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BSM : Belinfante spin momentum
IPM : imaginary Poynting momentum
SOI : spin-orbit interaction
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Fig. 1 Different classifications and applications of OLF""#*"
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Fig. 4 Experiments and research on OLF from transverse BSM. (a) Nanomechanical cantilever measurements"”; (b) three-dimensional

measurement setup for transverse spin force on Mie particle!"”; (¢) experimental schematic for generating line-shaped light field

in uniform environment to achieve stable OLF on particle™; (d) small particle driven to rotate laterally around larger particle
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below waveguide™”
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Fig. 12 Lateral force from microbubbles. (a) Mechanism of microbubble capturing nanoparticle!”; (b) using microbubble compression

printing technique can drive micromechanical motion""”; (¢) using microbubble generated by photothermal effect can achieve

active sensing"™

FAb o B L T YA R AR AR 2 7 A Rl A
BT E 13(b) iR o

N & A L SR 1 R N A P
3 Tk B R TR T 51 A 1 T 3N AR O IR L B R AR 4y
T — iz g 5 A K sh B AR S BB A 2T
A 13Ce) frzR o X3 T A4y R [ SR i A o 2= e e
Xef A A A A 2 I, 6 T R L HAGE B
MBI Z

TRBH S F kKR F o = 6fpmpav, Horp v 2
B R TAR. S L FARMBELS
S MR 5E A R AR AR P £, = 15 24 0k b
F WA T 28 FEAR B L << 1o 38 4R AR B T
A PR AT R R 4 R

F X = Fh #4075 T 00 5 HoAh Fy (ol 91 45 ) 19 45
A, TR R OR 5 s 1 i — > 1 el R AT R S T R
i A AR A S TR I E FE . Ndukaife 4R Chen
SEUNG S T A B A B OB, T AR H Bk
JOL 7= A T DR b K 40 KR i % B A BT AR
Ak, SRt R G A ARG S RE R B B A O R A R R T

— R A A BT H A 13(d) fros o i A g )
I& [ 9% 3l 9 15 T 0 Y 38 AT LUK B 10 pm /s, 3 G
Ao T 22T R T A X g R

T F5e B 1 — U 58 o, Lin 55104 R+
7N ot B = PR Sk e A 9 oK UKL 174 % 1T 6 G OE
HL L %07 1 ] LATE B 463 T 40 oK JBORL B4 7K S b R A7 45
ho X — BB AR YRR AR AR T B L
AL i 48 P AN [R) RS R RTE AR 1) <62 J 9 K 80K,
K13 Ce) im0 GO o IR I, pln 84 A 39 0
By CRLAR K A 3 O IR ) 2 HE e i 97 fRL £ 1) B 1
I Az LU, DT T F A A < R A oK ORL I ] 2
I R A AL o AR XN DL T RO R AR 2 B
Je B A5 B T A R S5 R 5 LR A H BB O T B
(. 53— Jr T, 25 FIOE AR B Tanus KL 71, 2 76 5
RO -4 — M Z 8] 77 AR 22T Y Janus KL F 43
B 7N ot - = T BE SR AL B i B i e T2 A
TH A T BE B B2 5 132 8l o Janus RL -8 AT D A e
AN BRI AR S 114 - i A 4 ) RO A L . X R R AR
LA s BAT RO D R 5K AR R AN R

0700001-14



HEXE- -FEBER

a4 ETHI/2024 £ 4 B/HEER

AsNd o

ZWz-0T +a

-400-300-200-100 O 100 200 300 400

0.1

r [nm] 0
© @
et T3 E PEERSS
s K N \ / Tt Ao
e b $ic-
XN b
W
) \ -
. :::ii//// \\\Qi:::: :
R g R R
. i NN L
AToad
0

drag force

d Thermo-osmotic

Thermo-osmotic flow .

Slip velocity U,

Hot surface Cold surface

0.01
Xl™
=

0.005 2
I|»
N

-400-300-200-100 0 100 200 300 400
r [nm] 0
(e) Temperature gradient
O CTAC-coated particle %107 K/m

& CTAC micelle

© CIion

L2 \white lamp

=@

CCD camera

U em

F13 IS OLF . (a) i B RS B 51 4 A Bk J7 K6 k0 7 DA J DX 9K 3 B X775 (b) el 28 1 1L 32 6 38 62 14 0 A 3o 32 7 A4 1) A

B (o) FAL I A IS 1 4 98 oK R R 7 AR SRR BT 5 (d) 5 58 U H S R 4 A 1A 49 K R R A S R 5 4
RN (e R Tl R YUR B

Fig. 13 Heating-induced OLF. (a) Thermophoretic force caused by temperature gradient, which drives particle from high temperature

region to low temperature region™; (b) thermo-osmosis force caused by slip velocity generated by surface temperature

gradient™; (c) strong fluid convection generated by heating gold nanorod on indium tin oxide substrate’™; (d) schematic

diagram of nanoantenna heating combined with alternating electric field for particle manipulation™; (e) schematic diagram of

manipulation of particles using thermoelectric force

FIE TR AN B DA R K 7T 326 S5 A 051, A S ok ol 2 45
KD T T H
3.5.3 HuAEh

A 2 (8] Ji X OLF A5 51 22 5% i {H A 5% 55 /D i) — s
HE.

P F G I & —Fp R MR B R O T B
AT LATE 506 45 36 J7 ) 3 B 1 L3R g0R P B
I, Qin A5 R AUZ G F AR (PhCS) MR SZ B T — Fh
T, B 0] U 5 A5 18 T o) 2 B SF T E AR
HEFF FIBE R KL 7, K 14 R . 24 B F 245 0 H
e B0 ER RO T SR BERE M ay, 1 a,, AHAERT G T RE

192]

7 A R IR A i IR A Ak 77 7E P S BIC A%, R 2]
IR IX P L I 22 A R B g HE e OO BT
JZ R A A A, BB RO 7 R R B A, A
Qo AN AH S I UKL 27 07 T R b A A B8] i 31R 8 Ak 9
BIC s, i 4 32 B 58 3 6 L e % 119 LA 1 1A T
RGN IERE o X — PSR T — R S OE M
SR RO H7 L 3 O T AR I AN T BRI T AT fE
P, M BE 9 76 4 B0 A0 A= ) B2 b ook T B 1 2
O FH 6 %R 64 DI

T T 't 2 THT B 30T 70 A % 5 J2 Bk OLF B9 UL
Tk o MR T A IR TR T EL 5 B, OLF A A7

0700001-15



HEXE - FFEERA

@

Nanosphere 0

PhCS

a4 ETHI/2024 £ 4 B/HEER

lower BIC

0.05 N——- 0osN\\\T7//77
\N\~——/ NN\N\\ |/ /77
\N\\~N—~—-/// ~NNN\ | /oA

3 N\\N—V/ /] T ~~\|/~r——

sSol 11 111 S

< 17 7=N\\\ - =7 I N\~~~
/ /7 ~—~N\\ s/ /NN

7NN\ AL L] VAN

—0.05( /==~ -0051// /[ 1 VNN
-0.05 0 0.05 -0.05 0 .05

k, n/a) k, 2n/a)
(e) Quality factor (10%)

0.0 xs=>=>277 () 05N\N\\\ (/777
Rx>==>27 () () NN\ ( /77~
NI (] SN\ (| 772~

:ﬁ %%%wg @ g SN\ (| 2=

LMY e =

) O iz 4 | AN

RIRIZZ= SN 2770 | V \N\N

~0.05\0). ) O O 00527/ 0 | V\\\

-0.0 0 0.05 -0.05 0 0.05
k, 2n/a) k. (2n/a)

B 14 4 OLF ", (a) 7= A 40 41856 7 (9 XU PhCS 78 Z I ; (b) 4 @, = ay B, PhCS w1 BIC 452 2 # 4 JURL R B 5 () 2

ab

Qo 7 Qo BT, PhCS H Y BIC A8 X 45 5 UK R B2 18 5 (d) 2 @, = @y I, BEAT G54 S BURE B A (e) 24y, 7 oo I, BEAT 2544
Kk iz gl [E]
Fig. 14 Topological OLE"". (a) Schematic of double-layer PhCS that generates topological optical; (b) schematic of particle
manipulation at BIC modes in PhCS when «,,= a,,; (¢) schematic of particle manipulation at BIC modes in PhCS when
@, 7 5 (d) band structure and particle motion diagram when a,,,= a,,;; (e) band structure and particle motion diagram when
Qiop 7= Ao

e AHJE M RmAE T S B R TR b4 2
AR R Al AR B R o i BT A AR B AR A
B, BRI R = A OLF . B ARG 37 07 18] 45 il Ol 3¢
TET AF L T L, 2 IR 114 KL O 2 T BRI e & e
OLF"™ B4 —F 1) K% 1) 2 17 45 8 7 1A B oc 3% & vl LU
T AT WA R A Ak B e T kAR, AT A2 OLF
I 9% K o 4 B0, AT — 5 A% A 2 BT Y
OLF # T LAF £ 450335 o ELULH 38 o DA B ot 3%

LA AT T A B 32 22 B SPP
OLF BI52 M o 33X b 75 vk 58 th 1 B 1a) B 5 5 16 31 331
WeF e E R, Li%E A T —Ff Fano T
WAL, BT LA 2 G ROk T b A 5 AU B S X
PO ) B3, AT 77 A 8 35 084 5 B9 OLF o 3k A gl LA
ST R 25 b 45 B TR AR 5 IR LA Sy — R
652 7 3R Tk

