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Different regimes of light localization in a disordered photonic crystal

Yu. A. Vlasov,* M. A. Kaliteevski,† and V. V. Nikolaev
A. F. Ioffe Physical-Technical Institute, 194021 St. Petersburg, Russia

~Received 2 December 1998!

It is known that photonic Bloch states can become strongly localized near the band edges in a disordered
photonic crystal. We show that Bloch states are disrupted and another localization regime establishes when
local fluctuations of the band-edge frequency caused by randomization of refractive index profile becomes as
large as the band-gap width. Transmission experiments performed on opal photonic crystal have shown the
exponential decay of light throughout the gap region, which is ascribed to building up of the second regime of
light localization.@S0163-1829~99!11027-0#
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I. INTRODUCTION

Light localization in disordered media1–4 can be caused
when constructive interference of backscattered waves br
transport to a complete halt~strong or Anderson localiza
tion!. In this regime the transport mean free pathl becomes
as short as the wavelength of the wavel and the Ioffe-Regel
~IR! criterion for localizationkl,1 is satisfied,5 where k
52p/l. During the last decades there has been a consi
able interest in experimental verification of ligh
localization.2–4 In this context it was first suggested by
John6 that the IR criterion can be more easily satisfied
periodic dielectric structures. The density of photonic sta
~DOS! in the band gap of such a photonic crystal can
suppressed to zero giving rise to omnidirectional photo
band gap~PBG!.7 It was argued6 that in a photonic crystal, in
which some disorder is introduced, the wave vectork in the
IR criterion should be replaced by the ‘‘crystal momentum
kcryst when the frequency of the wave is near a photo
band edge of the average periodic structure. Even for a v
weak disorder~large mean free pathl ) kcrystl can become
smaller than unity for some frequency range at the z
boundary, wherekcryst goes to zero. Since first being intro
duced, this approach has not been tested experimentally
cept in recent studies of microwave transmission in a thr
dimensional~3D! periodic structure with disorder.8

Another motivation for such studies comes from impo
tant technological applications, which can be developed
the basis of photonic crystals.7 The faults and defects occu
ring during production stage can, however, quickly dest
the required uniformity and regularity of the photonic latti
and thus smear out the desired effects of decreased
because of the filling of PBG by bandtail localized states

In this paper we present the results of theoretical anal
and experimental studies aimed at the investigation of
‘‘subtle interplay of order and disorder’’6 in a disturbed 3D
photonic crystal, which is required for observation of Ande
son localization of photons. As a model system we ch
synthetic opals,9–18 which are composed of nearly monodi
perse ~standard deviationd about 5%! submicron silica
PRB 600163-1829/99/60~3!/1555~8!/$15.00
gs

r-

s
e
c

c
ry

e

x-
e-

-
n

y

S

is
e

-
e

spheres, closely packed in a face-centered-cubic~fcc! lattice
with a period of'200 nm. It has already been demonstrat
that opals possess photonic gaps throughout the vis
spectrum.9,10 It was predicted that it is technologically pos
sible to achieve in opals small but complete PBG extend
throughout the whole Brillouin zone~BZ!.11,14These predic-
tions stimulate intense experimental studies of various rou
for fabrication of so-called ‘‘inverted opals’’~refractive in-
dex of the interstitialsnb is larger than that of the sphere
na), in which the silica periodic lattice is used as a scaffo
ing for high refractive index material as titania,15 graphite,16

or semiconductor quantum dots.17 After removing of the
silica spheres from the structure the refractive index cont
can be increased to extremely high values, sufficient
opening up of a complete PBG. Even for inverted opal w
not as high refractive index contrast of only 2 an enhan
ment of optical gain by a factor of 3 and appearance of las
was reported recently.12

The paper is organized as follows. Section II describ
samples preparation and experimental setup. In Sec. III
present the results of transmission measurements. Sectio
is devoted to results of theoretical calculations of transm
sion in perfectly ordered and in randomly disordered pho
nic crystal. We introduce two different regimes of light lo
calization in disordered photonic crystal in Sec. V. In Sec.
we discuss the obtained results.

