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Anomalous refractive properties of a two-dimensional photonic band-gap prism
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An analysis of the optical response of a triangular-shaped photonic band-gap prism is presented. Numerical
simulations have been performed in the framework of multiple-scattering theory, which is applied considering
spot illumination to avoid diffraction effects. First of all, refractive properties in the frequency range below the
first TM band gap are analyzed and compared with the available experimental data. It validates the approach
employed and supports the predictions obtained in the frequency range above the gap. At these high frequen-
cies we found an unusual superprism effect characterized by an angle sensitivity and a frequency sensitivity of
the intensity of outgoing beams. We report several representative examples that could be used in device
applications. The results are interpreted in terms of the corresponding semi-infinite photonic crystal, through
the analysis of the coupling between external radiation and bulk eigenmodes, using the two-dimensional-layer-
Korringa-Kohn-Rostoker method. The procedure presented here constitutes a simple but functional alternative
to the methods used until now with the same purpose.
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[. INTRODUCTION where a comparison with available experimental Hata
presented, and also in the frequency domain above the first
Since the seminal works of Yablonovifcand Johrf,pho- ~ TM band gap, where anomalous refractive properties are pre-
tonic crystals(PC’9 have generated a great interest, both indicted. The results of the MSM simulations are interpreted in
fundamental and applied physics. These materials could ha§Ms Of the corresponding semi-infinite PC. Moreover, in

an important role in the development of the photonic im‘or—order to get a physical insight of the optical response in this

mation technology. This is especially true in the case of wwoStructure, we also have made quantitative predictions of the

dimensional2D) PC’s due to their easy fabrication by stan- coupling strength between the incident light and the bulk

dard lithographic techniques. On the other hand, recen(;l)igeandes that can be excited; i.e., the eigenmodes that

advances in growing techniques are also allowing the fabri_satisfy the kinetic matching conditions at the air/PC inter-

; ; T . face. A complete theoretical analysis by means of a combi-
g;gtc:anmgf planar devices based on three-dimensig8B)) nation of plane wave expansioPWE and 2D-layer-

The study of optical properties of PC using numericalKomnga'KOhn'ROStOKe'(ZD'LKKR) method allows us to

tools'~" is an essential procedure in order to further increasd®! accurate predictions which could be confirmed expert-
the understanding of physical properties of PC's. The IOOtenr_nentally. The good agreement found between theoretical re-

tial applications of PC’s has motivated the development oiSUItS and avallable experiments supports the different ap-

efficient theoretical methods that allow us to obtain realisticproaChes employed.

comparisons between theory and experiments. One of the In our st_udies_, we haye fou_nd an unuspal superprism phe-
most versatile methods is the multiple-scattering method!°Menon. in which the intensity of outgo'lng' beams shows a
(MSM). Its formalism is based on the expansion of the 2Ddependence on both the frequency and incident angle of the

(3D) radiation field in cylindricalspherical harmonics cen- external beam. This differs from the superprism effect re-

tered at each scattering object, and it has been successfu Iteq ungl now dyvhetre Iarg';AeI deptendeltﬂcl:)e IS fouhnd _onlé/ tlﬂ t
applied in the analysis of interaction of radiation with dielec- going beams directions. ASO, It must beé emphasized tha

tric and metallic finite 2D and 3D structursl’ this work provides simple but working guidelines to design

Several authors have analyzed the optical response (%H;nctionalities of superprism structures based on a 2D pho-

structures based on 2D PC%.?2 Recently, 2D PC’s with onic band gap systems. On the other hand, this work also
nonparallel boundaries have been investigated both nume hows that the MSM is competitive with the time-demanding

cally, by using the finite-difference-time-domaiDTD) D_Ir? method in order t% S|mfulia|1te actluaéZD lsl,tructL(eres. i
method?® and experimentall§ However, a complete theo- € paper IS organized as Toflows. In Sec. 1i, we describe

retical analysis including the study of the coupling betweenbrlefly the basis of.the MSM employed to StL.de the optlpal
incident radiation and bulk eigenmodes is still lacking. response of the prism. The results of nhumerical simulations
and the discussion in terms of the semi-infinite model is

