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Fig. 1. Schematic of the numerical model, guided modes
propagate along a silica microfiber and interfere in trans-

mission space, here the Cartesian coordinate is used.
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Fig. 2. Mode profiles of guided modes in a silica microfiber with a diameter of 1.5 pm: (a)—(c) Electric field |E|, blue arrows repres-
ent polarization directions; (d)—(f) phase distributions Re(E,); (a), (d) HE; (b), (e) even-EHyy; (c), (f) even-HE3 modes. The

unit of |E| is V/m, the white circles indicate microfiber walls, the scale bars are 1 pm.
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Fig. 3. E-field and trapping strength for 85 nm polystyrene (PS) particle under the two-mode set of -HE,; and even-EH,;: (a) Elec-

tric fields (| E|) in zz plane, (b) the central cross-section in yz plane; (c) the focal plane, the unit is V/m; (d) potential energy densit-

ies (3D profile) in trapping planes, with a unit of kgT/W, and the images below show the transverse force exerted on the nano-

particle in trapping planes, with a unit of pN/W: the color scale indicates the magnitude of the force and the arrows indicate its dir-

ection. Scale bars in panels (c) and (d) are 0.5 pm.
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Fig. 4. Optical trapping effect of two-mode HE; + EH;; under various phase differences: (a) Maximum FE-field and working dis-

tance of the focusing light field; (b) the half width dimension of the focused light field; (c¢) the optical force and potential energy

when particles move along the fiber axis with a phase difference of —140° (d) the optical force and potential energy of particles

moving along the fiber axis with a phase difference of —~90°.
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Fig. 5. E-field and trapping strength for 85 nm polystyrene (PS) particle under the two-mode set of 2-HE;; and even-HEj;: (a) Elec-
tric fields (|E|) in 2z plane; (b) electric fields (|E|) in yz plane; (c) electric fields (| E|) in the focal plane, the unit is V/m; (d) poten-

tial energy densities (3D profile) in trapping planes, with a unit of kgT/W, and the images below show the transverse force exerted

on the nanoparticle in trapping planes, with a unit of pN/W, the color scale indicates the magnitude of the force and the arrows in-

dicate its direction. The scale bars in panels (c), (d) are 0.5 pm.
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Fig. 6. E-field and trapping strength for 85 nm polystyrene (PS) particle under the two-mode set of -EH;; and even-HEj;: (a) Elec-
tric fields (|E|) in 2z plane; (b) electric fields (|E|) in yz plane; (c) electric fields (| E|) in the focal plane, the unit is V/m; (d) poten-

tial energy densities (3D profile) in trapping planes, with a unit of kgT/W, the images below show the transverse force exerted on

the nanoparticle in trapping planes ,with a unit of pN/W, the color scale indicates the magnitude of the force and the arrows indic-

ate its direction. Scale bars in panels (c¢) and (d) are 0.5 pm.

oAl Ak PS UKL I 5 BFER BE A 159 ks T/W (WL
Pl 3(d)). X2 IR, B A T LASG G 0k Y
RN, A, 53T EH,, M HE; BT 3E
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A3 A R SR FE D37 S I 22 URLART AR
TANFEARHEL S3 (online), F4E SAE o il y iy 1]
fR 2K 15 6 R SF 430 571 nm (1.07)) A1 348 nm
(0.65X) .\ 7E zy “F-IIHABIFREE 2N 288 kpT/W.

B T I FH LA A [ R A5 5 AR [ A 57 53 A7
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PEATIE . DL HE,, 1 EH,, BYSURE T 345 00 Ky
. 4TI F R Pyp: Peg = 1:1 B}, FE7E B —4E
A RS IIE 3(c) Fras. SRt T LI g F|,
R y Oy ) iR B WA R H R

1R 2055 M. X EESEIFIR B TR R By, 55
A ) B AT LA 3 o A X T L AT R K
HE,, B D)2 [ E H 1.04419 fW (H1 3750 B I8
F1V/m), SRIGKDIFREN 1:1 #2553 1:5.28 F
1:11.88, FHN AR A6 5070 WA AT EHE] S4(a),
(b) (online). F ML EH,, MRS 5, 5%
bR 101 B A S5 e A L, S5 AR ol 5 B 4 1)
PEm T 105% F1 166%. BLAMEESE = A EH,, I
ESIOEF T s e S = N 3 4 A [
HEEJE, K S4(c) (online) FM, X4 Pyp: Pgy =
3:1 B, SN L S 11 dB, M SE B AN R
LT,

