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We review both the theoretical electromagnetic response and the spectroscopic measurements of metamateri-
als. To critically examine published results for metamaterial structures operating in the range from terahertz
to optical frequencies, we focus on protocols allowing one to extract the optical constants from experimental
observables. We discuss the complexity of this task when applied to metamaterials exhibiting electric, mag-
netic, and magneto-optical response. The general theory of the electromagnetic response of such systems is
presented and methods are described. Finally, we briefly overview possible solutions for implementing
metamaterials with tunable resonant behavior. © 2006 Optical Society of America
OCIS codes: 160.3820, 300.6270, 120.2130, 160.4760.
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. INTRODUCTION
here has been unprecedented activity and excitement re-
ently over the discovery of negative index materials
NIMs).1 Although discovered only five years ago, re-
earch in the field has rapidly blossomed engaging a com-
unity of researchers with backgrounds in electromag-
etics (EMs), optics, engineering, chemistry, physics, and
aterials science. Excitement in NIM stems from the

bility of these materials to not only span many decades
f the EM spectrum, but also to attain material response
hat is difficult or impossible to achieve with natural ma-
erials. The additional inherent constructed nature of
hese artificial materials ensures applicability for future
evices.2

The electrodynamics of NIMs was first analyzed in
967 by Veselago,3 and the reversal of phenomena such as
efraction, the Doppler effect, Cerenkov radiation, and ra-
iation pressure were predicted. Discussion of negative
ndex (NI) was also presented in the lecture notes of Man-
elshtam in the early 1940s.4 The first experimental dem-
nstration of NI1 was motivated by the theoretical work of
endry et al. who showed that artificially constructed ma-
erials could be fabricated to exhibit an effective permit-
ivity and permeability.5,6

Metamaterials constructed for NI behavior are typi-
ally formed from individual components designed to re-
pond independently to the electric and magnetic fields of
n incident EM wave. The requirements for a material to
btain NI (given by the real part of the complex refractive
ndex ñ=n1+ in2) are that the group V̄g and phase V̄p ve-
ocities be antiparallel7; hence the index is negative, n
1

0740-3224/06/030404-11/$15.00 © 2
0. One such way for a material to meet this require-
ent is through negative values of the real parts of both

he electric permittivity �1��� and the magnetic perme-
bility �1��� over a common range of frequencies. Materi-
ls that exhibit negative permittivity are not uncommon,
nd any metal below its plasma frequency �p meets this
equirement. Apart from metals, composite nonconduct-
ng materials termed artificial dielectrics have been
nown since the 1940s, and are capable of yielding ��0
ver a limited frequency range.

The key to demonstration of NI was the fabrication of
n artificial material that satisfied the ��0 criterion in
imultaneity with ��0. Although there are natural mate-
ials capable of negative magnetic response [for example,
ntiferromagnets close to resonance frequencies in the far
nfrared reveal ��0 (Ref. 8)], these systems are usually
nsulating implying a positive dielectric function in the
egion where the permeability is negative. The benefit of
composite material is that both response functions �� ,��

an be designed to be negative, and thus one is not con-
trained by the limitations of mother nature.

The first experiments on NIM were performed at micro-
ave frequencies due to the simplicity of fabrication as
ell as ease of complex transmission and reflection
xperiments.1,9 These experiments included demonstra-
ion of one-dimensional NI, two-dimensional NI, and veri-
cation of negative refraction. Since the demonstration of
I there has been a rapid extension of the magnetic com-
onent to both higher and lower frequencies. Research
roups have been pushing artificial magnetic materials to
Fs for use in magnetic resonance imaging,10 while
006 Optical Society of America
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thers have extended to terahertz (THz)11 and mid-
nfrared (MIR)12,13 frequencies. Even though the field of
I systems is still in its infancy, resonant behavior of

tructures designed to exhibit artificial magnetic re-
ponse have already been shown to scale over 6 orders of
agnitude in frequency, thus evincing their usefulness

or device applications. In this paper we overview the
undamental electrodynamics of these resonant struc-
ures and discuss a series of experiments aimed at the
emonstration of magnetic response at THz and higher
requencies.

. EXPERIMENTAL TECHNIQUES AND
BSERVABLES
t frequencies above the microwave regime experimental
bservables suitable for the analysis of the EM response
f a material include reflectance R���, transmission T���,
nd ellipsometric coefficients ���� and ����. The vast ma-
ority of natural materials do not show magnetic response
�=1� and therefore the only relevant material parameter
s complex �̃. The real and imaginary parts of �̃ can be in-
erred through one or several of the following procedures:

(i) a combination of R��� and T��� obtained for trans-
arent materials can be used to extract the dielectric
unction through analytic expressions,

(ii) Kramers–Kronig analysis of R��� for opaque sys-
ems or of T��� for a transparent system,14

(iii) ellipsometric coefficients ���� and ���� for either
ransparent or opaque material can be used to determine
he dielectric function through analytic expressions,

