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IR E MR, HHA ) e R T R R i B
R XA OGS 4B AR UK AR BAEHT
BRI T ASDOE S aE R A H TR
Pz 37 2 18 B FE &, A it J2 Jm B8 36 T 4 S T
(localized surface plasmons, LSPs). 4 A G5
R B F AR IRYR G AR A5 D e, st 26 Rk
2% 1H 5 B T H AR (localized surface plasmon
resonances, LSPRs). H:4RIE AN | £t DL S
EEDR AN SN R R S N o T =S el R TR A 2 NN
F L HEA  APRE ] BRI T A AR AR AR
BRI, S BHOTE B ARG BA = )
BT O, AR S oK R 10121 Mg ik AR 45
WSO EAE T (Wi, WO, P 501
T (91 R AL B T HL ARG A AR A4 Ty
i 0520 B RAFAR L, JUHIE oAb 140 T4
K (T ) FIfCK (ZA) RO Z IR1 ) 48 K 9
DR 2 1 BT BRI &, SR 9Kk B A
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ORI A RGP ZLRE SO RS, BB ] ik
SIECHER B8 AR, P00 TAE A RAEOG
KA B HEE G FBRAT, IR SR Ty, I S
B I - R 3 29,

f& 5 3% 1 % B ¥4 G (propagating surface
plasmons, PSPs) 5 LSPs Ay ELSHL il Al FH AL
AATA], T H S 8 | s BE RO Ty 3G R A
XN, A ZRR T E G & R 9K URLEY) LSPs
X ) s e SR A A, ok B R R R
(metamaterials) . 45T i ARORLSE HoAlA AT BE
HA G BBOTR AR, A SCN R & T
LR EE, B ST 2 28 4 T A oK Sk (] P 34 i
DG IR EEATE., Z R e T A RO
2 SR AN R SURL I 2 28 S0, e A 4 F T HA
W )45 28 “AE B OT AR (plasmonic tweezer), /5
Z PEAmAREON BT RDGIT LL R FEGK SR T Bt
0. e A E BRI T A Rl 5GP
FH T

2 EEBTLALRBNKRFEAE SN

it it H

D62 T BTSRRI T OB R ST 5 A Y
RN IR RS I TR I, SR LA
ik B0l 2 RSP /N TR, SR B R Bl
MR RTS8 AT FE AR, e 2 1 A B ot
4 T8 A KSR 1Y) B WAL, TR 22 e 5 i Tk
g7k (Maxwell’s stress tensor)P! i 35 F) FH
IR I8 AR 2% T k. AN a3 S Ty R R
Mie B i 3l 25 B 38 A FR 2% 4375 (finite-difference
time-domain, FDTD), & H { #% i1 {2 (discrete-
dipole approximation, DDA) S 44 {H 7 % & Jcit
B HL ).

2 s N ) kiR R RO DI R AR T
25, TR BN AT PG T s b6 22 st 5 1 g
WA THATESY, BEDEE T (F) — §(T) - nds,
Horp p ERME W, MHE s -SRI Mg
A LRSI T = e B E; + (1/p)HiH; — 1/2[eE*+
(1/p)H?]6;;. WeAh, #6 BE 637 AT 7 A g A Al 0RL 1Y
ot (3 B, SeE R R e — 0 r 302
TC55 7 e B Dy, B LA 6 62 1y B
BT EITCT5 I, BVl 1531 S Wi AR08 PR A 34
U:—f;:F(?“)-dr.

