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We develop an approach to build a material with negative refraction index that can be implemented for
optical and infrared frequencies. In contrast to conventional designs that require simultaneously negative
dielectric permittivity and magnetic permeability and rely on a resonance to achieve a nonzero magnetic
response, our material is intrinsically nonmagnetic and makes use of an anisotropic dielectric constant to
provide a lefthanded behavior in waveguide geometry. We demonstrate that the proposed material can support
surface(polariton) waves, and show the connection between the polaritons and the enhancement of evanescent
fields, also known as superlensing.
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A large number of potential applications in optics, mate-extraordinary waveshave their magnetic field in they,2z)
rials science, biology, and biophysics has instigated an exterplane. Correspondingly their electromagnetic properties are
sive research in the area of materials with negative phasgffected by bothg, ande, .
velocity, also known as left-handed mediaHM).1~% The As we show below, the ordinary and extraordinary waves
LHMs, based on simultaneously negative dielectric permit-are fundamentally distinct as they have different dispersion
tivity and magnetic permeability have been successfullyrelations and refraction properties.
demonstrated in microwav&Hz) frequencies'°However, A wave propagating in the proposed system can be repre-
while the direct scale down of the experimentally verifiedsented as a series of the waves with their ele¢triagneti¢
systems is possible only to the THz regiBrmost of practi-  field perpendicular to the direction of propagation, known as
cal applications of these unique materials are in the “faster’TE (TM) waves, correspondinghf:'” In our case of the pla-
(optical andinfrared) part of the spectrum. Furthermore, the nar waveguide with an anisotropic core, the extraordinary
requirement to have negative magnetic response at high frevave has TM polarization, while the ordinary wave has the
quencies implies the presence of a resonafeg)ich, usu- TE form (see Fig. L As it can be explicitly verified, the
ally accompanied by strong losses, makes the current LHMx,y,z} components of ordinaryE@ ,H®), and extraordi-
designs almost impractical for real-life applications. In thisnary (E©® H(®) waves propagating in thg, z) direction can

paper we propose aonmagne;ic, nonresonaappro_ach 10 pe represented by the following expressions:
build LHM, show the connection between the existence of

. . 2 2
surface(polariton) waves and enhancement of exponentially £© = KT+ lf(e) € e, E@E@)- £©
decaying(evanescentfields, and present several implemen- =1 K©), (e 0 " Ke=o =0 |
tations of our LHM design in optical and infrared frequen- z z
cies.
. . e
Unlike most of the present LHM composité&S;'3-1Sour H®={0: iﬁE«e)’. _ iME(e)'
system is based on a planar waveguide with anisotropic di- BN CE o k(ze>%(e>2 ° |

electric core, and does not have any magnetic response.
Moreover, in contrast to curregbmposite, resonance-based K(©)
LHMs, the proposed material may be homogeneous, and E9=10; EY; --5EPT(,
does not require a resonance to achieve a negative phase Kz

velocity, the fundamental property of LHM. We describe the

_ j : (02 4 (07 ik(© i
electromagnetic properties of our system, and derive the con- _]_ K + k> £O. iky’ g0 _ g
ditions for its right-, and left-handed response, and for exci- kKo O kKo =0 kK |’

tation of surface wavegolaritons.

We consider a planar waveguide, parallel to {lyez) 1)
plane of coordinate system, with the boundaries=atd/2.  wherek=w/c, and prime(r) denotes the differentiation with
We assume that the material |q5|de the_wa_lvegylde IS NONyespect tox. Similar to Ref. 16, the fieIoEge‘o)(x,y,z;t)
magnetic(x=1), and has an anisotropigniaxial dielectric  _ _go) = i i@
constante, with e,=¢, ande,=¢,=¢, (see Fig. 1 =B (e Y

Similarly to uniaxial crystals, our system may support two EE0)" 4, (elo)’E(elo) — 0 2)

; ; ; 0 0 ,
different kinds of electromagnetic wav&sThe waves of the
first kind have their electric field vector in tHg,z) plane.  with the conventional boundary conditions for the tangential
The propagation of such waves depends onlyegrand is  (y,z) components of the electric field at the waveguide walls.
not affected by anisotropy. These waves are also known aSor simplicity, here we consider the case of perfectly con-
ordinary waves. The waves of the second kikdown as ducting waveguide boundaries; the straightforward extension

. (€o)_ . .
y+ikz 2 is defined from the equation
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X waveguide, which does not support propagating modes and
A td z reflects all “incident” radiation. The third case that can be
> realized in a waveguide with an isotropic coees0; v>0,
describes a perfectly conducting interior, which again does
not support propagating waves.

