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Front page:

Polymer thin films doped with photochromic molecules can provide a very easy way to
structure waveguides. Illumination of the film through a mask (top left) switches locally
the molecules to a second state (top right) with different refractive index. The two bot-
tom figures show a structured film and the output of a Y-branch waveguide at the tele-
com wavelength of 1.3 µm.
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RESEARCH SUMMARY

This report summarizes the main research activities performed within the Nonlin-
ear Optics Laboratory in 2000. Our group was active in the following fields:

• Nonlinear Optics of Molecular Crystals, Molecules and Polymers
• Photorefractive Effects and Applications in Optical Parallel Processing
• Integrated Optics and Optical Frequency Conversion
• Photonic Materials Technologies
• Investigation of Organic Molecules at Interfaces using Nonlinear Optics and

Atomic Force Microscopy
• Magnetic Resonance Spectroscopy.

The research projects in these areas are described briefly in this report. In most of
the topics considerable progress has been made. In this foreword we would like to
mention only a few highlights of the results which appear most interesting for us.

• Demonstration of reconfigurable optical polymer waveguides based on a
new type of molecules. We extended this work to a different photochromic
system which can be totally switched by light and could demonstrate the
contributions of refractive index and absorption changes to light induced
switching.

• First demonstration of ferroelastoelectric switching in a ferroelectric materi-
al using thin films of BaTiO3. The observation of this rather surprising ef-
fect, by which the spontaneous polarization switches in a direction opposite
to the applied electric field, was made possible by the high local stresses act-
ing at the tip of a scanning force microscope.

• In collaboration with Prof. Dalton (Univ. Washington, Seattle, USA) we de-
veloped phenylthiophene molecules which have very large molecular non-
linearities. We could show experimentally as well as theoretically that
intermolecular interactions and the molecular shape and dimensions strong-
ly influence the electro-optic coefficient in a polymer matrix (reduction of
up to 75%).

• In collaboration with Prof. Diederich (Organic Chemistry, ETHZ) we de-
signed a new polymer for all-optical signal processing which consists of a
long chain with functionalized side-groups that are laterally attached. This
material shows extremely good film forming and processing capabilities as
well as promising optical properties.

• We built up a pump-probe experiment with ultrashort pulses (τ ≈ 150 fs) of
a system consisting of a Ti:Sapphire laser and an OPG/OPA and investigated
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the organic salt DAST (4-N,N-dimethylamino-4’-N’-methyl stilbazolium
tosylate). We could identify four different mechanism that lead to a change
in the transmission of the probe beam: two-photon absorption, excited-state
absorption, a wavelength-independent absorption mechanism, and a surpris-
ing increase in transmission at a certain time delay.

• First “complete” theory of degenerate four wave mixing in noncentrosym-
metric materials that includes all second order contributions and their pecu-
liar dependences on the geometry of the experimental set-up.

During 2000 several research projects formerly funded by the priority program
"Optique" came to an end. Activities on some novel research directions have been
started and will be reported in the years to come.

From March 12 - 16, 2000 the "5th International Conference on Organic Nonlin-
ear Optics (ICONO’5)" took place in Davos. This conference organized by our
group attracted more than 200 participants from all over the world. ICONO’5 pro-
vided an excellent opportunity for an international exchange of information and co-
operation among researchers active in Physics, Coherent Optics, Organic
Chemistry, Materials Science and Engineering.

Prior to ICONO’5 we hold a workshop on "Organic Nonlinear Optics
(ONO’2000)" at the ETH. In this workshop, which was also organized by members
of our group, several topics of current research on organic nonlinear optics were dis-
cussed in more detail. The course was particularly attractive for the younger scien-
tists beeing active in the field.

With profound sadness we regret the untimely death of our crystal growth special-
ist Marcel Ehrensperger. He died during his vacation at age 53. He will be remem-
bered for his invaluable merits in the areas of the crystal growth of organic crystals
and for his engagement in the computer network of our group.

On October 31, 2000 our colleague Prof. Dr. Raymond Kind retired from his po-
sition. Raymond Kind was active in the field of solid state NMR with many pioneer-
ing contributions to the investigation of stuctural phase transitions and disorder in
crystals and spin glasses. We thank him for his excellent contributions to our group,
to the physics of the solid state and for his activities as a teacher and wish him all
the best for his retirement.

In 2000 the following PhD students have successfully completed their theses:
Dr. Paola Cereghetti, Dr. Ulrich Gubler, Dr. Roland Ryf. They have left the Non-
linear Optics Laboratory and have accepted industrial and University positions in
Switzerland and the United States. The team leader of the organic nonlinear optics
team PD Dr. Christian Bosshard has been hired as a group leader in the newly
founded CSEM Alpnach.

It is my pleasure to thank all these colleagues for their successful and pleasant col-
Nonlinear Optics Laboratory 6
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laboration.
Finally, during 2000 we could welcome Eric Delvigne as new PhD student.

Activities of members of the Nonlinear Optics Laboratory in 
Conference Committees and Editorial Boards 0.1

Several members of the nonlinear optics laboratory continued to be active in a se-
ries of international committees and as editorial board member of scientific journals
in the fields of optics, nonlinear optics, quantum electronics, solid state physics of
ferroelectric, organic and polymeric materials. Prof. P. Günter  is a member of the
editorial board of the following scientific journals:

• "Ferroelectrics"
• "Ferroelectrics Letters"
• "Nonlinear Optics"
• "Optica"
• "Optics Communication"
• "Photonics Science News"

and is a member of the advisory or program committees of the following interna-
tional conferences:

• "European Conference on Applications of Polar Dielectrics" (ECAPD)
(Chairman of the European Steering Committee)

• IEEE Ferroelectrics Committee of the "Ultrasonics, Ferroelectrics and Fre-
quency Control Society"

• "International Conference on Organic Nonlinear Optics" (ICONO-5) (Chairman)
• OSA topical meeting on "Photorefractive Materials and Applications"
• "European Meeting on Ferroelectricity"
• "International Conference on Photo-responsive Organics and Polymers".

