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An anisotropic electromagnetic environment that can be created inside a Faraday chiral
material may cause breaking of the universal symmetry of vacuum mode structure and hence
lead to a nonzero electromagnetic momentum density of the quantum vacuum. A novel quan-
tum vacuum effect (i.e., transfer of linear momentum from an anisotropic quantum-vacuum
fluctuation field to a Faraday chiral material) is predicted. This is a macroscopic quantum
vacuum mechanical effect that may provide us with new insight into the electromagnetic
structures of quantum vacuum fluctuation fields inside anisotropic artificial materials.

§1. Introduction

The quantum vacuum (i.e., the ground state of quantum fields) has attracted
the attention of many physicists in various areas, such as quantum field theory,1)–3)

quantum optics4),5) and condensed matter physics.6) This vacuum can exhibit a
number of intriguing properties, effects and phenomena, including vacuum topo-
logical structures,1) vacuum polarization (causing the Lamb shift, and hence the
hyperfine structure of hydrogen atomic spectra),2),3) anomalous magnetic moment
of the electron, Casimir effect,7)–9) and dramatic modification to atomic sponta-
neous emission (decay) rates in a QED cavity.4) Recently, some peculiar quantum
vacuum effects arising in electromagnetic media (and artificial composite materials)
have been predicted and observed. These effects include spontaneous emission inhi-
bition in EIT (electromagnetically induced transparency) media,10) magnetoelectric
birefringence of the quantum vacuum11) and vacuum-induced Berry’s phases.12),13)

But most of these vacuum effects occur in the microscopic domain, and in the lit-
erature, the influence of the quantum vacuum on the mechanical properties (e.g.,
motion) of a macroscopical medium have received less attention than it deserves,
i.e., only the quantum vacuum contribution to the momentum of a medium, such as
a magnetoelectric material with a simple constitutive relation, has been considered
by some authors.14),15) One of the reasons for this situation is that the change in
the vacuum mode distribution (particularly, the breaking of the universal symmetry
of the quantum vacuum) inside conventional materials is not conspicuous enough
to create macroscopically observable mechanical effects. However, with recent de-
velopments in the technology of artificial composite materials,16)–20) macroscopic
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quantum phenomena caused by an anisotropic quantum vacuum could be possibly
realized experimentally. Here, we present an effect of the quantum vacuum contri-
bution to the macroscopic mechanical properties of an anisotropic material (Faraday
chiral material), in which an anisotropic electromagnetic environment could be built
up, and hence the universal symmetry of the quantum vacuum could be broken.
This means that it could be possible to manipulate the quantum vacuum by appro-
priately choosing the optical parameters of anisotropic electromagnetic materials.
It is shown below that the produced anisotropic quantum vacuum would possess
a small but nonzero linear momentum density. Thus, the anisotropy of the quan-
tum vacuum may lead to the transfer of momentum from a quantum vacuum to
an anisotropic material (e.g., Faraday chiral material whose constitutive relation is
more complicated than that of magnetoelectric material14)).

The anisotropy characterization of Faraday chiral material can lead to some
intriguing effects on wave propagation. For example, Mackay and Lakhtakia first
suggested the possibility of negative phase velocity propagations in arbitrary direc-
tions in a gyrotropic (Faraday) chiral medium and obtained general and complete
results.17) This can be regarded as an interesting classical electromagnetic effect
of the anisotropic Faraday chiral material. Apart from such classical effects, the
anisotropic quantum field effects in a Faraday chiral material also warrant consider-
ation. In this paper, we consider the anisotropic characteristics of the eigenmodes of
electromagnetic fields (including the breaking of the universal symmetry of vacuum
modes) inside a Faraday chiral material, and then we treat the problem of field quan-
tization in the material. Based on this, we study the electromagnetic momentum of
an anisotropic quantum vacuum and obtain an explicit expression for the velocity
acquired by the Faraday chiral material due to momentum transfer at quantum vac-
uum level. The physical significance and potential applications of such a quantum
vacuum mechanical effect are also discussed.

