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Abstract
The electromagnetic field phasors in an isotropic chiral material (ICM) are superpositions of two
Beltrami fields of different handedness. Application of the Bruggeman homogenization
formalism to two-component composite materials delivers ICMs wherein Beltrami fields of one
handedness attenuate whereas Beltrami fields of the other handedness amplify. One component
material is a dissipative ICM, the other an active dielectric material. The range of the volume
fraction of the active component material for which simultaneous amplification and attenuation is
exhibited decreases—but does not vanish—as the ICM component becomes more dissipative
and as its chirality parameter reduces in magnitude.

Keywords: attenuation, amplification, Beltrami field, Bruggeman homogenization formalism,
left-circular polarization, right-circular polarization

(Some figures may appear in colour only in the online journal)

1. Introduction

The issues of gain and loss are currently prominent ones in
electromagnetics, as active component materials are being
introduced in electromagnetic metamaterials in order to over-
come losses [1–3]. Depending on the imaginary part of its
permittivity scalar ( )e w at angular frequency ω, an isotropic
dielectric material is either (i) dissipative if Im 0[ ( )]e w > or
(ii) active if Im 0[ ( )]e w < or (iii) neither if Im 0[ ( )]e w = ,
provided that the electromagnetic fields are assumed to depend
as texp i( )w- on time t [4]. Whether an anisotropic dielectric
material is dissipative or active is determined by the imaginary
part of its permittivity dyadic ( )e w [5]. Furthermore, aniso-
tropic dielectric materials for which the imaginary part of ( )e w

is indefinite can exhibit gain for certain propagation directions
and loss for other propagation directions [6].

This article concerns the issue of simultaneous attenuation
and amplification during plane wave propagation along any
specific direction in an isotropic chiral material (ICM). Exam-
ples of such materials abound in nature, e.g., organic substances
whose molecules contain mirror-asymmetric arrangements of
atoms [7–9]. Also, artificial ICMs can be engineered [10–12].
Very notably, during the last ten years chiral metamaterials
have been the subject of vigorous research directed towards the
manifestation of negative refraction [13–15].

2. Plane wave propagation in ICMs

An ICM is characterized by the frequency-domain Tellegen
constitutive relations [16]4

D r E r H r
B r E r H r

i
i

. 1
( ) ( ) ( )
( ) ( ) ( )

( )
e x

x m
= +
= - +

⎫⎬⎭
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4 Here, and henceforth, the dependencies of the constitutive parameters and
field phasors on ω are not explicitly displayed.
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The permittivity scalar e, the permeability scalar μ, and the
chirality pseudoscalar ξ are frequency dependent and complex
valued, in consequence of the principle of causality enshrined
as the Kramers–Kronig relations [17]. The Bohren decom-
position [18]

E r Q r Q r

H r Q r Q r

i

i
2

L R

1
L R

( ) ( ) ( )
( ) ( ) ( ) ( )

( )
h

h
= -
= +-

⎫⎬⎭
is employed to represent E and H as superpositions of a left-
handed Beltrami field QL and a right-handed Beltrami field
QR, with 1 2 1 2h m e= - as the intrinsic impedance [16]. In
source-free regions, the two Beltrami fields obey the relations

k
k

Q r Q r
Q r Q r

, 3L L L

R R R

( ) ( )
( ) ( )

( ) ´ =
 ´ = -

⎫⎬⎭
where the wavenumbers

k
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Let us consider plane wave propagation along the z+
direction. Then k zQ u ui exp ix yL L( ˆ ˆ ) ( )= + is a left-circularly
polarized (LCP) plane wave and k zQ u ui exp ix yR R( ˆ ˆ ) ( )= -
is a right-circularly polarized (RCP) plane wave. Could the
LCP plane wave lose energy and the RCP plane wave gain
energy, or vice versa, as z increases? More generally, could
Beltrami waves of one handedness attenuate while Beltrami
waves of the other handedness amplify, even if these Beltrami
waves are not plane waves, but, say, spherical or cylindrical
waves? In other words, could kIm L( ) and kIm R( ) be of
opposite signs, but kRe L( ) and kRe R( ) have the same signs? If
yes, then ICM research is promising for circular polarizers of
a new type.