Prof. R. Kind was the Secretary General of the Groupement AMPERE.

Dr. G. Montemezzani was a member of the program committee of the Conference
on Lasers and Electo-Optics (CLEO Europe), the European Material Research So-
ciety Spring Meeting and the SPIE Conference "Optics of Crystals".
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MOLECULAR CRYSTALS AND POLYMERS

Second-Order Optical Nonlinearities of Conjugated Organic 
Molecules 1.1

O. Zehnder, X. Zhang, I. Liakatas and Ch. Bosshard

Organic molecules with large second-order nonlinearities are a prerequisite for
highly efficient electro-optic and nonlinear optical crystals and polymers. Our
group continues to develop conjugated, donor-acceptor organic molecules with
large second-order nonlinearities. These nonlinearities are investigated by electric
field induced second harmonic generation (EFISH) experiments.

Poled polymers for electro-optic modulators (see Section 1.5) require molecules
with a large product of ground-state dipole moment µ and molecular hyperpolariz-
ability β. This is the figure of merit for a high degree of orientational order in elec-
tric field poled polymeric thin films. We have recently developed bithiophene
molecules with nonlinearities µβ of up to 11 times the value of the current standard
material Disperse Red 1 (DR1). In the next step the incorporation of these mole-
cules in guest-host and side-chain polymers promises a large improvement of the
electro-optic properties of poled polymers (see Section 1.3).

The µβ-value is strongly dependent on the environment. We therefore investigat-
ed the behavior of µβ in solvents with different polarities. EFISH measurements
showed that µβ of the bithiophene chromophore increase with increasing polarities.
The change in µβ reaches up to 140%. As a next step we will test whether this de-
pendence on the polarity of the environment can also be observed if the chro-
mophore is incorporated in a polymer. This is very important for optimization of
new electro-optic polymers for telecom applications..

Product of dipole moment and first order hyperpolarizability (µβ0) vs. polarity 
parameter of solvents ET

N at a wavelength of 1907 nm.

Sponsors: Swiss National Science Foundation, ETH Zürich
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Organic Single Crystals: Bulk and Thin Film Growth 1.2

X. Zhang, S. Manetta, M. Ehrensperger, H. Wüest and Ch. Bosshard

Efficient second-order nonlinear optical crystalline materials require optimization
of both molecular nonlinearity and acentric orientation of the molecules within the
crystalline lattice. Although there is still some on-going work on small molecules
recent efforts concentrated on stilbene type molecules providing longer conjugation
paths than the early nitroaniline and nitropyridine derivatives. In this area of re-
search, the optimization of acentric crystals of classical, elongated, extended π-con-
jugated donor-acceptor chromophores remains a challenge due to the lack of means
to predict and control the crystal packing. Besides these more fundamental aspects
much effort was recently directed towards more applied issues such as waveguide
fabrication and THz generation and detection.

This past year we continued our work on the highly nonlinear material DAST with
emphasis on high-quality controlled bulk growth and on the development of a suit-
able coating (either for surface protection or anti-reflection) which is a major chal-
lenge in the area of organic crystals for photonic applications. Different embedding
materials, coating polymers and solvents have been used and compared. Best results
up to now were obtained with a poly(vinyl acetate) / chlorobenzene 4% solution that
is spin-coated as a protective layer.

As a new issue, we investigated the preference in the habit of organic crystals with
two polar hemihedral faces. We calculated the binding energy of an adsorbed sol-
vent or melt molecule on a growing surface by Monte Carlo simulated annealing for
the case of the nonlinear optical organic crystals 2-cyclooctylamino-5-nitropyridine
(COANP) and DAST. We showed that the minimum binding energy difference be-
tween two faces ( ) and ( ) is 2 kcal/mol. This is the difference required to ex-
plain the morphology anisotropy of DAST and COANP. At the moment our
calculations are tested with X-ray measurements in collaboration with Dr. Schenk
at the University of Lausanne.

Besides high-quality controlled bulk growth of DAST, we have started to focus on
thin film preparation of this material. Since DAST shows exceptional optical non-
linearities, the goal of this work is the potential integration of DAST into high-speed
electro-optic modulators or frequency conversion devices. From the several prom-
ising techniques we developed we will concentrate on the two-dimensional ∆T
method, the travelling cell technique, the capillary and ∆T-aided capillary meth-
ods, the undercooled flow cell technique, the growth by solution epitaxy, and the
fabrication using laminar flow. Which one is best suited still has to be determined. 

Sponsor: Swiss National Science Foundation

hkl hkl
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Nonlinear Optical and Electro-Optic Properties of Molecular 
Crystals and Polymers 1.3

I. Liakatas, O. Zehnder and Ch. Bosshard

In the scope of this project, promising organic nonlinear optical molecules are in-
vestigated with special interest on highly extended π-conjugated systems (e.g. do-
nor-acceptor di-substituted stilbene and thiophene derivatives). Crystals and
polymers based on such organic chromophores are very interesting materials for op-
toelectronic applications such as ultra-fast (GHz) electro-optic applications, optical
parametric generation, or as THz generators and detectors using femtosecond la-
sers.

Besides a large nonlinearity the orientation of these molecules in the crystal lattice
or in polymers is also of great importance to optimize the macroscopic nonlinear op-
tical and electro-optic effects. In the case of electro-optic polymers, little attention
has been paid until now to the intermolecular interactions and how they influence
the macroscopic performance. If such interactions are not taken into account, the
electro-optic coefficient depends linearly on the chromophore concentration and
thus high chromophore loadings are expected to lead to larger coefficients. It has
been recently shown, however, that if intermolecular interactions are considered,
other parameters like dipole moment and chromophore shape can strongly reduce
the expected electro-optic coefficient.

