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Abstract: Active plasmonics, as an important branch of Plasmonics, is growing rapidly over the last decades. The
main principle of active plasmonics is to combine surface plasmon polaritons (SPPs) with ‘active’ materials to
compenstate intrinsic weak optical nonlinearities and short propagation lengths of SPPs, so that external manipula-
tion and coherent control of SPPs can be realized. Here, we give a brief review of the studies in the area of active
plasmonics. In particular, we focus on hybrid J-aggregate/metal nanostructures consisting of J-aggregate excitons
and surface plasmon polaritons supported by metallic nanostructures. Two experimental methods: chrip-compen-
sated spectral interferometry and nonlinear pump-probe spectroscopy are introduced. The strong coupling between
J-aggregate excitons and SPPs is studied in detail by probing both the static optical properties and ultrasfast dy-
namics of the strongly coupled X-SPP systems. The results reveal that two different energy transfer channels: a
coherent resonant dipole-dipole interaction and an incoherent exchange of photons, are coexisting in the hybrid
system. Coherent energy exchange, that is, Rabi oscillations between the excitonic and the SPP systems in real time
are also investigated. It is found that coherent X-SPP population transfer induces transient oscillations in exciton
density, leading to a periodic modulation of the normal mode splitting and thus optical nonlinearity on a 10 fs time-
scale.

WIS HHEA: 2016-11-04; WEEXKFEAE: 2016-12-24
*E-mail: w.wang@scu.edu.cn, hongzhang@scu.edu.cn

161



2017 ,5544% , 5211

Keywords: surface plasmon polaritons; hybrid nanostructures; strong coupling; ultrafast spectroscopy

DOI: 10.3969/j.issn.1003-501X.2017.02.004

Citation: Opto-Elec Eng, 2017, 44(2): 161-171

1 MIRER—HRUPREEFH
SEFES

BEHE BB AEOR | Rl & oM THORI & JE
ARy J5 T 5 R 4R 2R 8 A0 S A 3 1 RO A 44 K R
JE o TSGR AR L 2 /N ) Y 90K %
THEIN, MPRERILHARZ N [F] TR B MR 2Ry
PEo BIFFEAAK RUEE OGN BOAH EAE IR IR I T —
ISR B3R . A A BRG]
T 2 — SRS Q] S5 BEAE 20 K I A K R X
(BOGTF) AR HIFIERE , XX R RSG5 I
YERE . NSRS SR AR T ) & A A B R

4 JE 9N K 45 K 8k W) 6 THT 4 S T 0T (surface
plasmon polariton, SPP)J&)tFFl4: & R H FHISIE
B ZAGIR U, B RERE I AR B R T 106 T AR 4 A
MEPASHI RV EZ N, DT A S I 9 FRl AL X
HF R TR REYE, SPP XGAY SR A Ik EE
AR KGR I FE R | AL IR
R A7AE 09 LSRRI AN G N BAT T
WEIR A B, PRI, BT SPP YR 45 B 140t ¥
2% (plasmonics) T 28 )R 40 K G2 4 i — A~ 43
SRR

IR B RAKREHIREL A AL T LA SPP (B
JRSRAE A RO AR R, H 2 T4 AR B 1) RR
PFERK, SPP HMEHEZ 3 TR KAYIRS . JFHh T
SPP (1 “ZFNF" Kk, SECLARZMBUN AR 155 ,
PIHARMESE BN SPP BYSMAOGIA ] . itk bRl
—MNE R B ARG A2 B 25 ) o
HSEE, WAPLSTCHLE AR, TR “Aeb” 4
JEAIAKLER . Lt SPP A LY BIAHEAER
A LLEME: SPP ARt R A RE S A0RE , S AT IS
XF SPP HYHICK . SEHZLAY 2 SPP AYARZ AR 7] LIS
B, MSEILXT SPP BAH T HRAEFITRIT] . SR
GUBRBE BRSO UR R A B T KOG T 4 (active
plasmonics) ” . 7% 1k 43 J& 94 2K 45 ¥ 78 i P26 ¢
(7200 B A AR 12U DL R K O 22 S A R AR T
BT BT B T R RN AT

TEZRMbE mAAKLE Y rh, 2 SPP Al “Hi 25 5"

