
Surface plasmon polaritons (SPP):Surface plasmon polaritons (SPP): 
an alternative to cavity QED

Strong coupling to excitons &  
Intermediary for quantum entanglementIntermediary for quantum entanglement

• A Gonzalez Tudela D Martin Cano P A Huidobro• A. Gonzalez-Tudela, D. Martin-Cano,  P. A. Huidobro, 
E. Moreno, F.J. Garcia-Vidal,  C.Tejedor
Universidad Autonoma de MadridUniversidad Autonoma de Madrid

L M i M• L. Martin-Moreno
Instituto de Ciencia de Materiales de Aragon
CSIC



SPPSPP
StrongStrong couplingcoupling toto excitonsexcitons &       &       IntermediaryIntermediary forfor quantum quantum entanglemententanglement

Outline
• Introduction to surface plasmon polaritons (SPP)
• Coupling of 1 quantum emitter (QE) to SPP
• Collective mode (excitons) strongly coupled to SPP
• Coupling & entanglement of 2 QE mediated by SPP
• ConclusionConclusion



Intro: Surface plasmon polaritons

p

Dielectric response of a metal is governed by free electron plasma:

 



i

p




2
: : plasma frequency

d i f t
Below its plasma frequency Below its plasma frequency (()) is negativeis negative......

ßß

  i : : damping factor

c
k 
  :wavevector purely purely imaginary           photonic insulatorimaginary           photonic insulator

What is a surface plasmon polariton ?p p



Intro: Surface plasmon polaritons

p

Dielectric response of a metal is governed by free electron plasma:Dielectric response of a metal is governed by free electron plasma:

 



i

p




2
: plasma frequency

d i f t
Below its plasma frequency Below its plasma frequency (()) is negativeis negative......

ßß

  i : damping factor

c
k 
  :wavevector purely purely imaginary           photonic insulatorimaginary           photonic insulator

What is a surface plasmon polariton ?p p



Intro: Surface plasmon polaritons
Electromagnetic radiation in dielectric Å Localized Plasmons in a metal surface
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Intro: Surface plasmon polaritons
SPP Length Scales span photonics and nano

P t ti d thPenetration depth 
into metal

Penetration depth 
into dielectric

SPP wavelength
SPP propagation 

length

δm δd λSPP δSPP
Non-local 

effects

SPP LRSPP

10 nm1 nm 100 nm 1 cm1 mm1 μm 100 μm10 μm 10 cm

Length scales span 7 orders of magnitude!
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InterestingInteresting featuresfeatures of of SPPsSPPs forfor photonicphotonic circuitscircuits:

p g g m ( g ) p
•Two-dimensional character of EM-fields
•Optical and electrical signals carried without interference



Intro: Surface plasmon polaritons

•Propagation length: 50-100 mm  (Ag or Au) Û lifetime £ 1 ps
InterestingInteresting featuresfeatures of of SPPsSPPs forfor photonicphotonic circuitscircuits:

p g g m ( g ) p
•Two-dimensional character of EM-fields
•Optical and electrical signals carried without interference

1( 10 100 ) /SPP dk m c     Beyond the diffraction limit

p


1 d






Intro: Surface plasmon polaritons

•Propagation length: 50-100 mm  (Ag or Au) Û lifetime £ 1 ps
InterestingInteresting featuresfeatures of of SPPsSPPs forfor photonicphotonic circuitscircuits:

p g g m ( g ) p
•Two-dimensional character of EM-fields
•Optical and electrical signals carried without interference

1( 10 100 ) /SPP dk m c     Beyond the diffraction limit

p


One problem: 
coupling in and out to SPPs

1 d




coupling in and out to SPPs

k k  Ph t l k it ti i id th li ht
3D dk k

c
   

Photons can only make excitations inside the light cone
While SPP are outside the light cone



One problem: coupling light to SPPs
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Interaction of 1 quantum emitter (QE) with SPP
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Interaction of 1 quantum emitter (QE) with SPP
† ,  0 One QE with w0 only couples to a 
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Scheme of the quantum dynamics of an open system
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Scheme of the quantum dynamics of an open system

γQE

gm gm
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Solving TOT
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Tracing out the reservoir’s
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degrees of freedom



Dynamics of the QE population: Weisskopf-Wigner
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•For a single QE, the SPP spectral density
JSPP governs the dynamics !
•Non lorentzian shape of JSPPÞ differentp SPP 
dynamics that a pseudomode (cavity QED) !
•Height/width ratio of JSPP determines the
possible reversibility !possible reversibility ! 
•g0 << w p Þ plasmon leave so fast that there is
no time for reabsorption Û weak coupling



