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Computer simulation stands out as the third fundamental paradigm of science, 
beside theory and experiment. The role of computers in science is twofold. On 
the one hand, computers extend enormously the scope of theoretical sciences, 
in that they allow for the numerical solution of the vast majority of equations, 
which cannot be solved by analytical means. In this respect, computers are 
instruments by which theories can be measured (i.e. numbers can be extracted 
from theories) whereas natural phenomena and processes are measured by 
experiments. Scientific insight arises then from a careful comparison between 
these two kinds of measure. On the other hand, computers can be used to 
perform virtual experiments in which our representation of the physical reality, 
though necessarily schematic and simplified, can be tuned and varied at 
will down to the atomic scale. When real experiments can be done, computer 
simulations provide predictions, interpretations, as well as a very accurate 
assessment of theories and models. In some cases where experiments cannot 
be done, or when they cannot provide answers to some of our questions, 
computers allow to simulate properties and processes that cannot be 
observed in the laboratory, thus providing a unique insight into the system 
being studied. Computer simulations can thus (in)validate existing theories 
and prompt the inspiration for new theories and models, much in the same way 
as real experiments do.
Computer simulation is ubiquitous in science and technology, spanning such 
diverse domains as high-energy physics, astrophysics and astronomy, earth 
and planetary sciences, chemistry and materials science, life and health 
sciences, meteorology and environmental sciences, as well as all branches 
of engineering. Italian physicists, particularly those of the Trieste theory 
pole, have always been leading actors in the numerical simulation of matter 
at the atomic (nano) scale. Staying at the forefront of this rapidly advancing 
and internationally highly competitive field requires the deployment of 
dedicated hardware and human resources in a similar way as large facilities 
are necessary to even conceive certain experimental enterprises. In order 
to optimize the use of available resources and to foster the creation of new 
synergies, the Democritos National Simulation Centre of INFM-CNR was 
established as a distributed virtual laboratory, home to the entire Italian 
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scientific community active in the field of computer simulation of matter at 
the nano-scale. This laboratory is receiving strong support by SISSA, its host, 
and by CINECA, the leading Italian super-computing center in Bologna, which 
was in fact one of its founding partners. Large computer resources are being 
provided by SISSA and CINECA. SISSA also provides full logistic support, as 
well as many of the senior investigators of the Center, while CINECA provides 
technical support, as well as additional personnel fully dedicated to the 
activities of the Center. 

Democritos is an inter-disciplinary forum where condensed-matter physicists, 
materials scientists, and chemists carry on coordinated research at the 
leading edge of computational materials science. Research in Democritos 
spans a large spectrum of competences ranging from phenomenology to 
theoretical physics and chemistry, down to algorithmics and numerical 
analysis, to end with a limited but well targeted expertise in those areas of 
information technology relevant to our applications. Its mission comprises 
theoretical and simulation support to large-scale experimental facilities, as 
well as the design, implementation, maintenance, and distribution of high-
quality, high-performance software for the quantum simulation of matter. 
Democritos is a national and international reference center for the promotion 
of computational science, for professional training in this area, and for the 
dissemination of the culture of scientific computing. 

Research at Democritos includes four main research lines: Nanotechnologies, 
nanosciences, and materials engineering; Biomolecular medicine and 
biotechnologies; Strongly correlated systems and superconductivity; 
Microelectronic devices and electron correlation in confined systems; plus one 
activity of research and support in the Development of hardware and software 
solutions for high-performance scientific computing.
The training and education activity in Democritos includes: a PhD program in 
collaboration with the partner universities; the organization of national and 
international workshops and conferences; the organization of training courses 
in quantum numerical simulation methods, targeted on an international 
audience from developed as well as developing countries; an outreach program 
targeted on national high schools.
In a snapshot, Democritos comprises 9 institutions (universities, laboratories, 
and one supercomputing center), 4 research lines and one research and 
development activity, 70 researchers, 40 PhD students and 20 postdoctoral 
fellows. The simulation throughput is made possible by the use of almost 
2 millions supercomputing cpu hours per year, which give rise to about 100 
publications per year in high-impact journals. 
The present booklet reports on some of the highlights achieved by researchers 
at Democritos during the years 2004-2006. I wish the reader will enjoy reading 
about them no less than we at Democritos have enjoyed the hard work that has 
made them possible.

Stefano Baroni 
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Nanotechnologies, nanosciences  
and materials engineering

Part 1



Theory and experiment meet at the nanoscale. The rush of experimental 
science towards the investigation and manipulation of matter at ever shorter 
length and time scales meets the efforts of theorists who, thanks to new ideas, 
algorithms, and computers of ever increasing power, manage to simulate 
realistic models of materials of ever increasing complexity, using their 
chemical composition as the sole input parameter. 
The scope of nano-scale computer simulations in materials science is 
twofold. On the one hand, modern computational techniques based on 
quantum mechanics can address the processes and the properties of 
systems that the manipulation of matter at the atomic scale permits to 
design and realize. The work of Dal Corso, Smogunov et al. demonstrates 
the influence of magnetism on the contact conductance by applying 
the computational codes for the calculation of Landauer ballistic codes 
recently developed in the Democritos SISSA group to the case of magnetic 
nanocontacts. While these theoretical approaches may seem somewhat 
arcane (and indeed will take some time to verify them) it is only thanks to 
these techniques that the properties displayed at the macroscopic scale by 
even conventional materials and devices can be understood, predicted, and 
designed. Controlling current through magnetization is of course a classic 
example. Another one, exemplified by the article by Scandolo witnesses 
of the level of sophisticaton that the prediction of exotic phases of matter 
under extreme conditions of pressure and/or temperature has reached, 
thanks to advanced quantum-mechanical simulation techniques. 
Catalysis is a traditional field of research in inorganic chemistry, of 
paramount technological and environmental importance. It is often said that 
catalysis has always been part of nanoscience, well before this term was 
even coined, for it has long been recognized that the activity of a catalytic 
device depends on such fine details of the fabrication process that can only 
be attributed to the detailed atomic structure of the catalyst’s surface. It is 
however thanks to modern experimental and simulation techniques capable 
to address this atomic structure and its influence on the catalyst’s activity 
that catalysis is exiting the era of trial-and-error research and entering that 
of rational understanding and design. The article by de Gironcoli reports on 
the potential that ab-initio simulations based on density-functional theory 
(DFT) may have in this area. 
One of the most promising applications of nano-scale computer simulations 
in materials science is that of the characterization of materials through 
computational microscopy and computational spectroscopy. Nano-scale 
materials microscopies such as scanning-tunneling (STM) microscopy, for 
instance, though endowed with atomic-scale resolution, are not able by 
themselves to identify the chemical nature of the features that they reveal. 
In this case, a comparison of the STM images simulated for a material model 
under controlled atomic conditions with those observed in the laboratory 
may allow to unravel the complex atomic structure that gives rise to the 
observed image. The articles by Fabris and Peressi provide two spectacular 
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examples of the possibilities offered by the combination of computational 
and real microscopies. A similar procedure can be followed using various 
spectroscopies. By comparing the dependence of the spectral features of 
a system on its atomic structure, which is readily simulated on a computer, 
with the spectra obtained in the laboratory it is often possible to gain detailed 
information at the nano scale that would not be accessible by experimental 
means alone. This is already common practice with infrared, Raman, and 
inelastic neutron- or X-ray-diffraction spectroscopies for which the accuracy 
of simulate spectra is often comparable with that achieved in the laboratory. 
The situation is not as favorable for those spectroscopies, such as absorption 
in the visible or UV regions, or resonant Raman spectroscopy, for which the 
excitation of electrons across the energy gap plays an essential role. Extending 
the scope of DFT to electronic excitations is a very active field of research. 
Time-dependent density-functional theory (TDDFT) stands as a promising 
alternative to cumbersome many-body approaches to the calculation of the 
electronic excitation spectra of molecular and condensed- 
matter systems. Unfortunately, the computational methods available until very 
recently were so cumbersome that TDDFT could in practice be applied only 
to the low-lying portion of the spectrum at rather simple systems, consisting 
of a few tens inequivalent atoms at most. The article by Baroni illustrates 
how innovative algorithms may open major breakthroughs in this field of 
paramount fundamental and applicative relevance.
Computers do not only allow calculating and simulating properties and 
processes that would not be otherwise accessible to theoretical research. 
The very process of designing beautiful computer experiments sometimes 
allows one to discriminate sound theoretical concepts from ill-defined ones. 
Paradigmatic in this respect is the birth of the so called modern theory of 
polarization that followed several unsuccessful attempts to calculate from 
first principles the macroscopic electric polarization of ferroelectric materials. 
A similar fundamental change of paradigm is probably of the verge of 
emerging in what concerns the orbital magnetic polarization of ferromagnets. 
Progresses in this area are illustrated in the article by Resta.
We can conclude this introduction by noticing that not all the properties 
of real materials can (or need) be studied with the level of accuracy and 
detail that quantum mechanics allows. Friction – a strongly buoyant field in 
virtue of increasing energy conservation needs – and its nano counterpart, 
nanofriction, a field opened by novel AFM tip instruments, are subjects whose 
physics hardly needs to treat electrons. Through entirely classical simulation 
and theory, Zykova-Timan et al. explored for the first time the evolution of 
friction when temperature is so high to approach melting of a sodium chloride 
substrate. The hot substrate being softer, it gives friction a peak when 
caressed, but a sharp drop when scratched – in other words theory says one 
could skate on salt... of course at 800 C!

Stefano Baroni and Erio Tosatti 
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Friction, traditionally rather a boring item in every 
high school physics curriculum, is undergoing a 
rebirth. Undesired friction consumes huge amounts 
of energy, and energy scarcity is one of humanity’s 
crucial bottlenecks. Desired friction is also impor-
tant – the difference between a good tyre and a bad 
one may be a human life. The field of friction does 
attract work, and deserves to be the subject a rich 
area of discoveries in the near future. 
The relevance of nanofriction is most obvious for 
future micro- and nanoelectromechanical systems, 
where the dimensions are drastically reduced. It 
may appear surprising that phenomena on the 
nanometer scale are also relevant for state-of-the-
art car engines. A rule of thumb says that moving 
parts in engines have wear rates of the order of a 
few nanometers per hour. In modern engines, the 
operation conditions become more extreme in 
terms of temperatures, speed and pressure. Brakes 
and parts of car engines can reach temperatures 
as large as 1000 C. In order to save energy and to 
improve performance, the weight and consequently 

the dimensions have to be further reduced. New 
materials, such as aluminium, ceramics or carbon 
fibre materials are explored. The need for further 
reduction of fuel consumption increases the pres-
sure on industry to explore unknown regimes of 
friction and wear. 
According to a phrase attributed to Oppenheimer, 
discoveries however do not come because they are 
necessary: they come because they are possible. 
In friction the rebirth and discoveries are made 
possible chiefly by the new “nano” instruments 
which follow the invention of the Atomic Force 
Microscope (AFM) 20 years ago. In an AFM instru-
ment, a nanometrically fine tip scans over a surface, 
mechanically feeling its shape and asperity con-
tours, measuring the sliding nanofriction. These 
instruments provide fresh data and insight, which 
in turn generates applications, but also simulations, 
theories, and more generally ideas. 
On the theory side, there is a growing variety of 
physical models and an increasing quantity and 
quality of computer simulations, that deal with 

Nanofriction near 
the melting point

1.1

Erio Tosatti

Fig.1 At the melting temperature a hard tip plowing through solid NaCl(100) is surrounded by a local liquid cloud that moves 
with it. Light blue spheres are tip atoms, green stand for Na+ and yellow stand for Cl- respectively. Note the fast healing fur-
row behind the tip.
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friction. Nanofriction, concerned with sliding 
objects of nanoscopic size (~10-9 m) is easily acces-
sible to atomistic simulation and to microscopic 
theory. The theory group active in Democritos, 
as well as in SISSA and ICTP, has been recently 
quite active in this area.
The main highlight is a simulation and theory 
study of nanofriction of hard tips on the surface 
of a solid at very high temperature.
A summary of that work was published recently on 
Nature Materials[1].
It also received the rare honor to be selected for com-
ments on the News and Views section[2], and to be 
made a highlight on Nature Nanotechnology.[3] 
The study focused on understanding the sliding of 
hard tips (made, e.g., of diamond) on a crystalline 
NaCl surface near melting. The choice of NaCl was 
dictated by the strong nonmelting character of this 
surface. Being badly wetted by its own melt, this 
kind of surface (examples are also found among 
metal and semiconductor surfaces) does not soften 
or premelt, but rather remains intact and crystalline 
up to the melting point, thus preventing jump-to-
contact phenomena. A sharp penetrating tip was 
adopted for ploughing friction, where the surface is 
scratched and there is wear; and a flat blunt tip for 
grazing, wearless nanofriction. The focus is on the 
temperature behavior of friction near melting; and 
results are found to be opposite in the two cases. 
The ploughing friction coefficient of cold NaCl is 
predicted to be large, as is natural to expected for 
the scratching of a hard solid. Upon heating, near 
90% or so of the the melting temperature, friction 
however suddenly drops, in correspondence with 
the formation of a tiny local liquid halo surround-
ing the moving tip. The atomic mobility in the halo 
acts to lubricate the motion of tip, which advances 
through the hot crystalline solid pretty much as a 
warm knife scratching a butter surface – the scratch 
promptly recrystallizing behind the tip. In analogy 
with ice, this may be seen as “skating” on NaCl.
As opposed to ploughing, the grazing friction of 
a blunt tip on cold NaCl is tiny, as expected for a 
gentle contact between two hard flat incommen-

surate lattices. However, the temperature evolu-
tion of nanofriction is also opposite. The friction 
coefficient is predicted to grow in this case with 
temperature, first gradually and then dramatically 
as melting approaches. Because of its light, non-
destructive character, grazing friction is amenable 
to a linear response theory description, based 
entirely on properties of the hot crystal surface 
alone. Near melting, the solid surface becomes 
softer and increasingly compliant.
Frictional dissipation increases due to just that, 
much as running on soft wet sand is a harder exer-
cise than running on a hard floor. Amusingly, the 
corresponding theory turns out to be quite similar 
to that of the celebrated “peak effect” in super-
conductivity. The Close to the upper critical field, 
or close to the critical temperature, the critical 
current of a type II superconductor has one last 
peak, before finally dropping to zero. The peak 
is precisely attributed to the enhanced ease with 
which impurities, however weak, may pin the flux 
lattice, whose compliance becomes largest just 
before it disappears.
What about experiments? There are as yet no well 
defined data for high temperature nanofriction. In 
macroscopic friction, both drops and rises have 
been observed in different systems. The goal of 
these theoretical results will be to provide a key 
to examining these antithetic cases in a new light, 
and – hopefully – to provoke fresh nanofrictional 
experiments in this new interesting situation.

This work is based on a collaboration with D. Ceresoli, 
G. Santoro, U. Tartaglino, and T. Zykova.
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Density-functional perturbation theory  
goes time-dependent

Density-functional theory (DFT) is currently con-
sidered to be the state of the art for the quantum 
simulation of materials at the atomic (nano) scale. 
Although its scope is limited by construction to the 
electronic ground state, many materials properties 
can be accurately and—with the aid of the powerful 
algorithms and computers presently available—inex-
pensively calculated through it. The establishment, 
twenty years ago, of density-functional perturba-
tion theory (DFPT)[1] has considerably widened 
the scope of DFT, by allowing for the calculation 
of properties that can be expressed in terms static 
response functions, as well as of vibrational excita-
tions in the harmonic Born-Oppenheimer approxi-
mation[2]. Thanks to these advances, it is now pos-
sible to predict the infrared, Raman, and inelastic 
neutron-or X-ray-diffraction spectra of materials 
with an accuracy which is often comparable with 
that achieved in the laboratory. Many other pro-
cesses and properties that depend on the electron-
phonon and phonon-phonon interactions (such 
as, e.g., superconductivity, thermo-elasticity, or the 
width of spectral lines) can be simulated as well. 
Such an accuracy and flexibility open the way to 
the systematic use of computational spectroscopy as 
a powerful characterization tool: by comparing the 
dependence of the spectral features of a system on 
its atomic structure, which is readily simulated on a 
computer, with the spectra obtained in the labora-
tory it is often possible to gain detailed information 
at the nano scale that would not be accessible by 
experimental means alone. 
The situation is not as favorable for those spec-
troscopies, such as absorption in the visible or 
UV regions, or resonant Raman spectroscopy, for 
which the excitation of electrons across the energy 
gap plays an essential role. Extending the scope of 
DFT to electronic excitations is a very active field 
of research[3]. Time-dependent density-functional 
theory (TDDFT) stands as a promising alterna-
tive to cumbersome many-body approaches to 
the calculation of the electronic excitation spec-

tra of molecular and condensed-matter systems. 
According to a theorem established in the mid 
eighties by Runge and Gross[3], for any given ini-
tial (t =0) state of an interacting-electron system, 
the external time-dependent, potential acting on 
it is uniquely determined by the time evolution of 
the one-electron density, n(r,t), for t> 0. Using this 
theorem, one can formally establish a time-depen-
dent Kohn-Sham (KS) equation that, once linear-
ized, gives access to the dynamical susceptibility 
of the system, from which excitation energies and 
oscillator strengths can be obtained. Unfortunately, 
the computational methods available until very 
recently were so cumbersome that TDDFT could 
in practice be applied only to the low-lying portion 
of the spectrum af rather simple systems, consisting 
of a few tens inequivalent atoms at most [3]. 
New methods that would allow to simulate the 
spectra of complex molecular and nanostructured 
systems are therefore called for. One such method 
has indeed been recently proposed by scientists at 
Democritos[4]. By using a super-operator formu-
lation of linearized time-dependent density-func-
tional theory, the dynamical polarizability of an 
interacting-electron system is first represented as 
an off-diagonal matrix element of the resolvent of 
the Kohn-Sham Liouvillian super-operator. One-
electron operators and density matrices are then 
treated by extending to the dynamical regime the 
representation of response functions established for 
time-independent DFPT, which permits to avoid 
the calculation of unoccupied Kohn-Sham orbit-
als. The resolvent of the Liouvillian is finally con-
veniently evaluated using a matrix variant of the 
non-symmetric Lanczos method[4] which allows for 
the calculation of the entire spectrum with a single 
Lanczos recursion chain. Each step of the Lanczos 
recursion essentially requires twice as many opera-
tions as a single step of the iterative diagonalization 
of the unperturbed Kohn-Sham Hamiltonian or, for 
that matter, as a single time step of a Car-Parrinello 
molecular dynamics run. In Fig.1 we display the 

1.2

Stefano Baroni and Ralph Gebauer
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absorption spectrum of benzene, as calculated for 
light polarized in the molecular plane[4]. We see that 
a few thousands Lanczos iterations are enough to 
obtain a spectrum that is very well converged up to 
frequencies of a few tens eV. 
After this innovative approach to the simulation of 
optical spectra was proposed in 2006[4], a number 
of improvements have been devised[5]. First of all, it 
was noticed that the number of iterations necessary 
to achieve convergence scales linearly with the con-
dition number of the Liouvillian super-operator. By 
reducing such condition number (e.g. by reducing 
the width of the one-electron spectrum by employ-
ing ultra-soft pseudopotentials) does allow for a 
considerable reduction of the computational burden 
of the simulation. In addition, a new extrapolation 
technique based on the scalar (rather than matrix 
as used before) non-Hermitean Lanczos algorithm 
allows one to limit the number of Lanczos itera-
tions necessary to achieve well converged spectra 
to a few hundreds (or a couple of thousands in the 
less favorable cases). This is allowing us to calculate 
the absorption spectrum over a wide energy range 
for systems of hundreds of inequivalent atoms, a 
task that was thought to be formidable until very 
recently. As an example of the capabilities of the new 
method, in Fig.2 we report the calculated absorp-
tion spectrum of chlorofyll a (a 137-atom molecule: 
C55H72O5N4Mg). 

1.2

Fig.1 Absorption spectrum of benzene calculated using the 
Lanczos method with different numbers of recursion steps: 
1000 (plum), 2000 (red), 3000 (green), and 6000 (black). 
The inset compares the 6000-step spectrum (black) with that 
obtained using a real-time propagation method (orange). 

Fig.2 (a) Convergence of the chlorophyll a (left) absorption 
spectrum between 0 and 40 eV. (b) Chlorophyll absorption 
spectrum in the visible region for wavelengths between 400 
and 700 nm compared with the experimental data in di-ethyl 
ether [H. Du et al., Photochem. Photobio. 68, 141 (1998)]. 

This work is based on a collaboration with D. Rocca, 
Y. Saad, A. M. Saitta, and B Walker. 
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Large amount of methane (CH4) are wasted or 
not exploited due to difficulty in transportation 
and storage. Efficient conversion to an easily 
transportable liquid such as methanol (CH3OH) 
would be highly desirable. In traditional indus-
trial production of methanol from methane two 
high-temperature steps are involved: syngas (a CO 
and hydrogen mixture) is first formed via steam 
reforming of methane, and finally methanol is 
synthesized from it. The process is very energy 
consuming and not economically convenient for 
large scale production of methanol, e.g., as fuel 
alternative. Direct low-temperature conversion 
of CH4 to CH3OH in presence of O2 would be an 
interesting alternative as this process, being exo-
thermic, would have the advantage that no wasted 
energy is required to drive the reaction. No effec-
tive catalyst for low temperature direct ethanol 
synthesis has however been found yet.
A major problem to face when considering reactions 
involving methane on metal surfaces is connected 
with the activation of CH4, that is the breaking of 
one C-H bond and the formation of methyl radicals, 
which could be used to synthesize other chemicals, 
such as methanol. Usually, CHn + (4-n) H complexes 
are more stable for lower n. Moreover, the activa-
tion energy for CHn rightarrow CHn-1 + H reactions 
decreases with n. It is then hard to activate methane 
without completely dehydrogenate it, quickly result-
ing in coking and poisoning of the catalyst.
It has recently been widely recognized that the local 
structure of the reaction site can affect significantly 
the reaction rate and that undercoordinated sites, 
such as step edges or adatoms, are more reactive 
than surface terrace sites and can therefore play 
a major role in the overall reaction mechanism.
Even more importantly, specific sites may display 

different reactivity for the different reaction steps 
involved in a given reaction mechanism thus allow-
ing to tune selectivity.
In this context we have recently shown theoretically 
that the presence of Rh adatoms on Rh(111) sur-
faces can enhance the first dehydrogenation of CH4 
while hindering further decomposition of CH3

[1]. 
The activation energies for these two processes were 
determined by means of density-functional theory 
simulations for several surface geometries exposing 
sites of decreasing local coordination. From Fig.1 
it can be seen that, in general, the activation bar-
riers decrease by reducing the local coordination 
for both reactions, with the notable exception of 
the adatom site where the first dehydrogenation, 
with a barrier height of 0.47 eV, is enhanced with 
respect to the clean surface (0.69 eV), while the sec-
ond dehydrogenation is hindered (0.63 eV on the 
adatom vs 0.42 eV on the clean surface). Moreover 
methane was found to preferentially adsorb at the 
adatom site by as much as 0.2 eV. Thus it should be 
possible to tune the temperature so that methane 
is activated at an adatom site, but no further dehy-
drogenation occurs.
From the analysis of the nature of the transition 
states of the first and second dehydrogenation it 
was possible to understand this peculiar behavior. 
In fact while the transition state of the first dehy-
drogenation, involves only one metal atom and at 
the transition state the methyl fragment is located 
on the top site, for the second reaction, the transi-
tion state involves two metal atoms and the CH2 
fragment is bridging two surface atoms. Therefore, 
while the first dehydrogenation fully exploits the 
higher reactivity at the undercoordinated site the 
second dehydrogenation is more sensitive to the 
lower reactivity of terrace atoms.