II. EXPERIMENT

The sample of synthetic opal used in this study was f
ricated by three subsequent technological procedures. At
the monodisperse suspension of SiO2 spheres with mean di
ameter ofd5197 nm was synthesized by Sto¨ber method.19

Dynamic light-scattering and scanning electron microsco
~SEM! measurements show that the standard deviationd of
the spheres diameter is less than 5%. The spheres settle
on a flat quartz substrate and self-organize in a thr
dimensionally periodic structure. Our previous studies10,13

have shown that the resulting samples possess highly ord
fcc structure with some conventional lattice defects li
1555 ©1999 The American Physical Society
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stacking faults, dislocations, etc. The average concentra
of point defects was estimated by SEM to be of the orde
1 defect per 100 unit cells. The concentration of stack
faults is found to be 20 %.13 Finally the ordered sediment i
annealed at hydrothermal conditions in autoclave to prov
hardness and to obtain self-supporting solid samples w
dimensions in a cm range. The lattice constant of the sam
under study is found by SEM to bea5276 nm, which im-
plies the volume packing fraction of the spheresb50.76
slightly larger than close packed as a result of sinteri
These parameters define the position of a photonic gap a
the @111# direction to be centered at a wavelengths arou
460 nm.11

In order to study different mechanisms, responsible
light attenuation in synthetic opals, we measure transmis
as a function of a sample thickness. This method is wid
used in studies of photon transport in disordered medi2,4

For this purpose the opal sample with lateral dimensions
633 mm and thickness 350mm was polished to a form of a
wedge of 0.050 rad with a base corresponding to a~111!
crystallographic plane of a fcc lattice of synthetic opal.L
linearly increases with distance along the base direc
changing from about 50 to 350mm, or from about 300 to
1900 parallel~111! planes, thus allowing a scan ofL by
exact positioning of the sample on a computer control
translational stage. The probing light beam is incident n
mal to a~111! base plane.

III. RESULTS

A. Total transmission

Two types of experiments were performed in a wedg
sample. In a first set of experiments the total transmissio
measured. The inset in Fig. 1 shows the corresponding
perimental setup. The spatially filtered and collimated la
beam is used as a light source. It is projected on a samp
a form of a narrow, 100-mm wide stripe oriented along di
rection perpendicular to the long 6-mm base of the sam
This allows us to average the transmission signal over
whole 3-mm width of the sample and to obtain smooth
tenuation curves. The sample moves slowly along its lo
direction with respect to a fixed diaphragmD1. The refrac-
tive index contrast of our wedged sample, which is defin
by the ratio of refractive index of silica spheres (na51.37)
and that of air in the interstitials (nb51), is relatively high.
As a result, light is exiting the sample at large thicknesse
a diffuse, very broad beam. Transmitted light is pas
through a diffuserP and is collected by a photodiodePD
placed immediately after the sample in front of a diaphrag
Thus all ballistic light as well as all light diffusely scattere
in a forward direction is collected.

Figure 1 represents the total attenuation curves meas
as a function of a sample thickness. Attenuation curve in F
1~a! is measured at wavelength of a He-Ne laser 632.8
far to the red from the position of a@111#-photonic gap~460
nm!. The sample starts at about 40mm and the first large
drop in transmission can be ascribed to scattering on
surface. Relatively slow decrease of transmission at la
thickness corresponds to scattering in the bulk of the sam
It can be seen that in this region the attenuation curve in
1~a! can be well fitted by inverse dependenceT5 l /L, char-
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acteristic of a classical diffusion.1,2,4 The mean free pathl
can be estimated from the slope as 20mm. This gives the
estimate forkl'250. This value is in accordance with da
reported for a sample made of silica beads with compara
mean diameter and packing fraction.20 At a very large
sample thickness (L.300 mm) the experimental curve ex
hibits smaller transmission than expected from inverse
indicating the onset of absorption. The absorption de
lengthLa taken as 350mm can be used for estimation of a
absorption lengthl a51.8 cm~inverse absorption coefficien
a) according to Boltzmann diffusion relationl a53La

2/ l .
This gives an absorption coefficient of onlya50.5 cm21.