We measured the electro-optic coefficients of bithiophene molecules which have
very large molecular nonlinearities. We could explain the deviation of the measured
values from the theoretically expected ones by accounting for intermolecular inter-
actions and the molecular shape and dimensions (see Figure). The intermolecular
interactions reduce the electro-optic coefficient by 75% due to the  ellipsoidal shape
of the molecule. Therefore, for achieving large macroscopic nonlinearities, the
shape of the molecule has to be adequatly modified towards a sphere.

Sponsor: Swiss National Science Foundation, ETH Zurich
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Photochemical Investigations of Electro-Optic Polymers 1.4

M. Bösch, C. Fischer, I. Liakatas and Ch. Bosshard 

The degradation of polymers, i.e. of the chromophores therein, due to continuous
illumination is a potential hurdle for photonic applications. For this reason photo-
chemical stability studies on the highly efficient chromophores developed in our
group (see Section 1.3) were performed and their stability was quantitatively deter-
mined. The main figure of merit quantifying photochemical stability is , where
B  is the average number of photons that a molecule absorbs before decomposition
divided by its absorption cross-section . This figure of merit has been determined
at different wavelengths ranging from 458 nm up to 1552 nm for the bithiophene
chromophore CC172 in a PMMA matrix (figure). The measurements were per-
formed in different atmospheres (air, nitrogen, vacuum) to study environmental ef-
fects on the photodegradation. As can be seen in the figure the change in
photochemical stability is roughly one order of magnitude going from air to nitro-
gen and two orders of magnitude going from air to vacuum, over the whole wave-
length range. Furthermore the stability increases by four orders of magnitude when
shifting from the main absorption peak wavelength towards telecommunication
wavelengths. The results indicate that the main degradation process over the whole
wavelength range is photo-oxidation.

Figure of merit to characterize the photochemical stability of chromophores measured for
CC172 in PMMA at different wavelengths and in different atmospheres. The inset shows the
transmission spectrum of the polymer film.

Sponsor: ETH Zurich
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 MOLECULAR CRYSTALS AND POLYMERS  1.5 

    
Electro-Optic Polymer Modulators 1.5

I. Liakatas, M. Bösch, O. Zehnder and Ch. Bosshard

Organic polymers have become an important class of nonlinear optical materials
for electro-optic modulation. They have been the subject of intense research since
they combine the nonlinear optical properties of conjugated π-electron systems with
the possibility of additional molecular engineering, i.e. creating new materials with
appropriate optical, structural, and mechanical properties.

The project is focused on the application of existing polymers to electro-optic
modulators as well as on the synthesis of new chromophores with large optical non-
linearities (see Section 1.3) and polymer backbones (e.g. polyquinolines) with high
glass transition temperatures. We follow two different approaches for the fabrica-
tion of polymer electro-optic modulators: the Mach-Zehnder interferometer and the
inline-fiber modulator. The former is based on optical waveguiding in the active
material whereas the latter is a fiber whose transmission is modulated by adjusting
the evanescent light coupling condition at a point close to the core.

This year we studied the optical losses of a Mach-Zehnder modulator. Total and
propagation losses were measured at telecommunication wavelengths and coupling
losses were estimated. The results showed that unless an active polymer with low
intrinsic losses and special pigtailing for in/outcoupling are used, optical losses pre-
vent the use of long interaction lengths and, therefore, the achievement of low driv-
ing voltages.

The inline-fiber concept is an alternative where optical losses are negligible and,
thus a very promising one. We further developed the process of fabricating fiber
half-couplers with increased interaction lengths and designed travelling electrodes
for achieving high speed (> 10 GHz) modulation. A fully packaged inline-modula-
tor is depicted in the figure below. 

Picture of a fully packaged in-line fiber electro-optic modulator.

Sponsors:  Swiss National Science Foundation, ETH Zurich
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1.6  MOLECULAR CRYSTALS AND POLYMERS
Advanced Polymers for Third-Order Nonlinear Optics 1.6

S.  Lecomte, Ch. Bosshard, in collaboration with J.M. Raimundo and F.  Diederich,
Laboratory of Organic Chemistry, ETH Zurich

For ultrafast all-optical signal processing, materials presenting large third-order
nonlinearities of pure electronic origin are of prime importance. Until now system-
atic studies have led to important guidelines on how to design highly efficient mol-
ecules. However, for device applications additional important properties such as
easy processability and low waveguide losses need to be optimized as well. This
fact requires new types of polymers that yet have to be developed.

To achieve this goal of excellent processability and low waveguide losses com-
bined with sufficient nonlinearity we designed a polymer (PMJ1) which consists of
a long chain with functionalized side-groups that are laterally attached. This mate-
rial shows extremely good film forming capabilities. So far, the linear optical prop-
erties (except the losses in a planar waveguide) have been characterized. The UV-
VIS-NIR absorption spectrum was measured and the corresponding refractive in-
dex dispersion was calculated. The refractive index was also precisely measured by
grating coupling. Third-harmonic generation measurements at a fundamental wave-
length of 1.9 µm were performed on the molecule in solution, on the side group in
solution and on polymer thin films (χ(3)

polymer=100·χ(3)
fused silica).

As a next step the nonlinear refractive index responsible for all-optical signal pro-
cessing will be determined.

 

  If the material satisfies all requirements imposed by all-optical signal processing,
we will apply it in a demonstration of all-optical switching based on the optical Kerr
effect in an integrated microring resonator.

Sponsor: ETH Zurich
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 MOLECULAR CRYSTALS AND POLYMERS  1.7 
Photochromic Molecules and Polymers and Their Applications 1.7

S.  Lecomte, S. Cattaneo and Ch. Bosshard, in collaboration with R. Livingston and
F. Diederich, Laboratory of Organic Chemistry, ETH Zurich

Photochromism is the structural and physical property change of a molecule under
illumination. The most obvious change in physical properties concerns the absorp-
tion spectrum resulting in changing colors. The modification of the absorption spec-
trum of the molecule also induces a change of the refractive index. A wide range of
applications like all-optical switching devices, non-permanent waveguides, Bragg
gratings, optical memories, and others exist.

