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Probing localized states with spectrally resolved speckle techniques

H. Cao, Y. Ling, J. Y. Xu, and A. L. Burin
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208

~Received 26 June 2001; published 23 August 2002!

We have studied the spatial extent of localized states in random media using speckle correlation techniques.
Optical gain is introduced to a local region of a random medium to induce lasing of the localized states. The
far-field speckle pattern of laser emission from a localized state gives its spatial field correlation function at the
surface of the random medium. The envelope of the spatial field correlation function decays exponentially with
the transverse coordinate on the surface. The decay length is independent of the pumping rate and the excita-
tion area. We demonstrate that localized states exist in a disordered system that does not reach the localization
threshold.
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Speckle analysis is a powerful tool used to study lig
transport in disordered media@1–4#. When coherent light is
scattered by a disordered medium, the intensity of the em
gent wave exhibits an apparently random spatial varia
known as speckle. The speckle pattern represents a sam
specific fingerprint that contains detailed information of t
random medium. In this work we apply the speckle corre
tion technique to the study of localized states in a rand
medium.

The eigenmodes of the Maxwell equations in a disorde
dielectric medium can be divided into two categories: e
tended states and localized states. The wave function o
extended state is spread more or less uniformly through
the entire medium, while the wave function of a localiz
state is concentrated in some part of the medium. The d
time of photons in a localized state is longer than that in
extended state, due to the lower escaping rate of pho
through the boundaries. It is unclear whether localized st
exist in a three-dimensional random medium far from
localization threshold. Over the past decade, there has
much theoretical study of the anomalously localized sta
for electrons in the metallic regime@5#. However, there is no
direct experimental observation of such states yet. Eve
the localized states exist in the diffusion regime, their nu
ber is much less than that of the extended states. Thus
extended states dominate the transport properties. The lo
ized states contribute only to the tail of the time of flig
distribution at long delay time. Therefore, it is hard to pro
the localized states in the transmission measurement. A
way of probing the localized states is to introduce opti
gain to a local region of the random medium@6#. Since the
extended states have less spatial overlap with the gain
ume than those localized states that occupy the gain volu
the effective gain for the extended states is less. Besides
localized states have a longer lifetime~lower decay rates!
than the extended states. Hence, the localized states las
as the pumping rate increases. Once the localized states
their intensity is much higher than that of the extended sta
Thus, they dominate the emission spectrum and the field
tern. The lasing peaks in the spectrum reveal the frequen
of the localized states. The critical pumping rates for las
reflect the lifetimes of the localized states. Since the w
functions of the localized states may overlap spatially, it
1063-651X/2002/66~2!/025601~4!/$20.00 66 0256
t

r-
n
le-

-

d
-
an
ut

ll
n
ns
es
e
en
s

if
-
he
al-

w
l

l-
e,

the

first
se,
s.
t-

ies
g
e
s

difficult to tell the spatial extend of each lasing state from t
image of the emitted light distribution at the surface of t
random medium.

In order to understand the nature of the localized state
is essential to know their wave functions. Unfortunately, it
impossible to measure the distribution of light field inside t
random medium. Nevertheless, information of the wa
functions of the localized states at the surface of the rand
medium gives an important clue. In this paper we use
method named the spectrally resolved speckle analysi
study the spatial profile of individual localized states at t
surface of a random medium. We first induce lasing of
localized states with optical pumping, then measure
speckle patterns of coherent emission from individual las
states. Using Fourier transform, we obtain the spatial fi
correlation functions of individual localized states at the s
face of the random medium. Our work is different from th
previous studies of speckle in two respects.~i! We measure
the speckle of coherentemissionfrom the random medium
~ii ! The speckle patterns arefrequencyresolved.

We have measured the localized states in two kinds
random media. One is the polymer containing dye and
croparticles. The other is the closely packed semicondu
nanoparticles. In the polymer the dye is the gain mediu
and the microparticles are the scattering centers. Becaus
transport mean free path is much longer than the opt
wavelength, the system is far from the localization thresho
In the semiconductor powder, the nanoparticles serve as
the gain medium and the scattering element. The trans
mean free path is on the order of the emission wavelen
thus the system is close to the localization threshold. We
localized states exist in both random media but they are v
different in size.

