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We study the localization of light in the disordered dielectric structures derived from periodic systems with
photonic band gaps. It is directly shown by field pattern that withderate disordethere exist strongly
localized states in the original gap. The localization-delocalization-localization trilogy discovered in this paper
embodies the concept “interplay between the order and disorder” that has been previously suggested, and it is
pointed out that the complete understanding of this complex localization behavior should take into account two
localization mechanisms with different ranges of coherence. The difference between the two localization
mechanisms is demonstrated by the different localization behaviors of the TM and TE mod&sntihoer
is introduced to show the localization centers are frequency dependent. The frequency distribution of localiza-
tion centers is found to vary with the degree of disord€0163-182@09)00638-4

[. INTRODUCTION ried out by several groups, some fundamental questions have
remained unsolved as discussed below. Many stugigs

Recent years have witnessed a consistent interest in phperimental and theoretigahave been conducted on the dis-
tonic band structur&Two themes are present in this field of order in a homogeneous backgrodnd®instead of in a su-
research. The potential for applications to various devicegperlattice. Their results cannot be generalized to localization
e.g., high efficiency lasérand antennd,has attracted most in PBG materials because of the absence of Bragg scattering
experimental researchers’ attention, while impetus from thén the homogeneous background. Therefore the problem of
theoretical side lies in its candidacy for an ideal structure tcstrong localization in a moderately disordered lattice is far
test the theory of localizatioh. from fully understood. For example, the only known em-

