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Phonon-polariton excitations in photonic crystals
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The incorporation of materials which exhibit transverse phonon-polariton excitations into a photonic crystal
produces an intricate optical system possessing unique and varied photon phenomena. In particular, we dem-
onstrate theoretically that such a system will exhibit both near-dispersionless bands with field localization in
the polaritonic material and metalliclike bands with complete flux expulsion in an extremely small frequency
interval around the characteristic phonon frequency. Moreover, when the fundamental resonances of the po-
laritonic rods overlap with the bands of a geometrically identical metallodielectric crystal, nearby states will
couple to produce a band in which the localized field varies continuously between two distinct nodal patterns,
in an exceedingly small frequency range. We also discuss the implications of losses on these phenomena and
verify that our results can be realized experimentally.
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[. INTRODUCTION Various aspects of photonic band gaps and band structures
of polaritonic photonic crystaldPPC$ have been previously

In recent years, the study of polar media which permitstudied using a diverse set of theoretical td8ig>Work by
transverse phonon-polariton excitations has commande8igalaset al!®! focused on determining the photonic band
great attention both experimentdilgnd theoretical§due to  gaps in a two-dimension&RD) photonic crystal slab com-
the unique and well-understood frequency-dependent dielegosed of polar materials by analyzing the transmission coef-
tric function. In bulk polaritonic materials, there is a fre- ficient as a function of frequency using the transfer-matrix
quency rangéthe polariton gap in which the propagation of method. To our knowledge, the first 2D PPC band structures
electromagneti¢EM) waves is prohibited. Such a frequency were calculated by Zhargt al*? and followed by Kuzmiak,
range is generally called a photonic band dage Fig. L Maradudin, and McGurf In both works, the authors iden-
This photonic band gafPBG) is unrelated to translational tify as the major development the presence of flat, almost
symmetry, unlike the PBG properties of crystals of constantlispersionless bands below the phonon frequengy
dielectric materials, known as photonic crystals. Since the Kuzmiaket al. postulated an explanation for these bands
ground-breaking work of Yablonovitchand Johrf, the ex-  as coupling to the localized cavity modes of an isolated rod.
plosion of research into the design and fabrication of photoWe show that this proposition is indeed correct, by providing

nic crystals with complete PBGE&Ref. 5 has inspired a

wealth of potential telecommunications applications, includ- 06 ok

ing waveguides, channel drop filters, and omnidirectional S S

reflector®~8 We demonstrate how the substitution of polari- 0.5 k

tonic materials into photonic crystals introduces a whole ‘ ,/guz

range of exciting physical phenomena. ’
At a resonance between a transverse-optical phonon atg (4

frequencywy and a transverse EM wave, the phonon-photon &

coupling induces a radical change in the material’'s optical g ;S
response. At low wave vectors, a simple model with disper- < 03 oL
sionless phonons vyields the dielectric funcfion 9 Polariton gap
2 : or
53 /!
w2— ""E o 0.2 /
e(w)=¢ex| 5|, o =
W —wT

0.1F
wheree., is the dielectric response at high frequency, and
is related toe.,, and w through the well-known Lyddane- |
Sachs-Teller relatiom/e(0)/z... Clearly, the power of po- 0.0, 05 T

laritonic materials lies in the opportunity to study the large

epsilon and negative epsilon regimes using the same physical
structure by merely choosing the frequency of light below FIG. 1. (Colon Dispersion relation for a material with polariton
dielectric function given by Eq(1).

w7 Or inside the polariton gap betweer andw, .
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a fundamental model applicable in one, two, or three dimen-

sions for photonic crystal properties in the lamgeegime

that quantitatively explains the locations of the PPC bands ),

below wy. In doing so, we demonstrate how the coupling

can occur in totally different manners for the TE and TM

modes depending on the location ©f relative to the bands z

of a metallodielectric crystal, with the polaritonic material X
replaced by a perfect metal. In some cases, the crystal will

manifest an anticrossing behavior of the TE bandso(t of

plane that has not been previously observ&tle to the a
choice forwtal/2mc, wherea is the PPC lattice spacing, of
either 0.5 or 1.0 in the two other works3. FIG. 2. Unit cell in a periodic structure marked by the

In addition, we provide a description of the bands directlysond outline. Note the axis convention which will be adhered to
above wr, a metallic regime that has not been previouslyhenceforth.
investigated. The presence of TE and/or TM bands which o . ] ] ) )
converge towr is again regulated by the position af; subsequently divide this cell into layers in which the index
relative to the bands of the metallodielectric crystal. The situProfile does not change in the propagation directsee Fig.
ations in which bands exist arbitrarily closeag both above ~ 2)- In each of these layers, we expand the field in the local
and below lead to the introduction of a unigfiex expulsion ~ €igenmodes of that particular layer. The only approximation
phenomenon, where light can be transferred completely if$ the size of the eigenmode basis. , _
and out of the polaritonic material into the interstitial photo- ~ USing mode matching, we can eventually derive reflection

nic crystal medium as sweeps acrose; in an extremely ~and transmission matrices that completely describe the scat-
small interval. tering behavior of the unit cell:

