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Photonic band structures of a two-dimensional ionic dielectric medium
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The photonic band structures of the two-dimensional square lattice of air cylinders embedded in an ionic
crystal are calculated using the plane-wave method. The dielectric function of the ionic crystal is taken as
e(w) = €(*) (0?o— w?)/(w3o— 0?), with (=), wro, andw o denoting the high-frequency dielectric constant
and transverse- and longitudinal-optical-phonon frequencies, respectively. The frequencies of the electromag-
netic modes are determined from the zeros of the determinants of the matrix equatiofc BotiH polar-
izations are considered. Our calculation shows that the low-frequency photonic bands resemble the bands of a
frequency-independent dielectric medium, while the bands near the transverse-optical-phonon freggency
are strongly flattened. Our study also suggests that while the plane-wave method gives reliable photonic bands
for the frequency belowwro, a better method has to be used for the photonic bands very near or above
w71o. [S0163-18206)05140-5

Since the pioneering works by Yablonovitch and In the last several years, the effort to search for photonic
co-workerd =3 on the propogation of electromagnetic wavesband-gap materials has been extended to systems with re-
in periodic dielectric media, the study of photonic bandstricted geometry, and to frequency-dependent dielectric
structures of photonic materials has been attracting a greatedia’®~**A study carried out by Maradudin and McGdfn
deal of attention both theoretically and experimentally. Vari-for & two-dimensional periodic array of dielectric rods be-
ous dielectric structures have been investigated, and particiveen two metal plates shows that nearly dispersionless pho-
lar attention is paid to the dielectric structure possessing thtonic bands exist when the thickness between the two plates
photonic band gaps. The existence of the photonic band gdpecomes very thin. In the case of a frequency-dependent di-
is of great interest for both basic research and potential tectglectric function, photonic band structures have been calcu-
nological applications. This is so since Yablonovitch andlated for the metallic or semiconductor arréy®'~**and for
co-worker$~° suggested that the overlap of the photonic gapsuperconductor array$. These studies suggest that nearly
and electronic band edge suppresses the spontaneous englispersionless bands also appear below the plasma fre-
sion of light and favors the population reverse, which canduency. For photonic gap materials composed of ionic crys-
improve the performance of many optical and electronic detals, for which transmission spectra have already been ob-
vices. An earlier study by JoAralso demonstrated that the tained by Sigalagt al** for the finite-slab two-dimensional
Anderson |Oca|ization Of ||ght in the band gap is easier todle|QCtI’IC med|um, phOtonIC band structures haVe not been
observe if the periodic structure of the dielectric is disor-studied yet.
dered than if the atomic structure of the dielectric is disor- With this motivation in our mind, we studied the photonic
dered. band structure of the ionic dielectric media with a two-

Among the numerical methods used for calculating thedimensional periodic array of parallel air cylinders in it. The
photonic band structures, an early frequently adopted tectlectromagnetic waves are assumed to propagate in the
nique was plane-wave expansion with its scale wavelane, and two polarization orientations are considered
approximatior?~’ However, discrepancies between theorieswhere either the electric fiell or magnetic fielcH is nor-
and experimental observations indicate that the vector natum@al to the plane. Our detailed calculations show that strong
of the electromagnetic waves is important. Subsequent caphoton-phonon coupling makes the photonic gaps easier to
culations using the vector wave approximafioii do agree  open up, since it reduces the dispersion of the photonic bands
with experimental result§** At the same time, research on in comparison with that of the frequency-independent dielec-
the photonic band-gap materials has also been carried out tric media. In particular, this coupling is so strong near the
two-dimensional cas€s:!® These studies show that various long-wavelength transverse-optical-phonon frequeagy,
periodic structures do possess the photonic gaps, and thtisat makes the photons almost localized for certain volume
have potential for future applications. They also suggest thdilling of the air cylinders.
the plane-wave expansion method is a straightforward In this paper, periodic dielectric media are taken into ac-
method and easy to implement; it gives reliable results ircount using the method of a position-dependent dielectric
most circumstances. However, in the plane-wave methodunction, which has been shown to be effective in the earlier
one has to truncate the expansion series in a certain ordezalculations of these types of frequency-independent dielec-
and this may cause a slow convergence of the solution in theic media'®*® Dielectric functions for ionic dielectric media
presence of a very rapid change of electromagnetic waves iare frequency dependent due to the interaction between the
the system. To overcome this difficulty, the transfer-matrixtransverse-optical-phonons and photons; they are generally
method has also been in wide use recently to calculate thgiven in terms of the high-frequency dielectric constant
transmission spectra of photonic band-gap matetials. e(), transverse-optical-phonon frequencwro, and
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longitudinal-optical-phonon  frequency w,q. e(w)

