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Optical band structure and near-field intensity of a periodically arrayed monolayer
of dielectric spheres on dielectric substrate of finite thickness
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We examined numerically the effect of the finite thickness substrate on the optical properties of a two-
dimensional periodic dielectric sphere. The photonic band dispersion is obtained from the transmission spectra
for general oblique incidence. These results are in good agreement with experimental ones. Transmission
spectra and the band dispersion are found to be significantly modified from those without substrate. This
change is well explained by the anticrossing of eigenstates of the monolayer spheres and those bounded within
the substrate. The characteristic feature of near-field intensity is investigated in detail when the eigenstates of
the system are excited by the incident light. It is shown that the near-field intensity gives important information
to figure out the origin of eigenstates. In addition, the shape of intensity distribution is analyzed by using the
amplitudes of diffracted lights.
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I. INTRODUCTION (KKR) method® with very high accuracy and fast
convergencé 10

Recently, there has been growing interest in the control of A variety of experimental reports can be found on the
light propagation by using photonic crystdBhC’s.t PhC's  two-dimensional periodic dielectric spheres created, for ex-
are artificial photonic materials which can freely navigateample, by the self-assembly methbdf or the micromanipu-
electromagnetic waves. They are characterized by the peration techniqué® Good agreement is obtained between
odicity of the dielectric constant comparable with the wave-theory and experiment on s5, sample in the millimeter
length of light. This periodicity brings about the photonic wavelength region? This agreement is due to very good
band structure accompanied with photonic band gapsample quality. In addition, they use very thin substrate
(PBG’9). Propagation of the light within PBG'’s is forbidden which can effectively be ignored. On the other hand, typical
in PhC’s. At the early stage of researches, PhC'’s with PBG'srystals in visible or infrared region are made of polystyrene
in all directions(complete PBG’ attracted much intereét, or polyvinyltoluene spheres on the substrate of
because there was a strong demand to control the spontarsemi-infinité? or finite thickness2 At present, we cannot
ous emission of atomic systems. Recently, there also arogeet obtain such good quantitative agreement between theory
special interest in the application of band dispersion relationand experiment as those found for samples without substrate.
in PhC’s since the discovery of superprism and superlens In the system of the two-dimensional periodic dielectric
effects® To realize these effects, it is essential to fabricatespheres, electromagnetic energy can dissipate into the
PhC's of extremely high quality. Very sophisticated technol-vacuum through a direction perpendicular to the sample
ogy is required to create such three-dimensional PhC's. Ifayer. In the present work, we focus on the wavelength range
contrast, two-dimensional PhC’s are relatively easy to fabricomparable with the size of a sphere, that is, we deal with the
cate. Various slab-type two-dimensional PhC's areMie resonancE® region of <5. Hence, light can hardly
developed. One of such slab-type PhC is a two-dimensionallocalize within spheres and leaks outside. This leakage of
periodic dielectric sphere on a dielectric substrate. light from spheres induces interaction with surrounding ob-

A monolayer of periodic dielectric spheres is an importantjects. Therefore, light interacts not only with surrounding
system for the physical understanding of the origin of pho-spheres but also with the substrate. Interaction with the sub-
tonic band structures. In PhC’s, periodic arrangement of distrate is expected to change significantly the optical proper-
electric objects play the same role of potential with that ofties of the system. So far, there have been a few theoretical
periodic atoms for electrons in semiconductors. Electrons ipapers which have dealt with the two-dimensional periodic
semiconductors are tightly bound to each atom and can hogpheres on a substrate?°To the authors’ knowledge, how-
from atom to atom to form the band structure. The samesver, no theoretical work has been presented which discusses
phenomenon occurs in PhC’s. In the case of dielectriche effect of the substrate from the point of view of photonic
spheres, a bound state of each sphere corresponds to the Nbiand structures.
resonance state. When spheres are arrayed periodically, pho-In a recent paper, we have briefly reported numerical re-
tons can hop from one sphere to its neighbor. This hoppingults of transmission spectra for perpendicular incidence
process gives rise to photonic band structures. Photonic baritom a monolayer dielectric spheres on a substratéle
structures of monolayer dielectric spheres without substratéound that dips of transmission spectra become much broad
have been calculated by the vector Korringa-Kohn-Rostokewithout significantly changing their positions in the case of
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the semi-infinite substrate. This broadening is caused by the
dissipation of electromagnetic energy into the semi-infinite
substrate. When the substrate is finite, on the other hand, we
observed significant change of transmission spectra. This
change is brought about by the presence of eigenstates within
the substrate which interacts with those of spheres.

