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“If a man will begin with certainties, he shall end in doubts;
but if he will be content to begin with doubts, he shall end in certainties.”

Francis Bacon; 1561-1626;
The advancement of learning, I, v, 8.
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CHAPTER 1

Introduction

The red-orange hues of sunrise and sunset are intimately related to clear blue skies.
Both originate from scattering of sunlight off small aerosols present in the atmo-
sphere, much smaller than the wavelength of visible light, and air molecules [1].
For these small particles, light scattering is more efficient towards the blue end
of the solar spectrum. So when we look at the clear sky, mainly single-scattered
blue light of the sun reaches our eyes. For the same reason, the sun appears to be
yellow-orange, as while the white beam of sunlight traverses the atmosphere pre-
dominantly the blue part of its spectrum is scattered out. This effect is enhanced
at sunrise and sunset, since then the path length through the atmosphere is largest,
resulting in the red hues.

On a hazy day, the sun does not look orange, but whitish instead. In this case,
sunlight is mostly scattered by the water droplets in the air associated with haze.
These droplets are much larger than the wavelength of light, and hence diffract all
colors equally well, producing the white appearance [2].

In the intermediate regime, in which the scattering particles have sizes of about
the wavelength of light, unusual effects may be observed. The blue sun or moon
is a rare, but beautiful example [3]. Such “bluing” only occurs when just the right
size of particles, about 1 micrometer across, are in the air. Then, red light resonates
inside these particles, whereas blue light does not, effectively rising the scattering
efficiency by about a factor of 2 for red light [2] — just the opposite of the case of
red-orange sunsets. There have been few recordings in history of the resulting blue
hues of the sun and moon, one of which was after the giant eruptions of the volcano
Krakatoa in 1883 [4]. Obviously, the frequency of occurrence is related to the say-
ing “it happens only once in a blue moon”.

These and many more optical peculiarities in the atmosphere are described in
the book by Minnaert [5].

In all examples presented above, light scatters from randomly positioned particles,
but regular structures occur in nature too. For instance, the wings of butterflies and
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12 Chapter 1

moths are periodically structured on length scales on the order of the wavelength
of visible light [6], generating the beautiful iridescent colors known to us all. The
scattering of light in such periodically organized structures is dominated by inter-
ference: only wavelengths that “fit” to the period of the structure are reflected. Es-
pecially the blue and violet colors of butterfly wings are produced by this interfer-
ence mechanism, whereas the red colors originate from more mundane absorption
of light.

The above described natural phenomena are manifestations of “light in com-
plex dielectrics”, the subject of this thesis. What is meant by a complex dielectric?
When looking in Webster’s dictionary, one finds that the first definition of the en-
try “complex” is “composed of interconnected parts; compound; composite” [7].
So a complex dielectric is composed of several (interconnected) dielectric media,
which is indeed the case for the systems studied. In addition, in chapter 2 it is shown
that both spontaneous emission and scattering of light originate from the complex
dynamic optical polarizability, which relates the two central topics of this thesis:
“modification of spontaneous emission” and “Anderson localization of light.”

1.1 Modification of spontaneous emission

In recent years, so-called photonic crystals [8], structures similar to the wings of
butterflies, have gained much interest. Photonic crystals are three-dimensional or-
dered dielectric structures with a periodic variation of the refractive index on length
scales comparable to the wavelength of light. These materials feature photonic
bandgaps, frequency ranges for which light cannot propagate in the crystal due to
multiple Bragg reflections. Probably the most interesting asset of photonic band
gap materials is their ability to modify the spontaneous emission rate of excited
atoms [8]; spontaneous emission is inhibited when the embedded atom has an emis-
sion frequency in the gap. The art of tailoring spontaneous emission is expected to
lead to innovations, and may find its application in the opto-electronics industry,
with as a promising example the laser without threshold [9].

In this thesis, a simple, yet fundamental, problem is addressed: spontaneous
emission of an atom or molecule in an otherwise homogeneous dielectric. Merely
placing an atom in a dielectric already modifies its spontaneous emission rate [10].
The rate is determined by the local electro-magnetic zero-point fluctuations [11],
which are altered by the atoms or molecules of the dielectric. The influence of the
surrounding refractive index on the spontaneous emission rate of an impurity can
be captured in so-called local-field factors [12]. More specifically, the local-field
factor is defined as the ratio of the local electric field at the site of the impurity to
the macroscopic electric field far away. Macroscopic derivations of the local-field
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correction often imply the use of a cavity around the radiating molecule, leading
to the two limiting cases of the empty-cavity and Lorentz local-field factor [13].
However, the specific choice of the cavity is subtle matter, greatly complicating
the interpretation [13]; until recently it was not clear which local-field correction
should apply. In chapter 3, the difference between the two cases becomes apparent
by identifying substitutional and interstitial impurities, which are modeled using
the Onsager-Bottcher approach [14, 15], resulting in the empty-cavity and Lorentz
local-field corrections [16], respectively.

A decisive experiment on the radiative lifetime of an atom in a dielectric, with
varying refractive index, would settle the discussion on which local-field correc-
tion applies to spontaneous emission. Such an experiment requires a well selected
combination of radiating molecule and dielectric host, as upon variation of the re-
fractive index the electronic wavefunctions involved in the radiating transition and
the luminescence quantum efficiency should not change. In chapter 4, the selection
criteria are discussed, leading to the choice of an europium complex as the radiat-
ing molecule, dissolved in a series of simple alcohols serving as the dielectric host
with variable refractive index. Luminescence experiments on two Eu** complexes,
Eu(hfc); and Eu(fod)s, in alcohols are presented. Unfortunately, most of the local-
field effect is blurred, as with changing the refractive index also the fype of molec-
ules constituting the dielectric changes. This problem is overcome in chapter 5, in
which measurements are presented on the radiative lifetime of Eu(fod)s dissolved
in a supercritical gas as a function of pressure [17]. Here, the refractive index varies
because the density of molecules in the dielectric varies. The type of molecule,
CO,, remains the same for all refractive indices. It is found that the empty-cavity
local-field factor applies to spontaneous emission, as also predicted by the theory
of chapter 3.

1.2 Anderson localization of light

Apart from ordered structures like photonic crystals, also disordered dielectrics
with a variation of the refractive index on wavelength scale exhibit interesting op-
tical phenomena. In such structures light is randomly scattered. The scattering
strength is characterized by the mean free path, the average distance light travels
between two scattering events. For example in dense fog, this distance is some
tens of meters. But what happens if the mean free path becomes comparable to,
or smaller than the wavelength of light? For such extremely strong scattering sys-
tems, light cannot even propagate over the distance of its own wavelength, and the
phenomenon of Anderson localization [18] sets in. Anderson localization and pho-
tonic bandgaps are closely related: both inhibit propagation of light due to interfer-
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ence, not absorption. In order to localize light, not only should the random scatter-
ing material have a refractive index variation on length scales comparable to the
wavelength of light, but the variation must also be large.

Exploiting the high refractive index of gallium phosphide of 3.3, a strongly
scattering material for visible light, macroporous GaP, is prepared. In chapter 6,
both the fabrication technique using photo-assisted electrochemical etching and the
optical transmission properties are reported [19]. The three-dimensional random
network of GaP is completely interconnected, with pore sizes of about 150 nm,
comparable to the wavelength of light in the medium. As the network is mechani-
cally stable, the pores can be filled with liquids of different refractive indices, allow-
ing the investigation of the importance of the refractive index contrast for strongly
photonic materials. Although the mean free path is very short, less than a micron,
and comparable to the wavelength, the experiments on the transmission of light
through the scattering material do not reveal Anderson localization.

In chapter 7, measurements are presented on enhanced backscattering of light
from the strongly scattering macroporous GaP networks, which in contrast to the
transmission measurements do show features indicative of Anderson localization
[20]. Enhanced backscattering originates from constructive interference of time-
reversed light scattering paths in the backscattering direction [21, 22]. The result
is a triangular peak, the backscatter cone, superimposed on the diffuse backscat-
tered intensity. Normally, the top of the cone is cusped, arising from interference
of very long light scattering paths. Contrary, in the Anderson localization regime
these long light paths do not exist, resulting in a rounded top [23]. Such rounding
of the cone is indeed observed. However, a finite scattering volume and absorption
of light can also lead to a rounded cone, but these possible sources of cone round-
ing are shown to be negligible for porous GaP. Accordingly, the observed rounding
of the top of the cone is most likely the onset of Anderson localization for visible
light.



CHAPTER 2

Macroscopic dielectric response of
microscopic particles

This chapter serves as a concise tutorial on the interaction of light with dielectrics.
It contains the necessary theoretical aspects for describing the experiments per-
formed. Emphasis is put on the microscopic origin of the macroscopic dielectric
function; several non-standard derivations including local-field corrections are pre-
sented. An extension is made to mixtures of dielectrics, treating several effective
medium theories for the average dielectric constant. Scattering of light by such
mixtures is captured in the quasi-static dielectric function.

2.1 The microscopic polarizable dipole

Light is generated by the acceleration of charged particles. The interaction of light
with dielectric material is therefore a subtle interplay between absorption of light
and the subsequent emission of it by the atoms or molecules, i.e. the microscopic
polarizable dipoles, that constitute the dielectric. The interaction is complicated as
each dipole not only feels the external electro-magnetic field, but also the fields pro-
duced by all the other dipoles. In order to understand the full macroscopic response
of a collection of microscopic polarizable dipoles, first the description of one such
dipole is presented.

Note that many of the elementary ingredients used in this chapter can be found
in the excellent book by J.D. Jackson [24]. Throughout this chapter Heaviside-
Lorentz units are used, as discussed in table 2 in the appendix of the book by Jack-
son [24].

The microscopic polarizable dipole can be modeled by a damped harmonic os-
cillator, with mass m and charge —e that oscillates around a fixed charge +¢ [11].
It is assumed that the amplitude of oscillation is small, so that the spatial variation
of the time varying electric field E(r) can be neglected; the dipole approximation
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is employed. The equation of motion for an oscillator with displacement x from its
equilibrium position is

’x  _ox

— +T=—+mix| = —eE(r), 2.1

m|:at2+ at+0:| 6() ( )

where (y is the resonance frequency of the oscillator and I" a to be determined
damping rate. If the electric field varies harmonically in time with frequency ®
as e~/ j.e. monochromatic light with frequency ®, the induced dipole moment p
of the oscillator is

(2.2)

As can be seen from Eq. 2.2, the discussion presented here is restricted to linear
and isotropic dielectrics, as p is linear with E. The (linear) dynamic polarizability
o) is defined as p = o(®)E, giving

2
g

a(o) =o(0) x ————,
() =0o(0) % — @? — ol

(2.3)
where 0/(0) = ¢?/(m®}) is the static polarizability. The dynamic polarizability dis-
plays the resonant structure of an absorbing atom or molecule with resonance fre-
quency mg and line width T".

In an oscillating dipole the charge —e is accelerated sinusoidally, hence the
dipole emits radiation. As a result, the amplitude of the oscillating dipole gradu-
ally decreases, since energy of motion is converted into radiant energy. This phe-
nomenon is called radiation damping, and is the classical analogue of spontaneous
emission in which an atom makes a transition from an excited state to a state of
lower energy by emission of a photon. The decrease in amplitude is grasped in the
damping rate I'. In order to conserve energy, the power taken by the dipole from
the incident electric field should equal the reradiated power, i.e. the optical theo-
rem [25] should hold. As a result, the set {I",0.(0), ¢} has only two independent
parameters: I" cannot be chosen independently. The optical theorem requires

o(0)w’ w3

=
67tc(3)

(2.4)

where c( is the speed of light in vacuo. It is convenient to remove the functional
dependence of I" on ® by introducing

0(0) g
Iy =T(w/0”) = : (2.5)
67tc(3)
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the spontaneous emission rate or the Einstein A coefficient. The full mapping of
our results on those of Fermi’s golden rule [26] from quantum mechanics can be ob-
tained by taking for the static polarizability o.(0) = 2|D|?/(gohiwy) [16, 25], where
D is the dipole matrix element of two atomic levels. In fact, this treatment of an
atom is equivalent to the two-level atom approach in quantum mechanics, except
that the induced dipole cannot be saturated. The full frequency dependency of the
dynamic polarizability is thus given by

o3 .
0% — o — i(Too’ /wf)

o(®) = a(0) x (2.6)

As mentioned above, the oscillating dipole radiates. The field felt by a dipole
inside a dielectric is a summation of all fields from the other dipoles and the incident
exciting field. In order to be able to perform such a summation, one needs to know
the field of one such point dipole. This field Egi,(r) at position r produced by an
oscillating dipole positioned at the origin is given by

eikr 1
Eaip(p,k,r) = K*(nxp) xno— = §P53(1’)
1 1k g,
+ e [3n(n-p) — p] <r—3 — r_2> e (2.7)

Here k = ®/c is the wavevector, r = |r| the distance from the dipole, and n =r/r
the unit vector pointing from the dipole towards r. Note that when the dipole is
position at ry, r should be replaced by (r —ry). As can be guessed from Eq. 2.7,
the summation of the contributions of all the dipoles at different positions is quite
cumbersome. However, this complicated form can in some limits be simplified. In
the far field, or radiation zone (kr — <o), this equation reduces to

eikr
ngip(p,k,r) :kz(nxp)xn4m. (2.8)
Whereas in the near field, or static zone (kr | 0), the field approaches
of 1 1 1 5
Edip(par) = E [311(11[)) - p] I"_3 - §p8 (l'), (29)

which is, apart from its oscillations in time, just the static electric dipole field.
Equation 2.9 will be used for dense dielectrics in which the dipoles are in each oth-
ers near field.

The delta function term in Eqgs. 2.7 and 2.9 only contributes to the dipole field
at the position of the point dipole. Nevertheless, the delta function is essential to
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Figure 2.1 Two charge distributions: All charges are inside (left) or outside (right) the
sphere within which the volume integral of the electric field is to be calculated, correspond-
ing to Eqs. 2.10 and 2.11, respectively.

fulfill a general theorem by Maxwell: the volume integral of the static electric field
over a sphere with radius R is
3 1
E(r)d’r=—=p. (2.10)
r<R 3
Here E is the electric field produced by the charges, which are assumed to be all
inside the sphere, and p the electric dipole moment of the charge distribution with
respect to the center of the sphere, see Fig. 2.1. Note that this volume integral is
independent of the size of the spherical region of integration provided that all the
charge is inside. For a set of point dipoles {p;}, the total electric dipole moment
with respect to the center of the sphere resides to a simple summation of all the
individual dipole moments Y ; p;, independent of the positional distribution of these
dipoles. In fact, the delta function term in Eqs. 2.7 and 2.9 carries the essential
information about the actual finite charge distribution of the dipole. The role of the
delta function will be rediscussed when treating the small dielectric sphere, or point
scatterer. Complementary, when all the charges are outside the sphere, see Fig. 2.1,
the volume integral of E is

/ E(r)d’r = 4—nR3E(O). (2.11)
r<R 3

In other words, the average value of the electric field over a spherical volume con-
taining no charge is the value of the field at center of the sphere E(0). It should be
stressed that Eqs. 2.10 and 2.11 only hold for static charge distributions.
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2.2 Macroscopic quantities; spatial averaging

The fields introduced so far are microscopic electric fields produced by a mi-
croscopic charge distribution. However, for many macroscopic properties of di-
electrics it is not essential, and actually far to complicated, to know the exact mi-
croscopic electric field. For any dielectric, except for extremely dilute gases, the
number of microscopic polarizable dipoles within the optical volume pA? is very
large, where p is the number density of the dipoles and A the wavelength of (vis-
ible) light. As a result, the microscopic fields produced by these dipoles vary ex-
tremely rapidly in space and time. On length scales A, with A > A > pfl/ 3, these
microscopic fluctuations average out, giving relatively smooth and slowly varying
macroscopic quantities.

To obtain such macroscopic quantities, it is necessary to perform a spatial aver-
aging procedure. The spatial average of a microscopic quantity S(r,#) with respect
to a test function f(r) is defined as

(S(r,1)) = / &Ar' f(X)S(r—r 1), (2.12)

where f(r) is real, nonzero in the neighborhood of r = 0, and normalized to unity
over all space. The often used spherical averaging volume with radius R (R ~ A)
is represented by

3
f(r):m

where ©(x) is the step function, with ©(x) = 1 for x > 0 and ©(x) = 0 for x < 0.
Using the spatial averaging procedure, the macroscopic electric field Ep,c(r, )
becomes

O(R*—r|?), (2.13)

Emac(rvt) = <E(l‘,l‘)>, (2.14)

where E(r,7) is the microscopic electric field. Likewise, the macroscopic polariza-
tion P(r,7) for a set of induced point dipoles {p;} at positions {r;} is

P(r,)) =3 p:&(r—r)). (2.15)
i
For linear, isotropic, homogeneous dielectrics the macroscopic polarization P and
the macroscopic electric field E,. are related through
P =% (0)Ena = (€(®) — 1)Epgc, (2.16)

where () is the electric susceptibility and €(®) the dielectric function, for ® =0
known as the dielectric constant £(0). Equation 2.16 is the macroscopic analogon
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of p = o(®)E. The macroscopic response of a homogeneous dielectric is com-
pletely captured in ¥ (), or equivalently €(w). This macroscopic response origi-
nates from the microscopic one: x(®), €(®), depends on how the dipoles are spa-
tially arranged, the density of the dipoles p, and their polarizability o(w).

2.3 The small dielectric sphere

In order to further clarify the properties of a point dipole, the small dielectric sphere
is discussed. The two, the point dipole and the small dielectric sphere, are shown
to be analogous.

Consider a small dielectric sphere with radius a and dielectric constant € in a
homogeneous external electric field Ej. Small means that a is much smaller than
the wavelength A, so that electrostatic approach is applicable (also known as the
long wavelength limit or dipole approximation). The dielectric sphere is polarized
by the external electric field Ej. As a result, the total electric field is different from
the external field. The electric field E;;, inside the dielectric is homogeneous and
given by

3
Ei, = &:—|—_2E0 = Eo + Eqgepol, (2.17)
where Egepol 18 the depolarization field produced by the dielectric sphere. Outside
the sphere, the total field is the sum of E( and the field of an electric dipole (see
Eq. 2.9) at the center of the sphere with dipole moment

e—1

By = 3——QE,, (2.18)

e—1
a
e+2 e+2

Psph = 4r

where Q = 47nta®/3 is the volume of the sphere. The dipole moment Psph can
be interpreted as the volume integral of polarization P, as the polarization is (see
Eq. 2.16),

e—1
P=(e-1)E;, =3——=EK,. 2.19
(8 ) in e+2 0 ( )
Combining Eqgs. 2.17 and 2.18 gives for the depolarization field
E N = 1P (2.20)
depol — 3stph - 3 .

baring close resemblance to the delta function term in Eqs. 2.7 and 2.9. In fact,
in the limit a | O the dielectric sphere, or point scatterer, is equivalent to a point
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dipole in the quasi-static regime (® < ). The analogy is complete when the static
polarizability in Eq. 2.6 is identified as
e—1

The dynamic polarizability o(®) also depends on @y and T'y. The exact value for
y is irrelevant, as long as @y > ®. The damping rate Iy follows from the opti-
cal theorem, as elastic point scatterers are considered, see Eq. 2.5. Contrary to the
quasi-static regime, the analogy in the resonant regime is more complicated [27].

Particles much smaller than the wavelength of light A are also called Rayleigh
scatterers [2]. The present treatment breaks down when the size s of the scatterer
becomes comparable or larger than A. The regime s ~ A is governed by Mie scat-
tering, whereas for s > A geometrical scattering is important [2].

2.3.1 The small dielectric cavity

The properties of a small dielectric cavity with radius a inside an otherwise homo-
geneous dielectric with dielectric constant € are very similar to the above described
dielectric sphere. The macroscopic field outside the cavity can be represented by
the sum of the macroscopic applied field E,,. and the field of a dipole placed at the
center of the cavity with dipole moment

3 1—¢
Pcav = 2e+1

where of course € is the volume of the cavity. Note that p.,y is oppositely directed
to Epac for € > 1. It should also be emphasized that the field produced by pcay is
the field of a dipole in a host medium with dielectric constant €. The electric field
E;, inside the cavity is homogeneous and given by

3¢
in = 28—_1_1Emac

Here Eqepot = —1/(38Q)pcay, similar to Eq. 2.20, and the empty cavity factor Lemp
is defined for later convenience.

QEmqc, (2.22)

= Emac + Edepol = LempEmac- (2.23)

2.4 The dielectric function

As already mentioned, the dielectric function €(®) of a homogeneous dielectric de-
pends on the density p and polarizability o(®) of the dipoles that constitute the di-
electric. For simplicity it assumed that the dielectric consists of only one type of
polarizable dipoles, with a density that is independent of position. Here several
derivations for () are presented.
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2.4.1 Linear response

First the linear response approach is discussed. The dipoles are polarized by a ho-
mogeneous external field Ej. In the approximation of the linear response model, the
electric field produced by these dipoles is disregarded. As a result, the macroscopic
electric field Ey,. equals the microscopic one: Epc = Eg, as E is the only micro-
scopic field present. The macroscopic polarization P is given by (see Eq. 2.15)

P= (Z o(0)Eg 8% (r—r;)) = po(®)Emgc, (2.24)

using p; = p = o(®)Eg, Ep,c = Eg, and
p=08(r-rm). (2.25)

Hence, combining Eqs. 2.16 and 2.24, the dielectric function is found to be
e(w) =1+ po(m). (2.26)

The linear response approximation is valid for € close to 1, or equivalently pa < 1.

2.4.2 A random collection of dipoles; fluids

For dense dielectrics, that is po(®) ~ 1, the linear response approximation breaks
down: the dipolar electric fields may not be neglected. In general, the total static
microscopic field E . (r) for a collection of dipoles {p;} at positions {r;} is

Enic(r) = Eo+ Y Eff (pi,r —1y), (2.27)
i

where again E is the homogeneous external electric field and Egifp is given by
Eq. 2.9. This summation over dipolar fields consists of two contributions: the scat-
tered fields Eqc, and the depolarization fields Egepol, €xplicitly given by

1 1
Eqat = ), o [3n;(n;-p;) — pi 3 (2.28)

i

and
1
Egepor = — 3P 8 (r—r), (2.29)

where the notation is used as explained below Eq. 2.7. For randomly positioned
dipoles, as is the case for fluids, it is assumed that Eg, averages out to zero. Later,
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this will be shown explicitly for dipoles on a square lattice. Using this assumption,
the total microscopic field resides to

Epic(r) = Eg — Z %Pi53(l’ —r;). (2.30)

As the discussion is concerned with homogeneous and isotropic media, all dipole
moments are the same, that is p; = p. Hence, the macroscopic electric field E,,
using Eqs. 2.14 and 2.25, is given by

1
Ema =Eo— gpp. (2.31)
Similarly, the macroscopic polarization P becomes, see Eq. 2.15,
P = pp. (2.32)

The only unknown parameter left, is the dipole moment p that is induced by the mi-
croscopic field at the position of the dipole. This field is Eg — (1/3)p83(0), where
the delta function represents an unphysical self interaction and will be neglected.
Here, it is implicitly assumed that two or more dipoles are not on the same posi-
tion. Consequently, p = a.(®)E(. Combining Egs. 2.16, 2.31, and 2.32, finally the
desired result for the dielectric function is obtained

pow)
11— 3po(e)

It should be noted that this derivation is done in the static limit. However, it also
holds for dynamic fields, under the assumption that the size of the sphere used in the
spatial averaging procedure to obtain macroscopic quantities, see Eq. 2.13, is much
smaller than the wavelength involved. Furthermore, it is clear that for po(®) < 1
the linear response result, Eq. 2.26, is regained.

g(w)=1+ (2.33)

2.4.3 A square lattice of dipoles; exact result for electrostatics

Consider a dielectric with the dipoles p placed on a square lattice. The positions
of the dipoles are thus given by the set of coordinates {R}, with components along
the cartesian coordinate axes (ai,aj,ak), where a is the lattice spacing, and i, j, and
k each take on positive and negative integer values. Hence, the total static micro-
scopic field is, see Eq. 2.27,

Enic(r) =Eo+ Y EJ (p,r—R). (2.34)
{R}
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Contrary to the treatment of fluids, where the dipoles were randomly positioned,
it is now not assumed that the scattered fields of the dipoles average out to zero.
Here, of course within the limits of the static approximation, the derivation will be
exact using the explicit form of Eq. 2.34.