(iv) various interferometric approaches, in particular
ach–Zehnder interferometry,15 and
(v) THz time-domain spectroscopy (TDS).16

part from protocols (i)–(iii), which are based on intensity
easurements, the last two techniques are capable of

ielding the optical constants directly through the analy-
is of the phase information. While quite a powerful tech-
ique, phase information for both the reflected and the
ransmitted waves is often difficult to obtain at higher
requencies. Using interferometric methods it is often pos-
ible to obtain the phase of the transmitted wave; when
he sample is sufficiently well matched to free space, such
hat multiple reflection within the sample is minimized,
hen the transmitted phase is proportional to the refrac-
ive index of the sample. For matched samples, then, the
ndex can be deduced by observation of the phase varia-
ion with either frequency or sample thickness. This tech-
ique has been explored for NI media both at microwave

requencies17,18 and in the IR.19

It is worth noting that with the exception of (ii), all
hese protocols produce the optical constants throughout
he entire frequency range where experimental data ex-
st. The standard routines (i)–(v) have to be modified for a
IM since in this case at least four unknown functions,

omplex �̃ and complex �̃�1, are jointly responsible for
he behavior of experimental observables. Last we point
ut that if one is interested in characterizing a NI mate-
ial, a refraction experiment is suitable (perhaps pre-
erred) as this demonstrates NI directly. Indeed the issue
f NI was largely debated even after initial refraction ex-
eriments were carried out,9 until verified by other vari-
us groups.20

In Fig. 1 we show a reflectance spectrum for a Lorentz
scillator modeled using the Fresnel equations shown in
q. (2), with �=0 and some corresponding optical con-
tants. Reflectance (and transmission) is not a particu-
arly intuitive material parameter. For example, the oscil-
ator is centered at �0=300 cm−1 �33 cm−1=1 THz�;
owever, although R��� can be seen to start around �0, it
symmetrically extends to frequencies �350 cm−1 on the
igh-� end. As both R��� and T��� are absolute quanti-
ies, they are constrained to lie between 0 and 1. Thus the
pparent band width is given by a combination of the
atural linewidth ���, the oscillator strength �S�, and
ther contributions to the spectral weight at higher fre-
uencies ��	�. Thus the form of an oscillator in R��� and
��� can be quite complex, and the situation is further
omplicated when two oscillators occur in the same fre-
uency range.
The reflectance plotted in Fig. 1 is the result of a

requency-dependent dielectric contribution, as given by
q. (2), at normal incidence. The situation is significantly
ore complicated if frequency-dependent ���� also exists

n a material or metamaterial. In Eqs. (1) we present the
resnel equations that determine the reflectance from a
aterial described by the macroscopic form of Maxwells’

quations at an angle � from the surface normal, for both
ransverse electric (TE) and transverse magnetic (TM) po-
arizations. As can be seen, both ���� and ���� contribute
o R���

R���TE = � cos � − �−1��� − sin2 �

cos � + �−1��� − sin2 �
�2

,

R���TM = � � cos � − ��� − sin2 �

� cos � + ��� − sin2 �
�2

. �1�

ig. 1. Some optical constants for a Lorentz oscillator. The os-
illator is modeled using Eq. (2) with the parameters given as
=50,000 cm−1, � =1.5, �=10 cm−1, � =300 cm−1.
	 0
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At normal incidence ��=0�, the reflectance (or trans-
ission) spectra do not allow one to discriminate between

��� or ���� contributions. That is, assuming magnetic
nd electric oscillators are of equal strength, the reflec-
ance spectra produced by these two oscillators are iden-
ical. This is why it is important when considering
etamaterials to perform measurements of both the am-

litude and the phase (vector measurements). One pos-
ible way to determine whether contributions are mag-
etic or electric is to perform ellipsometry. In Fig. 2 we
how simulated oblique angle reflectance for a magnetic
scillator (left panel) and for a electric resonator (right
anel) both at �=30°. An electric resonance is weaker for
ight polarization in the TE mode compared with that of
he TM mode and the opposite is true for a magnetic reso-
ance. In general, for an oblique incidence reflectance
easurement, the TE/TM ratio for resonances in ���� is

ess than 1 and greater than 1 for modes associated with
���. Ellipsometry inherently measures spectra in ratios,
nd thus it is significantly more sensitive than other
requency-domain spectroscopies.

. ELECTRODYNAMICS OF
ETAMATERIALS
composite EM metamaterial is typically constructed

rom a periodic array of one or more conducting elements
hat determine the overall EM response of the entire
tructure. Straight wire or rod segments (left panel of Fig.
) are used to achieve a negative ���� response, while el-
ments termed split-ring resonators (SRRs), right panel
f Fig. 3, are often used to obtain a negative ���� re-
ponse. Metamaterials are microstructured or nanostruc-
ured materials designed to give an effective EM response
hat can be described by the macroscopic form of Max-
ells’ equations. They are designed and utilized to work

n the effective-medium regime.21 It is thus required that
he individual elements that form these composites be
uch smaller than the wavelength. That is, if �a� is the

haracteristic length of a element from which a metama-
erial is formed, and 
 is the wavelength at which one
ould like to utilize the metamaterial, then it is neces-

ary that �a�
�. This condition is relatively easy to sat-
sfy at microwave frequencies, and values of 
 /a�100
ave been demonstrated. However, at higher frequencies
he a�
 requirement is more difficult to achieve since

ig. 2. Oblique angle reflectance plotted for �=30° as deter-
ined by Eqs. (1) for both TE and TM polarizations. In the left

anel the reflectance is a result of a magnetic contribution with
=1 in this case. The right panel displays R��� for an electric os-
illator ���� and �=1.
requency and wavelength scale inversely. Typical values
t THz frequencies of 
 /a�10 are achievable with con-
entional lithographic methods.