The polymer samples are poly~methyl methacrylate!
~PMMA! sheets containing rhodamine 640 perchlorate d
and titanium dioxide (TiO2) microparticles@7#. The thick-
ness is between 0.5 mm and 1 mm. The frequency-dou
output (l5532 nm) of a mode-locked Nd:YAG~yttrium
aluminum garnet! laser ~10 Hz repetition rate, 30 ps puls
width! is used to excite the dye molecules in the sample. T
experimental geometry is shown schematically in Fig. 1~a!.
The pump beam is focused by a lens of 5 cm focal len
onto the polymer sheet at normal incidence. The pump s
at the sample surface is about 50mm in diameter. The emis-
©2002 The American Physical Society01-1
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sion from the sample is collimated by the same lens
directed to a 0.5-m spectrometer with a cooled char
coupled device~CCD! array detector. The distance from th
lens to the spectrometer’s entrance slit is equal to the fo
length of the lens. Because the polymer sheet is placed a
focal plane of the lens, the emission from the polymer sh
is collimated before entering the spectrometer. When
emission area is very small compared to the focal length
the lens, the emission angle corresponds to the vertical c
dinate along the entrance slit of the spectrometer. The s
trometer images its entrance slit onto the two-dimensio
~2D! CCD array detector with a 1:1 ratio.

Figure 1~b! shows part of a spectral image above the l
ing threshold. The horizontal axis is the wavelength, and
vertical axis is the angle. The dye concentration is 30 m
and Ti2O particle density is 1.431012 cm23. The coherent
backscattering measurement of the polymer with the sa
TiO2 particle density but no dye giveskl532 @7#. At low
pump intensity, the emission spectrum has a single br
spontaneous emission peak. The spontaneous emission i
sity is invariant with the angle. When the pump intens
exceeds a threshold, discrete narrow peaks emerge in
emission spectrum. For each spectral peak, the emissio
tensity fluctuates randomly with the angle. The emergenc
speckle is a direct evidence of coherent emission from
sample. As shown in Fig. 1~b!, different spectral peaks hav
different speckle patterns. When the pump intensity increa
further, the contrast of the speckle pattern, i.e., the amplit
of intensity variation, increases as the emission beco
more coherent.

FIG. 1. ~a! Schematic experimental geometry for the spectra
resolved speckle measurement of laser emission from the ran
medium. ~b! Part of a spectral image of the emission from t
polymer containing dye and microparticles. The incident pu
pulse energy is 0.98mJ.
02560
d
-

al
he
et
e
f
r-
c-

al

-
e

e

d
en-

the
in-
of
e

es
e

es

The far-field speckle pattern of a lasing state is det
mined by its field pattern at the sample surface. The ang
distribution of the outgoing fieldE(q) is the Fourier trans-
form of the field patternE(x) at the surface,

E~q!5E E~x!ei 2p q xdx, ~1!

whereq[sinu/l, u is the angle between the emission dire
tion and the normal to the sample-air interface, andx repre-
sents the transverse coordinate at the sample surface.
angular distribution of the emission intensityI (q)[uE(q)u2
can be obtained experimentally from the far-field spec
pattern. The spatial field correlation function at the sam
surface CE(x)[*E* (x8)E(x1x8)dx8. According to Eq.
~1!, CE(x) and I (q) form a Fourier transform pair, namely

CE~x!5E I ~q!e2 i 2p x qdq. ~2!

Therefore, the speckle pattern of a lasing state gives its
tial field correlation function.

From the 2D spectral image shown in Fig. 1~b!, we obtain
the angular dependenceI (q) of the emission intensity for the
lasing peak atl5622.8 nm~marked by an arrow!. I (q) is
normalized:̂ I (q)&51. Using discrete Fourier transform, w
get the spatial field correlation function, whose amplitude
plotted in Fig. 2~a!. The spatial resolutiondx for CE(x) is
determined by the angular rangeDq of I (q), i.e., dx
51/Dq. Because the diameter of the lens is larger than
width of the CCD array detector, the maximum collectin
angle for the emissionum5arctan(D/2f)50.066, wheref

m

p

FIG. 2. ~a! The amplitude of the spatial field correlation functio
uCE(x)u for the lasing peak atl5622.8 nm in Fig. 1~b! ~marked by
an arrow!. ~b! The solid line isS(x) obtained by integratinguCE(x)u
in ~a!. The dotted line represents the fit with an exponential de
function.
1-2
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550 mm is the focal length of the lens andD56.6 mm is
the width of the CCD array detector. Sinceum!1, sinu'u,
and q'u/l. Dq'2 um /l'D/ f l'0.21 mm21. dx
'4.7 mm. The spatial rangeDx for CE(x) is determined by
the angular resolutiondq, i.e., Dx51/dq. Since the emitted
light is collimated by the lens, the angular resolution depe
on the sizes of each CCD pixel.s526 mm. dq's/ f l
50.832 mm21. Dx'1.2 mm. As a result of Fourier trans
form in the finite range ofq, the value ofCE(0) is inaccurate
and should be discarded.

