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Abstract

In metamaterials, electric (magnetic) dipoles can be excited by the electgn@tic) component of the incident
light field. Moreover, in the description of bianisotropic metamaterialssterms occur, i.e., magnetic dipoles can
also be excited by the electric-field component of the incident light andwacsa. For the cross terms, in the general
bianisotropic case, the exciting field and dipole vectors include an arbéragle. For the special case of chirality, the
angle is zero. In the spirit of a brief tutorial, a very simple electric-circagddiption of the split-ring resonator is used
to give a basic introduction to the cross terms. Mathematical details of thetieéf parameter retrieval are presented.

Furthermore, we briefly review recent experiments on bianisotroptammegerials operating at optical frequencies.
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Bianisotropic photonic metamaterials

I. INTRODUCTION to the exciting fields. If the dipole vectors are oriented

parallel to the exciting fields, another special case arises,
Optics has traditionally mainly dealt with dielectricmﬂmmy chirality.

materials. Here, the incident electric-field vector of the Bianisotropy and chirality are very well established

light excites microscopic electric dipoles that re-emifgartS of electromagnetism and a bulk of corresponding
electromagnetic waves just like a dipole radio antenngyeoretical literature does exist [14]-[31]. Yet, based on
Other dipoles are excited by this re-emission and @ own experience, some of that literature is somewhat
on. This successive excitation and re-emission cleaficult to digest for an experimentalist. Thus, we start
modifies the phase velocity of light and determines thgiih a simple and intuitive tutorial based on an example,
optical properties of the material, in particular its efaxct namely on split-ring resonators. The discussion aims

permittivity e (or dielectric function). at giving an understanding and explaining the physics

One of the little revolutions in optics that the concepiather than at a complete and/or a quantitative descrip-
of artificial effective materials (“‘metamaterials”™) hasion. Next, we derive in detail the formulae required
brought about is the fact that, similarly, magnetic dipolefr retrieving the effective parameters of bianisotropic
can be excited by the magnetic-field component of thfetamaterials from transmittance and reflectance data.
light, which can be cast into the effective magnetiginally, we briefly review recent experiments on bian-

permeability,, of the material [1]—{8] (or, alternatively, isotropic metamaterials operating at optical frequencies
into spatial dispersion). The interplay efand p has
given rise to interesting new aspects of electromagnetism Il. BIANISOTROPY
that have been reviewed several times [9]-[13] and sh&l Split-Ring Resonators
not be repeated here. In general, betindy are tensors, A split-ring resonator (SRR) is a metallic ring with
i.e., the dipole direction is not necessarily identicalte t one or several slits [1]-[8], [32]-[34] (see Fig.1). The
exciting vector direction. incident light field can induce a circulating and oscillat-
A further set of new possibilities originates from theng electric current in the metallic wire that gives rise to
“cross terms”. This means that, in general, magneti local magnetic field (magnetic dipole) normal to the
dipoles can not only be excited by the magnetic fiel8RR plane. The resonance of the SRR can be thought
but also by the electric field. Similarly, electric dipolesof as arising from the inductance of an almost closed
can not only be excited by the electric field but also bipop (inductancel) and the capacitor formed by the
the magnetic field. These cross terms are subject of ttveo ends of the wire (capacitanc). This leads to an
present review or brief tutorial. We focus on the specidlC eigenfrequency,c = 1/v/LC. For small SRR, the

case that the dipole vectors are orienfiipendicular  kinetic inductance can add o [35], [36]. Also, a more
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polarization, P, is the product of the individual electric
dipole moment times the number density of the dipoles
Nic/V = 1/(a2,a.), wherea,, anda. are the in-
plane and out-of-plane lattice constants of the crystal
composed of SRR—provided that we neglect interaction
effects among the SRR in the crystal. This leads to
Py(t) = 21 d /Idt. 2)

Az, 0z

Similarly, the magnetic dipole density}/, is the
product of the SRR number density and the individual
magnetic dipole moment. Within the quasi-static limit
(no retardation), the latter is given by the currériimes

the area of the loop. This leads to
1

a2 a,

My(t) I(t) 2. ®3)

Note that we have tacitly neglected the displacement

current at this point. Hence, our reasoning is only strictly
Fig. 1. lllustration of a split-ring resonator and the partere used

in the calculations. The excitation geometry consideredis section valid provided that the Ohmic current dominates over the

is also depicted. displacement current (i.e., the slit in the SRR must not
be too large).