Methane activation  
and Methanol synthesis  
on transition metal surfaces
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Encouraged by these results we extended our inves-
tigation focusing on the dependence of the catalyst’s 
reactivity on the local chemical composition of the 
reaction site [2]. In particular, we considered the 
reaction site to be composed of reactive Rhodium 
atom and less reactive Copper atoms. In agreement 
with what suggested by our previous analysis, we 
found that when an isolated Rh adatom is present 
on a non-reactive Cu (111)surface the reaction 
barrier for the first deprotonation is very small, 
0.35 eV, while the barrier for the second reaction is 
large, 0.91 eV. Similar results were obtained when 
isolated Rh atoms were embedded in the top layer 
of a Cu (111) surface. The calculated reaction bar-
rier for the first deprotonation is then almost iden-
tical as on perfect Rh(111), while again the barrier 
for the second reaction is substantially larger (0.82 
eV) than on Rh(111) (0.42 eV). In fact the barrier 
of 0.82 eV is even larger than on Rh ad-atom defect 
at Rh(111), 0.63 eV. 
We have then thoroughly investigated[3] by means 
of density-functional theory simulations the pos-
sible pathways of methane-to-methanol conversion 
on clean Rh(111) surfaces and on Rh adatoms on 
Rh(111), in order to highlight the effect of low 
reaction-site coordination.
The energy of the stable intermediates and the 
activation barriers of several elementary reaction 
steps were determined by the nudged elastic band 
algorithm. The rate-limiting steps of the conver-
sion were identified for the two substrates and their 
activation energies compared with the one of the 
competing process –CH3 further dehydrogenation 
–leading to catalyst coking and inactivation.
We report in Fig.2a the energy profile for the above 
reactions occurring on the clean Rh(111) surface. 
The energy of desorbed methanol is chosen as ref-
erence for this diagram. From these results we can 
see that the highest activation energies are those 
associated to CH3-O and CH3-OH bond formation. 
Hence, C-O bond formation is the most difficult 
step in methanol synthesis. The first barrier is lower 

than the second one (1.56 and 1.80 eV respectively), 
and so the minimum energy pathway connecting 
methane to methanol on Rh(111) involves the 
following elementary steps: dissociation of CH4, 
recombination of CH3 and preadsorbed O, recom-
bination of CH3O and H.
Analogous results were obtained considering the 
synthesis process catalyzed by a Rh adatom on 
Rh(111), Fig.2b. Again the rate limiting step was 
the formation of the C-O bond.
In order to extend the validity of these results to 
more generic Rh catalysts, the sensitivity of acti-
vation barriers to reaction-site geometry was dis-
cussed and based on the analysis we concluded 
that Rh systems are unfortunately not expected to 
be suitable catalysts for low temperature methane-
to-methanol conversion.
We therefore shifted our attention to the factors 
that can influence the formation of C-O bonds in 
a simple mechanism of methanol synthesis where 
oxygen is directly inserted into methane. on a series 
of transition metal (111) surfaces[4].
Energy barriers and reaction paths were determined 
for three competing elementary processes: (a) direct 
insertion of O in methane to form methanol, 

 CH4 + O(a) --> CH3OH(a),

(b) methane dehydrogenation on the metal 
surface 

 CH4 --> CH3(a) + H(a),

and (c) hydrogen transfer from methane to adsorbed 
oxygen

 CH4 + O(a) --> CH3(a) + OH(a).

Reactivity indicators for each elementary step were 
identified, thus providing considerable insight for a 
rational search for a suitable catalyst. In particular, 
the transition state of the desired reaction (a) closely 
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Fig.1 (left) Activation energy for the first two steps of methane dehydorgenation over perfect (111) surface, step-edge, ad-row 
and ad-atom sites on Rh. (right) Initial- (IS), transition- (TS) and final-states (FS) of the two reaction on adatom site.
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resembles an adsorbed OH and a CH3 loosely bound 
to it. Therefore one can expect a lower activation 
energy for this reaction for substrates which favor 
OH binding with respect to O (the initial state of 
the reaction). This happens usually on less reactive 
materials, since O forms a stronger bond than OH. 
We therefore suggest that the difference in binding 
energies I(a) = EOH -EO could be used as indicator 
to estimate Eact(a). We indeed found a good linear 
relation among the two quantities calculated on 
the (111) surfaces of Rh, Pd, Ag, Cu, and Au, as 
reported in Fig.3. 
The activation energy of reaction (c) appears to 
be rather insensitive to the substrate details, vary-
ing in a range of only 0.3 eV across the considered 
substrates, to be compared with the 1-2 eV variation 
of the other indicators on the same systems, see 
Fig.3. This can be qualitatively understood with 
the fact that during process (c) a strong O--metal 
bond is replaced by two weaker OH-- and CH3--
metal bonds and cancellation occurs. We expect 
this feature to be rather general. As for reaction (b) 
it becomes less and less favorable on less reactive 
substrates and can be discarded for those substrate 
where reaction (a) is active.
We therefore carefully considered the effect of 
chemical environment, local geometry, strain, and 
coadsorption on the identified indicators and found 
that not all factors influencing adsorption energies 
are effective in tuning I(a). We demonstrated that 
increasing oxygen coverage can significantly reduce 

Fig.3 Activation energies for methanol formation (green 
circles) and hydrogen transfer to oxygen (blue squares) as 
a function of the indicator I(a)=EOH-EO. Solid lines indicate 
the estimate of activation energies evaluated from the cal-
culated data for Rh, Pd, Ag, Cu, and Au(111) (marked with 
full symbols). The corresponding standard deviation is also 
shown as an error bar. Empty symbols refer to values of I(a) 
and corresponding Eact for the other systems discussed in 
Ref.[4] and not used in the fits.
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Fig.2 Metastable configurations and transition states for 
reactions connecting methane to methanol. Energies are 
expressed in eV with respect to desorbed methanol. Solid 
lines indicate the minimum energy pathway going from CH4 
to CH3OH, and vertical arrows marked “r.d.s’’ the rate-deter-
mining step. (a) Reactions occurring on the perfect Rh(111) 
surface. (b) The same on a Rh adatom on Rh(111).

the indicator, and favor the formation of methanol 
with respect to competing processes. This conclu-
sion was drawn by the study of simplified model 
substrates, but is also supported by our theoretical 
results for a realistic Ag(210) structure.
Novel catalysts for the direct methane-to-methanol 
conversion could then be searched taking into con-
sideration the following guidelines:
(i) oxygen has to adsorb dissociatively at catalyst’s 
surface but
(ii) the substrate should not be too much reactive, 
in order to avoid C–H bond cleavage, and
(iii) weakly bound oxygen atoms, compared to OH 
adsorption, should be present at the surface.
Based on this analysis, we suggest that upon suit-
able conditions O-dosed Ag surfaces could dis-
play significant reactivity toward direct methane to 
methanol conversion.

b
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This work is based on a collaboration with Stefano 
Baroni, Guido Fratesi, Paola Gava, and Anton 
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Energy and environment are among the most 
important challenges of the 21st century. These 
issues call for an ever-growing demand for new and 
highly efficient catalysts and sensors allowing for a 
more efficient, safer, and cleaner use of energy sup-
plies. The development and optimization of tech-
nologies for the processing of fossil fuels, hydrogen 
production, exhaust gas purification, photocataly-
sis, and chemical sensing requires a new level of 
understanding at the fundamental level.
A large part of the most efficient existing catalysts 
and sensors are of the so-called supported variety: 
They consist of discrete metal nano-structures dis-
persed on a metal-oxide substrate. These systems 
display an extremely sophisticated complexity aris-
ing from structural, morphological, compositional, 
electronic, and chemical issues. An innovative 
step forward in the design and working principles 
of these systems can only result from a detailed 
atomic-scale understanding.
Ceria (CeO2) based materials are among the most 
efficient supports for the catalysis of low-tem-
perature oxidation and reduction reactions. They 
are used in a wide range of catalytic applications 
ranging from the production and purification of 

hydrogen to the purification of exhaust gases in the 
three-way automotive catalytic converter. In all of 
these applications, highly mobile lattice oxygen is 
involved in oxidation processes. Over a wide range 
of working temperatures (from room temperature 
to 1000°C), ceria plays two key roles, (i) releasing 
and storaging oxygen and (ii) promoting noble 
metal activity and dispersion. Both phenomena 
are controlled by the type, size, and distribution 
of oxygen vacancies as the most relevant surface 
defects. Oxygen vacancies are also crucial for bind-
ing of catalytically active species to ceria. 
The control of the density and the nature of oxy-
gen vacancies could provide a means for tailoring 
the reactivity of ceria-based catalysts. However, 
despite extensive spectroscopic, microscopic, and 
diffraction studies, a detailed insight at the atomic 
level into local defect structure, defect mobility, 
and valence of the cerium ions is still missing. We 
have used[1] high-resolution scanning tunneling 
microscopy (STM and density functional theory 
(DFT) calculations [2,3] to unravel the local atomistic 
and electronic structure of surface and subsurface 
oxygen vacancies on ceria surfaces.
On the slightly reduced surface (Fig.1a), single 

Electron localization  
determines defect formation 
on oxide substrates 
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Fig.1 STM images of the CeO2(111) surface obtained after 
short, 1 min (a) and prolonged, 5 min annealing at 900 
°C (b), as well as the corresponding representation of the 
observed defects. STM imaging conditions: -3.0 V (sample 
with respect to tip), 0.3 nA, 300 °C.
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Fig.2 Filled (a) and empty (b) STM images of single vacancies. Calculated density of states and corresponding simulated 
filled-state STM images (c). Structural models of the surface (left) and subsurface vacancy (right). STM imaging conditions: 
6.6 x3.5 nm2, -3.0 V (A) / +3.0 V (B), 0.1 nA. 

vacancies prevail and can be distinguished in two 
types (Fig.2a). One type appears as depressions, 
surrounded by three paired lobes (magenta tri-
angles), and can be assigned to surface O vacan-
cies by comparison to simulated images (Fig.2c). 
A second type appears as triple protrusions (cyan 
triangles), centered around third-layer oxygen sites. 
Simulated STM images identify this type as subsur-
face O vacancy (Fig.2c). 
The STM can therefore precisely detect and mea-
sure the single-vacancy distribution. On slightly 
reduced surfaces, where vacancy clusters (VCs) are 
not dominant, both surface and subsurface vacan-
cies are present with similar coverages (in Fig.1a: 
1.5% and 1.3% of the surface atoms, respectively). 
This result agrees with our calculations, which pre-
dict the same formation energy for the two defects 
(within 10 meV/vacancy). 
The DFT results explain the structural features 
observed in the STM images, as described in the 
following. The relaxation of the surface structure 
around the single vacancies is mainly controlled 

by the positive electrostatic field centered on the 
vacancy that repels the nearest neighbor (NN) Ce 
cations and attracts, to a lesser extent, the second 
NN O anions. The same field attracts the two excess 
electrons near each vacancy, so that the electron 
localization occurs always on two Ce ions NN to 
the defect. The resulting Ce3+ ions increase in size 
and push further away the neighboring O atoms. 
Almost all vacancy clusters that form upon further 
reduction are linear surface O vacancy clusters 
(LSVCs) (92% of the vacancy clusters in Fig.1b). 
Upon closer inspection (Fig.3a), each LSVC is char-
acterized by a pair of rim O atoms that face each 
other, one appearing 0.1 Å below (magenta arrow), 
one 0.1 Å above the unperturbed surface (cyan 
arrow). Both atoms are shifted laterally toward the 
inside of the defect. They constitute a characteristic 
unit, which we observe once in every LSVC imaged 
with high resolution. Thus, the double LSVC (upper 
part of Fig.3) exhibits mirror symmetry, in contrast 
to the triple one (lower part).
The simulation of the double LSVC (see inset in 
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Fig.3 (a) STM image of a double and a triple LSVC as well 
as a simulated STM image of a double LSVC (inset). The 
characteristic unit (arrows) is an indication for the presence 
of a subsurface vacancy in every LSVC. (b) Corresponding 
structural model; note the exclusive presence of Ce3+ ions 
in the LSVCs (Legend as in Fig.2). STM imaging conditions: 
-3.0 V, 0.1 nA.

Fig.3a) can reproduce the characteristic unit only 
if an additional subsurface O vacancy is included: 
The lower O atom has relaxed inward by 0.07 Å, 
the higher outward by 0.1 Å; both move towards 
the inside of the defect, in remarkable agreement 
with the STM results. On the contrary, both atoms 
relax outward (by 0.03 and 0.07 Å) if a double 
LSVC without subsurface O vacancies is modeled. 
A double LSVC consists therefore of three oxygen 
vacancies with the six excess electrons localized on 
five Ce ions in the first cerium layer and on one Ce 
ion in the second, so that there are no Ce4+ NN to 
vacancies. Note that this condition cannot be satis-
fied without the additional subsurface vacancy. 
We conclude that the double LSVC is a complex of 
a dimer of surface vacancies with one subsurface 
vacancy, making a trimer of vacancies altogether, 
where only Ce3+ ions are coordinated to the defect. 
The exposure of only Ce3+ ions holds also for longer 
LSVCs, where the characteristic unit appears always 
once and can thus be regarded as the nucleation site 
that triggers defect growth. The removal of an addi-
tional terminating O atom results in a longer LSVC, 
again coordinated exclusively by Ce3+ ions. 
The formation of LSVCs as the dominant oxygen 
vacancies demonstrates the tendency to form VCs 
that expose exclusively Ce3+ ions. This condition 
can be fulfilled only for VCs with more than two 
vacancies; the question arises whether it can be 
generalized for other VC shapes. The next most 
abundant case after LSVCs are triangular, surface 
O vacancy trimers (SVTs). All of the observed SVTs 
have the same orientation, are centered on a sub-
surface O atom and exposes exclusively Ce3+ ions. 
This result confirms therefore that VCs expose only 
reduced cerium ions. 
Our observations show that electron localization 
determines which defects are formed on a ceria sur-
face. The structural requirement of one subsurface 
vacancy per LSVC reveals the high propensity of Ce 
toward reduction upon O loss: only Ce3+ ions are 
coordinated to the vacancy cluster. Whereas this 
propensity favors further O release once double 
LSVCs have been formed, it may hamper their 
nucleation; the two electrons liberated by each of 
the first two missing O atoms are insufficient to 
reduce all of the coordinated Ce ions. 
In real catalytic applications, one way to increase 
the oxygen release from ceria is by doping with Zr4+ 
ions, which are not reduced upon O loss. These 
two effects, increased oxygen release and thermal 
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stability, seem irreconcilable, but can be rational-
ized in the light of our results: Preliminary calcu-
lations show that, with respect to the pure ceria 
(111) surface, the single vacancy formation around 
single Zr4+ dopants is facilitated by 0.9 eV. Once 
formed, these vacancies can grow into vacancy 
clusters without requiring anymore the presence of 
subsurface vacancies and the related major struc-
tural rearrangement. 

This work is based on a collaboration with Friedrich 
Esch, Cristina Africh, Giovanni Comelli, Renzo 
Rosei, Tiziano Montini, and Paolo Fornasiero 
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Magnetization is a fundamental concept that all 
undergraduates learn about in elementary courses. 
In view of this, it is truly extraordinary that before 
our papers[1,2] there was no generally accepted for-
mula for the orbital magnetization in condensed 
matter. These papers stem from a collaboration 
between Democritos (D. Ceresoli and R. Resta) 
and Rutgers University, USA (T. Thonhauser 
and D. Vanderbilt). Further developments are in 
progress. 
Orbital magnetization –as opposed to spin magneti-
zation– occurs whenever time-reversal symmetry is 
broken in the spatial wavefunction. For instance, in 
a ferromagnet the spin-orbit interaction transmits 
the symmetry breaking from the spin degrees of 
freedom to the spatial (orbital) ones; the two con-
tributions to the total magnetization can be resolved 
experimentally. Other examples include systems in 
applied magnetic fields. Whenever the unperturbed 
system is nonmagnetic, the induced magnetization 
is 100% of the orbital kind. 
Formally, the macroscopic magnetization M of 
a macroscopic sample is defined as its magnetic 
dipole moment, divided by the volume V: 
 
 
(1) 

where j is the current density. If the sample is uni-
formly magnetized, then j(r) averages to zero in the 
bulk of the sample, while a dissipationless net cur-
rent flows at the sample boundary. The circulation 
of such surface current looks like the sole respon-
sible for magnetization, in agreement with the mac-
roscopic equation  × M = j/c. Phenomenologically 
M is a bulk material property, while from the above 
considerations M seems to be a surface property. 
One may wonder, for instance, whether altering the 
surface (and only the surface) may result in a change 
of M. This very fundamental problem was unsolved 
until 2005, when a breakthrough occurred. The con-

tent of the two basic papers [1,2] is outlined here. 
The problem has a close electrical analogue: in 
fact, the macroscopic polarization P of a finite 
sample is formally defined as its electrical dipole 
moment, divided by the volume. The charge den-
sity ρ(r) averages to zero in the bulk of a uniformly 
polarized sample, and the dipole looks like due 
surface charges only, in agreement with the macro-
scopic equation  · P = −ρ. By altering the surface 
charge one may apparently change the value of P, 
which instead is phenomenologically known to be 
a bulk property, and should therefore be insensi-
tive to surface conditions. When addressing P, 
the most popular textbooks are still plagued with 
erroneous concepts and statements. The conun-
drum was solved in the early 1990s, when the so-
called “modern theory of polarization” appeared. 
This revolutionary theory, prompted by a series 
of simulations, amounts to a genuine change of 
paradigm[3]. The modern theory, based on a Berry 
phase, has been instrumental since more than a 
decade in the study of ferroelectric and piezoelec-
tric materials[4]. By now, all the electronic-struc-
ture codes on the market implement the Berry 
phase as a standard option; the basic concepts of 
the modern theory of polarization start reaching 
some textbooks (very slowly). 
Condensed matter theory universally adopts peri-
odic (a.k.a. Born-von Kármán) boundary condi-
tions (PBC); in the special case of crystalline mate-
rials, PBC lead to the Bloch theorem. One of the 
virtues of PBC is that the system has no surface by 
construction. Therefore whatever one defines or 
computes within PBC is by definition “bulk”: any 
surface effect is ruled out. But PBC do not solve 
the problem of orbital magnetization M, since the 
(unbounded) position operator r entering Eq. (1)–
as well as the analogous equation for P–is a “forbid-
den” operator, incompatible with PBC. The issue is 
then how to define and compute M within PBC by 
means of a formula quite different from Eq. (1). In 
the crystalline case, the basic ingredient of such 

The creative role of computations  
to understand orbital magnetization
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1.5

formula must be the Bloch orbitals of the occupied 
bands, while the r operator must not appear. 
In Refs.[1, 2] we set the basis for a “modern theory of 
magnetization”, providing such formula, which for 
a crystalline material takes the form of a Brillouin-
zone (BZ) integral. In the simple case of an insulator 
with only one occupied band, |uk› = e−ik·r|ψk› is the 
cell-periodic part of the Bloch 
function |ψk›, and is an eigenstate of Hk=e−ik·rHik·r 

with eigenvalue Ek (band structure). In the case of 
double occupancy our formula reads[1] 

(2) 

where ∂k= ∂/∂k, and the cross product between 
three-component bra and ket states has the usual 
meaning. Notice that k-derivatives of the |uk› states 
also appear in an essential way in the (by now 
famous) Berry-phase formula for P[3]. 
Remarkably, we guessed this formula prompted 
by computer simulations, and only afterwards we 
arrived at an analytic proof of it. In other words 
the computer experiments validated Eq. (2) before 
we had a “theorem” available. The validation pro-
ceeded as follows. We chose a (time-reversal-sym-
metry breaking) model Hamiltonian H, whose 
ground state was separately studied adopting two 
different boundary conditions: (i) “open” boundary 
conditions, corresponding to a finite sample with a 
boundary, and (ii) PBC. In case (i) the magnetiza-
tion M was computed in the standard way by means 
of Eq. (1), while in case (ii) M was computed by 
means of our novel formula, Eq. (2). The two sets 
of computations indeed converged to the same M 
value in the large-system limit[1]. 
We later provided the (nontrivial) extension of Eq. 
(2) to the multiband case, to more exotic systems 
showing the quantum-Hall effect (in 2d), and–last 
but not least–to metals[2]. For the sake of simplicity 
we report here only the single-band formula for the 

orbital magnetization of a metal. If µ is the Fermi 
energy, our formula reads[2]: 

(3)

We validated Eq. (3) using the same protocol as in 
the insulating case, thus providing a robust “numer-
ical proof ” of its correctness. But, differently from 
the insulating case of Eq. (2), in the metallic case 
we have been so far unable to arrive at an analytical 
proof. The chase for the “theorem” is still open at 
the time of writing. 
The alert reader may have noticed that Eq. (3) does 
not seem to reduce to Eq. (2) when one moves µ 
at the valence-band top, thus filling the band and 
getting an insulator. The key point is that the BZ 
integral of ‹∂kuk| × |∂kuk› vanishes in all “nonex-
otic” insulators. More details are in the original 
literature [1, 2]. 
Despite applications of our formulas for M have 
been limited so far to model Hamiltonians, the 
“modern theory of magnetization” developed in 
Refs.[1, 2] and outlined here is ideally suited for first-
principle implementations to address real materials 
and real physical problems. 

This work is based on a collaboration with D. Ceresoli, 
T. Thonhauser, and D. Vanderbilt.
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Silicon dioxide (SiO2, silica) exists in many com-
mon forms such as the crystalline version known as 
quartz, the major component of sand. When melted 
and cooled rapidly, and usually mixed with metal 
oxides, sand forms silica-based glasses that find 
applications in technology, engineering, and in our 
everyday life (windows, bottles, etc). A glassy diox-
ide of germanium (GeO2, germania) is also known, 
and is added to the kilometre-long silica glassy fibres 
used in optical telecommunications, to control their 
refractive index. Carbon belongs to the same family 
of elements as silicon and germanium, but carbon 
dioxide displays a completely different chemistry. 
At ambient conditions carbon dioxide is a linear 
molecule with strong carbon–oxygen double bonds. 
Freezing or high-pressure treatment condenses 
this gas into solid forms, in which the molecules 
remain intact, even under extreme pressurization to 
80 GPa at ambient temperature. In 1999, however, 
two independent investigations based on ab-initio 
simulations[1] and diamond-anvil cell experiments[2], 
respectively, showed that under simultaneous high-
pressure and high temperature conditions, CO2 mol-
ecules undergo bond-breaking and re-formation 
reactions, producing a three-dimensional network 
of polymerized tetrahedral CO4 units. This network 
is analogous to the crystalline silica structures found 
in minerals such as cristobalite, tridymite or quartz. 
Vibrational spectra and diffraction patterns of CO2-
V, the first reported non-molecular crystalline phase 
of CO2, suggest structural similarities between CO2-
V and cristobalite or trydimite. Ab-initio calcula-
tions find a β-cristobalite-like crystal as the most 
stable phase of CO2 at 50 gigapascal (GPa), among 
a number of silica-like isomorphs. Such extended 
phases revert to solids containing CO2 molecules at 
pressures below 1 GPa, in experiments. Naturally, 
the question therefore arises if there is the potential 
for non molecular glassy phases in carbon dioxide. 
The existence of an amorphous extended form of 
CO2 would extend the class of network-forming sys-
tems, to which a-SiO2 and water belong, to include 
a material with very high bond stiffness and thus 
probably remarkable mechanical properties. The 

ab-initio simulations reported in[1] indicated that 
such a possibility exists, at least hypothetically. In a 
molecular dynamic simulation carried out with the 
constant-pressure variable-cell method at 1000 K 
molecular CO2 was found to tranform into a crystal-
line extended phase with carbon in tetrahedral coor-
dination with oxygen, and with tetrahedra arranged 
in a layer fashion (see Fig.1). 