3. Homogenization

A perusal of literature on ICMs did not turn up any example
for which k kIm Im 0L R( ) ( ) < but k kRe Re 0L R( ) ( ) > . Hence,
we decided to investigate the effective electromagnetic
properties of a particulate composite material comprising an
active dielectric material and a dissipative ICM. If the
component materials can be regarded as being randomly
distributed as electrically small particles, then the composite
material could be homogenized into an ICM itself [19].

3.1. Simultaneous amplification and attenuation

Let the component material labeled ‘a’ be an active isotropic
dielectric material specified by the permittivity ae such that
Re 0a( )e > and Im 0a( )e < . Let the component material ‘b’
be a dissipative ICM, characterized by constitutive relations
of the form given in equation (1), but with the superscript ‘b’
attached to the constitutive parameters e, ξ, and μ therein. We
used the well-established Bruggeman formalism [20] to esti-
mate the constitutive parameters Bre , Brx , and Brm of the
homogenized composite material (HCM), per equation (1) but

with the superscript ‘Br’ attached to the constitutive para-
meters e, ξ, and μ therein. Let f 0, 1a [ ]Î denote the volume
fraction of component material ‘a’, the volume fraction of
component material ‘b’ being f f1b a= - .

Significantly, for the ICM component we set Re 0b( )e > ,
thereby avoiding the condition Re Re 0a b( ) ( )e e < that is
likely to give rise to physically implausible results (by
extrapolation from the corresponding homogenization sce-
nario for isotropic dielectric HCMs [21, 22]). This is not at all
a limitation. For examples, the isotropic chiral metamaterials
of Kwon et al [14] has a permittivity scalar with a positive
real part in the near-infrared regime, and ICMs that do not
involve metallic components are generally characterized by
permittivity scalars with positive real parts.

Figure 1 shows the real and imaginary parts of Bre ,
Brx , and Brm as functions of fa, when i2.0 0.02a

0( )e e= - ,
i3 0.01b

0( )e e= + , i c0.1 0.001b
0( )x = + , and bm =

i0.95 0.0002 0( )m+ , with 0e and 0m being the permittivity and
permeability of free space, respectively, and c 10 0 0e m= .
The component material ‘b’ is guaranteed to be dissipative
since Im Im Imb 2 b b[ ( )] ( ) ( )x e m< [23]. The chosen values
of ae , be , bx , and bm are physically plausible [6, 24, 25].

The real and imaginary parts of Bre , Brx , and Brm vary
almost linearly in figure 1 as fa increases from 0 to 1, with

Figure 1. The real and imaginary parts of the constitutive parameters
Br

0e e (red solid curves), cBr
0x (blue dashed curves), and Br

0m m
(green broken-dashed curves) of the HCM, as estimated using the
Bruggeman formalism, plotted against volume fraction fa. The real
and imaginary parts of cBr

0x are scaled by a factor of 10. See the text
for values of ae , be , bx , and bm .
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their endpoints complying with the limits

f,
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In particular, the sign of Im Br( )e changes at f 0.27a » .
The real and imaginary parts of the wavenumbers for the

HCM—namely kL
Br and kR

Br per equation (4) with the super-
script ‘Br’ attached to kL, kR, e, ξ, and μ therein—are plotted
against volume fraction fa in figure 2. Whereas kRe 0L

Br( ) >
and kRe 0R

Br( ) > for any f 0, 1a [ ]Î , three mutually disjoint
fa-regimes can be identified for the signs of kIm L

Br( ) and
kIm R

Br( ) as follows:

(i) f 0, 0.22a [ )Î , when kIm 0L
Br( ) > and kIm 0;R

Br( ) >
(ii) f 0.22, 0.33a ( )Î , when kIm 0L

Br( ) > and kIm R
Br( )

0;< and
(iii) f 0.33, 1a ( ]Î , when kIm 0L

Br( ) < and kIm 0R
Br( ) < .

