Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

AN EBEBTHRBR PR RS S5 & F REREAE
AR Fahk BEE #u

Strong coupling of single plasmonic nanoparticles and nanogaps with quantum emitters
Yan Xiao-Hong  NiuYi-Jie  Xu Hong-Xing = Wei Hong

515 &, Citation: Acta Physica Sinica, 71, 067301 (2022) DOI: 10.7498/aps.71.20211900
TEZE RT3 View online: https:/doi.org/10.7498/aps.71.20211900
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FETT ARG K A S

Articles you may be interested in

ST AR Y Tamm 55 BHOC S 0T A5l & 1R

Strong coupling between metasurface based Tamm plasmon microcavity and exciton

PIFEAEA. 2020, 69(1): 010201 https://doi.org/10.7498/aps.69.20191225

T RO AR ) B T 2 B O TR S AR SR AR MDA
Enhanced nonlinear optical effects based on strong coupling between epsilon—near—zero mode and gap surface plasmons

YIFI£4. 2021, 70(18): 187303  https://doi.org/10.7498/aps.70.20210290

TG4k O T AR A A
Interactions between photons and excitons in micro—nano photonic structures

YIBR2EA. 2019, 68(14): 144201  hitps://doi.org/10.7498/aps.68.20190269

I B HOTR Rt

Research progress of plasmonic nanofocusing

YR 2019, 68(14): 146201 hitps:/doi.org/10.7498/aps.68.20190564

A B OTAE R A IR ]
Modulation of propagating surface plasmons

YIBR2A4R. 2019, 68(14): 147302  hitps:/doi.org/10.7498/aps.68.20190802

F A B OO RN TSI
Research progress of surface plasmons mediated photothermal effects

YIBR2A 4. 2019, 68(14): 144401  hitps:/doi.org/10.7498/aps.68.20190476



) 32 2 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 067301

Tl BSRETHRRABAESNA

BAEFHITHAR AR BRGNS
ST ACHRERES

SEF R

4 75 5 19

WA ESD B

1) ((PEBE BT, U EERASY L E M O, dE 100190)
2) (T ERRE B RSB, dEaT 100049)
3) (IR ERLE SHoR 2B, I 430072)
4) (BRI S, AR5E 523808)

(2021 4F 10 H 12 HYEl; 2021 48 12 H 17 HIEHE S0)

TEJE T HUSI )2, AR T RO R 5 R SR R 5 R T B R R, A T IR S X
S, IO E BT 23 6V 0 W S AR A MR AR O AS . SRR A TR A I B (- Y IH R R | B Ak o
o, FOLTARZAE | B B A U T B A N T A R N R UKL A 45 R T L SR SR B R T 4
BHOTILR, A BN RREUARR, AR WA R TR S BRI R AR RN TR S I R A e
B A AR SBORL AN A0 K R BR A5 48 15 7 SO AR SRR . LUS A 5 1 Sh S IR, JF R B T IR U B D SR R

R RIMAFEHOC, W, RO, R E

PACS: 73.20.Mf, 11.15.Me, 42.50.—p, 71.35.—y

1 5

T SYI A EAE O, T Rsh
b A mE AL Horh— A RGO,
BT RO ORI AR A TR, T2
S E R FIFRSE, JUHOR L A, Y10
RS A I AR G AN BRI, st e 55 5 X I
i, T DU e e Re, e R ok e
FE . o R R, L A A A DX
W, LA L. X, T ROk 5 e
AR S TR BT Y 125 — oS Bfeidoc
SNEIOCHFR P BTRG A, AL
XUHE A, 75 9 (-2 PR BH R SR =51 A Ak 8k
TLIOL B, BT ARZE 67 15 B B AR

i

DOI: 10.7498/aps.71.20211900

AFEFHERIBIE, Z2BA R 2 8.

S JE 5 HRA BU HAL HTARRR Y B e R
TR TS EHoT. R HoTAT RO
WA 3 Jg AR B RUEE, 15 Ry i 73,
SLILIEWAT AR DI . JCHORAE RN GK
TOURLAT B ZROK A B 2 v SRR 0 SRy el v 2
BSHOTIA N UAER, DSBS 4R At T
PHAR A J A O RSO AR sl MOt 25 B IO T2 1
ST RO RIRE G R R, A T ST
HKFRISRFRG . S350, BASGAK UKL AN K 8] B 2
BT A AR/ NG, AR TSR AR /N
. 5B HoT A KA AR B BT RO 3
AT IR BT A ESERESY
YRR T RO T R A M A
B C T AW SOR A, TS i A TR

*ER ARREEL S (HEES: 11774413, 12074421, 91850207) Flrf ERb4 i fmg o4 Je S RHE L300 (B 28) (Ht#ES: XDB33000000)

e B R
t BfE1E#E . E-mail: weihong@iphy.ac.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

067301-1


http://doi.org/10.7498/aps.71.20211900
mailto:weihong@iphy.ac.cn
mailto:weihong@iphy.ac.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 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022)

J-RAE BT R SRR S AR R
BRI, SR TR & A SC B, $
Z TS .

