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Abstract— Photonic Metamaterials are man-made materials smaller than the wavelength of light. Similarly, the light
with “lattice constants” smaller than the wavelength of light. field “sees” an effective homogeneous material for any given
Tailoring the properties of their functional building blocks 1, qsagation direction (quite unlike in a Photonic Cryst@he
(“atoms”) allows to go _bey(_)nd the possibilities of L_Jsual materla!s. building blocks (“atoms”), however, are not real atoms et a
For example, magnetic dipole moments at optical frequencies g ! ! . .
(1 # 1) become possible. This aspect substantially enriches thefather made of many actual atoms, often metallic ones. It is
possibilities of optics and photonics and forms the basis for this design aspect that allows us to tailor the electromiégne
so-called negative-index metamaterials. Here, we describe thematerial properties, in particular the corresponding elisipn
underlying physics and review the recent progress in this rapidly relation, to a previously unprecedented degree. For exampl
emerging field. it becomes possible to achieve magnetic dipole moments

Index Terms— Metamaterial, split-ring resonator, negative per-  at optical frequencies, i.e., magnetism at optical fregie=n
meability. (1 # 1). It turns out that, fore < 0 and i < 0, the refractive

index becomes negative with = —, /e < 0 (rather than
I. INTRODUCTION n = +,/ep > 0). This aspect was pointed out by Veselago

N a usual crystal, the atoms are arranged in a periodic faghany years ago [1], but remained an obscurity until rather
ion with lattice constants on the order of half a nanometégcently.
This is orders of magnitude smaller than the wavelength ofIn this review, we first describe the physics of “magnetic
light. For example, green light has a wavelength of about 5@0ms” (e.g. so called split-ring resonators), which can be
nanometers. Thus, for a given direction of propagation, tfest viewed as the magnetic counterpart of the famous Lorent
light field experiences an effective homogeneous mediuat, tipscillator model for electric dipoles in optical materiay
is, it does not “see” the underlying periodicity but only th&imple size scaling, these concepts have recently beeglrou
basic symmetries of the crystal. In such materials, the ghdgwards the optical regime. We also discuss the limits of siz
velocity of light ¢ may depend on the propagation directiogcaling. Alternative “magnetic atom” designs can push the
and is generally different from the vacuum speed of light limits somewhat further and can also ease nanofabrication o
by a factor called the refractive index= c, /c (the slowness). these metamaterials.
The physical origin are microscopic electric dipoles tha a
excited by the electric field component of the incoming light II. PHYSICS OF SPLITRING RESONATORS
and that radiate with a certain retardation. Hence, thetredec AS “MAGNETIC ATOMS”
permittivity is different from unity, i.e.,e # 1. In contrast
to this, magnetic dipoles play no role at optical frequesicie It is well-known from basic magnetostatics that a magnetic
in natural substances, i.e., the magnetic permeabilityitu dipole moment can be realized by the circulating ring curren
p=1. of a microscopic coil, which leads to an individual magnetic
Electromagnetic metamaterials are artificial structurégs w Moment given by the product of current and area of the coil.
inter-“atomic” distances (or “lattice constants”) thaeastill This dipole moment vector is directed perpendicular to the
plane of the coil. If such a coil is combined with a plate ca-
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the order ofl = 150nm, implying minimum feature sizes
around 50 nm or yet smaller. Under these conditions, typical
values for the capacitance and the inductanceCare 1 aF
and L. ~ 1 pH, respectively. Third, the dielectric environment
influences the resonance vig, which is, e.g., modified by the
presence of a dielectric substrate. Fourth, if one closegdp,

Fig. 1. lllustration of the analogy between a usual circuit, A, and a 1-€-, in the limitd — 0 or €' — oo, the resonance wavelength

split-ring resonator (SRR), B. The electron micrograph irhGves an actually goes to infinity, or equivalently, the resonance frequengy:
fabricated structure, a gold SRR£ 20 nm) on a glass substrate. Taken frombecomes zero

6.

