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Observation of Spatial Fluctuations of the Local Density of States in Random Photonic Media

M. D. Birowosuto,' S.E. Skipetlrov,2 W.L. Vos,' and A.P. Mosk"*
YComplex Photonic Systems, Faculty of Science and Technology, and MESA™ Institute for Nanotechnology, University of Twente,
P.O. Box 217, 7500 AE, Enschede, The Netherlands
2Laboratoire de Physique et Modélisation des Milieux Condensés, Université Joseph Fourier, CNRS,

25 rue des Martyrs, BP 166, 38042 Grenoble, France
(Received 15 February 2010; published 2 July 2010)

We experimentally study spatial fluctuations of the local density of states (LDOS) inside three-
dimensional random photonic media. The LDOS is probed at many positions inside random photonic
media by measuring emission rates of a large number of individual fluorescent nanospheres. The emission

rates are observed to fluctuate spatially, and the variance of the fluctuations increases with the scattering
strength. The measured variance of the emission rates agrees well with a model that takes into account the

effect of the nearest scatterer only.
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It is well known that the spontaneous emission rate of an
excited quantum emitter is not only a property of the
emitter itself, but also depends on its surroundings on the
nanoscale [1,2]. Control of the emission rate of quantum
emitters has been demonstrated with a wide range of
systems, such as reflecting interfaces [3], microcavities
[4], photonic crystals [5-7], and plasmonic nanoantennae
[8]. The effect of the surroundings of the emitter is de-
scribed by the local density of states (LDOS) that counts
the number of optical modes available for emission at the
position of the emitter [2,6].

In random photonic media that are promising systems to
observe Anderson localization of light [9], it iS an open
question how spontaneous emission rates are affected by
the surroundings. It has theoretically been predicted that
the LDOS exhibits spatial fluctuations [10-14]. These
LDOS fluctuations are determined by light scattering
near the emitter and the variance of these fluctuations is
of the order of the scattering strength (1/k€), where k is the
wave number of light in the medium and € is the transport
mean free path. In an infinite random medium the LDOS
fluctuations are essentially equivalent to the C intensity
correlation function [11]. Cj is an infinite-range correlation
function for waves in random media [15]. The calculated
variance of the LDOS was found to be highly sensitive to
the level of scattering and absorption at the local scale [13],
as well as to the dipole orientation [14]. No experimental
observation of the LDOS fluctuations inside random pho-
tonic media has been reported so far.

Here we present an experimental study of fluctuations of
the LDOS inside random photonic media. We use single
nanoscale emitters as internal probes of the LDOS. Time-
resolved fluorescence is recorded for many emitters inside
random media with scattering strengths 1/k€ up to 0.12.
The distribution of the spontaneous emission lifetimes is
used to test theoretical predictions from several different
models.
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PACS numbers: 42.25.Dd, 32.50.+d, 42.50.Ct, 42.70.Qs

The experimental setup shown in Fig. 1(a) is designed to
optically probe a single emitter located deep inside a
random medium, and to measure its time-resolved emis-
sion. The emitters are optically excited at a wavelength
A = 543 nm using a mode-locked supercontinuum fiber
laser with a pulse duration of ~5 ps and a repetition rate of
20 MHz. Excitation was performed through a microscope
objective with numerical aperture (NA) of 0.63. The emis-
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FIG. 1 (color). (a) Time-correlated single-photon counting
setup with mode-locked supercontinuum fiber laser, CCD cam-
era, and single-photon avalanche photodiode (SPAD).
(b) Scanning electron micrographs (SEMs) of random photonic
media made of polystyrene (PS) (top) and zinc oxide (ZnO)
(bottom). (c) Fluorescence image of a single fluorescent nano-
sphere with a diameter of 22 nm embedded in a 7.4(5) wm-thick
slab of PS random photonic medium at a depth d = 3.3 um.
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sion was collected near A = 620 nm using a dichroic beam
splitter (Semrock FF593-Di02-25 X 36), a cutoff filter
(Schott RG610), and a 14-nm band pass filter (Semrock
FF01-620/14-25). The location of a single nanoscale
emitter is identified using a CCD camera and its time-
resolved emission is measured by a single-photon ava-
lanche photodiode with a time resolution of 50 ps.