An array of wires or metal meshes is the simplest pos-
ible metamaterial that allows one to obtain the regime of
n artificial dielectric mentioned above.22,23 The work of
lrich in the late 1960s and others pursued wire grid
eshes and their complementary structures to form fil-

ers for the IR or THz frequencies.24,25 Other work fo-
used on artificial low-frequency plasmon materials,6,26

hich utilize thin straight conducting wire materials to
chieve a tuned �p and ���� response. Most efforts push-
ng EM metamaterials to higher frequencies have been fo-
used on the magnetic component; thus we will address
his issue below, and only a brief review of the electric
omponent will be covered.

. Electric Metamaterials
rtificial wire composites are used at frequencies below
p and can be thought of as a dilute plasma. Essentially

he wires, compared to a bulk metal, have a reduced num-
er density �n�, as the carriers (electrons) are restricted to
he physical dimensions of the wires. The plasma fre-
uency is given by �p

2=4��ne2 /m*�, and the frequency de-
endence of the electric response is given by the Drude–
orentz model as

�̃��� = �	 +
�p

2

�0
2 − �2 − i��

, �2�

here �	 is the real part of a dielectric constant at �
	 , �0 is the center frequency of the oscillator, and � is

he damping. For bulk metals the number density is typi-
ally �1022 cm3, and thus �p usually occurs in the ultra-
iolet. In the case of infinitely long straight wire seg-
ents, �0=0 and the response is given by the Drude
odel (a Lorentz oscillator at zero �).27 The plasma fre-

uency of artificial wires in terms of the geometry of the
edia was worked out in Refs. 5,23 to be �p

2

�2�c2� / �a2 ln a /r�, where a is the length of the unit cell,
is the radius of the wires, and c is the speed of light.
hus, for example, with dimensions such as a=120 �m
nd r=44 �m, a plasma frequency of �1 THz is predicted.
In the inset to Fig. 4 we show an artificial straight wire
edium fabricated for plasma frequency response in the
Hz regime.28 The radius of the wires is 15 �m and the

ig. 3. Schematics of two artificial structures commonly used as
M metamaterials. Left panel shows a wire medium supporting
�0 for the polarization of the incident EM wave as shown and
or frequencies ���p. Right panel shows the unit cell for an ar-
ificial magnetic metamaterial. The E field lies along x̂ , B along

ˆ , and k along −ŷ. By formation of a bipartite lattice utilizing
oth the electric and the magnetic metamaterial, a NI material
ay be constructed.
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attice spacing is 120 �m, predicting �p=0.7 THz. A
olarization-dependent transmission measurement is
hown in the main panel of Fig. 4. For light polarized with
he electric field parallel to the wires, at frequencies
bove �p the carriers in the wires are no longer able to
creen the electric field of an incident EM wave and the
edium becomes transparent. However, when the polar-

zation state of the light is rotated by 90° the medium is
ransparent, apart from some dips in the spectrum re-
ated to the imperfections in the wire medium. Thus the

easurements are in good agreement with theory. The

ig. 4. Transmission spectra for an electric metamaterial. The
lue curves are for polarization perpendicular to the wires, and
he red is for polarization along the wires. The transmission
pectra near the predicted plasma frequency approach zero, in-
icating screening of the artificial medium. Inset shows a picture
f the artificial wire medium.

ig. 5. Drude–Lorentz model for an oscillator model using Eq.
2). In (a) and (b) the real part (solid curve) and the imaginary
ortion (dashed curve) are given. (a) A Drude oscillator ��0=0�;
b) the same oscillator but now centered at �0=50 cm−1. (c) and
d) A comparison between two magnetic oscillators given from
ef. 6 (grey curves) and a Lorentz oscillator (black curves) is
hown. The real portions are plotted in (c) and the imaginary
arts in (d).
lectric metamaterial is reasonably in the regime of the
ffective-medium limit, as 
 /a�3.6.

In Figs. 5(a) and 5(b) we show the theoretical response
f both straight wire and cut wire segments. In a continu-
us wire medium, the electrons can freely propagate
long the length of the wire and can be described by the
rude model. In the case of cut wires the oscillator in the

ree case is shifted to nonzero frequencies. The cut wire
odel is also well described as, compared with continuous
ires, now having a depolarization field, which adds ca-
acitance to the model and thus creates a resonance. The
bility to utilize both continuous wires and cut wire seg-
ents provides great versatility for tuning an artificial

lectric metamaterial.