The paucity of previous PPC calculations is perhaps due
to computational obstacles in traditional time-domain and
plane-wave methotPWM) codes that crop up near the poles
and zeros ok at wr and w,_, respectively. However, it is B1=Ryp-F1+ T2 By. ()
precisely these frequency ranges, where the materials divel_}

r - .
from normal optical behavior, which we have found to be of ere,F andB are column vectors containing the expansion

particular interest. To overcome these difficulties, we empIoQX)e'cf'C"f:‘nts of the forward and baCka’?“?' propagating fields,
espectively, and 15, Ry;, etc. are explicit functions of fre-

a technique based on vectorial eigenmode expansion, dié ! .
cussed in Sec. Il, which is ideally suited for frequency-quency' We then impose Bloch boundary conditions

dependent dielectrics and is accurate over an extremely large

Fo=Ti» F1+R31- By, (2

— aika
range ofe. Fo=e T, @
In Sec. Ill, we provide a comprehensive description of the _ _ika
band structures of 1D PPCs. We introduce our model for the B,=e "B;. ®)

I 0
q
Riz Ta

flat bands beloww;, and demonstrate the excellent agree- , i i
ment with our numerical results. We also characterize the Eduations(2) and(4) can be recast as a generalized ei-
bands inside the polariton gaplat and demonstrate that for genvalu_e probler_n, WhIFh can be_sitk);ved for each frequency,
certain values ofo7, w, , ande.., there can be a character- Wherel is the unit matrix andy=e
istic frequency at which the entire crystal becomes transpar-
ent. In addition, the simplicity of the 1D crystal allows us to Tz Raf| Fy _ Fy
provide an analytic solution for the wave vector of the bands 0 | ||aBy] aB,)
at v, at whiche(w) goes to zero.
In Sec. IV, we adapt our model of the flat bands betow In contrast to other approaches which compute the eigen-
to a 2D square lattice of polaritonic rods, and demonstrat@ectors of the transfer matriX;'® no matrix inversions are
the difference in behavior between TE and TM polarizationsrequired in our approach and therefore the method is numeri-
The metallic bands directly above; appear, and we explain cally more stable. We also want to point out that in one
how the band structure in these two regions can be simplgimension, this method is equivalent to the well-known
tuned by varyingo+, in particular, to exhibit flux expulsion. transfer-matrix methodTMM ).
Finally, in Sec. V we discuss the effects of losses in the Since the independent variable in these calculations is fre-
polaritonic material. quency rather than wave vector, it is trivial to account for
material dispersion. Moreover, it is possible to increase the
Il COMPUTATIONAL METHOD fr'equen'cy resolution locally, an a(_jvant_age over time—do.mai.n
simulations where a frequency grid of increased resolution is
To calculate the Bloch modes of a structure consisting ofmplemented through a global increase in the number of time
frequency-dependent materials, we use an approach based steps. This flexibility is exceedingly important for polaritonic
vectorial eigenmode expansithWe identify a unit cell in  materials, since there are rapid changes in the dielectric func-
the crystal oriented along a certain propagation direction, antion over very small frequency intervals neax . These
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05 wheree=1 and the band intersects the line=ck. One
05 - “‘ e : 0.5 important question is whether our choice of polariton param-
(a) (b) eters{w,w ,&..} holds any importance. In one dimension,
S 04 04 the location of the polariton gap has little effect, but a dif-
& ferent picture will emerge in two dimensions.
<\§ 03 ‘ oL ' o We study(i) by examining the modes of photonic crystals
b ofgriton gap ' Polariton gap in the large index contrast limit. Our understanding(iof
% 02 0”02\“" comes from an analytic solution of the wave vectoruat
=3 given by the TMM, and(ii) is a simple by-product of the
E ol - transparency of the crystal at a particular frequency.
- L ail A. Large-n slab modes
-30 -20-10 0 10 20 30 0 T As previously mentioned, other authtf$*have observed
e(m) Wavevector k

the flat band phenomenon in PPCs belaw. However,

FIG. 3. (Colon (a) Polariton dielectric function of Csl with ~What is missing is a theory to describe both qualitatively why
w7=0.24, w, =0.32, ande..= 3.0. (b) Band structure of a 1D pho- the dispersion is so small, and quantitatively where these
tonic crystal composed of Csl and air, with=a/2. Note the flat bands occur. We provide an answer to both of these issues in
bands belows, the penetration of the phononlike part of the band detail for a 1D PPC with a mind toward facilitating our fu-
nearw, into the polariton gap, and the transparency poiapre-  ture discussion in two dimensions. Directly belawy, the
sented by the open cirglevheres =1 and the band intersects the polariton material has a large index of refraction, and so in
line w=ck. order to understand the flat bands in this frequency range, we

initially ignore the frequency dependence of the material and
techniques were implemented in our generic photonic simuconsider a slab with fixed, large As n—c, the reflectivity
lation tool CAMFR, which is freely available from http:/ normal to an air interface may be shown to behave as
camfr.sourceforge.net

