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Photonic approach to making a material with a negative index of refraction

Gennady Shvets
lllinois Institute of Technology, Chicago, lllinois 60616
and Fermi National Accelerator Laboratory, Batavia, Illinois 60520
(Received 14 October 2002; published 16 January 2003

An approach to producing a composite material with negative refraction index is demonstrated. It is shown
that a photonic structure consisting of two dielectric materials, with positive and negative dielectric permit-
tivities, can support electromagnetic surface waves which exhibit the unusual electromagnetic property of left
handednesgr negative refraction indgxDepending on the dielectric materials, these surface waves localized
at the dielectric interfaces can be either surface plasmons or phonons. The detailed geometry of the structure
determines whether this composite left-handed material is isotropic or anisotropic.
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I. INTRODUCTION the image to be significantly sharper thef2.
Since materials withu<<0 do not naturally occur, LHM
Electromagneti¢EM) properties of materials can be char- has to be artificially constructed. An LHM in the microwave
acterized by two macroscopic quantities: dielectric permittiv-frequency band was recently construétes an array con-
ity e and magnetic permeability. Propagation properties of sisting of metal rodgwhich provided e<0) and split-ring
EM waves in the material is determined byand ., which  resonators(which provided w<0). Photonic structures

regulate the relationship between the electric feldnd the  have also been known to exhibit negative group velocity due

magnetic fieldB. Those propagation properties may depenom the band fold_ing effectBelow, | inFroduce an a!ternative
on the frequency of the waves since betfw) and u(w) concept of making an LHM by creating a photonic structure
are, in general, frequency dependent. consisting of dielectric regions wite<<O separated by thin

For the overwhelming majority of materials botrand vacuum gaps. Left handedness of such structures i§ due _to
are positive in the propagation frequency band. Therefore, it_t‘he existence of th_e surface waves at the vacuu_m/dlelectrlc
most materials, as well as in vacuum, the relationship belNterfaces. Depending on the nature of the negativaate-

o . S rial used, those surface waves could be either surface plas-
tweenE, H, and propagation wave vectkris given by the
i B _ . mons or surface phonons.
right-hand rule:k-[EXH]>0. The consequence of this is  p4ctical implementation of such photonic structures at a
that the group velocity g=P/U (whereP=c[EXH]/4mis  micron scale is encouraged by the availability of low-loss
the Poynting flux of the wave and is the wave energy gielectrics and semiconductors with negatige including
density of the propagating wave pzi\clﬁet points in the SaM&nany polar crystals such as SiC, LiTROLIF, and ZnSe.
direction as its phase velocity,,= wk/[K|?. The frequency-dependent dielectric permittivity of these
It was first pointed out by Vesela§ohat wave propaga- crystals, given by the approximate forméla(w)= e..(w?
tion is also possible in materials, which have simultaneously- ,,2)/(w2— w?2), is negative forw1<w<w, . Another ex-
negativeu anﬁd € Slncg in such environments the relation- ample of a medium withe<0 is the free-electron gas with
ship betweerk, H, andk is given by the left-hand rule, such e=1—w§/w2, wherew, is the plasma frequency. Its dielec-
materials are referred to as the left-handed material§ic permittivity turns negative fow<w,.
(LHMs). Their electromagnetic properties are significantly  The major innovation introduced in this paper is the use
different from those of the right-handed materials becausef the dielectric materials with smalof order — 1) negative
the group and phase velocities of electromagnetic waves iflielectric permittivity in order to construct a left-handed
LHMs oppose each othek- dw/ k< 0. For example, an composite material. This is significantly different from ear-
electromagnetic wave incident on an interface between thker work,* where a periodic arrangement of metallic compo-
right- and left-handed materials stays on the same side of theents was assembled to achieve left handedness in the mi-
interface normat.In other words, its refracted anglerigega-  crowave frequency range. For microwave, as well as
tive. This property gives rise to another name for the LHMs:infrared, frequencies the dielectric permittivity of metals is
materials with negative index of refractiémlso, the sign of  essentiallye= —os.
the Doppler effect is reversed in LHMs: an approaching The organization of the remainder of the paper is sche-
source appears to emit lower-frequency waves than the renatically shown in Fig. 1. In Sec. Il a single dielectric wave-
ceding one. guide (SDW) with €.<0 dielectric claddingFig. 1(a@)], is