= e(%)(wlo— 0)/(w3o—»?) and the high-frequency 05t {05
dielectric constank(e) and static dielectric constar{0) .
satisfy the Lyddane-Sachs-Teller (LST) relation 04 F J04
e(*)wio=€(0)w3,. The “eigen” equation which deter- ]
mines the photonic band structure for periodically modulated 2 o3f o3
ionic dielectric media can be derived in the same way as that & I
given by McGurn and Maradudif. s 0a L ky Joa
In the case when the magnetic field is perpendicular to the ° M
two-dimensional plane, the nonvanishing component of the by '01
magnetic fieldH satisfies the following equatiof: o! (a) 1( ‘
R R . R R R 0.0 r ax 0.0
> [k(G—G,w)(G+K)-(G'+K)HK(G' ) 05tk {os
=
w? R 04k Joa
=2 HiG.w), (1)

R R 2 03f 403
wherek andG are the wave vector and the reciprocal-lattice < ]
vector, respectivelyx(é,w) is the Fourier transformation of g o2} 402
the inverse dielectric function. In the case when the electric
field is normal to the two-dimensional plane, the equation o1k Jo1
satisfied by the nonvanishing component of the electric field L (b) ]

E can be similarly obtained, 00 00
M by r A X Y M

E [|G+K|x(G—G',w)|G’ +K|JEx(GC",w)
FIG. 1. The photonic band structure with the electric field nor-
w2 mal to the plane. The values of the parameters are
= _ZEQ(G,Q,)_ 2 wr0al2mc=0.5, w cal2mc=1.0, ande,=1, and the filling frac-
c tion f=0.78.(a) €,(0)=5. (b) €,(0)=10. The inset shows the first

~ . N N . Brillouin zone for the periodic dielectric structure studied, with the
Here E(G, ) =|G+K|EK(G,w). Thus to obtain the photo- symmetry points and directions indicated.

nic band structure of electromagnetic waves propagating in

periodically modulated dielectric media, one has to solve théion, andJ;(GR) is the first-rank Bessel function. We as-

matrix solutions of Eqs(1) and(2). However, Eqs(1) and  sume that the background dielectric function is of ionic type,

(2) are not eigenequations for the ionic dielectric media sincend takes the form ey(w)= eb(O)[wﬁo(wa— )]/

« also depends on the frequency. Instead of solving th@wfo(aﬁo— w?)], the dielectric function for the rods is taken

eigenequation for frequency-independent dielectric mediaas a constané,(w)=¢,.

the calculations of the photonic band structure for ionic di- The nonlinear matrix equatior{4) and(2) are solved for

electric media are numerically more complex and time convarious combinations of parameter setg,ey(0),010,

suming. w o, andf, and for different polarizations of electromag-
The above derivation is suitable for all periodic arrays ofnetic waves. The detailed numerical procedure is as follows:

parallel dielectric rods of arbitrary cross sections, and appliwe take a large number of mesh points w&/27c for a

cable to any of the five Bravais lattices in two dimensions.qiyen k: this number is 1000 in our case for

For numerical calculations, we concentrate on the square laf— , 5/27c< 1. We calculate the determinants of the matrix
tice. The two fundamental franslation vectors aregquation at these mesh points, and find the region where the
a;=a(1,0) anda,=a(0,1), with a as the lattice constant; determinants of the neighboring mesh points change sign.
the corresponding fundamental translation vectors in reciprofhus the accuracy of the solutions for a given number of
cal space aré, = (27/a)(1,0) andb,=(27/a)(0,1). Inthe plane wave is 0.001. We have taken 361 plane waves in
case of rods with circular cross sections of radRjsve have calculating the photonic band structures. Our results are
checked for different numbers of plane waves, and the accu-

