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Isotropic photonic band gap and anisotropic structures in transmission spectra of two-dimensional
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We measured and calculated the transmission spectra of two-dimensional quasiperiodic photonic crystals
(PC9 based on a fivefoldPenrosg or eightfold (octagonal symmetric quasiperiodic pattern. The photonic
crystal consisted of dielectric cylindrical rods in air placed normal to the basal plane on vertices of tiles
composing the quasiperiodic pattern. An isotropic photonic bandBBf®) appeared in the TM mode, where
electric fields were parallel to the rods, even when the real part of a dielectric constant of the rod was as small
as 2.4. An isotropic PBG-like dip was seen in tiny Penrose and octagonal PCs with only six and nine rods,
respectively. These results indicate that local multiple light scattering within the tiny PC plays an important
role in the PBG formation. Besides the isotropic PBG, we found dips depending on the incident angle of the
light. In this study, anisotropic structures were clearly observed in transmission spectra of quasiperiodic PCs.
Based on rod-number and rod-arrangement dependence, it is thought that the shapes and positions of the
anisotropic dips are determined by global multiple light scattering covering the whole system. In contrast to the
isotropic PBG due to local light scattering, we could not find any PBGs due to global light scattering even
though we studied transmission spectra of a huge Penrose PC with 466 rods.
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[. INTRODUCTION PBGs in eightfold symmetric quasiperiodic PCs. Afterwards,
complete PBGs have been observed in various quasiperiodic

Photonic crystal§PC9 have attracted much attention be- PCs such as fivefolPenrose patten? eightfold (octagonal

. . . . . 9,10 11 1-13 : : .
cause they are interesting objects of study in physics anBattern,”™ tenfold;* and 12'f0|d symmetric quasiperi-
because of their potential applications to various optical de9diC PCS. An important feature is that the position and width

vices such as micro-optical circuits and single-mode Iight_of the PBG are almost independent of the incident angle of

e . . : ) the light. This is in contrast to the fact that PBGs in periodic
emitting diodes. In a PC, a dielectric constant is modulated PCs are intrinsically anisotropic due to anisotropy of a Bril-

periodically, and band structures of light are thereforeiyin ;one. Charet al. have found complete PBGs in density
formed. This results in the appearance of energy rangest states(DOS) of photons even in a small octagonal PC
called photonic band gap®BGS in which propagation of with only 33 rods, and have argued that the short-range en-
light is forbidden. A PBG common to all incident angles of vironment governs the existence of the gafis is differ-
light is called a complete PBG. ent from a case of periodic PCs, since it is recognized that
In addition to many works on periodic PCs, there aremost of PBGs in periodic PCs are established by long-range
studies of optical properties of quasiperiodic PCs based of@ttice periodicity. Until now, origin of PBGs in the other
quasiperiodic lattices. PBGs have been observed in opticguasiperiodic PCs is unknown. Therefore, it is important to
multilayers stacked according to a Fibonacci sequéane- study in detail the origin of PBGs in quasiperiodic PCs.

dimensional quasiperiodic PCshen an incident light was At present, the following unsolved problems remain. In-
normal to the layeré:® It has also been found that the trans- fluence of long-range arrangement of rods on transmission

. . : ) . spectra has not been studied. It is unknown whether PBGs
mission coefficienl is multifractal and that there is a scal-