The goal of this work is to present a comprehensive ted in Sec. Il Finallv. in Sec. IV e th
analysis of the optical properties of a photonic band—gaporc(;:'rsken edin sec. lll. Finally, In Sec. v, we summarize the

prism by using the multiple-scattering formalism and other
numerical techniques. The prism, which has a triangular
shape, consists of a hexagonal array of nonoverlapping di-
electric cylinders of infinite height. The analysis is made in  Here, the MSM is applied to study a finite lattice of di-
the low-frequency regioribelow the first TM band gap  electric cylinders ofof dielectric constang,) infinite height

II. NUMERICAL METHOD
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embedded in a background of different dielectric constant 30 L
€,. For a complete description of the numerical algorithm ' T
employed, see, for example, the paper by Ochiai and 20- i
Sanchez-Dehes&, and references therein. In brief, the nu- |
merical simulations are based on the solution of the follow- 104 |
ing self-consistent equatidh’ |

~7ind _ ~.ext ~7ind T

Pni=t,| 92 +B§a G’ |, (1) 10l ]
where the fieldy=E,(H,) for TM (TE) polarization.y/" in 20+ 7
Eqg. (1) is a column vector that contains the components of ]
the multipole expansion of the radiation field induced by the -304 T
cylinder o centered at,,, % represents the external wave, 30 20 10 0 10 20 30
t, is thet matrix, andG .z is the propagator from cylindes X'/a
to a.

Most of the previous simulations using the 2D MSM em-  FIG. 1. Schematic view of the triangular prism under study and
ployed an incident wave having a plane wave front as exterparameter definitions. The reference system used in the calculation
nal source . However, in the case under study here, a strués also plotted.
ture with nonparallel boundaries, it is necessary to use spot

illumination in order to avoid diffraction effects. Moreover, or o T
spot illumination is essential to make comparisons with ext ag(0)e o'/ \r If—§< 0SE
available experiment®, which use collimated beams in the yon— . _ ®
microwave regime. So far, to the best of our knowledge, ap(6—me ko'/\r otherwise,

there have been two different procedures to simulate a colli-

— 5k a—i(ml4)—Dk3sir?g
mated beam(1) the first one defines a finite aperture in front whereay(6) . Zﬂkoe. e Cosé. . . .
of the samplé®™(2) the second one simulates the spot illu- The magnitude of interest in this problem is the intensity

mination by using a Gaussian bed*t’?®We have demon- at infinity (I5). It is defined by the Poynting vector flux per
strated that, for our system, a Gaussian beam is more aperf"t angle calculated at far field;
priate because it reproduces the measurements fairly well.

The incident Gaussian beam of frequengyfocusing at lag( )+ f4(6)|? if — zsas T
ro, can be expressed as the following very directional solu- 1s(0)= 2 2 ()
tion of the homogeneous Helmholtz equatfdn: [fs(0)]>—|ag(#)|?> otherwise,
ko , where f(0) is the scattering amplitude, which is obtained
1/JEX‘(r)=f dk,e~Pkye'k(r=ro), (2)  from Eq.(1) as a linear combination af% (Ref. 15.
wherer is the position vector, which in polar coordinates IIl. RESULTS AND DISCUSSION

becomes =(r,#). k is the wave vector of a plane wave in 1,4 optical response to TM-polarized light of a 2D pho-
the beam, k=(ky.k,), where k.=ko—kj, and ko  tonic band gap prism based on a hexagonal array of 1540
= w+/ep/C. ParameteD determines the width of the beam. ajumina rods &, =8.9) in air (e, = 1.0) is studied. In order to
Therefore, thefth component of the external field is compare with the experiments performed by kinal,?® the
given as radius of cylinders is set to=0.188, wherea is the lattice
/ parameter. The external shape of the prism is triangular: the
ext it 2 O +iga(0 three boundaries of the prism are composed of 55 cylinders
Va0 =1 kof 2d feospesn( 10200, ®) each, and they are parallel to th& direction. A scheme of
the structure and the definitions of incident ang|g. and
where deviation angles are shown in Fig. 1. The system of refer-
ence used along the calculations is also plotted.
g1(6) = — DK3sir?6, The photonic band structure for TM-polarized modes of
the corresponding infinite lattice, W%ich has been calculated
_ o\ o _ by means of a plane-wave expanstons plotted in Fig. 2,
92(0) =Kol «COL O+ Binc— 0) =1 0COS O+ fine— 0o) 6(25 where the frequencies are given in reduced units. A factor of
2mcl/a (c is the light velocity in air must be used to obtain
and (,,0,) and (y,6,) are the polar coordinates of tagh  the absolute values. So, in the rest of the paper, the frequency