. Magnetic Metamaterials
n element, the SRR, has been the main component uti-

ized to implement ��0 response. A single SRR is de-
icted in the right panel of Fig. 3. A SRR is a subwave-
ength resonator, meaning that its physical dimensions
re much smaller than the wavelength at the resonant
requency �0. An incident time-varying magnetic field ap-
lied as shown in the right panel of Fig. 3 creates currents
irculating around the ring. The split gap in the ring al-
ows a capacitance to be built up and thus the resonance
an be thought of as an inductive–capacitive (LC) reso-
ance with �0�1/LC. The inner counter-wound ring
dds further capacitance and thus helps to meet the effec-
ive media requirement. An array of SRRs can be formed
nd thus a magnetic metamaterial can be described by an
ffective � response.

The particular frequency-dependent form of the mag-
etic response for SRRs was worked out in Ref. 6 to be

�̃��� = 1 + F
�2

�0
2 − �2 − i��

, �3�

here F is the geometric filling fraction of the unit cell,
elated to the dimensions of the SRRs. This form for a
esonance is not causal and thus in this paper we use

�̃��� = 1 +
�mp

2

�0
2 − �2 − i��

, �4�

here �mp
2 is the magnetic plasma frequency. The

requency-dependent magnetic responses given by Eq. (4)
nd that given by Ref. 6 are quite similar [see Figs. 5(c)
nd 5(d) for a direct comparison].
Although the SRR is a relatively simple geometric ob-

ect, it is a rather complex EM structure. This complexity
tems from the fact that these materials are necessarily
escribed by the most general form of the constitutive re-
ations. There may be as many as 36 complex quantities
o determine, and thus the standard S parameter (vector
eflection and transmission measurements) yields incom-
lete EM information. At THz and higher frequencies
here vector measurements are not common, retrieval of

he optical constants is even more difficult, although
ethods such as ellipsometry or THz TDS may prove use-

ul. Typically, artificial magnetic metamaterials are con-
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tructed from conducting elements, and thus a full EM
haracterization is a necessity, since an electric response
s unavoidable.

SRRs have been shown to be bianisotropic,29 and thus a
rief review of the constitutive relations for such materi-
ls is in order. For a complete review, the interested
eader is referred to the work of Kong.30 The constitutive
elations for bianisotropic materials may be written as30

�D̄

B̄
	 = 
 �̄̄ �̄

¯

�̄
¯ �̄̄�� Ē

H̄
	 . �5�

n Eq. (5) the permittivities within the 2�2 matrix are
ensors of rank 2. For completeness we summarize in
able 1 the various definitions for materials with differ-
nt symmetry properties of the constitutive relations. The
erms � and � are called the magneto-optical permittivi-
ies, and they describe coupling of the magnetic-to-electric
esponse and electric-to-magnetic response, respectively.
hen for the SRRs with the coordinate system as specified

n the right panel of Fig. 3, and the expected bianisotropic
ature, the material parameters are

� = 

�xx 0 0

0 �yy 0

0 0 1
� ; � = 


1 0 0

0 1 0

0 0 �zz
� , �6�

nd the magneto-optical permittivities are

� = 

0 0 0

0 0 �yz

0 0 0
� ; � = 


0 0 0

0 0 0

0 �zy 0
� . �7�

The frequency dependence of Eqs. (6) and (7) was
orked out to be29

�xx = a,

�yy��� = a + b
�2

�0
2 − �2

,

�zz��� = 1 + c
�2

�0
2 − �2

,

�yz��� = �0d
�

�0
2 − �2

, �8�

here the coefficients a, b, c, and d are related to the ge-
metry of the SRR and materials that are placed in the
nit cell. It was further assumed that the medium was re-
iprocal and thus �yz=−�zy.

31 As mentioned, since both an
lectric resonance and a magnetic resonance can be de-
cribed with a Lorentzian oscillator, and moreover enter
imilarly in the Fresnel Eqs. (1) it is difficult to distin-
uish between the two in either a reflection or transmis-
ion experiment at normal incidence.

Equations (6) and (7) are for SRRs in one dimension;
owever, the form of the magneto-optical permittivities is
ignificantly more complicated in three dimensions (3D).
lthough the magnetic response generalizes to 3D and is

sotropic, the bianisotropic SRRs add two terms to the
agneto-optical permittivities, e.g., �zy=−�yz and �yx=�xy,

nd another frequency-dependent electrical response,
.g., �zz���, depending upon how the gap in the SRR is ori-
nted. Thus the SRR is not an ideal magnetic material to
xtend to higher dimensions.

. SPECTROSCOPY OF METAMATERIALS
he current effort to extend metamaterials to higher fre-
uencies requires innovative approaches to characteriza-
ion. Characterization methods that require the direct
easurement of the transmitted and reflected phases are

ess convenient at submillimeter wavelengths. To circum-
ent this limitation, many researchers have made use
olely of transmittance or reflectance measurements
oupled with numerical simulations to characterize the
esponse of high-frequency metamaterials.

The characterization of high-frequency metamaterials
s further complicated by the constraints of fabrication. To
ate, fabrication techniques have largely been based on
lanar lithography, in which a single layer of a metama-
erial structure is deposited on a substrate. For limited
uantity proof-of-concept experiments, the processing is
xpensive and time-consuming, such that one plane of the
ample is often all that is feasible to produce. The assign-
ent of bulk material parameters to a single plane of a

ample adds a substantial burden to the characterization
ffort.