) o e M - 19 are formed by long-range arrangement of rods in a quasip-
ing of the transmission coefficient with increase in Fibonaccieripgic PC. As for PBGs due to short-range arrangement of
sequences at a quarter-wavelength optical thickness when thgds, the minimum size of a small quasiperiodic PC with a
resonance condition is satisfied. Optical reflectivity spectraPBG or related structuréa PBG-like dip, as will be shown
have been calculated in quasiperiodic multilayers ordered adater) and the degree of anisotropy in the PBG or related
cording to the Fibonacci or generalized Fibonacci sequencgtructure in a small PC have not been determined. Since the
when the thickness of each layer was much smaller than theBGs in the octagonal PC with 33 rods were confirmed by
wavelengtt. Frequencies at which spiky singularities appearPOS, the degree of anisotropy in the PBGs was not
in the spectrum exhibit a self-similar and nested structure. investigated. We therefore studied transmission spectra at
The first study of two-dimensional quasiperiodic PCs hag/arious incident angles in fivefold and eightfold symmetric
been done by Chast al” A quasiperiodic PC consists of duasiperiodic PCs with various numbers of rods.
rods placed perpendicular to the basal plane on vertices ofy /e, e o EXPERIMENTS AND CALCULATION
tiles composing a quasiperiodic pattern. Their purpose is to
investigate whether a structure without periodic order can The two-dimensional quasiperiodic PC used in our study
have complete PBGs or not, and they have found completeonsisted of dielectric cylindrical rods in air standing normal
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to the basal plane on vertices of tile@hombi or squaresin

a fivefold (Penrosgor eightfold (octagonal symmetric qua-
siperiodic pattern. Figure 1 schematically shows rod arrange-
ments of quasiperiodic PCs used in the calculation. The
circles represent the rods. Rods whgseoordinates are the
same are defined as belonging to the same layer. The num
bers of layers and rods in each PC are stated in the legend o
Fig. 1. The incident direction of the light is parallel to the
basal plane. An incident angkeis defined in Fig. 1. In the
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octagonal PC, besides the eightfold symmetry, the distribu- ~ ,

tion of rods has mirror symmetry with respect to a line of y1 O O O
22.5° in each 45° sector. Therefore, the transmission coeffi- x X

cientT(6) satisfies the relatiom(#)=T(45— 6). In the Pen-

rose PC, besides the fivefold symmetry, the distribution of

rods has mirror symmetry with respect to a line of 36° in

each 72° sector. In addition, any PC with many rods satisfies - ¢
the relation T(0#)=T(180+ #). Thus, the relationT(6)
=T(36— ) exists. It is therefore sufficient to investigate

QO

X
T(6) in the range of 0% §<22.5° and 0% #<18° for oc- © 2200 2 60%0 2 000 0 o °
tagonal and Penrose PCs, respectively. Two polarization con 00 000 Eo® 00 P oba 000 o
ditions were used in this study: electric fields being parallel ©8°,2808°,°8° 5,980
to the rods(TM mode and electric fields being perpendicu- 79000 %009 gi% oCo®

lar to the rod9TE mods. 3:]

The method used for the experiments was as follbtim
fabricate the PC, a Cu mold was first made by the following X
procedure. Focused laser light was irradiated on the surface
of a 1-mm-thick Cu sheet, and holes were drilled at room
temperature in air. We utilized the second harmonics o
Nd:YAG (YAG, yttrium aluminum garnetlaser light(wave-

FIG. 1. Schematic rod arrangements in two-dimensional quasi-
eriodic PCs. Rod positions denoted by circles are the vertices of
iles composing a quasiperiodic pattern. fivefold or eightfold perfect

: . rotational symmetry exists only around the center indicated by the
length, 532 nm Energy per pulse, pulse width, and repeti- double circle in the Penrose or octagonal pattern. The origin of the

tion rate were 0.7 _mJ, 12 to 14 ns, and 300 Hz, res_pectwelx(y coordinates is defined to be the center. The incident angle of
Each hole was drilled by 999 p_ulses 01_‘ the_ laser Ilght. ,Th‘ﬁight is defined byf. (8 A 186-rod Penrose P33 layers is
holes were arranged on the vertices of tiles ina quaS|per|od|Fépresemed by a group of double and open circles, and a 466-rod
pattern. After the Cu mold had been placed in a small vessehenrose PE70 layers is represented by all of the circles. The side
uncured polymerepoxy resii was poured into the vessel lengtha of the rhombi is 85um. The longer and shorter bars par-
and the holes were filled with the epoxy resin. The epoxyallel to thex axis are the sampling lines of the Poyinting vector for
resin was then cured thermally in air. Subsequently, the cureggé-rod and 466-rod Penrose PCs, respectively. Their centers are on
epoxy resin, together with the Cu mold, was detached fromhey axis aty= —446.57 um and—838.13um, and their lengths

