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Abstract
The research into new photosensitive materials with advanced performance for holographic
applications is an active branch in material science and photonics, still challenging the field. We
proposed a new class of volume hologram recording materials, sol–gel nanocomposites, with
important advantages for various holographic applications, including data storage. Here we
review several aspects of different types of photosensitive sol–gel glasses that we have
developed. Our photopolymerizable glasses exhibit high refractive index modulation,
diffraction efficiencies close to the theoretical maxima, along with low scattering and negligible
shrinkage. Beside these and other practical advantages discussed in this paper, our recently
developed nanocomposite glass incorporating high refractive index species has enabled
fundamental studies of new optical phenomena such as the Pendellösung effect, which was
observed for the first time in the optical band.

Keywords: holography, sol–gel, nanocomposite materials, holographic materials, holographic
data storage

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the early work in the first half of the 19th century by
the French physicist Joseph N Nièpce who developed the first
photopolymerizable substance [1], a great deal of work has
been dedicated in material science to the development of new
compositions with optimized photochemical properties in the
optical band of the electromagnetic spectrum. In the late 1950s,
the first commercial photopolymerizable composition was
introduced under the name Dycril for printing applications [2].
Later, in 1969, Close et al [3] at Hughes Aircraft were the
first to use a photopolymerizable system to record holograms.
Since then, several research groups have developed a large
number of photopolymerizable systems [4, 5], of which those
of E I du Pont de Nemours and Polaroid were marketed.

Photopolymerizable materials (photopolymers) are of
considerable interest for the construction of ROM (read-only
memory) and WORM (write-once read-many) holographic
memories, since permanent phase holograms can be formed
with high refractive index modulation �n. These materials
used to have high optical quality and, unlike silver halides or
dichromated gelatins, do not require complicated developing
processes. Modification of the physical and chemical
properties of these materials through molecular engineering is
virtually unlimited, and the cost is generally low.

The physical mechanisms involving photopolymerization
are well understood [5]. They typically include photon energy
transfer to the sensitizer or the initiator, free radical generation
and subsequent polymerization of monomer molecules to form
oligomers or polymers. The reactions involved are of chain
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type and one single photon may cause the polymerization of
up to ∼105 monomer molecules. This chemical amplification
of the image is the main cause of high photopolymer
sensitivities compared to those for photorefractive materials.
However, free radical polymerization also has a negative
implication in holographic data storage applications, namely
the reduction in volume (shrinkage) of the material during
polymerization. This polymerization-induced shrinkage
distorts the holograms, ultimately reducing the data storage
capacity.

An interesting solution to the problem of shrinkage is
to use a rigid matrix (binder) of porous glass impregnated
with photosensitive materials (e.g. photopolymers, silver
halides, dichromated gelatins, etc), resulting in hybrid organic–
inorganic photomaterials [5]. In addition, porous glasses offer
other advantages, such as large sample thickness, high thermal
and chemical stability, improved mechanical properties, and
the possibility of high quality optical polishing.

Among the class of organic–inorganic photomaterials,
the sol–gel [6] materials are particularly interesting for
holographic applications. The fundamental motivation for
using the sol–gel reaction is to replace the high-temperature
glass and ceramic fabrication techniques by a process that
can take place at substantially lower temperatures, even at
room temperature. In this way, organic compounds can be
incorporated into inorganic matrices at a molecular level,
forming organic–inorganic hybrids. This advantage opens
up exciting opportunities for the development of a wide
class of innovative materials, including holographic recording
media.

In this article we review our work in photopolymerizable
sol–gel nanocomposites. The motivation of our work
encompasses two complementary aspects of material and
photonic research. The first concerns development of
new photosensitive nanocomposite materials by sol–gel
synthesis. The second aspect concerns studies of the
fundamental holographic and optical properties of these
materials, including the diffusion mechanism, refractive
index modulation enhancement effects, light diffraction,
scattering and optical overmodulation effects. In this
review paper we aim to cover these two complementary
aspects of our work. This paper is organized as follows:
section 2 covers material-related aspects of photosensitive
sol–gel nanocomposites, including an overview of early
developments (section 2.1), followed by recent developments,
namely in nanocomposites with high refractive index species
(section 2.2). Section 3 covers the holographic and optical
effects in photosensitive sol–gel nanocomposites, including
holographic grating formation (section 3.1), light scattering
(section 3.2) and the optical Pendellösung effect (section 3.3).
The paper ends with conclusions.