As shown in Fig. 2~a!, the profile of uCE(x)u has some
peaks and valleys. It reflects the field patternE(x). We lat-
erally shift the entrance slit of the spectrometer to tak
different one-dimensional cut of the two-dimensional spec
pattern. AlthoughI (x) changes completely, the resultin
uCE(x)u is almost the same. The integration ofuCE(x)u gives

S~x![E
x

`

uCE~x8!udx8.E
x

Dx/2

uCE~x8!udx8. ~3!

Experimentally uCE(x)u falls to nearly zero whenx ap-
proachesDx/2. Hence, we replacè by Dx/2 for the upper
limit of the integral in Eq.~3!. Figure 2~b! plots S(x) ob-
tained by integratinguCE(x)u in Fig. 2~a!. S(x) is a smoother
function of x than uCE(x)u. The dotted line in Fig. 2~b! rep-
resents the fit ofS(x) with an exponential decay function
S(x)5A exp(2x/ld), whereA and l d are the fitting param-
eters.S(x) fits very well with the exponential decay func
tion, the chi-squaredx250.0026. The decay lengthl d is
131.8 mm. We also fitS(x) with an algebraic decay functio
S(x)5c1 /xc2, where c1 and c2 are the fitting parameters
The fit is very bad,x250.46. We repeat the speckle analys
for different lasing peaks in Fig. 1~b!. Their spatial field cor-
relation functions are different. Nevertheless,S(x) always
fits well with an exponential decay function, but not an
gebraic decay function. The decay length varies from pea
peak. The exponential decay ofS(x) suggests that the enve
lope of the spatial field correlation function falls expone
tially with x, namely,uCE(x)u;exp(2x/ld).

We have measured the spatial field correlation functi
over a wide range of pump intensity, from the thresho
where discrete spectral peaks appear to well above
threshold. Figure 3~a! plots the decay lengthl d versus the
pump intensity for a particular lasing state. The pump int
sity I p is normalized to the threshold valueI 0 where this
lasing peak just emerges in the emission spectrum. We
S(x) with an exponential decay function. The fitting errorx2

is shown in Fig. 3~b!. Just above the threshold, the expone
tial fit of S(x) is not good, as indicated by the relatively larg
value of x2. The decay lengthl d5365 mm. With an in-
crease of the pump intensity,x2 decreases, suggesting th
the exponential fit becomes better. The decay length
decreases. Eventually,S(x) fits very well with an exponen-
tial decay. The decay length does not change with the pu
intensity any more. The behavior of the decay length can
explained as follows. When the lasing peak just appear
the emission spectrum, its intensity is lower than the am
fied spontaneous emission intensity. The large decay le
indicates the amplified spontaneous emission is spread o
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large region. As the pump intensity increases, the emiss
intensity of the lasing state increases more rapidly than
amplified spontaneous emission intensity. When the emis
intensity of the lasing state becomes much higher than
amplified spontaneous emission intensity, the wave func
of the lasing state dominates the spatial field correlat
function. The independence of the decay length on the pu
intensity suggests the wave function of the lasing state d
not change with the pumping rate. This conclusion agr
with the result of theoretical modeling@6,8#.

The decay length of a lasing state is also independen
the excitation area. We vary the diameter of the pump spo
the sample surface from 50 to 400mm by adding two lens
and an aperture to the optical path of the pump beam. W
the pump power is fixed and the excitation area is reduc
some states with longer decay length stop lasing, while so
states with shorter decay length start lasing. This is beca
the smaller states have more spatial overlap with the g
volume when the diameter of the pump spot is smaller th
the decay length. The effective gain for the smaller state
higher, thus it is easier for them to lase. However, so
states keep lasing as the pump area is varied. Their de
lengths do not change with the pump area.

