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Abstract

Our network joins leading European laboratories at the forefront of experimental studies
of small physical, biophysical and chemical devices, to the theoretical groups that have
pioneered recent spectacular advances in the nonequilibrium physics of small systems.
Such a unique cross-disciplinary network will push forward the integration between
theory, experiment and application, allow to solve technical problems specific for the
small scale and inspire new methods of design, manipulation and operation. We will fur-
ther develop and apply the thermodynamics and statistical mechanics of small honequi-
librium devices, evaluate the role of stochasticity and nonlinearity and the implementa-
tion of optimization techniques, and develop new calculational approaches for small dri-
ven systems. Important inspiration will also be drawn from the incorporation of groups
working on the physical understanding of biological machines like molecular motors and
other ““devices" operating in the cell and their corresponding biotechnological applica-
tions. The implications of these new theoretical and conceptual perspectives will be con-
fronted with the practical and technological issues posed by the design and construction
of small scale devices, in synergy with the participating research laboratories working on
nanoelectronics, nanorefrigeration, supra-molecular devices, catalytic devices, biotech-
nology of the cell, micro-fluidics and micro-arrays. We will also devote special attention
to expertise-broadening training of young scientists.
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Proposal

1. Status

Recent technical, experimental, conceptual and theoretical advances open new perspec-
tives, not only for the study or understanding of small systems, but also for their manipu-
lation, control and manufacture. The theoretical breakthroughs offer a new vision on the
relation between the micro and macro worlds, in particular the impact of dynamical ran-
domness, the relationship between fluctuations, entropy production and work, and the
role of stochasticity in small scale non-linear nonequilibrium phenomena. On the concep-
tual side, rather than miniaturizing the construction and principles of macroscopic ma-
chines, one can build on the specificities of the small scale such as the presence of a
strong stochastic component, to propose new designs and new modes of operation. Ad-
vances in the study, measurement, manipulation or even manufacture of small devices
are even more spectacular. The technical and experimental breakthroughs include a
whole array of new measuring, manufacturing and controlling devices such atomic force
microscopy, scanning probe microscopy, field emission microscopy, optical tweezers
etc., an array of techniques from lithography, biotechnology and supra-molecular chemi-
stry, and many new and improved methods developed in nanotechnology (nanoelectron-
ics, nanomedicine, nanotubes, micro-fluids, etc.).

2. Motivation and Plus Value

Our network offers a unique expertise spanning the whole range from purely theoretical
research to experimental and applied research. The majority of the laboratories are in
fact involved in experimental research, while the theoretical groups are at the forefront of
the recent developments concerning the physics of small devices. Topics include: none-
quilibrium statistical mechanics, stochastic processes, stochastic thermodynamics, non-
linear dynamics, numerical techniques, control theory, pattern formation, supra-
molecular chemistry, nanoelectronics and nanomaterials, charge transport and thermal
properties in nano- and microstructures, biotechnology of small devices, catalysis at the
nanoscale, experimental and theoretical biophysics of the cell. In fact, each of the partic-
ipating groups has performed pioneering work in one or several of the above mentioned
topics. Nevertheless, in the absence of a common structure or overarching network, and
due to the involvement of different scientific communities, chemical, biological, physical
and engineering science, the cross-interactions have been relatively limited.

Previous experience has shown that such contacts can lead to genuine new ideas. As
concrete examples of such cross-fertilization, some of which were generated by inciden-
tal contacts in the StochDyn ESF network, we cite new computation techniques for free
energy estimation, Brownian refrigerator in nanosuperconductors, issues of Carnot effi-
ciency for Brownian motors in supra-molecular chemistry, various proposals for micro-
sieves and other micro-fluidic devices.

The main strategic purpose of the network will be to organize such cross-disciplinary
contacts on a more systematic basis and centered around specific problems suggested
by either the participating theoretical or experimental groups. Equally important, the net-
work will allow to expose young researchers on the level of a European network of excel-
lence to expertises that cross the traditional boundaries between disciplines. As far as



the scientific aspect is concerned, the topics on which we will focus are expounded in
more detail below.

3. Theory: Concepts, Techniques and Perspectives

Since the 1990s several European groups have booked major advances in the theoreti-
cal and conceptual description of small systems. One class of results is related to what is
usually referred to as fluctuation and work theorems. These results extend the pioneer-
ing work of Onsager to far from equilibrium situations. They can be derived at the Hamil-
tonian level and provide a new foundation for the second law and the interpretation of
irreversibility [VandenBroeck1], and can also be formulated more generally for dynamical
systems [Gaspard].