A further restriction on time-domain and PWM calcula-
tions involving frequency-dependent dielectric functions is
the necessity for a self-consistency loop when solving for the ) o ) )
bands. In addition to the increased computational time, we Hence, there are localized modes within the dielectric of
have found the self-consistency step to introduce serious i€ formen=sin(wy), with frequencieso,=mmc/nd. We
merical instabilities in certain ranges, particularly wheris ~ NOte that these are of course only true localized modes in the
very small. Kuzmiaket all® also mention the danger of I|m|_t n—oo; for finite n, _the leakage of t.he fields into the_a|r
missing zeros in the determinant of the matrix of expansiorf€dion allows for coupling between adjacent slabs and intro-
coefficients in the plane-wave expansion if the increment irflUces frequency dispersion. _ _
frequency is too small. For the specific case of a polariton_ !f We now assume a frequency-dependent dielectric func-
dielectric function, it is possible to recast the solutions tolioN the slab resonances also become frequency dependent.
Maxwell’s equations as a generalized eigenvalue equatiolVe can solve the equation,= wy(w,) =mwac/dVe(w.y,)
using the plane-wave method to avoid the self-consistencto obtain
loop® but for general frequency-dependent dielectric func-

2

— 1.

n—1

n+1

ions this simplification is impossible. A 1
t P P wh=5l0l+ Q- (ol +00)2-40707],  (®
I1l. 1D POLARITONIC PHOTONIC CRYSTAL WhereQm= marc/d \/;

. . . In the limit of extremely localized fields, we expect the
We first examine the band structure of a 1D photonicyangs of the 1D polaritonic photonic crystal to follow a
crystal with propagation in the direction. The modes are simple tight-binding model with a Hamiltonian
TEM in this case, with botlk andH parallel to the interface.

For definiteness, we consider the polariton material Csl, with Hem=omem+ T(@meit+ @m_1),
wr=12x10"rad/s, w, =16x10"rad/s, ande.,=3.0° N
With a lattice constant of=37 um, the polariton gap oc- and bands of the form(k) = wy,+ T coska/m). The Hamil-
curs between the normalized frequencigs=0.24 andw, tonian has been linearized to obtain eigenvaluesather
—0.32(in units of 2mrc/a). For the most part, we will use air than the standards® by expanding in the small nearest-
as the ambient material between polaritonic layers,,  neighbor coupling integral. Similar tight-binding models of
=1). The dielectric function and band structure are showrPhotonic crystals have shown excellent agreement when the
in Fig. 3. dielectric material has large.?°

There are three interesting features of Figh)3hat are In Table I, we compare the frequenciesat 7/2a to o,
immediately apparenti) the flat bands beloww, (ii) the  and find excellent agreement, to within 0.1%, formlb1.
modes existing inside the polariton gap belay, and(iii)  This clearly indicates that the localized mode model works
the portion of the band around the frequeney0.3533  beautifully and allows for the precise determination of not
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TABLE |. Comparison of the band frequencieskat 7/2a to m/a
wp, from Eq.(6) for a 1D crystal of Csl in air withd;=d,=a/2. In
the last column is the value ef at w=&)m.
m w (m/2a) O e(wm) f
2
2 0.2362 0.235 900 71.88 9 £ o]
3 0.238 256 0.238 194 158.6 3 \ -
4 0.239 008 0.238 988 280.1 5 \\ %
5 0.239 361 0.239 353 436.4 = \ %
6 0.239 555 0.239 551 627.3 \ = A
7 0.239 672 0.239 670 853.0 \
0 m/a
8 0.239 749 0.239 748 1113 . \ R (s Rl
9 0.239 801 0.239 801 1408 0.0 0.5 1.0
10 0.239 839 0.239 839 1738 0
11 0.239 867 0.239 867 2103

FIG. 4. The dependence of the wave vedt@t w=w, On w_,
according to Eq(7). The black dot refers to the value @f used to
calculate the band shown in the inset intersecting=0.32 atk
=/2a for a 1D crystal of Csl in air. Note that for 0.5%%w
e<0.854, there is a band entirely within the gap.

only the location of every band belows but also, as we will
examine more closely in two dimensions, the shape of th
highly localized fields inside the polariton material.

Note that when the slabs are in air,> | . However, the
point of transparency will be below; whene 4> €., and

We now turn our attention to the other side of the polar-w$> wf(sx/samg. This provides a unique tunability to a
iton gap. In Fig. 8), we see that in the range polaritonic system, since the transition to transparency can
€[0.2997¢w, ] there are states inside the polariton gap,occur in a region of either rapidly or slowly varying index. In
where e(w)<0. There is a simple interpretation of these addition, note that there is no; whene.,.<e n<eg.
modes. In the crystal, the slabs of air can be treated like
defects in an otherwise homogeneous polariton material,
drawing the states ne&=0 aroundw, down into the gap. IV. 2D PHOTONIC CRYSTALS

This iS.the OppOSite Of- the normal e'ﬁeCj[ of ai-r defects in -a We use our understanding of 1D Crysta|s from the previ_
photonic crystal; the air becomes the higher index materiahys section to infer much of the relevant behavior in two