ASCERR T B GUKORL AT R [] BR 45K (5
THIFR A AN 25 A ) PR A B o ST A
JEA T R AR G ) R R 2R 2 T RA TR
GEE2IE B e 5= VARE T VNS HE SR B ST e
Hay P 2 THT A5 B IO S T SR AR SR A R B —
Jrik. 53N T T A SR AR A [F)
SFEEOTARE I ST BRAR S IR, AR
EELE SRS B S NN e N I LB S
AR L NS o ) i N A AN ) ) - S D £
A RAOKR AL T RO R IRAR S . 5 4 7928
BT AR ARG AR, ERAREH BADE
XSRS AL, 55 5 7R XHZ S S5
JrEH.

2 EREENA

HRAE DK B G e W, 1 RO G BRIE R IE
Fo T s % R a2 Sk o 2 2 1Y Purcell
BN, HH TR AR ) SR S 2 B B AN R T R
IR, N R GRS R S R b i
A AHSE, PORE S MEHAE Mas R, HA Y
T AOCIR S RS A R, At
TEGFR A XS, X —45 A Wor. Y Ltk
P ey i UE e L. oy N B U e a1 B

IR BHRFER, T RO GG I AR %’a\‘

CIX1

wx,1 — 17 0
LYX2
0 wx,2 — 1/77

g11 921

gi2 g22

Horpr) wx o Flyx, o 200 3RR 51 AOGIR IR MK
TSI AR FERIT R weay, j F Yeav, 73 BTN
AR R AR BT gi; £
B MRS § AR R

067301
FEROHT TS R AROLAS, X — PG R AT
SRAE
RAESRA S LR R bR — A 9 g ]

. Nw
9=h- &5 (1)

b, N 20 R 1 RO G A AR R A
B €, wM VIR s - I B0 0 B L A
FRINBLARRL R A s WA e Ron i T
OGR4 FL 3R
X T e ] B B TRES R T AR S B
e RS BN B0, ANSRANE B A
i (FPRAR g wo ) K ARHE, FEnG i n] DIAR R
] it M T i BRI A
H = hu [e) (e| +hwoa'a+hg(a le) (9] +a' |g) (e]), (2)
Horn, |g) Flle) Fm i T AOCIRRIES TR LS, af
il a S ey A A ™ AR AT R AT
MRYEIX— ISR, a] LIPS RRE5 A R 1E
HWothes
Ey = hwo £ hy, (3)
P RACTOCAS R SR 22 29 PRI HLBF R 2.
FY L, UER BB SRR, 2 MLATRE &Ik
TAARIA] LSS 5 B ] A 45 2R 10 PR
XETREAMRR, W75 T T RO S e i i ok
WA BT ORI N T S S 2
R IR S, — BRI 22 S AR 5 iR T AR AR
fige, G SR

g11 g12
921 922
, 4
W _i'Ycav,l 0 ( )
cav,1 2
- Yeav,2
0 Weay,2 — 1%

W 2 1 A I L P9 S 8RR ¥ 0 01 o Rl
TR A AR AT B PO FA TR — 2 R
IH—AEAER (25 ICR PR Hopfield %L, H
RS- 77 27 AH LA AL OGS Hh A8 AT A ek

067301-2


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. 6 (2022) 067301

BT S L E. R (4) e aE L, IHEE AR
[l R 18 B ARG SR LA, ld S R AT s
REHE (ARE(E) AHXT R IR B 105G R ARFHAR 5 0 B A

TEFLZP R IURLZS 1 1Y 2 T 45 B IHOT 5 T EI’J‘

S(w) oc w?

wy — w* — Iyxw

SEA AR R T, SR LB RAE T BUR HUDLIE 5Ot
BURIEHE (FOOERE). X T AT SRR K
SFEBHOUE S I IRIE, HURDEE Y 5eEUk
e 1 B g dT 2o

2 2

(w? — w3 + yspw) (W? — Wi + iyxw) — dw?g?