— /.

cylinder and the focusing point, respectively. is given in reduced units. Results in Fig. 2 indicate that a
We are interested in the far-field response of the structurecomplete band gap exists betweew, =0.325 and
It can be easily found that in the far-field regirife, wy=0.497.
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084 It can be stated that, by using the MSM and for frequen-
4 cies below the first TM band gap, it is possible to accurately
find the deviation angle of the beam transmitted across the
g o.e-\> prism only by assuming certainb#0 andD values large
> o, enough??
£ 04l In addition, the asymmetry observed in the transmitted
& I (oY peaks can be explained by the Fresnel factor because of the
: fact that the incident beam is represented by superposition of
i 021 plane waves with different incident angles and different
weights[Eq. (2)].
00 A procedure to get the effective refractive index. ()
r o & L from the MSM s to fit the numerical resultg;,., ) to the

expression obtained applying Snell’s law in the case of non-

FIG. 2. Photonic band structure for TM-polarized modes corre- llel boundari ith a h .
sponding to a hexagonal lattice of dielectric cylinde¢s=8.9) in parallel boundaries structure with a homogeneags:
air (e,=1.0). The cylinder radius i$=0.188, wherea is the _ S, 2 . 12
lattice constant. The shaded region defines the complete band gap. 6= Oinctsin [ (sina)(Ne gy~ Sir? finc)

First of all, frequencies inside the band gap were exam- ~Sindin.coSa] — a, @

ined in order to check whether the bulk properties of theynere o is the prism angle, which is 60° for the triangular
hexagonal lattice were already achieved. Let us consider Brism under analysis. Figure 4 shows the dependenéeaf
frequency slightly greater tham, , for instance, 0.33. The . for several angles ai=0.26(black dot3. The solid line
electric field pattern computed for the case of normal inci-corresponds to a fit of MSM data to E€f). From this fit

_ o _ 2 _ . . . . - "/ ’
dence @inc=0°), D=20a", andro=0 is visualized in Fig. 1, _.—1 54 is obtained. Experimentally, Liet al?> reported
3. It can be seen that no light propagates inside the prism_. .~ 1 57 (dashed line in Fig. 4 Therefore, our simulations
and, therefore, this frequency is inside the photonic bang;cedq on the MSM confirms that at this low frequenay (
gap, which is in agreement with the photonic band structure- g o) the refractive index does not depend @y, and

shown in Fig. 2. _ _ moreover, its value fairly agrees with experimental data
In what follows, we report the optical response in two (about 2% of relative error

different regimes, below and above the first photonic TM e previous considerations allow us to analyze theoreti-
band gap. We obtained converged results by considefing ¢4y the optical response for all frequencies below the first
=1 as the maximum angular momentum for frequencies bepang gap. Unfortunately, we found that the contribution of
low the band gap, and=2 for the frequencies considered the transmitted beam for frequencies near the band edge are

above the band gap. not clearly observed in the calculatiofis transmission is
] ] ] almost zerd. In other words, the scattered intensity is mainly
A. Behavior at frequencies below the first TM band gap determined by the shape of the prism. The result is summa-

In the very low-frequency region, the equifrequencialrized in Fig. a), wheren,; obtained from the MSM simu-
curves are circles and, therefore, it is possible to define alations (black dotg are compared with experimental data
effective refraction index independent of incident an§le.  (white circle3 and with a simplified modefsolid line) that

0.8000
0.6000
0.4000
0.2000
-5.56x10™ FIG. 3. Electric field patterni,(x,y) gener-
g’ 55000 ated by a Gaussian beam, with the parameters

D=20a?, r,=0, andw=0.33, impinging on the
-0.4000 prism.