§2. Wave propagation and eigenmodes in a Faraday chiral material

Faraday chiral material can be understood as a combination of natural opti-
cal activity (as realized in an isotropic chiral medium21)) with Faraday rotation (as
realized in a gyroelectric or gyromagnetic medium22)). The frequency domain con-
stitutive relation for the Faraday chiral material is given by16),17)

D(r) = ε · E(r) + ξ · H(r),

B(r) = −ξ · E(r) + µ · H(r) (2.1)

with the constitutive dyadics17)

ε = ε0

[
εI − iεgẑ × I + (εz − ε)ẑẑ

]
,

ξ = i
√

ε0µ0

[
ξI − iξgẑ × I + (ξz − ξ)ẑẑ

]
,

µ = µ0

[
µI − iµgẑ × I + (µz − µ)ẑẑ

]
. (2.2)
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Such a material can be fabricated using a homogenized composite medium (HCM)16),17)

obtained from the blending together of an isotropic chiral medium with either a
magnetically biased ferrite18) or a magnetically biased plasma.19) With the devel-
opment of polymer synthesis techniques, much attention has been given to both
fundamental theoretical problems (i.e., optical and electromagnetic properties) and
experimental realizations (including potential applications) of Faraday (gyrotropic)
chiral media.20),23)–25)

In this section we study the anisotropy features influencing the eigenmodes inside
a Faraday chiral material and elucidate the manner in which the universal symmetry
of the quantum vacuum modes is broken. Consider the propagation of a plane wave
with field amplitudes E(r) = E0 exp(ik0k̃û · r) and H(r) = H0 exp(ik0k̃û · r), where
k0 = ω/c is the free-space wave number and û = x̂ sin θ cos φ + ŷ sin θ sinφ + ẑ cos θ
is a unit vector. Here, x̂, ŷ, and ẑ denote the unit vectors of the coordinate system.
Using Maxwell’s equations and constitutive relation (2.1), one can verify that the
relative wave number k̃ satisfies a quartic equation

a4k̃
4 + a3k̃

3 + a2k̃
2 + a1k̃ + a0 = 0 (2.3)

whose four roots correspond to the relative wave numbers of the four eigenmodes
(including the forward and backward wave modes, as well as their respective left-
and right-handed polarization components) in the anisotropic material. Obviously,
the wave numbers of the eigenmodes in the Faraday chiral material exhibit a charac-
terization of anisotropy, i.e., the magnitudes of the wave numbers depend upon the
spherical angles θ and φ. We point out that the coefficients in Eq. (2.3) have explicit
physical meanings, which correspond to some nontrivial effects. For example, the
nonzero quantity a1 in Eq. (2.3) unavoidably gives rise to a non-degenerate k̃2. This
may lead to the possibility of backward wave propagation and negative refraction in
the anisotropic material. Mackay and Lakhtakia considered the propagations with
negative phase velocity in arbitrary directions in Faraday chiral media,17) and we
investigated the quantum effects involved in such negative phase-velocity propaga-
tions.26) The coefficient a3 has a physical meaning related to the summation of the
relative wave numbers over the four eigenmodes:

4∑
σ=1

k̃σ = −a3

a4
, (2.4)

where σ corresponds to the four roots of the quartic equation (2.3), and a3 and a4

are given by17)

a3 = 2{[µg(εξz − εzξ) + εg(µξz − µzξ) + ξg(µεz + εµz − 2ξξg)] sin2 θ

+2ξg(εzµz − ξ2
z ) cos2 θ} cos θ,

a4 = (ε sin2 θ + εz cos2 θ)(µ sin2 θ + µz cos2 θ) − (ξ sin2 θ + ξz cos2 θ)2. (2.5)