WRTSCITR, — S ik At S A0
F4) IV 395 45 2R £ 855007 HL A B 308 1) T R AR R, FR
il T AR A T A N . N T R RIX — 4
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BN V/m, BTk R I I R AR 75 105 (b) HE o Ll iR HE 109 L3758 B 32 28 0 5 19 5530 (Re(E,)); () 2z VMR AL
PO FL 37 58 B RO 43 A () £BF I 1 SR ARG 1 H 3 0 P AL 3 A 5 (e) 9K UL AE 47l 51 T b AR 1 0L 0y, SRSk pN/ W
(£) A KAURLTE 3 2K 10 _F iy S4B 85 40 A1, AL kg T/W. I IL AR D 0.5 pm

Fig. 7. Sub-wavelength focusing based on two-mode interference of z-polarized HE;; and HE;, and potential energy (a unit of
kgT/W) for an 85 nm PS particle: (a) E-field (i.e., | E|) distributions of z-HE;, mode, the unit is V/m; (b) Re(E,) distributions of

#-HE;, mode; (c) simulated interference field in the central cross-section zz plane; (d) electric fields (|E|) in the focal plane;

(e) transverse force (a unit of pN/W) and (f) potential energy (a unit of kgT/W). The scale bars are 0.5 pm.

BRIEZ A1, B ARG B (i A A £ 4 £ ]
Xof B SR A6 B LR AR R . AE L 3(c), (d)
FANFEATELE S5(a), (b) (online) HY, 43T UEL
fffe HE,, F1 EH,, TR0 i R AL 1 T
Fili3k PS UKL, AH N AR AR e MEAE R 1] o % 1
FEABEAE, SHPME Ky, NI 2.22 PN/ (um-W).
0 B SO, e T T RSO 1) R RO A
ST PR ) AL [ AR 1) 32 3 R AR AR T
g, X T R RS O SRR, St BA
H TR) A8 ) A ASZ 43 A0 B PR AN B 4 o 2 ) AEAE
n/2 WAL 2, SC e o3 A b X FRitbE S O
Wiy 2 L iR . Bk, #EE 8(a), (b) A EH,
th S 0 SR AR S e I T AR e A (P
oy Vi) ERYSIRBIE . % SRR
WICEF IR 2 0.4 pm, 76 o My J7 ] b AP v
RSF295 940 nm (XF R F 1.77X). B 8K 5 i 3%
AU TV BEAE A 1) 7 1) 1 34 50 M BR D637,
EHAR AU o 9 R B OR RUBE . X it
A, EEOR B i e 25 % 17 1) SR B AR AN BARL [

H R A C T BEKr 98 K BURLR AR A e e (WL
Kl 8(c)). HH I T L mPR BRI T s R £k
Y%t PS kL (A2 N 85 nm) B G FRAR (W
 3(d)), BRI NL IR T 159 kpT/W $ 5
2[5 R 25 00 185 kg T/W (UL & 8(d)), HH R Ay 4
DA A i . BLAh, 40K e T i
T 7 RSB, X 096 ) RO IR SR WD 7T
#EHE S5(c), (d) (online), 7£ = %77 [\ L 4k
WIBE Koap MR AR ARBEZH T 19 2.22 pN/(pm-W)
P T 17.6 pN/(um-W). X E645 525 0 5] i Ik
BE W= I R AL BB 7R M 1) 1345
Hb BRSO P32 21y, AT e A AR AR e .
T E BB A A I R B RIRIL S T35 1,
FEXF e IX AN AR 20 G 1) SR A 7RG 3
KL FH R AT R (3% 2), dEITII AN EZE T ANt
S rh 2R ZRERREAL A I A R AEAFIE. X T
WL, Ji Tl —4 LP AR ] - O kB LA A
ARLFARES [ Y3780 B 43 A7 VRS ) AR 504 . TR
NI o 2 W NN T P N (ER AT = 5
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Fig. 8. Trapping strength of the sub-wavelength focusing under circularly polarized mode group HE;; + EH,, and capture intensity
of PS particles with a diameter of 85 nm: (a) E-field distribution of the focused light field in the zz plane; (b) electric fields (|E |) in
the focal plane, the unit is V/m; (c) transverse force distributions in the trapping plane (with a unit of pN/W); (d) the trapping
potential (3D profile and 2D projection) in the trapping plane, with a unit of kzT/W. The scale bars are 0.5 pm.