O B — MR R TR BRI R

0700001-16



HEXE- Rk

a4 ETHI/2024 £ 4 B/HEER

A T HA RS R g BT X R e
FLERRIBE S Bl , Paul 2817 1] OBL A AN 4% 1) S
8 T, AT LA 24 o T AR B AR oT SR Y T
AR B e =z 18] 52 B0 Z0 A A EAE AT P AR B B
9 OLF . Xl OLF X il i 15 2 F0 A S P < B AT AR 4
MR I XA R A — AR & T
KEEAE AL IR Z R & o R A AE G K R4, 7T LA
TE 10 nm DL By 94 ok kL b k15 B oK 0y Rl e
OLF ™ ik — 2280 7 7= & OLF 1) ks ] B o
FE SR X LT R, — AR FEZEAE 2R 5 9k
2 W 1) J1 52 Magnus JJ 5+ 77, EAE T 7 8] 8 2 Fi e
Ry 3 A Magnus f170 Y BARRIR AR
F = nd' pp X v[14+ O(Re)],  (33)
T @ S ORI A B B, U B Re= pva/n, 0 Ml v 4y
)R A A A % R R . AR X FP S AL R, Magnus i AT
LA R R 1) J1 B AR SR I ST AR E R o o —Fh s DL B
W RBET BB &) 2 N T 40 e
F.=C.oviA/2, (34)
K Co T I R v, 2 PR S TR 22 (8] 19 A X
BE 5 A S X I AK A 2 Oy ) A R AR . R AE AE Y
Magnus J3 AT+ I3 0] RE R F A i e s o .
3.6 HEEXAMEARI=
AR SR A ot i & J , OLF Wi 2] 17z
5% . OLF M AH X BF 90 A Rt 2 #4500 R il 200
HLb .
SN E R R AL T E R AT RE M. LA
B F f 45 UL ZE R SR iy e 51 o 3R
SRS BRI A R T B E O TR B R A R e
Belrwwod gk kg ok N Janus kL F0 T K%
FooRL e PR R e ok =
f b B ke B R R AR S T i T R
OLF FMK T 655 & A Rp ok D fig o 8 3R T 76 P G U1k #
T 07 T J R A AT R A A B Sk R R
FHEAE T 2 AT R . RN R B R 98 K s B R
PR &, B T — Fh B OLF 3K 30 (9 8 14 Pl %
A" (Meta-robot) "™ * 5 3o I 45 0 19 I 4R L% K
24, v LLTE | Wiz 3 iy /8 3R b it om o't o (an
OLF) , fifi 15 &8 F 1 (B A L8 A ) fE s = 4 iz
B e, B KA LU R T — Bl S T A A B
J& 20 7 4 OLF 1 2 J) BB “ Meta-vehicle” . 1%
ORI NG == /7 S o N R ) I | S Sz S W )
FHF A Wy 50K A2 i e SR DN A i A R A P vR
JP AR A W B AR A . OLF i A5 Hifth 2 #h A= W 1k
O T A i Ak A S A ) F0ORE L RO
WAL AT & DNA 8K H 0 1 H B ILES AL is
IRy U TN S 7 S NN ) A e 3
KA

TR AR A b T2 A48, Bl n DNA |24 5
Fii HE AR ST M X A o S S A R —
Do R AT BT & . Bl 78 2012 4,
Pu R 1, 1-Bi-2, 2'-Naphthol B i H 45 i iy 1 7
T X W44 BB B 1 9 AL B o 7E 2020 4F, Solomon
ARV T T A R A AR S AR R
HeE F B RS . T UL B RIS A OLF
PR, A7 B A T 1 RO R AR B R ik A
oy B A T AR R R . RO T M AT T
WEHMm ItENI R T AN TFHEEERY
HEE 4 o BB S I S R A et i e
505 7 TP Z 18] 1) — 28 8 R 0 4 R QIR ol X —
B BRI Y AR Ok TR 2 AR

A HHETFIH OLF #E47 i AH i g8 /0 (02 A
ITXF A OLF #4707 8 RO # 8 £ ] g
PERIFIE AR 1R . KSR OLF A=A 0 T WL 6
LBk 27 IR T2 i T B OG22 B R R 45 2= L
A B Sz BN

4 RE5Ey

S A R B R B P S AR A H G
Sy AR T WA, A LI B8 DL &
CPL () SAM %5 . Hi Bk 26 1 3 B Sl 77 1 6 & 4
i) Abraham-Minkowski 4+ 13 , 240 %5 7T DL 2 [ 3C fik
[28, 78, 248-252] . YeHha 5 FE J1 09 7 10 - A7 TG f%
&I 1, 6 A2 5] 07 1815 AL 5% O a] AH R, 3 W R T
HRIE N8 H AE SCHR 15, 220, 253-257 ] A 40
) I A

1o 1) o 2 R G HRAE A% BORDOG -9 A AR S
I # P E EE A A, X5 B LA S OLF % VI H
%o Hoh—FpRER A6 ) 2 A g sh 5 BSM 11,2 F
15T 7] BSM, J 1) AR 498 50K A4 5 14 AN [R) 1) 4 2= 2l
AR AR TAE G OGF Bl J1 L ix A o 23k
AR B, AR YR AG I 2 D R R 20 T AE it
— b L Ry A G I L S O R B — ZROIR O R
LRI XN T

1) SAM AR M 75 JE F M wl Al wg ok T e A
OLF {HE 0] LLif o Y6 F1 TPk 0 # & 78 TR 1= 4
OLF. SZhr b, B SAM 5 5 4 45 FH 76 T 1k 90 K i
Hi A OLF #: 2 0] U8 5 Poynting 3 it 5 6 48 & %
TS0 OLFE . Yk: 1 il B 78 2% 1 Bz 15, phy 7 58 i
A LU A SOT 175 5 2 1 Ik, U0 4 P IS ST A % 38 9 =
4 )& b 3 SPP A, il 7= 4 OLF. Bk 4k, #l
IPM 4 AT REZE M 7 L SC B OLF X 5 T Ook2i i
P00 A B RS T A S S P B B . BLAb,
R 4% ol At 28507 (0 A AR R A e S ) i mT
IAR B OLF. SEBr I, Bl 4 32 0F 50 400 58 1) el ok 8
IR T VE £ 77 4 OLF By F AL, ) dn L 76 2023
AR, Nan 2677 & R B 7 28 M 1= °F 11 % A9 BESF R, R

0700001-17



HEXE- -8Rk

a4 ETHI/2024 £ 4 B/HEER

T 0 K A0 K UKL T Y 22 9T AR VR R R AR
OLF, X Fh 3T 2 F4E H i OLF B £F 5 M/l LA
38 3 6 R AR 5 T A G A S AR RN DL Rk

T TE LU RSl R B Lk BB R I R R 2R
FO K B0 15/ 90 K 3k A5 ML N, B2 A T A 30 o
W o X LEAH ML A B A 5 G B s S A T
Z B R TR

Bifi 5 A 1) 06 3l i (A B BR O 5 W O B i) ol
R B B B AN 5E 3, X OLF HL 6 A% 2R 1 78 A W I
A o BX BB ) O% B W R B AT B R R
SAMP 2 skyrmions Al merons™ T AR S IR I
ﬁﬁﬁﬂﬂT?ﬂ'ﬂiﬁ%ﬂﬁﬁﬁiﬁgﬂﬁﬁﬁﬁjiﬁlﬁE"J’ﬁﬁ?’k

2GR AR B A R T R

%%%mfﬁﬁm%EﬁEL£%R+¢¢a
SR, S UL RIE B ATTHE — 2 i H A R R R
il 8 R B g AT TN IR B o A ok & IR — S A ROl
J1, a6 G| Jy M OLF, 76 & g B 545 vh & 15 55 ok
ME B ER . AR G| ), B T LS % ST
ﬁﬁi@ﬂ@%?ﬁ[ﬁ’ﬁglﬁ R e R 57

S Z, B B G RO R R )
12 T IS AE EOCIE 1  # & 2 445 8] T IR A B
K FHKBAEEYEY: ST AL T fk¥6
B LA 5 S5 3 A B B N

& % x W

[1]  Ashkin A, Dziedzic ] M, Bjorkholm J E, et al. Observation of a
single-beam gradient force optical trap for dielectric particles[J].
Optics Letters, 1986, 11(5): 288-290.

[2] Phillips W D. Nobel Lecture: laser cooling and trapping of
neutral atoms[J]. Reviews of Modern Physics, 1998, 70(3):
721-741.

[3] Dalibard J,
Doppler limit by polarization gradients: simple theoretical models
[J]. Journal of the Optical Society of America B, 1989, 6(11):
2023-2045.

[4] Chu S, Hollberg L, Bjorkholm J E, et al. Three-dimensional
viscous confinement and cooling of atoms by resonance radiation
pressure[J]. Physical Review Letters, 1985, 55(1): 48-51.

[5] Kasevich M, Chu S. Laser cooling below a photon recoil with

1992, 69(12):

Cohen-Tannoudji C. Laser cooling below the

three-level atoms[J]. Physical Review Letters,
1741-1744.

[6] Lett P D, Watts R N, Westbrook C I, et al. Observation of
atoms laser cooled below the Doppler limit[J]. Physical Review
Letters, 1988, 61(2): 169-172.

[7] Mitra D, Vilas N B, Hallas C, et al. Direct laser cooling of a
symmetric top molecule[J]. Science, 2020, 369(6509): 1366-

1369.

[8] ShiY Z, Liu A Q, Qiu C W, et al. Research progress on
optofluidic optical tweezers[J]. Optics and Precision Engineering,
2022, 30(21): 2765-2782.

[9] ZhuZ, Zhang Y Q, Zhang S S, et al. Nonlinear optical trapping
effect with reverse saturable absorption[J]. Advanced Photonics,
2023, 5(4): 046006.

[10] Pu J J, Zeng K, Wu Y L, et al. Miniature optical force
levitation system[J]. Chinese Optics Letters, 2022, 20(1):
013801.

[11] Chen J, Ng J, Lin Z F, et al. Optical pulling force[J]. Nature

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

0700001-18

Photonics, 2011, 5: 531-534.