-0.6000

-0.8000

x/a

115116-3



J. BRAVO-ABAD, T. OCHIAI, AND J. SANCHEZ-DEHESA PHYSICAL REVIEW B67, 115116 (2003

y @ g

50 1 ® MSM ’ 4 1 o Linetal
) ——Fit, n_=1.54 ] 174 e MSM °, .
- --Linetal,n =157 Semi-infinite
481 - i 1.6 -
—~ 464 1 . 154 i
o 5
a1} c
T 444 . 1.4 i
2= 1 ]
42 - 4 1.34 .
40_- _. 1.2 T T T T T T T T
0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34
30 40 50 60 70 80 Frequency (red. units)
6 . (deg.) (b) -
2.0_ T T T T T T T I_

FIG. 4. Dependence of deviation angleon incident angle; .
for w=0.26(solid point3. Solid line is obtained by fitting Ed7). 1 ----- o =50° A ]
ne.ss=1.54 is obtained from this fit. Dashed line corresponds to 1.8 " ’ i b
experimental results. 1 '

considers light propagation across single air/PC interfaces
(see Appendix A The previous approach predicts a sharp

decrease offi.¢; near the band edge, which, unfortunately, is 104 4
confirmed neither by the MSM nor by the experimental setup ] ]
due to their intrinsic limitations. Figure(B) shows the be- 1.0 i
havior of ng¢ as a function of9;,.. It can be observed that, ; ;
as it is expectedn.s; does not depend o#l,. at low fre- 0.8 .

quencies, but near the band edge, the critical frequency at 018 020 022 024 026 028 030 032 034
which e starts to decrease dependséy,. This phenom- Frequency (red. units)
enon is a result of the shape of the equifrequencial curves
near the band edges. This prediction should stimulate more g\ 5 (a) Behavior of the effective refractive index,; as a
accurate experimental works looking for its demonstration. fynction of frequency. Hollow points correspond to experimental
Finally, let us remark that small discrepancies observegata, solid points to MSM simulations, and solid line to the simpli-
between experimental and numerical results can be mainljed model(see text (b) Dependence ofiz;; as a function of the
attributed to the fact that the actual beam used experimenrequency for different incident angle®,. computed by the sim-
tally is not well enough simulated by the 2D numerical beamplified model.
introduced in the simulations by the MSM. In other words, . ) ) )
the spot size and collimation of a 2D Gaussian beam canndgdion (centered af” poiny and a triangular-shaped region
be controlled to reproduce accurately the properties of théCentered aK poin. Therefore, it is expected that such an-
actual beam. This is the main drawback of the simulationdSOtOPIC equifrequencial regions lead to anpmaloqs response
based on the MSM, which produces fictitious diffraction ef-°' aglmte strléctur((ej basgetfi (cj)r] the sarrag Iatt'ﬁe periodicity.
fects. Fortunately, for higher frequencies, these effects disap- The procedure described in Appendix A allows us to com-

) ; . : ute the propagating ang,,, inside the PC as a function
pear, and is ppssuble to characterize interesting phenomena %Fthe incident angle for a beam crossing the air/PC interface
it is reported in what follows.

at w=0.537. The result of this calculation, which is depicted
in Fig. 6(b), shows that above a critical angle, the inci-
B. Behavior above the first TM band gap dent beam splits into two. They correspor_wd to the curves of
frequency 0.537 which have group velocity with positive
In order to study the optical response in frequencies aboveomponent. The great dependencedgf, on 6;,. of these
the first complete TM band gap, we have started by analyzsolutions from 20° to 25° and from 25° to 40° is associated
ing the case of infinite structures and have chosen the ranges the rounded corners of the hexagonal- and triangular-
of frequency and incident angle, at which anomalous pheshaped regions, respectively.
nomena are expected when light crosses an air/PC interface. A comprehensive analysis of the scattering properties in
Equifrequencial curves between 0.509 and 0.627 are plotteithe frequency range between 0.5 and 0.6 and for incident
in Fig. 6(a). Notice that near the curves associated to fre-angles between 20° and 40° has been performed by using the
quency 0.537thick lines in Fig. &a)], the equifrequencial MSM. This analysis has allowed us to select the most inter-
curves consist of two separated regions: a hexagonal-shapedting phenomena.
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B0 """‘"'”"“m”", j FIG. 7. (a) Intensity map as a function of the deviation angle
-80 ecl . - and the incident anglé;,. computed witho=0.537. White corre-
1'0 i 2'0 i 3'0 " 4'0 " 5'0 " 60 sponds to zero values and black to the maximum intensity. Dashed

