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THE ELECTRODYNAMICS OF SUBSTANCES WITH SIMULTANEOUSLY NEGATIVE
VALUES OF ¢ AND p

V. G. VESELAGO

P. N. Lebedev Physics Institute, Academy of Scicnces, U.S.8.R.

Usp. Fiz. Nauk 92, 517-526 (July, 1964)

1. INTRODUCTION

THE dielectric constant € and the magnetic permea-
bility p are the fundamential characteristic quantities
which determine the propagation of electromagnetic
waves in matter. This is due to the fact that they are
the only parameters of the substance that appear in
the dispersion equation

J gty — KBy ke y| =0, (1)
which gives the connection between the frequency w
of 2 monochromatic wave and its wave vector k. In
the case of an isotropic substance, Eq. (1) takes a
simpler form:

a2 =

Pt (2)

lere n® is the square of the index of refraction of
the substance, and is given by

n® = gp. (3)

1f we do not take losses into account and regard n, €,
and p as real numbers, it can be seen from (2) and
(3) that a simultaneous change of the signs of € and
i has no effect on these relations. This situation can
be interpreted in various ways. First, we may admit
that the properties of a substance are actually not
affected by a simultancous change of the signs of €
and u. Second, it might be that for € and z to be
simultancously negative contradicts some funda-
mental laws of nature, and therefore no substance
with € < 0 and p < 0 can exist. Finally, it could be
admitted that substances with negative € and u have

II. THE PROPAGATION OF WAVES IN A SUBSTANCE
WITH ¢ < 0 AND p < 0. “RIGHT-HANDED’’ AND
“LEFT-HANDED" SUBSTANCES

To ascertain the electromagnetic laws essentially
connected with the sign of € and u, we must turn to
those relations in which ¢ and y appear separately,
and not in the form of their product, as in (1)—(3).
These relations are primarily the Maxwell equations

and the constitutive relations

1 ap
rot E 7___:1

o

ton e
¢ at J

BopH,

D eE.

For a plane monochromatic wave, in which all
quantities are proportional to eilkz -wt)  the expres-
sions (4) and (4) reduce to

(KE| - 2 pH,

rol H -

(4)

kM| _Lirt:. @it
It can be seen at once from these equations that if
€ >0 and u> 0 then E, H, and k form a right-
handed triplet of vectors, and if € < 0 and p < (¢ they
are a left-handed set./!) If we introduce direction
cosines for the vectors E, H, and k and denote them
by «j, Bi, and yj, respectively, then a wave propa-
gated in & given medium will be characterized by the

matrix (2
(ety s O3
( Ih fla Ba). (6)

Y2 Y3

V. G. Veselago, Soviet Physics UPSEKHI, 10, 509 (1968)
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