£ 1 ETHADCE LT REN
Table 1.  Sub-wavelength focusing of light by the two-mode interference from an optical microfiber.
A B LAY 3 A R B 20 73 R RAESCRERY AR N
|E| Re(E,) |E| Re(E,) |E|  B/NEETE TAER /um
HE, +EH,, ik K PSS SINLIER WA PR MR 0.83A 0.38
HE +HEy eSS Kt ZE L R B BOLRIPGRRE,  BUERL 0.97A 0.67
EH;,+HE;, H—[RFR WEAH Y DU DX B, 2500 Bl B MR PO 0.78) 0.10
HE; +HE;, eSS K F.CRLER WL LR KEHr 1.21x 0.35
EH,+ HE;,  B—p3f WEAHE A DU X S RLOBUER IR0 XU ZURATE 0.65A 0.3
BifiifRds HE +EH;,  — — — — KEf 177 0.40

2 ETHADCA IR R AT A5 T RS )

Table 2. Optical traps created by sub-wavelength focusing fields based on two-mode interference from an optical microfiber ).

L Ewlitey TR (3 2 (2, y)/pm PHEOLE /um U/ (ke T-W) U/ (kgT-W) £,/ (PN-pm W) £/ (pN-pm - W)
HE, +EH;; (0, 0) 0.58 159 80 2.22/24.66 3.57
HE, +HE;, (£0.41, 0) 0.77 99 25 11.53 4.0
EH,+HE;, (0, £0.5) 0.34 179 26 14.64 1.34
HE, +HE, (0, 0) 0.43 641 101 64.98 11.48
EH, + HE, (0, 0) 0.30 288 38 88.07 10.11
B Wik HE ,+EH;, (0, 0) 0.43 185 79 17.6 4.1

O HARBR A PS/NER, HAR85 nm;
RV RS, e3iIbSE s R N T BE R 7S e P o7l g A R 1 NN HE AR -
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GYAGY S [RLC BIFR A3 A [ LP,,, . HOXFR A
A LPy, (1# 0). ) (1b) AT FEH|, B
PTG, TR A B Fol2s ik
B AR BE A B AR AL 53 A5 B AU ] 1Y)
B B AR Rl T A3, 2.

PR oy A HE ) R 1) S 3 i B 5 20 v 17 40
At B AR S TR A, BT E AR S HE
R AT AR, T3 63 1 o A B 5
B A 1) 7 MR ) A 20 A . SEA R TR S HE
BT 635 B, A9 18 1 3R FEARAE.
XA ARAL S O X FR A 8] 43 A LP,, (1 # 0)
AL, LA 1) AH 7 A A58 ) G T IRLC R L AHARAH
A2 o (B4 EH,, A HEg, 82, B 2(e), (). M
(1b) S ATHEA, 2 BB s o) A A7 2k 0 106
5 HE,, BT WA, WA K = 9655 HE
BT ARIC. BRI, JCie a8 (B0 1= 2n+1 (n =
1,2, 3)) BB (B 1= 2n (n =1, 2, 3.)), B
FOCRE ) oA BRI n MR, HARSR
Ao T 8 g s YRS A A 1) A7 43 A AT IO o T
] FH 57 22 ()0 [B B 43 A 1Y) LP,,, 455, AR B A0 450
EF m, HASBANLIRA A ZE n 2 m = 2 1), X
N FSCH ) HE £ (Bl 7(a), (b)). B HE,
BAAFTEA2E © PN AEAIER, BT LS rhC A X
N 5 HE B AT, SN 285 R 1)
XI5 HE | 8T AHH, MR R —
MR, Y4 LP,,, B m = 31, BF4 LP,,,
L rb R ) AH 52 A R O 5 B8 0E AN IE — BT LAY
LP,,, FEXt I i R AR 5 HE,, 8% A T A,
FHRE B R IR R RO B4 4. R LP,, 15
(AR 1) i BEAE hAE bl KR, B DATER S04

PRI 55 B O i A 22 B) 9 T 954 B BT 2L
PR, S B RBAH LR R, R4 [ 37 5 7 25 [R]
ARE RS TV, TEESE 0T
R BT VAR T 437 DU DR T 3K 79 08 3 22 ) g R X
AR 22 RADGI I A m B AR ) 431 5 T V5 AR
KIES 2. B TEMADLL h RSB
faf I, XF T A — 41 LP BN i 58 B, e AT Ak
[ 47t RS 1] A 57 43 A AFAE RE1/F 25 5%, IATT
FCEREOEHIN /AR I BT X R BN, ASC HE;,, 15
L EH,, #5435 5345 HE ), Z W\ TE1ER, X
PRS2 G X6 7 114 5 A 013 LA R X ) 4 1y 22
5 (I 3 A 4).