2.1 Mie EHig5¢FHitE

Xu Al Kalll & B F T SC Mie B LA
Se T N, THRE TR I T, RN
K IURE — SRR TE A5 B OT LR AL R 2 T R 2
P RTR PG Ty AR IR TR R AR K.
Kl 1(a) F1& 1(b) Fr7R, 75 mW /pum? 2L A GG 5
PHREOR T, S B R R, BRI RO
2 IHi B, RIS TR A O 1Y) 1% 422
Qb ZER TR R M R TG sk by 2 U (SERS)
O, PETH A IR B U . Brus 45 B2 3t
BT AER] OB AT, 2B 30 nm 194 SR 44
KJORLIR] B G2 (5]) J7, X sy LR A S ik
Gy et B ) PR B AH . D65 7 LU LR B
Ji58, £ MW Jem? R EAS T, THTRES
JEAURE. [ & BRGNS R BRI/ NE i 3
SRR FIFARRL MR, WA 1(c) FiR, XL 2K
Ry 3 R T 37 (R A B T A 248 X iR
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Fig. 1. (a) Simulated optical potential U(\) at the gap between Ag nanoparticles (d = 1 nm) in a trimer and a dimer system in wa-
ter with a plane wave polarized parallel to the symmetry axis!; (b) spatial variation of optical potential U around a trimer (R =
25 nm, d = 1 nm) gap excited at a surface plasmon resonance (A = 760 nm)P!; (c) a comparison of the field enhancement to the op-
tical force at the surface of one nanoparticle in the gapl®; (d) calculated optical force for Ag and Au nanoparticle heterodimers
(R, = 10 nm, R, = 10-40 nm, d = 2 nm) in the parallel and perpendicular polarization with different energies®; (e) the resonant
optical force for Ag dimer (R = 30 nm), compared to the van der Waals attraction (black) with the energy of 3 eV (blue) and 3.3 eV
(red)P¥; (f) optical force map of a bowtie antenna shows hot spots near the gap and two sides*").

Kall 45 B3] Fedss T 4 sl A 0 [ 50 R 5 5 55 B ) 5 0T R AR, Sl S e B JRHESR T mi R 5
T RRAEAR R A S T a7, &l 1(d) 73. Chu Fl Mills®4 155 T 4R 40 K Jooks 2 1], DA
i, BURLRD G T BRI T Mie #HURZE A T UL 5 S T8 [F] OGS R A 24 07 aniEl 1(e)
2 ve Aok i, DU U . X F RSEAR Fi, SEBRTE 0.5—2.0 nm BTG, Y62 1
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SRR 2 EHOCHHRBUR R R, IeAh, S5
JCAIRT R Y Eo F R S MR . Xk 2k
AR ERE D 25 RO THE SR AR IR BT B

Li 45 B5F HY SC Mie B (6245 = B 2 1)
T AEIRZONL), oA T AR R L T AR N
KRR ARGy X TP EAE Y 48
POk, BERE (W5 1) 1 F = h 2 TS B ROk
FELE AEAE T RIBRE /N TR R T3
7R T ] B UL AR AR Y el ORI RS I A
Jyl IG5 | e, T i iRz,
WA AR A B Al T A B IO TR e . SRRSO
YR R 59 5 T n] IR i e S Ry

22 HEAESAENITE

Quidant 4§ B9 F| A& MIF 3% (Green dyadic
method) HIZ ve 45 B Sy sk ik, 7HA T LSPRs
T A g KR [B] B S 5R OEEE (56 T, IS
FRL , RS PRBUR EAT HUER. FEIE S A ST K
T, iR R VR AT A SORL SR A  ZE R B AL A
5o ) S 3R P RIS SE T 4 g oK ok SR AR R
(IR = (55 S

Mohseni 25 B 25 1 T Au-SiO.-Au = R &5
FI RS E5 Y (bowtie) 40K LR “Hh 57 BT il 2%
Hiasial sy (WK 1550 nm). 40E 1(f) B, I
T FDTD FIZZ sl 5 sk st ik e AT A4, 153 74
5 RN G 27 7 BOKS 4 53 A . Gray 45 B8 || FDTD
OIATT T RUHEAAR 4 90 K J00R — R AR (1Y) 3 37 Az 3 1

BT, % RAA = FIEAS: JEEEJE (side-by-side).

FE4ERE (head-to-tail), JASEE (face-on). KA [A]F
ARSI PR B SRR I A 2T RS , T2 — b
NER. MIRIZE sad s skt R h — AN R
F3— M ORLEG 7, A3 T ORI | R ss ik
JF 1. BAERE (head-to-tail) —F IR Z [l ()24 )
A RE RN B K BR —BRIR AR 10 45

3 RBREATEBRTEREN KT

RN FE IR (S FROLH) X T O
B AKRBURLAIAE R 7. ol T <5 A K AL 2 1 45
BSHOTIIECR AR, B A2 A — S8 547 U UkE
ARG TR PE B RIELER.