In this paper, we report the results of detailed investiga-
tion on the general optical properties of a two-dimensional
periodic dielectric spheres on a substrate of finite thickness.
We present the band dispersion relation obtained from trans-
mission spectra for general oblique incidence. We also report
the characteristic feature of the distribution of electric field
intensity near the sample surfa@eear-field intensity when
eigenstates of the system are excited by the incident light. It
is shown that these near-field intensity can bring about im-
portant information concerning the origin of the drastic
change of the spectrum. The near-field intensity can be ob- k
served by recently developed scanning near-field optical mi- %
croscopeSNOM). 112223

This paper is organized as follows. Our model and theo-
retical framework are described in Sec. Il. Results and dis-
cussions for perpendicular incidence are discussed in Sec.

[ll. We first deal with transmission spectra and discuss their

dependence on thickness of the substrate. Next, we investi- FIG. 1. (a) Two-dimensional periodic dielectric spheres of ra-
gate the origin of eigenstates of the system from the point ofliusa and dielectric constardg on a substrate of finite thickneds
view of near-field intensity. Section IV deals with results andand dielectric constarts. Spheres are in contact with each other
discussions for oblique incidence. From transmission spectraithin thexy plane and form a triangular lattice. Plane electromag-
for general oblique incidence, we draw band dispersions fopetic wave of wave vectdko=(k,,'y) ands or p polarization is
sandp polarization. We also give a detailed discussion of theincident upward from below the substrate with incident arglé)

change of near-field intensity at the cross point of two band?eal and(c) reciprocal spaces of the triangular lattice. Reciprocal-
branches. Section V is devoted to summary. lattice vectors of the same length belong to the same shell. The

origin of the reciprocal lattice is taken as the Oth shell. Shells of
first, second, and third nearest neighbors from the origin are called
Il. MODEL AND FORMULATION as the first, second, and third shell, respectively.

We deal with a monolayer of two-dimensional periodic o .
dielectric spheres on a substrate of finite thickness as showMote that the scattered light is either propagating or evanes-
in Fig. 1. Radius and dielectric constant of spheres are decent wave ifl’;; is real or imaginary, respectively. Part of the
noted bya andeq, respectively. Spheres are in contact with scattered light is incident on the substrate, scattered multiply
each other and are arranged within the plane to form a  Within the substrate and reflected back again onto the mono-
triangular lattice. The dielectric constant and thickness of théayer. . _ o
substrate arees and d, while the dielectric constant of  The multiple scattering process within the monolayer has
vacuum is denoted byy. The origin of coordinates is chosen already been presented by the matrix formulafiéA We

at the center of one of the spheres. Plane electromagnetiill simply summarize the results as follows. We expand the
wave of wave vectok,=(k;;,I'¢) and amplitudeE? is in- plane incident wave in terms of vector spherical harmonics

cident upward from below the substrate: and take into account the multiple scattering within the
monolayer rigorously by using the Green'’s function. Vector

E,(r)=E%expliko 1), (1) spheriqal waves emerging from the monolayer after multiple

scattering are then expanded in terms of plane waves. Thus,

wherei =x,y, or z andk;= (k,.k,) is the in-plane compo- transmitted and reflected lights from the monolayer are re-

the energy-conservation law as\/koz— k,z, . The polarization lows:
of incident light is also indicated in Fig.(d).