After the first successful demonstration of reversible optically induced
waveguides last year, we continued our investigation on photochromism. The ini-
tially studied photochromic molecule exhibited light induced excitation and thermal
relaxation. To avoid thermal relxation, we focus on the most interesting molecule
(BFCP, see figure) of a new class of photochromic molecules (diarylethenes). This
class of molecules shows outstanding thermal stability (12 hours in toluene at 80°C)
and fatigue resistance (10000 optical switching cycles).

We studied in detail the dynamics of the photoisomerization in solution and espe-
cially in guest-host polymer thin films. A maximum doping level of about 40wt%
was deduced by linear absorption spectroscopy. A strong saturation of the induced
absorption as a function of the doping was observed. By using grating coupling ex-
periments, the absolute change of the refractive index was determined and a value
of ∆n=(5±2)·10-4 for λ=1.55µm and for a concentration of 29.77wt% was mea-
sured. A two-beam coupling experiment confirmed the locality of the refractive and
absorption changes as expected.

The above investigated effects are very promising and the further exploration of
their properties will lead to new exciting devices.

Reference: S. Lecomte, U. Gubler, M. Jäger, Ch. Bosshard, G. Montemezzani and P. Günter, 
L. Gobbi and F. Diederich, Appl. Phys. Lett. 77, 7, 921 (2000).

Sponsor: ETH Zurich
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1.8  MOLECULAR CRYSTALS AND POLYMERS
Time-Resolved Nonlinear Optical Spectroscopy 1.8

A. Schneider and Ch. Bosshard

Ultrashort laser pulses have several properties desirable for nonlinear optical spec-
troscopy. First, they allow measurements with high temporal resolution, limited
only by the pulselength. This can be used to investigate the dynamics of linear and
nonlinear processes. Second, the light fields of short pulses can easily reach up to
some tens or even hundreds of GW/cm2, which gives the possibility of investigating
higher order effects. Another advantage is the possible use of Optical Parametric
Generators and Amplifiers (OPG/OPA) by which the generated wavelength can be
tuned over a wide range from visible to mid-infrared.

We used ultrashort pulses (τ ≈ 150 fs) of a system consisting of a Ti:Sapphire laser
and an OPG/OPA to investigate the organic salt DAST (4-N,N-dimethylamino-4'-
N'-methyl stilbazolium tosylate). A pump-probe setup was used, i.e. the response of
the material to a strong pulse (pump) is read out by a weak second pulse (probe).
Using a variable delay of the probe, the dynamics of the response was tested. The
wavelengths we investigated range from the absorption edge of DAST at about
750 nm to 1500 nm.

We observed various mechanisms that led to a change in the transmission of the
probe beam. Two photon absorption and absorption from an excited state lead to de-
creased transmission; they can be distinguished by their polarisation dependence
and their evolution in time. A still unknown effect leads to a net increase in trans-
mission. The fourth and dominating process causes additional absorption in the or-
der of 30% and is almost wavelength independent.

In a new experiment which is currently being built up we will generate single cy-
cle electromagnetic pulses with a time duration in the order of the laser pulse length,
corresponding to frequencies in the THz range. The generation scheme is based on
the nonlinear optical effect of optical rectification. This THz radiation will be used
to investigate different materials, mainly molecular crystals, with respect to absorp-
tion, refractive index, and nonlinearities in that frequency range.

Sponsor: Swiss National Science Foundation
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 PHOTOREFRACTIVE EFFECTS AND PHOTONICS  2.1 
PHOTOREFRACTIVE EFFECTS AND PHOTONICS

Growth, Preparation  and Characterization of Photorefractive 
Crystals 2.1

C. Medrano, H. Wüest, J. Hajfler and G. Montemezzani

The photorefractive effect offers the possibility to obtain an indirect light-light in-
teraction already for moderate intensity levels. It has proven very useful for appli-
cations in areas like dynamic holography, optical processing, storage and phase
conjugation. One critical point in such applications is the quality and performance
of the nonlinear materials being used. The requirements are different depending on
the specific application. Therefore, careful characterization and optimization of the
intrinsic and extrinsic material properties is of crucial importance.

Within this project we investigate crystals grown in our laboratory, and samples
obtained through international collaborations. Crystal growth in Zürich has concen-
trated on Rh  and Fe doped KNbO3 crystals pulled under a special high-temperature
gas reduction treatment. The second material system are LiTaO3 crystals with sto-
ichiometric composition grown at the National Institute for Research in Inorganic
Materials in Tsukuba, Japan (Dr. K. Kitamura, Dr. Y. Furukawa). Finally, we in-
vestigate Sn2P2S6 crystals grown at the University of Uzhgorod, Ukraine in collab-
oration with the group of Prof. Y. Vysochanskii and Dr. A. A. Grabar. The crystal
quality and performance of these materials have been characterized by various
physical, optical and photorefractive methods.

The in-situ post-growth reduction parameters of the
KNbO3 furnace enlarged last year were optimized fur-
ther. This allowed to reduce further the near infrared
(IR) response time of Rh doped KNbO3 to a value of
less than 100 ms at 1 W/cm2 power level for the 780
nm and 860 nm wavelengths. Stoichiometric LiTaO3 is
of interest because of the excellent photorefractive sen-
sitivity in the near ultraviolet, which is unchallanged by
other transparent materials. We extended last year in-
vestigations to demonstrate optical phase conjugation
in the 350 nm wavelength region. Finally, in Sn2P2S6
crystals the research has proceeded along two fronts.
The understanding of fast interband photorefractive ef-
fects induced by blue-green light in this material was

improved by several optical and photoelectrical experiments. On the other hand,
crystal samples showing excellent sensitivity in the near IR without the pre-illumi-
nation step otherwise necessary in this material were detected. Investigation of the
reason for this behaviour is under progress.