LHMs have recently attracted significant attention be-shown to exhibit left handedness due to the existence of the
cause of their promise for developing the so called “perfect’surface waves at the vacuum-cladding interface. The effec-
lenses and low reflectance surfacé$Perfect” lens enables tive ey and ey Of the waveguide are shown to be negative
focusing electromagnetic waves to a spot size much smallgsee Fig. 2 Two types of surface waves are considered:
than the wavelengthh. Conventional lenses do not permit surface plasmons at the vacuum/plasma interface, and sur-
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(a) (b) gating in a limited range of directions, however, exhibit the
st NMac UL Jg~5ph<0 p_rgperty(where vg and vy, are the group and
! dielectric phase velocitigs Therefore, the Waveg_wde s.ta(}k/S) is not

a proper LHM, and the two-dimensional photonic
vacuum — vactim waveguides shown in Figs(d,d) are considered in Secs. 1V,

dielectric and V as the further refinements of the concept. The square
dielectric e lattice photonic waveguidéSLPW) turns out to be a highly
anisotropic LHM, with the angler= £ (v ,v,) always sat-
i » l isfying w/2< a<<3w/2 but strongly dependent on the propa-

gation direction(see Fig. 4. SLPW is anisotropic even for
I small wave numbers. This result is explained using the stan-
D dard perturbation theory. The triangular lattice photonic
waveguidg TLPW) is found to be a perfectly isotropic LHM

for small wave number, ,<=/d, whered is the lattice
‘ periodicity. Recently, it has been suggested that the group

velocity in LHMs is not aligned with the phase velocity,

making the perfect lens impossible. It is constructively dem-
FIG. 1. (a) Single dielectric waveguidéSDW) consists of a onstrated that this is not the case even for an artificially con-

vacuum gap surrounded by the dielectric cladding wighe0. (b)  Structed LHM shown in Fig. ). The main results are sum-

One-dimensional waveguide stagk'S). (c) Square lattice photonic Marized in Sec. VI.

waveguide (SLPW): dielectric cladding regiongwhite squares

separated by vacuum channé&sadedl (d) Triangular lattice pho-

tonic waveguide(TLPW). In (a)—(d): white regions represent di- Il. PROPAGATION OF SURFACE PLASMONS AND

electric cladding, shaded regions represent vacuum channels. PHONONS IN A SINGLE DIELECTRIC WAVEGUIDE

face phonons at the interface between vacuum and silicon 10 illustrate how a negativg. can be mimicked using
carbide(SiC). Due to its remarkable property of having the Only dielectrics with negatives, consider electromagnetic
dielectric permittivitye= —1 at the wavelength (10.6m)  Wave propagation in the horizont@) direction in a dielec-
produced by the conventional GQasers, silicon carbide is tric waveguide as shown in Fig(d), with a piecewise con-
also proposed as the solid-state medium for making a neagtant dielectric constane=1 in the vacuum channéfor
field perfect lens: the tool for enhanced near-field imaging in—b<y<b) and e=¢.<0 inside the claddingfor |y|>b).

midinfrared(see Fig. 3. Consider a confined transverse magnéfié1) wave with
Of course, surface waves can only propagate al@mgi  nonvanishing componentsf, E,, H,), and assume, by
not acrosp the waveguide walls. Section lll, considers a symmetry, thaE,=H,=dJ E,=0 aty=0. Since we are in-

stack of dielectric waveguideld=ig. 1(b)], which supports terested in the wave propagation alongve introduce inte-
waves propagating in all directions. Only the waves propagrated over the transverse directipmuantities
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FIG. 3. (top) Dispersion relation, andbot-
tom) effective dielectric permittivity ez and

magnetic permeability.. of a dielectric wave-
guide with SiC cladding. Gap widthi2=c/w, .

Exy= fo dyE,,, H,= Jo dyH,.

From Faraday’s and Ampere’s laws, assuming tBafx
—o)=0 and integrating by parts, obtain, correspondingly,
i
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where the effective dielectric permittivity and magnetic per-
meability of a dielectric waveguide are defined as follows:
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FIG. 4. (Color) Magnetic fieldH, produced by the Gaussian
source of the size=0.12%/w, located in thex=0 plane. A slab
of SiC with e=—1 of width d=0.25%/w, is located betweemnx
=d/2 andx=1.5d. The image plane is at=2d. (a) Magnetic field
H,(x,y) distribution inside the simulation domain<k<c/w,
—Ng/2<X<\g/2 (in color onling and (b) line outs of H,(y) in
three different planesc= 0 (source plane, solid linex=2d (image
plane, dot-dashed lineandx=2.5d (dashed ling
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The definition of the weight averagedis intuitive and w
is defined so as to eliminate the longitudinal component of
the electric fieldE, which does not contribute to the power
flow along the waveguide.

