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Established in 1969, CINECA is the most important computing center in Italy and one of the major centers worldwide. 

The Statutory mission is to support research through supercomputing and its applications. To perform this important task, CINECA operates a 
supercomputing environment equipped with cutting-edge technology, the most advanced hardware resources and qualified personnel who
cooperates with researchers in the use of the technological infrastructure, in both academic and industrial fields.  

In June 2012 CINECA installed FERMI, the Italian HPC system. With this new system, based on IBM BG/Q architecture and ranked in the top-ten 
of the two last editions of the TOP500, Cineca is PRACE Tier0 hosting site. FERMI is composed of 10.240 PowerA2 sockets running at 1.6GHz, 
with 16 cores each, totaling 163.840 compute cores and a system peak performance of 2.1 PFlops. Each processor comes with 16 Gbyte of RAM 
(1Gbyte per core). The BG/Q system is equipped with a performant scratch storage system with a capacity of 2.6 Pbyte and a bandwidth in excess 
of 100 GByte/s. 

Each year, CINECA will directly award, at national level, in excess of 600 millions core processor hours, and indirectly, at European level, by mean 
of the participation of the PRACE Tier0 access, in excess of 600millions core processors hours, for a total amount in the order of 1.200millions 
core processors hours, driving transformational research in diverse fields. The topics that are currently investigated through supercomputing at 
CINECA e.g. include fundamental physics, computational chemistry, astrophysics, nanotechnology, energy, environment, engineering, mathematic 
and life science, as well as emerging application domains in the context of multidisciplinary, social and economical science and humanities. 

ISCRA - Italian SuperComputing Resource Allocation is the Italian initiative promoted and managed by CINECA for the allocation of the 
computational hour at national level. 

The CINECA program is open to all scientific researchers affiliated to an Italian research organization needing large allocations of computer time, 
supporting resources and data storage to pursue transformational advances in science. Projects' Principal Investigators are expected to be 
affiliated to an Italian institution, while no restriction is applied for the Co-PI and collaborators. It is expected that the research will be performed at 
Italian institutions.  

The objective of CINECA supercomputing programs is to support large-scale, computationally intensive projects that would not be possible or 
productive without terascale, and in future petascale, computing. Applicants must present evidence that their computational applications can make 
effective use of the high-performance computing systems available. Awards will be based on the suitability of the proposed simulations for the 
requested resource, in addition to research quality and impact. The proposed projects are ranked by the Scientific Committee of CINECA, on the 
basis of the evaluation produced by an independent peer review process. 

The articles published in this volume are the results obtained by the projects accepted during the first year of the initiative. The results gained by 
the research  projects are in different scientific fields and confirm the main role of ISCRA to support the Italian researchers involved in 
computational sciences to preserve a competitive edge on the world stage. 

Sanzio Bassini, Dirigente SCAI CINECA Paola Alberigo,Responsabile ISCRA 



‘CINECA is proud to be the Italian most powerful Computing Centre and to be in the top‐ten of Top500 ranking list worldwide with its new system 
FERMI ‐ IBM Blue Gene/Q  .  
Trough ISCRA CINECA granted more than 800 top level projects in Italy and allowed the access to FERMI increasing the competitiveness of the 
Italian researchers at national and European level.’ 

Marco Lanzarini, Direttore CINECA 

 

‘Right from the beginning ISCRA has made a fundamental contribution in making Italy a country of excellence in the field of High Performance 
Computing by providing free and competitive access to resources.’  

Claudio Zannoni, Consiglio Scientifico ISCRA 
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STEFANO BORGANI 
Department of Physics, University of Trieste

Cosmological Simulations of a Large Sample 
of Massive Galaxy Clusters

The simulation code

Using the CPU time allocated for a ISCRA type B project, 
we have carried out cosmological simulations of 29 Lagrangian regions 
extracted around as many clusters of galaxies identified within a low-
resolution N-body cosmological simulations. 

In this Section we introduce the simulation code. Simulations have 
been carried out using the Tree-PM SPH GADGET-3 code, a newer and 
more efficient version of the previous GADGET-2 code (Springel 2005). 
The difference between the two versions resides mainly in the different 
algorithm adopted for domain decomposition. Both versions of the 
code use segments of the space-filling Peano-Hilbert curve to decide 
the particles to be assigned to different processors. Unlike GADGET-2, 
the newest GADGET-3 version allows each processor to be assigned 
also disjoined segments of the Peano-Hilbert curve. This turns into a 
substantial improvement of the work-load balance assigned to the 
different processors, especially for simulations, like those presented 
here, in which the computation cost is largely concentrated within 
a quite small fraction of the physical volume of the computational 
domain.

The sets of simulations

We provide here below a short description of the initial conditions, whi-
le a more detailed presentation is provided in the paper by Bonafede 
et al. (2011). The parent DM simulation follows 10243 Dark Matter (DM) 
particles within a simulation box having a co-moving side of 1h−1Gpc. 
The cosmological model assumed is a flat LCDM one, with parameters 
consistent with the latest data from WMAP CMB anisotropies (Komatsu 
et al. 2010). The selected Lagrangian regions have been chosen so 
that 24 of them are centered around the 24 most massive clusters found 
in the cosmological volume, all having virial mass Mvir < 1015 h–1 M�. Fur-
ther five regions have been chosen around clusters in the mass range 
Mvir ~ (1�7)�1014 h–1 M�.

Within each Lagrangian region we increased mass resolution and 
added the relevant high-frequency modes of the power spectrum, fol-
lowing the Zoomed Initial Condition (ZIC) technique (Tormen et al. 1997). 
Initial conditions for hydrodynamic simulations have been generated by 
splitting each particle within the high-resolution region into a DM and 
a gas particle, having mass ratio such to reproduce the cosmic ba-
ryon fraction. Outside high-resolution regions resolution is progressively 
degraded, so as to save computational time, while preserving a correct 
description of the large-scale tidal field. We generated initial conditions 
at different, progressively increasing, resolution. Using an iterative proce-
dure, we have shaped each high-resolution Lagrangian region in such 
a way that no low–resolution particle contaminates the central “zoomed 
in” halo at redshift z = 0 at least out to 5 virial radii of the central cluster. 
This implies that each region is sufficiently large to contain more than one 
interesting cluster with no “contaminants” out to at least one virial radius. 
In total, we find ~ 140 clusters with M500 > 5�1013 h–1 M� out of which 
about 40 have Mvir > 5�1014 h–1 M� and 30 have Mvir > 1015  h–1 M�. 

For a first set of hydrodynamic simulation the mass of each DM 
particle in the high-resolution region is mDM ~ 8.47 � 108 h–1 M�, with 

 mgas ~ 1.53 � 108 h–1 M� for the initial mass of gas particles. Simulations 
have been carried out using a Plummer-equivalent softening length for 
the computation of the gravitational force in the high-resolution region 
which is fixed to e�5 h–1 kpc in physical units at redshift z < 2, while being 
kept fixed in comoving units at higher redshift. As for the computation of 
hydrodynamic forces, we assume the SPH smoothing length to reach 
a minimum allowed value of 0.5e. These simulations include radiative 
cooling and heating/cooling from a spatially uniform and evolving UV 
background. Gas particles above a given threshold density are trea-
ted as multiphase, so as to provide a sub-resolution description of the 
interstellar medium, according to the model described by Springel & 
Hernquist (2003). Within each multiphase gas particle, a cold and a 
hot-phase cohexist in pressure equilibrium, with the cold phase provi-
ding the reservoir of star formation. Kinetic feedback is implemented 
by giving some type-II supernova (SN) energy to gas particles in the 
form of kinetic energy, thus mimicking galactic ejecta powered by SN 
explosions. In these runs, galactic winds have a mass upload proportio-
nal to the local star-formation rate. In addition, simulations also include 
a description of metal production from chemical enrichment contri-
buted by SN-II, SN-Ia and AGB stars, as described by Tornatore et al. 
(2007). Stars of different mass, distributed according to a Salpeter IMF, 
release metals over the time-scale determined by the corresponding 
mass-dependent life-times. The metallicity dependence of radiative 

cooling is included by using the cooling tables by Sutherland & Dopita 
(1993). In these runs, the velocity of galactic ejecta is assumed to be 
vw=500  km s−1.

For a second set of collisonless N-body simulations, we increased 
mass resolution by a factor of 10 and correspondingly decreased the 
Plummer-equivalent softening length by a factor 101/3.

We show in Figure 1 some examples of temperature maps of clusters 
simulated with hydrodynamics. The highly complex structure of the co-
smological environment surrounding the cluster region is shown by the 
presence of filaments and overdensities that are accreted within the 
main cluster halos.

Applications

The cluster simulations described in the previous section have been 
used for the following analyses, which are presented in a number of 
papers already published or submitted for publication in refereed inter-
national journals, or in preparation.

FABJAN et al. (2011): analysis of the stability and robustness of different 
mass proxies based on observables to be measured through observa-
tions in the X-ray band from satellites.

CONTINI et al. (2011): analysis of the statistical properties of the sub-
structures identified in the high-resolution DM simulations of galaxy clu-
sters.

RASIA et al. (2011): comparison of masses of galaxy clusters as obtai-
nable from X-ray and weak lensing observations.

ETTORI et al. (2011): definition of low-scatter mass proxies through sui-
table combinations of X-ray observables

KILLEDHAR et al. (2011): effect of baryons on the strong lensing statisti-
cal properties of the cluster population.
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Fig. 1. – Ray-tracing images of a 15 Mpch−1 regions around the center of the individual 
clusters. Color coded is the temperature of the gas, while brighter regions correspond 
to higher-density gas.
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F. CaliFano, M. Faganello, F. PalerMo, F. Pegoraro

Dip. Fisica, Università di Pisa and CNISM, Pisa

Kelvin-Helmholtz Vortices and Secondary
Instabilities in Super-Magnetosonic Regimes

In this project we have built a two-fluids, 3D numerical 
code, parallelized with MPI, for the study of the non line-
ar dynamics of a magnetized, collisionless plasma. The 

boundary conditions are periodic along the y and z directions and 
open along x where we extended the transparent boundary condi-
tion scheme previously developed in 2D (1). The code advances in 
time using the third order accurate Adam-Bashforth algorithm. It uses 
Fast Fourier Transform routines for spatial derivative along the perio-
dic directions and sixth order Compact Finite Difference Scheme with 
Spectral like resolution for spatial derivative along the inhomogeneous 
x-direction. Numerical stability is achieved by means of filters, a spectral 
filter along the periodic y and z-directions and a sixth order spectral like 
filtering scheme along the inhomogeneous x-direction. A more perfor-
mant version of the same code, in particular concerning the scaling 
on parallel machines, has been recently made using sixth order explicit 
finite differences schemes along all directions to limit the communi-
cations to nearby processors (local stencil). The code has been used 
to investigate the problem of the interaction of the solar wind with the 
magnetosphere at low latitude. The main application is the develop-
ment of large-scale Kelvin-Helmholtz vortices and the consequent non 
linear dynamics, including 3D magnetic reconnection events already 
observed in the 2D limit (2). The results obtained in 3D  are very prelimi-
nary and these investigations will be continued in a recently approved 
ISCRA A project. In the following, instead, we will summarize 2D results 
obtained during this project running on the SP6 IBM Machine at Cineca.

We have performed large-scale numerical simulations in order to stu-
dy the non-linear magnetized dynamics of a plasma in the presence 
of a shear flow driving the development of KH instability. This instability 
eventually leads to the formation of a “large scale” vortex chain. Many 
physical processes are then at play and naturally generate small-scale 
structures leading to a multi-scale system where the coupling between 
large and small scales is self-consistent. Depending on which process 
dominates, the system evolves differently, from the formation of a mi-
xing layer, to classical hydrodynamics vortex pairing, to the formation 
of magnetic islands, shock structures, etc. Our simulations model the 
interaction of the solar wind flow with the Magnetosphere at low latitu-
de. The 2D results presented here concern the problem of the transition 
to super-magnetosonic regimes where shock structures are generated 
by the K-H vortices and play a very important role on the mixing of the 
two plasmas. Indeed, variations of the large-scale fields connecting the 
upstream and downstream regions strongly influence possible onset of 
secondary instabilities. Shock structures could also have an impact on 
the acceleration of ion populations. In Figure 1, left frame, by means of 
passive tracers, we give an example of the formation of the K-H vortex 
chain, the advection of the magnetic field line by the flow and the 
onset of secondary instabilities. The solar wind and magnetospheric pla-
smas are represented by yellow and blue color, respectively, while the 

black lines represent the magnetic field. In the right frame, by showing 
the plasma density at the same time instant, we observe the presence 
of several shock structures. 

The results of the study of the transition to the super-magnetosonic 
regime have been published in Refs. (3) and (4) and presented in many 
International Conferences as  invited paper or posters.
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TOFUSEX
Towards Full-Scale Simulation of Laser-Plasma Experiments 

Introduction

The aim of the TOFUSEX project was to perform large-scale 
simulations of laser-plasma interactions with Particle-In-Cell (PIC) codes, 
upgraded and optimized in order to improve the capability to design 
and interpret real experiments. Specific tasks were the improvement of 
performance and I/O management to enable three-dimensional (3D) 
simulations on very large number of processors, as well as the inclusion 
of additional physics, such as Radiation Reaction effects, for the investi-
gation of forthcoming experiments at “extreme” intensities. 

Two simulation codes, UMKA and ALaDyn, have been used during 
the project. UMKA and ALaDyn are both fully parallelized PIC codes, 
which effectively solve the system of (relativistic) kinetic equations for 
plasma electrons and ions, coupled with Maxwell’s equations for the 
electromagnetic fields, using a discrete particle representation of the 
phase space. The two codes presently implement different algorithms 
making one or the other most suitable for specific problems.

In the following we present a short survey of results from two specific 
simulation campaigns, both focused on regimes of ion acceleration by 
superintense laser pulses [1]. The first campaign was devoted to simula-
tions of radiation pressure acceleration (RPA) of thin foils at ultra-high 
intensities, addressing the role of both laser pulse polarization and Ra-
diation Reaction (RR). The second campaign was oriented to a study of 
the interaction with low-density “foam” targets, of direct relevance for an 
experiment scheduled in 2012.

Polarization and Radiation Reaction Effects on Superintense Laser-
Foil Interaction

The radiation pressure generated by ultraintense laser pulses may drive 
strong acceleration of dense matter and be an effective mechanism 
for the generation of high-energy ions, especially in the regime of ex-
tremely high intensities and relativistic ion energies as foreseen with the 
Extreme Light Infrastructure (ELI) European project. In the case of solid-
density thin foil targets, earlier PIC simulations have shown that at inten-
sities exceeding 1023 W cm−2 and for linear polarization (LP) of the laser 
pulse, radiation pressure eventually dominates the acceleration. This 
yields a linear scaling of the ion energy with the laser pulse intensity, high 
efficiency and quasi-monoenergetic features in the ion energy spec-
trum [2]. Other studies have shown that the use of Circular Polarization 
(CP) instead of LP and normal incidence quenches the generation of 
high-energy electrons [3] allowing radiation pressure to dominate even 
at lower intensities and leading to efficient acceleration of ultrathin foils 
[4, and references therein]. A systematic comparison of LP versus CP 
in the radiation pressure dominant acceleration (RPDA) regime where 
ions become relativistic has not been performed yet. Furthermore, it has 
been previously shown by 1D PIC simulations that Radiation Reaction 
(RR) effects may significantly affect the dynamics of radiation pressure 
acceleration and also depend strongly on the laser pulse polarization 
[5, and references therein]. To address these issues as well as other mul-

ti-dimensional effects (bending instabilities, anisotropies, conservation 
of angular momentum for CP light) we performed fully 3D simulations of 
the RPDA regime with RR effects included (for the first time in a 3D code). 
Details of the RR modeling and original numerical implementation are 
given in Refs. [5, 6].

We present a total of four 3D simulations each with the same physi-
cal and numerical parameters but different polarization, with and 
without RR effects. In these simulations, the laser field amplitude has a 
sin2-function longitudinal profile with 8l FWHM (where l = 0.8 mm) is the 
laser wavelength) while the transverse radial profile is Gaussian with 10l 
FWHM and the laser pulse front reaches the edge of the plasma foil 
at t = 0. The peak intensity is I = 1.7 x 1023, W cm−2 which corresponds 
to a normalized amplitude a0 = 280 for LP and a0=198 for CP. The tar-
get is a plasma foil of electrons and protons with uniform initial density 
n0 = 64nc (where nc = pmec2/e2 l2 is the critical density), thickness l = 1l 
and initially located in the region 10l ≤ x ≤ 11l. The simulation grid 
is 1320 x 896 x 896. and the spatial step is l44 for each direction. The 
timestep is T/100 where T= l/c=2.67 fs is the laser period. We use 216 
particles per cell for each species and the total number of particles 
is 1.526 x 1010. The runs were performed using 1024 processors of the 
IBM-SP6 cluster at the CINECA supercomputing facility in Bologna, Italy. 
Details on the results are reported in Ref. [7].

Fig.1 shows the ion and the electron 3D spatial distributions at 
t=20T for the LP case without (a) and with (b) RR and for the CP case 
without (c) and with (d) RR. The color corresponds to the range in ki-
netic energy. In the LP case the most energetic ions are grouped into 
two off-axis clumps lengthened and aligned along the polarization 
direction. RR effects are much stronger for LP, where the density and 
the total number of ions grouped into the highest energy populations 
is strongly enhanced in the case with RR as seen by the comparison 

of Figs.1 (a) and (b); on the contrary, RR plays a minor role for CP af-
fecting only a small fraction of ultra-relativistic electrons with almost 
no influence on the ion distribution which has rotational symmetry 
around the central axis and a distribution in energy monotonically 
decreasing with increasing radial distance, as seen in Fig. 2, frames 
(c), (d). The electron spatial distribution has an helicoidal shape with 
spatial step  l Fig.2 (c), (d). 

The differences between CP and LP can be explained by the ab-
sence of the oscillating component of the J × B force for CP [3]. Thus, in 
the CP case we have a steady push of the foil with weak penetration 
of the laser pulse in the plasma. Most of the electrons move coherently 
with the foil and in the same direction as the laser pulse so that the RR 
force may also become very small [2, 5]. For LP pulses, the longitudinal 
oscillations driven by the 2  component of the J × B cause the electrons 
to collide with the counterpropagating laser pulse twice per cycle [5]. 
Our 3D results confirm the strong differences between CP and LP also for 
a focused laser pulse and a strongly bent target. 

Interaction with low-density foam-layered targets

In current experiments, the laser-plasma acceleration of protons is typical-
ly achieved focusing a high power laser pulse (10-500TW) on thin solid tar-
gets 0.1 ÷ 10mm). Since the electron density ne > nc the laser -penetrates 
only in the thin skin layer, of depth  cωp=(λ/2π)(nc /ne)1/2, and is partially 
reflected by the surface. However, a considerable part of the laser pulse 
energy is absorbed into high-energy electrons. These latter can cross the 
target and escape from its rear side towards vacuum. The charge sepa-
ration hence created builds an electrostatic field which accelerates the 
protons present on the surface of the target. This is the basis of the so-
called Target Normal Sheath Acceleration (TNSA) acceleration regime [1]. 
The efficiency of this process strongly depends on the fraction of energy 

Fig. 1. – Spatial distributions of ions (upper row) and electrons (lower row) at t = 20 T and 
in the region −5.7 ≤ (y, z)/l ≤ 5.7, for LP without (a) and with (b) RR and for CP without (c) 
and with (d) RR. Ions and electrons are divided into seven populations according to their 
kinetic energy, with the color-bar reporting the lower bound of the energy interval. In the 
LP case [frames (a),(b)], the polarization is along the y axis.

Fig. 2. – 3D simulation for a target constituted by a thin foil (0.5mm of Aluminium with 
ne = 40nc) and a foam layer (2mm C with ne = 2nc). The electron density in logarithmic 
colour scale (left) and the longitudinal electric field (right) are shown at t = 66 fs. Half 
of the simulation space has been removed for easier viewing.
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of the laser pulse absorbed by the electrons. The absorption increases 
for decreasing values of the plasma density. Hence, plasmas with ne  nc 
are expected to lead to a high absorption [8, 9, 10] but such a condition 
is difficult to explore experimentally because targets with such a “near-
critical” density are not easy to fabricate. Within the FIRB project SULDIS the 
“nanolab” group at Politecnico di Milano is currently producing nano-struc-
tured target with low density foams deposited on metal surfaces which 

will be soon used in experiments. The aim of our numerical investigation 
has been to understand the physics of the interaction of the laser with a 
near-critical plasma and to estimate the proton energies which can be 
obtained in the future experiments with such targets.

We explored this configuration with several 2D and 3D simulations 
using the code ALaDyn. In the context of TNSA the 3D geometry is essen-
tial in order to quantitatively reproduce the dynamics of the expansion 
of the electron cloud around the target. 3D simulations of the laser in-
teraction with highly over-dense plasmas, as is the case of these targets 
where the near critical density plasma is coupled with a solid foil, are 
very demanding in terms of number of grid points. A grid cell size small-
er the skin-depth (10−2λ = 10 nm is needed and a high number of 
macro-particles per cell is essential to represent the sharp density gra-
dients of the plasma. Our 3D runs were performed on 1024 and 2048 
cores of the SP6 machine. The simulation grid was 1880 × 1024 × 1024 
and grid step was λ/100.

The laser pulse has w0 = 3mm, τ = 25 fs and a0 = 10 being respec-
tively the pulse waist, time duration and normalized vector potential, 
corresponding to a pulse with a peak power of 32 TW and intensity 
I=2 × 1020 W/cm2. Fig. 3 represents the electron density in presence 
of a foam and the longitudinal electric field which accelerates the 
protons present on the rear side (right) of the target. Fig. 3 represents 
the evolution of the maximum proton energy with respect to time 
for the two configurations: with and without foam layer. Although the 
foam layer considered is rather thin (2mm) it leads to an increase of 
the proton energy by a factor of nearly 3. The 2D simulation sup-
port these results and allow for a broader parameter investigation 
confirming how a suitably constructed target may lead to a much 
improved laser-to-target energy transfer and higher proton energy. 
This configuration will be investigated experimentally at the begin-
ning of 2012. Meanwhile, the 2D code has also been validated by 

the comparison with experimental parametric studies of TNSA ac-
celeration [11].
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Fig. 3. – Proton maximum energy evolution with respect to time in 3D PIC simulations.
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Dynamical Evolution of Proton 
and Alpha Particle Distribution Functions Inside 
Solar-Wind Turbulence

One of the most fascinating and puzzling aspects in the 
dynamics the stellar medium is that the solar wind, a col-
lisionless magnetized plasma, is hotter than expect for an 

expanding gas. It is thought that the reasons of this evidence is related 
to the turbulent character of the solar wind. The energy is transferred 
form large MagnetoHydrodynamics length scales to short kinetic wave-
lengths along turbulent cascade. The short scale phenomenology 
could be responsible for local heating. The solar wind mostly consists 
of electrons and protons, with a small amount of alpha particles and a 
small fraction of heavier elements. Minor and heavy ions seem to be 
ideal tracers of wave effects in the wind. Many spacecraft ‘in situ’ solar 
wind measurements have clearly shown that these ions are heated and 
accelerated preferentially as compared to protons and electrons (1-3). 

We approach the study of this problem by making use of a numeri-
cal model able to describe the evolution of the turbulent cascade up 
to typical scales at which the system dynamics is presumably kinetic in 
nature. Nowadays, the increasing computational power of the modern 
supercomputers allows us to run kinetic Eulerian Vlasov codes (5, 7) that 
solve the Vlasov-Maxwell equations in multidimensional phase space. 
Here, we present the results of a hybrid Vlasov-Maxwell code in 1D-3V 
phase space configuration (one dimension in physical space and three 
dimensions in velocity space) that allows to study the role of minor ions 
in the evolution of the solar wind turbulent cascade self-consistently 
generated at large wavelengths by nonlinear wave-wave interactions. 
Within this hybrid Vlasov-Maxwell model, the Vlasov equation is integrat-
ed both for the proton and for the alpha particle distribution functions, 
while the electron response is taken into account through a generalized 
Ohm’s law for the electric field, that retains Hall and electron inertia 
effects. The Faraday equation, an isothermal equation of state for the 
electron pressure and the quasi-neutrality condition close the system. 
We simulate a plasma embedded in a background magnetic field 
B0 = B0ex, where x is the direction of wave propagation. Protons and al-
pha particles have Maxwellian velocity distributions and homogeneous 
density at t = 0. To mimic the condition of slab turbulence, in which the 
energy is predominantly stored in longitudinal wavevectors modes, 
the initial equilibrium configuration is perturbed by a set of Alfvé-
nic fluctuations circularly polarized in the plane perpendicular to B0 
and pro-pagating along it. The amplitude of the initial perturbation 
is ε = 0.5 and the energy is injected at wavenumbers in the range 
0.078 � k � 0.23. The initial value of the proton plasma beta is 
                                                                                                                  , an appropriate choise for the case
of the solar wind plasma. The phase space is discretized by using 4096 
gridpoints in physical space, where periodic boundary conditions are 
imposed, and 513 in velocity space. 

We numerically analyze the kinetic dynamics of protons and alpha 
particles when the energy is transferred along the solar wind turbulent 
cascade, in terms of different values of electron to proton (Te/Tp) and 
alpha particle to proton (Tα /Tp) temperature ratios.

In the early stage of the system evolution (0<t<30), both the pro-
ton and the alpha particle distribution functions display the generation 
of perpendicular temperature anisotropy, but no total temperature in-
creasing is observed for protons nor for alphas. Our simulations of decay 

turbulence display that the turbulent cascade, in this range of values, 
is not efficient in delivering enough energy to frequency of order of ion 
cyclotron frequency to trigger the process of cyclotron heating.

The time evolution of the electric and magnetic energies shows that, 
in the high wavenumbers (k>10) range of the energy spectrum, the 
level of the electric fluctuations results about five orders of magnitude 
higher than that of the magnetic ones and that short-scale structures 
are generated in the longitudinal component of the electric field. This 
suggests that the tail at short wavelengths of the energy spectrum is 
dominated by electrostatic activity. The Fourier analysis of the numeri-
cal signals shows that this short-scale electrostatic activity consists of an 
acoustic branch of waves (IBk waves) with phase speed          compa-

rable to the proton thermal velocity (                         ) (8, 11-13).

In correspondence of the electrostatic activity recovered at short
scales in our numerical simulations, the velocity distribution of protons 
shows the generation of a secondary beam moving in the direction 
of the background magnetic field B0 with mean velocity close to the 
local Alfvén speed (Figure 1). The generation of this beam is a direct 
consequence of the process of trapping of protons in the potential well 
of the IBk waves.

By repeating our numerical experiments with different values of the 
initial parameters, we realized that the efficiency of particle trapping 
by the IBk waves for alpha particles strongly dependence the value of 
Tα /Tp. When the protons and alphas have same temperature, the phase 
speed of the IBk waves falls in the tail of the alpha particle velocity di-
stribution. As a consequence, the alpha velocity distribution results only 
slightly modulated by the waves and no beam is recovered (Figure 2a). 

On the other hand, when the two species have same thermal speed 
(Tα /Tp = 4) the IBk waves can efficiently trap resonant alpha particles. 
In this case, we observe the generation of a field-aligned beam of 
alpha particles with mean velocity close to Alfvén speed (Figure 2b).

The evidence that the field-aligned beam of alpha particles is ob-
served in the simulations only for certainly values of Tα /Tp (9) could pro-
vide a possible explanation for several spacecraft observations that 
suggest that the generation of accelerated beams of alpha particles 
is a less frequent event with respect to the case of protons (6).

Fig. 1. – Level lines of proton distribution function in the velocity plane vx–vy for the case 
Te   /Tp = 1 and with Tα/Tp =1.

Fig. 2. – Level lines of alpha particle distribution function in the velocity plane vx–vy for 
the case Te   /Tp = 1 and with Tα/Tp = 1 (a) and Tα/Tp = 4 (b).βp = 2vth,p

2/v2
A = 0.5 (vth,p = √Tp/mp)

φv IBk( )

�φv v.IBk
th p

( )
,1 24
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The electron to proton temperature ratio (Te /Tp) does not significantly 
affect the results discussed so far. In our simulations we considered three 
different value for Te /Tp = 1,5,10 (typical values of Te /Tp for the solar-wind 
plasma are in the range 0.5 < Te /Tp < 4 (10). The physical scenario re-
sults slightly changed only for the case Te /Tp = 10, unrealistic for the solar 
wind, for which the k-ω spectrum of the parallel electric energy displays 
two branches of waves with different phase speeds: the lower branch of 
the IBk waves with                             and the upper branch, consisting of 
ion-acoustic waves with                                   (in agreement with the linear theo-
ry prediction). For large values of Te /Tp these ion-acoustic fluctuations 
can survive against Landau damping (4) and are visible in the k-ω spec-
trum, while for small Te /Tp they are strongly dissipated.
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Quantum Calculations for Chemical Reactive 
Processes in the Interstellar Medium Revisiting 
the Role of HeH+

We have carried out a new set of ab initio, quantum 
calculations for the rate coefficient (Figure 1) of the re-
action

HeH+ + H = He + H2
+

which therefore allows us to revise the abundance of HeH+ molecule 
within the expected conditions operating during the early universe (1).  
One of the main results from the present reactive calculations is that the 
chemical destruction rate of this polar cation depends on temperature 
in a way is very different from previous data, both experimental and 
theoretical, especially for temperatures lower than 100 K.

These new results obtained for the HeH+ abundance (Figure 2) now 
indicate that this molecule should be much more likely to have survi-
ved at low redshift, since its fractional abundance goes up by more 
than one order of magnitude from previous estimates, becoming of 
the order of 10-13. 

These new findings should be considered within the broader con-

text whereby the fractional abundance of LiH+, as calculated by (2), 
turns out to be significant mostly in the low-redshift region of z < 30. 
Comparing the specific fractional abundances of the two species, 
our results therefore suggest rather compellingly that the HeH+ ionic 
molecule, if more abundant than the LiH+, would become more likely 
to be observed experimentally, even more than suggested by pre-
vious works (3).
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Fig. 1. – Depletion rate coefficients as a function of the temperature. In the upper 
scale, the redshift is also reported. The experimental rate coefficients of Karpas et 
al. (4) and those extrapolated by Schleicher et al. (5) are also presented. The lithium 
reactions rate is from Bovino et al. (1).

Fig. 2. – Computed relative abundances of HeH+ in the post-recombination era as 
function of redshift z: present results (solid curves), results of GP98 (dashed curves) (6). 
The LiH+ results are from Bovino et al. (2).
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Quantum-Mechanical Study of the 
Interactions Between Drugs 
and Amorphous Silica

Motivations

The aim of SILDRUG project was to study through quantum-
mechanical simulations the interactions between drugs and amorphous 
silica, a material that can be employed in pharmaceutical formulations 
both as a solid additive and as a drug delivery agent in its mesoporous 
form (Figure 1). The project illustrates the possibilities offered by com-
putational methods to the research and development sector of the 
pharmaceutical industry, since evolution of computer technology has 
now made ab initio methods feasible for an application in areas where 
the study of complex systems at an atomic level could be of great help.

