E A 0=, Bl 200240)
(2022 4E 2 A 14 BULH]; 2022 4F 4 A 15 AU EEHH)

WACHTT— S Y B B T T BT BORE IR 4 R A R TR B A — iR A S AR 5 X
UTAFRRAEGKE T A O B T T2 W ST . ARAEAT R AL BOTH A 19w 25 8] TR 46 1L | IRBFE | DG H T i 45
SRR A A DG T 2 AR TP A 6 B e VR IS A (L, A s 0 v DI R Y AR B RO L N TR
P g Joi ek B 0L P AR AR BOT L SR T T A A [ SRR A RO L BRAK A P ) — 4RI
R TR S5 B A A T A i e Ak ST A B 22 1R DA KR AR OT 5 A 2 A R — 20 kA B R A A

PR, 7 A 4% B = 0BT AT B W) BRBL G, Al K 3 i 1 Ak e e R R

SCLAJ Uk i Y ) 40 4 44 K A4 )

H AL OT BORE S R 1], MRAE A R A AR OT B8 T 7007 AR &, & S AT B A 21 LR R A
T LA PE BT, SR 5 PRI 18 25 P AT 2 8] LA R AR AL IOT 5 AN RS &, i) R AL OS5 AR

FH B AE L.

REEIA: WALHOT, (RAEMORL, RS HEE, LD WA

PACS: 71.36.4c, 07.79.Fc

1 3

WAL FLTT (polaritons) J& 65 ¥ it i (Y HLF-
P WP BORER 5 A AR SRR A TR L — Aok
AR ARIR R, X A AR AU MR RE RS S AT
SRR [ FR 2 B AR W K RS2 A,
F IO C S W B AR EAE I, SEIAAR RUEE B Xt
A ROREE, PSR-l — A
RO . H AR AEOT s b 5%
A A RS TR B A B TOT (plas-
mon polaritons) . YT 5P fb AR Y SRS TR
3l () M GBI A FIALIEOT (phonon polari-
tons) 4. " 4E A &4 (graphene) Fl—4E 44K
H ) A B AR TR AR R R T A B R A O
MR HErpo SR 3R T 4 B O T I B AR

il

DOI: 10.7498/aps.71.20220272

TR AR, RN 45 B WOC AR T3
oh HL 1Y) B OK R I DA R - L R X T
P RAEOT, F5 I ASCERINLES T AALE (he-
xagonal boron nitride, hBN) XX h 8 /5 F-# fb ot
o = AL (a-MoOy) H A THT PN 45 [a] S P 75
FHALEOT. LR b iAo TR I T
S AR T, | T ARSI 1 H O, TER
KGN AL IR O e g R B AL
SRS U R 2 A A

B TR AR ZE AR & 78— B2 ) AT DS IR
AR IIRE, e 88055 hBN iy 5L/ i
& =90 T S Ay SR v A AR R & 1000 AR
S T4 v A LA L ey Sl L TR A RO0] ) A RS
YERPEAS R B REAME IR S e, 153 1 + 1
> 2 BROCR, PP T A E A i R . K
ARMRGER Fhd ot N THES 0 )7 X G,

NI RSB % TS 4 (VS 2021SLABFKO7) FIES A ARlARLA (S 12074244) TR,

RN
t BIEYEH. E-mail: zwshi@sjtu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

127104-1


http://doi.org/10.7498/aps.71.20220272
mailto:zwshi@sjtu.edu.cn
mailto:zwshi@sjtu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 127104

Forp AR AL HOT R AR EAS Y, WANOAT DLt — 25
RASRITZ IR 25 MO R I, 10 H oW LA e
ANASE T 1 (8 L P S G s A AR Ao c B A2
TR

ARSCRFETARAELUKR AR P AL #OT Y 1L
AR, HOCTE LAl Il 07 Wi
ARFAE LR SOERALHOT. B e 4147
067 WA B IR BRI R, SR A I
AR R PRI LUt — T 4, 5
B A7 SRR A A BVEOT  BRIAKAE i1 BR A SS F
ot . hBN BUH A TR AL OC A L = S AL AR I
SR Ao, B X S A R AL OT
Z R S R AT TR IR, fmthie—Lk
AT T 5 2800E A T 7 oL FH B R R AT RE R
J7 Il