(i) Let us start by discussing a current that is solely

detailed modeling would have to account for additional . ) .
induced by Faraday’s induction law. In this case, we have

surface contributions to the SRR capacitari¢e[37], 06 ) )
Uina(t) = —7%; with the magnetic fluxp(t) given by

38]. Furthermore, energy can either be dissipated b . . .
[38] 9 P q;/(t) = puoH,(t)I?. Assuming a harmonically varying

Ohmic losses or can be radiated into free space, leading o . ,
magnetic fieldH,(t) = H, exp(—iwt) + c.c., we obtain

to the radiation resistance [39]—-[41]. The effect of both ) .
M, (t) = M, exp(—iwt) + c.c. with
Fw?
circuit. M, = w?o—w? —iw

can be lumped into an effective resistanBeof the
Hy. 4
Using Kirchhoff’s voltage law, the equation of motionHere, we have employed the inductance of a long coll
of the electric currenf in this simple circuit results as L = uol?/h and have introduced two abbreviations: the
dampingy = R/L and the SRR volume filling fraction

1 dr
U, U Uyp,=—= [ Idt+RI+L— =Upq. (1 )
ct+Ur+lr C/ + + a- (D) 0 < F <1 with

dt

The incident light field induces the source voltddg,. F = ) (5)

The SRR generally has both an electric and a magnetic . . .
9 y g lt\lotably, induction via Faraday’s law also leads to a

dipole moment. As usual, the electric dipole momentis , . .. .
P P polarization P, (t) = P, exp(—iwt) + c.c. with

given by the charges separated on the capacitor plates, d {Fw

J Idt, times their distance. The macroscopic electric Fo = 2w, —w? —iw Hy- ©)
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Here, we have employed the capacitaii¢e= eqwh/d Here we have introduced the (dimensionless) electric

for a plate capacitor with large plates. Note thatis permittivity

phase delayed by 90 degrees with respect to the exciting deo\? F
. . . 6(w)=1+ ZT 2 92 _ ) (12)
H-field. Otherwise it reveals the same resonance behav- Woe Wt T W
ior around theLC' eigenfrequency as the magnetizatior%he (dimensionless) magnetic permeability
5 2
M. Also note that the induced polarization goes to zero plw) =1+ # , (13)
Wi — w® — 1w
as the slit widthd of the SRR is made smaller and . . I
the (dimensionless) bianisotropy parameter

smaller. (o) deo Fw 1)

(i) Next, we discuss a current that is induced by a YIET TR wio—w?—iw’

voltage drop over the plate capacitor that arises from tle@d the vacuum speed of lighty = 1/,/éouo. €
electric-field component,.(¢), of the light field. In this describes the excitation of electric dipoles by the electri
case, we havé/;q(t) = E.(t) d. Assuming a harmoni- field of the light, ;1 the excitation of magnetic dipoles
cally varying electric fieldZ, (t) = E, exp(—iwt)+c.c., by the magnetic field, and the excitation of magnetic
we obtain dipoles by the electric field and vice versa. Fig. 2 (a)—(d)

1 d i Fw illustrates these quantities.

M, = - E; @)

T 12 wis —w? —iw If the slit in the SRR in Fig. 1 is at the lower part rather

and than at the top, the current induced by the electric field

L 7dN? - flows into the other direction and{ — —¢ (whereas
Po="0 (p) S e e @) +e— +eand+u — +p).

