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Challenges in the physics of photons, atoms, molecules and matter 
--- questions from the heart of physics 

 
 
Introduction 
 
On January 31, 2005 the FOM UB has asked the newly formed ‘werkgemeenschapscommissie’ 
COMOP to develop a vision on the future of this area of research.  In a letter of June 1st, 2005 the 
commission has provided a sketch on how such a vision could be developed. A first draft of the 
document has been discussed at the werkgroepleidersbijeenkomst at Veldhoven in December 
2005. As a definition of COMOP we identify the broad field of ‘physics of matter’ in a broad 
sense considering roughly phenomena on length scale of millimetres to nanometres and an energy 
scale in the µeV to eV range; a range where quantum mechanics very often is of crucial 
importance. This broader field lies between astrophysics (very long length scale) and 
phenomenological physics on the one hand, and high energy physics (subatomic length scales) on 
the other.  Subfields of this area are nano-physics, considered in more detail by the 
‘werkgemeenschapscommissie’ NANO and biophysics, considered in more detail by the 
‘werkgemeenschapscommissie’ FL. 
 
 
Five questions 
 
It is important to increase the visibility of the Condensed Matter research (in the broad sense) 
beyond academia and major industries, as this will help to attract funding and talented people.  
The focusing of the research around some major questions may help in this respect. Contrary to 
Subatomic physics, Fusion physics and Astrophysics, where ‘many people work on a few well 
defined topics’ (origin of the universe, unification of gravity with quantum mechanics, ultimate 
particles), in Condensed Matter many small groups work on a multitude of physical topics.  
Consequently, Condensed Matter is perceived as less coherent than other fields of physics and 
hence less visible.  However, Condensed Matter is intellectually equally challenging, and quite 
often techniques and insights are developed which have a major societal relevance – just think of 
the consequences of the invention of the transistor.  Still, the very disperse nature of the research 
community makes this type of research very vulnerable for societal and political appreciation and 
eventually makes it difficult to justify the costs.  The Condensed Matter  community therefore 
has to adapt continuously to an externally fixed agenda, since it is not able to fix the agenda 
itself.  Centring research topics around a few fundamental questions may help to remedy this.  
 
We distinguish five major scientific questions in the area of Condensed Matter and Optical 
Physics. These questions feature in the top list of relevant research topics listed in several 
documents (e.g. the centennial SCIENCE issue). They also reflect ideas that were formulated in 
the final documents of the late ‘werkgemeenschappen’ AMO and GM.   
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The five major questions are: 
 

1. What governs self organisation in physical, chemical and biological systems? 
2. How do complex, macroscopic phenomena emerge from a quantum mechanical 

description of simple particles with simple interactions? 
3. Which new opportunities can physics provide for information technology?  
4. How can physics contribute to a sustainable energy supply? 
5. How constant are physical constants? 

 
In the following we briefly comment on these questions, arguing i) why we think these questions 
are relevant now and how present technical developments may help in answering them, ii) give 
some examples, iii) sketch the relevance and possible implications for physics and other research 
areas, and finally iv) sketch a perspective on international and Dutch activities in this area.  
Finally we give a few examples of possible future research programmes. 
 
 
Ad 1. What governs self organisation in physical, chemical and biological systems? 
 
The essence of self organisation is that the dynamics of a system leads to an increase of its 
inherent order. Self organisation was introduced in physics as the fundamental principle which 
generates structural organization on all scales from molecules to galaxies. It is defined as 
reversible processes in which pre-existing parts or disordered components form structures of 
patterns. Several physical processes of condensed matter are described in terms of self 
organisation: either as first order phase transitions in equilibrium thermodynamics and 
spontaneous symmetry breaking (like spontaneous magnetisation, crystallisation, 
superconductivity and Bose-Einstein condensation), or as  second order phase transitions 
associated with critical points at which the system exhibits scale-invariant structures. A different 
manifestation, namely self organised structure formation in non-equilibrium thermodynamic, is 
treated by the theory of dissipative structures, describing how at the microscopic or local level a 
system may reduce its entropy by transferring it to its environment. It appears that a closed 
system can gain macroscopic order while increasing its overall entropy. Specifically, a few of the 
system's macroscopic degrees of freedom can become more ordered at the expense of 
microscopic disorder. This is particularly relevant for dynamical systems in which a complex 
structure is made up of small simple units such as new functional materials built by self assembly 
of building blocks of specific physical properties or biological systems where the increasing 
organization of large molecules is more than compensated for by the increasing entropy of small 
molecules, especially water. 
 