As the lattice of point dipoles is homogeneous, the macroscopic field is also
homogeneous. Therefore, it is sufficient to calculate the macroscopic field at the
origin

3
Epmac(0) = —/ Rd3r
r<

IR Eo+ Y Ef,(p,r—R) |, (2.35)

{R}
where the spherical integration volume is centered at the origin and using Eqs. 2.12-
2.14 and 2.34. As the external field Eg is independent of position, the contribu-
tion of this field is just (as always) Ey. The other contribution to the microscopic
field in the sphere is a superposition of fields from the dipoles both in and out-
side the sphere. The entire set of {R} dipoles can be divided into two subsets:
the dipoles in the sphere {R;, } and the dipoles outside the sphere {Rout}: Y(r} =
2Ry} + Z{Rou)

First consider the contribution of {R;,} to the macroscopic field. As all the
dipoles are inside the sphere, Eq. 2.10 is applicable,

[ a3 B r-R)=—3 3 p. (2.36)
r<R

{Rin} {Rm}
Hence, the contribution to the macroscopic field of the dipoles inside the sphere is
—(1/3)pp, where p is identified as (3/4TR?) ¥(g, }-
Similarly, for the dipoles outside the sphere Eq. 2.11 applies,

[ 3w R = TR S B (p0-Ray). (237
K {Rou} {Rou}
Instead of the volume integral, the summation over {Ryy} of the dipole fields in
the origin has to be performed. It will be proven at the end of this subsection that
this summation adds up to zero, so that the macroscopic field Ey,c is

Emac = O - §PP, (238)

which is identical to Eq. 2.31.

The microscopic field at the position of a dipole, or equivalently at the origin
E.ic(0), is given by Eq. 2.34, where the field of the dipole at the origin is excluded
for reasons of the unphysical self interaction,

Enic(0)=Eo+ Y, Ei (p,0—R). (2.39)
{R#0}
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Figure2.2 Two spherically symmetric subsets of dipoles on a cubic lattice: Left the subset
{R # 0}, right {Ryyc}, corresponding to Egs. 2.39 and 2.37, respectively. Both subsets are
captured by {R’}.

Itis clear that this summation resembles the second summation in Eq. 2.37, the only
difference is the set of dipoles over which the summation runs. As will be proven,
the summation in Eq. 2.39 is also zero. As a result, the microscopic electric field
at the position of a dipole is Ey. Consequently p = o(0)Eg, where o.(0) is used
as the derivation is for the static limit. Similar as in the random case, combining
Egs. 2.16, 2.32, and 2.38 gives

pa(0)
T Too(0) Toa(0) (2.40)

identical to the static limit of Eq. 2.33. It should be stressed that the derivation of
Eq. 2.40 is exact, whereas in the derivation for randomly positioned dipoles it had
to be assumed that the scattered fields, see Eq. 2.28, average out to zero. Neverthe-
less, this assumption seems valid as both the random system and the square lattice
are highly symmetric positional realizations, and should therefore have the same
dependence of € on p and o, compare Egs. 2.33 and 2.40.

e(0)=1+

Still left to prove is that the summations in Eq. 2.37 and 2.39 of the dipole fields in
the origin are zero. Considering Eq. 2.9, it is clear that the delta function terms do
not contribute to the sum, since the summation either runs over all dipoles exclud-
ing a sphere of many dipoles centered around the origin [Eq. 2.37] or all dipoles
excluding the one positioned at the origin [Eq. 2.39], see Fig. 2.2. As a result, the
summation S is explicitly given by, where the prefactor 1/(4m) is left out,

s=3

{R'}

3R(R-p) - [R’p
‘R’5/2

(2.41)
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Here the prime in {R’} denotes that the summation is constraint to a spherical sym-
metric subset of {R} centered around the origin, covering both Egs. 2.37 and 2.39.
The x component of S, S;, can be written in the form

s5=3 3(i2py+ijpatikps) — (24 j°+k*)py
=2 a@pRE

where p = (p1,p2,p3)- Since the indices run equally over positive and negative
values, even when relaxing the spherical symmetrically constraint, the cross terms
involving (ijp, + ikp3) vanish.

Consider a specific lattice vector (s,f,u), which has a length |(s,t,u)| =
V's2+12+u?, where s, t, and u can have both positive and negative integer values.
This vector is part of a subset of vectors, labeled as {(s,7,u)}, which can be gener-
ated from (s,7,u) by permutation of the components s, ¢, and u. Thus all the vectors
in {(s,#,u) } have the same length. Note that there are different subsets with vectors
of the same length, but these subsets will be treated independently. For example,
a vector from {(—s,—7,u)} has the same length as a vector from {(s,z,u)}. It is
sufficient to prove that summation over the subset {(s,,u)} yields zero in oder to
prove that the entire sum Eq. 2.42 is zero, as {R’} is a superposition of many dif-
ferent {(s,7,u)}.

The subset {(s,7,u)} contains six vector (six permutations). The first compo-
nent of these vectors is twice s, twice ¢, and also twice u. The summation over this
subset thus yields, see Eq. 2.42,

3'2(S2+t2+u2)p1 — 6‘ (S,t, I/t) ’2p1
a3|(s,1,u) >/
This completes the prove that the summation S is zero. If the summation of one

component of S, Sy, is zero, then by symmetry this also holds for the other compo-
nents, and thus S = 0.

(2.42)

=0. (2.43)

2.4.4 A square lattice of dipoles; virtual cavity approach

In this section a more generally employed derivation of Eqgs. 2.33 and 2.40 is
sketched. In this approach a sphere is imagined inside the dielectric, the virtual cav-
ity, centered at a particular dipole. The dipoles nearby the central dipole, that is the
dipoles in the sphere with dipole moment p, are treated individually. The dipoles
outside the sphere are considered in the continuum approximation described by the
polarization P. By use of the superposition principle the field at the central dipole,
i.e. the local field E,y, can be derived. This local field is the sum of: i) the macro-
scopic field Ep,,, with corresponding polarization P; ii) the field Ep inside a dielec-
tric sphere with polarization —P; iii) the total field E, produced by the discrete
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Figure 2.3 The field at the center of the virtual cavity can be found by using the super-
position principle. The separation of the dielectric into an average polarization P outside
the cavity and discrete dipoles inside is comprehended in the superposition of a homoge-
neous dielectric with polarization P, a dielectric sphere with the size of the virtual cavity
and polarization —P, and all the discrete dipoles in the cavity.

dipoles inside the cavity, see Fig 2.3. In fact, the homogeneous polarization P in-
side the cavity is replaced by the field of the individual dipoles. The field inside a
polarized dielectric sphere Ep, without external field, is just given by the depolar-
ization field Egepor, see Egs. 2.17 and 2.20. The fields due to the discrete dipoles
inside the cavity add up to zero, for the contribution of these fields is given by the
summation of Eq. 2.41, that is Eye; = 0. As a result, the local field, expressed in
only macroscopic quantities, reduces to

1
Eioc =Emac + §P' (2.44)

Combining P = paEj,. = po[Emac + (1/3)P] and P = (€ — 1)Ep, readily gives
the by now well-known result of Egs. 2.33 and 2.40. It should be stressed that the
approach presented here resides on the use of macroscopic quantities that are not
derived from microscopic ones, in contrast with the method of the previous sec-
tions. Note that the local field differs from the macroscopic field by the so called
Lorentz local-field factor Ly,:

e+2
Eloc = LLorEmac = TEmac (2-45)

For e ~~ 1, that is pa. < 1, the local field approximately equals the macroscopic
field, establishing the applicability of the linear response approach in this regime.

2.4.5 The Onsager-Bottcher approach; the reaction field

In the Onsager-Bottcher approach an impurity dipole py is considered to be at center
of areal spherical cavity with radius a in an otherwise homogeneous dielectric with
dielectric constant € [14], see Fig. 2.4. The field at the site of the dipole E),. is
given by the sum of the field inside the cavity E;, [Eq. 2.23] due to an external
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Figure 2.4 The Onsager-Bottcher treatment: An impurity dipole with polarizability oy,
the dipole in question, is placed at the center of a real spherical cavity (radius a) in a ho-
mogeneous medium with dielectric constant €.

macroscopic field E,,. and the reaction field R. The reaction field originates from
the polarization of the surrounding dielectric induced by the central dipole. This
field R is uniform throughout the cavity and proportional to the dipole moment py
[14]:

1 2(e-1)
30 2e+1

p1 = fp1, (2.46)

where Q = (4ma’) /3 is the volume of the cavity. The dipole moment py is induced
by the total field at the center of the cavity Ejoc = Ey, +R: p; = o;Ej.. Hence, the
reaction field is given by

R = fp1 = fou(Ein +R), (2.47)

from which it follows that

1 1 3¢

Epe = —E;, = —— E
loc l—fOCI in l—fOCI 2e+ 1 mac>

(2.48)

where Eq. 2.23 is used. Rewriting this equation, using the explicit form for f, re-
sides for the local field to

B 3e
28+1—%(8— 1)

Enac = Los (aI/Q)Emam (2.49)

Eloc

where Log (0r/€2) is defined in analogy with Lemp and Ly The field outside the
cavity is given by the sum of E,,. and the field of a dipole embedded in a host
material with dielectric constant € with dipole moment

Ptot = [OCILempLOB (aI/Q) + (1 - g)Leme] Emam (250)
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where the first term presents the dipole field produced by the central impurity dipole
and the second term corresponds to dipole field of an empty cavity, see Eq. 2.22.
The volume of the cavity € is the only unknown parameter left. In contrast to the
virtual cavity approach, two cases can be distinguished: the dipole inside the cavity
is either equivalent to or different from the ones forming the dielectric. Considering
the former case (0 = o, where o is the polarizability of the dipoles that form the
dielectric), Eq. 2.33 and 2.40 are regained upon Onsager’s assumption [15] that the
volume of the cavity obeys pQ = 1 and realizing that P = poEjoc = (€ — 1)Emac.
Here p is the density of the dipoles in the dielectric. In other words, the average
polarization in the cavity, p;/€2 = pp, equals the polarization of the dielectric, see
for example Eq. 2.32. As a result, py in Eq. 2.50 is zero, as it should for a homo-
geneous medium.

In the case of an impurity dipole, the volume €2 is generally taken to be the
real volume of the molecule or atom the dipole represents. Note that for impurity
dipoles with a very low polarizability, o /Q < 1, the empty cavity result [Eq. 2.23]
is obtained: Log(0) = Lemp.

2.4.6 Historical overview on local fields

The concept of local fields, the field experienced by a dipole in a dielectric medium,
has been a subject of interest for over 150 years, see for reviews [28, 29, 30]. The
first familiar results were obtained by Mossotti [31] who considered small metal
particles in an ‘ether’ and by Clausius [32] who extended Mossotti’s results to con-
ducting particles in an insulating medium. In fact, to be more precise, they estab-
lished that, for any given substance, (€ — 1)/(e+ 2) should be proportional to the
density of the substance. Rewriting Eqgs. 2.33 and 2.40 indeed confirms such a re-
lation:

e—1

= - 2.51
e+2’ 251)

po=3
known as the Clausius-Mossotti equation. This equation can be generalized to the
case of mixtures of different types of dipoles with polarizabilities o; and densities
p;. It then reads

e—1 1
— == 0, 2.52
which is the more familiar form.

Lorenz [33] studied dielectric particles surrounded by a medium with a differ-
ent refractive index and solved the problem for optical vibrations. He was the first
to introduce the idea that, in a cubic or random distribution, the contributions of
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near neighbors to the local field sum to zero, although this was an assumption rather
than a proven result. Lorentz [34] used the by now familiar method (see previous
section) of cutting out a virtual sphere about the site in question. He was able to
show that indeed the contribution of the neighbors within the sphere in a cubic lat-
tice is zero. For dynamical fields, Eq. 2.52 is better known as the Lorentz-Lorenz
equation.

Over the last century, several rederivations of Lorentz’s original result have
been given [15, 28, 35, 36]. All of these derivations, however, use the concept of a
local field and apply the macroscopic Maxwell equations to achieve the result. Re-
cently, an exact microscopic derivation for fluids has been presented by Lagendijk
et al. using the formalism of multiple-scattering theory taking into account hard-
sphere particle correlations to all orders of the density [37]. For static fields, a sim-
ilar approach was adopted by Felderhof et al. [38]. It should be noted, that these
correlations were implicitly included in the derivations of sections 2.4.2 and 2.4.3,
as the field felt by a particular dipole is just the sum of the external field and the scat-
tered fields of all the other dipoles, excluding the depolarization fields, see Egs. 2.28
and 2.29. That is to say: the dipoles were not at the same position.

2.5 Wave propagation and the dielectric function

So far, only the dielectric function &(®) has been calculated from microscopic quan-
tities. The implications of such a dielectric function on the properties of light wave
propagation through dielectrics will be discussed now.

For homogeneous media and monochromatic light with frequency ®, the
Helmholtz equation reads

2
V2E e (1) — £() 5 Enmge (1) = 0, (2.53)
€

where it is understood that the time dependence of the macroscopic field is e =",

The solution of Eq. 2.53 is a transverse plane wave

Epmac(1,1) = Eqemr—io (2.54)

where E is the amplitude of the wave, n a unit vector pointing in the direction of
propagation and

k= \/e(m)% (2.55)

the wavevector in the medium. Note that Eg-n = 0. In general, €(®) is a complex
function: € = ex + ig;. The real part of dielectric function € relates to the refractive



Macroscopic dielectric response... 31

index m, whereas the imaginary part €; describes both absorption and scattering,
i.e. extinction. As a result k is complex: k = 3 +ix/2. So that the intensity of the
wave falls off as e T, see Eq. 2.54. Consequently, K is identified as the extinction
coefficient, that is the inverse of extinction length £ey: k = £,!. Both B and k can
be expressed in terms of € and €; using Eq. 2.55. If x < B, which is the case for
nearly all media unless they are extremely strongly absorbing and/or scattering, it
is found that

B=ers,  x=-Lp, (2.56)
€o €R
from which it follows that the refractive index m is 1/€g. Using Eq. 2.56, it is clear
how the refractive index m and the extinction length £y depend on microscopic
quantities like the dipole density p and dynamic polarizability o(w).

The imaginary part of the dielectric function given by Eq. 2.33 arises from a
complex dynamic polarizability o), see Eq. 2.6. Note that in the static limit,
® | 0, o(®) becomes real and extinction disappears (k = 0). In other words, ab-
sorption and scattering are essentially dynamic properties.

2.6 Mixtures of dielectrics

As the origin of the refractive index and extinction coefficient of homogeneous di-
electrics is clear, it is interesting to investigate inhomogeneous dielectrics. For this
purpose, consider a mixture of two dielectrics, with volume fractions ¢; and ¢,, and
dielectric constants €; and &, respectively. Aside from the dielectric constants and
the volume fractions, the average refractive index €,, and the extinction length de-
pend on how the two dielectric components are organized and their dimensions. In
the electrostatic limit, the components always have dimensions much smaller than
the (infinitely) long wavelength, leading to a well-defined average refractive index.
However, the extinction (£ex — o) is zero in this limit. So in order to grasp both the
extinction and average refractive index, the derivations will be in the quasi-static
approximation.

As already mentioned, the morphology of the mixture influences both m and
lox. Three different effective medium models will be discussed: The Lorentz-
Lorenz model [29], Maxwell Garnett theory [39] and Bruggeman’s approach [40].
In the Lorentz-Lorenz model two types of dielectric spheres in vacuum are treated.
Garnett considered spherical inclusions, i.e. scatterers, in a homogeneous dielectric
background (cermet topology), whereas Bruggeman treated both dielectric compo-
nents on an equal basis, more appropriate for the so-called aggregate topology [41].
In the cermet topology each inclusion is completely surrounded by the host dielec-
tric, whereas in the aggregate topology the connectedness of the two components



32 Chapter 2

DO 2 O

Figure 2.5 Two topologies of two-component dielectrics. The lighter and darker areas
correspond to the different dielectric constant materials. Left a collection of spherical in-
clusions is depicted, the cermet topology, related to the Maxwell Garnett formalism. Right
the aggregate topology is shown, considered by Bruggeman, which is symmetric in the sta-
tistical sense: i.e. an interchange of the two components results in the same type of medium
with interchanged volume fractions. This symmetry is absent in the Maxwell Garnett type
of mixture (left).

is treated on the same footing, see Fig. 2.5. For recent investigations of effective
medium models for different morphologies see [42].

2.6.1 Quasi-static properties of a small dielectric sphere

In order to derive Maxwell Garnett results, first the small dielectric sphere is redis-
cussed; the results will be very similar to those in section 2.3. Consider a small di-
electric sphere with dielectric constant €, in otherwise homogeneous medium with
dielectric constant €;. The sphere has a radius a (volume Q = (4na?)/3), much
smaller than the wavelength involved, so that the quasi-static approach applies. In
the host medium the macroscopic electric field far away from the sphere is homo-
geneous and given by E;. Analogous to Eq. 2.17, the macroscopic field inside the
sphere E; is homogeneous and reads

3
=——E
e+ ) 2
where € = €, /g, is the dielectric constant ratio. The total field outside the dielec-

tric sphere is the sum of E, and the field of dipole in a background medium with
dielectric constant €, and dipole moment

E; (2.57)

e—1
P= 3829{;—|—_2E2 = chhgz (O)Ez = EZOLS(O)EZ, (258)

where 0, ¢, (0) is the static polarizability of the sphere and 0. (0) is defined for later
convenience.
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In the quasi-static limit, the dynamic polarizability (necessary to describe ex-
tinction) is given by Eq. 2.6, where it is assumed that ® < ®y. Keeping only the
first order terms for both the real and imaginary part of the polarizability, it is found
that

3
To(e2) 0 ] . (2.59)

O, e, () = O, £, (0) [1 +1 4

@
Here T'y(g;) is the damping rate of a dipole in a background medium with dielec-
tric constant €. In order to fulfill the optical theorem, this damping rate relates to

vacuum damping rate, see Eq. 2.5, as

[o(e2) = /&2 T, (2.60)

which is the general result for a dipole in a dielectric host medium. Of course, the
static polarizability in Eq. 2.5 is now given by 0., ¢, (0). Note that although Eq. 2.59
seems to depend on @y, this dependence is completely canceled by I'y, see Eq. 2.5:
the quasi-static polarizability o, ¢, (®) is completely independent of wy. The imag-
inary part of o, ¢,(®) represents scattering and not absorption, as the scatterer is
constructed to be fully elastic on enforcing the optical theorem.

2.6.2 The average dielectric constant

Lorentz-Lorenz expression Consider a collection of two types of spheres char-
acterized by the densities p;, dielectric constants €;, and volumes €; (i=1,2) em-
bedded in vacuum. The average dielectric constant €,, of such a mixture can be
calculated from Eq. 2.52 giving

€av 1
_ 1 2.61
ewt2 3 (P10 + P2y, (2.61)

where 0 is polarizability of sphere i. Using Eq. 2.21, the Lorentz-Lorenz effective
medium expression resides to
€v—1 g —1 & —1

= + ,
Eay +2 ¢182+2 ¢z£2+2

(2.62)

where p;€2; is identified as the volume fraction ¢;. If the phases €, and €, completely
fill the entire space, ¢; + ¢, = 1. Obviously Eq. 2.62 can be generalized to systems
containing more than two phases by adding more terms.
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Maxwell Garnett theory Maxwell Garnett theory treats an inhomogeneous me-
dium that consists of spheres with dielectric constant €; and volume fraction ¢
embedded in a background material with dielectric constant €, and corresponding
volume fraction ¢, = 1 — ¢;. The derivation of the average dielectric constant €,
presented here essentially follows the approach of Bohren and Huffman [43].

The average macroscopic electric field (E) can be found by using the spatial
averaging procedure, see section 2.2 and especially Eq. 2.12. The spatial averaging
volume is large enough to contain many of the spherical inclusions. As a result

(E) = (1 —¢1)(E2) +01(Ey), (2.63)

where (E;) and (E,) are the average macroscopic fields in the background medium
and the sphere, respectively. Similarly, the average polarization is given by

(P) = (1—-01)(P2) + 1 (Py). (2.64)

The average polarization in the spheres and in the host material relate to the corre-
sponding average macroscopic fields as

(P2) = (&2 — 1)(En), (P1) = (e1—1)(E1). (2.65)
The average dielectric constant €,, of the composite medium is defined by
(P) = (eay — 1)(E). (2.66)

Combining Egs. 2.63-2.66 yields
(1—¢1)(Sav—82)<E2>+¢1(Sav—81)<E1> =0. (267)

For spherical inclusions the relation between (E;) and (E;) is known and given by
Eq. 2.57. Here it is assumed that the fields scattered by the spheres average out to
zero, similar to the treatment of fluids in section 2.4.2. The Maxwell Garnett result
for the average dielectric constant follows:

e—1
L3 (aﬁ)1 ] | (2.68)
1=01 (52)

where again € = € /¢&;. Identifying ¢; as pQ2, where p the density and Q the volume
of the spheres, and using the definition of o, (0) from Eq. 2.58, leads to

P (0)
+ i Tooe (0)] , (2.69)

clearly establishing the connection to the polarizability of a dielectric sphere, see
Eq. 2.58. Note that the form of Eq. 2.69 is identical to Egs. 2.33 and 2.40.

Eav = &

Eav =&
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Equation 2.68 can be rewritten in a form similar to Eq. 2.62 yielding
Eav — & €1— &
= , 2.70
€y + 265 ¢1£1 +2¢, ( )

so that both Egs. 2.62 and 2.70 are identified to stem from the same general formula

€ay — &p — 0 €1 —&p +o € — &
=0

€av + 26 £ 428, | e, t2ep
where g, is the dielectric constant of a host dielectric. Thus €, equals 1 and €, for
the Lorentz-Lorenz and Maxwell Garnett expressions, respectively. If ¢; > ¢,, then
a more appropriate choice for €, in the Maxwell Garnett case is €;. However, the
resulting values of &,, are different for the two choices. Bruggeman resolved this
dilemma.

2.71)

Bruggeman’s approach Bruggeman proposed that neither phase should be
given preference (as in the Maxwell Garnett treatment), but that the inclusions
should be considered as being embedded in the averaged medium itself. In the
above formulation this is equivalent to choosing €, = €y, in which case Eq. 2.71
becomes

€1 — &y € —E&ay

0= (l)l €1 +2¢&,y +¢282+28av’

known as the Bruggeman effective medium expression. Although Egs. 2.62, 2.70,
and 2.72 are superficially quite different, the above discussion shows that they all
are related and differ only in the choice of the host material. The generalization to
mixtures of more than two dielectrics is obvious.

(2.72)

2.6.3 Light scattering in mixtures

Scattering of light in dielectrics originates from the complex dynamic polarizabil-
ity. To indicate how this really works, the extinction coefficient k is calculated for
the Maxwell Garnett result in the linear response approximation, that is po, < 1.
The quasi-static dielectric function €(®) then reads

8(0‘)) = 82 + pasl,ﬁz ((D)a (273)

where 0, ¢, (®) is the complex quasi-static polarizability given by Eq. 2.59. Again,
it is stressed that this complex polarizability is constructed via the optical theorem,
so that the spheres are fully elastic scatterers. The real (¢g) and imaginary (g;) part
of €(®) thus are

20)3

— 2.74
o (2.74)

ER=8& + PO, e, (0)7 &= p\/g[aﬁl,sz (0)]
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where I'(€;) and ® are eliminated by use of Egs. 2.5 and 2.60. The refractive in-
dex m is just given by \/€g = /€2 + PO, ¢, (0), which approximates to /€, for
PO, ¢,(0) < €. The extinction coefficient K, or equivalently the inverse of the ex-
tinction length /., follows from Egs. 2.56, and 2.74 and reads

2034

— (2.75)
61th

K=p [a£1782 (0)]
This equation is related to the extinction cross-section Gex, Which is defined as
POex = k = /!, Using Eq. 2.75 and the explicit form of o, ¢,(0) [Eq. 2.58] the
well-known extinction cross-section for a spherical Rayleigh scatterer is readily ob-
tained

8 4[e—1]°
Ocx = §X4 |:8—|——2:| 7ta2 = Qexnaz (276)

Here x = ke, a, where ke, = 1/€2(®/cp) is the wavevector in the background dielec-
tric €, and a the radius of the sphere. Furthermore, the extinction efficiency fac-
tor Qcx is defined as the ratio of the extinction cross-section Ggx to the geometrical
cross-section ma”. This completes the derivation of extinction by a low concentra-
tion of small dielectric spheres in a dielectric host material.
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Spontaneous emission of impurity atoms
in homogeneous dielectrics

The spontaneous emission rate of an impurity atom in an otherwise homogeneous
dielectric is calculated using the Onsager-Boéttcher approach. By identifying substi-
tutional and interstitial impurities, the well-known empty-cavity and Lorentz local-
field factors are obtained, respectively. For fluids, the substitutional case is pre-
dicted to occur prevalently.