Li H, Cao Y Y, Shi B J, et al. Momentum-topology-induced
optical pulling force[J]. Physical Review Letters, 2020, 124(14):
143901.
Brzobohaty O,
demonstration of optical transport, sorting and self-arrangement
using a ‘tractor beam’[J]. Nature Photonics, 2013, 7: 123-127.
Novitsky A, Qiu C W, Wang H F. Single gradientless light
beam drags particles as tractor beams[J]. Physical Review
Letters, 2011, 107(20): 203601.

Li H, Cao Y Y, Zhou L M, et al. Optical pulling forces and
their applications[J]. Advances in Optics and Photonics, 2020,
12(2): 288-366.

Li X, Chen J, Lin Z F, et al. Optical pulling at macroscopic
distances[J]. Science Advances, 2019, 5(3): eaau7814.

Wang N, Lu W L,
for core-shell nanoparticles[J]. Optics Letters, 2014, 39(8):
2399-2402.

Petrov M I, Sukhov S V, Bogdanov A A, et al. Surface
plasmon polariton assisted optical pulling force[J].
Photonics Rcvicw% 2016, 10(1): 116-122.

Mahdy M R C, Zhang T H, Das S C, et al. On chip optical
tractor beam by surface  plasmon
Communications, 2020, 463: 125395.
Zhang Y Q, Min C J, Dou X J, et al. Plasmonic tweezers: for
nanoscale optical trapping and beyond[J]. Light,
Applications, 2021, 10(1): 59.
Roxworthy B J, Ko K D,
plasmonic bowtie nanoantenna arrays for optical trapping,
stacking, and sorting[J]. Nano Letters, 2012, 12(2): 796-801.
Jin R C,
enabled by hyperbolic metamaterials[J]. Nano Letters, 2021, 21
(24): 10431-10437.

Shalin A'S, Sukhov SV, Bogdanov A A, et al. Optical pulling
forces in hyperbolic metamaterials[J]. Physical Review A, 2015,
91(6): 063830.

Lepeshov S, Krasnok A. Virtual optical pulling force[J]. Optica,
2020, 7(8): 1024-1030.

Lee E, Luo T. Long-distance optical pulling of nanoparticle in a

Karasek V, Siler M, et al. Experimental

Ng J, et al. Optimized optical “tractor beam”

Laser &

polariton[J].  Optics

Science &.

Kumar A, et al. Application of

Xu Y H, Dong Z G, et al. Optical pulling forces

low index cavity using a single plane wave[J]. Science
Advances, 2020, 6(21): eaaz3646.

Poynting J H. The wave motion of a revolving shaft, and a
suggestion as to the angular momentum in a beam of circularly
polarised light[J]. Proceedings of the Royal Society of London
Series A: Containing Papers of a Mathematical and Physical
Character, 1909, 82(557): 560-567.

Allen L, Beijershergen M W, Spreeuw R J, et al. Orbital
angular momentum of light and the transformation of Laguerre-
Gaussian laser modes[J]. Physical Review A, 1992, 45(11):
8185-8189.

Shi Y Z, Song Q H, Toftul I, et al. Optical manipulation with
metamaterial structures[J]. Applied Physics Reviews, 2022, 9
(3): 031303.

Shen Y J, Wang X J, Xie Z W, et al. Optical vortices 30 years
on: OAM manipulation from topological charge to multiple
singularities[J]. Light, Science & Applications, 2019, 8: 90.
Bliokh K Y, Bekshaev A Y, Nori F. Extraordinary momentum
and spin in evanescent waves[J]. Nature Communications,
2014, 5: 3300.

Bekshaev A Y, Bliokh K Y, Nori F.
momentum in two-wave interference[J]. Physical Review X,
2015, 5(1): 011039.

Xu X H, Nieto-Vesperinas M. Azimuthal imaginary Poynting
momentum density[J]. Physical Review Letters, 2019, 123(23):
233902.

FuY N, Zhang Y Q, Min C J, et al. Lateral forces on particles
induced by magnetic spin-orbit coupling[J]. Optics Express,

Transverse spin and



HEXE- Rk

a4 ETHI/2024 £ 4 B/HEER

[34]

[35]

[36]

[37]

[38]

(39]

[40]

(41]

[42]

(43]

[44]

(46]

[47]

(48]

(49]

[50]

[51]

[52]

[53]

[54]

2020, 28(9): 13116-13124.

Hayat A, Mueller J P, Capasso F. Lateral chirality-sorting
optical forces[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2015, 112(43): 13190-
13194.

Giron-Sedas J A, Kingsley-Smith J J, Rodriguez-Fortuno F J.
Lateral optical force on linearly polarized dipoles near a magneto-
optical surface based on polarization conversion[J].
Review B, 2019, 100(7): 075419.

Yang B, Sun H, Huang C J, et al. Cooling and entangling
ultracold atoms in optical lattices[J]. Science, 2020, 369(6503):
550-553.

Kaufman A M, Lester B J, Regal C A. Cooling a single atom in

Physical

an optical tweezer to its quantum ground state[J]. Physical
Review X, 2012, 2(4): 041014.

Kastberg A, Phillips W D, Rolston S L, et al. Adiabatic cooling
of cesium to 700 nK in an optical lattice[J]. Physical Review
Letters, 1995, 74(9): 1542-1545.

ShiY Z, Xiong S, Chin L. K, et al. Nanometer-precision linear
sorting with synchronized optofluidic dual barriers[J]. Science
Advances, 2018, 4(1): eaao0773.

Shi Y Z, Xiong S, Zhang Y, et al. Sculpting nanoparticle
dynamics for single-bacteria-level screening and direct binding-
efficiency measurement[J]. Nature Communications, 2018, 9
(1): 815.

Wang M M, Tu E, Raymond D E, et al. Microfluidic sorting of
mammalian cells by optical force
Biotechnology, 2005, 23(1): 83-87.
Tkachenko G, Brasselet E. Optofluidic sorting of material

switching[J].  Nature

chirality by chiral light[J]. Nature Communications, 2014, 5:
3577.

ShiY Z, LiZ Y, Liu PY, et al. On-chip optical detection of
viruses: a review[J]. Advanced Photonics Research, 2021, 2(4):
2000150.

Ashkin A, Dziedzic J M. Optical trapping and manipulation
of viruses and bacteria[J]. Science, 1987, 235(4795): 1517-
1520.

Shi Y Z, Zhao H T, Chin L. K, et al. Optical potential-well
array for high-selectivity, massive trapping and sorting at
nanoscale[J]. Nano Letters, 2020, 20(7): 5193-5200.

Shi Y Z, Zhao H T, Nguyen K T, et al. Nanophotonic array-
induced dynamic behavior for label-free shape-selective bacteria
sieving[J]. ACS Nano, 2019, 13(10): 12070-12080.

Shi Y Z, Wu Y F, Chin L K, et al. Multifunctional virus
manipulation with large-scale arrays of all-dielectric resonant

nanocavities[J]. Laser &. Photonics Reviews, 2022, 16(5):
2100197.

MacDonald M P, Spalding G C, Dholakia K. Microfluidic
sorting in an optical lattice[J]. Nature, 2003, 426(6965):

421-424.

Danesh M, Zadeh M J, Zhang T H, et al. Monolayer conveyor
for stably trapping and transporting sub-1 nm particles[J].
Laser &. Photonics Reviews, 2020, 14(8): 2000030.

Zheng Y X, Ryan J, Hansen P, et al. Nano-optical conveyor
belt, part II: demonstration of handoff between near-field optical
traps[J]. Nano Letters, 2014, 14(6): 2971-2976.

Hansen P, Zheng Y X, Ryan J, et al. Nano-optical conveyor
belt, part I: theory[J]. Nano Letters, 2014, 14(6): 2965-2970.
Nan F, Yan Z J. Sorting metal nanoparticles with dynamic and
tunable optical driven forces[J]. Nano Letters, 2018, 18(7):
4500-4505.

Jakl P, Cizmar T, Sery M, et al. Static optical sorting in a laser
interference field[J]. Applied Physics Letters, 2008, 92(16):
161110.

Cong HJ, Loo J, Chen J J, et al. Target trapping and in situ
single-cell genetic marker detection with a focused optical beam
[J]. Biosensors and Bioelectronics, 2019, 133: 236-242.

[55]

[56]

(57]

[59]

[60]

[61]

[62]

[63]

[64]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

[73]

[74]

[75]

[76]

0700001-19

Wang M D, Yin H, Landick R, et al. Stretching DNA with
optical tweezers[J]. Biophysical Journal, 1997, 72(3): 1335-
1346.

LiJ, Dao M, Lim C T, et al. Spectrin-level modeling of the
cytoskeleton and optical tweezers stretching of the erythrocyte
[J]. Biophysical Journal, 2005, 88(5): 3707-3719.

Bennink M L., Leuba S H, Leno G H, et al. Unfolding
individual nucleosomes by stretching single chromatin fibers with
optical tweezers[J]. Nature Structural Biology, 2001, 8(7):
606-610.

Zhang H, Liu K K. Optical tweezers for single cells[J]. Journal
of the Royal Society: Interface, 2008, 5(24): 671-690.
Bustamante C J, Chemla Y R, Liu S X, et al. Optical tweezers
in single-molecule biophysics[J]. Nature Reviews: Methods
Primers, 2021, 1: 25.

Comstock M J, Whitley K D, Jia H F, et al. Protein structure.
Direct observation of structure-function relationship in a
nucleic acid-processing enzyme[J]. Science, 2015, 348(6232):
352-354.

Sudhakar S, Abdosamadi M K, Jachowski T T,
Germanium nanospheres for ultraresolution picotensiometry of
kinesin motors[J]. Science, 2021, 371(6530): eabd9944.

