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Midinfrared scattering and absorption in Ge powder close to the Anderson localization transition
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Using a free electron laser we have performed midinfrared transmission and reflection measurements in
strongly scattering Ge powder. We have studied the wavelength dependence of the scattering properties and the
optical absorption. Results indicate that our samples are cldse 8) to the Anderson localization transition
but still above it. This is in contrast to the recently reported strong localization of lig(l) in a similar
powder of lower refractive index particlé&aAs.

PACS numbgs): 42.25.Dd, 72.15.Rn, 42.25.Hz

The similarities in the propagation of electron waves andering properties and the optical absorption in Ge powders
classical waves have led to an increasing interest in the reclose to the Anderson localization transition.
search of the transport of light in disordered scattering sys- The refractive index of Ge is very high in the near and
tems[1]. The final goal of many of these studies has been thenidinfrared (=4.0) [8], and the absorption of intrinsic Ge
observation of Anderson localization of light. Anderson lo- very low in the wavelength range 2—1&n. Therefore, Ge is
calization refers to a breakdown of wave propagation due t@ Very good candidate to prepare a material where infrared
constructive interferencf?]. In three-dimensional systems, light can be localized. We performed three distinct experi-
the transition between extended states and localized stat8Nts on the Ge powders: midinfrared coherent transmission
occurs wherklg=1 [3], wherek is the wave vector in the and diffuse total transmission and reflection measurements in
medium and  the scattering mean free path. The wave vecN€ wavelength range 4.5—gm. From the coherent trans-
tor is given byk=2n./\, wheren, is the effective refrac- mission we obtainlg, wh|I¢ the diffuse transmission and
tive index of the medieum andl theeoptical wavelength. To reflection measurements give us the transport mean free path,

o " I, or the average length over which the direction of propaga-
approa_ch the Iocgllzatlon tranS|_t|d_g| _needs to be rgduced, tion of light is randomized due to scattering. Our samples are
which is accomplished by maximizing the scattering cr

. . _ ) 9SR/ery close to the transition where localization effects are ex-
sectionos. For light, o is larger when the ratio between the o e t occur. As the transition is approachisdexpected
refractive indexes of the scatterery and the surrounding 1 pe reduced due to interference, becoming shorter than
medium is high and when the size of the scatterers is of theyg\yever, we did not observe evidence of strong localization
order of the wavelength. Although it is a complicating factor, i, our samples in spite of the very high refractive index
the presence of optical absorption is not necessarily a disagif Ge.
vantage. The role of absorption in the localization process is The propagation of light, in the weak scattering lirkit
still under debatg4], and it is unique to optical systems, 1, in optically thick disordered scattering media is well
since absorption is not present where the number of electrorgescribed by the diffusion equation. The diffusion equation
is conserved. neglects the interference of waves propagating along differ-
Difficulties in realizing a random medium where the scat-ent paths since on average this interference cancels out. The

tering is efficient enough to induce localization has been thdight diffuses in the medium with a Boltzman diffusion con-
reason why only few works report three-dimensional local-stant given byDg=uvl/3, wherev, is the energy velocity
ization of electromagnetic wavd$,6]. In Ref. [6] strong andlg is the Boltzman mean free path or the transport mean
localization kls<1) of near infrared light was reported in free path in the absence of interference. In the weak scatter-
GaAs (=3.5) powder samples consisting of randomlying limit, the Boltzman and the scattering mean free paths
packed micron-size particles. However, an alternative explaare related by the expressidg=I¢/(1—(cosd)), where
nation for these measurements has been proposed in terms(absd) is the average of the cosine of the scattering angle.
classical light diffusion and optical absorptipn]. Clearly, a  Notice thatlg is equal to or larger thahs, which is not
thorough characterization of the scattering and absorption isurprising since at least one scattering event is required to
needed to understand the transport of light in strongly scatrandomize the direction of propagation of the light. If the
tering media. In this Rapid Communication, we present aabsorption lengthl.,, is much larger than the sample thick-
systematic study of the wavelength dependence of the scatess,L, the total diffuse transmission scales wit., simi-

larly to Ohm’s law for the electronic conductance. Uf,

<L the diffuse transmission decreases exponentially with

*Present address: Stanford Picosecond FEL Center, W.W. Hans¢he sample thickness.

Experimental Physics Laboratory, Stanford University, Stanford, As | approaches the critical value at which the Anderson
CA 94040. localization transition takes place, the diffusion constant is
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FIG. 1. Schematic representation of a Ge powder sample. Wavelength, A (um)

FIG. 2. Localization parametek]s, in Ge powder samples as a

renormalized by wave interference. According to the Scallngtunction of the wavelengthy. Inset: Measurements of the transmis-

theory of localizatior{1,9], the renormalization _of the diffu- 0 < ihe coherent beam £8 um) as a function of the sample
sion constant may be eXpreSS_ed as,a reduction OT t_he t,ranﬁ"lckness,L. The line is an exponential fit to the measurements
port mean free path and, for isotropic scatterers, it is giveR.,m which we obtairt = 3.8+ 0.2 um.