Equation (1) yield k2c? w?= uegesr, Necessitating that
€« and uo be of the same sign for a propagating wave.
Note thatu g is a complicated function of the channel width,
frequency, and the dielectric constant of the cladding, and
could generally be either positive or negative. Also, the
propagating mode is left handed onlyif.4<0,e.3<0, ne-
cessitating that the dielectric constant of the cladding be
negative.

Calculatingeq and uq¢ requires the exact mode structure
in the waveguide. The equation fbt, is

Sl

and for the SDW case the harmonic dependete
xexp(kx—wt) is assumed. Introducing, = vw?c?—kZ,
Xp= VK2 — e.w?/c? for k,c<w, the mode structure is given
by H,=siny,yisiny,b for 0<y<b and H,=exd—x,(y
—b)] for b<y<w. It is a surface wave because it is local-
ized near the vacuum-cladding interface. ContinuityEQf
requires the continuity ofeflayHZ across the vacuum-
cladding interface ag=b. The dispersion relatiom vsk, is
found by solving the boundary-condition equatign=

— €.X, /tany,b simultaneously with the equations fg and
Xp - Expressions for the effective permittivity and permeabil-
ity are given by

€eff— (

J
ox

d
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c*xx [ 1  1-cosyb|™* 6 @ 6 (®)
/“eff:l_ 2 + : b ’ (4)
w’siny, b\ €cXp  XuSIMXy < Jremipaninngars ] LAt
and similar equations are obtained for the subluminal mode,, LR FEETEE b ;ji‘::m;;
with k> . oo _ 3l R4== b=
Two cladding materials are examined below: a plasmonic ® S el :j’;'/:'.:.‘:..“"._"'._.:_:;::
material, and a polar dielectric silicon carbi@®iC). Plas- o e Y E“,.‘_z_v;.m. ;\CE
monic materials are characterized by the frequency- — | W--lllllllllll IRt iy
dependent dielectric permittivityec=1—w,23/w(w+iy), $e 22 54 9% 24 54
where o, is the plasma frequency, and is the damping o, Xic

constant. At optical frequencies most metals can be consid- ) ) )
ered plasmonic materials. Surface plasmons exist at the in- FIG. 5. Poynting flux in SLPW for the modes with
terface between a plasmonic material and another dielectrig=d ‘74, k,=0: (@ lower-frequency left handed mode,
(or vacuum with positive dielectric permittivity. Silicon car- Pav k<0, /w,=0.85; (b) higher-frequency right handed mode,
bide is a low-loss polar dielectric which exhibits RestsrahlenP,, k>0, w/w,=0.95. Structure parameters: cell sizd
its dielectric permittivity is negative for frequenciess<w  =4.8/w,, channel widthb=d/4.
<o, , wherewr=793 cm ! and w, =969 cm L.
porting left-handed surface phonons with the frequency cor-

A. Plasmonic dielectric cladding responding to the vacuum wavelength of Afh can be en-

visioned. The frequency-dependent dielectric permittivity of

The dispersion relation and the correspondipgand weg SiC is given by°

are plotted in Figs. @,b for a SDW with plasmalike clad-

ding[ e.(w)=1— wﬁ/wz] and the gap width@=c/w,. The

propagating surface mode in a SDW exists at the vacuum/ wf—w2+i7w

plasma interface, therefore, it is a surface plasmon. This sur- €™ € 5 o
- o . wT— o tlyw

face plasmon exhibits left handedness: its group velagjty

=Jdwl/ k<0 is negative, and so ae+<0 ande.<0. The

cutoff at w=0.9w,, is caused by the vanishing of the.. —4.76 ot

This is very different from the cutoff ab=w, in @a homo- = '

; ; o - The dispersion relation and the correspondipgand wqs
geneous plasmalike medium, which is caused by the vanish- o . ¢ e
ing of e;. Note thattwo vacuum/plasma interfaces are re- '€ plotted in Figs. @,b) for a SDW with the SiC cladding

. d the gap width B=c/w_ . The small damping constant
quired to make a surface plasmon left handed. an L .