Pressure-induced silica-like 
phases of carbon dioxide:  
an ab-initio investigation

However, when temperature was raised to 2000 K, 
the simulation yielded a tetrahedrally coordinated, 
but now fully disordered solid. Due to computa-
tional limitations, ab-initio simulations can only 
extend up to a few picoseconds and simulation cells 
can only contain up to a few tens of molecules, so 
while the results of the simulations were indicative 
that a glassy form could indeed exist, they could 
not be taken as theoretical evidence for the actual 
mechanical stability of the glass over the long time 
scales (years and beyond) required for applica-
tions. But in late 2005 M. Santoro and F. Gorelli 
(LENS Firenze and INFM CRS “Soft”, Roma), with 
collaborators at LENS and at ESRF in Grenoble, 
while attempting to map the transition line between 
molecular and extended phases of CO2 with carefully 
controlled experiments, noticed that molecular CO2 

1.6

Sandro Scandolo

Fig.1 (A) View of four conventional unit cells of the molecu-
lar β-CO2 phase. (B) Lateral view of the layered-CO2 phase 
found by ab-initio molecular dynanamics at 120 GPa and 
1000 K[1]. Carbon atoms are colored gray and oxygen atoms 
are colored red.

ba
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transformed to a fully disordered solid when pres-
sure reached 50 GPa and temperature was raised to 
about 600 K, slightly milder conditions than those 
reported until then for the formation of extended 
phases. One of the main signatures of disorder in 
the new phase found by Santoro et al. was the broad 
nature of the X-ray measured structure factor S(Q), 
which contrasted the clearly crystalline nature of 
the sample before the transition (Fig.2). The S(Q) 
at 56 GPa is dominated by a broad peak centred 
around 34.3 nm-1 (peak A), which corresponds to 
a length scale 2π/Q < 1.83 Ǻ, and a much broader 
peak around 58 nm-1 (peak B). The theoretical S(Q), 
calculated on the mostly tetrahedral atomic struc-
ture obtained by first-principles molecular dynamics 
(Fig.3a), reproduces both experimental peaks A and 
B, although peak A exhibits a higher intensity in the 
theoretical pattern. However, similar agreement with 
the measured S(Q) can be obtained by considering a 
theoretical sample containing carbon in higher coor-
dination. Pattern b in Fig.3 was obtained by classical 
molecular dynamic simulations of a-SiO2, brought 
to 28 GPa, which we find to contain similar propor-
tions of four-, five-, and six-fold coordinated Si [4], 
by scaling its volume to that of simulated a-CO2, and 
by artificially replacing the atomic form factor of Si 
with that of C. The similarity between the structure 
factors calculated with different local environments 
(from tetrahedral to octahedral) shows that, even 
though the first-principles molecular dynamics sim-
ulations give a mostly tetrahedral phase for a-CO2, 
the measured structure factor cannot be used to 
discriminate between differently coordinated local 
atomic environments. Current work is aimed at pro-
viding further constraints on the local coordination 
based on the comparison between theoretical and 
experimental vibrational spectra[5].
Network-forming disordered systems like a-SiO2 
are characterized by a peculiar first diffraction peak 
at considerably lower Q than expected on the basis 
of nearest-neighbour atomic distances, which has 
been attributed to the existence of correlation over 
medium length scales. It is thus interesting to com-
pare the S(Q) of a-CO2 with that of a-SiO2 to check if 

Fig.2 Disordered CO2 phase found by ab-initio molecular 
dynamics at 2000 K and 100 GPa[1] 

a similar peak exists in a-CO2. At 42 GPa, the length 
scale related to peak A in a-SiO2 (1.86 Ǻ) compares 
well with the expected O–O distance at that pres-
sure, while the peak at lower Q corresponds to a 
length approximately 30% longer. Peak A in a-CO2 
corresponds also to the theoretical O–O distance, 
but no peak can be found at lower Q. However this 
is not a consequence of lack of medium range order, 
but rather of a sort of cancellation among the partial 
structure factors. As a matter of fact, if we replace 
artificially the atomic form factor of C used to cal-
culate ab initio the S(Q), with that of Si, we recover 
a peak at lower Q similarly to a-SiO2. We notice that 
peak A is very close to the strongest peak of crystal-
line CO2-V, whose intensity has been suggested to 
be enhanced by disorder, indicating once again that 
a-CO2 is the amorphous counterpart of phase V. 
The discovery of novel, extended solids that form at 
high pressure, based on the light elements carbon 
and oxygen, opens up a new area in solid state chem-
istry. Minerals and glasses based on amorphous car-
bon dioxide could give rise to useful technological 
materials, if we can recover them to ambient condi-
tions. These findings will also help set the rules for 
understanding structure, bonding and thermody-
namic properties as we move into the high-pressure, 
high-temperature conditions that are found deep 
inside planetary interiors.

Fig.3 Theoretical X-ray structure factors S(Q) from the dis-
ordered sample obtained by ab-initio molecular dynamics 
(Fig.2) and from a theoretical sample with higher coor-
dination (up to octahedral), are compared with the X-ray 
diffraction structure factor measured for amorphous CO2 
at 56 GPa [3]. 

This work is based on a collaboration with J.A. 
Montoya and R. Rousseau.
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Si doped GaAs has an outstanding importance in 
the technology of electronic devices. Remarkably, 
Si in GaAs has an amphoteric behavior, being able 
to substitute both arsenic and gallium atoms as an 
acceptor or a donor respectively, resulting in a com-
pensation mechanism which depends on the growth 
conditions and has been long debated. Recently, 
GaAs samples with Si ∂-doped layers embedded in 
the (001) direction have started to be investigated 
experimentally by cross-sectional scanning-tunnel-
ing microscopy and spectroscopy (XSTMS) on the 
(110) easy-cleavage surface by our colleagues at the 
TASC Laboratory[1]. 
In the XSTM images of some samples, beside the 
common and well identified defects such as silicon 
donors (SiGa) and gallium vacancies (VGa), new fea-
tures appear, bright at negative bias and strongly 
attenuated when the bias is reversed. They cannot be 
attributed to SiGa donors only nor to substitutional-
vacancy complexes. This kind of contrast is also 
peculiar of the XSTM image of a nominal bilayer 
of Si in GaAs. 
We investigated the (110) cross-sectional surface of 
Si-doped GaAs with the plane-wave first-principles 
pseudopotential method in the framework of den-
sity functional theory using the ESPRESSO/PWscf 
code [2-4]. Supercells with slab geometries were used 
to model cross-sectional surfaces. XSTM images 
have been simulated calculating the local density 
of states at the position of the microscope tip and 
integrating it in an energy range around the Fermi 
energy determined by the applied bias.
We focused on doping configurations with an 
equal concentration of Si impurities in cationic 
and anionic sites, such as occurring in a self-com-
pensating doping regime. When Si substitutes 
both Ga and As atoms in consecutive GaAs (001) 
atomic layers, the resulting configuration is self-
compensating and corresponds to a microscopic 
capacitor with unique electronic properties[5]. A 
self-compensating layer configuration is required 
by electrostatic stability, whereas its confinement 
and the value of the resulting dipole are limited by 
atomic inter-diffusion. 

Cross-sectional imaging  
of sharp Si interlayers  
embedded in gallium arsenide

1.7

Fig.1 (001) Si bilayer in GaAs: case with SiGa and SiAs sub-sur-
face. Left panels: ball and stick model of the relaxed surface, 
top and side view (Ga: open circle, As: close circle, Si: square). 
Dashed lines in the top view indicate the extension in the 
[001] direction of the supercell used to simulate the system 
with the interlayer. In the Figure the supercell is repeated 
in the [110] direction but not in the [001] direction, where 
it is instead embedded in the perfect clean surface to give a 
better feel of the image of an isolated interlayer. Right panels: 
simulated XSTM images at bias voltages of -1.5 eV (occupied 
states) and at +1.2 eV (empty states) respectively. 

Maria Peressi

V < 0 V > 0
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Fig.2 Isolated SiGa -SiAs pair exposed on 110 GaAs surface, in 
particular with SiGa on surface, SiGa subsurface. For symbols 
see caption of Fig.1.

1.7

We considered a uniform distribution of substitu-
tional SiGa and SiAs atoms over two adjacent cationic 
and anionic (001) layers. The intersection of the 
(110) surface with the Si (001) bilayer can occur in 
different positions and thus result in different con-
figurations of the exposed surface that can include 
rows of Si atoms in As and/or Ga sites. We show 
here as an example the results for the configuration 
where both SiGa and SiAs atoms appear sub-surface, 
forming a zig-zag chain. In Fig.1 we report a ball 
and stick model of this structure, together with the 
two corresponding simulated XSTM images. 
We can see a very bright signal at negative bias 
voltages which is strongly attenuated at positive 
voltages. Other configurations, corresponding to 
uniformly distributed Si dopants over two adja-
cent (001) atomic layers, are similar to this. The 
bright/attenuated contrast at negative/positive bias 
remains a characteristic feature also in case of a Si 
single monolayer uniformly distributed over two 
adjacent (001) atomic layers, i.e. with one substi-
tutional impurity every two atoms. More generally, 
this is true also in configurations with a reduced 
local concentration of Si dopants, which are more 
likely to occur in real samples, and even in case of 
individual compensating SiGa -SiAs pairs that can be 
considered as building blocks of any self-compen-
sating configuration (see Fig.2).
We mainly studied neutral configurations but also 
some charged states of the sample in order to inves-
tigate the effects on XSTM images of charge accu-
mulation induced by diffused as well as localized 
doping together with the presence of the surface 
in real samples: we found that the charge state in 
general has little influence on the XSTM image.
We believe that in spite of the uncertainties due to 
several factors (tunneling voltage, nature and shape 
of the tip in case of experiments, specific techni-
cal details of the numerical simulations) not fully 
under control, our findings provide a qualitatively 
correct picture of the microscopic mechanism 
responsible for the observed images, thus pointing 
to the value of first-principles simulations as a tool 
for the characterization of materials.

This work is based on a collaboration with  
S. Baroni, X. Duan, and S. Modesti. 
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1.8

Erio Tosatti and Andrea Dal Corso

Structure, electron transport  
and local magnetism of metal  
nanocontacts and nanowires

We all actually carry out – to coin a phrase– an 
incredible number and variety of nanoscience 
experiments at every moment of our prosaic every-
day life. One of them we unconsciously do when 
late at night we are finally overwhelmed by sleep 
and we turn lights off to join Morpheus. The act of 
flicking the light switch off causes two metal leads 
inside the switch to become disjoint, and the current 
flow through the light bulb is interrupted. It is very 
well known from e.g., frictional studies, that due to 
roughness and to other factors such as oxides, dirt, 
etc., the real, intimate, electrically conducting con-
tact area between two metal pieces is only a minute 
fraction of the total nominal macroscopic contact 
area. Only in a few tiny areas a true metal-metal 
contact is formed, and a kind of cold welding takes 
place locally joining the two metal blocks. If in fact 
this area were much bigger, it would be hardly pos-
sible to detach the blocks ever again! 
What is less well known –or was less well appreci-
ated until quite recently– is the “nano” nature and 
geometry of detachment, when after straining and 
undergoing heavy plastic flow under the externally 
applied disjointing stress, microcontacts shrink and 
eventually break as the two leads separate. As indi-
cated by a variety of recent experiments based on 
techniques such as transmission electron micros-
copy (TEM), break junction (BJ) conductance stud-
ies, and of course STM, AFM and other tip-based 
instruments, the ultimate metal metal neck is gener-
ally a nanocontact – a bridge of nanometer diameter. 
In fact, conductance shows as a function of increas-
ing stress a decrease which at low temperatures is 
not smooth, but rather proceeds by jumps between 
pre-breaking downhill plateaus. The plateau con-
ductances are all in the quantum conductance range 
(G0= 2 e2/h), indicating without doubt that the final 
contact is monatomic. 
Nanocontacts in some metals, such as those realized 
in BJ of gold, platinum and other such metals, take 
in some instances the shape of ultra-thin suspended 
nanowires. Early activity in our group was devoted 
to understanding why nanowires arise, what deter-
mines their stability, and their evolution with time. 

We found theoretically that “magic” nanowires, 
especially stable and long lived, are determined by 
local minima of the thermodynamic string tension. 
In Au, where most data are concentrated, suspended 
nanowires may be crystalline, noncrystalline and 
even monatomic, as famously shown by TEM (Fig.1, 
from Ref.[1]). That variety as well as the fancy helical 
shapes observed in TEM (Fig.2, from Ref.[2]) was 
explained through simulations and ab-initio calcula-
tions in terms of the nanowire string tension.[3] 
Besides their peculiar structural and mechanical 
properties, the main property characterizing nano-
contact, is their electrical conductance. Down to 
nanosize, conductance is “ballistic”, meaning that 
electrons pass quantum mechanically across the 
bridge, without suffering any other scattering than 
some partial reflection. A density functional scheme 
for calculating the ballistic conductance of transition 
metal nanocontacts was developed in our group by 
A. Dal Corso and A. Smogunov [5], who extended 
the standard in-house computational technology 
based on plane waves and ultrasoft pseudopoten-
tials, to cope with this task, including metals that are 
magnetic, and systems where spin orbit coupling is 
important[4]. These methods showed that at mona-
tomic contacts of 3d ferromagnetic metals such as 
nickel and cobalt, the effect of magnetism on conduc-
tance should be quite large (Fig. 3 from Ref. [5]). 
Many new research lines are following up on this 

Fig.1 TEM image of a gold nano contact from Ref.[1]
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lead. In connection with magnetic STM work in 
the Hamburg group, we study the peculiar switch 
of iron from the usual ferromagnetism to antifer-
romagnetism generated by deposition on substrates 
such as iridium, formerly believed to be magneti-
cally inactive. Another line of research is the poten-
tial realization of new forms of nanomagnetism, 
consisting of the spontaneous appearance of local 
magnetism at the nanocontact even in transition 
metals that are nonmagnetic in bulk such as plati-
num or palladium. The presence of nanomagne-
tism should in principle affect the conductance in a 
measurable way. Moreover, due to strong spin orbit 
coupling, magnetism in a monatomic platinum 
nanowire contact should provide an interesting case 
of “colossal magnetic anisotropy”. The interaction 
of the nanocontact spin with the conduction elec-
tron spins in the non magnetic tips should also lead 
to exotic “Kondo” phenomena that are currently 
being pursued. In the Kondo effect, famous in the 
60s and 70s, a magnetic impurity embedded in a 
nonmagnetic metal becomes softly but completely 
screened by the conduction electrons, in a way that 
gives rise to a rich many body state characterized by 
peculiar phenomena, that should be quite evident in 
a nanocontact. Related physical effects could also be 
realized by inserting or attaching a magnetic atom 
e.g., in a nonmagnetic gold wire, or else by inserting 
a two-level system in the nanocontact. 

This work has been done in collaboration  
with Alexander Smogunov.
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Fig.2 Models, simulated, and TEM images of the magic 
multi-shell gold nanowires from Ref. [2].

Fig.3 Transmission coefficients for a spin down electron inci-
dent from the left on a magnetization reversal in a magnetic 
Co nanowire (Ni in inset). From Ref. [5].
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Biomolecular medicine  
and biotechnologies

Part 2



The activity of the Democritos biophysics section is based on 
the use of biomolecular simulations and bioinformatics tools to 
investigate biological and medical problems. The mainstream activity 
is the characterization at atomistic level of the physical-chemical 
properties of bio-polymers such as proteins and enzymes and of 
recognition mechanisms governing interacting systems. A thorough 
and microscopically well-funded knowledge of enzymatic catalysis, 
protein-protein interactions, ligand-target binding, receptor function, 
is a stepping-stone to a rationale drug design. To achieve these goals, a 
variety of approaches are used ranging from quantum mechanics (QM) 
methods, to simulations based on all-atom potentials (MM) and to 
QM methods embedded in effective potentials, the so-called QM/MM 
methods. These techniques allow to follow the functional dynamics 
of specific proteins and enzymes and to investigate the chemical 
reactivity of enzymatic processes. Particular attention is being paid 
to aspects of biological processes (as opposed to the investigation of 
specific molecules) and to classes of proteins (as opposed to specific 
systems) in order to possibly identify general features of biological 
and pharmaceutical relevance. To this end a strong interaction 
with experimentalists is the maintained in order to (i) validate the 
results with extensive data, which are often measured at the same 
time of the calculations; (ii) provide significance of the results not 
only for in vitro conditions, but also for in vivo cell biology. However, 
the reliability of the methodologies used by the Biophysics section 
makes feasible and helpful a back process in the interaction with 
experimentalists, being the simulations able to tackle aspects and 
processes barely detectable. Paradigmatic is the drug design process: 
starting with initial target selection, the drug discovery process 
is fraught with critical junctures at which decisions are difficult. 
Nowadays simulations can provide relevant hints for the decisional 
procedure pinpointing features and aspects that can be triggered in 
the design process. Additionally, the Biophysics section has actively 
operated in organizing workshops and conferences bringing together 
different expertises in the field. Remarkably new and innovative was 
the Conference on Drug Development for the Third World, that took 
place in Trieste in June 2006 under the supervision of the Biophysics 
section. Finally, Democritos has also importantly acted as steering 
centre for the development and the support of the computational 
biophysics activity in other research units outside Trieste, as in the 
Physics Department of the University of Cagliari. Such activity was 
completely absent while presently, thanks to Democritos, a biophysical 
group within SLACS (Sardinian LAboratory on Computational materials 
Science) has started its activity. 

Paolo Carloni
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The development of anticancer drugs started about 
forty years ago with the discovery of cisplatin anti-
tumor activity and its successful use in treatment 
of different cancer types.
Despite the efforts made in unraveling cisplatin 
mechanism of action, as well as in the rational 
design of new and more efficient anticancer drugs, 
in many cases detailed structural and mechanistic 
information is still lacking.
An accurate understanding of the structural and 
electronic properties of drug–DNA complexes is a 
key step in elucidating the principles of their anti-
cancer activity. At the theoretical level the descrip-
tion of drug–DNA complexes can be studied via 
classic and hybrid quantum/classical (QM/MM) 
molecular dynamics (MD) simulations. In the last 
years we have devoted our attention to the study of 
a variety of anticancer drugs that covalently bind 
to DNA and here we report selected examples of 
these studies.

Platinum anticancer drugs. 
Due to its wide range of applicability in cancer treat-
ment, cisplatin (1) is widely studied both experi-
mentally and theoretically.[1,2] It is well known that 
cisplatin binds to two adjacent guanines of double 
strand (ds) DNA, forming preferentially intrastrand 
crosslinks. The formation of cisplatin–DNA adducts 
induces a large kink towards the major groove, a 
local unwinding at the platinated lesion and a minor 
groove flattening. The shallow minor groove and 
the large axis bend are recognized by a series of 
proteins, which bind to the distorted cisplatin–DNA 
adduct with high affinity. 
The wealth of available structural data makes 
the cisplatin–DNA adduct a perfect candidate to 
benchmark the accuracy and the predictability of 

QM/MM MD method in the description of drug–
DNA interactions. To this end, we carried out three 
simulations, starting from the X-ray structures of 
platinated DNA (A) and the cisplatin–DNA adduct 
in complex with high mobility group (HMG) pro-
tein (B), as well as from cisplatin docked to the 
same oligomer (of A) in canonical B-DNA confor-
mation (C).[2] Both A and B reproduce the relevant 
experimental structural features with good accu-
racy. Interestingly, A slightly rearranges during 
the dynamics and adopts similar characteristics 
to the NMR solution structure (Tab.1, Fig.2). In 
contrast, in B, no significant rearrangements occur 
with respect to the X-ray structure since the HMG 
protein stabilizes the DNA kink induced by cispla-
tin binding (Fig.2). Surprisingly in C, even within 
the limited time scale of 7 ps, the DNA undergoes 
remarkable structural changes, namely an increase 
in the kink, along with an increase of the rise and 
of roll angle (Tab.1). During the simulation, the 
helical parameters approach asymptotically the 
values of simulation A, but a complete structural 
agreement of C is impeded by the puckering of 
the sugars. Indeed, conformational changes of the 
sugar occur on a time scale of hundreds of ps, 
and thus they are not accessible in QM/MM MD 
simulation time scale. Nevertheless, the extent to 
which DNA can rearrange in a few ps suggests that 
this method may qualitatively predict structural 
changes of drug–DNA adducts for which limited 
structural information is available.[3]

Azole-bridge dinuclear platinum(II) compounds.
Azole-bridged dinuclear platinum(II) compounds 
(2 and 3, Fig.1) have been especially designed to 
bind DNA, inducing minimal distortions.[1] 
Indeed, small structural changes may render 

Characterization of anticancer  
drug –DNA interactions 
via molecular dynamics simulations

2.1

Alessandra Magistrato
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the platinated lesion less recognizable by exci-
sion repair enzymes, overcoming the problem of 
cross-resistance.[1,3] 
In agreement with this hypothesis, the NMR 
structure of 2–DNA (the only available structural 
information of a diplatinated drug–DNA complex) 
shows structural parameters very close to that of 
canonical B-DNA (Tab.1). Recently, both 2 and 3 
have been shown to have an improved cytotoxic 
behavior relative to cisplatin in several tumor cell 
lines, and to circumvent the cross resistance to 
cisplatin.
Experiments show that the binding mechanism of 
3 to dsDNA is quite complex. In fact, after the first 
alkylation step, nucleophilic attack of the second 
guanine can occur or, alternatively, Pt2 (and its 
coordination sphere) can migrate from N2 to N3, 
followed by a second alkylation step.[3] Therefore, 3 

can alkylate two adjacent guanines of dsDNA both 
in an N1,N2 and in an N1,N3 mode. The N1, N3 
isomer presents a larger intermetal distance and 
can lead to the formation of a variety of inter- and 
intrastrand crosslinks, which may be a key factor 
for the high cytotoxicity of this drug.
We have performed an extensive QM/MM MD 
study of 2 and 3 in complex with a dsDNA decamer 
to characterize and predict the adducts structural 
features (D–F, Fig.2). The NMR structure of the 
2–DNA complex has been used as a template to 
construct models of 3–DNA adducts (E and F, 
Fig.2), for which no structural information was 
available.
The average QM/MM MD structure of D com-
pares well with the NMR structure, thus validat-
ing our computational setup. Interestingly, D and 
E–DNA adducts display almost the same struc-

(1) (2) (3)

(4) (5)

2.1

Fig.1 Structure of cisplatin (1),
dinuclear [cis-{Pt(NH3)2}2(µ-OH)(µ-pz)]2+(2) 
and [cis-{Pt(NH3)2}2-(µ-OH)(µ-1,2,3-tz)]2+ (3),
anthramycin (4) 
and anhydroanthramycin (5).

Fig.3 Average structure for model D, E 
and F. Atoms depicted by balls and sticks 
belong to the QM region; the remaining 
atoms and the solvent belong to the MM 
region.