) ) . Clearly, for the excitation geometry considered in
In this case, the 90 degrees phase delay (see imaginary
o o Fig. 1, the single-slit SRR has no center of inversion
unit in numerator) occurs for the magnetizatiof),.
) ) ) . along the propagation direction of light. If we introduce
Provided the displacement current is negligible [27]
o ] ) o a second slit at the bottom of the SRR (i.e., opposite to
(which is usually fulfilled in the vicinity of the reso-
i ) ) __the first slit), inversion symmetry is recovered. Provided
nance), we can identify the macroscopic magnetization )
_ o L we neglect retardation effects, the voltage drop over the
with the magnetic dipole density}/ discussed above.
) ) ) second slit induced by the electric field is opposite in
Hence, we get the macroscopic material equations
sign to that of the first slit, i.e.] = 0. Thus, neither

D=¢E+P (9) a magnetization nor a polarization is induced by the

electric field. A magnetic field component normal to the

and SRR plane can still induce a circulating and oscillating
B = Mo(ﬁ + M) . (10) current, leading to a magnetic dipole moment. However,

. o o i the electric dipole moment of the second slit is opposite
We can summarize our findings in (i) and (ii) for the ) . ) o
to that of the first slit. Hence, no electric polarization re-

SRR by o o )
sults from the magnetic field of the incident light. Indeed,
Dy | ce  —icy € By (11) it is straightforward to show within our model that—
By +ieg e pop H, under these conditions—the bianisotropy parametisr

March 31, 2009 DRAFT



IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9980. 99, APRIL 2010 5

41 (a ] 1
TE 2t .l A
E 0 I ,./; \)/_———-—
s Of | -
o) I i
x 2 ]
| al ]
E)
1=
3
o)
14 | i
| 4| ]
S 41 ]
TE 2 K 1
g 0 B \"- l/" 7
[0] | : i -
m -2 - -' -
| 4t i 1
E 25}
€
I 2.0
.15
S
Koy 1.0
14
| 0.5
0.0
08r
o6
n:+
- 0.4
0.2
0.0 —/—/————=1 — . ez
0 0204 06 08 1012 14 16 18 20
w!w,
Fig. 2. (a) Electric permittivitye, (b) magnetic permeabilitys,

(c) bianisotropy parametef, and (d) refractive indexs with n? =
ep — €2 versus normalized angular frequeneywr, o for the split-
ring resonator model described in this section (for geometeysg. 1).
Real (imaginary) parts of these complex quantities are sdidhed).
Parameters arg/wrc = 0.05, f = 0.3, anddco /12 = 0.75 X wrc-
Note that the combination dRe(e) < 0 andRe(u) < 0 doesnot
lead toRe(n) < 0 (not even ify/wrc = 0). (€) Normal-incidence
intensity transmittancd” = 7 = T_ and reflectances? (light
impinging from the left) andR_ (light impinging from the right)
for a slab of material with parameters as in (a)—(d). Slab tiesk is

com/wre (half of a free-spacd.C' eigenwavelength).
March 31, 2009

strictly zero ande = 1, while 1 # 1. This finding, i.e.,
that a non-zero bianisotropy parameter requires breaking
of inversion symmetry, is also valid beyond our simple

SRR example.

B. Bianisotropic Parameter Retrieval

Light impinging under normal incidence onto such a
slab of effective bianisotropic material will be partially
reflected and partially transmitted according to the gener-
alized version of the Fresnel equations. Owing to the lack
of inversion symmetry, the reflectance does depend on
from which side of the slab light impinges. In contrast,
due to reciprocity, the transmittance doeat depend
on from which side light impinges. The dependence of
the complex field transmittance and the two complex
field reflectances om, i, and¢ can be inverted, which
forms an important ingredient for retrieving these effec-
tive parameters from numerical calculations and/or from
experimental data. We have previously published the
closed formulae for this retrieval for normal incidence of
light in [42] (also see [19], [23]). In this subsection, we
present the (somewhat lenghty) derivation that we have
not published previously. These formulae are important
when actually working with bianisotropy.

We consider a monochromatic, linearly polarized field
Ei = Eieh==0 & and Hi = Hiclk17=<D g which
impinges under normal incidence from an isotropic ma-
terial of relative impedance; (e.g., air or vacuum)
onto a bianisotropic metamaterial slab of thicknéss
and which is transmitted into another isotropic material
of relative impedances (e.g., a glass substrate). The
geometry and the nomenclature used are illustrated in
Fig. 3.