the vessel, and only the Cu mold was dissolved in nitric acidare 170 and 8%.m, respectively(b) A 173-rod octagonal PC19
resulting in the formation of an array of epoxy-resin rods,layers is represented by a group of double and open circles. An
i.e., a PC. Figure 2 shows scanning electron microscopyctagonal pattern is formed by rhombus and square tiles with side
(SEM) micrographs of a Penrose PC with a tile side lengthlengtha=69 um. The bar parallel to the axis indicated by SL is
a=85 um. Each rod of the PC had a radiusof 22 um a sampling line. Its center is on tlyeaxis aty=—377.16um, and
around a half height and a length of 5@@n. The rods are its length is 138um. (c) A group of double and five open c.ircles
parallel to one another, while the rods are not perfectly Cyfepresents a six-rod Penrose PC, and a group of double, five open,

lindrical and their surface is not smooth. However. as will beand ten closed circles represents a 16-rod Penrose PC. The whole
shown, positions of main structures in experiméntal transSet of circles represents a 31-rod Penrose PC. The tiles of the Pen-
' ose pattern are formed by two kinds of rhombus tiles with side

mission spectra are consistent with those in calculated spe S
tra. The real[Re(e)] and imaginary[Im(e)] parts of the e_ngth a=85 um. The S;amp"ng In_nes SL1 and SL2 are fo_r the
dielectric constant of the epoxy resin were 2@1 and six-rod PC at 0 and 18 y respgcnvely. The center of SL1 iy ato
. _ . =—-26.4um, and SL2 is obtained by rotation of SL1 by 18

0.12+0.02, r?SpeCt'Ve!y’ at 40 to 200 crh Re(e) is almost around the origin. The sampling line SL3 is for the 16- and 33-rod
constant, while Imé) slightly depends on vyavelength. These peg at 0°, and its center is @t —106.17 um. The length of each
values were evaluatgd fro_m transmission spectra of ﬂagamp”ng line is 68«m. (d) A 187-rod Penrose P34 layers is
epoxy-resin sheets with various thicknesses. represented by open circles. The side lengtbf the rhombi is

Far-infrared transmission spectra were obtained at rooms ,m. The bar parallel to the axis indicated by SL is a sampling
temperature using a Fourier transform spectromg@euker  ine whose length is 8%m. This PC and the 186-rod PC shown in
IFS 113y. A mercury lamp and a 6- or 2@m-thick Mylar (3 have almost the same sizes and correspond to two different
film were utilized as a light source and a beam splitter, reregions inside a colossal Penrose PC with 3946 rods. This rod ar-
spectively. An illumination cone has a divergent angll rangement does not contain a central rod.
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Penrose TM mode Re(g) =2.4 & a=85um
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FIG. 3. Transmission spectra in the TM mode of Penrose PCs
with Re(e)=2.4,r =22 um, anda=85 um. Experimental spectra

FIG. 2. SEM micrographs of a Penrose PC with a radius ©f @ PC with 31 layers and 724 rods are showridn The spectra
=22 um and a tile side length=85 um. (a) Atop view and(b) a  have been shifted vertically at intervals of about 0.1. Calculated
spectra of a PC with 33 layers and 186 rods in the cases aof)Im(
=0 and 0.12 are shown ifb) and(c), respectively. The PC used in