Desai V P, Frank F, Lee A, et al. Co-temporal force and
fluorescence

et al.

measurements reveal a ribosomal gear shift
mechanism of translation regulation by structured mRNAs[J].
Molecular Cell, 2019, 75(5): 1007-1019.

Le T T, Yang Y, Tan C, et al. Mfd dynamically regulates
transcription via a release and catch-up mechanism[J]. Cell,
2018, 172(1/2): 344-357.

Roichman Y, Sun B, Roichman Y, et al. Optical forces arising
from phase gradients[J]. Physical Review Letters, 2008, 100(1):
013602.

Chin L. K, Shi Y Z, Liu A Q. Optical forces in silicon
nanophotonics and optomechanical ~systems: science and
applications[J]. Advanced Devices & Instrumentation, 2020,
2020: 1964015.

Chaumet P C, Nieto-Vesperinas M. Time-averaged total force
on a dipolar sphere in an electromagnetic field[J]. Optics Letters,
2000, 25(15): 1065-1067.

O’'Neil A T, MacVicar I, Allen L, et al. Intrinsic and extrinsic
nature of the orbital angular momentum of a light beam[J].
Physical Review Letters, 2002, 88(5): 053601.

Arias-Gonzalez J R, Nieto-Vesperinas M. Optical forces on
small particles: attractive and repulsive nature and plasmon-
resonance conditions[J]. Journal of the Optical Society of
America A, 2003, 20(7): 1201-1209.

Jesacher A, Maurer C, Schwaighofer A, et al. Full phase and
amplitude control of holographic optical tweezers with high
efficiency[J]. Optics Express, 2008, 16(7): 4479-4486.

Jonas A, Zemanek P. Light at work: the use of optical forces for
particle manipulation, sorting, and analysis[J]. Electrophoresis,
2008, 29(24): 4813-4851.

Yan Z J, Sajjan M, Scherer N F. Fabrication of a material
assembly of silver nanoparticles using the phase gradients of
optical tweezers[J]. Physical Review Letters, 2015, 114(14):
143901.

ShiYZ, Zhu T T, LiuJ Q, et al. Stable optical lateral forces
from inhomogeneities of the spin angular momentum[J]. Science
Advances, 2022, 8(48): eabn2291.

Berry M V. Optical currents[J]. Journal of Optics A: Pure and
Applied Optics, 2009, 11(9): 094001.

Wang S B, Chan C T. Lateral optical force on chiral particles
near a surface[J]. Nature Communications, 2014, 5: 3307.

ShiY Z, Zhu T T, Zhang T H, et al. Chirality-assisted lateral
momentum transfer for bidirectional enantioselective separation
[J]. Light, Science &. Applications, 2020, 9: 62.

Zhu T T, Shi Y Z, Ding W Q, et al. Extraordinary multipole



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(87]

[88]

(89]

[90]

[91]

[92]

[93]

[94]

[96]

HEXE- -8Rk

modes and ultra-enhanced optical lateral force by chirality[J].
Physical Review Letters, 2020, 125(4): 043901.

Chen H J, Zheng H X, Lu W L, et al. Lateral optical force due
to the breaking of electric-magnetic symmetry[J]. Physical
Review Letters, 2020, 125(7): 073901.

Sukhov S, Kajorndejnukul V, Naraghi R R, et al. Dynamic
consequences of optical
Photonics, 2015, 9: 809-812.
Rodriguez-Fortuno F J, Engheta N, Martinez A, et al. Lateral

spin-orbit interaction[J]. Nature

forces on circularly polarizable particles near a surface[J]. Nature
Communications, 2015, 6: 8799.

Zhang Z B, Min C J, Fu Y N, et al. Controllable transport of
nanoparticles along waveguides by spin-orbit coupling of light[J].
Optics Express, 2021, 29(4): 6282-6292.

Zhang Q, LiJ Q, Liu X G. Optical lateral forces and torques
induced by chiral surface-plasmon-polaritons and their potential
applications in recognition and separation of chiral enantiomers
[J]. Physical Chemistry Chemical Physics: PCCP, 2019, 21(3):
1308-1314.

Sukhov S, Dogariu A. Non-conservative optical forces[J].
Reports on Progress in Physics, 2017, 80(11): 112001.

Quidant R, Girard C. Surface-plasmon-based  optical
manipulation[J]. Laser &. Photonics Reviews, 2008, 2(1/2):
47-57.

Albaladejo S, Marqués M I, Laroche M, et al. Scattering forces
from the curl of the spin angular momentum of a light field[J].
Physical Review Letters, 2009, 102(11): 113602.
Nieto-Vesperinas M, Xu X H. Reactive helicity and reactive
power in nanoscale optics: evanescent waves. Kerker conditions.
Optical theorems and reactive dichroism[J]. Physical Review
Research, 2021, 3(4): 043080.

Zhou Y, Xu X H, Zhang Y N, et al. Observation of high-order
imaginary Poynting momentum optomechanics in structured light
[J]. Proceedings of the National Academy of Sciences of the
United States of America, 2022, 119(44): ¢2209721119.
Nieto-Vesperinas M, Gomez-Medina R, Saenz J J. Angle-
suppressed scattering and optical forces on submicrometer
dielectric particles[J]. Journal of the Optical Society of America
A, 2011, 28(1): 54-60.

Nieto-Vesperinas M, Saenz J J, Gomez-Medina R, et al.
Optical forces on small magnetodielectric particles[J].
Express, 2010, 18(11): 11428-11443.

Chaumet P C, Rahmani A. Electromagnetic force and torque on

Optics

magnetic and negative-index scatterers[J]. Optics Express,
2009, 17(4): 2224-2234.

Bekshaev A Y. Subwavelength particles in an inhomogeneous
light field: optical forces associated with the spin and orbital
energy flows[J]. Journal of Optics, 2013, 15(4): 044004.

Chen H J, Liang C H, Liu S Y, et al. Chirality sorting using
two-wave-interference-induced lateral optical force[J]. Physical
Review A, 2016, 93(5): 053833.

Cipparrone G, Ricardez-Vargas I, Pagliusi P, et al. Polarization
gradient: exploring an original route for optical trapping and
manipulation[J]. Optics Express, 2010, 18(6): 6008-6013.
Bliokh K Y, Nori F. Transverse and longitudinal angular
momenta of light[J]. Physics Reports, 2015, 592: 1-38.
Garcia-Etxarri A, Gomez-Medina R, Froufe-Pérez L S, et al.
Strong magnetic response of submicron silicon particles in the
infrared[J]. Optics Express, 2011, 19(6): 4815-4826.

Yevick A, Evans D J, Grier D G. Photokinetic analysis of the
forces and torques exerted by optical tweezers carrying angular
Series  A:
Mathematical, Physical, and Engineering Sciences, 2017, 375
(2087): 20150432.

Svak V, Brzobohaty O, Siler M, et al. Transverse spin forces

momentum[J].  Philosophical ~ Transactions

and non-equilibrium particle dynamics in a circularly polarized
vacuum optical trap[J]. Nature Communications, 2018, 9(1):

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

0700001-20

a4 ETHI/2024 £ 4 B/HEER
5453.
Zhang T H, Mahdy M R C, Liu Y M, et al. All-optical
chirality-sensitive sorting via reversible lateral forces in
interference fields[J]. ACS Nano, 2017, 11(4): 4292-4300.
Ginis V, Liu L L, She A L, et al. Using the Belinfante
momentum to retrieve the polarization state of light inside
waveguides[J]. Scientific Reports, 2019, 9(1): 14879.
Antognozzi M, Bermingham C R, Harniman R L, et al. Direct
measurements of the extraordinary optical momentum and
transverse spin-dependent force using a nano-cantilever[J].
Nature Physics, 2016, 12: 731-735.
LulJ S, Ginis V, Qiu C W, et al. Polarization-dependent forces
and torques at resonance in a microfiber-microcavity system[J].
Physical Review Letters, 2023, 130(18): 183601.
Liu L L, Di Donato A, Ginis V, et al. Three-dimensional
measurement of the helicity-dependent forces on a Mie particle
[J]. Physical Review Letters, 2018, 120(22): 223901.
Zhou Y, Zhang Y N, Xu X H, et al. Optical forces on
multipoles induced by the Belinfante spin momentum[J]. Laser
&. Photonics Reviews, 2023, 17(11): 2300245.
Stilgoe A B, Nieminen T A, Rubinsztein-Dunlop H. Controlled
transfer of transverse orbital angular momentum to optically
trapped birefringent microparticles[J]. Nature Photonics, 2022,
16: 346-351.
YuX N, Li Y X, XuB I, etal. Anomalous lateral optical force
as a manifestation of the optical transverse spin[J]. Laser &.
Photonics Reviews, 2023, 17(10): 2300212.
Solomon M L, Saleh A A E, Poulikakos L V,
Nanophotonic platforms for chiral sensing and separation[J].
Accounts of Chemical Research, 2020, 53(3): 588-598.
Mun J, Kim M, Yang Y, et al. Electromagnetic chirality: from

et al.

fundamentals to nontraditional chiroptical phenomenalJ]. Light,
Science & Applications, 2020, 9: 139.

Zhou L M, ShiY Z, Zhu X Y, et al. Recent progress on optical
micro/nanomanipulations:  structured  forces, structured
particles, and synergetic applications[J]. ACS Nano, 2022, 16
(9): 13264-13278.

Yokota M, He S, Takenaka T. Scattering of a Hermite-
Gaussian beam field by a chiral sphere[J]. Journal of the Optical
Society of America A, 2001, 18(7): 1681-1689.

Ding K, Ng J, Zhou L, et al. Realization of optical pulling
forces using chirality[J]. 2014, 89(6):
063825.

Shi H S, Zheng H X, Chen H J, et al. Optical binding and
lateral forces on chiral particles in linearly polarized plane waves
[J]. Physical Review A, 2020, 101(4): 043808.