Following the pioneering steps of AnderScand Mott®  bodiment of the “interplay between order and disordeig
numerous researchers have been devoted to the study aticht the localization is present at moderate, rather than at
observation of the electron localization in disordered solidshigh, degrees of disorder, but will this interplay bring some
Some general features of localization are well estabishedther drastic changes to the whole picture of localization?
now.” However, due to the existence of electron-electron in+urther, John has argued that the localization mechanism due
teraction and electron-phonon interaction, theoretical predicto the remnant geometric Bragg resonances in a dielectric
tions often meet with difficulties in accounting for the ex- structure is a new orfeThen the question remains whether
perimental data definitively. John first explored thethe localization mechanism with which we are familiar in the
possibility of observing localized states of light in a dielec- Anderson model is also present in a dielectric structure? If it
tric medium® in which the complication of the interactions is, how will these two mechanisms interact with each other,
associated with electrons is avoided so the further study adind what will be interesting to note about the coexistence of
localizatio? in such systems is facilitated. Experiments these two mechanisms?
quickly verified the existence of weak localization in the We are not well equipped to answer these questions. The
form of coherent backscatteriiHowever, for the imple- analytic treatment has proved to be difficult. The well-
mentation of strong localization of light, there is another se-established formalishi assumes a low concentration of scat-
rious problem: the effective energy of the wave equation oferers or a low degree of disorder. However, as we shall see,
light in an inhomogeneous medium is always positive, andthe most interesting localization behaviors in PBG materials
even worse, the energy of the photons is always higher thaoccur at moderate disorder. On the numerical side, calcula-
the potential barrierst After Yablonovitch first proposed a tions with dimensions higher than one usually require pro-
three-dimensional dielectric structure with photonic bandhibitive time and/or memory. So it is not surprising that these
gaps (PBG), John recognizédthat a moderate disordered questions still reside in the category of the unsolved. Even
perturbation of this structure may provide the key to theJohn’s original proposalstrongly localized states present at
predictable and systematic observation of strong localizatiomoderate disordg¢has not been directly verified by numeri-
of light. The gist of his theory is that the underlying super-cal calculation.
lattice provides a band gap for the frequency range of local- However, Meadeet al® have introduced a memory-
ization because of the remnant geometric Bragg resonancesconomical computing scheme in their calculations of pho-
Though studies along this theoretical ffig"*have been car- tonic bands and impurity energy levels. This method has
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greatly enlarged the size of systems that we are able to catonstant of the dielectric material and the column radius. In
culate. But, applied to the supercell problem, this algorithmthis study, the dielectric constant is chosen to dje=13,
usually needs to calculate all the states with frequenciewhich is close to the value of gallium arsenide. The column
lower than the desired one, a requirement of orthogonalizaradius is 0.32, wherea is the lattice constant. For disor-
tion. As the supercell grows larger and larger, the workloaddered systems, the supercell comprises 256X(1) unit
becomes intolerable. In this paper, a scheme for the supercelklls and we calculate up to 16 400 plane waves for each
problem is developed to calculate a few eigenstates with frepolarization. The relative deviation of column dielectric con-
quencies closest to a specific value without the need to caktantse is uniformly distributed in the range-W/2< €/ e,
culate those of the lower states. —1<WI/2, whereW indicates the degree of disorder.
With this method, we directly show by field pattern that, Meadeet al. first introduced an optimization algorithm
at moderate disorder, there exist strongly localized states irfor the calculation of photonic band structdfeThe optimi-
side the original photonic band gaps. We find that as theation algorithm greatly reduces the required memory be-
degree of disorder increases, the states in or near the PBfause it changes the wave functions at each step instead of
first localize, then delocalize, then finally localize again. Thischanging the operators. Hence the operator need not be
localization trilogy is clearly shown due to the cooperation ofstored as it can be constructed impromptu at a reasonable
two localization mechanisms, which are distinguished byexpense of time by using the fast Fourier transfqfaT).
their different ranges of coherence. Due to their differentStill, when applied to the supercell problem, the workload of
sensitivies to these two localization mechanism, the TM ancny optimization algorithm is overwhelming because the
TE modes exhibit different localization behaviors. Our states we are interested in are usually inside or near the gap.
analysis answers, simultaneously, the problems proposed @he orthogonalization process of the algorithm requires us to
the end of the second paragraph. calculate all the states lower than the target state; therefore,
The partition numbef commonly used proves to be a one must calculate an entire band of states.
very useful measure to analyze wave functions in localiza- We have developed a method that enables us to calculate
tion problems. However, sometimes it does not contain alkeveral states closest to a specific energy without calculating
the desired information. To study the nature of localizationlower-energy states. Suppose the energy functional to be
centers at different frequencies, a new measureCthem- ¥ QW ,Q is the main operatory' is the wave function. If
ber, is introduced in our study. A sum rule involving tBe  the optimization object i& *(Q—E)?¥ (E is the specified
number and partition number is obtained in this work. Withenergy rather than the energy functional, the eigenstates ob-
the C number, we find that the sites a photon prefers taained first are those with energies nearedt.t¥Ve note the
occupy are obviously related to frequency. The frequencyperator Q—E)? can also be constructed impromptu with
distribution of localization centers established at moderatéhe FFT algorithm; therefore, this method leaves intact all
disorder is maintained till strong disorder, except in the fre-the time- and memory-saving features of the previous algo-
qguency ranges around the original gaps. rithm. With this method, we have performed a systematic
The structure of this paper is as follows: In Sec. II, thecalculation of localization of electromagnetic waves in two-
problem and the computational scheme are described. In Segimensional structures. For every frequency studied, five
lll, we introduce theC number and propose a sum rule in- states nearest to this frequency are calculated for(Wh
volving theC number and partition number. In Sec. IV, first, the magnetic field vector lying in plan@nd TE (with the
we show the localization process plays a trilogy as the degregagnetic field vector normal to the planmodes, respec-
of disorder varies and discuss the underlying mechanisntively. Then for each state, we define the coarse-grained field

then the distribution o€ numbers with frequency is studied. F(i,j) by integrating the square modula of the magnetic

