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Light induced dipoles and dipole-dipole interactions

In DIPOLES we deLIGHT
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Summary 

Non-linear optics

Part I 

Part II 

Light field and one dipole

Dipole – dipole interactions
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From simple systems to complexity

Incident field Induced dipole field Total field

One dipole

Two dipoles

Cooperative effects:

 level shift/splitting, sub/superradiance

Strongly correlated quantum many body system!
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For intuition look to classical physics

Light induced dipoles and dipole-dipole interactions
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Dipoles and dielectrics

Displacement Force

Force
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+ 
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Susceptibility: dimensionless

No dipole-dipole

Dielectric

Dipole

Medium Single dipole
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2-level 3-level

The susceptibility

See Notes 5.4 
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Light propagation through a dipolar medium.

Aha! The light has been absorbed.

Where has the light gone?
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Light propagation through a dipolar medium.

No absorbed! Just scattered.

Dipolar field
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Is it possible to reduce the transmission to zero?

The extinction problem.

For a single dipole?

Destruction interference 
in the 

forward scattering direction
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Electric field of a dipole 
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Focussed Gaussian 

Dipole field 

On resonance a driven oscillator 
lags the driving field by   

A diffraction light field acquires
 a phase of 
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The extinction problem: spatial matching of the input and dipole field

Pototschnig et al. 
Phys. Rev. Lett. 107, 063001 (2012).

State of the art

See also work by: 

Kurtsiefer (Singapore)
Leuch (Erlangen)
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Solution to the extinction problem?

An ensemble of N dipoles that only support a single excitation.
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Solution to the extinction problem?

An ensemble of N dipoles that only support a single excitation.

A Rydberg superatom
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Extinction in an ensemble: the Ewald-Oseen extinction theorem

Incident field Forward dipolar field Backward dipolar field

The superposition of the incident field and the dipolar field inside the medium is plane wave
 with reduced amplitude and modified phase velocity.
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+ 

− 

The Lorentz local field correction

Lorentz-Lorenz law

Also Clausius Mossotti

Lorentz shift
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The Lorentz shift

Propagation
phase
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Thin cells

David Sarkisyan, Armen Sargsyan,  
Armenian Academy of Sciences

Propagation
phase
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Transmission through the cell

J. Keaveney et al., arXiv:1201.5251

Rb-87

Rb-85

Low density High density
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Wall shift: van der Waals: low density vary only length
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Dipole – dipole shift vs. density

90 nm

250 nm

Compare wall shift 100 MHz

Note the high density!
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Dipole – dipole interaction in a thin layer: the cooperative Lamb shift
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Cooperative Lamb shift

R. Friedberg et al. 
Phys. Rep. 7, 101 (1973).

J. Keaveney et al., 
Phys. Rev. Lett. 108, 173601 (2012).

R. Rohlsberger., Physics. 5, 46 (2012).  

Lorentz shift
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Splitting and scattering rate for two dipoles 

Near field Optical dipoles Rydberg dipoles 
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R. Devoe and R. G. Brewer, Phys. Rev. Lett. 76, 2049 (1996).



Light induced dipole and dipole-dipole interactions, C. S. Adams
Pisa Coherence School, September 17-20, 2012.

 

C. Hettich et al., Science 298, 385 (2002).
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Summary I

2. There is no absorption! 
            Only destructive interference in the forward scattering direction.

3. The extinction problem. 
            Imperfect coupling between a photon and a single dipole.

1. Always think in terms of the superposition of the incident field and 
    the induced dipole field.



Light induced dipole and dipole-dipole interactions, C. S. Adams
Pisa Coherence School, September 17-20, 2012.

 

Non-linear optics

The interaction depends on the incident light intensity.

Linear optics

Non-linear optics

Displacement is linearly proportional to the force
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Non-linear optics

Quantum: single photon non-linearity anharmonic level spacing.

The interaction depends on the incident light intensity.

Linear optics

Non-linear optics

Displacement is linearly proportional to the force

1. ac Stark shift

Cavity QED

Birnbaum et al. 
Nature 436, 101 (2005).

2. Saturation

Single dipole
Single atom

Single molecule

Rydberg superatom

The extinction problem
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ac Stark shift
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Far off resonance

 

Non-linear term
Ratio of incident field 

to binding field squared

Classical non-linear optics

Binding field

Water
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Electric field of a photon

E field of a photon Length 1 MHz bandwidth 1 micron in a fibre
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Resonance

Resonance (enhancement but reduced bandwidth) 
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Ground state

Rydberg states

Size

Dipole moment

One electron atoms: energy levels

10 - 100 GHz

Near field Rydberg dipoles 

Rydberg states



Light induced dipole and dipole-dipole interactions, C. S. Adams
Pisa Coherence School, September 17-20, 2012.

 

Ground state

Rydberg state

Coupling laser

Rydberg EIT - rubidium

480 nm

780 nm

Probe laser
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Narrow resonance – long lived coherence 
between ground and Rydberg states!

480 nm

780 nm

Rydberg EIT – room temperature vapour
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480 nm

780 nm

Rydberg EIT – room temperature vapour

+ 

− 
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Excitation linewidth 
Dipole blockade: Lukin et al. Phys. Rev. Lett. 87, 037901 (2001)

What happens when the shift is larger than the linewidth?

Excitation induced shift larger than the excitation linewidth
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Rydberg non-linear optics

Rydberg 

Rydberg
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Classical model: The Duffing Oscillattor
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3 photon Rydberg EIT in Cs: C. Carr et al. arXiv:1205:2499 
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Optical bistability

Critical slowing down
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Excitation linewidth 
Dipole blockade: Lukin et al. Phys. Rev. Lett. 87, 037901 (2001)

Quantum non-linear optics: anharmonic response for more than one photon

Excitation induced interaction must be larger than the excitation linewidth



Light induced dipole and dipole-dipole interactions, C. S. Adams
Pisa Coherence School, September 17-20, 2012.

 

Peyronel et al. Nature 488, 57 (2012).

Pritchard et al. Phys. Rev. Lett. 105, 193603 (2010).



Light induced dipole and dipole-dipole interactions, C. S. Adams
Pisa Coherence School, September 17-20, 2012.

 

Summary II

2. We can solve this with Rydberg atoms.

3. Optical bistabilty.

1. Typically optical non-linearities are small.

4. Photon-photon interactions.