Discussions on diffusion mechanisms, refractive index
modulation enhancement effects and mitigations of optical
scattering are included. We also discuss the observation
of an interesting phenomenon in the diffraction by volume
holographic gratings recorded in these materials, namely the
optical Pendellösung effect.

2. Sol–gel nanocomposite materials for holographic
recording

2.1. Early sol–gel holographic nanocomposites

A number of photopolymerizable materials for holographic
applications have been developed since the early 1990s [7].
However, their application for data storage was limited due
to their limited thickness and shrinkage during holographic
exposure [8].

The first organically modified sol–gel material capable of
recording volume holograms was synthesized in 1996 [9]. This
material was developed in order to overcome problems with
the limited maximum thickness of commercial holographic
photopolymers and shrinkage typical for acrylic-based
materials. It comprised sensitizer and monomer organic
species dispersed in an inorganic host matrix. In 2001, we
synthesized a new sol–gel photomaterial, with a significantly
improved holographic performance [10]. In this material,
the organic species are dispersed in the host over domains
of several nanometers. This results in a material exhibiting
very low optical scattering, even if the refractive indices of
the dopants largely differ from that of the host matrix. The
photosensitive and photopolymerizable organic species are
incorporated into the starting solution of one or more liquid
glass precursors, and transformed via controlled hydrolysis
and polycondensation reactions into a solid material of
high optical quality. The latter is achieved along with
excellent imaging properties, such as high dynamic range,
sensitivity, resolution and image stability, by a combination
of efficient photosensitive and photopolymerizable species
with an organically modified host matrix [11]. The sol–gel
reaction involved copolymerization of epoxysilanes such as
(3-glycidoxypropyl)trialkoxysilane with a tetraalkoxysilane in
the presence of dispersed photosensitive, photoinitiating and
photopolymerizable species.

These photopolymerizable glasses were used for recording
transmission volume holographic gratings in samples of
various thicknesses ranging from 90 to 300 μm. Figure 1
shows the holographic recording set-up. Two collimated
monochromatic s-polarized beams (1 and 2) with the
wavelength λ1 = 514.5 nm interfere at an angle 2α. This
results in the formation in the material of a symmetric
(unslanted) grating (with grating vector �K and grating period
� = 2π/K ). Kogelnik’s coupled wave theory to a first-
order approximation provides the theoretical framework for
light diffraction in such a volume grating [12]. Readout beam
3 (with λ2 = 632.8 nm) incident on the material under the
angle β is diffracted by the grating, resulting in two forward
propagating beams, the zero-order beam and the first-order
beams (beam 4) tuned under the angle β (scattering angle). The
first-order Bragg condition (momentum matching) requires

�k3 + �K = −→
k4 (1)

where �k3 and
−→
k4 are the wavevectors of beams 3 and 4,

respectively.
Under this condition, the diffraction efficiency η is

maximized and it can be expressed using Kogelnik’s coupled
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Figure 1. A holographic recording and readout set-up. Beams 1 and
2 impinge symmetrically on the holographic material with a
free-space inter-beam angle 2α. The grating structure is formed
within the holographic material of thickness d . The resulting grating
has the period � and the grating vector �K . Readout beam 3 strikes at
an angle β. Beam 4 is the diffracted first-order beam. See text for
details.

wave theory as

η = sin2

(
πd�n

λ cos β ′

)
(2)

where d is the sample thickness, �n is the grating refractive
index modulation, λ is the wavelength and β ′ is the readout
angle inside the photomaterial. It is noticed that, for small
refractive index modulations, η1/2 scales linearly with �n. In
a photomaterial with high dynamic range, for a progressive
increase of the exposure during hologram recording, η will
have an oscillatory behavior with maxima:

�nm =
(
m + 1

2

)
λ cos β ′

d
(3)

where m is an integer number.
At the beginning of the holographic exposure there is

a short induction period of virtually no growth in η. This
is due to the rapid destruction of the thermal inhibitors
and consumption of dissolved molecular oxygen by the
photogenerated free radicals [10]. As the polymerization of
the monomer starts, η increases with exposure and reaches
a maximum. Figure 2 shows the typical behavior of the
diffraction efficiency η as a function of the exposure energy
for the photopolymerizable glass prepared according to [11].
One appreciates the high η values reaching 98% for exposure
energy near 50 J cm−2. The maximum refractive index
modulation reported for this type of glass was �n ∼ 4.5 ×
10−3 [10].

