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Probing localized states with spectrally resolved speckle techniques
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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 lightdifficult to tell the spatial extend of each lasing state from the
transport in disordered medja—4]. When coherent light is image of the emitted light distribution at the surface of the
scattered by a disordered medium, the intensity of the emerandom medium.
gent wave exhibits an apparently random spatial variation In order to understand the nature of the localized states, it
known as speckle. The speckle pattern represents a sampis-essential to know their wave functions. Unfortunately, it is
specific fingerprint that contains detailed information of theimpossible to measure the distribution of light field inside the
random medium. In this work we apply the speckle correlatandom medium. Nevertheless, information of the wave
tion technique to the study of localized states in a randonfunctions of the localized states at the surface of the random
medium. medium gives an important clue. In this paper we use a

The eigenmodes of the Maxwell equations in a disorderednethod named the spectrally resolved speckle analysis to
dielectric medium can be divided into two categories: ex-study the spatial profile of individual localized states at the
tended states and localized states. The wave function of egurface of a random medium. We first induce lasing of the
extended state is spread more or less uniformly throughod@calized states with optical pumping, then measure the
the entire medium, while the wave function of a |Oca|izedspeCk|e pattems of coherent emission from individual |aSing
state is concentrated in some part of the medium. The dwefitates. Using Fourier transform, we obtain the spatial field
time of photons in a localized state is longer than that in arforrelation functions of ||jd|V|duaI Iocallz.ed ;tates at the sur-
extended state, due to the lower escaping rate of photor@ce of the random medium. Our work is different from the

through the boundaries. It is unclear whether localized stat revious studies of speckle in two respedts.We measure

exist in a three-dimensional random medium far from thel© SPeckle of coheremmissionfrom the random medium.
The speckle patterns afeequencyresolved.

localization threshold. Over the past decade, there has beé'ﬁ) : ; .
much theoretical study of the anomalously localized state We have measured the localized states in two kinds of
y y Fandom media. One is the polymer containing dye and mi-

gqr electrons_ n thelmebtalhc re_gm[éf]. Ho;/]vever, there |sEno croparticles. The other is the closely packed semiconductor
irect experimental observation of such states yet. Even i anoparticles. In the polymer the dye is the gain medium,

the localized states exist in the diffusion regime, their nuUM-ynq the microparticles are the scattering centers. Because the

ber is much less tharj that of the extended staFes. Thus, “TPansport mean free path is much longer than the optical
extended states dominate the transport properties. The locg{rayelength, the system is far from the localization threshold.
ized states contribute only to the tail of the time of flight |5 the semiconductor powder, the nanoparticles serve as both
distribution at long delay time. Therefore, it is hard to probethe gain medium and the scattering element. The transport
the localized states in the transmission measurement. A nemiean free path is on the order of the emission wavelength,
way of probing the localized states is to introduce opticalthus the system is close to the localization threshold. We find
gain to a local region of the random medid@l. Since the localized states exist in both random media but they are very
extended states have less spatial overlap with the gain vodtifferent in size.

ume than those localized states that occupy the gain volume, The polymer samples are poéigethyl methacrylate

the effective gain for the extended states is less. Besides, tiEMMA) sheets containing rhodamine 640 perchlorate dye
localized states have a longer lifetinfflewer decay ratgs and titanium dioxide (Ti@) microparticles[7]. The thick-
than the extended states. Hence, the localized states lase firgss is between 0.5 mm and 1 mm. The frequency-doubled
as the pumping rate increases. Once the localized states laseitput \ =532 nm) of a mode-locked Nd:YAGyttrium
their intensity is much higher than that of the extended statesluminum garnetlaser (10 Hz repetition rate, 30 ps pulse
Thus, they dominate the emission spectrum and the field patidth) is used to excite the dye molecules in the sample. The
tern. The lasing peaks in the spectrum reveal the frequenciexperimental geometry is shown schematically in Fi@).1

of the localized states. The critical pumping rates for lasingThe pump beam is focused by a lens of 5 cm focal length
reflect the lifetimes of the localized states. Since the wavento the polymer sheet at normal incidence. The pump spot
functions of the localized states may overlap spatially, it isat the sample surface is about gt in diameter. The emis-
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FIG. 2. (a) The amplitude of the spatial field correlation function
Wavelength (nm) |Ce(x)| for the lasing peak at=622.8 nm in Fig. lb) (marked by