f 1-f L racy of the photonic band structures using 361 plane waves,
R €a(®) + €n(@) if G=0 is within 3% for bands not too near to the transverse-optical-
k(G,w)= (3) phonon frequency+g. For photonic bands above;q, the
1 _ 1 ) 2J1(GR) it G20 plane-wave expansion does not give reliable results because
€a(w)  ep(w) GR ' of the rapid change of the electromagnetic wave in the sys-
wheree,(w) and e,(w) are dielectric functions of the rods f:;.. Thus in the following we only present bands below

and the background, resgective@.: nyby+n,b; with inte- In Fig. 1, we show the lowest six photonic bands for the
gersn; andn, andG=|G|. f=xR?%a? is the filing frac-  electric field normal to the two-dimensional plane. The
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axis refers to the wave vectéras indicated in the inset. The

y axis refers to the frequency scaled by@a. The param- 05 105
eter values arerqa/2mc=0.5, w pa/2mc=1.0, ande,= 1 ———
for Fig. 1(@), and €,(0)=5 and €,(0)=10 for Fig. 1b), 0.4 /\ 104
respectively. The filling fractiorf =0.78 is chosen to maxi- L — ]
mize the size of photonic band gaps. Two absolute band gaps Q 03 / 03

are observed in the frequency range; this is one more than &
that of the corresponding frequency-independent dielectric «
media for the same lattice typ@ One also sees that a larger

€,(0) results in larger photonic gaps. What differentiates this .
band structure most from its counterpart in the frequency- ' (a)
independent case is the appearance of very flat bands near I

the edge of the transverse optical-phonon frequency 00 00
wtoa/2mc=0.5. In particular, the sixth band is essentially 05 Hos
dispersionless.

The interesting feature of the flattened bands does not 04 Ho4

depend on the polarization orientations of electromagnetic - ]
waves, since they also appear in the band structure when the 2 03 —/’\_—,—/—»— 03
magnetic field is perpendicular to the two-dimensional plane, /
as shown in Fig. 2. The values of the parameter sets are the & do2
same as in Fig. 1, except that the filling fractibn 0.57. The
bands with the smallest dispersion in this configuration are

bands 5 and 7. Three absolute band gaps are observed in the or (b) 1
low-frequency range, which is again one more than the

frequency-independent ca%e.Thus the strong photon- 0.0 00
phonon coupling generally reduces the band dispersion and M > r A X Y M

favors the opening up of the photonic band gap.

Since the transmission spectra calculated by Sigalas FIG. 2. The photonic band structure with the magnetic field
et al?*is for the finite-slab two-dimensional geometry, their normal to the plane. The values of the parameters are
dielectric functions for the filling cylinders and background eypa/2mc=0.5, v, ca/2mc=1.0, ande,=1, and the filling frac-
are just the opposite of ours; a direct comparison betweetion f=0.57.(a) €,(0)=5. (b) €,(0)=10.
their results and ours is not feasible. However, we found that
the small peak just below the polariton gap in their Fig. 2 is

very similar to our flattened bands at the same position. Thigjge superradiant emission remains localized in the vicinity
suggests that flattened bands are a common feature in Syseyhe atoms. We speculate that the long-wavelength optical

tems with _frequency-c_;lependent dielectric functions. W honons may function in the same way, and thus cause the
would also like to mention that the flattened bands found fo flattened bands near its resonance frequency.

; ; ,19-22 _
the metallic cylinders all occur below a plasma fre In summary, in this paper we studied the effect of strong

quency where the dielectric function is negative, wh_iIe our hoton-phonon coupling on the photonic band structure. We
;Iarztiinendi batri1|<|js o?t(i:\lljr at a frequency where the dielectri ound that strong photon-phonon coupling flattens the pho-
unction 1S Stifl positive. tonic bands, and that the effect is most significant near the

the fatencd bands indicate macsive parices which are df{2SVerse-opticalphonon frequency. This property does not
P depend on the lattice type, and seems to be a universal fea-

ficult to propagate in the materials. The observation of flat
tened bands near the transverse-optical-phonon frequency

suggests that strong photon-phonon coupling tends to make One of the authorgW.Z.) would like to acknowledge
the photon more difficult to move in space, just as strongpartial financial support from the Education Commission of
electron-phonon couplings or strong electronic correlation€hina and from the Keli Foundation. This work was sup-
do for the electron. A recent study by John and Qdang ported in part by a grant for a key research project in a
shows that when two-level atoms placed within the photoniclimbing program from the National Science and Technol-
band-gap materials have resonance frequencies at the baoagy Commission of China.
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