In addition to photopolymerizable systems, various
photorefractive ormosils (organically modified silicates)
have been developed. Photorefractive gratings with
a refractive index modulation of 0.002 and a two-
beam coupling gain of 444 cm−1 were demonstrated

Figure 2. Diffraction efficiency as a function of exposure for a
holographic grating recorded in a photopolymerizable glass [10].
Values near 100% are reached for exposures of the order of
50 J cm−2, for a monolith sample of 950 μm thickness. The inset
displays the evolution of the refractive index modulation as a
function of the exposure.

in an organically modified permanently poled sol–gel
glass [13]. The azo-dye 2,5-dimethyl-4-(2-hydroxyethoxy)-
4′-nitroazobenzene (DMHNAB) was used as a nonlinear op-
tical chromophore. The chromophore molecules were cova-
lently bonded to the silica glass backbone in order to achieve
the high dye concentration needed for efficient nonlinear op-
tical properties. This also avoids dye crystallization often ob-
served in guest–host photorefractive polymers. 2,4,7-trinitro-
9-fluorenone (TNF) was used as a photosensitizer and N-
ethylcarbazole (ECZ) as the charge-transporting agent, both
being present as guests in the glass, i.e. without being co-
valently attached to the matrix. Excellent resistance against
chromophore crystallization was achieved by covalently bond-
ing the chromophore. The high stability of the electric-field-
induced chromophore alignment is due to a gradual heat-
induced densification of the gel with an initially low glass tran-
sition temperature (Tg) during electric field poling, eventually
yielding a high-Tg hard glassy film. This densification process
is essential for slowing down diffusive randomization of the
chromophore alignment and for improving the glass’s mechan-
ical, electrical and thermal properties. Similar materials, with
high glass transition temperatures, are desirable, for example,
in long-term data storage and electro-optical modulators.

2.2. Advanced compositions: organic–inorganic
nanocomposites with high refractive index species (HRIS)

Attempts have been made to improve the refractive index
modulation of a photopolymerizable medium by incorporating
diffusible high refractive index species (HRIS) [14–16], for
example, titania nanoparticles. Volume holographic gratings
with refractive index modulations of up to 0.015 have been
reported [17]. However, the incorporation of nanoparticles
in general tends to increase the scattering noise, in part due
to nanoparticle agglomeration. The scattering level can be
substantially reduced by a modified chemical composition

3
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Figure 3. Formation of the refractive index grating in a photopolymerizable material based on a conventional (Colburn–Haines) monomer
diffusion mechanism (left) and in a photopolymerizable material modified with HRIS (right) (after [18]).

Figure 4. (a) Refractive index modulation of volume gratings recorded in samples with and without the HRIS (MA:Zr). Sample thickness is
35 μm. (b) Scanning electron microscope image of a grating recorded in a sample with the HRIS. Sample thickness is 250 μm and the grating
spatial frequency is 100 lines mm−1 (after [18]).

of our previously described photopolymer glass. This
improvement can be achieved by incorporating the HRIS at the
molecular level.

We have developed a new sol–gel holographic material
exhibiting a large �n incorporating a high-refractive-index
MA:Zr molecular complex, namely zirconium isopropoxide
chelated with (metha)acrylic acid (MA) in a sol–gel
matrix [18]. A general formulation of the process involves
hydrolysis of silicon and zirconium alkoxides ({Si, Zr}(OR)n

and R an alkyl group), followed by a polycondensation
reaction:

{Si, Zr}(OR)n + nH2O → {Si, Zr}(OH)n + nR(OH)

{Si, Zr}(OH)n → MOn/2 + n/2H2O.