Clearly then, a continuous range of values of the volume
fraction fa, specifically f 0.22, 0.33a ( )Î for the example
presented in figure 2, can exist wherein QL attenuates whereas
QR amplifies.

3.2. Dissipation

The ICM used as the component material ‘b’ for the numer-
ical example considered in figures 1 and 2 exhibits weak
dissipation. Can simultaneous amplification and attenuation
still be achieved if the component material ‘b’ is rather more
dissipative? We address this question next.

In figure 3, the regions in the parameter space of Im b( )e
and fa where k kIm Im 0L

Br
R
Br( ) ( ) < (green) and

k kIm Im 0L
Br

R
Br( ) ( ) > (red) are delineated. The component

materials are the same as for figures 1 and 2, except that
Im 0.005, 0.025b

0( ) ( )e e Î . Clearly, simultaneous amplifi-
cation and attenuation is achieved for all values of Im b( )e
considered, and the range of fa over which

k kIm Im 0L
Br

R
Br( ) ( ) < decreases as Im b( )e increases. Par-

enthetically, kRe 0L
Br( ) > and kRe 0R

Br( ) > for all results
represented in figure 3.

In view of figure 3, the question arises: if Im b( )e becomes
much larger (i.e., sufficiently large that the component mat-
erial ‘b’ may be regarded as a strongly dissipative ICM), can
simultaneous amplification and attenuation still be achieved?
The answer to this question may be inferred from figure 4,
wherein the real and imaginary parts of kL

Br and kR
Br are

plotted against fa, as in figure 2 but with i2 0.1a
0( )e e= -

and i3b
0( )e e= + . We see that k kIm Im 0L

Br
R
Br( ) ( ) < , and

kRe 0L
Br( ) > and kRe 0R

Br( ) > , for the volume fraction range
f 0.872, 0.887a ( )Î . Therefore, we infer that a strongly dis-
sipative component material ‘b’ is no barrier to achieving
simultaneous amplification and attenuation, albeit the fa range
over which simultaneous amplification and attenuation is
achieved is very small when Im b( )e is large.

Let us next explore the ranges of values of Im a( )e and fa
for which simultaneous amplification and attenuation is pos-
sible. In figure 5, the regions in the parameter space of

Figure 2. The real and imaginary parts of the relative wavenumbers
kL

Br (red solid curves) and kR
Br (blue dashed curves) in the HCM,

normalized with respect to the free-space wavenumber k c0 0w= ,
plotted against volume fraction fa. The component materials are the
same as for figure 1. The volume fraction range where

k kIm Im 0L
Br

R
Br( ) ( ) < is shaded in yellow.

Figure 3. Regions in the parameter space of Im b
0( )e e and fa where

k kIm Im 0L
Br

R
Br( ) ( ) < (green) and k kIm Im 0L

Br
R
Br( ) ( ) > (red). The

component materials are the same as for figure 1, except
that Im 0.005, 0.025b

0( ) ( )e e Î .
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Im a( )e and fa where k kIm Im 0L
Br

R
Br( ) ( ) < (green) and

k kIm Im 0L
Br

R
Br( ) ( ) > (red) are delineated. The component

materials are the same as for figures 1 and 2, except that
Im 0.005, 0.045a

0( ) ( )e e- Î . For all values of Im a( )e con-
sidered, simultaneous amplification and attenuation is
achieved, and the size of the range of fa over which

k kIm Im 0L
Br

R
Br( ) ( ) < remains approximately the same

as Im a( )e increases. Parenthetically, kRe 0L
Br( ) > and

kRe 0R
Br( ) > for all results represented in figure 5.