line defines the incident angle in which a maximum of the trans-
6,.(deg.) mittance is found.(b) Comparison between the intensity spectra
corresponding to the same frequeney={0.537) and three differ-
FIG. 6. (a) Equifrequencial curves for the photonic TM bands in €Nt @nglesR labels the peak corresponding to the reflected inten-
Fig. 2. Curves for frequencies between 0.509 and 0.627 are repréity- Notice the angular sensitivity of intensity features.
sented. Solid line corresponds ¢o=0.537. (b) Dependence of the o o )
propagation angle on the incident angle considerisrg 0.537. In addition, it is interesting to know the dependence of
Dashed line is the result of Snell's law calculated by considering 2N @ andé for 6;,.=22.8°. The result of this calculation is
uniform medium with a spatially averaged refractive indey.  Shown in Fig. 8a). This second transmitted beam only ap-
=1.419. pears in a very narrow range of frequencies; i.e., from 0.533
up to 0.582 approximately. In order to show quantitatively
this effect, Figure &) shows a sharp change in the intensity
. features of the spectra for very small variatigabout 0.7%
Ginc cOMputed withw=0.537. The parameters of thg Gauss- ot fraquency. Again we obtain a refractive effect character-
ian beam employed in both S|mu_lat|_<§ﬁ$1reD=30a and j;ed by the large frequency sensitivity in the intensity of the
Yo=10a . As can be seen from this figure, we do not Obta'”outgoing beams.
a great dependence @f as a function ofé;,. as could be The phenomena mentioned previously suggest the above
expected in the usual definition of superprism effect. Insteadgonfiguration as a sensitive beam splitter, both in angle and
we obtain an angular sensitivity of transmitted beam intensifrequency regimes.
ties. In order to prove clearly this anomalous effect, Fi@p) 7 A similar analysis to the one described previously was
shows the comparison between intensity spectrum correzarried out for another frequency of interest= 0.539. The
sponding to the incident angle with largest transmissiorcorresponding intensity map, wii),. and é as variables, is
(0,,c=22.8°), and the spectra corresponding to incidenfplotted in Fig. 9a). From this figure, we have selected the
angles that differ in 3.2°. As it is shown in this figure, a angle 6;,.=40° as the most interesting case. Figui®)9
small change ing;,. implies a dramatic fall in the transmit- shows its corresponding intensity spectrum compared with
tance. the spectra associated to two angles differing in 5.2°. As can

Figure Ta) shows the intensity map as a functiondand
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3(°) FIG. 9. (a) Intensity map as a function of the deviation angle

and the incident anglé;,. computed witho=0.539. White corre-
FIG. 8. (a) Intensity map as a function of the deviation angle sponds to zero values and black to the maximum inter&inCom-
and the frequencyw computed with6;,.=22.8°. White corre- parison between the intensity spectra corresponding to the same
sponds to zero values and black to the maximum intensity. Dasheflequency (»=0.539) and three different angleR labels the peak
line shows the frequency in which a maximum of the transmittancezorresponding to the reflected intensity. Notice the angular sensitiv-
is found.(b) Comparison between the intensity spectra correspondity of intensity features between the top and the center spectra.
ing to the same incident angled(.=22.8°) and three different

frequenciesR labels the peak corresponding to the reflected inten- ) . . ) .
. . Lo : . work3* (see Appendix B In this way, it is possible to obtain
sity. Notice the frequency sensitivity of intensity features. pp Y: P

the branching ratigBR) of the different bulk eigenstates of
be seen from this figure, the main transmitted beam found ahe PC that can couple to the incident light.