Fig.2 Left: close-up QM/MM structure 
for model A, showing quantum region 
in balls and sticks, adjacent nucleoba-
ses as cylinders and the remaining part 
as lines. Middle: cisplatin–DNA adduct. 
Right: binding of HMG–protein to cis-
platin–DNA adduct in B. The platinated 
moiety is shown as ball and sticks, while 
the intercalating PHE37 is shown in sticks 
(purple).
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D E F DNA MD NMR
Rise 3.6 ± 0.2 3.6 ± 0.2 4.1 ± 0.3 3.4 ± 0.2 3.3
Roll 9 ± 4 4 ± 4 -5 ± 5 -3 ± 7 5
Tilt 8 ± 3 8 ± 3 18 ± 4 -4 ± 5 10
Twist 31 32 35 38 27
Local angle 7 ± 2 4 ± 1 6 ± 1 4 ± 2 3
Global axis curvature 19 ± 5 10 ± 3 8 ± 4 19 ± 8 5
Groove parameters W. D. W. D. W. D. W. D. W. D.
Minor groove 6.1 5.0 6.8 5.2 4.6 5.4 7.0 4.7 7.3 5.0
Major groove 14.9 7.4 11.9 4.1 20.9 3.2 12.9 6.1 16.3 7.9

Tab.1 Selected helical parameters at the N7(G)–N7(G) cross-
link formed by Pt-drugs binding to DNA : a) cisplatin–5-
d(CpCpTpCpTpG*pG*-pTpC pTpCpC)-3 complexes A, B 
and C compared to experimental data; b) [{cis-Pt(NH3)2}2(µ-
OH)(µ-pz)](NO3)2 (pz=pyrazolate) (4) and [{cis-Pt(NH3)2}2(µ-
OH)(µ-1,2,3-ta-N1,N2)](NO3)2 (ta=1,2,3-triazolate) (5) 
bound to 5-d(CpTpCpTpG*pG*pTpCpTpCp)-3, resulting in 

complexes D, E and F, compared to NMR structure, and ref-
erence simulation of unbound decamer with same sequence 
(DNA MD). Rise, major and minor groove width (W) and 
depth (D) are given in Å. Roll, tilt, twist, local angle and 
global axis curvature are in degrees. The minor and major 
groove parameters refer to the largest value measured at the 
platinated site (G–G step)

A B C X-ray X-ray HMG NMR
Rise 4.3 ± 0.5 7.7 5.0 3.5 7.7 5.7
Roll 42 ± 9 61 ± 7 28 ± 8 29 64 46
Tilt -16 ± 7 -27 ± 4 -14 -7 -26 -21
Twist 34 2 24 25 30 35
Local angle 18 36 16 18 31 31
Global axis curvature 51 ± 10 57 ± 5 48 ± 8 40 46 85
Groove parameters W. D. W. D. W. D. W. D. W. D. W. D.
Minor groove 8.5 2.5 11.4 0.4 8.9 2.9 9.6 1.4 10.3 -0.8 9.8 1.7
Major groove 4.5 10.9 4.3 9.0 15 6 5.5 9.8 5.3 7.9 9.4 12.1

a)

b)

2.1

tural properties, whereas a slightly different struc-
ture is observed for F, due to its larger intermetal 
distance.[3]

The following trends are observed (Tab.1): (i) A 
decrease in the roll and an increase of the tilt angle 
of the platinated G5–G6 bases, when going from 
D to F; (ii) An increase of the rise at the platinated 
G5–G6 base step, which in F becomes comparable 
to that observed in cisplatin–DNA adducts; (iii) an 
increase of the twist from D to F, which for the latter 
leads to values typical of canonical B–DNA. This is 
possibly due to a larger intermetal distance, which 
increases the flexibility of the diplatinated moiety; 
(iv) a larger major groove with respect to canonical 
B–DNA; and (v) a small overall axis bend for all 
three complexes. Our results, based on QM/MM 
MD, provide a detailed picture of local distortions 
at the platinated site, and give some qualitative 

trends for the global distortions in DNA, such as 
a decrease in axis curvature observed when going 
from D to F. These structural parameters were 
confirmed also in 10 ns long classical MD simula-
tions with the parameters of the Pt coordination 
sphere derived from QM/MM MD trajectories via 
a force matching approach. Interestingly, cisplatin 
imposes more marked distortions than in E and 
D, while it has exactly the opposite effect on the 
helical parameters with respect to F, giving thus 
a rationale for the lack of cross resistance of these 
drugs.[1-3] In principle, the absence of a pronounced 
kink and no significant changes in minor groove 
width may render the platinated lesion less recog-
nizable to repair enzymes, circumventing cellular 
resistance.[1-3] In addition, the diplatinum drugs 
binding affects the minor groove flexibility dif-
ferently with respect to cisplatin. The diplatinated 
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drugs, especially after the isomerization, hamper 
the minor groove opening, while cisplatin facilitates 
it.[4] Our findings complement the existing experi-
mental data available on the mechanism of action 
of platinum anticancer agents, and may be crucial 
for the development of more specific anticancer 
complexes.

Antitumor antibiotics
Antitumor antibiotics are typically extended aro-
matic systems, which either intercalate between two 
base pairs, or enter into the minor groove of dsDNA 
with high sequence selectivity.[1,5] Anthramycin is a 
natural antibiotic belonging to the family of pyrrolo-
benzodiazepines. Although cardiotoxic, anthramy-
cin is often used as a template in drug design, and 
recently a number of its derivatives with improved 
antitumor activity have entered into clinical trials.[5] 
Additionally, anthramycin is a prototypical drug 
for the study of covalent minor groove binders due 
to the available structural data for the drug–DNA 
complex. This compound exerts its anticancer activ-
ity by binding to the dsDNA minor groove and by 
forming a covalent bond to a guanine. The forma-
tion of the covalent complex induces a cascade of 
cellular events, which eventually lead to apoptosis. 
We employed classical MD simulations to investi-
gate the interactions between the anthramycin in 
both the anhydro (4) and hydroxy (5) forms and a 
dsDNA dodecamer.
Our simulations show that only 4 lies in front of 
the reactive center for the whole simulation (~20 
ns), while 5 moves inside the minor groove to the 
nearest base pair after ~10 ns. This sliding pro-
cess is associated to both energetic and structural 
relaxations of the complex, and umbrella sam-
pling simulations, within a classical MD frame-
work, demonstrated that the preferred binding 
site may not always coincide with the reactive one. 
Therefore the non-covalent recognition of the pre-
ferred DNA sequence may involve a drugs sliding 
along the minor groove. 
MD simulations were complemented by QM/MM 
MD simulations of the two non covalent complexes 
in order to investigate the catalytic role of DNA in 
the alkylation step (covalent binding). The QM/
MM scheme has been adopted to split the source 
of polarization into various contributions: either 
including the electrostatic effects of DNA and sol-
vent or switching it off.[5]

A comparison of the electrostatic potential with 
and without the biomolecular environment shows 
that the explicit DNA electrostatic effect induces 
significant differences between the reactive centers 
(N2@Gua and C11@drug, Fig.4). 
In 5/DNA the alkylation reaction may be pro-
moted by a gradient of the electrostatic potential 
that assists the alkylation process. In contrast, in 
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4/DNA no gradient is present between the reactive 
centers. These results indicate that the DNA electric 
field can assist the alkylation process by altering the 
electrostatic potential between the reactants. 

This work is based on a collaboration with Attilio 
Vittorio Vargiu, Paolo Carloni, Katrin Spiegel, Paolo 
Ruggerone.
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Fig.4 Contour plots of the difference in the electrostatic 
potential (eV) with or without the biomolecular frame (cal-
culated within the QM region through the plane defined 
by N2, N10, C11) for (a) anhydro-anthramycin and (b) 
hydroxy-anthramycin. C11@drug that undergoes the nucleo-
philic attack of N2@Gua is more electrophilic due to the 
DNA frame.
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Electron transfer (ET) processes are ubiquitous 
chemical reactions that occur in a variety of crucial 
biological functions. Among the different families 
of ET proteins, cupredoxins, containing a single-
copper atom, are well suited for theoretical stud-
ies due to their relatively small size and the large 
number of experimental measurements available 
in the literature. These proteins exchange electrons 
among themselves or with other redox proteins, 
using a Cu metal ion, which can exist in the Cu(II) 
or Cu(I) redox states and are characterized by a 
high reduction potential.[1] The Cu-binding site 
(Fig.1), has a strong structural similarity between 
oxidized and reduced states.[2] In fact, in both 
oxidation states, the copper ion is coordinated 
by a cysteine (Cys) and two histidines (His) in 
a trigonal planar conformation and by one axial 
ligand, typically a methionine (Met). In azurin, 
a backbone amide oxygen of a glycine (Gly) con-
stitutes an additional axial ligand. The structural 
similarity between the two redox states renders 
the reorganization free energy (λ) for the redox 
process very small, allowing a high ET rate.[3] This 
is in contrast to solvated copper ions and synthetic 
Cu complexes, in which any oxidation state varia-
tion imposes large structural changes. Before our 
study, the origin of the low value of λ was still 
unclear. Initially, the rigidity of the protein was 
believed to force Cu(II) to be bound in a geom-
etry closer to that preferred by Cu(I). In contrast, 
quantum chemistry studies on gas phase mod-
els proposed that the binding-site geometry was 
stable for both oxidation states and that the strain 
imposed by the protein was low.[4] Therefore, the 
high redox potential could be explained in terms 
of ligand field properties and the active-site con-
tribution to the reorganization free energy (inner-

sphere reorganization energy, λinn) would accounts 
for almost the whole λ, while the outer-sphere 
reorganization energy (λout), that is the contri-
bution from the protein and the solvent, would 
not play any major role.[4] However, recent esti-
mates of azurin–azurin self ET suggested that λout 
should be at least comparable to λinn, while cyclic 
voltammetry measurements found that the redox 
potential of unfolded azurin is higher than that of 
the folded protein implying a direct relationship 
between the protein scaffold and the electronic 
properties of the Cu-binding site. Therefore, we 
have investigated the Cu(II)/Cu(I) half-reaction 
in azurin from Pseudomonas aeruginosa by hybrid 
quantum mechanics/molecular mechanics (QM/
MM) grand canonical molecular dynamics (MD) 
simulations.[5]

Role of protein frame  
and solvent for the redox  
properties of azurin

2.2

Fig.1 Structure of azurin. Left: cartoon of the protein with 
its secondary structure elements. Rigth: zoom of the copper-
binding site; the atoms treated at the QM level in QM/MM 
calculations are represented by balls and sticks.

Paolo Carloni
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We have performed a 8 ps grand-canonical QM/
MM MD run to estimate the virtual energy gap 
∆EO/R between the two redox states. The copper 
ion, its ligands and the backbone of Asn47 were 
described at the spin-polarized DFT level (Fig.1), 
while the rest of the system was treated at the clas-
sical mechanics level by the Amber force field.5 
The semicouple redox potential for the Cu2+ + e-→ 
Cu+ half-reaction in azurin was obtained by the 
grandcanonical titration.[5] Since the redox poten-
tial is a relative value our results are compared 
to Ag+/Ag0 half reaction in water. Our calculated 
redox potential (∆EA g

+/Ag
0//Cu

2+/Cu+ =1.55 eV) is in 
good agreement with the experimental value (1.63 
eV). To explain the increase in the redox poten-
tial of azurin with respect to Cu(II) in inorganic 
complexes and in solution we have investigated 
the importance of long-range effects of the protein 
frame. A direct influence of the protein electrostatic 
field on the electronic properties of the metal-bind-
ing site was observed. In azurin, the ~20-Å-long 
Ala-53–Ser-66 α-helix, which is ~10 Å away from 
the Cu-binding site, induces a dipolar electrostatic 
field that is approximately parallel to the direc-
tion of the axial ligands. We qualitatively analyzed 
the effect of the α-helix electrostatic field on the 
redox potential by performing single-point QM/
MM calculations on configurations taken from 
our QM/MM MD runs for both redox states, while 
nullifying the effect of the helix electrostatic field.[5] 
This elimination leads to a substantial increase 
(0.3±0.1 eV) of the average energy gap between 
the reduced and oxidized states, revealing a fold-
induced electrostatic stabilization of Cu(II) state 
with respect to Cu(I). 
Our calculations predict a reorganization free 
energy (λ=0.76 eV) in good agreement with the 
experimental value (λ=0.6–0.8 eV).[3] The agree-
ment with experiments and the correspondence 
between our calculated and experimental redox 
potential supports the reliability of our calculated 
λinn and λout. λinn~ 0.1 ±0.06 eV indicates that the 
inner-sphere contribution to the overall reorgani-
zation free energy is of minor importance. A ratio-
nale for this fact is suggested by a close inspection 
of the QM/MM simulations at 300 K, showing that 
the copper site is rather flexible, and its geometrical 
fluctuations are almost identical for both oxidation 
states. Therefore, at room conditions, the two spe-
cies visit essentially the same conformational space, 
and any redox event would have a negligible λinn 

Fig.2 Solvation properties of azurin. Left: solvent exposure 
of the Cu-binding site. The copper ion, the imidazole ring 
of His117, and the closest H-bonded water molecules are 
represented by balls and sticks. Water molecules within 10 
Å of the Cu ion are drawn in licorice, and other heavy atoms 
of the protein are sketched in lines. To the bottom on the 
right: Cu-O radial distribution function [black line, Cu(I); 
red line,Cu(II)].

2.2

contribution. Since λinn is small, the largest con-
tribution to λ should originates from outer-sphere 
contributions. In our simulations, the overall pro-
tein structure is not affected by the change in oxida-
tion state of the copper ion (overall rmsd ~0.35 Å 
between oxidized and reduced forms), consistent 
with the corresponding X-ray structures.[3]

Rather, the solvent rearranges significantly in a 
region close to the copper ion, specifically, around 
His117, leading to a λout

water~0.6 ± 0.05 eV. Thus, 
the water rearrangement upon change of oxidation 
states accounts for ~80% of our calculated λ. The 
change in the water structure upon copper reduc-
tion was monitored by computing the radial distri-
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bution functions with respect to Cu. The side chain 
of His117 is bound to Cu by its Nδ atom, and it is 
in direct contact with the solvent through the Nε-H 
side of the imidazole ring. The first peak of the Cu-
oxygen radial distribution function (Fig.2a) corre-
sponds to the water molecule that is H-bonded to 
His117. The radial distribution function for Cu(II) 
shows a sharp peak around 6.7 Å, whereas the peak 
associated with Cu(I) is broader. 
The difference in shape between these peaks can 
be related to a stronger polarization of the N-H 
bond for Cu(II). The increased polarization favors 
a linear geometry for the N-H…O hydrogen bond 
along with a difference in the corresponding coor-
dination numbers for the two redox states. A rear-
rangement of the waters, involving a total of ~260 
molecules that surround the loop region of azurin, 
is observed.
The solvent-exposed residues that surround His117 
are, peculiarly, all hydrophobic. Due to the reduced 
presence of H-bonding sites, the structure of the 
water molecules that wet this portion of the protein 
surface is rather affected by the long-range electro-
static field of the protein and, in particular, by the 
Cu oxidation state. Fig.3 shows the electrostatic 
potential at the solvent-accessible surface of azurin 
for both copper oxidation states, computed by 
solving the linearized Poisson–Boltzmann equa-
tion at physiological conditions.5 The change in 
the oxidation state of copper is reflected by strong 
modification of the electrostatic potential at the 
protein surface around His117: (i) in the Cu(II) 
state, the copper binding site has an overall +1 
charge, which is enough to weakly polarize the 
hydrophobic solvent exposed region; (ii) in the 
Cu(I) state the portion of protein surface next 
to His117, in the absence of a nearby net charge, 
becomes overall more hydrophobic being also 
responsible for a rearrangement of the solvent-
exposed side chains. The rearrangement of the 
hydrophobic residues and the reduced intensity of 
the electrostatic potential at the protein surface are 
therefore the major causes of the rearrangement 
of the water molecules in the protein solvation 
shell.
In summary, our calculations unveil the crucial 
effects of the protein environment and solvent 
for the electronic and structural properties of the 
Cu(II)/Cu(I) redox reaction in azurin. The aver-
age value of the calculated reorganization free 
energy is in very good agreement with experi-

mental results.[2,3] Our simulations show that due 
to the rater flexible nature of the metal binding site 
inclusion of thermal effects is crucial to any model 
that aims at understanding characteristic proper-
ties of azurin. In addition, they reveal that the 
outer-sphere reorganization energy is governed by 
the protein surface–water interface in the region 
surrounding His117. The electrostatic potential 
in this region, characterized by solvent-exposed 
hydrophobic side chains, is strongly affected by 
changes in the oxidation state of the copper ion. 
This leads to a rearrangement of a shell of water 
molecules, as well as a closer packing of the protein 
surface residues, upon copper reduction. 

Fig.3 Electrostatic properties of the surface of azurin. 
Protein surface next to His117 is colored according to the 
protein electrostatic potential (from red (negative) to blue 
(positive)), for Cu(I) and Cu(II) redox states (left and right, 
respectively).

2.2

This work is based on a collaboration with Michele 
Cascella, Ivano Tavernelli, Ursula Rothlisberger and 
Alessandra Magistrato 
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Since the discovery of vanadium-containing 
enzymes two decades ago, there has been a grow-
ing interest in the biological, pharmacological, and 
industrial applications of vanadium. An exhaus-
tive survey of recent progresses in the chemisty 
of vanadium bio-compound is givent in Refs.[1,2,3]. 
Two classes of vanadium enzymes have so far 
been found in nature: vanadium-nitrogenase and 
vanadate-dependent haloperoxidase. In vana-
dium-nitrogenases, vanadium is present in a low 
to medium oxidation state as an integral part of 
a iron-sulfur cluster that activates and reduces 
several substrates such as molecular nitrogen, 
which is converted to ammonia, thereby making 
it available to higher organisms. Haloperoxidases 
contain vanadium(V) as vanadate or related ions 
(Fig.1) and catalyze the two-electron oxidation 
of a halide ion, X-, to the hypohalous acids, HXO. 

The process can be formally described by the fol-
lowing reaction:

 X- + H2O2 + H+ → HXO + H2O

HXO can further react with a wide range of nucleo-
philic molecules to yield a number of halogenated 
substances. The oxidation state of the vanadium (+V) 
does not change during catalysis and therefore the 
metal acts as a strong Lewis acid with respect to the 
actual oxidant hydrogen peroxide. The name of these 
VHPOs is assigned on the basis of the most electro-
negative halide they can oxides. Thus a vanadium 
chloroperoxidase is able to oxide Cl-, Br-, and I-. 
Vanadium haloperoxidases (VHPOs) and vana-
dium complexes mimicking the active sites of 
VHPOs have attracted considerable attention as 
putative oxidation and oxo transfer catalysts and for 

Fig.1 Crystal structure of the (a) native and the (b) peroxide form vanadium-containing chloroperoxidase from fungus C. inaequalis. 
The hydrogen bonding pattern is drawn as dotted lines.

Structure and function  
of vanadium haloperoxidases

2.3
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their potential medical applications. 
Understanding the reaction mechanism of these 
proteins may help the design of biomimetic vana-
dium complexes. Peroxo-vanadium complexes 
represent good functional models of the VHPO 
and have shown to epoxidize alkenes, hydroxylate 
hydrocarbons, oxidize many organic compounds, 
and can perform efficient enantioselective sulfoxida-
tions (See for instance Ref.[2]).
We have recently studied the vanadium chloroper-
oxidase form Corallina officinalis. We employed 
ab initio (Car-Parrinello)-molecular mechanics 
(CP/MM) simulations coupled to meta-dynamics 
to clarify the structure of the vanadate cofactor and 
the reactivity versus hydrogen peroxide and bro-
mide anion. The study was performed taking fully 
into account the field of the entire protein, solvent 
and counter ions. The computational details can be 
found in the publication[4].
Knowledge of the protonation state is a prerequisite 
for modeling the enzymatic activity. We performed 
geometry minimizations and CP/MM simulations 
on all of the possible active site protonation states. 
All of the residues directly interacting with the 
vanadate moiety were included in the QM region 
(Fig.1a). 
The model which fits best the known catalytic pocket 
structure was assigned by performing an analysis of 
the root mean square displacement from the crystal 
structure of the vanadate moiety heavy atoms and 
the coordinating residues. Assuming, as usually done 
in the simulation of proteins, that aqueous solution 
and crystal structure do not differ, our conclusions 
are however fully meaningful. The rest state of the 
enzyme likely consists of an anionic H2VO4

– vana-
date moiety where one hydroxo is in axial position 
and H-bonded to His404, whereas the other one is 
either H-bonded to a neutral Lys353 or Ser402. 
We examined the formation mechanism of the 
peroxo intermediate (Fig.1b) by hybrid CP/MM 
simulations for the various possible stable proton-
ation states.
In Fig.2 the free-energy landscape for the OaH

- 
attack to the hydrogen peroxide is reported. The 

mechanism consists in the formation of a transient 
HOO- anion and a water molecule (Fig.2E). The 
water molecule diffuses away and the HOO- anion 
binds to vanadium with the formation of an hydro-
gen peroxide intermediate (Fig.2I). The overall 
geometry of the intermediate species is similar for 
the other protonation states examined. The forma-
tion of a hydrogen peroxide intermediate is a non 
trivial outcome. Its presence has been postulated on 
the basis of 17O NMR studies of peroxide binding 
to the active site center of bromoperoxidase from 
Ascophyllum nodosum at pH=8. An hydrogen perox-
ide vanadium intermediate has also been suggested 
in oxo transfer reactions to metal-centered thiolates. 
The activation free-energy for the formation of the 
intermediate is quite insensitive to the protonation 
state of the active site (8-12 kJ/mol).
At acidic conditions, the next step of the catalytic 
cycle reasonably consists in the protonation of 
the OH oxygen of the hydrogen peroxide group. 
We investigated this possibility by randomly plac-
ing in the cavity around the vanadium. For every 
protonation state, starting from different initial 
geometries, indeed we observed the spontaneous 
formation of a peroxo species, where the peroxo 
moiety is hydrogen bonded to Lys353. 
In summary our calculations suggest that at neu-
tral pH the formation of the peroxo intermedi-
ate proceeds through a mechanism that involves 
the formation of an (end-on) hydrogen peroxide 
intermediate. This mechanism differs from that 
proposed by Messerschmidt et al. [5], which involves 
the formation of an aqua-vanadate species and the 
release of HOO- that in turns attacks the vanadium 
center with the subsequent formation of the peroxo 
species. Based on our calculations, the HOO- is 
too reactive and the water is very weakly bound to 
vanadium to have an appreciable lifetime, especially 
at acidic conditions. In this regard the mechanism 
found in our study, which involves a quasi-con-
certed H2O2 deprotonation/water release with the 
formation of the hydrogen peroxide intermediate, 
seems to be more realistic.
After its formation the peroxo vanadate cofactor 

2.3
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Fig.2 Formation of the hydrogen peroxide intermediate. Upper panels: chosen reactive degrees of freedom (left) and free energy landscape 
(right). R: reactants. TS: a configuration near the transition state. E: a configuration after the TS. I: intermediate.

can undergo several protonation equilibria. As 
done for the rest state, we have determined the 
most probable protonation state comparing CP/
MM calculations to the crystal structure. 
The most probable protonation states of the peroxo 
cofactor are neutral HVO2(O2) forms with hydroxo 
group either H-bonded to Ser402 or coordinated 
to Arg360. The peroxo cofactor is also coordinated 
to an axial water molecule, which is likely impor-
tant for the stability of the peroxo vanadate/His496 
adduct.
The final step of our investigation consisted in the 
study of the bromide anion binding to the peroxo 
vanadate cofactor and the subsequent oxo transfer 
pathway. 
The binding of Br- was studied performing CP/
MM simulations on different protonation states 
of the peroxovanate cofactor. The coordination 
water was removed and the anion was randomly 
placed around the metal center. Only for neu-
tral and positively charged species a spontaneous 
binding of bromide was observed (Fig.3c). The 
anionic form does not spontaneously bind the 
halogen, as expected for a reaction between two 

negatively charged substrates. On the other hand, 
all of the attempts to find a reaction path for the 
direct binding of Br- to Oa failed for all of the pro-
tonation states. These findings strongly suggest 
that a binding of the halogen to vanadium prior 
oxidation may take place, as also suggested by 
some experimental evidences.
Finally, a reaction channel for the oxo transfer to 
the Br atom is found (Fig.3e) for different peroxo 
vanadate/Br- adducts. The lowest and the highest 
reaction free-energies are calculated for the doubly 
oxo-protonated (20 kJ/mol) and the singly-proton-
ate (35 kJ/mol) peroxovadate. This difference in 
the activation free-energy is within our statisti-
cal uncertainty and our calculations discriminate 
between the two different protonation states.
We have also studied the reaction assuming Lys353 
as neutral. In this case, the activation free-energy is 
considerably higher. We found that LysH+ polarizes 
the O-O peroxo bond and, as a consequence, lowers 
the activation energy for oxo transfer. 
In summary, in this study we have analyzed of the 
rest state of the vanadium dependent chloroper-
oxidase and the early intermediates of the catalytic 

2.3
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Fig.3 Initial stage of bromide anion oxidation. Upper panels: chosen reactive coordinates (left) and free energy landscape (right). R: reactants. 
TS: a configuration near the transition state. P: final state.

cycle. The investigation of different protonation 
states indicates that the rest enzyme likely consists 
of an anionic H2VO4

- vanadate moiety where one 
hydroxo is in axial position and H-bonded to His404. 
In all likelihood, depending on the pH, several dif-
ferent protonation states can coexist. Our calcula-
tions suggest that the hydrogen peroxide addition 
may not involve an initial protonation of the cofac-
tor in contrast to previous proposals[1]. We found 
a low free energy barrier path where the hydrogen 
peroxide directly attacks the axial hydroxo group 
with the formation of an hydrogen peroxide inter-
mediate, which is promptly protonated in acidic 
conditions to form a peroxo species. Furthermore, 
the free energy barrier for the formation of the 
hydroperoxide intermediate does not depend sig-
nificantly upon the protonation state of the cofac-
tor. The most probable protonation states of the 
peroxo cofactor are neutral HVO2(O2) forms with 
hydroxo group either H-bonded to Ser402 or coor-
dinated to Arg360. Our calculations do not support 
the protonation of one of the two peroxo oxygens as 
initial step of the halide oxidation. Rather, the halo-
gen first displaces the axial water and coordinates 

to vanadium, then reacts with the peroxo moiety 
yielding a hypohalogen vanadate. We also confirm 
that a protonated Lys353 could play a crucial role 
determining the catalytic activity, strongly polar-
izing the peroxo moiety. 
In conclusion, our understanding of the halogena-
tion mechanism by VHPO is improving, which dis-
closes the possibility to anticipate the development 
of new efficient catalysts for selective halogenation 
reactions. 