Why is vy<0 despitev ;= w/k>07? The total Poynting 7~0.005, was neglect_ed._ The 'Eﬁ'handed_swf%‘?e mode is
flux Py=CE,H /A7 along the dielectric waveguide is the a surface phonon. Qualltanve_ly, there is a similarity between
sum of the fluxes inside the cladding and in the vacuum gapthe equtromagnetm properties of a left-handed plasmon
In the gap,E, andH, are in phase, s&,>0. Inside the (shown n F'.g' 2 and those .Of. a Ieft-h_anded surface phonon
claddingE, reverses its sign across the vacuum/cladding in-(ShOWn in Fig. 3. Both exhibit negative group velocityg

terface because.<0, and the electric displacement vector :&O“’/ak<0 a?dlndggatlv&eﬁ ’ 'U“t‘;:f't h locity of th
D,=¢€E, is continuousH, is continuous across the inter- ne essentia’ dierence 1s that the group velocity of the

face, resulting inP, <0 in the cladding. For a narrow gap surface phonon is much smaller than that of the surface plas-

N X ; Pt ' mon. This is related to the large energy density of the polari-
Lhe :jntzgrated Poynting flux is negative, and the mode is Iefgns(coupled ohonon polarizagtion an(?);/)hoton \yva\jesSig
anded. '

We emphasize that not any surface wave is left handed "€ €N€rgy density is proportional t>(we)/dw, which

Achieving left handedness requires tli&) the frequency of is proportional towﬁf“,/(“’f_ w$)' Both the large value of
the mode lies within the stop band of the claddisg that €~ @nd the narrow width of the reststrahlen bahetween
€.<0), (2) there are two interfaces, ari@) the vacuum gap  ©T and ) contribute to the small group velocity of the
between the interfaces is small. The gap between the twgUrface phonons. .

claddings withe,<0 need not be vacuum—it can be filled ~ NOte that there exists a frequency for which bptfy and
with another dielectric which has a positive dielectric permit-€eft &€ approximately equal to{1). A composite material
tivity to enable the existence of the surface waves. The clad¥th #ei=€gr=—1 was shown to be ideal for making a
ding with e,< 0 also needs not be plasmalike. In the, follow- PETfect lens, which is capable of imaging objects much

ing section, the silicon carbide cladding is considered. smaller than the wavelength of light. _
Another type of a near-field lens which does not require

mei=—1 (although still requirese,=—1) was also re-
cently suggested: It was concluded that a thin slab of
Silicon carbide(SiC) is a polar dielectrit’ with very in-  material withe=—1 can produce images of subwavelength
teresting photonic properties because its dielectric permittivebjects with the resolution which by far exceeds that of the
ity is of order e~ —1 for the wavelengths close to Jom. conventional lenses or even near-field imaging. Unfortu-
Therefore, a micron-scale waveguide with SiC cladding supnately, finding the appropriate material wig= —1 is chal-

®

where €,=6.7, 0, =969 cm'!, w;=793cm!, and y

B. Silicon carbide dielectric cladding
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lenging. Gaseous plasma was suggested as a possible candiagnetic waves in a periodically layered medium have been
date for enhanced near-field imaging in the microwaveintensely studied since the 1978sput without the empha-
frequency rangét sis on surface waves which can exhibit left handedness.
Unfortunately, the microwave frequentyr the resolution Assuming thate,=1— wf,/wz, wpb/c=0.5, andw,d/c
accomplished with microwavgsnay be too low for many =4, the dispersion relation in the Wis= w(k, k) was nu-
applications. Another promising idea of using thin metalmerically calculated by integrating E€R) betweeny=0 and
Iayer§’ for enhanced near-field imaging requires extremelyy=d and requiring thaH (y=d)/H,(y=0)=exp¢,. It is
thin (less than 100 A) films and very short wavelengthsfound thatdw/dk,<0, dw/dk,>0. Therefore, waves propa-
(0.15 um for Ag films). The reason | have chosen SiC as thegate as left handed along thelirection, and as right handed
exemplary ingredient for making a left-handed material isalong thex direction. The angler between the phase and
that it may be interesting from the technological standpointgroup velocities in the WS is plotted as the dashed line in
its die.lectric permittivity e= —1 for the frequency corre- Fig. 4 vs the angle9=cos*1kxl|lz| between the wave number
sponding to the vacuum wavelength ofg=2mclwo ¢ keex+ky€, and thex axis. For smalld, vy v <0 (a

:V;?Ifg g QQTI;];r\éva_l\fglﬁnj %ttrr]az &r:dr:gg(ljut?oyn tgshi\g\'liilye>w/2), and the waves are essentially left handed. However,
' for large 8, a</2, and the waves are right handed. There-

by the combination of a COlaser and a thin film of SiC, ; ;

. . . fore, the waveguide stack is not an LHM.
consider the image of a narrogubwavelengthslit pro-
duced by a film of SiC of the widtld=\q/87=0.42 um.