B. Defectlike states in the polariton gap

whenw is nearo . o ) dimensions. However, the existence of bands in a metallodi-
At w=w_, the wave vector is given analytically by the electric crystal will add rich, different phenomena and con-
TMM as trol possibilities that open the door for many exciting appli-
cations.
wd; od;  wd The band-structure calculations of Zhaagall? exclu-
k(w )=arccoscos — sin . (7) : . :
2 C sively use a polariton gap betweg®.5,1.0, while those of

Kuzmiak et al. use[1,1.08. However, we demonstrate that
This wave vector is plotted in Fig. 4. Note that for 0.527 it is impossible to describe all of the complex elements of the
< <0.854 there is a band in the polariton gap that extend$and structures of 2D PPCs using a single choice of dielec-
throughout the Brillouin zone. tric function parameters. The two-dimensional polaritonic
For the bands inside the polariton gap, we can charactephotonic crystal that we examine consists of square rods of
ize the decay rate of the field strength inside the polaritorside 2 in air, with 2r/a=0.25, along the directiol’ to X.
material of a mode of frequenay, at k=0 by v|e(wo)|,
which we plot in Fig. 5 as a function af,, for various values
of wt and w_ . We see that the decay rate increases with
increasingwy or w_, and asymptotes as a function ©f . We can understand the physics of a polaritonic crystal in
two dimensions at frequencies belewy by first considering
the modes of a square cavity in air wit=0 along the rod.
As n—oo, the reflectivity goes to 1 at all angles away from
The crystal becomes transparent to light at a frequency ofrewster’s angle. To see how well this picture works for
w;=0.3533 in Fig. &), wheree =1 and the band intersects finite n, we compare the resonances of the square cavity to

A. Large-n cavities

C. Crystal transparency

the linew=ck. In generale(w) = &am, When the metallic waveguide modes with frequencies
1 gg—¢€
2 2_ 2 2, _ ©0 amb 2
W == (£,0] — €)= ——— wT. e
Y &= &amb LA e —eamp | Om= (I2+m2)1’2, 9)
(8 2re
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FIG. 6. (Color) Resonance frequencies of a square cavity with
FIG. 5. (Color The rate of decay of the field strength inside the N=20 compared with the metallic waveguide frequenciag ,

polariton material of a mode of frequeney, at k=0, given by shown as black horizontal lines in the center. TE modes are shown
le(wo)[x—0. as a function ofe, . The black lines are forr in red, TM in blue. The arrows indicate association between modes

=0.32 (2wc/a) and red are foiw;=0.48 (2mc/a). From bottom  With fields of the same nodal structure.

to top, the successive curves of each color aredprfrom wt

+0.04 (2mc/la) to w;+0.2 (2mc/a) in  increments of

0.04 (2mrcl/a).

1.50 1.50

1.20 1.20

0.90L = 0.90

0.60+  Polariton gap i 0.60
4 —— ]

)
53
N =
S r 7
S 037f j - 0.37F
4 L
Z )
: B — |
g B Z E
2 034 - 0.34F
e 5 - L i
(a9
0.301 - 030> -
I - - Photonic bandgap 8
0.201 - 0.20 |- ]
0.10+ "N - 0.10 e ]
- H (a) = ; | | | (b) ——
0.00 . 0.00 [, 1
r X r X
Wavevector k Wavevector k
E B
TE ™
B E
k k

FIG. 7. (Color) Band structure of a 2D PPC of square TICI rods in air wittheé2=0.25, w1=0.4, o, =1.0, ands.,=5.1. The TE bands
are in red in(@), TM in blue in (b). Note the three different frequency spacings for the interfM@j8.32, [0.32,0.4 (shaded in gray and
[0.4,1.5. The primary photonic band gap in the TM modes is indicated by purple shading.
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0.4 = 0.40
‘g 038 =
S 0.38 - o
g 034 § 0365 )
3 5
[ 032 ]
D 2
03 ‘ : g 034 /
0.000001 0.0001 0.01 1 3 i
Group velocity i
o . 0.32 i 40y
FIG. 8. (Color) Group velocity in units of 2 as a function of
frequency of the TM bands displayed in Fig. 7 in a 2D TICI PPC. - Metallodielectric band —> /-
where the modes with=0 orm=0 are excluded from con- 0-30F ' X

sideration since the fields should go to zero at the boundary. Wavevector &

It is important to note, as in one dimension, that there are no _ _
true modes of the isolated rod with out-of-plake 0, but FIG. 9. (Color) Matching of the frequency-dependent metallic

rather pseudomodes that become exact only in the limit oWaveguide resonance frequencigs, from Eq.(10) to the 2D crys-
infinite n. Keeping this is mind, we nevertheless refer total band structure of TICI rods in air withr2a=0.25. The reso-
them as resonance modeS, or resonance frequencieS, sirface frequencies are dlsplayed as horizontal black, dotted lines;
the true PPC states will retain the characteristics of theste lowest TE band of the metallodielectric crystal is shown as a
pseudomodes at finite dashed red line.

In Fig. 6, we plot the cavity resonance modes for a square
rod with n=20 for both TE and TM polarizations and com- behavior more closely. The frequency-dependent resonances
pare them to the model frequenciegn,. The correspon-  solving @, = mc/2r \e( ) are
dence was made by examining the field pattern inside the rod
to determine the nodal pattern; the TE modes show slightly
better agreement with the frequencieg, .