3.3. Chirality parameter

If ξ is replaced by x- in equation (4), then kL and kR in
equation (4) are interchanged. Also, if the sign of Re( )x is
reversed in equation (4), then kRe L( ) and kRe R( ) are inter-
changed, but kIm L( ) and kIm R( ) remain unchanged. There-
fore, if bx were to be replaced by bx- for the homogenization
scenario represented in figures 1 and 2, then the handedness
of the Beltrami field that is amplified/attenuated for the
regime wherein k kIm Im 0L

Br
R
Br( ) ( ) < will be reversed. To

illustrate this point, in figure 6 the wavenumbers kL
Br and

kR
Br are plotted against fa for the same homogenization sce-

nario as represented in figures 1 and 2 but with
i c0.1 0.001b

0( )x = - + . For f 0.22, 0.33a ( )Î , we infer
from figure 6 that QL is amplified and QR is attenuated,
whereas from figure 2 it is QR that is amplified and QL that is
attenuated.

The magnitude of the chirality parameter used for the
component material ‘b’ in the calculations represented in
figures 1–6 is consistent with that associated with certain iso-
tropic chiral metamaterials [14], but is considerably larger than
the magnitude generally associated with organic ICMs [7, 26],
for example. Therefore the question arises: Can simultaneous
amplification and attenuation still be achieved for much
smaller magnitudes of bx , within the range associated with
organic ICMs [12], for example? This question is addressed via
figure 7, wherein the real and imaginary parts of kL

Br

and kR
Br are plotted against fa, as in figure 2 but with

i c0.1 0.001 10b 3
0( )x = + ´ - . The real parts of kL

Br and kR
Br

are indistinguishable to the naked eye in figure 2, but are
positive-valued for f 0, 1a ( )Î . For the volume fraction range
f 0.29120, 0.29131a ( )Î we see that k kIm Im 0L

Br
R
Br( ) ( ) < .

Therefore, simultaneous amplification and attenuation is
achievable for i c0.1 0.001 10b 3

0( )x = + ´ - , albeit for a
tiny range of the volume fraction of the active component
material.

4. Closing remarks

In the foregoing analysis, a physically plausible means of
achieving an ICM for which left-handed Beltrami fields are
amplified whereas right-handed Beltrami fields are attenuated
(or vice versa) is conceptualized. Specifically, for an ICM
arising from the homogenization of a dissipative ICM and an
active dielectric material, our numerical results reveal that:

(a) The HCM exhibits simultaneous amplification and
attenuation across a relatively wide range of the volume
fraction of the active component material, provided that

Figure 4. As figure 2 but with i2 0.1a
0( )e e= -

and i3b
0( )e e= + .

Figure 5. Regions in the parameter space of Im a
0( )e e and fa where

k kIm Im 0L
Br

R
Br( ) ( ) < (green) and k kIm Im 0L

Br
R
Br( ) ( ) > (red). The

component materials are the same as for figure 1, except
that Im 0.005, 0.045a

0( ) ( )e e- Î .
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the ICM component exhibits relatively low dissipation
and has a relatively large chirality parameter.

(b) The range of volume fraction of the active component
material for which simultaneous amplification and
attenuation is allowed decreases as the ICM component
becomes more dissipative and its chirality parameter
becomes smaller in magnitude.

(c) When the ICM component exhibits relatively high
dissipation or has a chirality parameter of relatively
small magnitude, simultaneous amplification and
attenuation can still be achieved albeit across a very
small range of volume fraction of the active component
material.

(d) If the chirality parameter of the ICM component
changes sign for an HCM that exhibits simultaneous
amplification and attenuation, then the handedness
of the Beltrami field that is amplified/attenuated swaps
over.

These results open the door for circular polarizers of a
new type.

Acknowledgments

TGM acknowledges the support of EPSRC grant EP/
M018075/1. AL thanks the Charles Godfrey Binder
Endowment at Penn State for ongoing support of his research
activities.