: ()

—i
PLSP(W) = ’2}/778_: N ( Ei D) y (6)
Hwx —w .
[’YSP , x o, Hwx sp) i(w— wSP)] + g2
2
VX E — i(w — wSp)
PLx(w) = o~ ; (7)

2n {’YSP + x n i(wx — wsp)

4

Horr, S(w)FRARET IR PLgp(w) Ml PLx(w) 43
S DA THT 55 B UOT A & B S GRS
wx Fl yx 43990 7R P 1) R A 58RI BR G B 5 wsp
Tl ysp 3591 2 71~ 2% 1T 45 B BT ) AR AT RN R 3 %6
9IRGB ORI RORE G i

g = /g + (wx/2 — wsp/2)” — (sp/4 — 1/ 4)%.
FEVERMRE, T G X, AL S(w) %
358 15 U SClk [10] AR TR, 3502 B D 7 R S ik
i, g R HLE LAY 2 5 .

I (5) 2 (6) 5k (7) 3¢, 7T AR 4
IR R RDEBUR R T, F IR R
VAR M S (. 705 ER 2,  HL 75 51
SR (R SR, 5 RN B R A
UL 2 TR A3 R

5 4h, T IS A LS5 Fano 4HIR . ¥
T/ B, — IR H B BT R
50 0 15 14 1 S % SR AT 4 1 FAR B
2> (yx +sp)/2.

3 THFEHTNKEMEET K
AR B 5 AR B

AT 2T SRR A H A2 B O K

RIFIZR I BRESH S -3 GORL oy~ “HEppEL

RS T RO SRR G — RV TAE. K
B G R AR BRI LR 9 K A% L 9K | 9K

2
—i(w - wsp)} +97?

\
KUHENR | AR B K IR 09 55 oK [R]BR 45 F 4%
ZNATIORL —IRIR SR A b B 5 B A K AL
(nanoparticle-on-mirror, NPoM) ., 1 44 K #} -4 Zx
PR-SRAR B 1 QAL SR 07 55 i T45
o/ R UATR, W TAREL =S T R
AT RS AR A, XS T AR A B
FEAST A L B AR TP R A S 5 4

3.1 HANEEMABFNSEFAIERE
wma

BAA™ G R P KA SRR 1) RN 1] T o 3R 1 4
BT IR, H P O A ) IR UK (IR
PEAKHR T AKE AR AR L. 2013 4, Zengin 55 18] B
T PR S J-RIRASRRE A G, MMk
FEARIRTAT T AR AR ST, 3% A 1) 25 85 30T
B, SO GRS R B fci, I R T Ok B
B4, R T UESEZIGANE R [ T fa7 5 184 3 IR i
PR, AT R T RRROR T e, A B IS
WL TG B J- BRI KA I A
H PR et 5 M IR A 04 . 2017 4F, Zheng &5 19 1
T ARG A2 WSe, FUBEREA . 5256 1
3 I LR 125 1 7 R L2 WSe, #8531 Si/SiO,
BIE b, SRIGFb A A R R AR HE e Tk 21 — 2t
BT (B 1(a) £ L), fATIRFSE TR KL 3
B I 2 T A5 BTt (B 1(a) 22 1, #6IE) 5
BT B AR R, e e RS ) JRE B A R4 i
FROGT 2% 1 45 B POT I R PR AR UEA TR . 1B 1(a)

067301-3


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. 6 (2022) 067301

on WSe; (b) - —£ s [ (f)

A NEY 5 |
38 nm ] — » i %20
@ [3160m Y\ 5 L j S 3

=
5 |2samm T\ m@ !
—10 0 40 —60 —40 —20 0 20 40 60

g 21.9 nm i\ y/nm x/nm .
2 | 187 0m . 240 Fa Observed hi2n 8.0z, > ©
> = 155 nm & Calculated N, i £ &
° 174 g /\ e “  E 100 =
& 172 5 2/ % 180 f R e
2 170 £ [tosnm AAW | £ 5 g
s 1.68 5 [84nm = 2 £ 90 ;
2 1o R/ AV I = 2 i
o 1.64 4.5 nm ; 5 5
T 1.62 M Tuel™ = =« 80 a
£ 1.60 — ; ; 60 _!.\',.Nu.r ) ) o ot 2
= s
m% —40 0 40 80 500 600 700 800 900 0 2.0 4.0 6.0 8.0 ~

