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Localization of light for dissipative and disordered one-dimensional systems
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The light transmission has been measured for a disordered binary multilayer system composed of cryolite
and dissipative antimonite layers. The exponential decay of light transmission versus multilayer thickness is
observed. The measured localization lendthscoincide quite well with the calculated results. We find both
experimentally and theoretically that the effects of absorption and disorder on the light transmission can be
expressed by, *=17+1,1 wherel is the localization length for a corresponding disordered multilayer in
the absence of absorption ahdthe characteristic absorption length of layd&0163-18206)09534-3

The light localization effect in a one-dimensional disor- monite layers and is made by a conventional vacuum coating
dered system has received increasing attention in receprocedure. In the spectrum range below 650 nm the antimo-
years. Shengt al. have demonstrated theoretically that dis- hite layers are dissipative. The disorder of the binary
ordered systems in one dimension always exhibit Andersomultilayer is produced by choosing the thickness of the an-
localization! This means that the exponential variation of timonite layers randomly around an average value of
light transmissiorT with the length of the disordered system (b)=d/4n,=57 nm, while the cryolite layers all have an
L holds for all frequencies. The localization lendthis de-  identical thickness ofa)=d/4n,=122 nm. Heren,=2.83
fined asl.= —L/(InT), where() represents an average over andn,=1.33 are the corresponding real parts of the refrac-
the statistical distribution of the disordered system. The lotive indices andi=650 nm. The degree of the system’s dis-
calization lengths have also been calculated for different disorder is defined as
ordered multilayers and the effects of the system’s absorp-
tion and disorder on the light transmission discussed
theoretically>"® Experimentally, Nittaet al. observed an D= \/Z (bj—(b))*/M / o,
anomalous reflectance effect for a disordered binary
(a-Si:H and a-Si,N; _,:H) multilayer and suggested that whereb;, M, andl,=(a)+(b) are the real thicknesses, total
the effect could be related to disorder-induced lightnumber of antimonite layers and the average multilayer pe-
localization? We have observed directly the localization ef- riod, respectively. Three types of disordered multilayers with
fect of a binary disordered multilayer composed of cryolitethe sameD=0.16 andl,=179 nm, but different periods
(CaCQ;) and antimoniteSh,S;) in the wavelength region M =10, 15, and 21 are prepared. The substrates used are the
of 720-900 nm® Based on light localization in a one- optical glasses. The designed thicknesses of the multilayers
dimensional disorder system we developed a broadband opid their distribution will be given elsewhere.
tical reflector, which possesses a much wider high reflection The light transmission is measured at fourteen wave-
range than that of an ordinaiy/4 stack'! For this kind of  lengths by using two laser sources. Eight lines between 457
reflector more layers of coating materials are required, so thend 515 nm are produced from an Ataser and six wave-
absorption of the coating materials, even if small, can playengths between 577 and 617 nm from an"Aaser pumped
an important role. Therefore, the phenomenon of light propaRhodamine 6G dye laser. Their linearly polarized outputs are
gation through a disordered multilayer with absorption mustdjusted to be 50—100 mW in the TEjyimode. Due to both
be fully understood. However, there has not been any experthe absorption and disorder existing in the multilayer system
mental study reported on this subject, though many interesthe ratio of transmitted light intensity to that of input may be
ing theoretical results have been presented. In addition, bexceedingly small, such as 1Y, so special care must be
cause of its potential application in photonics the effecttaken in the experimental setup. The laser beam goes first
induced by light in a disordered layered gain medium haghrough a lock-in amplifier chopper with a chopping rate of 1
recently attracted more attentiéh'® The information ob- kHz and an aperture of 2 mm diameter, which blocks any
tained from the disordered dissipative multilayer might bestray radiation from the laser, and is incident normal to the
useful for understanding the mechanism of the effect appeamultilayer, then after transmission passes through another
ing in disordered layered gain media, which is very hard tathree small apertures of 2 mm diameter which further block
realize practically. In this paper we describe the experimenall scattered light caused by optical elements and holders.
and simulation of light localization for binary multilayers Finally, the beam enters a model R943-02 low noise photo-
with both disorder and dissipation. Our results show that thenultiplier. The signals are received and processed by a
light is still localized in such a dissipative and disorderedmodel SR510 lock-in amplifier. In this arrangement the de-
medium and the relationship between localization length andectable ratio of transmitted intensity to input can be better
absorption length is rather simple. than 10 2 The measurements are carried out for three types

