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1 - Surface plasmons and polarization

2 — Surface plasmons and spin-orbit coupling

3 — Surface plasmons and optical forces
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Surface plasmon mode

dielectric (1) / metal (2) interf 21— 22
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* propagates along the interface (40 um at 800nm)
- confines the field at the interface

* highly sensitive to n



Dispersion relation
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Coupling schemes

0 SP
G o 70-90s: SP optics, thin films
0] spectroscopy, refractive
& ; index sensing, etc.
F[k]

o 00s: EOT, plasmonic
crystals, etc.

Flk]

o sub-wavelength apertures
and extended structures




Surface plasmon field U= Sngt
o SP field: TM-polarized
A Z
Dielectric HSP = HO [O, 1, O] ki zq ZeTwt
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Surface plasmon field
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Field ellipticity

o Elliptical polarization
Complex field E(r,t) = Eo(r)e—iwt = [A(r) + iB(r)] p—iwt

Real field E(r,t) = A(r) coswt + B(r) sinwt

o A measure for the ellipticity (Berry, 2000) ®px(r) = A(r) x B(r)

= —1Im [E x E}]

E .~ A connection with the spin density
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(dire que cette relation clair a partir de
forces)



Surface plasmons as spinning near fields

o TM-polarized spinning field

A Z Electric field ellipticity

OE s Bp=ExEw
Dielectric
1 X (I)E(ZC, Z) _ 2‘E0‘26_2k”x6_q”’2[0, q~/l’%// k/ ~11 0]

Longitudinal electric field component

HSP — HO [O 1’ O]eik:z:eiqz

Esp = Folg, 0, —k]et*@eia?

Meridional plane of polarization



Spin-orbit coupling: Spin Hall Effect of Light

Hosten and Kwiat, Science 319, 787 (2008)

Input state
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Spin-orbit coupling and surface plasmons

O Source-accompanying local frame

\_

Space variant polarization states
Geometric phases

Spin-orbit coupling




Huygens-Fresnel modeling

ik |lr—rg]|
Egip(r) = GH cosa (Ey -n)n

Egp(r) = [ dsEaip(s)

S — curvilign coordinate

See: A. Drezet et al., J. Appl. Phys. 115, 093105 (2014)



Spin-orbit coupling and chiral plasmons

on = (nAsp 4 mpAsp/2m)p

Assume radial regions p,, >> pPg
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dynamic phase geometric phase

OAM Spin-orbit coupling



Spin-orbit coupling and chiral plasmons

on = (nAsp 4 mpAsp/2m)p

ESP /00 f d¢67’m¢67’kspp0 COS¢ [Ell’l . pA] /6

o Spin-orbit coupling

Bin o6 = (p+8) 592

Esp Jmﬂ(/fSP,O)ei("@“O

For instance:
Ohno & Miyanishi Opt. X 14, 6285 (2006)
Hasman et al., Nano Letters 9, 3016 (2009)



Chiral plasmons for singular optics

Esp « Jyat (kspp)elmED?

Generating Bessel beams ¢ 41
with fixed OAM OAM = M




OAM transfer from near-field chirality

suspended membrane (h=300 nm)

rr r7
laser @= = = —. .-- = =9 CCD
A = 780 nm

HWP QWP MO

Front-side: L,

Gorodetski et al., PRL 1710, 203906 (2013)



Spin-orbit coupling in nano optics
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Hasman, Technion Capasso, Harvard ISIS, Strasbourg
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Drezet, Néel Zayats, King’s college

Review: Bliokh, Rodriguez-Fortuno, F. Nori, and A.V. Zayats
Nature Photon. (2016)




Plasmonic vortices and orbiting motions

o Trapping microparticles at primary rings of plasmonic vortices

* Orbiting motions

Right-hand
circularly
polarized

See: Tsai et al., Nano Letters 14, 547 (2014)



Optical force and torque on an electric dipole

o Lorentz law (real (£,H) fields)

F=(P-V)E+ P xH
I'=Px¢&

o Time-averaged force

(F)p = 2 Re[af)

/

Freactive — %QRG [a] Re[fO]

2

Fdissipative — _%Im[&]lm[f()]

\_

\

/

Stenholm, RMP (1986)

Hemmerich & Hénsch, PRL (1992)

P .
A E = Re[Eqg(r)e "]

P = Re[py(r)e™ ]
Po(r) = n?aEy(r)

fo=)_,E;VE;
- linear polarization E(r) = p(r)e’*™
fo = pVp—ip°V¢

. . ] AT
- general polarization case E} = p/e'®

Im[fy] = — Zj P? Vo



Radiation pressure and orbital energy flow

o Time-averaged Poynting vector

M) = ———Im|f
IT = (& x H)r © 2wHo fo]
_ 1
=11p + Ilg HS_QWMOVX(I)E
Electric ellipticity ®p = & x & Jw
@chanical energy transfers through dissipation \
o Time-averaged radiation pressure o Time-independent torque
V X P
Fdissipative — HQCUILL()IHI[O(] (H — —E) I' = n2Im[a]<I>E
2wto

