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Surface Plasmons

Collective conduction electron oscillations at metal-dielectric interfaces, can couple to
electromagnetic fields. Two families:

Surface Plasmon Pol NPoM face Plasmons (LSPs)
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Limitation: Narrow-band operation = Plasmon hybridization through nm gaps

Baumberg et al. Nature Materials 18, 668 (2019)
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Plasmonic nanocavities:

a
Weak coupling
108
ol
2 Dielectric
=Y 100 e
N Plasmonic 1
g Ultra-compact (V~sub-nm),
-]
o Ultrafast (1/y,~ fs),
>
Room Temperature (g~eV)
1
Strong coupling Novel light-matter interaction
phenomena enabled by surface
plasmons?
[ [ ] [ I
109 102 104 106 108 1010

Quality factor, Q (wqg/2Y,)

Chikkarady et al. Nature 7, 535 (2016)
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Towards plasmonic nanocavities and single emitters:

QEs: quantum dots, diamond vacancies, dye molecules, J-aggregates, TMDs...

b

Self-aligned

Maximizing coupling in small emitter
ensembles: Qp = VN(ii - E;)

Shegai, Pelton, Sandhogar, Bozhevolnyi, Lukin, Sanvitto, Liedl, Raschke, Mikkelsen, Hecht, Baumberg...



1 = s A — - Iniversidad Auténoma
| Molecular Polaritonics 2019 [lfilMAC UAM v |

Complementary problems around Qr = VN (i - EC)

Single QE strong coupling in plasmonic gap cavities

- exploring EC

Chirality and light-forbidden transitions in QE-SP coupling

- exploring 1
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What kind of EM solutions are we interested in?

Strong light-matter interactions require sub-wavelength confinement of
electromagnetic fields: quasi-static regime.

E(t) = E(w)e ™t with E(w) = —V@(w) and V[e(w)Vp(w)] =0

1.0 . : 1.0 . . : ‘
 k=m/c _ .
L . _ 0.8
08 g-static
o 0.6 . ] 0.6 |- .
3 electrodynamic - electrodynamic
3 - _ g .
| K | “l
0.2 - /ST(D) | 02 L
°% | 1 | I | 3 ' 4 %% ' 1 3 4

2

k/k
p

Radiative losses:

Correction due to the self-field: u = ag(w)[Einc + Eself]l = Acorr(w)Eipnc
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a;,,” for a dipole source parallel to the gap axis: we gain access now to the Green'’s

function: Spectral density
e

¢ =l —Rolr Yen(0.8). 7 <R
:|r—R0|[(a£m—|-af;; rt +a, 1 ] % Y, (6, ¢), Ry>r>R,

=v—Rm@g“H@;H@mf“WnM&¢x Ry>71 >Ry

=|r —Rolay"r VY, (0,¢), r>R, Source terms

J. Pendry et al., Nat. Phys. 9, 518 (2013), R. Zhao et al., Phys. Rev. Lett. 111, 033602 (2013)
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Plasmonic dimers as nanocavities and nanoantennas (R, ,=R, 0=R/15)

o(w) « Im{agim(w)} < R J(w) < Im{G,,(rg, Ty, w)} < 1/R3

—e—R=7.5nm
—e—R=15nm
—e—R=30 nm

-R=60 nm
=—e==R=120 nm
—e—R=240 nm 3

T 25 3.0 35 4.0
w(eV)

Different role of SP modes.
Different scaling with R.

R.-Q. Li et al., Phys. Rev. Lett. 117, 107401 (2016); ACS Photonics 5, 177 (2018).
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Transformation Optics description of plasmonic cavities

Analytical expressions for J(w):
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Transformation Optics description of plasmonic cavities

Master equation parametrization (w; 4, ¥, 915)-

Hsyb = WZU o; + E Wn, c;ran gafn o T E gn, o-[ ern,,.gr + O'q;anjg],

8p ~
A‘HSS a
8t [p7 Y]+ ’Ena[]

n,o

Conditions for plasmon-exciton strong coupling:

1.0

T 0.5

0.0

0 T8 16 24 32 40
t (fs)

R.-Q. Li et al., Phys. Rev. Lett. 117, 107401 (2016); ACS Photonics 5, 177 (2018).
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A step backwards to move forward: 2D model

Finite-size effects in the emitter:

Multipolar sources:

1013} o
- Pﬂ(a}) = Elm{”G(rJ rQE)ﬂ }r=rQE?
T10%}
— 16¢* , ,
~ By(0) = —S—=Im{(QV)(VG(r, 1) Q-
101} w Q
1.4 1.8 2.2 2.6 . . :
| Radiative reaction: dipolar moments
w [eV] -
Full spatial and orientation dependence:
40}
g 30}
o
=20}
3
10} 10 15 20
n
0
15 20

n
A. Cuartero-Gonzalez et al. arXiv:1905.09893 (2019)
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Dark-field spectroscopy

op'
Master Equation: T—s[ Hl., +Z 2 La, 1]+ Eﬁgt[ ']