In order to be easily administered, delivered to the target organs and 
stabilized, a molecule with a pharmacological activity needs to be ac-
companied by many other different chemical entities. Usually defined 
as “pharmacologically inactive”, they play an essential role ensuring 
the correct functionality of a medicament. The whole system is defi-
ned as “the dosage form of a drug” and traditionally consists of: the 
active pharmaceutical ingredient, which is the drug itself, that is the 
biologically active molecule; the excipients, a heterogeneous group of 
non-therapeutic substances, which are intended to attribute desirable 
and practical properties to the dosage form. They may have a variety 
of purposes and they usually account for the majority of the mass of a 
drug product.

The common definition of excipients as “inert” or “inactive” should be 
considered definitely inaccurate since they often possess reactive fun-
ctional groups and/or belong to classes of compounds that can modify 
the physical properties of the mixture they form. Thus, excipients may 
significantly alter the activity of a drug, both in its pharmacokinetics and 
pharmacodynamics.

In some cases, the alteration of drug stability and activity may be a 
desirable output: adsorption of active ingredients on excipients can be 
carefully exploited to optimize the dissolution rate of the product, in the 
so-called controlled drug release.

Silicon dioxide, in its amorphous form, is a common tableting ex-
cipient, used mainly as a free-flow and anticaking agent. The interest 
in pharmaceutical employment of amorphous silica has rapidly grown 
in recent years following the development of silica-based mesoporous 
ordered materials and the discovery of their biomedical applications. 
Among silica-based mesoporous materials, MCM-41 is one of the most 
studied: it is characterized by a high surface area and by a very narrow 
pore size distribution. These unique features make it an excellent candi-
date for drug delivery systems, that is, pharmaceutical formulations that 
control the rate and period of drug delivery and target specific areas 
of the body. 

The interactions between the pore walls of mesoporous materials 
and the hosted drug, together with the dynamics of the latter in a confi-
ned environment, determine the final performances of the formulation. 
Therefore, the study of these phenomena is crucial to obtain advanced 
and competitive pharmaceutical products that comply with the desi-
red characteristics. 

Given the lack of long range order in amorphous materials, experi-
mental techniques can only provide results describing the “average” 
situation in the sample. Computational chemistry is able, on the other 
hand, to provide insight in the mechanisms of interaction at a mole-
cular level. 

In SILDRUG project, three model drugs were chosen: aspirin (since the 
influence of silica on its hydrolysis is still unclear), ibuprofen (in order to 
verify some of the experimental findings for its interaction with mesopo-
rous silica) and nitrazepam (to better understand the catalytical role of 
superficial silanols in benzodiazepines degradation). These drugs were 
tested for adsorption on models of amorphous silica surfaces recen-
tly proposed by our research group, with different superficial density of 
silanols to understand the influence of surface hydrophilicity on silica-
molecule interactions. Moreover, the interest was to enlighten the role 
of dispersive forces in the mechanisms of adsorption on amorphous 
silica, since the study of these systems is usually focused on hydrogen 
bonding. In particular the target was on the relevance of these forces 
in systems differing both for surface hydrophilicity and for water-solubility 
of the adsorbed molecules.  

Methods

Because the focus of the SILDRUG project has been on modeling 
amorphous silica, the unit cell has to be large enough, so to generate 
a model that is still representative of the key properties of the material. 
Since we dealt with surfaces, the adopted model was the so-called 
slab model. Periodic boundaries conditions are applied only in two di-
mensions: the thickness of the resulting surface (or slab) is finite, while 
periodicity is bi-dimensional generating an infinite plane.

The computational code that was employed for all the ab initio cal-
culations was the developmental version of the CRYSTAL09 code. This 
periodic ab initio code has been developed by the Theoretical Chemi-
stry Group at the University of Turin, in collaboration with the Daresbury 
Laboratory in England and with other groups in France, Spain, Germany 
and Mexico. At the state of the art, it is the only code that allows calcu-

lations of crystals exploiting local basis sets based on Gaussian type or-
bitals. CRYSTAL09 computes the electronic structure of periodic systems 
within Hartree Fock, density functional theory based on local density 
approximation, gradient corrected ones and hybrid functionals. It is ba-
sed on a LCAO treatment of periodic systems.

All the calculations were done within the density functional appro-
ximation (DFT). The Perdew, Burke and Enzerhof GGA exchange-corre-
lation functional (PBE) was adopted, together with a triple-ζ polarized 
basis set. The planned calculations at B3LYP level has been postponed 
for future ISCRA project as they are three times more expensive than 
the PBE ones.

A general drawback of all common GGA functional, including hy-
brids, is that they cannot describe long-range electron correlations that 
are responsible for van der Waals (dispersive) forces. Since dispersion 
plays a key role in many chemical systems and, in particular, it has 
a role in determining the orientation of molecules on surfaces, it was 
necessary to apply a correction to the energy obtained with the stan-
dard density functional methods. The correction proposed by Stephan 
Grimme was employed: when activated during a geometry optimiza-
tion, it was added to the energy and its gradient to determine the final 
geometry.

For all the adsorption geometries, binding energies were evaluated 
and corrected for the basis set superimposition error, using the counter-
poise method.

Results

Starting from a previous modelization performed by our research 
group, two amorphous silica surfaces were prepared for the project. 
One model was used to predict the behavior of a highly hydroxylated 
silica surface and is characterized by a high surface silanol density of 
4.5 OH/nm2. The other model represented a much more hydrophobic 
surface, with a density of 1.5 OH/nm2, comparable to what resulted 
after heating a real amorphous silica at about 873 °K. 

The surfaces come from our previous work and were derived from 
bulk cristobalite, a high temperature crystalline polymorph of silica, that 

Fig. 1. – Conceptual drawing summarizing the simulated materials and processes in 
SILDRUG.

Fig. 2. – The two adopted model surfaces employed in the SILDRUG project. The unit cell 
is drawn in light blue. Hydrophilic surface (H22O63Si26): 12.6×12.8 Å, α=83.1°. Hydrophobic 
surface (H14O73Si33): 11.6×13.6 Å, α=88.6°.
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was simulated at very high temperature and properly annealed, through 
a classical molecular dynamics simulation. After ensuring the loss of the 
crystalline nature of the material, the amorphous bulk was cut to obtain 
a 15 Å thick slab. The dangling bonds were saturated with OH groups to 
ensure electroneutrality, to give a surface silanol density of 7.2 OH/nm2. 
This slab was re-optimized with an ab initio approach (B3LYP/6-31G*). De-
hydroxylation was then simulated by manually condensing the closest 
next neighboring pairs of H-bonded silanols and then relaxing the re-
sulting structures. At the end of the process, surfaces with 7.2, 5.4, 4.5, 
2.4 and 1.5 OH/nm2 were obtained. As previously stated, two of these 
models were chosen as starting points for the SILDRUG project (Figure 
2). To reduce the number of atoms in the unit cell in order for the cal-
culations to be feasible in the allotted time, the two models were cut to 
a thickness of about 7.2 Å (for the hydrophilic model) and 9.4 Å (for the 
hydrophobic one).

Before studying the adsorption on amorphous silica of aspirin, ibupro-
fen and nitrazepam, a conformational analysis was performed for the 
free molecules. The most stable conformers were chosen and valida-
ted through a simulation of their vibrational spectrum compared with 
experimental data. The conformers are shown in Figure 3.

In all cases, the initial geometries were generated by manually do-
cking the molecules on the surface, aiming to maximize the interactions 

between exposed silanols and the functional groups of the drugs by 
obeying the electrostatic complementarity of the electrostatic potential 
maps of the molecule and silica. Subsequently, the starting geometries 
were optimized at the chosen level of calculation, with and without ad-
ding the Grimme dispersion correction. A dissection of the interaction 
energy to highlight the role of each contribution has been carried out to 
analyze the physics of the interaction. Vibrational infrared spectra were 
also simulated and compared to the available experimental data.

All calculations revealed that adsorption of the considered drugs on 
silica surfaces is an exothermic process. Computed binding energies 
are about 110 and 50 kJ/mol for the adsorption on the hydrophilic and 
hydrophobic surfaces, respectively. Of course, molecules with more 
functional groups apt to strong H-bonds showed a stronger adsorption, 
particularly in the case of the 4.5 OH/nm2 slab. In the latter case, ad-
sorption was usually stabilized by the formation of long H-bond chains 
with the surface silanols. 

In all models, dispersion interactions played a crucial role in determi-
ning the structural and energetic features of the drug/silica system, 
particularly in the cases of adsorption on the poorly hydroxylated 
-silica surface. This phenomenon was particularly clear when analy-

zing the interaction of ibuprofen on the hydrophobic surface (Fi-
gure 4). 

A comparison between the optimized geometries obtained with and 
without the dispersion correction (Figure 4) revealed that in the former 
(dispersion included) the H-bonds between the molecule carboxylic 
group and a surface silanol were considerably distorted and bond 
lengths were significantly larger compared to their optimum. These de-
formations were due to the competition between dispersive forces and 
hydrogen bonding that originated in this system. Since ibuprofen is mo-
stly apolar and the 1.5 OH/nm2 surface is hydrophobic, dispersion acts 
strongly on the hydrophobic half of the molecule in driving adsorption. 
Thus, SILDRUG project provides the first evidence that a subtle balance 
may exist between specific and directional interactions like H-bonds 
and non-specific dispersion interactions with important structural and 
energetic consequences. And, more generally, from a methodologi-
cal point of view, this work has showed that pure DFT methods are in 
huge error when dealing with adsorption processes due to the missing 
dispersive term.

An interesting point of debate in the study of ibuprofen confinement 
in mesoporous silica concerns the physical state of this molecule in the 
system. In particular, it is still not clear if the majority of the drug popula-
tion is in interaction with pore walls or in a free state and, in this case, if it 
is as a free molecule or in a dimeric form.

Although molecular dynamics could provide further details, the re-
sults obtained until now, albeit not for MCM-41, can give an insight into 
the behavior of ibuprofen when loaded on silica patches which can be 
found also in MCM-41. Our accurate ab initio results allowed to propose 
a general scheme for the competition between the adsorption of ibu-
profen either as a monomer or as a dimer on hydrophilic/hydrophobic 
silica patches present in a MCM-41 wall: our data nicely showed how 
the hydroxylation level of mesoporous silica walls may alter the dynami-
cs of ibuprofen in the system and its aggregation state.

Acknowledgement: We acknowledge the CINECA award under the 
ISCRA initiative, for the availability of high performance computing 
resources and support

Fig. 3. – The most stable conformers of the three drugs adopted for adsorption on silica 
surfaces.

Fig. 4. – Ibuprofen in interaction with the de-hydroxylated amorphous silica surface 
(1.5 OH/nm2).
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Study of the Properties of BN Nanostructures
(Hyper)Polarizabilities of BN Nanotubes

Report relative to the project IscrA_CINTsim

The public code CRYSTAL09[1], which is developed at the 
university of Torino, allows the calculation of the electronic polarizabilities 
of periodic systems within the CPHF/CPKS (Coupled Perturbed Hartree-
Fock / Kohn-Sham) framework. It employs a local Gaussian atomic or-
bital basis, and has the capability to deal naturally with systems of dif-
ferent kind of symmetries, from 0D molecules to 3D bulk crystals. CPHF/
KS are general methods that can be adapted to compute analytically 
the derivatives of the energy with respect to some perturbation, which 
in our case is the external electric field. The derivatives are obtained 
in a self-consistent way, just as the unperturbed energy, by optimizing 
the perturbation matrices of the wavefunction. This permits the elec-
trons to relax as a reaction to the perturbation. Those derivatives are 
complicated to obtain, especially in the Kohn Sham framework, where 
the complex expressions for the exchange and correlation functionals 
make the analytic development of the derivatives an hard and error 
prone procedure. A development version of the code implements the 
calculation of CPKS hyperpolarizabilities adopting the XCfun library[2] 
for the evaluation of XC (eXchange Correlation) functional derivatives. 
It also extends some of the features of the code with respect to the 
public release, such as the symmetry exploitation, which has been ge-
neralized to larger operator counts in order to properly treat large na-
notubes[3], and the possibility to perform geometry optimizations and 
CPHF/KS calculations with a finite external field present. Exploiting these 
new features, the (hyper)polarizabilities of BN nanostructures, in particu-
lar nanotubes, were addressed. Both the electronic and the nuclear 
(vibrational) contributions to the response have been studied. Given the 
need to perform calculations on large systems (up to 240 atoms) this 

research took great advantage of the computational resources made 
available by CINECA, and of the very good scaling of the CRYSTAL code 
with the number of processors. The bulk of the calculations have been 
performed by using an hybrid density functional (B3LYP), since for the 
calculation of high order response properties it is necessary to recover 
the correct non local behavior of Hartree Fock exchange [4].

The electronic (hyper)polarizabilities have been studied for the (n,0) 
family of BN nanotubes, with n up to 60, at B3LYP 6-31G* level (see figure 
1 for a sample structure) [5, 6]. The convergence to the monolayer limit 
is shown in figure 2 for the direction parallel to the nanotubes (x) axis. As 
regards the transverse components (see figure 3), the convergence is 
slow for αzz and much slower for γzzzz (second hyperpolarizability). 

The static vibrational linear polarizability, α0, and the static and dy-
namic vibrational hyperpolarizabilities were evaluated[5, 7] by means of 
the FF-NR[8] method, that is based on the following expression: 
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This method includes all non-vanishing first order corrections due 
to anharmonicity, as well as the double harmonic contribution (fig-
ure 4, reference [7]). To our knowledge this was the first time FF-NR 
was applied to the study of a periodic nanomaterial. Despite being 
more efficient than other analytical procedures which require full 
vibrational anharmonic calculations in order to get the vibrational 
contributions to the (hyper)polarizabilities, this remains a very de-Fig. 1. – Single-walled zi gzag (12,0) BN nanotube.

Fig. 2. – αxx , βxxx and γxxxx as a function of the (n,0)-BN nanotube size. αxx , βxxx, in a.u. and 
γxxxx in 10 000 a.u. 

Fig. 3. – αzz and γzzzz as a function of the (n,0)-BN nanotube size. βzzz, is zero for symmetry 
reasons. αzz and γzzzz in 1000 a.u.
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Fig. 4. – Vibrational contributions increase with the size of the tube and with the number 
of static fields.

Fig. 5. – Geometry relaxation of the (a) (12,0) (b) (36,0) BN nanotubes as a function of 
the field F (in 10−3 a.u.), which is oriented along the z axis. R (in Å) is the distance from 
the tube axis of the atoms lying along the field direction (Bz and Nz) and in the direction 
orthogonal to it (By and Ny).

manding procedure from the point of view of the computational 
cost. It can be summarized as follows: 

• Optimize structures in the presence of a static electric field, for 
some values of the field. This step causes the complete loss of symme-
try, which dramatically increases the computational cost. 

• Compute m, α and β in the presence of the field at the reference 
geometry (R0, obtained without the field). By fitting the values to a Taylor 
expansion, the analytical CPHF/KS results are reproduced. 

• Compute m, α and β in the presence of the field, at the optimized 
geometries (RF). By fitting the values to a Taylor expansion like in equa-
tions 1 and 2, the different vibrational contributions to α, β and γ are 
obtained. 

Note that the vibrational contributions to the transverse second hy-
perpolarizability of BN nanotubes, figure 4, increase rapidly with the size 
of the nanotube (the higher is the number of static fields, the stronger is 
the nuclear response). 

Figure 5 shows how the distance of the B and N atoms lying along 
the y and z axes (y is perpendicular to both the field direction (z) and 
tube axis) changes as a function of the field intensity for the (12,0) 
and (36,0) tubes. At zero field, B atoms are closer to the tube axis than 
N atoms by about 0.05 Å in the smaller tube, whereas this difference 
disappears for the larger tube. As the B and N atoms have opposite 
charge, they tend to displace in opposite direction when the field 
is applied. This produces an elongation of the lateral B-N distances 
parallel to the field, resulting in a large elliptical deformation which 
increases the radial distance of both B and N in the field direction (z-
direction) while decreasing this distance by the same amount in the 
perpendicular direction (y-direction), the cell parameter (x-direction) 
remaining essentially unaltered. The deformation is modest for the 
(12,0) tube (about 0.05 Å or 1% of the tube radius when the field 
is 10−2 a.u.). On the contrary, it is as large as 1Å or (7% of the tube 

radius) for the much more flexible (36,0) tube, when a field that is only 
half as large is applied.

Conclusions

It was established that the orbital relaxation included in the CPKS 
method, but not in a sum-over-states (SOS) calculation, makes an im-
portant contribution to the electronic (hyper)polarizability. The effect of 
orbital relaxation depends upon the particular component (parallel or 
perpendicular) and it becomes more important as the order of the re-
sponse increases. The B3LYP CPKS values are substantially different from 
those obtained with nonhybrid functionals (LDA, PBE) and intermediate 
between the latter and Hartree-Fock. From the results for large radius 
nanotubes (much larger than previously studied), we were able to make 
an accurate comparison, in the limit n → ∞, between the nanotube and 
a planar sheet. The vibrational contribution to each linear/nonlinear 
property increases with the nanotube radius. This increase is associated 
with an elliptical field-induced deformation of the cross-sectional ge-
ometry, which is enhanced for larger radius tubes due to their greater 
flexibility, along with a reduced band gap. The rate of increase relative 
to the corresponding static electronic property is dictated primarily by 
the number of static fields used to characterize the process. It is largest 
for transverse components. The rate of growth in relation to the static 
electronic property is reduced for two static fields (dc-Kerr effect), and 
even more for one field.
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The Electronic Properties of Oxide Ultrathin Films
Novel Structures and Properties of Oxide Nanosystems in the 
Ultra-Thin Regime and in the Presence of Metal Proximity Effects

The goal of the UT-Ox project was to draw new concepts 
and insights into the surface chemistry and physics of oxi-
de ultra-thin films on single-crystal metal surfaces, trying 

to unveil the relationships between surface atomic structure, electronic 
properties and chemical reactivity and the role played by defects.

Two main outcomes of the project can be highlighted

First, focus has been put on the electronic properties of ultra-thin oxi-
de films (1), with CoO/Pd(100) phases studied in detail as test cases. It 
has been found that a certain degree of metallization of the oxide layer 
is a general feature of interfacial oxide ultra-thin films (due to the metal 
proximity effect), for both polar and non-polar films, with metallization as 
an effective depolarization mechanism in the former case. As a conse-
quence, the metal ions of the oxide in contact with the metal support 
can exhibit unusual oxidation states, with the net result that some simila-
rities are actually observed among diverse systems (2), especially in the 
single or double layer regime, allowing one to define general structural 
motifs. The best theoretical approach to describe the band structure of 
these complex multifunctional interfacial systems was shown to be the 
DFT+U method, i.e., a density-functional approach in which a Hubbard 
U term is added into the Hamiltonian, with the proviso that interfacial 
screening by the underlying metal support modulates the U value at the 
interface. The detail of accuracy and agreement between experiment 
and theory that can be achieved via a proper tuning of the DFT+U ap-
proach is shown in Figure 1. The structural novelty of interface-stabilized 
vs. bulk-like phases and the importance of kinetic effects in orienting the 
growth of such phases was also emphasized.

Second, the use of nanostructured oxide ultra-thin films as substrates 
for the growth of metal nanoparticles was investigated, of great interest 
as it produces novel multifunctional metal-on-oxide-on-metal materials 
(2). Attention was focused on Co atoms and dimers adsorbed on a two-
dimensional Cu-O surface oxide and on their Kondo effect (in which 
the interaction between the localised electron spin of the magnetic 
species and the conduction band of the host produces a nonmagne-
tic correlated electronic quantum state, associated with a sharp elec-

tronic resonance around the Fermi level) as a prototypical many-body 
phenomenon of correlated electrons. The origin of the basic impurity/
host as well as impurity/impurity interactions in these complex systems 
was then investigated (3,4), showing that, depending on the adsorption 
geometry, the Kondo resonances of nearest-neighbour Co dimers can 
be essentially decoupled from each other (despite the fact that the 
long-range spin waves induced in the substrate by the two Co impuri-
ties interfere with each other, as pictorially shown in Figure 2) or can be 
completely cancelled by strong magnetic coupling. This demonstrated 
that it is possible to couple/decouple single carriers of the Kondo effect 
via a proper choice of the host geometry, opening a new avenue to 
the use of these systems in spintronics devices. The article (4) has been 
downloaded 290 times in the first few months of its publication as stated 
in a congratulation letter received from J. Phys.: Condens. Matt.

In this context the use of nanopatterned ultra-thin films as templa-
tes for directed self-assembling and self-organization of transition metal 
nanoparticles was reviewed (2). This topic is of crucial interest as new 
properties can arise when arrays of metal nanoparticles with a periodic, 
regular and long-range ordered distribution are created, in which both 
the size and the spatial distribution over the substrate are controlled. 
In this situation, a hierarchical material is obtained where the primary 
building blocks (the nanoparticles) are organized to create a regular se-
condary structure, a super-lattice describing the long range order of the 
primary building blocks. In such hierarchical material, nanoscale forces 
between the building blocks are active, which can generate new col-
lective functionalities (optical, magnetic, etc.) originated by the ensem-
ble of the metal nanoparticles. The analysis indicated that a good tem-
plating substrate should possess ordered arrays of nucleation sites that 
are geometrical in nature (topographical defects), which are effective if 
the energy landscape for surface diffusion of the metal atoms and ag-
gregates, in part determined by the oxygen-affinity, allows the diffusing 
species to actually reach the most energetically favorable adsorption 
sites and if these are able to effectively trap the metal nanoparticles. 
Moreover, the layer stiffness with respect to modifications induced by 
the metal wave functions to allow accommodation of adatoms in the 
geometrical defects should also be taken into account to explain the 
behavior of such systems. Two TiOx reduced phases on Pt(111) qualita-

tively similar in terms of building principles but completely different in 
terms of templating properties are shown in Figure 3.

The use of nanostructured oxide systems as substrates for the grow-
th of metal nanoparticles represents also an interdisciplinary develop-
ment, because these systems can be thought of as models for metal 
nanoparticles supported on bulk oxides, a topic of fundamental impor-
tance in heterogeneous catalysis. In this context, significant results were 
obtained on the catalytic (5) and magnetic (1) properties of metal/oxi-
de nanostructured systems (two reviews in chapter books (6,7) summa-
rize the recent activity in this field).
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Fig. 1. – (a) STM image of the c(4 × 2) CoOx structure on Pd(100)(100 Å × 100 Å; 7 
mV; 4.0 nA); a primitive rhombic unit cell is indicated. (b) STM image (left) simulated 
at a bias of 0.08 V and structural model (right) of the c(4 × 2) CoOx phase. Pd atoms 
are depicted in white; O atoms in yellow; Co atoms in blue.

Fig. 2. – Co dimer embedded in adjacent rows of the Cu-O stripe phase and its spin 
density (left), with the experimental STM image (top right) and schematic geometry 
(bottom right).

Fig. 3. – STM images of two different TiOx/Pt(1 1 1) phases with opposite templating cha-
racteristics. (a) z’ phase, 9 x 9 nm2, V = 0.8 V, I = 1.5 nA. (b) w’ phase, 6 x 6 nm2, V = 0.2 
V, I = 1.0 nA. (c) Schematic drawing of the Pt/Ti/O stacking sequence in these phases.
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Nanocatalysis
Characterization of Structural and Electronic Properties 
of Nanoparticles, Either Isolated or Supported on Graphene 
and Nanotubes

Pd clusters on graphite and nanotubes

We have performed a combined theoretical-experimental 
study of the evolution of the morphology of Pd particles on substra-
tes such as carbon nanotubes and Highly Oriented Pyrolitic Graphite 
(HOPG). In collaboration with researchers at the SuperESCA beam-line 
at the Elettra Synchrotron Radiation facility in Trieste. In the theoretical 
study, we have simulated the adsorption of Pd nanoclusters on graphe-
ne, a model system valid for large-size nanotubes and graphite as well.

Clusters of various size (1 to 7 atoms, Fig. 1) have been studied to 
better understand Pd-graphite interactions. We have shown that inside 
the Pd cluster the metallic bonding dominates, reducing the interac-
tions with the substrate starting already in the dimer case. The mobility of 
smaller clusters is very high even at low temperatures (with  diffusion bar-
riers as little as 100 meV) and  cluster have a strong tendency to grow 
in tri-dimensional form, contrary to some reports found in the literature. 
We find that a very important role is played by defects, both simple 
vacancies and extended defects such as surface steps, as preferred 
adsorption sites, with subsequent nucleation and anchoring of clusters 
around defects. We have finally identified a very clear relation between 
the electronic charge in the 4d shell of Pd and the binding energy of the 
core peak, that can be used to disentangle the various components 
found in the XPS spectra and to follow  the evolution with temperature of 
the growth and destruction of Pd nanoparticles on the substrate.

Clustering and diffusion of metal atoms on graphene

This work concerns the structural and energetic caracterization of dif-
ferent atoms (K, Pt, Pd, Ru, and Rh) adsorbed on graphene as single 
atoms or in pairs. The goal of this study is to get some information on 
the ‘’effective’’ adatom-adatom interactions, mediated by the substrate, 
with the final goal to build model potentials suitable for the study and the 
modeling of nanoparticles on the substrate. Out of the three inequivalent 
adsorption sites: H – hollow – one per graphene unit cell; T – top, on C 
atoms – two per unit cell; B – bridge – three per unit cella, H turns out 
to be the more favorable site for K, Rh, Ru, while it is slightly unfavorable 
for Pd e Pt; B and T are energetically very similar. Unlike the other ada-
toms, at high coverage (> 0.5 ML) K does not bind to graphene; this 
can be explained on the basis of the larger atomic size of K (r(K)=2.35 
Å, r(other)≈1.35 Å); Ru has the largest bonding energy. We have also 
calculated the lateral interaction energy between adatoms (Fig. 2: pai-

rs of Pd). Calculations have been performed for various adatom pairs, 
differing for the adsorption sites or for the orientation of the axis of the 
pair with respect to the graphene axis. Surprisingly, lateral interactions de-
pend only upon the distance, not upon the orientation of the axis or the 
adsorption sites – with the exception of very close co-adsorbed atoms 
(interatomic distance similar to the lattice parameter a of graphene). As 
a consequence, such interactions can be easily modeled by a simple 
analytical form: isotropic, i.e. depending only upon the adsorbed spe-
cies, for r > a, even at distances for which such interaction is important 
(r = 3-5 Å). The lateral interactions are always positive (repulsive) for K, 
negative (attractive) for the other considered atoms. The effective inte-
ratomic potential derived from these results, together with a few barriers 
(diffusion, aggregation and disgregation, to be computed  for small 
nanoclusters), could be used in a simple atomistic model to study the  
nucleation of more complex nanoclusters.

Characterization and reactivity of  Pt clusters supported by graphene 
and graphite

We started to study the structure and reactivity of some Pt clusters 
adsorbed on a graphene layer. The investigation has been first directed 
towards the identification of an optimal size of the metal cluster .

On the basis of the dependency of cohesive energies and of the 
possible geometries upon the size of the cluster, and on the basis 
of previous studies on Pd clusters, we have chosen the Pt7 eptamer 
as an ideal candidate for the study of reactions with molecular oxy-
gen. In order to extend the validity of the study towards larger-size 
clusters, many significant calculations have been repeated for Pt14 
as well.

Our results indicate that Pt clusters substantially modify their structure 
when they are adsorbed on graphene. The trend is to form a metallic 
double layer, with a further trend of the upper  layer to expand laterally 
(parallel to the graphene layer) rather than  vertically. The interface layer  – 

more reduced – is characterized by Pt atoms placed as “bridges” betwe-
en C atoms of the graphene network. The best sites for non-dissociative 
adsorption of O2 are those of the second metallic layer Fig. 3; in this 
case, the adsorption of the molecule modifies the structure of the cluster, 
by rotating it rigidly with respect to the graphene support. We have also 
investigated the process of adsorption on a single Pt atom, as well as a 
process in which the two O atoms face different (on-top) Pt atoms. The 

subsequent breaking of the O—O bond turns out to be easy if the O2 mo-
lecule is coordinated at the height of the second metal layer. O atoms 
then move to bridge positions between adjacent Pt atoms.

Reactivity of Rh clusters supported by graphene and nanotubes

Experiments performed at Elettra indicate that Rh nanoparticles di-
spersed in carbon systems catalyze reactions transforming NO2 into NO 
e NO3. As a first model system, we have studied the behavior of  Rh 
atoms and trimers on graphene. 

The Rh atom binds to graphene preferentially in a bridge position 
over two C atoms, with a C-Rh distance of 2.30A. This configuration 
is energetically more stable by 0.3eV than the hole position, on the 
center of the hexagons. The barrier for in-plane mobility is however 
very small: at ambient temperature, Rh is completely mobile. The 
Rh3 trimer has a triangular form with Rh-Rh distance of 2.46A. It bin-
ds to graphene (binding energy 1.5eV) with all three Rh atoms in the 
bridge position, forming a slightly enlarged triangle with two different 
Rh-Rh distances, 2.63A and 2.54A, parallel to the graphene plane at 

Fig. 1. – Optimized geometry of a Pd7 cluster on a graphene layer.

Fig. 2. – Lateral interaction energy between Pd adatom supported by graphene.

Fig. 3. – Interaction of molecular O2 with a Pt7 cluster supported by graphene.
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about 2.4A distance from it. This structure turns out to be very stable 
and mobile: at ambient temperature it is almost free to glide over 
the graphene plane, keeping its triangular shape. Only larger clusters, 
such as Rh10 and Rh20, appear to be anchored in a stable way to the 
graphene plane. 

We have also analyzed the interactions of CO and NO2 molecule with 
Rh atoms and nanoparticles on graphene (Fig. 4). We observed that both 
Rh and Rh3 bind more than one molecule in a stable way. Rh can bind 
two CO molecules, while the third one causes the Rh atom to leave the 
graphene layer. This is in part unexpected, since isolated Rh can have up 
to 6 coordination bonds, and the bond with the hexagon of C atoms in 
graphene can be counted as a triple bond. Both Rh atom and Rh3 trimer 
can bind up to 4 NO2 molecules, either from the O side or from the N side. 
Such configuration is however stable only at very low temperatures; at am-
bient temperature both Rh and Rh3 leave the surface.

Oxidation of graphene supported by metallic Ir, reduction of gra-
phene oxide on metal surfaces

The study of oxidation of graphene, graphite and nanotubes  has 
been extended to graphene interacting with metal surfaces, in this 
case Ir (111). This system has been studied in close connection with 
Elettra.  In particular, we have studied both oxidation phenomena lea-
ding to the  formation of graphene oxide, and reduction phenomena 
for this oxide. The process is controlled by catalyzers and it is extremely 
important for technological applications of graphene (notably in elec-
tronics) since it allows to tune the band gap of this material. We have 
studied the processes of formation of epoxy functional groups (that  
dominate the structure of the oxide of graphene and  graphite) and 
their mobility. The  results of the theoretical calculations have allowed to 
interpret in an unequivocal way the photoemission measures made at 
the “superESCA” beam line at Elettra. The  measures follow the change 
in binding energy of 1s core electrons of C and O as a function of the 
degree of oxidation of the surfaces. The data clearly show the  pre-
sence of epoxy species previously characterized for the graphite and 
nanotube surfaces, but also show the presence of new components 
that can be directly related  to the interactions of graphene with the 
metallic surface of Ir.