3.1 Introduction

In 1917, Einstein demonstrated that spontaneous emission must occur if matter and
radiation are to achieve thermal equilibrium [44]. This picture is so fundamental,
that spontaneous emission rates are often believed to be an inherent property of the
atom. However, the spontaneous emission rate can be modified by changing the
environment, as was noticed by Purcell [45]. In the early 1970s, Drexhage carried
out pioneering experiments on the modification of the luminescence decay rate of
Europium complexes in front of a metallic mirror [46]. Later, many theoretical [47]
and experimental [48] investigations have been devoted to the enhancement and in-
hibition of spontaneous emission of atoms in resonant cavities, in which case larger
modifications are possible.

Modifications of the spontaneous emission rate can also be induced by placing
the radiator inside a spatially inhomogeneous dielectric. For example, the case of
emission near a dielectric interface has been studied both experimentally [46, 49]
and theoretically [50]. More recently, spontaneous emission rates were predicted
to alter in photonic crystals [8], materials in which the dielectric constant is period-
ically modulated on length scales of the wavelength of light. As a result, light in a
certain frequency range cannot propagate in the crystal because of multiple Bragg
reflections. At this so-called full photonic band gap, the radiative density of states
(RDOS) is zero and, therefore, spontaneous emission of excited atoms embedded
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in these materials is expected to be inhibited at those frequencies, since then cou-
pling to propagating modes is absent. At other frequencies, it has been shown that
spontaneous emission can be either enhanced or reduced [8]. Note that the atoms
in question are different from the ones constituting the dielectric; in the rest of this
chapter such atoms will be referred to as impurity atoms or, equivalently, impurity
dipoles.

In this chapter, the most simple and fundamental problem is treated: the spon-
taneous emission rate of an impurity dipole in a macroscopically homogeneous di-
electric. As will be shown, merely placing a dipole in a dielectric medium already
modifies its spontaneous emission rate.

3.2 Which local-field correction applies to spontaneous emission?

The spontaneous emission rate I'(€) of an impurity dipole inside a homogeneous
medium with dielectric constant € is predicted by Nienhuis and Alkemade [10] to
follow the /€ dependence of the RDOS, and is thus given by

I'(e) = V& Ty, 3.1)

where I'y is radiative decay rate of the dipole in vacuum. This dependence of T'(g) is
exactly identical to Eq. 2.60, which describes the radiation damping rate, the classi-
cal analog of spontaneous emission, of the dynamic polarizability of a dipole inside
a dielectric that fulfills the optical theorem. However, Nienhuis and Alkemade ar-
rived at Eq. 3.1 by quantizing the macroscopic Maxwell’s equations, while in prin-
ciple the dipole couples to the microscopic vacuum fluctuations. The microscopic,
or local, electric field felt by a dipole is usually different from the macroscopic field,
and hence deviations from Eq. 3.1 are expected.

The concept of the local field was already explained in detail in the previous
chapter. There it was shown that for highly symmetric, completely homogeneous
dielectrics, i.e. fluids and cubic lattices, the ratio of the local to the macroscopic
field is given by the Lorentz local-field factor

€+2
37
which is the same for all dipoles that constitute the dielectric, see also Eq. 2.45.
Indeed, in experiments [51] involving only pure systems, i.e. only one kind of atom
or molecule is present, the observed local-field effects agree very well with this
Lorentz description. However, in the case of an impurity dipole, it is not at all clear
whether Eq. 3.2 should apply.

The Onsager-Bottcher local-field approach, see section 2.4.5, allows an impu-
rity dipole to be treated: an impurity dipole with polarizability oy is placed at the

Lyo = 3.2)
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center of a spherical cavity with volume €2 in an otherwise homogeneous medium
with dielectric constant €. The local-field correction pertaining to the field in the
cavity is

3e

L o /Q) = )
o (04/42) 2e+1—§—‘;‘21(£—1)

(3.3)

see Eq. 2.49. As already explained, the Lorentz result [Eq. 3.2] is regained when
the polarizability o of the impurity dipole is identical to the polarizability o of the
dipoles that form the dielectric, and the inverse volume Q~! of the cavity equals
the density p of dipoles in the medium.

Considering the case of an impurity dipole inside the cavity, one sometimes ne-
glects the response of the dielectric on @i, i.e. the reaction field is neglected. Equa-
tion 3.3 then simplifies to the so-called empty-cavity factor

3¢

Lemp = 28—4-17 (3-4)

identical as for the field inside a real empty cavity, see Eq. 2.23. It has been pro-
posed theoretically [13, 16, 52, 53] that one of the factors, Ly o OF Lemp, should
be included in a description of T'(g) of impurity dipoles inside dielectrics, that is
I(e) = v/eLi Io or I'(g) = v/eLgy,lo. The majority of the researchers in the field
[53] favor the Lorentz factor. On the other hand, experimental results [54, 55] in-
dicate that the empty-cavity factor [52] should be employed. Obviously, there is a
controversy to be resolved.

Barnett et al. [13] indicated that part of the confusion arises from the choice of
cavity that is used in the macroscopic derivation of the local-field correction. The
virtual cavity, often employed in the derivation of the Lorentz-Lorenz equation [see
section 2.4.4], would give rise to Lio. Contrary, Ly, applies when the impurity
dipole is considered inside a real empty cavity. They do not make a clear statement
as to which type of cavity applies to impurity dipoles in a dielectric.

De Vries and Lagendijk [16] presented a full microscopic calculation of point
dipoles on a cubic lattice, which form the dielectric, plus one impurity dipole, us-
ing Green’s function formalism [27]. The resonance width of the elastic impu-
rity dipole is taken as the spontaneous emission rate. For substitutional impurity
dipoles, that is a medium dipole is replaced by an impurity dipole (at a lattice po-
sition), the empty cavity result Lepp is found to apply. For interstitials, that is the
impurity dipole is placed in between lattice sites and no medium dipoles are re-
moved, the Lorentz-cavity factor Ly, determines the modification of spontaneous
emission. In this derivation, the polarizability of the impurity dipoles is required
to obey the optical theorem, so that it captures spontaneous emission. In fact, the
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optical theorem may be viewed as the microscopic analogon of Einstein’s thermo-
dynamic arguments [44] relating absorption, stimulated and spontaneous emission.
A generalization to fluids is made and it is concluded that most often the substi-
tutional result, that is Ly, applies, in agreement with experimental observations
[54, 55].

In the rest of this chapter, an alternative derivation of the results of De Vries and
Lagendijk [16] will be presented, using the Onsager-Bottcher approach to model
both substitutional and interstitial impurity dipoles.

3.3 Substitutional impurity dipoles

In the case of the substitutional impurity dipole, just the standard Onsager-Bottcher
approach is considered. The impurity dipole in the cavity replaces the medium
dipole, which would have been there in the case of a homogeneous dielectric. So
indeed, the impurity dipole substitutes a dipole of the dielectric. In the far field, the
total static polarizability for the substitutional case is then given by [see Eq. 2.50]

Olgup = OCILempLOB(OLI/Q) + (1 — S)Lempﬂ, (35)

where the first term is the contribution of the impurity dipole ¢, and the second
corresponds to the polarizability of the empty cavity with volume Q. Note that for
oy = 0, the total static polarizability o, is not zero; the polarizability of the empty
cavity is still remnant. The polarizability of the impurity dipole itself determines
the spontaneous emission rate, and therefore only the first term of Eq. 3.5 is con-
sidered.

In order to obtain spontaneous emission rates, the dynamic polarizability is
considered. The impurity dipole has to obey the optical theorem, as to describe
spontaneous emission, and hence the dynamic polarizability of the dipole in vac-
uum is

2
o

or(®) = oy (0) x ,
1(@) =0 (0) 03 — o — i(Too’ /m3)

(3.6)

identical to Eq. 2.6. For completeness, here 0y(0) is the static polarizability, wq
the resonance frequency, and I'y the vacuum spontaneous emission rate. Imple-
menting this polarizability o (w) in Eq. 3.5 readily gives the dynamic polarizability
Olsub 1 (@) of a substitutional impurity

204 (o) (e — 1)Lemp -
9eQ ’

Otsub 1 (®) = 0 (@)L2,, [1— (3.7)
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where Lop(0op(®)/Q) is explicitly written in terms of Lemp. The polarizability
of this “dressed” impurity near resonance has a Lorentzian structure analogous to
Eq. 3.6:

Olsub 1 (®) = Olgup 1(0) X w5 (e) (3.8)
sub,I = Wgub 1 . ) .
wj(e) — 02 —i(F(e)w* /wj(e))
with parameters given by
2
0‘)0(8) 20(1(0) (8 — 1)Lemp
=|(1- 39
o3 9eQ ’ (39)
Otgun 1 (0) = L3 “’—%al(O) (3.10)
sup, emp (0(2) (8) 9 .
I'(e) > wg(e)
= _/eL . 3.11

Here the spontaneous emission rate I'(€) of the substitutional impurity follows from
the polarizability oy, 1(0) and the resonance frequency wy(€) by use of the optical
theorem, see Eqs. 2.5 and 2.60. Note that in vacuum, € = 1, the original results
are regained, that is (1) = @y, Oub1(0) = 04(0), and T'(1) = T'y. The resonance
frequency is red shifted and the line width behaves in accordance with the empty-
cavity description, identical to the results of De Vries and Lagendijk [16].

3.4 Interstitial impurity dipoles

The case of the interstitial impurity dipole is modeled by placing an extra impurity
dipole in the cavity without removing the medium dipole; there are two dipoles in
the cavity. In principle, the impurity dipole can be placed anywhere in the cavity,
but for convenience of calculation it is positioned at the center of the cavity, on top
of the medium dipole. It might seem unjustified to place the impurity at a point
of high symmetry. However, a randomly positioned impurity is on average indeed
located at the center. Furthermore, even if the impurity is not placed at the exact
center of the cavity, but reasonably close, the results found by assuming a centered
impurity dipole are in first approximation correct, see pages 150-153 of [14]. This
indicates that choosing a point of high symmetry for the position of the impurity
does not determine the outcome of the derivation.

By symmetry, it follows that the impurity and medium dipole have the same
orientation. As a result, analogous to Eq. 3.5, the total static polarizability for the
interstitial case reads

Oling = (04 + ) LempLog (04 + 01) /Q) + (1 — €)Lemp 2, (3.12)
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where o is the polarizability of the dipoles that form the dielectric. The three dif-
ferent contributions (impurity dipole, medium dipole, and empty cavity) are clearly
identified. Contrary to the substitutional case, the total polarizability oy, = O for
oy = 0, as then the medium is homogeneous, and hence the polarizabilities of the
medium dipole and the empty cavity exactly cancel. In fact, o, represents the ef-
fective polarizability otin1(®) of the interstitial impurity dipole embedded in the
dielectric, that is Oliyy = Oin1(0). The polarizability o of the medium dipole can
be eliminated from Eq. 3.12 by recognizing that a/Q = po. = 3(e — 1)/(e +2)
[Eq. 2.51], where p is of course the density of the dipoles in the dielectric. The
dynamic polarizability of the interstitial impurity then resides to

_ 20(1((1)) (8_ 1)LLor -

i = Lio |1
a‘lnt,l (("‘)) aI (("‘)) Lor 989 )

(3.13)

where oy () is given by Eq. 3.6. Note that for a(®) = 0, indeed Otip¢1(®) = 0. The
structure of Egs. 3.7 and 3.13 is identical, only Lemp in Eq. 3.7 is replaced by Ly o
in Eq. 3.13. Similar as in the substitutional case, the polarizability of the “dressed”
interstitial impurity has a Lorentzian line shape given by Eq. 3.8. The parameters
for the interstitial case are

2
0‘)0(8) 20LI (0) (8 B 1)LLor
0 1= 3.14
o3 9eQ ’ (3.14)
2
o
in1(0) = L o, — 2011 (0), 3.15
o t,I( ) Lorm%(g)al( ) ( )
I'(e) 2 m%(g)
szwahr%. (3.16)

Again the resonance frequency is red shifted, although with a different functional
dependence on €. The Lorentz local-field factor is found to determine the modifi-
cation of the spontaneous emission rate, in agreement with Ref. [16].

3.5 Discussion

The obtained results for both the substitutional and interstitial impurity still depend
on the volume of the cavity €. For the case of the interstitials the volume is fixed:
Q = p~!. For substitutionals, Q is free and generally taken to be the real volume
of the impurity atom or molecule. For small impurity volumes, Q < p~!, only one
dipole of the dielectric is expelled from the cavity. If the impurity is large, Q > p~!,
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Figure 3.1 The red shift of the resonance frequency of substitutional (dashed lines,
Eq. 3.9) and interstitial (dotted lines, Eq. 3.14) impurities, for two different polarization
densities oy /Q. The solid line represents no shift, corresponding to oy /Q | 0 . Note that
the shift is rather small, only a few percent.

many dipoles of the dielectric are removed, and the impurity is a true macroscopic
cavity.

The resonance frequency of the impurity slightly shifts to the red, see Fig. 3.1.
This shift is a direct consequence of the reaction field produced by the polariza-
tion in the medium, which is induced by the impurity dipole. For small impurity
polarization densities (0y(0)/Q < 1), the reaction field disappears, and thus the
resonance frequency shift can be neglected (0)% (€) = wp). In experiments, this is
nearly always the case, except for extremely polarizable atoms like Na, Li, Rb, so
that a shift of the resonance frequency is difficult to observe.

The spontaneous emission rate increases upon placing the impurity dipole in a
dielectric, see Fig. 3.2. The volume € of the cavity is irrelevant, if the impurity po-
larization density is small (o;(0)/Q < 1). The relatively large differences between
the models should allow for a clear distinction in experiment.

Two different classes of common host media can be distinguished: crystalline
and disordered materials. In crystalline materials, which are necessarily solid, both
substitutional and interstitial impurities occur. The substitutionals are positioned at
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Figure3.2 Therelative spontaneous emission rate of substitutional (dashed line, Eq. 3.11)
and interstitial (dotted line, Eq. 3.16) impurities for zero resonance frequency shift, that
is w3(g) /w3 = 1. The solid line comes from Eq. 3.1. Large deviations from the vacuum
spontaneous emission rate Iy are predicted to occur in dielectrics.

lattice sites, the interstitials somewhere in between. In the case of disordered mate-
rials, like fluids and glasses, this distinction is not so clear. For such host media, it
is essential to consider the local environment in order to distinguish between sub-
stitutional and interstitial [16]. Interstitial behavior occurs when impurities do not
influence the positions of the particles that form the dielectric. So the volume of
the impurity has to be much smaller than the voids in between the medium dipoles.
On the other hand, if the size of the impurity is comparable, or larger, than the size
of the medium particles, the substitutional result applies. As, in that case, the im-
purity forms a real excluded volume for the dipoles of the dielectric. At very low
densities, the distinction between the two types of impurities is not relevant, since
any distinct feature of positional correlation of the medium dipoles will disappear,
and Ly o & Lemp to first order in Q! In the case of fluids, only substitutional be-
havior is expected to occur, as the sizeable dimensions of the impurities present a
real excluded volume for the surrounding dielectric.
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Luminescence of europium complexes
in alcohols

The criteria for selecting a suitable luminescent system, that is the radiating
molecule plus dielectric host, to study local-field effects on spontaneous emission
are discussed, resulting in the choice for europium complexes dissolved in alco-
hols with varying refractive indices. The luminescence quantum efficiency plays an
important role in comparing the experimental results to the theory of the previous
chapter, and is hence considered in more detail. Experimental results are presented
on Eu(hfc); in (deuterated) methanol, and on Eu(fod); in a series of (deuterated)
alcohols and mixtures hereof. The hfc-complex turns out to be chemically unsta-
ble in methanol, whereas Eu(fod); is stable in alcohols, making the latter more suit-
able. Unfortunately, small variations in the local environment of Eu(fod); complex
upon changing the host (alcohol), blur most of the local-field effect on spontaneous
emission.

4.1 How to measure local-field effects on spontaneous emission?

In the previous chapter, spontaneous emission of an impurity dipole inside a di-
electric was predicted to depend on local-field factors. The resonance frequency,
see Egs. 3.9 and 3.14, was shown to shift slightly to the red, with increasing di-
electric constant of the medium. The spontaneous emission rate was demonstrated
to depend more strongly on the dielectric constant, see Eqs. 3.11 and 3.16. How
would one observe such effects experimentally?

First of all, in the theoretical description some assumptions were made, which
need to be discussed more thoroughly. The polarizable impurity dipole in the model
has only one resonance, i.e. it is a two-level system. In nature, most molecules
show spontaneous emission from many levels. Furthermore, the impurity is forced
to obey the optical theorem. This means that once the impurity is in the excited
state, it will always decay to the ground state by emission of a photon. In other
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words, the quantum efficiency for resonant luminescence equals 1 (100 %), i.e. the
excited impurity is not allowed to decay to the ground state via non-radiative pro-
cesses. However, nearly all excited molecules also decay via non-radiative relax-
ation, complicating the comparison of experiments with theory. Last, but not least,
the radiative decay rate I of the impurity in vacuum is assumed to be a fixed pa-
rameter, independent of any variations in the dielectric constant of the host. This
implies that the electronic wavefunctions involved in the luminescent transition of
the impurity are unaffected by changing the environment. This requirement on the
electronic wavefunctions is a stringent selection criterion on which type of impurity
can be used for testing local-field effects on spontaneous emission.

The type of experiment one likes to perform is measuring the radiative prop-
erties of an impurity, both the emission spectra as well as luminescence decay, in
host material with variable dielectric constant, or, equivalently, variable refractive
index [see section 2.5]. The variation in refractive index is most easily obtained
by using liquids, and simply changing the type of liquid. In order to compare with
the theoretical description, in which the dielectric constant was taken to be real,
the liquids used in the experiment have to be transparent, i.e. non-absorbing, in the
wavelength region in which the impurities emit their radiation.

4.2 The ideal system

The ideal system to measure local-field effects on spontaneous emission consists of
an impurity with a resonant luminescence quantum efficiency of 1, and transition
matrix elements independent of the varying surrounding refractive index.

Standard fluorescing organic dye molecules are then immediately discarded, as
their optical properties are highly sensitive to changes in the chemical properties
of the environment [56]. This is mainly due to the fact that the electronic wave-
functions involved in the radiative transitions have a high electron densities close
to the edges of the dye molecule, making these wavefunctions very susceptible to
changes in the local environment. As a result, not only the transition matrix ele-
ments change, but also the resonance frequencies and fluorescence quantum effi-
ciency. So, what is needed is a luminescent impurity in which the electronic wave-
functions involved are well shielded from the surrounding.

Lanthanide, or rare earth, ions show luminescence from 4f intra-shell transi-
tions. These transitions are well shielded from the environment by the outer elec-
trons, making them good candidates for the experiment. However, the lumines-
cence quantum efficiency for many lanthanides can be low, posing a real drawback.
Furthermore, the luminescence spectra of lanthanides exhibit many sharp emission
bands, which is an indication that more than one resonance is important, compli-
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cating the interpretation. Despite these drawbacks, lanthanides are still a far bet-
ter choice than organic dyes, for which chemical effects are nearly uncontrollable.
Proper complexation of a suitable rare earth ion, and careful selection of the dielec-
tric host, can result in a near ideal system.

4.3 Europium-complexes

4.3.1 Lanthanide metals

The lanthanide, or rare earth, metals that follow lanthanum in the Periodic Table
(atomic number 58-71), are the fourteen elements in which the fourteen 4f elec-
trons are successively added to the lanthanum configuration ([Xe]4t°5d!6s?). The
characteristic valence for lanthanide ions is 3+, but Ce can have oxidation number
4+, and for Sm, Eu, and Yb 2+ is also possible. In principle, the number of donor
atoms in the first coordination sphere can vary from six to twelve, but eight and
nine are most common. The 4f intra-shell electrons are shielded from the environ-
ment by the outer core 5s and 5p electrons, and are therefore minimally involved
in bonding. As a consequence, the luminescence properties of rare earth metal ions
are almost unaltered after complex formation with different encapsulating ligands
[57]. Furthermore, the primary coordination number and complex geometries are
nearly entirely determined by the ligands, instead of the lanthanide ion. It should be
noted that the lanthanide ions show a strong tendency to bind water. Therefore, it
is essential to use negatively charged ligands for suitable lanthanide complexation,
but complete stripping of water molecules is nearly impossible [58].

The energy diagram The energy levels of multiple electron configurations are
usually expressed in the Russell-Saunders coupling scheme [59], using the symbol
(25+1)1,,, in which L is the total orbital angular momentum, S the total spin of the
electrons, and J the total angular momentum quantum number. The order of the
energy levels is given by Hund’s rules [59]. In this energy level diagram, electrons
can exchange between different energy levels, which is accompanied by either the
uptake or release of energy, i.e. absorption or emission of light, respectively. The
selection rules [59] determine which electric dipole transitions are allowed.

In principle, the Russell-Saunders coupling scheme is only valid when spin-
orbit coupling is weak, i.e. in the case of low atomic numbers. Otherwise, the
quantum numbers S and L loose their relevance, and the selection rules fail. Ac-
cording to these selection rules, the transitions between two levels with the same
parity are not allowed (AS # 0), which implies that the f-f transitions of lanthanide
ions are in principle parity forbidden. However, the existence of spin-orbit cou-
pling in these atoms make that the f-f transitions become more allowed, and hence
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do occur. In addition, the transition can also become allowed through the mixing
of wavefunctions, caused by a non-centrosymmetric crystal or ligand field, quanti-
tatively described by Judd-Ofelt theory [60]. In general, precise calculations con-
cerning the energy level diagram of lanthanide ions are complicated, and to sim-
plify these, the Russell-Saunders coupling scheme is applied despite the presence
of significant spin-orbit coupling.

Roughly speaking, the energy level diagram is determined by different inter-
actions, and is subdivided in terms with separations of the order of 10* cm™! by
the electrostatic interaction, and a typical splitting of 10> cm™! as the result of
spin-orbit coupling. Finally, in lanthanide ion complexes, the ligand field partially
or fully removes the degeneracy of the J-levels, with splittings of the order of
10% cm™! [61].

The emission bands in the luminescence spectra of lanthanide ions are rela-
tively sharp. Due to the low transition probabilities, the luminescence decay times
are relatively long, in the microsecond to millisecond range. For comparison, note
that the fluorescence decay times in organic dye molecules are in the nanosecond
regime. The splitting of the energy levels of rare earth ions results in many possible
transitions between different states after excitation of the ion. Therefore, the emis-
sion spectrum of a lanthanide ion consists of a series of distinct frequencies, each
corresponding to the transition from the lowest excited state to one of the sublevels
of the ground state; these frequencies are characteristic for each ion. The chemical
properties of lanthanide ions may be quite similar, but their luminescence properties
differ quite significantly. On the basis of photo-physical considerations, lanthanide
ions can be subdivided in the following three groups [62]:

1. La’>* and Lu** do not exhibit luminescence due to the empty and filled 4f
shell, respectively.

2. Ce3t, Pr3t, Nd*t, Pm3t, Ho’™, Er*t, Tm3T, and Yb>+ show weak lumi-
nescence. The energy difference between the lowest excited state and the
highest level of the ground state is relatively small, making deactivation via
non-radiative decay quite efficient.