. _ the calculation is schematically drawn in Figall The spectra have
o015

angle of 17.577A pOIa”Zer made of pplyethylene with fine been shifted at intervals of 1. The arrow indicates the position of the
grids was placed in front of the PC in sequence from thesgg

light source to a detector. A slit was placed just before the PC

so that the light would irradiate only on the PC. A Si bolom-yertically at intervals of about 0.1 and 1, respectively, so they
eter was used as a detector. The bolometer was operated @l pe clearly seen. Similar vertical shifts were performed
17 K alnd covered a spectral region between 40 angor other spectra presented in this paper. Each experimental
700 cni . The resolution of the measurement was 2 ¢ém spectrum in Fig. @) exhibits a dip arounda/27~0.54,
An optical path was evacuated to avoid absorption due tQ herek is a wave number of light in vacuum. This is in
water vapor. o agreement with the calculated spectra in Figp) 3whereT is

In the numerical calculation, it was assumed that a pla”‘?learly 0 arounda/27~0.54, as indicated by the arrow. The
electromagnetic wave was incident upon the system. Thgpaiia| distribution of energy densities of electromagnetic
Maxwell equation was solved by expanding the eI%ctromagﬁemS was also calculated. The energy density inside the PC
netic field in terms of vector cyllndncal harmonit’!’ Ex- aroundka/27~0.54 is very small, indicating the existence
pansion coefficients were determined from the boundary; 5 pBG. The position and width of the PBG are almost

condition at the surface of each rod by applying the vectofnqependent of the incident angle, as has been reported for
addition theorem to the scattered fields from other rods. The)éotropic PBGs in other quasiperiodic PES3

were used to calculate the distribution of the electromagnetic 5, isotropic and therefore complete PBG also exists in
field and Poynting_ vector. Then the average of the absollutghe octagonal PC. Figure 4 shows experimental and calcu-
value of the Poynting vector was calculated on the samplinggieq transmission spectra in the TM mode of the octagonal
lines shown in Fig. 1. The value obtained was normalized bysg with Re€)=2.4, r=22 um, anda=69 um. The PC

that of the incident plane wave so that it could be regarded agseq in the experiment had 17 layers and 873 rods, while that
a transmission coefficient. Due to the finite sample size, therggeaq in the calculation had 19 layers and 173 rods as shown
was additional diffraction of light, which would give the cal- schematically in Fig. (b). A dip is seen in the experimental

culated transmission coefficient more than unity in somespectra aka/2m~0.50 and is in agreement with the calcu-
cases. Details of the calculation method will be described irfated spectra, wherd is almost 0 in the sam&a/27 as

2.8kV X109

side view.

the subsequent paper. indicated by the arrow. As will be shown later, no PBG was
observed in the TE mode of the above-mentioned Penrose
lll. ISOTROPIC PHOTONIC BAND GAP and octagonal PCs.

As was seen in Figs. 3 and 4, the match between the
An isotropic PBG will be described in this section. Figure experimental spectraa) and the calculated ones with
3 shows experimental and calculated transmission spectra im(e) =0 (b) is not so good. Finite Iny) is regarded as one
the TM mode of the Penrose PCs with Re€2.4. The ra- of the causes of this inconsistency. Figurds) 3and 4c)
dius of the rod isr=22 um, and the tile side length i@ = show calculated transmission spectra with é€ 0.12. The
=85 um. The PC used in the experiment had 31 layers andther parameters in Figs( and 4c) are the same as those
724 rods, while that used in the calculation had 33 layers anah Figs. 3b) and 4b), respectively. Most of fine structures
186 rods, as shown schematically in Figa)l*® The experi- disappear and transmission is very small at lakgé2sr,
mental and calculated spectra in the figures have been shiftathich resembles properties of the experimental spectra.