Considering the constitutive relations of the bian-
isotropic material (11) and introducing the following

plane-wave ansatE* = Etelkzz—w) g and HE =

DRAFT
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X # Metamaterial #2 from Maxwell's equations
%—»Z El, H E*, H* Et, Ht G 2e = Z4 /20 = p(£n —ig) ! (16)
z z z
! - 2 whereZ, = \/0/¢€o is the vacuum impedance. We note
G E", H E,H thatz, # —z_.
- -
~Z, = Using the boundary condition that the tangential com-
o ponents £ and H are continuous and the fact that
Et, Ht E,H E' H "
G 47 42— 47 HZ, = E/z; and writing the complex reflectance and
! : 2 transmittance for a wave incident in the-)¢direction
E*, H* E\H o r, = E'/E' andt, = E'/E', we get the following
Z, Z equations at = 0:

1+r)E' = ET+E, 17)
Fig. 3. lllustration of field components for the generalizegtsion .
of Fresnel's equations for retrieving effective parameteduding (1-ry Bz = E+/Z+ +E7 /2 (18)
bianisotropy. The metamaterial of interest is clad betweeis@nopic

material #1 (e.g., air) and another isotropic material #2.(@glass and atz = d,:

substrate). A substrate occurs in most metamaterial expesnant Eteinkods | p—eg—inkods  _ t+Ei (19)

optical frequencies. ’
Eteinkods /5 4 Breminkods/p = 1, B/2,(20)

HE (ks z—wt) &, for both propagation directionét) With (17)—(18) (respectively (19)(20)) we express

. . , . . E*/E! and E~/E' as linear functions of-, (respec-
into Maxwell's equations immediately leads to eigenso- / / + (resp

lutions. This means that no cross polarization is excitéyely b ):

as long as the wave propagates along this axis. A chanfé /F' =a, +b,r, and FET/E'=c, +d t,,
in polarization could occur for oblique incidence of |ightE7/Ei —a_+br, and E JE =c_+d_t,.
onto the slab and/or for chiral media (see next section).

This yields two linear relationships between andt
The corresponding dispersion relation reads= +nk, y P i *

where kg = wcgl is the vacuum wave vector. The ty = «a+fry and (21)
refractive indexn is given by ty = ~y+or, (22)
2 __ 2
n® =eu— £, (15) where
For a passive material, the root has to be chosen such that @ = e™0% (1 — 2 /21) (1 — 2_/2) ",
Im(n) > 0. Otherwise, exponentially growing solutions 5 _  ginkods (1 4 5 /21y (1 — 2 /25) "

occur, violating energy conservation. ) _
9 ey emimkods (1 2 o) (1= 24 f20)

The bulk impedance of the bianisotropic material is _ .
e~ inkods (I+zy/z1)(L—24/20) .

7, for propagation in the {)-direction and—~7_ for
propagation in the -()-direction. These quantities are We want to deduce the three complex parameters

givenbyZ, = E*/H" andZ_ = E~/H~. We derive ¢, p and &, which depend directly om, z, and z_,
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from the complex transmittance and reflectance of theith

material. Therefore, (21) and (22) alone are not sufficient - (1—2_/21) (1 + 2_/2)
to solve the problem and we need to consider the case 7 (14+2_/21)(1 —2_/2)"
of propagation in the «)-direction, too. In this case, N = (124 /21) (L + 24 /22) :
_ (I+ 21 /21) (1= 21 /22)
(17)—(20) take the same form as previously, except that , .
) o _ By = (I+z2_/z)(1—2_/z) ",
we have to make the following substitutions (see Fig. 3)
So/ = (L4z1/z)(1—24/2)7",
(+)-direction:  z; 29 4 - ol = (1—z_/z)(1+ 27/21)71 ’
U Lol _
- 8 = (L=—z/z) (L4 2 /z) 7
(—)-direction: —zo —z1 z_ zg
py = 1,
As a consequence, we obtain the following equations,
s = 1.