Let us briefly describe the scattering process of the g _ ta e
present system. The incident light from the substrate is mul- Ein (Q)_]Zh, Ug  (LRiJhE, v &)
tiply scattered within the monolayer of spheres. The scat-
tered light acquires two-dimensional reciprocal lattice veciwhere superscripts indicate the propagation direction of each
tors h by the umklapp process due to periodicity of thewave along the axis. In Eq.(2), we assume general wave
monolayer. Thus, the wave vector of the scattered light isectork,, = (k,+h,T}) for incident waves in order to deal
given ask; =(k,+h,I';y), whereT; =+ k3—(k,+h)%  with reflected propagating and evanescent waves from the
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substrate. In the numerical calculation, we take into accountnergy conservation law, ttlcomponent of the wave vector
€max=9 for the expansion in terms of spherical harmonics.inside and outside the substrate are given gagh)

Let us next treat the multiple reflection process within the_ /2 2 _ _ 2

; ; i =1/gg (k;;+h)2 and yg(h) = ek — (k;,+h)2, respec-
substrate. To Qescrlbe the ;catterlng process concerning tﬂgely. I\?ote thaty(h) and y<(h) are t;ken to be either posi-
substrate, we introduce>X33 interface matrices which relate tive real or positive imaginary. It is straightforward to show

transmitted and reflected waves on the surface of the Su?iom the boundary condition at the surface that interface ma-
strate. The wave vector of the incident light onto the sub- y

strate from above is given by =(k,+h,T'). From the trices of the upper surface of the substrate is given by

27yo(h) —2vyo(h)(eo—€s) (K +h)y
Yo(h)+ ys(h) [vo(h)est ys(h) eoll vo(h) + vs(h)]
__ 2yo(h) 2yo(h)(€9—€s)(ky+h)y
: _ 0
T (he.ed Yo+ 75l [ro(Mest vsMeoll vo(M + ys(M] ®
—2vyo(h)egy
0 0
Yo(h)est+ ys(h) €g
vo(h) — ys(h) —2y0(h)(e0—eg)(ky+h)y
Yo(h)+ ys(h) [vo(h)est ys(h) eol vo(h) + vs(h)]
_ Yo(h)—ys(h) —2y(h)(eg—€g) (K +h)y
= _ 0
R (heo.ed YoM+ 75l [ro(Mest vsMeoll volh + ys(M] @
0 0 Yo(h)es—ys(h) €g

Yo(h)est+ ys(h) €g

for the incident light from the upper side. Interface matrices
of the upper surface for the light incidence from below are
obtained from Eqgs(3) and (4) by interchanginge, and
vo(h) with e5 and — yg(h), respectively. They are denoted

Ei*,h*<8>=2i R’ (hi€g,€9)

as T " (h;0,e9) and Ry (h;€g,€9). For the substrate of + 2 Tihieo,e9P j (hies)
finite thickness, we also need interface matrices of lower I1l2:03:04:15
surface. They can be obtained similarly and are denoted as XRY™ (hes, o) Pj_3,j4(h;€s)

Ti+j+(h;65’60)’ Rijj+(h;68160)1 Tijji(h;fs,fo), and 12’j3
Rifj’(h;es,eo). Finally, we introduce propagation matrices
within the substrate as

Pfj(h;es)=exp[iiYS(h)d}‘si,i' ®

To describe the multiple reflection of the light incident

from the upper side of the substrate, it is convenient to use o )
the following 3x 3 matrix: The case of the light incidence from the lower side of the

substrate can be treated similarly.
Q*(h;eo,es)z[ﬁij—Rf*(h;eo,eS)PWh;es) The multiple reflection between the monolayer and the
XR+7(h;65,€0)P7(h;es)]7l. (6)

substrate is taken into account by the bilayer method. It is
easy to show that transmitted and reflected liggts,” and