The final state approach for the simulation of the relative changes in 
binding energy for C and O 1s  core electrons has been applied to a 
very rich set of adsorption coefficients. The calculated values are in ex-
cellent agreement with those measured by experiments, thus allowing 
to interpret them, by associating to each spectra signal a given surface 
specie. 

We have then moved to the ana lysis of the reduction processes of 
graphene oxide so obtained. These ha ve turned out to be extremely 
different according to the degree of initial oxidation of the surface. 
In the case of lightly oxidized surfaces, the thermal reduction results 
in desorption of molecular O2. The numerical simulation has allowed 
to identify the recombination mechanism of epoxy groups, that takes 

place follwing a cyclo-addition reaction (Fig. 5). In the case of hea-
vily oxidized surfaces, the reduction results in  desorption of CO2 and 
CO molecules. This has been explained as an autocatalytic process 
starting from specific functional groups (lactons). The theoretical simu-
lation has shown that these groups are the precursors for desorption of 
CO e CO2, but they are activated only by the diffusion of epoxy groups 
in nearby surface sites.

This is one of the first studies allowing to identify in a clear and un-
equivocal way the surface species and the catalytic oxidation/reduc-
tion mechanisms that are at the basis of the engineering of electronic 
properties of graphene.

Acknowledgement: We acknowledge the CINECA award under the 
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Fig. 4. – Binding of molecular CO on a Rh trimer supported by graphene.

Fig. 5. – Calculated minimum energy paths for the recombination of O adatoms 
on graphene.
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Introduction

The role of small molecules and ions in biological proces-
ses is put in evidence in many fields of biology. A few examples are the 
interactions between small RNA fragments and chromatin or ribosomes; 
small molecules like O2, CO and NO as regulating agents in cell me-
tabolism; metal ions as cofactors in supramolecular assemblies with, in 
certain cases, peculiar catalytic activity.

The last example was the objective of this project, with particular em-
phasis on the role of transition metal ions in providing structural stability 
for oligomeric or monomeric forms of amyloid peptides. The amyloid-β 
peptide (Aβ) is the most investigated peptide of this class, because its 
implication in the Alzheimer’s disease and because the metal-binding 
region can be studied in vitro, in the forms of the 1-16 and 1-28 frag-
ments.

The focus of the project during the time 2010-2011 was on two 
subjects:

– The interactions of Zn+2 with the Aβ(1-16) peptide in the oligomeric 
forms, as indicated by experimental results (1). 

– The interactions of Fe (both in the +2 and +3 oxidation states) with 
Aβ (1-28), as indicated by experimental results on the Ru complex (2). 

The project aimed at developing a best-practice modelling protocol 
to reliably investigate transition metal ions in contact with peptides in 
disordered states. In these conditions, because of dynamical exchan-
ge between different possible coordination spheres for the metal ion, 
the usual empirical force-fields and quantum-mechanics/molecular 
mechanics (QM/MM) tools are not adequate. Therefore, a hierarchy of 
models of increasing resolution was used:

1 Empirical force-fields and statistical methods were used to build a 
set of candidate configurations for complexes between the metal ion(s) 
and the peptide(s). (Steps 1-3 in Figure 1) 

2 Configurations consistent with the available experimental informa-
tion were chosen within the generated set (Step 4). 

3 Selected configurations were truncated and solvated with water 
molecules up to systems affordable with computational methods of 
electronic structure (Step 5). 

4 The resistance of the selected configurations to thermal fluctua-
tions at room conditions was exploited with empirical force-fields (Step 
6) followed by tight-binding methods (Step 7). 

5 Accurate density-functional theory methods of the assessed confi-
gurations were performed (Step 8). 

The procedure shows that step 4 (the selection operated by experi-
mental information) is by far the largest bias introduced, but also that 
steps 7-8 are extremely important for confirming possible hypotheses 
based on experiments and lacking of those data necessary to build an 
entire and detailed molecular model. 

Methods

The work performed within this project did not imply the develop-
ment of new methods for modelling interatomic interactions, nei-
ther for producing configurations consistent with experimental infor-
mation, boundary conditions and statistical ensembles. Rather, the 
procedure put together different methods in the flow-chart shown 
in Figure 1.
 Step 1 is a manual construction of the initial configuration, 

performed with the VMD graphic package (3). 
MD Step 2 is a thermal relaxation via classical molecular dynami-

cs of the initial configuration in the empirical force-field. The 
dummy counterion model reported in the literature has been 
used extensively. The program Namd (4) has been used in 
most of the cases. 

MC-RW Step 3 is a non-thermal Monte Carlo random walk for the 
peptide chain, sampling approximately the density of sta-
tes for the empirical model. A program made in-house has 
been used (5). 

 Step 4 is the selection among the many built configurations 
of those more consistent with the experimental data at hand. 

 Step 5 is performed with in-house programs and with Namd 
utilities for model manipulations. 

MD Step 6 is used to bring the molecular environment (water 

molecules and possible counterions used to neutralize the 
simulation cell) to room conditions. 

TB, BOMD Step 7 is performed with the density-functional tight-binding 
model implemented in the program DFTB+ (6). The Born-Op-
penheimer molecular dynamics algorithm is used to bring 
the system to room conditions. 

CPMD Step 8 is performed with a density-functional theory (DFT) mo-
del for the ground state electronic structure and by using the 
Car-Parrinello scheme to perform molecular dynamics. The 
Quantum-Espresso package is used (7). 

Results

Aβ (1-16) oligomers with Zn

On the basis of the Xas spectra and biochemical and biophysical 
data on samples containing Zn+2 and Aβ (1-40) in water solution, the 
coordination of Zn by four His sidechains was proposed. This coordi-
nation is consistent with a possible peptide dimer and a single Zn ion 
bonded by two pairs of His 13-His 14 segments. Therefore, several initial 
configurations of this type were built (steps 1-3) and two of them (S1 and 
S2 below) were submitted to steps 5-8. The mechanical stress acting on 
each of the two His-His pairs induces the movement of one of the initial-
ly bound His sidechains outside the Zn coordination sphere, favouring 
a 3-His coordination completed by a water molecule. Then, a different 
initial model was adopted (S3 below), as suggested by crystal structures 
of small Zn-imidazole complexes and zeolite-imidazolate frameworks 

TABLE 1 • For each system in the first column, in the second column the 
atoms that lie within 2.5 Å from Zn (i.e inside the Zn-coordination shell) 
before the CPMD or BOMD simulations is reported. The subscripts (His, 
Glu, W) denote the residue/molecule to which the atom belongs (W 
stands for water). In S3 and S4 models the two Zn atoms are indicated 
by Zna and Znb. In the third and fourth column the structural variations 
observed at the end of the simulations at temperatures up to 250 K and 
at 300 K, respectively, are reported. A “minus” indicates that a ligand 
leaves the Zn coordination sphere, while a “plus” that it enters it.

Name Starting configuration Zn-binding modification

    0-250 K               300 K

S1 Zn: 4NHis + 1OW -1NHis none

S2 Zn: 3NHis + 1OHis + 1OW -1OHis none

S3
Zna: 4NHis + 1OW

Znb: 1NHis + 2OGlu
Znb: + 1OW Znb: -1OGlu + 1OW

S4 Zna: 4NHis + 1OW

Znb: 3NHis + 1OGlu
none none

Fig. 1. – Flow-chart of the construction and refinement of two models (S1 and S2 be-
low in the Zn-Aβ section). See text for the meaning of symbols and details.
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(ZIF). In these two classes of compounds, two Zn ions are connected 
by a single His sidechain in the unprotonated state (imidazolate form).

Indeed, using this topology for Zn coordination in initial configurations 
of Zn-Aβ (1-16) dimers, the coordination of one of the two Zn ions by four 
His sidechains was found stable, both in tight-binding and DFT models. 
A further model including a third peptide chain was built (S4 below) and 
found consistent with experimental data and stable against thermal 
fluctuations. Table 1 below summarizes these results.

Finally, the stable coordination of model S4 is remarkably similar to 
that adopted by Cu,Zn-superoxide dismutase, both in the native form 
(with the unusual Zn-imidazolate-Cu bridge) and in the form where Cu 
is replaced by Zn.

This work has been submitted to Metallomics and is the final part of 
a massive calculation performed within a Deisa extreme computing 
initiative started in 2008.

Aβ (1-28) monomer with Fe

A detailed analysis of experimental results on Fe(II) and Aβ (1-16) 
has been recently reported in the literature (8). The information about 
candidate ligands for Fe(II) is almost consistent with the previous results 

reported on Ru(II) (2): all the three His sidechains of a single peptide bind 
Fe(II), while residues Asp 1, Glu 3 and Asp 7 can be also involved in Fe 
binding. Nevertheless, it is not clear if the effect on the Asp/Glu residues 
is a first or second-shell effect of the metal ion, being often the carboxy-
late groups of Asp 1 and Asp 7 observed strongly interacting with the HN 
group of the Fe-bound imidazolyl groups of His (9-10).

One of the most robust experimental information concerns the diffe-
rence in Fe binding by Aβ (1-28) in the two oxidation states, i.e. with Fe(II) 
and Fe(III). This latter oxidation state is more consistent with an intermo-
lecular binding of Fe, that would imply the interaction of more than one 
peptide with the same Fe ion (11). This topology for Fe(III) interactions is 
similar to what is observed for Al(III), an ion that is known to promote the 
formation of stable A oligomers that are toxic for neurons.

Initial models for a single Aβ (1-28) chain with three His sidechains in 
contact with a single Fe(II) ion, were generated with steps 1-3. All of these 
configurations does not allow the presence of a carboxylic group in the 
coordination sphere of Fe: the binding of carboxylic groups and that of 
imidazolyl groups are, in the empirical force-field, alternative solutions. 
Five of these initial models were submitted to steps 5-7, constraining Fe 
to a +2 low-spin oxidation state. After thermalization of the initial configu-
rations, only one among the five configurations preserves an octahedral 
coordination of Fe, involving 3 His sidechains and 3 water molecules 
(Figure 2). In the other cases one of the His sidechains is forced outside 
the Fe coordination sphere, and a propensity for bonds between Fe and 
O of carbonyl and hydroxyl groups in region 1-9 is observed.

Noticeably, the unique configurations found stable in the tight-bin-
ding model for interactions, is that with Fe largely exposed to the water 
solvent. Therefore, this configuration is now simulated at the DFT level 
in both oxidation states, in order to model the extrusion of Fe from the 
peptide after oxidation.

This work has been partially included in the analysis of experimental 
results about Fe(III) published this year (11) and it is still in progress.

Conclusions and perspectives

The procedure to build and refine the possible structures for com-
plexes between metal ions and peptides has been tested within the 
Iscra project for the two specific examples of Zn and Fe in contact with 
representative fragments of amyloid- peptides, Aβ (1-16) and Aβ (1-28), 
respectively.

The method was very useful for the scientists who provided the basic 
experimental evidence that could be translated into tentative coordi-
nation models. Indeed, the experimental information was completed 
and the procedure brought to molecular models that provide a bro-
ader information on the system. These models are consistent with de-
tailed models for interatomic interactions and with thermal fluctuations 
occurring in the water solvent at room conditions.

The procedure has two advantages that are particularly suited for 
high-performance computer infrastructures.

• Each step of the procedure is implemented for parallel computing 
by the academic groups working on every single package responsible 
of each step. 

• The limitation of the reliability of results is mainly in the sampling 
of initial configurations and in the lack of a well-defined statistical en-
semble for a quantitative comparison between experiments and cal-
culations. 

The first issue is developed by the groups implementing the algo-
rithms. The second issue can be solved first by trivially increasing the 
number of initial conditions and the final statistics (Step 8). On top of this 
latter task, specialized algorithms can be nowadays used for merging 
a large set of initial conditions into a unique statistics. These algorithms 
are developed in the field of generalized ensembles and metadyna-
mics. The work reported here provides examples for the initial set-up of 
such extended statistics when transition metal ions and peptides are 
involved.
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Protonation States in a Cobalt-Oxide Catalyst 
for Water Oxidation

Photosynthetic processes occurring in biological systems 
are designed to capture sunlight very efficiently and con-
vert it into chemical energy, that is organic molecules (1, 

2). Inspired by such natural processes, the goal of artificial photosyn-
thesis is to create technologically relevant photo-electrolytic cells to 
generate chemical fuels (e.g., hydrogen) directly from sunlight, effi-
ciently and at low cost. A recently proposed inorganic cobalt-based 
catalyst film (CoCat) may turn out to be a promising candidate to 
solve the problem for a crucial step of the cycle: the splitting of water 
into molecular oxygen, electrons (reducing equivalents) and protons 
(3). Recent X-ray Absorption Spectroscopy (XAS) measurements (4, 5) 
revealed that active CoCat films share some common structural fea-
tures with the biological systems involved in water splitting, that is, the 
pentanuclear Mn4Ca complex of photosystem II (PSII) (6). Both systems 
are characterised by a compact metal-oxo core with several m-oxo 
bridges between the transition metal ions. However, a full understan-
ding of the structural properties of these complexes has not been at-
tained.

Different models of the CoCat structure have been proposed on 
the ground of the results obtained by XAS spectroscopy and other ex-

periments (4-6). In the present work we investigated the structural, dy-
namical and electronic properties of CoCat models by using ab initio 
molecular dynamics (AIMD) simulations (7), both in gas phase and in 
solution, together with static geometry optimisations based on Density 
Functional Theory, as developed in the Quantum-ESPRESSO package 
(8). The Co—O cluster model represented in Figure 1 was extensively 
studied since it contains both a complete (left side) and an incomple-
te (right side) cubane units. Both these units have been proposed as 
possible building block of the CoCat (4-6). The m—oxo sites, displayed 
in Figure 1 at the “2” and “3” labels, are supposed to play a key role in 
the water splitting processes, possibly promoting proton assisted elec-
tron transfer processes (6, 9). An in-depth investigation of their properties 
may provide a sound starting point to clarify the water splitting mecha-
nism promoted by the cobalt catalyst.

As a first major achievement, we have found a remarkable agree-
ment between present theoretical simulations and previous XAS results 
(4, 5) concerning the structural properties of the CoCat. All the investi-
gated models show calculated Co—O and Co—Co distances quite 
similar to the XAS ones, regardless if GGA or GGA+U has been used 
(data not shown).

A 12 ps AIMD simulation of the fully solvated cluster shown in Figure 
2 gave us insights on the properties of protons at the CoCat/water in-
terface. The simulation reveals that m2—O sites between Co atoms, 
which can be found only in defective cubane units, are stably proton-
ated, irrespective of the initial position of H atoms in the simulation. On 
the contrary, m3—O atoms do not tend to capture protons during the 
simulations, even though they form quite strong H bonds with saturating 
and surrounding water molecules. Noticeably, terminal O atoms, la-
belled “T” in Figure 1, tend to exchange protons amongst them (either 
by means of direct exchange, or of double proton exchange involving 
a nearby water molecule) quite frequently. In particular, Co—Co near-
est-neighbours carrying pairs of parallel Co—O bonds (an example is 
shown in Figure 2) are expected to be present in all of the CoCat mod-
el proposed in Refs. (4-6). The occurrence of such Co—Co pairs allows 
the formation of stable O—H...O structures characterised by low-barrier 
H bonds. The fast proton exchange between O atoms can be clearly 
acknowledged by looking at the lower panel of Figure 2, where the 
evolution of the atomic distances related to the O—H...O structure 
along the AIMD simulation is reported. The special properties of such a 
structure at the CoCat/water interface (analogous to similar structures 
reported for different metal-oxide and metal-complexes based cata-
lysts, see Ref. (6) and references therein) are closely related to the Co—Co 
nearest-neighbour distance of about 2.8 Å, optimal for promoting 
strong H bonds.

In order to provide experimental evidence for the occurrence of pro-
tonated m2—O sites in the CoCat samples, a new, more detailed analy-
sis of previous XAS measurements (4) has been performed together with 
further, ancillary GGA calculations. The new analysis of the experimental 

data reveal that even a small contribution of a short (2.76 Å) Co—O 
vector would not be compatible with the experiments, supporting the 
finding of our calculations that O atoms placed as m2—O bridges be-
tween Co(III) ions are likely to be protonated under working conditions 
of the CoCat. On the contrary m3—O bridges are likely to be not proton-
ated. Finally, they indicate that terminal O atoms, whose occurrence at 
the CoCat boundaries is expected for all of the catalyst models pro-
posed so far (4-6), are likely to form low-barrier H bonds. All these results 
may be regarded as valuable indications that provide a starting point 
for further investigations of the water oxidation reaction promoted by 

Fig. 1. – Equilibrium geometry of the H saturated Co6O23H28 c2 structure. The “2” label 
indicates protonated m2�O sites, which are also enclosed by yellow circles. The “3” 
label indicates one of the non-protonated m3�O sites. The “I” and “T” labels indicate 
inner (that is, belonging to cubane structures) and terminal (that is, not interconnecting 
Co atoms and carrying saturating H atoms) O atoms, respectively, also enclosed 
by red circles. A dashed green line divides a complete cubane unit (left side of the 
Figure) from a defective one (right side of the Figure).

Fig. 2. – Upper Panel: Snapshot from the AIMD simulation of the CoCat model in water 
solution. The green ellipse identifies a pair of terminal O atoms which undergoes a 
fast proton exchange along the AIMD simulation. O atoms belonging to surrounding 
water molecules have been displayed in a lighter red colour for the sake of clarity. 
Lower Panel: Evolution of atomic distances related to the O�H...O structure along 
the AIMD simulation.
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the CoCat. Computations may also contribute in the future to the un-
derstanding and designing these highly promising materials and their 
dynamical properties.
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CO2 Activation and Hydrogenation on  
Ni-Based Catalysts: an Atomic-Scale  
Investigation by ab-initio Calculations

The chemistry of carbon dioxide has recently become of 
great interest both for technological and environmental 
issues. Indeed, carbon dioxide is one of the most pro-

blematic greenhouse gases and is also a fundamental ingredient 
for the industrial catalytic organic synthesis of many compounds like, 
for example, methanol. Recent investigations have shown that, whi-
le the common industrial process for methanol synthesis is carried 
out on Cu catalysts, NiCu model catalysts show a particularly high 
efficiency. In order to understand the origin of such increase in the 
catalyst activity, we have performed a thorough characterization of 
the CO2-Ni interaction and the atomic-scale description of the hydro-
genation process.

The ISCRA project has been focused on the study of the adsorption 
and activation of carbon dioxide mainly on pure Ni(110) surface by 
means of accurate quantum mechanical first principles numerical 
investigations using the Quantum Espresso package, implemented 
and optimized for IBM-sp6 platform. The interaction of the CO2 mo-
lecule with the surface has been accurately characterized in terms 
of adsorption geometries, energetics, vibrational and electronic pro-
perties, including charge transfer, core-level shifts and scanning tun-
neling microscopy (STM) images, obtained from electronic structure 
calculations and compared with original experimental results mainly 
achieved by the Surface Structure and Reactivity Group active at the 
TASC laboratory. 

The problem of finding the most favorite adsorption configuration is 
a very challenging problem both for experimentalists and for theoreti-
cians: the main difficulties arise from the fact that the CO2 molecule is 
closed-shell and interacts weakly with the metallic surface. As a conse-
quence, the potential energy surface of the system molecule/surface 
does not have clear minima, so that their unambiguous identification 
is difficult. Some preliminary results on adsorption configurations have 
been already obtained before the ISCRA project, but they were limited 
because of these difficulties (1-5). The availability of computational re-
sourses on IBM-sp6 has allowed:

– to refine the results for adsorption configurations on clean and per-
fect Ni(110) in particular along these lines: (i) a new adsorption con-
figuration has been found; (ii) the effect of Van der Waals interaction 
has been included in all the calculations; (iii) the STM maps have been 
simulated for all the possible stable adsorption configurations (6, 8);

– to analyze at the atomic scale the mechanisms of the CO2 + H 
reaction network on Ni(110) (9);

– to obtain completely new and original preliminary results concer-
ning the adsorption of CO and CO2 on Ni/Cu surface (7, 10) and defec-
ted Ni surface (Fig. 1).

All calculations have been performed within the standard Genera-
lized Gradient Approximation (GGA) for the exchange-correlation fun-
ctional and also with the so-called “DFT-D” correction for the Van der 
Waals contribution. Furthermore, the best estimate for the adsorption 

energies have been obtained by adding the zero point energy con-
tribution calculated from the vibrational properties using the Phonon 
code in the Quantum Espresso package.

Summarizing, we found that CO2 molecule can be chemisorbed 
in different, almost energetically equivalent adsorption configurations 
on a clean perfect Ni(110) surface, with high charge transfer from the 
substrate: the “hollow-up symmetric” (HU-s) and the “hollow-symmetric” 
(HS), both positioned at hollow sites, in addition to those previously found 
which were indicated as “hollow-up” (HU) and “short-bridge” (SB) (6, 8). 
The molecule, that in gas phase is linear and unreactive, therefore is 
chemisorbed in a bent and activated state on the nickel surface and 
reacts with the hydrogen (Fig. 2).

The atomic-scale investigation shed light also on the long-standing 
debate on the actual reaction path followed by the reactants. Different 
hydrogenation channels have been explored to determine the reac-
tion network: using molecular hydrogen, only a Langmuir-Hinshelwood 
process (both reactants are adsorbed) is possible, resulting in the pro-
duction of formate which is just a “dead-end” molecule; with atomic 
hydrogen, instead, the reaction proceeds also through parallel Eley-
Rideal channels (only one of the molecules adsorbs and the other one 
reacts with it directly from the gas phase, without adsorbing), where 

hydrogen-assisted C-O bond cleavage in CO2 yields CO already at low 
temperature (9).

We have performed preliminar studies of the interaction of CO2 with 
more complex Ni-based structures, closer to real systems, such as mi-
xed Ni-Cu substrates and defected Ni surfaces.

Ni/Cu(110) surface is of particular interest since a Ni-Cu alloy has 
been shown to be an active catalyst for methanol synthesis. The Ni/Cu 
system is a very attractive model system of bimetallic surfaces: these 
bulk metals have the same structure and similar lattice parameter; on 
the other hand their electronic and magnetic properties are very diffe-
rent. The reactivity property of bimetallic surfaces, however, are not sim-
ply linear interpolation of the properties of their constituents. Preliminary 
results for adsorbed CO and CO2 indicate a stronger molecule-metal 
bond at selected Ni/Cu alloy surface configurations, not only with re-
spect to the pure Cu termination where it is known that CO2 chemisorp-

Fig. 1. – Experimental image (a) and some closeups (smaller panels: top row), toge-
ther with DFT calculated (middle row) STM images of (b) a three-molecule, (c) a two-
molecule, and (d) a single-CO2 molecule units. The bottom row shows ball models of 
the calculated geometries of the three units (6).

Fig. 2. – Energy diagram for different CO2 adsorption configurations on Ni(110) and re-
levant adsorption and diffusion barriers, calculated using DFT both with standard GGA 
and with DFT-D-corrected GGA. DFT-D energies including the ZPE contributions are also 
reported. The shaded region highlights the energy range of all the chemisorbed confi-
gurations in the latter approximation. The zero of the energy is set to the nondissociated 
molecule at infinite distance from the surface. The bottom rows depict the ball models 
of all the stable CO2 configurations; only Ni atoms of the two outer layers are shown but 
a five-layers-thick slab was used in the calculations (6).
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tion does not occur, but also with respect to pure Ni termination. For 
example, from our tests, it results that CO2 adsorbs stronger on 1ML of Ni 
deposited on Cu(110) than on clean Ni(110) (7, 10).

Our findings indicate the importance electronic structure detail in 
order to enhance the catalytic activity and confirm the trend already 
observed in other bimetallic alloys. i.e., that the deposition of a more 
reactive metal (e.g., Ni) onto a less reactive metal substrate (e.g., Cu) 
makes the overlayer even more reactive with respect to adsorption 
and suggest the origin of the observed peculiar reactivity of Ni/Cu 
alloy.
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Work Function Changes Induced by Li, Al 
and Ni Doping in MgO/Mo(100) Ultra-Thin Films

Doping inorganic oxides is a central activity in materials 
science as it provides a versatile way to modify and tune 
physical, chemical, electronic, and even mechanical pro-

perties. By selective doping of oxides one can improve the performan-
ces of devices or generate new applications. Oxides doping plays a 
crucial role in many fields of advanced technologies: microelectronics, 
catalysis and photo-catalysis, magnetism, superconductivity, lasers and 
optoelectronics, ferroelectrics, sensors, etc. 

Recently, it has been shown that the properties of oxides can chan-
ge when they are prepared in form of ultra-thin films grown on metallic 
substrates. The structural and some electronic properties of the ultrathin 
films are similar to those of the bulk material; yet, new behaviours start to 
emerge which are specific of the nanodimensionality of the film (1-3). In 
particular, electrons can flow from the metal support through the oxide 
(or viceversa) so that adsorbates may become spontaneously charged 
when adsorbed on the oxide film (4-7). Electron tunneling may affect 
also the charge state of impurity atoms incorporated in the oxide pha-
se, changing the nature of the doped material with respect to the pure 
oxide. A recent example is that of Mo-doped CaO films separated by 
a CaO capping layer from adsorbed gold nanoparticles. The Mo2+ 
impurity atoms, replacing Ca in the material, donate one electron to 
adsorbed gold which becomes anionic and grows in two-dimenional 
islands (8). A similar concept has been recently proposed for Al-doped 
MgO surfaces (9): in absence of morphological defects and potential 
electron traps (a purely theoretical situation) one electron of the trivalent 
Al atom which replaces a bivalent Mg, is transferred to the conduction 
band and can be donated to adsorbed species.

Doping and the related charge transfers can be also used to vary 
in a controlled way the work function of the film, a key parameter in 
determining its properties. Indeed, the work function of the combined 
oxide/metal system can be very different from that of the bare metal 
surface due to the interface bonding and/or to the compression indu-
ced by the insulating film on the metal electron density that spill out 
from the surface (9-12). By varying parameters like nature, position, and 
concentration of dopants within the film, it is possible in principle to tune 
the work function of the supported film in a desired way.

Computational methods

Spin-polarized calculations have been performed in the framework 
of Density Functional Theory (DFT), using a periodic approach and a 
plane waves basis set, as implemented in the VASP code (13,14), with 
a kinetic energy cutoff of 400 eV. The exchange-correlation potential 
is treated within the Perdew-Wang 91 (PW91) gradient corrected ap-
proximation (15) and we employ the projector-augmented plane-wave 
(PAW) method (16).

Trends in the dopants-induced work function change have been ad-
dressed by considering different concentrations of dopants making use 
of different in-plane supercells, with an equivalent k-point sampling. In 
the most diluted configuration one impurity atom is placed in a (4×4) 
unit cell, corresponding to an in-plane coverage of 1/16 and a dopants 
concentration of 1/48 ≈ 2%. The largest concentrations are described 

by considering a (√2×√2)R45° supercell, corresponding to a doping of 
16.6%, for Al and Ni, while for Li also a higher concentration of 33% has 
been considered ((1×1) unit cell). Notice that the different concentra-
tions have been considered by doping one layer at a time so that the 
simultaneous doping of the different oxide layers is not included in our 
description.

Results and discussion

Li-doped MgO

When a lithium impurity substitutes Mg in bulk MgO or on the MgO(100) 
surface, it enters in the lattice as Li+. When the MgO film is supported on 
Mo(100) the properties of Li-doped MgO are completely different. The Li 
maintains the +1 oxidation state, Table 1, but a charge transfer occurs 
from the Mo metal to fill the hole in the O 2p states. This is clearly shown 
by the projected Density of States (DOS), Fig. 1b, where the O 2p band 
is completely filled and well below the Fermi energy, EF. Provided that 
the dopant is close enough to the metal surface to allow electron tun-
nelling, the substrate enables the impurity to maintain its usual valence. 

The process of restoring the original valence of the O anions by char-
ge transfer from the metal has important consequences on the pro-
perties of the system. Indeed, the dipole moment, generated by the 
electron transfer, increases the work function. The work function of the 
undoped MgO(3L)/Mo film, 2.17 eV10, is considerably smaller than for 
the Li-doped films, no matter which is the dopants concentration, Table 1. 
On the other hand, f may assume very different values depending on 

the Li concentration and position Fig. 2a. The work function increases 
linearly with the dopants concentration, indicating that also for the lar-
gest concentration considered (33%), corresponding to the substitution 
of all the Mg atoms of the layer with Li atoms, all O ions are in −2 char-
ge state. For a given Li concentration, φ depends on the position of the 
impurity in the film. When Li is at the interface layer the dipole moment in-
duced by the charge transfer is the smallest and, for the lowest concentra-
tion considered, the work function is basically the same as for the MgO(3L)/
Mo(100) film. This is consistent with the classical view that the surface 
dipole depends on the net charge transferred (q) and on the distance 
d between the charge in the insulator and the image charge formed 
in the metal. When the Li atom is at the interface the distance d is short 
and the surface dipole is smaller. On the contrary, the dipole moment 
is largest when the impurity is in the surface layer; a Li concentration of 
about 10% can give a work function of more than 4 eV.

Al-doped MgO

A substitutional Al impurity in MgO becomes Al3+, being the +2 oxi-
dation state of Al unstable. Of the three valence electrons, two are tran-
sferred to the O 2p states, and one to the oxide conduction band, as 

Fig. 1. – Projected Density of States of (a) Li-doped MgO(100) and (b) Li-doped MgO(3L)/
Mo(100). The Li atom is in the surface layer (1/9 ML). The zero of energy is fixed at the 
Fermi energy, EF. The Li-projected DOS have been multiplied by 5 in panel (a) and by 
10 in panel (b).

Fig. 2. – Projected Density of States of (a) Al-doped MgO(100) and (b) Al-doped 
MgO(3L)/Mo(100). The Al atom is in the surface layer (1/9 ML). The zero of energy is 
fixed at the Fermi energy, EF. The Al-projected DOS have been multiplied by 5 in panel 
(a) and by 10 in panel (b).

TABLE 1 • Structural and electronic properties of metal-doped MgO/Mo(100), 
computed with the (3×3) supercell*

dinterface, Å
' q(M), |e| m(M), mB φ/Dφ, eV

Li-doped MgO/Mo
Interface
Center
Top
Al-doped MgO/Mo
Interface
Center
Top
Ni-doped MgO/Mo
Interface
Center
Top

2.14
2.15
2.15

2.15
2.15
2.15

2.09
2.15
2.15

0.87
0.88
0.89

2.22
2.44
2.35

–0.28
0.96
0.89

0.00
0.00
0.00

0.00
0.00
0.00

0.00
1.64
1.47

2.38/+0.21
2.89/+0.72
3.25/+1.08

2.06/–0.11
2.14/–0.03
2.10/–0.07

2.53/+0.36
2.47/+0.30
2.86/+0.69

*dinterface is the average interface distance (the interface distance for the un-
doped MgO(3L)/Mo(100) is 2.15 Å); DE is the energy difference with respect to the 
most stable situation taken as zero reference; q and m are the net Bader charge 
and the magnetic moment of the dopant, respectively; φ is the work function and 
Dφ the work function change (φMo= 3.88 eV and φMgO/Mo = 2.17 eV).
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Fig. 3. – Projected Density of States of (a) Ni-doped MgO(100) and (b) Ni-doped 
MgO(3L)/Mo(100). The Ni atom is in the surface layer (1/9 ML). The zero of energy is 
fixed at the Fermi energy, EF. The Ni-projected DOS have been multiplied by 2.

shown by the DOS in Figure 3a. Differently from the Li case, the electron 
transferred to the conduction band does not carry any spin density, 
being completely delocalized. 