31 XEBETHEBHATEENAKRTNS
Rk

S5 BEHOTAUKR R G2 BRI i A B I 3R
B, JUHIE X TR 2 AR BRI, X0 i TR
SEBSOT M R Y 5 BE SR B 3, 7T A e A
RIORL ) RO R PRI, BT AR R 5 | ke
PR A B2 1 AT S ORISR G Rl SRR 128 . )
PG S D GBS, &, TSNS BT K
REFE2ABRFDEEE B T LSPRs, gk
FHE NS 3] 1) 5 J8 9 K BRI SR SRR FT AR S
RO R, T TR I s o6 P9 gt
AR ARG . WA 2(a) R, Kall
A 10T DGR 2l B ER G OK UKL, {5 55
—ANEE BB Z R BOE G, e T B
A SERS I PERY 4K, P28y SERS 58 & 3 il
T 20 f%. Gueciardi 45 U FEA A0 00 F W,
I AR S oK SR Sl A 5 S g oK R SR A, SEa T
sk pH T AR A AEY) 201 SERS R, 48
N ORI X T B ) — SR A S 0 K O 2 Sl A
MR R 032 ZBRARIE] B4 T 138 ] LG 53 B
£ (colorimetric assay) Rl & 3] X 2T LSPRs
SROT b A A B SF B W ot ¢ Mk (plasmon
hybridization). Baumberg %5 4 FI] 1 45 25 ot 5
L 1) 4 G R BURE YOG 228 (laser threading), 7=
AT (12 + 2) nm FEMZ. IZAE RIS G2
Y T K UKL AL 27 2 2 1 1 TR B A 0.9 nm A%
W 2(b) Frs, BRI AEK H, AT 8
P LLA LR 1) 2 Al 4 /2 AL 1 v e e B S5 BB
JG (charge transfer plasmons) X Jz B, £k (1) 58 B
BT AR IR | R o0 ROST | B DL A%
JCUEH . AR, FIFH A 1 S P SR f) At 45 2
WO, FIERROGA AR RO RS R T, B R
HY5RJE. Scherer 55 WK AR HO G IR 2 9 1) 55 25
POCHAR AR I, AR A 23R A S AT S B0 5 1Y)
BREE . IR 53— CRNEOE, i R BOE 174
TR PR 9K IR, Lin 45 10 FLFH 1
TTHR/INANIR] (THFRAHZE 5 48%) MK S8 iy
GEBOTHOR I, TR TORBOLE (KT
1), FHFIH LC B IR AL LS i ke

Nordlander 5§ 17 & & | 45 B WOT A K Z5 49 1)
2 BB (photoinduced force microscopy),
AN A2 OGO T 1 AE B IO AN K S5 R AT R

144101-4


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. 68, No. 14 (2019) 144101

Experiment
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o

Single

r ‘ particles - Tf\lol laeser
(SP) s laser
&
-1 00 ? fs laser
1 | 1 1
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Amm
AFM tip
100 nm (d) (e) White
light
Dark-field beam
objective |{ {

Beam splitter £

=

Monochromator
with CCD array

B2 (a) 2B USRS AR5 (19 SERS 193458 10 (b) 'G5 5 4 4 K ASURL B B B AL 4f 06 9 A8 AL 141, (o) Z R AR Y %
FI AR AT (A)AFM FHBNAY Al-Au 94K 8 RARTEAE 90 (e) AFM FIRE 3 18U YRS AN 25 & A Kl 2 g 4 1l 150

Fig. 2. (a) Dark-field images of an Ag nano particle and its dimer. The immobilized particle (I) and trapped particle (T) shows no
SERS signal. When T being near-field contact with I, the dimer (P) shows an enhanced SERS signall®”. (b) The threads develop
after adding CB molecules and incident fs laser. A dip at the laser wavelength and a peak at the TCPs emerge!*. (c) Photo-in-
duced force image of an e-beam fabricated gold dimers. The incident polarization is parallel to the dimer axis*7. (d) Schematic and
SEM images of reshaping of Al-Au nanodisk heterodimers before (left) and after (right) illumination!*]. (e) Schematic of the optical

50]

manipulation set-up consisting of an AFM and a dark-field scattering spectroscopy system!”"l.