In general, for isotropic materials and most anisotropic media, in which the tem-
poral and spatial symmetries involved in the constitutive relations are preserved, the
sum of the wave numbers of the four eigenmodes vanishes (i.e., a3 = 0). However, for
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Faraday chiral material characterized by the constitutive relation (2.1), such a sum
(2.4) does not vanish (because a3 �= 0). This implies that there may be a breaking of
the universal symmetry of the four eigenmodes (the counter-propagating modes as
well as their respective mutually perpendicular polarization components) and that
this anisotropic material would exhibit some unusual classical and quantum optical
effects (including an influence on the mechanical properties of the anisotropic mate-
rial itself). One of the most remarkable effects is the macroscopic mechanical effect
of the anisotropic quantum vacuum eigenmodes on the rotational or linear motion
of the material. Because in the case considered here, the dynamical contributions
of all the eigenmodes (including the vacuum eigenmodes) do not cancel (because
a3 �= 0), the quantum vacuum in an anisotropic electromagnetic environment may
possess a nonzero linear momentum density. It is thus possible for momentum trans-
fer between a quantum vacuum and an anisotropic electromagnetic material to take
place. In the section that follows, we consider the nonzero momentum of the vacuum
eigenmodes (zero-point fluctuation fields) in a Faraday chiral material.

§3. Nonzero linear momentum of anisotropic quantum vacuum

In the literature, there was an Abraham-Minkowski controversy concerning the
definition of the electromagnetic momentum inside materials.27)–31) Here, we tenta-
tively adopt Nelson’s viewpoint,30) according to which the electromagnetic momen-
tum density of the ω-mode is p = ε0E ×B,30) where B = k×E/ω. Then the linear
momentum density p can be rewritten as

p =
ε0

ω

[
kE2 − E (k · E)

]
. (3.1)

It is readily verified that the total electromagnetic momentum density at the quan-
tum vacuum level in an isotropic material vanishes, because the contribution of the
forward and backward waves (including the left- and right-handed polarized modes)
exactly cancel. In other words, an isotropic vacuum has exactly a zero momentum
because the vacuum possesses a universal symmetry. But this may not be true for the
vacuum in an anisotropic electromagnetic environment created inside an anisotropic
medium, such as Faraday chiral material. Here, the noncompensation effect of a
pair of counter-propagating vacuum modes will arise (i.e., the momenta of oppo-
sitely propagating vacuum modes will not cancel)14) due to the broken universal
symmetry of the quantum vacuum.

In order to demonstrate that there is truly a quantum vacuum contribution
to the momentum of an anisotropic Faraday chiral material, we first calculate the
nonzero linear momentum of the quantum vacuum in the material. For simplicity,
we assume that the dimensionless gyrotropic parameters εg and µg and the chirality
admittances (chirality dyadic elements) ξ, ξz, and ξg are small compared with the
relative permittivity and permeability. Indeed, such a condition is satisfied for the
practical Faraday chiral materials. This leads to the relation |E (k · E) | � |kE2|.
Therefore, the expression for the electromagnetic momentum density in the material
reduces to the form p � (ε0/ω)kE2. Thus, the total momentum of the quantum
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vacuum corresponding to all ω-frequency modes (including the counter-propagating
modes and their respective mutually perpendicular polarization components) in the
Faraday chiral material is

P ω =
∫

V

ε0E
2
0

ω

(
4∑

σ=1

kσ

)
dV, (3.2)

where E0 denotes the field strength of quantum vacuum fluctuations and V is the
medium volume. In order to obtain an explicit expression for the quantum vacuum
linear momentum, we evaluate the quantized electromagnetic field energy in the ma-
terial.32) If the dispersion of the optical “constants” of the material is not significant,
the relation εε0E

2V � (np + 1/2)�ω may hold for a quantized electromagnetic field.
Here, � denotes the Planck constant, and np is the total number of ω-mode photons
in the material. Thus, the quantum vacuum fluctuation energy (with photon num-
ber np = 0) in the material is εε0E

2
0V � �ω/2. We define P ω =

∫
V p

(vac)
ω dV and

obtain the following nonzero total momentum density p
(vac)
ω of the ω-mode field at

the quantum vacuum level:

p(vac)
ω =

�

2εV

4∑
σ=1

kσ. (3.3)

The total wave vector in expression (3.3) is the sum of the wave vectors over the
four eigenmodes (the counter-propagating modes and their respective polarizations)
corresponding to the mode frequency ω. Apparently, the quantized electromagnetic
momentum density (3.3) is not that of the vacuum eigenmodes of all frequencies,
but only that of the ω-mode field. In the next section, we take into account the
quantum vacuum contribution of all the vacuum eigenmodes by means of a phase-
space integral, we then show how there arises a nontrivial macroscopically observable
mechanical effect of the quantum vacuum field on the anisotropic material.