When the oxide is supported on Mo, the Al maintains the +3 oxida-
tion state. This is confirmed by the Bader charges > 2|e|, Table 1, which 
are of the same order of what obtained on the unsupported MgO, and 
by the absence of spin density on Al. Contrary to unsupported MgO, 
the Al excess electron can now be transferred to the metal substrate, 
although the conduction band edge is quite close to the Fermi level, 
indicating that in this case the transfer of the electron to the oxide con-
duction band could be competitive with the charge transfer to the me-
tal support. However, the analysis of the Bader charges indicates that 
the excess electron is transferred to the Mo metal.

The charge transfer towards Mo is also proven by the decrease of 
work function obtained for low Al concentrations, Table 1 and Fig. 2b. 
The work function change is much smaller than in the case of Li-doped 
MgO because the MgO/Mo interface is already electron-rich, due to the 
compression of the metal electron density in presence of MgO (10,11), 
and can hardly accommodate extra-electrons. Stated differently, the 
work function of the ideal MgO/Mo(100) interface is already very low, 
about 2 eV, and can be hardly reduced by oxide doping. This is also 
reflected in the behaviour as a function of the impurity concentration. 

For a charge transfer of one electron per Al atom, independent of the in-
plane concentration, one would expect a linear decreasing behaviour. 

Ni-doped MgO

In bulk MgO Ni2+ substitutes the Mg2+ cation giving rise to MgO/NiO 
solid solutions (17). The resulting electronic configuration of Ni2+ is 3d 
(8) and is clearly visible in the Ni-projected DOS, Figure 3a, by the pre-
sence of two unpaired electrons on Ni (Bader charge of 1.19 e). For 
MgO/Mo(100) films the nature of the Ni impurity critically depends on 
the position inside the film. When the Ni is in the central or surface layer 
the 3d(x2–y2) state, which is empty in unsupported MgO, becomes filled, 
as shown by the PDOS in Figure 3b, and Ni assumes the formal +1 oxi-
dation state (Ni+, 3d9). However, the electron transfer is incomplete, as 
reflected by the Ni magnetization of 1.5 mB, and is slightly larger when 
Ni is in the surface layer. The charge transfer is induced by the relative 
position of empty Ni 3d states with respect to the Fermi level of the 
oxide/metal system. Having the MgO/Mo interface a very low work fun-
ction (high EF), the Ni 3d(x2–y2) state falls below EF, and electrons are 
transferred into this state. On other substrates, like Ag, the work function 
of the combined oxide/metal system is higher (of the order of 3 eV), so 
that the charge flow is not expected to occur and Ni should maintain 
the +2 oxidation state.

A completely different effect is found for the Ni atoms in the interface 
layer, as Ni undergoes a strong structural relaxation towards the metal 
substrate. The small and negative net charge, Table 1, indicates that 
the impurity atom in contact with Mo has turned metallic, as confirmed 
by the PDOS. Moreover, the absence of magnetic moment indicates 
that the Ni states strongly hybridize with the Mo states and loose the 
atomic character. The same magnetic quenching is observed by ad-
sorbing a single Ni adatom on Mo(100). 

To summarize, no matter which is the concentration of Ni impurities, 
at the MgO/Mo interface we observe complete metallization of the Ni 
ions, while in the inner and surface layers Ni assumes an oxidation state 
intermediate between +2 (Ni2+ 3d10) and +1 (Ni+ 3d9).

The trends of the work function as a function of the coverage reflect 

the Ni electronic configurations. All cases show an almost linear incre-
ase of f with Ni concentration, indicating that the electron transfer from 
the substrate to the impurity stays constant in the range of concentra-
tions considered, as confirmed by the nearly constant Ni Bader charges 
of about 1 |e|, Table 1. 
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Transition Metal Compounds: Resonances
in Photoionization
A B-Spline TDDFT Computational Study with a Parallel 
Implementation

The objectives of this project consist to calculate the 
photoionization cross section and the asymmetry pa-
rameter profiles (1) of a series of transition metal com-

pounds with the TDDFT B-spline LCAO method (6, 7). In particular the 
energy region near the metal 3p → 3d transition has been analy-
sed, since strong autoionization Feshbach resonances are found 
displaying the typical Fano profile. We are interested to identify the 
trends in the shape and energy position of the resonances with re-
spect to variation of the ligands and the metal atom. The present 
project allowed to publish the following scientific papers on interna-
tional ISI journals. Moreover, two more papers are in preparation. In 
the figure we have reported the cross section, the asymmetry para-
meter and the dichroism of cobalt tris-acetylacetonate Co(acac)3, 
notice the Feshbach feature around 55 eV, well visible in all three 
TDDFT curves but absent in the KS profiles due to its multichannel 
nature. For more information see reference (6). Other applications of 
the TDDFT method to photoionization and photoabsorption proces-
ses have ranged from heterocyclic compounds (1, 5), SF6 (2), chiral 
molecules (3) and fullerenes (4) (Fig. 1).
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Fig. 1. – Calculated cross section σ (upper panel), asymmetry parameter β (central 
panel) and dichroic parameter D (lower panel) of Co(acac)3 HOMO. KS profile: grey 
line, TDDFT profile: black line. 
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Thermodynamic and Magnetic Properties  
of two Mn6 SMM’s on Au(111)
An Insight into the Grafting Effects on the Magnetic Structure 
of SMM’s and their Thermodynamic Stability

The interest in molecular nano magnets (MNMs) (1) had 
grown tremendously in recent years due their potential ap-
plications in high-density information storage devices, Q-bits 

in quantum computing and in spintronics devices to name a few (2). The 
discovery that a cluster of manganese (III, IV) ions, {Mn12} retains its ma-
gnetisation in the absence of magnetic field (single molecule magnet, 
SMM, behaviour) may prove to be of great technological importance. 
The reversal of magnetisations in SMMs is related to a barrier for the ma-
gnetisation reversal whose height is given by |D|S2 for integer spin systems 
with S being the spin ground state and D a negative axial anisotropy pa-
rameter (3). For {Mn12} family of complexes the theoretical barrier height 
is estimated to be 60 K. The SMMs to-date including the {Mn12} are wor-
king only under liquid Helium temperatures but a practical application 
demands higher temperatures SMMs. Over the last 15 years since the 
initial discovery of {Mn12} SMM, many synthetic research groups around 
the world vest their effort to come up with a novel high temperature SMM 
but except for two examples reported recently, none had higher barrier 
height than the original {Mn12} itself. A breakthrough has been achie-
ved in this regard with the discovery of a family of {Mn6} complexes 
[MnIII

6O2(Et-sao)6(O2C-th)2L4-6] (4), where HO2C-th=3-thiophene carboxylic 
acid, L= EtOH, H2O and saoH2 = salicylaldoxime) possessing a barrier 
height of ca. 90 K. This is the highest for any transition metal SMM reported 
so far albeit the fact that many lanthanide containing SMMs reported to 
have higher barriers with a lanthanide based {Dy5(III)} cluster with a barrier 
height of 540 K (5), largest for any cluster complex and a monomeric 
Tb(III) complex reported to have a barrier height of ca 800 K (6). However 
in lanthanide based SMMs the quantum tunnelling of magnetization is 
very fast leading the very small coercitivity in the hysteresis loop.

Two {Mn6} complexes of geneal formula [MnIII
6O2(R-sao)6(O2C-th)2L4-6], 

where R =H (1) or Et (2), have been synthesized and their Self-Assem-
bled-Monolayers (SAM) have been prepared and studied (7). Despite 
similar structural topology 1 exhibits spin ground state of S = 4 while 2 
has a ground state of S=12 with a barrier height of 86 K (Figure 1). The 
difference in the ground states arise from the difference in the strength 
of the magnetic exchange interactions between the individual MnIII-
MnIII pairs.Understanding the atomistic structure of these two {Mn6} 
complexes on Au(111) surface will help to nail the problems related to 
surface-molecule interaction observed in other cases. This is an ideal 
example as they are structurally similar yet exhibit very different magne-
tic property, highlighting the fact that even a small perturbation in the 
structure can cause a large variation in the magnetic properties. Theo-
retical modelling of such clusters is challenging as we aim to reproduce 
the structure and magnetic properties of these clusters on Au(111) and 
the computed structure and properties should be of very high quality to 
ascertain the differences observed. Thus this set pose a real challenge 
to the theoretical method we have established previously (8,9). 

With this background we have modeled complex 1 and 2 to ascer-
tain the structure and then performed computation to estimate the 
ground state and the magnetic exchange parameter associated with 
the ground state. Here we have used a cell with 450 atoms and more 

than 2000 primitive functions. Convergence criteria of 1.e-6 Hartree 
and 2.e-3 Hartree Å-1 (Hartree per Radians) for SCF and max gradient, 
respectively, have been considered to get reliably converged geo-
metrical structures. CP2K is the program package used throughout the 
project.

The first stage of the investigation has been addressed to optimize 
the experimental structures of (1) and (2) and calculate their magnetic 
structures. We have used TPSS, PBE and B97 with VdW corrections. The 
best results have been obtained with the B97 functional with errors below 
the 3% on the most important structural data for both systems in their 
isolated form. Such results confirmed the goodness of CP2K in reprodu-
cing structural data even for such large and complex systems containing 
several transition metals. The optimized structures for grafted species are 
reported in Figure 1.

The Au(111) surface, as shown in Figure 1, adapts itself to the cluster 
reflecting its no-innocent effect on the induced distortions on the Mn3 
units both in 1 and 2 systems. The grafting, in fact, induces an elonga-
tion of all Mn-Mn distances from 0.01 to 0.03 Å in in-plane Mn3 units. 
Larger elongations have been found for Mn-Mn distances connecting 
the two Mn3 units for system 2, probably due to a major steric hindran-
ce of the ligands. In ref 10b, the local coordination of Mn atoms were 
supposed to undergo towards a Oh-like rearrangement after grafting. 

What we have seen is an overall resultant contraction of equatorial 
Mn-O and Mn-N distances with a concurrent sort of bottom-top shift for 
the axial Mn-O distances for both Mn3 units and systems. The last effect 
can be directly ascribed to the interaction with the Au(111) surface. On 
the other hand, Au(111) surface seems to be “plastically” printed by the 
systems steric shape. 

With regards to the magnetic properties, it is quite well established 
in the literature that the best agreement with the experimental data is 
reached using the Broken Symmetry (BS) approach, developed by L. 
Noodleman and J. G. Norman (10). Within the BS approach the energy 
of the low spin state (pure spin state) of the complex, that is the state 
mostly affected by static electron correlation effects, is approximate-

ly computed as a projection from a state of mixed spin and space 
symmetry (the BS state) obtained by an independent SCF calculation. 
Application of the BS formalism requires the knowledge of the energies 
of 2N/2 single Slater determinants, and this task can easily become dif-
ficult for large N (11).

Since the aim of the project was to verify the role of the grafting pro-
cess on the magnetic properties of both systems, we had to have both 
geometrical scenario, isolated and grafted, comparable. For this rea-
son, since the experimental structures of systems 1 and 2 once grafted 
on surfaces are unavailable, we have optimized the bulk x-ray structures 
to be compared with those obtained optimized grafted on Au(111). We 
have chosen to optimize the structures over their high spin (HS) (S =12) 
state. The other broken symmetry determinants with different multiplicity 
have been computed on such optimized HS structures. Depending on 
the difficulty to get determinants converged and depending on the 
magnetic exchange coupling schemes used, the number of compu-
ted determinants has not been less than six for both isolated and graf-
ted systems. 

For system 1, the experimental Spin Hamiltonian (SH) used is the fol-
lowing

(1) SH = J1(S1S3+S4S6) + J2(S2S3+S5S6 +S4S5+S1S2) + J3(S1S6+S3S4) + J4(S1S4) (12) 
(Scheme 1)

However, a better choice based on the experimental and compu-
ted Mn-Mn distances can be chosen. SH 2 has been, therefore, used 
for isolated and grafted systems

(2) SH = J1(S1S3+S4S6) + J2(S2S3+S5S6) + J3(S4S5+S1S2) + J4(S1S4) (Scheme 1)

where the used labelling of the paramagnetic centers is reported in the fol-
lowing scheme:

The experimental results using SH (1) are the following: J1 = 
7.0 cm–1, J2 = 25.2 cm–1, J3 = 0.9 cm–1, J2 = –24.8 cm–1. S = 4 
has been found to be the ground state. Using SH (2) the com-
puted J’s are the following: J1 = 10.2 cm–1, J2 = 1.6 cm–1,  
J3 = 3.3 cm–1, J2 = –2.9 cm–1. Interactions 3-4 and 1-6 have been ne-
glected due its “via H-Bond” pathway. The S = 4 has been confirmed 

Fig. 1. – (a) Grafted system 1 on A(111), (b) Grafted system 2 on A(111).

(a) (b)

Scheme 1
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even for computed isolated system. However, differences between the 
relative magnitude of the exchange parameters, are present. Never-
theless, antiferromagnetic interactions within the Mn3 units and ferroma-
gnetic between the Mn3 units have been also reproduced.

Passing to the grafted scenario, we have used SH (2) obtaining the 
following results: J1 = –25.5 cm–1, J2 = 12.9 cm–1, J3 = –5.7 cm–1, J2 = 
–22.3 cm–1. In agreement with the experimental findings, the S = 4 as 
ground state has been confirmed as well as the non-innocent role of 
the Au(111) surface, as expected by the geometrical distortions occur-
red to the structure once grafted.

For system (2), see Scheme 2, we have used both the experimental 
one (3) with one J (13) and one (4) with 4 J’s consistent with the calcu-
lated structures . 

(3) SH = J(S1S2+S2S3+S1S3+S4S6+S4S5+S5S6+S1S5+S1S4+S3S5)

(4) SH = J1(S1S2+S2S3+S1S3)+J2(S4S6+S4S5+S5S6)+J3(S3S5+S1S4)+J4(S1S5)

The experimental ground state is S = 12 with an experimental J = 
-1.86 cm–1. The computed J value is -31.96 cm–1. However, the previous 
result is an average value: in fact, it comes out as the average value 
obtained from a set of several different determinants differences. Such 
set of differences equations is, however, far from being consistent, sug-
gesting the high roughness of the single J SH approach. For such rea-
son, the usage of SH (3) seems to be more appropriated and supported 
by degeneracies found for different determinants. The results, using the 
Scheme 2, are the following: 

J1 = –37.2 cm–1, J2 = –45.6 cm–1, J3 = –18.81 cm–1, J2 = –15.5 cm–1. 
Passing to the grafted scenario, we obtained the following results: J1 = 
–37.9 cm–1, J2 = –56.4 cm–1, J3 = –36.8 cm–1, J2 = –21.8 cm–1. In agre-
ement with the experimental results, we found S = 12 as the ground 
state both for isolated and grafted systems. Differently from what obser-
ved for system 1 where J values changed significantly, for system 2 we 
have confirmed all the signs for all J’s with an increase of magnitude 
for all them but for J1. The larger and most effective differences found 
for system 1 can be justified in terms of different coordination environ-
ments. The presence of molecules of water as coordination saturating 
ligands leads the system 1 to be less rigid and so prone to geometrical 
re-arrangements once grafted on Au(111) surface. 
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Fig. 1. – ACP functionalization of Si158H96. The part highlighted in the picture constitutes 
the model system used for ONIOM calculations.
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Functionalized Silicon Nanoparticles 
for Biosensing Applications: a Theoretical  
Multilevel Approach

The present project focuses on the development of a 
theoretical multilevel approach for the description of 
functionalized silicon nanoparticles for biosensing appli-

cations. In the first part of the project, a multiscale scheme has been 
set up for the study of thousand-of-atoms silicon nanoparticles and 
their interaction with organic molecules. The scheme was based on 
density functional tight binding (DFTB), in conjunction with density fun-
ctional theory (DFT). While DFT can be used for small nanocrystals, DFTB 
is computationally less demanding and thus it can be adopted for 
the description of thousand-of-atoms nanocrystals, whose sizes are 
comparable to the experimental samples. We implemented a QM/
QM’ approach through the so called ONIOM scheme, and applied 
the method to describe the adsorption of amine molecules on sili-
con surfaces, upon increasing the number of atoms composing the 
nanocrystal [1]. The second part of the project is based on the deve-
lopment of a method for the description of the excited states of large 
nanocrystals. Standard techniques, based on time dependent DFT 
(TD-DFT), have become indispensable tools, but in order to study re-
alistic structures, we developed and implemented a time dependent 
DFTB (TD-DFTB) for an efficient study of excited states. The method is se-
veral order of magnitudes lighter than the most accurate schemes. It 
is naturally derived from the linear response theory applied to the DFTB 
ground state Hamiltonian, without the introduction of additional para-
meters. The method was applied to a wide benchmark set of organic 
molecules, and statistical data were calculated for the deviations with 
respect to the experimental data and the best theoretical estimates 
from the literature (TBE). We found that TD-DFTB gives excellent results, 
comparable to TD-DFT calculations performed with the most accura-
te exchange-correlation functionals [2]. As an application of the me-
thods in the direction toward a multi-level scheme for the description 
of functionalized silicon nanocrystals for biosensing applications, we 
applied DFT to study glycine adsorbed on silicon nanocrystals. The 
physical mechanisms involved in such a process are not trivial and 
they are much debated in literature. We calculated the reaction path 
of the adsorption, then we studied the vibrational spectrum with both 
harmonic and anharmonic contributions and compared it to the ex-
perimental data [3].

Development of a Multi-Scale approach with applications to the
functionalization of silicon nanocrystals

The synthesis of bright, stable, water-soluble silicon nanocrystals has 
opened the route to realistic biomedical applications of functionalized 
silicon nanoparticles as cellular probes. The recent chemical synthesis 
techniques allow for an excellent control of nanoparticle size-dispersion, 
shape, and passivation that allows a suitable design of their fluorescen-
ce properties. 

New integrated computational approaches are being developed to 
simulate the interaction of silicon nanocrystals with biological systems. 

In particular, density functional approaches allow for the description of 
few-nanometer structures, while huge, realistic nanocrystals, functiona-
lized by large organic molecules (such as DNA fragments or organic 
dyes), have hardly been studied because of the demanding resources 
required.

DFTB is a powerful approach that has been receiving wide interest 
because of its reliable description of organic molecules, as well as of 
inorganic compounds. We developed and integrated into the Gaussian 
suite a version of the method based on a analytic formulation of Fock, 
Overlap and repulsion integrals. By applying a non-linear fitting scheme, 
based on a Levenberg-Marquardt algorithm, to an existing paramete-
rization tabulated in literature, we deduced the parameters needed 
for describing the interaction of silicon compounds with organic mo-
lecules. The interaction parameters include Si-Si as well as Si-X terms (X 
stands for C, H, O, N…).

We take as a case study the 1-amino-3-cyclopentene (ACP) adsorp-
tion, which is a significant example of [2 + 2] cycloaddition of a cyclic 
organic molecule with an amino group, on the Si(100) reconstructed 
surface.

The results have been much debated in the literature, especially re-
garding the unexpected differences, even within DFT, upon changing 
the basis set, the exchange-correlation functional, the model used to 
simulate the system. We first considered the ACP adsorption on small 
nanocrystals Si9H12 and Si29H32, then we increased the nanocrystal size. 
The nanocrystals are fully H-passivated except for a Si-Si dimer on the 
(100) surface. In Figure 1, the ACP-functionalized Si158H96 is shown.

We performed ONIOM(QM:QM’) calculations, with DFTB as a low-level 
approach and DFT as a high-level method. According to the ONIOM 
scheme, the DFT total energy of a huge functionalized silicon nano-
crystal is estimated as EONIOM (R) = EDFTB (R) + EDFT (M) – EDFTB (M). In the 
previous equation, R is the real system (ACP on the whole nanocrystal), 
M is the model system, constituted by ACP and the nanocrystal active 
site. In Figure 1, we graphically report the ONIOM scheme for ACP on 
Si158H96. The part used for the model system is highlighted; the remaining 
part of the nanocrystal is only calculated within DFTB. Since the number 
of atoms entering the model system is low, the computational cost of a 
ONIOM calculation is not far from a full DFTB calculation.

For small nanocrystals, we compared the results from DFTB, DFT 
and ONIOM. The Si-C distance is 1.947 Å (DFTB), against 1.956 Å (DFT), 
and 1.959 Å (ONIOM), with similar trends observed for all distances. 
Thus, the geometry of a functionalized silicon nanocrystal is descri-
bed within DFTB with an error smaller than 0.02 Å. The error becomes 
smaller than 0.004 Å when an ONIOM approached is used. DFTB gi-
ves fair estimation of the geometry, but ONIOM gives an excellent 
agreement. The situation is different for the energetics. The adsorp-
tion energy of ACP on Si29H32 is evaluated at –60.45 kcal/mol (DFTB), 
–48.88 kcal/mol (DFT), and –47.80 kcal/mod (ONIOM). In other words, 
DFTB shows a very strong overbinding, but the error is reduced by 
an order of magnitude when an ONIOM calculation is performed.  
The relative error in the energetics decreases from about 21-24% to 
1-2% with an absolute error smaller than 1 kcal/mol, when an ONIOM 
approach is used instead of DFTB.

Development of a Time-Dependent Density-Functional-Tight-Binding for 
the excited states of huge molecules and its benchmark against expe-
rimental data.

The second part of the project has been devoted to the develop-
ment of a time dependent scheme for the calculation of the excited 
states. The recent literature has shown that, when coupled with suitable 
functionals (especially hybrid and/or long-range corrected models), 
the TD-DFT approach provides very good results. However, despite the 
development of linear scaling methods and other effective techni-
ques, the large systems of biological and technological interest (with 
hundreds to thousands of atoms) are still highly expensive in terms of 
computational time.

Motivated by the effectiveness of DFTB and the good performances 
of TD-DFT, we have developed a new formulation of time-dependent 
density functional tight binding (TD-DFTB) based on the linear response 
approach. The scheme is naturally derived from the DFTB equations, it 
does not require the introduction of additional or modified parameters 
for the calculation of the excited states, and it is characterized by a 
nontrivial antisymmetric spin contribution in the TD equations, at varian-
ce with a previous implementation of the method. 

The present approach has been applied to the calculation of singlet 
and triplet vertical excitation energies for a benchmark set of organic 
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Fig. 2. – Black-closed symbols: mean errors of the excitation energies with respect 
to the TBE, calculated for a wide benchmark set of organic molecules. Red-open 
symbols: mean errors with respect to the experimental data calculated on a small 
benchmark set of excitations.

molecules well studied in the literature. The outcomes are then compa-
red with available results of other semiempirical quantum mechanical 
methods, TD-DFT with different functionals, as well as with the best the-
oretical estimates from the literature (TBE), from which promising results 
are found. 

The results show that TD-DFTB tends to underestimate the excitation 
energies. The signed mean error (the deviation from TBE) for singlet ex-
cited states is –0.42 eV, which is consistent with the fact that the para-
metrization of the DFTB Fock matrix was done on the basis of DFT calcu-
lations using the PBE functional, that underestimates (on average) the 
singlet excitation energies of organic molecules. 

On the other hand, TD-DFTB performs much better than CISDTQ-PM3 
and -AM1, whose mean errors are –1.40 eV and –1.14 eV, respectively. 
The mean errors of different methods are plotted in Figure 2. The bars re-
present the standard deviation of the errors. Black symbols represent the 
statistics done over a wide benchmark set of organic molecules (104 
singlet and 63 triplet excited states) with respect to the TBE. The compari-
son shows that DFTB performs much better than standard semiempirical 
approaches of quantum chemistry (PM3, INDO…), both for singlet and 
triplet excited states. For singlet, the results are comparable with the 
orthogonalization- corrected methods (OM3) that are however much 
more demanding than TD-DFTB from a computational point of view. 

For triplets, TD-DFTB works better than any other semiempirical scheme. 
Red symbols represent the comparison against the experimental data 
for a small benchmark set of molecules (21 singlet excited states). The 
excellent results grant that the use TD-DFTB preserves the accuracy even 
if the computational cost is orders of magnitude lower than TD-DFT and 
multireference CI schemes.

Ackn owledgement: We acknowledge the CINECA award under the 
ISCRA initiative, for the availability of high performance computing re-
sources and support.
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Method

The code that has been used for QMC calculations is 
the TurboRVB, developed by Sandro Sorella (SISSA of Trieste, Italy) and 
coworkers, that has been widely tested by the developers and applied 
in a number of interesting systems [5, 1, 6, 8, 10, 2, 4, 1, 9, 7, 3, 11]. The 
approach provides excellent ab initio results in describing both intra- 
and inter-molecular interaction, and in particular the challenging case 
of Van der Waals interactions.

TurboRVB is a wave function based method, and the wave function 
that is used to describe the electronic structure of the system is a pro-
duct of an Antisymmetrized Geminal Power (AGP) and a Jastrow factor:

����� �� � � ���� �� �� �� �����
where � � ����� � �� ��������  are the Cartesian and spin coordinates of the 
N electrons in the system, and analogously �  are the Cartesian coor-
dinates of the electrons. The Jastrow term, typical of QMC approaches, 
takes into account of the dynamical correlation, beside satisfying the 
electron-electron and electron-nucleus cusp condition. We remand to 
the included references for a detailed description of the method and 
of the wave function.

Structural optimization

A recent development [9] of TurboRVB code makes possible the cal-
culation the ionic forces in a VMC approach, and consequently to per-
form a structural optimization of a system. This method was applied to 
the water molecule and dimer (see Fig. 1), and the results are reported 
in Tables 1 and 2. Notice the good accuracy of the calculated struc-
tures, in comparison with experimental values and other approaches.

Vibrational frequencies

Vibrational frequencies of oscillation of a molecule (of N atoms) are 
experimentally measured using Infrared of Raman spectroscopy, and 
fitting the observed lines with the equation: 
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where ��  are the harmonic frequencies, 
� ��  the anharmonic con-
stants, � � 
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�

 a multi-index that represent 
the quantum state.

In the present work we calculated the ��  and the Xi, k for the water 
molecule. This result was obtained performing a multidimensional fit of 
the PES around the equilibrium structure of the molecule, and using the 

parameters of the expansion for the calculation of the hessian that gi-
ves the normal modes of oscillation. Rewriting the PES in terms of the 
normal coordinates, we were able to calculate the anharmonic con-
stants through a second order perturbative calculation.

More in detail, the PES was fitted with the 4th order Taylor expansion, 
written in function of the 3 internal coordinates q i around the equilibrium 
configuration
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The 1st order terms are 0 because �� � � is the equilibrium configura-
tion; while the 0th order term is irrelevant for the frequencies, so we set it 
to 0. The Hessian 
��� �  is positive defined, and determines the harmonic 
frequencies and the normal modes. The higher order terms are neces-
sary for the calculation of the anharmonic constants.

The parameters in (3) where determined through a χ2 minimization 
with the numerical values of Energy or of forces provided by our QMC 
method. The method is stable if the number of configurations conside-
red for the QMC calculations is larger than the number of parameters. 
These configurations were obtained by discrete number of mesh sam-
ples around the equilibrium configuration (and taking symmetries into 
consideration in order to avoid redundant calculations). The choice of 

TABLE 1 • VMC optimized structure of water molecule. QMC1 are obtained 
with JAGP wave function with gaussian basis set: AGP: [5s5p]/(1s2p) O, (1s) H; 
Jastrow= (2s6p) O, (1s1p) H. QMC2 are obtained with MOs n* = 4 wave fun-
ctions [7], gaussian basis set: AGP: [20s18p5d2f1g]/(1s1p1d1f1g) O, [4s3p]/
(1s1p) H; Jastrow: (2s6p) O, (1s1p) H. BLYP* and B3LYP* results are obtained 
for aug-cc-pVTZ basic set.

Exp QMC1 QMC2 BLYP* B3LYP* BLYPc CCSD(T)d

OH distance [Å] 0.957a 0.9548(2) 0.9575(1) 0.9723 0.9648 0.973 0.95829

HOH angle [o] 104.5b 104.48(6) 104.20(2) 104.3329 104.7735 104.4 104.454
a W. S. Benedict, N. Gailer, E. K. Plyler, J. Chem. Phys. 24 1139 (1956)
b A. A. Clough, Y. Beers, G. P. Klein, and L.S. Rothman, J. Chem. Phys. 59 2254 (1973)
c M. Sprik, J. Hutter, and M. Parrinello, J. Chem. Phys , 105 1142 (1996)
d D. Feller, K. A. Peterson, J. Chem. Phys. 131 154306 (2009)

TABLE 2 • VMC optimized structure of water dimer (see fig. 1). QMC results 
have been obtained using a MOs n* = 8 wave functions [7], gaussian basis set: 
AGP: [20s18p5d2f1g]/(1s1p1d1f1g) O, [4s3p]/(1s1p) H; Jastrow: (2s6p) O, (1s1p) 
H. Distances are in Å and angles in degrees. 

Exp QMC MP2c SAPT 
MP4d PBE(NC)e BLYP f CCSD(T)g

Donor Monomer
OH
OH (H-b)
HOH angle

–
0.9536(2)
0.9607(1)
104.58(3)

0.9567(9)
0.9648(72)
104.87(36)

0.9572
0.9572
104.52

– – 0.9581(8)
0.9653(64)
104.45(29)

Acceptor Monomer
OH
HOH angle

–
0.9549(1)
105.10(2)

0.9585(9)
104.92(41)

0.9572
104.52

0.9597(8)
104.58(42)

Dimer 
OOH
OHO
Φ angle
OO bond

174a

2.98b

1.71(3)
177.46(4)
121.20(6)
2.9606(4)

5.5

124.4
2.91

0

120
2.95

172

2.88

173

2.95

4.736

124.92
2.9089

a K. Kuchitsu, Y. Morino, Bull. Chem . Soc. Jpn. 38,805 (1965); L. A. Curtiss, C. L. 
Frurip and M. J. Blander, J. Chem. Phys. 71 2703 (1979)

b R. Bentwood, A. J. Barnes, and W. J. Orville Thomas, J. Mol. Spectrosc. 84 391 (1980)
c W. Klopper et al., Phys. Chem. Chem. Phys., 2, 227-2234 (2000)
d S. Rybak, B. Jeziorski and K. Szalewicz, J. Chem. Phys, 95 , 6576 (1991)
e P.H.-L. Sit, N. Marzari, J. Chem. Phys. 122 204510 (2005)
f M. Sprik, J. Hutter, and M. Parrinello, J. Chem. Phys, 105 1142 (1996)
g G. S. Tschumper et al. J. Chem. Phys. 116 690 (2002)

TABLE 3 •Theoretically computed by VMC and LRDMC and experimentally ob-
served by Benedict et al. (1956) harmonic frequencies ωi , anharmonic con-
stants X, zero point energy (ZPE) and fundamental frequencies νi. The energy 
was evaluated at each point of the mesh and the potential expansion up to 
4th order was fitted. The numbers in the brackets are the stochastic errors, 
estimated by the jackknife algorithm.