In the absence of phase information, ellipsometry is a
romising approach to material characterization at high
requencies. Yen et al. have performed a partial ellipso-
etric study of a planar SRR sample designed to operate

t THz frequencies. This experiment illustrates both the
ossibilities as well as the difficulties associated with el-
ipsometric analysis of complex materials.11 Three differ-
nt samples of 3 �m thick copper SRRs were fabricated
n a 400 �m thick quartz substrate (inset to Fig. 6) and
ach were characterized with both TE- and TM-polarized
ight. Additionally, since SRRs are known to be bianisotro-
ic, the samples were rotated by 90 deg in the plane and
ere again characterized with both polarizations. The re-

ults of measurements of structures with different dimen-
ions and geometries directly demonstrate the scalability
f SRRs over a band of THz frequencies, as shown in
ig. 6.

Table 1. Material Definitions with Respect to the
Symmetries of the Constitutive Relationsa

Material Designation �̄̄ , �̄̄ �̄
¯

, �̄
¯

Isotropic I
�̄
¯

, �̄
¯

=0
Anisotropic �̄̄ and/or �̄̄ not I �̄

¯
, �̄
¯

=0
Biisotropic I I

Bianisotropic All other cases All other cases

aI denotes the identity matrix.
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The thin SRR planar geometry by definition is aniso-
ropic and of finite thickness, so that the Fresnel scatter-
ng formulas become considerably more complicated than
hose in Eqs. (1). Moreover, because the planar sample
oes not possess a plane of symmetry, the magnetoelectric
oupling term cannot be neglected. With at least six un-
nown significant material parameters (real and com-
lex) to be determined, transmittance or reflectance mea-
urements on the structure at several angles of incidence
ould be required to properly characterize the structure.
The ellipsometry ratio (the ratio of TM-to-TE polarized

ight), plotted in the top panel of Fig. 6, demonstrates that
he SRRs have an enhanced response at the predicted
Hz frequencies, consistent with simulations on the iden-
ical geometries. By correlating the observed resonant fre-
uency with that predicted from simulations, a strong
ase for the magnetic response of SRRs can be made.
iven the complicated manner in which all the resonant

erms enter into the ellipsometry formulas, a more quan-
itative statement about the permeability component can-
ot be made. However, the magneto-optical terms (� and
) manifest themselves in spectroscopy as polarization ro-
ation or mixing, resulting in elliptically polarized light.

ig. 6. Measurements of micrometer-sized SRRs designed for
agnetic response at THz frequencies after Ref. 11. Inset to bot-

om panel shows a picture of one SRR, and the corresponding di-
ensions: gap between the inner and outer ring �G�, the width of

he metal lines �W�, the length of the outer ring �L�, and the lat-
ice parameters were 2, 4, 26, and 36 �m for the sample exhibit-
ng the highest frequency resonance (red curve); 3, 4, 32, and
4 �m (black curve), and 3, 6, 36, and 50 �m for the sample with
he lowest resonant frequency (blue curve). Top panel displays
he ellipsometric parameter described in the text for the three
RR samples (red, black, and blue curves). The dashed black
urve and the solid gray curve are for the same measured param-
ter for copper and quartz, respectively. Middle and bottom pan-
ls display the real and imaginary portions of ����, respectively,
s simulated for the three different SRRs.
igns of this cross polarization were not observable
hrough cross-polarized measurements.

Although the bianostropic planar samples studied in
ef. 11 lead to a complication in characterization, the
ituation can be greatly improved by fabricating samples
hat possess symmetry planes in all directions. By analyz-
ng the reflectance of symmetric structures for waves in-
ident at nonnormal incidence, and with careful consider-
tion of the incident polarization of the wave relative to
he structure, a quantitative retrieval of the permeability
hould be quite feasible.

By applying ever-improving microfabrication and nano-
abrication methods, researchers have made steady
rogress in advancing the frequency response of metama-
erials upwards in frequency over the past several years.

study in 2004 (Ref. 32) reported a far-infrared reso-
ance with aluminum SRRs 0.5 �m thick on a 0.7 �m
hick silicon substrate at �28 THz. The characterization
f the SRRs was based on a transmission experiment with
everal laser lines 
1=10.86 �m, 
2=9.43 �m, and 
3
808 nm. The characteristic length of the SRRs was a
10.48 �m and the lattice parameter was �15 �m. The
easurements from Ref. 32 indicate that there is a differ-

nce in absorption between the SRR orientation for which
magnetic resonance is expected compared with the SRR

rientation for which no resonance is expected. Although
he SRR samples used in Ref. 32 are strictly outside of the
ffective-medium regime (since wavelengths 
1, 
2, and 
3
ield a ratio of 
1 /a�1), the scattering results are consis-
ent with an enhanced resonant response in the SRR over
he 20–30 THz frequency range. By reducing the size of
he unit cell relative to the wavelength and symmetrizing
he SRR structures, transmittance measurements com-
ined with various sample rotations could result in a
ovel characterization method.
Shortly after the measurements of Chuan et al.32 were