FIG. 1. Experimental normalized total transmission of an o
sample withna /nb51.37 measured at two wavelengths of~a! 632.8
nm and~b! 441.6 nm. In~a! thicknesses are plotted in inverse sca
Dotted line is classical diffusion dependenceT5 l /L with l
520 mm. In ~b! data are presented on a semilogarithmic scale. T
solid line is an exponential fit exp(2L/j) with j590 cm21. Inset:
Sketch of experimental setup for total transmission measurem
on a wedged sample.D1: diaphragm;P: diffuser; PD: photodiode.
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PRB 60 1557DIFFERENT REGIMES OF LIGHT LOCALIZATION IN . . .
The attenuation curve presented in Fig. 1~b! is measured
at a wavelength of a He-Cd laser 441.6 nm, close to
position of a@111# photonic gap. It is plotted on a semiloga
rithmic scale and exhibits a strikingly different exponent
fall of transmission with thickness with attenuation lengthj
of about 90 cm21. Three main mechanisms can be cons
ered for explanation of the exponential decay of light inte
sity with thickness in a periodic photonic crystal wi
disorder—absorption, Bragg diffraction, and Anderson loc
ization. It is very hard to believe, however, that a refract
index contrast of only 1.37 can cause Anderson localizat
For estimation of absorption at the 441.6-nm wavelength
interest we measure total attenuation in a wedged sam
immersed in index matched mixture of glycerol and wa
(na5nb). The thickness dependence is found to be v
weak and is mainly governed by a residual scattering on
surfaces. Estimate of the absorption coefficient gives the
per value of 1 cm21. According to Rayleigh dependence th
mean free pathl can be decreased from 20mm at 632.8 nm
to 10 mm (kl5125) at 441.6 nm. It is unlikely, howeve
that it falls as low as 3.7mm (kl546)—the value which
can explain observed exponential attenuationj590 cm21.
In the latter case, in contradiction with experimental cur
the initial inverse dependence should be observable at th
nesses smaller thanLa5100 mm. Therefore the most likely
explanation of the observed exponential attenuation is Br
diffraction on a periodic structure.

B. Zero-order transmission

In order to distinguish between various mechanisms
light attenuation we perform spectrally resolved experime
To decrease significantly the incoherent scattering on sam
surfaces the wedged sample was immersed in a glycerin
implying the refractive index of the interstitials to benb
51.47. In this situation the pattern of transmitted light
mainly composed of zero-order ballistically transmitt
beam surrounded by a weak diffuse halo. In this second
of experiments transmission spectra of only a zero-order
listic transmitted light is studied as a function of a sam
thickness. This is performed by the use of a setup show
the inset of Fig. 2 and described in details in Ref. 11. T
incident white light beam is produced from an incandesc
lamp. In order to minimize the contribution of the spurio
diffusely scattered background to the detected signal, the
cident beam was highly collimated~divergence less than 20
mrad!. The sample is illuminated through a fixed 100-mm
diameter diaphragmD1 placed immediately before th
sample, thus defining the probing area. Transmitted ligh
collected in the direction of incidence within a very narro
angular cone defined by a second diaphragmD2, which
transmits a zero-order beam only. This light is then disper
with a double, 1.5-m base monochromator~0.5-nm spectral
resolution! and recorded by a photomultiplier.

Figure 2 presents a set of transmission spectra taken
the wedged sample filled with glycerin exhibiting th
strongly attenuated band at 460 nm. This dip is accompa
by an intense line in reflection spectrum with reflectiv
close to unity, which repeats the shape and spectral pos
of the dip in transmission.9,10,13This band can be ascribed t
coherent Bragg scattering on parallel set of~111! planes of
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the crystal and can be referred to as a@111#-photonic gap.
The attenuation at the center of the gap strongly increase
4 orders of magnitude while the position of the probe lig
beam is changed along the wedge direction~i.e., while the
thickness of the sampleL is increased!. A smooth decline in
transmission spectra to shorter wavelengths can be attrib
to incoherent scattering from lattice imperfections and imp
rities. In the long-wavelength region (l.550 nm! it can be
approximated by the characteristic Rayleigh powerlike
pendence~see dotted curveT;l4 in Fig. 2!. The magnitude
of attenuation in all of the spectra were normalized to un
on the long-wavelength limit (l5900 nm!, where the
samples can be assumed to be completely transparent. F
Fig. 2 it can be seen also that the spectral position of the
remains practically unchanged throughout the sample—
deviations of the central wavelengths from the mean value
460 nm are not larger than 5 nm. It means that the cry
preserves the same periodicity on average at least along
6-mm probe direction. Therefore the central gap freque
expressed in units ofc/^a&, where c-speed of light,
^a&-mean lattice constant, can be assumed to be cons
throughout the crystal asn050.60 and the deviations of th