corresponding to (21) and (22), for the )direction

It follows that (25) and (26) are the same equation

t_ = o +3r_ and (23) for z, andz_. It can be rewritten as a second degree
/ SRV (24) polynomial equation for: azi + bz4+ + ¢ = 0, which
means that
where zy = (=bF Vb2 — 4ac)/(2a) 27)
with
o = &b (14 zy /) (142 /a) 7,
) _ a = tyt-—1—-—rp)(1—7r_),
ﬂ/ _ elnkodS (1 _ Z+/Z2) (1 + Z+/Zl) 1 7 + ( +) ( )
,y/ — e—ink'odS (1 s /22) (1 S /Zl)_l b = (Zl - 22) (t+t7 + 1-— 7’+7”7) + (21 + 22) (7’+ — ’I’,) N
§ = emhode (1o /) (142 fa) "t c = zma|—tito+1+ry)(14+72)].

Again assuming a passive medium, the sign in (27) must

We note thatt, /2, = t_ /21 (calculation not detailed be chosen in order to have a positive real part of the
here), which results il = T, = T, i.e., the intensity Medium impedance. We have already noted thatis
transmittancel” does not depend on from which side ofhe relative impedance of the bianisotropic medium in
the slab light impinges onto the slab. the (+)-direction andz_ is the opposite of the relative
impedance in the-{)-direction, which yieldRe(z;) >

0 andRe(—z2_) > 0.

We now need to invert (21)(24) in order to calculate
z4, z— andn for knownt,, r, t_ andr_. Multiplying

(21) by (24) and (22) by (23) yields To find the refractive index, we can rewrite (21) and

(22) as
titm = ay + By re +adr_ + B8 rir_ an®@5) t. = e™ob 14, —(1—r )z /n](1—2_/z)"",
tyt_ = ~ya' 06ty + B r_ + 03— (26) ty = e MRob [l — (1 —r )z /z] (1— 24 /2) "
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agation direction of light (just like the SRR depicted
in Fig.1). Due to the broken inversion symmetry, the
field reflectance clearly depends on from which side
light impinges onto the stack under normal incidence.
Applying the above bianisotropic retrieval to this case

at, e.g, A = lpym (> di = d2 = d3 = 10nm)

wavelength, leads to the effective parametets 6.72,

Fig. 4. A stack of three purely dielectric materials with (jehelectric p = 1.00, andf = —0.21 that refer to a fictitious smgle

constantss; = 2, e2 = 6, andes = 12 and thicknessed; = d2 = homogeneous effective slab with total thicknegs=
d3 = 10nm embedded in vacuum breaks inversion symmetry. Foorl1 + dy 4 ds = 30nm. We have epricitIy verified that
example, afl um free-space wavelength (300 THz frequency) and for )

normal-incidence of light, the physics can equivalently bealibed by the same parameters are retrievedVif= 2,3, 4, ..., 20

a single effective 30-nm thin slab with permittivity= 6.72, magnetic unit cells of the identical three-layer structure are con-
permeabilityy. = 1.00, and bianisotropy parametgr= —0.21. sidered (i.e., the total slab thickness 3 x 30nm).
Thus, the retrieved quantities u, and £ can indeed

Finally, we get an implicit expression for the (complex?e interpreted as effective material parameters. As the

refractive indexn damping is strictly zero in this example, no absorption

occurs. Hence, the sum of transmittance and reflectance

((nkody) = |2 1—2_/z
cosiniods) =5 |1 +ry—1—ry)z_/z is unity — for each propagation direction. Thus, the two
1— 2 /2 28) intensity reflectances?; and R_ are identical in this

+
L+ry —(1=ry)ze/z1

As usual, (28) has infinitely many solutions ferdue to

case and differences occur only in the phases of the field

reflectances, andr_.
the different branches of the inverse cosine. To choose

. . This simple example clearly shows that one should be
the correct one, we proceed as previously described P P y

. o ._somewhat cautious with using the well known Maxwell
for the parameter retrieval for structures with inversion

Garnett approximation at this point, as it would cast the
symmetry [13]. PP P

effective behavior of the three subwavelength dielectric
Oncez4 andn are at hand, we deduce p and & v Vi ubway gih d !

from (27) and (28) via layers in Fig. 4 into just an effective dielectric function

e = (n+if)/z, (29)