The main features of our multilayers are briefly describedof multilayer at the fourteen wavelengths given above. To
as follows. The multilayer consists of both cryolite and anti-make experimental error as small as possible and to elimi-
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6 differences. This disagreement may be attributed to the
longer real localization length.=3 to 4l,,, in this region,
5 | . compared witH ;<1 at the shorter wavelengtlisee Fig. 1

In principle, a reliable value df. can be reached only if the
statistical average over different sequences of the disorder
multilayer is considered.In practice, however|, is mea-
sured just in a particular layer sequence. As noted by Frige-
rio et al. in Ref. 4, the measurel}. for a thick multilayer
(with many periods is equivalent to the averagdd for a

thin multilayer. This implies that the measuréd will be

very close to the real value, if the total lendtb~1.. On the
contrary, if L is not much longer that, the error might
appear. In our case the longests only 211, which is not

L (in units of Ip)
w

[y J SR S AL S long enough compared with =3I, in the region of 570—
400 450 500 550 600 650 700 750 800 620 nm, so that the measured values may be slightly differ-
Wavelength(nm) ent from the real values. Secondly, due to the disorder the

o _ oscillation ofl is rather serious around 600 nm, so a small
~ FIG. 1. The localization lengths calculated two wa@.solid  deviation of the layer's actual thickness from the designed
line I, derived using the complex refractive index and statisticaly, 5] e may cause a considerable variatior of
averaqipg over ﬁ)’f different sequencés; dashed linel,, derived We now consider the case when both the absorption and
froml “=Iq "+1," wherel, is the characteristic absorption length yisqrder are present in the multilayer. As stated in the corre-
of the layerss: measured values. sponding theoretical workés? the total exponential decay

nate the influence coming from the inhomogeneity of layercoefficient of lightl; * might be expressed by a simple su-
thickness the measurement is repeated several times Ipgrposition of two separate exponential decay coefficients,
changing the position of incidence on the multilayer. Thei-e.,I; *=I*+I,* Herel, origins only from the absorption
experimental results show that the exponential variation ofindl, from the disorder. We first assume thatrepresents
T~1 with L holds for most of the wavelengths. In the region the localization length of the corresponding regular dissipa-
of 457-515 nm the exponential relation is very well satis-tive multilayer,I,, while |, is that for the multilayer with the
fied, but the marked deviations from the exponential relatiorsame disorder, but without dissipation, il.s=14. The de-
are observed at two wavelength around 600 nm. The reasgrendencies of transmittance on the wavelength for regular
for this will be discussed later. Furthermore, based on thiglissipative multilayers T,) and disordered lossless
relationship the localization length is determined by linear multilayer (T4) with different periods oM =10, 15, and 21
regression. are respectively calculated in terms of the transfer matrix

To compare the measurement with calculation one musaiethod. Thd, andl, are determined by linear regression in
know both real and imaginary parts of the refractive index ofthe plots ofTr’(é)—L. For a regular multilayer, rigorously
the antimonite layer, while those of cryolite are well known. speaking, the exponential relationship betwd@ent and L
A previous experiment has pointed out that the real part oholds only within the band gap while it fails outside the gap.
the refractive index for antimonite film is almost UnChangedHowever, in our case the absorption of antimonite is rather
in the visible spectrum, While the imaginary parts have beerp)ig in the wavelength shorter than 530 nm, so tﬁﬁtl is
measured only at four discrete wavelengths, namely 436jominated by the absorption. Thus, a roughly exponential
546, 578, and 640 nrif.In addition, the values given in Ref. re|ationship may still be obtained. The comparison of experi-
14 appear to be too small for our multilayer system, specifiyyental values of the calculated cunlgsl, , andly is given
cally in the shorter wavelength region. Thls_ situation is reay, Fig. 2. Herel, is computed for an average over five dif-
sonable, because for a thin film the imaginary part of thgerent sequences, so that a more reliable theoretical value
refractive index may be sensitive to the purity of the mateyyay pe obtained. One finds from Fig. 2 that in the shorter
rial, the coating procedure and even to the film thickriéss. wavelength region the curve of almost overlaps with the
Thu§, by flttl_ng our mgasured transmitted intensities for thgneasured one. However, in the region of 570 to 620 nm the
multilayer with 21 periods to the calculated results of thegjtference between them is relatively great. This may be un-
fcransfer matrix method we obtain the imaginary parts of thgjerstood by considering the existence of a band gap for a
index for the wavelengths between 457 and 545 nm. HOWgaqyjar binary multilayer. The dispersion relation of light for
ever, at wavelengths longer than 545 nm, i.e., in the weakeg,r corresponding regular multilayer is derived to be
absorption region, the values in Ref. 14 are adopted to deter-
mine the imaginary part between 546 and 640 nm by a linear 2 o/\=4 arc cop0.435 c0§0.2761,K) + 0.565 /2
fitting.