SPPSPP
StrongStrong couplingcoupling toto excitonsexcitons &       &       IntermediaryIntermediary forfor quantum quantum entanglemententanglementgg p gp g yy qq gg

Outline
• Introduction to surface plasmon polaritons (SPP)
• Coupling of 1 quantum emitter (QE) to SPP
• Collective mode (excitons) strongly coupled to SPP
• Coupling & entanglement of 2 QE mediated by SPP
• ConclusionConclusion



Exciton collective mode of 
emitters in a plane

More complicated system: 
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Experimental evidence of 
t li fstrong coupling of 
SPP & excitons
QE are not just in a plane
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Excitonic collective mode
in the volume of width W
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Dynamics under coherent
i f S ipumping of a SPP with k-vector

Average of random orientations

CoherentCoherent
pumping

(classical field) Reservoirs
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Dynamics under coherent
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Exciton
decay

Plasmon
decay

Pure dephasing
(vibro-rotation)

At the crossing (k0) between exciton and SPP,
† † †(2 )c c c c c c c    

decay decay (vibro rotation)

Rabi splitting is analytical
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Strong coupling between
SPP & excitons

0 0.1meV 

N d d W•gN depends on W with saturation
due to SPP z-decay

•gN practically independ. on sg p y p

gs i (s=1)

0 1 Ng 
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Strong coupling between
SPP & i

1 ; 500
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Polariton populations µ absorption spect.

6 310 6 310n m



Strong coupling between
SPP & i

1 ; 500
N

s nm W nm 
SPP & excitons

0
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0.1 ; 0.1 ( )

N
k

N

meVeV g
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Rabi splitting (at k0)

22
0

2
0 ;[ ( )] ( [ ( )]) / 4N

D
Ng kR k ng       


Polariton populations µ absorption spect.
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Weak Strong6 310 

coupling coupling
6 310n m

At RT, the incoherent processes (gf ) determine 
a critical density for observing strong coupling



SPPSPP
StrongStrong couplingcoupling toto excitonsexcitons &       &       IntermediaryIntermediary forfor quantum quantum entanglemententanglement

Outline
• Introduction to surface plasmon polaritons (SPP)
• Coupling of 1 quantum emitter (QE) to SPP
• Collective mode (excitons) strongly coupled to SPP
• Coupling & entanglement of 2 QE mediated by SPP
• ConclusionConclusion



QE-QE coupling mediated by plasmonic waveguidesQ Q p g y p g

Cilindrical wire WaveguideV-Channel W vegu de
to reinforce

QE-QE effects

Fields are stronger in the channel
than in the cilinderthan in the cilinder



1QE: b and Purcell factors

Metallic nanostructures increase the emission from a QE (Purcell) 
but,

I i l h i i f SPP’ ??? (b)

; pltotal radiation radiation to plasmonsPurcell factor factor
Q d l d

     

Is it always a coherent emission of SPP’s??? (b) 

0

;f f
QE radiation to vacuum total radiation


 

The channel is more convenient than the cilinder



b and Purcell factors
h=20nm

b- factor is very stable in a 
broad range of dipole
orientations while Purcell
f t d i ifi tl

h=150nm
factor decreases significantly
when the dipole is not
properly orientedproperly oriented



Dispersion & b factor for V-channel

h=140nm
V‐angle= 20 degrees

b factorb-factor



Two QE’s dynamicsy
All the degrees of freedom (SPP, dissipation, radiation) can be traced out
producing effective coherent & incoherent interactions between the twoproducing effective coherent & incoherent interactions between the two
QE’s that can be computed from the classical Green’s function:
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Scheme of levels
e

g
QE

1 2 1 2 1 2 1 2
13 0 ( )e e g g g e e g    

g

1 2 1 2 1 2 1 23 0 ( )
2

e e g g g e e g 

Modulation of g12 would allow to swicth on/off red and blue paths



Two QE’s dynamics
It is possible to identify the effects of SPP  & dissipation
SPP Green’s function t t t t( ) ( )i E r E r

y

SPP Green s function
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p/2  shift allows switching on/off  
•Coherent versus incoherent interactions
•Control of different decay paths
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For inequivalent dipoles



Coherent (gij) & incoherent (gij) 
ff ti li b t QE’effective couplings between QE’s

Incoherent coupling much more 
important than the coherent onep
because it switchs on/off each decay
path with respect to the other

12 



Entanglement measureg

Concurrence
Complex definitionComplex definition….