References

[1] Wuestner S, Pusch A, Tsakmakidis K L, Hamm J M and
Hess O 2010 Overcoming losses with gain in a negative
refractive index metamaterial Phys. Rev. Lett. 105 127401

[2] Dong Z-G, Liu H, Li T, Zhu Z-H, Wang S-M, Cao J-X,
Zhu S-N and Zhang X 2010 Optical loss compensation in a
bulk left-handed metamaterial by the gain in quantum dots
Appl. Phys. Lett. 96 044104

[3] Strangi G, De Luca A, Ravaine S, Ferrie M and Bartolino R
2011 Gain induced optical transparency in metamaterials
Appl. Phys. Lett. 98 251912

[4] Chen H C 1983 Theory of Electromagnetic Waves (New York:
McGraw-Hill)

[5] Tan E L 2004 Reduced conditions for the constitutive
parameters of lossy bi-anisotropic media Microw. Opt.
Technol. Lett. 41 133–5

[6] Mackay T G and Lakhtakia A 2015 Dynamically controllable
anisotropic metamaterials with simultaneous attenuation and
amplification Phys. Rev. A 92 053847

[7] Charney E 1985 The Molecular Basis of Optical Activity
(Malabar: Krieger)

[8] Eliel E L and Wilen S H 1994 Stereochemistry of Organic
Compounds (New York: Wiley)

[9] Morris D G 2002 Stereochemistry (Bristol: Royal Society of
Chemistry)

[10] Bose J C 1898 On the rotation of plane of polarisation of
electric waves by a twisted structure Proc. R. Soc. 63
146–52

[11] Lindman K F 1920 Über eine durch ein isotropes system von
spiralförmigen resonatoren erzeugte rotationspolarisation der
elektromagnetischen wellen Ann. Phys., Lpz. 63 621–44

Figure 6. As figure 2 but with bx replaced by bx- .

Figure 7. As figure 2 but with c i0.1 0.001 10b
0

3( )x = + ´ - .

5

J. Opt. 18 (2016) 055104 T G Mackay and A Lakhtakia

http://dx.doi.org/10.1103/PhysRevLett.105.127401
http://dx.doi.org/10.1063/1.3302409
http://dx.doi.org/10.1063/1.3599566
http://dx.doi.org/10.1002/mop.20070
http://dx.doi.org/10.1002/mop.20070
http://dx.doi.org/10.1002/mop.20070
http://dx.doi.org/10.1103/PhysRevA.92.053847
http://dx.doi.org/10.1098/rspl.1898.0019
http://dx.doi.org/10.1098/rspl.1898.0019
http://dx.doi.org/10.1098/rspl.1898.0019
http://dx.doi.org/10.1098/rspl.1898.0019
http://dx.doi.org/10.1002/andp.19203682303
http://dx.doi.org/10.1002/andp.19203682303
http://dx.doi.org/10.1002/andp.19203682303


[12] Lakhtakia A (ed) 1990 Selected Papers on Natural Optical
Activity (Bellingham, WA: SPIE)

[13] Mackay T G 2005 Plane waves with negative phase velocity in
isotropic chiral mediums Microw. Opt. Technol. Lett. 45
120–1

Mackay T G 2005 Microw. Opt. Technol. Lett. 47 406
(erratum)

[14] Kwon D-H, Werner D H, Kildishev A V and Shalaev V M
2008 Material parameter retrieval procedure for general bi-
isotropic metamaterials and its application to optical chiral,
negative-index metamaterial design Opt. Express 16
11822–9

[15] Mackay T G and Lakhtakia A 2010 Negatively refracting
chiral metamaterials: a review SPIE Rev. 1 018003

[16] Lakhtakia A 1994 Beltrami Fields in Chiral Media (Singapore:
World Scientific)

[17] Hu B Y-K 1989 Kramers–Kronig in two lines Am. J. Phys.
57 821

[18] Bohren C F 1974 Light scattering by an optically active sphere
Chem. Phys. Lett. 29 458–62

[19] Mackay T G and Lakhtakia A 2015 Modern Analytical
Electromagnetic Homogenization (Bristol: IOP
Publishing)