FIG. 2. Experimental zero-order transmission spectra of
wedged sample withnb51.475 measured as a function of th
sample thicknessL. The magnitude of attenuation in all of the spe
tra were normalized to unity atl5900 nm, where the sample ca
be assumed to be completely transparent. Spectraa–g correspond
to different thickness from 50–310mm. Curve h represents the
spectrum for 310-mm thickness in index-matched glycerol/wat
mixture with nb51.37. The dotted curve gives the dependenceT
}l4. Arrows indicate a wavelength of 441.6 nm for which the to
transmission in Fig. 1~b! is measured. Inset: Sketch of experimen
setup for measurements of zero-order transmission on a we
sample.D1 ,D2: diaphragms.
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1558 PRB 60YU. A. VLASOV, M. A. KALITEEVSKI, AND V. V. NIKOLAEV
gap position are caused by the deviations of the mean la
constant about 1%. Thus the central gap frequency in eac
the spectra can be corrected to have the same frequencn0
50.60.

Figure 3 depicts the values of attenuationT(L) ~Rayleigh
contribution is already subtracted11! for frequencies near the
upper band edge atn50.600–0.625, which exhibit exponen
tial decay slowing down toward the band edge. The inse
Fig. 4 represents the inverse attenuation length 1/j obtained
by exponential fitting of each of theT(L) curves for all the
frequencies fromn50.55–0.65 covering all the gap regio
The logarithm of transmission spectrum forL5210 mm di-
vided by the sample thickness ln(T)/L is also plotted for
comparison. It is seen that the transmission spectrum clo
coincides with measured values of inverse attenua
length, which means that attenuation remains exponen
throughout the gap region.

In order to check possible contribution of absorption
observed attenuation, we analyze transmission of the sam
immersed in index matched glycerin/water mixture (na
'nb). The corresponding spectrumh in Fig. 2 exhibits the
absence of the photonic gap related dip. Weak attenua
remaining at the wavelengths of interest can be attribute
scattering on the surfaces as well as to a very small resi
absorption, an upper limit of which can be estimated to
not larger than 1 cm21 close to a value obtained in tota
transmission measurements. Further analysis of the inter
between the remaining two mechanisms—Bragg diffract
and incoherent scattering on defects—requires compar
of experimental measurements with numerical calculatio

IV. THEORY

A. Transmission in a perfectly periodic system

For numerical simulations we use the routine on
dimensional transfer-matrix method,21–23 in which experi-
mental 3D fcc structure is modeled by a refractive ind
profile, which is periodic only in the@111# direction. In order
to incorporate the actual experimental parameters of the

FIG. 3. Experimental thickness dependencies of zero-orde
tenuation for frequenciesn50.605–0.625. Dotted lines are leas
square exponential fits to the experimental data. Inset: Invers
tenuation length 1/j obtained by fitting of attenuation curves fo
frequencies within the gap region. Solid line is the experimen
transmission spectrum2 ln(T) divided by the sample thickness.
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tem into the calculation scheme~spheres diameterd and vol-
ume packing fractionb) the profile is calculated as

n~z!5Ssp~z!na1@12Ssp~z!#nb , ~1!

whereSsp(z) is relative area cross section of the spheres i
~111! plane calculated as a function of the distance along
@111# z direction. The calculated analytical expression f
this profile, which is shown in the inset of Fig. 4, can b
found in the Appendix. Refractive indices of the spher
(na51.37) and surrounding media (nb51.47) are chosen
close to experimental values. The calculated transmiss
spectrum of an ideal periodic structure of a thickness of 1
mm is presented in Fig. 4, curve 1. It exhibits a gap cente
at reduced frequencyn050.60 ~in units of c/a, wherec is
the speed of light,a is the fcc lattice constant!. Its relative
width Dn/n0 is about 1% with a midgap value of imaginar
wave vector Im(k) of 1300 cm21.