The large �n in our material relies on the ability of
the high-index MA:Zr complex to diffuse and thus contribute
to grating formation upon inhomogeneous illumination (see
figure 3). This mechanism may be compared with
the conventional Coburn–Haines model [19] of volume

holographic grating formation in a photopolymer film (left
side of figure 3). On photoinduced polymerization of
the (metha)acrylic acid, diffusion driven by a concentration
gradient of the MA:Zr complex takes place from the dark to
the light regions of the interference pattern. By incorporating
the high-index MA:Zr species in the host, the refractive index
modulation of the material is increased to �n ∼ 0.01,
compared to �n ∼ 0.005 in the sample without the high-
index species (see figure 4(a)). Thus, in this photomaterial,
the holographic grating forming mechanism involves co-
directional diffusion of two types of molecules, the monomer
and the HRIS, increasing the refractive index contrast between
the dark and bright regions of the interference pattern (see the
right-hand side of figure 3).

An important property of this material is that, compared
to the photopolymers with dispersed high-index (TiO2)
nanoparticles, scattering is markedly reduced as a consequence
of the molecular nature of MA:Zr. Optical scattering in sol–gel
nanocomposites will be discussed in detail in section 3.3.

Finally, in table 1 comparative data are presented for
diffraction efficiency and refractive index modulation for
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Table 1. Selected physical properties of volume holographic gratings recorded in photopolymerizable glasses.

Composition �n Diffraction efficiency (η%) Reference

Silica gel MMA ORMOCERa 93 (54 line pairs/mm @ 632.8 nm) [9] (1996)
Photopolymer-filled nanoporous Vycor glass 1 × 10−5 2.3 (1400 line pairs/mm @ 632.8 nm) [7] (1999)
Photopolymerizable glass with
inorganic glassy host 3 × 10−4 98 (100 line pairs/mm @ 632.8 nm) [10] (2001)
AA and BAA sol–gel processed filmsb 1 × 10−3 93 (676 line pairs/mm @ 632.8 nm) [8] (2004)
Photopolymerizable glasses with
Zr-based HRISc 1 × 10−2 99 (500 line pairs/mm @ 632.8 nm) [18] (2006)
Highly transparent ZrO2

nanoparticle-dispersed acrylate
photopolymers 3 × 10−3 (1000 line pairs/mm @ 632.8) [20] (2006)

a Silica gel MMA ORMOCER: silica gel methyl methacrylate organically modified ceramic.
b Acrylamide AA, N,N ′-methylenebis acrylamide BAA.
c High refractive index species based upon MA:Zr (MA: methacrylic acid).

Figure 5. Transmission as a function of the exposure energy for Zr0
(photopolymerizable glass without MA:Zr complex) and Zr1 (with
MA:Zr complex) samples measured during the noise grating
recording experiment. Inset: detail of the transmission for an
exposure range of 1–4 J cm−2. The samples were exposed to a
coherent s-polarized single beam of wavelength 532 nm and intensity
5 mW cm−2.

various organic–inorganic photomaterials, in chronological
order. For comparison, we have also included data
corresponding to some nanoparticle-dispersed photopolymers.

3. Holographic performance and optical effects in
sol–gel photosensitive nanocomposites

3.1. Holographic grating formation mechanism

The study of volume holographic grating formation dynamics,
particularly the temporal evolution of the refractive index
modulation, is essential for understanding the properties of
the holographic recording media. The diffraction efficiency
temporal evolution has been studied for various types of
holographic photomaterials. For example, it has been used
to analyze the role of thermally activated processes in the
decay of the diffraction efficiency in photorefractive crystal
gratings (LiNbO3:Fe) [22]. Several analyses of monomer

Figure 6. Dispersion of a holographic grating in the nanocomposite
glass with MA:Zr HRIS under white light illumination. The grating
spatial frequency is 500 line pairs mm−1 (after [17]).

diffusion time have been performed in polyvinyl/acrylamide
materials [23]. Similar studies have been carried out for
diffraction gratings and diffusion coefficient determination of
acrylamide in sol–gel glasses [24, 25]. It was shown how
the spatial modulation of the refractive index and its evolution
over time is influenced by nonuniform polymerization and the
diffusion of monomers. A diffraction efficiency of 55% was
reported for this material for an energy exposure of 8 mJ cm−2.
Recently, Gallego–Gomez et al have monitored the temporal
evolution of the diffraction efficiency for various geometries of
holographic gratings recorded in organic photomaterials [26].
Other interesting phenomena, such as non-local grating
recording in a non-photorefractive material, have recently been
reported [13, 26].