[20] Kampia R D and Lakhtakia A 1992 Bruggeman model for
chiral particulate composites J. Phys. D: Appl. Phys. 25
1390–4

[21] Mackay T G and Lakhtakia A 2004 A limitation of the
Bruggeman formalism for homogenization Opt. Commun.
234 35–42

Mackay T G and Lakhtakia A 2009 Opt. Commun. 282 4028
(erratum)

[22] Mackay T G and Lakhtakia A 2009 On the application of
homogenization formalisms to active dielectric composite
materials Opt. Commun. 282 2470–5

[23] Lindell I V and Dahl F M 2001 Conditions for the parameter
dyadics of lossy bianisotropic media Microw. Opt. Technol.
Lett. 29 175–8

[24] Sun L, Yang X and Gao J 2013 Appl. Phys. Lett. 103 201109
[25] Gómez Á, Lakhtakia A, Margineda J, Molina-Cuberos G J,

Núñez M J, Saiz Ipiña J A, Vegas A and Solano M A 2008
Full-wave hybrid technique for 3D isotropic-chiral-material
discontinuities in rectangular waveguides: theory and
experiment IEEE Trans. Microw. Theory Tech. 56 2815–25

[26] Urry D W and Krivacic J 1970 Differential scatter of left and
right circularly polarized light by optically active particulate
systems Proc. Natl Acad. Sci. USA 65 845–52

6

J. Opt. 18 (2016) 055104 T G Mackay and A Lakhtakia

http://dx.doi.org/10.1002/mop.20742
http://dx.doi.org/10.1002/mop.20742
http://dx.doi.org/10.1002/mop.20742
http://dx.doi.org/10.1002/mop.20742
http://dx.doi.org/10.1002/mop.21183
http://dx.doi.org/10.1364/OE.16.011822
http://dx.doi.org/10.1364/OE.16.011822
http://dx.doi.org/10.1364/OE.16.011822
http://dx.doi.org/10.1364/OE.16.011822
http://dx.doi.org/10.1117/6.0000003
http://dx.doi.org/10.1119/1.15901
http://dx.doi.org/10.1016/0009-2614(74)85144-4
http://dx.doi.org/10.1016/0009-2614(74)85144-4
http://dx.doi.org/10.1016/0009-2614(74)85144-4
http://dx.doi.org/10.1088/0022-3727/25/10/002
http://dx.doi.org/10.1088/0022-3727/25/10/002
http://dx.doi.org/10.1088/0022-3727/25/10/002
http://dx.doi.org/10.1088/0022-3727/25/10/002
http://dx.doi.org/10.1016/j.optcom.2004.02.007
http://dx.doi.org/10.1016/j.optcom.2004.02.007
http://dx.doi.org/10.1016/j.optcom.2004.02.007
http://dx.doi.org/10.1016/j.optcom.2009.07.019
http://dx.doi.org/10.1016/j.optcom.2009.03.035
http://dx.doi.org/10.1016/j.optcom.2009.03.035
http://dx.doi.org/10.1016/j.optcom.2009.03.035
http://dx.doi.org/10.1002/mop.1120
http://dx.doi.org/10.1002/mop.1120
http://dx.doi.org/10.1002/mop.1120
http://dx.doi.org/10.1063/1.4831768
http://dx.doi.org/10.1109/TMTT.2008.2007190
http://dx.doi.org/10.1109/TMTT.2008.2007190
http://dx.doi.org/10.1109/TMTT.2008.2007190
http://dx.doi.org/10.1073/pnas.65.4.845
http://dx.doi.org/10.1073/pnas.65.4.845
http://dx.doi.org/10.1073/pnas.65.4.845

	1. Introduction
	2. Plane wave propagation in ICMs
	3. Homogenization
	3.1. Simultaneous amplification and attenuation
	3.2. Dissipation
	3.3. Chirality parameter

	4. Closing remarks
	Acknowledgments
	References