We have used square rods because of the simple, analytic
solution given in Eq(9) for the metallic waveguide modes

confined to the plane with zero out-of-plane wave-vector T _
component. We infer that in a general 2D larg@hotonic  WhereQ=mc(1?+m?)¥72r Je... In Fig. 9, these frequen-

crystal, the band structure is governed primarily by the resoCi€s are overlayed upon the TE bands neat to show the
nances of a single rod, whose frequencies are determined 1%0Se agreement. The largest gap at the band edges in the
the rod’s geometry, where the periodicity of the crystal will TICI crystal is relatively smal(1.6%), occuring at the mid-

only introduce slight dispersion. gap frequencywp;g=0.3175.
Why the difference between TE and TM modes? The an-

B. 2D band structure swer lies in a comparison to the bands of a metallodielectric
' crystal with the same geometry of square metal rods, shown
In this section, we use the insight gathered in Sec. IV A toin Fig. 10. We point out one major difference between polar-
understand the band structure of a 2D PPC in the high indeiations: the lowest TE band goes to zero frequency at
region. In Fig. 7, we show the band structure for the polarifowest TM band has a frequeney(I') =0.409. In addition,
tonic material TICl with wr=12x10"rad/s, o, =30 there is a gap at X in the TE bands between 0.458 and 0.517,
X 10'? rad/s, anck..=5.1 (Ref. 9 (in normalized unitswr  while the lowest TM band has a frequeneyX) = 0.546.
=0.4 andw, =1 for a=62.8 um). It is clear from Fig. 9 that the lowest TE-polarized metal-
The most striking feature is that the TE and TM bandslodielectric band increases in frequency frdihto X in pre-
exhibit very different behaviors. As expected, the TM bandscisely the same fashion as the linear regions of the TE bands
closely resemble the 1D bands predicted by our simple tightef the PPC. Thus, we interpret this observation as the anti-
binding model since thé& field is continuous everywhere. crossing interaction of the highly localized resonance modes
We demonstrate the low amount of dispersion by plotting theof the polaritonic rods with the modes of the metallodielec-
group velocity as a function o for all of the TM bands tric crystal (with the field completely removed from the
below wt in Fig. 8. rods, which is possible due to the small but finite leakage of
However, the TE bands are roughly linear, except neathe resonance modes out of the rods. In agreement with this
particular frequencieévhich we identify as resonances of a simple characterization, the field near the band edges re-
single rod where they rapidly flatten. Let us examine this sembles the resonance mode of the rod closest in frequency.

1

slof+ 05— V(o +0i)?- 40707, (10

~2 _
Dm=

075209-6



PHONON-POLARITON EXCITATIONS IN . .. PHYSICAL REVIEW B8, 075209 (2003

1.0 0.50 ¢
0.8 0.48
o
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Q
B s 0.46
06 2 ;
< o 4
§/ ) /
> ) | Metallodielectric band —>»/
5 S 044 7
q U‘ 1
o 04 o 1
= ia
o
e 0.42 oA

0.2

0.40 L
r X
0.0 Wavevector k&
Wavevector k FIG. 11. (Colon Matching of the cavity modes,,, from Eq.

(10) to the 2D crystal band structure of SiC rods in air with'@
FIG. 10. (Colon Band structure of a 2D crystal of square, me- _ g 55 Note the distinctions from Fig. 9, due to the placement of
tallic rods (in black in air with 2r/a=0.25. TE bands are in red, wr abOVew ey
TM in blue. Note the frequencies at the band edges of the first TE met

and TM bands. will have field patterns resembling thel(2m) modes inside

The implications of this phenomenon on the importancethe rod, or resembling the one out of the two degenerate
of the location of the polariton gap are significant. There is anodes with frequency};zmm+1 with odd symmetry.
frequency cutoffw e 0.458, the maximum frequency of However, the question remains as to what happens to the
the lowest TE band of the metallodielectric crystal betweermodes of a single rod with odd symmetry lih, once peri-
I' and X. Beloww e, all of the bands of the PPC are flat odic boundary conditions are imposed. We expect that the
nearl” and X as a result of anticrossing between the metalsame description that was used for the TM bands applies: a
lodielectric TE mode and a particular rod resonance. Along dlat band should be formed near the frequeiagy, whose
single band, the nodal surface of the field in the rod changedispersion is a result only of weak interrod coupling between
to match the two different resonance mode$ and X. nearby cells. Due to the greater localization of the modes
However, a drastic change in the band characterizatiowith TE polarization, the dispersion is extremely small. The
occurs Whenwt> et IN Fig. 11, we plot the TE bands fact that there is no band neas, in Fig. 9 is simply a result
for an SiC crystal withwr=14.9<10%rad/s, , =17.9  of the frequency grid spacing being chosen too large. In Fig.
X 10" rad/s, and:..=6.7 (Ref. 9 (in normalized frequency
units, fora=6.3 um, w7=0.5, andw, =0.60067). For this +!

set of parametersy,,;=0.474, and consequently we observe
dramatically different behaviors from all of the TE bands in
the TICI crystal withw+=0.4. Now all of the bands below
wt, aside from the lowest, are very flat, much like the TM
bands, representing a single resonance mode with slight dis
persion resulting from interrod coupling of the weak fields
outside the rods. In this case, the gaps are larger, reaching ¢
high as 3.5% around,=0.452 in Fig. 11.