3. Sm**, Eu’t, Gd**, Tb**, and Dy** show strong luminescence due to their
relatively large energy gaps of 7400, 12300, 32000, 14200, and 7850 cm ™!,
respectively. Note that Gd** is difficult to excite due to the large energy gap,
but once it is excited, it has a quantum efficiency very close to 1 for all sorts
of host materials [63].

The Eu?t ion  From all lanthanides, especially Eu* ([Xe]4f® configuration) is
famous for its luminescence properties. For example, the red phosphor in fluores-
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cent strip lamps is Eu** [64]. The main luminescence transitions of Eu®* occur
between the D, state and the ’F jlevels (j =0,1,...,6), of which the Dy — Fs
and °Dy — "Fg transitions are usually very weak. For Eu* ions in a highly cen-
trosymmetric environment, the luminescence mainly occurs through the Dy — "F;
magnetic dipole transition. This transition is relatively insensitive to changes in the
symmetry. However, for Eu** ions in a highly non-centrosymmetric environment,
that is when the crystal or ligand field strongly perturbs the central ion, the electric
dipole transitions Dy — 7F072,4 are dominant.

The main advantage of using Eu’* as an impurity dipole to test local-field
effects on spontaneous emission is the non-degeneracy of the >Dy level. Conse-
quently, the luminescence emission spectra are relatively uncomplicated and the
luminescence decay rate is equal for all Dy — 'F ; transitions. Furthermore, the
luminescence quantum efficiency of Eu*t-complexes dissolved in liquids can be
relatively high, provided suitable ligands and solvents are used [57].

4.3.2 Sensitized emission

As a consequence of the parity forbidden transitions within the 4f shell of the lan-
thanide ions, the resonant light absorption is low. Characteristic values for the mo-
lar absorptivity are of the order of 1-10 M~!cm~!. Therefore, large interest exists in
sensitized emission, using a chromophoric group as an antenna that efficiently de-
livers the energy, leading to the excitation of the coordinated lanthanide ion. The
chromophore or sensitizer can be present in solution, directly coordinated to the
lanthanide ion, or covalently attached to an organic ligand that also binds the lan-
thanide. The latter is the case for rare earth ligand complexes. The generally ac-
cepted energy diagram for sensitized emission is schematically depicted in Fig. 4.1.
The first step involves the absorption of light by the sensitizer, ligand, which has a
relatively high absorptivity, leading to excitation from the ground singlet state Sg to
one of the vibrational states S;. The molecule rapidly (0.1 - 1 ps) [65] loses the ex-
cess vibrational energy via non-radiative decay, falls back to the lowest level of Sy,
and stays there for several nanoseconds [65]. At this stage, two alternative routes
are available. The molecule can either deactivate by a radiative transition from
S| to Sg (prompt ligand fluorescence), or undergo a transition to the triplet state T
(inter-system crossing). From the triplet state, the molecule can return to the ground
state by means of a spin-forbidden transition (phosporescence), or the energy can
be transferred to an appropriate 4f level of the lanthanide ion, here Eu?*. After the
loss of excess energy via non-radiative processes (internal conversion), the lumi-
nescent state of the ion becomes populated (for Eu** the 3Dy level). The ion is
now ready to luminesce (emit light), but it can also deactivate via non-radiative de-
cay (not shown) to the ground state. For optimal luminescence, the prompt ligand
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Figure 4.1 The schematic energy diagram of sensitized emission of Eu’*. The optical
excitation process of the central lanthanide ion is described in the text.

fluorescence, the phosphorescence, and the non-radiative deactivation of the lumi-
nescent level should be minimized. On the other hand, the inter-system crossing
and the energy transfer from the ligand to the lanthanide ion should be efficient.

4.3.3 Eu(fod); and Eu(hfc);

Several commercially available Eu**-complexes were tested for their applicabil-
ity to use in the experiments to probe local-field effects on luminescence. In this
chapter, only two will be described: Eu(fod); [66] and Eu(hfc); [67], see Fig. 4.2,
which are representative for the entire series tested. Eu(fod)s is a B-diketone lig-
and complex, which usually have one H,O molecule positioned in the first coordi-
nation sphere [57] (not shown in Fig. 4.2). Eu(hfc); is a camphorate. As already
mentioned, the non-centrosymmetric ligand field produced by the surrounding lig-
ands strongly determine the matrix elements of the 4f intra-shell transitions of the
Eu* ion [60]. In other words, the symmetry, or equivalently crystal structure, of
the ligands determine the transition probabilities. Consequently, every complex has
a different vacuum radiative lifetime I'(, and cannot be compared in that respect. In
both complexes, the ligands not only serve to enhance the luminescence efficiency,
but also to shield the 4f intra-shell transitions from unwanted effects caused by the
environment.
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Figure 4.2 The structure formulas of two Eu-complexes used in the experiments:
Eu(fod); and Eu(hfc)s.

4.4 The dielectric host

Rare earth complexes dissolve well into polar liquids. In the experiments done by
Rikken and Kessener [54], who also used Eu3+—complexes to test local-field effects
on spontaneous emission, the polar liquids used to vary the refractive index were
of different chemical nature. When trying to reproduce their results, it was found
that the choice of solvent is crucial. The optical properties of the 4f intra-shell tran-
sitions in Eu**-complexes can vary enormously by dissolving it in chemically dif-
ferent liquids, although seemingly the complex shields the rare earth ion from the
environment. For example, the emission spectra may change, indicative that the
symmetry of the ligand field changes. Accordingly, the transition matrix elements,
or equivalently Iy in Egs. 3.11 and 3.16, change. Furthermore, the luminescence
quantum efficiency depends on the type of liquid. It was found that the lumines-
cence lifetime of a particular complex could vary over an order of magnitude by
only dissolving it into chemically different liquids, without changing the refrac-
tive index. Such effects may completely blur the observation of local-field effects
on spontaneous emission. Nevertheless, Rikken and Kessener [54] succeeded to
confirm the empty-cavity model [Eq. 3.11]. However, due to the above described
problems, their results should be interpreted with care.

In order to improve on the method used by Rikken and Kessener, in the experi-
ments described here, the refractive index is changed by using a chemically homo-
logic series of simple alcohols. The alcohols used are CH3(CH,),,OH, with n rang-
ing from O for methanol (MeOH) to 9 for 1-decanol (DeOH). Accordingly, the re-
fractive index varies from 1.33 to 1.44. To test the influence of the intrinsic molec-
ular vibrations of the alcohols on the luminescence properties, also deuterated al-



52 Chapter 4

cohols are used: CH3(CH,),,OD, with n = 0,1, 3. The refractive index of a deuter-
ated alcohol is identical to a normal one. Furthermore, their chemical properties
are identical, as also their size (trivial as this may seems, the size of the molecule
will turn out to be an important parameter). So indeed, only the importance of the
OH/OD stretching vibration is investigated by comparing the luminescence of the
Eu’*-complex in normal and deuterated alcohols.

4.5 The luminescence quantum efficiency

The luminescence quantum efficiency Q of a material is in general defined as the
ratio of the number of emitted photons to the number of absorbed photons. For a
single luminescing molecule, this resides to the probability that upon optical exci-
tation indeed it decays radiatively. Consequently, the quantum efficiency is directly
related to all the different deactivation mechanisms present.

The quantum efficiency depends on the wavelength of excitation. For example,
if Eu* is resonantly excited in the >Dy level the quantum efficiency is larger than
upon excitation via the surrounding ligand, since the probability of energy transfer
from the ligand to the Dy level is less than unity, see Fig. 4.1. Nevertheless, sensi-
tized emission does strongly enhance the luminescence intensity, but this is solely
due to the higher absorptivity and not due to a higher quantum efficiency. For the
experiments concerning local-field effects on spontaneous emission, only the res-
onant quantum efficiency is important, that is the ratio of the radiative decay rate
IR to the total decay rate (I'r + I'ng) from the Dy level,

I'r

== 4.1
I'r +I'nr 1

0

Here, I'r =3Ik sp, TR is the total radiative decay rate of all transitions from the

Dy level to the ’F ; multiplet, and I'ng the total decay rate of the competing non-
radiative relaxation processes. The experimentally observed luminescence decay
time T, is determined by the total decay rate, T(:bls =Tops = (TR +I'nR)-

In the classical theory of spontaneous emission, the optical theorem is em-
ployed to relate the resonant extinction cross-section to the total scattering cross-
section, implying that no energy is lost via non-radiative decay. So, in order to com-
pare experiments with the theory on local-field effects, which thus only describes
the dependence of I'r on the refractive index of the host material, either the quan-
tum efficiency should be 1, or the quantum efficiency should not depend on the re-
fractive index, as

Tops = 0 'Tk. (4.2)
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Here, it is assumed that all transitions "Dy — ’F ; follow the same dependence on
refractive index. This assumption is valid, when the ligand field strongly perturbs
the central Eu* ion, so that all ° Dy — 'F ; are of electric dipole nature [68].

In general, it makes no sense to compare radiative decay rates to the observed
luminescence decay rates without discussing non-radiative decay.

4.5.1 Non-radiative decay via multi-phonon relaxation

The non-radiative decay process for large energy gap lanthanide ions, like Sm3*,
Eu*t, Gd**, Tb**, and Dy>*, in crystalline or glassy host materials is governed
by multi-phonon relaxation [63, 69]. Experimentally it is well-known that the non-
radiative decay rate I'yg of all rare earth ions in one host obey the exponential en-

ergy gap law
I'ng = Pexp [—0AE], (4.3)

with constant o and 3, and where AE is the electronic energy gap between the 4f
levels. As can be seen from Eq. 4.3, the larger the energy gap AE, the smaller
I'ngr, since then larger numbers of phonons are involved in the non-radiative relax-
ation, making the process less probable. Therefore, non-radiative decay processes
mainly occur via relaxation to the most energetic phonons with corresponding en-
ergy idmax, so that the number of phonons involved in the transition is minimized
(AE /h®m,x is minimized). The parameter o is reasonably constant for a wide vari-
ety of materials, thatis o.= (4.54+2)- 1072 cm~!. Whereas, the so-called electronic
factor 3 varies over 5 orders of magnitude for different host materials, obstructing
a unifying description for lanthanide ions in host materials.

Van Dijk and Schuurmans [69] resolved the problem of variation in 3, and
found theoretically that

I'nr = Berexp [—O(AE — 2li0max )] = Bearexp [—Y(p — 2)], (4.4)

where ¢ is the true electronic factor, y a constant in the range 1-5 [63], and p =
AE /F®p,x the minimum number of phonons involved. Now [ varies only over
less than an order of magnitude, and B ~ 107 s~!. The electronic factor Ber con-
tains the electronic coupling element, which contains all the information on how
the local environment is organized. The exponential behavior of I'ng is due to the
vibrational overlap [63, 70]. In general, the radiative decay rate is approximately
equal to the non-radiative decay rate when 6 phonons are involved [63]. For tran-
sitions involving less than 6 phonons, the non-radiative mechanism wins and the
rare earth ion has a low luminescence quantum efficiency. Oppositely, when more
than 6 phonons are needed, the emission is predominantly radiative.
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The local environment plays an important role in non-radiative relaxation. For
rare earth ligand complexes, the local environment is mostly defined by the ligand
itself. The combination of the type, number, and position of acceptor oscillators
determine the non-radiative decay rate. Under the assumption that all acceptor os-
cillators, i.e. molecular vibrations, contribute independently to the non-radiative
relaxation, Eq. 4.4 can be written as

g =2 Bjexp [—v(p; —2)]. (4.5)
J

Here, the sum runs over all local acceptor oscillators j, B; is the electronic factor for
each j, and p; the number of vibrations involved in the deactivation via oscillator
Jj.- In Eq. 4.5, decay mechanisms via combinations of different types of oscillators
are neglected. Most often this is not a drawback, as the largest contribution to I'yg
arises from the most energetic oscillators. The electronic factor 3; depends on the
distance R of the oscillator j to the lanthanide ion: ;o< 1/ R?, similar as in Forster
type dipole-dipole coupling [65]. For example, the contribution to I'yg of an oscil-
lator in the first coordination sphere is about an order of magnitude larger than of an
identical oscillator in the second coordination sphere [71]. Therefore, most often
only the contributions of the first coordination sphere are considered. However, it
should be stressed that for complexes in which the first coordination sphere consists
of only low energetic oscillators, the main contribution of non-radiative decay may
originate from the presumably high energetic oscillators in the second coordination
sphere. In summary, in order to obtain a lanthanide ligand complex with a high lu-
minescence quantum efficiency, the molecular vibrations inside the complex, close
to the central lanthanide ion, must have low resonance frequencies compared to the
frequency gap of the rare earth ion.

4.5.2 Non-radiative decay via O-H vibrations

Usually, non radiative decay, or quenching, via O-H vibrations is the most impor-
tant deactivation pathway [58, 61], as the O-H stretch mode is highly energetic:
ooy ~ 3400 cm™!, see Fig. 4.3. The deactivation by O-H vibrations was exten-
sively studied in the mid 1960s. Most of the luminescence studies used Tb3* and
Eu?t ions, the luminescence of which can be easily detected, because of their rel-
atively high quantum efficiency. The high efficiency is a direct consequence of the
large energy gap between the luminescent excited state and the ground state, as pre-
dicted by the theory of multi-phonon relaxation for non-radiative decay. Kropp and
Windsor [72] were the first to show that the luminescence lifetimes of the "Dy level
of Tb*>* and the Dy level of Eu** ions in D,O are significantly longer than in H,O.
The effect was explained by the larger number of energy quanta needed to match
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Figure 4.3 Stokes Raman spectra of pure methanol, CH;0H (MeOH), and deuterated
methanol, CH;0D (MeOD), the filled and open squares, respectively. For MeOH the O-H
stretch mode is observed around 3400 cm ™!, whereas the O-D stretch mode in MeOD is lo-
cated at 2500 cm~!. This shift is known as the isotope effect and is due to the difference in
mass of the oscillators. The central peak at 2950 cm™! originates from the C-H vibrations.
The measurements were done by M. van der Voort [73].

the energy gap in D,0, see Fig. 4.3. Furthermore, the Eu®>* ions are more affected
than the Th>* ones, due to the smaller energy gap between the lowest excited state
and the highest level of the 'F ; ground state multiplet, 12500 cm™! Dy —"Fe)
compared to 14200 cm™! Dy —'Fy), respectively.

Kropp and Windsor subdivided I'yg in: (1) a rate constant for quenching by
deuterated vibrations; this contribution is usually small and neglected, (2) a rate
constant for quenching by O-H vibrations, and (3) a rate constant for quenching
via the remaining pathways. They performed lifetime measurements in D,O with
different mole fractions of H,O and found that the non-radiative decay increased
linearly with the mole fraction of O-H oscillators. This indicates that indeed the
oscillators can be treated independently, validating the assumption made to derive
Eq. 4.5.

Horrocks and Sudnick [58] performed similar experiments on systems in which
lanthanide ions are encapsulated by (bio)organic ligands. The combination of (1)
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the estimated number of coordinating water molecules of many different complexes
in aqueous solutions, and (2) the differences in luminescence decay rates of these
complexes when dissolved in D,O and H,O, lead to the by now well-known Hor-
rocks equation,

n= Q(FHZO - FDZO)‘ (46)

Here, n is the number of O-H (or O-D) oscillators in the first coordination sphere,
I'n,0 and I'p,o the observed luminescence decay rates in H,O and D,0 in ms~!,
and ¢ = 2.1 ms for Eu** and 8.4 ms for Tb3*. The estimated number of O-H oscil-
lators in the first coordination sphere using the Horrocks equation is in good agree-
ment with the number inferred from the crystal structure obtained via X-ray mea-
surements, with an uncertainty of approximately 1 O-H oscillator.

The Horrocks equation is directly related to the multi-phonon relaxation de-
scribed by Eq. 4.5. As will be shown below, the experimental values obtained by
Horrocks and Sudnick determine the parameters 3 and yin Eq. 4.5. As I'ngop <
FNR,OH and thus FHZO — FDZO = FNR,OH — FNR,OD >~ FNR,OH, Eq 4.6 readily
gives the contribution to the non-radiative decay of an O-H oscillator: FE‘ROH ~
1/(2.1) ms~! =0.47 ms~! and FEI’LOH ~ 1/(8.4) ms~! =0.12 ms~! for each O-
H oscillator in the first coordination sphere of Eu** and Tb3*, respectively. The
smaller rate for Tb3* as compared to Eu* is due to the larger number of vibra-
tions needed to bridge the energy gap, see Eq. 4.5: pty >~ 14200/3400 = 4.2 and
PEu =~ 12500/3400 = 3.7, for Tb>+ and Eu’*, respectively . Furthermore, the elec-
tronic factor 3 from Eq. 4.5 is independent of the type of lanthanide ion, so that the
non-radiative decay rates obtained from the Horrocks equation can be linked to the
theory of multi-phonon relaxation [Eq. 4.5],

I'\r.on = Bexp[—v(ps —2)], 4.7)

where s = Eu, Tb [Eq. 4.5]. Given these two equations and using the experimental
values Horrocks obtained, the parameters B and 7y are determined: B ~ 8- 10* s~!
and Y~ 3. The value obtained for yis in good agreement with the range of values
known for lanthanides in crystalline or glassy hosts, there y = 1-5, whereas J is
about two orders of magnitude low [63, 69]. However, here only the quenching of
1 O-H oscillator is investigated, when in fact 10 H,O molecules [62] coordinate
Eut (or Tb?T) in water. So the collective contribution of all 20 O-H oscillators
leads to an electronic factor of 20- B ~ 1.6-10° s~!, which is in good agreement
with B ~ 107 s~!, given the approximations made. This establishes the connection
between the theory of multi-phonon relaxation and the Horrocks equation.
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4.5.3 Non-radiative decay via other vibrations

Aside from O-H oscillators, other vibrations may contribute to non-radiative decay.
Especially the lighter oscillators containing a hydrogen atom are quite efficient in
quenching due to their high oscillation frequencies. Examples are the C-H stretch
mode with iocy ~ 2950 cm™! [see Fig.4.3] and the N-H stretch mode, Zocy ~
3500 cm~!. The quenching by an C-H oscillator is less than by O-H oscillator, that
is Fg‘l‘{ cy =~ 0.09 ms~! for each C-H oscillator in the first coordination sphere. Op-
positefy, the non-radiative decay rate via an N-H vibrations is larger than via an O-H
oscillator: FE‘RNH ~ 0.64 ms~!. The quenching by heavier oscillators is much less
efficient, and can most often be neglected.

4.6 Experimental

4.6.1 The luminescence set-up

The europium complexes were optically excited in the absorption band of the lig-
and at 354.7 nm, using the 20 Hz rep. rate pulses of a tripled Nd: YAG laser (Quanta
Ray, DCR 2A). The pulses duration was 10 ns, much shorter than the lumines-
cence lifetimes observed. The samples, europium complexes dissolved in alcohols
(described below), were contained in 1 x 1 cm quartz cuvettes (Helma QS-series).
Upon optical excitation, the Eu** ions showed luminescence, which was dispersed
by a Spex 1401 double spectrometer (resolution 2 cm~!) and detected with a Hama-
matsu R943-02 red-sensitive single-photon counting tube. The luminescence de-
cay rates were in the millisecond range and recorded with a multichannel scaler
(EG&G-Ortec, T914); bin width 1 ys, with a maximum range of 16.4 ms (2'% bins).
For recording luminescence spectra, the PMT signal was fed into the counting card
of the computer, which simultaneously controlled scanning of the spectrometer.

4.6.2 The samples

The samples are 1 mmol/l solutions of Eu(hfc); and Eu(fod); in different alco-
hols, in which the europium complexes dissolved well. The alcohols were all ob-
tained from Aldrich, with a minimum purity of 99 %. As already mentioned, the
alcohols used were CH3(CH,),,OH, with n = 0,...,9 (but not n = 6,8), as also
deuterated alcohols CH3(CH,),,OD, with n = 0, 1,3, and mixtures hereof. The re-
fractive indices of the alcohols, and its mixtures, were determined with an Abbe-
refractometer (Carl Zeiss).

The concentration of 1 mmol/l corresponds to an average inter-complex dis-
tance of 12 nm, or equivalently 40 parts per million (ppm) for MeOH ranging
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Figure 4.4 Luminescence decay of Eu(hfc); in MeOH and MeOD measured at
16360 cm~!. The decay in both liquids consists of two components. MeOH: 22 + 1 us
and 0.28 + 0.01 ms. MeOD: 27 + 1 us and 0.53 + 0.01 ms.

to 220 ppm for DeOH. The concentration is low enough to discard concentration
quenching, which was experimentally checked.

The deuterated samples were prepared in a nitrogen purged box, to minimize
the water contamination. Furthermore, the deuterated samples were readily mea-
sured after preparation (within a half hour), for the same reason.

4.7 Luminescence of Eu(hfc); in methanol

The luminescence decay of Eu(hfc); in methanol, CH;0H (MeOH), and deuter-
ated methanol, CH;0D (MeOD), measured at 16360 cm ™!, corresponding to the
maximum of the Dy —’F, transition, is shown in Fig. 4.4. As can be seen, the
decay consists of two components for both MeOH and MeOD, indicating that
two different europium species might be present. The luminescence lifetimes for
both components are longer in MeOD than in MeOH. The short-living compo-
nent has lifetimes of 22 4+ 1 us and 27 + 1 us for MeOH and MeOD, respec-
tively. Likewise, the long-living component yields: 0.28 4 0.01 ms (MeOH) and
0.53 4 0.01 ms (MeOD). If the components are indeed both stemming from Eu3+
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Figure 4.5 The time-resolved luminescence spectra of the fast and slow decaying com-
ponents of Eu(hfc); dissolved in MeOD. Both spectra are characteristic for Eu3* lumines-
cence from °Dy level to ’F,, proving that both components are europium related. The spec-
tra are similar in MeOH.

luminescence, then the difference in lifetimes between dissolving in MeOH and
MeOD gives information on the O-H (O-D) coordination, by use of the Horrocks
equation [Eq. 4.6]. However, first both components have to be identified as eu-
ropium species.

For this purpose, time-resolved luminescence spectra were recorded. This
is done by measuring the luminescence decay at different wavelengths. At each
wavelength, the decay consisted of two components, similar as in Fig. 4.4. The lu-
minescence lifetimes of both components were found to be independent of wave-
length, characteristic for the luminescence from the non-degenerate >Dy level of
Eu?*. The intensities of both components vary with wavelength and represent the
time-resolved luminescence spectra, which are displayed in Fig. 4.5 for Eu(hfc)s
in MeOD. From these spectra, it is concluded that both components stem from eu-
ropium luminescence, both in MeOH and MeOD. The difference in lifetimes of the
two components [Fig. 4.4] is the result of different local environments; both the ra-
diative and non-radiative decay rates are different then.

Information on the non-radiative decay can be obtained by exploiting the Hor-
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rocks equation, Eq. 4.6; the number of O-H oscillators in the first coordination
sphere of the two components can be estimated. For the fast component, the dif-
ference in decay rate in MeOH and MeOD gives an estimate of 18 4+ 7 O-H oscil-
lators in the first coordination sphere. For the slow component, this number is 3.5
+ 0.4. The O-H oscillators present can either be H,O molecules binded to Eu** in
the complex, or O-H groups from the methanol. Regarding the fast component, the
large amount of O-H oscillators close to europium indicates that the “complex” is
very open, and many H,O and/or MeOH molecules are near the central ion; proba-
bly the complex is partially or fully dissociated. The slow component is most likely
the stable Eu(hfc); complex with 2 H,O molecules located in the first coordination
sphere.

In conclusion, Eu(hfc); is chemically unstable in methanol, hence the two-
component decay. Similar two-component decays were observed for Eu(tfc); and
Eu(thd); in methanol. Therefore, all these complexes are discarded as suitable lu-
minescence probes to investigate local-fields effects on spontaneous emission.