Then, transmitted and reflected lighis, ~(S) andE;" ~(S),

are given in terms 0@~ (h;eqg,€s) as

X Qj, j(hi€o.€9) T, (N €0 €5) |Ejn

52 U (i,j:hE) . ®

E; *, for incidence from below the system are respectively
given as

++_
Ein - 2
jivsiz.h

XUS(j2,i:h=00Ej ¢

En (9= 2 Tij(hes,e)P; ; (hies)

INERNEDE!

XQj, .j,(hi€0,€9)T;, (i €0, €9)Ej 1

U5+(i,h,j1,h’)W+(jl,h’;j2,h=O)

52 Us (i,j:hEj p, (7)
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FIG. 2. Transmission spectra for perpendicular incidence. Here, 0 0.1 0.2 0.3 04

€g=2.56,a=1.0 um, es=4.41, andd=0.3 um. The vertical and ’ d/a ' ’
horizontal axes are transmission and normalized frequency
=/3a/\, respectively. Solid and dotted lines represent, respec- |
tively, theoretical results with and without substréiRef. 22, and 0 1

e ) Transmittance
the broken line is the experimental res(iRef. 13.

FIG. 3. Transmission spectra for perpendicular incidence in the
range of 6=d/a<0.4 and fixed value oés=4.41. The horizontal
Ei_’h+ = Z Us "(i,j;h=0) and the vertical axes are thickness of the substiéaeand normal-
j.n’ ized frequency, respectively. The darker region corresponds to the
lower transmission. The vertical solid line @éta= 0.3 corresponds
+ z Ug_(i-jl;h)U5+(j1,hiijh') to the transmission spectrum of Fig. 2. Horizontal dotted lines at
Il1.]2:]3 Z=0.712, 0.855, and 0.870 represent the eigenfrequencies of the
monolayer spheres, while lower and upper broken lines in the figure

XW*(j,,h'";j3,h=0)U § “(j3,j;h=0) Ejo correspond t@- andp-polarized eigenstates of the substrate, respec-
' tively.
EE U= (ihij h=0)E; o. (10) substrate are 4.41 and Qw3n, respectively. Solid and dotted
- :

lines represent theoretical results with and without the
substraté? respectively, and the broken line is the experi-
B + . ’. . . 1 1
Here, the matrbW™ (i,h";],h) describes the multiple reflec- o) vesulf® The calculated transmission spectrum in the

tion between the monolayer and the substrate and is given bé(resence of the substrate shows six dipga0.671, 0.698,
+ N T | 0.736, 0.808, 0.896, and 0.936, while that without the sub-
Wr=l1=Us "(h)Uq (5], (11) strate has only three dips &=0.712, 0.855, and 0.870.
where |; /. n= 5 ;0nn . The case of the light incidence Thus, the presence of the substrate significantly changes the
from the upper side of the system can be treated similarly. sSPectrum. The experimental result, on the other hand, shows
The transmissiofT of the system is calculated from the only two broad dips aZ=0.68 and 0.88. While the theoret-
electromagnetic energy flow towards the incidence directionical result approaches the experimental one, agreement is not
so good as in the case of the semi-infinite substrafhis
difference seems to be attributed to the presence of disorder
in the arrangement of spheres in the experiment. In addition,
total number of spheres is limited to 91 in the experiment. If
for unit amplitude of the incident light with wavelengkth In  these effects cause smearing of sharp dips in the spectrum,
the numerical calculation, the velocity of light in the the theoretical result agrees comparatively well with the ex-
vacuum is taken as=1, and frequency and wave number perimental one.
are measured in units of dimensionless parameter In order to clarify the origin of dips in Fig. 2, we examine
= \/§a/)\. In this paper, the calculation was carried out in thethe dependence of transmission spectra on thickness of the
range ofZ<1.0, and 19 reciprocal-lattice vectors within the substrate. Figure 3 shows the transmission spectrum in the
third shell in Fig. 1c) were taken into account. range of Gsd/a<0.4 for fixed value ofes=4.41. The
darker region corresponds to the lower transmission. In con-
IIl. RESULTS AND DISCUSSIONS FOR PERPENDICULAR trast to the case of the semi-infinite substrate, dips do not
INCIDENCE broaden significantly. The vertical solid line@ta=0.3 cor-
responds to the transmission spectrum of Fig. 2. Horizontal
Figure 2 shows the transmission spectra for perpendiculadotted lines atZ=0.712, 0.855, and 0.870 represent the
incidence. Dielectric constant and radius of spheres are 2.56igenfrequencies of the monolayer as shown by the dips of
and 1.0um, while dielectric constant and thickness of the dotted line in Fig. 2. Detailed calculation shows that eigen-