2 FHEPHF BB

S AR A S IR AT 8 ) K
FHOREE, %P AR BB AP T R Y Dk
562 s e AT S AR PR B BRI, JE ik 7 Bk
FREEES (29 200 nm) AP PiA. B, S48
GEMEATT ST FR A 7 v — B 2% i 4 PR )
BT ). Horh R S E R R R T
Ho2# B4 AR (scanning near-field optical micro-
scopy, SNOM), ZH ARG O 5 R ET i i
(scanning probe microscope, SPM) %% &>k, Fl
HI SPM IR i 25 6] 0 H 2R S B 10 nm (162423
(] 4 % 1171,

FHET 2R WA E 2 REOEEIE . R
BB (atomic force microscope, AFM) . JEHEM
v B EICR AR AL, WE 1 R, W LA
TS B — P ) AR GRS | BT
WY T RO A% RN S 1 1 [R) 2P A 6 IR A
AFM $HEA K ZOKS B 7 RS 35, TAERT 2k H
BRmRE A, R R 4B B B B AR AT LA
FH Ry 37 15 &40, HAI R A2 2Y 10 nm.
FOLEHRIT R BN R L, B TAm s Rn Rl
SR, EHAAuRANIE BUR R G, AT LA A
B R AIEOT, SR B AL T — DR
BN, BOCH RSSO i i A5 5. e,
AFM FEFHHE 3R S0 ) [R5 38 1+ i 1Y
S A B

Infrared laser

Beam splitier/»
Detector
Lens Trens .
O\ / BRREN Lock-in
AFM tip \ \\ ,,,, I~
w/\\ )
":,’, N /

zw

x

Sample Scan

1 U B AR E 00 5 B R A A X T AR R R A
Fig. 1. Schematic of scattering type scanning near-field op-

tical microscope.

SR, i TR AR e BB R
TFHCHY , BRSSO 2 B A AL 5 A U Hi ok
ARE AL YRS, 35 TREH B8 SRR Al U 1Y
ST RO, A TR RIELE S, B
SRR R 4845 18 3 5 m )l o BT HoR
b, AFM #REF LA E MR fo ksl 48 B B
JGr nfo REAT IR, RIAT A5 25 M o 7 SR 15
P A e

3 JUMEA AR BT

S G EMIDE A ST o e o e IR ]
SR o, MHREAR T BB RS IIT )
ORI Tk, 4, TN ORI
D7 T IR TE RS P 78 L H- 30T f A b AR A O R
T2 MBI, Frh i S ) LA £ 2800
RIMAFEHOT . RIOKE —HEF R HOT  hBN /7
PALOT . = AR 1T N A% SR T AR O
5. FURTCA A SRZR IR AN R S B A0 7 L 0
AT A A B i .10 R B e Y a4 20
AT T VRAIA S S AR B MIAS SC B LU LR
BT N 2EA, BEAORTEEA T Z I A& A1
HARHL, W B A BT 18] B AR & e BEA T ] ot i
BB TR LR LR AR O TR — T FL Y
48, LUET 5 28 T bl PR g SE AR A o 2 [
SRR R

3.1 AEKRREEHHT

VA B — Tl ol 5t SR A BT = 4R R
A SR MR B PR REAT 5 M D e R T VR R AT
ORI, AR A R T A R | AT Y
N R AN RN R Y VA N € S U U
A1 BRI B HOCRA LG R AL

127104-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 127104

R, FIH4A R A S8 Drude BEAIA] LA
THE D A S0 R T A5 B HOT B A, 5 H A
FUREE n BRI w HC R Ny 82122
N = 8nevpy/mn
P hw? (14 eqp)

Horr, e A HAT, vp A S 1) 2K
JE, b A B SE R, eqn, NRTIR TR XS A
FORC SR, S8 I A SR ) R
DA R G R A 3 181 AT A 8 b R 42 B R s TR
K5O BMREER BT R L (Mo/Asp ), ZIL
{38 H A 102 K.