The basic question currently under debate concerns whether phenomena as different as the ones 
described above are all fundamentally the same process, or the same label applied to several 
different processes. Self organisation relies on four basic ingredients: positive feedback, negative 
feedback, balance of exploitation and exploration, and multiple interactions. To answer the basic 
question these ingredients have to be identified for the various phenomena and one has to 
understand how these ingredients combine to generate structural organisation.  
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It is not only important from a fundamental point of view to explain how self-assembly can occur 
spontaneously in nature, but self-assembly also bears prospects for applications as human 
engineered systems can be developed based on this knowledge. In biochemistry, the first 
generation of synthetically engineered self-assembling peptides and other biomaterials now 
available have been shown to have superior handling, biocompatibility and functionality. By 
imitating the strategies of biological self-assembly one can also create entirely novel molecular 
building blocks with the ability to form supramolecular architectures whose final (desired) 
structure is 'encoded' in the shape and properties of the clusters or molecules that are used. Self-
assembly is thus referred to as a 'bottom-up' manufacturing technique, as compared to lithography 
being a 'top-down' technique. Microchips of the future might be made by molecular self-
assembly.  
 
The study of  self organisation is a huge research topic. It is strongly interdisciplinary, bringing 
together physics, chemistry and even biology. The theme touches many traditional areas of 
physics like statistical physics, soft condensed matter and liquid crystals. In many places in the 
world the formation of consortia and institutes involving different disciplines can be seen.  
In the Netherlands such multidisciplinary institutes exist at several universities. At the same time 
there exist numerous research teams on topics like surface science, magnetism, 2D networks, 
nanoparticles, nanorods, nanotubes, thin films and higher order architectures all aiming to 
understand and develop novel (multifunctional) (molecular) materials based on self organisation.. 
 
Examples of possible programs 

• Physics of supramolecular and colloidal self organisation 
• Multifunctional organic/inorganic (hybrid?) nano-networked architectures 
• Self-assembled controllable surfaces 
• Bioinspired and biometic materials 
• ........ 

 
 
Ad 2. How do complex, macroscopic phenomena emerge from a quantum 
mechanical description of simple particles with simple interactions? 
 
Quantum matter, consisting of large numbers of simple particles (atoms, ions, electrons), shows 
an amazing diversity on a macroscopic scale. Electrical properties vary from insulating to 
metallic to superconducting and one observes a broad range in mechanical, magnetic and optical 
properties. It is known that these properties come about through interplay of the interactions 
between particles (which are well known) and the principles of quantum mechanics. Still, the 
details of this interplay are only partially known, as can be illustrated by many phenomena that 
are poorly understood:  the mechanism of high-Tc superconductivity remains a mystery, various 
strange metals have not been understood and there are many questions concerning the multiple 
ways spins can organise themselves in quantum magnets. Due to this lack of understanding, it is 
not clear what the possibilities are for fundamental new physical behaviour in quantum matter 
and for applications in new materials. The complexity of the field is such that experiments often 
reveal behaviour not anticipated by the theory. (A well-known example for this is the discovery 
of the fractional quantum Hall effect in 1982.) 
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New systems and materials, new possibilities for precision experiments, and progress in theory 
all indicate the high potential for promising developments in this area of research. 
 