What are the limits of size scaling according to Eq.(3)? This
guestion has recently been addressed in Ref. [7]: For ath idea

This name shall be employed below. However, the SRR h&etal, i.e., for an infinite electron density, hence an infinite
also previously been discussed under the names “slottesl-tinetal plasma frequency, a finite currehtflowing through
resonator” in 1977 [4] in the context of nuclear magnetithe inductance is connected with zero electron velocitpche
resonance (NMR) and “loop-gap resonator” in 1996 [5].  With a vanishing electron kinetic energy. In contrast, foeal
The position of the anticipated.C-resonance frequency metal, i.e., for a finite electron density, the current issiremtly
can be estimated by the following crude approach: Sugonnected Wl_th a finite electron ve_locmé. Thus, one must
pose that we can describe the capacitance by the usi@l only provide the usual magnetic energj/” to support
textbook formula for a |arge Capacitor with nearby p|atet§|e currentl, but addltlonal!y the total electron kinetic gnergy
(C  plate area/distance) and the inductance by the formulalVe 52 v2, where N, = n. V' is the number of electrons in the
for a “long” coil with N windings for N = 1 (L « SRR contributing to the current. To conveniently incorpera
coil area/length). Using the nomenclature of Fig.1 B, i.e.this kinetic energy term into our electromagnetic formioiat
the width of the metalv, the gap size of the capacitdy the We recast it into the form of an additional magnetic energy.

metal thickness, and the width of the coil, we get Using ne eve = I/(wt) and the volume (=cross section times
length) of the SRR wird” = (wt) (4(l — w) — d), we obtain

C = gpe wt , 1
e d ( ) Ekin = No %UE = lLkinI2 . (6)
with the relative permittivity of the material in betweeneth 2 2
platesec, and Here we have introduced the “kinetic inductance”
12
L=ypy—. 2 me 4(l —w)—d 1
fo t ( ) Lkin = noc2 ( wt) X ﬁ . (7)
This leads to the eigenfrequency ] e ) ]
While the usual inductancé is proportional to the SRR
1 1 o d 1 size [see (2)], the kinetic inductance (7) scales inverséti
WLC = \/T_C -7 Jeo w > size’ ®)  size - provided that all SRR dimensions are scaled down si-

multaneously. Thus, the kinetic inductance is totallyle@vant
for macroscopic coils but becomes dominant for microscopic
m inductances, i.e., when approaching optical frequendigs.
ALo = =127 /ec 7> size. (4) kinetic inductance adds to the usual inductarice; L+ Ly,

wLo in (3), and we immediately obtain the modified scaling for the
Despite its simplicity and the crudeness of our derivatiopzagnetic resonance frequency

this formula contains a lot of correct physics, as confirmed

and to theLC-resonance wavelength

by numerical calculations (see below): First, it tells uatth Wro X ; (8)
the LC-resonance wavelength is proportional to the linear v/size? + const.

dimension of the coil, provided that the ratiav/d is fixed.  — gpyigusly, the magnetic resonance frequency is inversely
This scaling is valid as long as the metal actually behaves I'proportional to size for a large SRR, whereas it approaches

a metal, i.e., as long as thieC' resonance frequency is much, constant for a small SRR. To evaluate this constant and
smaller than the metal plasma frequengy. We will come ;. oider to be simple, we consider the limits < [, d <
back to this fundamental limitation below. Second, for vatd 4l and a capacitancé according to (1) in air. Inserting the

parameterse¢ > 1 andw = d), the prefactor is typically on

X metal plasma frequenay, = +/(nee?)/(eome), We obtain
the order of ten, i.e., the maximum magnetic resonance frequency
)‘LC ~10x1. (5) max 1 d
L . . wLC = ﬁ = wpl 4_l . (9)
Thus, it is possible to arrange these SRRs in the form of kin

an array in thery-plane such that the lattice constany, is This saturation frequency is further reduced by the didlkect