Comparison of experimentally measured quantities of
terest (1/j andDn/n0) with that calculated for perfect peri
odic structure shows that 1/j is about four times smaller
while the widthDn/n0 is at least seven times larger in th
experimental sample. These discrepancies become obv
from a comparison of the corresponding calculated~curve 1!
and experimental~curve 9! transmission spectra presented

t-

at-

l

FIG. 4. Calculated transmission spectra for photonic crysta
165-mm thickness with varying disorder, each ensemble avera
over 200 realizations. The standard deviationd of the spheres di-
ameter is 1–0 %, 2–0.5 %, 3–1 %, 4–2 %, 5–3 %, 6–4 %, 7–5
8–10 %. Thick solid line 9 is the experimental spectrum. Upp
inset: Scheme of spheres packaging on a~110! plane of a fcc lattice
of opal and corresponding profile of refractive index calcula
along the@111# direction. Lower inset: A semilogarithmic plot o
calculated attenuation lengthj as a function of disorderd.
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PRB 60 1559DIFFERENT REGIMES OF LIGHT LOCALIZATION IN . . .
Fig. 4 for the sample of 165-mm thickness. It is clearly see
that at the gap central frequencyn050.60 the transmission in
the experimental sample is more than 15 orders of magni
larger, while at the band edges it is smaller. Note that exp
mental geometry used allows one to measure gaps down
orders of magnitude deep (260 dB!. Therefore increased
transmission at the gap center cannot be explained by
contribution from stray scattered background. Neither ca
be attributed to the shortcuts of the model used. It should
noted that, even if our model is one-dimensional and sca
the results for the@111# gap appear to be in a fairly goo
quantitative agreement with calculations employing a fu
vector 3D approach.24 Note that for fcc lattice it is the@111#
closed packed layers which give the dominant contribut
to diffraction, especially in the case of relatively low refra
tive index contrast. This can explain good quantitative agr
ment of the results obtained by our 1D model and full-vec
3D calculations.24 We should emphasize that this remarkab
and unexpected difference between the calculated and
perimentally measured attenuation length and width of
photonic gap is one of the main results of our experimen
studies. It indicates the strong influence of disorder on tra
port properties of opal photonic crystal.

We should return at this point once again to a discuss
of possible contribution of absorption to experimentally o
served exponential attenuation. Even the absorption co
cient, as it was shown above, is rather small; effective
sorption can be large due to the increase of a dwell time
light inside the structure. The time of flight of photons h
been measured recently on analogous opal sample a
band-gap frequencies.18 It has been found that propagatio
delay of femtosecond light pulses is 1.3–1.5 times lon
due to multiple scattering and/or group velocity dispersion
the edges of a photonic gap.18 It should be noted, however
that experimentally observed transmission at the midg
which is considerablylarger than expected for perfectly pe
riodic structure, strongly contradicts to possible assignm
of observed exponential attenuation to contribution of
sorption. Indeed, the role of inelastic scattering, especi
increased absorption due to increase of the dwell time, co
result only in furtherdecreaseof transmission at the midga
from the value characteristic of a periodic structure. Th
experimentally observed exponential decay is attribu
solely to elastic scattering.

B. Transmission in a disordered periodic-on-average structure

So this is more likely the combination of coherent Bra
diffraction and incoherent scattering, which is responsi
for the observed behavior. In order to obtain some qualita
insight in the problem we perform calculations of transm
sion spectra of a disordered photonic crystal. The disorde
incorporated in the model in analogy with the experimen
case of opals by a random distribution of the spheres di
etersd, which was chosen to be flat for simplicity. Figure
represents a set of transmission spectra~curves 2–8!, each
averaged over 200 random configurations, calculated for
ferent values of disorder. Note that presence of disorder le
to exponential decay of light with thickness not only with
the former gap of the periodic structure~curve 1!, but also in
de
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the former passbands, thus significantly broadening the
The attenuation lengthj is usually defined as

j2152
^ ln T&

L
, ~2!

whereL is the sample thickness and brackets denote the
semble averaging over various~in general, infinite! different
random configurations.22,23,21 The general tendency for in
creased transmission at the midgap and decreased at the
edges, already pointed out in the references,8,22,23,21is clearly
seen. It is commonly believed that this counterintuitive effe
~increasing transmission with increase of disorder! is the re-
sult of the increased photonic DOS due to appearance
strongly localized photonic bandtail states, which fill th
gap.22,21,23In this contextj defined by Eq.~1! is often called
‘‘localization length.’’21–23 The inset in Fig. 4 representsj
calculated for the gap center as a function of disorderd and
plotted in a semilogarithmic scale. It can be seen thatj in-
creases exponentially with increase of disorder at h
enoughd. Such behavior is just what is expected for t
increased DOS of localized states. In what follows, howev
we will present an alternative analysis of light localization
a disturbed periodic structure.