Finally the casee<0; v<<0, which is a primary focus of
this paper, can only be realized only for the extraordinary
wave in the anisotropic material. The corresponding structure
is transparent for a TM wave; the TE solution exponentially
decays into such a waveguide.

While Eg.(3) defines the magnitude of the phase velocity
of the mode, thesign of the phase velocity cannot be deter-
of the presented theory to the case of dielectric walls, whergnined by Eq.(3) alone. To define the sign of the phase
similar effects are anticipated, will be presented elsewherge|ocity, and consequently the “handedness” of a media, we
(see also Fig. 2 consider the refraction of a wave at the interface between the

Equation (2) yields a series of solutiondmodes$  transparent isotropitright-handedl media and a media with
Ef9)=A®cogx) with »=(2m+1)m/d, and ES%(x)  e<0; »<0 inside the same waveguide. We assume that the
=A§§|°)sin(xx),x=2m77/d (wherem is an integer numbgr interface coincides with the coordinate plazre0 (see Fig.
Note that the structure of the mode in thelirection is fully ~ 2).
described by the parameterwhich for the case of perfectly ~ We first consider the special case of the norfaabropa-
conducting walls, considered here is fully determined bygation of a TM-polarized wave. Since in such a wave
waveguide thickness and does not depend on the dielectric H,=H4=0, neither refracted nor reflected ordinary waves are
properties of the core. Each waveguide mode has its owaxcited. Since fok,=0 the components, andE, are related
dispersion relation to each otherH,=(ke, /k)E, [see Eq(1)], the requirement
for continuity of tangential fields across the boundas0
immediately shows that the sign &f should coincide with
the one ofe, . This is a clear indication that the media with
€<0,r<0 is lefthanded.

O=¢ ;€= eu;v(elo) -1 —x(e“’)zl(eukz). (4) The analys_is qf a g_eneral case o_f an oinqL_Jer incident
wave (shown in Fig. 2 is more complicated, as in the gen-

Note that due to different geometry the TM and TE modeseral ordinary reflected wave is also excited, and the direction
defined here are somewhat different from the conventionabf the refractedextraordinary wave should be determined
waveguide solutions presented in common textbdbkéere by the causality principl&® We perform such an analysis via
we focus on the planar waveguide unbounded in(#h&)  exact three-dimensional3D) numerical calculations. We
plane with an anisotropic core in contrast to bounded in theepresent the fields as a series of waveguide modes as de-
(x,y) directions “tubular” one-dimensiondllD) structure scribed above and use a full set of boundary conditions for
with isotropic filling, where waves can propagatezidirec- the E and H fields to find the necessary coefficients. We
tion alone. It is straightforward to obtain the well-known TE assert that the propagating in the réabsorbing media
(E,=0) and TM (H,=0) isotropic tubular solutions as the wave decays in the direction of its propagation. Our results
linear combination of the waves from E(R). Also, as an are shown in Fig. 2. It is clearly seen that Snell's law is
alternative to the formalism presented in this paper, our sysreversed, meaning that phase velocity in the medium with
tem may be described in the terms of introduced in Ref. 66<0; v<<0 is negative and the resulting wave is lefthanded
generalized dielectric tensor with spatial dispersion. for a general case of oblique incidence. As it is shown in Ref.