much smaller than the resonance wavelength,d,g.< Arc. environment and by the skin effect [7], which we have tacitly
For example: For a telecommunication wavelengttpf = neglected in our simple reasoning. Furthermore, we remind
1.5 pm, the linear dimension of the coil would need to be otihat our results are implicitly based on the Drude model of
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metal intraband transitions. For real metals in the opticand for a spacing in the vertical direction equal to the SRR
regime, interband transitions often play a significant role athickness ¢, = 2 x t), we obtainF = 0.30 and . = 0.70 for
well. Our results are only meaningful if’&* is smaller than closed rings. Note, however, that we have tacitly negletied
the onset frequency of interband transitions. For examplateraction among the rings in our considerations leadng t
interband transitions occur for wavelengths bel®@) nm this conclusion. The assumption of noninteracting ringsiss
(550 nm) in aluminum (gold). tified for 7 <« 1, but becomes questionable f&r— 1. What
One can even obtain an explicit and simple expressigualitative modifications are expected from the interactd
for the magnetic permeability.(w) from our simple circuit rings? The fringing field of any particular ring at the locati
reasoning. We start by considering an excitation configumat of its in-plane neighbors is opposite to its own magnetiotlip
where the electric-field component of the light cannot ceupmoment, hence parallel to the external magnetic field of the
to the SRR (see below) and where the magnetic field is norntight. Thus, in-plane interaction tends to effectively nease
to the SRR plane. Under these conditions, the self-indoctithe value of 7 in (14). In contrast, interaction with rings
voltage of the inductancé plus the voltage drop over thefrom adjacent parallel planes tends to suppr&ssn (14).
capacitanc&’ equals the voltag#,,q induced by theexternal It is presently unclear, whether a particular arrangemént o

magnetic field, i.e.[/r, + Ug = Ujnq OF rings could allow for an increase of sufficient to obtain
w(w) < 0 (also see Ref. [3]). Interaction similarly influences
LI+ 1 /Idt =Upa = —9. (10) the behavior of split rings.
¢ We note in passing that the description of an isotropic

Again assuming a homogeneous magnetic field in the cdileta)material in terms of(w) and p(w) may be valid, but
we obtain the external magnetic flux = [?uoH, with the it is not unique. Indeed, it has already been pointed out in
external magnetic fieldd = Hy e~ ! + c.c. Taking the time Ref. [8] that, alternatively, one can set= 1 and describe the
derivative of (10) and dividing by. yields (meta)material response in termsspétial dispersion, i.e., via

a wave-vector dependence of the electric permittieity, k).
) 1 1. 2 _ One must be aware, however, that the resulting “refractive
I+ —1=—"Upq=+w’ oo Hoe “!4cc. (11) index” #(w,k) looses its usual meaning. A more detailed
LC L L discussion of this aspect can be found in Ref. [9].

Upon inserting the obvious ansafz= Ipe™'“! + c.c., we Historically, the first demonstration of negative-indextaie
obtain the current, the individual magnetic dipole momentmaterials was in 2001 at arourid GHz frequency or3 cm
12 I, and the magnetizatioh/ = (N, /V)[?I. Here we have wavelength [10], a regime in which SRR “magnetic atoms” can
introduced the number oL C' circuits N per volumeV. easily be fabricated on electronic circuit boards. The tiega
Suppose that the lattice constant in the SRR plang,js> I, permittivity was achieved by additional metal stripes. 002
anda, > t in the direction normal to the SRRs. This leads tf11], u(w) < 0 has been demonstrated at abadfHz fre-
Nie/V =1/(a2, a.). Finally usingM = x.,(w) H, u(w) = quency §00 ym wavelength) using standard microfabrication

1+ xm(w), and (2) brings us to techniques for the SRR, Ref. [12] reviews this early work.
Fuw? Ill. TOWARDS MAGNETISM AT OPTICAL FREQUENCIES
pw) =1+ —5——>. 12) o _ QUENCIES
Wic —w At this point, our experimental team entered this field —