2012 4 Basov i & 2 21 Fll Koppens i
20 22 Yy pi b ST A R B A R I 7065 B
BEXT AT 2R Y 3R T A BOTHE T T SR MR iR
LIANEAR, SEELT Xo/Asp =50 FYZS A FEZR He, (H
H TAFBMOCTE SR T IR KR, A HA 0.5 ps
2, P i b A s . E—2, Basov
PR 23 7 2018 A A I E A RIR A i 0t 5
BRI T ERARIRE 60 K A AR 8 1 45 B 0
JCHIAEREAT A, W R 1.6 ps B BT Han, %
FERBEIRF] 10 pm. Z TARBHERIE S B
IR TARIR A, S ARG R G2 UG B
SR TR G 28 . At , Basov B4 P4 Al
Wang M BIZH 45 25 43 BIHIRGE T A 8805 55 B ot iy

»,\ 22

M2 o ¥
100 nm N\ o ‘.z'.

223 ALV (Fizeau drag), SCI6 &k 9124 45 11 52
Jite Jin—~ 18 PR ] FL B, P TR T 2 )
Fosh, & BRI AR A 800 5 B ot
Wk kA AR (R nlak 3% A4, BT
BUARIE B 22 30, 2 K PR OR AR S B R SR 2R
g L TR B AR SR AR T — AR
IR,

3.2 WIMREZFBEHIT

TRANKAE T LU VE 2 A SR 0 U R e 7 10 4
AT 17T R P O — AR A IR G K 254 AR T e 5
AN, AT DK ANOKAE 3l A R e A . 4
JE PR IA LAER R 25, TP AR Pk
YR AAE DU XF 1 XU R ) gl 448 7E 4l — 4k
RZ T, PR RIS b 0 55 A0 B AVE FH 0 S oK ek
T DAAR G- b Al A G v H AR 126271 SR T2 B
WIE— R R PRI, PHEMRAIK (Luttinger
liquid) BEig# #H TR X fp—de ik 2 b i 7
150 28290 S B ml T3z A — e R R P
LR /B

2015 4F-, Wang H8I4H B 1 R HRGE T & @ M
RGNS P e AR AR SF B30T (K 2(a)).
S R IR A — YA R AR R, BN OK A A BT
TG RE B 5O H vk FE TE G, R R AE

7

(b)
4-tube bundle + 6

1/g

| 3-tube bundle + %
LR

Up/VF

i butile j§++§§+
%-T§i+*ii+ Individual t.:ube- 3

0 5 10 15 20
Sample index

L
N

2 —HERAARE TR EMOT  (a) SJEPERRAURAT B AE BOT B, (b) R MERR 9 R A TP G A OT K SRS O
KRB (c) BB 2 SR VERR AR A hhr AR WA S5 3 OC RN i 728 4k B3 (4 B SCk [30, 33], B2 RAFHZAN)

Fig. 2. Plasmons in one-dimensional carbon nanotube: (a) Plasmons in metallic carbon nanotubel”; (b) quantized Luttinger liquid

plasmon in metallic carbon nanotubel®; (¢) variation of Luttinger liquid plasmons in metallic and semiconducting carbon nan-

otubes with gate voltagel®l (Reproduced with permission from Ref. [30, 33]).
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Fig. 3. Phonon polaritons in hexagonal boron nitride®!: (a),
(b) Nanoscale infrared images of phonon polaritons; (¢) line
profiles of the temperature-dependent phonon polaritons
(Reproduced with permission from Ref. [38]).
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Fig. 4. Surface plasmon coupling in graphene: (a) Schematic of plasmon coupling and the electric field distribution¥); (b) device

structure of the two graphene layers; (c) near-field infrared imaging of the interlayer-coupled plasmons; (d) plasmon line profiles ex-

tracted from different regions; (e) Fourier transform of the coupling modes!*”) (Reproduced with permission from Ref. [48, 49]).
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Fig. 5. Plasmon coupling in a mixed-dimensional system between carbon nanotube (CNT) and graphenef: (a) Schematic of

