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Outline
• Just some observations on the history of studies of negative

refraction including some recent results

March 1, 2005 2



AB HELSINKI UNIVERSITY OF TECHNOLOGY

SMARAD Centre of Excellence

Known since. . .
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Left: Mirror reflection (S. Maslovski, 2002? Ancient Greeks?)

Right: F (θ) = sin(N(ka sin θ−ψ)/2)
sin(ka sin θ−ψ)/2 , ka = 3π/2, The incidence angle is

π/4 (ψ = ka cos(π/4)), N = 300
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Backward waves and negative refraction

Prof. L.I. Mandelshtam (1879-1944). Photo 1940
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Negative refraction in 1940-1944

L.I. Mandelshtam (1879-
1944)
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"LH transmission line" in 1951
and the radiation condition

G.D. Malyuzhinets, 1951; C. Caloz and T. Itoh, 2002; G. Eleftheriades,
2002
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D.V. Sivukhin, 1957

Media with ǫ < 0 and µ < 0 are not known. The question about the
possibility of their existence has not been clarified.
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R.A. Silin, 1959
Negative refraction in periodical media

The text reads: “An illustration to the refraction law in a medium with
negative dispersion.”
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V.G. Veselago
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Backward-wave (Veselago) media

Prof. Victor G. Veselago on the left with Prof. Ari Sihvola on the right,
coining the name "Veselago medium" (Espoo, Finland, 2002)
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Negative permittivity

J. Brown, 1953; W. Rotman, 1961; J. Pendry, 1996
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Wire media, applications

Metal reflector

Part of the feed networkPlastic
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P. Ikonen et al., 2004
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Plasma model
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Plasma modelfails
Very strong spatial dispersion even at very low frequencies:

ǫzz(ω, kz) = ǫ0

(

1 −
k2
p

k2−k2
z

)

In space-time domain:

D(x, y, z) = ǫ0E(x, y, z) +
ǫ0k

2
pc

4
z0

t
∫

−∞

z+c(t−t′)
∫

z−c(t−t′)

Ez(x, y, z
′, t′) dz′dt′

P. Belov et al., 2003
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Negative permeability
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S.A. Schelkunoff, H.T. Friis, 1952; D. Jaggard, N. Engheta, and many
other authors, 1980–1990
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Negative permeability, cont.

M.V. Kostin, V.V. Shevchenko, 1994
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Negative permeability, cont.
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A.N. Lagarkov et al., 1997 J. Pendry et al., 1999
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Swiss rolls

H. Schneider and P. Dullenkopf, 1977 J. Pendry et al., 1999
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Metasolenoid
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P. Ikonen, S.I. Maslovski, S.A. Tretyakov, I. Kolmakov, 2004
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Wire medium + an artificial magnetic
Resonant magnetic particles are randomly distributed:

Negative permeability background of wire medium ⇒ positive(!)
permittivity of wire medium

S.I. Maslovski, 2003
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Bi-anisotropic particles

d < < D

i n c l u s i o n s

m a t r i x

D < < l

The geometry of a racemic composite. The number of right- and
left-handed particles is the same in every unit volume.
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Expected effective parameters
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S. Tretyakov, 2003
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Chiral nihility materials
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Chiral nihility

Two waves with positive group velocities. The phase constants
β = k0(

√
ǫµ± κ). One of the eigenwaves in a backward wave.

S. Tretyakov et al., 2003; J. Pendry, 2004
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"Conjugating surface"
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S. Maslovski and S. Tretyakov, 2003
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Plasmon resonant grids
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S. Maslovski, S. Tretyakov, P. Alitalo, 2004
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That was the last slide

See also:

www.hut.fi/∼sergei

European Network of Excellence "Metamorphose":

www.metamorphose-eu.org

Thank you!
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