Sponsor: Swiss National Science Foundation
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2.2  PHOTOREFRACTIVE EFFECTS AND PHOTONICS
Dynamic Light Induced Waveguides and Optical Interconnects 2.2

Ph. Dittrich and G. Montemezzani

 Optical methods that manipulate light by light are recently intensively investigat-
ed as they allow to create all-optical devices potentially very useful for, e.g., optical
switching, optical interconnects, and optical routing. The elimination of back and
forth conversion to electrical signals promises smaller and faster devices that can
handle a much higher information throughput. Optical waveguides are used to con-
fine light along a well defined path. Light confinement is obtained due to a higher
refractive index in the waveguide core as in the surrounding regions. The refractive
index contrast is achieved by various techniques, mostly by a permanent change of
the structure or the composition of the material. However, for applications such as
optical switching, optical routing, or dynamic optical interconnection reconfig-
urable waveguides are desirable, i.e. waveguides which geometries are not perma-
nently fixed but may be changed by external means.

 We create dynamic, reconfigurable waveguides whose geometries are controlled
by external light illumination only. The waveguides are induced underneath the sur-
face of  a photorefractive crystal (KNbO3) by means of the interband photorefrac-
tive effect which is mediated by the electrooptic properties of the material. The UV
light spatial distribution that defines the waveguide shape is provided by a computer
controlled spatial light modulator. By modifying the surface illumination the
waveguides can be reconfigured in real time (≈ 100 µs response time). 

Guiding of light at telecommunication wavelengths up to 1.55 µm has been dem-
onstrated this year in KNbO3. At the moment, the biggest limitation of this ap-
proach lies in the fact that confinement is achieved essentially only in the direction
parallel to the externally applied electric field. Different approaches for the confine-
ment of the guided beam in the third dimension are under investigation and realiza-
tion is planned for the next year. 

Optical Switch using reconfigurable waveguides. By changing the top surface il-
lumination the shape of the induced waveguides can be repeatedly altered, allowing
to distribute an input signal into two seperate output channels A and B.

Sponsor: Swiss National Science Foundation
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 PHOTOREFRACTIVE EFFECTS AND PHOTONICS  2.3 
Optical Parallel Processing and Holographic Memories 2.3

D. Haertle, R. Ryf and G. Montemezzani

 In optical parallel processing data pages (e.g. images) are spatially modulated on
a laser beam and elaborated in a single step. Data pages can contain several millions
of bits, thus allowing to efficiently execute massive parallel operations. A special
operation which can be realized particularly well with optical methods is cross-cor-
relation. This operation is of fundamental importance for applications like pattern
recognition and large databases search.

We have constructed a sys-
tem to demonstrate high rate
optical image correlation. In
order to overcome the elec-
tronic limitations for the in-
put frame rate, we use a
holographic memory consist-
ing in a photorefractive
LiTaO3 crystal as frame buff-
er. Read-out of the angularly
multiplexed memory
through a high repetition rate
laser generates a fast image
sequence at a rate of up to
50’000 Images/s.
A Joint Fourier transform
Correlator (JFT) was cascad-
ed to the memory (see Fig-
ure) and used to compare a
reference image against a se-
quence of 10 stored images at
a rate of 10 kHz. The correla-
tion processing step occurs
by recording dynamic holo-
grams with the Fourier spec-

tra of the two input images  in photorefractive Sn2P2S6. This material has a
hologram build-up time of only 3 µs at the operating conditions. It could be clearly
demonstrated that images encoded in the phase domain only lead to superior corre-
lator performance as compared to amplitude modulated images.

Reference: R. Ryf, Optical parallel processing based on the photorefractive effect, 
Dissertation ETH No. 13546, ETH Zürich (2000).

Sponsor: Swiss National Science Foundation
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correlation.  
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2.4  PHOTOREFRACTIVE EFFECTS AND PHOTONICS
Ferroelastoelectric Switching in Barium Titanate 2.4

M. Abplanalp

Barium titanate is one of the best studied ferroelectric materials. Like in any fer-
roelectric, the direction of the spontaneous polarization can be switched by an ap-
plied electric field. After removing the electric field the direction of the spontaneous
polarization is preserved. This allows for the storage of information which remains
intact even without any electricity.

Additionally, barium titanate must also be a ferroelastoelectric because of its crys-
tal symmetry. This means, that the direction of the spontaneous polarization can
also be switched by simultaneous application of a mechanical stress and an electric
field. An analysis of the free energy shows that the resulting directions of the spon-
taneous polarization in the presence of a compressive stress is opposite to the one
obtained without stress. Therefore, for information storage the stress present during
switching  must not exceed a critical value. Otherwise, an undesired direction of the
spontaneous polarization results.

We have succeeded in demonstrating ferroelastoelectric switching in barium titan-
ate, to our knowledge the first ferroelectric material to exhibit this effect. Thin films
grown on a conductive substrate were used. The conductive tip of a scanning force
microscope has been brought into contact with the surface of the film. By applying
a voltage between the tip and the substrate an electric field is created which is stron-
gest close to the tip apex. Additionally, the tip can be pressed on the surface result-
ing in a compressive mechanical stress below the tip. We have found
experimentally a parallel alignment for low stresses and low voltages, characteristic
for ferroelectric switching. By combining a high compressive stresses with a high
voltage an antiparallel orientation of the spontaneous polarization to the field has
been observed, which indicates ferroelastoelectric switching. 

Sponsor: Swiss National Science Foundation
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 PHOTONIC MATERIALS TECHNOLOGIES  3.1 
PHOTONIC MATERIALS TECHNOLOGIES

Organic Molecular Beam Deposition of Ordered Supramolecular
Assemblies of Dipolar Molecules 3.1

 A. Tapponnier, M. Kiy and I. Biaggio

Waveguides based on organic, noncentrosymmeteric materials are interesting for
high-speed signal modulation and wavelength conversion. A new way to produce
the required noncentrosymmetric organic films of good optical quality has been re-
cently developed in our laboratory. In Oblique Incidence Molecular Beam Epitaxy,
a beam of dipolar organic molecules hits a substrate at oblique incidence, leading to
a self-assembly process on the substrate that creates a macroscopic polar order in
the direction of the molecular beam. A pictorial illustration of this process is given
in the figure.

