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electrons behave as massless Dirac fermions
(honeycomb lattice + Bloch theorem)



Artificial graphene "

Photonic crystals Acoustic waves

Haldane & Raghu, PRL 2008 Torrent & Sanchez-Dehesa, PRL 2012
Sepkhanoyv, Bazaliy, Beenakker, PRA 2007
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Cold atoms

Esslinger group, Nature 2012
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Review: Polini et al., Nature Nanotech. 2013
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Plasmonic analogue of graphene R

Plasmonic metamaterial

0.06

/~\ Nanoparticle chain
O Single particles

Extinction (a.u.)

Zhu et al.,-PIasmonics 2009 20 2.1 2.2 23 24 25 26
Han et al,, PRL 2009 Energy (eV)

individual nanoparticle '
localized surface plasmon

Maier et al,, Nature Materials 2003

nanoparticle array

collective plasmon
(can propagate over macroscopic distances)

» subwavelength optics

» plasmonic "circuitry”



Individual nanoparticle
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Localized surface plasmon:
m» dipolar collective excitation of the electronic center of mass

E(t) = Eq cos (wt)
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(oscillating dipole moment)
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Individual nanoparticle

Localized surface plasmon:
m» dipolar collective excitation of the electronic center of mass
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(oscillating dipole moment)



Individual nanoparticle
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Localized surface plasmon:
m» dipolar collective excitation of the electronic center of mass

E(t) = Eq cos (wt)

ﬁ
4 H2 M )
Higp = | “h?
! LSP = 5o 5 Wo )

Gerchikov, Guet, Ipatov, PRA 2002
GWY, Ingold, Jalabert,Weinmann, PRB 2006

2r < A

(oscillating dipole moment)

Mie frequency:

plasma frequency:

M = Neme

w
wo = D
v1+4+2e,
Arnee?
w p—
p Mo

(visible, near-IR)
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Individual nanoparticle e

Localized surface plasmon:
m» dipolar collective excitation of the electronic center of mass

2r < A

E(t) = Eg cos (wt)

(oscillating dipole moment)
b~ h+1ill
4 v 1 ) Mie frequency: wo = \/1:}})—2% (visible, near-IR)
HLSP — hwo b b—|- -
) Arnee?
\_ y plasma frequency: wp = —

Gerchikov, Guet, Ipatov, PRA 2002
GWY, Ingold, Jalabert,Weinmann, PRB 2006 M = Neme



Two nanoparticles R

Dipole-dipole interaction:
m» quasistatic approximation for point-like dipoles (r < a/3 < \)

( ) A
p-p’ —3(p-n)(p' - n) D = —eNeh{HP
V= em|R — R/[3 no NoR
\ - J - R-RY

Brongersma, Hartman, Atwater, PRB 2000
Park & Stroud, PRB 2004



Many nanoparticles

Honeycomb plasmonic lattice:
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GW,Woollacott, Barnes, Hess, Mariani, PRL 2013

(0, ): polarization of the dipoles

C; =1 —3sin®fcos? (p — 27[j — 1]/3)

» nearest-neighbor interactions only



Analogy with electrons in graphene =%
&y grap >

Bosonic ladder operators:

( )

M i, (R

~ i i om = || S ha(R) + 1221(\403
. — . 0

Hine = 12 D" Cibl, (amy yo |+ 0k e, ) + Hoe |
. b Mwq he(R) + illg(R)
. Rp j=1 ) R Vo P 2hMw
r\3 1+ 2¢e
2= wo (E) b€ o

m» cf. tight-binding Hamiltonian for electrons in graphene!

Graphene Plasmonic graphene
fermions (electrons) bosons (plasmons)
AB sublattices linked by kinetic process AB sublattices linked by interactions
(hopping of electrons) (dipole-dipole)

tunable couplings hS)C;

equal hopping matrix elements ¢ (cf. strained graphene)

o Ho = hwo Y g, 0k, ar, + hwo S r, bh.Dr,

T T
%) anomalous term X by _ag




Exact diagonalization e
Starting Hamiltonian:

H = hwy Z(agaq + bgbq) + RS Z[fqbg(aq + CLT_q) + HC] fq — 23: Cj exp (iq . ej)
Bogoliubov #1:

e 1 (
“a =/ (|fq|aqi”q>
B S

= H= Z Z [(hwo + 7hQ| fq|) aaTaa + Ty (aaTaT_qT + Hc)]

T=4+ q
Bogoliubov #2:

ﬁff = Cosh”&fl:ozfl: — sinhz?ffozj_:qT coshﬁ(f = 2712[(1 £ Q| fq|/wo) /(1 £ 2Q| fq| /wo)/? + 1]1/2

sinh 9 = F2712[(1 £ Q| fq]/wo) /(1 £ 2Q| fq /wo)*/? — 1]*/2

T QT T Q
= H= Zhwng’fgq w;—L ZwO\/1i2—|fq|
T=+ q wo
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Plasmon dispersion

Ci=Cr=C3=1
Co
Cs
C1

m» two Dirac cones



Plasmon dispersion S -
P 7

1.00  / \\//. m» gapped modes
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m Dirac "lines"

n
Q0 2



Plasmon dispersion e

2

w;—L = wo £ Q| fq]

(W)
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gapless modes: |fq| =0

wE
Dirac cones
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m fully tunable spectrum (polarization)



Plasmon dispersion —




Plasmon dispersion

— O0=7/4




Plasmon dispersion —
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topological transition
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Plasmon dispersion —
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Dirac-like plasmons i
» >4

Close to K point:

[wf ~ wo £ v|k\J

group velocity: v = 3Qa/2 ~ ¢/100

(Hiﬁ = hwol — hvT, ®0'-kJ

spinor eigenstates:

1 :
wlzcl:,K - 5 (17 eq:1£k7 07 0)

V2
chirality (helicity) o - k = +1

m» Collective plasmons should show similar effects to electrons in graphene
e absence of backscattering
e Klein paradox
e Berry phase of 11



Plasmon polaritons — -
P 7

How do plasmons couple to light in periodic arrays of nanoparticles!?
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m» plasmon + photon = plasmon polariton

translational invariance: Kkphoton = Kplasmon



Simple cubic lattice

O :
Tan et al., Nature Nanotech. 201 | n\
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Conclusion s e

Plasmons in honeycomb lattices of metallic nanoparticles:
e massless Dirac-like bosons
e similar properties as electrons in graphene
e fully tunable spectrum

GW, C.Woollacott,W.L. Barnes, O. Hess, E. Mariani
Dirac-like plasmons in honeycomb lattices of metallic nanoparticles
Phys. Rev. Lett. 110, 106801 (201 3)

Plasmon polaritons in 3d (cubic) arrays:
e polaritonic band gap can be modified w/ light polarization
e tunable optical properties

GWV, E. Mariani
Tunable plasmon polaritons in interacting arrays of metallic nanoparticles
unpublished