This work is based on a collaboration with Paolo 
Carloni.
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Physics of strongly correlated  
materials by numerical  
many-body techniques

Part 3



The aim of this activity is the understanding of selected 
physical systems and/or models and the development and 
tuning of methodological tools and techniques, in the area 
of quantum many-body systems. This goal is achieved by 
combining the effort of researchers possessing complementary 
backgrounds and expertises and a strong competence in 
numerical techniques such as the quantum Monte Carlo (QMC) 
method, the dynamical mean field theory (DMFT) and alike.  
By resorting to appropriate models both on the lattice and on 
the continuum -possibly simplified, but still able to describe  
and capture the role of the strong interparticle correlation-  
we aim at understanding and predicting properties of systems 
of technological importance, as well as gaining insight into 
systems of fundamental interest and providing benchmark 
results to test approximate theories.
Whenever correlation plays a major role in determining  
the observed properties of a physical system, conventional 
methods, such as schemes based on density functional theory 
(DFT) or perturbation expansions, may become inapplicable.  
In similar situations even the qualitative nature of predictions 
may crucially depend on the the accuracy of the chosen 
theoretical approach. Therefore numerical simulation schemes 
are the method of choice, as they provide the most reliable 
information on correlated quantum many-body systems and 
exact results for Bosons. QMC methods naturally complement 
the DFT techniques employed in other research activities 
present in this CRS and in fact they will be also used in 
combined efforts to tackle specific issues.
This program has been consistently implemented over the  
last three years by studying a variety of problems, ranging  
from helium droplets and their spectroscopic properties,  
to the challenge of spin- and isospin-dependent interactions  
in nuclear matter, to subtleties in seemingly simple chemical 
species like benzene rings, to electrons in solid state 
devices, to models for cold atom lattices, to high temperature 
superconducting materials. Rather than attempting to provide  
a comprehensive overview of all the systems that  
we have studied, below we illustrate our research activity 
through a few examples. 

Gaetano Senatore and Sandro Sorella
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Since Mott’s original proposal[1], the correlation-
driven metal-Mott insulator transition (MIT) has 
attracted rising interest, renewed by the discovery 
of many novel strongly correlated materials. On 
the verge of becoming Mott insulators, many 
systems display very unusual properties, high-
temperature superconductivity being probably the 
most spectacular example. While understanding 
Mott insulators and MIT is conceptually simple, 
calculations constitute a very hard problem. 
Conventional electronic structure methods, such 
as Hartree-Fock or density functional theory in the 
local density approximation (LDA) cannot describe 
MIT, unless one allows for some kind of symmetry 
breaking. The standard example is the realization of 
long-range static magnetic order in the unrestricted 
Hartree-Fock, local-spin-density, or LDA+U 
approximations. Within these approximations 
the MIT turns into a conventional metal-band 
insulator transition, thus masking the essence of 
the Mott phenomenon, where a charge gap appears 
independently of the spin order. The fact that most 
known Mott insulators are indeed accompanied 
at low temperatures by some symmetry breaking, 
usually of magnetic type, further encourages the 
(wrong) concept that it is not possible to describe 
any Mott insulator without a symmetry breaking. 
Another useful approximation that may invite 
the same conclusion is based on the variational 
Gutzwiller wave function (GWF) and its various 
generalizations[2]. The GWF is the simplest way to 
improve a symmetry-unbroken, hence metallic, 
Slater determinant by partly projecting out the 
expensive double-occupancy charge configurations. 
In principle, whenever the projection is complete, 
the GWF would indeed describe a Mott insulator 
without any symmetry breaking. Full projection 

however means zero band-energy gain, which is 
generally not correct, except for the unphysical case 
of infinite on-site repulsion. For finite projection, 
the GWF unfortunately describes a metallic state in 
any finite dimensional lattice, at least so long as the 
uncorrelated Slater determinant state is metallic.
To obtain an insulator, one is forced once again 
to project an artificially symmetry-broken 
determinant wave function. The main drawback 
of the GWF can be immediately recognized if one 
recalls Mott’s original description of a correlation-
driven insulator. Let us consider for simplicity 
the single-band Hubbard model at half-filling. 
First of all it is clear that the system must even in 
the insulating phase allow for charge fluctuations 
around the mean value, implying some doubly-
occupied (doublon) and empty (holon) sites. 
However, in order to describe an insulator, 
doublons and holons have to be bound, otherwise 
any infinitesimal electric field could induce electric 
current. This spatial correlation among expensive 
charge configurations is exactly what is missing in 
the conventional GWF. There have been several 
attempts to cure this problems by allowing holon-
doublon correlations just on nearest neighbor sites, 
with only partial success. It is actually suggested 
by our previous discussion that long-range holon-
doublon correlations should be a fundamental 
ingredient of a realistic insulating wave function, 
otherwise there would always exist a finite 
probability for holons and doublons to escape from 
each another, signaling of a metallic behavior. 
In Refs.[3-4-5], we showed that this plan can be 
accomplished with success. In particular, we 
demonstrate that non-trivial insulating wave 
functions without symmetry breaking do exist 
and the MIT, so far well described only in infinite 

Variational description  
of the metal-insulator transition
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dimensions, is accessible variationally even in 
finite dimensions. 
We considered the single-band Hubbard model 
in one and two dimensions and showed that a 
long-range Jastrow factor can turn a metallic 
Slater determinant into an insulating state  [3-4]. 
Moreover, a similar approach can be also applied 
to bosonic systems. In particular, for this case, 
the accuracy of the variational wave function can 
be checked by comparison with Green’s Function 
Monte Carlo simulations, that allow us to obtain 
numerically exact results by a stochastic sampling 
of the ground-state wave function[5]. 

In Ref.[3], we demonstrated that a variety of 
ground-state wave functions can be obtained in 
the frustrated Hubbard model in one dimension: 
depending on the behavior at small momenta of 
the Jastrow factor v(q), we can have a conducting 
or an insulating phase, with v(q)~1/q or v(q)~1/q2 

, respectively. Then, a dimerized insulating phase 
can be also achieved by acting on the uncorrelated 
part, namely considering a BCS wave function 
with a gapped spectrum. In this case, though the 
variational state does not break the translational 
symmetry, we obtained a finite dimerization in the 
correlation functions, appropriate for large enough 
frustration in the hopping amplitudes. In Fig.1, we 
report the phase diagram of the frustrated Hubbard 
model, as published in Ref. [3]. 
The most relevant result of this work was the possibility 
to obtain a consistent description of a Mott insulator, 
that still has charge fluctuations. This can be achieved 
by means of a divergent Jastrow factor, i.e., v(q)~1/ q2. 
Remarkably, it is possible to verify the existence of a 

simple relation between v(q) and the density-density 
structure factor N(q), namely we found that, at small 
momenta, N(q)~1/v(q). 
Our variational approach was not limited to the 
one-dimensional case, but can be easily generalized 
to higher dimensions, where an even more 
interesting scenario can appear. Whenever one is 
interested in the paramagnetic sector, neglecting 
antiferromagnetic long-range order, our approach 
for the Hubbard model in two dimensions led 
to a metal-insulator phase transition at U/t~8.5, 
again marked by a sudden change in the small-q 
behavior of the Jastrow factor. Indeed, for small 
values of the on-site interaction U, we obtained 
v(q)~1/q, whereas for larger values v(q) )~β/q2 is 
obtained, see Fig.2. 

3.1

Fig.1 Variational phase diagram of the one-dimensional t-t’ 
Hubbard model. The error bars keep into account finite-size 
effects and dashed lines are guides to the eye.

Fig.2 Optimized Jastrow potential v(q), multiplied by q2, for 
the two-dimensional Hubbard model as a function of q [in 
the (1,1) direction] for different sizes of the cluster and ratios 
U/t. The arrow indicates the expected value of the transition 
point of the classical Coulomb gas.

In correspondence with this  change,  the 
quasiparticle weight goes continuously to zero, 
indicating the existence of a second-order phase 
transition between a metallic state and a Mott 
insulator.
Interestingly, in two dimensions, v(q) )~β/ q2 does 
not always lead to an insulator, but, depending 
on the value of β, one can describe both a 
Mott insulator (for β sufficiently large) or an 
“anomalous” metal (for β smaller than a critical 
value). In Ref.[4], by studying the Jastrow state 
as a function of the strength β, we reported the 
evidence of a continuous phase transition, also 
supported by an exact mapping of our quantum 
wave function onto a classical problem of particles 
interacting through a logarithmic interaction (the 
so-called classical Coulomb gas). In this mapping 
the strength of the Jastrow term can be related to 
the temperature of the classical problem.
We have also characterized the anomalous metallic 
phase, that has a quadratic behavior of the density-
density structure factor at small momenta (like an 
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insulator) but still preserves cusp singularities 
at large q, similarly to a metallic state with a 
large Fermi surface. Moreover, this state has no 
coherent quasiparticle excitations. Unfortunately, 
in order to stabilize such a state in a microscopic 
Hamiltonian, sufficiently long-range interactions 
are needed. We have not found any evidence that 
this anomalous metallic phase can be obtained a 
for realistic Coulomb potential. 
Finally, we considered our Jastrow wave function 
in the context of bosonic systems, relevant for 
cold atoms in optical lattices. In Ref.[5], we have 
shown that a superfluid-insulator transition can 
be described by applying a sufficiently divergent 
Jastrow term to the non-interacting and fully-
condensed bosonic state. One of the advantages 
of treating bosons instead of fermions is that the 
exact ground-state properties can be obtained by 
projection Monte Carlo techniques, so to compare 
our variational ansatz.
In one and two dimensions, the situation is very 
similar to the fermionic case discussed above: 
the superfluid-insulator transition is marked by 
the change of the low-q behavior of the Jastrow 
factor v(q). A detailed comparison with the exact 
results have shown the high accuracy of our wave 
function. 
The most interesting results have been obtained in 
three dimensions: here the Jastrow factor is even 
more diverging in the insulating phase, i.e., v(q)~1/q3 

(the results for the optimized Jastrow factor in one, 
two, and three dimensions are reported in Fig.3). 
This outcome naturally follows from the fact that, 
in three dimensions, v(q)~1/q2 cannot destroy the 
superfluid condensate of the uncorrelated part 
of the wave function. Remarkably, the structure 
factor in the Mott insulator has the correct N~q2 
behavior. In turns, this implies that, in this case, 
the previous relation connecting v(q) and N(q) 
does not hold, not even for q→ 0, which is quite 
unexpected. In order to prove that v(q)~ β3D/
q3 can indeed lead to N~q2, we have calculated 
the latter quantity with a non-optimized wave 
function with v(q)~ β3D/q3 and for different values 
of β3D. Our results clearly indicated that there is 
a critical value of β3D that discriminates between 
a regime where N~q3 (for small β3D) and another 
one where N~q2 (for large β3D).
In conclusion, in a series of papers, we have shown 
that a long-range Jastrow potential does allow 
for a faithful variational description of a Mott 
transition in both bosonic and fermionic Hubbard 
models. In particular, we found many similarities 
between these two systems. In analogy with the 
bosonic example, we expect that a singular Jastrow 
potential v(q)~ β/q3 is necessary to describe the 
three-dimensional Mott transition in fermionic 
models, too, all the more reason when realistic 

Coulomb interaction is taken into account, in 
which case a Jastrow potential v(q)~ 1/q2 is 
necessary already in the metal to reproduce the 
proper long-wavelength behavior.

Fig.3 Variational results for the Jastrow potential v(q) mul-
tiplied by q2 in one and two dimensions and by q3 in three 
dimensions for increasing values of U/t (from bottom to 
top). Upper panel: one-dimensional case for 60 (circles) and 
100 (triangles) sites. Middle panel: two-dimensional case for 
20x20 (circles), 26x26 (squares), and 30x30 (triangles) clusters 
[along the (1,0) direction]. Lower panel: three-dimensional 
case for 8x8x8 (circles), 10x10x10 (squares), and 12x12x12 
(triangles) clusters [along the (1,0,0) direction].

3.1

This work is based on a collaboration with Manuela 
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Tosatti. 
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The comprehension of the nature of the chemical 
bond deeply relies on the first principle solution of 
the Schrödinger equation. Since the seminal work 
by Heitler and London, very large steps have been 
made towards the possibility to predict the quanti-
tative properties of the chemical compounds from 
a theoretical point of view. Mean field theories, 
such as Hartree-Folk (HF) have been successfully 
applied to a wide variety of interesting systems, 
although they fail in describing those in which the 
correlation is crucial to characterize correctly the 
chemical bonds. For instance the molecular hydro-
gen H2, the simplest and first studied molecule, is 
poorly described by a single Slater determinant in 
the large distance regime, which is the paradigm of 
a strongly correlated bond. Indeed, in order to avoid 
expensive energy contributions - the so called ionic 
terms, that arise from two electrons of opposite 
spin surrounding the same hydrogen atom, at least 
two Slater determinants are necessary to deal with 
a spin singlet wave function containing bonding 
and antibonding molecular orbitals. Moreover at 
the bond distance it turns out that the resonance 
between those two orbitals is important to yield 
accurate bond length and binding energy. 
Another route that leads to the same result is to deal 
with an Antisymmetrized Geminal Power (AGP) 
wave function, which includes the correlation in the 
geminal expansion. This wave function is obtained 
by antisymmetrizing for all possible permutations 
of particles the simple product of opposite spin 
electron pairs. Each pair is described by the same 
two particle function, that is called indeed gemi-
nal and is chosen to be a spin singlet. Barbiellini1 
gave an illuminating example of the beauty of this 
approach solving merely the simple problem of the 
H2 molecule with a single geminal.
On the other hand post Hartree-Fock methods, 
such as the Configuration Interaction (CI) tech-
nique, describe the many-body wave function as a 
superposition of several Slater determinants, and 

have been shown to be very successful for small 
molecules (e.g. Be2). In these cases it is indeed 
possible to enlarge the variational basis of Slater 
determinants up to the saturation. The electron cor-
relation is then well described and consequently all 
the chemical properties can be predicted with high 
accuracy. However, for interesting applications with 
a large number of atoms this approach turns out 
to be very much computationally demanding, and 
often prohibitive. Coming back to the H2 paradigm, 
it is straightforward to show that a gas with N H2 
molecules in the dilute limit can be dealt accurately 
only with 2N Slater determinants, otherwise one is 
missing important correlations due to the antibon-
ding molecular orbital contributions, correspon-
ding to each of the N H2 molecules. Therefore, if the 
accuracy in the total energy per atom is kept fixed, a 
CI-like approach does not scale polynomially with 
the number of atoms. Although the polynomial cost 
of Quantum Chemistry algorithms as the Coupled 
Cluster (CC) is ranging from N5 to N7, and therefore 
it is not prohibitive, a loss of accuracy, decreasing 
exponentially with the number of atoms is always 
implied, at least in their simplest variational formu-
lations. This is related to the loss of size consistency 
of a truncated CI expansion.
An alternative approach, not limited to small mole-
cules, is based on DFT. This theory is in principle 
exact, but its practical implementation requires an 
approximation for the exchange and correlation 
functionals corresponding, like the Local Density 
approximation (LDA) and its further gradient cor-
rections (GGA), or on semiempirical approches, 
like BLYP and B3LYP. For this reason, even though 
much effort has been made so far to go beyond 
the standard functionals, DFT is not completely 
reliable in those cases where the correlation plays 
a crucial role. Indeed, it fails in describing HTc 
superconductors and Mott insulators, and in pre-
dicting the properties of some transition metal 
compounds, whenever the outermost atomic d-

New resonating valence bond  
approach for electronic simulations
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shell is near-half-filled. Among them it is worth 
mentioning the iron atom, for its importance as 
catalyst in many biophysical reactions. Also the H2 
molecule when the protons are at the large distance 
regime must be included in the “difficult case” list, 
since the large distance Born-Oppeneimer energy 
surface, depending on Van der Waals forces, is 
not well reproduced by the standard functionals, 
although some progress has recently been made to 
include these important contributions2.
Quantum Monte Carlo (QMC) methods are alter-
native to the previous ones and have shown to be 
very successful, because they can be applied to large 
electronic systems with a very convenient polyno-
mial scaling of the computational time (the cube of 
the number of electrons or even better), and they 
can deal with an explicitly correlated variational 
wave function. In our work we have used a QMC 
framework, especially the Variational Monte Carlo 
method, in order to extend the AGP ansatz by inclu-
ding the Jastrow (i.e. dynamical) correlation. The 
Jastrow-AGP (JAGP) wave function(3,4) captures a 
large amount of the correlation energy because it 
represents a very efficient way of implementing the 
Resonating Valence Bond (RVB) approach proposed 
by Linus Pauling long time ago. In the original for-
mulation by Pauling, it was impossible to consider 
explicitly all possibile valence bonds, whose number 
grows exponentially with the sistem size, and this 
beautiful theory was very soon abandoned because 
unpractical. Instead, by using the QMC technique, 
all the valence bond configurations implied by the 
AGP wavefunction can be very efficiently consi-
dered and appropriately weighted by the Jastrow 
factor. Remarkably this is achieved by statistically 
sampling just a single determinant. 
Both the Jastrow and the AGP part are expanded 
in a Slater or Gaussian single particle basis set, and 
their optimal variational parameters are found by 
means of a QMC energy minimization. The use 
of an optimized local basis set allows to describe 

efficiently both isolated molecules or bulk systems. 
Clearly, our novel RVB approach remains approxi-
mate and in some cases not fully satisfactory, but 
in a large number of interesting molecules we have 
obtained results comparable or even better than 
multi determinantal schemes, that - we remark 
again - are limited to rather small molecules.
 Moreover, we have extended the QMC minimiza-
tion method to treat the atomic positions as further 
variational parameters. This improvement, together 
with the possibility to work with a single determi-
nant, has allowed us to perform a structural opti-
mization of non trivial molecules like the benzene 
radical cation, reaching the chemical accuracy with 
an all-electron and feasible variational approach 
(see Fig.1). 

Fig.1 Plot of the convergence toward the equilibrium geo-
metry for the 2B2g acute and the 2B3g obtuse benzene cation. 
Notice that both the simulations start form the ground state 
neutral benzene geometry and relax with a change both in 
the C-C bond lengths and in the angles. The distances (r) are 
in atomic units, the angle (α) is expressed in degrees. The 
carbon sites are numerated from 1 to 6.

3.2
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Another example that highlights the accuracy 
of our approach is the study of the interaction 
between two benzene rings, which is the proto-
type of the intermolecular bonds based on the 
corresponding π – π interactions. They play an 
important role in many interesting compounds. 
For instance, they stabilize the three-dimensio-
nal structures of biological systems such as pro-
teins, DNA, and RNA. Moreover, many drugs 
with a specific chemical target utilize the π – π 
interactions and their long range forces to reach 
the stability. In our case, the binding of the ben-
zene dimer appears small and almost negligible 
(~ 0.5 kcal/mol) in the face-to-face geometry, as 
shown in Fig.2. On the other hand, in the parallel 
displaced configuration where the two molecules 
are shifted by 3.4 a.u., we have found a sizable 
gain in energy, which reaches its optimal value 
of ~2.2(3) kcal/mol. This weak binding is smaller 
than the most recent post HF value (~2.8 kcal/
mol) obtained with the CCSD(T) method after 
a careful extrapolation to the complete basis set 
limit. However, by considering the reduction of 
the binding energy due to the zero point vibra-
tional energy (estimated to be 0.37 kcal/mol), 

our result goes clearly in the direction of the best 
experimental estimate (1.6 kcal/mol). 

In conlcusion a promising computational approach 
has been developed in the recent years that can 
open the way to large scale simulations of electronic 
systems with a first principle variational approach for 
the direct and accurate solution of the Schrödinger 
equation.

This work is based on a collaboration with Michele 
Casula, Claudio Attaccalite.
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Fig.2 Energy for two face-to-face benzene molecules as a 
function of their distance for different methods. The refe-
rence was taken at R=12. The nearest neighbor C-C (C-H) 
distance was set to 2.636 (2.038) a.u. in the two molecules. 
Our best estimate of the binding energy has been obtained 
by using the Lattice Regularized Diffusion Monte Carlo 
(LRDMC), a recently developed method5 which stocha-

stically projects the JAGP variational ansatz to the lowest 
possibile state compatibile with the AGP wave function 
phase S. The advantage of this method is its possibility to 
include non local potentials (used in this case to describe 
the 1s-core of the carbon atoms) in a numerically stable 
projection that fulfills the variational upper bound property 
for the ground state energy.
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Many interesting phenomena take place in materials 
that are very close to an interaction-driven metal-
to-insulator transition, so called Mott transition, 
among which high-temperature superconductiv-
ity in cuprates is just the most spectacular example. 
Since the Mott transition is a collective phenom-
enon – each electron has to know where all the 
others are before moving, in order not to pay too 
much Coulomb repulsion – it escapes all standard 
approaches based on a single-particle picture, like 
the Density Functional within the Local Density 
Approximation or the Hartree-Fock theories. For this 
reason, many ad hoc techniques have been developed 
specifically to cope with this issue. Among them, 
one that has provided a lot of new insights about the 
dynamical behavior across the Mott transition is the 
so-called Dynamical Mean Field Theory (DMFT). 
This theory is exact in infinite coordination lattices. 
For finite coordination ones, it is an approximation 
justified by the assumption that the Mott localization, 
being a local phenomenon, is well captured by just 
working out the proper frequency dependence of the 
local self-energy. This task is accomplished within 
DMFT by solving an auxiliary Anderson impurity 
model (AIM) subject to a self-consistency condi-
tion between the impurity and the conduction-bath 
spectral functions. DMFT thus establishes a close and 
very enlightening relationship between the physics of 
the AIM and that of the Mott transition. In the case 
of a single-band lattice model, that translates within 

DMFT to a single-orbital AIM, the question reduces 
to know whether, after self-consistency, there is 
Kondo screening or rather the impurity spin remains 
asymptotically free. The former case corresponds to 
a strongly-correlated metal, the latter to a, not very 
realistic, Mott insulator where local moments are 
formed but they are completely free. 
In more complicated multi-band lattice models or in 
the recently proposed cluster extensions of DMFT 
– the lattice model maps onto a cluster of Anderson 
impurities subject to proper self-consistency condi-
tions – the physics grows richer. In these cases the 
impurity can be either screened by the conduction 
electrons, Kondo screening → correlated metal, or can 
be screened by making use of inter-orbital processes, 
in multi-band models, or by the other impurities, in 
the clusters. From the AIM point of view, these two 
alternative ways of screening correspond to two com-
pletely different dynamical behaviors. When Kondo 
screening takes place, the impurity spectral function 
displays the conventional Kondo resonance within 
well-formed Hubbard side-bands. When the screen-
ing occurs for other reasons, the impurity spectral 
function has still weight in between the Hubbard 
side-bands, but now this weight is minimum at the 
chemical potential and increases moving away, a kind 
of pseudo-gap. Most of the times, these two limiting 
behaviors are connected by a quite sharp cross-over. 
However, in some special cases, a true quantum criti-
cal point separates the Kondo screened from the non-

The physics of the Mott transition  
and the Anderson impurity model
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Kondo screened phases. In Ref.[1], we have analyzed 
by means of Numerical Renormalization Group 
(NRG) a two orbital AIM that is also equivalent to 
two single-orbital impurities coupled among each 
other by an anti-ferromagnetic exchange J. When 
J is small compared with the Kondo temperature, 
conventional Kondo screening occurs. On the con-
trary, when J exceeds the Kondo temperature, the two 
impurities couple together into a singlet state, trans-
parent to the conduction electrons. These two phases 
are in this model separated by a true critical point. In 
Fig.1 we show the impurity density of states (DOS) 
across the critical point. The inset shows the DOS on 
a large energy range where the Hubbard bands are 
visible. In spite of the fact that the two regimes look 
similar on this scale, zooming around the chemical 
potential, the main panel, clearly shows the abrupt 
transition from the Kondo resonance behavior to 
the pseudo-gap one.