Bz et . miEl 2(c) o, ARz, &
TAR-E 9K B 5 5 I R AR, SC T I AR
AT 37 3 5 A7 Ty AR U8 AT I T 5 A 7
F 1845 (atomic force microscope, AFM) £
BRI 5 B R AR B (] AL, S T 4K (R
FLATT GBI W8N 1 RS G K (R B Y ]
Bt (91, < Jag 40 oK 45 ) 1) Y6 22 8 — RO 225 FH ik
WO BRIAL, Z )5 7E 2T 5k ) R 28 S R 1)
& A 2(d) PR, X —TdBRA AR 2
A RDERAL, 2R AR I BV E T 4K B
FERDE T, =Rk AMNE AFM #REHRLF ).
S 0T R AR XS FR AL ] 3 i i AR O 3 1 28
AW 2] . 4n &l 2(e) B /<, Bratschitsch 45 PO 38
it AFM BYBF I ANE A5 AT EE T 5 9 K K2Ry
P> = A AR A R BE IR B, e Ry Al IR 37 HECT

SRR E]. MR BB 0K, ST
R 2N PN T R

3.2 BRI EFEFMITEE KB IFIE

HeERBR T H TR sh & mArRBk A g, 2
W RARZA, A —F N SR X R R 7
[ O 2 8 o B | =2 D 1 YA D Y (AN i R
F R R Oddershede %5 BY FI] = 4k D% 43 5
Mr & B, X T BT 100 nm 194 99K fiokr, H
FEBERIEE (trap stiffness) 1E HF 0k A AREL, (EHXT
SRS NGOR U TR 2 W L TR ER TR N e o
(IEBERER U

Quidant 55 P2 AU T A Bt IS L 19 4 R AE
ASHCR T Z 2N 0. BT I, 4R
AR AT AE BT, 53 A R
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(AR AR, VI o R A S Ao I AT 1 R
AL B M 5] T B [ . T BN (optical
printing) 5t 2& — Rl TG4 0 2 19 5 UL H ., E
KR C2E T 6T, WTTEAKGOR FE T K
PRGN KRN 24 S . Stefani 25 B3 I A [F) 3
R A, WFFE 4 SR GORITR Y24 Bl
PIMERAPE. Y60 K IR B ORBOR ) LSPRs A,
Bl WOCTI R8N, RS BE B . SR K AN
LSPRs i, A5 5O HETC . Huergo 55 B4
Na,S i Ji 4 ER 1521 it 4 40 K Uk B B FT ER 3]
PR b, NSO 255 BOT LR 3, 298
K= AR LM ILIR. A A R [ A5 B
JCILIRM LT, BRI G LR ILIR W IER. %k
AN TE, P R4 1 R A U
4 SR AR IBORL A Ty (RST) Wi 52 il 48
Te L TAR B oC IR, MR TASMiES T
() Fano 4R (4R T8 Lt — M 9 (A% 55 25 ot 16
78, FrLAET Fano L4 AT g SEELEE R
30 V. Li 45 55 B F Fano 13 514 10 B (W
51) 71, ST XA S BTN K R Y R T R AR
AR RN L. BIETHIEINIE 3(a) A1 3(b) FizR,
FERBOERIA T, B KBURAEH Fano J4k
AR RIS FERE 1) B AN RERRIY, S804+ Fano T

Scattered energy flow/arb. units

W R B ) U 7, HR/IN S BE ) 2 T LA
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Fig. 3. (a) Energy flow of a Si-Au core-shell sphere under Gaussian beam excitation. The particle is positioned at z = wy/2. The

beam waist w, = 0.5 pm. The white curve and color scale are the direction and logarithmic modulus of the energy flow,

respectively. (b) Potential well as a function of the radius under the excitation of A = 410 nm (black) and 830 nm (red)P.