CNT/hBN/graphene heterostructure; (b) near-field images of the plasmon wavelength in carbon nanotube varying with gate voltage

applied to the graphene; (c) comparison between experimentally extracted gate-dependent plasmon wavelengths and theoretical cal-

culation of the hybrid plasmon modes (Reproduced with permission from Ref. [50]).
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Fig. 6. Coupling between plasmon and phonon polariton in silver nanowire/boron nitride heterostructure: (a) Infrared nanoima-

ging of Cherenkov phonon polaritons in a silver nanowire and hexagonal boron nitride heterostructure (scale bar: 2 pm);

(b) comparison between theoretical calculation and experimental results of radiation angle varying with excitation wavelength;

(c) extracted plasmon damping ratio and the relative momentum mismatch between the plasmon and phonon polariton with the ex-

citation wavelength (Reproduced with permission from Ref. [59]).
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Fig. 7. Coupling between phonon polaritons®: (a) Near field imaging of the propagation of the coupled phonon polariton at differ-
ent angles; (b) calculation results of electric field distribution at different angles; (¢) phonon polariton dispersion relations (Repro-

duced with permission from Ref. [61]).
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Fig. 8. Coupling between phonon polaritons and local strain in hexagonal boron nitride: (a) Schematic of the near-field detection of

local strain in boron nitridel®; (b) near field imaging of the local strain distribution in boron nitride; (c) different infrared response

of the local strain with frequency resulted by the coupling between phonon polaritons and local strain; (d) first-principles calcula-

tion results for the TO phonon frequency shift under an isotropic biaxial strain; (e) theoretical results of local strain distribution in

radial and tangential directions with the winkle radius (Reproduced with permission from Ref. [65]).
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Fig. 9. Coupling between phonon polaritons and local strain in bilayer graphenel®): (a) Schematic of the activation of phonon polari-

ton in bilayer graphene by means of an external electric field; (b) different infrared response of the local strain with frequency resul-

ted by the coupling between phonon polaritons and local strain; (c¢) graphene phonon response with Fano line shape at 60 V gate

voltage; (d), (e) shift of phonon resonance frequency caused by the coupling of phonon polariton and local strain (Reproduced with

permission from Ref. [66]).
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Polaritons in low-dimensional materials and
their coupling characteristics”

Ma Sai-Qun# Deng Ao-Lin# Lii Bo-Sai  Hu Cheng  Shi Zhi-Wen |
(Key Laboratory of Artificial Structures and Quantum Control, School of Physics and Astronomy,

Shanghai Jiao Tong University, Shanghai 200240, China)

( Received 14 February 2022; revised manuscript received 15 April 2022 )

Abstract

Polaritons, i.e. new collective modes formed by the strong coupling between light and electrons, phonons,
excitons, or magnons in matter, have recently received extensive attention. Polaritons in low-dimensional
materials exhibit strong spatial confinement, high quality factor, and gate-tunability. Typical examples include
gate-tunable graphene surface plasmon polaritons, high-quality hyperbolic phonon polaritons in hexagonal boron
nitride, topological phonon polaritons in a-MoOj3; and one-dimensional Luttinger-liquid plasmon polaritons in
carbon nanotubes. These unique properties make polaritons an excellent candidate for future nano-photonics
devices. Further, these polaritons can significantly interact with each other, resulting in a variety of polariton-
polariton coupling phenomena, greatly expanding their applications. In this review paper, we first introduce
scanning near-field optical microscopy, i.e. the technique used to probe polaritons in low-dimensional materials,
then give a brief introduction to the basic properties of polaritons. Next, we discuss in detail the coupling

behavior between various polaritons. Finally, potential applications of polaritons coupling are proposed.

Keywords: polaritons, low-dimensional materials, coupling behavior, scanning near-field optical spectroscopy
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