Section V contains the conclusion. field in each unit celt;,
Il. COMPUTATIONAL SCHEME F|2(i,j)=j H(r)|dr. @
In the photonic crystal, the dielectric constafr) is a i)
function of pOSitiOﬂ. The eIeCtromagnetic field is determinedThese Coarse_grained Spatia| field patterns are recorded on
by the solution of the Maxwell’'s equations. For the reason ofhe hard disk to save space.
continuity of the field vectors, it is convenient to solve these
equations in terms of the magnetic field vectdfr). The . A NEW MEASURE: C NUMBER
wave equation is then
The partition number introduced by Dédiis a powerful
tool to analyze the large volume of data obtained fromahe

2
w
VX mVXH(r)} :(E) H(T), @) initio calculation. The partition number is defined by

-1

with the transverse field conditioN -H(r)=0. A typical 3

two-dimensional dielectric superlattice is either a periodic P:[Z |
array of dielectric columns in the air or a periodic array of air

columns in the dielectric bulk. The centers of the columnswhere¥; is the normalized wave function. It roughly gives
can be arranged into any type of two-dimensional latticethe number of sites where the mode is significantly excited.
The lattice studied in this paper is a triangular lattice of di-Thus 1P indicates the degree of localization of a state. How-
electric columns in the air. There are two parameters in thever, often one needs to obtain more information about the
definition of this periodic dielectric structure, the dielectric character of the microscopic states than given solely by the
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this papey, with a partition number 11.7. Note that for the
periodic system with our division of unit cells, the first gap
of the TM mode ranges from 0.209 to 0.273, and the first TE
gap is between 0.325 and 0.360. The localization center of
this state corresponds to the low dielectric island near the
upper edge, as one sees by comparing Fig®. dnd 1b).
The TE state shown in Figs(d and Xe) is found forW
=0.4, at the frequency 0.331, with a partition number 32.9.
Clearly, it is localized around a chain of low dielectric con-
stant islands in the middle of the system. However, for less
localized states, the field patterns are not as simple as in Figs.
1(b) and Xc), and the correspondence between the field pat-
terns and the dielectric distribution is not easy to detect by
direct inspection. In most cases, one needs to introduc€ the
number defined below to measure this correspondence.
Suppose we have a coarse-grained magnetic figid]j)
defined on the lattice levékoi,j run all over lattice sites
The C number is defined by

(d)

C=p(e,H?), (4)

wheree(i,j) is the average dielectric constant in the unit cell
();; and the correlation coefficiept(X,Y) between two ran-
dom variablesX(i,j),Y(i,j) defined on lattice sites is given
by the well-known equations

(c)

B cov(X,Y)

(le) - —1
FIG. 1. The configuration of the system and the field patterns of P Ox0y