Dipolar moment and cross section: f'.j — Zn ;i_ﬂ_.i}.n;ﬂ + pay, Osea(wr )= Tr{pss (mﬂﬂ?}

Bare nanocavity Hybrid system: emitter+nanocavity

1 10"
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1.4 1.6 1.8 2 2.2 24 1.4 1.45 1.5 1.55 1.6 1.65 1.7
wr, [CV] W, [t‘,\ir‘

A. Cuartero-Gonzalez et al. arXiv:1905.09893 (2019)
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Purcell enhancing light-forbidden transitions
Rivera et al., Science 353, 6296 (2016)

Ed
em(w)

13 16 1.9 22 25
w(eV)
A. Cuartero-Gonzalez et al., ACS Photonics 5, 3415 (2018).
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Centered:
- "f / N Jo(displaced)
7/ — |, (displaced) \/’/
_ N2 - ___]ﬁ{centered} X
1010 -" - . . - ]Q{centerf&d}
1.3 1.6 1.9 2.2 2.5
w(eV)

A. Cuartero-Gonzalez et al., ACS Photonics 5, 3415 (2018).
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Dark-field scattering spectrum (D = 30 nm,§ = 1 nm)

\g{// \X/

a) ZE=6/2/wu=w11 Wy = Wy b) ZE—76/8, W, = Wy, Wgo = Wpg
1.6} 161
1.4} 1.4}
1.2} 1.2}
K
1 -3 1t
?NB Sy L3 16 1.9
:T‘:’,‘ 0.8 ! \I w [eV] 08t
2 0.6 ! 0.6}
0.4} 0.4t
0.2 0.2t .7
0 \ , . T wrm 0 . . , i
1.50 1.54 1.58 1.62 1.66 1.50 1.54 1.58 1.62 1.66
w[eV] w[eV]

A. Cuartero-Gonzalez et al., ACS Photonics 5, 3415 (2018).
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A. Cuartero-Gonzalez et al., ACS Photonics 5, 3415 (2018).
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A. Cuartero-Gonzalez et al., ACS Photonics 5, 3415 (2018).
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A. Cuartero-Gonzalez et al., ACS Photonics 5, 3415 (2018).
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Near-Field Interference for the

Surface plasmon chirality

1 -0 T T T T T - - - - -
_ Quasi-static SPs _ Unidirectional Excitation of
0.8 ] Electromagnetic Guided Modes
r Francisco J. Rodriguez-Fortuio,™* Giuseppe Marino,” Pavel Ginzburg,* Daniel O'Connor,*
o 06k /i_ Alejandro Martinez,® Gregory A. Wurtz,® Anatoly V. Zayats®*
\g 328 19 APRIL 2013 VOL 340 SCIENCE

0.2 -

e(w) = _(ﬁi)EOeiikxe—ky

0.0

S R
~

d=dz d=d+i2)/V2

Circularly polarized dipole sources allow the directional excitation of tightly confined SPs.
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Coherent and dissipative coupling between QE

Gonzdlez Tudela et al. PRL 106, 020501 (2011)

(a) qubit. © General master equation:

[P,H]+ > 1(20P0—0T0p pala)),
i,j=1,2

H = hw, Z o':r(ri + glz(a'Ira'z + a';r()'l).

—'-P;-g-u L i i=1,2
+ NG : 1] Fag 2 2
TT T2 S Y =Tz 2(2)0 . 0,
10} 0 i o7 Yii = — d; ImG(r;.r;,wo)d;, gij = — ——d; ReG(r;.r;,wp)d;.
0 0
10F, T
£ M Yibp | 0.6 2o
“‘é_ sk 'Yii‘m/"{l] 0.5 | d o [b} 30.3'{(::]
ot ; Eﬂ.-’f 02r
E,- ‘1" @ 0.4 ; Tz =4t
g ~ | .
g 0.2} \: B
&7 0.1
1o} (0) W% i 0
0.0 ' s T T 0.5

normalized qubit separation, d!;\

r}'.,f")\].,;
Surface plasmons allow tuning the balance between QEs coherent and dissipative coupling.
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Chiral quantum optics

Peter Lodahl!, Sahand Mahmoaodian!, Seren Stobbe!, Arno Rauschenbeutel?, Philipp Schneeweiss?, Jiirgen Volz?,

Hannes Pichler’* & Peter Zoller®*

26 JANUARY 2017 | VOL 541 | NATURE | 473

‘ i ™ ¥ b
Coupling fibre
G :
_} 85Rb atom
Figure 3 | Nanophotonic devices used for chiral coupling between light

and quantum emitters.