The self-assembly process
is based on selective hydro-
gen bonding between mole-
cule end-groups, and the
non-linear optical properties
on the donor/acceptor char-
acteristics of moelcular end-
groups. We are currently in
the process of develping the
best deposition conditions
for a newly developed mole-
cule, N-{4-trans[2-(4-py-
ridyl)ethnyl]-
phenyl}glycine} (PEPG).

A careful optimization of
the deposition conditions,
including a study of the de-
pendence of the nonlinear
optical properties on the
molecular beam incidence
angle, should lead to high optical quality organic films with a larger noncentrosym-
metric order, and correspondingly larger optical nonlinearity.

Reference: C. Cai, B. Müller, J. Weckesser, J. V. Barth, Ye Tao, M. M. Bösch, A. Kündig, 
Ch. Bosshard, I. Biaggio, P. Günter,  Adv. Mater. 11(9), 750-754 (1999).
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3.2  PHOTONIC MATERIALS TECHNOLOGIES
Investigation of Organic Light Emitting Diodes  in Ultra High 
Vacuum 3.2

M. Kiy and I. Biaggio

The use of organic materials in electronic devices such as organic light-emitting
diodes (OLEDs) is interesting because of the possibility to produce large-area de-
vices with multiple colors. OLEDs have a multilayer structure which generally in-
cludes metal electrodes for electric contacts. Their performance depends on the
electron binding energy in the different materials, e.g. the work function of the con-
tact metals and the energy of the molecular orbitals in the organic materials. The
work function can be determined from the Ultraviolet Photoelectron Spectrum and
its exact value is very sensitive to surface purity. Best results are obtained when
working inside a Ultra-High-Vacuum (UHV) environment, both for the fabrication
and for the characterization of the devices.

As an example, in UHV it is possible to build an OLED with a 35 nm thin Mag-
nesium cathode, which would rapidly oxidize otherwise, and to study the changes
in its UPS spectrum while the device is being operated.

  Although reaction of the Magnesium with the organic layer could in principle
lead to degradation of the cathode even in the absence of reactive gases such as wa-
ter and oxygen, this experiment demonstrates that the Mg/Alq3 interface is intrinsi-
cally stable. The  degradation of the cathode/organic interface can thus be uniquely
assigned to atmospheric gases, a fact that should help in the development of better
device configurations.

Sponsor:      ETH Zürich
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UPS measurement on the 35 nm thin cathode of an operating OLED. The
dashed and dotted curves were measured after a time interval of 30  and 60 min,
respectively. Only a oxydation of the magnesium cathode was measured. The
inset shows the height of the peak at 6 eV binding energy (corresponding to the
oxygen 2p states) over time.
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 PHOTONIC MATERIALS TECHNOLOGIES  3.3 
Investigation of the Cathode-Organic Interface in Organic Light 
Emitting Diodes 3.3

M. Kiy, I. Gamboni and I. Biaggio

Charge carrier transport from metal electrodes to the different organic materials
plays a major role in the performance of  organic light-emitting diodes and other
electronic components based on organic materials. In particular, at a metal/organic
interface the charge carriers normally have to overcome potential barriers defined
by the electronic states of the materials.

To study the fundamental physics
of carrier injection from a metal con-
tact into an insulating organic mate-
rial, we produced – under very clean
conditions (ultra-high vacuum,
UHV) – structures consisting of the
organic material Alq3 sandwiched
between magnesium contacts. The
low binding energy of electrons in
Mg guarantees that upon application
of a voltage electrons are injected
into the material, but no holes. A de-
termination of the injection current
as a function of applied voltage can
reveal information both on the inter-
face potential barriers and on some
interesting bulk  parameters, such as
the charge carrier mobility. We
found that the Mg/Alq3 interface at
high electrical fields is ohmic and
that enough charge carriers are in-
jected to create a space charge limit-
ed current through the insulating
organic material. At high applied
voltages, this current is proportional
to the square of the applied voltage
and to the electron mobility.

This measurement technique allows us to determine charge injection and transport
parameters in a clean environment (UHV) and how these properties are influenced
by exposure to athmospheric gases. 
 

Sponsor: ETH Zürich
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3.4  PHOTONIC MATERIALS TECHNOLOGIES
Charge Transport Properties of Organic Semiconductors and 
Supramolecular Assemblies 3.4

A. Tapponnier, M. Kiy and I. Biaggio

Organic materials are interesting candidates for several applications in electronic
circuits, including conductors, insulators, light emitting diodes, and field effect tran-
sistors. All this applications depend on charge transport, which is also a topic of fun-
damental interest because of the peculiar physical properties of non covalently
bound solids consisting of large molecules.

In this research project we study
the charge tranport properties of
both organic films grown under
controlled conditions by molecu-
lar beam deposition and of organic
crystals. A promising technique to
study charge tranport properties is
the use of neighbouring electrodes
in a configuration similar to that of
a field-effect transistor. This tech-
nique can be used  both for thin or-
ganic films and for organic
crystals.
In thick insulating crystals it is dif-
ficult to determine intrinsic charge
tranport properties by conductivi-

ty measurements in a classical parallel-plate capacitor configuration, because the
voltages needed to inject free carriers from the electrodes are much too high. On the
other hand, the use of neighbouring planar contacts on the surface of a crystal allows
the application of much larger electric fields and therefore leads to injection of
charge carriers already at low voltages. The current-voltage characteristic of such a
structure should then show the typical signature of a transition from an impurity
dominated transport to a transport dominated by injected carriers and space-charge
limited currents. The figure shows a measurement performed using a DAST crystal
and silver-paste electrodes. One can clearly identify a transition from an impurity
dominated region with low current below 2 V, to a region where the current grows
as the square as the applied voltage, a signature of space-charge limited current.