We have carried out various experiments to monitor
holographic grating evolution in photopolymerizable glasses
incorporating HRIS. The evaluation of the recorded holographic
gratings was conducted by real time monitoring diffraction
efficiency under Bragg condition, studying the temporal
evolution of the kinetics of grating formation [27]. Figure 7
shows the temporal evolutions of the diffraction efficiency (left
column) and the resulting angular selectivity (right column) for
three analyzed samples. The holographic recording parameters

5
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Figure 7. Diffraction efficiency temporal evolution measurements with a non-actinic He–Ne laser probe beam for three holographic gratings
recorded in the nanocomposite material with HRIS. The gratings’ spatial frequencies are: 556, 1135 and 2031 lines mm−1. Left column ((a),
(b), (c)): temporal evolution of grating diffraction efficiency at Bragg condition during (gray region) and after holographic exposure. Right
column ((d), (e), (f)): measured angular selectivity of the corresponding grating (dots) and the fits according to first-order approximation
Kogelnik’s coupled wave theory (solid lines). Parameters: grating thickness, recording time, writing beam irradiance, Klein–Cook parameter
(Q), readout beam Bragg angle (θB) and refractive index modulation �n (after [27]).

are indicated in the figure, including the pulse duration,
writing beam irradiance (P), thicknesses, the grating spatial
frequencies, refractive index modulation �n, Bragg angle (θB)
and Klein–Cook Q parameter [28]. The solid curves in the
angular selectivity panels (right column) were calculated using
Kogelnik’s coupled wave theory to a first-order approximation.

The monomer dark diffusion transient was studied by
Piazzolla et al [29] for a one-component free-monomer
diffusion model. They demonstrated that the variation of
the recorded grating modulation �n(t) during dark diffusion
transient follows an exponential law. For our material,
the model can be extended to include the contribution of
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two diffusible components, namely the acrylic monomer
2-phenoxyethylacrylate (POEA) and the MA:Zr complex,
according to the following equation:

�n−�n0 = cM

[
1 − exp

(
− t

τM

)]
±cZr

[
1 − exp

(
− t

τZr

)]

(4)
where �n and �n0 are the refractive index modulations after
and before the exposure, respectively; cM and cZr are the
contributions of the first harmonic term of the free-monomer
concentration and of the MA:Zr complex, respectively; and
τM and τZr are the diffusion times of the monomer and the
MA:Zr complex, respectively. The positive and negative signs
in equation (4) account for two possible diffusion mechanisms,
namely equal signs for both components corresponding to in-
phase grating formation, and opposite signs indicating two
gratings dephased by 180◦. The latter effect, i.e. the counter
diffusion, has been recently reported in nanoparticle-dispersed
photopolymers [30]. From equation (4) one realizes that the
counter diffusion produces a decrease in the refractive index
modulation that is an undesirable phenomenon in holographic
materials when large dynamic range is aimed for. As we have
demonstrated, the counter diffusion does not take place in our
material, and co-directional diffusion, hence refractive index
modulation enhancement, was confirmed. This is particularly
an important fact for practical implementations, including
holographic and diffractive optical elements as was studied
earlier by Däscher et al [31].

3.2. Light scattering

The evolution of scattering noise can be monitored, for
example, by optical transmittance measurements during
holographic recording (figure 5). Scattering originates by
the inhomogeneities in the volume and the surface of the
photomaterial. Scattered light induces noise gratings in
the hologram formation, hence reducing dynamic range and
deteriorating crosstalk, for example in the case of hologram
multiplexing. It is expected that, in the photopolymerizable
glasses incorporating HRIS at a molecular level, scattering
effects should be reduced. To evaluate the magnitude of the
scattering effects in our material, we first used the technique
as in Sanchez et al [16], where the intensity of a probe He–
Ne laser (s-polarized, λ = 632.8 nm) beam was compared
with the sum of intensities of the zero order, the −1 and
the +1 orders and the Fresnel reflection. Samples with and
without MA:Zr molecular complex of various thicknesses were
studied. This technique gives a conservative estimate of the
scattering coefficient α because the absorbed light is accounted
for as the scattered light. The scattering coefficients α found
for materials without HRIS (sample Zr0) and with HRIS
(sample Zr1) are 2 × 10−3 μm−1 and 1.2 × 10−3 μm−1,
respectively. Note that for a material of 15 μm thickness, these
values would correspond to ∼3% (Zr0) and ∼1.8% (Zr1) of
scattered light.