=14 (61—1)d1—|—(€2—1)d2—|—(€3—1)d3 — 6.67
uw = (n—1&)z4, and (30) di +ds +ds o
§ = Inledz)le-—z) (31) assumingy = 1 and ¢ = 0, leading to a single

impedanceZ = \/ﬂ x Zy. The Maxwell-Garnett ap-
Let us illustrate this retrieval by the simple exampl@roximation obviously ignores that the field reflectance
shown in Fig. 4. The three dielectric layers shown thesepends on from which side of the slab it is measured.
can be viewed as oneV( = 1) unit cell of a periodic This may or may not be important, depending on the

structure that has no center of inversion along the proproblem.
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C. Experiments

-
Experiments on bianisotropic metamaterials—:

including retrieval of the bianisotropy parameter—hav|
been published for microwave [19], [23], [43], far
infrared [44], and optical frequencies [42], [45], [46]

Related structures have been fabricated previou

[47], [48] but bianisotropy has not been mentionedilud
Fig.5 shows electron micrographs of three differer ()
optical-regime samples that have been fabricated in o
group by direct laser writing (see, e.g., review in [13]
of a polymeric template and subsequent metallizatio
Metallization is accomplished either by chemical vapg
deposition of silver [42], [45] (Fig.5 (a), (c), and (d))
or by high-vacuum shadow evaporation of silver [46
(Fig.5 (b)). The structures in Figs.5 (c) and (d) an

has been introduced. The corresponding

[46] (i.e., to Re(n) < 0). In (c), the SRR are also AN
only connected along one direction, whereas (d) is §
two-dimensional array of disconnected SRR similar i
Fig. 1.

As an example, Fig.7 (a)—(d) shows the results of

the parameter retrieval (see previous Subsection) fa'p 5. Oblique-view electron micrographs of three différehough

th fruct i to Fia.5 th recljated recently experimentally fabricated bianisottggiotonic meta-
€ structure corresponding to Fig. (a) € measurg materials. (a) Taken from [45] (sample similar to but differémm

intensity transmittance and reflectance spectra of whigtat in [42)), (b) taken from [46], and (c) as well as (d) takieom

are depicted in Fig. 6. For computational details see [454>]- The dark parts correspond to the polymeric templatght ey

parts to the silver films.
This structure is an improved version [45] of the one
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1.0
0.8

D:. 0.6
D:+
I 0.4 o
0.2 L=
70 80 90 100 110 120 130 140 150 160 170 %
Frequency (THz) Dl‘
Fig. 6. Measured normal-incidence intensity transmittarice gnd g
reflectances R4, R_) corresponding to the calculated spectrum §
shown in Fig.7(e). The polarization of the incident electegnetic :h
field is illustrated on the upper left-hand-side corner af.Bi{a). The %
rapid oscillations ofR_ are due to Fabry-Perot interferences in the
170-um-thick glass substrate. Artifacts at arounid THz are caused !
by absorption lines of C@ e
E
published in [42]. Again (compare Fig.2 (a)), the real &
o}
part of the refractive index is positiveR¢(n) > 0) T
despite the fact that botRe(¢) < 0 and, at the same
time, Re(u) < 0 due to the very significant influence \E/
of the bianisotropy parametér The fact thatf # 0 in _
Fig. 7 (c) is intimately connected tB8, # R_ in Fig.7 %
(e). i
[1l. CHIRALITY
In the previous section and in particular in (11), we Q:.+ 06} R,
. X I R
have used a scalar formulation f@r and the other - 047 Tx10 ]
quantities ¢ and ). Equation (11) has been a special 0.2 /_\}/.\.; /

example of the more general form for reciprocal media 70 80 90 100 110 120 130 140 150 160 170

D\ e —icg ¢ E (33) Frequency (THz)

— —

B +ieg et pop

Fig. 7. (a)—(d) Retrieved effective parameters from numédaku-
t .
wheree, p, and§ are tensors¢” is the transposed Of |ation of the complex transmittance and reflectances of thectsire