Apart from thex w? numerator, this represents a LorentzRartly driven by the scepticism that similar materials vebul

oscillator resonance. Here we have lumped the various phot P& possible at optical frequencies. In our first set of
factors into the dimensionless quantifywith experiments, we scaled down the lateral size of the SRR

by two more orders of magnitude, leading to the following
12t parameters!y = 320nm, w = 90nm, ¢ = 20nm, and
=1 (3) d = 70nm. On this basis, we anticipated a magnetic resonance
at aboutA;c = 3um wavelength. These “magnetic atoms”
F = 1 corresponds to nearest-neighbor SRRs touchipg e arranged on a square lattice with, = 450nm ~
each o_ther - obviou§ly the ultimate upper bound_ for thpx/\LC (and larger ones) and a total samble areé2ofum)2.
accessible SRR density. Thus, we can interpfeds a filling  For normal incidence conditions, however, the light has zer
fraction..Ohmic losses, radia}tion Iosses.and other brdagenmagnetic-field component perpendicular to the SRR plane.
mechanisms can be lumped into a dampjpgof the magnetic Thys, excitation via the magnetic field is not possible. Al-
resonance. o _ ternatively, the magnetic resonance can also be excited via
The bottom line is that the split-ring resonator is the the electric-field component of the light if it has a companen
magnetic analogue of the usual (electric) Lorentz oscillator  normal to the plates of the capacitor, i.e., if the incidegiit
model. The permeability of a closed ring, i.e., the special cagy|arization is horizontal. In contrast, for normal inaide
ofd - 0= C — oo = wrc — 0in (12), reduces to and vertical incident polarization, neither the electrar the
ji(w) = const. = 1 — F > 0. (14) magnetic field can F:ouple to.the SRR. This “seleption rulei ca
be used to unambiguously identify the magnetic resonance.
In other words: The split in the ring isssential for obtaining Corresponding measured transmittance and reflectance spec
u(w) < 0. For example, for 30% lateral spacing,f = 1.3x[) tra are shown in Fig. 2. Independent of the lattice constapt,

0<F=

2
5,0z
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two distinct resonances are clearly visible. With incregsi Polarization +—» PolarizationI
azy, these resonances narrow to some extent because of
the reduced interaction between the SRRs, but their spectra
position remains essentially unchanged as expected for the
electric and magnetic resonant responses of SRRs. This also

clearly shows that Bragg diffraction plays no major roleeTh 200 nm
long-wavelength resonance around 3 um wavelength is gresen 7
for horizontal incident polarization and absent for vetic b £t L2
polarization — as expected from the above reasoning. Furthe _5 L e
more, as expected from the previous section, this resonance G ,| »
disappears for closed rings (Fig.2 G and H), i.e.,dor 0, % ooh e ke A H200 nm
hencewrc — 0. The additional short-wavelength resonance 0_8'\7/\/ F
between 1 and 2 um wavelength is due to the particle plasmon T 06
or Mie resonance, mainly exhibiting an electric permitsiyi L o4
which follows a Lorentz oscillator form according to § o2 _ I\

00 i R T H 200 nm

) Fuwl 15 o 1 2 3 41 2 3 4
elw)=1+ =@ —w’ (15) g Wavelength (um)

with the metal Drude model damping. The constantF ,(_’3

depends on the SRR volume filling fraction. We will come
back to the Mie resonance in more detail below. _
All features of the measured spectra (Fig. 2) are reproduced 02

by numerical calculations using a three-dimensional finite 0o eV e | 200
: . . 1 2 3 41 2 3 4
difference time-domain approach [6] (not shown here). The Wavelength (um)

corresponding calculated field distributions [6] (not show
here) support the simplistic reasoning on SRRs in the pusvioFig. 2. Measured transmittance and reflectance spectra (hiswitence). In

section. Retrieving [13] the effective permittivitey(w) and €ach row of this “matrix”, an electron micrograph of the cop@sding sample
is shown on the RHS. The two polarization configurations hosve on top of

magnetic permeab"'tW(@) fron_] the calculated spectra, IN-the two columns. A, B (lattice constamt= 450 nm), C, D (@ = 600 nm) and
deed reveals < 0 associated with th&; o = 3 um resonance E, F (@ = 900 nm) correspond to nominally identical split-ring resonatass,
for appropriate poIarization conditions [6] and H @ = 600 nm) to corresponding closed rings. The combination of these