No scattering increase upon incorporating HRIS (i.e.
comparing the sample Zr1 with HRIS and the sample Zr0
without HRIS) suggests the comparatively small size domains
of HRIS in our nanocomposite material. Furthermore,

in our material with HRIS incorporated at the molecular
level, compared to previously reported holographic materials
(nanoparticle HRIS [16]), the scattering is significantly (∼8×)
reduced. This is a remarkable improvement, which we attribute
to the molecular nature of HRIS in our nanocomposite glass.

In the second experiment, we used a technique by Frantz
et al [21] and previously used for characterization on the
Aprilis ULSH photopolymer. Two samples, Zr0 and Zr1, were
used with equal thickness of 92 μm. A single recording beam
(s-polarized, λ = 532 nm) of intensity 80 mW cm−2 was
illuminating the sample and the photoinduced transmittance
changes arising from formation of noise gratings were
monitored in real time. While there is approximately a 9%
decrease in transmittance for sample Zr0, this can be attributed
to the observed surface roughness. There is virtually no
transmittance degradation in the Zr1 sample, indicating that the
scattering is very weak even upon incorporation of HRIM. The
very weak character of the noise grating was also confirmed by
the noise grating angular selectivity measurement (see [18] for
details).

A simple visual observation often provides a valuable in-
sight into grating optical quality, including spatial homogene-
ity, scattering and diffraction efficiency. Figure 6 shows an
image of the observed dispersion as the holographic grating is
illuminated with white light. High diffraction efficiency is ob-
served for the whole visible range [17].

3.3. Optical Pendellösung effect

3.3.1. Fundamentals and theoretical framework. The recent
availability of highly efficient new photopolymerizable glasses
incorporating HRIS has allowed the experimental observation
of anomalous diffraction effects not previously reported in the
optical band. This is the case of the so-called Pendellösung
fringes. The dynamical theory of x-ray diffraction first
formulated by Ewald predicts the Pendellösung effect [32].
This is the approach we are following here. The theory
and experimental verifications were discussed in detail by
Batterman and Cole [33]. The coherent splitting of the incident
beam will result in a radiation periodic beating at different
depths of the grating. The experimental observation of this
effect was not trivial since it requires thick almost perfect
crystal structures, or amorphous highly modulated optical
media, with large diffraction efficiency and dynamic range.
Pendellösung fringes were first observed in 1968 by Shull
for the interference formed by the diffraction of slow neutron
beams by thick crystals of SiO2 with thicknesses ranging from
∼0.3 to 1 cm [34]. The overmodulation was caused by the
coherent splitting of the incident wave when diffracted by
the periodic crystalline structure. The Pendellösung fringe
structure appears as a consequence of the interference between
two components of the wavefunction, which result in solutions
of the Schrödinger wave equation, within the framework of
the dynamical theory of diffraction [32]. This phenomenon
is formally analogous to the transfer of energy between
two coupled pendulums, hence its name as introduced by
Ewald. One application of this effect was the experimental
determination of the unit cell of the crystal structure and
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Figure 8. Calculated transverse intensity profiles for a Gaussian
beam diffracted by volume holographic gratings for different values
of medium thickness T and wavelength shift δλ (chromatic
dephasing). Numerical parameters: dielectric permittivity
modulation: 0.025; dielectric permittivity of the photomaterial prior
to exposure: 2.25; wavelength: λ = 500 nm; Gaussian beam radius:
0.01 m; d: distance source–hologram: 0.1 m; Curves (a) T = 200λ,
δλ = 10 nm; (b) T = 200λ, δλ = 50 nm; (c) T = 100λ,
δλ = 20 nm; (d) T = 100λ, δλ = 200 nm; (e) T = 55λ,
δλ = 50 nm; (f) T = 55λ, δλ = 100 nm (after [39]).