162

Z[H] A AH B R R T B S D R, R A
¥ AH EAE H (Strong coupling)” . HiFoskA & T “AH
T MEAEHER, HEEMCSY AR EA R R
TG, WZWERST . B OREAHOCIE, XF
SRR RUBE IO AR5 LA S ] 22 0 EE L
Kk, SPP 1 “H4sWfn” ZIAlEFE G A IRR NS
BT AR EE Tz — BT, R
1) P FECA AP AR R Ho,
AV TCHL SRR AR A B2 R A
o Vasa S5 KR 14 I S 485 A A 10 B & 1 B
(GaAs quantum wells)fH%5 4, W58 T SPP Al TP
PP S AR TR o 380 A B4 A SR
BE, KELT 50 meV HUFEARESR , WA 1(2) 7R . Gomez
ENE 1(b) Frm) R A U o iy =, #
T AR PR R B & W) SPP Rl 4L 4 & F 45 (CdSe
quantum dots) 5EFNAAH EAEH o 38055 R T Y
FAFE, WIE] T 112 meV B A RES 2L, FITCHL
K PURBEARLL, AL A B R BRI
WeFshiit, 1 SPP AYSRAN G I EAE R B KNS
REf . P, AL AR i R 5 R 48k
SEFARSS A, DMERFSE A SPP RSl A EAEH . b
an2f RS EY R rF Rhodamine 6G1731 | JEEUAR (4
P2 Rl VYNSRIV e e

F—FA AR J-BER YR, BT
HALPRWG AR IR IREE, 455 F1 SPP 7= A4:
WEMEMEH. Wik, SEPOREHFAIL J-BER G
BT RIS AR 2 AL AN KBS R T A IR SR TH A5
BT A SR 5 (Y A (20 25-26.92,35°39] - ] B R
BEEKE C. Lienau WIRATE J-BER 14 @ 22 ALK S5
MM T —RINRANTAE, ALEENA C
Lienau ZHZWII A AF 22k & Jm AR EEF il & 07
WSS . B4 T-BER & m et 2 b g ok 4544 K
Hif s BN A SOGE MBSk 3R IE
FORT-BL: EkG BE CORICRME AR A RIS - PRI R 501
TR SREN A IR FRTER S IR 9K A5l
PERERAET T RN H] 5 & BTG J-BER &8 e Atk
YR EE R RS G RRE LA S J-BE 2R SR
SPP S5 AH LA E I R PR Bl 2=k

[26]



DOI: 10.3969/j.issn.1003-501X.2017.02.004

(a1) . az)
Gold grating
(80 nm)
Buffer
(20 nm) E
>
>
[}
GaAs QW 5
(10 nm)
GaAs substrate
Buffer
(50 nm)
Angle /deg
(b1) (b2)
Y
L G 800
’:.‘ 0.08 hite light €
L ; ;;; g X £ 700
= ey
§ 006 -=] &
s ! s
o Glass >
(2]
9 Ag T 600
< 004 W Cdse =
0.02 500
0.00
400 500 600 700 800

Wavelength/nm

gext

B 1 (al) ANFFHRETH-2BRMNREMNTER. (a2) AESVONLEYRAEGTHME, P2
A2 B R m iR 09 SPP A AM A, F5ik-4 8 @i & 69 SPP Al SM A& (b1) #Bitéas T 5411

BALEMUAB L BIRE FREE TR
A PRE RATIE. B ¥ 4Rk f Lak[25]47[26].
Fig. 1

, B e ERTEAHE LT B, (b2) 0

FIFE AR

(a1) Schematic of the metal-semiconductor hybrid structure consisting of a gold nanoslit grating deposited on a GaAs

QW. (a2) Calculated angle-resolved far-field reflectivity spectra of this structure. Dispersion relations for different AM and SM
SPP resonances are indicated as dashdotted lines. (b1) Normal incidence absorption spectrum of a CdSe film, ~25 nm in
thickness spin coated onto a glass slide. (b2) Reflectivity spectra plotted as a function of the angle of incidence external to

the prism (right). Reproduced with permission from Ref. [25-
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Fig. 2

(a) Molecular structure of J-aggregated dye. (b) Absorption spectra of monomer molecules (blue)

and their corresponding J-aggregate form (red) measured at room temperature. (c) Schematic of gold
groove array deposited on glass substrate and (d) the hybrid nanostructure consisting of J-aggregate dye

film spin-coated on the gold groove array.
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Fig. 3 (a) Principle of spectral interferometry setup. The broadband laser pulses are split by the first beam splitter (BS1)
and sent through the two arms of a Mach-Zehnder interferometer. The one passing through the sample are modulated by
its complex response function. The other beam is the undisturbed delayed reference beam with respect to the sample arm.

The two beams are then combined after the second beam splitter (BS2) and sent to the detector where the interfering field
intensity is recorded. (b) Schematic of angle-resolved spectral interferometry setup.

FBIRENJIF KA : RIBE-IRMBRSH
e

ZRALGIKLEF TP T -SPP SE AR A AR DL sl ) 2
I SR D PR 2 3T - R DN R 25 06 1% B R (pump-probe
spectroscopy) K AIFT o ZEIH - R B A TS — i H Y
BICIEM A, HIROFTE ) BN R B BRAT 1
P Ji2ed . SRS - IR GRS anE] 4.