For comparison, we focus a He:Ne laser beam onto
sample and measure the speckle of the scattered laser
In the absence of optical pumping, the polymer sheet i
passive random medium. The experimental setup is show
the inset of Fig. 4. To keep the reflected beam away from
entrance slit of the spectrometer, the incident angle of
He:Ne laser beam is set at;45°. The diameter of the inci-
dent beam spot at the sample surface is;80 mm. From the
far-field speckle pattern, we getI (q), and normalize it
^I (q)&51. Fourier transform ofI (q) givesCE(x). Figure 4
plots S(x). The dotted line represents an exponential fit

FIG. 3. ~a! The decay length as a function the pump intensityI p

normalized to the threshold valueI 0. ~b! The fitting errorx2 versus
the normalized pump intensityI p /I 0.
1-3
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S(x). The fit is quite bad,x250.025. We shift the sample s
that the laser beam hits different part of the sample, and
repeat the speckle measurement. Similar results are obta
NeitherS(x) nor its ensemble average fit an exponential
cay function.

The spatial field correlation functionCE(x) at the surface
of a passive random medium has been derived from the
fusion theory@9#. In the calculation, a coherent light tran
mits through a thick slab. The light intensity at the exit fa
is assumed constant. The envelope ofuCE(x)u is inversely
proportional to the transverse coordinatex on the surface, as
is confirmed experimentally in a quasi-one-dimensional s
tem @10#. This dependence is caused by the phase correla
of the field. In our experiment, the incident He:Ne las
beam has a Gaussian profile. Thus, the scattered light in
sity varies across the sample surface. The spatial field co
lation function is determined not only by the phase corre
tion, but also by the spatial variation of the field amplitud
The overall profile ofCE(x) at the sample surface depen
on the incident beam diameter and the sample absorptio
does not exhibit a simple exponential decay.

Different from the speckle of an external laser light sc
tered by a passive random medium, the speckle of la
emission from an active random medium gives the spa
field correlation functions of the lasing states. In contras
that of the scattered He:Ne laser light, the spatial field c
relation function of a lasing state does not depend on
excitation area or the pumping rate. Recent theoretical m
eling shows that when an eigenstate of a random med
lases, the spatial distribution of laser light field is identical
the wave function of the eigenstate in the passive med
@6,8#. Therefore, the measured spatial field correlation fu

FIG. 4. The solid line representsS(x), obtained by integrating
CE(x) for the scattered He:Ne laser light. The dashed line rep
sents the fit with an exponential decay function. The inset i
schematic diagram of the experimental setup.
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tion of laser emission is determined by the wave function
the state that lases. For a coherent lasing state, the sp
extend ofCE(x) directly reflects the spatial extend of th
wave functionE(x). Since the lasing state is extended ove
region whose size is much smaller than the sample size,
a localized state. Our measurement result of the polym
samples demonstrates that localized states exist in the d
dered system withkl@1. Such states may be the optic
analog to the anomalously localized states of electrons in
metallic regime@5#.

We have also measured the localized states in clo
packed ZnO and GaN nanoparticles, wherekl is less than 10
but still larger than 1@11#. The pump light is switched to the
third harmonics (l5355 nm) of the pulsed Nd:YAG laser
To increase the range of the collecting angle for emission,
replace the lens with a 203 microscope objective. The foca
length of the objectivef 58.3 mm. Its diameter is 6.6 mm
equal to the width of the CCD array detector. The angu
range Dq52.0 mm21 and the spatial resolutiondx
50.5 mm. The angular resolutiondq58.2 mm21, and the
spatial rangeDx5121 mm. We obtain the spatial field cor
relation functions of individual lasing states from the Four
transform of their speckle patterns above the lasing thre
old. For all the lasing states,S(x) fits well with the exponen-
tial decay function. The decay length varies from;1.5 mm
to ;4.0 mm for different states. Comparing the localize
states in the semiconductor powder to those in the polym
we find the size of the localized states decreases as the
ordered system moves toward the localization threshold.

In summary, the spectrally resolved speckle analysis
laser emission from a random medium gives the spatial fi
correlation functions for individual lasing states. The env
lope of the spatial field correlation function decays expon
tially with the transverse coordinate at the sample surfa
The decay length varies from state to state, but it is indep
dent of the pumping rate and the excitation area. For a
herent lasing state, the spatial field correlation function
rectly reflects the wave function. We demonstrate t
localized states exist in a random medium far from the loc
ization threshold. With decrease of the transport mean
path, the localized states shrink in size. The introduction
optical gain to a local region of a random medium allows t
direct observation of these localized states that are ha
accessible in the transport experiment.
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