Returning to Fig. 9, we observe that there seems to be nc
interaction with the (2,2) resonance mode negs. The fact
that no anticrossing occurs for this and any of the modes
(21,2m) with even indices is a direct result of the common
symmetry of these modes. From Fig. 12, it is clear that the
H, component of the lowest metallodielectric crystal TE ~
mode has even symmetry in the plane with respect to reflec- F|G. 12. (Color) The R¢H,] field pattern for the metallodielec-
tion about the line parallel to theaxis crossing through the tric crystal TE mode at frequency 0.3 42/a). Note the even
center of the cell. For any mode with even indiddg,is odd,  symmetry in the plane with respect to reflection about¢lais. In
so the overlap integral is zero. This symmetry argument exthis and all future field plots, blue indicates negative and red posi-
plains why none of the bands formed through anticrossingive, with zero in white.
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= 0.3750402 | ™~ B~ Oy
03750400 ——* I
0.38775
0.3740r ~ r X
Wansvector & Wavevector k
FIG. 13. (Color) The (2,2) localized resonance mode of the (b)
polariton rod, showing no anticrossing interaction. THe field
pattern inside the rod is overlayed to show the odd symmetry with 1 ) 3
respect to reflection about theaxis. Note the frequency interval
in the inset, demonstrating the extremely small bandwidth of
I )
13, we observe that the band is in fact present and has a
width on the order of & 10 ".
For the case of degenerate modes of frequangym. 1, 4 5 6
we show in Fig. 14, using the (4,1) and (1,4) modes as an . - 5 - »
example, that the even-symmetry mode exhibits the anti-
crossing phenomenon, while there is a flat band correspond- . . . L e »
ing to the mode of odd symmetry. Again, the bandwidth in M ® » . »
this case is extremely small, on the order of 0

C. Node switching

There are several interesting metallic waveguide mod
pairs connected by a single TE-polarized PPC band, such
(I,m)=(4,1) and (3,3), where the separation between the
two frequencies (:)|m in the PPC is extremely small
[0.0007 (2vc/a) for the TICI crystal parameters in Sec.

FIG. 15. (Color) Node switching.(@) The sixth TE band con-
gecting the(4,1) cavity mode to th€3,3) cavity mode of a 2D PPC
é{\gth square rods of TICI, 2a=0.25, with selected frequencies
indicated by the numbered arrowb) The real part oH, inside the
fod at the frequencies indicated if® between 0.38779 and
0.388 45.

IV B]. Along this band, the nodal structure inside the rod isforced to continuously change from one pattern to another, as

0.38780 ‘ [ {
g Anticrossing band
= 0.38779 - .
S
5, 4
: i E
= 038778 / .
o
&

L | |
0.38777 r =

Wavevector k

shown in Fig. 15. This phenomenon provides an unprec-
edented capability for a state localized in the rod to change
its coupling behavior over a very small frequency range. In
terms of the practical impact of this phenomenon on poten-
tial applications, the fact that some of these mode pairs, e.g.,
(4,1 and(3,3) and(3,4) and(5,1), can be found at frequen-
cies reasonably far away from the region near, where
losses can become very large, bodes well for future research.

D. The metallic regime

We now switch gears, to the other side of the discontinu-
ity of e(w) at w. Above wy, e(w) is very negative, so we
expect the polaritonic rods to behave as metals and expel
nearly all of the field. Therefore, the possibility of finding
bands in the region close to; is governed by the existence

FIG. 14. (Colon) The contrast between the interactions of the Of bands in the metallodielectric crystal in Fig. 10 at these
(4,1) and (1,4) modes with the lowest metallodielectric TE mode frequencies. The positions of the gaps in both the TE- and
The R¢H,] field patterns inside the polariton rod are overlayed. TM-polarized bands mark exactly where polariton excita-
Note the anticrossing with the mode of even symmetry across the tions are prohibited in the photonic crystal.

axis, and the dispersionless band with bandwidh18 7 for the

mode of odd symmetry.

In Fig. 16(@), we plot the magnetic-field componér} of
the TE band at the frequency=0.44, wheres(w)=
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0.46 ‘ = 0.42
g - g (a)
q Q 041 ©
oy Z 040 or
S 042 5 =
=N 2 Ny
g g 039- P 7
= ) =

0.40 £ .

(0,0.4)2n/a X 0.38 r X
Wavevector k Wavevector k

FIG. 16. (Color) Metallic behavior in the TE band&) The first
TE band abovev in a 2D TICI PPC is represented by the solid red (b)
line, with the corresponding portion of the lowest TE band in a
metallodielectric crystal shown by a dashed red line. The open
circle contains the portion of the PPC band at frequesey0.44,

. o . .
for which the real part of the magnetic-field componklptis plot- ™ : : :
ted in a single supercell ith), with the rod outline in black. The NIl

wave-vector axis begins not Bt but at 0.87/a.