214205-3



MASASHI HASE et al. PHYSICAL REVIEW B 66, 214205 (2002

Octagonal TM mode Re(€) =2.4 & a =69 um Penrose TM mode Calculation
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FIG. 4. Transmission spectra in the TM mode of octagonal PCs 2N\ 2
with Re(e) =2.4,r =22 um, anda=69 um. Experimental spectra ;
of a PC with 17 layers and 873 rods are showrian The spectra
have been shifted at intervals of about 0.1. Calculated spectra of a 1 STTTREN
PC with 19 layers and 173 rods in the cases ofdys{0 and 0.12 00 ‘ 05 1 15 2
are shown inlb) and(c), respectively. The PC used in the calcula- ka/2m " kanm

tion is schematically drawn in Fig.(d). The spectra have been
shifted at intervals of 1. The arrow indicates the position of the FIG. 5. Calculated transmission spectra in the TM mode of Pen-
PBG. rose PCs with Re()=3.7, Im(e)=0, r=22 um, anda=85 um.

The spectra have been shifted at intervals of abo(#)1A PC with

However, the calculated spectra with le)&0.12 is not 33 Iaye.rs a.nd 186 rods shown in Figall (b) A PC with six rods
shown in Fig. 1c).

consistent with the experimental ones. The dielectric con-
stant of the epoxy resin weakly dependslgrbut introduc-
tion of thek dependence does not seem to improve consisn the TM mode of Penrose PCs with R@E3.7, r
tency between the experimental and calculated spectra. It is 22 um, anda=85 um. The PC shown in Fig.(8) has 33
considered that there are other causes of inconsistency. Tleyers and 186 rods, while that in Figh has only six rods,
experimental rods are not perfect cylinders and have finitas shown in Fig. (). In this investigation, we chose Re&)(
length. Surface of rods is not smooth, which may cause loss-3.7, because the PBG can be seen more clearly at 3.7 than
of light. There are discrepancies between the number of rodst 2.4. In the calculation of transmission spectra at various
in the experiment and in the calculatifhiThe incident light incident angles, we usually fixed the sampling line. In the
in the experiment is not a plane electromagnetic Wwakhe  case of a six-rod Penrose PC, on the other hand, the sampling
resolution of the calculated spectra is finer than that of thdine was rotated around the origin in order for the incident
experimental one¥. As a result, we could not obtain calcu- light to be normal to the sampling line. This is because a
lated spectra that agree perfectly with the experimental onestansmission spectrum is strongly affected by the angle be-
On the other hand, positions of main structures such as PBGween the sampling line and the light direction in such a tiny
in calculated spectra with Inef=0 are almost the same as PC. In the 186-rod Penrose PC, a complete isotropic PBG
those in calculated ones with Ir)(=0.12. Since calculated exists atkka/27=0.45-0.50. In the six-rod Penrose PC, there
spectra with Img) =0 exhibit more clearly intrinsic proper- is a deep PBG-like dip almost in the same energy range as
ties of quasiperiodic PCs than those with k€ 0.12, we that of the PBG. In addition, the position and width of the
show only calculated spectra with l&)(=0 below. PBG-like dip are almost independent of the incident angle.
In quasiperiodic PCs as well as periodic PCs, a large rati®imilarly, a tiny octagonal PC with only nine roda central
of dielectric constants between rods and a surrounding meed and eight nearest-neighbor rpdsxhibits an isotropic
dium is advantageous for PBG formation. In most studies ofPBG-like dip(not shown here According to Conway'’s theo-
quasiperiodic PCs, the ratio was larger than’8'4."®Excep-  rem, any local pattern of diameter, e.g., a six-rod Penrose
tions are the results of 12-fold symmetric quasiperiodic PCsPC, repeats within a distance less than a i from the
which have complete PBGs even when the ratio is'2%.  original patterr’® As a result, large Penrose and octagonal
Our study has shown that complete PBGs exist in PenrosBCs contain many 6-rod and nine-rod PCs, respectively. It is
and octagonal PCs with a small ratio of dielectric constantsherefore thought that local multiple light scattering within a
(2.4), suggesting that any quasiperiodic PC can have a PB@8ny PC, which causes a PBG-like dip, plays an important
in optimum choice of/a even when the ratio is as small as role in the PBG formation and that the isotropy of the PBG
2.4. stems from the isotropy of the PBG-like dip. Of course, glo-
In order to determine the origin of an isotropic PBG, we bal multiple light scattering covering a larger region than that
calculated transmission spectra of tiny PCs with small numef a tiny PC affects PBG formation to some extent, because
bers of rods. Figure 5 shows transmission spectra calculateie PBG-like dip in the tiny PC has finit€ and a larger
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Penrose TE mode Octagonal TE mode
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FIG. 6. Transmission spectra in the TE mode of Penrose PCs FIG. 7. Transmission spectra in the TE mode of octagonal PCs
with Re(e)=2.4, r=22 um, and a=85um. (a) Experimental with Re(e)=2.4, r=22 um, and a=69 um. (a) Experimental
spectra of a PC with 31 layers and 724 rods. The spectra have bespectra of a PC with 17 layers and 873 rods. The spectra have been
shifted at intervals of about 0.1b) Calculated spectra of a PC with shifted at intervals of about 0.1b) Calculated spectra of a PC with
33 layers and 186 rods in the case of ¥ 0, which is shown in 19 layers and 173 rods in the case of k€ 0, which is shown in
Fig. 1(@). The spectra have been shifted at intervals of 1. Fig. 1(b). The spectra have been shifted at intervals of 1.