When operating at a mesoscopic scale, relevant for some physical and chemical and
most biophysical applications, a new field called “stochastic thermodynamics” or “path
thermodynamic” has been developed [Seifert1, Peliti] This approach generalizes the
classical concepts of thermodynamics to small driven systems by assigning a weight to
each phase-space path. Exact results for the distribution of work and entropy production
can be derived. In some cases, dynamical phase transitions may occur which are asso-
ciated with exponential tails in the work or entropy flow distributions. Since successful
comparisons with experimental model systems have proven the fundamental potency of
this new framework [Seifert2], it can and should now be applied to both more complex
biological systems and technologically relevant devices.

The concept of thermodynamic stability and, in particular of a phase transition itself, has
to be revisited when dealing with small systems. When discussing structural and mor-
phological phase transitions in nanoparticles, one has to realize that the physical and
chemical properties can change dramatically essentially due to the large surface to vo-
lume ratio. Transformation pathways blocked in the macroscopic material might become
favored in the nanoparticle, because they lead to shapes with particularly low surface
free energies. Also, thermal fluctuations, which affect the stability of nanoparticles, are of
increasing importance as size is scaled down. In view of the possible use of such nanos-
cale systems as building blocks for novel devices, understanding these effects on an
atomistic level is of fundamental importance [Dellagol].

Another question related to pattern formation deals with the combination of external
fields with fluctuations in the formation of e.g. precipitation patterns. A deeper under-
standing will help the design of noise-controlled patterns on micro- and nanoscales
[Racz].

Specific concepts from the field of stochastic processes open novel perspectives in the
study of various small scale phenomena, including electron transfer theory, the modeling
of simple molecular wires based on the structure of DNA, studies of electronic properties
of random polymers, and the investigation of radiation-induced fragmentation processes
in DNA. In particular, the analysis of spectral diffusion in single molecule spectroscopy
relates to a class of generalized Markovian processes with stable (Lévy) distribution of
increments. Such models also describe the stochastic dynamics of particles or excita-
tions moving along fastly folding polymers [Gudowska].



4. Devices: Physical

The appearance of fluctuations in small systems has led to new concepts for characteriz-
ing or operating such devices, exploiting rather than fighting these very same fluctua-
tions. We cite the principles of Brownian motors [Prostl], stochastic resonance and
resonant activation, Brownian refrigerator [VandenBroeck?2], stochastic synchronization,
Parrondo paradox [Parrondo] and free energy estimations from fluctuations [DellagoZ2].
The basic question about the efficiency of the devices has to be re-examined [Par-
rondol]. For operation far from equilibrium, one can wonder whether the efficiencies
predicted close to thermodynamic equilibrium, such as the Carnot and Curzon-Ahlborn
efficiency, can be reached. In particular it appears that very high efficiencies are attained
in biological motors. The understanding of these mechanisms from the new theoretical
perspectives has obviously great technological potential. Besides the direct application
to thermally, optically or chemically driven nanomotors [Gaub], these insights can guide
the design for nanoversions of the refrigerator, the thermo-couple, the Peltier element
and the photovoltaic cell.

Concerning electro-thermal or electro-optical processes, we mention the charge trans-
port and thermal properties in nano and microstructures [Pekola]. The interplay of the
various relaxation rates and the energy filtering of electrons in superconducting-metal
structures opens a very versatile and well controlled domain for studies of thermal phe-
nomena in nanosized structures and devices. These include quantized thermal conduc-
tance by photons, cyclic electronic refrigeration utilizing single-electron charging effect
and energy filtering, and Brownian refrigeration of electrons.

The interplay between fluctuations, disorder, and collective phenomena can also be ob-
served in micro- and nanostructured materials fabricated by means of lithographic tech-
nigues. A rich phenomenology of ratchet effects has been observed for fluxons in super-
conducting films [Vicent] and also in the motion of domain walls in magnetic materials
[Parrondo?2], providing new design strategies for nanodevices.

The effect of noise (chiefly non-white noise) upon oscillators, with particular emphasis on
phase noise-induced frequency shifts, is relevant in models of micro-electronic oscilla-
tors and phase-locked loops [Gleeson].