Two-dimensional geometry is assumed, and a thin source IV. ELECTROMAGNETIC PROPERTIES OF SQUARE
at x=0 is assumed to be infinitely extended in théirec- LATTICE PHOTONIC WAVEGUIDE

tion, while haVing the Gaussian Shape in Ihéil’ection. ™ To ensure that surface waves can propaga}ed'mection,
mode (with field componentd,, E,, andE,) is assumed, an additional set of vertical channels is introduced, as shown
and the prescribed magnetic field at the dit,=exp in Fig. 1(c). Rectangular regions of the dielectric are sepa-
(=¥?0®) with o=X\o/16m=0.21 um is assumed. The thin rated from each other by a network of orthogonal vacuum
SiC film is located betweer=d/2 andx=3d/2. channels which form a square lattice with the peridd
The two-dimensional distribution of the magnetic field =4.8/w,. The channel widths are=d/8, and the dielec-
H.(x,y) in the rectangular area<Ox<\o/2m and —Xo¢/2  tric boundaries are rounded with the radiys=b. Wave
<Yy<N\o/2 is shown in Fig. 8&). The profiles ofH,(y) in  propagation along the resulting square lattice photonic wave-
three planes: at=0 (which represents the original shape of guide (SLPW) is characterized by two phase shifts per cell,
the subwavelength slitat x=2d (the imaging plang and ¢, =k,d and ¢,=k,d. Equation(3) is solved for eigenval-
x=3d (the SiC slab width behind the image planare plot-  ues using a finite elements cogemLAB.*® The solution sat-
ted in Fig. 3b). The enhanced near-field imagexat2d is  isfies the following boundary conditionsH,(d/2y)/H,
practically indistinguishable from the shape of the slixat (—d/2y)=e'?x and H,(x,d/2)/H,(x,—d/2)=¢e'%.2* The
=0, and is of much higher fidelity than the unenhanced nearp .4 B(x,y) and ceII-averageéa\, Poynting fluxes are com-
field at x=3d. Therefore, this numerical example demon- ted for h lution. Since. ||5 th nal
strates the higher fidelity of the enhanced near-field imaginé)u ed Tor each soltion. i C_% av: N€ a_ ge a
in comparison with the standard one. = £(k,Pa) betweenP,, andk]v s used to classify waves
The alternative idea of using a low-loss polar dielectricinto left handed and right handed.
with the reststrahlen band for enhanced near-field infrared TWO classes of electromagnetic modes were found for any
imaging with submicron resolution is presented here. Posgiven wave numbek. The higher-frequency mode is right
sible applications include nanolithography using a,d43er handed, and the lower-frequency mode is left handed. The

and high-resolution biological and chemical sensors. physical difference between these modes is illustrated by
Fig. 6, where the local Poynting fluxes are shown kgr
IIl. WAVEGUIDE STACK =d 1m/4, ky=0. The Poynting flux of the left handed mode

) _ (0=0.850p) shown in Fig. €a) is localized near the

The SDW was considered merely to elucidate the emeryacuum/cladding interfaces, and points in the negative direc-
gence of the left-handed surface waves, and to derive thgon. The mode clearly propagates as a surface wave. In con-
necessary conditiond)—(3) for their existence. The objec- trast, the right handed mode & 0.95w,) propagates by tun-
tive of this paper is to construct a photonic structure capabl@eling across the dielectric cladding, which is why the
of transmitting infinitely extended(planaj left-handed  poynting flux is positive and not localized, as shown in Fig.
waves in all directions. SDW is not infinitely extendedyin 6(b). The two modes have exactly the same frequezn(:ﬁ
direction, and it only enables wave propagatiorxidirec- —0)=w,—0.852, (ie. are degeneratdor k=0. As wil

=w.=0. €., =0.

tion. Thus, the waveguide stat’s) with periodicityd in y be demonstrated pbelow, the mode degeneracy results in the

direction, shown in Fig. (b), is considered next. The el- . £ th ; d th
ementary cell of a WS is assumed to have the piecewis@trong anisotropy of the propagating modes with sritait

constant dielectric permittivity:e(x)=1 for |x|]<b and finite) wave rlumberslz: the mode frequency not only de-
e(x) =€, for b<|x|<d/2. Electromagnetic waves in a WS pends ork=|k|, but also on its directiom=k/k.
are characterized by the two numbers: phase shift per unit The anglea=~ (k,P,,) is plotted in Fig. 4 as the func-

cell —7<¢,=k,d<m and the wave numbdfx. Electro-  tion of the propagation anglefor the lower-frequency mode
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14 i i i ' ' : : ' using the perturbation theory that the mode degeneracy im-

— Square Latice " plies anisotropy for the SLPW.