2
T=Z 2 U™ (i ko3 ko)Ej g (12)
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states atZ=0.712 are almost doubly degenerate. Broken (a) (b) (©)
lines show the eigenstates of the substrate. They are obtaine
from the condition that diffracted lights with reciprocal-
lattice vectors of the first shell are in resonance within the
substrate, i.e., dg® (i,j;h)]=0. We therefore have
: Yo(h)— '}’S(h))
expfiys(h)d (— =1, 13
A7 s+ s w —
0.0007983 1.8985  0.44947 10916 0.15223 79.968
. ys(h) €0~ VO(h)ES)
expliysg(h)d =1, 14 d
s o e ¥ o ® ®

where Eqs(13) and (14), respectively, correspond to the
andp polarization. They are plotted by lower and upper bro-
ken lines in Fig. 3. These resonance states appear in th
range of|h|/es<Z=<|h| in which the diffracted light within
the substrate is totally reflected at the interface of the sub-

£y
=
-

strate.

From Fig. 3, we can interpret the transmission spectrum 0.10508 61.209  0.028917 433.8  0.057795 78.502
of the system as a crossover phenomenon between eigel
states of the substrate and those of the monolayer. Deger (g) (h) @

eracy of eigenstates dt=0.712 islifted by the interaction
with those ofs polarization nead/a=0.3. This is also the
case for the eigenstate of the monolayeZ &0.870which
appears as a sharp dip in the spectrum. On the other hand, tt
eigenstate of the monolayerat 0.855 appearing as a broad
dip in the spectrum does not interact with that of the sub-

[+

strate ofs-polarization, because the solid line clearly crosses

the broken line of polarization. Instead, this eigenstate in- o 43.37  0.055003 BE0S8 (02407 0204

teracts with that of the substrate pfpolarization. This dif-

ference of interaction originates from the distribution of elec- FIG. 4. Near-field intensity at dips aZ=0.671 in (a—0, Z

tric field and will be clarified by the near-field intensity =0.808 in(d-f), andZ=0.896 in(g—i) in Fig. 2. The incident light

below. is chosen to be polarization. The electric-field intensity is plotted
In the previous work, we have examined the dependenci¢st above the spheres {a), (d), and(g), on the upper plane of

of transmission spectra on dielectric constants of the subsubstrate ir(b), (€), and(h) and on the lower plane of substrate in

strate by fixing thickness of substrdfeFrom the result, we (¢ (), and(i). The darker region corresponds to larger electric-

show that the optical property of the system can be confiéld intensity.

trolled by changing the dielectric constant of the SUbStrate\Nherer§=(0 0,+a). Superscriptst of k, andr, corre-