0inc=40° disappears completely fé,.=34.8°, while it is In the following, we will refer to the configurations de-

almost the same fo#;,.=45.2°. fined by (0,6in)=(0.537,22.8°) and «,60i,c)
Also we have made a frequency analysis by fixihg. at ~ =(0.539,40.0°) as case 1 and case 2, respectively.

40°. The results are summarized in Fig.(dQ where it is In case I(see Fig. 1}, simulations using the MSM predict

seen that the main transmitted beam only exists in two sepdhat in addition to the reflected beaRat the front air/PC
rated frequency regions. Particularly, Fig.(i0shows the interface (133.27°), two transmitted beams appear: one of
behavior in the region centered at=0.539. Notice that a them at—105.82° (T;) and another at 14.427¢). In this
change in frequency of about 4% implies a sharp decrease @ase, if we apply the kinetic matching conditions to the fron-
the transmission of the incident radiation through the prismtal air/PC interface, we obtain that only one eigenstate, with
Therefore, this configuration could be suitable for the desigrgroup velocity inward the PC, couples to the incident light.
of a PC filter for a short range of frequencies. A similar The perpendicular componeifit of this eigenstate wave
conclusion could be obtained for frequencies above 0.58/ector () to the boundary is-0.3592(in units of 27/a)
where the prism is almost transparent and the transmittelgee inset in Fig. 1b)]. A similar analysis can be performed
beam undergoes a small deviation angke=(—20°). at boundary 2 in Fig. 1&). Since boundaries 1 and 2 are not
Physical insight of the mechanism originating the phe-parallel, it is necessary to make a 60° rotatiorkgf, before
nomena observed in Figs. 7-10, can be obtained from thapplying the matching conditions. As a result of this analysis,
2D-LKKR method®®2® In fact, we have implemented a 2D we conclude that an output beam should appeaw-at
version of the procedure proposed by two of us in a previous-105.48°, in good agreement with the MSM-based simula-
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FIG. 10. (a) Intensity map as a function of the deviation angle -150 -100 -50 0 50 100 150
and the frequencyw computed with 8,,.=40.0°. White corre- o
sponds to zero values and black to the maximum intensity. Dashec (")

line defines the frequency in which a maximum of the transmittance
is found.(b) Comparison between the intensity spectra correspond- FIG. 11. (a) Electric field pattern andb) transmission spectra
ing to the same incident angledi,.=40.0°) and three different generated from a Gaussian beam witk- 0.537 andé;,.=22.8°.
frequencies. Notice the great frequency sensitivity of intensity feaWhite arrows indicate the direction of the group velocity computed
tures. by the semi-infinite mode{see Appendix A The solutions tdk;
and the BR value are shown in the inset.

tions. Also we have to consider the reflection in boundary 2
and the following refraction in boundary 3. For this path, thecase, in other words, by analyzing the light transmission
predicted deviation angle is 14.4°, and we expect small inthrough single interfaces. Now we have two eigenstates sat-
tensity for this peak since it comes from considering twoisfying the kinetic matching conditions at the frontal inter-
refractions and one reflection. On the other hand, from théace; theirk, values inside the PC, in units ofnZa, are
2D-LKKR, it is possible to obtain the reflectance of the cor-0.5095 and-0.1237[see inset in Fig. 1®)], and the corre-
responding semi-infinite PC at this incident angle. The responding BRs are 0.923 and 0.077, respectively. The reflec-
flectance is about 0.544. This result is supported by theance of the corresponding semi-infinite PC is about 0.085.
MSM, where the intensity of the peak associated with theThis value of the reflectance is in accordance with the small
reflected beaniR in Fig. 1J) is related to the intensity of the intensity peak of the reflected beam in comparison with the
incident beam by that factor. main transmitted beam. The matching conditions applied to