§4. Momentum transfer at quantum vacuum level

The total momentum density of an isolated electromagnetic system consisting of
both a quantum vacuum and an anisotropic Faraday chiral material can be zero, i.e.,
p

(vac)
ω + ρvω = 0, where ρ is the mass density of the medium and vω is the velocity

of the medium resulting from the ω-mode vacuum momentum transfer. Thus, in
this case, the Faraday chiral material acquires a momentum density with the same
magnitude as p

(vac)
ω but with an opposite sign. It follows that the velocity acquired

by the material is

vω = − �

2ερV

4∑
σ=1

kσ. (4.1)

Thus, we have obtained the ω-mode quantum vacuum contribution to the Faraday
chiral material. All the quantum vacuum modes will make contributions to the net
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velocity of the material. This is calculated using a phase-space integral in what
follows.

It should be noted that in Faraday (gyrotropic) chiral material, εz and µz are
different from ε and µ, respectively. However, for convenience, we can assume εz � ε
and µz � µ. This simplifies the following calculation procedure (but does not affect
the order of magnitude of the numerical result for the net velocity acquired by the
material). Thus, for the coefficient a4, we take a4 → µε [the term −(ξ sin2 θ +
ξz cos2 θ)2 is negligibly small compared with µε]. The Faraday chiral material under
consideration has the general constitutive relation (2.1). However, in most Faraday
chiral materials considered in the literature, the parameter ξg is usually taken to
be zero.20),23)–25) Thus, the quantum vacuum contribution due to the gyrotropy in
chirality admittance ξ vanishes. It then follows from Eq. (2.3) that the sum of the
wave vectors over the four eigenmodes (corresponding to the mode frequency ω) is

4∑
σ=1

kσ = −a3

a4

ω

c
ek

� −2(µε)−1[(µgε + εgµ)(ξz − ξ)]
ω

c
sin2 θ cos θek, (4.2)

where ek = (sin θ cos φ, sin θ sinφ, cos θ) is a unit vector. As the result in (4.1)
and (4.2) involves only the quantum vacuum contribution of one frequency mode
(i.e., the ω-mode), in what follows, we calculate the total contribution of all the
vacuum modes with wave numbers satisfying k ≤ kcut, where kcut represents the
cutoff wave number in the material. The total net velocity acquired by the material
because of the quantum vacuum momentum transfer is defined by v = (1/2)

∑
k vω.

Here, the reason that the factor 1/2 emerges is that we have taken account of both
forward and backward vacuum eigenmodes when considering the quantum vacuum
contribution to the medium velocity vω [see the expression (4.1)]. Then, with the
help of expressions (4.1) and (4.2), we obtain an expression

v = − �

4ερV

∑
k

2γk sin2 θ cos θek (4.3)

for the acquired net velocity, where the parameter γ is defined by

γ = −(µε)−
3
2 [(µgε + εgµ)(ξz − ξ)]. (4.4)

Here, the relation ω � kc/
√

µε in the phase space has been inserted. Under the
continuity approximation condition, the summation over the wave vectors in (4.3)
can be replaced with a phase-space integral, i.e.,

∑
k → (2π)−3V

∫
d3k. Here, the

phase-space volume element is d3k � k2dkdΩ, where the solid angle element is
dΩ = sin θdθdφ. Therefore, the explicit expression for the velocity acquired by the
material is

v = − �γk4
cut

64π3ερ

∫
Ω

sin2 θ cos θekdΩ. (4.5)

Substituting the expression for the unit vector ek = (sin θ cos φ, sin θ sinφ, cos θ) into
(4.5), we can now show that the x̂ and ŷ component velocity satisfy vx = vy = 0



Momentum Transfer between Vacuum and Medium 357

and that the ẑ component (i.e., the component along the distinguished axis of the
Faraday chiral material) is given by

vz = − �γk4
cut

120π2ερ
. (4.6)

It can be easily seen that the acquired velocity depends on both the material para-
meters and the cutoff wave number. From expression (4.4) for the parameter γ, it is
seen that physical origin of the momentum transfer at the quantum vacuum level is
the nature of the gyrotropy (i.e., that εg and µg are nonzero) and uniaxial chirality
admittance (i.e., that nonzero ξz − ξ is nonzero) of the material. In other words, an
anisotropic quantum vacuum with a nonzero linear momentum would appear inside
a Faraday chiral material with such anisotropic characteristics.