We studied two types of random photonic media: slabs
made from polystyrene (PS) and zinc oxide (ZnO) with
thicknesses between L = 4.0 and 16.5 um, see Fig. 1(b).
To probe the emission rates and thus the LDOS, we doped
the samples with fluorescent polystyrene nanospheres with
a diameter of 22(2) nm, an emission peak at 612 nm, and a
quantum efficiency of 96(4)% (Duke Scientific red fluo-
rescent nanospheres). The fluorescent nanospheres are
much smaller than the wavelength of light and contain
about 30 dye molecules, which all sense the LDOS at
essentially the same position. Since the orientation of the
molecules is random and the LDOS is orientation depen-
dent [14,16], dye molecules inside one fluorescent nano-
sphere emit at different rates. The fluorescent nanospheres
show no photoblinking and are unaffected by the chemical
environment since the dye molecules are protected from
ambient oxygen and rigidly held in a polymer matrix. To
fabricate PS random photonic media, a polydisperse sus-
pension of spheres (Duke Scientific) doped with fluores-
cent nanospheres was deposited on a microscope cover
slide, spread uniformly and allowed to dry, following a
previous photonic crystal fabrication method [17]. We
prevented crystallization by preparing a polydisperse mix-
ture of different spheres. To fabricate ZnO random pho-
tonic media, a suspension of pigment (Aldrich ZnO 99%,
<1 pm) doped with fluorescent nanospheres was sprayed
on a cover slide [18]. The random photonic media have a
low areal density of fluorescent nanospheres ranging from
0.03 to 0.12 um™2. As nonscattering reference samples
with 1/k€ = 0, we prepared fluorescent nanospheres in
transparent polyvinyl alcohol polymer layers that were
spincoated on cover slides and covered by poly(methyl
methacrylate) index matching layers [19]. The transport
mean free paths for PS and ZnO random photonic media
were determined by total transmission to be { =
1.7(3) umand € = 0.82(12) wm at A = 620 nm, yielding
scattering strengths (1/k€) of 0.06 and 0.12, respectively
[18-20]. For time-resolved fluorescence, we measured a
total of 96 single fluorescent nanospheres, namely, 12
nanospheres in each of four PS and four ZnO samples.
We also collected data from 12 single fluorescent nano-
spheres in the reference polymer layer.

A fluorescence image of the diffuse spot of light due to a
single fluorescent nanosphere deep inside a PS random
photonic medium is shown in Fig. 1(c). The background
fluorescence of the host is negligible compared to the
emission of the nanosphere. We determined the depth of
the nanosphere by modeling the spot of fluorescent light

with diffusion theory [18,21]. We conservatively estimate a
depth accuracy of one mean free path. In the particular case
of Fig. 2, we obtain d = 3.3 = 1.7 pm. For our measure-
ments, we selected only single fluorescent nanospheres that
were isolated from other fluorescent nanospheres and situ-
ated at a depth of approximately half the sample thickness
[19].

In Fig. 2(a), we show the time-resolved fluorescence
from two fluorescent nanospheres embedded in a PS ran-
dom photonic medium at the same depth. The two nano-
spheres at different positions yield two different decay
curves demonstrating the spatial fluctuation of the LDOS.
In Fig. 2(b), the decay curve of a single fluorescent nano-
sphere in a nonscattering polymer layer is seen to be
exponential. The time-dependent fluorescence of 12 single
fluorescent nanospheres inside a polymer layer all show
exponential decay with the same time constant of
0.26 ns™! to within only 1%. We conclude that nonexpo-
nential decay of a single fluorescent nanosphere is a char-
acteristic of the LDOS fluctuations in random photonic
media, and we attribute the nonexponential decay to the
strong dependence of emission rate on dipole orientation
[14].

We quantitatively analyze the nonexponential time-
resolved fluorescence curves with a distribution of emis-
sion rates using the method that successfully describes
time-resolved emission in ordered photonic media [7].
By choosing a lognormal distribution of emission rates
we ensure that only physical positive rates occur while
adjusting only one extra parameter as compared to the
single-exponential model. The parameters of the distribu-
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FIG. 2 (color). (a) Time-resolved fluorescence from a single
fluorescent nanosphere embedded in PS random photonic me-
dium with a thickness of 7.4(5) um. The slow (purple) and the
fast (blue) decay curves were measured on two different single
fluorescent nanospheres at the same depth d = 3.3 um. The
white lines through the data are lognormal fits. The most-
frequent decay rate 7y, and the width of the distribution Ay
are shown. (b) Time-resolved fluorescence of a single fluorescent
nanosphere in a reference polymer sample (green) decays ex-
ponentially with a rate of 0.26 ns™!.
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tion are the most-frequent emission rate s, which is the
peak of the distribution, and Ay, which is its 1/e width.
The mean emission rate 7y, is equal to vy, =
Yai €Xp(3/4[sinh 1 (Ay/2ye)]?) [7]. From the analysis
of the emission curves of single probes inside PS samples
in Fig. 2, the slowest emission curve is described by y,, =
0.28 ns~! while the fastest one has y, = 0.33 ns™".
Figures 3(a) and 3(b) show histograms of emission rates
for ZnO and PS random photonic media, respectively, and
Fig. 3(c) for a nonscattering reference medium. As a
measure of the width of the distributions we show twice