£. In this general bianisotropic case, regarding the crogi®wn in Fig.5 (a). (€) Calculated normal-incidence intgnians-
terms, the electric polarization is no longer necessari'ir)]/ittance @) and reflectancesi(., 1) of this structure.
perpendicular to the exciting magnetic-field vector and,
similarly, the magnetization is no longer necessarily

perpendicular to the exciting electric-field vector.
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Another special example of the general bianisotropight if both ¢ and x are mainly real and positive—if

case (33) is only the modulus of is sufficiently large. In this sense, a
) e —icgle P 34 large real value of is helpful for pure chirality, whereas
5 Ficge  pop g’ a large real value of works against a negative phase

wheree, 11, and¢ are again scalars. Note that (34) |ook¥elocity of light for pure bianisotropy, because a lagge

rather similar to (11) at first sight. However, it has a tol (15) leads to a negative?, i.e., to evanescent waves.

tally different meaning and leads to completely different Retrieval of the effective parameters of purely chiral

behavior, namely to chirality. Chiral metamaterials ar@etamaterials (the analogue of our discussion in Sect. Il.

a subclass of bianisotropic metamaterials. Let us briei%/) has been published [49]. First chiral negative-index

elaborate on the differences with respect to the previoitamaterials [S0] have recently been realized at mi-

section. crowave [51] and far-infrared [52] frequencies.

For a plane wave propagating through a medium,

o . . V. SUMMARY AND OUTLOOK
the incident electric and magnetic vector components

are perpendicular to each other. If, as the wave passed N advance of man-made metamaterials has signifi-

through the chiral medium following (34), the magneti&amly increased our possibilities regarding maniputatin

component induces an electric dipoparallel to the light via optical materials. Light is an electromagnetic

magnetic field vector, the resulting net local electric fiel@ve With an electric and a magnetic vector component.

vector will clearly be rotated a bit. Likewise, magnetiither of them can excite both electric and magnetic

dipoles are excited by the electric vector componerﬂ!pdes inside the material. These dipoles can be parallel

Hence, the magnetic field vector rotates as well-2r orthogonal to the exciting field component—Ileading

regardless of the incident polarization of light. Thus, thE?  rich variety of cases. If, for example, the magnetic

eigenstates no longer correspond to linear polarization Gfectric) dipoles excited by the electric (magnetic) field

light (as in the preceeding section) but rather to circulyjector are perpendicular to each other, the reflectance of

polarization of light. In this basis, the refractive index SIab Of such material becomes asymmetric. A negative

can be expressed [49] via phase velocity of linearly polarized light (“negative-

index metamaterials”) can still be achieved in this case,
ne = Ve (35) however bianisotropy is not usually helpful. In partic-
As usual, the sign of the complex root has to be chosefar, the phase velocity of light can be positive even
appropriately. The other signs in (35) refer to rightif both electric permittivity and magnetic permeability
handed {) and left-handed—{) circular polarization of are negative. In contrast, if, for example, the magnetic
light, respectively. The difference of the two refractivéelectric) dipoles excited by the electric (magnetic) field
indices becomes , —n_ = —2¢. The behavior of (35) vector are parallel to each other, the medium becomes
is very different from that for the other special casehiral. Chirality tends to enable negative phase velaitie
of bianisotropy in (15). For example, in principle, (35)n particular, for strong chirality, the phase velocity of
allows for a negative index of refraction (precisely, a@ircularly polarized light can be negative even if both

negative phase velocity of light) for one handedness permittivity and permeability are positive. At optical
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frequencies, special bianisotropic negative-index struwithin subprojects A1.4 and A1.5. The research of S. L.
tures have been realized experimentally, while chiréd further supported through a Helmholtz-Hochschul-
negative-index structures have not. However, interestilddpchwuchsgruppe (VH-NG-232), the PhD education of
and encouraging results have recently been publishedGt. K. and M. S. R. by the Karlsruhe School of Optics
GHz (microwave) and THz (far-infrared) frequenciesand Photonics (KSOP). C.E. K. is also supported by the
Results on chiral photonic metamaterials exhibiting dEniversieé de Bourgogne (Dijon, France).

positive phase velocity of light have been published
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