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Localization and delocalization of light under oblique incidence
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It is found experimentally that light is localized for a disordered binary multilayer, which is periodic on
average and is composed of cryolite and antimonite, under oblique incidence. The localization length of
p-polarized light increases with the incident angle, while it is almost a constant fors-polarized light, when the
incident angle varies between 0° and 70°. This effect can be attributed to the vector nature of light, i.e., the
reflection ofp waves on the multilayer interfaces becomes small when the incident angle approaches Brew-
ster’s angle. The corresponding localization lengths are calculated by the transfer matrix method. Our mea-
surements agree with the simulation of the transfer matrix method, when the self-averaging effect plays a role.
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I. INTRODUCTION

It has been demonstrated that disorder can induce lo
ization of classical waves in a one-dimensional system.1–12

The corresponding localization lengthj for such layered me-
dia can be measured and calculated, wherej, as usual, is
defined asj52L/^ lnT&. HereL is the total thickness of the
system,T is the transmittance of light and̂•••& represents an
average over the statistical distribution of the disordered s
tem. In this aspect the similarity of light localization to oth
classical wave localization seems to be apparent. Howe
light has an inherent vector nature that is quite different fr
scalar waves such as the acoustic wave. This vector na
should become apparent in light localization related phen
ena. By using long-wavelength theory and the Monte Ca
method Sipeet al. have predicted that the delocalization e
fect, i.e., the divergence of the localization length
p-polarized waves, can occur for a disordered layered me
under certain conditions.13 The physical reason is that whe
the incident angle is varied the reflection and transmission
the multilayer interfaces are different forp and s waves.
Therefore, the interference between these reflections
transmissions are also different forp ands waves. This leads
to a divergence of the localization length forp waves. Spe-
cifically, if the incidence angle equals Brewster’s angle,
p wave can pass completely through the multilayer with
reflection. This is rather an interesting effect because the
no such analogy for scalar waves. Until now there has
been any experimental evidence, though the exponentia
cay of light with the wavelengths inside the band gap for
regular multilayers is well known.

In our experiment on the measurements of light transm
sion in a disordered binary multilayer composed of cryo
and antimonite we find that, at wavelengths either inside
outside the corresponding photonic band gap the expone
relationship between transmittance and multilayer thickn
exists under oblique incidence. In addition, the localizat
length increases with incident angle forp-polarized waves,
while it remains nearly unchanged fors-polarized waves, as
the incident angle varies from 0° to 70°. The correspond
localization length is also calculated by the optical trans
matrix method.14 Based on both measurement and simulat
it is believed that this effect may be attributed to the de
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calization process, which is related to the light polarizatio
The main experimental and calculated results are reporte
this paper.

II. EXPERIMENT

The experimental setup is as follows. The multilayer
placed vertically on a stage, which can be horizontally
tated. Thus, the incidence angle of the light beam is precis
adjustable. We use a Model 3900s Ti: Sapphire cw la
pumped by a Model 171 Ar1 laser as a light source. It
output is about 100 mW, horizontally polarized at 790 a
880 nm. The laser beam passes horizontally through
multilayer. In such an arrangement the plane of polarizat
is in the plane of incidence, corresponding to ap wave. For
an incidents wave, a pair of special broad band reflector15

is used to change the polarization of the laser beam from
horizontal to the vertical direction. In the measurement
laser beam goes first through a Glan-Thomson prism
improves the degree of linear polarization of the beam
better than 104. This is rather important, because at larg
angles of incidence the transmission intensities of thep and
s waves can differ by 105. Then the beam is incident on th
multilayer. The transmitted light finally enters a box, whic
blocks all scattered light coming from various elements, a
inside the box is a detector, a Model PD300 NOVA las
power monitor~Ophir Optronics Ltd.!. The highest sensitiv-
ity of this detector is 0.1 nW and the lowest transmitt
intensity in our experiment is several nW, so that the m
surement may be regarded as reliable. For each experim
run the input laser intensity is calibrated.