the square root of the variance 20 = 21/Var(y )~ For all

our samples, we verified that both the mean and the vari-
ance of the emission rate are independent of sample thick-
ness. The distribution of emission rates is very narrow in
the reference samples, showing that the fluorescent spheres
have negligible intrinsic fluctuations. Interestingly, in mod-
erately scattering PS samples (1/k€ = 0.06) the width of
distribution 20- = 0.05(1) ns~! is much larger than in the
reference samples. In strongly scattering ZnO samples
(1/k€ = 0.12), the distribution is twice as broad, 20 =
0.10(2) ns~!. We note in passing that the maximum of the
distribution also shifts, probably due to a change in effec-
tive refractive index [22]. The increase of the width tracks
the increase of the scattering strength, in qualitative agree-
ment with the theoretical prediction that LDOS fluctua-
tions increase with the scattering strength [10,11].

The main result of our work shown in Fig. 4 is the
measurement of the relative variance of the emission rate
o2 /{y,)* versus scattering strength (1/k€). For nonscat-
tering samples (1/k€ = 0) the relative variance vanishes
(0 /{y,* <107%). For PS (1/k€=0.06) and ZnO
(1/k€ = 0.12) samples, we find a relative variance of
0.007(2) and 0.020(4), respectively. The relative variance
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FIG. 3 (color). Distribution of the emission rates for materials
with different scattering strengths (1/k€). Histograms of the
emission rates from fluorescent nanospheres embedded in three
different materials: (a) ZnO, (b) PS, and (c) nonscattering poly-
mer layer. Dotted lines: width of the distribution 2. Full lines:
Gaussian fits to the histograms.

clearly increases with the scattering strength. Strikingly,
the LDOS fluctuations predicted from the pointlike scat-
terer model [11] are about a factor 20 too high compared to
our measurements. We attribute this difference to the fact
that scalar wave and point scatterer approximations were
used in Ref. [11], whereas in experiments the scatterers
have finite size and the light waves have vector character.
The vector character of light could have a strong effect as
shown theoretically in Ref. [14].

As the pointlike scatterer model does not provide an
accurate description of the immediate surroundings of the
emitter, we propose an alternative model to estimate the
fluctuations of the emission rate, wherein only one scat-
terer closest to the fluorescent nanosphere is considered.
This is reasonable since in a dried sample fluorescent
nanospheres are always in contact with the surface of at
least one scatterer. The calculation is done by adapting the
analytical model for the LDOS near a spherical surface
[23]. We calculate the emission rate of a dye molecule at all
positions inside a fluorescent nanosphere in contact with
the surface of a PS or ZnO spherical scatterer for all
possible orientations of the molecule. The relative variance
of the emission rate is obtained by averaging over the size
distribution of the spherical scatterers [19]. The calculated
values are 0.010(3) and 0.022(5) for PS and ZnO samples,
respectively, in good agreement with the experimental data
(Fig. 4) [24]. This result confirms the hypothesis that the
nearest scatterer dominates LDOS fluctuations in random
photonic media [10,11].

It has been predicted that in infinite random media
LDOS fluctuations are equivalent to C, fluctuations of
emission intensity [11]. To probe Cj, we have measured
the relative variance of the emission intensity of 20 indi-
vidual fluorescent nanospheres deep inside 16.5 pm-thick
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FIG. 4 (color). Relative variance of the mean decay rate
02 /{yu)* versus scattering strength 1/k€. The measured values
are shown as filled circles with error bars indicating the statis-
tical uncertainty for N = 48 measurements. Full lines: single-
sphere-scatterer model for PS and ZnO scatterers. Dotted line:
calculated LDOS variance for pointlike scatterers [11]. Empty
diamonds: upper bound to C, determined from the fluctuations
of the emitted intensity.
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PS and 13.3 pum-thick ZnO random photonic media. We
note that the variance of the intensity provides an upper
bound to C; since it consists of both residual speckle
variance and the desired C, contribution [19]. The intensity
variance is therefore necessarily larger than C,. The rela-
tive variance of emission intensity is shown in Fig. 4, it is
indeed always higher than the relative variance of the
emission rates. This observation means that our data are
consistent with the hypothesis that the LDOS fluctuations
and C,, fluctuations are equivalent in our samples.