121 Photanic The solutions of the Eq(3) corresponding to the phase
shift (¢y,¢y) per unit cell can be expressed as,

Waveguide
= Hexpi(kx+k,y), whereH is a periodic function. Substitut-
ing H, into Eq. (3) yields

08

I . _[VH) KH O (2VA | et
06t . 1 -V.|—|+——ik-| —+HVe l|=—H. (6)
~~~ € € € CZ
0.4 ~.’~._~ . .
P K Treal Equation(6) can be recast as an eigenvalue problé®{
02} \“v/' Teell 1 +V®4+V@yy=\y, where the distances are measured in
> x T units of ¢/w,, A=w?w? is the eigenvalueH®@y= -V
% 005 01 045 02 025 03 035 04 045 05 '(6_161/1) is the unperturbed Ham”tonial’{/(l)lﬂ:—”z
" cos™!(k /k) (26 Wyt yVe ) is the linear ink perturbation, and

V(2 = K2 i ic ink i
FIG. 6. Angle between the phase and group velocitiess the v l// k_z,k/e Is the quadratlc_ ka Pemllrba“on c_)f the
propagation angled=cos 'k, /k, where k=d~ /4. WS param- Hamiltonian. The total perturbatioi=V,+V,. The dielec-

eters: w,d/c=4, b/d=1/8. SLPW parametersw,d=4.8, b/d tric permittivity e the function ofA. However, for simplicity,

=1/8, r,=b. I will assume in the following that is frequency indepen-
dent. For definitiveness, assume tlagt= — 0.4 since, fork
of the SLPW. In arisotropic LHM a= = for any 4. In gen- =0, 60=1—w§/w§-

eral, the medium need not be isotropic, in which case we The unperturbed Hamiltonian has a discrete spectrum of
require thatm/2< a<3m/2 for all propagation directions in eigenfunctions), and associated eigenvalues. The lowest
order for the medium to be left handed. eigenvalue is\=0, which corresponds t@s,=const. The
SLPW is an example of such an anisotropic medium: it isnext doubly degenerate eigenvalueAis;,=\.=0.71. The
strictly left handedbecauser/2< a<3/2 for all propaga- corresponding eigenfunctions are odd with respect to inver-
tion directiong. Group and phase velocities exactly opposesion: wly,l(—§)= — lp|’||()—()). They can be conveniently cho-
gafh »othﬁer jor four different propagation directions:sen such thaty,(x,—y)=—¢,(X,y), ¥ (—X.y)=(X.y),
klex.ey,(ex*ey). Due to the anisotropy of the SLPW, ra- and correspondingly (X, —y) = ¢ (X.y), #nu(=xy)=
diation “prefers” to propagate along one of the channels.—#,,(X,y). Note thaty, and i, are mutually orthogonal.
Specifically, fork, >k, radiation preferentially flows along ~ The next closest ta. eigenvalue is\3=1.4. This a nonde-
direction and vice versa. Symmetry requires tR4k when ~ generate gigenvalue, thh the corresponding. eigenfunction
Kl(e.+e€,), so there is a rapid transition neés /4 from Y5 satisfying the following symmetry propertiegts(—x,

g - = ] 3 y = y y d — X, =
the preferential flow along, for 6<w/4 to the preferential _)ga(xlﬂ;)(.x V. 5% =) Ya(xy). and ys(=x.y)

flow along éy for 6> /4. The rapidity of the transition is The IZ-dependent perturbatiod® and V) removes the
determined by the corner curvature of the structure. Note thac]egeneracy betweapy and ¢, , resulting in the left-handed
the anisotropy of the SLPW is not related to the periodicityand fight-handed waves shown in Fig. 6, which have differ-

of the structure. Numerical simulations demonstrate that th%m frequencies as indicated earlier. Calculating the mode
. . . > 1 N :
S(Ij‘PW 'S]; ahnlsotrlcl)plc_ even for smak|<d™ "= far from the  ¢oquencies in the limit of small can be done in the context
edges of the Brillouin zone. of the perturbation theory by solving the secular equatton.
Defining the overlap integral;; as
A. Why is SLPW anisotropic for small wave numbers

- d d ~
The anisotropy of the SLPW for small may be some- Vij :f de dyyi Vi,
what surprising because it implies that the mode frequency is 0 0

hot an analytic function ok. Indeed, if the frequency is a wherey’s are the unperturbed solutions, the secular equation

quadratic function ok, i.e., w*=w;+gimkiky (Wherew. is  takes on the form which is familiar from quantum mechan-
the cutoff frequency then the symmetry of the square lattice jcs, v, c, = \ ,6y,c; . The summation over the repeated index