Tkachenko G, DBrasselet E.
dimensional optical trapping of chiral microparticles[J]. Nature
Communications, 2014, 5: 4491.

Cipparrone G, Mazzulla A, Pane A, et al. Chiral self-assembled

Physical Review A,

Helicity-dependent  three-

solid microspheres: a novel multifunctional microphotonic device
[J]. Advanced Materials, 2011, 23(48): 5773-5778.

Zheng H X, Chen H J, Ng J, et al. Optical gradient force in the
absence of light intensity gradient[J]. Physical Review B, 2021,
103(3): 035103.

Chen HJ, Wang N, Lu W L, et al. Tailoring azimuthal optical
force on lossy chiral particles in Bessel beams[J]. Physical
Review A, 2014, 90(4): 043850.

Yamanishi J, Ahn H Y, Yamane H, et al. Optical gradient
force on chiral particles[J]. Science Advances, 2022, 8(38):
eabq2604.

Bliokh K Y, Niv A, Kleiner V, et al. Geometrodynamics of
spinning light[J]. Nature Photonics, 2008, 2: 748-753.

Hosten O, Kwiat P. Observation of the spin Hall effect of
light via weak measurements[J]. Science, 2008, 319(5864):
787-790.

Ling X H, Zhou X X, Huang K, et al. Recent advances in the



HEXE- Rk

a4 ETHI/2024 £ 4 B/HEER

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[140]

spin Hall effect of light[J]. Reports on Progress in Physics,
2017, 80(6): 066401.

Aiello A, Lindlein N, Marquardt C, et al. Transverse angular
momentum and geometric spin Hall effect of light[J]. Physical
Review Letters, 2009, 103(10): 100401.

Bliokh K Y, Smirnova D, Nori F. Quantum spin Hall effect of
light[J]. Science, 2015, 348(6242): 1448-1451.

Kalhor F, Thundat T, Jacob Z. Universal spin-momentum
locked optical forces[J]. Applied Physics Letters, 2016, 108(6):
061102.

Van Mechelen T, Jacob Z. Universal spin-momentum locking of
evanescent waves[J]. Optica, 2016, 3(2): 118-126.

Shi P, Du L P, Li C C, et al. Transverse spin dynamics in
structured electromagnetic guided waves[J]. Proceedings of the
National Academy of Sciences of the United States of America,
2021, 118(6): €2018816118.

Li Y, Rui G H, Zhou S C, et al. Enantioselective optical
trapping of chiral nanoparticles using a transverse optical needle
field with a transverse spin[J]. Optics Express, 2020, 28(19):
27808-27822.

Alizadeh M H, Reinhard B M. Dominant chiral optical forces in
the vicinity of optical nanofibers[J]. Optics Letters, 2016, 41
(20): 4735-4738.

Alizadeh M H, Reinhard B M. Emergence of transverse spin in
optical modes of semiconductor nanowires[J]. Optics Express,
2016, 24(8): 8471-8479.

Chen H J, Jiang Y K, Wang N, et al. Lateral optical force on
paired chiral nanoparticles in linearly polarized plane waves[J].
Optics Letters, 2015, 40(23): 5530-5533.

Liu X G, Li J Q, Zhang Q, et al. Separation of chiral
enantiomers by optical force and torque induced by tightly
focused vector polarized hollow beams[J]. Physical Chemistry
Chemical Physics: PCCP, 2019, 21(28): 15339-15345.

LiM M, Yan S H, Zhang Y N, et al. Optical sorting of small
chiral particles by tightly focused vector beams[J].
Review A, 2019, 99(3): 033825.

LiM M, Yan S H, Zhang Y N, et al. Optical separation and
discrimination of chiral particles by vector beams with orbital
angular momentum[J]. Nanoscale Advances, 2021, 3(24): 6897-
6902.

Li M M, Yan S H, Zhang Y N, et al. Orbital angular
momentum in optical manipulations[J]. Journal of Optics, 2022,
24(11): 114001.

Cameron R P, Barnett S M, Yao A M. Discriminatory optical

Physical

force for chiral molecules[J]. New Journal of Physics, 2014, 16
(1): 013020.

Yesharim O, Karnieli A, Jackel S, et al. Observation of the all-
optical Stern-Gerlach effect in nonlinear optics[J].
Photonics, 2022, 16: 582-587.

Kravets N, Aleksanyan A, Brasselet E. Chiral optical stern-

Nature

gerlach Newtonian experiment[J].
2019, 122(2): 024301.
Canaguier-Durand A, Genet C. Plasmonic lateral forces on
chiral spheres[J]. Journal of Optics, 2016, 18(1): 015007.

Mu X J, Hu L, Cheng Y Q, et al. Chiral surface plasmon-
enhanced chiral spectroscopy: principles and applications[J].
Nanoscale, 2021, 13(2): 581-601.

Cao T, Qiu Y M. Lateral sorting of chiral nanoparticles using

Physical Review Letters,

Fano-enhanced chiral force in visible region[J]. Nanoscale,
2018, 10(2): 566-574.

Alizadeh M H, Reinhard B M. Plasmonically enhanced chiral
optical fields and forces in achiral split ring resonators[J]. ACS
Photonics, 2015, 2(3): 361-368.

Zhao Y, Saleh A A E, van de Haar M A, et al. Nanoscopic
control and quantification of enantioselective optical forces[J].
Nature Nanotechnology, 2017, 12(11): 1055-1059.

Ali R, Pinheiro F A, Dutra R S, et al. Enantioselective

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

0700001-21

manipulation of single chiral nanoparticles using optical tweezers
[J]. Nanoscale, 2020, 12(8): 5031-5037.
Wang J. trapping
nanoparticles by subwavelength slot waveguides[J].
Review Letters, 2021, 127(23): 233902.

Fang L, Optical separation of chiral

Physical

Andrén D, Baranov D G, Jones S, et al. Microscopic
metavehicles powered and steered by embedded optical
metasurfaces[J].  Nature Nanotechnology, 2021,  16(9):
970-974.

Tong L. M, Miljkovie V D, Kall M. Alignment, rotation, and
spinning of single plasmonic nanoparticles and nanowires using
polarization dependent optical forces[J]. Nano Letters, 2010, 10
(1): 268-273.

Xu X H, Cheng C, Zhang Y, et al. Scattering and extinction
torques: how plasmon resonances affect the orientation behavior
of a nanorod in linearly polarized light[J]. The Journal of Physical
Chemistry Letters, 2016, 7(2): 314-319.

Padgett M, Bowman R. Tweezers with a twist[J]. Nature
Photonics, 2011, 5: 343-348.

HEE, U, XBUEE S5 B BIE M R OG L LBk T AR Z
T BrI] 24, 2021, 41(18): 1808001,

Shen Z, Cheng Y, Deng H C, et al. Analysis of trapping force
of beak-shaped optical tweezers with annular core fibers for
particles[J]. Acta Optica Sinica, 2021, 41(18): 1808001.
Nieto-Vesperinas M, Xu X H. The complex Maxwell stress
tensor theorem: the imaginary stress tensor and the reactive
strength of orbital momentum. A novel scenery underlying
electromagnetic ~ optical ~ forces[J].  Light,  Science &
Applications, 2022, 11(1): 297.

Zeng ] W, Wang J. Interrogating imaginary optical force by the
complex Maxwell stress tensor theorem[J]. Light, Science &.
Applications, 2023, 12(1): 20.

Zhao Y Q, Shapiro D, McGloin D, et al. Direct observation of
the transfer of orbital angular momentum to metal particles from
a focused circularly polarized Gaussian beam[J]. Optics Express,
2009, 17(25): 23316-23322.

Bliokh K Y, Ostrovskaya E A, Alonso M A, et al. Spin-to-
orbital angular momentum conversion in focusing, scattering,
and imaging systems[J]. Optics Express, 2011, 19(27): 26132-
26149.

Kostina N A, Kislov D A, Ivinskaya A N, et al. Nano-scale
tunable optical binding mediated by hyperbolic metamaterials[J].
ACS Photonics, 2019, 7(2): 425-433.

Paul N K, Correas-Serrano D, Gomez-Diaz J S. Giant lateral
optical forces on Rayleigh particles near hyperbolic and
extremely anisotropic metasurfaces[J]. Physical Review B,
2019, 99(12): 121408.

Ivinskaya A, Petrov M I, Bogdanov A A, et al. Plasmon-
assisted optical trapping and anti-trapping[J]. Light, Science &.
Applications, 2017, 6(5): e16258.

Huang S'Y, Zhang G L., Wang Q, et al. Spin-to-orbital angular
momentum conversion via light intensity gradient[J]. Optica,
2021, 8(9): 1231-1236.

Zhang H, Gu M, Jiang X D, et al. An optical neural chip for
implementing complex-valued neural network[J]. Nature
Communications, 2021, 12(1): 457.

Zhu H H, Zou J, Zhang H, et al. Space-efficient optical
computing with an integrated chip diffractive neural network[J].
Nature Communications, 2022, 13(1): 1044.

Lin L H, Peng X L., Mao Z M, et al. Bubble-pen lithography
[J]. Nano Letters, 2016, 16(1): 701-708.

Setoura K, Tto S, Miyasaka H. Stationary bubble formation and
Marangoni convection induced by CW laser heating of a single
gold nanoparticle[J]. Nanoscale, 2017, 9(2): 719-730.

Kollipara P S, Mahendra R, Li J G, et al. Bubble-pen
lithography: fundamentals and applications[J]. Aggregate, 2022,
3(4): e189.



[160]

[161]

[162]

[163]

[164]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

HEXE- -8Rk

Lin L H, Hill E H, Peng X L, et al. Optothermal manipulations
of colloidal particles and living cells[J]. Accounts of Chemical
Research, 2018, 51(6): 1465-1474.