What  we need to know:

Separable states(i.e ) =>

Entangled states(i. e.     ) =>



Spontaneous decay of a single excitation
Concurrence becomes: 

pl /(2 )2 2( ) [ ( ) ( )] 4 [ ( )] i h[ ]tC I    
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Stationary entanglementy g
(in the previous viewgraph) Spontaneous decay mediated by plasmons
produces finite-time entanglement starting from an unentangled stateproduces finite-time entanglement starting from an unentangled state 

1 2
1( 0) 1 ( )
2

t e g       

But one wants both to obtain and manipulate
stationary entanglement.stationary entanglement. 
This can be done by means of lasers:

In the coherent part of theIn the coherent part of the
master equation



Stationary entanglementy g
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Stationary entanglementy g

 
12 cos 2

pl

d 


 
   

 
 

12 sin 2
pl

dg 


 
   

 



Stationary entanglementy g
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How  is stationary entanglement generated?
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How  is stationary entanglement generated?
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How  is stationary entanglement generated?
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Stationary state concurrence

Stationary state tomographyStationary state tomography
Stationary

density matrixdensity matrix

1 20.15 , 0   



How to measure stationary concurrence:  
QE QE l tiQE-QE correlation

1 2 0.1   

Second order cross-coherence

† †
(2) 1 2 2 1g     


between the two QE’s

12 † †
1 1 2 2

g
   


  

1 2 0.1   

1 20.15 , 0   1 2,

b=1 V‐channel b=0.9

Cylinder b=0.6



Effect of pure dephasing

[ ]
 † †

deph ˆ ˆˆ ˆ ˆ ˆ[ ] [ , ],
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[ ]i i i i
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Pure dephasing reduces, 
but not critically, both
correlations & concurrence



Purity
Concurrence - Linear entropy diagram  24 1

3LS Tr  

Ûmaximally entangled
mixed states

Still room for
i !

b=0.94
L=2mm
d/lSPP=0.5-1.5

improvement! SPP
W1=0.15g ; W2=0
W1=W2=0.1g
W1=-W2=0.1gW1 W2 0.1g
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• Coupling & entanglement of 2 QE mediated by SPP
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ConclusionConclusion:: Plasmon-polaritons share many properties
& capabilities with cavity exciton polaritons& capabilities with cavity exciton-polaritons. 
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& capabilities with cavity exciton polaritons

SPP

& capabilities with cavity exciton-polaritons. 

Strong coupling to excitons &       Intermediary for quantum entanglement

 A. Gonzalez‐Tudela et al,  Phys. Rev. 
L 106 020501(2011)

 A. Gonzalez‐Tudela et al, 
Xi 1205 3938 Lett.  106 , 020501(2011)

 D. Martin‐Cano, et al, Phys. Rev. B 84, 
235306 (2011)

arXiv:1205.3938 



ConclusionConclusion:: Plasmon-polaritons share many properties
& capabilities with cavity exciton polaritons

SPP

& capabilities with cavity exciton-polaritons. 

Strong coupling to excitons &       Intermediary for quantum entanglement

 A. Gonzalez‐Tudela et al,  Phys. Rev. 
L 106 020501(2011)

 A. Gonzalez‐Tudela et al, 
Xi 1205 3938 Lett.  106 , 020501(2011)

 D. Martin‐Cano, et al, Phys. Rev. B 84, 
235306 (2011)

arXiv:1205.3938 

Thanks for your attention
Спасибо за ваше вниманиеСпасибо за ваше внимание



(Semi)-classical description
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Absorbanceemetal

e1 1 R

d

k
A=1-R-T

e1=2.25;  d=30nm;  s=1nm;  W=500nm

ω0=2eV;  N=106 μm-3 
0 μ

γ =γ0 +γdeph ; γ 0 =0.1meV;  γdeph=40meV

Red: light line ω = c kRed: light line ω  c k

Red thin: light line ω = c k / Ö(ϵ1) 

Green: SPP dispersion relation ω = c k/ Ö(ϵ1 ϵm/(ϵ1+ ϵm)) 



Dispersion relation for condensationp
2a d Chain of silver spheres

a=25nm PRB 70 125429 (’04)d=75nm PRB, 70, 125429 ( 04)

Exp : PRB 65 193408 (’02)Exp.: PRB, 65, 193408 ( 02)