the scattering amplitude. Later, similar experiments were
carried out for other types of crystals and neutron beams.
The Pendellösung effect has also been predicted and observed
in the second-order Bragg scattering of matter waves from a
light standing wave acting as a thick grating [35]. Further
experiments showed that a quasi-Pendellösung effect can be
observed in the Raman–Nath regime [36]. Recently, Savo et al
have shown experimental evidence that the diffracted wave at
the exit of a photonic crystal slab is periodically modulated,
as a consequence of the Pendellösung phenomenon (in the
infrared region) [37]. Sample thickness dependence of the
phenomenon was also shown [38].

In 1996 we predicted that the Pendellösung effect
should be observed for certain types of volume holographic
gratings, namely when considering a Gaussian and a plane
wave interaction [39]. The theoretical transverse intensity
distributions behavior showed how the oscillations increased
with the sample thickness (>50λ) and the refractive index
modulation (>0.01). Figure 8 shows the numerical estimates
of the calculated transverse intensity profiles for a Gaussian
beam diffracted by volume holographic gratings, for different
off-Bragg wavelength detuning and sample thicknesses (see
figure caption for detailed parameters).

The theoretical results predicted the oscillatory behavior
of the transverse diffracted intensity profile, when the dielectric
permittivity modulation of the photomaterial �ε is large. The
actual considered value of �ε ∼ 0.025 corresponds to a
comparatively large refractive index modulation of �n ∼
8 × 10−3 for n ∼ 1.5.

Let us now describe briefly the fundamentals of the
diffraction of light by volume holographic gratings, based
upon the Bragg diffraction regime and Kogelnik’s coupled
wave theory [12]. The modulated dielectric permittivity of the
holographic grating material can be expressed as

εr = εr0 + εn + εr1 cos
( �K · �r

)
(5)

where εr1 is the dielectric permittivity modulation, εr0 is
the dielectric permittivity of the material before exposure
and εn is the dielectric permittivity change caused by the
exposure and holographic development. �K is the grating
vector and �r is the position vector, here considered as a two-
dimensional one of (x, y, 0). According to Kogelnik’s coupled
wave theory and considering the one-dimensional case under
paraxial approximation, the amplitude reflected by a slanted
transmission grating is

R (x) = cos

(
κx√

cos θ1 cos θ2

)
(6)

where κ = βεr1/4εr0 is the coupling coefficient, β is the
modulus of the wavevector, and θ1 and θ2 are the propagation
angles of the respective waves. The transmitted amplitude is

S (x) = −i

√
cos θ1

cos θ2
sin

[
κx√

cos θ1 cos θ2

]
. (7)

The two-wave approximation assumes that the holo-
graphic grating operates as a thick hologram, with the Q pa-
rameter: Q = | �K |2T /β values of Q > 10, where T is the
thickness of the sample and | �K | = 2π/� is the modulus of
the grating wavevector with period �. In the symmetric (un-
slanted) case, θ1 = θ2 = θh is the Bragg angle. The energy
flux in the grating region is given as the sum of two indepen-
dent time averaged Poynting vectors associated with transmit-
ted S(x) and diffracted R(x) waves, respectively.

The oscillatory behaviors of R(x) and S(x), as functions
of κx/cos θh , describe the coherent transfer of energy back
and forth between the transmitted zero-order wave and the
Bragg diffracted wave. However, this first-order approximation
does not account for the Pendellösung effect. This is because,
in a higher-order description of the coupling process, there
is a contribution representing a coupling term of the two
branches of energy. The dynamical diffraction theory predicts
that this third coupling term has an oscillatory behavior for
nonabsorbing gratings, with an oscillation period determined
by γ = πεr1 T /2λεr0 cos θh . According to the dynamic theory
of diffraction, this can be described in terms of the Poynting
vector for the total field (for a particular polarization state):

�ST =
√

μ0

ε0

〈�S (�r , t)
〉 = �Si + �Sd + �Sid. (8)