6/meV Wavelength/nm Dye concentration/pM
E 4 d — 2 2
(C)z 48 2.5 n;gg?y/e 191 177 “ ° PL inc. ) e (g)g g
’ : = - : = DF UP e PL LP 532 nm — EBLS WS, n = Z
- a DF LP e PL LP 568 nm | &
E . 5] 5 5 5
Z 23 . o . 4 = E
5 >, B AT, 2 E
~ 0 2.2F g =) =
o0 ~ — o |53
=] > RO R & b= 3
-8 & g g %
3 5 2.1F o0 2 2
£ g & 3 3
< m N N
A 2.0 = £
ik E
1 L 1.9 L L L L N ZO Z
500 550 600 650 700 0 20 40 1.61.82.02.224 1.8 2.2 1.8 2.2
Wavelength/nm Nanoparticle number Energy/eV Energy/eV

1 BAAG R AUOKR O S fF ZOGIR MRS (a), (b) SEAGUKREE S OGN E, (a) 22 B BSR40 K R 1L R
J2 WSe, b RIR B, i R THRAIKE L5 3 B 45 s on i 35 00 i i A5 2R, RO RN K - WSe, HE G IR R B L
B T I LR T g I 37 RO O, A2 R U R AR OT B GOt 2, SRR LA S5 2R 1 (b) BRI S 9K R Au@Ag KT 1K
Y KA 1) 155 5 HL T S 7% (transmission electron microscopy, TEM) B% | /R & B LA KON 1 45 &5 oS L g o A 3T B85 R/, T
4 Au@Ag K7 IRGIKE S J- ARG TR Z DL H B 2L i I e (8 B 37 2 H AT BB R 2 TR BE RO ZZ AL DGR B (c)—(e) B
MK G FROUERSEIES, (o) MAKR (F6E) UBHK 5 -REMA KR (I 6) R EURDERE B (d) Bk
5 JBRAAHE A R R 1S S OGRS S 66 (4 538 1E 532 A1 568 nm A IO &) M B (e) SRANK N2 WS, HEA
F A 37 B 605 S X B Y EELS 335 B2; () S 98K BUHE IR 5 4 7 ROG IR B R G, B IR 4 90K XUHE R TE 522 WSe, Y RE
o 2 LA, A P DA AR 3 BT B TR BT, TR B A L L B SR FIRE G R B WSe, JE LAY R AL DGR B (g) 5 DR 4K B2
WS, FlG 1 2 BRI DG 1% RS 55 D't 1% BT

Fig. 1. Strong coupling of single metal nanoparticles and quantum emitters: (a), (b) Single nanorods strongly coupled with quantum
emitters. (a) Left-top panel shows the schematic of a single Ag nanorod on monolayer WSe,. The inset indicates the calculated elec-
tric field distribution of the 3rd order plasmon mode of a Ag nanorod. Right panel shows a set of scattering spectra of Ag nanorod-
WSe, coupled system with increasing alumina thickness. Left-bottom panel shows the dispersion of plexcitons. The solid lines are
the fitting results!’”. (b) Top panel shows transmission electron microscopy (TEM) images, schematics and calculated electric field
distributions of Au nanorod and Au@Ag cuboid, respectively. Bottom panel shows the statistics of the Rabi splitting measured for
individual coupled systems and the corresponding calculated mean exciton numbers for each dye concentration®!. (c)—(e) Single
nanoprisms strongly coupled with quantum emitters. (¢) Dark-field scattering spectra of a Ag nanoprism (cyan) and a coupled sys-
tem of Ag nanoprism and J-aggregates (blue)P. (d) Correlations between the peaks of dark-field scattering spectra and photolumin-
escence spectra of the coupled system of Ag nanoprism and J-aggregates P!l (e) Correlated dark-field scattering spectrum and EELS
spectrum for the coupled system of Ag nanoprism and six-layer WS,?2. (f) Single bipyramids strongly coupled with quantum emit-
ters. Top panel shows the energy density cross-section of a Au bipyramid on top of WSe, monolayer. The inset shows the enlarged
view around the tip. Bottom panel shows the Rabi splitting and coupling strength as a function of the number of WSe, layersi.
(g) Experimental scattering and reflection spectra for five different individual Au nanodisk-monolayer WS, coupled systems!*7.
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Fig. 2. Strong coupling of single plasmonic dimers and quantum emitters: (a) Left panel shows the scattering spectra of Au nanod-
isk dimers coupled with J-aggregates and the corresponding scanning electron microscopy (SEM) images of bare Au nanodisk di-
mers with the same sizes. The scale bars are 100 nm. Right panel shows the dispersion of plexcitons for this system*!. (b) Scatter-
ing spectra of nanoparticle dimers with (blue) and without (black) J-aggregates, as well as the corresponding SEM and dark-field
microscopy images!!l. The scale bars are 100 nm. (c) Scattering spectra of Ag nanobowties with one, two and three quantum dots in
the gap and the corresponding SEM images. The scale bars are 20 nm/*!. (d) Left panel shows the scattering spectra of bare Au
nanobowties (blue) and the same nanobowties coated with WSe, monolayers (red), as well as the corresponding SEM images of the
hybrid systems. Right panel shows the experimental and simulated coupling strength g and simulated 1/ V'V as a function of de-
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Fig. 3. Strong coupling of single NPoM structures and quantum emitters: (a) Sketch of the assembly process for the coupled system
of a single CdSe/CdS quantum dot located in the nanogap between a quasi-spherical Au nanoparticle and Ag film (top) as well as
the scattering and photoluminescence spectra of the coupled system (bottom)!'l. (b) Schematic (top) and scattering spectrum (bot-
tom) of a Au nanocube on Au film with J-aggregates in the gap. The insets show the far-field scattering images collected through
short-pass (green) and long-pass (red) filers, respectively®. (c) Spectra, schematics and optical or SEM images of monolayer WS,
on Au film, NPoM structure composed of a Au nanoprism and Au film, and monolayer WS,-NPoM coupled system, respectively®).
(d) Left panel shows the photoluminescence spectra as the lateral distances between the Au tip and quantum dot are varied from
30 to 0 nm. Right panel shows the plexciton energies as a function of detuning extracted from the photoluminescence spectra of dif-

