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Anderson localization of light in inverted opals
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We describe a photonic crystal disordered by stacking faults which can be realized in the laboratory and
which exhibits an Anderson localization of light over certain regions of frequency. The localization length is
obtained from a calculation of the transmittance of a slab of the material as a function of the thickness of the
slab. The localization length depends on the frequency and the angle of incidence of the incident light. It
appears that there are regions of frequency where all states of the electromagnetic field are either localized or
delocalized, but we also find regions where localized states coexist with delocalized ones.
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It has been realized for some time that Anderson localizatransmission experiments, will in general appear wider in the
tion is not restricted to the Schiimger field of an electron in  presence of stacking faults. Here we confirm the existence of
a disordered solid, that it can happen in a classical wavefieldn Anderson localization of light in this system and point out
as well; electromagnetiEM) or elastic waves may become aspects of the phenomenon which have not been dealt with
localized in a medium whose dielectric function or elasticpreviously, to our knowledge.
coefficients, respectively, vary randomly in spdsee, e.g., A fcc (inverted opal grown in the[111] direction (the z
Ref. 1, and references thergitt has been argued that such axis) consists, in the absence of disorder, of parallel planes of
classical wavefields can provide a surer testing ground ofphereglayers in a sequence: .. ABCABC ... Thelayers
Anderson localization, because photons and phonons, unlikgenoted by A, B, and C are identical and have the same 2D
electrons, are ?ndeed indepe_ndent excitations,.practically fr_eﬁeriodicity (a hexagonal lattice of lattice constaay) in the
of the correlation effepts W.hICh are never ent_|rely a_bsent INky plane, but each layer is displaced relative to the one pre-
the (iasellof e_Iectrons_ln solids. We krt;ow trrl]at n;semlcf:ongucéeding it byd,, = (d| ,d)=a,(1/2,1/3/6,/6/3). When this se-
tors Jocalization sets In at energies about the edges of a anguence is destroyed, as in.. ABCBCAB ..., wehave a
With increasing disorder localization spreads from the edge . . . :

) ; . . -Stacking fault: the layer Bs obtained from C by a displace-
of the band toward its center, and if the disorder is suffi- i ) .
) . mentd_ = (—d,d) instead ofd, . In a disordered structure
ciently strong all states of the band become localized. B){ : . - o
here is a certairipercent probability, n, that a layer is dis-

analogy, if we have a photonic crystal which exhibits anplaced relative to the one preceding it 8y instead ofd
absolute frequency gap, it is likely that with the introduction We note thai lies between 0 and 50%.

of disorder the states about the band edges will become lo- The calculation of the transmittance of a slab containing

calized. any number of stacking faults can be done efficiently using
According to the scaling theory of localization a small he method of Ref. 18. The results presented here were ob-

amount of disorder is sufficient to localize all the eigenstate%alined USiNg a cutoff in the angular-momentum expansions at
of a one-dimensionallD) system?* This may be also true _ 9 . gual . P
I max= "7, and 37 2D reciprocal-lattice vectaysn the plane-

for 2D systems, as shown by numerical simulations in disor?/vave expansions, which ensured a fractional relative accu-
dered photonic crystal® In 3D systems the situation is P '

5 . . - B
more complicated and the experimental evidence of photoﬁa% (t); elgbs]:aor:c??)ftrszigzlr(?:ta%%elts];hinslggI(;/tIL?rLcjaa\INZI?:tc)).nsi der
localization due to disorder is still uncertdin! In this paper . . g1 S :
we deal with a system, realizable in the laboratory, which’s & fec |_nverte_d opal consisting of tc_>uch|ng air spheres in
exhibits a specific type of disordéit remains periodic in silicon (dielectric constane=11.9). This crystal has an ab-

two dimensions and is, therefore, amenable to Iarge-scalesOIUte frequency gap extending froma,/c=3.452 to

calculations of the localization length. w3,/C=3.623, wherey denotesﬂﬁtr;g angular frequency and
Theory tells us that defect-free inverted opals, which conC IS the speed of light in vacuur:™We have selected two

sist of close-packed air spheres in a high-refractive-indeX|= (Kx.ky) points: the centel’ [k =(0,0)] and the vertex

material, have absolute frequency gaps and recent im- K [kj=(4m/3a,,0)], of the surface Brillouin zone of the

provements in fabrication techniques promise that such cafl1l) plane of the crystala regular hexaggn For each of

be prepared in the Iaborato’r‘i/Moreover, stacking faults can these points we present the frequency bands of the ordered

be introduced in a controlled manner during fabricafidbap  structure in the dimensionless formay/c versusk,d/m,

that an inverted opal with stacking faults appears to be avherek, is the component of the Bloch wave vector normal

disordered system for which a direct comparison betweeto the (111) surface in the reduced zone:w/d<k,< =/d.