= n*wpelm[a]Io

. /

Canaguier et al., PRA 88, 033831 (2013)




« Electric-magnetic democraty » (M.V. Berry)

M
o Lorentz law for a magnetic dipole A
= (M- V)H —eqoM x & .
I'=MxH
o Harmonic fields and induced dipole my(r) = puSHp(r)

Bla~ (ka)? <« 1
o Dual symmetric expressions

=2 (cBp+pdy) IIo =

2 (H<E> N H<H>>
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(H(E> n H(H)) - Uxd
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Spin and orbital angular momentum densities

Berry, J. Opt. A (2009)

_ _ Bliokh, et al. NJP (2014)
o Orbital angular momentum (time ave.)

L=rxIlp * extrinsic
 fransverse w.r.t. wave momentum

o Spin angular momentum
2

S, * intrinsic
w? » no specified direction w.r.t. wave momentum
« Transverse polarization » Longitudinal electric field component
(TM polarized)
- 4 1T .
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Transverse spin densities and structures light fields

®d &
a

o Non-paraxial fields I(;L;x

.8
| |

II‘T? Neugbauer et al., PRL 114, 063901 (2015)

o Evanescent waves
a

E-Field Orbit

@Eﬁbef() \ Petersen et al., Science 346, 67 (2014)

o Surface plasmon modes

2 LCP O

O’Connor et al., Nature Comm. 5, 6327 (2014)




Surface plasmons as spinning near fields

HSP — HO [O 1’ O]eik‘:l;eiqz .
o Surface plasmons Pgp = Esp X Esp/w

ESP = E() [éj, 0, _i%]eikazeiqz

I1g e“2k//x6_2quzlm[§/~c* — /2(]*][ 7,0, k”]
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Canaguier-Durand & Genet, PRA 88, 033831 (2013)



Surface plasmon forces and torque

o SP gradient force F. .
dissip
2 Freaj \
F ti n
reactive 10 Rela k//’qu// 1
TEp =~y Rela] K0, !
o SP radiation pressure V¢ = [K',0,¢’]
F issi 2
dissp — ' Imla] [£,0,q Confined ¢ < 0 and directed motion k'
B2 2 !
o SP torque and transverse spin I
I 2 ey J
= n“Imla| S
NE 3 AN

A

= —n’Imla] Sy

_ See also: Bliokh and Nori, PRA (2012)
Canaguier-Durand & Genet, PRA 89, 033841 (2014) Aiello & Banzer. arXiv 2015



Surface plasmon-based optical tweezers

Colloidal Plasmonic
suspension landscape

Quidant et al., Nature Phys. 2007

Displacement (nm)

-600+ 1 1 | | | I
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Displacement (nm)

Grigorenko et al. Nature Photon. 2008

« Localized » surface plasmon resonances
o Delocalized plasmons ? Cuche et al. PRL 2011

See review Juan, Righini, Quidant Nature Photon. 2011




Plasmonic radiation pressure and band structures

o Global energy transport

(IIg) = [dzIIg =0 Vg = ((lg‘%) Bliokh et al., PRA (2012)

o Local anisotropy of plasmonic isofrequency surface




Plasmonic beam steering

kSP,out

Negative refraction

B. Stein et al., PRL 105, 266804 (2010)




Dissipative plasmonic force: Bloch wave motional control

o IFS desing as a tool for controlling nanoparticle motions

(9 SP mode on flat film

J
F(lissip — HO — k

@ SP Bloch mode
Vg = vkw(k) < <HO>/<W> — Fdissip



Setup

CCD

LASER

Ll




Dynamical law of refraction

0 nanoparticle eq. of motion

P:—%P+FTh

o time-averaged ballistic motion

P= (m/'Y)Fdissip

» motional evolutions determined

in strict relation with the IFS

 high throughputs with high angular resolution

« mechanical analogues of super-prism
and negative refraction effects

A. Cuche et al., Nano Letters 12, 4329 (2012)



Chirality

Lord Kelvin (1884) : « | call any geometrical figure, or group of points,
chiral, and say that it has chirality, if its image in a plane mirror, ideally
realized, cannot be brought to coincide with itself. »

M, J] # 0

right (R) left (L)



Chiral dipole

o Coupled induced dipoles

P

M

A A

[M,J] #0



Optical force and torque on a chiral dipole

Canagquier et al., NJP 15, 123037 (2013)

o Lorentz law (real (£, H) fields)

F=(P -V)E+(M-VIYH+ P xH—ecoH xE
I'=PxE+MxH

o Time-averaged force and torque

1 1 1
(F)r = §Re[ozf0] + §Re[5go] + §Re[xho]
P M P M

| db () nE)