. . . . spectra unambiguously shows that the resonance at about 3welength
Two questions immediately arise: (i) Can the magnet_tﬁighlighted by the gray areas) is theC' resonance of the individual split-

resonance frequency be further increased by miniatuoizatiring resonators. Taken from [6].
of the SRRs and (ii) can one also experimentally demon-
strate coupling to the magnetic (drC') resonance via the
magnetic-field component of the light at optical freques®ie splits into two resonances for oblique incidence. This espe
Both aspects have been addressed in our Ref. [14]. Electismeproduced by numerical calculations [14], [16]. Iriugty,
micrographs of miniaturized structures are shown in Fig)3 (it can be understood as follows: For normal incidence and
(i) The corresponding measured spectra for horizontatlerdi vertical polarization, the two similarly shaped verticaRfS
polarization in Fig.3 (b) reveal the same (but blue-shiftedrms contribute. These arms are coupled via the SRR’s bottom
resonances as in Fig.2 A. For vertical incident polarizgtioarm (and via the radiation field). As usual, the coupling of
compare Fig.3 (c) and Fig.2 B. (ii) In Fig.4(a), the electritwo degenerate modes leads to an avoided crossing with two
component of the incident light can not couple to ti@&circuit new effective oscillation modes, a symmetric and an anti-
resonance for any angle [in (b) it can]. With increasing anglsymmetric one, which are frequency down-shifted and up-
however, the magnetic field acquires a component nornsdlifted as compared to the uncoupled resonances, resggctiv
to the SRR plane. This component can induce a circulatifigne anti-symmetric mode cannot be excited at all for normal
electric current in the SRR coil via the induction law. Thisncidence as it has zero effective electric dipole momehe T
current again leads to a magnetic dipole moment normal ried-shifted symmetric mode can be excited. It even has ardarg
the SRR plane, which can counteract the external magnetitective electric dipole moment than a single arm. Indéleel,
field. The magnitude of this resonance (highlighted by tHdie resonance for vertical polarization is deeper and splbgt
gray area around 1.5um wavelength) is indeed consistémbader than for horizontal polarization in Fig.2, and red-
with theory [14] (not depicted here) and leads to an effectishifted with respect to it. For finite angles of incidences th
negative magnetic permeability for propagation in the SRphase fronts of the electric field are tilted with respecthe t
plane and for a stack of SRR layers rather than just one lay@RR plane. Thus, the vertical SRR arms are excited with
as considered here. This aspect has been verified explgittya small but finite time delay, equivalent to a finite phase
retrieving the effective permittivity and permeabilityom the shift. This shift allows coupling to the anti-symmetric neod
calculated transmittance and reflectance spectra [13], [15 of the coupled system of the two vertical arms as well. In
An unexpected feature of the spectra in Fig.4 (a) is thahe half cycle of light, one gets a positive charge at the
the 950-nm wavelength Mie resonance at normal incidentmver LHS corner of the SRR and a negative charge at the
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lower RHS corner, resulting in a compensating current in the @ [NEVEVEVEVETEVEVET]
MMM MMM

horizontal bottom arm. Characteristic snapshots of thesotir
distributions in the SRR have been shown schematically in