Recently, an interesting study has been made of emis-
sion rates of color centers in diamond nanocrystals at the
surface of random media [25]. An interesting decrease of
the average emission rate and random shifts of the indi-
vidual emission rates were observed. In contrast to our
work, the emitters have a broad distribution of intrinsic
emission rates and the variance of the LDOS was not
determined. It is exhilarating that fluctuations of the
LDOS are not only observed deep inside random media,
but also on the surface.

In conclusion, we observed fluctuations of the LDOS
inside random photonic media through the spontaneous
emission of individual fluorescent nanospheres embedded
deep inside. The relative variance of LDOS fluctuations
increases with scattering strength and agrees with a theo-
retical model. We suggest that Cy may also be responsible
for the broad distribution of emission rates observed in
photonic crystals [7]. In view of the overestimation of
fluctuations by the pointlike scatterer model, we anticipate
that our observations will stimulate new studies of the
LDOS in random and partly ordered photonic media.

We thank Sanli Faez, Merel Leistikow, and Ad
Lagendijk for discussions, and Elbert van Putten and
Hannie van den Broek for help with sample preparation.
This work is part of the research program of the *“Stichting
voor Fundamenteel Onderzoek der Materie” (FOM),
which is financially supported by the ‘“Nederlandse
Organisatie voor Wetenschappelijk Onderzoek™ (NWO).
A.P.M. and W.L. V. are supported by NWO VIDI and
VICL

*A.P.Mosk @utwente.nl

[1] E.M. Purcell, Phys. Rev. 69, 681 (1946).

[2] L. Novotny and B. Hecht, Principles of Nano-Optics
(Cambridge Univ. Press, Cambridge, 2006).

[3] K.H. Drexhage, J. Lumin. 1-2, 693 (1970); E. Snoeks, A.
Lagendijk, and A. Polman, Phys. Rev. Lett. 74, 2459
(1995).

[4] J.M. Gérard, B. Sermage, B. Gayral, B. Legrand, E.
Costard, and V. Thierry-Mieg, Phys. Rev. Lett. 81, 1110

(5]

(6]
(71
(8]

(91

[10]
[11]

[12]
[13]
[14]

[15]
[16]

[17]

[20]

(21]
(22]

(23]

(24]

[25]

013904-4

(1998); D. Englund, D. Fattal, E. Waks, G. Solomon, B.
Zhang, T. Nakaoka, Y. Arakawa, Y. Yamamoto, and J.
Vuckovié, ibid. 95, 013904 (2005).

E. Yablonovitch, Phys. Rev. Lett. 58, 2059 (1987); S. John
and J. Wang, ibid. 64,2418 (1990); P. Lodahl et al., Nature
(London) 430, 654 (2004).

R. Sprik, B. A. van Tiggelen, and A. Lagendijk, Europhys.
Lett. 35, 265 (1996).

I. S. Nikolaev, P. Lodahl, A. E. van Driel, A. F. Koenderink,
and W. L. Vos, Phys. Rev. B 75, 115302 (2007).

J.N. Farahani, D. W. Pohl, H.-J. Eisler, and B. Hecht,
Phys. Rev. Lett. 95, 017402 (2005); O.L. Muskens, V.
Giannini, J. A. Sanchez-Gil, and J. Gomez Rivas, Nano
Lett. 7, 2871 (2007); T.H. Taminiau, F. D. Stefani, F. B.
Segerink, and N. F. van Hulst, Nat. Photon. 2, 234 (2008).
D. S. Wiersma, P. Bartolini, A. Lagendijk, and R. Righini,
Nature (London) 390, 671 (1997); E. Lidorikis, M. M.
Sigalas, E.N. Economou, and C.M. Soukoulis, Phys.
Rev. B 61, 13458 (2000); J.B. Pendry, A. MacKinnon,
and A. B. Pretre, Physica (Amsterdam) 168A, 400 (1990).
A.D. Mirlin, Phys. Rep. 326, 259 (2000).

B. A. van Tiggelen and S.E. Skipetrov, Phys. Rev. E 73,
045601(R) (2006).

S.E. Skipetrov and R. Maynard, Phys. Rev. B 62, 886
(2000).

L.S. Froufe-Pérez, R. Carminati, and J.J. Sdenz, Phys.
Rev. A 76, 013835 (2007).

L.S. Froufe-Pérez and R. Carminati, Phys. Status Solidi A
205, 1258 (2008).