3.3

 A more realistic modeling of an impurity dimer con-
sists of two impurities hybridized among each other. 
The hybridization t provides an effective exchange J 
= 4t2 /U, where U is the Hubbard repulsion on each 
impurity, that in principle could drive the model 
across the critical point. In addition, t breaks the 
relevant O(2) symmetry between the impurities, 
thus turning the quantum phase transition into a 
sharp crossover. In Fig.2 we draw the DOS of this 
model. It is evident that the pseudo-gap now opens 
continuously, although the cross-over between the 
two regimes is found to be quite sharp. 
A question that immediately arises looking at the 
impurity dimer is how the pseudo-gap regime and 
eventually the critical point would affect the physics 
of a lattice model that, within DMFT, maps onto that 
impurity-dimer model. In Ref.[2] we have studied by 
DMFT a two-band Hubbard model with inverted 
Hund’s rules mimicking a dynamical E⊗e Jahn-
Teller effect. For two electrons per site, the inverted 

exchange J tends to lock them into a singlet, thus 
realizing on a single site right the same physics of 
the impurity dimer. At small interaction U, the lat-
tice model is metallic that corresponds to an AIM 
with a large Kondo temperature TK compared with 
J. As U increases, TK diminishes until, before reach-
ing the Mott transition, it has to become of order J. 
This suggests that the impurity model onto which 
the lattice model maps necessarily encounters its 
quantum critical point before the Mott transition 
has taken place. We speculated in Ref.[1] that, after 
full self-consistency is reached, the critical region 
around the impurity quantum critical point would 
have been transformed into a true symmetry broken 
phase of the lattice model. Indeed, the impurity criti-
cal point is identified by several symmetry-breaking 
instability-channels with singular susceptibilities. 
This implies singular irreducible scattering vertices. 
Within DMFT, the irreducible scattering vertex of the 
lattice model is fully local, hence coincides with the 
impurity vertex. Therefore, also the lattice model will 
suffer from strongly enhanced irreducible vertices in 
the same instability channels of the impurity critical 
point. However, while an impurity can not get rid 
of these singularities, a lattice model can do that 
by spontaneously breaking one of the symmetries 
within those channels. Which one it depends on 
other details, like for instance the Fermi surface hav-
ing or not nesting. Indeed, by a full DMFT calcula-
tion, we did confirm the above speculation. In Fig.3 
we plot the phase diagram of the two-band Hubbard 
model with inverted exchange J = 0.05 W, with W 
the conduction bandwidth, as function of U/W and 
of the doping away from half-filling, δ. 
Precisely at half-filling, δ = 0, the model is metal-
lic at weak repulsion and Mott insulating at strong 
repulsion. Yet, a superconducting phase intrudes 

Fig.1 Impurity spectral function across the critical point.

Fig.2 Impurity DOS across the avoided critical point
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Fig.3 Phase diagram of a two-band model as function of the Hubbard U, in units of the bandwidth W, and doping.

between the two, with a superconducting gap huge 
compared with the value J = 0.05 W of the inverted 
exchange that induces pairing (see the upper inset 
that shows the gap ∆ as function of doping). To 
explain this phase, we invoked the impurity-dimer. 
Indeed, among the relevant instability channels 
of the impurity critical point there is supercon-
ductivity. To further confirm that superconduc-
tivity arises as a response to the impurity criti-
cal point, we solved DMFT without allowing for 
gauge symmetry breaking and we found right the 
same behavior as in the impurity: the local DOS 
goes from a Fermi-liquid behavior with well pro-
nounced quasi-particles at the chemical potential 
– the Kondo resonance in the impurity model – to 
a non-Fermi-liquid behavior with a pseudo-gaped 
DOS – the pseudo-gap non-Kondo screened phase 
– passing through a quantum critical point. Yet, 
once symmetry breaking is allowed, the whole criti-
cal region, including the critical point, is hidden by 

superconductivity. 
The impurity critical point is stable by changing the 
average impurity-occupancy. Seemingly, the super-
conducting region extends even away from half-fill-
ing, see Fig.3. Interesting enough, starting from the 
Mott insulator at half-filling and doping, the model 
enters first into a pseudo-gap semi-metallic phase, 
then into a superconducting region and finally, for 
further doping, into a normal metal phase. This phase 
diagram is strikingly close to that of High Tc materi-
als, even though the model we have analyzed have 
nothing to do with realistic models for cuprates. Also 
similar to cuprates is the almost linear behavior of the 
Drude weight upon doping the Mott insulator. 
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The solvation of molecules in He nanodroplets pro-
vides a way to study their properties in an ultracold 
matrix, offering the opportunity to probe the physics 
of quantum fluids in confined geometries, in par-
ticular the onset of superfluidity as the system size 
increases. A key experimental observation is that 
the embedded molecule exhibits a free-rotor-like 
spectrum, albeit with an effective rotational constant 
B renormalized with respect to its gas-phase value. 
The understanding of such a free-rotor behavior and 
the calculation of the effective B value have been the 
subject of intense theoretical study. 
Computer simulation, within the Reptation Quantum 
Monte Carlo (RQMC) approach, has established 
itself as a unique tool to study such systems in the 
small and medium size regime, giving direct access to 
time correlation functions (in imaginary time), with 
no other bias than the chosen interatomic potential. 
This has allowed for the accurate estimate of excita-
tion energies, from which rotational constants are 
extracted as a function of the number N of He atoms 
and compared to experiments. In addition, the simu-
lations results give a detailed microscopic descrip-
tion of the system, more complex than inferred from 
experiments, explaining the relation existing among 
structure, dynamics, and superfluidity in doped He 
clusters[1].
The good agreement observed between the simula-
tion results and the available spectroscopic informa-
tion has obvious implications on the predictive power 
of the calculation: this computational spectroscopy 
tool can thus reliably bridge much of the gap between 
the regime of small clusters and the nanodroplet limit. 
This potential has been actively exploited, achieving 
a significant progress in our understanding of doped 
He clusters, as well as a remarkable synergy with 
experimental advances[2,3,4,5]. In this short account 
we report on two aspects of this research: firstly, 
our RQMC results have entailed a major revision of 
the previously accepted scenario to rationalize the 
approach of the dopant’s effective rotational constant 
to its asymptotic nanodroplet value; secondly, reliable 
calculations of rotational excitations have provided 
a valuable support to the art of assigning measured 

infrared or microwave transitions.
Prior to our RQMC studies, for heavy rotors such 
as OCS, the effective B value was believed to attain 
its nanodroplet limit well before completion of the 
first solvation shell. The renormalization of B was 
chiefly attributed to a non-superfluid fraction of the 
solvent density, localized in close proximity of the 
dopant and “adiabatically following” the molecular 
rotation. For light rotors such as HCN, instead, the 
breakdown of adiabatic following spurred the view 
that the renormalization of B would involve coupling 
of the molecular rotation with bulk-like He excita-
tions, which in turn build up for much larger cluster 
sizes implying a slow convergence to the nanodrop-
let limit. The concept of adiabatic following, which 
depends on both the He-molecule potential and the 
gas-phase rotational constant, was thus invoked as 
the key physical quantity to characterize the dynami-
cal behavior of the system.
The RQMC simulations provide a reliable description 
of larger system than previously afforded, unveiling a 
remarkably different scenario. For several molecules 
belonging to the “heavy” rotor class, namely OCS[1], 
N2O[2(b)], CO2

[4], and HCCCN[5], the value of B 
after completion of the first solvation shell (i.e. for 
about 20 He atoms) is still significantly higher than 
the nanodroplet limit, and it further increases as 
the second shell begins to build up. The first hint of 
an experimental support to this view, obtained for 
CO2

[4], has been soon followed by spectacular evi-
dence for OCS and N2O. On the contrary, HCN (the 
prototype “light” rotor) features a fast convergence of 
B to the asymptotic limit: the computed[3] rotational 
constant attains the measured nanodroplet value 
already for a dozen of He atoms, and remains nearly 
unchanged up to the largest size studied, N=50; a 
similar behavior is found for CO [2(a)], another 
light rotor (although in this case the experimental 
determination of the nanodroplet value involves a 
particular data analysis still subject to debate).
Our results clearly indicate that the ratio between 
the nanodroplet and the gas-phase values of the 
rotational constant is essentially determined by the 
strength and anisotropy of the He-molecule interac-
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tion, and not by the rotor being “light” or “heavy”. 
The size dependence of B exhibits a more structured 
and slower convergence for stronger modulation of 
the He-molecule potential energy surface.
The progress in the theoretical study of the evolution 
of B with the cluster size was stimulated by experi-
mental advances in the size-selective assignments of 
infrared and microwave transitions. In these experi-
ments, doped clusters are produced by supersonic 
expansion through a nozzle of very diluite mixtures 
of the dopant gas in He. Although the backing pres-
sure and the nozzle temperature can be used to tune 
the average cluster size, each of the measured spectra 
contains lines from several clusters of different sizes. 
The assignment of individual lines is therefore highly 
non trivial. Particularly when the N dependence 
of the B value has an unexpected non-monotonic 
behavior, reliable results from computer simulation 
can be a valuable help[4,5].
As an example, we show in Fig.1(a) the size evo-
lution of the 1-0 and the 2-1 rotational transition 
frequencies[5] in He clusters doped with HCCCN. 
The open circles indicate the measured transitions in 
the microwave region. Based solely on experimental 
grounds, only the 1-0 transition for N up to 6 could 
be assigned. The triangles indicate the simulation 
results. They predict an unexpected increase in the 

Fig.1 (a) Rotational transition frequencies of HCCCN in 
Helium clusters, as a function of the number N of He atoms. 
Diamonds, RQMC results; empty circles, measured micro-
wave transitions. The horizontal line is the experimental 
nanodroplet limit. (b) Incremental density, i.e. the change 
in He density between the N and the N-1 clusters. The N 
values are indicated in the panels. The (linear) HCCCN 
molecule lies on the x axis with the Nitrogen on the positive 
direction. The arrow indicate contributions to full coating 
of the molecule. (c) Helium density for clusters with N=20 
and N=30. The arrow indicates the region where the density 
in the second solvation shell opens a new channel for long 
exchange cycles of He atoms around the molecule.
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rotational energy for N=7, as well as a wealth of fur-
ther structures both within the first solvation shell 
(N up to 20) and beyond. Note also that in the size 
range studied there is no sign of convergence to the 
measured nanodroplet limit (the dashed line) for this 
“heavy” rotor. These calculated energies have much 
facilitated the search and assignment of all the other 
microwave transitions displayed in the Figure (for 
N between 18 and 25 the 1-0 transitions fall outside 
the reach of the instrument, and the corresponding 
2-1 transitions have not been assigned). The overall 
agreement between theory and experiment is very 
good, although for the largest clusters the calculated 
rotational energy is somewhat too high. This trend 
is observed also for other molecules (OCS and N2O); 
while it is presumably due to some inaccuracies of the 
interparticle potential adopted in the calculation, it 
clearly poses a challenge for further investigation.
We conclude by an example of the physical insight 
offered by the simulation results on the interplay 
between structural and dynamical properties. The 
increase of rotational energy with increasing clus-
ter size, observed at N=7 and for N>9 and N>20 
in Fig.1(a), is a counterintuitive result, related to 
the onset of superfluidity (defined in terms of the 
response of the system to rotation). It is due to the 
establishment of long exchange cycles between He 
atoms around the molecule, with a corresponding 
decoupling of the molecular rotation from the quan-
tum solvent. Such permutation cycles can clearly 
build up only if there is an underlying He density. 
Fig.1(b) shows that for N=7 and N=10 (but not for 
N=6, 8 or 9) the incremental He density contributes 
to the full coating of the molecule by solvent atoms. 
Fig.1(c) shows a related mechanism which explains 
the increase of B for N>20: when the second solvation 
shell begins to build up, a new channel for permuta-
tion cycles opens up.

This work is based on a collaboration with Stefano 
Baroni, Stefano Paolini, Stefano Fantoni, Stefania 
De Palo.
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The electron gas (EG), a collection of point charges 
moving in a homogeneous neutralizing back-
ground, provides a far reaching paradigm, which 
underlies most of our current understanding of 
the physical properties of electronic systems[1]. A 
direct comparison of the properties of the EG model 
with those measured in actual electron systems is 
generally illegitimate, due to aspects that are not 
included in the model and may have quantitative 
or even qualitative effects. Yet, the gap between 
theory and experiment has been continuously nar-
rowing in the last couple of decades, thanks to the 
advances in the fabrication techniques of semicon-
ductor devices. Nowadays, quasi two-dimensional 
electron systems of exceedingly high mobility are 
routinely available in the best laboratories around 
the world. This allows for the experimental investi-
gation of the two-dimensional electron gas (2DEG) 
in the strong coupling regime, where the interplay 
between interaction and disorder scattering has 
been shown to have unexpected effects, resulting 
in an apparent metal to insulator transition (MIT) 
which has attracted a considerable experimental 
and theoretical interest[2-5].
A property of the 2DEG that has recently received 
a lot of attention is the spin susceptibility χs, which 
measures the linear response of the electrons to an 
applied magnetic field that couples only to the elec-
tron spin and causes a net spin polarization. This 
attention was motivated by the predictions that spin 
fluctuations should play a crucial role near the MIT 
in 2D and that the MIT might be possibly accompa-
nied by a ferromagnetic instability[1]. Indeed it has 
been experimentally found that the application of 
an in-plane magnetic field suppresses the metallic 
conductivity and that χs increases with decreasing 
the electron areal density n[2-4], as the system con-

ductance decreases and the MIT is approached. The 
claim of experimental indications of a divergence of 
χs at the MIT in SI-MOSFET based systems has been 
also reported[2]. The susceptibilities measured in dif-
ferent devices, however, appear to differ among each 
other and, with one exception[4], do not agree with 
the accurate theoretical predictions for a strictly 
2DEG provided by quantum Monte Carlo (QMC) 
simulations[5]. Evidently, fine details of the devices 
hosting the quasi 2DEG play an important role in 
determining its properties and should be accounted 
for by theory. In actual solid-states realizations the 
2DEG (i) has a finite transverse thickness, (ii) suffers 
scattering by a number of sources (scattering which 
in fact determines its mobility), and depending on 
the system (iii) occupies one or two degenerate val-
leys; moreover, (iv) in certain AlAs quantum wells 
it may have an in plane anisotropic kinetic energy 
(mass tensor)[4]. Below we demonstrate that the EG 
model is perfectly capable of describing the available 
experimental evidence for χs once two conditions 
are met: relevant device details are included in the 
theoretical description and strong correlation effects 
are dealt with by a sufficiently accurate technique. 
We shall do so by analyzing the effect of thickness 
and weak disorder on the spin susceptibility of the 
2DEG in a GaAs HIGFET[3] and the dependence 
of the predictions for the spin susceptibility on the 
accuracy of the theoretical technique. 
At zero temperature and at given number density n 
the state of the 2DEG can be specified by the spin 
polarization ζ=(n↑-n↓)/n, with nσ the density of 
electrons with spin projection σ. The spin suscep-
tibility χs =(∂ζ/∂B)B=0, which measures the ratio of 
the induced spin polarization to a weak in-plane 
magnetic field B, is readily shown to be inversely 
proportional to the derivative [∂2E(ζ)/∂ζ2]ζ=0, involv-
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ing the EG internal energy E(ζ). An estimate of 
the spin susceptibility can be thus obtained from 
the knowledge of the internal energy E(ζ), which 
can be accurately evaluated by QMC. The effect 
of thickness on the 2DEG can be cast, in the sim-
plest approximation, in terms of a device specific 
form factor F(q) modifying in Fourier space the 
2D electron-electron interaction v(q)=2πe2/εq 
into v’(q)=v(q)F(q). Rather than performing new 
simulations for each device we have estimated the 
effects of thickness on E(ζ) and hence on χs in a 
straightforward manner resorting to perturbation 
theory, to lowest order in ∆v(r)= v’(r)-v(r). This 
yields for the energy per particle E(ζ)=E2D(ζ)+∆(ζ) 
and ∆(ζ)= (n/2)∫d2r∆v(r)[g2D(r)-1], with E2D(ζ) and 
g2D(r) the known energy and pair correlation func-
tion, respectively, of the strictly 2DEG. The accuracy 
of the energy estimates obtained in such a manner 
has been checked a posteriori performing selected 
simulations with the pair interaction v’(r). We have 
computed the effect of thickness in two cases, for 
a GaAs HIGFET[3] and for a thin AlAs quantum 
well (QW)[4], using well established form factors[5]. 
Once F(q) is known, it is a simple matter to evaluate 
∆(ζ), from which the enhancement χs /χP of the spin 

susceptibility χs on its independent-particle or Pauli 
value χP is immediately obtained as E0’’(0)/E’’(0), 
with E0(ζ)=EF(1+ζ2)/2 the energy per particle of non 
interacting Fermions in 2D and EF the Fermi energy. 
Hence χs /χP=EF /E’’(0). 
Our main findings are summarized in Fig.1, which 
shows a number of calculations and measurements 
of χs. This quantity is plotted against the 2D coupling 
parameter rs=1/√(πnaB

2), to get rid of uninteresting 
details of different materials which simply deter-
mine the effective Bohr radius aB= 2ε/mbe

2, through 
the dielectric constant ε and band mass mb. 
The QMC prediction for the strictly 2D case agrees 
well with the experimental evidence for the thin 
AlAs QW (within the spread of the data[4]) but is 
between 30% and 50% off the measured values for 
GaAs (thick dashed line). The key result of this 
study is that this significant discrepancy is quan-
titatively explained as an effect of finite thickness, 
as clearly shown by the thin dotted line, obtained 
as explained above. This conclusion is further 
strengthened by our explicit estimate of the effect 
of weak disorder[5], due to background doping in the 
GaAs HIGFET, which turns out to be negligible. We 
emphasize that the parameters entering the form 

Fig.1 Spin susceptibility in the 2DEG. The thick full curve is the QMC prediction for a strictly 2D system[5]. Experimental 
results are given by the thick dashed curve for a GaAs HIGFET[3] and by various symbols, corresponding to different samples, 
for AlAs QW’s[4]. The thin dashed and full curves add the thickness effect onto the QMC prediction for the strictly 2DEG for 
GaAs and AlAs, respectively. Finally, the thick and thin dot-dashed curves provide the QMC prediction without and with 
inclusion of thickness for AlAs, as obtained from the polarization field definition[5]. The arrow indicates the location of the 
MIT transition in AlAs. 
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factor reflect our knowledge of the real sample and 
are not adjusted to achieve a particular value of the 
spin susceptibility[5]. 
We should also mention that the minor discrepan-
cies found at smaller rs values (1≤ rs ≤4) essentially 
disappear when the experimental results are reana-
lyzed taking into account band structure effects[3]. 
To illustrate the importance of an accurate treat-
ment of correlation we compare in Fig.2 the predic-
tions for χs of QMC, random phase approximation 
(RPA) and available experiments. It is evident from 
Fig.2(a) that in the thin limit of the 2DEG, as real-
ized in AlAs quantum wells[4], contrary to QMC 
the RPA largely overestimates experiments, being 
already off by a factor ≈2.5 or larger at rs=6, hinting 
at an incipient divergence. 

Note that for each of the theoretical approaches dis-
played in Fig.2(a) the experimental results should 
lay between the full and the dash-dotted curves[5]. 
In the thick limit as realized in a GaAs HIGFET[3], 
shown in Fig.2(b)-(c), RPA performes somewhat 
better, especially at Nd=0, (Nd being the so-called 
depletion charge, which determine the transverse 
thickness t of the EG), but reveals a much stronger 
dependence on Nd (i.e, on t) than QMC. It is evident 
that such a better performance of RPA in the thick 
limit is accidental and is due just to the dominance 
of thickness[5]. 

In conclusion, we have shown that the EG model 
is perfectly capable of accounting for the proper-
ties of 2D electron systems realized in solid state 
devices when relevant device details are taken into 
account and correlation is treated beyond RPA, with 
the accuracy afforded by QMC. We are currently 
investigating the role of valley degeneracy, disorder 
scattering, and in-plane mass anisotropy on the spin 
and structural properties of the EG, as well as on its 
phase diagram. 

