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Control of Photonic Band Structure by Molecular J-aggregate
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Tokyo 113-8565, Japan  number of oscillators per unit volumi,is the oscillation strength,
) wy is thekth resonant frequency of the dye molecule, ands
_ _ Receied May 30, 2000 thekth damping coefficient due to optical absorption. Apparently,
Revised Manuscript Receed September 20, 2000  the gjant oscillation can induce dramatic changes in the refractive
index around the resonant frequency. This suggests that an
appropriate choice of photochromic dye aggregate, that is, one
in which an oscillation frequency of the aggregated state is close
to the photonic band gap, while that of the nonaggregated state
is far from the gap, would enable one to induce a large change in
the stop-band by illumination.
Phototunable photonic band gap crystals constituted from

Recently, photonic band gap (PBG) crystals composed of
spatially ordered dielectrics with lattice parameters comparable
to the wavelength of visible light have garnered great attention
for their ability to exercise complete control of the propagation
of light.28 For practical applications, it is crucial to obtain some
degree of tunability of the photonic band structures through

external stimuli, especially light. The fabrication of such tunable photochromic dyes and silica spheres were fabricated by evapo-

photonic band gap (TPBG) crystals is still a challenge. In this ' . : : X

report, we show that such TPBG crystals can be realized by taking r?t'ﬂg dye.|nt|o the VQ'.dS of s%ndtgenc oEaIs fabnqated by means

advantage of the enhanced change in the refractive index that isof i g\agrr]tlraa dgegog_ltlonhn}eé . Wle ¢ oge alsglrc;) derlvatlvle

due to the coherent excitation effect in a molecular aggregate.O ,3-dihydro-3,3-dimethyl-6-nitro-1-octadecyl-8- docosanoyl-
The photonic band structures of PBG crystals depend on the oxymethylsplro [2H-1-benzopyran-2;2H] indole] as our de

spatial periodic structures and the refractive indices of the molecule (Figure 1). The dye molecule undergoes photoisomer-

dielectrics. Changes in the spatial structures induce appreci::xbleIzatlon from the spiropyran form to the merocyanine farm upon

changes in the stop-bands (a wavelength region where the|IIumination with UV light, and formsJ-aggregates in a thermal
propagation of light is forbiddery® However, the rates at which process. As the resonant absorption of this compound is observed

such changes can be made are usually too low for practical tunable?t around 600 nm, silica spheres with diameters of 275 nm (OP1)

optical devices. Another possible way to tune the stop-band is (7 iU CRE MR S B S ICEENERE  CERO
via the control of the refractive index by use of liquid crystéls. tion, the temperature of the opal films Was.carefu?l controrl)led
However, changes in the refractive index are not necessarily, = P P y

sufficient to give appreciable changes in the photonic band to enable the dye to infiltrate into the voids. YVisible spectra

structure. Here, we propose the use of molecular aggregates to'sl-rl?‘lce)\l\lljﬁlcili?]ztsghgfc?f/]%g;z&nolésafﬁ;:]?ﬁ)graagofﬂ?r]?ﬂ%lﬁer infiltration.

control the photonic structure. The molecular aggregate is a The (111) faces of the synthetic opals, which had fem

collection of molecules, in which the individual molecules ared structure after infiltration are shown in Figure 2. The hexagonal

closely coupled and respond in-phase to an external applied fiel ) ” . . i
The e)llectroelic coheren[():e in mglecular aggregate copnaributes aorderlng of the silica spheres is retained after the infiltration of

giant oscillation! The complex refractive indexnm) of a the dye. OP1 exhibits a normal reflection peak at 635 nm, while

molecular compound, for which the real part is the refractive index that for OP2 appears at 446 nm. These reflection peaks shifted

. . . L —_ . to 725 and 488 nm, respectively, after infiltration of dye. These
((efz()p‘r’alensciégeﬂlﬁmagmary part is the extinction coefficiey, (is refractions originate from the stop-bands of the opals alt theint

of the reciprocal lattice. The peak wavelengthgcan be estimated

by
5 0 Ne fi
Nemp = (n +ik)"= Z ) , (1) _ \/ > >
 Kanagawa Academy of Science and Technology. whered is the diameter of the silica spheregeiq andsiica are
;%‘éyﬁn'\i’\'/%trfgif’o'(';fa_?oll"(”gers”y- the refractive indices of silica and of the medium infiltrating the
Iy YO voids, respectively, and is the volume fraction of silica spheres
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Figure 2. Photoinduced changes in thé i@flection spectra of the dye- Wavelength{nm)

filled OP1. Spectra 45 are measured after being irradiated for 0, 1, 3,

10, and 60 min. The notatidm indicates the illumination with UV light Figure 3. Optical constants of the spiro dye calculated from transmittance
(<400 nm) andA indicates thermal treatment at F20 The (111) face spectra by KK analysis. The solid and the dashed lines are curves for the
of the dyed opal is shown in the inset. optical constants before and after illumination with UV light, respectively.

