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Light in a medium: Abraham vs Minkowski
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Origin of controversy is the difficulty of separating electromagnetic field from matter.



Large literature

+ Gordon, Phys. Rev. A 8, 14 (1973)

- Walker, Lahoz & Walker, Can. J. Phys. 53, 2577 (1975)

- Haugan & Kowalski, Phys. Rev. A 25, 2102 (1982)

- Lembessis, Babiker, Baxter & Loudon, Phys. Rev. A 48, 1594 (1993)

- Campbell et al, Phys. Rev. Lett. 94, 170403 (2005)

- Loudon, Barnett & Baxter, Phys. Rev. A 71, 063802 (2005)

+ Leonhardt, Nature 444, 823 (2006)

- Pfeifer, Nieminen, Heckenberg, & Rubinsztein-Dunlop, Rev. Mod. Phys. 79,

1197 (2007)

+ Mansuripur, Opt. Express 12, 5375 (2004)

+ She, Yu & Feng, Phys. Rev. Lett. 101, 243601 (2008).
- Mansuripur, Phys. Rev. Lett. 103, 019301 (2009)

- Hinds & Barnett, Phys. Rev. Lett. 102, 050403 (2009)

- Barnett & Loudon, Phil. Trans. R. Soc. A 368, 927 (2010)

- Barnett, Phys. Rev. Lett. 104, 070401 (2010)

+ Zhang, Zhang, Wang & Liu, Phys. Rev. A 85, 053604 (2012)



BEC experiment
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Kapitza-Dirac interferometer (pulsed standing wave of laser light) gives
momentum kick to atoms in BEC. Result seems to support Minkowski.



Force on an atom due to a light pulse
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Which way does atom recoil?

Extra force can be interpreted as the Lorentz force acting on the internal current.



Canonical vs kinetic momentum

Momentum density: &N — DxB gA = ExH / 62

For a dielectric “medium” consisting of a single atom:

D = ¢E 4+ dé(r — ratom) B = uoH
- /gMdST — /gAdBT +d X B(ratom)

Thus [Lembessis et al, Phys. Rev. A. 48, 1594 (1993)] :
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where: | Patom|= Mfatom —d X B(ratom)
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Implications for Campbell et al.

/gMdBT == /gAdgT -+ d x B(ratom)
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In the experiment by Campbelletal. § = () andso &M = SA

Abraham and Minkowski momenta are the same!



Electric dipole moving in a B-field: Rontgen interaction

1
Ldipole = §m02 +d - (E + V X B) neutral electric dipole

Wilkens, Phys. Rev. Lett. 72, 5 (1994); Wei, Han, & Wei, Phys. Rev. Lett. 75, 2071 (1995).
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Force on atom in a plane wave

Assume plane wave laser beam: |/ X (B X d) — = B )
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Assume linear response: ¢li= CV(E AN B)
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[J.P. Gordon, Phys. Rev. A 8, 14 (1973)]

Note that for structured light: V' X (B 2 d) # 0



He-McKellar-Wilkens phase: electric dipole moving in B-field

Aharanov-Bohm phase:  ¢aB = (q¢/h) 7{ A(r) - dr

== neutral electric dipole moving in a
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HMW phase: PrMw = i 7{[ (r) xd]-d STATIC magnetic field)

He & McKellar, Phys. Rev. A 47, 3424 (1993), Wilkens, Phys. Rev. Lett. 72, 5 (1994), Wei1, Han, &
Wei, Phys. Rev. Lett. 75, 2071 (1995), Horsley & Babiker Phys.Rev. Lett. 95, 010495 (2005)...

Seems to require a straight line of magnetic monopoles...
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Wilkens HMW is dual to the
Aharanov-Casher phase:
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, FIG. 1. Geometry of the interferometric experiment.
[ | Shown is the “Dirac sheet” with the two vertical edges of-
1 ' fectively realizing two oppositely charged lines of magnetic Phys. RGV. Lett. 53, 3 19 (1984)
, monopoles. The “Dirac strings” (flux lines) which connect
=t the two edges leave a hole for the interferometric path. The

interferometric plane is orientated perpendicular to the mag-
net poles and the electric dipole moment of the interfering
particles.




Observation of the He-McKellar-Wilkens phase
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Geometric phase: depends only on path
taken, not on the speed



Optical HMW phase?
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Gauss beam rotation in a BEC:

Andersen et al, PRL 97,
170406 (2006).
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Summary

* Abraham-Minkowski physics is the classical part of the
Rontgen interaction. The quantum part of the Rontgen
interaction is a geometric phase which is the optical
version of the He-McKellar-Wilkens phase.

» Structured light provides a way to realize this effect.

 Structured light also permits new ways to generate
artificial magnetic fields for neutral atoms.



Laser configurations
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