This work is based on a collaboration with Stefania 
De Palo and Saverio Moroni.
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Neutron rich matter plays a very important role 
in the description of the final stage of the evolu-
tion of stars, when the gravitational force becomes 
strong enough to make them collapse into very 
dense objects, the so called neutron stars (NS), 
which become stable because of the forces act-
ing between neutrons and protons. NS are there-
fore giant natural nuclear physics laboratories, 
which allow connecting macroscopic astrophysical 
observations to the intimate structure of atomic 
nuclei. Little can be made known directly about 
the internal structure of these objects, and detailed 
and accurate theoretical calculations become of 
extreme importance. It is speculated that within 
the first 1-2 km from the surface of a NS matter 
might assume the form of nuclei containing a very 
large number of neutrons. However, a nucleus with 
a given number of protons cannot accommodate 
an arbitrarily large number of extra neutrons. The 
limit of stability is given by the so-called drip line. 
Neutron rich nuclei can be produced also in earth 
experiments[1] by means of fragmentation of heavy 
ion beams. The available results show that a simple 
picture based on single particle properties is not 
compatible with the observations. For example, 
the neutron drip line for O and F isotopes shows a 
sudden change that has been interpreted as a clear 
sign of the influence of many-body effects on the 
overall structure of the nucleus.
Accurate calculations on many nucleon systems 

are made extremely complex by the nature of the 
interaction. While in standard condensed matter 
systems potential depend just on the coordinates 
of the constituent particles, possibly including the 
effects of quantum statistics, nucleons interact with 
forces that depend on the relative spin and isos-
pin state, angular momentum, spin-orbit relative 
state, and other operators. In a Quantum Monte 
Carlo calculation this complexity reflects on the 
Green’s Function for the propagation of the state 
in imaginary time. Each step requires a sum over 
all the possible spin and isospin states of the A 
nucleons involved in the simulation, making the 
computational cost diverge as AN. The Auxiliary 
Field Diffusion Monte Carlo (AFDMC) algorithm[2] 
overcomes this difficulty by introducing a way of 
performing such sums by sampling. Simplifying 
the problem to the case of a system made only of 
neutrons, AFDMC is based on the observation 
that if one separates the Interaction V among 
the A nucleons into a spin-independent part VSI 
and a spin dependent part VSD, the latter can be 
rewritten as a quadratic form VSD= ΣijσiAijσj. The 
corresponding propagator in imaginary time ∆τ, 
exp(-∆τVSD) can be transformed into a propaga-
tor which is linear in the spin by means of the 
integral Hubbard-Stratonovich transformation, at 
the price of introducing an extra variable for each 
degree of freedom, variables that are called auxil-
iary fields. Such linear propagator has the effect of 
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rotating he spins of the nucleons, and can be eas-
ily implemented. In order to avoid the notorious 
sign problem that plagues any DMC calculation 
for many Fermion systems one needs to employ 
either a constrained path approximation, or a fixed 
phase approximation. In fact, the wavefunctions are 
necessarily complex, and the standard fixed-node 
procedure cannot be used.
The gain in computational efficiency is consider-
able. With standard DMC techniques it is possible 
to treat systems with at most 14 nucleons using 
large scale computing facilities. AFDMC is capable 
to deal with several tenths[3] of nucleons in a much 
smaller amount of time. 
Application of AFDMC to the case of Oxygen iso-
topes[4] is an example of how this technique allows 
for a systematic study of a many neutron system 
with a moderate computational effort. 
16O is a closed shell nucleus, and to the extent of 
studying its heavy isotopes it can be effectively 
modelled by means of an external potential rep-
resenting the core of the nucleus. In this study 
the external field was obtained from a mean field 

calculation using Skyrme forces. Off shell neu-
trons are then placed in the orbitals of the first 
unoccupied shells 1D5/2 and 1D3/2. States of two up 
to six neutrons are built, in order to describe the 
ground state and the excited states of isotopes 18O-
22O. Neutrons are then considered as interacting 
with a two body Argonne-type AV8’ potential in 
the isoscalar version. This potential is a simplified 
version of the popular AV18 potential truncated 
to include only the central, vector, tensor, and spin 
orbit components. This potential is semirealistic in 
the sense that it does not fit the Nijmegen NN data 
with confidence level ~ 1 as AV18 does. However, 
for densities smaller than the saturation density of 
nuclear matter, differences in energy among AV8’ 
and AV18 are very small. Three-body forces were 
also included in the calculation by means of an 
Urbana UIX potential. 
Because of the effective treatment of the core nucle-
ons, the main outcome of the calculation is the 
spectrum of the energy of the isotopes relative to 
18O, and the excitation energies for each isotope 
considered. In figure one we report the results for 

Fig.1 Outline of differences between ener-
gies of the isotope series studied. All the 
energies are expressed in mega-electron-
volts, and all values are referred to that of 
18O. Results are compared with experimen-
tal results and with GFMC calculations[5].
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Fig.2 Low-lying excitation energies of the 
18O isotope compared with experimental 
values from Norum et al. [Phys. Rev. C 25, 
1778 (1982)]. All energies are in mega-
electron-volts. Results are compared with 
MDHF results of Morrison et al [Phys. Rev. 
C 17, 1485 (1978)] .
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Fig.3 Radial densities of external neutrons for all isotopes in the ground state calculated with 
AFDMC and the Skyrme’s density of 16O.

the energies of the isotopes 19O to 22O referred to 
the energy of 18O, compared with experimental 
data and standard GFMC calculations. As it can 
be seen, the agreement between AFDMC results 
and the experimental energy differences is impres-
sive. Differences with the corresponding GFMC[5] 
calculations are explained in terms of the different 
treatment of the core. The method also allows the 
computation of excited states, as shown in Fig.2 for 
the case of 18O. Also in this case the agreement with 
the experimental results is impressive, confirming 
that the interaction employed is essentially exact 
for densities typically found in the outer neutrons 
cloud. It is also interesting to look at the density of 
the outer neutron shell. As it can be seen in Fig.3, 
neutrons distribute themselves in a shell well at 
the exterior of the nucleus core, confirming the 
hypothesis of the presence of a halo. 
The extension of this kind of calculations to mixed 
neutron and proton systems was non trivial, but 
was very recently achieved for the case of the AV6’ 
potential (excluding the spin-orbit channel of the 
interaction). Milestone results have been obtained 

both for the equation of state of symmetric nuclear 
matter and for closed shell nuclei up to 40Ca, demon-
strating that the AFDMC algorithm is a real break-
through in the field, and opens the way to a better 
comprehension of the phenomenology of nuclear 
structure and of the properties of neutron stars.

This work is based on a collaboration with Stefano 
Gandolfi, Stefano Fantoni and Kevin E. Schmidt.
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The so called Democritos “Large Systems” activity has always 
included numerical simulation studies on quite heterogeneous 
physical systems of current interest for basic and applied physics 
and for material science. The concept of large system should not 
be intended in the restrictive meaning of systems with a large 
number of degrees of freedom. Certainly, atomistic simulation 
with many degrees of freedom is highly interesting and crucial 
for some problems. However it would be too limiting to restrict 
the interest to the challenging problem of performing computer 
simulations with the largest number of degrees of freedom 
compatible with the present technical limitations. Actually, the 
qualification of large may equally be related to the necessity 
of working with coarse-grained systems where a suitable 
reduction of the degrees of freedom may allow to study larger 
spatial domains over larger time scales than using a microscopic 
atomistic approach. The challenge of accurate simulations of 
mesoscopic systems has been subject of intense work in the last 
few decades by many groups interested in very different problems 
ranging from the study of cracks in solids to the physical 
properties of biological membranes, to molecular self assembly. 
One of the interesting problems in this area is how to combine 
the possibility of fully ab-initio atomistic calculations with more 
approximate descriptions using model interaction laws. De Vita’s 
proposal of the “Learn on the fly “ method looks very promising.
Another extension of the “large” qualification is connected 
with simulations requiring to follow systems over a very long 
time scale. Prototypes of such applications are the studies of 
the liquid-glass transition. After the first pioneering studies, 
during the last quarter of century there has been an increasingly 
improving characterization of such transition from many different 
points of view. In recent years, there has been an increasing 
interest for studying and comparing behavior of bulk and confined 
fluids. Gallo and Rovere’s work on the liquid-glass transition 
explores this area.

 Giorgio Pastore
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The simulation of many processes in material 
science involves large atomistic model systems 
where different levels of complexity need to be 
described simultaneously. This typically happens 
when the physical response to a macroscopic force 
applied on the experimental sample is determined 
by atomic scale mechanisms. Stress-induced defect 
processes in solids are a good example of this, and 
brittle fracture is the prototypical multi-scale prob-
lem. Indeed, the mechanical failure of brittle solids 
involves complex bond breaking processes at the 
advancing crack tip as well as chemically simpler 
stress concentration phenomena in a much larger 
region surrounding the tip. 
Using a unique model, e.g. a quantum-mechanical 
(QM) Hamiltonian or a classical force field, is not a 
viable strategy to describe such “multi-scale” mate-
rial systems. Performing accurate and expensive 
QM calculations on the whole system can rarely 
be afforded, as the size of the system and the time-
scale treatable in this way are severely limited. Even 
when possible, such calculations imply a waste of 
resources, since the use of a simple classical force 
field would be sufficient to model most of the sys-
tem. At the same time, classical potentials are not 
transferable enough to provide a sufficiently accurate 
description of the whole range of expected chemical 
reactions[1]. Thus, to attack the crack propagation 
problem and many others (e.g. chemically-aided 
cracking processes, or the interaction between dis-
locations and grain boundaries in plastic processes) 
multi-scale modeling becomes necessary. 
A number of hybrid multi-Hamiltonian schemes 
have been proposed to this extent. Typically, the 
system is divided into a “quantum” region, where 
the more important chemical processes occur, and a 
larger “embedding” region described by a less com-

putationally intensive model. The main drawback of 
these embedding approaches is that the matching 
between different regions is invariably a very deli-
cate issue which requires dedicated techniques to be 
developed for each system investigated[1]. 
In the method we developed within the Large 
Systems Democritos Research Line a unique 
classical force model is used to describe the entire 
system so to avoid matching problems. The method 
assumes the existence of a parametrised classical 
potential which captures the general physics of the 
system studied reasonably well. The parameters of 
the potential are then allowed to take different local 
values across the system. The potential is assumed 
to accurately describe only processes that are simple 
from a chemical point of view but may be taking 
place throughout the entire system at all times, such 
as the elastic deformations of the atomic lattice far 
from the opening crack. The information “missing” 
from the classical model and necessary to describe 
more complex processes (e.g. the breaking and 
forming of chemical bonds during the evolution 
of the system) is computed, only where and when 
needed, using QM “black box” engines and then 
incorporated on the fly into the potential by allow-
ing an appropriate subset of its parameters to vary 
suitably with time[1]. 
The flow structure of the “Learn On The Fly” (LOTF) 
hybrid scheme using a force fitting predictor-cor-
rector approach is the following[2]:
1. Initialization: we start with a reasonably parame-
trised classical potential. 
2. MD predictor: the classical potential is used with 
the fixed ‘‘most recent’’ set of parameters to evolve 
the dynamics of the whole system for a small num-
ber of steps.
3. Testing: the validity of the classical potential is 

“Learn On The Fly”: a multi-scale  
hybrid atomistic simulation method
for material systems

4.1

Alessandro De Vita
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assessed on a site-by-site basis, and a selected subset 
of atoms is flagged for quantum treatment.
4. Quantum mechanics: any method (e.g. Density 
Functional Theory (DFT) or Tight Binding (TB)) 
which provides the desired accuracy is used to com-
pute the force only on the selected atoms.
5. Force fitting: the parameters of the classical poten-
tial are tuned locally around the selected atom until 
it reproduces the accurate force.
6. MD corrector: the formerly predicted molecular 
dynamics steps are now corrected by repeating the 
steps of point 2 with parameters evolving by linear 
interpolation between those previously used and 
those determined in point 5.
7. Back to point 2. 

The LOTF scheme has been preliminarily validated 
on small system where both hybrid and fully QM 
calculations can be carried out allowing a complete 
and direct quantitative comparison between the two 
approaches. As an example, the computed diffusiv-
ity for the Si vacancy after running a 1 ns constant 
temperature LOTF simulation of a 215-atom peri-
odic system at T = 1400 K is (2.1 ± 0.4) x 10−6 cm2s−1 

using a tight binding (TB) Hamiltonian as the refer-
ence QM engine around the diffusing defect. This 
compares well with the value of (2.3 ± 0.2) x 10−6 
cm2s−1 calculated applying the same TB scheme to 
the full system comprising 215 atoms and a vacant 
lattice site. For comparison, the Stillinger-Weber 
(SW) classical potential gives (3.4 ± 1.0) 10−5 cm2s−1, 
a much larger value. 

A slightly more complex test problem is the diffusion 
of a H atom at 1000 K in a 64 atom Si periodic cell. 
Both classical and TB MD simulations have been 
performed in order to calculate the mean square 
displacement (msd) of the H atom during a 1 ns run. 
While the classical msd value is about one order of 
magnitude lower than the TB one, the LOTF result, 
obtained using a QM zone which moves along with 
the H atom, is consistent with the “exact” TB one 
[2]. It must be stressed that the diffusivity is a quan-
titative test of the embedding method, and should 
not be taken to be an application where embed-
ding is really necessary. 64 and 215-atom silicon 
systems are most efficiently simulated by standard 
techniques[3]. 
We next move to the benchmark problem for 
hybrid schemes: modeling the catastrophic fail-
ure of covalent crystals. We simulated the brittle 
failure in silicon under uniaxial (“Mode I”) tensile 
stress using a large system containing approxi-
mately 200,000 atoms. Of these only about 300 
atoms near the crack tip are treated quantum 
mechanically, using the SIESTA DFT package as 
QM black box. While the fixed-parameter SW 
model incorrectly predicts tip blunting and amor-
phisation, the incorporation of QM information 
using the LOTF scheme recovers the physically 
correct brittle behavior. The 2x1 reconstruction of 
the crack surface (not predicted by the TB model) 
is also reproduced using the first-principles black 
box (Fig.1). Longer simulations allow the investi-
gation of even subtler effects such as the anisotropy 

Fig.1 Propagation of the (111)[1 
¯10] crack in silicon, using the LOTF 
scheme and the SIESTA code as quan-
tum engine. Brittle fracture propaga-
tion on a (111) cleavage plane is cor-
rectly predicted. Note the 2x1 Pandey 
reconstruction just appearing on the 
upper opening surface.

4.1
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of propagation direction in the Si(110)[010] crack 
system[1-2]. 
In more complex cases the mechanical properties of 
the material are determined by surface chemical reac-
tions coupled to the presence of strong stress (ten-
sor) fields. An example of technologically important 
chemo-mechanical process is the growth of (100) 
hydrogen-induced platelets (HIPs) in H-implanted 
silicon wafer during high temperature annealing. 
This process produces an atomically flat wafer split-
ting which is used to produce “Silicon on Insulator” 
(SOI) devices, a procedure known as “Smart Cut” 
technique. We performed finite temperature LOTF 
simulations on a series of ~30000-atom Si systems 
in order to investigate the HIPs thermal evolution. 
While bulk crystalline Si is modeled with the SW 
classical potential, the chemically active HIP zone 
(~600 atoms) is treated using the DFTB tight binding 
engine (Fig.2). A ~20 ps 800 K simulation reveals 
spontaneous reconstruction events in which doubly 
hydrogenated Si atoms form singly hydrogenated 
Si-Si dimers, liberating H2 molecules which desorb 
into the platelet volume. Moreover, we observe bond-
breaking events in which Si-Si bonds at the platelet’s 
edge break under the influence of the platelet-induced 
stress field in the presence of H2 molecules[4]. 

In summary, we have developed a novel molecu-
lar dynamics hybrid scheme which combines QM 
embedding and classical force model optimization 
into a unified scheme free of the boundary region 
and the transferability problems which these tech-

niques, taken separately, involve. After development 
and testing, the scheme is being applied to a num-
ber of problems of high materials relevance. These 
include the study of low-speed instabilities of crack 
propagation in crystalline silicon on different cleav-
age planes, never before attempted at the full DFT 
accuracy level. We are also investigating “chemo-
mechanical” fracture processes where a large-size 
atomistic system must be adopted in order to pro-
vide reasonable elastic boundary conditions, while 
full QM precision is needed to model (internal) sur-
face reactions like e.g., dissociative chemisorption of 
H2 molecules. In all these applications the scheme 
provide almost seamless coupling between the dif-
ferent regions of the system investigated, notably 
allowing for mobile QM zones and the concurrent 
use of any number of different QM engines. 

This work is based on a collaboration with G. Moras 
and G. Csányi. 
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Fig.2. 10 nm wide (100) HIP obtained 
by substitution of Si-Si bonds with Si-
H/H-Si bonds. The HIP is centered on 
a 35 x 35 nm2 silicon crystal composed 
by ~23000 atoms. The chemically rel-
evant platelet zone (atoms depicted 
in green) is modeled using the DFTB 
quantum mechanical technique. The 
forces on the rest of the system are 
calculated using the Stillinger-Weber 
classical force field. Insert: detail of 
the platelet edge. 
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Fig.1 Snapshot of the confined system: the large dark gray 
spheres represent the quenched matrix, the light gray spheres 
are the A particles and the smaller dark gray particles are 
the B particles.

Glass transition 
in confinement

4.1

Mauro Rovere

The dynamical properties of undercooled liquids 
and the temperature of transition to the glassy 
state are modified under confinement as shown by 
experiments. These modifications are of relevant 
interest for many technological and biophysical 
applications.
In our study we consider a typical glass former, a 
Lennard-Jones binary mixture (LJBM) embedded 
in a matrix of soft spheres randomly distributed in 
a cubic box with periodic boundary conditions. We 
performed molecular dynamics (MD) simulations 
of the system upon supercooling. 
Our first aim was to verify the predictions of the 
Mode Coupling Theory of the evolution of the glassy 
dynamics (MCT) in the presence of confinement. 
MCT is able to describe the phenomenology of the 
supercooled liquid in terms of an ideal transition 
from a region where the dynamics is determined 
by the cage effect to a nonergodic region where 
the cages are frozen. The crossover between the 
two regimes takes place at a crossover temperature 
TC. In order to compare the confined and the 
bulk systems at equivalent thermodynamical 
conditions the bulk system is simulated along a 
thermodynamical path determined by the isochore 
of the confined system[1]. 
We studied also the thermodynamics of the 
confined LJBM below TC with an approach based 
on the study of the potential energy landscape 
(PEL) of the supercooled liquid. From an analysis 
of the structure of the local minima of the PEL, 
the inherent structures (IS), we have determined 
the behaviour of the configurational entropy Sconf 
with decreasing temperature. The configurational 
entropy Sconf represents the difference between 
the liquid and the disordered solid entropies. In 
the extrapolation towards zero temperature Sconf 
can eventually vanish at a temperature TK>0, the 
Kauzmann temperature.
The glass former is modeled as the Lennard-Jones 
binary mixture (LJBM) proposed by Kob and 
Andersen, composed by 80% of molecules A and 
20% of molecules B with the parameters of the 
Lennard-Jones (LJ) potential given by σAA=1.0, 

σAB=0.8, σBB=0.88, tAA=1.0, tAB=1.5 and tBB=0.5. 
Here and in the following LJ units will be used. 
In the confined state the mixture is embedded 
in a matrix of 16 soft spheres with parameters 
σAS=3.0, σBS=2.9, tAS=0.3, and tBS=0.22. Molecular 
Dynamics (MD) simulations have been performed 
with a total number of N=1000 of LJ molecules 
both in the bulk and in the confined state, with 
periodic boundary conditions. In Fig.1 we report 
a snapshot of the model. 
In order to compare the confined and the bulk 
systems at equivalent thermodynamical conditions 
the bulk system is equilibrated via a Berendsen 
thermostat and barostat to reach the same 
temperatures and pressures of the confined fluids. 
Further technical details on these simulations can 
be found in ref.[1].
In the supercooled liquid the change in the dynamical 
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properties can be revealed by the behaviour of the 
self intermediate scattering function (SISF) and the 
the mean square displacement (MSD).
For the SISF a double dynamical regime appears 
upon supercooling. In Fig.2 the SISF for the 
particles of type A are reported for bulk and 
confined systems calculated at the position of 
the first peak of the static structure factors Q0 
where it is expected that the effects predicted by 
MCT are maximized. We use the values Q0=7.06 
for particles A and Q0=5.90 for particles B for 
all the temperatures. At early times the ballistic 
regime gives the quadratic decay for t<1. At high 
T after the ballistic regime an exponential decay 
is found, à la Debye. For decreasing temperature 
a plateau develops. The approach to the plateau 
is called β relaxation regime and it is related to 
the cage effect. 

At long times the onset of a second regime called 
α-relaxation is observed. F(Q0,t) decays with a 
stretched exponential that can be fitted with the 
Kohlrausch-Williams-Watt (KWW) functional 
form 

(1) ϕα(Q,t)= fQ (T)exp [– (t/ τα (T)) β(T)] 

where τα is the α-relaxation time, β is the stretching 
parameter, fQ (T) is called the Lamb Mössbauer factor 
and it is a measure of the height of the plateau. 
As shown in Fig.2 the KWW fits well the α-
relaxation region of the SISF both in the bulk and 
in the confined system. By comparing the bulk and 
the confined systems we observe that the plateau is 
much more extended and well defined in the bulk 
than in confinement. Moreover the SISF decays is 
faster in the bulk than in confinement. 

4.1

Fig.2 Self part of the intermediate 
scattering function for the A particles, 
FA(Q0,t), for different temperatures for 
the bulk (top panel) and the confined 
systems (bottom panel). The dashed 
lines are fits to KWW stretched expo-
nential (see Eq. 1), in the region of the 
late α-relaxation.
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Fig.3 Total entropy of the confined 
system as function of T. The dashed 
curve is the entropy Sliq. In the fig-
ure are also reported the vibrational 
entropy SHDS (dotted line) and the 
quantity SHDS-3ln(T/T0) (broken line 
with filled squares) fitted with a 2nd 
order polynomial. All entropies are 
per particle. 

The prediction of the ideal version of MCT is that 
approaching the cross over temperature TC τα 
diverges with a power law. Since τα is proportional 
to the inverse of the diffusion coefficient Dµ it is 
expected that asymptotically 

(2) τ-1,α   Dµ  (T-TC)γ   

From the slope of the MSD at long time and the fits 
to the KWW of the SISF decay in the α-relaxation 
regime the power law can be verified and the values 
of TC and the exponents γ estimated for A and B 
particles in both bulk and confined systems. 
The parameters obtained are reported in Table 1. 
We note that the agreement with MCT is found in 
confinement in a range of temperatures 0.41≤T≤0.58 
restricted with respect to 0.48≤T≤0.80 in the bulk. 
This corresponds to a reduction of about 30% of 
the range of validity of the ideal MCT formulation 
going from the bulk to the confined case. 
We also note that the same TC is found from the 
fits of D and τ. For the confined LJBM TC0.36 is 
lower than in the bulk TC0.45. Both in bulk and 
in confined mixtures the values of γ obtained 

from the fit of D are different from those obtained 
from the fit of τα. This is in disagreement with the 
MCT prediction. The difference of the two sets of 
values for the γ exponent becomes more marked 
in confinement. This has been attributed to the 
presence of larger hopping effects in confinement 
with respect to the bulk. The presence of hopping 
phenomena has been evidenced by a study of the 
different behaviour of the non-Gaussian parameter 
in bulk and in confinement[1].
The analysis of the thermodynamics below TC has 
been performed in terms of the IS method. The 
IS have been obtained with a conjugate-gradient 
minimization procedure that we adapted to our 
confined system[2]. 
If Ω(eIS) is the number of distinct basins with 
energy eIS the configurational entropy is defined as 
Sconf=kBln(Ω(eIS)). The entropy of the liquid results 
to be approximately the sum of the configurational 
and the vibrational contributions. The full 
entropy of the liquid Stot can be obtained with a 
thermodynamical integration procedure.
The free volume accessible to the A and B particles 
changes with the temperature due to the soft spheres 
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interaction potential [3,2]. As a consequence Stot contains 
also a contribution due to the work done to change 
the effective density of the liquid inside the simulation 
box at constant volume. This must be subtracted in 
order to extract the entropy of the liquid Sliq. The 
results for Stot and Sliq are reported in Fig.3. 
The configurational entropy can be obtained by 
subtracting from Sliq the vibrational entropy which 
is equivalent to the entropy of the disordered solid 
SHDS. The vibrational spectrum has been calculated 
by diagonalizing the Hessian obtained from the 
conjugate gradient minimization. SHDS is reported 
in Fig.3. In the figure it is also shown the difference 
SHDS-3ln(T/T0), where T0=1 has been chosen as a 
reference temperature. This difference has a very 
weak T-dependence showing that almost all the T 
dependence of the entropy SHDS is contained in the 
term independent of the frequency distribution. Now 
the configurational entropy can be obtained as 

(3) Sconf ≈ Sliq – SHDS 
 
In Fig.3 it is found that the crossing point between 
Sliq and SHDS is at a finite Kauzmann temperature 

T=0.292±0.02 to be compared with TK=0.297 for 
the bulk.
We have shown that  MCT works in the 
interpretation of the dynamics of confined system 
upon supercooling [1,3,4,5] and that the structural 
entropy of the confined system vanishes at a finite 
Kauzmann temperature TK

[2].