4.8 Luminescence of Eu(fod); in alcohols

The luminescence spectrum of Eu(fod)s in 1-butanol, C4HoOH (BuOH), is pre-
sented in Fig. 4.6. The spectrum consists of 5 major lines, which are identified
as the °Dy — 'F ; transitions of Eu’t, with j =0,...,4. Obviously, the lumines-
cence mainly decays via the "Dy — ’F, transition, indicating that the fod-ligand
field strongly perturbs the Eu®* ion. A direct consequence is that the lumines-
cence is of electric dipole character. In general, a >D —>7Fj transition is (2j + 1)-
degenerate. This degeneracy can be removed by the non-centrosymmetric ligand
field of the complex. A clear example of this lifted degeneracy is "Dy —’F, tran-
sition of Eu(fod)s, for which a (24 1) = 5 peak structure is observed. Contrary,
the "Dy —’F transition is sharp (FWHM = 15 cm™ ), representative for the lumi-
nescence for a transition between two non-degenerate levels.

The luminescence spectra of Eu(fod)s dissolved in different (deuterated) al-
cohols look all very similar. The only observable difference occurs in the weak
Dy —'F3 and °Dy —F, transitions. The relative intensities of these transitions,
as compared to the other "Dy —’F ; transitions, and their line shapes are indepen-
dent of the type of alcohol. However, as shown in Fig. 4.7, the line position does
depend on the type of alcohol, with a maximum frequency shift of 70 and 80 cm™!
for ’Dy —'F3 and Dy —'Fy, respectively. Although these transitions only slightly
contribute to the total luminescence decay, the shift in the line positions indicates
that, regarding the luminescence properties of Eu(fod); in alcohols, the series of al-
cohols is subdivided into two groups. Those alcohols with a refractive index lower
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Figure 4.6 The Luminescence spectrum of Eu(fod); in BuOH. Five different transitions
are observed: > Dy — 7Fj, with j = 0,...,4. The most intense decay channel is the 5D0 —
F, transition, indicating that the Eu®* ion is strongly perturbed by the fod-ligand field.
Consequently, the radiative decay from the Dy level is determined by electric dipole radi-
ation.

than BuOH have identical luminescence spectra, as also those with a higher refrac-
tive index. The origin of this subdivision is not clear at this point, and will be dis-
cussed in more detail later in section.

The luminescence decay of Eu(fod); in BuOH measured at 16360 cm™! is dis-
played in Fig. 4.8. In contrast with the other europium complexes studied, the decay
is single exponential, indicating that only one type of Eu** complex is present. For
all alcohols, and its mixtures, such a single exponential decay of Eu(fod); lumines-
cence was observed, making it suitable for the experiment.

The collection of luminescence lifetimes observed for Eu(fod); in all different
(deuterated) alcohols, and its mixtures, is given in Fig. 4.9. The lifetimes observed
for the OD-alcohols are around 850 us, much longer than ~ 450 us decay times
for OH-alcohols. From this difference, and using the Horrocks equation [Eq. 4.6],
the number of O-H (O-D) oscillators in the first coordination sphere is found to be
2.1 £0.1. In other words, 1 H,O molecule is binded to the Eu?t ion in the complex,
serving as an efficient quencher.
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Figure 4.7 The Dy —’F; and 'Dy —’F, line positions of Eu(fod); dissolved in differ-
ent pure OH-alcohols, here labeled with their refractive indices. The functional depen-
dence of the line position on refractive index is remarkably similar for both transitions.
With respect to the luminescence properties of Eu(fod)s in alcohols, the homologic series
CH3(CH,),,OH can be subdivided into two groups: n = 0,1, and 2 form a group (refrac-
tive index ~ 1.329 to 1.384), and n = 4,5,7, and 9 (refractive index ~ 1.409 to 1.438),
separated by BuOH (n =3). The error bars are of the order of the symbol size.

Scaling the luminescence lifetimes of Eu(fod); in OH- and OD-alcohols with
the observed decay times for EtOH and EtOD, respectively, results in an universal
curve. This indicates that the scaled lifetimes for both OH- and OD-alcohols can be
discussed on the same footing. For alcohols with refractive index lower than 1.40,
the luminescence lifetime strongly depends on the type of mixture, and a clear de-
pendence on the refractive index is absent. For alcohols with a refractive index
larger than 1.40, the luminescence lifetimes all fall on a single line, representing
the functional dependence on refractive index. This clear separation was also ob-
served in the luminescence spectrum for the Dy —'F3 and Dy —F; transitions,
see Fig. 4.7. Note that the separation occurs at exactly the same refractive index of
1.40. Apparently, the europium complex undergoes subtle changes when dissolved
in different lower alcohols, whereas these changes are absent for the higher alco-
hols. This is likely due to the difference in size of the alcohol molecules. Methanol
is much smaller than 1-decanol, and thus penetrates more easily into the complex,
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Figure4.8 The luminescence decay of Eu(fod); in BuOH measured at 16360 cm™!. From
the single exponential decay a luminescence decay time of 429 + 2 us is inferred.

modifying the local structure. This change in structure of the complex leads to a
modification of the radiative and non-radiative decay, observable both in the lu-
minescence spectra and decay measurements. For smaller solvent molecules, the
variations will be larger, hence the spread in the luminescence lifetimes at low re-
fractive indices (< 1.40), see Fig. 4.9.

The luminescence quantum efficiency in Eu(fod); is higher in OD-alcohols
than in OH-alcohols, as readily deduced from the difference in lifetimes, see
Fig. 4.9. The efficiencies were independently determined by comparing to a stan-
dard solution of 1 mmol/l Eu(NO3)3 in CH30D, which has a known resonant quan-
tum efficiency of 0.79 + 0.01 [74]. For this purpose, europium is resonantly ex-
cited in the °D; level using the 465.7 nm line of an Argon laser (Spectra Physics,
165), in the case of the fod-complex by-passing excitation via the ligands. Compar-
ing the absorption efficiencies of the different solutions, Eu(fod); in alcohols and
Eu(NOj3); in CH30D, and the spectrally integrated luminescence intensities, gives
the quantum efficiencies. For Eu(fod); in OD-alcohols an efficiency of 0.82 + 0.09
is found, and in OH-alcohols 0.43 +0.07. Within the error, the luminescence quan-
tum efficiency is independent of the type of alcohol. The relatively large error
is due to small amount of absorption, which is hence difficult to determine accu-
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Figure 4.9 Upper figure: The luminescence lifetimes of Eu(fod); in normal (triangles)
and deuterated (circles) alcohols. The solid symbols represent measurements on pure al-
cohols, the open symbols on mixtures. The following mixtures were used: MeOD/EtOD,
MeOD/BuOD, EtOD/BuOD for OD-alcohols, and MeOH/PrOH, EtOH/BuOH, and
PrOH/OcOH for OH-alcohols. The solid lines serve to distinguish the different alcohol
mixtures. Note that the lifetimes for OD-alcohols are in 800-900 us range, considerably
longer than the lifetimes observed for OH-alcohols (425-475 us).

Lower figure: The luminescence lifetimes of the upper figure scaled with the lifetimes of
Eu(fod); in pure EtOH and EtOD for the OH- and OD-alcohols, respectively. The equiva-
lence of the scaled EtOD/BuOD and EtOH/BuOH lifetimes indicates that the scaling results
in an universal curve for Eu(fod); in alcohols. For alcohols with refractive index lower than
1.40, the luminescence lifetime is not solely dependent on the refractive index: for differ-
ent mixtures with the same refractive index, different lifetimes are found. For alcohols with
refractive index higher than 1.40, the lifetimes monotonously decrease with increasing re-
fractive index. The error bars are of the order of the symbol size.
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rately. Nevertheless, the measurements prove that the quantum efficiency of eu-
ropium complexes can be high, close to 1, if dissolved in suitable liquids.

In conclusion, the luminescence lifetime of Eu(fod); is a function of refrac-
tive index only for the higher alcohols (refractive index > 1.40), even though the
system, Eu(fod); in a homologic series of alcohols, was carefully selected. Conse-
quently, the range of refractive index variation is too small (refractive index: 1.40-
1.44) to compare the experimental result to theoretical models describing local-
field effects on spontaneous emission (if one would, the empty-cavity model comes
out best, but not very convincingly). It is thus necessary to perform experiments on
a different system in which the refractive index can be varied over a larger range,
so that indeed local-field effects on spontaneous emission can be revealed.






CHAPTER 5

Local-field effects
on spontaneous emission
in dense supercritical CO,

Experiments on the spontaneous emission rate of Eu(fod); in dense supercritical
CO, are presented. The refractive index of the supercritical gas is varied from 1.00
to 1.27 by increasing the pressure up to 1100 bar. Accordingly, the spontaneous
emission rate changes. Local-field effects on spontaneous emission are clearly ob-
served in these experiments. The empty-cavity model [see chapter 3, Eq. 3.11] is
found to apply, settling the discussion on which local-field correction applies to
spontaneous emission.

5.1 Why Eu(fod); in supercritical CO,?

One of the major problems that came up in the previous chapter is that upon vari-
ation of the refractive index, the fype of molecule constituting the dielectric also
changes. As a result, local-field effects on spontaneous emission are almost com-
pletely blurred. In this chapter, this problem is circumvented by measuring the ra-
diative lifetime of Eu(fod); in supercritical CO, as function of the pressure of the
fluid. Then, the refractive index changes because the density of the molecules in
the dielectric changes. The type of molecule, CO,, remains the same for all refrac-
tive indices, improving on the experiments presented in literature [54, 55] and the
previous chapter.

The choice for Eu(fod); is clear from the previous chapter. From all europium
complexes that were tested, it is the only complex that is stable in alcohols. Con-
sequently, it is likely to be also most stable in a supercritical gas. Furthermore, the
luminescence quantum efficiency can be close to unity, provided the complex is
embedded in a suitable host.

CO;, is selected for the following reasons. First of all, the CO, molecule has a
fairly large optical polarizability, so that upon compression high refractive indices
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can be obtained, making the range of refractive index variation large. In the spec-
tral region of Eu** luminescence, from 600 to 800 nm, dense supercritical CO is
transparent (non-absorbing), and its refractive index is independent of wavelength
(low dispersion) [75]. The luminescence quantum efficiency of Eu(fod); in dense
CO, is indeed expected to be high, a point discussed in more detail later in this
chapter. The critical temperature for CO,, 31.06 °C [76], is conveniently close to
room temperature, so that the sample cell only has to be heated slightly. And last
but not least, Eu(fod)s is known to dissolve well into supercritical CO, [77].

5.2 The pressure set up

The experiments were performed in a home-built pressure cell with optical access
[78]. An extensive discussion on the high-pressure set up is presented, as the sys-
tem and techniques used are uncommon to most researchers.

5.2.1 The sample cell

The central role of the set up is taken up by the sample cell, which is directly
connected to the high pressure system, see Fig. 5.1. The hart of the sample cell
is formed by a 15 mm long, synthetic-sapphire cylinder (custom-made by Melles
Griot), with an outer diameter of 24.98 mm and a 6.285 =+ 0.005 mm bore, as de-
termined by a three-point measurement. Having a hardness comparable to that of
diamond, sapphire can withstand pressures over a 1000 bars. The sample volume is
defined by the bore of the sapphire cylinder, which is enclosed between two stain-
less steel caps at the flat-end sides. The caps are made to fit closely around the
sapphire cylinder with a margin of at most 0.02 mm in order to keep the O-rings
(Eriks, BNS8) from extruding at high pressures. These O-rings close the cell.

The supercritical gas enters and leaves the cell by means of a 4 meter long,
0.18 mm bore stainless steel capillary, which is cold-welded to the upper steel cap.
The other end of the capillary is attached to the gas compressor.

The temperature of the cell is measured close the sample volume, using a stan-
dard wire-wound Pt resistance thermometer of 100 Ohm (at O °C). The sample cell
is placed inside a large cylindrical aluminum block (height = 420 mm, diameter =
150 mm); the temperature is regulated by controlling the current through a coil
heating the aluminum block. The long-term stability of the temperature is about
50 mK. Although no thermocouples were placed to measure the temperature gra-
dient, similar experiments with the same set up have shown that the gradient is less
than 1 mK/cm [78]. During the experiments, the temperature of the supercritical
CO, was kept at 35.00 £ 0.05 °C, a few degrees above the critical temperature.
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Figure 5.1 An overview of the sample cell. The sapphire cell (A) is enclosed by two
stainless steel caps (B) with rubber O-rings (C). The caps are placed in a copper cylinder
(F), which is screwed tight with a copper screw piece (G). Next to the sapphire cell, a hole
is drilled, housing a Pt thermometer (D). The supercritical gas enters and leaves the cell
through a 0.18 mm bore stainless steel capillary (E). The entire sample cell is kept in an
aluminum thermostat (H).

Filling the cell with Eu(fod); The sample cell can be completely taken apart,
which is necessary to load it with a few grains (~ 0.5 mg ~ 0.5 ymol) of Eu(fod);
powder. The amount corresponds to a concentration of about 1 mmol/l (similar as
in the alcohols solution), provided all Eu(fod); dissolves in the supercritical gas.

After filling it, the cell was placed in the aluminum block and the capillary con-
nected to the gas compressor. The air left in the system due to the filling, needs to
be cleared. For this purpose, CO, (AGA 99.9995%) at 60 bars (vapor pressure of
CO; at room temperature) was sent into the system. Through diffusion the remain-
ing air mixed with CO,. By releasing this mixture into the open air, and repeating
this process several times, sufficiently pure CO, (> 99.99 %) was obtained.
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Figure 5.2 A schematic representation of the gas compressor:

[right:] The gas compressor can be considered as a U-shaped tube, partly filled with mer-
cury, Hg. Upon compression, oil is pumped in the left side of the tube, compressing the gas
on the right side. The mercury serves as a pressure transducer.

[left:] A more detailed outline of the compressor. Gas is inserted via valve V3. Valve V4
connects the compressor to the sample cell. By pumping oil from the reservoir into the
compressor (V1 open; V2 closed), the volume of the gas is decreased and thus the pressure
increased. Visa versa, upon releasing the pressure, V1 is closed and V2 is opened. The in-
dicator (M1) indicates the mercury level in the compressor by measuring the resistance of
a Pt-Ir wire, which is extended into the mercury-gas area. The mercury trap (A) is a safety
device, which prevents the mercury from entering the pumping system.

5.2.2 The compressor

The compressor serves to vary the pressure of the dielectric fluid, and hence its re-
fractive index. The range of pressures attainable is from 1 bar (ambient pressure)
to 1100 bar at which the O-rings are no longer able to withstand the pressure, caus-
ing them to burst. Note that the sapphire cylinder can hold pressure up to 1500 bar.
However, because of the brittleness of sapphire, it is not able to withstand quick
changes in pressure (> 10 bar/s).

In simple terms, the gas compressor ('t Hart & Zn.) can be depicted as an U-
shaped tube, as shown in Fig. 5.2. The hydraulic liquid (oil) is on one side of the
tube, the compressed gas on the other. Mercury acts as a pressure transducer, keep-
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ing the oil from contaminating the gas. The valves V3 and V4 lead the gas into or
out of the compressor. An electronic mercury-level indicator is attached, helping
the experimentalist to prevent the mercury from exiting the compressor, either from
the gas or oil side. This indicator consists of a Pt-Ir wire (with known resistivity)
that is extended into the mercury-gas area of the compressor. The wire is part of
a Wheatstone bridge, and by short-circuiting the resistance of the wire underneath
the mercury surface, the mercury level in the compressor is obtained.

The mercury level is increased by pumping (by hand) more oil in the compres-
sor (valve V1 opened and valve V2 closed). In this way, the gas compressor can
reach a maximum pressure of 3000 bar. In order to release pressure, valve V1 is
closed and valve V2 is opened, so that the oil flows back into the oil reservoir. The
mercury trap (A) is a safety device, which prevents the mercury from spilling into
the pumping system in case the mercury is accidentally pushed back too much by
the pressure of the gas.

5.2.3 Overview of the pressure set-up

During the measurements, pressure was only increased, since a decrease in pres-
sure would in turn decrease the amount of dissolved Eu(fod); in the sample cell.
Furthermore, allowing the dissolved europium complex to flow with the fluid from
the sample cell into the gas compressor, would also contaminate the gas compres-
sor. Therefore, when the measurement series was completed, the fluid was released
from the sample cell through a bubble outlet (valve V8 in Fig. 5.3). The outlet fa-
cilitates a slow release of pressure, by monitoring the frequency of the gas bubbles.
This is necessary to prevent the sapphire window from braking; pressure changes
of less than 10 bar/s were required.

In order to obtain high enough pressures, the gas compressor had to be filled
with a sufficient amount of CO,. Therefore, it was necessary not only to transfer
CO, gas, but also CO;, liquid from the gas cylinder into the compressor. This was
accomplished by using a filling board, as is schematically drawn in Fig. 5.3. The
hart of the filling board is the cold finger, a volume of 18.4 cc enclosed in stainless
steel. Transfer of liquid occurs in two stages. In the first stage, Valves V1, V2 and
V3 are opened, and V4, V5 and V6 are closed. The cold finger is cooled down be-
low the freezing point of CO,, using liquid N,. When gas from the cylinder enters
the cold finger it freezes, resulting in a reduction of pressure. Gas continues to flow
in, since the vapor pressure of the cylinder remains at 60 bar. When all the gas in-
side the cold finger has frozen (when manometer M1 indicates a constant pressure
of 60 bar), valves V1 and V2 are closed and V6 is opened (V7 is closed). Upon
heating the cold finger, the solid CO;, melts and pressure builds up rapidly. At a
pressure of a 100 bar, valve V5 is quickly opened and gas flows into the compres-



72 Chapter 5

\Al
V6

X ) M2

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

filling board

gas
gas compressor

Vv

7
1 @ M3
X vs

pressure

u cell

bubble outlet

Figure 5.3 An outline of the pressure set up. When filling the gas compressor with gas
or liquid, valves V1-V6 are used while valve V7 is closed (see text for procedure). During
measurements V6 and V8 are closed and V7 is opened. Manometer M2 gives the pressure
of the hydraulic liquid (oil) in the gas compressor, while M3 gives the pressure of the fluid
in the sample cell. Upon releasing the high pressure from the sample cell, valve V7 is closed
and V8 is opened. The bubble outlet makes it possible to monitor the amount of gas being
released.

sor, where it condenses into liquid, as now the temperature of the compressor is
lower than of the “cold” finger (due to the heating). Then, valve V6 is closed; the
gas compressor is filled with liquid CO,. This procedure is repeated once more,
after which the measurements can commence.

5.3 The refractive index determination

Upon compressing the supercritical gas, the refractive index increases. As the gas
is kept at an isotherm of 35 °C close to the critical temperature, a small increase in
pressure results in a large increase in refractive index. Consequently, the determi-
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Figure 5.4 An overview of the interferometric time-resolved pulse transmission set up.
BS: beam splitter; FTS: Fourier transform spectrometer; M: mirror; Ti:Sapp: pulsed tita-
nium sapphire laser. A 70 fs pulse train from a Ti:sapphire laser is sent through a fixed
Mach-Zehnder interferometer with the sample cell in one of the arms. The pulse through
the dense supercritical CO, (pulse 2) is delayed with respect to the reference pulse (pulse 1),
because the refractive index of the dense gas is higher than of the air in the reference cell.
This delay is recorded using a scanning Fourier transform spectrometer, from which the
refractive index can be inferred in situ.

nation of the refractive index via the pressure, implies an extremely accurate mea-
surement. Therefore, it was decided to measure the refractive index itself.

The refractive index is determined in situ using a time-resolved interferomet-
ric technique [79], see Fig. 5.4. A 70 fs pulse train (rep. rate 82 MHz) from a ti-
tanium sapphire lasers (Spectra Physics, Tsunami 3960) with a central wavelength
of 780 nm is passed through the supercritical gas in the sample cell. To compare
the transmitted pulse (pulse 2 in Fig 5.4) through the dense gas with an undistorted
reference pulse (pulse 1), the sample cell is placed in one of the arms of a fixed
Mach-Zehnder interferometer. The reference cell serves to balance the interfero-
meter. Due to the refractive index of dense CO, being higher than of air (at ambi-
ent pressure), pulse 2 is delayed opposed to pulse 1. This time delay At is recorded
with a scanning Fourier transform (FT) spectrometer (Biorad, FTS-60A). The de-
lay directly relates to the refractive index difference Am between the dense gas and
the air, that is Am = (coAt)/AL. Here ¢ is the speed of light in vacuo and AL the
path length through the dense gas, i.e. the bore of the sapphire cylinder.
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Figure 5.5 The interferogram of the pulse pair exiting the Mach-Zehnder interferometer
as measured by the scanning FT spectrometer, for two different pressures of CO; (1 and 90
bar). The central peak around time is zero represents the sum of the two auto-correlates for
each pulse. The cross-correlates between the two pulses are observed as side peaks. Upon
increasing the pressure, the cross-correlates shift in time due to the change in optical path
length. The time difference AT between the positions of the cross-correlates at 1 and 90
bar, which could be measured with an accuracy of 10 fs, directly relates to the difference
in refractive index of CO, for these pressures. The high stability of the FT spectrometer
allows to resolve the individual fringes of the light field. However, the spacing of fringes
is too small to observe in this figure, due to the long time track of more than 8 ps; the peaks
are completely filled with fringes. Note that the interferogram recorded at 1 bar is offsetted
for clarity.

The interferogram recorded by the scanning FT spectrometer is depicted in
Fig. 5.5. The spectrometer measures an interferometric auto-correlate of the inci-
dent pulse pair (pulse 1 and 2). Centered around time is zero, the auto-correlates of
the respective pulses are observed: EYE; and E5E,, where E; is the complex am-
plitude of the electric field of pulse i. The cross-correlates EYE, and EJE; at both
sides of the central auto-correlate, carry the essential information on the delay be-
tween the two pulses. This is nicely observed in Fig. 5.5, where the cross-correlates
shift At in time with increasing pressure, i.e. refractive index. As the refractive in-
dex of CO, at 1 bar is known to be 1.0005 [75], the refractive of the supercritical
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Figure 5.6 The refractive index of supercritical CO, versus pressure at 780 nm, for the
35.00 £ 0.05 °C isotherm. The different symbols correspond to different measurement se-
ries, indicating the high reproducibility of the set up. The S-shaped curve is typical for a
fluid just above the critical temperature. The range of refractive index variation obtained
is from 1.05 to 1.27.

gas at any pressure can be inferred from the time delay At. The overall accuracy in
the refractive index is 10~3, which is mainly determined by the uncertainty in the
path length through the sample cell, i.e. the bore of the sapphire cylinder.

The refractive index of dense supercritical CO, as a function of its pressure
is shown in Fig. 5.6. Close to the critical point (31.06 °C and 73.825 bar [76]) a
small variation in pressure corresponds to a large change in refractive index. For
higher pressures (> 200 bar) the supercritical fluid behaves more like a liquid: a
large increase in pressure is necessary to increase the refractive index. The range
of refractive index variation is from 1.05 to 1.27. This range is limited on the low
side by the minimum density of CO, necessary to dissolve detectable amounts of
Eu(fod)s, and on the high side by the pressures the sample cell can withstand. Al-
though these measurements were performed at a wavelength of 780 nm, the values
obtained for the refractive index hold, within the experimental error, for the entire
spectral range of Eu** luminescence (600-800 nm), as the dispersion of CO» is very

low [75].
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Figure 5.7 The luminescence decay of Eu(fod); dissolved in supercritical CO, at a pres-
sure of 99 bar (refractive index is 1.154). Two different components are observed. The
luminescence lifetime of the long living component is 1.46 4+ 0.01 ms. Whereas, the fast
decaying component has a characteristic lifetime of 0.14 £ 0.02 ms.

5.4 Luminescence of Eu(fod); in dense supercritical CO,

The set up used to measure luminescence decay and spectra is identical to the one
used in the previous chapter, see section 4.6.

A typical luminescence decay of Eu(fod); in supercritical CO, is shown in
Fig. 5.7. As can be seen, the luminescence decay consists of two components, sim-
ilar as the decay of Eu(hfc); in methanol [see section 4.7]. There the fast decay-
ing component was identified as a (partially) dissociated hfc-complex, whereas the
slowly decaying component originated from stable Eu(hfc)s.