FIG. 1. (a) Schematic experimental geometry for the spectrallyf'jln arrow. (b) The SF’"d line isS(x) obtaiqed _by integrating:E_(x)|
(a). The dotted line represents the fit with an exponential decay

resolved speckle measurement of laser emission from the rando!tﬂ ;
medium. (b) Part of a spectral image of the emission from the unction.
polymer containing dye and microparticles. The incident pump

pulse energy is 0.98.J. The far-field speckle pattern of a lasing state is deter-

mined by its field pattern at the sample surface. The angular

sion from the sample is collimated by the same lens andjistribution of the outgoing fieldE(q) is the Fourier trans-
directed to a 0.5-m spectrometer with a cooled chargeform of the field patterrE(x) at the surface,
coupled devicdCCD) array detector. The distance from the
lens to the spectrometer’s entrance slit is equ.al to the focal E(q):f E(x)e 279%dx, (1)
length of the lens. Because the polymer sheet is placed at the
focal plane of the lens, the emission from the polymer sheet
is collimated before entering the spectrometer. When thavhereq=sind/\, ¢ is the angle between the emission direc-
emission area is very small compared to the focal length ofion and the normal to the sample-air interface, amdpre-
the lens, the emission angle corresponds to the vertical coosents the transverse coordinate at the sample surface. The
dinate along the entrance slit of the spectrometer. The speangular distribution of the emission intensitgq) =|E(q)|?
trometer images its entrance slit onto the two-dimensionatan be obtained experimentally from the far-field speckle
(2D) CCD array detector with a 1:1 ratio. pattern. The spatial field correlation function at the sample

Figure 1b) shows part of a spectral image above the lassurface C(x)=fE*(x')E(x+x')dx’. According to Eq.

ing Fhresh(.)ld-. The horizontal axis is the WaVeIength, and th%l)' CE(X) and|(q) form a Fourier transform pair, name'y'
vertical axis is the angle. The dye concentration is 30 mM

and TpO particle density is 14102 c¢cm 3. The coherent _ —i2mx
backsgattgring measureyment of the polymer with the same CE(X)_f '(a)e "da. 2

TiO, particle density but no dye gived =32 [7]. At low

pump intensity, the emission spectrum has a single broadiherefore, the speckle pattern of a lasing state gives its spa-
spontaneous emission peak. The spontaneous emission intdi@l field correlation function.

sity is invariant with the angle. When the pump intensity ~From the 2D spectral image shown in Figb)l we obtain
exceeds a threshold, discrete narrow peaks emerge in tlilee angular dependentg) of the emission intensity for the
emission spectrum. For each spectral peak, the emission itesing peak ah =622.8 nm(marked by an arroy I(q) is
tensity fluctuates randomly with the angle. The emergence oformalized1(q))=1. Using discrete Fourier transform, we
speckle is a direct evidence of coherent emission from thget the spatial field correlation function, whose amplitude is
sample. As shown in Fig.(Ih), different spectral peaks have plotted in Fig. 2a). The spatial resolutiodx for Cg(x) is
different speckle patterns. When the pump intensity increasedetermined by the angular rangkq of I(q), i.e., 6x
further, the contrast of the speckle pattern, i.e., the amplitude= 1/Aq. Because the diameter of the lens is larger than the
of intensity variation, increases as the emission becomegwidth of the CCD array detector, the maximum collecting
more coherent. angle for the emissiord,,=arctanp/2f)=0.066, wheref
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=50 mm is the focal length of the lens af=6.6 mm is 400
the width of the CCD array detector. Sinég<<1, sing~6, 3501 (a)
and g~60/\. AQ~26,/\~D/fA~0.21 um 1  &x a00]
~4.7 um. The spatial rangAx for Cg(x) is determined by ssol
the angular resolutiodq, i.e., Ax=1/6q. Since the emitted
light is collimated by the lens, the angular resolution depends 200 \
on the sizes of each CCD pixel.s=26 um. sq~s/f\ 1501
=0.832 mmt. Ax~1.2 mm. As a result of Fourier trans- I
form in the finite range of}, the value ofC(0) is inaccurate
and should be discarded.