Analysis of this data is not completed yet because of the special experimental con-
figuration we employed, but this particular experiment demonstrates that this is a
promising technique, which will be further developed next year.

Sponsor: ETH Zürich, Swiss National Science Fundation
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 PHOTONIC MATERIALS TECHNOLOGIES  3.5 
Investigation of Photocurrent in Organic Films for Light Emitting 
Diodes 3.5

A. Tapponnier and I. Biaggio

Despite the great progress in the development of organic light-emitting diodes
(OLEDs), the nature of the physics of the device operation, for example the mech-
anisms of charge injection and charge transport are still not well understood. Pho-
tocurrents induced by short light flashes can give information on the response time
of the photoconductivity and thus on free-carrier lifetimes, the influence of deep and
shallow traps, and the charge-carrier mobility.  In the limit where the response time
is much larger than the relaxation time of the photoconductivity (which is the case,
since OLEDs have a relatively large capacitance), the detected signal is proportion-
al to the time integral of the current, i.e. the total charge emitted form the OLED.  

We applied this technique of Integrated Pulsed Photoconductivity (IPP) to study
charge transport processes occuring in single and double layers Alq3-based OLEDs
on different time-scales, first in UHV and then in the presence of impurity gases.
We can extract from the data both the intrinsic photocurrent parameters of the sam-
ple and the RC response time of the detection system. In single layer devices with
Mg cathodes we have found a very slow time dynamics, which is typical of samples
where charge-transport is hindered by a multitude of defect levels which continual-
ly trap and thermally release the charge carrier (dispersive transport). In contrast,
the photocurrent decay in two-layer devices is more similar to a single exponential
decay. Therefore, there is an absence of defect states with a long excitation time in
those devices

In conclusion, we demonstrated that Integrated Pulsed Photoconductivity is is a
powerful tool to study charge transport and defect states in standard OLEDs, with-
out the need for any specially prepared samples.

Left: Experimental setup for pulsed photoconductivity measurements. Right: Time dependen-
cy of integrated pulsed photoconductivity in an ITO/NPB/Alq/Mg device. The measured volt-
age is the convolution integral of the real photocurrent (which can be found numerically) with
the response function of the detection system. 

Sponsor: ETH Zürich
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3.6  PHOTONIC MATERIALS TECHNOLOGIES
Pulsed Degenerate Four Wave Mixing in Noncentrosymmetric 
Crystals 3.6

I. Biaggio

In solid state materials which lack a center of symmetry, cascaded second order
nonlinear optical effects, namely the combination of optical rectification and the
linear electro-optic effect or, of second harmonic generation and difference
frequency generation, are an important contribution to Degenerate Four Wave
Mixing (DFWM). A detailed knowledge of their dependence on experimental
parameters is important for a reliable reporting of DFWM experiements, and to
optimize material geometries for applications such as optical switching.

Continuing the work of previous years, it has been possible during the report year
to establish the first complete theory of DFWM in noncentrosymmetric crystals.
This theory considers the two possible phase-matched DFWM experimental set-ups
and all possible second and third order contributions to the signal. The allowed sec-
ond order contributions are second harmonic generation / difference frequency gen-
eration, optical rectification / Pockels effect, and Piezoelectric effects. Some
theoretical works on these topics that appeared separately in the literature have been
found to contain important errors, which are removed in the present theory. Addi-
tionally, it is now the first time that all contributions are included in the same treat-
ment.

The importance of this work, besides the fact that it finally gives a full description
of a physical process that has been known and used for years, lies in the fact that
DFWM is a standard tool for the determination of third order nonlinear optical sus-
ceptibility. While there is no doubt about the correctness of experimental results ob-
tained in centrosymmetric materials, the present theory demonstrates that for non-
centrosymmetric materials the possible second-order contributions lead to depen-
dences of the DFWM signal from details of the experimental set-up that were pre-
viously ignored. These include (i) dependence on the polarizatons of the interacting
waves because of the contributons of second harmonic generation in certain
DFWM configurations; (ii) dependence from the beam-crossing angle because of
piezoelectric effects; (iii) dependence from the orientation of the sample because of
the contributions from optical rectification. It is only with the knowledge of all these
contributions that it is possible to analyze a DFWM experiment in a noncentrosym-
metric material and obtain reliable values of the third order susceptibilities.

Reference:  I. Biaggio, Phys. Rev. Lett.  82(1), 193-196 (1999).

Sponsor: ETH Zürich
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 NUCLEAR MAGNETIC RESONANCE  4.1 
NUCLEAR MAGNETIC RESONANCE

Restoration of the Local Symmetry Through Slow Takagi Defect 
Motion in D-RADP-55 4.1

P. M. Cereghetti and R. Kind

From the 31P NMR rotation patterns at 45 K we know that the ice rules are obeyed
in the glass phase of D-RADP-50. In fact no signs of Takagi groups could be ob-
served and therefore all hydrogen potentials must be strongly biased. This accounts
for the fact that any jump of a deuteron in a Slater lattice creates a Takagi pair which
has a higher energy than the original Slater pair. We have thus to deal with a super-
position of two kinds of bond bias energies, the glass bias and the ice rule bias. The
ice rule bias must be time averaged to zero by the motion of unpaired Takagi
groups.

However, the principal question is still open: Is the glass bias static or does it
change or even invert in a very slow time scale? The latter would imply ergodicity
restoring. Up to now only one experiment is known which can be explained by er-
godicity restoring only. This are deuteron 2D exchange NMR measurements on the
isostructural D-RADA-44 at low temperatures performed in the Ljubljana group
some years ago. The time scale of the effect was found to lie between 20 s and
200 s.