In order to elucidate the origin of the two components for Eu(fod); in CO,,
again time-resolved luminescence spectra were recorded [section 4.7], see Fig.5.8.
Identical to Eu(hfc); in methanol, both components are related to the lumines-
cence of europium species. The spectrum of the fast decaying component is much
more broadened than the spectrum of the slowly decaying component: for the non-
degenerate Dy — F, transition, the line widths are 50 + 5 and 17 + 2 cm™, re-

spectively. For comparison, this line width for Eu(fod)s in alcohols is 15 +2cm™".
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Figure 5.8 The time-resolved luminescence spectra of the fast and slowly decaying com-
ponents of Eu(fod); in supercritical CO,, measured at a refractive index of 1.214 (250 bar).
Both spectra are characteristic for Eu>* luminescence from the >Dy level to 'F,, indicating

that both components are europium related. For both components, the spectra are identical
for all refractive indices.

From this broadening, it is concluded that the fast decaying component stems from
the luminescence of a dissociating europium complex and is therefore disregarded,
conform the conclusions for Eu(hfc); in methanol. Apparently, europium com-
plexes in general are not very stable and dissociate relatively easy when in solution.
For the case of Eu(fod)s, it turns out that this complex is stable in alcohols, whereas
it is only partly stable in dense supercritical CO,. In the remaining of this chapter,
only the slowly decaying component is considered.

The Eu(fod); luminescence spectra are identical for all pressures. This indi-
cates that the symmetry of the complex is independent of pressure, which means
that the transition dipole moments involved are unaffected by the varying refrac-
tive index. Furthermore, although not visible in Fig. 5.8, the luminescence mainly
decays through the Dy — ’F, transition, proving that the ligand field strongly per-
turbs the central ion, and hence the transition is of electric dipole character.
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5.4.1 The luminescence quantum efficiency

As already mentioned in the previous chapter, the luminescence quantum efficiency
plays an important role in these experiments. The choice for CO, as the dielectric
host is partly based on the fact that the molecular vibrations of the molecule are low
in energy. Therefore, as inferred from the theory of multi-phonon relaxation [see
section 4.5.1], the contribution of CO, to the non-radiative decay is small. More
precisely, mainly the fundamental around 1388 cm™~' [80] would contribute. How-
ever, the large number of vibrations needed (about 12) for the non-radiative decay
makes this process negligible. The luminescence quantum efficiency is solely de-
termined by the vibrations of the complex, and not by the dielectric host, CO,.

For Eu(fod); in alcohols, it was concluded that the non-radiative decay mainly
occurs via the O-H oscillators of one H,O molecule binded to the Eu>* ion in the
first coordination sphere. Here, it will be shown that this one H,O molecule is not
present in the Eu(fod); complex when dissolved in CO,. As a direct consequence,
the luminescence quantum efficiency is significantly higher.

The luminescence lifetimes observed are around 1.5 ms, which corresponds to
a decay rate of 0.67 ms~'. From the results of Horrocks and Sudnick [see section
4.5.2], the contribution to the non-radiative decay of each O-H oscillator in the first
coordination sphere is 0.47 ms~!. Therefore, the presence of 1 H,O molecule (2
O-H oscillators) close to Eu’" would at least give a luminescence decay rate of
0.94 ms~!, whereas the experiment shows a considerably lower rate [81]. This di-
rectly leads to the conclusion, that no water molecules can be present close to the
Eu?* ion. This is also confirmed by the difference in luminescence spectra, com-
pare the Dy — F, transition in Figs. 4.6 and 5.8, indicating that the local environ-
ment is different for Eu(fod); in alcohols and in dense CO,, that is with and without
1 H,O molecule, respectively.

As water is eliminated as a source of luminescence quenching, only the oscil-
lators of the fod-complex itself are left to serve as acceptors. From all candidates,
the C-H stretch vibrations in the second coordination sphere, in the middle of the
B-diketone ring, are the most efficient quenchers, see Fig. 4.2. In total there are 3
(1 for each fod-ligand) of these C-H oscillators present in the Eu(fod)s; complex.
However, the contribution to the non-radiative decay of a C-H oscillator in the sec-
ond coordination sphere is smaller than 0.01 ms~! [see section 4.5.3]. Hence, the
maximum total non-radiative decay rate is 0.03 ms~'. Comparing this to the ob-
served luminescence decay rate of ~ 0.67 ms~!, leads to the conclusion that the lu-
minescence quantum efficiency is higher than 0.95 (95 %); similar high efficiencies
have been reported previously for europium complexes [46, 54]. The luminescence
lifetimes obtained are also the radiative lifetimes.
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Figure 5.9 The scaled radiative decay times as a function of refractive index. The ra-
diative lifetimes Tg are scaled by the extrapolated vacuum lifetimes Ty. The vacuum life-
time slightly depends on the excitation energy per shot P. For P = 4 + 1 mJ/cm?: 1y =
2.04 £ 0.01 ms (squares), P = 17 £ 3 mJ/cm?: 1y = 1.97 £ 0.01 ms (circles), P =
70 + 20 mJ/cm?: 1y = 1.85 4 0.01 ms (triangles). For comparison, the results from the
empty-cavity (full line), full-cavity (dashed line), and no-cavity models (dotted line) are
plotted. The error bars for both the decay times and the refractive index are of the order of
the symbol size.

5.4.2 Local-field effects on spontaneous emission

The measured variation of radiative lifetime with refractive index is shown
in Fig. 59. The high quality of the data allows for a comparison to the
substitutional-impurity or empty-cavity [Eq. 3.11], interstitional-impurity or full-
cavity [Eq. 3.16], and no-cavity [Eq. 3.1] models. The red shift predicted by
Egs. 3.9 and 3.14 is not observed, the spectra are independent of refractive index,
and hence the polarizability density oy/€ of the complex is taken to be zero in
Egs. 3.11 and 3.16. Clearly, the empty-cavity model applies. Furthermore, it is
observed that the extrapolated vacuum lifetimes slightly depend on the excitation
energy. A 10% decrease in the lifetime is found when the pumping energy is in-
creased from 4 £ 1 mJ/cm? to 70 + 20 mJ/cm?; similar dependences have been
observed previously [82]. This effect is probably due to the cooperative decay of
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europium molecules via stimulated emission at higher pump intensities. Nonethe-
less, the empty-cavity model is confirmed for all pumping powers, giving confi-
dence that this is indeed the right model.

5.5 Conclusions

In conclusion, the luminescence decay experiments on Eu(fod); in dense supercrit-
ical CO; confirm that the complex is a substitutional impurity [Eq. 3.11], that is
the CO, molecules experience a real excluded volume. This result, together with
theoretical description presented in chapter 3, settles a long discussion on which
local-field correction applies to spontaneous emission.

It should be stressed that the observation of local-field corrections to spon-
taneous emission remains subtle. In this regard, the following should be noted.
Similar experiments were performed using dense supercritical Xe as the dielec-
tric host. The advantage of Xe above CO; is in the larger refractive index range
(1.05-1.38) attainable, due to the larger polarizability of the Xe atom. However,
it turned out that the luminescence decay of Eu(fod)s in Xe is multi exponential,
most likely because many indistinguishable components contribute. Furthermore,
the luminescence spectra changed upon increasing the pressure, indicating that the
fod-complex is completely unstable in supercritical Xe, rendering this system use-
less. The difficulties encountered in the experiments on the luminescence of eu-
ropium complexes in alcohols and in supercritical Xe clearly indicate that indeed
the choice of system (luminescing impurity + dielectric host) is crucial for observ-
ing the local-field effect.



CHAPTER 6

Strongly photonic
macroporous GaP networks

A photo-assisted electrochemical etching technique to fabricate macropores in sin-
gle crystalline gallium phosphide (GaP) with variable porosity has been developed.
Scanning electron microscopy and X-ray diffraction experiments confirm that the
material consists of three dimensional, interconnected random networks with pore
sizes of about 150 nanometers. Optical transmission measurements demonstrate
that the non-absorbing, disordered structures strongly scatter light. The photonic
strength is controlled by filling the pores with liquids of different refractive index.
Macroporous GaP filled with air has the highest scattering efficiency for visible
light reported to date.

6.1 Strongly photonic materials

In a binary system with components of refractive indices »n; and n,, the efficiency of
light scattering depends on how these components are organized in the system, the
dimensions of the components and the refractive index ratio n; /n, = m. Scattering
of light is strongest if m is large, and the length scale of refractive index variation,
s, is comparable to the wavelength of light A. This regime has received much atten-
tion, in the search for strongly scattering (photonic) materials. For ordered systems
with a periodic variation in the refractive index, the material is a photonic crystal.
These feature photonic band gaps [8, 83], frequency ranges for which light will not
propagate in the crystal due to multiple Bragg reflections. If the material is dis-
ordered, interference of scattered light ultimately leads to Anderson localization
[18, 84]. Photonic band gaps and Anderson localization are closely related. Both
inhibit light propagation due to interference not absorption , and can only be ob-
tained for strongly photonic materials, those with m ~ 3 or larger.

For infrared light, Anderson localization has been reported for GaAs pow-
ders (m ~ 3.5) [84] and a two-dimensional photonic band gap for macroporous Si
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(m =~ 3.4) [85]. In the visible, considerable progress has been made by the prepara-
tion of three-dimensional air-sphere crystals of TiO, (m ~ 2.7) [83]. Inhibition of
propagation of visible light has not yet been reported for three-dimensional struc-
tures, apparently larger m (> 2.7) are needed. Obviously, m is a crucial parameter
for photonic materials. In addition to large m, it is thus desirable to have the ability
to tune m, allowing investigation of its importance for the photonic strength.

Intermezzo As already mentioned, strongly photonic materials are obtained for
large variations in the refractive index, or equivalently the dielectric constant, on
length scales of the wavelength of light. In this intermezzo, a microscopic valida-
tion for these requirements is presented.

Consider the extinction cross section of a dielectric sphere with dielectric con-
stant € embedded in vacuo, see section 2.6.3, specifically Eq. 2.76. For simplicity
of the argument, assume that the dielectric constant is close to unity and can thus
be written as € = 1 + pa., see Eq. 2.26. Combining Eqs. 2.26 and 2.76 yields for
the extinction cross section

1 o\,
Gex—&[PQOL] <a> N7, (6.1

where N = pQ is the total number of microscopic dipoles that constitute the sphere
of volume Q. If all these dipoles would contribute to the scattering independently,
the extinction cross section would scale with just the number of the dipoles N. The
N?-dependence is due to the fact that the dipoles all radiate in phase, that is the
individual scattering amplitudes add up coherently.

Now it seems that in order to obtain strong scattering, that is a strongly pho-
tonic system, it is just a matter of increasing the number of dipoles N. However,
the coherent addition of the individual scattering amplitudes fails when the sphere
becomes of the order of or larger than the wavelength A, as then the dipoles are no
longer all in phase since they are too far apart. The largest attainable cross section of
a random scatterer is about A?. So a material that is homogeneous and much larger
than the wavelength hardly scatters light, simply because those parts of the medium
that radiate in phase are counter-balanced with parts in anti-phase; a bowl of water
is evidently transparent. This absence of scattering can be remedied by removing
the parts that are in anti-phase, leaving a medium with only in-phase parts, which
consequently strongly scatters light again. The material obtained has air holes (the
removed anti-phase parts) about a wavelength apart; the refractive index varies on
length scales of the wavelength of light. Furthermore, for materials with a higher
dipole density p and/or microscopic polarizability «, that is with a higher refractive
index, the scattering efficiency in general increases, see for example Eq. 6.1. The
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Figure 6.1 The refractive index of various (semiconducting) materials as a function of
their electronic band gap. On average, the refractive index decreases with increasing band
gap. For photon energies lower than the electronic band gap (sub-bandgap light), the ma-
terials are transparent; for higher photon energies light is absorbed. Data taken from [87].

requirements for a strongly photonic system are now based on qualitative micro-
scopic considerations.

Semiconducting materials are highly suitable for the preparation of strongly pho-
tonic materials as they have large refractive indices and, for sub-bandgap light, low
absorptivities, see for an overview Fig. 6.1. The low absorptivity is essential, as the
origin of the full photonic band gap and Anderson localization, interference, has to
survive. Materials with smaller electronic band gaps tend to have larger refractive
indices, which can be qualitatively explained by modeling the inter-band transition
as a two-level system [86]. Germanium is a good candidate with a large refractive
index of 4.1, but to avoid inter-band absorption the wavelength of light has to be
~ 2 pm or longer, making it experimentally difficult to access. Gallium phosphide
(GaP) has a large refractive index of ~ 3.3 and an indirect band gap of 2.24 eV
(550 nm) [87], allowing the preparation of strongly photonic systems with negligi-
ble absorption in the red part of the visible spectrum.
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Figure 6.2 A SEM micrograph of finely grained germanium. The lighter areas correspond
to Ge and the darker parts to the air in between. The Ge powder was sedimented to reduce
the poly-dispersity (see text); the typical particle diameter is ~ 0.5 um. The scale bar rep-
resents 1 um. Picture by courtesy of J. Gémez Rivas [89].

The variation of refractive index on length scales of the wavelength of light can
be obtained in many different ways. For photonic band gap materials, templating
with artificial opals seems to be ideal [83]. For random materials, grinding semi-
conductors has shown to be successful: for fine grained GaAs localization has been
reported [84], and similarly prepared Si powders nearly localize light [88]. Scan-
ning electron microscopy (SEM) on finely grained Ge clearly shows a modulated
dielectric structure, see Fig. 6.2; the single crystals of Ge were powdered in a plan-
etary micromill by J. Gémez Rivas [89]. After milling, the variation in particle size
is large. To reduce this poly-dispersity, the powder was suspended in methanol and
let to sediment for 2.5 minutes. Only the smaller particles, which are left in suspen-
sion, were used to prepare the strongly scattering material. Despite considerable
effort, the poly-dispersity remains fairly large.

In this chapter a new technique, photo-assisted electrochemical etching, is pre-
sented for the preparation of a different type of strongly scattering random material,
that is macroporous GaP networks. These networks are mechanically stable and
can hence be filled with various liquids, allowing the importance of the refractive
index contrast on the photonic strength to be investigated.
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Figure 6.3 A schematic overview of the electrochemical set up used for the preparation of
macroporous GaP. CE: counter electrode; Cu: copper; GaP; gallium phosphide wafer; P-
GaP: porous GaP; Pt: platinum counter electrode; Ref: reference electrode; SCE: Saturated
Calomel Electrode; SP: silver paste; T: teflon sticker; WE: working electrode. The GaP
wafer is mounted as a working electrode in a standard electrochemical cell with a 0.5 M
sulphuric acid electrolyte; the applied potential is controlled by the potentiostat. At the
left, a cross section of the working electrode is depicted. The GaP wafer is brought into
Ohmic contact with a copper plate with the use of silver paste. In order to protect the Cu
from the electrolyte, the assembly is packed in teflon sticker, leaving open a circular area
of 0.24 cm? for etching GaP.

6.2 Preparation of macroporous GaP networks

The macroporous GaP structure is formed by electrochemical anodic etching of n-
type of GaP single crystals (donor density 2 x 10'7 ¢cm™3, [90]) under dielectric
breakdown conditions [91, 92, 93]. The 350 um thick, polished wafers are mounted
with a (100)-face exposed to the 0.5 M H,SO, electrolyte as the working electrode
in a standard electrochemical cell, with a Saturated Calomel Electrode (SCE) as
reference and a platinum counter electrode, see Fig. 6.3. Potentials are given with
respect to SCE. The cell was controlled by means of an EG&G PAR273A poten-
tiostat.

Application of a strong positive potential (15 V SCE) leads to severe band
bending at the n-GaP/electrolyte interface, see Fig. 6.4. Inter-band tunneling of
electrons [95] from the valence band or from band gap states to the conduction band
takes place, generating holes at the surface, which are consumed in anodic disso-
lution of GaP, that is [96]

GaP 4 6h™ — Ga’* (aq) + P> (aq). (6.2)
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Figure 6.4 The energy-band diagram of the semiconductor/electrolyte interface un-
der reversed bias voltage Vcx; the characteristics are very similar to a Schottky diode
(metal/semiconductor junction) [94]. The energy difference between the Fermi level in the
semiconductor (dashed line just below the conduction band (CB)) and in the electrolyte is
determined by eVex. Band bending takes place at the interface. Consequently, electrons
tunnel from the valence band (VB) to the CB, leaving an accumulation of holes at the in-
terface, i.e. electrons are depleted. The thickness of this depletion layer Lge, depends on
the electronic properties of the semiconductor and the applied potential Vey;.

The generation of holes is spatially non-uniform. More specifically, initially sub-
micron pits are etched at surface defects, about 10 microns apart. These pits serve
as the starting points for the etching of the sub-surface porous structure [92]. As
soon as the whole electrode surface is covered with a porous layer, the anodic etch-
ing current is becomes constant, indicating that the porous network is uniformly
growing deeper into the GaP crystal. The anodic charge is proportional to the thick-
ness of the porous structure L, enabling coulometric control of this important pa-
rameter [93]. A SEM micrograph of a cross section of a porous slab is used to cal-
ibrate the linear charge-thickness relation, see Fig 6.5 [left]. The corresponding
porosity is determined to be ~ 35 volume-% of air. In this fashion, a series of sam-
ples with porous slab thicknesses from 5 to 120 yum was prepared.

In addition to the anodically etched GaP (A-GaP), also photoanodically etched
GaP (PA-GaP) samples were prepared. Exploiting a new technique that utilizes
homogeneous photo-assisted etching, slabs with a higher porosity were obtained.
A-GaP samples are subjected to a further process of photoanodic etching in a
H,0:H,S04:H,0, electrolyte using 50 mW of 1.96 eV sub-bandgap light from a
HeNe laser, under an applied positive potential of 2 V SCE. The applied potential
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Figure 6.5 Two SEM micrographs of macroporous GaP:

[left]: A cross section of a porous slab of GaP. In the top right, the unetched GaP sub-
strate is visible, whereas, in the lower left corner, the air-porous GaP interface is seen. The
slab is etched by passing 10 C through the cell for a fixed electrolyte/GaP interface area of
0.24 cm?, leading to a thickness of 50 um. The small ruptures and irregularities are caused
by breaking the sample, which is necessary to make the image . The scale bar represents
20 um.

[right]: A SEM micrograph of photoanodically etched GaP (PA-GaP) and in the inset its
auto-correlate. The lighter areas correspond to GaP and dark parts to the pores. The typical
size of the GaP entities is about 150 nm, as concluded from the auto-correlate. The porous
structure is statistically homogeneous and isotropic. The scale bar represents 1 um.

is too low for the anodic etching process to take place, so that the thickness of the
porous slab is not affected by the photoanodic etching treatment, only the porosity
is increased. Photons are absorbed by a transition of an electron from the top of the
valence band to an interfacial state, 0.3 eV below the conduction band, followed
by thermal release of the interfacial electron into the conduction band [97]. The re-
maining hole is involved in anodic dissolution. The addition of H,O, to electrolyte
serves to enhance the extremely low absorption probability: H,O, chemisorbs at
the GaP surface and thereby increases the density of interfacial states just below
the conduction band [93], making sub-bandgap absorption more efficient. Due to
the nevertheless weak absorption of the light in the porous structure, the photoan-
odic etching current is linear with sample thickness, see Fig. 6.6. Consequently,
the etch rate is constant across the porous network and the porosity of the sam-
ple is increased uniformly, controlled by the photoanodic etch charge. In such a
way, PA-GaP with slab thicknesses between 5 and 60 um were prepared, with an
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Figure 6.6 The photoanodic etching current of porous GaP in the H,O:H,S0,4:H, 0, elec-
trolyte under illumination of 50 mW of HeNe light as function of sample thickness. As can
be seen, the photocurrent is linear with slab thickness, with a constant of proportionality of
1.50 £ 0.03 A/m, indicating that the absorption is uniform throughout the porous structure
for all slab thicknesses. The error bars are of the order of the symbol size.

increased estimated porosity to about 50 volume-% of air. Further etching resulted
in mechanically unstable samples, probably due to reaching the rigidity percolation
threshold [98].

A SEM micrograph of the porous structure of PA-GaP (Fig. 6.5 [right]) reveals
that the structure is random. A detailed and quantitative analysis of the PA-GaP
structure is obtained from the auto-correlation function, which is also known as the
Patterson function [99]. This function represents the spatial correlation of the GaP
structures, or, equivalently, the air structure in between. The auto-correlate is not
circular symmetric but slightly elongated, indicating a preferential direction. PA-
GaP is characterized by two correlation lengths, along and perpendicular to this di-
rection, which are 155+ 8 and 108 + 6 nm, respectively. Analysis of the SEM pic-
tures from different parts of the porous sample show the same values for the two
correlation lengths, a characteristic of a statistically homogeneous material. Fur-
thermore, the slight asymmetry in the auto-correlate is connected to preferential
etching along certain crystallographic axes [91], also indicated by the somewhat tri-
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angular shape of the GaP entities. However, for different parts of the porous struc-
ture, the direction was along different crystallographic axes, among which no cor-
relation could be detected. Therefore, the entire sample on average is considered
to be isotropic and homogeneous.

6.3 Total transmission

To the eye, bulk GaP is transparent and orange, while the color of A-GaP is dark
yellow and the PA-GaP samples are more bright whitish yellow. This indicates that
PA-GaP scatters light more strongly than A-GaP, as apparently for PA-GaP rela-
tively more blue light is scattered out before it is absorbed. The scattering efficiency
is measured quantitatively by determining the total light transmission through the
porous slab as function of its thickness L, as will be shown below.

6.3.1 Diffusion of light

Light propagating through disordered media is multiply scattered, making an ex-
act description of the transport of light through such media extremely difficult. An
enormous simplification in the description of the transport of light can be made by
neglecting all interference effects, as then transport may be described by diffusion
[100, 101]. Light propagates by performing a random walk, which is character-
ized by the transport mean free path £, the average distance light propagates before
its direction is randomized. For slab geometries, the three-dimensional diffusion
equation reduces to the one-dimensional case in the non-translationally invariant
direction, i.e. the z direction. Then, the energy density U(z) in the stationary state
inside the sample is determined by

? 1 _ sy, 6
[@—L—%] U(Z)——Blo (z—0), (6.3)
where L, is the diffuse absorption length and D the diffusion constant. The diffu-
sion constant is given by D = v.£/3, where v, is the energy transport velocity in the
medium [102]. In Eq. 6.3, the incoming energy flux at the boundary z = 0 has been
replaced by a source of diffusive radiation of strength Iy located at z = ¢ [21]. Simu-
lations have shown that Eq. 6.3 is accurate to within about 1 % for slabs sufficiently
thick to be opaque [103].

Diffuse internal reflection [104, 105] at the boundaries is the source of the dif-
fuse fluxes going into the sample at z = 0 and L. Hence, the boundary conditions
can be written as [105]

oU oU
U_Ze7la_z = Oa U+Ze7za_z :07 (64)
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where z. ; are the extrapolation lengths, with the interface label i = 1,2 for z =0, L,
respectively. These extrapolation lengths depend on the polarization and angular
averaged reflectivities of the boundaries R;, that is ze; = (2¢/3)(14+R;)/(1 —R;).

In the experiments, the total transmission coefficient is determined, which is
defined as the transmitted flux normalized to the incident flux, and given by [88,
106]

sinh(¢/La) + (ze,1/La) cosh(¢/L,)
(1+2ze1zep/L2)sinh(L/Ly) + (1/Ly)(2e,1 +ze2) cosh(L/Ly)’

(6.5)

where the labeling of 77, indicates that the light is incident at interface 1 and leaves
the sample at interface 2. For asymmetric scattering geometries, that is ze | # Ze 2,
or equivalently R, # R, the total transmission coefficient depends on the interface
of illumination: Tj, # T5;. In experiments, the scattering medium is most often
sustained by a transparent substrate, leading to this asymmetry. This point will be
discussed in more detail in the experimental results section.

For non-absorbing samples, L, > L, Eq. 6.5 simplifies to

£+Ze’l

= (6.6)
L + Ze’l + Ze’Z

T,
Contrary, for strongly absorbing samples, L, < L, the total transmission decreases
exponentially with sample thickness L, that is T o< exp[—L/L,).