HEA B R PO K 73 B, o —
kPR SRO, FSRECR W B N R Y BRI B
B, SRIG 5SSO T I A B[] B3R g ik
M, BRI, SRS OGRS LG ) B i iy
SHERASE, AU . WL . FOEE . i
OIS SORDGFIRIN G Z A AN [ I (8] ZE 38 T 4+
(G P 3L S At e S e S - BB 0l 31 )

165

ESuy N

SR TSR A BE S A SR - R
&, Wk 5 R,

M & 48 % H Bk - 8 % A BOG 4% (Rainbow:
Femtolasers or Pulse One: Venteon)=4E FV 6 fs B ik i
WOEVEREIR, H B A 650 nm~1000 nm. K T {4
RSSO IR PRI ot B A s ] 43 B8, o o ) R
P ged Bk MEE (chirped  mirror) FIbE BE 4L #E1 T
BIAME . b TR BERR LG, A OCRERIDE 55
S FEE IR EES (R35085: Gooch & Housego)ilf 17
ZAEE], PRI 1 Mz, ZEHYERIERIER 7
WL R 9: 1. ZEHDEH T AT | AR E R (SP700
SP750., SP800)KIEFEHA RN . FRMDEL S AT
-4 (M535: Physik Instrumente)JE4 7 HERT#H] , F FBR
TG M 31 (OE-200: Femto) 22 25 75 Y1 (Acton

HA
L




20175 , 55445 , B2 1

]

Ultrafast laser

.Pump

Detector

T

v
]

‘ Probe
H
; Delay

Sample Blocker

B 4 FRoE-RNAENEAETER. FIREMRA SO SR 5 A FE R (pump) A=K K (probe). 4R kA
Xt Fl S B AR AR ¢ 3N AT 5 B A 28 AR 4G T AL BLR e kAR SR e AR MR Bh A F MR

Fig. 4 Schematic of a generic setup for pump-probe measurements. An ultrafast laser is split into pump and probe beams. They
are both sent to the sample with the probe delayed by a time of 7. The signal of the probe beam is recorded by a detector as a

function of delay to monitor the real-time dynamics of the sample.
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Fig. 5 Angle-resolved pump probe setup. The sample is mounted inside a cryostat, which can provide vacuum environment and is
cooled with liquid nitrogen or helium. A 6-fs pulse is first compressed using chirped mirrors, a prism compressor and a pulse shaper
(not shown) before split into pump and probe. A delay stage is used to delay the probe beam relative to the pump beam. Both beams

are modulated using AOMs at different frequencies. The pump beam can be spectrally narrowed by using a short-pass filter.
Computer controlled angle tuning platform is used for excitation and detection angle.
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Fig. 6 (a) Schematic of a strongly coupled X-SPP system. The excitonic system is modeled as a three-level system consisting of a ground
state, a single exciton state |X) and a biexciton state |XX). The plasmon system is represented as a photonic mode |P). The continuum of
vacuum states is denoted as |V). The solid arrows denote the incoherent X-SPP coupling through vacuum field. (b) Spectral widths of the

UP/LP modes obtained from experiment (circles) and oscillator model (solid lines). (c) Calculated population damping (solid) and pure
dephasing (dash-dot) of the UP (blue) and LP (red). Results are taken from Ref. [17].
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Fig. 7 Time-resolved differential reflectivity signal (AR/R) (a) for UP and LP mode (b) for resonant excitation. (c) AR/R dynamics
(logarithmic scale) at the X resonance of the bare dye film, and near the LP (1.74 eV) and UP (1.84 eV) resonances of the hybrid

structure. (d) Measured polariton population damping term as a function of detuning angle (circles) compared to predictions of the
coupled oscillator model (solid). Dashed lines denote the results in the absence of incoherent photon exchange. Green: damping rates

of uncoupled X and SPP modes. Results are taken from Ref. [17].
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Fig. 8 Coherent dynamics of X-SPP Rabi oscillations. (a) Measured differential reflectivity map (AR/R)(ar, 7) for a hybrid structure with
p=430 nm, recorded using two nearly collinearly propagating 15 fs pulses with time delay r at an incidence angle of 8=39°. (b) Comparison
between measured (solid line) and simulated (dashed line) differntial spectra. (c) Time evolution of the AR/R signal near the LP resonance
measured at two different angles. (d),(e) Simulated (AR/R)(@r, 7) map (d) and pump-induced SPP and exciton population dynamics

at6=39°(e). (f) Comparison between observed (open symbols) and calculated (solid lines, error bars taken as standard deviation of Fourier-
transformed AR (ay, 7) traces) oscillation periods and LP resonance energies. Results are taken from Ref. [39].
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