) ) ) ) ] Insert is the absorption spectra of the dye film. The notatiorts aind
induces a change inig, and hence irl. By using the shifts of A are same as Figure 2.
the reflection peaks, the volume fractions of dye in opals are
estimated as being 0.29 and 0.23 for OP1 and OP2, respectively jjymination is almost constant in the visible region (Figure 3).
These values agree with the theoretical value of 0.26 when dyeyy jight induces photoisomerization from the spiropyran form
completely fills the voids, indicating that dye was completely {5 the merocyanine form (Figure 1). Additionally, the molecules
infiltrated by this technique. o _ in the merocyanine form are self-assembled to produce J-type
lllumination effects of the dye were investigated using the Hg  aggregates via a thermal processHaggregates, the molecules
Xe lamp as a light source. A sharp cutoff filter was used to remove respond in phase to an external field as long as they are in the
light of wavelength greater than 400 nm. The light intensity is 1 same coherence region. Hence, the excitation of a molecule is
mWi/cn¥. The temperature of the samples during the irradiation regonantly transferred to all of the molecules in the coherent
was kept at around 3%. The UV-visible spectra at the resonant — regjion. The transition moment is given by the Frenkel model:
wavelength of the spiro dye infiltrated into the voids in the opals P. = +Nudw. where « is the transition moment of one
are consistent with those of conventional films. This suggests that mkolecule I<Il i;K',[he numtﬁar of molecules in the coherent reion
the properties of the dye in the voids are identical with those of andK is 'Ehe wave-vector. The transition moment is macrog- '
the dye in conventional films. The changes in the stop-band aﬁerscopically increased after.the formation of thaggregate, which

1:]&22232&?0?98(;?5&% (;)ye(tjhggic\?;;'gﬂi ;s;zgﬁm] égll;gslljrefrgr)ﬁ contributes to an intensive absorption at around 618 nm and cases
P Y y great changes in refractive indices. As shown in Figure 3, the

725 to 762 nm during the illumination. This means that the refractive index increases to 3.0 at 626 nm as a result of

Br\c/’ﬁ?%?t'?nn Oe:rltli%ztlellrr] ttrrl:z Iriegr]:to nrgag b;;iggn;[[ng%uusrl]}é t;lgzedml%y illumination. The coherent excitation is responsible for the large
ght.Inp J ght propagatio S change in the stop-band. It is important to note that the refractive
can be completely switched on and off by illumination. It should index, 3, at 626 nm is larger than that for BicThe increase of
benote hat he St e stop bt accomparied b & 8198017 e Sbovs 600 resus A re0-a of th
P sity. Fu ' 1S fou stop-band of OP1. The enhanced changes observeds@ °C
when the temperature was loweredH50°C, the reflection peak 0" 16 1 the increase of the coherence size id-tggregates
at 762 nm after illumination was further shifted to 767 nm, "\ temperature. That is, the number of coherent molecules,
accompanied with an increase in the intensity of the reflection. \ inesces with the decrease in scattering at low temperature
For OP2, a continuous blue-shift in reflection with a decrease of Ie’ading to an increase of the refractive index. The increase of,
intensity was observed. The stop-band of OP2 was shifted to n0 i intensity should be the result of the increase of the
shorter Wavelen_gth b_y 6 nm after |IIum|'nat|on. All of the changes mismatch of the refractive indices for silica and the dye. The
induced by the illumination are reversible and can be recovered blue-shift of the band gap of OP2 is a result of the decreése of
by;géi;?c%r:hiéeglpgr?ﬁgeshoiﬂliﬁhe stop-band mav oridinate the refractive indices below 600 nm. The origin of the decrease
from chan 9 in tqh ’int roarticle distan P ¢ refl ti\); in% % of of the reflective intensity for OP2 should be a result of both the
om changes € Interparticie distance or reflective INdex oty -rease in mismatch of the reflective indices and the attenuation
dye. To test the changes in interparticle distance, which may effect due to the extinction coefficient of the dye
originate from volume change in the dye during the photochemical In summary, we have shown that the change in .refractive index

reaction, opal with a sphere size of 980 nm was infiltrated with induced by the formation of the aggregates is quite large compared

dye. The stop-band of this dyed opal appears at 2441 nm, where . . 4 . A
tﬁ/ere is no clfrJ\ange in refrac%/ive in%ex g?dye after illumination. with the change induced by an orientation change of liquid crystal

Experimental results showed that illumination did not induce the molecules or by the photochromic effect at the single-molecule

! . . R level. Furthermore, the induction of such large changes of
Sh'ﬂ of the d|ffract|on peak, indicating that any effgcts .duel to refractive indices provides a new approach toward the synthesis
interparticlar distance can be ruled out. Hence, the illumination-

induced shift of the stop-band should be due to the changes inof materials with both large and small refractive indices.
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