In the development of new systems and materials, fundamental research and applications go hand 
in hand: fundamental research leads to possibilities for inventing new materials and, vice versa, 
technical developments give new possibilities for fundamental research. An example of the latter 
has been the production of high-quality Silicon MOSFETs, which has led to the discovery of a 
possible metal-insulator transition in a two-dimensional electron gas. Nano-scale systems such as 
clusters and quantum dots exhibit quantum correlations and entanglement on the scale of a few 
particles. A spectacular development has been the recent progress in 'atomic quantum matter', 
which arises when a gas or plasma is made so cold that the quantum regime is reached.  In the 
wake of the first realisation of an atomic Bose-Einstein condensate (1995), experiments have now 
started to probe the regime of strongly correlated atomic quantum matter, offering a novel 
perspective on many fundamental issues. 
 
High resolution imaging of the internal structure of quantum matter is a sine qua non for progress 
in this field of research.  Atomic scale resolution of magnetic fields, novel possibilities for 
measuring and manipulating electron spins, and high resolution detection of electrical charges 
will all contribute to novel perspectives on the internal workings of quantum matter. 
 
In the area of theory there is ongoing progress in finding ways to deal with the relevant `quantum 
many body problems’. Advanced mathematical tools are increasingly successful in handling 
relevant model descriptions and numerical methods are becoming ever more sophisticated and 
powerful. At a conceptual level there is important progress in capturing the essence of quantum 
matter in such concepts as `quantum order' and `quantum criticality'.  
 
In the international research landscape there are many initiatives in the area of complex and 
correlated matter in general and quantum matter in particular. One example is the ICAM 
(Institute for Complex Adaptive Matter) initiative (based in the USA but rapidly expanding), 
another is a national research program (NCCR) on `Materials with Novel Electronic Properties’ 
in Switzerland.  The Netherlands boasts a strong tradition in this field of research. While some of 
the leading researchers have moved on (Sawatzky, van der Marel, Mydosh), recent appointments, 
both at junior and senior levels, have brought in new expertise and initiatives and the research 
potential is  again very strong. Recently, a national consortium on Quantum Matter and Emergent 
Materials (QMEM) has been installed. It will serve as a platform for exchange of ideas and 
collaboration, and for the conception of new research programs, both within FOM and outside.  
 
Examples of possible programs  

• Carbon based electronic systems (graphene, nanotubes) 
• Cold atomic matter in optical lattices 
• Size dependent properties of matter  
• Nanocatalysis 
• Theory of correlated matter 
• Nanoscale circuitry, mechanics, actuators and photoactive systems 
• ........ 
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Ad 3. Which new opportunities can physics provide for information technology? 
 
Progress within the information-technology has long been supported by the rapid advance in 
micro-chip technology. One has roughly succeeded in doubling the number of transistors on a 
chip every two years ('Moore's Law'). By now the end of this development seems to be in sight 
and it is necessary to think ahead and to explore new ways of storage, transportation and 
manipulation of information. 'Photonics', 'spintronics' and even 'atomics' offer alternatives for 
traditional 'electronics', with photons, quantum spins and (ultracold) atoms adopting the role of 
the electron. These developments offer unique possibilities to thrust back the frontiers of 
information-technology even further. The challenges that the various information carriers offer to 
fundamental physics are sundry: miniaturisation, conversion between information-carriers of 
different type, the design of sensors and actuators, and long distance transportation each make 
high demands on the understanding and control of fundamental physical processes and materials.  
 
The all important requirement of safe-guarding information has inspired novel technologies such 
as quantum cryptography, which employs quantum entanglement to secure data transfer. 
 
In explorations of the future of information technology, the quest for a possible quantum 
computer deserves particular mention. In a quantum computer information is stored within a so-
called q-bit. This can take on the value of '0' or '1', but it can also find itself in a quantum 
mechanical superposition of both possibilities. Algorithms on a quantum computer can 
ingeniously utilise such superpositions. It has been demonstrated that quantum algorithms can be 
superior to a classical algorithms for certain (not all) computational tasks. The challenge to 
actually build a quantum computer has led to a wide range of ideas, as there are multiple 
possibilities for the physical implementation of a single q-bit: the polarisation of a photon, the 
charge or spin of an electron or atom, or the direction of a current or magnetic flux can all be 
employed. One important concern is the necessity to restrict the decoherence of the q-bit in such 
a way that the computations are completed before the quantum information has leaked out. This 
demand has led to the idea of 'topological quantum computation' , where q-bits are realised in the 
background of a quantum fluid and where topological interactions provide the logical operations. 
 