VMC LRDMC experimental

ω1

ω2

ω3

1678 (41)
3908 (107)
4048 (128)

1624 (37)
3791 (85)

3954 (157)

1648.47
3832.17
3942.53

X1, 1

X1, 2

X1, 3

X2, 2

X2, 3

X3, 3

−19.4 (18)
−22.9 (34)
−12.2 (41)
−33.5 (93)
−220.2 (236)
−133.0 (145)

−9.4 (17)
45.2 (67)
−16.8 (42)
−20.9 (72)
−111.2 (254)
−50.1 (238)

−16.81
−15.93
−20.33
−42.57
−165.82
−47.57

ZPE 4706.8(114) 4643.5 (40) 4643.18
ν1

ν2

ν3

1621.6 (18)
3666.2 (187)
3719.4 (247)

1619.5 (28)
3715.9 (183)
3789.5 (407)

1596.42
3656.15
3754.04Fig. 1. – Structural minimum of water dimer.

Fig. 2. – Effect of the mesh size on one of the harmonic frequencies of water molecule. 
The stochastic error on a QMC force is reported in the label. A typical error is 0.5 . 10−3a.u. 
Notice the systematic error introduced when the mesh is too large, and the uncontrolled 
stochastic error with too small mesh.
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the mesh size has to be considered carefully; if the mesh is too small 
the stochastic errors of QMC energies and forces will propagate on the 
values of the parameters of the fit, and ultimately on the frequencies, in 
an uncontrolled way. However, if the mesh is too large, the expansion (3) 
could be not enough and the results will have systematic errors.

The choice of the grid around the equilibrium structure and of the 
mesh size was done by testing the effects of systematic and stochastic 
errors on much less demanding DFT calculations, see for instance Fig. 2.

After having chosen an optimal mesh and grid, we performed the 
QMC calculations. Results are reported in Tables 3 and 4. A comparison 
with other computational approaches is shown in Table 5.

We notice that all the calculated frequencies are 1.5% larger of the 
experimental value. We considered different possibilities to explain this 

behavior, and the final explanation seems to be that we need to in-
troduce in the wave function polarized and diffusive basis, in order to 
have a good description also in the long range. In Table 6 we report the 
basis set convergence for the Hydroxyl radical (that is a diatomic system 
strictly connected to water). Observe that a small basis set provide ove-
restimated frequencies, and the frequency improves as we increase 
the size of the basis.

Conclusion

In this work we found a compact and stable many body wave fun-
ction for water molecule and dimer, that provides the correct binding 
energy of the hydrogen bond in the dimer. We tested the ionic forces 
calculated via QMC methods and within the Born-Oppenheimer appro-
ximation, performing structural optimizations of the ionic positions, and 
obtaining very accurate structural minima for both the water molecule 
and dimer (in comparison with experimental values and other Couple 
Cluster calculations).

We performed a multidimensional fit of the potential energy surface 
(PES) of the water molecule, using the energies or the forces provided 
by QMC. The PES was determined to the 4th order of the Taylor ex-
pansion around the structural minima, and therefore we were able to 
calculate the hessian matrix, the harmonic frequencies of vibration and 
the anharmonic constants (through a perturbative calculation). This was 
the the first attempt by QMC to calculate the vibrational properties of 
molecules with more than 2 atoms and we obtained good results ac-

cording to experiments and other high level correlated calculations. 
In particular, thanks to the computational scheme we developed for 
this purpose, it was possible to measure vibrational frequencies with a 
statistical precision of less then 0.5%.

Our encouraging results are now opening the way to the study of 
liquid water properties by QMC in the early future.
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TABLE 4 •Same of the previous Table, but the fitting was obtained considering 
the forces. Observe that the stochastic errors are drastically reduced.

VMC LRDMC experimental

ω1

ω2

ω3

1672 (4)
3904 (8)
4007 (7)

1672 (7)
3920 (8)
4004 (9)

1648.47
3832.17
3942.53

X11

X12

X13

X22

X23

X33

−19 (1)
−17 (3)
−17 (2)
−43 (5)
−163 (12)
−47 (4)

−17 (2)
−18 (5)
−18 (4)
−43 (5)
−164 (10)
−42 (5)

−16.81
−15.93
−20.33
−42.57
−165.82
−47.57

ZPE 4715.4 (5) 4722.3 (5) 4643.18
ν1

ν2

ν3

1617.2 (2)
3729.0 (8)
3823.1 (8)

1619.1 (3)
3743.0 (7)
3829.4 (6)

1596.42
3656.15
3754.04

TABLE 6 • Basis set convergence for Hydroxyl radical in terms of variational 
energy, vibrational frequency ω, dipole moment μ, optimized bond length d.

Energy [a.u.] ω [cm−1] μ [a.u.] d [a.u.]

cc-pVDZ , J2b
cc-pVDZ , J3b-A
cc-pVDZ , J3b-C
cc-pVTZ , J3b-C

−16.52318(34)
−16.55027(20)
−16.55287(17)
−16.55396(17)

3833(10)
3818(10)
3793(10)

0.7066(6)
0.6603(6)
0.6488(6)
0.6480(6)

1.8257(8)
1.8273(8)
1.8266(8)

aug-cc-pVDZ , J2b
aug-cc-pVDZ , J3b-A
aug-cc-pVDZ , J3b-B
aug-cc-pVDZ , J3b-C

−16.53512(24)
−16.55183(17)
−16.55186(18)
−16.55355(16) 3789(10)

0.6632(6)
0.6573(6)
0.6547(6)
0.6489(6) 1.8262(8)

Experimenta – 3738 0.649 1.8325
a K.P. Huber and G. Herzberg. Molecular spectra and molecular structure. (1979).
J2B: only 2-body Jastrow term
J3b-A: Jastrow 2-body + Jastrow 3-body O (2s,2p) ; H (1s,1p)
J3b-B: Jastrow 2-body + Jastrow 3-body O (2s,6p) ; H (2s,1p)
J3b-C: Jastrow 2-body + Jastrow 3-body cc-pVDZ

TABLE 5 • Comparison of harmonic frequencies of water molecule, calculated 
with different methods. The VMC and LRDMC values comes from the fit of PES 
with forces.

Freq. [cm−1] Expa VMC LRDMC CCSD(T)b B3LYP PBEc

Bending 1648.5 1672(4) 1672(7) 1649.7 1626.3 1592.4

Symm. Str. 3832.2 3904(8) 3920(8) 3835.3 3793.4 3696.2

Ssymm. Str. 3942.5 4007(7) 4004(9) 3946.1 3896.1 3800.3
a W. S. Benedict, N. Gailar, and E. K. Plyler, J. Chem. Phys. 24, 1139 (1956)
b D. Feller, A. Peterson, J. Chem. Phys. 131, 154306 (2009)
c basis set: AUG-cc-pVTZ
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Engineering Applications

1 Block FSAI-IC preconditioning for SPD linear systems 
and eigenproblems

In the present research project a novel preconditioning technique 
has been developed, implemented in a parallel computing system 
and experimented with in both the solution of linear systems of equa-
tions [1, 2, 3] and eigenproblems [4, 5].

The preconditioner, ABF-IC in the following, is a recent development 
for the parallel solution to Symmetric Positive Definite (SPD) linear sy-
stems. Assume that D is an arbitrary non-singular block diagonal matrix 
consisting of nb equal size blocks. Consider the set of lower block trian-
gular matrices F with a prescribed non-zero pattern SBL and minimize 
over F the Frobenius norm:

�� � ���������
where L is the exact lower Cholesky factor of an SPD matrix A. A matrix 
F satisfying the minimal condition (1.1) for a given D is the lower block 
triangular factor of ABF-IC. Recalling the definition of the classical Fac-
tored Sparse Approximate Inverse (FSAI), it can be noticed that ABF-IC is 
a block generalization of the FSAI concept.

The differentiation of (1.1) with respect to the unknown entries 
 �� ��� � �� � �� � ��� , yields the solution to n independent dense subsystems 

which do not require the explicit knowledge of L. The effect of applying 
F to A is to concentrate the largest entries of the preconditioned matrix 
FAFT into nb diagonal blocks. However, as D is arbitrary, it is still not ensu-
red that FAFT is better than A in an iterative method, so it is necessary to 
precondition FAFT again. As FAFT resembles a block diagonal matrix, an 
efficient technique relies on using a block diagonal matrix which col-
lects an approximation of the inverse of each diagonal block Bib of FAFT.

It is easy to show that F is guaranteed to exist with SPD matrices and 
Bib is SPD, too [1]. Using an IC decomposition with partial fill-in for each 
block Bib and collecting in J the lower IC factors, the resulting precondi-
tioned matrix reads:

������� ��� � � ��������
with the final preconditioner:

� � ��� � �� ��� ���������
M in equation (1.3) is the ABF-IC preconditioner of A.

The ABF-IC quality as a preconditioner of A can be related to the 
Kaporin number κ of the preconditioned matrix WAWT: 

��� ��� � �
�

�
���� ��� �

���� �� ��� ����
�����

It has been demonstrated that FSAI is an optimal preconditioner in 
the sense that it minimizes the Kaporin number of the preconditioned 
matrix over the set of matrices having a prescribed non-zero pattern. 
In a similar way, it has been shown that ABF-IC is optimal in the sense 
that it minimizes an upper bound to κ(WAWT) which tends to κ(WAWT)  

itself as �� � �   [3]. This property can be used to improve the ABF-IC 
performance by adaptively enlarging the non-zero pattern of F. F is 
constructed from a tentative non-zero pattern SBL0 and the gradient g of 
κ(WAWT) is estimated. Then positions (i, j) corresponding to the largest 
entries of g are added to SBL0 and a new F is computed. The procedure 
continues until a satisfactory reduction of κ(WAWT) has been reached. 
More details on the computation of F can be found in [1, 3].

The performance of ABF-IC has been compared to that of well-
established parallel preconditioners in the solution of linear systems (Fi-
gure 1.1) and eigenproblems (Figure 1.2). Linear systems and eigen-
problems have been solved using the Conjugate Gradient and the 
Jacobi-Davidson algorithms, respectively, both preconditioned with ABF-
IC. A number of test cases have been run using large size sparse ma-
trices taken from the University of Florida Matrix Collection, available at 

http://www.cise.ufl.edu/research/sparse/matrices. Figure 
1.1 shows a comparison between the total wall clock times needed to 
solve a linear system using FSAI, BFSAI-IC (i.e., ABF-IC without the adaptive 
pattern search) and ABF-IC as a preconditioner, while Figure 1.2 provi-
des the ratio between the wall clock time elapsed with Jacobi-Davidson 
preconditioned with FSAI and the public eigensolvers implemented in 
the HYPRE package, and Jacobi-Davidson preconditioned with ABF-IC. 
The comparison reveals the efficiency of the novel approach, with ABF-
IC outperforming FSAI and HYPRE up to 32 processors in almost all tests.

2 Parallel Inexact Constraint Preconditioners for Saddle Point 
Problems

A major computational issue in the solution of the discretized coupled 
consolidation problem is the repeated solution in time of the resulting 
discretized indefinite linear system, which can be generally written as: 

�� � �� ����� � � � ��

� ��

� �
������

The sub-matrices K and C are both SPD.
We propose a fully explicit parallel Inexact Constraint Precondition-

er (ICP) [6, 7, 8] based on the FSAI approximation of the matrices K and 
S where S is an approximate Schur complement of a block matrix �  
resembling � . In [9] the ICP preconditioner is generalized to a class of 
ICP(ω) with ω a real relaxation parameter, showing that the Krylov solver 
convergence can be enhanced by a proper choice of the parameter.

The full ICP can be written as: 

���
� � �� ���

����
�

� ��

� �
��

��� �

� ���
� ��

� �
�� �

����
��� ��

� �

where ���
� � ��

��� and WS is the FSAI factor of the approximate Schur 
complement matrix �� , ���� � ��

� �� . The Schur complement matrix S 
is evaluated as � � ���

����
� �� � �� �� , W2 being the triangular 

factor of a sparser FSAI approximation of K−1, obtained from W1 by a 
further postfiltration.

Analogously the Triangular ICP can be written as:

���
� � ��

� ���
����

���
�

� ��
�

� �
�� �

� ���

� �
������

The test cases are all realistic examples of large size arising from 2D 
and 3D FE discretization of geomechanical problems. In detail:

1. GEO-1438: arises from a regional geomechanical model of the sedi-
mentary basin underlying the Venice lagoon discretized by a linear 
FE with randomly heterogeneous properties. (Size: n = 1 437 960 and 
nnz = 63 156 690).

2. PO-878: arises in the simulation of the consolidation of a real gas 
reservoir of the Po Valley, Italy, used for underground gas storage pur-
poses. (Size: n = 878 355 and nnz = 38 896 749).

Fig. 1.1. – FSAI, BFSAI-IC and ABF-IC performance on test matrices from the University 
of Florida Sparse Matrix Collection by 8 (left) and 32 (right) processors np. The total wall 
clock time for the system solution has been normalized to that of an ideally parallel 
Incomplete Cholesky preconditioner.

Fig. 1.2. – Ratio R between the total wall clock time elapsed using Jacobi-Davidson 
preconditioned with FSAI and ABF-IC vs. the number of processors np (left) and us-
ing the public parallel eigensolver implemented in the HYPRE package and Jacobi-
Davidson with ABF-IC (right).
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3. CUBE-6536: simulates the compaction of a shallow confined 
aquifer due to groundwater withdrawal in a representative 3D 
sedimentary basin at a regional scale. (Size: n = 6 353 1 00 and 
nnz = 282 438 234).

The linear system is solved by PCG using the exact solution as a vec-

tor of all ones. The exit test for the iterative solver is 
����
��� � ����� , rk 

being the relative residual at iteration k. We will denote with Tp the total 
CPU elapsed times expressed in seconds on p processors and as � � ���

�  
the pseudo speed-up computed with respect to the smallest number 
of processors (� ��� used to solve a given problem and � � ���

�  the corre-
sponding efficiency:

� � ���
� � � �� ��

��
� � � ���

� � � � ���
�

�
� � �� ��

���
�

In Table 2.1 we report number of iterations and timings in solving 
problems GEO-1438 and CUBE-6536 by FSAI-PCG with varying number 
of processors. We also report the pseudo speed-ups and efficiencies 

for the total CPU time. Speed-ups larger than p and efficiencies larger 
than 1 are printed in boldface. They can be put in connection both 
with cache effects and with the not optimal use of the memory for 
small number of processors which slow down the code performance. 
We note from the table that our code scales almost perfectly up to 
128 processors for problem GEO-1438 and up to p = 512 for problem 
CUBE-6536 which is roughly 4 times larger. This is also accounted by the 
results of Figure 2.1 where pseudo speed-ups vs. processor number are 
displayed in a log-log plot.

We also compare the performance of the full ICP and Triangular ICP 
(TICP) in the solution of the saddle point problem PO-878. We choose Bi-
CGSTAB as the iterative solver with the same exit test of the previous test.

We present the following timings, all given in seconds: TP1 is the pre-
processing time needed to construct ���

� � ���
� � and S0, TP2 refers to 

the construction of ���
�  and Tsol to the CPU time required by the iterative 

solver. Finally, ���� � ��� � ����  is the total CPU time.
We show in Table 2.2 the results obtained running our FSAI-ICP (TICP) 

code using p = 2 to p = 128 with optimal set-up parameters. These re-
sults show that our code exhibits almost perfect scalability both on the 
preprocessing stage and the iterative part. As before, super speed-ups 
can occur due to cache effects and also to the variable number of 
iterations with different processor number p.
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taBLe 2.1 •Number of iterations and timings of FSAI-PCG in the solution of pro-
blems GEO-1438 and CUBE-6536.

GEO-1438

p iter T  P Tsol Ttot Sp
(2) Sp

(2)

2
4
8

16
32
64

128
256
512

585
585
585
585
585
585
585
585
585

195.0
83.5
45.1
20.1
11.0

5.9
3.1
2.0
1.0

175.4
95.5
40.7
20.3
10.4

5.2
2.7
1.8
1.4

370.4
179.0

85.8
41.4
21.4
11.1

5.9
3.8
2.4

4.1
8.6

17.9
34.6
66.7

125.6
195.0
308.7

1.03
1.08
1.12
1.08
1.04
0.98
0.76
0.60

CUBE-6536

p iter T  P Tsol Ttot Ep
(16) Ep

(16)

16
32
64

128
256
512

459
459
459
459
459
459

76.9
43.6
22.3
10.0

5.2
3.2

198.4
88.2
45.4
24.1
12.3

6.7

275.3
131.8

67.7
34.1
17.5

9.9

33.6
65.3

129.8
252.2
444.8

1.05
1.02
1.01
0.99
0.87

taBLe 2.2 •Parallel performance of FSAI-ICP (TICP) code for problem PO-878.

run p TP1 Sp
(2) iter TP2 Tsol Ttot Sp

(2) Ep
(16)

ICP

2
4
8

16
32
64

128

99.7
42.8
23.6
13.6

7.9
4.3
2.3

4.7
8.5

14.7
25.2
46.7
86.4

1409
1521
1518
1407
1397
1521
1254

83.1
32.3
17.6
10.1

5.7
3.4
2.2

1667.4
693.0
350.5
171.8

92.9
55.3
24.3

1750.5
725.3
368.1
181.9

98.6
58.7
26.6

4.8
9.5

19.3
35.5
59.7

131.8

1.21
1.19
1.20
1.11
0.93
1.03

TICP

2
4
8

16
32
64

128

86.5
42.3
23.6
13.6

7.9
4.2
2.3

4.1
7.3

12.7
21.9
41.2
75.2

3726
3916
3754
3842
3737
3834
3669

67.9
32.2
17.5
10.0

5.7
3.4
2.2

2998.5
1523.7

767.6
397.1
206.8
115.5

57.5

3066.4
1556.0

783.1
407.1
212.5
118.9

59.7

3.9
7.8

15.1
28.9
51.6

102.7

0.99
0.98
0.94
0.90
0.81
0.80

Fig. 2.1. – Speed-ups vs. number of processors. Problems GEO-1438 and CUBE-6536.
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Numerical simulation of bluff-body flows

The flow around bluff-bodies and the characterization of 
the aerodynamic loads acting on their surface are of inte-
rest for many engineering applications. Evident examples 

are the flow past a submarine or a motor vehicle, wind blowing over a 
bridge or over a building, long pipes or cylindrical structures in water, 
etc. Moreover, bluff-body flows represent a challenging problem for 
numerical simulation. The flow around bluff-bodies is characterized by 
a complex three-dimensional and intrinsically unsteady dynamics. At 
low Reynolds numbers (of the order of a few thousands, based on the 
body cross dimension and on the freestream velocity), direct numerical 
simulation of the full Navier-Stokes equations is possible. As the Reynolds 
number increases and the wake becomes turbulent, a critical issue is 
the choice of turbulence modeling. It is known that RANS methods en-
counter difficulties in accurately predicting bluff body flows, while large-
eddy simulation (LES) is certainly more promising from the viewpoint of 
accuracy. However, large-eddy simulations imply much higher compu-
tational costs than RANS.  Bluff-body flows are thus typical target flows for 
LES methods and are often used as benchmarks to assess their capabi-
lities. However, the assessment of the quality and reliability of the results 
of LES is still an open issue and is the object of a wide research activity.

The first objective of the project is a systematic assessment of the 
accuracy of the numerical results obtained through large-eddy (LES) 

and variational multiscale (VMS) LES simulations for different bluff-
body flow configurations, with the aim of giving a contribution to the 
more general issue of the assessment of the quality and reliability of 
LES and VMS-LES. Moreover, the analysis of the results of numerical si-
mulations carried out in this project is  useful to enhance the physical 
understanding of the flows under investigation, because numerical 
simulation can give complementary information to that obtained in 
experiments. 

To this aim, we considered first the flow around a rectangular cylin-
der characterized by a breadth to depth ratio equal to 5. This confi-
guration is the object of an international benchmark launched with 
the support of ANIV (Italian National Association for Wind Engineering), 
IAWE (International Association for Wind Engineering) and ERCOFTAC 
(European Research Community On Flow, Turbulence And Combu-
stion) (http://www.aniv-iawe.org/barc). Different simulations were car-
ried out by using the VMS-LES approach and a proprietary research 
code (AERO). This is a numerical solver of compressible flows; the 
space discretization is based on a mixed finite-element/finite-volume 
formulation, applicable to tetrahedrical unstructured grids. This sche-
me is a variational one relying on a finite-volume formulation for the 
convective terms, associated with the finite-volume cell centered on 
each grid vertex. A finite-element formulation is used for the diffusi-
ve term, with basis and test functions continuous, linear by element, 
equal to 1 at one vertex and vanishing at other vertexes. The Roe 
scheme represents the basic upwind component for the numerical 
evaluation of the convective fluxes. A preconditioning term is intro-
duced to avoid accuracy problems at low Mach numbers. To obtain 
second-order accuracy in space, the Monotone Upwind Scheme for 
Conservation Laws reconstruction method (MUSCL) is used, in which 
the Roe flux is expressed as a function of reconstructed values of the 
flow variables at each side of the interface between two cells. The in-
troduced numerical dissipation is made of sixth-order space derivati-
ves and, thus, concentrates on a narrow-band of the highest resolved 
frequencies. Finally, an implicit linearized time-marching algorithm is 
used, based on a backward-difference scheme for the discretization 
of the time derivative. The numerical method is second-order accu-
rate in space and time. More details can be found, for instance, in 
references 1 and 2.  The VMS-LES approach was used for turbulence 
modeling. The main idea of VMS-LES is to decompose, through Galer-
kin projection, the scales resolved in LES into the largest and smallest 
ones and to add the closure model (SGS model) only to the smallest 
ones. This is aimed at reducing the excessive dissipation introduced 
by eddy-viscosity SGS models also on the large scales. In several ap-
plications in the literature, it has been observed that predictions were 
as accurate with the VMS-LES approach as with dynamic SGS models, 
which are much more computationally demanding especially on un-
structured grids. 

The impact on the flow and on the aerodynamic loads of different 
parameters, viz. the Reynolds number, the closure model and the grid 
refinement, were investigated. Moreover, since, as previously mentio-
ned this is an international benchmark, the numerical results obtained 
within the present project could be compared with those of other 

groups all over the world and with experimental data. The main results 
can be summarized as follows: 

•  The different computational models used by different groups and 
based on LES or VMS-LES provide results in excellent agreement, proving 
the reliability and quality of LES results for a flow configuration of high 
complexity (see figure 1).
•  The  scatter  between  the  different  computational  simulations  is 

comparable to, and even lower than, the measurements obtained in 
different experimental facilities in (almost) homogeneous nominal set-
up conditions (see figure 1).
•  Our VMS-LES  formulation proves  its efficiency versus classical  LES 

approach, because analogous accuracy is obtained with a coarse 
grid having a number of cells seven times lower than the ones adopted 
in classical LES approach by other groups.
•  Finally, numerical  simulations suggest  the possibility of a  flow dy-

namics leading to an asymmetric mean flow and that this dynamics is 
characterized by extremely small scales in the spanwise direction. This 
point will be the object of future investigations.

The results of the simulations carried out within the present project for 
the flow around a rectangular cylinder are documented  in publications 
3 and 4. Part of the results will also be included in a paper in preparation 
to be submitted for publication in an international journal.

Another activity carried out in the present project is  an investigation 
of the capabilities of the VMS-LES approach to capture Reynolds num-

Fig. 1. – Comparison between the mean pressure coefficient at the cylinder: symbols 
are experimental data, the dashed black line corresponds to one of our VMS-LES simu-
lations, the red solid line corresponds to a LES simulation carried out by another group 
by means of OPENFOAM. Fig. 2. – A snapshot of the vorticity modulus at Re = 20,000.
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ber effects for the flow around a circular cylinder of infinite length in the 
subcritical regime. The same code and the same approach as in the 
previous test case was used. Simulations at different Reynolds numbers,  
viz. Re = 3900, 10,000 and 20,000, were carried out without any other 
change in the simulation parameters. The trends observed in the litera-
ture for Reynolds numbers in the considered range are correctly repro-
duced in our simulations. As an example, figure 2 shows a snapshot of 

the vorticity modulus at Re = 20,000. Besides the main vortex shedding, 
the small-scale Kelvin-Helmotz vortices, which characteristic feature in 
the considered Reynolds number range, are clearly detectable. The 
quantitative agreement of our results with available experimental and 
numerical data is also generally good. The results of the simulations 
carried out in the present project are included in reference 5. 

Finally, we have concentrated our attention on the case of a cylinder 
which is free to rotate in an incoming flow. This configuration is parti-
cularly attractive for the cases in which a small cylinder is used as a 
device for a passive flow control. In the considered kind of flow the free 
parameters are the flow Reynolds number and the ratio alpha between 
the densities of the solid body (its density is assumed constant) and 
of the surrounding fluid, respectively.  Before carrying out a linearized 
stability analysis of the flow, in order to characterize the vortex shed-
ding instability vs alpha, a preliminary set of DNS simulations have been 
run in order to quantify the influence of the free rotation on the onset 
of the primary wake instability. For this flow configuration, the incom-
pressible flow equations are discretized by a second-order centered 
finite-difference scheme and advanced in time by a third-order Runge-
Kutta scheme. The velocity and pressure are solved together, avoiding 
approximate decoupling techniques. Solid boundaries are reproduced 
by an immersed-boundary method. At this stage we have found out 
that the free rotation has a negligible influence on the wake instability, 
at least for the explored density ratios (alpha > 0.2). As an example, we 
show in figure 3 the angular velocity of the cylinder vs. time for different 
values of alpha, at a Reynolds number at which the wake is unstable. 
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Introduction

Reverberation chambers (RC) are essentially electrically 
large cavities with variable geometry, made of highly-reflective me-
tallic walls (typically aluminum) and excited by a source (typically, a 
wide-band antenna). It must be pointed out that the internal source is 
electrically small with respect to the big size of the chamber. A static 
cavity becomes reverberating when asymmetric diffractors move insi-
de it, causing a mode stirring mechanism. The correct use of this testing 
facility is based on the assumption that the quadrature components 
of the field are normally distributed and the powers are exponentially 
distributed. In this way, it is possible to gain statistical information about 
the mean and maximum fields at any position in the RC working volume 
by measuring or simulating the fields at one single point.

The numerical simulation of an RC requires very large computational 
resources for its characteristics. The electrically large dimensions imply 
a high number of elementary cells. The high quality factor implies the 
investigation of a long time range (for simulations in the time domain) 
or of a narrow frequency step (for simulations in the frequency domain). 
The movement of mechanical stirrers implies that the simulation must 
be repeated by varying the geometry.

We describe in this contribution a full 3D simulation of a large RC to 
recover the independent positions of the stirrer and to analyze the field 
uniformity. This work was presented in international conferences (1, 2), in 
a part of a journal paper (3), and other journal papers are under review.

Description of our experimental RC

Our RC has dimensions of 6 m × 4 m × 2.5 m and it is equipped 
with two stirrers. The fundamental mode resonance frequency is 
ƒ0= 45.04 MHz. The vertical stirrer has a Z-folded shape, 1.2 m wide 
and 2.4 m height. The horizontal stirrer originally consisted of four 
1 m × 0.5 m separated panels joined by aluminum sheets. The me-
chanical engines, associated to each stirrer axis, allows to move them 
separately and in both stirring and stepped modes with a resolution of 
1°. A third stirrer with a horizontal axis parallel to the x-axis has a paddle 
consisting of four rectangular metal planes, but it is not yet motorized. It 
must be remarked that only the stirrer rotation axes are directed along 
Cartesian axes, but paddles are oblique oriented and they exhibit dif-
ferent orientation from each other.

Description of FDTD code

Our FDTD code has been extended and optimized to simulate the 
whole RC. The influence of wall losses on the equilibrium conditions was 
investigated in (4) simulating the whole RC. It is possible to introduce arti-
ficial losses in the RC volume by neglecting the losses on the wall slightly 
affecting the field distributions (4). This approximation saves computer 
resources for a single FDTD simulation. When the computer code is pa-

rallel, the simulation of RC walls requires great computing resources, in 
particular when the frequency dependence of wall conductivity is taken 
into account. CPUs that update the field inside the RC are waiting the 
others those update fields on the boundary. If we choose to balance 
the computer load, some time is lost transferring the data from one CPU 
to another. According to (4), we simulated ideal walls and we introdu-
ced some losses in the air. In this way the code is a standard FDTD code 
for any cell except for the two cells where the transmitting and receiving 
antennas are fed.

Comparing the measured and simulated decay factor for two RCs 
with aluminum walls and different dimensions, we found that the losses on 
the walls can be neglected if the conductivity of the air is σ = 10–5 S/m, 
for both cases.

FDTD is a fully explicit solver employing highly vectorizable and paral-
lel schemes for time-marking the six components of the electromagne-
tic field at each space cells. The explicit nature of the solver is usually 
maintained by employing a leapfrog time-stepping scheme. The trun-
cation of the lattice can be easily approached when it finishes on high 
conductive metallic walls, like in the case of an RC. Although the FDTD 
is highly vectorizable and parallel, the analysis of an RC when the stirrer 
is rotating requires multiple runs of FDTD code changing the angle of 
the stirrer. Each run is independent of the others, making it a “natural 
parallel” problem. Each FDTD simulation runs separately in each CPU of 
the high performance parallel computer.

The choice of FDTD grid cell size depends on the working frequency. 
In the case of the RC the simulations are helpful to investigate the fre-
quencies up to about five time the lowest usable frequency. For higher 
frequencies, usually the required performance is obtained with low de-
sign efforts. Under this assumption, the required memory to store all the 
field components of FDTD grid is less than 1 GB. The simulation for each 
stirrer position can run on a CPU, even without any parallelism of the 
code. Moreover, we parallelized the code using OpenMP. The parallel 
code runs on a node of a high performance computer involving all 
CPUs of each node to shorten each simulation. The simulations for every 
stirrer position were parallelized with Open MPI to run each simulation 
for each stirrer angle in a separate node. The computer used for the 
simulations was an IBM P575 Power 6, with 5376 cores and 168 nodes.

Results

At the beginning, the goodness of the “air-loaded” RC approxima-
tions was checked by evaluating the Q-factor. Figure 1 reports the mea-
sured and simulated results. Replacing wall losses, those depend on the 
frequency, with constant air losses, we obtained a good agreement in 
the lower part of the band, where the σ value was tuned.

The number of independent positions of the stirrers was measured 
and simulated when horizontal and vertical stirrers operated individually 
and in the case when they operated together. The number of inde-
pendent positions was calculated in the experimental and numerical 

cases according to (5). When the stirrers operated together, two cases 
were investigated: the synchronized mode and the interleaved mode 
as described in (6).