5. Devices: Biophysical

From a biophysical perspective, the fundamental constituents of the cell like membranes,
proteins and molecular motors and their cooperative action in essential functions of cell
life like intracellular traffic, adhesion, dynamics and motility, signal transduction and
sound detection are modelled and studied both experimentally and theoretically using
these novel concepts from non-equilibrium statistical mechanics [Prost2]. Inside cells,
molecular motors can act individually for example to transport material along filaments,
but they often act collectively, as in muscles, in some cells to provoke the beating of cilia,
or in the cytoskeleton where they create internal contractile stresses and active fluctua-
tions. The behavior of single motors is well understood in terms of two-level systems or
Brownian ratchets. The collective behavior of molecular motors is less understood and in
general leads to dynamic phase transitions, instabilities, and oscillatory behavior
[Prostl]. The study of specific cases in cell biology provides a challenging application of
physics at a small scale. With regard to the hair cells, recent biomimetic experiments



with actin filaments can be reproduced well by the non-linear force displacement relation
of the hair cell cilia. Myosin motors on the other hand confer to the cytoskeleton an ac-
tive character: the cytoskeleton is maintained in a nonequilibrium state because of the
constant consumption of energy of the molecular motors. Models to describe active po-
lar gels and more generally the statistical physics of active materials have recently been
proposed but many properties of the cytoskeleton such as the non-equilibrium noise or
the finite frequency rheology remain to be understood [Julicher].

Molecular motors seem to be remarkably efficient despite the fact that they operate far
from equilibrium. If the principles uncovered in such studies can be transferred to new
technological problems like transport, separation and sorting of nano and micro-particles,
e.g. by using micro-scale particle sorters and optical lattice-based devices, a major tech-
nological spin-off can be achieved.

As a related application from the area of biotechnology, micro-arrays have become a
powerful tool to monitor the gene expression level of thousands of genes simultaneously
on a genome-wide scale. In these devices, RNA targets in solution bind to surface-
bound DNA probes, and a marker makes the RNA/DNA complex fluorescent. The inten-
sity measured from a specific spot on the microarray, with a specific DNA sequence, re-
flects the concentration of the complementary RNA. A quantitative estimation of the RNA
concentration hinges on the relation between fluorescent intensity and concentration.
These effects can be accessed with the combination of biochemistry (the various binding
free energies) and statistical physics (the partition sum over all possible ways in which
two strands can bind to each other) [Barkema).

6. Devices: Chemical

Some of the recent advances of synthetic chemistry also require a theoretical framework
based on the physics of small systems. Chemists have demonstrated imagination and
considerable skill in the design and construction of synthetic molecular systems in which
positional displacements of submolecular components result from moving downhill in
terms of energy [Leigh]. But what are the structural features necessary for molecules,
which are undergoing incessant Brownian motion, to repetitively do mechanical work?
How can we make a molecular machine that pumps ions to reverse a concentration gra-
dient, for example, or moves itself uphill in terms of energy? How can we make nanos-
cale structures that traverse a predefined path across a surface or down a track by res-
ponding to the nature of their environment so as to change direction? How can we make
a synthetic molecular motor that rotates against an applied torque?

Artificial compounds that can do such things have yet to be realized. However, the fun-
damental guidelines necessary to invent them are being studied by physicists. A close
interaction between chemists and physicist is needed to understand how these often
theoretical ideas can be implemented into actual synthetic molecular structures to create
working experimental artificial molecular machines. The network will promote such colla-
boration to explore the possibility of producing experimental examples of some or all of
the following types of mechanism: flashing ratchets, tilting ratchets, Seebeck ratchets,
drift ratchets, Hamiltonian ratchets, temperature ratchets, and entropic ratchets.

Catalysis is another immensely important field of research, for which the understanding
of the interplay between physics and chemistry at the very small scale is essential. In



field emission microscopy, atoms at the tip are ionized by a high electric voltage, allow-
ing to observe crystal facets and their dynamics at the nanoscale. This technique is used
to study chemical reactions of heterogeneous catalysis with nanometric resolution. In
particular, oscillating chemical reactions have been observed in the reduction of NO,
with H, on platinum or in the O, + H, reaction forming water on rhodium. These systems
are typical out-of-equilibrium nanosystems. The understanding of these processes at the
nanoscale remains an open problem, with obvious technological implications for the
construction of catalytic devices [Kruse].

7. Synopsis

This network takes on the challenge to forge closer ties between leading theoretical, ex-
perimental and technological laboratories in the area of small nonequilibrium physical,
biophysical and chemical devices. This extremely promising field of research is evolving
at an unprecedented pace. We should not miss an opportunity to fuse the European ex-
pertise in a field that will play an important role in the technology of the 21 century.
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Facilities

The participating laboratories offer a wide and extensive array of facilities for experimen-
tal, theoretical and numerical research. Several of them dispose of appropriate logistics
with tested experience for organizing workshops and conferences.