resented, Linden et al. made use of the inherent magne-
oelectric coupling in SRRs to characterize a SRR
etamaterial at 100 THz.12 In this work, transmittance

nd reflectance measurements were carried out at near-
ormal incidence for three different planar SRR samples,
ll having the same dimensions �a�320 nm�, but with
arying lattice parameters. In these experiments the
agnetic field was oriented so as to lie in the plane of the
RR arrays and the electric field was oriented along ei-
her the asymmetric direction ŷ axis [left panel of Fig.
(c)] or the symmetric x̂ axis [right panel of Fig. 7(c)]. Be-
ause the incident magnetic field is perpendicular to the
xes of the SRRs, the magnetic resonance of the SRR is
ot driven directly, and the magnetic response of the SRR
ust be assessed indirectly by magnetoelectric coupling

s follows. When the polarization of the electric field is di-
ected along the asymmetric ŷ axis, a peak in R��� is re-
orded. However, when the polarization is directed along
he symmetric direction, this peak disappears. The peak
n R��� and the corresponding dip in T��� clearly reveal
he expected SRR resonance that occurs at a wavelength
ear 3 �m. As a control, the authors also measure closed
ings of otherwise identical dimensions and demonstrate
he absence of a resonant response over the same wave-
engths. The resonance of the SRR samples is consistent
ith simulations performed by the authors, which reveal



t
m

r
n
o
r
a
t
N
r
t
l
t
c
p
s
t

M
S
r
d
a
s
e
b
m
t
p
p
m

m
f
l
i
a
s
fi
u
s
t

w
N
m
t
d
t
S
s
n
p
b
b
s

F
q
a
f
s
t
n

F
f
fl
n
(
a
m
E
a
m

410 J. Opt. Soc. Am. B/Vol. 23, No. 3 /March 2006 Padilla et al.
hat rotating currents—a prerequisite for artificial
agnetism—are excited within the SRRs.
The transmittance experiments of Ref. 12 provide di-

ect evidence of enhanced SRR response at wavelengths
earing the visible. Yet, because of the complicated nature
f the bianosotropic SRR sample, which possesses both
esonant permittivity as well as resonant permeability
nd magnetoelectric coupling [see Eqs. (7)], it is difficult
o extricate quantitatively the desired magnetic response.
evertheless, the correlation of the SRR resonance with

otating currents implies that artificial magnetic struc-
ures can be designed and fabricated to operate at wave-
engths much smaller than were first deemed possible. Al-
hough the expected magnetic response was shown to be
onsiderably weaker than the electric response in these
articular samples, altering the symmetry of the SRR de-
ign could result in a material whose electric and magne-
oelectric responses are suppressed.

Utilizing a novel fabrication process based on LIGA,
oser et al. formed a metamaterial composed of planar

RRs and discontinuous wires.33 The authors observed a
esonant electromagnetic response at �2.5 THz. Several
ifferent metamaterials were fabricated using both Ni
nd Au to form SRR or wire elements. The typical dimen-
ions of the SRRs were �80 �m. All the structures were
mbedded within a photoresist, transparent over the THz
and, and characterized with Fourier-transform IR trans-
ission measurements. Simulations were performed on

he composite structures and compared with analytical
redictions using the formulas of Pendry et al.5 The ex-
erimental transmission measurements of the composite
etamaterials revealed a peak in T���, in good agree-

ig. 7. SRR arrays designed to operate in MIR and near-IR fre-
uencies (after Ref. 12). (a) A photograph of a typical SRR cell
nd (b) of an array used for spectroscopic studies in MIR near-IR
requencies. (c) The transmission (red) and reflectance (blue)
pectra. The two polarization configurations are shown on top of
he two columns. Lattice constant a=450 nm corresponds to
ominally identical SRRs.
ent with that predicted by simulation and the analytic
ormulas. The structures were simulated with polarized
ight, but the experiment was carried out with unpolar-
zed light. Characterization of the composite metamateri-
ls was completed with the light propagating along the
urface normal of the structures, and thus the magnetic
eld was in plane. As the experiment was performed with
npolarized light, and due to the orientation of the
ample with respect to the incoming beam, contributions
o T��� were due to both the �yy and �zy terms of Eq. (5).

The examples above illustrate both the successes as
ell as the difficulties in scaling artificial magnetic and
IMs to high frequencies. As we have seen, one of the
ore complicating factors is the inherent bianisotropy of

he asymmetric SRR unit cell, which places a greater bur-
en on retrieval techniques. A way to avoid the complica-
ion of bianisotropy is to symmetrize either the individual
RRs or arrange asymmetric SRRs such that they are
ymmetric on average.34 SRRs designed to minimize mag-
etoelectric coupling at IR frequencies have been re-
orted, but have yet to be measured.35 Structures that
ear some similarity to those suggested in Ref. 35 have
een fabricated and measured at MIR frequencies.13 The
taplelike element that forms the basis of these IR mate-