In equation (8) μ0 and ε0 are the magnetic susceptibility
and dielectric permittivity in vacuum, respectively. The bracket
〈 〉 accounts for time average. �Si is the energy flux associated
with the wave field corresponding to the incident beam, �Sd is
the diffracted wave field energy flux and �Sid is the coupling
term between the two. For the Pendellösung effect �Sid ∝

8
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Figure 9. Experimental evidence of diffracted light overmodulation in thick holographic gratings recorded in a photopolymerizable glass with
large �n. (a1) and (b1): diffraction efficiency evolution with exposure. (a2) and (b2): oscillation of the angular selectivity with the angle of
incidence. T : sample thickness, �n: refractive index modulation. Both (a) and (b) were obtained for readout beam incident at the center of
the grating.

cos(γ ). The coupling term shifts the energy flow around the
average direction associated with directions of orders m = 0
and m = −1, respectively, in a periodic fashion proportionally
to γ and showing a sinusoidal variation with the depth of the
grating.

3.3.2. Experimental observation of Pendellösung effect. In
hybrid organic–inorganic material incorporating HRIS, volume
holographic gratings were recorded with high diffraction
efficiency and large �n, allowing for the first experimental
observation of the Pendellösung effect in the optical band [40].
Figure 9 shows the experimental results obtained in our
photopolymerizable sol–gel glass incorporating the Zr-based
HRIM, for two different sample thicknesses, namely 45 and
70 μm. The recorded transmission unslanted grating has a
spatial period of 500 lines mm−1. The Klein–Cook parameter
is Q = 62, hence the Bragg regime holds. The grating was
probed using an He–Ne laser, with a spot size of approximately
10% of the grating size. The sample was illuminated in the
center position of the grating. We observe the anomalous
modulation of the angular selectivity, while maintaining the

same diffraction efficiency value of the angular selectivity for
each single maximum.

The sequence of images recorded with a CCD camera
at the position of the first diffracted order are displayed in
figure 10. Each image corresponds to the readout beam at
the angle denoted in the figure, for an angular range −10 to
+10 and for the grating width of 5.3 mm. A change in the
angle of the incident beam in the presence of overmodulation
results in the energy transfer and hence in a change in the
intensity distribution in the diffracted light pattern, yielding the
optical Pendellösung fringes. The peaks of maximum energy
correspond to −2◦ and +2◦, respectively.

The Zr-based HRIM allows for tailoring the material
holographic properties to achieve the overmodulation regime
while maintaining high diffraction efficiency. This observation
of the Pendellösung effect demonstrates that the energy flux
transfer, previously observed with electrons and slow neutron
beams, exists also in the optical band (visible). This result
suggests that modal control based upon the refractive index
modulation gradient is feasible in the classical framework of
light diffraction. The Pendellösung effect is an interesting

9
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Figure 10. Experimental observation of optical Pendellösung fringes. A sequence of images recorded with a CCD camera for different
incident beam angles. The images correspond to the first diffracted order spatial distribution. The peaks of maximum energy correspond to
−2◦ and +2◦, respectively. The grating width is 5.3 mm. After [40].

phenomenon that can potentially be used in various fields,
including the investigation of the structural properties of
volume holographic gratings and the development of novel
holographic optical elements and devices.

4. Conclusions

We reviewed advances in the development of photopoly-
merizable sol–gel nanocomposites for holographic recording.
We discussed several relevant aspects concerning these ma-
terials, including high refractive index and diffraction effi-
ciency, refractive index enhancement using high refractive in-
dex molecular species, optical scattering reduction compared
to nanoparticle-based materials, fundamental mechanisms of
grating formation and co-directional diffusion, and the first ex-
perimental observation of the Pendellösung effect in the optical
band. Today, several advanced sol–gel holographic materials
have become available with interesting niche applications in a
variety of fields in research and industry. These nanocompos-
ite materials are particularly promising since they can benefit
from synergies arising from a combination of different physi-
cal and chemical properties and specific optical functionalities
in a single matrix.
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[35] Dürr S, Kunze S and Rempe G 1996 Quantum Semiclass. Opt.

8 531
[36] Keller C, Schmiedmayer J, Zeilinger A, Nonn T, Dürr S and
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