—65.2, for the same TICI PPC in Sec. IV B withy=0.4,
w, =1.0. We observe in Fig. 16) that there is no TM band
at w7, as we would expect, since the lowest-frequency met- i, 18 (Color) Flux expulsion(a) The band directly abover
allodielectric TM mode is at»(I") =0.409(see Fig. 10 and a flat band just belowt in a 2D PPC of TICI rods with
In Fig. 17, we plot the electric-field componeg} at the  2r/a=0.25. The Bloch states witk=0.43 (27/a) at the frequen-
frequencyw=0.523 in a 2D square PPC of SiC rods. Therecies w=0.3916 andw=0.403 are marked by arrow&) The field
is now no TE band ab+, since the phonon frequency is now pattern of the real part of, at ®=0.3916, wheres =649. (c)
within the TM gap[ 0.458,0.517. Deviations from metallic The field pattern of the real part off, at @=0.403, where
behavior are slight for the entire band, evenceat 0.523 g=—1773. Note the extreme contrast between the localization of
near the band edge. Previous metallodielectric crystahe field inside the rod i) and the complete flux expulsion {n).
band-structure calculations by Kuzmiak, Maradudin,
and Pincemirt? using the frequency-dependent dielectric where w,, is the plasmon frequency of the metal, have dis-
function played similar behavior to that in Fig. 10 for frequencies
below w, where |¢| is less than around 10, thus we are
) clearly well within the regime considered as metallicaat
Wy =0.523 sinces(w) = —24.
Emeta= 17—, These observations lead us to the introduction of the phe-
nomenon of flux expulsion in PPCs, where small changes in
o near the interface between the metallic and dielectric pho-
0.55 tonic band-gap regimes can induce enormous variations in

E 054 @) § the topology of the field pattern. We demonstrate this phe-
S , i | nomenon in Fig. 18. Using other geometries and/or other
E o531 é?\ ] materials to surround the polaritonic mediuim particular,
é‘ g nonlinear materials this tool should be extremely useful as
g 052 & 1 a switch to shift light in and out of different physical regions
g 051 § of the crystal. In the following section, we examine more
oo closely the effect of losses, and we find that for some polari-
0.50 tonic media, losses are restricted to a sufficiently small area
(0,0.25)2n/a X around w so that practical utilization of flux expulsion
Wavevector k should be possible.

FIG. 17. (Color) (a) The first TM band aboveyt in a 2D SiC
PPC shown by a solid blue line, with the corresponding portion of E. Other phenomena
the lowest TM band in a metallodielectric crystal shown by a o
dashed blue line. The open circle contains the portion of the PPC We have chosen to focus on the lamy@nd metallic lim-
band at frequency =0.523, for which the real part of the electric- its, because the physics in two dimensions versus one dimen-
field componentE, is plotted in a single supercell ith), with sion occurs in these frequency ranges. However, the other
the rod outline in black. The wave-vector axis begins nof"at two phenomena mentioned in Sec. Il are still relevant: the
but at/2a. transparency condition is unchanged, and there are bands
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either close to or intersecting, . In particular, although no s g
analytic solution is known to exist for the wave vectorat, 1 rrr
we find thatk(w/ ) is independent ofo1, as was the case in 400
one dimension.

V. LOSSES 200

Polariton gap

In Secs. lll and 1V, we provided a comprehensive analysis
of the band structures of photonic crystals in one and two ’§
dimensions composed of lossless polariton materials with as, 0 i
wide range of phonon frequencies and dielectric limits. &2
The well-known model to correct for losses is the dielectric
function 200 [ 7

v w?
e(0)=e.| 1+ —5—5—/|, (11) ik i

2
wi—w —iwl

1 | | | 1 |
where the magnitude of the losses is representeld. i§iga- 0 0.2 0.4 0.6 0.8 1
las etal. implemented Eq.(11) in their transmission Frequency (ma/2xc)
calculations:! Shown in Fig. 19 are the real and imaginary
parts of the dielectric function for LiTaQ using the param- g 8
eters given by Schalet al:?! w=26.7x10% rad/s, o, Hto T ! !
=46.9<10% rad/s, '=0.94x10"rad/s, and &,=13.4
along the ordinary axis of the atomic crystal.

Although losses will clearly become important neay,
at frequencies separated frapy by more tharl” the dielec-
tric function is mostly unchanged and the effects of losses
should be minimal. For the LiTaOparameters given above,
with a lattice constant oA=25.6 um, the second TE band

of the lossless crystal will exhibit a transition from thg;
=0.293 (2rc/a) to the w;,=0.331 (2rc/a) localized rod 400 - i
state. In this range, the real part of the dielectric function is
gualitatively equivalent to the lossless case, and deviations

never exceed 3.2%. Moreover, the TE band ending»at 200
inside the polariton gap closely follows the lowest TE band

of the metallodieletric crystal, as in Fig. 16, which terminates

at 0.458 (2rc/a). The PPC states can thus be chosen to lie 0 b—i ojz : 0'4 . 0J6 . 0‘8 e
well within the region of large negative dielectric and yet be ' i ' '
sufficiently removed fromw; to minimize the effects of Frequency (wa/2mc)

losses. o . FIG. 19. (Color The real and imaginary parts of the polariton
Therefore, the nqde SV\,"tChmg and flux expulsmn PNe-gielectric function for LiTaQ with €.,=13.4 anda=25.6 um,

nomena can be realized with states subject to little perturbqéading to normalized frequencies;=0.3628, w,_=0.6372, and

tion due to their removal fronw by at least 2.6. Key to  1=q.0128.