theory and experiment can be made. It also exhibits a num#/e consider the region fronrma,/c=3.0 to wag/c=4.0

ber of particular features which are quite interesting andwvhich includes the above-mentioned absolute gap. We then

worth noting. In previous wor€''’it has been shown that an calculate the transmittance of (411) slab of the material

absolute frequency gap of an inverted opal, as seen in opticabnsisting of N, layers, over the same frequency region,
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FIG. 1. () The frequency band structure of the inverted opal ) , _
described in the text, fok; at the Kpoint. (b) (In T) of s-polarized FIG. 2.(InT) (empty square)_sand(T (T 1 (filled squarek
light with the samek; incident on a slab of the material, 128 layers for k; at the Kpoint for slabs witn=10% as a function ol , at
thick, with n=0% (solid line), n=5% (dashed ling n=10% (dot- ~ wag/Cc=3.9825.

ted ling, andn=20% (dash-dotted ling (c) I/d for slabs withn . ) . .
=10% andN, =128 (solid line), andN, =256 (broken ling. for disordered slabs of different thickness. In a regime of

Anderson localizationl, will be independent of thickness for
N, sufficiently large (<N_d) and we can then refer to it as
keepingk) constant. We do this for a slab of titerdered  the localization length(a function of w independent of
crystal and for slabs with a different degree of disorder, andy ).235We should remember that in the present case local-
different thickness. For the sake of simplicity we assume thazation occurs only in the direction (normal to the surface
the silicon host extends to infinity on either side of the slabof the slab, and that the wave functions are Bloch waves
In Fig. 1(a) we show the frequency bands fior at the K parallel to the surface of the slab. In Figicl, we showl
point. None of these bands is degenerate. In Hb),by a versusw for two slabs with the same amount of disorder
solid line we show the logarithm of the transmission coeffi-(n=10%), but of different thicknes$\, =128 for the solid
cient of light of the samé, for a slab of the crystal con- line, andN =256 for the broken one. We see that the two
sisting of 128 layers. We see that this is practically unity forlines practically coincide at most frequencies which implies
frequencies within the bands and drops to vanishingly smalthat Anderson localization is at work in the present case.
values for frequencies in the gapse note that for the or- However, at some frequencies, e.g.e8,/c=3.9825, the
dered slab there is no need for any averaging dnd’)  two lines in Fig. 1c) do not coincide, which suggests a
means I in this cas¢ The dashed, dotted, and dash-dottedlarger localization length. In Fig. 2 we sho{in T) at this
lines in Fig. 1b) show the ensemble-averaged logarithm offrequency as a function of the slab thickness. We observe
the transmittance{InT), for slabs of the same thickness, that the apparent decay length for thin slabs is smaller than
disordered by a random distribution of stacking faults withthe true localization length, but & increases, and the cri-
n=5%), 10%, and 20%, respectively. Actualfyn T) of Fig.  terion|<N_d is satisfied, the exponential decay of the trans-
1(b), and the same applies to the rest of the figures, has beenittance characteristic of the Anderson localization is estab-
obtained by averaging over an ensemble of 100 differenlished. In this particular case we deduce a localization length
realizations of randonfaccording to our definition of) se-  of 43 layers. It is worth noting that the variance of the rela-
quences of the given in each case number of layers. Thive transmittancel/(T) increases exponentially with the
standard error of the mean does not exceed 6% in our calcthickness for thin slab8and tends to saturate for slabs much
lations. thicker than the localization lengtfsee Fig. 2 We should
We see that the transmission of light through the disorsay, however, that our numerical results show that the vari-
dered slab of the 128 layers is reduced by many orders ainceo?=[((In T)?—(In T)?]/(2N,_d)? does not relate to IL/
magnitude over the band regions, though not uniformly, andn the mannero?=1/(IN d), expected from the single-
that this reduction increases with disorder. Over the gap reparameter-scaling theory. That this may be so has, of course,
gions the transmittance may be larger than that of the correseen pointed out by othetS.
sponding ordered system, due to the introduction of defect The results in Figs. (b) and ic) were obtained with
states in the gaps, and this naturally increases with disordes-polarized light. We have obtained similar results for
However these states are highly localized and the transmip-polarized light. On a logarithmic scale the transmittance
tance remains very small. In order to decide whether localfor p polarization is practically the same with that of Fig.
ization is at work, we need to calculate a decay lerigth 1(b). Correspondingly the localization length fpmpolariza-
tion is practically the same as that of FigciL
We now consider transmission at normal incidence. In this
[/d=—2N_/KInT), (1) case the incident light can only lsgpolarized(in our calcu-
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FIG. 3. (& The frequency band structure of the inverted opal

described in the text, fok=0. The solid lines refer to the degen-

erate bands and the dashed lines to the nondegenerate (nds

(InT) of light incident normally on a slab of the material, 128
layers thick, withn=0% (solid line) andn=20% (dashed ling (c)
I/d for slabs withn=20% andN, =128(solid line), N, =256 (bro-

ken line. single layer we obtain eigenstates of the EM field which are

highly localized on the layer and decay rapidly to a vanish-

lations the electric field is parallel to theaxis). The fre-  ingly small amplitude on either side of it. When many layers
quency band structure fog=0 (T poin is shown in Fig. &€ brought together to build an infinite crystal such states of
3(a). The solid lines refer to doubly degenerate bands, th&€ighboring layers overlap slightly with each other and gen-
broken lines to the nondegenerate ones. The latter are pra@f@te & narrow band. In a close-packed arrangement, such as
tically inactive bands: they couple very weakly with the in- the one we consider here, the first-neighbor overlap will be