B. Shapiro, Phys. Rev. Lett. 83, 4733 (1999).

W.L. Vos, A.F. Koenderink, and I. S. Nikolaev, Phys. Rev.
A 80, 053802 (2009).

N.D. Denkov, O.D. Velev, P. A. Kralchevsky, 1. B. Ivanov,
H. Yoshimura, and K. Nagayama, Nature (London) 361,
26 (1993); Q. Yang, Z. Zhou, and X.S. Zhao, Langmuir
21, 3158 (2005).

I. M. Vellekoop, E. G. van Putten, A. Lagendijk, and A.P.
Mosk, Opt. Express 16, 67 (2008).

See supplementary material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.105.013904 for an ap-
pendix, specifying the details on sample preparation and
data analysis.

We define the scattering strength using the transport mean
free path, which yields the most conservative value.

M. U. Vera and D.J. Durian, Phys. Rev. E 53, 3215 (1996).
P. de Vries and A. Lagendijk, Phys. Rev. Lett. 81, 1381
(1998).

H. Chew, J. Chem. Phys. 87, 1355 (1987); Phys. Rev. A
38, 3410 (1988).

The single-scatterer model also provides an estimate of the
width of the nonexponential decay curve of a single
emitter, Ay =~ 0.2 ns~! in good agreement with the data
in Fig. 2.

P. V. Ruijgrok, R. Wiiest, A. A. Rebane, A. Renn, and V.
Sandoghdar, Opt. Express 18, 6360 (2010).


http://dx.doi.org/10.1016/0022-2313(70)90082-7
http://dx.doi.org/10.1103/PhysRevLett.74.2459
http://dx.doi.org/10.1103/PhysRevLett.74.2459
http://dx.doi.org/10.1103/PhysRevLett.81.1110
http://dx.doi.org/10.1103/PhysRevLett.81.1110
http://dx.doi.org/10.1103/PhysRevLett.95.013904
http://dx.doi.org/10.1103/PhysRevLett.58.2059
http://dx.doi.org/10.1103/PhysRevLett.64.2418
http://dx.doi.org/10.1038/nature02772
http://dx.doi.org/10.1038/nature02772
http://dx.doi.org/10.1209/epl/i1996-00564-y
http://dx.doi.org/10.1209/epl/i1996-00564-y
http://dx.doi.org/10.1103/PhysRevB.75.115302
http://dx.doi.org/10.1103/PhysRevLett.95.017402
http://dx.doi.org/10.1021/nl0715847
http://dx.doi.org/10.1021/nl0715847
http://dx.doi.org/10.1038/nphoton.2008.32
http://dx.doi.org/10.1038/37757
http://dx.doi.org/10.1103/PhysRevB.61.13458
http://dx.doi.org/10.1103/PhysRevB.61.13458
http://dx.doi.org/10.1016/0378-4371(90)90391-5
http://dx.doi.org/10.1016/S0370-1573(99)00091-5
http://dx.doi.org/10.1103/PhysRevE.73.045601
http://dx.doi.org/10.1103/PhysRevE.73.045601
http://dx.doi.org/10.1103/PhysRevB.62.886
http://dx.doi.org/10.1103/PhysRevB.62.886
http://dx.doi.org/10.1103/PhysRevA.76.013835
http://dx.doi.org/10.1103/PhysRevA.76.013835
http://dx.doi.org/10.1002/pssa.200778176
http://dx.doi.org/10.1002/pssa.200778176
http://dx.doi.org/10.1103/PhysRevLett.83.4733
http://dx.doi.org/10.1103/PhysRevA.80.053802
http://dx.doi.org/10.1103/PhysRevA.80.053802
http://dx.doi.org/10.1038/361026a0
http://dx.doi.org/10.1038/361026a0
http://dx.doi.org/10.1021/la047337p
http://dx.doi.org/10.1021/la047337p
http://dx.doi.org/10.1364/OE.16.000067
http://link.aps.org/supplemental/10.1103/PhysRevLett.105.013904
http://link.aps.org/supplemental/10.1103/PhysRevLett.105.013904
http://dx.doi.org/10.1103/PhysRevE.53.3215
http://dx.doi.org/10.1103/PhysRevLett.81.1381
http://dx.doi.org/10.1103/PhysRevLett.81.1381
http://dx.doi.org/10.1063/1.453317
http://dx.doi.org/10.1103/PhysRevA.38.3410
http://dx.doi.org/10.1103/PhysRevA.38.3410
http://dx.doi.org/10.1364/OE.18.006360