(¢) Schematic of an Au-Ag core-shell spherel®l. (d) Phase diagrams of longitudinal optical force F, acting on the spherel™l.
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Fig. 4. Plasmonic tweezer: (a) Schematic of the gold particle pattern®; (b) schematics of a nanodots substratel™; (c) schematic of

the individual dimer with a 10 nm gap®; (d) Au bowtie nano antenna arrays for highly efficient manipulation®; (e) SIBA trap-

ping of a holey fiber, the incident polarization is parallel along the gap axis to excite its transverse model®!); (f) optical trapping with

a gold coaxial nano-aperture (10 nm gap)®.
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(c) Scattering-driven
2D nanomoters

Polarization
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(d) G IFORL 2 4 A KAT N T 9 (o) — 3R R [ 1100)

(a) BRYIRL B HE Y, (b) GG BORL A 5% 1%, (o) S gk A 320,

Fig. 5. Rotation and plasmonic nanomotor. (a) The dark-field images show a silver nanowire is rotated by turning the incident po-
larization (red arrows)®. (b) Schematic of the gold nanoparticle trapped between two glass planes rotates by absorbing spin angu-
lar momentum from the circularly polarized beam!®. (c) Schematic of the gold nanorod rotates in solutions through plasmonic
torques of circularly polarized beaml?. (d) Schematic of trapping and rotation of a nanosphere by the gold nanopillar with linearly
polarized light!®. (e) Schematic of the silver nanoparticle dimer orient along the incident polarization. Two orthogonal polariza-

100]

tions can determine the dimer angle by the difference in the spectral intensity peak!!%0l.
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Fig. 6. (a) A calcite crystal is parallel with the polarization of the laser beam!'%); (b) spatial points of the movement of a gold nano-

particle with Laguerre-Gaussian beam of L = 2 at A\ = 488 nm with 120 mW laser power!"'”;; (c) schematic of the rotation of a Ag

nanowire on a glass substrate induced by an optical vortex!''l; (d) schematic of the metal particles trapped by a PSPs virtual

probel'™¥; (e) schematic of the gold nano-motor, sandwiched between two silica disks (300 nm thick, 2.2 mm x 2.2 mm). The large

silica disk reduces the Brownian motion of the nanoparticles/'®!
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SPECIAL TOPIC—Plasmon-enhanced light-matter interactions

Advances in surface-enhanced optical forces and
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Abstract

The localized surface plasmons in metal nanostructures under optical excitation will lead to near-field
localization and enhancement, which have shown important applications in surface enhancement spectroscopy,
ultra-sensitive sensing, microfluidic chip, enhanced optical force, etc. The plasmon resonance and the resulting
electric field enhancement strongly depend on wavelength and structure geometry. As a result, the optical force
will be closely related to the field distribution, that is, the optical force can be used to manipulate and sort
plasmonic metal structures. The large near-field enhancement and gradient of metal nanoparticle aggregates can
also be used as a “plasmonic tweezer” to manipulate other particles. Furthermore, in the case of changing the
incident polarization and even for a new type of structured laser beam, the optical manipulation has a higher
degree of freedom. In this review, having briefly introduced the plasmon-enhanced optical force, we focus on the
recent advances in the following three aspects: 1) the manipulation of plasmonic nanoparticles by optical
tweezer, 2) the manipulation of other particles by plasmonic tweezer, and 3) dependence of plasmonic optical
force on the polarization, optical angular momentum, structured light and the structured chirality. Comparing
with other topics of plasmon- enhanced light-interactions, there is plenty of room for further developing the
plasmon-enhanced optical force and optical manipulation. Several research trends can be foreseen. 1) More
precise optical manipulating and sorting of nanoparticles (even sub-nanometer). For example, more sensitive
special resonant modes (e.g. Fano resonance) of plasmonic nanostructure can be utilized. For some
nanostructures with small feature sizes, especially when the gap size is close to 1 nm, the non-local effect has a
certain effect on the plasmon resonance. Therefore, when calculating the optical force in this case, non-local
effects and possibly other quantum effects should be considered. 2) Richer laser fields, that is, using various new
structured fields and chiral structures provides a higher degree of freedom for the optical forces and optical
manipulation. Also, the localized surface plasmons can be combined with propagating surface plasmons.
3) Wider applications of plasmonic optical forces, especially in combination with other effects and even
interdiscipline, e.g. enhanced spectroscopy, enhanced single particle chemical reactions, nonlinear optical effects,

and photothermal manipulations.

Keywords: surface plasmons, metal nanoparticles, optical force, optical manipulation
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