2 3P T REITT i kA5 1 R AL R,
LG TAER A P vE RO R TARRE B (FRIR). A&
SRR A 4 T 1, Horf EH, fHE,
PS5 T8 O R £2O6 3 (R FE M RHET S3
(online)), HFMEA F/MYEE T, B 348 nm
(XFREF 0.650); Hak, HE,, il EH,, BiCTFHE
(ARG IR B8 ity (P 3), Ja b 1o 02 5 e R~
4 440 nm (KT 0.83X). & 3 FTLIEH|, Hi%
FIH B 5E 5 0SB4 G 15 B A R B 5 58
SEZ20 0.85X (A = 800 nm)Y. 7E¥ 38 S 2T v ifi |
BN T 5T T 4548, RS AE i WG B st
B 5T R 280 nm (RFRZ 0.410, A = 690 nm)
4 S R A B0 R TR B vh s s i, T A3
A TE RS 435 nm (KPR F 0.65M, A = 671 nm)
R R 291, TR 4 Y SR A Ty i ] LIS 21K
$i TR 840 nm (R T 1.04X, X = 808 nm) [
FEIE, 5B 0E B AT — A A R e KT R
i 0.2627. Al E R, AR RETE, HE
FERROCR ] SIS RGESL . s WU T DG HERY

Hh HAE T UL Y5 LUA MR 1 358 K KK L. (HA D7 R TCTT AT ok T T
3 HETILFMTE K REN I
Table 3.  Comparisons of sub-wavelength focusing fields by optical fibers.

£ ¥ /nm 2B 98 /nm TAEEHE /um CHER

PORIE 800 678 (0.85)) 8 [1]

RS IS E 671 435 (0.65)) 1.47 (23]

e BT B B 690 280 (0.41)) 18 [30]
o3 A CLT B e 660 360 (0.54)) 50 [37]
JCETHE 808 840 (1.04)) 3 [27]

JCET HERA 808 208 (0.26)\) 0.48 [27]
el RO B B 980 350 (0.36) 15 [36]
ARTAHE 532 348 (0.65)) 0.4 —
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£ 4 WK REI G I T L )
Table 4.  Comparisons of optical traps created by sub-wavelength focusing fields »®).

ity JF /nm Usyy/ ks T/W U/(kgT-W)  kyy/(PN-pm™ W) 6,/ (pNopm W) 3Ok

JEETHE 85 150 70 22 4 [27]

JCEF AR 85 500 240 310 60 [27]
W3 PG A BT 2000 — — 90 8 [37]
Wl ZREOCLT A R 200 4.6x10° 6.3x103 720 250 [36]
AT 85 641 101 64.98 11.48 —

A SCHR[BTIH BRI R R S10,BR, AR SRR IR OB PS/ Nk

®) Uy, WU, 53R AN B EEREE s ey, H1 s, 20000 O i) FNZIA 1] AT AN E

SR, HEA R Shiilas AR | ] g A
P, X B2 K SR AR 5 AT B A
KA | B 23 BEAOG A USRI A K 2 S5 4T

ARSCIRGE T e TR 5 1K R A7
ARG A R, Wk 2 )], HE,, Fl
HE, B3R ER DX HAZ 85 nm 1) PS
KL AR E PR, HAN IR ] (%) A A e oy
B U, = 101 kg T/W Hl U, = 641 kgT /W, 4h1s]
VRS ] BRI EE 535008 K, =~ 11.48 pN/(pum-W)
M kg, = 64.98 pN/(um-W). % 4 X T A EA
AT AR ORI AR h B9 A S, A
BORL A RUST L B ) A o) F) A B R 2 5 4 4 M1
JE . AN CET R B G AT HE T O T AR A
4 85 nm (1Y PS FUKL, HAA ] AR [a] G H Rl
SR U, = 70 kT/W Hl U, = 150 kgT/W,
I\ FORE ] AT AR I 435000 s, =~ 4 pN/(pm-W)
Ky, = 22 pN/(um-W)R7T M CLFAESE S IUE BT
IF, HOGAH AR A A ] RS [ SRS 4R TH 2 U, =
240 kgT /W 1 U, = 500 kgT /W , A1 1
ARMIEE S 5T A K, = 60 pN/(um-W) Fll k), =
310 pN/(um-W) 7. B35 22 O 27 5 s 5
A A5, LT X AR 200 nm B PS Uk
MEEE AN, FER R G A AR S BIF R £ T 2
10% kg T/ W, G [m) R ] A R NI BE S B4 &,
~ 250 pN/(um-W) il k,, = 720 pN/(um-W)®0.
BTl B OCLT vi E E BE Jr 2X, SEE TR B
2 pm 1 SiO, FURL B2 E i 3, LA ) FIEE [n]
HHARNIEE 350 K, = 90 pN/(um-W) Fl Kyfy =
8 pN/(um-W)B7. Al F 2|, A SCHY R AETTEE N T
Ak AR BRI R, BA S O a7 %] il
MRSCR. BRI EAMUAE S B SN E 4G
—E R, T HL R S BT PR RO RE AL, Ak
UKL AT AR N FH At 1 — g 10 S %