some localized states. For convenience, the triangular lattice is plot-
ted as a square one. In the contour maps, the white color indicates 1 _ _
the highest value, whereas the black color indicates the lowast. cov(X,Y)= N=1 2 [X(0,)=X][Y(,j)—Y], (5
The configuration of the system is presented by the contour map of b
the cell-average dielectric constants) and (d) A strongly local-
ized TM state, two different ways of plottingc) and (€) strongly ox=+Ccov(X,X),
localized TE states, two different ways of plotting), (b), and(c) o o
clearly exhibit the relation ship between the localization centers ofvhereN is the total number of sites, ar¥l andY are the
the two states and the configuration of the system. For TM statemean values oK andY on the lattice. For the TM state given
wa/2mc=0.228, P=11.67C=—0.170, atW=1.0. For the TE in Figs. 1b) and Xd), the C number is—0.170. This nega-
state,wa/2wc=0.331P=32.9C=—0.224, atW=0.4. tive C number indicates the coarse-grained field has a large
amplitude around some cells containing columns with low
partition number. For the localization problem, one characteglielectric constants. Th€ number for the TE mode shown
we are interested in is the nature of the localization césjter in Figs. Xd) and Xe) is —0.224. According to the location of
of a localized state. From the partition number one may atheir frequencies in the gap, these two states may be called
best get a feeling of how fast the wave function decays froncceptorlike state¥. These kinds of states are associated
these centers. But to find which kind of sites are preferredvith negativeC numbers.
centers for a specific state, one needs another measure. A sum rule can be obtained for th@ number and the
A close inspection of the spatial dielectric distribution andpartition number. When the disorder is not very strong, a
the field patterns of several localized states reveals the meal@rge part of the original gap survives. Then the single band
ing of the new measure to be introduced. approximation holdgas assumed in the Anderson model
Figure 1(a) presents the distribution of the cell-averagewhich means that a mode in a certain band of the disordered
dielectric constants in 2616 unit cells(for visual ease, the system is a linear combination of states in the corresponding
triangular lattice is drawn as a square pr&/e use the con- band of the periodic system. This implies
tour map because it best visualizes the relation between the
average dielectric constant distribution and the localization n N ¥ ,
centers. However, one should keep in mind that the actual zn: P (D) (T )—2 by (N (1), (6)
average dielectric constant distribution is defined on a 16
X 16 discrete grid. In Figs.(b) and Xd), a strongly localized where¢,(r) and ¢,(r) are the states of periodic and disor-
TM state is drawn in two ways against the map of the dielecdered systems, respectively; the summationk ahd n ex-
tric constant distribution. This state is found for the strengthtend over a single band in the corresponding systemsr Let
of disorderwW=1.0, at the frequencwa/27c=0.228(sub- =r’, and integrate the right-hand side in any unit cell, and
sequently, all frequencies are given in the unit efcZa in one finds that the integral is a constamt,(m is a positive
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integey, independent of the position of the cell. For our IV. RESULTS AND DISCUSSION
coarse-grained field in the disordered system this means A. Localization trilogy
~o At first, we study the localization behavior of the states
> Riip=m. ) i : :
~ n near some specific frequencies as the degree of disorder
o changes. As shown in Fig. 1, very strongly localized states
Another useful equation is are found in the original gap ahoderatedisorder {V=1.0
1 /1 1 for the TM mode, andV= 0.4 for the TE modg as predicted
2 4
oo — | —— ], 8 by John!
HZN—-1\P N ®) o
The localization process of the states shows a complex

Now one readily proves feature. It is well known that in the Anderson model, the

states become more localized with an increasing degree of
[1 1 JN—-1 g disorder* Recently, Freilikheret al.'® have found that for

; CNBE "N o .2 [G(I,J)—E]; HR(L)) frequencies in the gap, there may exist an initial stage of
" < M enhancing transmission with an increasing degree of disorder
-0, 9) before the final stage of attenuating transmission at strong

disorder. This has also been noted in a two-dimensional

where C, and P,, are theC number and partition number systemt* though, for the range of disorder studied, the final
corresponding td~'|n(i .i). In terms of the energy spectrum, attenuation range was not reached. The characteristic of this

we have kind of enhancing transmission is that it occurs only in the
gap and starts from infinitely weak disorder; hence it was
1 1 attributed to the increasing of density of sta(B©S) in the
f p(E)C(E) \/@— NAE=0. (100 gap due to the presence of disorder. However, the question