6.3.2 Experimental results

Total transmission measurements were done at the wavelengths A = 632, 685, and
780 nm. The transmitted diffuse light intensity was collected with a 3-inch BaSOy4
integrating sphere (Labsphere) and measured using a silicon diode detector, see
Fig. 6.7 [left].

For the comparison of the transmission measurements with diffusion theory,
Eqgs. 6.5 and 6.6, it is essential to know the extrapolation lengths z. ;. The extrap-
olation length z 1, corresponding to the air-porous medium interface (see Fig. 6.7
[right]), depends on the mismatch between the refractive index of air and the aver-
age refractive index of the scattering medium r., as this mismatch determines the
reflection coefficient R;. Similarly, Ze,» depends on 7. and the refractive index of
the crystalline GaP substrate. The average refractive index n, is determined by the
refractive indices of the constituting components, i.e. air and GaP, and their rel-
ative volume fractions, see section 2.6. From Maxwell Garnett effective medium
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Figure 6.7 [left]: A schematic overview of the total transmission set up. B: baffle; D:
detector; IS: BaSO, integrating sphere; Iy: incident light intensity; S: sample. The diffuse
transmitted light intensity is collected by the integrating sphere, where the baffle ensures
that no light enters the detector without being scattered in the IS. The sample is mounted
with the porous slab facing the incident beam.

[right]: A zoom-in on the sample, with the porous slab in grey and the crystalline GaP
substrate in white. Transmitted light through porous medium is specularly reflected by the
substrate-air interface (interface 3), modifying the total light transmission. Multiple reflec-
tions inside the substrate have to be taken into account in order to obtain a quantitative com-
parison between the experiment and diffusion theory. The individual terms contributing to
the total transmission are described in the text.

theory, Eqgs. 2.68, the average refractive index for A-GaP (35 volume-% air) is pre-
dicted to be 2.42, and for PA-GaP (50 volume % air) 1.97. The results for n, from
Bruggeman’s approach, Eq. 2.72, are very similar, and yield 2.44 and 2.04, for A-
GaP and PA-GaP, respectively. Note that the results from effective medium theory
only apply in the long wavelength limit, that is in the absence of scattering. Indeed,
experiments [107] have shown that for (strongly) scattering media the average re-
fractive index is significantly lower than calculated from effective medium theories.
Therefore, for the rest of this thesis, the following estimated average refractive in-
dices will be used: A-GaP: n, =2.0+0.1 and PA-GaP: n, = 1.7+0.1. Given these
average refractive indices, the reflection coefficients R; and extrapolation length ra-
tios z. ;/¢ can be calculated [105]; the results are summarized in Tab. 6.1

Besides diffuse internal reflection, also multiple reflections inside the GaP sub-
strate influence the transmission coefficient, see Fig. 6.7 [right]. The total transmis-
sion coefficient 7(L) is given by the sum of the individual contributions

(L) = Y To()[RsRa (L)'Ts = — 2BV 6.7)
n=0

~ 1—R3Ry (L)’
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Ne R_l Ze,l/e R_2 Ze,2/£
A-GaP 20+0.1 0.78£0.05 54+£06 0.10+0.01 0.814£0.02
PA-GaP 1.7+0.1 0.67+£0.06 3.4+£0.5 0.14+0.02 0.89+0.03

Table 6.1 The average refractive index n., reflection coefficients R;, and extrapolation
length ratios z. ; /€ of A-GaP and PA-GaP, for the air-porous medium interface (i = 1) and
the porous medium-substrate interface (i = 2). The errors are determined by the estimated
error in ne.

Here T1,(L) is the transmission coefficient through the porous slab of thickness L
(Eq. 6.6), T; the angle averaged transmission coefficient of interface 3, R3 =1 — T3,
and R;; (L) the diffuse reflection coefficient of the porous slab. Under the assump-
tion that the scattering medium is non-absorbing, that is Ry (L) + 15, (L) = 1, the
inverse transmission becomes

[T(L)] " = [Ta(L) '+, (6.8)

where C is a constant independent of L given by (£ +z¢2)/({+ze1)(R3/T3). Ap-
parently, the inverse transmission 7! is only offsetted by the constant C, and hence
the slope of 7! versus L is not influenced by the presence of a substrate.

In Fig. 6.8, the inverse total transmission versus the porous slab thickness L for
A = 685 nm is shown. The measurements are described by classical diffusion with
negligible absorption, as is evident from the linear dependence, see Eqgs. 6.6 and
6.8. The results for A = 632 and 780 nm are similar, where the slope for both A-GaP
and PA-GaP is higher for 632 nm, and lower for 780 nm. Given the extrapolation
length ratios, see Tab. 6.1, and using Eq. 6.6, it is easy to extract the transport mean
free paths ¢ from the measurements; the results are summarized in Tab. 6.2. To

A-GaP PA-GaP
A (nm) £ (um) kot £ (um) kot
632 0424+0.04 83+0.5 0.13£0.02 22+0.2
685 047+£0.05 8.6+05 0.17+£0.02 2.6£0.2
780 0.59+0.06 95406 0.27+0.03 3.7£0.3

Table 6.2 Transport mean free paths £ and k.¢-values for A-GaP and PA-GaP. Obviously,
PA-GaP scatters approximately three times as efficient as A-GaP. For shorter wavelengths,
the scattering efficiency is also slightly higher. The errors are determined by the uncertainty
in the extrapolation length ratios, which are taken to be independent of wavelength.
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Figure 6.8 The inverse total transmission as a function of the porous slab thickness, mea-
sured at 685 nm. The squares correspond to anodically etched GaP (A-GaP) and the cir-
cles to photoanodically etched GaP (PA-GaP). The solid lines are calculated using diffusion
theory with negligible absorption, giving excellent agreement with the data. The transport
mean free paths are inferred from the slope, resulting in 0.47 +0.05 ym and 0.17£0.02 um
for A-GaP and PA-GaP, respectively. The error bars are of the order of the symbol size.

compare the scattering properties of the samples, the values of k.£ = %neﬁ, the
standard measure of inverse scattering efficiency, are also given in Tab. 6.2. The
photoanodic etching treatment enhances the scattering efficiency by more than a
factor of three, resulting in the most strongly scattering material for visible light
reported to date [108].

The scattering efficiency is observed to increase for shorter wavelengths. This
is most likely due to the typical size (~ 150 nm) of the GaP scattering entities in
the porous structure being relatively small compared to the wavelength.

6.4 Filling the pores with liquids; tuning the scattering efficiency

From the single spots in the X-ray diffraction pattern, it is concluded that after etch-
ing the porous layer is still single crystalline GaP, meaning that the network is com-
pletely interconnected. As a result, the material is mechanically stable and can be



94 Chapter 6

25 L -

T (liquid) / T (air)

1.0 1.1 12 13 1.4 15 16
refractive index

Figure 6.9 Transmission of light at A = 685 nm through anodically etched (A-GaP,
squares) and photoanodically etched GaP (PA-GaP, circles) filled with liquids, normalized
to the transmission of the air filled sample, as a function of the refractive index of the lig-
uid. The increase in transmission matches the increase in ¢, which is a direct measure of
the opacity. Results from effective medium theories are shown for comparison: Maxwell
Garnett (dashed lines, see Eq. 6.10) and Bruggeman theory (solid lines, see Eq. 6.9). The
models are plotted for the two corresponding volume fractions: 35 % of air for A-GaP and
50 % for PA-GaP; the curves for A-GaP are labeled for clarity. Although both models qual-
itatively describe the dependence of £ on the porosity and refractive index ratio, no quan-
titative agreement could be obtained. The error bars are of the order of the symbol size.

filled with liquids.

For A = 685 nm, the diffuse light transmission through a 50 um thick sample,
filled with liquids of different refractive index, ranging from 1.33 to 1.54, is shown
in Fig. 6.9. The transmission increases due to the decrease in refractive index ratio
m between the voids and GaP, with a largest increase by a factor of 2.6 for the higher
porosity material, PA-GaP. For samples much thicker than the extrapolation lengths
(L > z), it is seen from Eq. 6.6 that the relative increase of transmission matches
the relative increase of ¢. Therefore, the dependence of the scattering efficiency on
refractive index ratio of one microscopic scattering realization is directly measured.

Also plotted in Fig. 6.9 for comparison are results from effective medium theo-
ries, see section 2.6, that is Maxwell Garnett’s and Bruggeman’s results. In section
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2.6.3, scattering by a low concentration of small dielectric spheres in a dielectric
host has been treated, see Eq. 2.76. To describe the observed dependence of the
transmission on refractive index ratio, see Fig. 6.9, one has to go beyond this limit.

In Bruggeman’s approach, which is developed for the aggregate topology (see
Fig. 2.5), both dielectric components are treated on the same footing. The dielectric
constants are €; and €,, with volume fractions of ¢; and ¢, (¢; + ¢, = 1), respec-
tively. The components are considered to be the scattering entities in the averaged
medium itself. The mean free path ¢ is found by summing both contributions to the
extinction cross section, see Eq. 2.76, [101]

€1 — &y
€ +2¢€,y

Here Q; (i = 1,2) is the typical scattering volume of component i, and €,, the aver-
age dielectric constant of the medium known from Eq. 2.72. Equation 6.9 is sym-
metric under interchange of the components. In the experiment, only the dielectric
constant of the air/liquid component, say €1, is varied; the dielectric constant of
GaP and the volume fractions are fixed. The relative increase of transmission upon
filling the pores with a dielectric €1, corresponds to the ratio ¢(g;)/¢(e; = 1). This
ratio turns out to be independent of Q;/Q;, as a result of the symmetry in Brugge-
man’s formulation, and is plotted in Fig. 6.9 for the known porosities, ¢; = 35 and
50 volume-%.

The Maxwell Garnett result applies for spherical scatterers, with dielectric con-
stant €; and volume fraction ¢, in a dielectric background medium with dielectric
constant €;. The results of section 2.6.3 can be expanded by including the “local-
field” correction to the effective polarizability of the sphere, as present in Egs. 2.68
and 2.69. As the extinction cross section is quadratically dependent on the polar-
izability, compare Egs. 2.58 and 2.76, it is found that

1 ei—e ] e—8\] "

ool e
Note that Eq. 6.10 in not symmetric under interchange of the components, see also
the discussion concerning this matter in section 2.6, and hence the result depends
on which material is chosen as the dielectric background medium. For the A-GaP
sample, with a porosity of 35 volume-%, it is clear that GaP is the background me-
dium; the corresponding result for the relative increase in £ is given in Fig. 6.9.
However, for PA-GaP, with a porosity of 50 volume-%, the choice is not so obvi-
ous. The closest resemblance to the experiment is obtained by taking the air/liquid
component as the background ground medium; the result for this choice is shown in
Fig. 6.9. It should be stressed that the two effective medium theories are compared
to experiment without any adjustable parameters.

2 2
] + 02 {—gz_gav ] . (6.9)
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As can be seen, the measurements are not quantitatively described by the ef-
fective medium models, although qualitatively the dependence of ¢ on refractive
index contrast and porosity is captured. As concluded from the SEM pictures of
porous GaP, see Fig. 6.5, the aggregate topology (Bruggeman) seems to be the bet-
ter choice. This indeed holds for PA-GaP, but the results for A-GaP are better de-
scribed by Maxwell Garnett theory. Furthermore, it is striking that the discrepancy
between theory and experiment is largest for the most strongly scattering material,
PA-GaP. In fact, the effective medium approach is developed for virtually non-
scattering media (long-wavelength limit), and is hence not expected to apply for
strongly photonic systems. Nevertheless, most calculations in literature on scatter-
ing of light in mixtures [41, 42] are based on effective medium theories. The ex-
periments on porous GaP clearly show that such theories fail for strongly scattering
media, prompting the need for new ones.

As observed, a relatively small decrease of refractive index ratio, from 3.26
to 2.12, leads to a large modification of the scattering efficiency, establishing the
importance of the refractive index ratio for strongly photonic materials.



CHAPTER 7/

Light scattering
near the localization transition
in GaP networks

Enhanced backscattering of light from anodically and photoanodically etched,
macroporous GaP networks is studied. The most strongly scattering material, pho-
toanodically etched GaP, features anomalous rounding of the top of the backscat-
ter cone. The phenomenon cannot be attributed to finite sample size or absorption
and is most likely the onset of Anderson localization. A simple model of enhanced
backscattering incorporating the scaling theory of localization is presented; a com-
parison to the measurements is made.

7.1 Introduction

It is well established that the properties of light in multiply scattering media are af-
fected by interference. Important examples are enhanced backscattering [22], short
and long-range correlations in the intensity fluctuations [109], universal conduc-
tance fluctuations [110], and Anderson localization [18, 84, 111]. To observe these
phenomena in full glory, light should be elastically scattered, meaning that light ab-
sorption must be negligible. For Anderson localization, i.e. inhibition of light prop-
agation due to interference, the material should also be extremely strongly scatter-
ing. That is, the transport mean free path, the average distance light propagates be-
fore its direction is randomized, should be of the order of the wavelength of light.
Such strong scattering can only be attained for large relative variations in refractive
index on the length scale of the wavelength. For years, these requirements could
not be met for visible light. Only for microwave radiation localization effects were
observed [112].

Quite recently a new route towards Anderson localization was worked out, us-
ing high refractive index semiconductors in the non-absorbing, sub-bandgap re-

97



98 Chapter 7

gion. For finely grained GaAs powders, the first observation of strong localization
of near infra-red light has been reported [84].

As described in the previous chapter, a new type of strongly scattering mate-
rial, macroporous GaP networks, was prepared. GaP has a large refractive index of
~ 3.3 and an indirect band gap of 2.24 eV (550 nm) [87], see Fig. 6.1, making it a
good candidate for preparing a material which features Anderson localization in the
red part of the visible spectrum. Macroporous GaP is the most strongly scattering
medium for visible light reported to date and localization effects are anticipated.
As enhanced backscattering is expected to be very sensitive to Anderson localiza-
tion [23], the angular distributions of backscattered intensity are measured for these
strongly scattering materials.

7.2 The off-centered rotation technique

The enhanced backscatter cones are recorded using the off-centered rotation tech-
nique [113], see Fig. 7.1. The incoming laser light is reflected off a beam splitter
onto the scattering sample. The backscattered light is transmitted through the beam
splitter and focused on the tip of an optical fiber using a positive lens (focal length =
1 m). The fiber transports the light to a photo-multiplier tube for detection. The
sample, beam splitter, and detection optics are placed on a rotating frame, with as
the center of rotation R. The center R’ of the sample surface is the mirror image of
center R, with respect to the plane of the beam splitter. In Fig 7.1 [right], the set up
is shown after rotation. As the incoming beam is directed at R, the reflected beam
off the beam splitter still arrives at the center of the sample surface R’ after rotation.
With respect to the frame, the direction of detection is fixed. By also rotating the
sample around axis R, the incoming beam is kept perpendicular to the sample sur-
face. This co-rotation is obtained by placing the sample on a rotatable disc, which
is connected by a twisted band to a disc of the same size that is fixed to the labora-
tory frame. During rotation, the incoming direction on the sample is fixed and the
angular distribution of backscattered light is recorded.

The main advantage of this set up is that the scattered light always follows the
same path through the beam splitter and detection optics. The only remaining an-
gular dependence of the set up is in the reflection of the incident beam off the beam
splitter. This dependence can be measured accurately by replacing the sample with
a detector, and hence can be corrected for.

In order to observe the enhanced backscattering cone, it is essential to average
out speckle [114]. The required ensemble averaging is performed by spinning the
sample around the detection axis [113]. An efficient ensemble average is obtained
by mounted the sample on an unbalanced motor, so that apart from spinning the
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Figure 7.1 An overview of the off-centered rotation set-up to record the angular distribu-
tion of backscattered intensity [113]. BD: beam dump; BS: beam splitter; F: multi-mode
optical fiber; L: incident laser light; P: polarizer; PMT: photo-multiplier tube; R, R’: rota-
tion axes; S: scattering sample:

[left]: The position of the set up for recording the intensity at exact backscattering. All op-
tical components are place on a frame that rotates around R, which is the mirror image in
the beam splitter of the center R’ of the front sample surface. As a result, the path from the
sample to the detector of the scattered light is independent of rotation angle. The sample
co-rotates around R’ to keep the incoming direction perpendicular to the sample surface.
The scattered light is focused with a positive lens on the tip of a fiber, which is connected
to a photo-multiplier tube for detection. The linear polarizers P select the vertical polariza-
tion (s-polarization) channel.

[right]: The same set up after rotation over ~ 200 mrad to another detection angle.

sample, it also slightly *wobbles’.

Linearly polarized light was used to illuminate the samples, and the detec-
tion was in the polarization-conserving channel [115]. For these polarization chan-
nels also single scattered light is detected, effectively rising the diffuse background
[114]. As a result, the enhancement factors of the backscatter cones are not equal
to 2. This does not affect the further results.

The accessible angular range is large, 0.9 rad, which is necessary to accurately
measure the broad wings of backscatter cones of very strongly scattering samples.
The large illumination area of 4 mm in diameter results in a resolution better than
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Figure7.2 The backscattered intensity normalized to the diffuse background as a function
of angle for anodically (A-GaP) and photoanodically (PA-GaP) etched GaP, at A = 685 nm.
From the widths of the cones, incorporating internal reflection corrections, the k.¢-values
are inferred. The narrow cone: A-GaP, k. = 10.6 +-0.9. The broad cone: PA-GaP, k¢ =
3.24+04.

0.4 mrad, enabling precise investigation of the top of the cone. The measurements
are performed at A = 632, 685, and 780 nm, allowing direct comparison with trans-
mission data from the previous chapter.

7.3 Experimental results

7.3.1 Backscatter cones of A-GaP and PA-GaP

In Fig. 7.2, the backscattered intensities of A-GaP and PA-GaP are shown for A =
685 nm; the results are similar for A = 632 and 780 nm. The backscattered intensity
exhibits a pronounced peak, which arises from constructive interference of time-
reversed light scattering paths in the backscattering direction. Short light paths in-
terfere over a considerable range of angles, whereas very long light paths only in-
terfere in exact backscattering. The result is a triangular peak superimposed on the
diffuse backscattered intensity [21, 116], known as the enhanced backscatter cone.
The width of the cone is determined by the length of the light paths, i.e. by the trans-
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A(nm) k.l (A-GaP) k¢ (PA-GaP)
632 10.3+0.9 3.1£04
685 10.64+0.9 32+04
780 10.8£1.0 4.14+0.5

Table 7.1 The k./-values of anodically (A-GaP) and photoanodically (PA-GaP) etched
GaP for A = 632, 685, and 780 nm, as inferred from the full width at half maximum of the
enhanced backscatter cones and using Eq. 7.1. The errors are mainly determined by the
estimated error in 7.

port mean free path. The much broader cone of PA-GaP immediately reflects the
stronger scattering of this material. In order to quantitatively determine k¢, the in-
verse measure of scattering efficiency, from these measurements, internal reflection
must be taken into account. The diffuse reflection coefficient R of the sample-air in-
terface depends on the effective refractive index of the scattering material n, [105],
giving R = 0.78 £ 0.05 for A-GaP and R = 0.67 - 0.06 for PA-GaP, see Tab. 6.1.
From the full width at half maximum W of the cone the k.¢-values can be inferred,
as [105, 116]

kel ~0.7n, W= (1 —R). (7.1)

The k.¢-values obtained via Eq. 7.1, for A = 632, 685, and 780 nm, are given in
Tab. 7.1. Considering the approximate nature of the internal reflection correction,
these values are in good agreement with the transmission results, see Tab. 6.2, es-
tablishing PA-GaP as the most strongly scattering material for visible light reported
to date.

7.3.2 Filling the pores of PA-GaP with dielectric material

Filling the pores of PA-GaP with 1-dodecanol, which is non-absorbing and has a
refractive index of ~ 1.44, lowers the refractive index contrast, resulting in less
strong scattering, see Fig. 7.3. This is the first measurement of enhanced backscat-
tering where the effect of refractive index contrast has been investigated for one
microscopic scattering realization of the disorder. The alcohol has a convenient
melting point of ~ 26°C just above room temperature, allowing to fill the samples
with liquid and perform the backscatter cone measurements in the solid phase. Dur-
ing the filling procedure the light transmission intensity is monitored, see previ-
ous chapter, in order to ensure complete filling. As a result of this filling, the full
width at half maximum of the cone narrows by a factor 2.1 £ 0.1, corresponding
to an increase in k.¢ [117]. The observed increase in k. with a factor of 2.1 +0.1
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Figure7.3 The backscattered intensity normalized to the diffuse background as a function
of angle for photoanodically etched GaP (PA-GaP) and exactly the same sample filled with
1-dodecanol, for A = 685 nm. Due to the decrease in refractive index contrast, the scattering
efficiency of filled PA-GaP is lower, reflected by the narrower cone. The cone of non-filled
PA-GaP is a factor 2.1 £ 0.1 broader than the filled one.

is in excellent agreement with the increase of transmission upon filling, which is
2.20+0.05, see Fig. 6.9.

7.3.3 Anomalous rounding of the top of the cone

Normally, the top of the enhanced backscatter cone is cusped, resulting from inter-
ference of infinitely long light paths. However, close to and in the Anderson local-
ization regime, the top of the backscatter cone is expected to be rounded [23], as
especially the long light paths are affected by localization [18, 111]. Inspection of
the observed top reveals a clear rounding, see Fig. 7.4. It should be noted that the
enhanced backscatter cone can also have a rounded top in the classical regime: ab-
sorption [101, 116, 118, 119] and finite sample size [101, 116, 119, 120] present a
cut-off on long light paths, which therefore cannot contribute to enhanced backscat-
tering. It is thus essential to study the influence of absorption and finite sample
thickness, in order to clearly reveal the presence of Anderson localization.

To investigate this rounding quantitatively, a convenient measure of cone
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Figure 7.4 The top of the enhanced backscatter cone of a 60 um-thick photoanodically
etched GaP showing a clear rounding, for A = 685 nm. A@g is the measure of cone rounding
as defined in the text. Here A®g is 3.4 + 0.2 mrad.

rounding is introduced, which is easily extracted from the data. The rounding AOg
is defined as follows: First the wings of the measured enhanced backscatter cone
are extrapolated into a triangular cone, representing the cone with no cut-off on long
light paths. Then, 2ABg is taken to be the width of the cusped cone at the height
of the rounded cone, see Fig. 7.4. This definition is independent of the enhance-
ment factor. In the classical diffusion regime, with absorption length L, and sam-
ple thickness L, small cone roundings (A®r < W) can be derived from an explicit
formula for the line shape of enhanced backscattering [116]

ABR = kia coth (i—:) . (7.2)
Here k = 2n/A and L. = L+ 2z, the effective sample thickness, where z. is the
extrapolation length for a symmetric scattering geometry, see the discussion on z.
in section 6.3.1. For asymmetric geometries, 2z may be replaced by (ze | + 2z 2)
in Eq. 7.2. If L. > L,, the rounding is solely determined by absorption: AGgr =
1/(kL,). Contrary, for L. < L, the rounding is due to the finite sample size: AOg =
1/(kL.). These findings agree with previous derivations [101, 118, 119, 120]. The
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Figure 7.5 The cone roundings A®g of anodically etched GaP (A-GaP, open squares),
photoanodically etched GaP (PA-GaP, open circles), and PA-GaP filled with 1-dodecanol
(filled triangles) as a function of inverse effective sample thickness, for A = 685 nm. The
solid straight line is the theoretical prediction from Eq. 7.2 assuming that absorption is neg-
ligible (L, > L.), using no adjustable parameters. Only non-filled PA-GaP shows extra
rounding for thick samples and is compared to Eq. 7.2, with a tentative absorption length
L, of 33 42 um (solid curved line). The dashed curve comes from Eq. 7.2 with L], = 48 um,
the tentative absorption length predicted for filled PA-GaP using diffusion theory and the
data for non-filled PA-GaP. Clearly, the dashed curve does not describe the measured cone
roundings for PA-GaP filled with 1-dodecanol, excluding absorption as a source for the ex-
tra cone rounding of non-filled PA-GaP. The error bars are of the order of the symbol size.

fact that Eq. 7.2 is not symmetric in L. and L, reflects the physical difference be-
tween path length cut-off due to finite sample size and due to absorption, which are
deterministic and probabilistic, respectively [101].