An arbitrary wave inside a planar waveguide can be repd, all optical effects directly related to a phase velocity
resented as a linear combination of waveguide mddes  (Snell's law, Doppler effect, Cherenkov radiation, gtare
responding to different values of). For simplicity for the reversed in such a medium.
rest of the paper we limit ourselves to the case when only a Another class of phenomena commonly associated with
single mode is excited. This assumption does not restrict theHMs (e.g., enhancement of the evanescent figldsnlin-
generality of our approach sin¢@ it does not limit the(y,z)  ear surface wavégs however requires the propagation of sur-
structure of the solutions nor their polarization afid dif-  face waves, also known as polaritons, at the left- and right-
ferent modes of the waveguide do not couple to each othehanded media interface. In the following calculations we
The generalization of expressions presented here to a multpote that the surface wave on nonmagnetic interface always
plemode case is straightforward. has a TM structuré® We represent the fields and electromag-

It is clearly seen from Eq3) that a propagating solution netic constant of the righthanded medighich fills the re-
(described by reak, and k) is only possible in the case gion z<0) with superscript(-) and the ones in the LHM
when the corresponding parameterand v are of the same region z>0 with (+). We search for a polariton solution
sign. The case>0; »>0 is usually realized for an isotro- (E,H)«exgik,y+&77]; (E,H) cexdiky-£z], with
pic material inside the plandtransmitting waveguidet®the  real k,, and positive£ ") (the exponentially growing away
case e>0; v<<0 corresponds to the so-called subcritical from the interface “antipolariton” solution corresponding to

FIG. 1. The extraordinargTM) and ordinaryTE) waves propa-
gating in a planar waveguide with an anisotropic core.

2 2
k(ze\o) 4 Klelo? = G(elo)V(elo)kZ’ 3)

where
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negative& ) can exist only in finite region of space tons exist for any wave vector provided thet)=-¢",
While the LHM region is bound to have, <0,¢,>0, the  u?=-u™.
“right-handed” medium can be constructed by either We stress that it is the existence of surface waves for a
€, >0,>00rbye, >0,¢<0. These two combinations of wide range of wave vectors that makes the proposed in Ref.
the dielectric constants lead to different conditions for polar-2 phenomenon of superlensing possible. The evanescent
iton propagation. components, which carry the information about the subwave-
Specifically, for the caseﬁ‘)>o,e(£)>0, usually realiz- length features of the source, exponentially decay away from
able in an isotropic right-handed medium, the polaritons aréhe object plane. Their resonant enhancement by a slab of
only possible fork,=0 and have the dispersion relatifsee either planafdescribed hepeor 3D (described in Refs. 1 and
Egs.(1) and(2)] 2) LHM can be represented as a resonant coupling of the
original evanescent wave to the surface modes on both inter-
(5 faces of the LHM lens. In such a process, the original eva-
. . nescent wave excites antipolarit¢surface mode growing
Such waves, however, assume propagation along tikec- away from the interfadeon the front interfacdsee Fig. 3,
tion. The existence of these waves in the waveguide geoMypich in turn, excites the true-polariton mode on the back
etry g:onS|dered .here is limited to a number of modes, eaChhterface of the slab. The exponentially decaying away from
forming a standing wave between the waveguide plates anghe ens part of this surface mode represents the LHM-
fulfilling the corresponding boundary conditioisee also  gnpanced evanescent wave. This concept is illustrated in Fig.
Eq.(2) and th_e dlscus_smn afterwaﬂds_ 3 where we calculate the transmission of an evanescent com-
However if the right-hand medium hag <0, and  ,,hent through the slab of planar LHM proposed here. It is
€, >0, the propagation of polaritons with nonzepis also  gjearly seen that decaying through the right-handed media
possible when evanescent wave, is resonantly enhanced inside LHM slab
only in the presence of polaritoAs.
Finally, we consider the fabrication perspectives of the
proposed LHM materials. In GHz frequencies the required

the surface wave exists for any givéiky|?> erk?, and the ~ Strongly anisotropic response may be realized in a composite
relation betweerk, and ¢ is given by Eq.(3), where we of metalll_c wires allg_ned along the axis p_roposed in Ref.
substitutek?=—¢2. Note that a similar situation takes place in 19. This idea to achieve, <0 is realized in Refs. 7 and 8
3D geometry on the boundary between the right-handed ménote thate,>0). Also, we note that the “left-handed” trans-
dium (¢€7>0,u7>0) and “conventional” LHM Mission liné® (while it is not a homogeneous 3D mateyial

(" <0,u™<0), where for the same frequency the polari- May be described in terms of the proposed formalism since
the inductive elements formally correspondseta 0, while
£>0;v>0; ,/tfo;uo; -’
v Coill

| E(I) = /el

(=) ()

) = ),

=€

(6)

This equation again relatesto k. When Eq.(6) is satisfied,

capacitors corresponds to>0.