ig. 8. Magnetic metamaterial constructed from Au designed
or resonance at MIR frequencies.13 (a) Depicts how charges will
ow in the device upon the application of a time-varying mag-
etic field directed along the ẑ axis. (b) Shows the currents from

a) as well as the resulting image charges. The charges and im-
ge charges thus form a net circulating current resulting in a
agnetic response. Upon excitation by an external electric field
directed along the ŷ axis, charges will flow as shown (c), as well

s image charges shown in (d), and thus a net circulation and
agnetic field B will be created.
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ials is depicted in Fig. 8. The staple utilizes a ground
lane to complete the other half of the structure, thus
chieving an effective magnetic response. These struc-
ures have a characteristic length of �200 nm and a pre-
icted resonant frequency of �60 THz. The Au staples lie
pon a dielectric material of 80 nm thickness above a
round plane. The structure is excited by an incident EM
ave with the magnetic component lying along the ẑ axis
s shown in Fig. 8(a). The time-changing magnetic field
auses circulation of charges in the structure. The ground
lane allows charges (currents) to run in the image plane
n the opposite direction, thus resulting in a net circula-
ion of charges and yielding a magnetic response.

In Figs. 9(a) and 9(b) we show pictures of some of the
agnetic structures of Ref. 13. Figure 9(c) shows reflec-

ion spectra for one sample (solid curve) and simulated re-
ectance (dotted curve). The response of one-dimensional
tructures was simulated using rigorous coupled-wave
nalysis (RCWA), and bulk properties of Au were used.
he extracted frequency-dependent ���� is shown in Fig.
(d). Good agreement between the expected resonance
nd the experiment is apparent.
Interestingly, although upon first inspection the staple

tructure would appear to be a symmetric structure and
ence free of bianisotropy, because of the asymmetric
rive introduced by the ground plane, the staple structure
ctually exhibits the same magneto-optical response as
he asymmetric SRRs. In Fig. 8(c) it is shown how charges
ill flow under the application of an electric field. Image

harges will flow in the opposite direction, and a net cir-
ulation of charges will result and a magnetic response
ill be exhibited. Thus just as the SRRs are bianisotropic,

o is the staple structure. This turns out to be of little
ractical consequence in this particular experiment, how-
ver, since the driving electric field is substantially re-

ig. 9. Magnetic metamaterial designed for response at MIR f
tructed from Au. In (c) reflection measurements are shown for
��� are shown.
uced by the presence of the ground plane. Thus, al-
hough the staple structure exhibits bianisotropy, the
eduction of the driving electric field enables the magnetic
roperties of the SRR to be probed more or less directly.
imulations on the staple structure suggest that a fre-
uency region in the IR should exist over which the effec-
ive permeability is negative.

The above-discussed measurements of metamaterials
ave involved variations of the experimental techniques
i) and (iii) discussed in Section 2. As mentioned, other
echniques such as interferometric methods (iv) or THz
DS (v), while less available and convenient, may provide
more complete material characterization. These meth-

ds benefit by the addition of phase information. Recently,
easurements of materials designed to exhibit NI at 

2.0 �m were presented using interferometry in a

ear-IR range.36 These metamaterials are different from
ypical metamaterials used at microwave and THz fre-
uencies, consisting of a square array of through holes in
wo conducting layers separated by a dielectric all on a
lass substrate [see Fig. 10(a)]. The lattice parameter is
=838 nm and the diameter of the holes is d=360 nm.
he conducting Au layers are 30 nm thick and the dielec-

ric is made of Al2O3 and is 60 nm thick. Interferometric
nformation was obtained by forming two additional
amples, one by forming wires of the metamaterial on the
lass substrate and the other by adding Au wires with a
articular spacing on top of the metamaterial. Then both
��� and R��� were characterized for all samples. A peak

n T��� for the metamaterial sample occurring near 2 �m
s changed to be a dip for the metamaterial wire sample.
his is taken to indicate a large difference in phase be-

ween the two samples. Both T��� and R��� were simu-
ated for the samples using RCWA, and good agreement
ith the experiment was obtained. Finally, extraction of

cies. Two different structures are shown in (a) and (b), all con-
c, not shown. In (d) the calculated real and imaginary parts of
requen
sample



t
p

n
f
t
t
f
a
T
e
b
s
d
m
d
v

5
M
S
b
a
s
i
r
t
t
i
I
s

f

w
m
t
p
r
c
e
r
s
r
r
m
a
r
A
s
c
t
s
fi
d
p
a
e
t
t
t
e
a
d
t
n

c
c
E
h
w
f
t
n
s
r
p
t
a
o
m
d

6
W
f
n
f
fi
m

F
f
R
fi
3
r
1

412 J. Opt. Soc. Am. B/Vol. 23, No. 3 /March 2006 Padilla et al.
he index �n� and impedance �z� was obtained from the ex-
erimental data and it was found to exhibit NI.
Another phase-dependent study focused on pairs of Au

anorods separated by a dielectric material, engineered
or NI response near 1.2 �m.19 The length and width of
he nanorods was 750 and 170 nm, respectively, and had a
hickness of 50 nm [see Fig. 10(b)]. A metamaterial was
ormed by fabricating two nanorods separated by 50 nm of
SiO2 on 180 nm of indium tin oxide on a glass substrate.
��� and R��� were measured with a grating spectrom-
ter using polarized light, while the phase was obtained
y using polarization and walk-off interferometers. The
amples were simulated using finite-difference time-
omain methods, and good agreement with the experi-
ent was obtained. Inversion of complex T��� and R���

ata indicated that a NI was obtained with a maximum
alue of n=−0.3 at 
�1.5 �m.