requires thagy =D dy, whereD is the scalar andy is the  js assumed, and the sought afith perturbed eigenfunction
Kronecker delta. This would imply isotropy: from*=w; W, is given byW,= S cnim. We are primarily interested
+DKk? follows that the group velocity ;= dw/Jk|K is par-  in the behavior of the perturbed solution_ (lower-
allel to the phase velocity. However, the frequency is not arfrequency left handed mogdand¥ .. (upper-frequency right
analytic function ok. This is due to the fact that &=0 the  handed modewhich, in the limit of k=0, becomey, and
mode is doubly degenerateee Fig. 6. Below, | illustrate ¢, .
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0.865

Strictly, all unperturbed eigenfunctions 6[0 have to be
included in the summation. For simplicity, | only include the —k
two degenerate eigenfunctions, #, , and the eigenfunc-
tions ¢ and 3 which have the closest eigenvalugs-0
and\ =\5. In this truncated model, the degenerate double
of unperturbed eigenfunctions)(,,,) is “surrounded” by
the two singletsy, and 3. The four eigenfunctions
(o, .t ,i3) are taken to be real and normalized to unity. $

Simple symmetry arguments can be used to demonstra
that V|’||:0 and V|‘|:V||]||:V|(ﬁ)EAk2, where A

=(e_1)|,| is a constant. Thus, the perturbatitf/ndoes not
mix ¢, and,, , and does not remove the degeneracy of the
doublet @, ,4,,). It is the mixing between the doublet and

the two singlets via/, that lifts the degeneracy, and intro-

0.86

0.855

duces the anisotropy of the perturbed solutighs and¥ , .
The relevant nonvanishing matrix elements yﬁé}zvm,
V(Ph=Va0, VIH=V3, andV{}=Vys. It can be shown that
the effect of the nonvanishing matrix elemektg=Bk? and
V35=Ck? (whereB andC are constanjson the doublet is of

order|k|*. Hence,Vy, andVa; are neglected. Also by sym-

metry, Vo3=0.

0.845 L L . . .
0 0.2 04 0.6 0.8 1 1.2
ck /o
X p

FIG. 7. Dispersion relatiom vs|IZ| for a triangular arrangement
of dielectrics as in Fig. @). Equilateral parallelogram withd
=3c/w, and 8= 7/3 opening angle—elementary cell of the photo-
nic structure. Solid linek=ke,, 0<kd<2w//3; dashed linek
=ke,, 0<kd<2w/3. Channel widths B=0.6c/w,, dielectric

The corresponding secular equation for computing thedges smoothed with radiug=b.

perturbed frequencies ofi(, , W _) is obtained by solving
the following equatiof? for the eigenvalue shifé\:

0 0 Vio Vis C C

0 0 Vyp Va3 Ciy Ciy
Vio V3o (—X¢) 0 Co - Col’
Vig Vi3 0 (A3=No)/ | C3 C3

)

wherex=(S8\) — AK2. In the vicinity of A =0, the quartic in
\ Eq. (7) becomes quadratic

2N |V10|2+|V20|2+ V14 %+ |Voqd? N |delQ|2_
E, E, EEs
(8)

whereEqg=—\., E3=A3—\., andQ is the interaction ma-
trix

_ ( Vio VlS) )

V20 V23

B |V10|2_|V20|2+ V13 2+ Va2
2E, 2E,

. \/ |V10|2+|V20|2+ Vgl ®+[Vad* 2_ |deQ|*
- 2E, 2E; EoEs
(10
where the+ (—) signs correspond t# . (right-handegand
¥ _ (left-handed modes, Ezspectively.
Note from Eq.(10) that\ is not an analytic function. It is

also manifestly anisotropic due to tI’PZedependence of.
The two propertieganisotropy and the nonanalyticitgo

hand in hand: analytic dependence @mon K implies isot-

ropy in the limit of smallk. In Sec. V it is found that a
periodic lattice with higher symmetrgriangular lattice pho-
tonic waveguidgis isotropic. This may be explained by the
vanishing of de due to the higher degree of symmetry of
the TLPW.

V. ISOTROPY OF TRIANGULAR LATTICE PHOTONIC
WAVEGUIDE

Photonic waveguide can be made much more isotropic if
dielectrics are arranged in a triangular lattice, as shown in

Again, symmetry considerations completely determine thesig, 1(d), forming a TLPW. This arrangement has a higher

functional dependence of the matrix elementskorFor ex-
ample, it can be shown that for the SLPW,=iMk,, V5o
=iMK,, Vi3=iNKk,, andV,3=iNk, . Therefore, the brack-

eted term in Eq(7) is the function ofik|? only. The vanish-
ing of deQ would then guarantee thatis an analytic func-