The RC was divided into 200 × 133 × 83 FDTD cubic cells whose size 
was 30 mm. The total number of cells was about 2.2 millions. Stirrers, 
antennas and RC walls were simulated as perfect electric conductors. 
Power was lost in artificial lossy air, and in the matched antennas. The 
exciting signal was a Gaussian modulating a sinusoid to have the results 
for all the band of interest with a simulation and a fast Fourier transform 
(FFT). The time step was 50 ps for 137,832 iterations, able to reduce the 
fields to one hundred of the initial values. The global time required to 
simulated one case was about 1,500 CPU hours. It included all the stirrer 
positions. Results were available after few hours from job submission, de-
pending on the number of requested CPU and on the other jobs running 
on the machine. All simulated results agree with experimental ones.

Moreover, we investigated the effects of FDTD cell size comparing 
two simulations. In the first case, two synchronized stirrer are rotating and 
the frequency was extended to 1 GHz where the cell size of 30 mm is 
λ /10. In the second case, simulation was repeated dividing the cell size 
(and the time step) by two. Figure 2 shows the number of independent 
positions computed for the two cases when the stirrers were moved in 

Fig. 1. – Simulated and measured Q-factor.
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the synchronized mode in 360 positions and compared with experi-
mental results. It is evident that simulations are more reliable when the 
cell size is less than λ /20. The lower cell size better fits measurements not 
only for a better FDTD resolution but also for geometry approximation 
we chose for stirrers and antennas. To optimize computer parallelism, 
we adopted a simple staircase approximation which gains benefit from 
cell size reduction.

The chamber electric field was computed when the vertical and the 
horizontal stirrers operate with a step of 1°. For synchronized stirrers, a 
step of 1° was adopted, simulating and measuring 360 stirrer positions, 
whereas for interleaved stirrers, a step of 19° was adopted, simulating 
and measuring 19 × 19 = 361 stirrer positions.

Also a lower number of positions were investigated to analyze the 
effect of this reduction on field uniformity. The other horizontal stirrer was 
recently introduced in our chamber, and it is not motorized. For this 
reason, at the moment only the interleaved mode was measured in 

the case of three stirrers setting 7 positions for each paddle system. Of 
course, the numerical code can handle also the synchronized mode 
for the three stirrers system.

Simulations were repeated reducing stirrer position to 49 (7 × 7) and 
to 16 (4 × 4) for both synchronized and interleaved modes. The standard 
deviation progressively increases reducing stirrer positions. An accurate 
quantitative comparison among the three situations can be gained ap-
plying a frequency averaging to highlight the mean values.

Figure 3 reports this comparison for the σ24 quantity, also including the 
case of 49 stirrer positions. It can be noted, that the interleaved mode is 
a little better, especially for a high number of stirrer positions.

Conclusion

Some approximations of the FDTD code were introduced in order 
to reduce computation time, in particular when a parallel computer 

is adopted, in simulating a large RC also including actual antennas. 
A set of simulations was performed for different positions of the stirrers 
in order to obtain the statistical parameters of the RC. The compa-
rison between the number of measured independent positions and 
the simulated ones shows the reliability of the simulation code. The 
simulator can be used to design the best stirrer shape to improve RC 
performance, also analyzing the presence of multiple paddles. It re-
presents a valid alternative to long experimental tests necessary to 
achieve the same goals.

In the analyzed RC, we found that the interleaved mode is better 
than the synchronized one, in the case of multiple stirrers. Moreover, 
the insertion of a third stirrer reduces the space at disposal for the 
working volume and it introduces only a small enhancement of the 
analyzed field standard deviation. Thanks to this simulation activity we 
decided to avoid the cost of a third full motorized and controlled stir-
rer. Of course, this conclusion is related to the great dimensions (com-
pared to wavelength) of the existing two stirrers.
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Methodology

We performed a very large numerical experiment on the 
emission of particles from a localised, or point, source. We performed 
10 productive runs integrating the time and space Eulerian evolution of 
a turbulent suspension, seeded with Lagrangian point-like particles. The 
3D incompressible and statistically homogeneous, isotropic and statio-
nary turbulent flow was obtained by integrating Navier-Stokes eqs on a 
regular tri-periodic grid with N3 = 10243 collocation points, correspon-
ding to a Taylor scale based Reynolds number Reλ ~ 300. Lagrangian 
point-particle motion was described in terms of a simplified form of the 
Maxey-Riley-Gatiognol eq. for small spherical solid objects: particle do 
not interact among themselves, and do not modify the underlying fluid. 
This is called one-way coupling approach in jergon.

Since one of the goal of the project (see below) is to study large 
deviations from mean behaviour of the particle relative dispersion, 
we adopted the following procedure. We placed N so = 256 diffe-
rent sources in the flow domain: this implies that particles emitted 
from different sources feel locally different configurations of the large-
scale advecting flow. Then, each source emits particles in bunches of 
Mbu = 2000 particles, with an emission rate ƒ = 1/�

�
, where �

�
 is the Kol-

mogorov time scale of the flow. We considered particles of different iner-
tia, measured in terms of the Stokes number St = �p /��

, where �p is the 
particle response time, or Stokes time. We implemented the emission of 
particles characterised by the following 4 different Stokes number, i.e. 
St = 0; 0.6; 1; 5. The total number of bunches emitted by each sur-
ce is 80. This means that the total number of Lagrangian trajectories 
integrated in a single run is Mtot = N * Mbu * 4 * 80 = 163, 840, 000, 
which is quite a large number. Along Lagrangian trajectories, we sto-
red information about particle positions, velocities and the flow velocity 
at the particle positions. Such information is stored at a rate equal to 
10/ �

�
, since emission. This probably consitutes the largest worldwide, 

available database of inertial particles emitted from localised source 
in statistically homogeneous and isotropic turbulent flows. At present we 
are re-organising all stored binary records in a structured database of 
HDF5 files, for statistical analysis.

Objectives

Once finalised data conversion, we will start the statistical analysis. 
Focus is on the following open questions, that are relevant for theoreti-
cal physics and for modelling appications. How do particles separate 
in a non-stationary flow? How do their spatial distribution depend on the 

emission rate and on the distance from the source? Can we observe 
deviations from the asymptotic behaviour predicted by the Richardson 
distribution? Which is the distribution of the particles arrival time at a fixed 
distance from the source? How do these properties vary with particles 
inertia?

Contributing to solve these issues is the goal of the present work.
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TABLE 1 • Details of the numerical experiments. Col1: number of produc-
tive runs; col2: total CPU time in hours; col3: resolution of the 3D turbu-
lent flow; col4: number of processors for each run; col5: microscale 
Reynolds number Rλ; col5: number of point sources homogeneously 
distributed in the physical domain; col6: total number of Lagrangian 
trajectories integrated in each run; col7: Stokes number of different 
inertial particles families.

Runs CPU time N3 np Rλ N so Mtot. St

10 800,000 10243 256 280 256 163 x 106 [0.0; 0.6; 1; 5] Fig. 1. – 3D instantaneous snapshots of the emission from a source of four small bunches of particles. The groups of particles are emitted at the same time, but they immedi-
ately separate in different Lagrangian paths, due to chaotic nature of turbulence and to their inertia.
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Surface roughness is known to have substantial impact 
on the aerodynamic performance of aircraft both in the 
low- and the high-speed regime, in the case of laminar 

and turbulent boundary layers. When the incoming boundary layer is 
laminar, the main effect of roughness is the acceleration of the laminar-
turbulent transition process, which can result in a dramatic increase in 
drag and aerodynamic heating of the vehicle. Despite its importan-
ce in practical applications, the physical mechanisms underlying the 
phenomenon of roughness-induced transition are far from being fully 
understood. A comprehensive review of the current knowledge of the 
subject is given by (1).

Discrete three-dimensional roughness elements (the type of rough-
ness addressed in the present work) can affect the laminar-turbulent 
transition in a boundary layer in many ways, depending on the size and 
shape of the roughness element, and many different routes to transition 
can be identified (2). Early experimental observations (3, 4) suggested 
that, when the ‘roughness Reynolds number’ Rek = ukk/nk (defined in 
terms of the local flow properties at the edge of the element in the 
undisturbed boundary layer) exceeds a critical value, the transition front 
begins to move upstream relative to that over a smooth surface and 
it asymptotes to a location in the near wake of the element (crucially, 
at a finite distance downstream of roughness). Such critical value of 
Rek (for which the element is called ‘effective’) is influenced by many 
factors, including the shape of roughness, the external disturbance en-
vironment and the flow compressibility. A commonly quoted result (5) is 
that transition in low-speed flows occurs at Rek ≈ 500, if the roughness 
element aspect ratio d/k (where d is the spanwise extent of the object) 
is of order unity.

Relatively little information is available regarding the flow topology in 
roughness-induced transition. In particular, the role played by organi-
zed vortical structures in generating and sustaining the turbulence ca-
scade process has not been investigated in detail. At sufficiently high 
Reynolds numbers, (6) showed that unsteady hairpin vortices are also 
shed quasi-periodically from the separated region right downstream of 
the roughness elements. For moderate Reynolds number (Rek ≤ 500), 
these disturbances are damped before transition occurs. As the Rey-
nolds number becomes higher, breakdown to turbulence is observed 
at short, but finite, distance from the roughness element. Similar ob-
servations were reported by (7), who proposed a two-layer model to 
describe the evolutionary change toward a fully developed turbulent 
boundary layer, based on an inner region where turbulence is gene-
rated by the complex interaction of hairpin eddies with the pre-existing 
stationary vortices produced by the disturbing element and an outer re-
gion characterized by the deformation of hairpins into vortex rings. In a 
recent study, (8) have performed DNS of high-speed boundary layers (at 
M∞= 3 and M∞= 6) over a flat plate with an isolated roughness element 
consisting of a shallow (high aspect ratio) bump with k/d ≈ 0.5 (d being 
the boundary layer thickness). They showed that many features of the 
transition process are common with the low-speed regime, particularly 
the lift-up process which follows the generation of streamwise vorticity 
over the roughness element. Furthermore they found that transition is 
delayed to higher Reynolds numbers as the Mach number increases, 

and proposed a correlation to discern laminar from transitional cases, 
based on Rek and on the Mach number evaluated at the edge of the 
roughness element.

In the present research simulations have been performed both in the 
low- (also strictly incompressible) and high-speed (supersonic) regime, 
thus allowing a one-to-one comparison of the computational results. 
Owing to the different mathematical character of the incompressible 
and compressible Navier-Stokes equations, two distinct, specifically de-
signed, numerical codes are used (9, 10). Both flow solvers are mainly 
based on the concept of preservation of kinetic energy at the discre-
te level through suitable discretization of the convective terms, which 
yields stable numerical solutions without reverting to any form of spurious 
numerical dissipation. Also, both solvers handle the roughness element 
through the immersed boundary method (11).

The computational domain includes the roughness element (here 
assumed to have cubic shape, whose height is k) which perturbs an 
initially laminar boundary layer over a flat plate, whose profile is determi-
ned from the solution of the generalized Blasius equations. In all cases, 
random velocity disturbances with maximum amplitude approximately 

1% of the free-stream velocity (u∞) are enforced at the inflow to stimu-
late boundary layer transition. The computational domain extends for 
Lx = 65d, Ly = 20d, Lz = 3.75d in the streamwise (x), wall-normal (y) and 
spanwise (z) directions, where d (the boundary layer thickness at the 
inflow station) is chosen as reference length. The domain is discretized 
with a grid consisting of Nx = 1024, Ny = 161 Nz = 128 points, which 
are equally spaced in the spanwise direction, and clustered to the wall 
according to a hyperbolic sine mapping function. To allow better re-
solution in the region close to the roughness element a non-uniform 
distribution of grid points is also used in the streamwise direction.

A large database has been generated by performing a total of 
twenty-five simulations, where the Mach number, the Reynolds number 
and roughness height are systematically varied. The parameters used 
in the simulations are listed in Table 1, where we also report (in the last 
column) an indication on the flow condition past the roughness location 
(transition to turbulence or not).

A visual perception of the flow organization and of the vortical struc-
tures arrangement in the transition process is provided by Figure 1, whe-
re instantaneous iso-surfaces of the swirling strength indicator are shown 
for representative flow cases, coloured with the local streamwise veloci-
ty. The main feature visible in the figure is the unsteady release of hairpin 
vortices which propagate downstream of the element forming packets 
(12), and giving rise to the formation of multiple vortical structures by 
the end of the computational domain. The trace of the hairpin vortices 
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TABLE 1 • Summary of parameters for DNS study. Rek is the roughness 
Reynolds number, Re* k is a mixed roughness Reynolds number based on 
the viscosity at the wall, and Mk is the Mach number evaluated at the 
edge of the element in the undisturbed boundary layer.

Run M∞ k/d Rek Re* 
k Mk Trans.

1 
2 
3 
4 
5 
6 
7 
8 
9 

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

0.
0.
0.
0.
0.
0.25
0.25
0.25
1.1
1.1
1.1
1.1
1.1
1.1
2.
2.
2.
2.
3.
4.
4.
4.
4.
4.
4.

0.25
0.25
0.25
0.25
0.25
0.40
0.25
0.25
0.40
0.40
0.65
0.25
0.31
0.40
0.40
0.40
0.65
0.25
0.40
0.40
0.40
0.65
0.25
0.40
0.40

301
402
452
473
503
795
387
545
448
682
570
552
790
1212
452
672
568
552
587
123
452
581
550
688
160

301
402
452
473
503
790
386
543
406
619
456
531
744
1101
373
554
341
514
463
96
352
267
502
535
124

0.
0.
0.
0.
0.
0.15
0.10
0.10
0.61
0.61
0.91
0.38
0.45
0.61
0.88
0.88
1.50
0.54
1.10
1.05
1.05
1.97
0.62
1.05
1.05

N
N
N
Y
Y
Y
N
Y
N
Y
N
Y
Y
Y
N
Y
N
Y
Y
N
N
N
Y
Y
N

Fig. 1. – Three-dimensional view of coherent structures for representative flow cases. 
Iso-surfaces of vortex tubes strength are shown, coloured by the local value of the 
streamwise velocity.
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is also clearly visible on the wall parallel planes taken at the edge of 
the element reported in Figure 2, where contours of wall-normal Wy and 
spanwise Wz vorticity are shown, which highlight the breakdown process 
and again suggest that the formation of small-scale structures is shifted 
downstream at higher Mach numbers. This mechanism appears to be 
similar at both low and high speed, and it resembles the hydrogen-

bubble-wire visualizations of the flow past an hemispherical obstacle re-
ported by (6). In analogy with that experiment, a necklace vortex wrap-
ping around the obstacle (the so-called standing vortex) is observed. 
Clearly, the details of the flow pattern in the proximity of the obstacle are 
strongly dependent on its shape, and for instance the standing vortex 
is not observed for smooth bump-shaped obstacles (8). The formation 
of hairpin vortices is usually explained by invoking the lift-up mechanism 
of low-speed fluid past the obstacle, with the associated generation 
of a detached shear layer with spanwise vorticity. The intrinsic instability 
associated with the inflectional velocity profiles past the element cau-
ses roll-up of vorticity by an inviscid Kelvin-Helmholtz type mechanism 
and the shedding of hairpins vortices, which play the major role in the 
breakdown to turbulence. This scenario is found to be similar for incom-
pressible and supersonic flow cases.

From the analysis of the database here developed we have been 
able to identify a single single controlling parameter for transition crite-
rion, and we propose a mixed roughness Reynolds number

 Re*
k = kuk / nw = Reknk / nw, (1)

formed with the roughness height k, the edge velocity uk, and the kine-
matic viscosity at the wall nw. When this parameter is used to correlate 
the data as done in Figure 3, clear segregation between laminar and 
transitional flows is achieved, suggesting that the parameter Re* 

k alone 
is sufficient to incorporate the effects of compressibility to leading or-
der. We further note that the separation value suggested from Figure 3 
(Re* 

k ≈ 460) still agrees with the low-speed critical value of Rek, (5), to 
which Re* 

k reduces for M∞ → 0.
Future efforts will be directed to performing simulations at higher 

Mach number, to establish the influence of wall cooling, and consider 
the effect of the roughness element geometry.
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edge of the roughness element. From top to bottom: M∞= 0 (Run 5), M∞= 1.1 (Run 
12), M∞= 2 (Run 16), M∞= 4 (Run 24).

Fig. 3. – Occurrence of transition for the various flow cases. Data are shown in the 
Re* 

k – MkT∞/Tw plane. Flows which undergo transition to turbulence are indicated 
with filled symbols. The dividing line is Re* 

k = 460. Colors: black, k/d = 0.25; green, 
k/d= 0.31; blue, k/d = 0.4; red, k/d = 0.65.
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Introduction

Stably stratified flows are common in many instances ran-
ging from geophysical flows to astrophysical applications (for a review 
see, e.g., (1)). From a fundamental point of view, the consequences of 
stable stratification on turbulence and its effect on the energy cascade 
in three dimensional flows has been deeply investigated by means of 
numerical simulations (see, e.g., (2,3)).

In this work we study the effects of stratification on the inverse cas-
cade of two-dimensional turbulence. In particular, we consider a two-
dimensional flow stably stratified in the vertical direction and we address 
the phenomenology originated by the interplay between hydrodynam-
ic and buoyancy forces.

We consider a two-dimensional fluid stably stratified in the vertical 
direction by a mean gradient in the density field ����� � �� � ��  in the 
gravitational field � � ������. Within the Boussinesq approximation, 
the density field can be equivalently thought as a temperature field, 
since temperature and density are related via the thermal expansion 
coefficient β. Introducing the Brunt-Väisälä frequency � � ����������  
the Boussinesq equations for the incompressible velocity field u=(u1, u2) 
and density fluctuations � � �

� ��� ��� read

�� � � � �� � ��� � �	� � � ����� � 	���
���� � � �� � �	�� �����

where ν and κ represent molecular viscosity and diffusivity respectively 
and f represents an external mechanical force.
In the inviscid, unforced limit (1-2) conserve the total energy (kinetic 
plus potential)


 � 
� � 
� � �

�

��� � �

�
��
������ .

In the presence of forcing and dissipations, the energy input is 
� � 
� � 	 �  which, together with viscous and diffusive dissipations, gives 
the energy balance �


�� � � � �� � �� .
In the limit N  0, equations (1) reduces to usual two-dimensional 

Navier-Stokes equations coupled with the transport equation for the pas-
sive scalar field � . In this case (1) has two inviscid conserved quantities: 
kinetic energy EK and enstrophy � � �����
�� � ���� and the turbu-
lent flow displays the Batchelor-Kraichnan phenomenology with a di-
rect cascade of enstrophy and an inverse cascade of energy to large 
scales (4). The scalar field �  is forced at large scales by the last term in 
(2) and develops a direct cascade transported by the incompressible 
velocity field.

In spite of the fact that (3) is the only inviscid conserved quantity, one 
can expect that the coupling between potential and kinetic energy is 
not effective at all scales. The buoyancy force N2 �  balances the inertial 
force in (1) at the Ozmidov (or Bolgiano) scale L O. At scales much small-
er than LO the buoyancy term in (1) is negligible with respect to the other 
terms and scalar fluctuations can be considered effectively passive.

In this Letter we focus on the case of weakly stratified flows, in which 
the Ozmidov scale is smaller than the external scale of the system 
(the scale of the box) Lbox and larger than the forcing scale �	 , i.e. 
�	 � �� � ���� , a regime in which we expect the following scenario. 
Kinetic energy is injected, by definition, at scale �	  where buoyancy 
forces are negligible, and therefore transferred toward larger scales by 
an inverse cascade à la Kraichnan. When the cascade reaches the 
Ozmidov scale L O kinetic energy is converted in potential energy (den-

sity fluctuations) by the coupling terms in (1-2). Density fluctuations are 
then transported passively toward small scales by a direct cascade and 
finally dissipated by diffusivity. Therefore, we conjecture that the system 
(1-2) can reach a statistical stationary state even in the absence of a 
large scale dissipation mechanism thanks to the “flux loop” mechanism 
described above (and shown in Figure 3) which converts the inverse flux 
of kinetic energy in the direct flux of potential energy.

The above argument can be made more quantitative using di-
mensional analysis. In the range of scales �	  �  ��  we assume 
to have an inverse cascade of kinetic energy with constant flux 
� � � � �� � ������  and therefore with Kolmogorov scaling for velocity 
increments

��� � �����������

At the Ozmidov scale, kinetic energy flux is converted into potential 
energy which generates a direct cascade with flux �� � �����������. 
If the conversion is complete, i.e. if � � ���� , one has for the density 
fluctuations

��� � ��������������

The Ozmidov scale is determined by balancing inertial and buoy-
ancy terms in (1). Using (4) and (5) one obtains

�� � ������������

The inverse energy cascade is therefore halted at the scale L O with a 
kinetic energy 
� � ���� ��� � ��� . This stationary state is reached with 
a characteristic time given by the inverse of the Brunt-Väisälä frequency. 
Indeed, when the integral scale L(t) of turbulent fluctuations is still smaller 
than L O, the input of density fluctuations is given by �� � ������ . Using 
(4) and (5) this gives �� � ����������� � ���
� . From the energy bal-
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Two-dimensional stratified turbulence

Fig. 1. – Snapshot of the density fluctuation field obtained in numerical simulation 
with parameters � � � � ����, � � � � ����, �	 � 	���	, � � ��	 � ����, and 
�� � ���.

Fig. 2. – Temporal evolution of kinetic energy EK (panel a) and potential energy EP (panel b) and energy balance (panel c) for various N2. The inset of panel (c) shows the rate of 
exponential decay of energy growth rate as a function of N. The line represent a linear best fit.
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ance, assuming that �� � ���� (direct cascade) and that total energy 
is dominated by the kinetic component so that �� � ���
 , we have

�


��
� �� �
�
�

which gives 


��� � �

�
��� ���� ��	�

The above arguments assume that �� � �	  and therefore are valid 
for �  �����

����
	

.
Here we report the results of a set of direct numerical simulations 

of equations (1-2) on a square domain of size ���� � �	  with peri-
odic boundary conditions for different values of N. The simulations 
have been performed with a fully parallel pseudospectral code, 
with 2/3-dealiasing rule, at resolution 20482. The flow is sustained 
by a Gaussian forcing 	 � ���
����
� with correlation function 


�� � ��� 
�� �� � ��� � ���� � � �� �������� � � � ���	 ��� . Parameters of the 
simulations are reported in the caption of Figure 1 where we show a 
snapshot of the density fluctuation field �  obtained in our simulations. In 
spite of the stratification in the vertical direction, the density fluctuations 
are almost isotropic. Also the turbulent flow does not show any signifi-
cant anisotropy at scales within the inertial range. The ratio between the 

rms velocities in the vertical and horizontal direction measured in our 
simulations varies in the range 0.95 ÷ 0.97, decreasing monotonically 
as the stratification is increased.

The results of our simulations indicates that the flux-loop mechanism 
depicted above is effective to stop the inverse energy cascade at 
the Ozmidov scale and allows to reach a steady state even in the 
absence of large scale dissipation. As it is shown in Figure 2 (panels 
a and b), in the stratified cases both the kinetic and potential energy 
attain constant values as the system evolves starting from the � � � , 
� � �  initial condition. This situation differs from the test case without 
stratification (N2=0) in which EK grows linearly in time, with the growth 
rate prescribed by the energy balance �
�

�� � � � ��. Consistently, we 
observe that in the stratified cases the energy growth rate � � �� � ��  
(shown in Figure 2, panel c) decreases exponentially, with a decay 
rate which is proportional to N, as predicted by (8). The ratio between 
EP and EK measured in our simulations is an increasing function of N 
and varies in the range 0.11 ÷ 0.19, therefore 
�  
�  as assumed 
in the derivation of (8).

The kinetic and potential energy spectra measured in the statisti-
cally steady state (reported in Figure 3) have a maximum close to the 
Ozmidov scale L O, where the inverse cascade of EK is stopped. More 
precisely, the maximum of the kinetic energy spectrum is attained at a 
wavenumber slightly larger (about a factor 2) than that of the potential 
energy spectrum. At high wavenumbers, � � ���

� , the spectra display 
an inertial range close to Kolmogorov-Obukhov scaling 
� �� � �����, 
in agreement with the hypothesis that the buoyancy effects becomes 

almost negligible at scales �  �� . However, a weak subdominant 
effect of the buoyancy force, which pumps the direct cascade of 
density fluctuation in distributed way, can be detected in the slope of 
the potential energy spectrum, which is slightly flatter than Obukhov 
scaling. At small wavenumbers �  ���

�  the spectra of kinetic and 
potential energy have the same amplitude, and are characterized by 
a scaling 
� �� � �� .
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Fig. 3. – Kinetic and potential energy spectra for various N2. The arrows indicate the 
“flux loop”.

Fig. 4. – Kinetic, potential and exchange energy spectra for various N2 rescaled at the 
Ozmidov scale LO. The exchange energy spectra EX(k) are multiplied by a factor 10–1 
for plotting purposes.
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Report on the results 

The problem whether the 3-dimensional incompressible Na-
vier-Stokes equations in absence of external forces can exhibit 

singularities at finite times for some set of initial data is one of the main open 
problems in the study of the classical equations of fluid mechanics. 

Not much is known on the mathematical nature of the possible singu-
larities, and it is also unclear what kind of physical phenomena they could 
describe. The old idea of Leray [Leray34] that they could be related to turbu-
lence was not followed by any significant result. 

Reliable computer evidence for, or against, the existence of blowups is 
difficult to obtain, due to the fact that simulations of the 3-d real Navier-Stokes 
equations are computationally onerous, and at large Reynolds numbers the 
flow is unstable. 

Some real progress was recently obtained by Li and Sinai [LiSi08], who 
proved that the complex-valued solutions of the 3-d Navier-Stokes equations 
do exhibit singularities at finite times for some class of initial data. The result 
extends to the d-dimensional viscous Burgers equations, and other models 
[LiSi2010] [LiSi10II]. The proofs rely on a variant of the renormalization group 
method. In the search for blowups of the Navier-Stokes equations, which is 
now a Clay Mathematical Institute Millennium Problem, the work of Li and Si-
nai introduces a new direct approach, which consists in looking for concrete 
blowup solutions. 

The singularities of the complex-valued solutions correspond to a diver-
gence of the total energy at a finite time, a phenomenon which for real-
valued solutions of the Navier-Stokes equations is forbidden by the energy 
inequality. Further work is needed in order to understand whether some va-
riant of the renormalization group method can be applied to real-valued 
solutions of the 3-d Navier-Stokes equations.

The singular solutions found in [LiSi08] [LiSi2010] are interesting on their own 
account. They exhibit some new and peculiar features, which are typical for 
relevant physical phenomena, such as tornadoes. 

In our work we studied by computer simulations the properties of the singu-
lar complex valued solutions of the 2-d viscous Burgers equation in the whole 
plane �� with no external force. The 2-d Burgers equations is the simplest PDE 
model of fluid motion for which the blowup is proved for some set of initial 
data. The equations are 

��
��

�
��

���

��
�

���
� � ��� ���� �� � ������ ��� ����� ���� � � ���� ��� � ��������

where u is the velocity field, and the viscosity is set equal to 1. We will actually 
work with the Fourier transform of u 

���� �� � �

��
�
��

���� ��������� .

where � � ���� ��� � ��  and ���� �� � ������ �������� ���.
The function v satisfies the integral equation

The function v satisfies the integral equation
���� �� � �����

���� �� � �
�

�

���������

�� �
��

���� ��� �� � ��� ���� �� ���������

where, as usual, �� � ��
� � ��

� .
The equation (1.2) is provided with suitable initial conditions. We study real 

solutions of the equation (1.2), which correspond to complex solutions in x-
space. 

The main point of our work that of throwing some light on the concrete 
behavior of the solutions near the critical time, i.e., shortly before the energy 
becomes infinite. 

Following [LiSi2010] we take initial data for the equations (1.2) concentrat-
ed around a point ���� � �����, where � � �  is large enough. More pre-
cisely at the initial time � � � , we choose ���� �� � � if ��� ����� � � , for 
some suitable � � � , and for ��� ����� � �  the components of v(k, 0) are

����� ��� �

����
�
�
���������

��� �������������������������������
� �

������

������� � �

����
�
�
��� ������

��� �� �� � ������ �� ��� � ������� �����
� �

������

where σ > 0, B > 0, �� � �, and , ���� � �����
� �����

� �. The 
functions ����� ����, ����� ���� are elements of the Hilbert space with norm

���� � �
����

�
��

��������� ��

������

and are orthogonal to the constants and to the linear functions 
�� � �� �� � � . The reasons for such a choice are explained below at the 
end of the present section. 

If we fix σ, a and the functions ����� ����, with the stated properties, the 
position (1.3), (1.4) defines a six-parameter family of initial conditions depen-
ding on B and on five more parameters, which we write as the components 
of a vector b = (b0,b(1), b(2)), with norm ��� �� ��������� �����

� �� �� � � �� ��. 
The following theorem is proved in [LiSi2010].

Theorem 1 (Theor) For any family of initial data defined by the position (1.3) 
(1.4), one can find ρ0 > 0, a time interval � � ���� ���� � � �� � �� � � 
and functions B (τ), and b (τ) on � , with ������ � �� ρ0 , such that the solution of 
the Burgers equations (1.2) with initial data specified by B (τ), b (τ) develops a 
singularity of the energy at t = τ.

Following [LiSi2010] [LiSi09], we take initial data of the form 
������� �� � �������� ��, where A is a real parameter, and w (1) is a fun-
ction as in (1.3) (1.4). The solution of (1.2) is written as an integral of a formal 
expansion in powers of A:

������� �� � ������

������� � �
�

�

��������� ��

���

��������� ����������

Setting g(1)(k, t) = ������� �� � ������

������� � �
�

�

��������� ��

���

��������� ����������  and

������� �� � �
��

�������� ��� �������������� ����� ����� ���� ��� �����������

we find for p > 2 a recursive relation for g (p) which reminds the famous 
BBGKY hierarchy of statistical physics. 

We scale the variable K and the function g (p) with p

�������� �������
��

�
�� ������� �������������� �������

��
�

�� ��� ����������
and setting �� � ���� ����

�
� �� � � �� �� � � ����� ���� � �� � , for lar-

ge p and we get the simple recursive relation

������� �� � ��

���

�
�������

�� �����

�

��
��

�
�

�
��
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�
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���

���� �
�

� � ��
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�

� � �

� �
���� � ��

�����������
�� �

� � �

� �
��� ������

We assume by induction that for all � � � there are time intervals � ���, 
with � ����� � � ���, such that for � � � ���� � � � , and some � � � ,

��� ���� �� � � � ����������� �
� ��

���

����
���� � �� ��� ��� �������

where Z (t), ����� are functions to be determined and δr is a small remain-
der. For large p the sum in (1.8) is interpreted as a Riemann sum with step 
�

� . As � � �, assuming that near the critical time � ��� � ���, we get the 
following equation for H

This equation can be considered as a fixed point equation, as usual in the 
renormalization group method. 

Equation (1.10) has the simple constant solution H0(Y) = (1,1). Moreover, 
by linearizing around the fixed point H0(Y) and expanding in the Hermite poly-
nomials one can see that we have a 2-dimensional unstable subspace and 
a 4-dimensional neutral one. All directions orthogonal to such subspaces in 
the space of the square summable functions with values in ��  and gaussian 
weight are stable. 