Perspectives in the field of (quantum or non-quantum) information technology are an important 
trigger for ideas and research projects in condensed matter physics and optics, executed both in 
academic and industrial research centers. (A remarkable example of the latter is Microsoft’s 
Station Q devoted to the study of topological quantum computation.) In the Netherlands, the topic 
of Solid State Quantum Information Processing enjoys support in the form of a FOM program 
and `concentratiegroep’ at Leiden/Delft. Expertise on a variety of aspects of the physics of 
information is present nationwide, offering a multitude of ideas for future research programs. 
 
Examples of possible programs       

• Decoherence in quantum systems  
• New approaches to quantum computing  
• Single photon sources and detectors 
• Micromechanical (MEM) devices 
• ........ 
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Ad 4. How can physics contribute to a sustainable energy supply? 
 
This theme is different from the other four in three respects. Firstly, the relevance of this theme is 
not based on the intrinsic dynamics of the physics discipline, but solely on its crucial importance 
for society. Secondly, physics is not exclusive but just one in a wide spectrum of science 
disciplines involved in the subject of sustainable energy supply. Thirdly, making a contribution to 
this challenge is not a matter of free choice but rather an obligation, and an urgent one at that. 
With regard to the last point, our society is irreversibly addicted to the use of copious amounts of 
energy. This addiction has been made possible by the β-sciences, and it now is the obligation of 
these sciences to ensure a continued supply. 
 
Present-day supply of energy relies to a large extent on fossil fuels (natural oil, natural gas and 
coal). The use of fossil fuels has two problems. One, the natural resources are finite. The 
estimates for natural oil are that economical exploitation will come to an end around 2040-2050. 
The other problem is the environment: burning fossil fuels gives rise to pollution and most likely 
causes global warming. Both these problems have spurred the current push for the development 
of a sustainable energy supply. The options for replacement of fossil fuels as a sustainable source 
of energy are solar energy, biomass, wind, water and other forms of geothermal energy. Since 
some time now, the nuclear options of fission and fusion are increasingly being regarded as 
belonging to the sustainable sources. In the area of fusion research it is very important that ITER 
will be build and in the wake of this event many questions may provide an inspiration for 
research. For all of the new options, it is not sufficient just to develop them as a source of energy, 
but new solutions are also needed for storage and distribution. 
 
In most, or all of these areas, physics can – and should – play a significant role. For the COMOP 
area, numerous research topics can be named. Examples are photovoltaic cells (semiconducting, 
organic), photothermal energy conversion, methods for hydrogen production and storage 
(heterogeneous catalysis with nanoparticles, understanding catalysis at the microscopic level), 
batteries, transmutation of long-lived nuclear waste, plasma-wall-interaction in fusion reactors 
and many more. 
 
In The Netherlands energy-related research is being performed at several sites (FOM-Rijnhuizen, 
Petten, Delft, Eindhoven, Nijmegen, Twente). However, despite the obvious societal relevance 
and urgency, within FOM there is no concerted effort, on a limited number of topics in which 
serious impact can be foreseen. Recently FOM conducted a foresight study on the topic of 
energy. 
 
Examples of possible programs 

• Harvesting energy from the sun 
• Plasma-surface interactions 
• New roads to hydrogen production and storage 
• Weight efficient batteries 
• .......... 
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Ad 5. How constant are physical constants? 
 