However, dielectric constant of the substrate can only b%pond to a near field above and below the spheres, respec-

varied for a limited range. In contrast, thickness of the SUb'tiver. The near-field intensity can be observed by the

stratﬁ :)S ttiha?ge?jpletirt]hg I\(/vide f?‘”ge- ;’ht;:rde_fcire,t i.t WOUIdt b%NOM.11 Figure 4 shows the near-field intensity at dips of
much better to adjust thickness instead of dielectric constar} _ g 71 0.808, and 0.896 in Fig. 2. Incident light is chosen

in order to design the optical property of the system. 0 be x-polarized. The electric-field intensity is plotted just

Dips in transmission spectra represent the excitation o bove the spheres in Figsia4 4(d), and 4g), on the upper

eigenstates of the system. In the prese_nt system, the eige fane of the substrate in Figs(b4, 4(e), and 4h), and on the
lstates of trt]f wthole ?)ﬁ]tem a;ethapproxu”r;ately g'\éet?‘ by tg ower plane of the substrate in Figgch 4(f), and 4i). The
inear combination ol those ot the monoiayer and e Stbygqer region corresponds to larger field intensity.

strate. When eigenstates are excited, there occurs the en- Figures 4a), 4(b), and 4c) show near-field intensity at
hancement of near field due to large evanescent componenys ' '

of diffracted lights. As a result, the electric field is localized —0.671. One can see two small black circles onxfaxis
> ’ - . -~ 7in Fig. .Th ircl r mainl mponen
near the systerf>® Consequently, the near-field intensities g- 4. These circles are due mainly to theomponent

best suited for distinguishing the diff f excitati of the electric field. On the other hand, we observe large
are best suited for distinguishing the diflerence of excltaliony acyic field both at the center of spheres and at contact
between these eigenstates.

Near-field intensities are obtained from amplitudes of th oints with adjacent spheres in Figgbjiand 4c). Besides,

- ) . e observe huge enhancement of electric field in Fi¢s). 4
electric fieldE;(h) by the following equation: and 4c). From these facts, we conclude that dip At

=0.671 represents the eigenstate of the substrate. Figures
Ei(r)= 2 Ei(hyexpliky - (r—rg)l, (15) 4(d), 4(e), z_inq _4f) show near-field intensity at= (_).898. We _
h observe significant enhancement of the electric field in Fig.
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@
E, @ E, |

FIG. 5. Vector representation d&;(h). Real and imaginary part of eadf(h), respectively, correspond to horizontal and vertical
components, and origin is taken at edch(@ and (b) correspond to Figs.(8) and 4e), respectively.

4(e) on the upper plane of substrate which is about 433 timeg¢he substrate op polarization has large component. Ac-
larger than the incident light. This enhancement is the largestordingly, this dip arises from thp-polarized eigenstate of
of all cases for perpendicular incidence. We also note thathe substrate.

electric field is much enhanced on the monolayer compared

to the case of Fig.(@). Therefore, the electric-field distribu- IV. RESULTS AND DISCUSSIONS FOR OBLIQUE

tion is relatively extended within the system, covering both
o INCIDENCE
the monolayer and the substrate. This dip turns out to be the
mixed state of the monolayer and the substrate. Figui@s 4 In this section, we discuss numerical results for oblique