Chiral one-photon devices: non-reciprocal quantum networks, topological effects

BOX 3
Master equation for a cascaded , )

J. C. Lopez-Carreiio et al. PRL 115
quantum system 196402 (2015).

Dissipative coupling behind the cascaded formalism for neighbouring QEs.
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Master equation mapping (two identical 2LSs)

ﬁ Cascaded formallsm s General ME
\ + 0,70 } +\
Criteria for non-reciprocal, chiral coupling 2 92

H = h(l)o{ 2 + g12*0'21—0'1
|912| _ 1
ap . Y12l 2 :
a_i — l[p, H] + V12 (T 912", "oy j,j=1,2 %Lai [,0]
+,3)’0{[01,0» ¢ arg (&) _ 3271 1 ) 020 — ,001Jr02} +
¥ — yTo1p — P02T01}
ﬁ \ 2 91201T02
Yo
1 B 19121 = DR 2
Yo \ Yo

O AN )

Non-reciprocal conditions: A. Metelman et al., Phys. Rev. X 5,021025 (2015).
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Simplest plasmonic platform Plasmon-pole, z<<hy, (y—0gp
E.’_z\/kSP(”‘u]z—[ni.,/cjzz

elksplan)x — 931 )

912 = (@)

' ' ' ' :Il' V/ 2ziksp(@y) |x]
. a I' FY : . .
L 12 — 1yV12/2 # 0 . |7;z| ! Xy = Xp)
S 4F o oo ]
)] i
~— Jie 0.01
e .I .
N i ol ‘. o.001 |
f: r /)
[ 1o T
— . 0
Loy X .
I 2 B > ; st 2 % 0 » 2.4
o e(w) d [ == p=0.03eV
(=)
— | d = |d|(x+ i2)/V2 1) «ee yp=0.003eV .
/| =— ~4n = 0 (analytic)
dk [ R O Jey kT krkﬁ
G(I‘”,/‘j,/‘: 32 “2k ik T (l + Tpt”‘ (z+2 )) k. k kf,k,, kykﬁ
S Wl k. kﬁ kY ki ket
w oy

Deviations from the analytical prediction at small |x| and rapid decay of y;,: chirality at the nanoscale
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Simplest plasmonic platform

Increasing z the Dyadic Green’s function is no longer governed by the
plasmon pole: Deviations from the chiral conditions.
214+ . 1. L.+ . 1.2
k| K2ET hoky bt ks

G (r).2,2) = / B (1O [k, R kg
872 (w/( Zk” 9 J‘ “2 4 H
—kakif —kyki —kj/kS

z=5 nm, 30 nm, 60 nm, , 300 nm

‘912 |/|712|

0.5 0.5
T/ Ao /Ao

Quasichiral regime: amplitude conditions are met, phase conditions are not (shaded areas).
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Incoherent pumping and emission spectrum

Weak incoherent pumping of the two QEs:

ap = i[p, H] + 2{L,,[p] + L,,[pl} + B22{201p0,T — 01T 0,p — poy oy} +

.l.
+Y1TZ{202P01+ — 0y o1p - PUzTgl} ki %{L% lpl + L, [p]}

Using the Quantum Regression Theorem, analytical
evaluation of the emission spectrum:

1§ a0 .
S(w) = T(EtE)y t li,mooRe { fo dr(eT ()&t + r))em}

with €=O-1+0-2.
We explore the quasichiral regime, in which:

|g12| 1 | | )/O
912 2

Y12l 27

Sharp features emerge in quasichiral emission spectra
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R QC
P S e —— 0.5¢/ v
Analytical expression for the spectrum: (d)
- 1N, + (w — w;)K g ERN
2 - Wi G = 9l v
S@ =) Si@=—>2 A S0
i=1 i=1 ((1) - wi)z + (71) - ;;r .

‘I’ - e _'.:_: 05 ;__.,-I’ |
. 2 2 T T T T T T T T T — T T
with Wi = ’Ll + Ki . 1.5_(b) | 4 (e) S~

< | Quasichiral o oe
The index labels the four transitions in @ 1fs arg(5s) = T 3
the system: ) £ =
bi B
._
..
...
sub,
523 &
/7 g =
4 = =
/ . " S ILI
gd Y T R L v a—
(W —wo)/ |12 arg(gi2/m2)/m

C. Downing et al., Phys. Rev. Lett. 122, 057401 (2019)
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Quasichiral photon correlations

9121 1 _Yo
==, [912] = o5
2 V12l 2
\ . iy
;s 10
i ’." Frequency-filtered second order
Chiral "“. o correlation function [PRL 109, 183601
FT i ] (2012)] with a detector spectral window
Quasichiral 0 =v12/5.

Photon antibunching occurs only in the
- 1 quasichiral configurations.

arg(gia/v2)/m

(w —wo)/| M2
C. Downing et al., Phys. Rev. Lett. 122, 057401 (2019)
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Condensed Mal

Plasmonic nanocavities:

a
Weak coupling / ‘
103} |~ ™

More than an extension of the cavity parameter range!
Interesting light-matter physics phenomena emerging in the different

terms in Qp = VN(ji - E.).

- \/
[ o | - 7o
= > SN
6 _ -~
= 103} - JI'
Strong coupling
10°6T

100 102 104 106 108 107
Quality factor, Q (wqg/2Y,)

Chikkarady et al. Nature 7, 535 (2016)
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