In optical and near-infrared frequencies negative dielec-
tric constant is achieved due to plasmon resonance of a free
electron gas inside the met@hg, Au, etc) or doped semi-
conductor(Si) (plasmonig¢ structures. There, electron con-
centration and effective mass define the regior ¢f0.2° In
the midinfrared spectrum range negative dielectric constant
naturally occurs in polar crystalée.g., SiG.?! Also, both
plasmonic and polar materials generally have relatively small

Energy propagation
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FIG. 2. (Color) Reflection and refraction at the boundary be- 10

tween right-(RHM) and left-handed medicLHM). (a) Schematic

illustration of refraction of a TM wave at the RHM- LHM interface
(ordinary wave not shown (b) (top) The results of the exact nu-
merical calculations of refraction of the mode in planar waveguide FIG. 3. (Color) Amplification of an evanescent field by a paral-

with perfectly conducting wallsx=k/2; RHM parametergz<0):

e=v=1/2+0.002; LHM (z>0): e=v=-1/2+0.003, angle of in-

cidence: /10, normalized real part oE, shown. (bottom: the
same as(top), but with a finite-conductive waveguidésilver;
A=0.75um;e,=-25+0.3). The red, green, and blue arrows show iton waves eRiM =372 RAM=4. [LHM)=_g/5 ,(LHM)=_5.
the direction of incident, reflected, and refracted waves correspondey:vT/Sk; the LHM is positioned between=0 andz=10\. The
ingly. (c) The intensity profile of, for the systems ir(b); (blue)
and (red) correspond to perfect metdtop) and silver (bottom

waveguide walls.

lel slab of planar LHM(x=k/2). The blue line corresponds to
nonplasmonic case. The right-hand medRHM) parameters:
eRAM = (RAMI=1 /2~ | HM parameters; e-HM) = (LHM) =1 /-
ky=2k. The red line shows the case of resonant excitation of polar-

resonant enhancement of evanescent components with surface
waves(often attributed to superlens, originally proposed in Ref. 2
is clearly seen.
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absorption, which in conjunction with negatigenakes them isotropic distribution of inclusions. For example, one may
excellent candidates for proposed LHM. The anisotropic di-deposit a dielectric spacer followed byrandon) deposition
electric response described here, may be achieved in the fabf inclusions or deform the composite with isotropic inclu-
lowing composites: sion distribution. Our numerical calculations show that the
(i) A composite of subwavelengtmanostructuredinclu-  composite of 15% of Ag nanospheres in Ti@ith an aver-
sions with anisotropi¢e.g., spheroidalshape in the isotropic  age separation between inclusions in theirection half of
dielectric host. In this approach all the inclusions have t0 bgnat iny andz directions, hass;~90+10; e, ~-25+2 at
aligned, and homogeneously distributed in the dielectric, = 75 ,m. The detailed theory of such composites is not

host. The shape of the inclusion defines the frequency ranggesented here due to space limitations and is deferred to our
of the LHM response. We stress that no special arrangemegtire work.

of the inclusions(except for their aligningis necessary to (iii ) A layered structure based either on multiple semicon-

achieve desired dielectric properties. To give just one eXyyctor quantum wells where the mobility of the electrons is
ample, for the composite of 10% of SiC nanospheroids withyifferent thex direction and they-z plané? or on layered
an aspect ratio of 1/2, aligned with their shorter axis alon lasmonic(polan materials as described in Ref. 15.

the x axis and embedded in quartz, for a wavelength of \yg gis0 anticipate the desired response from intrinsically

CO, laser of 5_12/”" we obtain e, ~-2.7+6x107; anisotropic semimetal crystalBi and its alloy3.2*
éuz 16+1>< 10_ |.22
(ii) A composite based on isotropispherical inclusions The work was partially supported by NSF Grant No.

in a dielectric host. The anisotropy may be achieved by anbMR-0134736 and PRISMPrinceton University.
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