Our 31P 2D-exchange NMR experiments indeed showed the characteristic cross-
peaks, e.g. at 55K with a mixing time of 800ms, whereas at 45K mixing times of 4s
were needed for similarly strong cross-peaks. This strong temperature dependence
is a proof that we really observe chemical exchange. For mixing times above 8s the
cross-peaks (45K) are saturated, indicating that all six Slater configurations are tak-
en on with equal probability within this time span. This means that the local tetrag-
onal symmetry of the paraelectric phase is restored on a very slow time scale and
that the system is in fact metastable. It is interesting that the static random-bond  -
random-field theory describes the metastable state fairly well for a time scale of ms,
but not the long time average. This might come from the fact that the random field
distribution is not static, but depends on the surrounding local polarizations via a
non-linear feedback affecting the bonding of the ND4-groups.

 

Reference: Ch. Jeitziner, Diss. ETH No.13257, Ph.D.Dissertation, ETH Zürich (1999)

P. M. Cereghetti, Diss ETH No. 13806, Ph.D. Dissertation, ETH Zürich (2000)

Sponsor: Swiss National Science Foundation
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4.2  NUCLEAR MAGNETIC RESONANCE
Deuteron NMR Study of Isotactic Poly (methyl methacrylate)
between T = 291K and T =  23 K 4.2

P. M. Cereghetti and R. Kind, in collaboration with J. Higgins, 
Imperial College, London

We have investigated a 88% isotactic modification of the polymer poly (methyl
methacrylate) (PMMA) to detect possible deviations from the distributions of the
activation energies and correlation times already investigated in Ref. [1] in a mixed
sample which was 50% syndiotactic, 20% isotactic and 30% atactic.

The measurements revealed a considerably higher hindering potential for the ro-
tation of the ester methyl group at low temperatures, i.e. 73 meV instead of 57 meV,
respectively. The Gaussian distributions of the activation energies revealed the stan-
dard deviation σEa= 22 meV. The important value is, however not the absolute but
the relative σEa which is 0.30 for the isotactic sample and 0.39 for mixed sample
mentioned above. This clearly shows the effect of the higher local order of the iso-
tactic sample. The higher average activation energy makes the line-shape transition
take place at a considerably higher temperature (+20 K) in the isotactic modifica-
tion.

The analysis of the magnetization recovery of the 2H quadrupolar order relaxation
signal revealed another feature, a crossover to a relaxation process which becomes
dominant at low temperatures below 110 K. This relaxation process does not affect
the line shape transition which can be obtained from the Arrhenius extrapolation of
the reorientational 120º jumps, the dominant relaxation mechanism at high temper-
atures. We have thus been looking for a mechanism which could explain the ob-
served crossover in the relaxation. A mechanism which is always mentioned, but
never identified, is the librational motion of the CD3-groups within the potential
well. It was always questioned whether the libration which is connected with tran-
sitions from the ground state to the first exited state of the system could give rise to
additional quadrupolar relaxation. This is only the case if the potential is either
asymmetric with respect to its minimum or exhibits two minima separated by a
small barrier. However, none of the various models we have checked was giving
enough spectral density at the Larmor frequency to explain the observed crossover
in the temperature dependence of T1. 

References: [1] St. Pfändler, Diss ETH No.10924, Ph.D.Dissertation, ETH Zürich (1995)

[2] P. Cereghetti, Diss ETH No. 13806, Ph.D. Dissertation, ETH Zürich (2000) 
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 NUCLEAR MAGNETIC RESONANCE  4.3 
Frequency Resolved Two Dimensional NMR Analysis of 87Rb Spin
Diffusion in Ferroelectric RbH2PO4 Between 80K and 120K   4.3

P. M. Cereghetti and R. Kind

The notion “spin-diffusion” is used in NMR for the heat diffusion in a spin
bath[1]. It is performed by means of mutual spin flips of spin pairs via the spin flip-
flop term of the dipole-dipole interaction. This mechanism leads to off-diagonal in-
tensity in 2D-NMR exchange pattern which cannot be distinguished from the inten-
sity due to motion. In general spin-diffusion is not temperature dependent. This
feature was used in the analysis of 2D exchange NMR to distinguish spin-diffusion
from slow exchange motions which is in most cases thermally activated. In the
course of our spin-diffusion investigation, we performed additionally measure-
ments at different temperatures using the frequency resolved 2D NMR method pre-
sented in Ref. [2]. The evaluation seemed to yield a weak temperature dependence
of the spin diffusion time. On looking for possible reasons we have evaluated the
possible contribution of phonons to spin-diffusion [3]. The calculations were per-
formed for a general lattice of interacting spins under the assumption that phonons
are modulating the dipole-dipole interaction. The numerical evaluation for the case
of the ferroelectric phase of RbH2PO4 (RDP), however, revealed a marginal influ-
ence of the phonons.

The analysis of the TSD revealed a stochastic temperature dependence which was
not understood until we have checked the NMR frequency splitting. The latter was
also found to change in a stochastic way instead of remaining constant. The reason
for this was an unstable crystal orientation due to improper mounting. In order not
to abolish the data which took several months to collect, we have plotted TSD  versus
the mentioned frequency shift. The correlation was obvious and the data points
could be fitted very well with an inverted Gaussian. The result thus meets the theo-
retical prediction, i.e. spectral and spatial spin diffusion are both temperature inde-
pendent within the accuracy of the measurements.

Reference: [1] D. Suter and R. R. Ernst, Phys. Rev. B25, 6038-6041 (1982)

[2] P. M. Cereghetti and R. Kind, “87RB spin diffusion in ferroelectric RbH2PO4 
studied by two dimensional NMR”,  J. Magn. Resonance 138, 12 (1999).

[3] J. Dolinsek, P. M. Cereghetti and R. Kind, "Phonon-assisted Spin Diffusion in 
Solids", J. Magn. Resonance 146, 335 (2000).
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