Benefit European Collaboration

The mobility of research, academic resources and human capital is still insufficient in
Europe even in fields in which we have a very strong expertise as well as in those which
have high technological promise. The mobility issue exists both in its geographical
sense as in the sense of cross- and interdisciplinary collaboration. This lack of mobility is
especially unfavorable in emerging fields such as the physics of small devices.

The first aim of our network will be to increase the mobility in the fields of research that
are specified in the proposal. The network will join leading laboratories from 17 Euro-
pean countries, working in mathematics, physics, chemistry and biophysics and engi-
neering, and using completely different technical, analytical and computational tools in
their study of small devices. Many of the involved research groups, while very prominent
in their specific own research field, have no active contacts with each other. We will
forge personal collaboration, by strongly promoting the exchange of students, junior and



senior researchers in visits of short or medium duration. The organization of thematic
meetings will allow to gather experts and students from different backgrounds around a
common theme and provide a European forum for other researcher to join in. In particu-
lar, this will help to forge and strengthen crucial ties between the non-equilibrium me-
chanics and the nanodevices communities. We will initiate the process of mutual ac-
quaintance in several steps. First we plan a meeting of the steering committee to get fa-
miliar with the mode of operation and discuss in more detail about start-up activities. This
will include the planning for the first major event, namely an opening conference in which
representatives of all the participating laboratories will expose their research topics and
methods. Next, we will organize exploratory meetings followed later by thematic meet-
ings, in which more specific collaboration around themes of common interest will be
promoted. The groups not only differ in specific research interest but also in their in-
volvement into basic or applied research. Our network will again try to bridge the gap,
especially by promoting exchanges that join such laboratories.

Our second and even more important main goal is focused on the formation of students
and junior researchers. While exchange of students between European laboratories is
promoted through several European programs, our network will provide a sense of be-
longing to a broadly based high quality community of research centered on a theme that
has both fundamental and technological appeal. It will allow contact with other groups,
other than the natural partners of the home institution. We will encourage such collabora-
tion by grants for visits of short and medium duration. Also we will organize two schools
(introductory school in 2009 and a more advanced in 2011) providing intensive and ex-
tensive guided education into current topics of interest, with special attention to the
bridging of disciplines and to the presentation of topics that are not treated in university
curricula. These schools will be widely advertised and will obviously be open, and - with-
in the limits of the budget - freely accessible to all students from participating European
countries. Students will also receive substantial subsidies for participation in our other
main events and a la carte for more specialized thematic meetings.

Our third and final aim will be to initiate or strengthen collaboration between laboratories
that may be working on related subjects but have, for some reason, not been closely in
touch with each other. This includes the connection between theoretical and more ap-
plied laboratories and to cross-disciplinary work. Exchange of students and researchers,
the organization of specific thematic meetings and the very existence of the network
should promote these contacts.



Proposed activities

The schedule of activities is schematically represented in the table below (assuming start
of activities in 2009). We distinguish three main ingredients: a yearly main event (school
or conference), smaller meetings (5-10 per year) and exchange visits by senior and ju-
nior researchers and by students (short and medium duration, total of about 40/year).

Duration: 60 months
Budget estimate 100 keuro/year total 500 keuro

Main event: 19.5 keuro/year

30+ participants 4-5 days

Conferences: 3 organizers + 7 speakers at 800 euro, 15 student grants at 600 euro and
2.5 keuro other expenses.

Schools: 6 speakers at 1000 euro, 15 student grants at 600 euro and 4.5 keuro other
expenses.

The opening meeting will be combined with a first meeting of steering committee. The
further distribution of the funds will be decided via email consultation.

Workshops: 36 keuro/year
3-12 keuro/meeting, 5 meetings per year

Researcher visits: 16 keuro/year
15 short time visits 800 euro/visit
4 long time visits 1000 euro/visit

Student visits: 14 keuro/year
15 short time visits 600 euro/visit
5 long time visits 1000 euro/visit

ESF administrative cost (14.5%) 14.5 keurol/year

2009 2010 2011 2012 2013
Opening Meet- | Introductory Conference Advanced Closing

ing School School Conference
Exploratory Thematic Thematic Thematic Satellite
Meetings Workshops Workshops Workshops Meetings
Initiating Exchange Exchange Exchange Concluding
Visits Visits Visits Visits Visits
Student Student Student Student Student
Visits Visits Visits Visits Visits

85.5 keuro 85.5 keuro 85.5 keuro 85.5 keuro 85.5 keuro
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Five recent publications
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