The disordered binary multilayers used here are the s
as those used in our previous experiment.7 They consist of
both cryolite and antimonite layers and are periodic on av
age. The disorder is produced by choosing the thicknes
the antimonite layers randomly from a flat distributio
around an average value of^b&5d/4nb557 nm, while the
thickness of all the cryolite layers are the same and^a&
5d/4na5122 nm. Herena51.33 andnb52.83 are the cor-
responding refractive indices andd5650 nm. The degree o
disorder for the multilayer is defined asD5@( i(bi
2^b&)2/M #1/2 / l ab , andbi , M , and l ab5^a&1^b& are, re-
spectively, the real thickness, total number of antimonite l
28 © 1997 The American Physical Society
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TABLE I. The designed thickness of the antimonite layers, in units of nm, and their sequences.Bi, Ci, andDi are the thicknesses of th
i th layer for the multilayers withM510, 15, and 21, respectively. In the cases ofM515 and 21, the layer thicknesses are symmetrica
distributed with respect to the central layer, the eighth and the eleventh layer, respectively, ie.,C15C15,C25C14, . . . ,C75C9 and
D15D21,D25D20, . . . ,D105D12. Therefore, the values ofCi( i.8) andDi ( i.11) are omitted in the table. The first antimonite lay
of each multilayer is in direct contact with the surface of the optical glass substrate, which has a refractive index of 1.52.

i 1 2 3 4 5 6 7 8 9 10 11

Bi 23 46 80 87 92 87 80 46 23 9

Ci 16 20 27 69 79 83 90 94

Di 14 16 18 37 48 75 80 85 88 92 95
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ers, and the average multilayer period. In order to show
relationship between the transmission and the total thickn
of the multilayer, three kinds of disordered multilayers a
prepared. These have the sameD50.16 andl ab5179 nm,
but different total lengthsL510, 15, and 21 in units ofl ab
~i.e.,M510, 15, and 21!, respectively. The designed thick
ness and sequence of the antimonite layers for these m
layers are listed in Table I.

According to the definition of the light localization length
j52L/^ ln T&, j can be obtained by measuring the transm
sion of light passing through the disordered multilayers w
variousL and then by the linear regression of different pa
of L and lnT. For the corresponding regular quarter wa
stack (l5650 nm) the first band gap is located around 5
to 849 nm. In the case of a regular binary multilayer, with
the gap light decays exponentially with the total thickne
and the transmittance is very low because of perfect Br
reflection. However, outside the gap there is no exponen
relationship between transmittance and the total thickn
To see the dependence of the transmittance of the disord
multilayer on the angle of incidence both inside and outs
the gap, i.e., to confirm if the light is still localized, th
experiments are performed at two wavelengths, namely,
nm ~inside the gap! and 880 nm~outside the gap!.

III. EXPONENTIAL DECAY OF LIGHT

The transmittances of thes andp wave,Ts andTp , are
measured for the multilayer withM510, 15, and 21 and
incident angle ofu50° to 70°. Figure 1~a! shows the varia-
tion of Ts andTp with u for the M521 multilayer at two
wavelengths, 790 and 880 nm, while in Fig. 1~b! the varia-
tion for theM515 multilayer is given. One finds thatTp
increases by five to six orders of magnitude for both mu
layers whenu varies from 0° to 70°. On the contrary, th
changes ofTs are very small, within one order of magnitud
The exponential decay has been verified for the disorde
multilayer at normal incidence in the previous experiment,
the present measurements ofTs imply that fors waves such
an exponential relationship betweenTs andM exists too un-
der oblique incidence. We further examineTp . The depen-
dencies ofTp on M at 790 and 880 nm are measured. T
results show that at smallu, 0° and 10°, the measuredTp
coincides with the exponential relationship quite well. B
when u goes up, a marked deviation ofTp in the M510
multilayer is observed, while that in theM515 and 21 mul-
tilayers still follow an exponential decay. Asu becomes
larger, the deviation becomes more pronounced. This be
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ior occurs at both wavelengths. In addition, at 790 nm
exponential variation ofTp with M515 and 20 holds for all
incident angles between 0° and 70°. However, at 880 nm
relationship fails atu larger than 45°. Such a kind of devia