by

tering (I5) and transporfl) mean free paths, and the absorp-
§_0+|__a+[ ' @ tion by the absorption coefficienk. Due to the irregular

shape of the Ge particles in the sample bulk, their size and
where &, is the coherence length. Close to the transition their random orientation, we may consider the scattering to
becomes smaller thah,. At the transition the coherence be nearly isotropic.
length diverges and the transport mean free path vanishes in The radiation source for our optical experiments was a
an infinite and nonabsorbing medium. Therefore, the meafree-electron lase(FEL) (FELIX, Rijnhuizen, The Nether-
surements of both mean free paths give insightful informadandg [11]. The FEL is continuously tunable in the midin-
tion about the Anderson localization transition, sincelan frared and delivers a train of picosecond pulses=df uJ
shorter tharl can be attributed to localization effects. Equa-energy. Each train, called macropulse, contains about 100
tion (1) is valid for a cube-geometry sample where the cut-micropulses. In general the signal from 25 macropulses is
off lengths for&, due to absorption and the finite size of the averaged at each wavelength. In addition, a reference detec-
sample are included at the same level. Most of the experitor before the sample was used to correct for intensity fluc-
ments in random media of scatterers are done in slabuations of the laser.
geometry samples in which theandy dimensions are much To obtainlgs we measured the decay in intensity of the
larger that thez dimension. For such samples the contribu-coherent beam transmitted by the sample as a function of
tion of absorption in Eq(1) is expected to be more important sample thickness. The transmitted fraction of the coherent
than the finite thickness of the sample, since light pathdeam is given by
longer thanL, are removed due to absorption, while paths
much longer thar are still possible along the-y planes. T e (L=dlex )

. . coh '
Our samples are layers of varying thickness of close-

packed Ge micron-size particles on Gaftbstrates. A de-
tailed description of the sample preparation will be publishedvhere |, is the extinction mean free pafii]. For weak
elsewherg10]. To estimate the particle size and to check theabsorption in the sample bulks&< a)l ., equalsls. The co-
homogeneity of the samples we took scanning electron miherent transmission was detected with a mercury cadmium
croscopy(SEM) images. In Fig1 a sample is schematically telluride (MCT) detector placed at a distance of 120 cm from
represented. The samples are formed by a thin top layer éhe sample and in the direction of the incoming FEL beam.
small particles with a linear dimension of 0:40.13 um.  We measured the transmission of the coherent beam at four
The thickness of this layed, is 5+1 um and it is constant wavelengths, 5, 6.5, 6.9, and8n. In the inset of Fig. 2 we
for all the samples. By means of energy dispersion x-rayplot the measurements at=8 um as a function of the
spectroscopy we have verified that the top layer is mainlysample thickness. From a fit to E(®) (shown by the solid
formed by Ge particles together with some impurities intro-line), a value ofls=3.8=0.2 um is obtained for this\. To
duced during the sample preparation. Due to the small size agfbtain kls we need the effective refractive index of the
the particles in this layer the scattering is negligible. Theressamplesn,. A good estimate ofi is given by the Maxwell-
fore, in the top layer only absorption takes place, characterGarnet effective refractive indg22]. Considering a Ge vol-
ized by the absorption coefficientt,. The bulk of the ume fraction of 409%46,13] we findne~1.6 in the measured
sample, with a thicknesss-d (see Fig. 1, is formed by big- X range. Figure 2 shows the wavelength dependenké, af
ger Ge particles with a dimension of 0:98.68 um. High  the Ge powder samples. The high polydispersity in the par-
resolution SEM images at different places of the bulkticle size is responsible of the nearly constant valuelQf
showed that the size distribution of the Ge particles was the=3 at\ =5, 6.5, and 7um [13]. However, at higher wave-
same at different locations within the same sample, and itengthsklg becomes larger, which is expected since the scat-
different samples. In the sample bulk scattering and absorgering cross section is reduced. The lkly is an evidence of
tion take place. The scattering is characterized by the scathe very strong scattering in our samples.
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FIG. 3. Total transmissioa) and reflection(b) measurements layer, ar,, and in the bulka, as a function of the wavelength,

in Ge powder samples at=8 um as a function of the samples
thicknessL. The solid lines represent fits to the measurements usThe boundary conditions of the diffusion equation are deter-
ing the diffusion theory. mined considering that the diffuse fluxes going into the
sample are due to a finite reflectivity at the boundalries.

To look for localization effects it is necessary to measureT; and Ry depend on the reflectivity at the boundaries by
a transport parameter suchlaghe transport mean free path means of the so-called extrapolation factefsand , [15],
can be obtained from the diffuse total transmission and rewhere index 1 refers to the boundary where the incident
flection, defined as the transmitted and reflected fluxes nobeam enters the sample and index 2 to the opposite bound-
malized by the incident flux. The total transmission wasary. Knowing the effective refractive index of the sample and
measured by collecting the transmitted light with anrefractive index of the substrate, can be easily calculated
infragold-coated integrating spheS). For the total reflec-  [16]. The extrapolation factor; will depend onay, and it
tion measurements the FEL beam was sent into the Igan be obtained from the total transmission measurements
through a small input port. The sample was at the oppositg10].
side of the IS, which collected only the reflected light. The  The solid lines in Fig. @) and 3b) are fits to the total
total transmission and reflection measurements=a8 um  transmission and reflection measuremeits-8 um) using
as a function of the sample thickness are plotted in Fig®. 3 Eqs. (3) and (4). From the fits we obtain at this particular