width than that of the PBG, indicating that only the local Since anisotropic structures in transmission spectra have
light scattering within the tiny PC is not sufficient for com- been found in our study, they will be described in this sec-
plete development of a PBG. tion. Figure 6 shows experimental and calculated transmis-

In periodic PCs, it is thought that PBGs are established bgion spectra in the TE mode of the same Penrose PCs as
long-range lattice periodicity. Accordingly, the origin of an those, for which spectra are shown in Fig. 3. In contrast to
isotropic PBG in a quasiperiodic PC is different from thethe TM mode, no PBG is observed up ka/27=1.7. In-
origin of a PBG in a periodic PC. However, Jit al. have  stead, one or two dips &ta/27=0.50-0.60 can be seen in
recently shown the existence of PBGs in two-dimensionakach experimental spectrum. The positions of these dips de-
amorphous photonic materials that do not possess any longend weakly but clearly on the incident angle. We call these
range order but have short-range ortlek PBG in an amor- dips weakly anisotropic dips. In each calculated spectrum,
phous photonic material overlaps the first PBG of a correthe dips atka/27=0.50-0.60 are reproduced.
sponding square-lattice PC. Thus, &hal. suggested that Similar results were obtained for the octagonal PCs. Fig-
only short-range order of the square-lattice PC is necessalyre 7 shows experimental and calculated transmission spec-
for the formation of the first PBG. This is similar to the tra in the TE mode of the same octagonal PCs as those for
mechanism of PBG formation in quasiperiodic PCs. Furtheiwhich spectra are shown in Fig. 4. No PBG is seen up to
detailed investigation of the relationship between correka/2r=1.4. There is a dip ata/27~0.50 both in the ex-
sponding dips in a local structure and PBGs in a whole sysperimental and calculated spectra, and its position shifts to
tem for periodic PCs as well as quasiperiodic PCs is needethigher energy with increase in angle.

Very recently, Miyazaki and Segawa have studied the In addition to weakly anisotropic dips, there are dips seen
scattering of plane-wave electromagnetic fields in arraysnly at specific angles, i.e., strongly anisotropic dips. For
consisting of dielectric cylindrical rods with various rota- example, we can see a dipka/27~0.25 in the spectrum at
tional symmetrie$? A PBG was observed in the TM mode 0° of the 186-rod Penrose P(&ig. 5@]. The dip is not
and was almost independent of the incident direction of theybserved at an angle greater than 6.4°.
light. This PBG is probably related to the isotropic PBG ina  The transmission spectra of PCs with various numbers of
two-dimensional quasiperiodic PC. rods were calculated. Figure 8 shows calculated transmission
spectra at 0° of five Penrose PCs with Re€3.7, r
=22 um, anda=85 um. The numbers of rods in the PCs
were 6, 16, 31, 186, and 466. The PCs with 6, 16, and 31
rods are shown in Fig.(&). The PCs with 186 and 466 rods