The linear momentum transfer caused by the universal symmetry breaking of
the vacuum can be considered a new macroscopic quantum vacuum effect that may
be valuable in the development of new techniques for device design in photonics,
quantum electronics and other areas (e.g., high-sensitivity sensor for navigation and
seismology14)). Recently, Jonsson et al. suggested a theory of parametric generation
and amplification in artificially gyrotropic media.36) Within that scheme, the authors
derived the nonzero elements of the second-order optical and third-order magneto-
optical susceptibility tensors governing optical and magneto-optical parametric gen-
eration.36) If such parametric generation and amplification are indeed promising,
the macroscopic mechanical contribution of the quantum vacuum to Faraday chiral
material could be dramatically amplified.

We have thus suggested the possibility of quantum vacuum linear momentum
transfer between the vacuum field and an anisotropic material. This leads to the
following question: Can a quantum vacuum angular momentum transfer take place
between the quantum vacuum field and an anisotropic material? We find that only
when the macroscopic body (material) has a special geometric shape can such angular
momentum transfer take place. For example, let us consider a ring composed of a
Faraday chiral material whose symmetric axis is along the circumference of the ring,
i.e., the symmetric axis (the distinguished axis of the constitutive matrices of the
Faraday chiral material) edges the polar unit vector eθ [The two orthogonal unit
vectors in the toroidal coordinate on the ring are er (the radial unit vector) and eθ

(the polar unit vector).]. As a velocity is induced (because of vacuum momentum
transfer) along the symmetric axis of the material, such ring-type macroscopic body
would rotate at a certain angular frequency.

Basically, the presently considered quantum-vacuum momentum transfer is a
QED effect. We can also consider this effect in nuclear physics and QCD, where
the contribution to the vacuum momentum transfer would increase if an anisotropic
nuclear or QCD medium could be fabricated. It follows from (4.6) that the magnitude
of the acquired velocity is proportional to k4

cut/ρ. As is well known, the cutoff wave
number kcut is approximately equal to 1/a (with a being the length scale of the
microscopic structure units of the medium). Thus, the relation k4

cut/ρ � 1/(a4ρ) can
be obtained. Because a3ρ can be regarded as the mass of the microscopic structure
unit (e.g., nucleon), the acquired velocity is inversely proportional to the structure
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unit scale a. Typical values for the dimensionless parameters in the constitutive
relation (2.1) are as follows: ε = 2, µ = 2, εg = 0.1, µg = 0.1 and ξz − ξ = 0.1. If
the structure unit scale is a = 10−15 m, then the acquired velocity in (4.6) is about
0.1−0.01 m/s. We hope that such anisotropic (gyrotropic and chiral) nuclear matter
or QCD matter (quark-gluon plasma) could be produced in experiments in the future.
The momentum transfer between the quantum vacuum and the anisotropic nuclear
or QCD matter (should such exist) might be applicable to some areas of technology
(e.g., in possible power for interplanetary flight).

It should be noted that for a Faraday medium, an static external magnetic field
must be applied. At this stage, it is necessary to clarify the role of such static
external fields. The nonzero momentum of the vacuum presented here results from
the universal symmetry breaking of the electromagnetic medium, which is caused by
the static external fields; that is, the applied external fields can give rise to anisotropy
of the medium and thereby lead to an anisotropic mode distribution structure of the
quantum vacuum field.