remains, how the localization of microscopic states evolves
Several points should be noted for this s@ar integra).  with increasing disorder. Specifically, does the variation of
First, fully extended states do not contribute to this sumlocalization lengths of the states have the features corre-
Second, for the strongly localized states, @aumbers may sponding to the results of the studies of transmission? We
be quite smallcompared with fairly localized stateshow-  find the localization of states shows more complex process
ever, their small partition numbers compensate for it so thathan that reflected by studies of transmission, and this pro-
their contribution to the sum is still considerable. Due to thecess is explained by the coexistence of two localization
enormous time required for calculation of an entire band oimechanisms assoicated with different ranges of coherence.
states, we only perform a rough check of the sum rule on a Figure 2 presents the evolution of five states with frequen-
8% 8 lattice. ForW=0.2, the sums in Eq9) divided by the cies slightly above the lower edge of the lowest gap for the
corresponding sums of absolute values are 0.07 and 0.18 fGM and TE modes, respectively. It shows that the localiza-
the TM mode and TE mode, respectively. When we increaséion behavior, or more appropriately for this case, the
the iteration times by one third, the above values reduce ttbcalization-delocalization behavior of the TM mode can be
0.05 and 0.14. We also note a convergence of the abowdescribed as a trilogy. When the degree of disoktfes less
values from a &4 lattice to an &8 lattice. This sum rule than 0.6, the localization of the states becomes more pro-
will be better satisfied on a 2616 lattice, where the ratio of nounced with increasingV. After that, the states begin to
a typical interband component to a typical intraband compodelocalize untilW=1.2; then they show the localization
nent in a perturbed state is about 1% and 3% according to thieend again with a further increase\M What we find is the
energy difference denominators in the perturbation theory. delocalization of states begins at some intermediate disorder,
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and the delocalization is also found in the original b&asl the band-edge TE modes are more concentrated in the air
shown latey, where DOS is generally decreasing. However,region and this is more obvious in a system formed by di-
this surprising trilogy can be well explained by consideringelectric columns in aif® In the structure treated here, the air
the joint effect of two localization mechanisms. When disor-region is connected through the entire system. From the
der is weak, the remnant Bragg resonant scattering of thgiewpoint of percolation, this is unfavorable to localization,
Underlying $uper|attice results in localization .Of phOtOI’]S. ASparticu|ar|y to that Of the Anderson type, because the perco_
the dielectric constants of the columns deviate farther anghtion is a short free-path process, while the localization due
farther from the original value, the states presented in Fig. 2, gragg scattering depends on large-scale resonance. The
localize around some low dielectric islands as those shown iRitterent localization behavior of TM and TE modes thus

Fig. 1. The difference between the dielectric constants ofgyeais a major difference of the Bragg-type localization
these islands and the average periodic background increasgs, .1~ nism from the Anderson type

as W increases, so the localized states feel stronger Bragg : -
, . . . The C numbers for this system are presented in Fig) 2
scattering from the underlying superlattice, with the effect of nd 2d). Generally, in the inital localization StaggV<0.6

further confining them around those islands. But when th .
9 or the TM mode, andV=<0.4 for the TE modethe magni-

disorder is very strong, the remnants of the underlying su- . .
perlattice are completely destroyed. Then the localizatiofudes OfC numbers increase, then remain nearly constant as

process enters into another range. Whereas the localizatidfie disorder increases. This is another proof to the effect of
mechanism provided by Bragg scattering is a long-range cghe Bragg scattering in this stage of localization: the states
herent effect, the localization in the strongly disordered sys@reé becoming more localized around some low dielectric
tem is of the Anderson type, i.e., it is a local effect. Thecells. However, there are many such cells in the system. As
localization length is mainly determined by the local mis-one state becomes more localized around only one, or sev-
match (the difference of dielectric constants between adja-€ral of them, theC number of the state will suffer a decrease.
cent cells within several lattice constantsather than by the But because the amplitude of the mode at the localization
deviation from the average background. But there must be eenters is greatly enhanced, this decrease is not significant.
range of the degree of disorder where the Bragg-scatteringurthermore, this slight decrease of the magnitude<C of
effect is diminishing while the Anderson localization is en- numbers at the end of the initial localization stage should not
hancing. The Anderson localization is not as strong as thate confused with the obvious decrease in the delocalization
produced by Bragg scattering, at least in this intermediatstage, which is due to the diffusion of the mode amplitude
range of disorder; so the states begin to delocalize. Johimto high dielectric constant cells. For the TE mode, @e
argued that for weak disorder the wavelength entering thenumbers finally become positive as a result of the “inva-
loffe-Regef? condition should be the inverse of the fluctua- sion” of the upper band. The TE gap is much smaller than
tion in the wave vector from the Bragg plane; then we pro-the TM gap, so it disappeatabout W=0.9) very quickly as
pose that for very strong disorder this wavelength should b&V increases. Then there is a mixing of the donorljksso-
the free-photon wavelength. For intermediate degrees of dissiated with positiveC numberg and acceptorlike states; the
order, neither of these two lengths meets the loffe-Regel core numbers tend to be neutral. In the end, the states of the
dition (in fact, the first length is not well defined for fairly upper band further move down, and crush onto the original
strong disorder so the states delocalize. lower band. These statéacceptorlik¢ maintain their posi-