[142- P 3 for oblique incidence | HEHUKMURULM
ccording to this reasoning for oblique incidence (e.g.,
60°), we expect a circulating current component for wave- MMM M '.SQ.n; e
lengths near the two magnetic resonances at 1.5um and HUUMM |
800 nm, respectively. Any circulating current is evidently £
connected with a current in the horizontal bottom arm of MU |§ :
the SRR. According to the usual laws of a Hertz dipole, the M AMML 5_290::1_5
corresponding charge oscillation in the bottom arm caratadi :
into the forward direction with an electric field component ® _ 1
orthogonal to the incident polarization. In other wordsr Fo -
oblique incidence, the fingerprint of the magnetic resoeanc S 081
is a rotation of polarization. Such rotation is indeed unam- 8
biguously observed in the numerical simulations (not shown rﬁ':’ 0.6+
here, see [14]) and in the experiments [see grey area in Fig. 4 T
(a)] g 0.4+
Further down-scaling of the SRR size is eventually limited I
by the fact that the resonances stop shifting with decrgasin § —_—
SRR size (see discussion in section Il). The shortest magnet £ 00 , , , ,
resonance wavelengths that we have achieved are around 900 500 1000 1500 2000 2500 3000
nm using gold SRR (not shown, unpublished). Wavelength (nm)
We note in passing that there is a continuous transition © _
between the two-fold degenerate Mie resonance of a metallic -
square-shaped “particle” and a SRR, exhibiting a magnetic é 0.81
resonance and a Mie resonance. This transition has been <
investigated by us in Ref. [17] using the rapid prototyping @ 067
capabilities of focused-ion-beam writing. I
The above discussion on the antisymmetric and symmetric 5 *4]
eigenmodes of the two coupled vertical SRR arms makes one é 0.2-
wonder whether the SRR bottom arm is necessary at all. @
Indeed, it is not. This has basically been explained above g 00

500 1000 1500 2000 2500 3000

and can alternatively be discussed as follows: Eliminating
Wavelength (nm)

the bottom arm can be viewed as introducing a second
capacitance into théC-circuit. This effectively reduces therig. 3. (a) Electron micrograph of a split-ring array with datoarea of
total capacitance in the circuit, hence it increases theneiiry (100 um)2. The lower RHS inset shows the dimensions of an individual
resonance frequency for a given minimum feature size. Gpjt ring. The corresponding measured normal-incidencestrittance and
. .. . reflectance spectra for horizontal and vertical polariratre shown in (b)

the one hand, this eases access to the (near-)visible r@dimgng (c), respectively. Taken from [14].
reduced fabricational effort. On the other hand, this iasesl
resonance frequency at fixed lattice constant decreasestithe
between (resonance) wavelengtty,~, and lattice constant,
gy, 10 @bouth ¢ /az, =~ 2—3. In the true metamaterial limit, the upmost gold layer. This single cut-wire sample shows onl
one aims at\r¢/a,, > 1. Recall that the Bragg condition one pronounced resonance — the Mie resonance — for each
corresponds to\rc/a,, = 2. Another significant difference polarization. For an incident polarization along the longsa
between the original planar SRR design and the resulting caf the cut-wire pairs, howevetwo resonances are observed
wire pairs is that the latter can be rotated by 90 degreedich essentially disappear for orthogonal polarizatién.
with respect to the substrate. This not only further easesmparison of Fig.5 (b) and (d) shows the dependence on
nanofabrication but also allows for a magnetic permegbilithe MgF, spacer thicknesd. As expected from the above
u(w) for normal incidence conditions (i.e., the magnetic fielgicture of two coupled oscillators, the splitting betweée t
can be perpendicular to the plane spanned by the two wiveo effective resonances depends on their coupling: Faor thi
pieces, i.e., parallel to the magnetic dipole moment véctofthick) spacers, the coupling is strong (weak), hence tre tw
Corresponding theoretical [18]-[20] and experimental[H21 resonances are split by a large (small) amount in the spactru
[23] work has been published. The obvious polarization dependence of the cut-wire pairs