This work is based on a collaboration with P. Gallo. 
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Bulk system Confined system

A B A B

 (fit of D(T))

TC 0.453 0.453 0.356 0.356

ρC 1.226 1.226 - -

γ 2.348 2.309 1.860 1.890

 (fit of τα(T))

TC 0.445 0.445 0.356 0.356

ρC 1.228 1.228 - -

γ 2.849 2.987 2.80 2.80

Tab.1 Parameters of the fits to the power law.
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5.1

Since its inception, Democritos has been striv-
ing to transfer its expertise in scientific software 
into high-quality software solutions for basic and 
applied research. Such efforts resulted in Quantum-
Espresso (standing for opEn-Source Package for 
Research in Electronic Structure, Simulation, and 
Optimization), a distribution of codes based on 
density-functional theory and the plane-wave-pseu-
dopotential method. 
Quantum Espresso is developed at the Democritos 
National Simulation Center by S. Baroni, A. Dal 
Corso, P. Giannozzi, S. de Gironcoli, and collabo-
rators. Other partners of this initiative include the 
International School for Advanced Studies (Sissa) 
in Trieste, the Cineca National Supercomputing 
Center in Bologna, the Ecole Polytechnique 
Fédérale de Lausanne, Princeton University, and 
Massachusset Institute of Technology
The first official public release dates back to 2003, 
with the merge of three pre-existing packages 
for electronic structure calculations (PWscf, CP, 
FPMD). 
The stated goals of the Quantum-Espresso distribu-
tion are:

– to provide fast, reliable scientific software that 
can be easily installed and used, suitable for usage 
on machines of any kind from PC’s to massively 
parallel machines; 
– to provide access to several techniques whose 
usefulness has traditionally been hindered by the 
lack of available software, in particular:
 • linear and nonlinear response (Density 
    Functional Perturbation Theory);
 • ultrasoft pseudopotentials;
  • Car-Parrinello Molecular Dynamics;
– to provide a framework for easy addition of new 

methodological developments, new software solu-
tions, new packages. 
All these goals can be reached with a modular struc-
ture, easy to maintain, easily extensible,  and with 
the presence of a collaborative environment. The 
choice of an open-source license (GNU GPL v.2) is 
a natural consequence of the latter requirement. 
The 2004-2006 period has seen intense work along 
the following lines:

– Implementation of tools aimed at establishing a 
“Quantum-Espresso” community, both for develop-
ers and for simple users: mailing lists, anonymous 
CVS server, wiki-based documentation. 
– Consolidation and polishing of the distribution. 
A lot of effort has been devoted to simplifying the 
installation mechanism, porting to new architec-
tures, cleaning up the code base, fixing bugs, mak-
ing the usage simple for inexperienced users.
– Addition of new packages and capabilities. We 
quote in particular the atomic pseudopotential gen-
eration code, the Nudged Elastic Band method, 
noncolinear magnetic calculations with spin-orbit 
coupling, calculations under a finite electric field 
using the modern theory of polarizability, calcula-
tion of the ballistic conductance (for systems such 
as e.g. nanowires and molecular conductors), vari-
ous extensions of Density-Functional Perturbation 
Theory.
– Interoperability with other packages: a XML-based 
file format  for data exchange has been designed 
and implemented. Without sacrificing I/O speed, it 
makes data sharing between different codes - both 
codes in Quantum-Espresso and other codes - a 
much simpler task than it used to be. Two codes 
calculating Wannier functions, plus other codes 
aimed at calculating spectroscopic properties, are 

The Quantum-Espresso 
software distribution 
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already exploiting such facility. 
– Development of a GUI (graphical user interface) 
for producing input data: PWGui, and of  interfaces 
for graphical output processing by xcrysden (http://
www.xcrysden.org).
The interest in Quantum-Espresso has been grow-
ing during the years, along with the size and the 
scope of the distribution. The number of Quantum-
Espresso users can be estimated from the number 
of registered e-mail on the two mailing lists (600 
and 800 at the end of 2007) and on the number of 
mailing list posts (approx. 1000 in 2004,  doubled in 
2006). At least 18 papers using Quantum-Espresso 
have been reported for the 2004-2006 period, but 
this is just a small subset of all papers. In the same 
period, the number of code lines (not including 
copies of external libraries) has grown from 180000 
to 240000. 

Training activities and conferences 
Several tutorials using Quantum-Espresso as com-

5.1

Fig.2 PWGui in action: preparation of an input data file for 
quantum-espresso package PWscf.The PWGui is based on 
the popular tcl/tk toolkit.

putational tool have been organized. The primary 
aim of such tutorials is to spread the knowledge 
about atomistic simulations, in particular in devel-
oping countries. 

– CECAM Tutorial: Simulating matter at the nano-
scale using density-functional theory, pseudopo-
tentials and plane waves, Lyon, 13-17 November 
2006
– 2006 Summer School on Computational 
Materials Science: Ab Initio Molecular Dynamics 
Simulation Methods in Chemistry, University of 
Illinois at Urbana-Champaign, 2-4 August 2006
– Bangalore Summer School on Computational 
Materials Theory, Jawaharlal Nehru Centre for 
Advanced Scientific Research, Bangalore, 10-22 
July 2006
– Tutorial on the ab-initio simulation of the elec-
tronic, structural and dynamical properties of mate-
rials, Cagliari,  26-30 September 2005
– School on Electronic-structure calculations and 
their applications in materials science, Isfahan, 25 
April - 6 May 2005
– A hands-on introduction to the ESPRESSO pack-
age, Trieste, 17-21 January 2005
– Asian/Pacific Regional School on Electronic 
Structure Methods and their Applications, Beijing, 
19-30 July 2004
– Hands-on tutorial on the PWscf/FPMD/CP pack-
age, CINECA, Bologna, 1-5 March 2004

Publications
First -pr inciples  codes  for  Computational 
Crystallography in the Quantum-ESPRESSO pack-
age, S. Scandolo,  P. Giannozzi, C. Cavazzoni, S. 
de Gironcoli, A. Pasquarello, and S. Baroni, Z. 
Kristallogr. 220, 574-579 (2005).
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Name  Cluster type  # Processor  Type of processor  Global RAM  Funded by 

Cerbero beowulf 200 AMD +Intel 64bit 200Gbyte Democritos/Sissa

Briareo beowulf 56 P3 1400Mhz 24Gbyte Sissa 

Borg Experimental 32 AMD dual/quad core 16Gbyte Sissa/Democritos

Tab.1 cluster linux installed and managed by Democritos IT-Mc activity 

5.2

The purpose of this activity Information technology 
for molecular modelling and computation is to setup 
a computational environment for Democritos 
researchers. This means not only to make available 
computational platforms (composed by hardware 
and some software) but also integrate on the top of 
them the scientific software, the tools needed to use 
it and finally create the competence and the skills 
among the scientific community we are serving. 
This approach requires a large variety of different 
activities: applied research in High Performance and 
GRID Computing, scientific software development, 
technical support and finally training courses on 
many of the topics mentioned above. We will report 
here some of the most significant activities over the 
2004-2006 period.

Hardware and software for parallel and distrib-
uted computing 
We experimented and implemented innovative 
hardware solutions based on Linux Clusters (cluster 
computing) and we approached the grid computing 
paradigm in order to exploit distributed computer 
resources. 

Cluster Computing
Cluster Computing research line is mainly devoted 
to guarantee the computational power required 
in term of hardware platforms and software solu-
tions to use them at best. Within this research 

line we are now administering in the order of 300 
CPUs of various types (IA-32 P3 and P4, AMD 
Opterons) with 2/3 of them (200) allocated in an 
heterogeneuos linux cluster, with specific pool of 
CPUs addressing specific kind of computations. 
This cluster named Cerbero was nucleated in 2004 
as an experimental facility for 64bit server. After 
the initial experimental period the cluster grew up 
to actual size thanks to the contribution of several 
research groups working within Democritos. The 
aggregation of several distinct budgets leads to a 
quite large facility but can impose a complex man-
agement of the computational resources belonging 
to so many different users. This problem was solved 
configuring successfully a sophisticated “fair shar-
ing” mechanism for the allocation of resources:  
each computational group owning a certain amount 
fo computational resource are allow to compute for 
a certain share. Jobs are then scheduled according to 
the actual usage of the share: if the group computed 
less than the share priority is respectively increased 
or decreased if the usage is below above the fair 
share quota of the group.  
In cluster computing research there is an impor-
tant project going on (funded by FVG and started 
in 2006 to build a HPC cluster based on com-
modity hardware for processors and on “ad hoc” 
high speed networks. This is an applied research 
project promoted by Democritos in collaboration 
with Eurotech, an HPC local company in 2005 

Information technology  
for molecular modeling  
and computation 
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and funded I 2006 (192Keuro) by Friuli Venezia 
Giulia Region. A continuous benchmarking activ-
ity in collaboration with several vendors was also 
carried on.   

Grid Computing
Democritos was involved in several projects at 
local national and European level to investigate  
grid-computing technology. This technology 
aims at exploiting in an efficient way computa-
tional resources that are heterogeneous and geo-
graphically distributed.  In the period 2004-2006 
Democritos was actively involved in the EGRID 
(www.egrid.it) project leaded by ICTP. Democritos 
in 2006 started also contributing externally to 
the EU-IndiaGrid project (www.euindiagrid.eu), 
sponsored by European Union. 

Democritos also promoted the Grid@TS project 
which aimed to create a Metropolitan GRID among 
the major scientific institutions in Trieste. At the end 
of 2004, Democritos coordinated a group of volun-
teers of different scientific with expertise in the Grid 
technology (matured thanks to the participation 
to national and international projects) in order to: 
a) create a first kernel of a forthcoming metropoli-
tan Grid infrastructure; b) undertake training and 
dissemination activities aiming at spreading this 
technology among potential final users.
The project started officially in February 2005 and 
the whole 2005 was spent to set up an experimental 
Grid infrastructure. The involved institutions cre-
ated the first kernel of it, thereafter more and more 
hardware and human resources have been invested 
to expand it.
A technical group was created and coordinated 
by Democritos. The technical group took care of 
designing the infrastructure, created a VO and 
helped Grid managers in setting up Grid nodes at 
local Grid sites. The technical group also prepared 
a live CD allowing people to set up different Grid 
nodes in a non invasive way. Machines booting 

from this CD become Grid nodes once the net-
work subsystem has been configured but nothing is 
installed on the local hard disk. Live CDs are par-
ticularly suitable when a Grid UI must be set up in a 
smart and easy way. To attract final users, a massive 
training campaign was also carried out. During the 
experimental phase of the project several training 
and dissemination events were organized with a 
good participation of scientists operating in the 
Trieste area. These training events were organized in 
a way that theoretical lessons and hands-on sessions 
were combined to make users able to experiment 
the concepts just learned straight away and to port 
their applications of interest in Grid.
The experimental phase closed officially in January 
2006 with a workshop in which the main results of 
the project have been presented. The project is now 
evolving toward the Regional Grid infrastructure.

Training activities and conferences organized 
An intensive training activity in the field of High 
Performance and Grid Computing was promoted.  
Here the list of the training where Democritos 
played an active role:
- ICTP school: Workshop on Porting Scientific 
Applications on Computational Grids, Trieste, 
February 2006
– Democritos/ICTP joint workshop: Tools for com-
putational Physics, Trieste, 5-11 March  2006
– ICTP Regional School: School on Linux cluster 
for High Performance Computing Kumasi, Ghana, 
January 2005
– Democritos/ICTP joint workshop: Tools for com-
putational Physics, Trieste, February 2005

Publications
Benchmark Analysis of 64-bit Servers for Linux 
Clusters for Application in Molecular Modeling and 
Atomistic Simulations. S. Cozzini, A. Kohlemeyer, 
R.Rousseau 7th International Conference, Linux 
Clusters: The HPC Revolution 2006, Norman, 
Oklahoma, USA, May 1-4 2006.

5.2
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The Democritos training and outreach program 
included a specific project devoted to teachers and 
last two-years students of High Schools, in collabo-
ration with the University of Trieste and with the 
International Center of Theoretical Physics. The 
initiative, started on 2002, progressively has been 
improved and in 2004-2006 has been done in col-
laboration with the “Progetto Lauree Scientifiche 
– Orientamento e formazione insegnanti – Fisica” 
co-sponsored by the Italian Ministry of Education 
and Research. 
The motivation of the project was neither to teach 
programming techniques nor to present “canned” 
computer simulations, but rather to provide a 
hands-on demonstration of designing and imple-
menting simple computer experiments to show 
their predictive power and to learn how com-
puters help unveil some of the most fascinating 
secrets of nature. 
The focus has been on actual problem solving. 
Participants were provided with numerical instru-
ments that allow to study real-world problems 
using only the basic knowledge normally available 
to them. Such problems included e.g. the motion 
of planets (universal gravitation, Kepler’s laws), the 
physics of classic billiards and chaos (from circular 
billiards to the stadium and Sinai billiards), the 
dynamics of populations (predator-pray problem, 
solved using both a deterministic and a stochastic 
approach), the fractal growth of surfaces (different 
deposition models), the Brownian motion, the ray 
optics (light refraction), etc. The project, which 
has been repeated every school year with some 
modifications, had the following format:

1) In autumn (October-November) a series of 
introductory colloquia on computational physics, 
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open to all classes, have been held in many High 
Schools of Trieste and in Friuli Venezia Giulia by 
people of Democritos involved in the project.

2) In collaboration with the high-school teachers, 
in November-December short basic courses in 
programming techniques have been held in some 
schools, attended on a volunteer basis by the most 
motivated students. In 2004/2005 and 2005/2006 
the language used was Delphi, an object-oriented 
language based on Pascal. An additional seminar 
was devoted to the use of graphic libraries.
3) A stage (Fig.1), consisting of 4 to 6 hands-on 
sessions on actual problem solving on the argu-
ments listed above (Fig.2), has been held in 
January-February in the ICTP informatics lab-
oratory INFOLAB at the Adriatico Gueshouse, 
equipped with 45 PC’s. 

5.2

Fig.1 A stage held in the INFOLAB at the Adriatico 
Guesthouse of ICTP. 
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The course material has been made available to all 
participants, including:
– Collection of Lecture Notes,
– CD-rom with sources and executables of the 
codes developed during the stage.
All this material, enriched with new examples 
and improved every year, has been made avail-
able also on the Democritos Web site for free 
download[1].
In each school year, more than 10 High Schools 
have been involved in the project; the initial col-
loquia have been attended by more than 1000 
students per year; more than 60 students per year 
attended the whole project included the final stage 
and about 10 teachers (of Mathematics, Physics, 
Biology , Chemistry) have participated. 

Some external collaborators have strongly con-
tributed to the success of the initiative, helping the 
Democritos staff in organizing conferences and 
stages, giving lectures, implementing the codes, 
setting computer equipments.
A short activity report has been presented in 
occasion of the National Congress of the Italian 
Physical Society in September 2006 [2].

References
[1] http://www.democritos.it/education/iatfys.php
[2] G. Pastore, M. Peressi, E. Smargiassi, S. Baroni, 
Fare scienza con il computer: sperimentazione di un 
laboratorio di simulazione numerica per l’ultimo 
biennio delle scuole superiori, XCII Congresso SIF, 
Torino, Sezione VI, 20 settembre 2006.

5.2

Fig.2 Some snapshot from the computational experiments 
done during the final hands-on sessions of the stage.

Fig.3 The final workshop held in May 2006
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The increasing number of investigations combin-
ing quantum mechanical ab-initio simulations 
with spectroscopy or microscopy experiments 
proves that this combination can greatly enhance 
our insight into materials properties, providing a 
scientific output which is way superior to the sum 
of the individual, experimental and theoretical, 
inputs. Large-scale facilities are the ideal multi-
disciplinary environment for the nucleation of 
these collaborations, where quantum-mechani-
cal simulations are stimulated by state-of-the-art 
experiments and provide, in return, reliable inter-
pretations of their results, as well as complemen-
tary insight into properties and processes not eas-
ily accessible in the laboratory. 

The Theory@Elettra group was established at the 
end of 2005 following an agreement between the 
Elettra Synchrotron Radiation Laboratory and 
the Democritos National Simulation Center of 
INFM-CNR. The group is located in the premises 
of the Elettra laboratory and aims at i) providing 
direct support to the scientists at the laboratory, ii) 
fostering the collaboration between local experi-
mentalists and external theorists, and iii) promoting 
the access to the laboratory by external users. This 
project builds onto a tradition of successful col-
laborations between the theoretical and experimen-
tal scientific communities in Trieste, so far mainly 
driven by the initiative of individuals, and it is meant 
to stimulate new collaborations, as well as to provide 
a more firm ground for the existing ones. Elettra 
has supported this initiative with the allocation of 
office space and network infrastructure, while in this 
initial period (2006) the scientific personnel have 
entirely been provided by Democritos.

Theory@Elettra is formed by a group of researchers 
that are based full-time in the Basovizza campus 
(1 researcher, 5 Pdoc, and 1 visiting scientist dur-
ing 2006) and by another group of scientists that 
visit Elettra with a weekly schedule (4 professors 

from SISSA and University of Trieste and 4 PhD 
students during 2006). The hiring of new junior 
and senior scientific personnel is presently under 
way. It is hoped that these will be the first steps 
towards the establishment of a top-class theory 
group at Elettra.

During the year 2006, the research activities have 
been mainly focused on the physics and chemistry 
of surfaces, on nanomagnetism, and on the devel-
opment of theoretical and numerical methods for 
the simulation of spectroscopy. These activities 
allowed to develop and consolidate an articulated 
network of collaboration between the Theory@
Elettra group and several beamlines and labo-
ratories of the. The main experimental partners 
(displayed graphically in Figure 1) include the 
local scientists of the TASC national laboratory, 
and of the ESCA, SuperESCA, APE, BACH, and 
Gas Phase beamlines. Moreover, we have started 
a program of collaboration with the external users 
of the Elettra facilities.

An overview of selected topics investigated by 
the Theory@Elettra group is presented in the 
following.

Chemical reactivity of oxide surfaces
M. Huang, S. Fabris, S. de Gironcoli, and S. Baroni, 
in collaboration with F. Esch, C. Africh, and G. 
Comelli (TASC National Laboratory) and with G. 
Balducci and P. Fornasiero (Chemistry Department, 
Università di Trieste)

Highly-active catalysts based on precious-metal 
nano-particles (Au, Pt, Rh, Pd) supported by 
reducible metal oxides are key-components for 
abating the emissions from hydrocarbons com-
bustion and are of fundamental importance in 
the production and purification of hydrogen. The 
mechanisms responsible for the superior catalytic 
activity of these devices rely on subtle electronic 
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effects following the creation of oxygen vacancies 
and on the interaction between the metal nano-
particles, the defective surfaces, and the molecular 
species entering the main chemical reactions to be 
catalyzed (water-gas shift, steam reforming, CO 
oxidation). The project provided a microscopic 
understanding of these complex highly-active cat-
alysts by combining high-resolution scanning tun-
neling microscopy with density functional theory 
calculations. 

Modeling catalytic reactions on metal surfaces
X. Ding, F. Ancilotto, M. Peressi, A. Baldereschi, T. 
Kokalj, S. de Gironcoli, A. Dal Corso, and S. Baroni, 
in collaboration with A. Baraldi (Sincrotrone Trieste) 
and with E. Vesselli and G. Comelli (TASC National 
Laboratory)

1) Copper is one of the most widely used cata-

lysts for the formation of methanol from carbon 
dioxide and hydrogen, but recent experiments 
have shown that Cu/Ni alloys can be up to 40 
times more reactive. Our analysis provided new 
fundamental insight into the catalytic properties 
of Ni surfaces towards the formation of methanol, 
by characterizing the stable intermediates of the 
reaction and by identifying the relevant reaction 
paths.
2) The elementary steps of the dehydrogenation 
reaction of methane (CH4) catalyzed by transition 
metal surfaces have been investigated by density 
functional theory calculations. Tuning the relative 
rates of different reaction steps would allow for an 
optimal design of novel catalysts for the direct con-
version of methane to methanol. We have revealed 
and understood the dependency of the reaction 
barriers of the initial stages of methane dehydroge-
nation on the local atomic structure and chemical 
composition of the reaction surface sites. 

6

Fig.1 Network of experimental partners 
of the Theory@Elettra group devel-
oped during the first year of activity
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Metal diffusion on nanotube surfaces 
H. Ustunel, S. Fabris, and S. Baroni, in collabora-
tion with A. Barinov and M. Kiskinova (Sincrotrone 
Trieste)

The unique electronic, mechanical, and transport 
properties of C nanotubes (CNTs), their confine-
ment anisotropy, as well as their adaptive func-
tionalization by adsorption of foreign atoms have 
made them a key material in nanotechnology. This 
project addressed the diffusion mechanisms of 
indium atoms along multiwalled CNTs by combin-
ing photoemission spectromicroscopy and density 
functional theory calculations. Our study revealed 
that metal transport is controlled by the concentra-
tion of defects in the C network and proceeds via 
adatom hopping between C vacancies.

Theoretical methods for simulating optical 
spectroscopy
P. Umari, B. Walker, R. Gebauer, and S. Baroni

Simulating excited-state properties and optical 
spectroscopic processes is still a major challenge 
to modern computational physics and chemis-
try. Traditional quantum-chemistry methods 
are limited by the small size of the systems they 
can cope with, and lighter approaches based on 
TDDFT are becoming popular because of their 
accuracy and ability to be applied to systems con-
sisting of several tens of atoms. While some of 
the theory groups active in the Trieste area have 
a well-established expertise in applying these 
techniques to small molecules in the gas phase 
(see above), their application to complex molec-
ular systems in the condensed phase requires the 
development of new theoretical and computa-
tional tools. The project has allowed the devel-
opment of a new computational tool, based on a 
super-operator formulation of linearized time-
dependent density-functional theory. The new 

6

Fig.2 Comparison between the experimental and theoretical 
HOMO-1/HOMO cross section ratio of Mg(C5H5)2 (upper 
panel) and of C60 (lower panel). The calculated values are 
cluster-assembled film deposited on a substrate at 100 K) 
and the theoretical spectrum obtained by means of ab-ini-
tio calculations on TBMD-generated configurations. The 
structures used for the simulations are shown on the right 
of the insets.

method expresses the dynamical polarizability 
of a system of interacting electrons in terms of a 
matrix continued fraction, whose coefficients are 
obtained from the non-symmetric block-Lanczos 
method. The resulting algorithm allows for the 
calculation of the full spectrum of a system with 
a computational workload which is only a few 
times larger than that needed for static polar-
izabilities within time-independent density-
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Fig.3 Changes of the experimentally determined sulfur-
induced core-level shifts Ei for Rh atoms in the Rhi (i = 0,1,2) 
configurations as a function of the calculated atom-projected 
d-band center shift

relativistic effects. The method has been applied 
to the analysis of Mg(C5H5)2 (in collaboration 
with the Elettra GasPhase beamline, Fig.2), 
C6F6, CF4, SiF4, SF6, and C60. Moreover we have 
studied circular dichroism in the photoemis-
sion spectra of chiral systems and provided an 
analysis of the electronic structure of transi-
tion-metal and carbonyl compounds, as well as 
organometallic systems.

Theoretical core-level spectroscopy
S. de Gironcoli, in collaboration with L. Bianchettin 
and A. Baraldi (Sincrotrone Trieste)

Measurements of core-level binding energy shifts 
of surface atoms and adsorbates carry a wealth of 
information on the local chemical and geometrical 
environment, but the precise interpretation is often 
problematic and relies on fitting procedures. A 
firmer interpretation of these data has been pos-
sible by the theoretical core-level spectroscopy 
performed in the Theory@Elettra group. In 
particular, these studies allowed to identify and 
monitor the presence of low-coordinated defects, 
such as isolated Rh adatom or dimers on a clean 
Rh (001) surface (Fig. 3), and to address the local 
changes in electronic structure induced by molec-
ular species such as nitrogen, carbon and sulfur 
adsorbed on the metallic surface.

functional perturbation theory, thus opening 
the way to large-scale excited-state simulations. 
One of the major projects that are pursued in 
the Theory@Elettra group concerns the imple-
mentation of this new method, its extensive test-
ing, and application to problems and systems of 
interest at the Elettra laboratory.

Simulating spectroscopies of finite systems
D. Toffoli, P. Decleva, G. Fronzoni, M. Stener, D. 
Di Tommaso and M. De Francesco in collaboration 
with M. de Simone and S. Turchini (Sincrotrone 
Trieste)

This activity is focused on the theoretical 
description of electronic spectroscopies, notably 
core absorption, valence and core photoemis-
sion spectroscopies in finite systems (molecules 
and clusters). One research line involves the 
development of time-dependent density-func-
tional-theory (TDDFT) methods for a descrip-
tion of molecular photoemission that includes 

6
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