and (b) respectively. wavelengthl =3.5+0.5 um, L,=15.5=1 um, at =0.091
For our samples the total transmissidn,is given by +0.008um™ %, andr; = 1.6+ 0.8. The absorption coefficient
in the sample bulk is given by=1/(3L2). The absorption
_ a—aqd —(L—d)/lg . L a )
T=e MYTy+e (7). 3 coefficientsat, and « are plotted in Fig. 4 as a function of

e d . ) . the wavelength. Clearly, significant absorption has been in-
The factore” “1“ represents the attenuation of the inCOMiNgoqyced during the sample preparation. The absorption is
beam due to absorption in the top layer. The first term insidenqre intense in the top layer where the size of the particles is

the bracket,T4, is the diffuse total transmission, while the smaller and where we have measured the presence of impu-
second term is the transmission of the coherent beam. Th@ties.

total reflection,R, is more sensitive than the total transmis- In Fig. 5 we displayl/I, as circles. The values ofl are
. S . S

sion to the absorption in the sample top layer because thgyjier than 1, which can be only understood by considering
reflected light crosses this layer two times. The total reflecy renormalization of due to the proximity of the localiza-

tion is given by tion transition. Far from the transitidrl s gives the average
1
R=e “TlRy J e Y p(u)du, @ e
0 1.41
where Ry is the diffuse reflection of the sample bulk, 1.21

=cos# and 0 is the angle with respect to sample surface

normal at which the diffuse reflected light exits the sample fls 1.0p====g======-p=1-=== 7
bulk. The diffuse reflected light is angular distributed accord- 0.8 |
ing to P(w) o ul %+ (u/1+ )] [14], where we assume that

the bulk of the sample and the top layer have the same index 0.6

of refraction; this is justified since we know that the top layer
is mainly formed by Ge and from the SEM images that the
packing of the particles is similar in both regions. The inte-
gral in Eq. (4) represents the attenuation of the diffuse re- FiG. 5. Circles: transport mean free pathof light of wave-
flected light due to absorption in the top layer. The diffusejength\ in the Ge powder samples, divided by the scattering mean
total transmission] 4, and reflectionRy, can be calculated free path,|s. Squares: Expected renormalizationl afue to inter-

in the weak scattering limit and close to the localization tranference assuming that the localization transition i at\/27n,
sition (but still above i} by solving the diffusion equation. andn.=1.6.
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number of scattering events required to randomize the direauce the polydispersity in the particle size, as discussed in
tion of propagation of the light. Therefore, in this linhitgis  Ref.[13].

always equal tdisotropic scatterejsor greater tharfanyso- In conclusion, we have studied the wavelength depen-
tropic) 1. For comparison we also plot in Fig(Squaresthe  dence of the scattering properties of Ge powder, using the
expected renormalization éfccording to the scaling theory midinfrared light from a free-electron laser. By measuring
of localization, Eq(1), assuming that the transition occurs atthe coherent transmission of the laser beam, we obtain the
kls=1 and considering only the absorption as cut-offgf  scattering mean free path,. Our samples are close to the
Good agreement between experiments and theory is foungycalization transition but still above it. This is an unex-
However, the large error in the determinationl ofelated 10 hacted result since Anderson localization of light has been
t_he complicated structure of.th(.a samples a_nq to the_eSt'mqéported in similar samples of lower refractive index mate-
tion of the boundary reflectivities, makes it impossible torial, GaAs[6]. We have also measured the total transmission

ggamggugg% tﬁ:?gsdtitslc;%ﬂ:/\zl?t'iﬁnﬁe;fegtzng‘str\ﬁe r?gand reflection of the Ge powder samples obtaining the trans-
pies. gs. ' ort mean free pathl, and the optical absorption in the

conclude that our Ge samples are very close to the localiza: . . .
; o . . L L amples. During the sample preparation we have introduced
tion transition but still above it. This is a surprising result b g p'e prep

. T . significant absorption. Our measurements suggest a renor-
since strong localizationk{s<<1) of light has been reported 9 P 99

in similar samples of GaAs powdé6]. GaAs has a lower gg\(l)lﬁatlon ofl due to the proximity to the localization tran-
refractive index than Ge and therefore the scattering effi- '

ciency in GaAs powder is expected to be lower than in Ge We appreciate the skillful assistance of the FELIX staff,
samples. At this moment it is not clear why strong localiza-in particular, Dr. A.F.G. van der Meer. We are grateful to
tion is apparent in GaAs powder while it is absent in GeR.L.W. Popma for EDX measurements. This work is part of
powder. More experimental and theoretical work is neededhe research program of the Stichting voor Fundamenteel
to confirm the results of Ref6]. A way to further approach Onderzoek der Materie. C.W.R. was also supported by the

the localization transition in the Ge samples could be to reStichting Technische Wetenschappen.
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