4(h), and 4i) show near-field intensity a=0.896. Electric incidence. The present system exhibits the two-dimensional
field is the largest above the monolayer. Thus, this dip igphotonic band dispersion due to the periodicity. The band
identified as the eigenstate of the monolayer spheres. structure can be obtained from transmission spectra for ob-
Near-field intensity aZ=0.671 and 0.808 are enhanced lique incidenc&®?*?in the following way. Dips in transmis-
near the substrate. However, the shape of intensity distribusion spectra reflect the excitation of eigenstates of the sys-
tion is different. We study the origin of this difference tem. Due to the translation symmetry within tkey plane,
from the amplitude of diffracted lights. Figure 5 shows the excited eigenstate has the same in-plane wave vector
the vector representation & (h), where real and imaginary k;,=Z sin @ with that of incident light. In-plane wave vector
parts of eachkg;(h) correspond to horizontal and vertical k,=Zsiné can be scanned by changing incident angle
component, respectively. The origin is taken at edch Accordingly, the dispersion relation can be obtained by
Figures %a) and 5b) correspond to Figs. (8) and 4e), changingd and tracing the dips of transmission spectra. Note
respectively. We found that the magnitudeE{h) belong- that the excitation of the eigenstate depends on the polariza-
ing to the first shell is ten times larger than those oftion of incident light. Therefore, we calculate the dispersion
the second shell in Figs(& and 3b). Therefore, near-field relation of both polarizations.
intensities are mainly composed of the zeroth and the Let us show a series of transmission spectrg golar-
first shell components. It is easy to show from Etp) that ization in Fig. b) for I'K direction and Fig. &) for I'M
the ellipse at the center of Fig(hk) is due to the largex  direction. Incidence angles are chosen as 10°, 20°, 30°, and
component in Fig. &), while enhancement of the electric 40°. Solid and dotted lines are theoretical and experimental
field at the contact points of spheres in FigbMis ascribed  resultst® respectively. Theoretical results show that degener-
to they component. On the other hand, thecomponent ate states for perpendicular incidence split into a set of very
can be ignored in Fig. (8. Note that the eigenstates of complicated states a# is increased. While a direct corre-
the substrate af-polarization have only the in-plane compo- spondence between experimental and theoretical results is
nent too. Therefore, the dip &=0.671 arise from the difficult, overall feature seems to be in agreement if theoret-
excitation ofs polarized eigenstate of the substrate. In con-ical results are smeared out because of disorder and finite-
trast, largerz component in Fig. &) produces two ellipses ness of the sample. Figure&yand 7b) show, respectively,
on thex axis in Fig. 4e). We should note that eigenstates of the photonic band structure sfandp polarization thus ob-

FIG. 6. (a) Brillouin zone of a
triangular lattice. Transmission
spectra for oblique incidence qf
polarization.(b) For I'K direction
and (c) for I'M direction. Inci-
dence angles are chosen at 10°,
20°, 30° and 40°. Solid and dot-
ted lines are theoretical and ex-
perimental resultsRef. 13, re-
spectively.

Transmission
o
Transmission

(a) M 0. - I ll """""" -
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k// "

FIG. 7. Photonic band structures @) s and(b) p polarization. Band structures are obtained from transmission spectra by scanning the
incidence angl®. The horizontal and vertical axes represent in-plane wave vector and normalized freguesgyectively. Experimental
results are shown by the filled circles and theoretical ones by the white circles. We will examine below in Fig. 9 the near-field intensity in
the vicinity of the band crossing point encircled by the squargjn