No anisotropic structures in transmission spectra of quahave 33 and 70 layers, respectively, and both of these are
siperiodic PCs have ever been reported in previous studieshown in Fig. 1a). Figure a) shows transmission spectra in

IV. ANISOTROPIC STRUCTURES IN TRANSMISSION
SPECTRA
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Penrose Calculation

Re(g) =3.7, a =85 um, 0 degree
TE mode _TM mode

i

/]

=

w

(]

[

Transmission (arb. units)

>

NI .YV RPN
0 0.2 0.4 0.6
ka/2®

FIG. 9. Calculated transmission spectra at 0O degrees in the TM
mode of the two Penrose PCs with RE€3.7, Im(e)=0, r
=22 um, anda=85 um. The lower and upper curves correspond
to spectra of the 186-rod P@3 layers in Fig. 1(a) and 187-rod PC
(34 layers in Fig. 1(d). The upper spectrum has been shifted at an
interval of 2. The arrow indicates the position of an angle-
dependent dip.

Transmission (arb. units)
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i 15 2 % 02 04 s
ka/2® ka/2w

0 05

1075 in the TM mode. Until now, we have not been able to
FIG. 8. Calculated transmission spectra at 0° of five Penroséind PBGs other than the isotropic PBGs appearing already
PCs with Re€)=3.7, Im(e) =0, r=22 um, anda=85 um. The in small PCs.
numbers of rods in the PCs are 6, 16, 31, 188 layers, and 466 Figure 9 shows calculated transmission spectra at 0° in
(70 layers, which are shown in Figs.(& and Xc). The spectra the TM mode of two Penrose PCs with R¥E3.7, r
have been shifted at intervals of 1.5. The arrows indicate the posi=22 ,m, anda=85 um. The lower and upper spectra are
tions of angle-dependent dip@) TE mode,(b) TM mode. spectra of the 186-rod P33 layers in Fig. 1(a) and the
187-rod PC(34 layers in Fig. 1(d), respectively. The lower
the TE mode. In the spectrum of the 186-rod PC, there argpectrum and the spectrum of the 186-rod PC in Fi) &re
two dips aroundka/27=0.45 and 0.55. These dips corre- the same. These PCs correspond to two different regions in-
spond to the two dips dta/27=0.50—-0.60 in the 186-rod side a colossal Penrose PC with 3946 rods. The strongly
PC with Re€)=2.4 in Fig. 6, and show similar weak angle anisotropic dip aka/27~0.25 in the lower spectrum does
dependence. The lower dip aroukd/277=0.45 does not not exist at the same energy in the upper spectrum. There-
exist in the six-rod and 16-rod PCs but appears in the 31-roébre, the appearance of anisotropic dips depends on positions
PC. The higher dip arourkla/2=0.55 does not exist in the of PCs inside the colossal Penrose PC. On the other hand,
six-rod PC but appears in the 16-rod PC. The transmissiothere are isotropic PBGs &8/27=0.45-0.50 in both spec-
coefficient in both dips decreases with increase in rod numtra. Since the formation of a PBG is mainly due to local light
ber and is very small in the 466-rod PC. Figui@8shows scattering, there is no difference between the PBGs in the
transmission spectra in the TM mode. As was described, awo PCs.
dip at ka/2m~0.25 indicated by the arrow in the 186-rod It is thought that the anisotropic dips are determined by
Penrose PC is a strongly anisotropic dip. The dip does najlobal multiple light scattering covering the whole system,
exist in the six-rod and 16-rod PCs but appears in the 31-roflecause the dips strongly depend on the rod number and rod
PC. The transmission coefficient in the dip decreases witlarrangement. This is in contrast to the fact that local light
increase in rod number and is small in the 466-rod PC. As gcattering plays an important role in the formation of an
result, both weakly and strongly anisotropic dips becomedsotropic PBG. We have not been able to find any PBGs
evident as the rod number increases. It should be emphasizéstrmed by global light scattering even though we investi-
that anisotropic dips are not seen in the six-rod PC, in congated the transmission spectra of a huge Penrose PC with