Setting H = H0 in equation (1.9), the proof of Theorem ?? requires that 
the intervals � ��� have a nonempty interval �  as intersection, and that the 
remainder δr in (1.9) tends to zero for � � � ��� and large r. By applying the 
iteration procedure in r it turns out that the stable component vanishes expo-
nentially fast, and the main difficulty consists in controlling the components 
of δr along the unstable and neutral subspaces. 

A delicate analysis shows that for large p we have ����� � ����, where 
� is a monotonic positive function. Therefore one can construct a solution 
blowing up at some time � � �  by choosing � � �

���� . 

In order to see this, observe that the main contribution to the integral on 
the right side of (1.5) comes from the values � � � , so that, by the position 
(1.9), the behavior of the solution (1.5) near the critical time is approximately 
given by

�
�

��������� �� � �
�
�

�
����
����

� �� �
�

�������� ��
�����

����
������������

where C is some constant. This expression diverges at � � �. Moreover, as for 
small � � �  we have 

����
���� � �� ��� � �� for some � � �, we see that the largest 

contribution to the sum (1.11) should come from � � ���� � �

� � � , so that the 
support of the solution in K-space escapes to infinity along the direction (1,1) 
as � � � . 

A more detailed, but rather simple, analysis of the expression (1.11) (see 
[Li&Sinai 2010]) leads to the prediction that the total energy

���� � �

�
�

��

����� ������������
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behaves near the critical time τ as

���� � ��

�� � ���
�������

for some constant �� � � . 
Moreover the Fourier transform to the original space variable

���� �� � �

��
�

��

���� ������������������

converges as � � �  for all � �� � , but diverges at � � � . Pictures of the be-
havior of u (x, t) near the blowup time, which are strongly reminiscent of 
some catastrophic physical phenomena such as tornadoes, are given in 
the following section.

The numerical simulation. 

The computer simulations were performed at the CINECA/SCS (Super-
ComputingSolution) Center at Bologna on the Supercomputer IBM SP6. 
Equation (1.2) at the incremented time � � ��  is written as

���� ������������

���� ��������� �
����

�

���������

�� �
��

������� ���������� ������

The time integral is computed by two different quadrature methods: 
the rectangular formula and the trapezoidal formula. In the first case the 
integral on the right is computed in terms of v (k, t), and this yields an ex-
plicit recursive formula for ���� � � ���. In the second case, the unk-
nown function ���� � � ���  appears in the k´-integral as well as on the left  
side, and this yields an implicit recursive formula for ���� � � ���. At each 
step, the resulting equation is numerically solved by a usual fixed-point ite-
ration.

The spatial integration is approximated by a trapezoidal formula with the 
same discretization step along both k´-axes, and over the whole region whe-
re the values of the solution are significant, using the discrete fast Fourier 
transform algorithm implemented by the software library FFTW [FFTW]. 

The first step was a rough screening of the solutions generated by 50,000 
points in the parameter space describing the initial conditions (1.3) (1.4). We 
took �� � �� �� � ��� ��� �� � � �, and

������� � ������� � �����
� � �� � �����

� � �� � ������������
The 50,000 initial points were obtained by a random choice of the con-

stant B in the interval (5, 50), while the five components of b and the con-
stants a1, a2, a3 were chosen at random in a small interval around the origin. 

The solutions were followed up on a regular space-time mesh of 
points with space step (in k-space) �� � ��� and time step �� � ����.  
The energy variations at several times were recorded, and the most promising 
evolutions were then sorted out, and were followed up with a smaller time 
step. 

It turns out that the rapid growth leading to the blowup takes place on a 
time of the order �� � � � ���� , so that it is to be expected that with our 
choice of the time step, many blowups occurring for the chosen sample of 
initial conditions escaped observation.

Of all the cases we chose for the follow up, sixteen show a clear blowup. 
As they look very much the same, we report the results for one of them, con-
ventionally denominated “Case 1”. The initial data for Case 1 are

���������� ����������
� ����������

� ����������
� �����������

� �����

�� �������� � ������� � �����

The exploding solutions move out to infinity in the direction (1,1), but, for 
convenience we rotate the initial data in such a way that the blowup moves 
along the k1 axis. 

A. Critical time and behavior of the total energy E(t). The solution ex-
plodes very soon, at a time � � �� � ���� . We used three different values of 
the time step δt, namely ��� � �������� � ����, and ��� � ����, and three 
values of the space step δk, i.e., 0.5, 1 and 2. 

As predicted by the theory, when the time t approaches the critical time τ 
(from below), the behavior of the quantity ��������

�  is linear in t, and the inter-
cept with the horizontal axis gives the value of the critical time τ. 

Table 1 reports the values of τ obtained for different choices of the space 
step δk and of the time step δt, for both the explicit and the implicit iteration 
methods. 

Figure 1 shows the corresponding plots of ��������
� versus t. The R-square 

of the linear regressions, which are limited to times close to τ, is always very 
good, ranging from 0.9973 to 0.9993. 

The critical time τ is remarkably stable with respect to the space step δk. It is 
more sensitive to variations of δt, and decreases when we decrease δt or pass 
from the explicit to the more precise implicit integration method, although it 
tends to a limiting value. 

The decrease of τ is a consequence of the fact that when the integration 
in time is made more precise the energy increases in a significant way, and 
the support of the function moves faster out to large values of k. This fact 
indicates that there are large time derivatives which our integration method 
cannot fully take into account. The variation of the energy when the space 
step δk is changed are not so significant. 

B. Distribution of the energy in k-space and in x-space. From the initial 
time up to the beginning of the blowup, which for Case 1 starts approxima-
tely at time ���� � ����  time units, the energy stays more or less constant, 
as shown by Figure 1. 

When the blowup begins the energy starts growing very rapidly and the 
relevant support of the solution concentrates in a “bump” moving away to 
infinity. In Figure 2 we show the distribution of energy in k-space, i.e., the plot 
of ����� ���

�

�
, at three subsequent times in the blowup region. For visual reasons 

the k2 direction has a larger scale than the k1 direction, and in fact the bumps 
are much thinner than they appear.

In x-space, as it can also be predicted by analyzing the approximate 
expression (1.11), near the blowup time the energy concentrates around the 
origin. The solution u (x, t) converges as � � �  for all � �� �, and the solution 
at the critical time u (x, τ) should diverge as ����� �� � � �  (see [LI & Sinai 
(2010]).

Our computer simulations allow a nice picture of this kind of behavior, 
as shown in Figure 3, where the distribution of the energy is shown in x-spa-
ce for the same cases as in Figure 2. The energy includes both the real 
and the imaginary parts, i.e., as ���� �� � ������� �� � �������� ��, we set 
����� ���� � �������� ���� � �������� ���� . As the values near the origin are very 
high, we chose a logarithmic scale, which is the reason why the growth does 
not look as impressive as in Figure 2. 

Conclusions 

We believe that a better understanding of the singularities obtained by 
renormalization group techniques for the complex-valued solutions of the 
equations of fluid dynamics may lead to new ideas for the theoretical in-
vestigations of possible blowups for the 3-d real Navier-Stokes equations, 
and also help in the difficult task of obtaining computer evidence of such 
blowups. 
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TaBle 1 • Value of the critical time τ for the different choices of δt  , of δk  and the 
explicit (Exp) or implicit (Imp) integration method.

δt

Exp δk = .5
Exp δk = 1
Imp δk = 1
Imp δk = 2

2–7 · 10–4

12.666 · 10–4

12.668 · 10–4

12.132 · 10–4

12.104 · 10–4

2–8 · 10–4

12.387 · 10–4

12.400 · 10–4

12.028 · 10–4

12.016 · 10–4

2–9 · 10–4

12.215 · 10–4

Fig. 1. – (E(t))–1/5 versus t · 104 for the different choices of δt, of δk and the explicit (Exp) 
or implicit (Imp) integration method.

Fig. 2. – Case 1,                                        , implicity integration method. Plot of the 

energy density e (k, t) = ����� ���
�

�
 at times 12.00 10–4, 12.02 10–4, 12.03 10–4. 

Fig. 3. – Case 1,                             , implicit integration method. Plot of 

 at times 12.00 10–4, 12.02 10–4, 12.03 10–4. 
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Introduction

Many industrial processes involve dispersion of immisci-
ble liquid/liquid systems. The final morphology resulting from the mixing 
of the two components influences all the properties of the final pro-
duct. An elementary step in the mixing process is the deformation and 
breakup of an immiscible single dispersed drop in a turbulent flow. 
In order to understand the breakup mechanisms characterizing the 
mixing process, we studied the droplet breakup in a turbulent channel 
flow. Experimental and numerical studies show that the turbulent bre-
akup of droplets larger than the Kolmogorov scale is governed by the 
interplay between surface tension and turbulent pressure fluctuations. 
The phenomenological model proposed by Kolmogorov (1) and Hinze 
(2) explains the drop breakup as the result of an hydrodynamic stress, 
associated to the flow, higher than the droplet surface tension. For 
high Reynolds numbers, the hydrodynamic stress is governed by iner-
tia. In 1955 Hinze suggested that a drop larger than the Kolmogorov 
length-scale breaks when the Weber number (Wed) based on the drop 
diameter d is larger than a critical value Wed,cr = 1.18. After this two 
pioneering works, several authors have studied the drop breakup cri-
teria in turbulent flows both theoretically and experimentally. Although 
the Kolmogorov-Hinze theory was used, a wide range of critical Weber 
numbers were obtained based on different assumptions and experi-
ments. Sevik and Park (3) predicted a critical Weber number equal to 
2.6 observing the fragmentation of a bubble injected into a water jet, 
whereas Risso and Fabre (4) obtained critical Weber number between 
2.7 and 7.8 from experimental data of a bubble deformed under 
micro-gravity conditions. They also observed a linear coupling betwe-
en deformation and Weber number up to the breakup, after that the 
linear scaling does not holds. These results have been observed as 
well by Quian et. al. (5) performing sets of lattice Boltzmann simula-
tions of bubble breakup in isotropic and homogeneous turbulence. In 
the present project, the simulations results of droplet deformation and 
breakup in wall-bounded turbulence under zero-gravity conditions 
and matched density and viscosity fluids are discussed.

Methodology

To describe the turbulent deformation and breakup process a Diffu-
se Interface model (DI) is adopted. The basic idea of the DI model is 
to replace the sharp interface between the fluids with a thin but finite 
thickness transition region, where the interfacial forces are smoothly di-
stributed. A so-called order parameter �  is then introduced to describe 
both the two fluids. The order parameter is uniform in the bulk phases 
and varies continuously over the interfacial layers, from the bulk value 
representing the first fluid to the bulk value representing the second flu-
id. In this way all the fluid properties can be rewritten as proportional 
to �  obtaining a continuous change from one fluid to the other. The 
best-known example of this type of model is the Cahn-Hilliard equation 
in which relaxation of the order parameter is driven by local minimiza-
tion of the free energy subject to phase field conservation and, as a 
result, the interface layers do not deteriorate dynamically. For density-

matched binary fluids the coupling with the hydrodynamics effects is 
accomplished with the coupling of the convective Cahn-Hilliard equa-
tion to a modified momentum equation that includes a phase field-
dependent body force.

1.1 The phase field model

The fluid drop is introduced in a fully developed turbulent channel 
flow. The fluids are incompressible and Newtonian, furthermore they are 
viscosity and density matched. Under these assumptions, the NSCH sy-
stem reads:

where ui is the i-th component of the velocity vector, p is the fluctuating 
kinematic pressure, δ1,i is the mean pressure gradient that drives the flow,  
�  is the order parameter, μ is the chemical potential, Reτ is the shear (or 
friction) Reynolds number, Pe is the Peclet number, Ch is the Cahn num-
ber and is the weber number. The shear Reynolds number is defined 
as ��� � ����� , based on the shear velocity, uτ, on the half channel 
height, h, and on the fluid kinematic viscosity, ν. The shear velocity is 
defined as �� � ��������� , where τw is the mean shear stress at the wall 
and ρ is the fluid density. The Peclet number is defined as �� � ����� , 
where D = βM, M is the mobility (or Orsanger coefficient) between the 
two fluids inside the interfacial layer and β is a coefficient of the dimen-
sional chemical potential (�� � ��������������� ��� � ���������) of 
Eq. (4). The Cahn number is defined as �� � ��� , where �� � ��� is the inter-
face thickness. The weber number is defined as �� � ���

� ��� , where  
σ is the droplet surface tension. All variables considered in this study are 
reported in dimensionless form, represented by the superscript +, which 
has been dropped from Eqs. (1)-(4) for sake of simplicity, and expressed 
in wall units. Wall units are obtained by taking, uτ, ν and the equilibrium 
order parameter � b as the reference quantities employed for norma-
lization. The equilibrium order parameter is obtained from the constant 
solutions of Eq. (4) which yields �� � �����

���
�

�
��� (more detailed deri-

vation of this quantity can be found in Badalassi et. al. (7)) and yields the 
order parameter �  to change from the bulk value �  = 1 to the other 
bulk value �  = –1. The reference geometry consists of two infinite flat 
parallel walls; the origin of the coordinate system is located at the bot-
tom wall and the x–, y– and z– axes point in the streamwise, spanwise 
and wall-normal directions, respectively (see Figure 1). The calculations 
are performed on a computational domain of size ��� � ��� � ��  in 
x, y and z, respectively. Periodic boundary conditions are imposed on 

both velocity and phase field in the homogeneous x and y directions; 
at the wall, no-slip condition is enforced for the momentum equation 
whereas no-flux condition ����� � � is adopted for the Cahn Hilliard 
equation.

1.2 The DNS methodology

DNS of drop deformation and breakup in fully-developed channel 
flow has been performed. The governing equations Eqs. (1) - (4), are 
discretized using a pseudo-spectral method based on transforming the 
field variables into wavenumber space, using Fourier representations for 
the periodic directions and a Chebyshev representation for the wall-
normal direction. The time advancement of the Navier Stokes equations 
system (2) is performed using an explicit two-stage Adams-Bashforth 
scheme for convective terms and an implicit Crank Nicolson method 
for the viscous terms. The time advancement of the Cahn Hilliard equa-
tion (3) is performed using a modified first order Standard Backward 
Difference Scheme (SBDF1) which has previously been adopted by Yue 
et. al. (8). Direct numerical simulation were performed at Reτ = 100,  
Pe = 128000 and Ch = 0.071. With this fixed parameters, fifteen dif-
ferent values of the Weber number were considered ranging from  
We = 0.5 to We = 550, using an Eulerian grid made of 256 x 128 x 129 
nodes.

Results

The physical problem considered in this study is the evolution of a 
single spherical drop of diameter d+=80.0 released in fully developed 
turbulent channel flow (see Figure 1).
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Fig. 1. – Sketch of the computational domain.
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At the beginning of the simulations there are no differences in velo-
city between the droplet and the carrier fluid and the droplet interface 
is initialized with the equilibrium profile (7). In Figure 2 some drop defor-
mation and breakup patterns at different Weber number are reported; 
the snapshots are not equally spaced in time but they were selected in 
order to show the deformed drop shapes. All the basic types of defor-
med shapes proposed by Hinze (2) seem to be experienced by the dro-
plets. Initially, for low Weber numbers, the droplet maintains a lenticular 
shape, whereas reducing the surface tension a elongate “cigar” shape 
is assumed. When the droplet experiences this kind of deformation, no 
breakup process is observed. After the critical Weber number the drop 
surface became also irregular and bulges and protuberances occur. 
The deformed drop assumes the so-called bulgy shape and going on 
with the simulation it breaks. Following Hinze (2) the bulgy shape is due 
to the velocity fluctuations, thus in this work the viscous effects on the 
breakup process are negligible. Finally the snapshots of Figure 2 show 
qualitative agreement with the results reported in Figure 11 of Qian et. 
al. (5) and the results reported in Figure 4 of Risso and Fabre (4) Since 
the fluids are density matched, there is no relative velocity between 
the carrier fluid and the droplet, thus the deformation and breakup are 
only due to the turbulent velocity fluctuations. Following Risso and Fabre 
(4) the fractional deviation of the area projected by the droplet on a 
reference plane �� � ���� � � with respect to its initial value A0 has 
been used as the deformation parameter. Since wall-bounded turbu-
lent flows are strongly non-homogeneous, three projection planes have 
been considered: ���

�� � on the xy plane, ���
�� � on the xy plane and  

���
�� �on the xy plane (where <> represents the time averaging over 

the simulation time).A global deformation parameter have been consi-
dered takeing the mean square value of the area fractional deviations  
over different planes ���� � ����

�� �� � ���
�� �� � ���

�� ������. The defor-
mation parameters with respect to the Weber number are reported in 
Figure 3. For ��� � �  the mean square deformation ���� and the 
deformation along the xy plane ����� � depend linearly on the Weber 

number and their magnitude remains lower than 0.5. From the analysis 
of the deformed droplet snapshots, the breakup seems to take pla-
ce for ��� � ��� � ���  and thus the linear behavior of either ���� 
or ���

�� � gives a good estimation of the critical Weber number Wed,cr. 
Furthermore no breakup is observed up to deformations of 0.4 - 0.5. 
The results obtained are consistent with those of the experimental work 
of Risso and Fabre (4) and the computational simulations of Qian et. al. 
(5), even if they considered the deformation of bubbles.

Conclusions

In this work we developed an accurate and robust computational 
framework based on the direct numerical solution of the Navier Stokes 
- Cahn Hilliard system, to study the droplet deformation and breakup in 
turbulent channel flow. A parametric study of the droplet deformation 
and breakup in wall-bounded turbulence has bee carried out at diffe-
rent Weber number ��� � �� � ���  and at  
and �� � �����. The deformation parameter obtained shows an ini-
tial linear trend with respect to Wed up to the critical Weber number at 
which the droplet breaks. These results are in agreement with experi-
mental results.
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Fig. 2. – Sequences of drop deformation and breakup at different Wed. The simulation 
time increases moving from left to right. The snapshots at different Wed have been 
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versus diameter based Weber number Wed.
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The interaction of turbulence field with different kinetic 
energy and macroscales is very frequent in nature and 
engineering. For example, atmospheric turbulence inside 

and outside clouds has frequently different turbulent intensity, caused 
by the presence of phase changes and latent heat release. Two nu-
merical experiments have been carried out to study the generation of 
small-scale anisotropy in turbulent flows in absence of a mean shear: 
we have simulated the interaction between two decaying isotropic tur-
bulent flows with different statistics. In the first experiment, the inhomo-
geneity is due to the presence of a kinetic energy gradient while, in the 
second experiment, we introduced a spatial perturbation of the corre-
lation length in presence of an intially uniform kinetic energy. In the first 
experiment, we have also simulated the advection of a passive scalar 
interface and compared it to the advection in a homogeneous flow.

From a numerical point of view, the incompressible Navier-Stokes 
equations have been solved in a parallelepiped with periodic bound-
ary conditions on all sides [1]. In the initial conditions, the computational 
domain contains two homogeneous and isotropic turbulent fields which 
differ in their kinetic energy or integral scale, see the scheme in Figure 1. 
Three parameters control the interaction between the two isotropic re-
gions: the Reynolds number Re, the energy ratio E1  / E2 and the integral 
scale ratio 

 1 2/ . The following configurations have been simulated:

1. E1  / E2 = 6.6,E E Re1 2  . , , / /= = =6 6 1 1501 2  È= Reλ = 150. We solved the Navier-Stokes equa-
tions together with the advection-diffusion transport equation for a pas-
sive scalar with Sc = 1 on a 6002 × 1200 grid. A initial uniform concen-
tration of passive scalar has been introduced either in the high-energy 
homogeneous region or in the low-energy homogeneous region.

2. E1  / E2 = 1,  1 2/  = 1, Reλ = 150, Sc = 1. In this flow configuration 
we simulated the diffusion of the passive scalar interface in a homo-

geneous velocity field. This is a reference configuration for the scalar 
diffusion.

3. E1  / E2 = 1,  1 2/  = 2,4, Reλ = 250; E1  / E2 = 1,  1 2/  = 2,8 and 2.1, 
Reλ = 150. We simulated the effect of a macroscale inhomogeneity 
in a uniform kinetic energy distribution. Grid: 10242 ×2048 (Reλ = 250), 
6002 ×1200 (Reλ = 150).

In the first experiment we have analysed the statistics of velocity and 
velocity derivatives in the mixing layer generated by a gradient of tur-
bulent kinetic energy in presence of a uniform integral scale. The Taylor 
Reynolds number is equal to 150 in the high energy region and the ratio 
of the kinetic energy between the two isotropic fields has been chosen 
as 6.6 in order to extend previous results at lower Reynolds numbers. 
The main result is that there is not only a significant departure of the 
longitudinal velocity derivative moments from the values found in ho-
mogeneous and isotropic turbulence, but that this is associated with a 
significant anisotropy [2]. Longitudinal derivative moments depart from 
the values typical of isotropic flows, and higher intermittency can be 
found in the energy gradient direction than in the homogeneous di-
rections. While no significant transversal skewness has been found, the 
longitudinal derivatives exhibit different behaviour in different directions. 
An example of the probability density function of the longitudinal de-
rivative is shown in Figure 2(b): the energy gradient changes the tails of 
the pdf in the mixing layer with respect to the pdf in the homogeneous 
regions, which compares well with the data by Ishihara et al. [9, 10]. The 
skewness variation from the isotropic value is negative for the direction 
normal to the mixing layer and positive for the directions parallel to the 
layer. This implies that the mixing process produces a further compres-
sion of the filaments lying across the mixing layer and a reduction in the 
filaments compression in the normal directions. The relative values of 
the deviations from isotropy depend on the flow parameters: when the 
Reynolds number increases, ΔS∂v/∂y and ΔS∂v/∂y / ΔS∂u/∂x  decrease, while 
an opposite behaviour is seen when the energy ratio increases, see 
Figure 2(c). For large values of E1 / E2, the mixing approaches a situation 
where a turbulent flow diffuses in a region of relatively still fluid, and the 
main effect on small scales in this limit seems to be an additional nega-
tive stretching in the direction of the energy flow. Shear and shearless 

flows have thus different kinds of small scale anisotropy: a strong differ-
entiation of longitudinal derivative moments for shearless flows and high 
values of transversal derivative moments for shear flows. This is a feature 
which had never been pointed out.

The transport of a passive scalar interface in this shearless mixing has 
been simulated by solving the advection-diffusion equation for the sca-
lar concentration with a Schmidt number equal to one [3]. In the initial 
conditions, the scalar is present only in the low energy homogeneous 
region. The passive scalar diffusion closely follows the one observed 
for the self-diffusion of the velocity field and a stage of evolution with a 
power law scaling of the mixing thickness is reached. The scaling expo-
nent (0.46) is slightly subdiffusive, as contrasted with the superdiffusive 
behaviour (0.68) of the two dimensional mixing, see Figure 3. Two inter-
mittent fronts are generated at the margins of the mixing layer. During 
the decay these fronts move in both the direction of the scalar flow and 
the opposite direction. However, while in two dimensions the propaga-
tion of the fronts exhibits a significant asymmetry with respect to the 
initial position of the interface and is deeper for the front merged in 
the high energy side of the mixing, the two fronts remain nearly sym-
metrically placed in three dimensions. In the central part of the mixing 
layer, between the two intermittent fronts, the scalar fluctuations tend, 
after few eddy turnover times, to an almost steady state. The variance 
decays very slowly and the spectrum shows an inertial range scaling. 
The scalar spectrum approaches the homogeneous turbulence k−5/3 
inertial scaling in three dimensions, while in two dimensions the passive 
scalar exponent in the inertial range is about −1.4, which is roughly 
one half of the −3 exponent of the velocity field and is far from the k−1 
inertial range scaling of homogeneous and statistically stationary flows.

For more details on the small scale anisotropy and scalar transport in 
a shearless flow, please refer to [2, 3, 4, 5].

In the second numerical experiment, we have followed the time de-
cay of a turbulent flow with an initially uniform distribution of turbulent 
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Fig. 1. – Scheme of the computational domain and of the initial conditions: two 
homogeneous and isotropic turbulent flow with different turbulent kinetic energy (or 
integral scale) interact in absence of a mean shear. The initial energy ratio E1 / E2 varies 
from 1 to 6.6 and the initial integral scale ratio E E Re1 2  . , , / /= = =6 6 1 1501 2  È varies from 1 to 2.4. The Taylor 
microscale Reynolds number Reλ

 
of the more energetic flow is 150 and 250 in the 

simulations. The visualization in the figure is from a simulation at Reλ = 150.

Fig. 3. – Interaction layer thickness, normalized with the initial integral scale E E Re1 2  . , , / /= = =6 6 1 1501 2  È. The sca-
lar layer thickness Δθ is defined as the distance between the points where θ̄  is equal 
to 0.25 and 0.75. The energy layer thickness is defined as the distance between the 
points where the normalized turbulent kinetic energy (E − E2)/(E1 − E2) is equal to 0.25 
and 0.75. The exponents of the power law fitting of the scalar thickness growth are 
indicated. The same scalar thickness growth is observed in the absence of the kinetic 
energy gradient (E1 / E2 = 1). Experimental data are from the wind tunnel experiments 
by Veeravalli and Warhaft [7, 8] with E1 / E2 = 7.

Fig. 2. – (a) Scheme of the general behaviour of the longitudinal derivative skewness 
in the shearless mixing layer. (b) Normalized probability density function of the longitu-
dinal derivatives in the centre of the mixing layer at t/τ = 3.5 (Reλ = 150, E1 / E2 = 6.6); 
ξ = ∂ui/∂xi with i = x, y1, and y2 and σξ is its root mean square. (c) Anisotropy of the 
longitudinal derivative statistics variations in the centre of the mixing layer as a function 
of the energy ratio at Reλ = 45 (circles) and as a function of the Reynolds number at 
E1 / E2 = 6.6 (squares).
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kinetic energy, but where the integral scale has been varied slightly in 
two adjacent regions [6]. The two regions are characterized by different 
spectrum shapes in the low wavenumber range, one almost k2 and the 
other close to k4. This simple configuration allows us to investigate the 
generation of large-scale and small-scale anisotropy arising from the 
different decay rates of the two interacting isotropic fields.

Since the smaller-scale region decays faster, a transient turbulent en-
ergy gradient is generated at the interface between the two regions. 
As a consequence, a scale and energy gradient are simultaneously 
present in the interaction layer. The transient is characterized by three 
phases in which the kinetic energy gradient across the interface grows, 
peaks and then slowly decays. The energy gradient lifetime has been 
found to be almost proportional to the initial ratio of the correlation 
lengths.

The large scale intermittency is shown by the statistics of the velocity 
component in the inhomogeneous direction: a gradual increase of the 
velocity skewness and kurtosis above their gaussian levels is observed. 
When these moments are plotted in the (S, K) plane, all simulations fol-
low the same path with a quadratic law K−3 ~ S2, even if their Reynolds 
number and initial scale ratios are different, and, consequently, they 
reach different levels of intermittency. This path is followed also by the 
mixing with an imposed energy gradient, even if in that case there is 
an asymptotic state with constant skewness and kurtosis, which is not 
seen in the mixing generated by a scale inhomogeneity. Intermittency 

is not limited to the large scales and, after few eddy turnover times, 
the longitudinal derivative skewness, which is a dimensionless measure 
of the average rate of enstrophy generation by vortex stretching, be-
gins to depart from the levels present in the homogeneous regions of 
the simulation. The structure of small scale anisotropy follows the rather 
particular pattern of the shearless mixings driven by an imposed en-
ergy gradient, with no transversal derivative odd moments and a strong 
differentiation of the longitudinal derivative moments. However, in the 
higher Reynolds number simulations (Reλ = 250) the small scale anisot-
ropy is much reduced with respect to the simulations at lower Reynolds 
number (Reλ = 150) while the large scale intermittency reaches similar 
levels. A detailed discussion of these flow configuration has been pub-
lished in Physica D[6].
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Introduction

In (1) we studied the self-overlap and its fluctuation in 
chemical gels, under the assumption that each cluster follows a sim-
ple relaxation process depending only on its size. The overall relaxa-
tion process is the sum of the relaxation process over all the clusters. 
Knowing the cluster size distribution, given by the percolation theory 
(2,3), ���� � ��������� where s* is the size of the critical cluster, and the 
size dependence of the cluster diffusion coefficient, ���� � ���  whe-
re D(s) is the diffusion coefficient of the center of mass of a cluster of 
size s, we are able to obtain explicitly the behaviour of the self-overlap 
and its fluctuation. In particular we find that the self-overlap decays in 
the long time limit as a power law, t –3/2. Its fluctuation, χ4(t), exhibits a 
growth at short time as t(3 –τ)/x. At long times χ4(t) decays as t –3/2 while, at 
intermediate time, it reaches a maximum at time t*, which scales as 
s*x. Finally the value of the maximum, ���� �� � ��� � ���, scales as the 
mean cluster size.

In this project the above theoretical predictions are shown to be in 
good agreement with the numerical data, obtained using Molecular 
Dynamics simulations in a specific model for chemical gels, where 
spherical monomers are bonded by the FENE potential (4, 5).

The FENE model for permanent gels

We consider a 3d system of N particles interacting with a soft poten-
tial given by:
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�
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where rij is the distance between the particles i and j.
After the equilibration, at a given time t = 0 particles distant less than 

R0 are permanently linked by adding an attractive potential:

	����
� � ���� ���

�
� �	 
�� ���������� �� � ��

�� �� 	 ��

�
���

representing a finitely extendable nonlinear elastic (FENE) potential. We 
choose �� � 
�����  and R0 = 1.5σ as in (5) in order to avoid any bond 
crossing.

The equations of motion are solved in the canonical ensemble (with 
a Nosé-Hoover thermostat) using the velocity-Verlet algorithm (6) with a 
time step �� � ������� , where �	 � ���������  is the standard unit time 
for a Lennard-Jones fluid and m is the mass of the particles. We choose 
periodic boundary conditions, and average all the investigated quanti-
ties over 32 independent bond configurations. The temperature is fixed, 
and the volume fraction, � � ��
����
  (where L is the linear size of 
the simulation box in units of σ), is varied near the percolation threshold.

Using the percolation approach, the gel phase was identified as 
the state where a percolating cluster is present (7,8). With a finite size 
scaling analysis (9,10) it was obtained that the cluster size distribution 
at the gelation threshold �� � ���� ����  is given by ���� � ��� , with 
� � ��� ���; the mean cluster size in the sol phase near the threshold 
���� � �

������ ���� � ����, with � � ��� ���; the connectedness 
length 
 � ��� � ���� , with � � ���� ����; and the fractal dimension 
of large clusters is �� � ��� ���.

In the sol phase we measure the mean squared displacement of 
clusters of size s,

������ �� � �

���
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where <...> is the thermal average over fixed bond configuration, 
[...]  is the average over independent bond configurations, and Ns the 
number of clusters of size s. After the short time ballistic regime, Δr2(s,t) 
displays a diffusive behaviour (in Figure 1a, 
������� ���� is plotted for 
�  = 0.0875 and different s). We find that the diffusion coefficient of 
clusters, D(s), obtained from the fit at large times ������ �� � ������ , 
decreases as a power law ���� � ��� , with � � ���.