(T)r = Im[a]®Pg + Im|5]| Py + 2Im[x]|II



Chiral force on a chiral dipole

. 1 1
o Chiral part (Fy)r = §Re[>(]Re[h0] — §Im[x]1m[h0]
Reactive component: F| = Re[cX]EVK
W
o d. 2 1
Dissipative component: Fy = Imfcx|- | @ - §V x I1
c
» Enantioselective forces: chiral separation \
« Field chiral quantities K(r) = %Im[EO - H|
c
we
®(r) = — (Im[Ef x Eg] 4+ Im[H x Hy))

\ 4

See also: Cameron, Barnett, Yao, NJP (2014)




Optical chirality

o Free-field conservation: Lipkin (1964)

Tang and Cohen (2010)
/ , , \ Bliokh and Nori (2011)
Density K(r,t) = =% (’H E-E& - ’H) Barnett et al. NJP (2012)

~

Flow = DEXE+ LH x F
O(r,t)=FEXE+ FHXH Energy and momentum

KCOﬂS' V- ®+0,K=0 W(rt)=E-E+8H-H
S(r,t)=E xH

V-S+aW =0
N t /

o Harmonic fields

w we % *
K(r) = 5 5Im[Eo - Hj]  &(r) = TO (Im[E{ x Eo] + Im[H}, x Hy))

o Circularly polarized light K =44 P, =Lz



Chiral separation

o Tkachenko and Brasselet LOMA Bordeaux

G vl

Cholesteric

radius ~ 20 microns

30 um

Nat. Commun. (2014)

-

o Downscaling to the nanoscale ?

x/a <1 (Fao.p) kgT
X X X
v v




Brownian approach Canagquier et al., NJP 15, 123037 (2013)

o Cancelling (Fy, 5) o Statistical resolution

Cuche et al., Nano Letters 12, 4329 (2012)

\ XR& 2 5h | | | | —1t=1e3|]
— ?’ < o __>. -z —1=2e3
- A —=
&\ % - —— =563
! 2 15
£ u(t)
(Fy = 20 e N
X c2 S o/t
o 0.5/)

/ \ 91 05 0 0.5 1
Ca. 1 mm/ 1 hour position (mm)

50 mW on 1 mm?
’ Separation
for DNA-nanopatrticle hybrids P plh) = (B /)t
(N. Kotov, JACS 2012) Brownian motion causes a variance
= Vkp/Vt
L ' Minimal time tyin ~ kpT/(Fy)?




Increasing optical forces: strong gradients in the near field

o Generic surface plasmon

ESP — EO [67 07 _];.]eikmeiqz

K=0
Zry
TZ*>%>\/ & = 0K e gy
X 2c
1
P = §V x I1

No chiral force in the dipolar regime



Plasmonic optical lattice Canaguier et al. PRA 90, 023842 (2014)

n Coherent superposition ~ Hsp = | Hoe™, Hye'*® 0)e'e?

—
ZT/y o Local phase difference ¢(z,y) = k'(z — y)
X

* Coupling terms
K(r) < {'e —k"(z+y) g—2¢" 2 sin ¢ <F;> # 0
D1y — V x Ipo/2 o §e 22720 2 [Im[ke’], Im[k*e’?), 2§ sin ¢] (Fy) # O

1

[ A plasmonic effect }




Chiral potential energy surfaces

o Chiral force fields (in-plane)

Au-water interface
780 nm

77
77 .

- N

M. NN

Chiral potential energy

Attracts chiral dipole towards K., /K.,
Pushes chiral dipole along K., / K.,.;, vs. sgn(Re[ex])

max

Towards near-field deracemization schemes



Towards chiral selective trapping

Canaguier et al. PRA 90, 023842 (2014)

4 N

o Chiral force fields (transverse)

Dionne, ACS Photon. ASAP

0 02 04 06 08 1
X (um)




Near-field enhanced chiroptical spectroscopy

Stereogenic center o Absorption rate of a chiral molecule
1 eR/L:<Ep+Hm>T
(‘: o Circular dichroism Ae =€, (A\) — € (A) x w - Im|y]
2" \
/ 4
3 0 « Chiral » dichroism: Tang & Cohen, PRL 2010

¢
— 120

60

! .60
-120

A A

Ae= e, (A) —e_ (A) x w - Tmly]
» « Super-chiral » fields: localized SP resonances L

Hendry et al., Nature Nano. (2010) 4
Giessen et al., PR X (2012) x

Barnes et al. PR B (2013) “\85
Kuipers et al. Nature Phot. (2014)




Ultrasensitive detection of chiral biomolecules

E. Hendry et al., Nature Nanotech. 5, 783 (2010)
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Localized surface plasmons




Conclusions

U Surface plasmons and singular nano-optics
* New devices (ultra thin phase plates, spin splitters)

» Tailoring the far field from singular near fields

O Surface plasmon optical forces and new effects
» Coupling chirality of matter to chirality of light

« New separation schemes based on K(r) , ®(r)

0 Surface plasmons and enhanced chiroptical spectroscopy
* Inducing chiral densities on nanostructures

« Matching chiral length scales light vs. molecules