Figure 5 (a)-(c) shows our results for cut-wire pairs ofmay be undesired in certain cases. Thus, it is interesting to
different length but fixed magnesium fluoridel¢F;) spacer also investigate samples for which the wire width equals the
thickness and fixed gold wire width. The dotted curves in (aire length, i.e., wherew = [. In this case, the cut-wire
correspond to a nominally identical sample, howewéthout pairs turn into nanoscopic plate pairs. Their measurecalpti
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Fig. 5. Measured spectra of transmittance (solid lines) afidatance (dashed
lines) for cut-wire pairs with vertical incident polarizan (LHS column) and
horizontal polarization (RHS column). Parameters varieg! éa 500 nm, (b)

! = 400 nm, and (c)l = 300 nm. Fixed parameters for (a)—(a) = 150 nm,

t = 20nm, d = 80 nm, a; = 500 nm, anda, = 1050 nm. The dash-dotted
curves in (a) are spectra from a nominally identical struetbut without the
upmost gold wire. (d) as (b), but = 60 nm rather than 80 nm. The insets
in (a)-(d) show corresponding electron micrographs (topvyieraken from
[22].

Fig. 4. Measured transmittance spectra taken for obliquielénce for the
configurations shown as insets (whexe= 60°). In (a), coupling to the
fundamental magnetic mode at 1.5pum wavelength is only possiblehe
magnetic-field component of the incident light, for (b), botlectric and
magnetic field can couple. Note the small but significant feator(a) for
60° around 1.5 um wavelength. The lower gray area in (a) is thstnittance
into the linear polarization orthogonal to the incident daea = 60°. This
observable can be viewed as a fingerprint of magnetic resesanter these
conditions. Taken from [14].

properties (shown in Ref. [22]) are qualitatively similggt designs might allow for resonances with < 0 even in
even more pronounced than in the case of cut-wire paithe visible range. Ultimately, the constituent metal plasm
Reducing the value ofw = [, allows for tuning of the frequency sets a fundamental limit.

resulting resonance positions. The retrievak@f) andy(w)  Where does this field go? Many researchers in the field
from the calculated spectra corresponding to these paeasegre driven by the perspective to obtain a negative refractiv
yields a negative:(w) around one micrometer wavelength [22]ndex » at near-infrared or optical frequencies by combining
(not shown). Other groups have even reported a negative reahgnetic atoms” with: < 0 and “electric atoms” withe < 0.

part of the refractive index around 1.5 pm wavelength for thfdeed, corresponding experiments have been presentgd ver
above cut-wire pair structures [23], as deduced from meaisufecently [24]. Their figure-of-merit (i.e., the ratio betere

interferometric transmittance and reflectance spectra. real and imaginary part of, at frequencies where the real
part of n is negative), however, is still below unity, hence
IV. CONCLUSION not really satisfactory. Improved designs have been prgbos

In contrast to “conventional textbook wisdom,” the magaetitheoretically [25]. The search for a negative real partnof
permeability . is no longer unity for alloptical materials. itself is driven by the fascinating possibility of a “perfdens”
While 1 = 1 holds indeed for all knowmatural materials [26] providing sub-wavelength resolution. Accounting fbe
at optical frequencies, for metamaterigls # 1 and even “granularity” of metamaterials and deviations from thecstr
u < 0 can result. In this class of tailored (mostly periodic§ase ofn = —1 due to the real [27] and/or the imaginary [28]
structures, split-ring resonators (and variations th@rptay part of n, however, appear to limit “perfect lenses” to very
the role of “magnetic atoms” and can lead to local magnetipecialized near-field optical configurations.
dipole moments. Thus, split-ring resonators can be viewedPossibly, the real potential of photonic metamaterials lie
as the magnetic counterpart of the famous Lorentz osdillato other unexplored areas, for example in chiral metaneteri
model for electric dipole moments. For split-ring resomatoor in nonlinear metamaterials. In any case, given today’s
made from goldyu < 0 can be achieved at telecommunicatiopossibilities regarding the nanofabrication of tailoredoms,”
wavelengths but not in the visible. Other metals and/or rothenly our own imagination and creativity set the limits.
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