As shown in Fig. 2a), the profile of|Cg(x)| has some
peaks and valleys. It reflects the field patt&tx). We lat- ootol
erally shift the entrance slit of the spectrometer to take a ' \ (b)

Decay Length (um)

100+

10 12 14 16 18 20
1/1,

different one-dimensional cut of the two-dimensional speckle 0.008+
pattern. Althoughl(x) changes completely, the resulting 0,006
|Ce(x)] is almost the same. The integration|6f(x)| gives 1

0.004 +

0 Ax/2
so0= [ eexlde= [ lcelae. @

0.002+

e

Experimentally |Cg(x)| falls to nearly zero wherx ap- o 12 14 1e 18 20
proachesAx/2. Hence, we replace by Ax/2 for the upper /1,

limit of the integral in Eq.(3). Figure 2b) plots S(x) ob- FIG. 3. (a) The decay length as a function the pump intenkity

tained by integratingCe(x)| in Fig. 2a@). S(x) is a smoother  pqmajized to the threshold valug. (b) The fitting errory? versus
function of x than|Cg(x)|. The dotted line in Fig. @) rep-  the normalized pump intensity, /1.

resents the fit of5(x) with an exponential decay function, _ _ o o

S(X):A exp(_)(/|d), where A and Id are the f|tt|ng param- !arge I_’eglon. As the pump |r_1ten5|w INCreases, the emission
eters.S(x) fits very well with the exponential decay func- intensity of the lasing state increases more rapidly than the
tion, the chi-squaredy®=0.0026. The decay length, is amplified spontaneous emission intensity. When the emission

131.8 um. We also fitS(x) with an algebraic decay function Ntensity of the lasing state becomes much higher than the
S(x)=c, /x%, wherec, andc, are the fitting parameters amplified spontaneous emission intensity, the wave function

- 2_ ._of the lasing state dominates the spatial field correlation
]Thedf# IS v?rly b_ad,)( _8'4.6' '\:Ne(;f)p_(le_?t Fhe Saeﬁﬁ!elgnalys'sfunction. The independence of the decay length on the pump
or difierent fasing peaks in F1g.(l). Their spatial field cor- intensity suggests the wave function of the lasing state does
relation functions are different. Neverthele&x) always

. . _ ; not change with the pumping rate. This conclusion agrees
fits wgll with an exponennal decay functlon,.but not an al-\uith the result of theoretical modelir@,8].
gebraic decay function. The decay length varies from peak to The decay length of a lasing state is also independent of