As we know, a (strong) electromagnetic interaction can be used to manipulate
(control) a (weak) electromagnetic or optical responses: specifically, the presence
of the static fields can result in electro-optic and magneto-optic effects, or lead to
spatial symmetry breakings (i.e. inhomogeneity, anisotropy and certain boundary
conditions). For example, periodicity in the dielectric constant can create a range of
forbidden frequencies (a photonic bandgap) and lead to atomic spontaneous emis-
sion inhibition,41) and proper boundary conditions (e.g. two parallel mirrors, metal-
lic plates, and waveguides) can dramatically modify vacuum mode structures.4),42)

For an isotropic medium, optical and electromagnetic properties can be said to be
symmetric among the four eigenmodes (the counter-propagating modes as well as
their respective mutually perpendicular polarization components). However, asym-
metry among these four eigenmodes can be caused by applied external static fields
via electro-optic and magneto-optic effects (e.g., in magnetized plasma/ferrite and
magnetoelectric material, the gyrotropy characterization emerges in their constitu-
tive relations).14) In general, the gyrotropy parameters depend on the applied static
external field strengths, and furthermore, the external fields provide a preferred direc-
tion for the vacuum mode structure inside the anisotropic electromagnetic environ-
ment. Optical and electromagnetic effects and phenomena in anisotropic materials,
which are produced by the applied static fields, have been extensively considered in
the literature, but less attention has been paid to the vacuum zero-point fluctuation
field in these materials.14),20),23)–25) In this paper, we discussed the effects associated
with the anisotropic vacuum mode structure that is created in an anisotropic mate-
rial under the influence of the applied static fields. As the static fields exhibit a zero
Poynting vector, and therefore make no contribution to the medium momentum, the
momentum acquired by the medium is the contribution of the anisotropic quantum
vacuum field.

Though the static external fields make no contribution to the medium momen-
tum, they create an anisotropic electromagnetic environment for the vacuum modes,
and this leads to noncompensation effect among the backward and forward modes of
the vacuum (including the left- and right-handed circularly polarized components).14)
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It is this non-compensation effect that gives rise to a nonzero quantum-vacuum elec-
tromagnetic momentum.

§5. Concluding remarks

As the quantum vacuum in an anisotropic electromagnetic environment has a
nonzero momentum, the linear momentum transfer between the quantum vacuum
and a gyrotropic chiral material can take place. In most conventional electromag-
netic media, the quantum vacuum inside possesses a universal symmetry and hence
has no influence on the motion of the media. However, for a Faraday chiral ma-
terial, the macroscopically observable mechanical effect, due to the breaking of the
universal symmetry of the quantum vacuum may appear. It is also conjectured
that quantum vacuum may exhibit other interesting effects and phenomena because
of anisotropy of the electromagnetic environment. Here, the mechanical effects re-
lated to dynamical quantities (e.g., energy, momentum, spin, and polarization13))
of the anisotropic quantum fluctuation fields may not be exactly cancelled among
the counter-propagating vacuum modes (including the mutually perpendicular polar-
ized fields). The transfer effect of momentum from the quantum vacuum fluctuation
fields in other artificial composite materials, such as anisotropic photonic crystals and
uniaxial bicrystals37),38) may also take place, and this warrants investigation. We be-
lieve that the scheme presented here may have significance in both pure and applied
physics. For example, this vacuum effect may provide us with new insight into elec-
tromagnetic structures of quantum vacuum fluctuation inside artificial anisotropic
materials, and we may be able to utilize this mechanical effect to develop sensitive,
accurate measurement technologies. In addition, such quantum vacuum effects may
lead to new topics regarding fundamental physical problems, such as field quanti-
zation, inertia of photon’s spin (in spin-rotation coupling39),40)) and some relevant
quantum optical effects inside composite materials. For these reasons, we hope that
the quantum vacuum momentum transfer investigated in this paper can be tested
experimentally in the near future.

Acknowledgements

This work was financially supported by the National Natural Science Founda-
tions (NNSF, China) under Project Nos. 10604046 and 60677047, and partially by
the National Basic Research Program of China (under Grant No. 2004CB719800 and
sub-Project No. 511308-N50701). It is also supported by the Chinese Postdoctoral
Science Foundations.

References

1) A. A. Belavin, A. M. Polyakov, A. Z. Schwartz and Y. S. Tyupkin, Phys. Lett. B 59 (1975),
85.

2) H. A. Bethe, Phys. Rev. 72 (1947), 339.
3) H. A. Bethe, Phys. Rev. 77 (1947), 370.
4) D. Kleppner, Phys. Rev. Lett. 47 (1981), 233.
5) J. Q. Shen and L. H. Ma, Phys. Lett. A 308 (2003), 355.