V. DIFFERENT REGIMES OF LIGHT LOCALIZATION

We believe that, depending on the amount of disorderd,
at least two qualitatively different localization regimes bu
up consequently. Indeed, any type of random error in p
odic lattice is equivalent to adding~subtracting! some dielec-
tric material from the unit cell of an average periodic syste
This results in increase~decrease! of an average dielectric
constant and consequently in a disorder induced local shi
the band edgeDn0, which can exceed for large enoughd the
normalized gap widthDn/n0. In the caseDn0!Dn/n0 the
waves at the band edges can be well described by the w
vector kcryst of the average periodic structure. For larg
enough disorder, however, the shift of the band edgesDn0
can exceed the width of the gap itselfDn/n0. In this regime
the terms ‘‘band structure of the periodic-on-average s
tem’’ as well askcryst lose their meaning. Increase of tran
mission in the gap region does not already reflect the
crease of the density of localized bandtail states, because
passband states also become involved in transmission.

A. First localization regime: d!Dn/n0

This general idea becomes quite clear for the model o
system under investigation. Indeed in opals the deviatiod
of the spheres diameterd results in a local deviation of fcc
lattice constanta5A2•d and in a corresponding local fluc
tuation of the photonic band-edge frequency. This form
random profile of refractive index on which the Bloch wa
is scattered. In the cased!Dn/n0 the waves at the band
edges can be well described by the wave vector of the a
age periodic structure and the modified IR criterion6 can be
applied for the analysis of localization. Figure 5 shows t
lower envelope of the square of electric-field amplitude
side the opal structure calculated for the frequencyn0
50.596 in the passband near the conduction-band edge
different values of disorderd. Note that the profiles pre
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1560 PRB 60YU. A. VLASOV, M. A. KALITEEVSKI, AND V. V. NIKOLAEV
sented are averaged over 200 random configurations
reflecting the band structure of the averaged periodic sys
It is seen that in a perfect periodic structure (d50), the wave
is nearly a standing at a given frequency~curve 1!. The cor-
responding periodic envelope function is defined bykcryst
51.93105 cm21. The incorporation of disorder leads to
rapid destruction of coherence~note the vanishing amplitud
of the low-frequency periodic modulation in curves 2–5!.
Low-frequency periodic envelope still exists, however,
some value of disorder, which means that the modified
criterion6 kcrystl ,1 can still be applied. Note thatl corre-
sponds now to the mean free path in which this coher
Bloch state is disrupted. For example,d50.5% for curve 2
and the correspondingl can be estimated to be 1023 cm,
which giveskcrystl'100. As the frequency approaches t
band edge,kcryst approaches zero. Therefore for a 1D crys
there always exists such a frequency region close to the b
edge wherekcrystl ,1. In order to obtain strong spatial lo
calization in a 3D periodic structure, it is necessary
achieve energy coincidence of such localization regions
the band edges for all the directions, which is the condit
reminiscent of that for opening up of the omnidirection
PBG.7 Note that this regime has a direct analogy with t
concepts of electron localization in disordered semicond
tors. For example, in the theory of mixed semiconduc
crystals25 the characteristic energyE0, which defines the
width of the tail of localized states, is counted from t
former band edge of corresponding perfect crystal and th
fore represents the samekcryst .

B. Second localization regime:d>Dn/n0

A qualitatively different regime builds up whend
>Dn/n0. The local fluctuations of the band-edge frequen
are so large that they exceed the whole width of the gap
this case the terms usually used in photonic band-gap stu
as ‘‘band edges,’’ ‘‘band structure,’’ etc. lose their meani
completely. Therefore the modified IR criterion6 cannot be

FIG. 5. Calculated low-frequency envelopes of electric-field
tensity profiles for the frequencyn050.596 averaged over 200 ran
dom configurations. The standard deviationd of the spheres diam
eter is 1–0 %, 2–0.5 %, 3–1 %, 4–3 %, 5–4 %, 6–6 %.
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applied for analysis of such a situation. It is, for example
solid alloy of ultra-narrow-gap semiconductor that can
considered as an electronic analogy of this situation.