The field pattern and transmission spectrum obtainedboundary 2 in Fig. 1) concludes that the first outgoing
from the MSM-based simulations for case @€0.539 and beam should appear ai=—145.75°, in good agreement
0inc=40°) are plotted in Figs. 13) and 12b), respectively. with the MSM results. If we also take into account the beam
A very small reflected peakR) appears at 101.16°. The with negativek, , we obtain that a second outgoing beam
main transmitted beamTg) with negative refraction index appears att=—93.0° (also in agreement with Fig. 12The
appears at—146.16°, while two secondary transmitted great difference between the two intensities of these two re-
beams are seen at93.24 (T,) and —19.98° (T3). This fracted beams could be estimated using the BR values.
result can be understood in terms similar to the precedind/loreover, for the path corresponding to the light reflected at
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(a) of the transmitted light through nonparallel boundaries can
be predicted by a simplified model based on the light trans-
mission across semi-infinite air/PC interfaces. Its results
agree fairly well with the complete simulation of the finite
system performed by MSM-based simulations. In other
veiss words, the combination of the Hellmann-Feynmann theorem
04250 in the plane-wave expansion, together with the 2D-LKKR
02975 method is enough to analyze the optical response of these
o kind of structures in the high-frequency region.

0.8000

-0.1375

-0.3250

0.5125 V. SUMMARY

-0.7000

In this work, we have analyzed the optical response of a
triangular prism made of a hexagonal array of dielectric cyl-
inders in air. The approach employed, based on the multiple-
scattering formalism, has been supported by the available
experimental data existing at frequencies below the first TM
band gap. Also, we have predicted anomalous superprism
phenomena above the first TM band gap. A comprehensive

(b) analysis in this high-frequency region has been performed by
o5 combining the PWE method and the 2D-LKKR method. We
have demonstrated that, if the prism is large enolliffrac-
77900] \ 92.3% tion effects are negligible a procedure based in the analysis

\ \ of the corresponding semi-infinite system agrees very well
with the simulation of the complete finite system by the
MSM. We have described two cases with possible device
L I e application. The results presented in this work support the
10+ o applied procedure as an efficient numerical tool in the under-
* standing of the optical response in 2D-PC structures with
5L nonparallel boundaries. We hope that this work motivates
T T, R further experiments that confirm its predictions. Finally, the
0 Az . K . A . procedure here employed has been also extended to study

-150 -100 -5 0 50 100 150 analogously 3D prisms composed of PC’s having a strong
anisotropy in its photonic dispersion relation, and the results
3 (deg.) will be presented in a forthcoming publication.

I o =4 o
2 g ¢ 8
L o o1

Frequency (red. units)

s

| (arb. units)
o
—

FIG. 12. (a) Electric field pattern andb) transmission spectra
generated from a Gaussian beam witl+0.539 and@;,.=40°.
White arrows indicate the direction of the group velocity computed  The authors would like to thank F.J. Garae Abajo for
by the semi-infinite mode(see Appendix A The solutions tk,  helpful discussions. This work was supported by European
and the corresponding BR values are shown in the inset. Commission, Project No. IST-1999-19009 PHOBOS and by

the Spanish CICyT Project No. MAT2000-1670-C04-04. We
the boundary 2 and refracted at boundary 3, the predictedlso acknowledge the computing facilities provided by the
deviation angle is—20.0° and we also expect a secondaryCentro de ComputacioCientfica at Universidad Autsoma
refracted beam, since the dominant eigenstate in boundaryde Madrid. One of the author§).B-A) thanks F. Lpez-
is the refraction. Tejeira for valuable discussions.

Table | summarizes the results regarding the directionality
of the scattered light. It demonstrates that the deviation angle APPENDIX A: LIGHT TRANSMISSION ACROSS A

SINGLE AIR /PC INTERFACE

ACKNOWLEDGMENTS

TABLE |. Comparison of the deviation anglés degreep of
beams transmitted across the prism. The results under the columgs
“Model” are obtained by the procedure described in Appendix A.

Let us assume a semi-infinite 2D PC defined in region

0, and air in the another semiplane. In order to know
which eigenstates of the PC can be excited by an external
light, it is important to project the bulk photonic band struc-
ture on the surface Brillouin zon&B2). A typical projected