LiJ G, Zheng Y B. Optothermally assembled nanostructures[J].
Accounts of Materials Research, 2021, 2(5): 352-363.

Ghosh S, Ranjan A D, Das S, et al. Directed self-assembly
driven  mesoscale lithography  using laser-induced  and
manipulated microbubbles: complex architectures and diverse
applications[J]. Nano Letters, 2021, 21(1): 10-25.

Kim Y, Ding H R, Zheng Y B. Enhancing surface capture and
sensing of proteins with low-power optothermal bubbles in a
biphasic liquid[J]. Nano Letters, 2020, 20(10): 7020-7027.
Monisha K, Suresh K, Bankapur A, et al. Optical printing of
plasmonic nanoparticles for SERS studies of analytes and
thermophoretically ~trapped biological cell[J].
Actuators B: Chemical, 2023, 377: 133047.

An S Z, Ranaweera R, Luo L. Harnessing bubble behaviors for

Sensors  and

developing new analytical strategies[J]. Analyst, 2020, 145(24):
7782-7795.

Wang H, Xu B B, Zhang Y L, et al. Light-driven magnetic
encoding for hybrid magnetic micromachines[J]. Nano Letters,
2021, 21(4): 1628-1635.

Zhou Y T, Dai L. G, Jiao N D. Review of bubble applications in
microrobotics: propulsion, manipulation, and
Micromachines, 2022, 13(7): 1068.

Karim F, Vasquez E S, Sun Y, et al. Optothermal microbubble
assisted manufacturing of nanogap-rich structures for active
chemical sensing[J]. Nanoscale, 2019, 11(43): 20589-20597.
Piazza R. Thermophoresis: moving particles with thermal
gradients[J]. Soft Matter, 2008, 4(9): 1740-1744.

Gargiulo J, Brick T, Violi T L, et al. Understanding and
of Au
nanoparticle dimers by optical printing[J]. Nano Letters, 2017,
17(9): 5747-5755.

Chen I J, Zeng Y J, Zhou J, et al. Optothermophoretic flipping

assembly[J].

reducing photothermal forces for the fabrication

method for biomolecule interaction enhancement[J]. Biosensors
and Bioelectronics, 2022, 204: 114084.

Duhr S, Braun D. Why molecules move along a temperature
gradient[J]. Proceedings of the National Academy of Sciences
of the United States of America, 2006, 103(52): 19678-
19682.

Schermer R T, Olson C C, Coleman J P, et al. Laser-induced
thermophoresis of individual particles in a viscous liquid[J].
Optics Express, 2011, 19(11): 10571-10586.

Saxton R L., Ranz W E. Thermal force on an aerosol particle in
a temperature gradient[J]. Journal of Applied Physics, 1952, 23
(8): 917-923.

Bregulla A P, Wiirger A, Giinther K, et al. Thermo-osmotic
flow in thin films[J]. Physical Review Letters, 2016, 116(18):
188303.

Wang X, Liu M C, Jing D W, et al. Net unidirectional fluid
transport in locally heated nanochannel by thermo-osmosis[J].
Nano Letters, 2020, 20(12): 8965-8971.

Zhou J X, Dai X Q, Peng Y H, et al. Low-temperature
optothermal nanotweezers[J]. Nano Research, 2023, 16(5):
7710-7715.

Roxworthy B J, Bhuiya A M, Vanka S P, et al. Understanding
and  controlling
Communications, 2014, 5: 3173.

Park J, Lee S, Lee H, et al. Colloidal multiscale assembly via

plasmon-induced ~ convection[J].  Nature

photothermally driven convective flow for sensitive in-solution
plasmonic detections[J]. Small, 2022, 18(24): e2201075.

Jn C M, Lee W, Kim D, et al. Photothermal convection
lithography for rapid and direct assembly of colloidal plasmonic
nanoparticles on generic substrates[J]. Small, 2018, 14(45):
e1803055.

Huang J S, Yang Y T. Origin and future of plasmonic optical

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

0700001-22

a4 ETHI/2024 £ 4 B/HEER
tweezers[J]. Nanomaterials, 2015, 5(2): 1048-1065.
Ma C P, Yu P, Wang W H, et al. Chiral optofluidics with a
plasmonic metasurface using the photothermal effect[J]. ACS
Nano, 2021, 15(10): 16357-16367.
Wang K, Crozier K B. Plasmonic trapping with a gold nanopillar
[J]. Chemphyschem, 2012, 13(11): 2639-2648.
Singh P, Joseph D D. Fluid dynamics of floating particles[J].
Journal of Fluid Mechanics, 2005, 530: 31-80.
Stoev I D, Seelbinder B, Erben E, et al. Highly sensitive force
measurements in an optically generated, harmonic hydrodynamic
traplJ]. eLight, 2021, 1(1): 7.
ShiY Z, Zhu T T, Nguyen K T, et al. Optofluidic microengine
in a dynamic flow environment via self-induced back-action[J].
ACS Photonics, 2020, 7(6): 1500-1507.
Lu H L, Chen X Y, Wang X Y, et al. A novel study on a
micromixer with Cantor fractal obstacle through grey relational
analysis[J]. International Journal of Heat and Mass Transfer,
2022, 183: 122159.
Ndukaife J C, Kildishev A V, Nnanna A G A,
Long-range and rapid transport of individual nano-objects by
a  hybrid electrothermoplasmonic
Nanotechnology, 2016, 11(1): 53-59.
Chen X Y, Lv H L. Intelligent control of nanoparticle synthesis

et al.

nanotweezer[J]. Nature

on microfluidic chips with machine learning[J]. NPG Asia
Materials, 2022, 14: 69.

Peng X L, Chen Z H, Kollipara P S, et al. Opto-thermoelectric
microswimmers[J]. Light, Science &. Applications, 2020,
9: 141.

Lin L H, Wang M S, Peng X L, et al. Opto-thermoelectric
nanotweezers[J]. Nature Photonics, 2018, 12(4): 195-201.

Lin L H, Zhang J L, Peng X L, et al. Opto-thermophoretic
assembly of colloidal matter[J]. Science Advances, 2017, 3(9):
e1700458.

Wang M S, Hu G W, Chand S, et al. Spin-orbit-locked
hyperbolic polariton vortices carrying reconfigurable topological
charges[J]. eLight, 2022, 2(1): 12.

Qin HY, Shi Y Z, Su Z P, et al. Exploiting extraordinary
topological optical forces at bound states in the continuum[J].
Science Advances, 2022, 8(49): eade7556.

Silveirinha M G, Gangaraj S A H, Hanson G W, et al.
Fluctuation-induced photonic
2018, 97(2):

forces on an atom near a
topological material[J].
022509.

Gangaraj S A H, Hanson G W, Antezza M, et al. Spontaneous

Physical Review A,

lateral atomic recoil force close to a photonic topological material
[J]. Physical Review B, 2018, 97(20): 201108.

Paul N K, Gomez-Diaz J S. Lateral recoil optical forces on
nanoparticles near nonreciprocal surfaces[J]. Physical Review B,
2023, 107(3): 035417.

Gangaraj S A H, Monticone F. Coupled topological surface
modes in gyrotropic structures: Green’s function analysis[J].
IEEE Antennas and Wireless Propagation Letters, 2018, 17
(11): 1993-1997.

Gangaraj S A H, Hanson G W. Topologically protected
unidirectional surface states in biased ferrites: duality and
application to directional couplers[J]. TEEE Antennas and
Wireless Propagation Letters, 2017, 16: 449-452.

Gangaraj S A H, Monticone F. Topologically-protected one-
way leaky waves in nonreciprocal plasmonic structures[J].
Journal of Physics: Condensed Matter, 2018, 30(10):
104002.

Gangara] S A H, Hanson G W, Silveirinha M G, et al.
Unidirectional and diffractionless surface plasmon polaritons on
three-dimensional nonreciprocal plasmonic platforms[J]. Physical
Review B, 2019, 99(24): 245414.

Kingsley-Smith J J, Picardi M F, Wei L, et al. Optical forces
from near-field directionalities in planar structures[J]. Physical



HEXE- Rk

a4 ETHI/2024 £ 4 B/HEER

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

Review B, 2019, 99(23): 235410.

Li Z, Zhang S, Tong L, et al. Ultrasensitive size-selection of
plasmonic nanoparticles by Fano interference optical force[J].
ACS Nano, 2014, 8(1): 701-708.

Cao T, Bao J X, Mao L B. Switching of giant lateral force on
sub-10 nm  particle using phase-change nanoantennalJ].
Advanced Theory and Simulations, 2018, 1(2): 1700027.
Cipparrone G, Hernandez R J, Pagliusi P, et al. Magnus force
effect in optical manipulation[J]. Physical Review A, 2011, 84
(1): 015802.

E R. Exact
dimensional fluid-core vortices[J]. Physical Review A, 1970, 1
(2): 327-331.

Weidman P D, Herczynski A. On the inverse Magnus effect
in free molecular flow[J]. Physics of Fluids, 2004, 16(2): L9-
L12.

Saffman P G. The lift on a small sphere in a slow shear flow[J].
Journal of Fluid Mechanics, 1965, 22: 385-400.

Tian F, Cai L L, Chang J Q, et al. Label-free isolation of rare

Huggins Magnus-force  formula for three-

tumor cells from untreated whole blood by interfacial viscoelastic
microfluidics[J]. Lab on a Chip, 2018, 18(22): 3436-3445.

Mema I, Mahajan V V, Fitzgerald B W, et al. Effect of lift
force and hydrodynamic torque on fluidisation of non-spherical
particles[J]. Chemical Engineering Science, 2019, 195:
642-656.

Guzniczak E, Otto O, Whyte G, et al. Deformability-induced
lift force in spiral microchannels for cell separation[J]. Lab on a
Chip, 2020, 20(3): 614-625.