tained from transmission spectra by scannfhdgexperimen-  points. We have shown in the preceding section that near-
tal results are shown by filled circles and theoretical ones byield intensity gives valuable information for the classifica-
white circles. One can see that bands Ze£0.7 agree well tion of the origin of eigenstates at tHé points. Below we
with experimental results. use near-field intensity for oblique incidence to distinguish
As can be seen, the band structure becomes very complire difference of eigenstates. According to the preceding sec-
cated due to the interaction between the monolayer and th#on, eigenstates df point atZ=0.671 andZ=0.808 have
substrate. However, we can qualitatively understand the oridifferent origin. Bands starting from these two states cross
gin of the band structure as follows. For this purpose, wewith each other in the vicinity o£=0.61 in the'M direc-
give separately band dispersions of the monolayer and thog®n as is seen in the region encircled by the small square in
of the substrate in Fig. 8. Filled circles in Fig. 8 show theFig. 7(b). We examined near-field intensity in the vicinity of
band dispersion of the monolayer. Open circles and crossehis cross point.
in Fig. 8 show band dispersions of the substrate from Eqs. Figure 9a) is the enlarged view near the cross point. The
(13) and(14), respectively. Band dispersion of the substratenear-field intensity corresponding to the poils Q, R,
is obtained from the resonance condition of lights within theand S in Fig. 9a) are shown in Fig. 9(Pu—$. Near-field
substrate from Eq913) and(14) by changingk,, for fixed intensity above the spheres and those at the upper plane of
values ofes=4.41 andd/a=0.3. The eigenstate of substrate substrate are denoted biyand ¢, respectively. Note that the
is excited by diffracted light from the monolayer. Eigenstatesshape of intensity distribution is rotated by 90° from Figs.
of the substrate aZ=0.700 and aZ=0.901 atl’ point are  4(a) and 4b) because the in-plane wave vector is aldig
six-fold degenerate. This degeneracy is lifted into three doueirection.
bly degenerate states fbiK direction, while they split into Figures 9Pu) and 9P¢) show near-field intensity at inci-
two single and two doubly degenerate statesIftt direc-  dent angled=30° andZ=0.614. Electric field is strongly
tion. We can see that bands of the substrate and the monenhanced near the substrate as in the case of Fay. K
layer overlap with each other to a large extent. Especiallyturns out that this enhancement is due to the largempo-
bands in the range 0s62<0.7 forI'M direction are consid- nent of electric-field. In contrast, thecomponent is much
erably modified due to the interaction between the substratemaller. These facts indicate that near-field intensity in Figs.
and the monolayer. 9(Pu) and 9P¥) correspond to the eigenstates of the substrate
While the overall feature of the band structure can beof s polarization. Figures @u) and 9Q¢) show near-field
understood from the comparison between Figs. 7 and 8, it isxtensity atd=30° andZ=0.630. Two ellipses observed in
difficult to identify the origin of branches at the band crossFigs. 4d) and 4e) for perpendicular incidence merge into a

s-polarization p-polarization

FIG. 8. Band dispersions of the monolayer
spheres and those of the substrate. The horizontal
and vertical axes are in-plane wave vector and
normalized frequencyZ, respectively. Filled
circles show the band dispersion of the mono-
layer spheres. Open circles and crosses show the
band dispersion of the substratesodindp polar-
ization, respectively.
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FIG. 9. (a) Enlarged view of the square region in FighY Bands of Fig. ?b) are shown by white circles. Dotted lines are the in-plane
wave vector component at incident angke=30° and #=40°. Each near-field intensity corresponds to pointsPat=30°; Z
=0.614; Q:9=30°, Z=0.630;R: #=40°, Z=0.586; andS: #=40°, Z=0.607 in(a). Near-field intensity above the spheres and those at
the upper plane of substrate at poitfor example, are respectively denoted as Pu afid P

single ellipse prolonged along theaxis. In this case, we dips in transmission spectra for perpendicular incidence shift
observe the maximum field intensity of about 724 timesto lower frequencies due to the interaction with the substrate.
larger than the incidence light. We also found large enhancét is also found that near-field intensity is much stronger than
ment of thez component in the region between the mono-the system without the substrate. These effects are ascribed
layer and the substrate. This feature is common with thato the presence of eigenstates bounded within the substrate.
observed in Fig. é). Figures 9Ru) and 9R¢) are near-field Transmission spectra and band dispersions can be interpreted
intensity at #=40° and Z=0.586. These figures show a as a result of crossover phenomenon due to the interaction
single ellipse like Figs. @u) and 9Q¢). There is thus a between eigenstates of the monolayer and those of the sub-
clear correspondence of near-field intensity betw@eand  strate. It is shown that near-field intensity can give detailed
R. This is also the case fé* andS because the electric-field and fruitful information to investigate the origin of band
distribution and intensity of Fig. (3¢) at #=40° andZ  eigenstates.

=0.607 are very similar to those of Fig(F®). Therefore,

near-field intensity give fruitful information to figure out the

origin of each eigenstate at the band cross point. ACKNOWLEDGMENTS
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