0=0.537,0,,,=22.8°  w=0.539, ;.= 40°

MSM Model MSM Model band diagram is shown in Fig. 13. This figure represents the
T, beam —105.82  —105.48 —146.16 —145.75 band structure projected on th& boundary surface, which
T, beam 14.42 14.40 —93.28 —93.00 is the common boundary surface of the triangular prism un-
T; beam —19.98 —20.00 der study. In Fig. 13 the shaded regions define the allowed

bulk eigenstates and the thick black line defines the light
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08 ' Hence, it is necessary to know quantitatively what is the
coupling strength between the incident light and the bulk
. 024 ' eigenstates of the 2D PC. Here, the 2D-layer-KKR method is
.g 0.6 ] used for that purpose in a similar manner as was employed in
> 55l its 3D counterpart in the analysis of the superprism effect in
3 opals®*
g Bty | We have considered a slab large enough for the deepest
$ 0.3+ region in the slab to be regarded as a superposition of the
§ 0.24 ] actual bulk eigenstates; i.e., the field at this central region
i 04 is assumed not be affected by the finite size of the slab. In the
o ] 2D-LKKR method, three different regions can be clearly
0.0 - - . - separated(1) Left region, defined by the scattering matrix
69 b 0 0s O 05 Q. ; (2) center or the deepest regiof8) and right region,
kjal2n whose scattering matrix ig. If we consider that a plane

o _ ~__wave impinges the slab from the left, the following relation-
FIG. 13. Projection of the photonic band structure shown in F'g-ships are satisfietf+3°

2 on the surface Brillouin zone of thEK surface. The shaded

regions defines the bulk eigenmodes. The frequencies of the exter- EY Q" Q" E.
.. . . . . . d ++ +— inc
nal radiation field are defined above the light lici#ack line, ( ) :( L L ) ( a ) (B1)
BCkH. Eret Q-, Q—_ Ed
: o . " , Ev) [QF+ QF_\[E4
line. This line defines the critical frequency, above which =\ AR R ' (B2)
Eq Q%, QT /10

external plane waves are allowed to exist. The white regions

represent pseudogaps in the dispersion relation. ThereforwhereEinc, E,ef, Ey are column vectors which contain the
external beams having frequencies in a pseudogap cannpbyrier components of the incident, reflected, and transmit-
enter into the PC, as it is shown in Fig. 3. ted fields, respectivelyEy corresponds to the field in the

Another criterion of coupling arises from the group veloc- jnner void region of the slab,+ " denotes propagation from
ity of the bulk eigenmodes. Only the bulk eigenstates withgft 1o right and “—” from right to left.

positivev, can couple with the incident light. Those eigen-  From Egs.(B1) and(B2), it is easy to obtain
states withv, <0 should be physically neglected.

In summary, the kinetic matching condition between the E:ir:(l_Ql-_i——Q}3+)7lQl-_¢—+Eincr (B3)
bulk eigenmodes and the incident light are the followi(ig:
The frequency and the reduced wave vector in the SBZ are E(;:QB+(1_QI«_+7QE+)71Q|;+Einc- (B4)

conserved(2) the bulk eigenmodes are above the light line,
gan(S) vy is positive. Once these coqditions are satisf!ed, the | et us consider theth left eigenstate\(j ) of the trans-
incident angled;,. and the propagating anglé§,,, Which  tar matrix which relates the Fourier components of the elec-

are given by tric field between two consecutive voids in a infinite PC. It is
© possible to define the projection of the eigenstate in the deep-
k= —(sinfi¢, COSHine), (A1) est void of the slab in the trueth eigenstate through the
¢ coefficientsc,, defined by
v=|v|(SIn0pr0,COS9pm) (AZ) Ca:(VZ,L)* Eg‘l‘(V;’L)* E; ) (B5)
can be related through an effective refraction indgy de-
fined as These coefficients allows to define the BBiven by
scriptR,) corresponding to the bulk eigenstates,
sin(emc)zneffsin(arctaré? ) (A3) Ic,|?
/ Ro=—"", (B6)
where @,,vy) are the components of the group velocity, 2 lco|?
which are computed directly from the dispersion relations by PR

using the Hellmann-Feynman theorem. o L
where the summation is over all the bulk states satisfying the

kinetic matching condition. SOR, gives an estimation of
the coupling of the external light with theth bulk eigen-

Figure 2 shows that at high frequencies, several eigenstates in the 2D PC, and it is normalized to the total coupling
modes can be kinetically matched to the external lightof eigenstates available for light transmission.

APPENDIX B: BRANCHING RATIO
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