. TUNABLE NEGATIVE INDEX AND
ETAMATERIALS

o far the practical implementation of NI phenomena has
een successfully accomplished only in microstructured
nd nanostructured systems described above. The re-
ponse of a given metamaterial structure is therefore rig-
dly determined by the geometric dimensions of the split
ings and other elements. From the viewpoint of applica-
ions as well as for the purpose of the in-depth analysis of
he electrodynamics of metamaterials, it is desirable to
mplement structures with tunable resonant properties.
n this section we will briefly outline some of the possible
olutions for the realization of tunable NIM systems.

We start by exploring the expression for the resonant
requency of a SRR array6:

ig. 10. Metamaterials used for response at near-IR and optical
requencies. (a) A schematic of the mulitlayer structure used in
ef. 36 consisting of an Al2O3 dielectric layer between two Au
lms with a square array of holes (pitch of 838 nm, diameter of
60 nm). (b) Shows the pairs of Au nanorods used in Ref. 19 sepa-
ated by a SiO2 layer on top of a glass substrate separated by a
80 nm layer of indium tin oxide (ITO).
�0 =� 3

�2�0Cr3 , �9�

here r is the ring radius, �0 is the static magnetic per-
eability, and C is the capacitance per unit area between

he two rings. While this analytic expression is only ap-
roximate, detailed simulations have confirmed that the
esonant frequency of the SRR is indeed sensitive to this
apacitance, which in turn depends on the value of the di-
lectric constant of the substrate �s.

37 Therefore the net
esult of a substrate dielectric that deviates form its free-
pace value is to renormalize the frequency position of the
esonance by the factor 1/��s. Therefore the easiest
oute to achieve tunable resonant behavior is through a
odification of the dielectric constant of a substrate. SRR

rrays and other types of metamaterials can be incorpo-
ated in metal-insulator-semiconductor (MIS) structures.
pplying a dc electric field between the ring arrays and a
emiconducting substrate allows tuning the dielectric
onstant of the insulating layer in a MIS device provided
hat the insulator is fabricated from a high dielectric con-
tant or ferroelectric material.38 To maintain the electric
eld across the insulator in the area within the splits, it is
esirable to fill these structures with semiconducting
olymers. Charge injection into a polymer allows one to
chieve an electric field in MIS structures over large ar-
as without appreciably changing the dc conductivity of
he polymer.38 Therefore in MIS-based devices the dielec-
ric constant and therefore the resonant frequency can be
uned by varying the applied dc voltage. One can easily
nvision that each of the rings in a SRR array may be bi-
sed with a different voltage. This selective tuning of the
ielectric constant may allow one to achieve the con-
rolled distribution of the resonant frequencies over a pla-
ar array.
Alternatively, the dielectric constant of the substrate

an be modified by photodoping, thus enabling a dynami-
al modification of metamaterial properties in accord with
q. (9). Mode-locked lasers readily allow one to achieve
igh densities of photogenerated carriers in common
ide-gap insulators, over subpicosecond time scales.39 In

act, in Ref. 39 the authors succeeded in generating me-
allic Drude absorption that should be sufficient to dy-
amically shunt the gap in the SRRs. Therefore short la-
er pulses can be exploited for switching off the magnetic
esponse of a SRR ring. THz TDS is ideally suited to
robe the optical constants of metamaterials under pho-
oexcitation. The structures of Ref. 13 pictured in Figs. 8
nd 9 allow for the easy incorporation of dielectrics and
ther natural materials within the gaps of magnetic
etamaterials. The added benefit of the ground permits

c bias of materials between the gaps.

. SUMMARY AND OUTLOOK
e have detailed the expected spectroscopic response

rom metamaterials consisting of both electric and mag-
etic artificial materials. The frequency-dependent form
or each of these structures has been analyzed and the dif-
culty of retrieval of the optical constants from experi-
ental observables has been stressed. It is suggested that
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uture characterization of metamaterials at THz and
igher frequencies take advantage of vector measure-
ents (phase and amplitude), such as ellipsometry, THz
DS, or Mach–Zehnder interferometry. The artificial
agnetic metamaterial in particular is a difficult struc-

ure to thoroughly characterize. This is due to the fact
hat, although it is designed to give a magnetic resonant
esponse at a frequency �0, it exhibits an undesirable
lectric resonance at the same frequency, thus complicat-
ng its use and characterization. A simpler alternative
oute is use of more symmetric structures that do not ex-
ibit a bianisotropic response.
The extension of metamaterials to the dynamical re-

ime has been reviewed. Several possible methods have
een suggested, all of which are particularly suited for
Hz frequencies, a region of the EM spectrum lacking sig-
ificant natural material response.
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