The building blocks of physics are formed by a limited number of physical constants. Examples 
are the velocity of light, the gravitational constant, the electronic charge, and Planck's constant. 
The invariability of these constants is essential for the laws of physics. However, recently 
indications have been found that some of these constants may not at all be constant but in fact 
may be changing over time. An example is the fine structure constant alpha for which evidence 
was found that its value slowly increases with time. This constant forms a measure of the strength 
of the electromagnetic force that governs how electrically charged elementary particles (e.g., 
electron, muon) and light (photons) interact. This and other recent work stimulated a very strong 
interest in testing the invariability of the physical constants. 
 
The current interest in the robustness of the physical constants is further stimulated by the 
development of new experimental techniques that allow for measurements with unprecedented 
accuracy. An example is the development of frequency combs. By locking the repetition rate and 
mutual phases of the pulses of a mode-locked laser to an atomic clock, the frequency spectra of 
these pulses can be determined with extreme accuracy. The accurate knowledge of the 
frequencies allows for extremely precise spectroscopic measurements, which in turn enables a 
very accurate determination of the values of physical constants like the constant mu (the ratio of 
the masses of the proton and the electron), Planck's constant, and the hyperfine constant. 
Another interesting recent development is the progress in the production of anti-hydrogen. The 
availability of "cold" anti-hydrogen will allow a test of the equivalence principle of Einstein that 
states that there should be no difference in the gravitation of a particle and its complementary 
anti-particle. The production of "cold" anti-hydrogen will also allow a test of the principle of 
CPT (charge-parity-time) invariance, which states that each interaction should be invariant under 
the simultaneous conjugation of charge (C), parity (P) and time-reversal (T). A possible test of 
the CPT principle is an accurate spectroscopic measurement of the Lamb shifts of hydrogen and 
anti-hydrogen. A third example of an interesting recent experimental development is formed by 
the extremely accurate measurements of the Josephson effect and the quantum Hall effect. The 
measurement of the Josephson effect allows the determination of the Josephson constant which is 
twice the electronic charge e divided by Planck's constant h. The measurement of the quantum 
Hall effect provides the fine structure constant which is proportional to e2/h. The combination of 
the two can give important information on the values of the separate physical constants and in 
combination with yet another experiment will provide an internal consistency check of the 
different natural constants. An issue among metrologists is the definition of the kg which is still 
defined by material standards. To link the kg with experiments to other natural constants is an 
important challenge, which may have fundamental consequences.  
 
The Nobel prize 2005 awarded to Hänsch, on his work on precision measurement with frequency 
combs, represents an international recognition of the fact that new physics may emerge based on 
such ultraprecise measurements. In fact in the Netherlands a FOM IPP program (involving 
Amsterdam and Delft) exploiting possible new time standards, has recently been approved  
We anticipate that in the near future extremely accurate measurements of light absorption and 
other physical effects will be performed. These experiments likely will give revolutionary new 
insights in the robustness of the physical constants and thereby in the laws of physics. As a result, 
these experiments will also have tremendous impact on fields like cosmology and astronomy. 
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Examples of possible programs 

• New time standards based on frequency combs 
• Proton/electron mass ratio 
• Flux quanta e/h in the quantum Hall effect, the Josephson effect and the Aharanov-Bohm 

effect 
• .......... 

 
 
 
Towards future programs 
 
Within the five questions addressed above, attractive research themes can be formulated that can 
form the basis of future programs. Clearly, these programs will not fully answer the above 
questions, but the connection to the five questions will make it easier to explain the importance of 
the research in a broader context.  
 
In order to increase the visibility and to make efficient use of resources, coherent programs (a 
consortium of groups working together on the chosen theme)  should be developed. These 
programs should be shorter in duration and smaller in size than the present FOM programs and 
should be organized around a well defined theme, with (in principle) predefined participants 
whose relation to the other participants is established from the start, and which have an active 
coordination. Young talented researchers should be invited to join existing programs. In the 
ranking of the programs, the theme, the scientific quality of the participants, the quality of the 
coordination, and the effective use of the available expertise in the Netherlands will become 
essential elements in the evaluation.   
 
 