Geislinger T M, Franke T. Hydrodynamic lift of vesicles and
red blood cells
microfluidic cell sorting[J]. Advances in Colloid and Interface
Science, 2014, 208: 161-176.

Hejazian M, Li W H, Nguyen N T. Lab on a chip for
continuous-flow magnetic cell separation[J]. Lab on a Chip,
2015, 15(4): 959-970.

Kuntaegowdanahalli S S, Bhagat A A S, Kumar G, et al.
Inertial microfluidics for continuous particle separation in spiral
microchannels[J]. Lab on a Chip, 2009, 9(20): 2973-2980.

Baumgartl J, Mazilu M, Dholakia K. Optically mediated particle

in flow: from Fahraeus & Lindqvist to

clearing using Airy wavepackets[J]. Nature Photonics, 2008, 2:
675-678.

Kuo HY, Vyas S, Chu C H, et al. Cubic-phase metasurface for
three-dimensional optical manipulation[J]. Nanomaterials, 2021,
11(7): 1730.

Zheng 7, Zhang B F, Chen H, et al. Optical trapping with
focused Airy beams[J]. Applied Optics, 2011, 50(1): 43-49.
MacDonald M P, Paterson L, Volke-Sepulveda K, et al.
Creation and manipulation of three-dimensional optically trapped
structures[J]. Science, 2002, 296(5570): 1101-1103.

Donato M G, Brzobohaty O, Simpson S H, et al. Optical
trapping, optical binding, and rotational dynamics of silicon
nanowires in counter-propagating beams[J]. Nano Letters,
2019, 19(1): 342-352.

Yang Y J, Ren Y X, Chen M Z, et al. Optical trapping with
structured light: a review[J]. Advanced Photonics, 2021, 3(3):
034001.

Nedev S, Carretero-Palacios S, Kiihler P, et al. An optically
controlled microscale elevator using plasmonic Janus particles[J].
ACS Photonics, 2015, 2(4): 491-496.

LiuJ, Guo H L, Li Z Y. Self-propelled round-trip motion of
Janus particles in static line optical tweezers[J]. Nanoscale,
2016, 8(47): 19894-19900.

Liu Y Y, Edmond K V, Curran A, et al. Core-shell particles
for simultaneous 3D imaging and optical tweezing in dense
colloidal materials[J]. Advanced Materials, 2016, 28(36):
8001-8006.

Rodriguez-Sevilla P, Prorok K, Bednarkiewicz A, et al. Optical

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

0700001-23

forces at the nanoscale: size and electrostatic effects[J]. Nano
Letters, 2018, 18(1): 602-609.

Ding L, Shan X C, Wang D J, et al. Lanthanide ion resonance-
driven Rayleigh scattering of nanoparticles for dual-modality
interferometric scattering microscopy[J]. Advanced Science,
2022, 9(32): €2203354.

Lee Y E, Fung K H, Jin D F, et al. Optical torque from
enhanced scattering by multipolar
Nanophotonics, 2014, 3(6): 343-350.
Shi Y Z, Zhou L M, Liu A Q, et al. Superhybrid mode-
enhanced optical torques on Mie-resonant particles[J]. Nano
Letters, 2022, 22(4): 1769-1777.

ShiY Z, Zhu T T, Liu A Q, et al. Inverse optical torques on
dielectric nanoparticles in elliptically polarized light waves[J].
Physical Review Letters, 2022, 129(5): 053902.

Fujiwara H, Yamauchi K, Wada T, et al. Optical selection and

plasmonic resonance[J].

sorting of nanoparticles according to quantum mechanical
properties[J]. Science Advances, 2021, 7(3): eabd9551.
Balthasar Mueller J P, Rubin N A, Devlin R C,
Metasurface polarization optics: independent phase control of

et al.

arbitrary orthogonal states of polarization[J]. Physical Review
Letters, 2017, 118(11): 113901.

Yu N F, Genevet P, Kats M A, et al. Light propagation with
phase discontinuities: generalized laws of reflection and refraction
[J]. Science, 2011, 334(6054): 333-337.

Lin D M, Fan P Y, Hasman E, et al. Dielectric gradient
metasurface optical elements[J]. Science, 2014, 345(6194):
298-302.

Ren H R, Briere G, Fang X Y, et al. Metasurface orbital
angular momentum holography[J].
2019, 10(1): 2986.

Song Q H, Odeh M, Zuniga-Pérez J, et al
topological metasurface by encircling an exceptional point[J].
Science, 2021, 373(6559): 1133-1137.

Deng Z L, Li G X. Metasurface optical holography[J]. Materials
Today Physics, 2017, 3: 16-32.

Zheng G X, Mihlenbernd H, Kenney M, et al. Metasurface
holograms reaching 80% efficiency[J]. Nature Nanotechnology,
2015, 10: 308-312.

Ni X J, Kildishev A V, Shalaev V M. Metasurface holograms
for visible light[J]. Nature Communications, 2013, 4: 2807.

Li L L, Zhao H T, Liu C, et al. Intelligent metasurfaces:
control, communication and computing[J]. eLight, 2022, 2
(1): 7.

Lee D, So S, Hu G W, et al. Hyperbolic metamaterials: fusing

Nature Communications,

Plasmonic

artificial structures to natural 2D materials[J]. eLight, 2022, 2
(1): 1.

Wu X F, Ehehalt R, Razinskas G, et al. Light-driven
microdrones[J].  Nature 2022,  17(5):
477-484.

Li T Y, Kingsley-Smith J J, Hu Y H, et al. Reversible lateral
optical force on phase-gradient metasurfaces for full control of
metavehicles[J]. Optics Letters, 2023, 48(2): 255-258.

Liu Y R, Ding H R, LiJ G, et al. Light-driven single-cell
rotational adhesion frequency assay[J]. eLight, 2022, 2(1): 13.
Xin H B, Li Y C, Liu Y C, et al. Optical forces: from
fundamental to biological applications[J]. Advanced Materials,
2020, 32(37): 2001994.

EFEFF, W, HRM, 5T r 4 A0 4 AR b 1 7 A
iz 2y 1 v U R ] B O 2T R B (] Ot A et i, 2023, 43(14):
1406003.

Wang X F, Liu X, Dong T J, et al. Current-modulated single
fiber optical tweezers for controlled particle capture and axial

2023, 43(14):

Nanotechnology,

reciprocating motion[J].
1406003.

Bégin J L., Jain A, Parks A, et al. Nonlinear helical dichroism in
chiral and achiral molecules[J]. Nature Photonics, 2023, 17:

Acta Optica Sinica,



[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

HEXE- -8Rk

82-88.

Pu L. Enantioselective fluorescent sensors: a tale of BINOL[J].
Accounts of Chemical Research, 2012, 45(2): 150-163.

Genet C. Chiral light-chiral matter interactions: an optical force
perspective[J]. ACS Photonics, 2022, 9(2): 319-332.

Milonni P W, Boyd R W. Momentum of light in a dielectric
medium[J]. Advances in Optics and Photonics, 2010, 2(4):
519-553.

Kajorndejnukul V, Ding W Q, Sukhov S,
momentum increase and negative optical forces at dielectric
interface[J]. Nature Photonics, 2013, 7: 787-790.

Qu C W, Ding W Q, Mahdy M R C, Photon

momentum transfer in inhomogeneous dielectric mixtures and

et al. Linear

et al.

induced tractor beams[J]. Light: Science &. Applications, 2015,
4(4): e278.

Pfeifer R N C, Nieminen T A, Heckenberg N R, et al.
Colloquium: momentum of an electromagnetic
dielectric media[J]. Reviews of Modern Physics, 2007, 79(4):
1197-1216.

Nelson D F. Momentum,

wave in

pseudomomentum, and wave
resolving  the  Minkowski-Abraham
controversy[J]. Physical Review A, 1991, 44(6): 3985-3996.
Ashkin A. Applications of laser radiation pressure[J]. Science,
1980, 210(4474): 1081-1088.

Baxter C,
momentum in dielectrics[J]. Journal of Modern Optics, 2010, 57
(10): 830-842.

Letokhov V'S, Minogin V G. Laser radiation pressure on free
atoms[J]. Physics Reports, 1981, 73(1): 1-65.

Gieseler J, Gomez-Solano J R, Magazza A, et al. Optical

momentum:  toward

Loudon R. Radiation pressure and the photon

tweezers: from calibration to applications: a tutorial[J]. Advances
in Optics and Photonics, 2021, 13(1): 74-241.

Ding W Q, Zhu T T, Zhou L M, et al. Photonic tractor beams:
a review[J]. Advanced Photonics, 2019, 1(2): 024001.

Nan F, Rodriguez-Fortuno F J, Yan S H, et al. Creating
tunable lateral optical forces through multipolar interplay in
single nanowires[J]. Nature Communications, 2023, 14(1):
6361.

R, RICU, JE G, 55 . REHE 91K 6 B 45 1 1 B4 53 Bt Al
BRAFHELT]. D64, 2019, 39(3): 0324002,

Zhu C J, Song W Z, Qu M, et al. Thermal analysis and
trapping properties of silicon-based optical nanotweezer
structures[J]. Acta Optica Sinica, 2019, 39(3): 0324002.
BpOSCST, ST, BREEAN AR OEBOREE e R K AR Y B
SENET] 624, 2023, 43(14): 1400001,

Zhong Y L, Peng Y H, Chen ] J, et al. Optical temperature
field-driven tweezers: principles and biomedical applications[J].
Acta Optica Sinica, 2023, 43(14): 1400001.

SeTb, XL, Bhag, 4F . BETOL S 3R 4 98 oK ST IR R L &
JEIEHR[T]. JeAE 2R, 2021, 41(17): 1730003.