this analysis involving LiTa@ are the large value o

=13.4 and the small ratib/w;=0.032, and other materials nearwy. We verify these conclusions and provide a quanti-

with similar properties should also result in practical experi-tative description for the origin of these bands related to the

mental utility. Indeed, we have verified these conclusions byocalized resonance modes of a high index slade dimen-

explicitly including losses in select calculations for our sion) or rod (two dimensions The success of this model is

(b)

800 |-

Polariton gap

600 [ 7

Im[e(w)]

model PPC system with LiTaQrods. shown to be excellent for a 1D slab PPC of Csl in air.
In a 2D square lattice of TICI rods, a distinction between
VI. CONCLUSION TE and TM polarizations is immediately apparent. Anticross-

ing behavior in the TE modes, contrasted against the flat TM
The ability to study many different optical response re-bands reminiscent of the 1D PPC band structure, is explained
gimes using the same physical PPC structure is an extremelyy the interaction of the lowest metallodielectric TE band
powerful tool. We have presented models for all of the rel-with the localized resonances of a single rod. We demon-
evant frequency domains of a polaritonic material: the highstrate that this conclusion is correct using a crystal of SiC
index region beloww, the metallic region abover, and  rods with a larger value ab+ inside the metallodielectric TE
the low index region neaw, . In previous works**3the  band gap to eliminate the anticrossing interactions. This
authors have noted the presence of flat, dispersionless banpoperty provides the unique opportunity to continuously
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vary the coupling behavior of a TE band over a very smallto the node switching and flux expulsion phenomena apply
frequency range, since the nodal structure of the field insideonceptually without any major modifications. The ability to
the polariton rod matches different resonances of the isolatedary the size of the rods and the translational symmetry
rod atT” and at X. group of the crystal should provide a further level of tunabil-
A further use of the 2D metallodielectric band structure isity to facilitate isolating many of the effects described in this
to predict the presence of PPC bands directly ahoyen the ~ Work. , _
metallic regime. The locations of the TE and TM metallodi- !N addition, our research has provided compelling support
electric band gaps play the deciding role in determining ifio" the inclusion of the vectorial eigenmode expansion
and where the PPC bands occur. By exploiting the adjacendjéthod in — the seté? of techniques such as layer
of the large index and metallic regimes, it is possible to ornnggt?:Kohn—Rostok and the multiple multipole
realize flux expulsion, effecting enormous changes in the loMethod” suitable for not only polaritonic systems but any
cation of the electromagnetic energy over a small frequenc{’@terial with a frequency-dependent optical response. We
range. ave determined the elg_enmode basis to be well converged at
In the region neaw, , important points to note are the 40 for all frequency regimes of the PPC. In both accuracy
penetration of the phononlike band of the bulk polaritonic2nd efficiency, this technique surpasses the traditional time-
material neal” into the polariton gap due to the air acting as 9°mMain and plane-wave method techniques. It provides the
a defect layer, inducing a nonzero wave vectosathat we means to tackl_e further prob.lem.s involving polaritonic pho-
have determined analytically in one dimension. In addition,m.nIC crystals, including dissipative systems and more com-
there is a characteristic frequency at which the crystal bePlicated crystal structures. Indeed, the complex wave-vector
comes transparent. We have calculated conditions und<§r°|”t'c.’ns for the g|genmode problem in the case of lossy
which this point is above or below the polariton gap materials are readily available, and only numerical problems
For practical applications, the effects of losses in the pOTrelated to the stability of the mode finder when losses are
laritonic medium are at a maximum neaf . However, us- introduced have prevented a full band-structure calculation

ing LiTaO, as an example material, we found that the highof a lossy PPC at this time. With further research, the

index and metallic regimes overlap with frequency range ascent field .Of phonqn-polariton ex_c_itations in phatonic
in which the imaginary part of is relatively small. There- crystals promises to yield more exciting phenomena and

fore, all of these phenomena should be readily accessiblgevempmems'

experimentally.

We note that it is remarkable that we have been able to
observe all of the above phenomena using a single geometric K. C. H. would like to thank Michelle Povinelli, Elefte-
structure. For wave vectors betwelérmand M, the continuous rios Lidorikis, and Steven Johnson for many helpful discus-
variation of the dielectric profile as a function of distancesions. Support for this research was provided by a Graduate
along the propagation direction introduces the need for &esearch Fellowship from the National Science Foundation
discretization approximation to the physical structure as weland the MRSEC program of the NSF under Grant No. DMR-
as a significant increase in computational resources. We hay®13282. P. B. acknowledges support from the Flemish Fund
performed preliminary calculations to verify that our conclu- for Scientific ResearctFWO-Vlaanderepfor a postdoctoral
sions regarding the shape and position of the bands that ledellowship.
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