We can argue, however, that this regime also diffe
strongly from light diffusion or localization in completel
disordered media, if disorder is not extremely large~the
structure can still be considered periodic on average!. The
photon transport in this case is strongly modified by the pr
ence of periodic potential, even if the latter is strongly d
turbed by randomness. For frequencies in the former p
bands, a nonzero probability appears for finding lar
sufficiently ordered regions, which act as, even disorder
Bragg mirrors~frequencies fall in the gap!. As a result, ex-
ponential attenuation of the wave appears in configurati
ally averaged amplitude profiles~see curves 4–6 in Fig. 5!
even at frequencies in the former passband of periodic st
ture. Apart from smooth ensemble-averaged transmiss
spectra in Fig. 4 the sharp resonant modes appear for a s
realization of disorder. The inset in Fig. 6 represents
spectrum of a 165-mm-thick sample calculated for a singl
realization ofd520% disorder. Sharp defect modes chara
terized by a largeQ factor and transmission close to unity a
clearly seen. Figure 6 displays the squared electric-field p
files inside this structure for frequency corresponding to o
of such resonant modes atn050.596 in the former passban
~see arrow in the inset of Fig. 6!. It can be seen that thes
resonant states are characterized by a huge enhanceme

-

FIG. 6. Calculated low-frequency envelopes of electric-field
tensity profiles for the frequencyn050.596 for a single configura-
tion of disorder ofd520%. Configuration is chosen the same
that used for calculation of transmission spectrum in the in
Curve 1 corresponds to the structure of 165-mm thickness, while
curves 2 correspond to 82.5mm. Curve 3 corresponds to the stru
ture of 330-mm thickness combined from the structure 1 at t
center and two structures 2 stacked to it from both sides. In
Transmission spectrum for a single realization ofd520% disorder
in the structure plotted in a semilogarithmic scale. The arrow sho
the frequencyn50.596 of the localized mode for which profiles i
the main figure are calculated.
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electric-field amplitude and appearance of exponential t
due to destructive Bragg interference in ordered-on-aver
regions.

Thus these states resemble the well-known from te
books form of localized states. It should be noted that s
states cannot be described by ‘‘localization’’ considered
the theory of wave propagation in disordered media.1–4,20

Neither is it, however, the localization in periodic structu
for which the modified IR criterion is valid.6 Thus it is some
different regime of, let us say, ‘‘spatial confinement’’ of th
wave caused by coherent back reflection. It is the Thou
criterion of localization26 which we use to examine such sp
tially confined states. It requires essentially that the width
energy levels be smaller than the energy spacing betw
them in order to prevent tunneling between states and
block the transport. We calculate the field profile for a sin
realization of disorder in a 165-mm thickness sample~see
curve 1 in Fig. 6!. The realization is chosen the same as
spectrum in the inset of Fig. 6 for frequencyn050.596, for
which the resonant state exists. The resulting field pro
~see curve 1! does exhibit exponential tails, which localiz
the wave function to a small space volume. Then two id
tical layers of 82.5-mm thick ~see curve 2! are added to this
structure on both sides and the resulting field profile is c
culated for the whole composite sample of 330mm ~see
curve 3, Fig. 6!. It can be clearly seen from a comparison
curves 1 and 3 that the initial state completely retains
initial shape. This indicates that the state 1 ‘‘feels’’ its en
ronment only through exponential tails and is relatively
sensitive to the background beyond the localization leng
which can be defined now as an exponent in the tail regio
the profiles for a single realization of disorder~about 8mm
for curve 1!.

To obtain complete localization in this sense in a 3
structure, it is necessary to create analogous localized s
at the same frequency for all other directions~and polariza-
tions!, which spatially overlap. This can be achieved in
disordered 3D photonic crystal with gaps for different dire
tions, which are energetically overlapping. This condition
also very similar to that for opening up a complete PB
except that the widths of the perturbed gaps can be sig
cantly larger in a disordered crystal, thus facilitating spa
localization.

VI. DISCUSSION

Analysis of different localization regimes presented abo
allow us to argue that the experimentally observed broad
ing and smoothing of the photonic gap in opals is induced
intrinsic disordering of their photonic lattice and can be
cribed to building up of the second regime of localizatio
The smooth transmission curves appear in experiment
cause ensemble averaging is already performed by pro
the huge volume of the sample~surface area defined by th
diameter of the probe beam times the sample thicknes
about 106 mm3 or 108 unit cells!. However, it becomes clea
from the above discussion that photon transport through
opal sample is mediated by photonic states, like that p
sented in Fig. 6, strongly localized at least in the direction
incidence. These states can be responsible for recently
served large enhancement of optical gain in opals at the
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quencies of a photonic gap.12 Recently reported decrease
the decay time of dye molecules impregnated in the o
structure27 can be also explained by the enhancement o
local-field amplitude of the localized states characterized
a high-Q value.