To distinguish the possible mechanisms for cone rounding, enhanced backscat-
ter cones for various sample thicknesses L were measured at A = 685 nm. The
cone roundings AGr of A-GaP, PA-GaP, and PA-GaP filled with 1-dodecanol are
given in Fig. 7.5. Clearly, the cone roundings of A-GaP and filled PA-GaP follow
A®g = 1/(kL.), and hence can be fully explained by the finite sample thickness.
Absorption plays no role for these two types of samples: L, > L. This is in agree-
ment with transmission measurements, which show no signs of absorption for both
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types of material, leading to the conclusion that the (diffuse) absorption length L,
is considerably larger than the thickest samples, that is L, > 150 ym for A-GaP and
L, > 80 um for PA-GaP, for all three wavelengths.

In contrast, the cone roundings of non-filled PA-GaP do not tend to zero for
thick samples, (1/kL.) | 0. Attempting to interpret this extra cone rounding of PA-
GaP as the contribution of absorption, Eq. 7.2 is used to describe the measurements,
resulting in a tentative absorption length L] of 33 +2 um. This contradicts the trans-
mission measurements from which was concluded that L, > 80 um. Moreover, it
is also at variance with the observed cone roundings of filled PA-GaP: if the extra
cone rounding of non-filled PA-GaP originates from absorption, then filled PA-GaP
also absorbs light and hence would likewise show extra cone rounding, which is ev-
idently not the case as the cone roundings of filled PA-GaP follow the straight line
in Fig. 7.5. This discrepancy can be made more quantitative using L, = +/£,¢/3
known from diffusion theory [100], where £, is the material absorption length and
{ the transport mean free path. Filling increases ¢ (see Fig. 7.3), but leaves ¢, unaf-
fected. Consequently, from the tentative absorption length of 33 um for non-filled
PA-GaP, it is found that L’ for filled PA-GaP would be v/2.1 x 33 um =~ 48 um.
Comparison of the theoretical curve for this absorption length (Eq. 7.2) with the
data for filled PA-GaP shows that an interpretation in terms of absorption fails, see
Fig. 7.5. Therefore, it is shown independently that the extra cone rounding for PA-
GaP cannot be explained by either absorption or finite sample size.

The effect of extra cone rounding of PA-GaP can be switched off by filling the
sample with 1-dodecanol, decreasing the scattering efficiency. Apparently, the ex-
tra cone rounding is only observed for the strongest scattering material, closest to
the localization transition, and thus the phenomenon is most likely an effect of An-
derson localization.

The systematic dependence of the cone roundings on the sample thickness
was only studied for A = 685 nm. However, as can be seen in Fig. 7.5, the cone
roundings of the thickest samples alone, already provides information on the pres-
ence of extra cone rounding. The cone roundings for the 60 um-thick PA-GaP and
120 um-thick A-GaP samples at A = 632, 685, and 780 nm are presented in Tab. 7.2.
Obviously, for all three wavelengths, the cone roundings of A-GaP can be fully ex-
plained by the finiteness of the sample thickness; this also holds for the cone round-
ing of PA-GaP at A = 780 nm. Extra cone rounding of PA-GaP is observed for both
A =632 and 685 nm, where the effect is larger for A = 632 nm. Here, it should be
noted that from both the transmission and enhanced backscattering measurements,
see Tabs. 6.2 and 7.1, it is known that PA-GaP scatters more efficiently for shorter
wavelengths. Thus, if the extra cone rounding originates from Anderson localiza-
tion, it may come as no surprise that the effect is larger at A = 632 nm.
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PA-GaP A-GaP
A(mm) AOg (mrad) Lg (um) AOg (mrad) Lg (um)
632 4.1+£0.3 2442 091+£0.14 112+17
685 32402 3342 0944+0.11 116+13
780 1.9£0.2 65+7 1.01+0.13 123+£16

Table 7.2 The cone roundings AOg and corresponding length scale Lg [AOr = 1/(kLg)]
for the 60 um-thick PA-GaP and 120 um-thick A-GaP samples at A = 632, 685, and 780 nm.
The cone roundings of A-GaP at all three wavelengths, and of PA-GaP at 780 nm, originate
from the finite sample thickness. For PA-GaP at 632 and 685 nm, extra cone rounding is
observed.

7.4 Enhanced backscattering and scaling theory of localization

The scaling theory of localization [111] predicts that the classical diffusion coef-
ficient Dy is no longer a local quantity, determined by the energy velocity v. and
the transport mean free path £, but instead is length-scale dependent. There exists
a coherence length & that represents the length scale on which interference effects
influence the effective diffusion coefficient. This coherence length diverges upon
approaching the localization transition as & = ¢§ /(¢ — £c), where /3 is the Boltz-
mann mean free path [121] and ¢ the critical mean free path. The Boltzmann mean
free path is the characteristic mean free path following from the Boltzmann equa-
tion [121], and is identical to the transport mean free path in the classical regime.
The critical mean free path is related to the Ioffe-Regel criterion [122] for localiza-
tion: k.fc ~ 1. Note that in the classical limit, that is g >> £, the coherence length
&y equals the Boltzmann mean free path /g.

For the scale-dependent diffusion coefficient D(A), where A is the length scale
under consideration, three regimes can be identified above the transition [111],

Dy (A< {lg)
D(A) ~ D()(eB/A) (EB <A< éo) (7.3)
Dy(lg /o) (A=)

This diffusion coefficient is related to the scale-dependent transport mean free path
£(A), that is D(A) = ve£(A)/3. In the localized state of light, below the transition,
the diffusion coefficient and hence the transport mean free path is zero for large
enough sample thicknesses.

Localization effects can be observed from the scaling behavior of the transmis-
sion on sample thickness L. Above the transition, for &, > L, the transport mean
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free path is scale-dependent, and hence the total transmission coefficient 7" reads

(L) f
L L
This (1/L?)-dependence of the transmission is clearly distinct from the classical
(1/L)-dependence, see Eq. 6.6, and has been reported for very strongly scatter-
ing materials [84, 112]. Contrary, for &y < L and above the transition, the scal-
ing behavior of the transmission on the sample size resumes the classical (1/L)-
dependence,

T (7.4)

(L)  ts(f8/%o)
L L ’
where /g ({5 /&) is known as the renormalized transport mean free path. Below the

transition, the transmission decreases exponentially for sample thicknesses larger
than the localization length L. [18], that is

T o< exp(—L/Liyc)- (7.6)

T = (7.5)

Localization effects are also expected to be observable in enhanced backscat-
tering [23], as the angular distribution of backscattered light reflects the path length
distribution in the scattering medium. The wings of the backscatter cone corre-
spond to short light scattering paths, the top to the long ones. Scaling of the diffu-
sion coefficient, see Eq. 7.3, thus leads to a modified line shape of the backscatter
cone.

In the classical diffusion regime, the enhanced backscattering intensity Y. [g/]
for semi-infinite, non-absorbing media is given by [116]

3 1+4gf—exp(—2qf1)

where g = k| sin 0] is the transverse wavevector of the scattered light at angle 6, and
T = (2/3) the extrapolation length ratio for zero reflectivity. A simple approach to
incorporate the scaling theory of localization in enhanced backscattering, is replac-
ing ¢ in Eq. 7.7 by a g-dependent transport mean free path ¢(g) [23], which follows
from Eq. 7.3 and reads

s (g>165")

Ug) =4 g (5" >q>&") (7.8)
05/ (g <%&).

The three regimes can be captured in a single function by writing

~ 4 [1+48
l(q) ~ g, [m] , (7.9)

(7.7)
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backscattered intensity

Figure7.6 The normalized enhanced backscatter cones incorporating a simplified scaling
theory of localization as a function of gfg, for &, /¢g = 1,3, 10, and . The cusped classical
diffusion cone is regained for &y/¢g = 1, whereas at the localization transition (§y/¢g =
o) the top of the backscatter cone is rounded. The initial slope at the top of the cone is
determined by renormalized transport mean free path £g ({5 /&p).

which is the form of £(g) that is used in the remainder of this chapter. The mod-
ified line shape of the backscatter cone due to localization, Y.[¢¢(g)], is shown in
Fig. 7.6, for £ /¢g = 1,3, 10, and . The slope at zero angle is determined by the
renormalized transport mean free path £ (¢ /&), instead of /g [21] (§y = ¢p in the
classical limit). The wings of the backscatter cone are hardly affected by localiza-
tion, as the corresponding short light scattering paths are not renormalized [111].
Upon approaching localization (§,/¢g going from 1 to ), the top of the cone be-
comes less cusped and ultimately parabolic (rounded).

7.4.1 Comparison to the experimental results

In the experiments on porous GaP, the predicted weakly cusped cone of a semi-
infinite medium for finite & is not observed; the measured cones are rounded. In
this respect, it should be noted that the (1/L)-scaling of the transmission measure-
ments implies that the coherence length & is in the order of, or smaller than the
thinnest samples, that is &y < 5 um, see Eq. 7.5. However, even a &y of 5 um
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can lead to a large renormalization of the diffusion constant, as g ~ 0.5 um. For
Eo/¢p = 10, the top of the backscatter cone is still slightly cusped, see Fig. 7.6, but
such a small discontinuity in the slope is experimentally difficult to observe. In the
measurements, the cusp is probably blurred by the remnant noise, as also by the
finiteness of even the thickest samples [23].

In general, it is remarkable that the linear dependence of the total transmission
with inverse sample thickness is observed, see Eq. 6.6 and 7.5, whereas in enhanced
backscattering the onset of localization is presumably already detected. It should be
stressed that in enhanced backscattering the angular distribution of backscattered
light for different sample thicknesses is measured, whereas in total transmission
only the thickness is varied. Consequently, transmission measurements give less
information on the path length distribution and hence on localization, indicating
that enhanced backscattering is the more sensitive probe.

Although qualitatively the presented model for incorporating localization in
enhanced backscattering describes the experiment, a quantitative comparison can-
not be made. For example, diffuse internal reflection [104, 105] in combination
with scaling theory of localization has not yet been studied. As it is essential to con-
sider diffuse internal reflection for a quantitative description of enhanced backscat-
tering in the classical diffusion regime, it is expected to be equally important in the
localization regime.
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SUMMARY

In this thesis the properties of light in complex dielectrics are described, with the
two general topics of “modification of spontaneous emission” and “Anderson lo-
calization of light”. The first part focuses on the spontaneous emission rate of an
excited atom in a dielectric host with variable refractive index, with the aim to iden-
tify which local-field correction applies to spontaneous emission. The second part
deals with the propagation of visible light in a medium with extremely strong scat-
tering, close to the Anderson localization transition. Both spontaneous emission
and scattering of light originate from the complex dynamic optical polarizability,
as is shown in chapter 2. This chapter serves as a concise tutorial on the interac-
tion of light with complex dielectrics, in the course of which emphasis is put on the
microscopic origin of the macroscopic dielectric function. Several non-standard
derivations of the dielectric function, or equivalently the refractive index, including
local-field corrections are presented. The local-field correction captures the mod-
ification of the local electric field at the site of an atom, or polarizable dipole, in
the dielectric due to the surrounding dipoles. A connection is made to the propa-
gation of light in mixtures of dielectrics. Various effective medium theories — like
the Lorentz-Lorenz, Maxwell Garnett, and Bruggeman theory — for the average di-
electric constant are presented. Scattering of light by such mixtures is shown to be
related to the quasi-static dielectric function.

In chapter 3, the spontaneous emission of an impurity atom in an otherwise
homogeneous dielectric is considered. Local-field corrections modify the spon-
taneous emission rate. However, until recently it was unclear which correction
should apply. Using the Onsager-Bottcher approach, and identifying substitutional
and interstitial impurities, the well-known empty-cavity and Lorentz local-field
factors are obtained, respectively. For fluids, the substitutional case is predicted
to occur prevalently.

In chapter 4, the criteria for selecting a suitable luminescent system, that is the
radiating molecule plus dielectric host, to study local-field effects on spontaneous
emission are discussed, resulting in the choice for europium complexes dissolved
in alcohols with varying refractive indices. The luminescence quantum efficiency
plays an important role in comparing the experimental results to the theory of chap-
ter 3, and is hence considered in more detail. Experimental results are presented on
Eu(hfc); in (deuterated) methanol, and on Eu(fod); in a series of (deuterated) alco-
hols and mixtures hereof. The hfc-complex turns out to be chemically unstable in
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methanol, whereas Eu(fod); is stable in alcohols, making the latter more suitable.
Unfortunately, small variations in the local environment of Eu(fod); complex upon
changing the host (alcohol), blur most of the local-field effect on spontaneous emis-
sion.

Experiments on the spontaneous emission rate of Eu(fod); in dense supercrit-
ical CO, are presented in chapter 5. The advantage of taking a supercritical gas as
the dielectric host, instead of a series of alcohols, is in the variation of the refractive
index by only varying the pressure of the gas, which leaves the type of molecules
of the host unchanged. The refractive index ranges from 1.00 to 1.27 by increasing
the pressure up to 1100 bar. Accordingly, the spontaneous emission rate changes.
Local-field effects on spontaneous emission are clearly observed in these experi-
ments. The empty-cavity model is found to apply, settling the discussion on which
local-field correction applies to spontaneous emission.

In chapter 6, the method of preparation and the optical transmission proper-
ties of new type of strongly scattering material, macroporous gallium phosphide,
are reported. A photo-assisted electrochemical etching technique was exploited to
fabricate macropores in single crystalline GaP with variable porosity. GaP is ideal
for making a strongly photonic material for visible light, as it has a large refrac-
tive index of 3.3 and is transparent for sub-bandgap light, that is for wavelengths
longer than 550 nm. Scanning electron microscopy and X-ray diffraction experi-
ments confirm that the material consists of three dimensional, interconnected ran-
dom networks with pore sizes of about 150 nanometers. Optical transmission mea-
surements demonstrate that the non-absorbing, disordered structures strongly scat-
ter light. The photonic strength is controlled by filling the pores with liquids of
different refractive index, allowing to investigate the importance of refractive in-
dex contrast for the scattering efficiency in the interesting regime of strong scat-
tering. Macroporous GaP filled with air has the highest scattering efficiency for
visible light reported to date.

In chapter 7, measurements are described on enhanced backscattering of light
off the GaP networks. The most strongly scattering material, photoanodically et-
ched GaP, features anomalous rounding of the top of the backscatter cone. The phe-
nomenon cannot be attributed to finite sample size or absorption and is most likely
the onset of Anderson localization of visible light. A simple model of enhanced
backscattering incorporating the scaling theory of localization is presented; a com-
parison to the measurements is made.



SAMENVATTING

De omslag van dit proefschrift laat een zonsopgang aan een Canadees meer zien.
Het zonlicht baant zich een weg door de mist die tussen de bomen aan de overkant
van het meer hangt. Mist is een verzameling van heel veel kleine waterdruppel-
tjes, die ieder het licht van de zon verstrooien. Met verstrooien wordt bedoeld dat
een deel van het licht dat bij het druppeltje aankomt wordt weerkaatst of afgebogen
in een willekeurige richting. Als de mist maar dik genoeg is, dan wordt het licht
meerdere keren achter elkaar verstrooid alvorens het ons oog bereikt. Dit wordt
meervoudige verstrooiing genoemd, en heeft als resultaat dat het zonlicht diffuus,
zonder voorkeursrichting, uit de wolk komt. Licht in mist is een goed voorbeeld
van “licht in complexe di€lectrica”, het onderwerp van dit proefschrift.

Een diélectricum bestaat uit atomen en/of moleculen en is meestal transparant,
oftewel het absorbeert geen licht. De snelheid waarmee het licht door zo’n
diélectrisch medium reist is lager dan in vacuum, daar waar geen atomen zijn. Deze
vertraging van het licht wordt beschreven door de brekingsindex, die de verhou-
ding van de lichtsnelheid in vacuum ten opzichte van die snelheid in het medium
aangeeft. Verschillende di€lectrica kunnen verschillende brekingsindices hebben,
athankelijk van het type atomen (moleculen) waaruit ze bestaan en hun dichtheid.
De atomaire oorsprong van de brekingsindex wordt nader toegelicht in hoofdstuk 2.

Met complex wordt bedoeld samengesteld, omvattend. Dat wil zeggen dat een
complex diélectricum is samengesteld uit twee of meerdere di€lectrica. De mist-
bank is daarvan een voorbeeld, bestaande uit de di€lectrica lucht en water, waar-
van de brekingsindices verschillend zijn. Juist dit verschil in brekingsindex zorgt
ervoor dat licht verstooid wordt in mist.

In dit proefschrift worden twee onderwerpen die te maken hebben met het
gedrag van licht in complexe di€lectrica behandeld: verandering van spontane
emissie en Anderson localisatie van licht.

Wat is spontane emissie? Atomen en moleculen kunnen licht absorberen. Ze
slaan dan tijdelijk energie uit het lichtveld op om die eventueel later weer in de
vorm van licht uit te zenden. Hoe lang het duurt voordat het atoom zijn teveel aan
energie weer uitzendt berust op toeval en gebeurt spontaan. Dit verschijnsel wordt
dan ook spontane emissie genoemd. Wel is het zo dat ieder atoom zijn eigen karak-
teristicken heeft. Dit houdt in dat zowel de kleur, oftewel de golflengte, van het
spontaan ge€mitteerde licht hoort bij het soort atoom, alsook de gemiddelde tijd die
het duurt tussen het tijdstip van absorptie en emissie. Deze gemiddelde tijd noemt
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men de spontane emissie levensduur en kan variéren van zo’n één-miljardste sec-
onde (1 nanoseconde) tot wel enkele minuten. Zoals gezegd is deze levensduur
karakteristiek voor een atoom, maar dat wil niet zeggen dat deze niet beinvloed kan
worden. Bijvoorbeeld de levensduur van hetzelfde molecuul in vacuum of in een
di€lectricum is al verschillend. De verandering van de spontane emissie levens-
duur van een atoom in een di€lectricum met gegeven brekingsindex wordt voor-
speld door de theorie beschreven in hoofdstuk 3.

De experimenten om deze theorie te toetsen worden uiteen gezet in de hoofd-
stukken 4 en 5. Een probleem in dit soort experimenten is dat wanneer het atoom
energie van het lichtveld heeft geabsorbeerd, het niet altijd zo is dat deze energie
ook weer als licht uitgezonden wordt. Het is ook mogelijk dat de opgeslagen en-
ergie wordt omgezet in warmte, hetgeen de vergelijking van experiment en the-
orie een stuk lastiger maakt. Het is dus zaak een combinatie van stralend atoom
en di€lectricum te vinden waarin al het geabsorbeerde licht ook weer uitgezonden
wordt. In de metingen beschreven in hoofdstuk 4 is het stralend atoom europium
en het diélectrische medium een serie van verschillende soorten alcoholen met
variérende brekingsindex. Europium wordt veel gebruikt in tv’s en tl-buizen voor
het rode licht dat het uitzendt. In dit experiment is het europium atoom ingepakt
in een kleine, moleculaire kooi. Dit heet een europium complex. De kooi moet
het europium atoom beschermen tegen ongewenste invloeden van het di€lectricum.
Het blijkt dat de spontane emissie levensduur van dit europium complex in al-
cohol niet alleen afhangt van de brekingsindex, maar dat het type alcohol toch
ook een rol speelt. Een vergelijking van experiment en theorie was dan ook niet
haalbaar. Het was dus nodig een nieuwe methode te bedenken waarmee het mo-
gelijk is de brekingsindex van het di€lectricum te veranderen zonder dat het type
molecuul waaruit het di€lectricum bestaat verandert. Het resulteerde in de keuze
voor hetzelfde europium complex in nu een dicht gas van koolstof dioxide (CO,)
moleculen als di€lectricum, onder variérende druk. Bij hogere druk is de dichtheid
van de CO, moleculen hoger en dus ook de brekingsindex, terwijl het soort mole-
cuul onveranderd blijft. De typische stralende levenduur van europium is rond één-
duizendste van een seconde (1 milliseconde), en bleek korter te worden naarmate de
brekingsindex van het omringende dichte CO, gas groter werd. Deze keer kon de
vergelijking van experiment en theorie wel gemaakt worden: de spontane emissie
levensduur van een atoom in een diélectricum wordt uitstekend beschreven door de
theorie van hoofdstuk 3.

Het tweede deel van het proefschrift gaat over de voorplanting van licht in zeer
sterk verstrooiende materialen. De verstrooiingsterkte wordt gekarakteriseerd door
de verstrooiings vrije weglengte. Deze geeft de gemiddelde afstand aan die het licht
aflegt tussen twee verstrooiingen in. In een mistbank zoals te zien op de omslag is
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die afstand zo’n tiental meters. Maar wat gebeurt er als het complexe diélectricum
zo sterk strooit dat de verstrooiings vrije weglengte ongeveer één-miljoenste me-
ter (1 micrometer) is, vergelijkbaar met de golfiengte van zichtbaar licht? Aan het
eind van de vijftiger jaren heeft P.W. Anderson al voorspeld dat golven, en dus ook
licht, in een zo’n sterk verstrooiend medium opgesloten worden. Dit verschijn-
sel noemt men dan ook Anderson localisatie. In deze nieuwe toestand kan licht
niet meer voortplanten, hetgeen uit fundamenteel oogpunt zeer interessant is voor
natuurkundigen. Maar het bereiken van deze toestand is niet eenvoudig, want het
sterk verstrooiende materiaal mag het licht niet absorberen. Wanneer een mengsel
van twee transparante diélectrica zodanig gestructureerd is dat de brekingsindex
willekeurig varieert op lengteschalen die vergelijkbaar zijn met de golflengte van
het licht, dan strooit dit mengsel het sterkst. Maar om zé&ér sterke verstrooiing te
verkrijgen moet de variatie in de brekingsindex ook nog groot zijn.

In hoofdstuk 6 worden de optische eigenschappen beschreven van een nieuw
soort zeer sterk licht verstrooiend materiaal: poreus galliumfosfide (GaP). Dit ma-
teriaal is een wanordelijke spons van luchtporién in GaP; de porién hebben een
afmeting van zo’n 0,15 micrometer, vergelijkbaar met de golflengte van zichtbaar
licht. Het is gemaakt via een nieuwe electrochemische etsmethode. GaP heeft
een hoge brekingsindex (3,3) en is transparant voor rood licht. Poreus GaP is dan
ook het sterkst verstrooiende materiaal voor zichtbaar licht tot nu toe. Het voor-
deel van een poreus materiaal is dat dit zich, zoals een spons, laat volzuigen met
een vloeistof. Deze eigenschap wordt gebruikt om het belang van de grootte van
de variatie van de brekingsindex voor de sterkte van verstrooiing aan te tonen.
De optische eigenschappen van met vloeistof gevuld poreus GaP zijn anders dan
wanneer het materiaal met lucht is gevuld, omdat de variatie in de brekingsin-
dex door de vloeistof wordt verlaagd. Het gevolg is dat het materiaal minder ef-
ficiént licht verstrooit. De invloed van de variatie in de brekingsindex op de sterkte
van verstrooiing blijkt veel groter te zijn dan tot nu toe aan de hand van theorieén
werd aangenomen. De metingen aan licht dat door het poreuze materiaal is heen
gekomen, vertonen geen kenmerken van Anderson localisatie, maar laten wel zien
dat deze materialen zeer sterk verstrooien. De verstrooiings vrije weglengte is in
poreus GaP minder dan 0,2 micrometer.

In plaats van naar het licht te kijken dat zich een weg door het verstrooiende
materiaal heeft heen gebaand (transmissie), is het ook mogelijk metingen te doen
aan het licht dat juist terug verstrooid wordt (reflectie). Zeer preciese metin-
gen, zoals die beschreven staan in hoofdstuk 7, van de gereflecteerde licht inten-
siteit voor veschillende richtingen ten op zichte van het inkomende licht bundel
geven aanvullende informatie over de verstrooiings eigenschappen. Deze metin-
gen bevestigen dat poreus GaP zeer sterk licht verstrooit, en wijzen bovendien in
de richting van Anderson localisatie van zichtbaar licht.
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