trast to the fact that a deep PBG-like dip appears even in th466 rods. This is different from the case of periodic PCs in
six-rod PC. which the PBG shows its almost complete shape in a system
As can be seen in Fig.(8), transmission coefficient is with a finite rod number. In periodic PCs, lattice periodicity
very small in the two dips arounkla/27=0.45 and 0.55 in is a very important factor for the existence of a PBG formed
the 466-rod PC. Nevertheless, these dips are not thought twy a Bragg-like multiple scattering mechanism. If the peri-
be PBGs. A minimum ofT in the dips is an order of 1¢ odicity is destroyed, then coherence in backscattered waves
and is much larger than a minimum @fin the TM-mode  will be destroyed and so will the PBG3.Since quasiperi-
PBG in the 466-rod PC, an order of 1D The energy den- odic PCs have no lattice periodicity, it is thought that PBGs
sities of the electromagnetic fields were also calculated. Thare not formed by global light scattering.
ratio of minimum density in the dips to density around a dip We can say that formation of PBGs is easy and difficult in
edge is about 177 in the TE mode and the ratio of minimum quasiperiodic PCs. An isotropic PBG can be formed in a
density in the PBG to density around a PBG edge is abouguasiperiodic PC with only a small number of rods. As for
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the dielectric constant, PBGs can be formed in both periodiplays an important role in PBG formation. In addition to the
and quasiperiodic PCs even when the ratio of dielectric conisotropic PBG, we found dips depending on the incident
stants between rods and the surrounding medium is smalhngle of light. We studied anisotropic structures in transmis-
However, formation of complete PBGs in periodic PCs is notsion spectra of quasiperiodic PCs. Based on the rod-number
so easy because of anisotropy. On the other hand, a PBG ineed rod-arrangement dependence, it is thought that the
quasiperiodic PC is isotropic, and a complete PBG can thereshapes and positions of the anisotropic dips are determined
fore exist even when the ratio of dielectric constants is smallby global multiple light scattering covering the whole sys-
On the other hand, as stated above, formation of PBGs biem. We have not been able to find any PBGs formed by

global light scattering is difficult. global light scattering even though we investigated the trans-
mission spectra of a huge Penrose PC with 466 rods. This is
V. SUMMARY different from the results for periodic PCs in which the PBG

o shows its almost complete shape in a system with a finite rod
We measured and calculated transmission spectra of tWQymper.

dimensional quasiperiodic PCs based on a five{Blenrosg

or eightfold (octagonal symmetric quasiperiodic pattern. A
photonic crystal consisted of dielectric cylindrical rods in air
standing normal to the basal plane on vertices of the tiles
(rhombi and square¢scomposing a quasiperiodic pattern. A We are grateful to H. T. Miyazaki, K. Ohtaka, T. Ueta, A.
complete isotropic PBG appears in the TM mode even whel®. Tsai, E. Abe, T. Fujiwara, and A. Yamamoto for valuable
the dielectric constant of the rod is as small as 2.4. An isodiscussions and to H. Takakura and S. Weber for providing
tropic PBG-like dip was observed in tiny Penrose and oc-data on the coordinates of vertices of the tiles in Penrose and
tagonal PCs with only six and nine rods, respectively. It isoctagonal patterns. This work was supported by the budget
therefore thought that local multiple light scattering within for Intelligent Material Research from Ministry of Educa-
the tiny PC, which causes the formation of a PBG-like dip,tion, Culture, Sports, Science and Technology, Japan.
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