|ng Fig. 1 the dots and solid line show, respectively, theln the first Brillouin zone, where the Bloch vectHr varies
measured localization lengths at 14 wavelengths and the cofrom 0 to 7/l ,; the photonic gap should appear at a wave-
responding calculated curve, which is computed by the trandength between 526 and 849 nm. Within the gap perfect
fer matrix approach with a complex refractive index and av-phase coherent Bragg reflection from a regular multilayer
eraging over five sequences. It is found that in the blue-greemay result in a very short attenuation length. As long as the
spectrum the coincidence of calculation with measurement igbsorption of the multilayer is not very strong, according to
very good, but between 570—-620 nm there are some smdlf =1, *+1;* the total localization length is dominated by



54 BRIEF REPORTS 11875

8 tive index, byl *=4m7n'(\)/\. Thus we have, =1
+14% The calculated results are also shown in Fig. 1 as the

7 dashed curve. The agreement améngl; and experimental

6 values is well established both inside and outside the gap. If
.t l | i more sequences of the multilayer are averaged in the calcu-
g5t | lation ofl 4, the peaks appeared between 550 and 600 nm for
?_, i )\ the dashed curvd) will be smoothed. Based on Figs. 1 and
€ 4r b V ‘\ 2 and the above discussion it is confirmed that the total lo-
E 5t J eo. M l ] calization length can be decided by the localization length of
- . J\U{ the disordered multilayer in the absence of absorption and

2 [ Ld the characteristic absorption length of the dissipative layer.

\K_ Lr Our conclusions are coincident with the theoretical predic-

/\/

1 % B—= tion given recently by Zhang in Ref. 7.
0 R RN Lt In addition, from Fig. 2 one may see that both measured
400 450 500 550 600 650 700 750 800 ar_1d calculated localization length forad|sordered_ mu_Itllayer
with D=0.16 are longer than that of a regular dissipative one
in the gap, i.e.l4>I, . However, the absorption is very small

FIG. 2. The comparison of experimental localization Iengths'rr]] )\>h550 nm a’.‘d itis n_uII Whem>.f6‘g.) nr?j' So, t.hls mehansb
(.) Wlth CaICUIatedlt, I;lzlgl‘i‘l:l Hereld iS the |Oca|i2ati0n that the transmittance increases | Isorder exists. T at be-

length for a corresponding disordered multilayer in the absence Otpavior may be an experimental evidence of the theoretical

absorption and, that for a regular quarter-wave stack in the pres-"esults presented by Freilikhet al. o _
ence of absorption. In summary, we have measured the transmission of light
for the dissipative disordered multilayers in the visible spec-
the Bragg reflection. Therefore, once the disorder of thé[r;l:srgisr?da:]?jutr]h(je %‘uﬁﬁgogf?kt]'ii:(;if;'o_?zzliggﬁgg It(r)igls-_
multilayer destroys the perfect Bragg coherence, i.e., inside Y :

the gap the localization length becomes longer, the expre%gatlon lengths .f't the experimental yalu_es_ very well. From
R . . both the experiment and computation it is found that the
sionl; =1, "+, " appears to be no longer valid. To avoid

: ? effects caused due to both the absorption and disorder can be
the effect of perfect Bragg reflection, which does not play a imply expressed byglzlal+|;1

big role for a disordered multilayer, and to retain the effect of°
absorption,l, should be replaced bl,, the characteristic  The authors are grateful to Dr. Z. Q. Zhang for interesting
absorption length of antimonite layers. The absorption lengthliscussions and to the National Natural Science Foundation
is directly connected ta’, the imaginary part of the refrac- of China for financial support.
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