FIG. 1. The variation of measured transmittances ofp and s
waves with incident angle at 790 and 880 nm for two multilayers
~a! 21 periods~b! 15 periods.
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tion may be caused by the longer real localization length
limited total multilayer thickness. From this experiment w
know that the localization lengthjp increases withu. In the
experiment we measure only the transmittance of
multilayer with a particular layer thickness distribution a
the averaging over different sequences of layers is not ta
into account. So, in our case a self-averaging effect sho
play an essential role in the exponential decay of light. T
previous study has pointed out that this self-averaging ca
effective only if the total thickness of the multilayer is muc
greater than the corresponding localization length, otherw
the error may be remarkable. At normal incidencejp is only
1;2 l ab and the total thickness of the multilayer is 10, 1
and 21l ab , respectively, thusL@jp is well satisfied. How-
ever, asu increasesjp becomes large. The self-averagin
effect may fail, first, for the thinnest multilayer ofM510,
and then even for the thicker multilayer. The measured
sults for u550° and 55° show that there the exponent
decay is destroyed even for the multilayers withM515 and
21. Based on our experiment and the above discussions
believed that, as long as the total multilayer thickness
much longer than the corresponding localization length,
the self-averaging effect does work, then, the exponen
relationship betweenTp and L is still valid in the case of
oblique incidence.

IV. LOCALIZATION LENGTH:
MEASURED AND CALCULATED

The measured values ofjp and js are derived from the
exponential dependence ofT on M . At the same time they
are calculated by the optical transfer matrix method. T
comparisons between measurement and calculation at
and 880 nm are given in Figs. 2~a! and 2~b!, respectively.
For ans wave, whenu varies from 0° to 70°,js is almost
unchanged at the wavelengths of either inside or outside
gap and the measured values fit very well with the calcula
ones. For ap wave, however, two experimental phenome
can be identified. First, the divergence ofjp appears, i.e., a
steep rise injp can be seen in a certain angle range, nam
;65° for the transmission of 790 nm and;45° for that of
880 nm. Second, the coincidence of measurement with
culation is good whenjp is small, while the error become
large asjp.3 lab . Moreover, a longerjp may lead to a
larger error. This disagreement may be attributed to the
that the self-averaging effect does not work due to too sh
a total thickness of the multilayer, as we have described
the last paragraph. In our case, because of the higher re
tive contrast between two coating materials, the angle
which light with p polarization passes completely throug
the binary multilayers cannot be approached@see Eq.~9! of
Ref. 13#. What we present here are the phenomena when
angle of incidence is getting close to this angle. Even so,
experiment gives a verification of the prediction of Si
et al.13

Furthermore, our measurement can provide a rough e
mate of how many layers are needed practically for gettin
reliable experimental localization length. The thicke
multilayer we used is 21l ab and the error starts to occur a
jp.3 lab , so the minimal ratio of total thickness to localiz
tion length should be greater than 7.
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V. CONCLUSION

A polarization related change of light localization leng
for a random one-dimensional system has been experim
tally demonstrated. The localization length increases with
incident angle of thep-polarized light, while it remains a
constant fors waves. It originates physically from the differ
ent properties of reflection and transmission in the interfa
of a random multilayer for the two types of polarized wave
Therefore, this effect can be observed only for the locali
tion of a vector wave. The optical transfer matrix calcu
tions are in reasonably good agreement with the meas
ments.
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FIG. 2. The localization length, in units ofl ab , as a function of
incident angle forp ands waves at~a! 790 nm~b! 880 nm. Solid
line: calculated curve.
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