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In this presentation | will give a historical overview of thevelopments of understanding of the
phenomenon ohegative refraction This text is a result of my findings in the literature (made
by chance) and of discussions with many colleagues, and mestiudt of a systematic historical
study. Here, | present some interesting observations dbeutistory of this research area, not
attempting to make any statements about priority of anyodisgy.
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Figure 1: Prof. L.l. Mandelshtam, photo 1940; An extractrirbis book [1]. The text reads:
“...However, the last equation is satisfied not onlypat but also atr — ;. Demanding as
before that the energy in the second medium propadedgsthe boundary, we arrive to the
conclusion that the phase must propagateardsthe boundary and, consequently, the propa-
gation direction of the refracted wave will make with themat the angler — ;. Although this
derivation appears to be unusual, but of course there is mal@pbecause the phase velocity
still tells us nothing about the direction of the energy sfan”

The earliest publication on negative refraction that cameny attention was not a journal

paper, but lecture notes of Prof. L.I. Mandelshtam (18784)9rom Moscow University, see
Figure 1. He noticed that since the phase velocity does mettachave the same direction as the
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power flow vector, “negative refraction” is possible. Malstiéam [with a reference to Lamb
(1904) who “gave examples dittitious one-dimensional media with negative group velocity]
presented physical examples of structures supportingswaith negative group velocity [2],
such as materials with periodically varying in space efiegbermittivity.

M e =

Figure 2: Backward-wave transmission lines from a paper blydthinets (1951) [3].

G.D. Malyuzhinets from the Institute of Radiotechnics anddilonics (Moscow) published a
paper on the Sommerfeld radiation condition in backwargenaedia in 1951 [3]. He noted
that in such media the phase velocity of waves at infinity &hpaint from infinity to the source.
What was perhaps even more interesting, he considered asampkxa one-dimensional arti-
ficial transmission line shown in Figure 2. Such structuresvary actively studied at present
[4, 5].

Materials with negative parameters as backward-wave maevere mentioned by D.V. Sivu-
khin in 1957 [6]: He noticed that media with negative pararetire backward-wave media,
but had to state that “media with< 0 andu < 0 are not known. The question on the possibility
of their existence has not been clarified.”
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Figure 3: Negative refraction in periodical media, from gpgaby Silin (1959) [8]. The text
reads: “An illustration to the refraction law in a medium kitegative dispersion.”

During the 60s, backward-wave structures were very muchesiin connection with the design
of microwave tubes, see e.g. [7]. Let me refer to an interggtaper by R.A. Silin (1959) [8],
where the negative refraction phenomenon in periodicalian@ds discussed (see Figure 3).

An important step was made by V.G. Veselago (also from Mo$dowl967, see Figure 4.
Prof. Veselago made a systematic study of electromagnetepies of materials with negative
parameters and reported on his unsuccessful search forrsedih [9].

!Note that there is a misprint about the date of the originalipation in the English translation of his paper.
It was published in 1967, and not in 1964.
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1I. PACITPOCTPAHEHHE BOJH B BEMMECTBE Ce < 0 U b o< 0.
«[IPABBIE» M «JIEBBIEv BEIM[ECTBA

Has ToTo 9TOGH BHABHTEL BIEKTPOINEAMETECKHE 3aK0HOMEPHOCTH, C
CTBEHHO CBA3AHHEIC CO BHAKOM £ M U, CHEIyeT 06pATHTBCH K TeM COOTHOLIE
AM, B KOTODHX & U |\ BHCTYNAKT Pas{e]bHO, & HE B BUJe NPOHIBEICHHUA, KAK
aro mMeeT Mecto B (1) — (3). TakuMu COOTHOIIEHWAMHM SBJIAOTCA npese
BCero ypasmemms Mawrceels
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Figure 4: From the famous review paper by Prof. V.G. Veseld§67) [9].
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Figure 5: Wire media in the 1960s [12].
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Figure 6: Split rings in the 1950s [13].

It is interesting that both components of the first actualizaton of a material with negative

parameters [10] have been known for a long time, but no attetopcombine them have been
made. The wire medium as an artificial dielectric was invérmieobably in the 1950s as a
material for microwave lenses (J. Brown, 1953; W. Rotman, 186l many others) [11, 12],

see Figure 5.

A splitring as a magnetic particle was shown in the well-kn@mtenna text book by Schelkunoff
and Friis [13], see Figure 6. Particles with loops of varishiapes and in combination with other
shapes were studied quite a lot in the 80s and 90s in connegtib developments of artificial
chiral materials for microwave applications. Polarizaig$ of these bianisotropic particles in
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Figure 7: Chiral, omega, and double-helix inclusions ofiaréil media with magnetic- electric-
and magnetoelectric response (1994-1997) [14, 15, 16]e thett removing the straight-wire
portions from the double helix shown on the right one arrieethe double split ring [17, 18].
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Figure 8: First double split rings [17, 18].

magnetic and electric fields were studied analytically, atoally, and experimentally. Figure 7
shows some inclusions of artificial bianisotropic matarid4, 15, 16]. The double split ring
was used in the design of microwave absorbers (Figure §ligff and the same geometry with
a very strong coupling between loops (Figure 8, right [18fswised in the first realization of
materials with negative parameters [10].

At radio frequencies, very strong magnetic response cardized using variants of so called
Swiss rolls Some of such tubes and rolls are shown in Figure 9. The seki®wn to me vari-
ant is shown on the left (suggested for NMR applications) P§. The Swiss roll introduced
by J. Pendry [18] in shown in the middle, and timetasolenoid21] is on the right. The last
particle is not conducting along the axis, and its resonaufufency is determined primarily by
the geometry of one period of the array.

Recent studies have shown that backward waves can propagastdrials with positive param-
eters provided that one of the materialshsral. This result was established in papers [22, 23],
see an illustration in Figure 10. So, not only the old studiesomplex-shaped particles used
in chiral composites, but also the knowledge about chiralimas such can be applied in the
science of negative refraction.
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Figure 9: The evolution of Swiss rolls (1977-1999-2003pireft to right) [18, 19, 20, 21].
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Figure 10: Typical geometry of an artificial chiral mater{@ft) and refracted waves for a
special case when the refractive index 0 (“chiral nihility”, right) [22].
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