TESEBRR IR, 5 25 R AL s A
W BRI B AT AT, AL Er Rt
WA T 7k e & A 58
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TERCNICER v, i T S IS I, A7 7E Ll
DT v AR 2T O 1) R %), 5 b R e T Il 8
A7 R T T LEr . TEMEeer ikl
R AE AL 1208, R RS F R A
Z [ R AHREVC FEAC PR, AT 2 58 4 sl o A5
Fee. 40 BT PIARGANDCLT b BV RO AR R Y
FIAR RS, W] s il B DGET 5 SRR
A B AR A BT b IR — DL b,
A P ] 4 LSO X A AR 222 1k, T
PEXRUBEA AR XA O 22, [FIH, B9 DG ARt
HHK LP oy Al LPy BB 1 XML Y [R] il il 3¢ 22
H1 T LPyy BLRDESR BAT I A, TG HEtL
I e e A N SO ITAE G T HE 1 AR SR AR T4
R— N OKR OB P1; 24 LP A5 o 4 3k 14 i
ki P1RHCR M, MM 2 MROKRRL P2. X
N A LT v RURRE 2 97 5 BUOSUBUREL FY) [+) il
RSB TR IS5 [

PAEBIEHTTE AN A AT SEIRAT T, 3T 2
PE— 2P i e —BE IR ), A XA R 5 Y
M E A E Hi] L AADEE PR B R 45 (2%
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Sub-wavelength focused light and optical trapping
application based on two-mode interference
from an optical micro-/nanofiber’
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Abstract

The ability to focus light on a subwavelength scale is essential in modern photonics. Optical microfiber-
based sub-wavelength focusing will allow a miniaturized, flexible and versatile tool for many applications such
as biomedical imaging and optomechanics. For a separate mode exited from an optical micro-/nanofiber
endface, the photons will experience significant diffraction into the free space. This situation can be changed by
incorporating two-mode interference along with the specific spatial distributions of both E-field amplitude and
phase. Herein we report a novel approach to realizing sub-wavelength focusing based on the two-mode
interference exited from an optical microfiber endface. By utilizing specific distributions of E-field amplitude
and phase of two interacting optical modes, interference field patterns with a single focus (e.g., via a two-mode
set of HE;; and HE;5) or multiple foci (e.g., via a two-mode set of HE;; and HE3;) can be obtained. Then, it is
proved that the constructed foci will readily facilitate and selective trapping of nanoparticles. Circular
polarization of optical mode is utilized in order to bring in angular symmetry of sub-wavelength focusing
patterns compared with linear polarized optical modes. Our simulation results show that the smallest focal spot
produced from the EH;; and HE;; mode interference has a full width at half-maximum (FWHM) of ~ 348 nm
(i.e. 0.65X). Such a subwavelength focusing field is applied to the optical trapping of an 85 nm-diameter
polystyrene nanosphere. Further calculation reveals that the stable trapping can be fulfilled with axial and
transverse trap stiffness of 11.48 pN/(um-W) and 64.98 pN/(um-W), as well as axial and transverse potential
well of 101 kzT/W and 641 kgT/W via two-mode interference of HE;; and HEy. These values demonstrate the
great improvement over conventional tapered fibers. Further investigations show that different foci, via a two-
mode set of HE;; and HEs;, exhibit unlike trap stiffness and potential wells, justifying the potential for
nanoparticle size sorting. Based on the flexible all-fiber device, this subwavelength focusing strategy by two-
mode interference may find promising applications in optical manipulation, superresolution optical imaging,
data storage and nanolithography.
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