360 J. Q. Shen

6) G. Volovik, “Vacuum in Quantum Liquids and in General Relativity”, in Artificial Black
Holes, ed. M. Novello, M. Visser and G. Volovik (World Scientific, Singapore, 2002), p.
127.

7) H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 51 (1948), 793.
8) S. K. Lamoreaux, Phys. Rev. Lett. 78 (1997), 5.
9) J. N. Munday, D. Iannuzzi, Y. Barash and F. Capasso, Phys. Rev. A 71 (2005), 042102.

10) S. Y. Zhu and M. O. Scully, Phys. Rev. Lett. 76 (1996), 388.
11) G. L. J. A. Rikken and C. Rizzo, Phys. Rev. A 63 (2000), 012107.
12) I. Fuentes-Guridi, A. Carollo, S. Bose and V. Vedral, Phys. Rev. Lett. 89 (2002), 220404.
13) J. Q. Shen, J. Opt. B 6 (2004), L13.
14) A. Feigel, Phys. Rev. Lett. 92 (2004), 020404.
15) J. Q. Shen and F. Zhuang, Opt. Commun. 257 (2006), 84.
16) W. S. Weiglhofer and A. Lakhtakia, Microwave Opt. Technol. Lett. 17 (1998), 405.
17) T. G. Mackay and A. Lakhtakia, Phys. Rev. E 69 (2004), 026602.
18) W. S. Weiglhofer, A. Lakhtakia and B. Michel, Microwave Opt. Technol. Lett. 18 (1998),

342.
19) W. S. Weiglhofer and T. G. Mackay, Arch. Elektr. Uebertrag. 54 (2000), 259.
20) N. Engheta, D. L. Jaggard and M. W. Kowarz, IEEE Trans. Antennas Propagat. 40 (1992),

367.
21) A. Lakhtakia, Beltrami Fields in Chiral Media (World Scientific, Singapore, 1994).
22) B. Lax and K. J. Button, Microwave Ferrites and Ferrimagnetics (McGraw-Hill, New

York, 1962).
23) D. Cheng, J. of Phys. D 28 (1995), 246.
24) D. Cheng, Phys. Rev. E 55 (1997), 1950.
25) C. M. Krowne, Proc. IEEE Part H 140 (1993), 242.
26) J. Q. Shen and S. He, J. of Phys. A 39 (2006), 457.
27) J. P. Gordon, Phys. Rev. A 8 (1973), 14.
28) F. N. H. Robinson, Phys. Rep. 16 (1975), 313, and references therein.
29) R. Peierls, Proc. R. Soc. London A 347 (1976), 475.
30) D. F. Nelson, Phys. Rev. A 44 (1991), 3985.
31) R. Loudon, L. Allen and D. F. Nelson, Phys. Rev. E 55 (1997), 1071.
32) J. A. Kong, Electromagnetic Wave Theory (John Wiley & Sons, Inc., New York, 1986),

Chapt. 5.
33) R. Wang, Y. Zheng and A. Yao, Phys. Rev. Lett. 93 (2004), 143901.
34) P. Gerbier et al., J. Mater. Chem. 14 (2004), 2455.
35) R. Wang, Y. Zheng, A. Yao and D. Langley, Phys. Lett. A 312 (2003), 7.
36) F. Jonsson and C. Flytzanis, J. Opt. A 2 (2000), 299.
37) S. He, Z. C. Ruan, L. Chen and J. Q. Shen, Phys. Rev. B 70 (2004), 115113.
38) Y. Zhang, B. Fluegel and A. Mascarenhas, Phys. Rev. Lett. 91 (2003), 157404.
39) J. Q. Shen, Phys. Rev. D 70 (2004), 067501.
40) J. Q. Shen and S. L. He, Phys. Rev. B 68 (2003), 195421.
41) S. John, Phys. Rev. Lett. 58 (1987), 2486.
42) R. G. Hulet, E. S. Hifer and D. Kleppner, Phys. Rev. Lett. 55 (1985), 2137.