Note that experimental values of attenuation length can
well fitted only with assumption of a very large disorderd of
more than 30%. Bearing in mind that all kinds of disord
are equivalent in terms of accumulation of a phase shift
transmitting wave, it can be concluded that, except for
disorder associated with deviation in spheres diamete
large concentration of other types of defects is presente
the sample. The presence of in-plane disorder and, e
cially, the stacking faults along~111! planes, which was
shown to be the main structural defects in opal lattices,10,13

helps to localize the wave function also in the directio
perpendicular to@111#. Even for samples with relatively
small concentration of stacking faults, the gaps in directio
perpendicular to the@111# direction of growth are very broad
and overlap with each other and also with the@111# gap.10,13

This implies the nonzero probability of finding such a sta
within the sample volume, which is strongly localized in a
three dimensions.

VII. CONCLUSION

In conclusion, two different regimes of light localizatio
in a disordered photonic crystal are identified, which bu
up consequently depending on the amount of disorder c
pared with the normalized width of the gap in correspond
periodic structure. This comparison can be applied to g
for different directions and therefore it remains valid for t
photonic crystal of any dimensionality. Indeed, for extendi
of our findings to three-dimensional photonic band-gap cr
tal one should operate with the term ‘‘complete photon
band gap’’ instead of ‘‘gap for specific direction.’’ Then th
local fluctuations of the photonic band edges, now of a co
plete band gap, caused by random disorder should be c
pared with the width of a complete photonic band gap. Th
we arrive to the same conclusion—there exist several qu
tatively different regimes of light localization in a three
dimensional case also.

The analysis performed allows us to describe the exp
mentally observed situation in opal photonic crystal as
building up of the second regime of light localization.
should be noted that an increase of the refractive index c
trast in opal photonic lattices~which can be provided, for
example, by the filling of the interstitials by a high refractiv
index material11,15–17! leads to increase of the gap width
which can result in the appearance of the first regime
strong light localization.

Note added in proof.We recently became aware of
similar approach, which allows one to distinguish betwe
two different modes of localization in a 1D periodic-on
average system.28 Based on Monte Carlo calculations of th
statistics of the Lyapunov coefficientj21, it was shown that
an increase of the degree of randomnessd beyond a well-
defined critical value results in a transition from the anom
lous dependence of the variance of var(j21) on j2 to the
usual single parameter scaling behavior. Based on the re
of our work we can argue that the transition between th
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two regimes of scaling occurs when the local fluctuations
the band-edge frequency are larger than the gap width. S
interpretation gives a physical understanding of the effec
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APPENDIX: THE PROFILE OF DIELECTRIC FUNCTION
ALONG THE †111‡ DIRECTION IN A fcc LATTICE

COMPOSED OF SPHERES

We consider 3D fcc periodic photonic crystal of opal a
1D layered structure, in which the refractive index depen
only on one coordinatez. If z is chosen to be@111# direction
of fcc lattice then a period ofn(z) is equal to the distance
between two neighboring~111! layers of close-packed
spheres (2A6/3)•R, whereR is a radius of the spheres. I
order to obtain an analytic formula for the refractive ind
profile n(z) @see Eq.~1!#, it is necessary to calculate an e
W
e

-

f
ch

ns

o

s
.

s

pression forSsp(z), which is a relative area cross section
the spheres in a~111! plane calculated as a function of th
distance alongz direction. The latter is given by

Ssp5
p

2A3
S 12

z2

R2D , for 0<z,S 2A6

3
21DR, ~A1!

Ssp5
p

2 S 4A2

3

z

R
2

2

3A3
2

2

A3

z2

R2D
for S 2A6

3
21DR<z,R, ~A2!

Ssp5
p

2 S 4A2

3

z

R
2

5

3A3
2

1

A3

z2

R2D , for R,z<
2A6

3
R.

~A3!

The coordinatez is chosen to be zero in the center of
sphere. Equations~A1! and ~A3! correspond to the cas
when a cross section passes through the center of the sp
belonging to a single layer. The spheres from two neighb
ing layers give contribution to a resulting cross section in
case of Eq.~A2!. The profile calculated according to Eq
~A1!–~A3! and Eq.~1! is shown in the inset of Fig. 4.
.
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