For the TE mode, Fig. ®) shows that the localization- tive C numbers till very largéV, as shown in the next sub-
delocalization process ends in the second stage. The thiigection.
stage will appear if one sets the average dielectric constant of We also studied the states at another frequency slightly
the columns much larger, which provides greater local misbelow the gap. The delocalization stage for TM mode is not
match. There is a simple argument to explain why TE modess pronounced in Fig. @) as it is in Fig. 2a). This shows
are resistant to the Anderson localization. The amplitudes ofhat the competition between the diminishing Bragg localiza-
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tion and the enhancing Anderson localization nearly reachegrained field is nearly uniform on the lattice level. Now the
a balance in this frequency range. The delocalization is moreelocalization, or, more properly, the redistribution of the
obvious for the TE mode, which is due to the absence of thgvave amplitude, occurs inside unit cells, particularly across
final localization stage, as in the gap. The graph€alum-  the interfaces of the dielectric columns and the air region.
bers for this frequency are nearly the same as those for thgut, generally, the localization problem is concerned with
frequency inside the gap. For the TE mode, s@maimbers  pehavior on the lattice levéhs in the Anderson model
are positive in this frequency range for very weak disorder. The C number distribution shows clearly the division be-
This is due to the distribution d& numbers with frequency yeen the donorlike and acceptorlike states by the gap. The
as discussed in the next subsection. donorlike states have positiv@ numbers and the acceptor-
like states have negativ@numbers. The discontinuity of the
frequency distribution of th€ numbers occurs at the gap. In

In this subsection, we fixV and study the localization the band, theC numbers vary continuously with frequency.
feature at different frequencies. In Fig.W,is set to 0.8; at This means the dielectric constants of the columns around
this intermediate degree of disorder the remnant gap for therhich a state prefers to stay vary continuously with fre-
TM mode is from 0.222 to 0.261, while for TE mode, it is quency. Deep in the lower band, tBenumber is positive, as
from 0.341 to 0.347. One sees that there is a considerablene expects from the sum rule. Physically, this is due to the
drop of partition number at the band edge. balance of the local DOS. The sum of the local DOS within

It is well known that the low-frequency modes should beeach band should be constant in space, as indicated by Eq.
well extended, but there seems some slight drop of this  (7), even in the disordered system. As the band-edge states
range. To solve this problem, we calculated the partitionpreempt the DOS in the cells with low dielectric constant
number on the entire grid, so that the maximémis about  columns, there must be some states in this band concentrat-
16 400. These kinds of partition numbers are plotted in theng in the cells with high dielectric constant columns. The
insets of Figs. @) and 4b). Clearly, these partition numbers numbers for the long-wavelength region are distributed
increase consistently as the frequency decreases. The diffaround zero, which is in accordance with the fact that the
ence between the partition number on the lattice basis anfield is distributed uniformly in the system. When the degree
that on the grid basis is due to the inner structure of the fieldf disorder is small WW=0.1), this region of positiveC in
pattern. In fact, for most states in the lowest band, the partiFigs. §a) and 5b) is not as obvious as in Figs(e} and 4d),
tion number on the lattice basis is mainly determined by theespectively. This implies that for weak disorder the band-
localization of the wave on the lattice level, and the trend ofedge states do not occupy as much of the local DOS at the
two kinds of partition numbers is found to agree well. How- cells of low dielectric constant columns. This observation
ever, when the frequency approaches zero, the coarseerroborates that the states at band edge for slightly disor-