Rong S, Liu H S, Zhong Y, et al. Enhancement of Raman
spectra based on optical trapping of gold nanocubes[J]. Acta
Optica Sinica, 2021, 41(17): 1730003.

Liu T J, Guo C, Li W, et al. Thermal photonics with broken
symmetries[J]. eLight, 2022, 2(1): 25.

Bliokh K Y, Nori F. Transverse spin of a surface polariton[J].

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

0700001-24

a4 ETHI/2024 £ 4 B/HEER
Physical Review A, 2012, 85(6): 061801.
Richards B, Wolf E, Gabor D. Electromagnetic diffraction in
optical systems, II. Structure of the image field in an aplanatic
system[J]. Proceedings of the Royal Society of London Series
A Mathematical and Physical Sciences, 1959, 253(1274):
358-379.
Eismann J S, Banzer P, Neugebauer M. Spin-orbit coupling
affecting the evolution of transverse spin[J]. Physical Review
Research, 2019, 1(3): 033143.
Petersen J, Volz J, Rauschenbeutel A. Chiral nanophotonic
waveguide interface based on spin-orbit interaction of light[J].
Science, 2014, 346(6205): 67-71.
Junge C, O’Shea D, Volz J, et al. Strong coupling between
single atoms and nontransversal photons[]]. Physical Review
Letters, 2013, 110(21): 213604.
Zhang Q, Xie Z W, Du L P, et al. Bloch-type photonic
skyrmions in optical chiral multilayers[J]. Physical Review
Research, 2021, 3(2): 023109.
Lei X R, Yang A P, Shi P, et al. Photonic spin lattices:
symmetry constraints for skyrmion and meron topologies[J].
Physical Review Letters, 2021, 127(23): 237403.
Du L P, Yang A P, Zayats A V, et al. Deep-subwavelength
features of photonic skyrmions in a confined electromagnetic
field with orbital angular momentum[J]. Nature Physics, 2019,
15: 650-654.
Lu CF, Wang B, Fang X, et al. Nanoparticle deep-subwavelength
dynamics empowered by optical meron-antimeron topology[J]. Nano
Letters, 2024, 24(1): 104-113.
Shi Y Z, Xu X H, Nieto-Vesperinas M, et al. Advances in light
transverse momenta and optical lateral forces[J]. Advances in Optics
and Photonics, 2023, 15(3): 835-906.
Eismann J S, Nicholls . H, Roth D J, et al. Transverse
spinning of unpolarized light[J]. Nature Photonics, 2021, 15:
156-161.
Neugebauer M, Eismann J S, Bauer T, et al. Magnetic and
electric transverse spin density of spatially confined light[J].
Physical Review X, 2018, 8(2): 021042.
Neugebauer M, Bauer T, Aiello A, et al. Measuring the
transverse spin density of light[J]. Physical Review Letters,
2015, 114(6): 063901.
Shi P, Du LL P, Yuan X C. Spin photonics: from transverse spin
to photonic skyrmions[J]. Nanophotonics, 2021, 10(16): 46.
Li C C, Shi P, Du L P, et al. Mapping the near-field spin
angular momenta in the structured surface plasmon polariton field
[J]. Nanoscale, 2020, 12(25): 13674-13679.
Rodriguez-Herrera O G, Lara D, Bliokh K Y, et al. Optical
nanoprobing via spin-orbit interaction of light[J].
Review Letters, 2010, 104(25): 253601.

Bauer T, Orlov S, Peschel U, et al. Nanointerferometric

Physical

amplitude and phase reconstruction of tightly focused vector
beams[J]. Nature Photonics, 2014, 8: 23-27.

B, B, SRR, SO AR B R A JEUEE K R ). Dl
24, 2023, 43(16): 1623012.

Tao Y, Zhong W, Wu X Y, et al
fundamentals and their applications[J]. Acta Optica Sinica,
2023, 43(16): 1623012.

Optical torques:



HE X E B L&A A4 E B THI/2024 &£ 4 B/ SR

Recent Progress in Optical Lateral Forces (Invited)

Shi Yuzhi***", Lai Chengxing**', Yi Weicheng"*”', Huang Haiyang"*"’, Feng Chao"*"",
He Tao"**', Liu Aiqun’, Qiu Weicheng’, Wang Zhanshan"*”', Cheng Xinbin"***"
'Institute of Precision Optical Engineering, School of Physics Science and Engineering, Tongji University,
Shanghai 200092, China;

‘Key Laboratory of Advanced Micro-Structure Materials, Ministry of Education, Shanghai 200092, China;
‘Shanghai Frontiers Science Center of Digital Optics, Shanghai 200092, China;

‘Shanghai Professional Technical Service Platform for Full-Spectrum and High-Performance Optical Thin Film
Devices and Applications, Shanghai 200092, China;

"Department of Electrical and Electronic Engineering, The Hong Kong Polytechnic University, Hong Kong 999077,
China;

‘Department of Electrical and Computer Engineering, National University of Singapore, Singapore 117583,

Singapore

Abstract

Significance Momentum is an important backbone of wave fields such as electromagnetic waves, matter waves, sound
waves, and fluid waves. As the carriers of electromagnetic waves, photons possess both linear and angular momenta,
which can interact with matter and generate optical forces. The technique, or “optical tweezers” which utilize optical forces
to manipulate micro/nano-objects, was established by Arthur Ashkin between the 1970s and 1980s. Optical tweezers have
unparalleled advantages in capturing and manipulating microscopic particles and provide new research tools for research
fields such as biomedicine, physics, and chemistry. In 1997, Steven Chu, Claude Cohen-Tannoudji, and William D.
Phillips won the Nobel Prize in Physics for employing optical forces to achieve atomic cooling. It was later in 2018 that
Ashkin won half of the Nobel Prize in Physics for his pioneering contributions to optical tweezers and implementing them
for biomedical applications.

Optical forces adopted in optical manipulation mainly include two popular types of radiation pressure and optical
gradient force. The radiation pressure is the force along the direction of the Poynting vector due to the light scattering and
absorption and has important applications in atomic cooling, optical sorting, and particle propulsion. The optical gradient
force is the force generated by the inhomogeneous intensity or phase distribution of the light field, with great potential in
numerous physical and biomedical applications.

The optical lateral force (OLF) is an extraordinary force that is perpendicular to the light propagation direction and
independent of the intensity or phase gradient of the light field. It is related to the intrinsic and structural properties of light
and matter. The strategy to realize an OLF 1s to break the system symmetry to make photons exert transverse momenta
and consequently generate optical forces on particles. Since OLF was first proposed by Nori’s and Chan’s groups on the
same day in 2014, various methods and mechanisms have been reported to configure and explore OLF, such as utilizing
the spin and orbital momenta of light, coupling of light and particle chirality, spin-orbit interaction (SOI), and surface
plasmon polariton (SPP).

In the past ten years, the understanding of transverse momenta and relevant light-matter interaction has reached a new
stage. Transverse momentum, whether linear or angular, is closely related to OLF since the optical force is a consequence
of momentum exchange or translation between light and matter. For example, transverse spin momentum, also known as
the Belinfante spin momentum (BSM), or transverse spin angular momentum (SAM), can generate spin-correlated OLF.
Additionally, the imaginary Poynting momentum (IPM) can also induce OLF. The chirality of particles can couple with
light and generate transverse energy flux and force near the surface. The conversion of spin angular momentum to orbital
angular momentum, or the so-called SOI, endows a new way to generate the OLF.

Investigations of such extraordinary transverse light momenta and OLF deepen the understanding of light-matter
interactions and have tremendous applications in bidirectional enantioselective separation, meta-robots, spintronics, and

quantum physics.

Progress We review the current theoretical and experimental research progress on OLF, including different mechanisms,
experimental methods, and potential applications. We first introduce some fundamentals of transverse momenta, and

representative mechanisms for generating OLF from both theoretical and experimental perspectives, including the BSM,
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chirality, SOI, IPM, and some other effects such as heat, electricity, bubbles, and topology. Meanwhile, we review

some representative applications based on OLF, such as meta-robots, particle sorting, and some other biomedical and
chemical applications. Finally, we summarize this research direction and provide our vision of new physical mechanisms

and more applications that may emerge in the future.

Conclusions and Prospects Momentum and force are two fundamental quantities in electromagnetics. With the
innovation and burgeoning development of optical theories of transverse light momenta, mechanisms of OLF are also
advancing. The optical force has also become an essential platform and effective tool for testing and validating numerous
optical phenomena including transverse momenta.

Traditional optical gradient force and radiation pressure have been widely studied in the past four decades, and their
technical limitations in some applications have been well comprehended. Some peculiar optical forces discovered in recent
years such as the optical pulling force and OLF are playing increasingly important roles in high-precision optical
manipulation. OLF provide new possibilities for nanometer-precision sorting, enantioselective separation, and minuscule
momentum probing. Additionally, unprecedented advantages of metasurfaces in electromagnetic wave guidance and
steering also present more possibilities for manipulating particles. Especially in recent years, with the rapid development of
nanofabrication technology, a type of “meta-robot” driven by the OLF has emerged. Although it has not been implemented
in practice, its interesting properties and the new degree of freedom in optical manipulation are expected to find many
biomedical applications in the future, such as cargo transporting, biotherapy, and local probing. We can also envision
various biological applications of OLF, such as bilaterally sorting and binding tiny bioparticles, cargo transporting using
metavehicles, stretching and folding DNA and protein molecules in line-shaped beams, enantioselective separation, and
high-sensitive sensing by the helical dichroism. Therefore, we can conclude that with the development of modern optics
and photonics, the two interrelated quantities of momentum and force will be explored more deeply and have wide

applications in material science, biophysics, quantum science, spintronics, optical manipulation, and sensing.

Key words optical lateral force; angular momentum; optical manipulation; optical spin; chiral particles
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