ferent quantum dots(®!.
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Fig. 4. Active tuning of strongly coupled systems by heat: (a) Sketch (left-top), temperature dependent scattering spectra (right)
and the extracted peak energies of the scattering spectra as a function of detuning (left-bottom) for a Au nanorod strongly coupled
with monolayer WS, (b) Sketch of a Au@Ag nanocuboid on top of monolayer transition metal dichalcogenides (left), temperat-
ure dependent coupling strength between a Au@Ag nanocuboid and monolayer WS, (middle) and temperature dependent oscillator
strength for monolayer WS, (right) . (c) Sketch (top) and temperature dependent scattering spectra (bottom) for a Ag nano-

prism strongly coupled with monolayer WS,3l,
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Fig. 5. Active tuning of strongly coupled systems by electrical and optical means: (a) Sketch of a single Ag nanoprism strongly

coupled with monolayer WS, under back gating (left), and exciton oscillator strength (middle) and plasmon-exciton coupling

strength (right) of the system under different gate voltages at 77 KI?!. (b) Sketch of strongly coupled Ag nanoprism and J-aggreg-

ates (left), scattering spectra of the coupled system for different irradiation time (middle) and relative change in the concentration

of active molecules as a function of irradiation time (right)?s.
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SPECIAL TOPIC—Manipulation and applications of solid-state single quantum systems
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Abstract

In cavity quantum electrodynamics, when the interaction between quantum emitter and cavity mode is
strong enough to overcome the mean decay rate of the system, it will enter into a strong coupling regime,
thereby forming part-light part-matter polariton states. Strong coupling can serve as a promising platform for
room temperature Bose-Einstein condensation, polariton lasing, single photon nonlinearity, quantum
information, etc. Localized surface plasmons supported by single metal nanostructures possess extremely small
mode volume, which is favorable for realizing strong coupling. Moreover, the nanoscale dimensions of plasmonic
structures can facilitate the miniaturization of strong coupling systems. Here, the research progress of strong
plasmon-exciton coupling between single metal nanoparticles/nanogaps and quantum emitters is reviewed. The
theory background of strong coupling is first introduced, including quantum treatment, classical coupled
oscillator model, as well as the analytical expressions for scattering and photoluminescence spectra. Then,
strong coupling between different kinds of plasmonic nanostructures and quantum emitters is reviewed. Single
metal nanoparticles, nanoparticle dimers, and nanoparticle-on-mirror structures constitute the most typical
plasmonic nanostructures. The nanogaps in the latter two systems can highly concentrate electromagnetic field,
providing optical nanocavities with smaller mode volume than single nanoparticles. Therefore, the larger
coupling strength can be achieved in the nanogap systems, which is conducive to strong coupling at the single-
exciton level. In addition, the active tuning of strong coupling based separately on thermal, electrical and
optical means are reviewed. The energy and oscillator strength of the excitons in transition metal dichalcogenide
(TMDC) monolayers are dependent on temperature. Therefore, the strong coupling can be tuned by heating or
cooling the system. The excitons in TMDC monolayers can also be tuned by electrical gating, enabling electrical
control of strong coupling. Optically tuning the quantum emitters provides another way to actively control the
strong coupling. Overall, the research on active tuning of strong plasmon-exciton coupling is still very limited,
and more investigations are needed. Finally, this review is concluded with a short summary and the prospect of
this field.
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