tion of k. Not surprisingly, e\) = (w?— w?)/w? would be

an isotropic function of|k|2. For the SLPW, however,
|deQ|?=M?2N2(k?—k?)? does not vanish, and

degree of symmetry than SLPW, and results in a composite

medium which is perfectly isotropic for smdll well inside
the Brillouin zone. The elementary cell of the TLPW and the

dispersion relationo vs k for two orthogonal directions of
k=e,k are shown in Fig. 7. The two dispersion curves,

which are identical fotk|</d (establishing the isotropy
are drawn to the respective edges of the Brillouin zone: 0
<ked<2m/3 and 0<k,d<2m/3.1
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s (a) . (b) locities was calculated as the function of the propagation
R R angled=cos Y(k,/K). The propagation wave number of mag-
. . '\g'}';"}‘/ Lo RN nitude |k|=d~'7/4 was rotated by varying 9 6<27/3.
>15 ‘7,‘ NS ; : gi/ 15|  AZ :.\i :\j 5554 The anglea for the TLPW was found to vary between
o | A e Yy LX N S 0.9947< @< 1.0067. This stands in sharp contrast with the
24 I NS RN ART S ¥ T e .
/i -;§ ’ AummaraY significant deviation ofr from 7 for the SLPW as shown in
% 5 s 26 % 18 Y 25 Fig. (4). Therefore, it is concluded that, unlike the SLPW, the

@, xlc TLPW is an isotropic(uniaxial) left-handed structure. |
speculate that the isotropy is related to the fact thaQdet
FIG. 8. Power flow in a Triangular Lattice Photonic Waveguide. given by Eq.(9) vanishes for TLPW but not for the SLPW.
Structure parameters same as in Fig. 7. Wave nurkbat™ 17/6,

and (@) k=ke, (no vacuum/cladding interfaces parallel kp; (b) VI. CONCLUSIONS

k=ke,, (interface along) In conclusion, several photonic structures supporting left-
handed waves were considered. The structures consist of di-
These two directions are chosen because they exhibit thelectrics with the dielectric permittivities of the opposing
maximum possible anisotropy. Indeed, forke, there ex-  Signs, enabling the propagation of the surface waves. Two
ists a vacuum/cladding interface along which the electromagtypes of surface waves, plasmons and phonons, were consid-
netic energy can flow i direction, Fig. 80). No such in- ered. A specific materigSiC) was suggested as the promis-
terface exists fok= kéy, Fig. 8a). Thus, the local Poynting N9 candidate for making left-handed photonic structures, as

flux patterns are very different for these two directions, agVell @s for developing a “perfect” lens for enhanced near-

can be seen by comparing Figgag). For the parameters of field imaging. _ _ .
Fig. (8), k=d~1x/6, the index of refraction i;=—ck/w The most promising two-dimensional structure with nega-

=-0.2. Index of refraction can be readily tuned in both tive index of refraction appears to be the Triangular Lattice

directions by adjusting the parameters of the TLPW: period—PhOton'C Wavegwde because Itis isotrofumiaxia) in the

icity d and channel width B. wave propagaﬂqn plane. The S|mpler' left-handed structure,
Despite the differences in the flow patterns, the cell-the_3 Squa_re Lattice thc_Jt(_)mc_ Waveguide, was shpwn to be

integrated fluxed... are identical for all directions dé. and anisotropic even for infinitesimally small propagation wave

o . ' numbers. This was shown to be the consequence of the

so are the frequenciesi=0.86w, . Numerical results unam-  nnanaiytic dependence of the wave frequency on its wave

biguously confirm that, for smalk|, phase and group ve- number.

locities exactly oppose each other. At least for this particular

LHM, the claim of Valanjuet al® that a= A(Jph,z;g)aﬁ s ACKNOWLEDGMENTS
not confirmed. Anisotropy for largkk| is merely the conse- | would like to acknowledge the enlightening conversa-
quence of the periodicity of the photonic structure. tions with Dr. D. J. Bergman and Dr. R. C. McPhedran on the

The anglea= L(Iz,ﬁa\,) between the phase and group ve- anisotropy of the square lattice photonic waveguide.
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