peak. The exponential decay fx) suggests that the enve- the excitation area. We vary the diameter of the pump spot at
lope of the spatial field correlation function falls exponen-the sample surface from 50 to 400m by adding two lens
tially with x, namely,| Cg(x)|~exp(=x/lg). and an aperture to the optical path of the pump beam. When
We have measured the spatial field correlation functionshe pump power is fixed and the excitation area is reduced,
over a wide range of pump intensity, from the thresholdsome states with longer decay length stop lasing, while some
where discrete spectral peaks appear to well above thstates with shorter decay length start lasing. This is because
threshold. Figure @) plots the decay lengthy versus the the smaller states have more spatial overlap with the gain
pump intensity for a particular lasing state. The pump intenvolume when the diameter of the pump spot is smaller than
sity |, is normalized to the threshold vallg where this  the decay length. The effective gain for the smaller states is
lasing peak just emerges in the emission spectrum. We fttigher, thus it is easier for them to lase. However, some
S(x) with an exponential decay function. The fitting ersdgr  states keep lasing as the pump area is varied. Their decay
is shown in Fig. ). Just above the threshold, the exponen-lengths do not change with the pump area.
tial fit of S(x) is not good, as indicated by the relatively large  For comparison, we focus a He:Ne laser beam onto our
value of y2. The decay lengthy=365 um. With an in- sample and measure the speckle of the scattered laser light.
crease of the pump intensity? decreases, suggesting that In the absence of optical pumping, the polymer sheet is a
the exponential fit becomes better. The decay length alspassive random medium. The experimental setup is shown in
decreases. Eventuall(x) fits very well with an exponen- the inset of Fig. 4. To keep the reflected beam away from the
tial decay. The decay length does not change with the pumgntrance slit of the spectrometer, the incident angle of the
intensity any more. The behavior of the decay length can bé&le:Ne laser beam is set at45°. The diameter of the inci-
explained as follows. When the lasing peak just appears ident beam spot at the sample surface-80 uwm. From the
the emission spectrum, its intensity is lower than the amplifar-field speckle pattern, we gdt(q), and normalize it
fied spontaneous emission intensity. The large decay lengifi(q))=1. Fourier transform of(q) givesCg(x). Figure 4
indicates the amplified spontaneous emission is spread overpdots S(x). The dotted line represents an exponential fit of
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5 oo Toeer tion of laser emission is determined by the wave function of
the state that lases. For a coherent lasing state, the spatial
extend of Cg(x) directly reflects the spatial extend of the
wave functionE(x). Since the lasing state is extended over a
region whose size is much smaller than the sample size, it is
24 a localized state. Our measurement result of the polymer
S samples demonstrates that localized states exist in the disor-
11 dered system wittkI>1. Such states may be the optical
N analog to the anomalously localized states of electrons in the
0 1(|')o 2(';0 séo 4(:30 scl)o 600 metallic regime[S]'
x (um) We have also measured the localized states in closely
packed ZnO and GaN nanoparticles, whierés less than 10
FIG. 4. The solid line represeng&x), obtained by integrating pyt still larger than J11]. The pump light is switched to the
Ce(x) for the s_cattered He:Ne _Iaser light. The_ dashed I_ine réPrethird harmonics X =355 nm) of the pulsed Nd:YAG laser.
sents the fit with an exponential decay function. The inset is arg jncrease the range of the collecting angle for emission, we
schematic diagram of the experimental setup. replace the lens with a 20 microscope objective. The focal
length of the objectivd =8.3 mm. Its diameter is 6.6 mm,
S(x). The fit is quite bady?=0.025. We shift the sample so equal to the width of the CCD array detector. The angular
that the laser beam hits different part of the sample, and weange Aq=2.0 um~! and the spatial resolutionsx
repeat the speckle measurement. Similar results are obtained 0.5 um. The angular resolutioAg=8.2 mm !, and the
NeitherS(x) nor its ensemble average fit an exponential despatial rangeAx=121 um. We obtain the spatial field cor-
cay function. relation functions of individual lasing states from the Fourier
The spatial field correlation functioBg(x) at the surface transform of their speckle patterns above the lasing thresh-
of a passive random medium has been derived from the difeld. For all the lasing state§(x) fits well with the exponen-
fusion theory[9]. In the calculation, a coherent light trans- tial decay function. The decay length varies freni.5 um
mits through a thick slab. The light intensity at the exit faceto ~4.0 um for different states. Comparing the localized
is assumed constant. The envelope|©f(x)| is inversely  states in the semiconductor powder to those in the polymer,
proportional to the transverse coordinaten the surface, as we find the size of the localized states decreases as the dis-
is confirmed experimentally in a quasi-one-dimensional syserdered system moves toward the localization threshold.
tem[10]. This dependence is caused by the phase correlation In summary, the spectrally resolved speckle analysis of
of the field. In our experiment, the incident He:Ne laserlaser emission from a random medium gives the spatial field
beam has a Gaussian profile. Thus, the scattered light inteeorrelation functions for individual lasing states. The enve-
sity varies across the sample surface. The spatial field corrdéepe of the spatial field correlation function decays exponen-
lation function is determined not only by the phase correlatially with the transverse coordinate at the sample surface.
tion, but also by the spatial variation of the field amplitude.The decay length varies from state to state, but it is indepen-
The overall profile ofCg(x) at the sample surface depends dent of the pumping rate and the excitation area. For a co-
on the incident beam diameter and the sample absorption. lerent lasing state, the spatial field correlation function di-
does not exhibit a simple exponential decay. rectly reflects the wave function. We demonstrate that
Different from the speckle of an external laser light scat-localized states exist in a random medium far from the local-
tered by a passive random medium, the speckle of lasdration threshold. With decrease of the transport mean free
emission from an active random medium gives the spatiapath, the localized states shrink in size. The introduction of
field correlation functions of the lasing states. In contrast taoptical gain to a local region of a random medium allows the
that of the scattered He:Ne laser light, the spatial field cordirect observation of these localized states that are hardly
relation function of a lasing state does not depend on thaccessible in the transport experiment.
excitation area or the pumping rate. Recent theoretical mod- We thank Professor A. Z. Genack for stimulating discus-
eling shows that when an eigenstate of a random mediursions. This work was partially supported by the National
lases, the spatial distribution of laser light field is identical toScience Foundation under Grant No. DMR-0093949. H.C.
the wave function of the eigenstate in the passive mediunacknowledges support from the David and Lucile Packard
[6,8]. Therefore, the measured spatial field correlation funcfFoundation and the Alfred P. Sloan Foundation.
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