B. Frequency distribution of C numbers

0.4 0.4
031 (@)™ 031 (b TE
0.2 4 0.2 4
01d o ° o 01d o 8
& 09 S 8 . o 0018 § ¢ FIG. 5. The variation of th&C numbers with
-0.1 ° ° -0.1] frequency, for TM and TE modes, respectively
-0.2 8 -0.2 cg’ (W=0.1). Both distributions are quite flat.
-0.34 ° -0.3 ]
-0.4 T T T T -0.4 T T T T
0.08 0.12 0.18 0.20 0.18 0.20 0.24 0.28 0.32

wa/2nc wa/2rc



PRB 60 TWO MECHANISMS, THREE STAGES OF THE ... 12 021
0.4 8 9 0.44 g o
0.2 S " 8o § ° Z o 6 § FIG. 6. The variation of the&C numbers with
e 8 ° 0.2 og frequency, for the TM and TE modes, respec-
O o0.0l-2 § o H ° 8 tively (W=1.2). Note the axis break and the dif-
° % 0.0 E 8 °§ o ferent scales before and after the break. Note for
-0.2+ 8 § ?, this W, both the TM and TE gaps are closed. The
oa (a) TN.I . . 02 (b)ITE . axis breaks thus do not indicate remant gaps.
00 0.1 02 024 026 0.0 0.1 02 0.30.32 0.34 0.36
wa/2nc wa/2nc

dered system are not as strongly localized as those for intebe present. This is the microscopic interpretation of the pres-
mediate disordered system. Figure 6 shows there is no sulence of neutraC numbers in the original gap.
stantial increase o€ numbers in the positive region of the
original lower band for the degree of disorder as highhas
=1.2. As we have seen in Fig. 2, whis about 0.6 for the We numerically studied the localization of light in the
TM mode and 0.4 for the TE mode, the localization due togisordered dielectric structures derived from periodic sys-
the Bragg scattering begins to fade away, whereas this kingms with PBG. It was directly shown by field pattern that
of localization was growing stronger consistently for lower there existed strongly localized states in the original gap. The
values ofW. One distinct feature of this Bragg-type of local- three-stage localization-delocalization process verifies the
ization is the strong localization of states at the band edgéinterplay between the order and disorder” that has been
and, as revealed here, the accompanying posiliveimber  suggested for a long time. We further point out that the tril-
region at certain lower frequency ranges, which implies theogy arises because of different ranges of coherence for two
localization of the states around the cells with high dielectrickinds of localization mechanisms. Due to their different sen-
constants in this lower frequency range. sitivities to the two localization mechanisms, the TM and TE
The picture is now clear. The localization center distribu-modes exhibit different localization behaviors. A measure,
tion is established in the weak disorder range by long-rangéhe C number, was introduced to gain a deeper insight into
coherence. However, in the strong disorder range, this distrihe nature of localization. It was found with this number that
bution is modified, or destroyed particularly in some fre-the Iocallzatlon centers are not randqm, but th'a.t states prefer
quency rangesnear original gaps When the disorder is to localize at a specific kind of cell in a specific frequency
very strong, the localization centers separated in space are f3"9¢-
longer connected by long-range coherence; therefore, these
centers do not necessarily have similar dielectric constants.
In fact, for strong disorder, depending on the surrounding The authors are grateful to Dr. Herbert L. Berk for many
cells, a cell with a column of a high dielectric constant maypertinent suggestions. One of the auth@J) owes thanks
have the same local energy level as the one with a low dito Weijiang Yu for providing computing facilities, without
electric constant. As the disorder increases, the possibilityvhich many recalculations and checks were not possible.
increases of two disparate centers with the same local energihe authors also thank Dr. Xiuging Huang for helpful dis-
level arising within the localization length of each other. cussions. Thanks to Dr. Leslie Jarmon for reading of the
Then some states having disparate localization centers mayiginal manuscript.

V. CONCLUSION
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