cident light?° but they are interesting in relation to localiza- the same, because in any stacking configuration the layers
tion. In order to explain better what follows it is worth have equivalent positions relative to each other. A difference

remembering at this point the form of the wavefield corre-arises from the interaction between second nearest neighbors
sponding to an eigenmode of the infinite crystal. In the hostvhich is very weak. Therefore, the inactive bands are insen-
region between two consecutive layers, this can be expandegitive to the stacking sequence because they are essentially
into plane waves with wave vectol@g:=(k||+g,t[ew2/c2 determined by the interaction of nearest-neighbor layers,
—(kHJrg)z]l’Z).lg'ZOAt the I' point which interests us here, which is the same in all possible stacking configurations. By
kj=0. For the nondegenerate bands the coefficiegg_so the same token we should expect the random distribution of
=0 in the plane-wave expansion of the electric field vanishlayers(implied by stacking faulgsnot to have a significant
identically for symmetry reasons. On the other hand, a noreffect on the transmission of light by modes of these bands.
mally incident wave has only one component, correspondindt is small, about 10 for the ordered structure, but it will

to g=0. Therefore, most of it will be reflected at the surface not be reduced much further by disorder. This is clearly dem-
of the slab, if there are no bands wiEEg:O#O at the fre- onstrated in Fig. @) for frequencies arounday/c=3.8.
quency of the incident wave. Diffraction at the surface will Accordingly, the corresponding defined by Eg.(1), in-
excite only to a very small degree a mode of a nondegeneratgeasegpractically linearly with N, , as shown in Fig. @).

band withEgiO: 0. This low excitation(the amplitudeE;&0 The above argument suggests that an arbitrary sliding disor-
of the wavefield will be very small compared to that of the der which introduces a variation in the interaction between
incident wave will be carried to the other side of the slab nearest-neighbor layers will produce a considerable variation
and, if Jew/c>|g| for some of theg+ 0 components, will be in the inactive band, and in a randomly disordered slab the
partly transmitted beyond it. The transmittance obtained ircorresponding states will become localized. This is indeed
this way is about 10 (InT~—40) in a typical case, as what happens. As we see in Fig. 4, for a disordered slab with
shown in Fig. 8b) in the region abouway/c=3.8 where an arbitrary sliding disorder the transmittance goes exponen-
only a nondegenerate band which satisfies the above critéially to zero with increasing thickness in contrast to a disor-
rion exists. Now it turns out that these bands are almostlered slab with stacking faults where the transmittance de-
insensitive to disorder. For example, we have obtained praareases very slowly with thickness.

tically the same inactive band abow&,/c=3.7, as the one We have found that if over a given frequency region de-
described by the broken line of Fig(eB, for crystals where generate and nondegenerate bands coexist, a random distri-
the period ABC along th¢111] direction, which character- bution of stacking faults reduces the transmittance through
izes the fcc structure, is replaced by different periods such athe degenerate bandthis goes exponentially to zero as the
AB, ABAC, etc. This can be understood as follows. For athickness increasgbut some transmittance remains because

FIG. 4.(InT) for kj=0 for slabs withn=20% as a function of
N, , atway/c=3.74(circles. The squares show the corresponding
results when each stacking-fault displacementl(,d) is replaced
by (—0.&1” ,d).
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of the nondegenerate bands. Therefore, over regions whereaad 3.275 we have a degenerate band by itself. There we
nondegenerate band exists, which permits a low but practiexpect and find a true localization length independent of
cally insensitive to disorder transmittance to occur, we do nothickness.

havel as defined by Eq(1) independent of thickness, as  Finally, we would like to comment on the significance of
shown in Fig. &). However, localization is at work in the |ight absorption, which could in principle complicate the ex-
present case reducing the transmittance to the low level Peperimental proof of Anderson localizatién*® Assuming
mitted by the nondegenerate band. This is a rather interestingjicon-based inverted opals with (fcc) lattice constant
situation: it appears that we have at the same frequency 1 970 ,m,we find that, in the frequency region we have
localized and delocalized modes of the EM field, and that thyeen considering, the imaginary part of the dielectric con-
two do not interact. This is certainly very different from giant of crystalline silicon does not exceed t@nd thus the
the commonly_accepted rule, that localized _and delocalizedpsorpance is negligibfé. Therefore, we may say that in-
states in_a disordered system cannot exist at the SaMgyted opals disordered by stacking faults provide an excel-

frequencf. We should note that, it is in principle possible |ent testing ground for studying the localization of light due
that localization occurs for the inactive bands also, buty, gisorder.

with a localization length much larger than the thicknesses
we have considered. A final note in relation to Figo)3over This work was supported by the research program “Kapo-
a narrow region of frequency betweewa,/c=3.250 distrias” of the University of Athens.
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