The self-overlap, ���������� , is defined by�������� � �

�

	


����� ��� � �����

where ��� ��� � ��� ��� ��� ����  is the displacement of the i–th particle in 
the time t, and the Heaviside step function ������ ����� � �� , is 1 for 

���� ����� � �  and zero otherwise. We measure both the self-overlap 
of clusters of size s, and the overall self-overlap (and the respective 
fluctuations). In Figure 1b the self-overlap of clusters, qself (s, t), with size 
s = 9 and its fluctuation, χ4(s, t), are plotted for �  = 0.0875 and 
a = 15. In agreement with the theoretical predictions (1), we find that, 
for large enough a, qself (s, t) and χ4(s, t) are well fitted respectively by 
h (s, t) and h (s, t) (1 – h (s, t)), where

���� �� � ��� ���� ��� � � ����
�

� ���� ���������������

���� �� � ��
���������������
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����

and D(s) is the diffusion coefficient of cluster of size s, obtained as fitting 
parameter from the mean squared displacement, ������ �� � ������, 
at given s and � .

In Figure 2 the overall self-overlap, ����������, and its fluctuation, χ4(t), 
are respectively plotted for a = 15.0 and several volume fractions near 
the threshold: χ4(t) displays a peak, whose value increases as a function 
of the volume fraction. Moreover χ4(t) increases at short times as � �
����� ,
with �
� ���� � ���  (dashed curve in Figure 2b), and decreases at 
long times as t –3/2 (continuous curves in Figure 2b). A similar behaviour is 
also found in the long time decay of the self-overlap. Finally the time t*  
where χ4(t) has the maximum diverges at the threshold as a power law 
with the exponent f � 1.6. The maximum value, χ4(t*), is shown to scale 
with the same exponent γ of the mean cluster size.

A. FIERRO1,2, T. ABETE2, A. DE CANDIA1,2,3, A. CONIGLIO1,2,3

1CNR-SPIN, Napoli
2Dipartimento di Scienze Fisiche, Università degli Studi di Napoli “Federico II”

3INFN, Unit of Naples

Critical behaviour of Self-Overlap 
and its fluctuation in Chemical Gels

Fig. 1. – A) Mean squared displacement, 
������� ���� of clusters for � = 0.0875 
and sizes, s = 1, 3, 6, 10, 20, 40, 70. B) Self-overlap of clusters of size s, for � = 0.0875 
a = 15.0 and s = 9 (black empty circles), and relative fluctuation (blue full circles) 
as a function of a (s, t) = a (4D (s) t) –1/2. The continuous curves are respectively h (s,t) 
and h (s, t)(1 – h (s, t)).

Fig. 2. – A) Self-overlap, ���������� , for a = 15.0 and � = 0.07, 0.075, 0.08, 0.085 
and 0.0875 (from left to right). B) Dynamical susceptibility, χ4(t), for a = 15.0 and
� = 0.07, 0.075, 0.08, 0.085, and 0.0875 (from bottom to top). The dashed curve is 
a power law, t 1.2, and the continuous curves are t –3/2.
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Conclusions

Our analysis, under simple hypothesis on cluster diffusion, predicts 
for chemical gels a complex dynamical behaviour, in agreement with 
the numerical data on a suitable model. In particular we show that the 
dynamical susceptibility, defined as the fluctuation of the self-overlap, 
is the superposition of contributions due to different clusters, with each 
term having a maximum, at a time proportional to a2 /D(s), whose value 
is proportional to s2ns. We find that our data, obtained using Molecular 
Dynamics simulations in a specific model, are in good agreement with 
the predictions, when the parameter a defining the window ��� � �� of 
the self-overlap is large enough. Moreover, the peak of the fluctuation 
scales as the mean cluster size, therefore diverging at the percolation 
transition.
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Doping of oxides is a complex problem (1): several ef-
forts have been conducted to understand and optimi-
ze doping of these materials that suffer from volatility of 

oxygen, accompanied by large lattice anisotropy, responsible for 
inhomogeneous diffusion (2).

Because of the coexistence of high conductivity and high tran-
sparency in the visible region, the realization of transparent conduc-
tive oxides (TCO) through doping has attracted much interest for 
optoelectronic device applications, such as solar cells and liquid 
crystal displays.

Among all, it has been recently proposed that aluminum-doped 
zinc oxide (AZO) films can be the optimal choice as TCO layers in 
ZnO nanowire-based solar cells (3-5). The optical, electrical, struc-
tural and morphological properties of the TCO films are essential in 
determining device performances. TCO combination of conduc-
tivity and transparency are still the subject of intense debate (6-8). 
Furthermore, experimental data (9-11) have shown non-monotonic 
variations in the electronic properties of AZO films increasing dopant 
concentration: recent transport measurements (11) have revealed 
an unexpected deterioration of mobility beyond the Al solubility li-
mit (~ 3%). First principles investigations offer the unique possibility of 
characterizing the optoelectronic properties of TCOs at an atomistic 
level, taking directly into account the interplay between the electro-
nic and structural properties of the system.

In this paper (12) we discuss the electronic and optical properties 
of AZO, by means of ab initio simulations. We first discuss how doping 
affects the electronic properties of AZO up to the experimental solu-
bility limit (3- 4%) (10), presenting the details of neutral substitutional 
Aluminum at Zn sites in terms of Density of States (DOS) and die-
lectric function of the doped compound. We further consider high 
dosages simulating clustering and interstitial defects: we suggest a 
possible explanation to the detrimental effect on the optoelectronic 
properties at high doping concentration in terms of the presence of 
interstitial Al defects.

We performed density functional total-energy-and-force cal-
culations, as implemented in the Quantum-ESPRESSO package 
(13). PBE generalized gradient approximation (14) is applied to the 
exchange-correlation functional. The atomic potentials are de-
scribed by ab initio ultrasoft pseudopotentials (15), with an energy 
cutoff of 28 Ry (280 Ry) and using 16 special k-points in the irredu-
cible wedge of the bulk BZ. For a more accurate description of the 
atomic interactions, the semicore 3d electrons of Zn are explicitly 
included in the valence shell. AZO bulk systems are simulated by 
periodic supercells, multiples of the undoped ZnO lattice parame-
ters. All structures are relaxed until forces on all atoms are lower 
than 0.03 eV/A. The typical size of these calculations amounts to 
1152 electrons, 850685 plane waves, with average CPU time per 
configuration of about 3000 h. In more detail our calculations were 
performed with 128 CPU, 500 Mb of memory per processor, ~1 
hour wall time CPU per ionic step and 20-25 steps to reach the 
convergence. Selected configurations (interstitial defects) were 

tested via ab initio molecular dynamic simulations, in the same 
cell and plane-wave expansion, but employing only the supercell 
Gamma point. 

We considered different doped systems, obtained varying the 
number of substitutional Al atoms, in the range (0-3.2%), in the virtual 
crystal approximation. In order to simulate high dosage experimen-
tal conditions, we also performed cluster defect calculations, in the 
same super cell. Clustering can be simulated via substitutional Al 
atoms situated in next nearest neighbor position, or with inclusion of 
interstitial defects. To evaluate the role of clustering, we compared 
different model systems at the same high (3.2%) Al content. 

We first focus on the results for the low dosage configurations, 
where Al dopants substitute Zn atoms. Upon relaxation, Al-O bon-
ds of about 1.8 A are formed, close to the bond length in Al2O3, 
with slight elongation of the bond along the polar axis, that tends 
to increase with Al content, in agreement with experiments (16). 
These structural modifications remain localized around the Al site. 
The density of states (DOS) of the doped bulk reveals that doping 
the wide-gap oxide with substitutional Al is not associated with the 
inclusion of defect states in the pristine ZnO gap that remains almost 
unchanged (Figure 1c). Al electrons are fully donated to the system 
as additional free charge: the effect is reflected in a mere shift of 
the Fermi level (EF) up in the conduction bands. AZO appears like 
a strongly doped wide-gap semiconductor, where the original cha-
racteristics of bulk ZnO are maintained. These results are in agree-
ment with previous studies at partial Al contents (7, 17). 

In order to describe the optical response of the films, we have 
calculated the imaginary part of the dielectric function Im[ε(ω)] (i.e. 
absorption spectrum) in the framework of band theory, without the 
electron-hole interaction (18). In this case, calculations are perfor-
med employing norm conserving PBE pseudopotentials, and an ad 
hoc Hubbard potential to correct the bandgap (8, 19).

The Im[ε(ω)] spectrum is displayed in Figure 1a for different Al con-
tents: we observe a strong blue shift (~1.5-2.0 eV) of the absorption 
edge for substitutional AZO. Other features are however relevant to 
note: (i) smaller Al contents correspond to smaller onset shifts; (ii) the 
overall spectral features are maintained, no peaks associated to Al 
are visible; (iii) going from ZnO to AZO, part of the optical anisotropy 
is removed; (iv) there is a non negligible diffusive background at 
smaller energies (0-2.5 eV), that is linked to low intensity transitions 
towards the partially occupied conduction band minimum (CBM).

In agreement with experimental findings (20), these results con-
firm the role of Al doping, while preserving ZnO transparency to light 
in the visible range. 

The observed blue shift can be explained in terms of the Burnstein-
Moss (BM) effect (21), that predicts a widening of the optical gap 
caused by blocking the lowest energy transitions (Figure 1b). In 
clean ZnO the absorption edge is mainly due to the direct HOMO-
LUMO transition at Γ. Since the CBM of ZnO is almost parabolic with 
a small DOS, even a low Al dosage induces the filling of the pristine 
LUMO state at Γ, which is no more available for electronic transitions. 
Thus, the next available direct transition is shifted at higher energies 
and different k-points. The BM correction to ZnO Eg gap may be esti-
mated within the effective mass approximation: in the case of AZO 
3.2% (substitutional) we obtain ΔEBM ~ 1.4 eV, in very good agree-
ment with the dielectric function results of Figure 1b. The coexisten-
ce of direct band gap, and almost parabolic conduction bands 
are prerequisite for good TCOs: this marks a fundamental difference 
with e.g. TiO2, which is also considered for applications similar to 
ZnO, but it does not show TCO behavior, having CBM with high DOS.

On the basis of these results, it could seem that the perfor-
mances of AZO as TCO can be incessantly improved simply in-
creasing the Al dosage, since this would be reflected in a higher 
number of free light carriers available for transport. This is however 
in contradiction with recent experiments that evidence a remar-
kable worsening in the transport properties of AZO films beyond 
an Al content, corresponding to the solubility limit (11). To provide 
an explanation for this non-linear behavior, we took into account 
the effects of interacting Al defects when they assume a pure 
substitutional (cluster) or a mixed substitutional and interstitial con-
figuration. Indeed, it has been proposed that interstitial Al defects 
may appear when the solubility limit (~ 3%) is overcome (10). 
The simulation of interstitial defects shows completely different 
characteristics and marks a discontinuity in the behavior of the 
doped compound: additional localized filled states appear in 
the pristine ZnO gap, pushed down from conduction bands of 
the clean ZnO. These states tend to increase in number with in-
creasing doping and have strong Al and O components (Figure 
1c). They are almost dispersionless, being described by nearly 
flat bands, i.e. large effective masses and low electron mobility, 
in contrast with the substitutional configuration. The presence of 
localized gap states, which act as traps for the optical transitions, 
is responsible for a deep modification of the dielectric function 
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Optoelectronic Properties of Al:ZnO:  
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Conductive Oxide

Fig. 1. – (a) Imaginary part of the dielectric function at varying Al content. (b) Inset: 
schematic bandstructure representation of the Burstein-Moss effect and the optical 
gap enhancement. (c) Total and projected DOSs for interstitial AZO at 3.2% Al content. 
DOSs are aligned at the Fermi level (vertical line), and normalized to the Zn3d peak 
area. The grey areas indicate the pristine ZnO gap. Inset zooms on the Al contributions 
(substitutional and interstitial) around the gap.
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(dashed line, Figure 1a), since they allow for light absorption in 
the visible range (i.e. the compound is no more transparent). They 
are thus associated with vanishing of TCO behavior. These fin-
dings can be ascribed to structural modifications of the crystal: 
in proximity of Al ions, Zn atoms are also kicked-off in interstitial 
positions, leaving the neighbor O atoms undercoordinated.

This structural modification - linked to undercoordinated oxygen 
atoms rather than to Al-Al interaction - is responsible for degradation 
of optical and transport properties observed in the experiments at 
high Al dosage (11).

In conclusion, our calculations allow us to discriminate two distinct 
optoelectronic regimes in Al:ZnO, depending on the Al concentra-
tion, providing a comprehensive explanation of controversial expe-
rimental results. In particular, we highlighted the role of interstitial Al 
defects on the degradation of the optoelectronic properties of AZO: 
our results suggest an optimal TCO behavior for AZO under 3-4% of 
Al content.
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First Principles Study of Metal/Semiconductor 
Junctions in Phase Change Memory Cells:
the TiN/Ge2Sb2Te5 Interface

Fig. 1. – View of the TiN(001)/c-GST(001) interface in the 770-atoms model at equili-
brium (Te blue, Sb green, Ge red, Ti gray, N cyan). Ti-Te, Ti-Ge and Ti-Sb bonds form at 
the interface. The (100) direction of TiN results aligned with the (11�0) direction of c-GST.

Introduction

Phase change memories (PCM) are emerging as leading 
contenders for the next generation non-volatile memory devices (1, 2). 
PCM cells offer extremely fast programming, extended cycling endu-
rance, good reliability, inexpensive and easy integration, and better 
perspectives for downscaling than the present Flash technology.

A PCM is essentially a resistor of a thin film of a chalcogenide mate-
rial, typically Ge2Sb2Te5 (GST) with a resistance very low in the crystalline 
phase but three orders of magnitude larger in the amorphous phase 
(2). In memory operations, cell read out is performed at low bias. Pro-
gramming the memory requires instead a relatively large current to 
heat up the GST and induce the phase change, either the melting of 
the crystal and subsequent amorphization or the recrystallization of the 
amorphous. TiN is often proposed as the material of choice for the re-
sistive electrode which operates also as a heater in contact with the 
chalcogenide film (3). The properties of the TiN/GST interface and in 
particular the band lineup between the two materials affect the con-
tact resistance and thus the programming current of the device. In spite 
of its technological relevance, very few data are available in literatu-
re on this interface. In this project, we have studied the properties of 
the TiN/GST interface by means of density functional calculations with 
pseudopotentials the Perdew-Burke-Ernzerhof (4) exchange correlation 
functional (PBE).

Computational details

TiN crystallizes in an fcc NaCl-like structure with an experimental latti-
ce parameter of 4.24 Å. The cubic phase of GST has a NaCl-like struc-
ture as well, with a sublattice fully occupied by Te atoms and the other 
sublattice randomly occupied by Sb, Ge and 20 % of vacancy (5). The 
experimental lattice parameter of cubic GST is aGST = 6.02 Å, which ap-
proximately realizes the relation aGST ≈ √2aTiN within a 0.1 % discrepancy. 
This allows us to build a commensurate interface by joining the (001) 
planes of the two materials and rotating by 45° the (100) direction of TiN 
with respect to that of GST. This is possibly the most favorite configura-
tion for the TiN/GST interface also because the (001) planes are neutral 
for both materials. There are still different ways to interface the (001) 
planes of TiN and the c-GST, each corresponding to a different relative 
alignment of atoms of the two materials within the (001) plane. Howe-
ver, experimental data (3) reveal, although the GST/TiN interface is very 
stable, metallic Ti easily reacts with GST at the GST/Ti interface leading to 
the formation of Ti-Te binary alloys (mostly Te2Ti). This behavior suggests a 
strong interaction between Ti and Te and the possible presence of Ti-Te 
bonds at the GST/TiN interface as well.

In order to optimize the geometry of the interface, we performed 
preliminary calculations with a superlattice along the (001) direction 
made of five planes of GST and five planes of TiN, with eight atoms per 
TiN plane and four atoms per GST plane. The calculations with these 
relatively small cells were done with the Quantum-Espresso suite of pro-

grams (6) at full convergence in Brillouin Zone (BZ) integration. The resul-
ting energetically favored configuration corresponds to the alignment 
of Te with Ti atoms along the (001) direction at an equilibrium distance 
of about 3.0 Å.

In order to properly taking into account the disorder in the Ge/Sb su-
blattice of GST, we actually realized that very large cells were necessary 
to achieve the accuracy in the average electrostatic potential needed 
to estimate the Schottky barrier. We therefore had to build a very large 
model as follows. Similarly to our previous bulk calculations (7), we first 
relaxed a 270-atom bulk model of c-GST starting from an orthorhom-
bic cell containing six atomic planes along the (001) direction with 50 
lattice sites each. The number of Sb, Ge and vacancies is the same 
for each plane and randomly distributed by keeping the vacancies at 
least next nearest neighbors each other. The orthorhombic cell is then 
joint along the (001) direction with five TiN planes (500 atoms) in a su-
perlattice configuration resulting in a 770-atom supercell. The c axis is 
adjusted in such a way that the average unrelaxed Ti-Te distance is 3.0 
Å. We then relaxed the atomic coordinates at fixed supercell edges. Fi-
nally, we inserted at the center of the GST slab a new bulk-like 270-atom 
cell equal to the original one and other four planes of TiN at bulk-like 
positions at the center of the TiN slab resulting in a 1440-atom super-
cell. The calculations with such large systems were performed within the 
Quickstep scheme implemented in the CP2K suite of programs (8) in 
which KS orbitals are expanded in Guassian-type orbitals and the elec-
tronic charge density in expanded in plane waves. Goedecker-Teter-
Hutter (9) (GTH) pseudopotentials were used and BZ integration had to 
be restricted to the supercell � point.

Results and discussion

The optimized Ti-Ge, Ti-Sb and Ti-Te nearest-neighbors distances at the 
interface shown in Figure 1 are 3.06±0.02 Å, 3.00±0.03 Å, and 2.96±0.01 
Å, respectively. The rumpling of the interface is thus very small.

The interface energy was calculated as �int = [Esc – NGST EGST – NTiN ETiN]/
(2A), where A is the interface area, Esc is the total energy of the interface 
supercell, EGST and ETiN are the energies per unit formula of bulk TiN and 
GST, while NGST and NTiN are the numbers of GST and TiN formula units of 
the supercell. The bulk calculations were performed with the theoretical 
lattice parameter of TiN for both GST and TiN as this is the choice made 
in the modeling of the interface. This lattice parameter is matched to 
the experimental lattice parameter of GST within 0.06%. The resulting 
interface energy is �int =50 meV/Å. To estimate the strength of the adhe-
sion at the interface, we can compare the interface energy with the sur-
face energies of GST and TiN computed from slab models. The surface 
energy of the TiN(001) face is �s =81 meV/Å2 as in previous ab-initio 
work (10), while the calculated surface energy of GST(001) is 10.2 meV/
Å2. Surface energies are obtained from calculations at the theoretical 
equilibrium lattice parameters. 

The interface energy is significantly lower than the sum of TiN and GST 
surface energies which indicates that a good adhesion between the 

two materials can be achieved once an epitaxial (001)/(001) interface 
is realized. 

We also attempted to calculate the Schottky barrier for holes (φBp
) at 

the TiN(001)/c-GST(001) interface by using macroscopic average tech-
nique (11) which gives 

 φBp
 = EF – EV + �Vint , (1)

where EF and EV are respectively the Fermi level of TiN and the top of 
the valence band of GST in the bulk, measured with respect to the ma-
croscopic average of the electrostatic potential. �Vint is the interface 
electrostatic jump due to the formation of an interface dipole which is 
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obtained from the interface calculation as the difference between the 
macroscopic averages (<..>) of the electrostatic potential calculated 
in regions of the two materials far from the interface

 �Vint = <VTiN> – <VGST>. (2)

In the case of GST, the presence of vacancies causes lattice distor-
tions which, even in our large cell, induce oscillations still of the order of 
0.03-0.1 eV in the macroscopic average of the electrostatic potential. 
These oscillations prevented the use of smaller cells. However, in the six 
inner layers of the GST part of the interface slab, the planar average 
of the electrostatic potential is very similar to that computed in a 270-
atom bulk model with deviations below 0.04 eV. The oscillation of the 
macroscopic average over the three central TiN atomic planes is in-
stead below 0.02 eV. We thus calculated <VGST> as the mean value of 
the planar average evaluated over the six inner atomic layers of the GST 
part of the interface model and <VTiN> as the mean value of the planar 
average evaluated in the three inner atomic layers of the TiN part. The 
resulting interface dipole potential is �Vint = –10.89 eV. 

The sign of the interface dipole indicates a charge transfer from TiN 
to GST, i.e. a Fermi level inside the gap of GST which is further confirmed 
by the presence of Metal Induced Gap States revealed by the analysis 
of the local electronic density of states. However, the gap of the 540-
atom cell of GST is 0.14 eV, a value much lower than the experimental 
result of 0.5 eV, due to the well-known deficiencies of GGA functionals. 

Unfortunately, restricting the BZ integration to the �-point does not allow 
reaching a convergence in the position of the Fermi level within 0.1 eV 
even in a 1000-atom cell. Therefore, the CP2k calculations, on which we 
had to rely because of the large cell size, are still not accurate enough 
to safely estimate the Schottky barrier. On the other hand, it has been 
recently shown (12) that the interface dipole is much less sensible to the 
choice of the exchange and correlation functionals than the absolute 
values of EF or Ev obtained from bulk calculations as described above. 
Thus, it has been proposed (12) that a good estimate of the Schottky 
barrier can be obtained by computing the interface dipole from the 
supercell calculation with the less demanding GGA functional and the 
bulk values of Ev or EF with the more accurate and more computatio-
nally demanding hybrid functional, e.g. the HSE03 functional, (13) which 
was already shown to reproduce the band gap of GST. A possible stra-
tegy to be pursued in the near future would therefore involve the HSE03 
calculations of EF and Ev at full convergence in the BZ zone.

We have here reported the results corresponding to task 1 of the 
project. Task 2 dealing with simulations of Ti doping of amorphous GST 
was not pursue since the very large cells that we unexpectedly had to 
use to pursue task 1 required the whole computational budget and 
some more from our own resources.
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Graphene, a single-layer, truly two-dimensional crystal 
of carbon atoms, has emerged as a fascinating system 
for fundamental studies in condensed matter physics, 

as well as a promising candidate material for future applications 
in nanoelectronics and molecular devices (1). However, the fabri-
cation of graphene-based devices, such as field-effect transistors, 
has been severely hampered by the availability of large-scale and 
stable graphene structures. Moreover, graphene lacks a key attribu-
te essential to (nano)electronics applications: its band gap, which 
would enable the insulating off state in a digital transistor, is zero. 
One route to circumvent this problem is the fabrication of graphene 
strips known as graphene nanoribbons (GNRs). Narrow GNRs have 
large band gaps, and show tunable properties that depend on the 
width and on the orientation of the GNR. Thus, a GNR could be a 
good candidate as channel in graphene-based nanotransistors (2), 
provided that i) precise fabrication of narrow GNRs with desired elec-
tronic properties (band-gap), and ii) stable immobilization of GNRs 
on a substrate under working conditions are achieved.

In this project, we tried to shed light on the second aspect, na-
mely, how a stable immobilization on a metal substrate can mo-
dify (and to which extent) the desired electronic properties (finite 
band gap). The starting point is taken from a recent experimental 
outcome (3), showing a novel technique for the covalent immo-
bilization of graphene on both insulating and metallic substrates 
developed using perfluorophenylazide (PFPA) as coupling agent. 
By using a thiol-functionalized PFPA, it is possible to covalent attach 
graphene sheets to metal substrates by a simple heat treatment 
under ambient conditions, providing a facile approach to the con-
struction of graphene-based integrated circuits. The formation of 
the metal-PFPA and PFPA-graphene interfaces might induce signi-
ficant modifications of the electronic levels and other properties 
such as work function, available states at Fermi level, n- and p-type 
behavior, etc. Therefore, it is of utmost importance, for predicting 
the device properties under working conditions, to understand the 
electronic level line-up occurring at the interface (e.g. the position 
of the molecular layer highest occupied and lowest unoccupied 
states with respect to the metal Fermi level and the GNR band 
edges).

We aimed to study from first principles calculations the electronic 
and structural properties of this new kind of heterojunctions, focusing 
on the role played by the molecular layer on energy level align-
ment, charge carrier injection and transport properties. The calcula-
tions were performed in the framework of ab-initio density functional 
theory, as implemented in the Quantum-ESPRESSO package (4). This 
package is based on pseudopotentials to represent the atomic co-
res and plane waves to expand the electron wave functions and 
charge density. A cutoff of 40 Ry of the plane-wave basis set has 
been proven to be sufficient to obtain converged results. Two-di-
mensional surfaces and interfaces are represented using the super-
cell approach, consisting in periodically repeated slabs: vacuum 
space is left, along the direction orthogonal to the surface, to pre-
vent the slab replica from interacting with each other. Converged 

results have been achieved with a 15 Å of empty space separating 
adjacent replica of the slabs. Each slab consists in five to seven bulk 
metal atomic planes, needed to mimic the metallic substrate (Au, 
Pt, Al), the organic linker (thiol-terminated PFPA) and the GNR chan-
nels. All the considered structures have been relaxed to obtain op-
timized geometries. It should be pointed out that each calculation 
has involved 100 to 200 atoms with up to 800-1000 electronic ban-
ds (to be computed for density of states calculations). This resulted 
in very computationally demanding jobs, in terms of both allocated 
memory and disk storage of data (needed for post-processing): 
the allocated resources available to the project thanks to CINECA, 
through the Italian Super Computing Resource Allocation – ISCRA 
have been crucial to accomplish the planned objectives.

For each selected systems we computed several properties, as 
detailed below:
•  ground state  total energy,  from which the  relative  (thermody-

namical) stability of different systems can be evaluated;
•  equilibrium geometries,  through a suitable optimization algo-

rithm able to relax atoms from the computation of the forces;
•  charge density and wave function (contour) plots, from which 

charge density transfer, e.g. involved in the formation of the metal-
PFPA and PFPA-graphene chemical bonds, can be evaluated (this is 
accomplished by considering charge density differences);
•  band structure, DOS, LDOS and projections of the Bloch states 

onto atomic orbitals. This has been helpful in understanding: the 
atomic character of relevant bands, the atoms mostly contributing 
to the states around the Fermi level, the contamination of the metal, 
PFPA and graphene electronic states.

To bring out the effect of both the metallic substrate and the local 
chemistry involved in the formation of the metal-PFPA-graphene, we 
considered covalently immobilized GNRs with armchair edges on 
different metallic substrates (Au, Pt, Al), as a function of the PFPA 
coverage, pointing out the modification induced by the covalent 
bonding of the GNR on its structural and electronic properties. Infini-
te graphene sheets covalently linked to the metal substrate through 
the PFPA layer were considered as well. Special care has been given 
to charge transfer processes occurring at the metal-PFPA and PFPA-
graphene interfaces. 

The relevant outcomes of the project can be summarized as follows:
•  the covalent bond between the organic layer and the GNR in-

volves two carbon atoms (carbon “dimer”) for each PFPA molecule. 
Formation energy calculations reveal that armchair edge dimers 
are preferred for the covalent functionalization. This suggests pos-
sible patterns of PFPA adsorbates on the metallic substrate to realize 
regular and reproducible configurations of GNRs;
•  it  is  shown  that  the  covalent  immobilization  of  the GNR can 

occur in at least two configurations, differing by the chemical modi-
fication induced by the covalent bonding at the GNR edges. The 
projection of the whole systems (metal-PFPA-graphene) band struc-
ture onto the atomic orbitals of the GNR evidences that, depending 

on the edge chemistry, GNR states around the Fermi energy can be 
either substantially modified or kept unchanged, thus preserving, in 
the latter case, the pristine GNR transport properties;
•  the  underneath metallic  substrate determines  the pinning of 

the Fermi level, but no doping is observed in the GNR;
•  the organic molecular linker acts as an insulating layer, with a 

substantial decoupling of the metal and GNR electronic states. This 
is relevant to nanoelectronic applications because the active chan-
nel is required to be decoupled from the gate;
•  the relative metal/PFPA/graphene electronic level line-up is in-

terpreted in terms of interface space charge layer formation, but no 
metal to GNR charge transfer is observed.

All these results demonstrate the possibility of combining na-
nopatterned metal/PFPA  substrates  with  selected GNRs,  so  as  to 
maximize the probability of edge bond formation. This suggests 
a future route for the realization of GNR-based nanodevices and 
highlights the role of the local chemistry in the performance and 
functionality of such devices (5).
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Introduction

The use of renewable and sustainable energy sources, 
such as photovoltaics, has pushed forward technologic innovations 
in the electric energy production. Most of the production cost of 
current solar cells is due to the cost of the material itself since the 
present technology makes the use of substrates of crystalline silicon 
having thickness ranging between 200-300 μm. It is easy to under-
stand that the best way to overcome this drawback of the current 
solar cell technology is the consistent reduction of the thickness of 
the semiconductor, which, on the other hand, would lead to conse-
quent small values of absorbance, thus involving less photocurrent 
production and cell efficiency. Optical nanoantennas can be ex-
ploited to improve the efficiency of a thin film solar cell since they 
can trap light from radiative modes and convert energy to the near 
field with scattering cross sections higher than the case without na-
noantennas. In order to put in practice this concept, scientific and 
technologic community in the last decade brought back to the fore 
the concepts of plasmonics, since surface plasmons (SPs) hugely 
improve light absorption and, consequently, the photocurrent inten-
sity, when metal nanoparticles or nanostructures, i.e. nanoantennas, 
are placed on or into a thin film semiconductor. The proper choice 
of metals along with shape, size and number of elementary nano-
structures or composite arrays is essential to deepen the physical 
phenomena arising in plasmonic thin film solar cells and determine 
light absorption efficiency. 

In this paper we report the results of the numerical analysis per-
formed on elementary nanostructures (nanorods and nanospheres) 
arranged in 1D and 2D square arrays, focusing on back and forward 
scattering, on the calculation of field enhancement and spectral 
response of arrays of metal nanoparticles. The analysis includes the 
evaluation of all structures in terms of performance by changing 
materials, both metals (Ag and Au) and semiconductors, and geo-
metrical parameters, such as length, thickness and width/diameter. 
Bow tie geometry in 1D array has been also considered in order 
to achieve wideband operation in the visible or near-infrared ran-
ge. The numerical analysis has been performed by using a three-
dimensional open source parallel code based on FDTD (1), to study 
the temporal and spectral behaviour of each structure. In particular, 
the following results have been accomplished:
•  comparison between a semiconductor finite structure equipped 

with Ag nanostructures and the same structure without them, which 
allows to quantify forward and back scattering and electric field en-
hancement in function of the wavelength;
•  bow tie spectral response. 

Moreover, more complex metal structures and related physical 
effects have been analyzed. In particular we evaluated:
•  the spectral response of 2D gold patches immersed in homoge-

neous and asymmetric environment;
•  plasmonic heterostructure, able to enhance and focus light;
• multiple elementary periodic structures, with the aim of under-

standing how properly tailor the spectral behaviour of periodic plas-

monic structures and exploring the possibility of developing light con-
centrator and back reflectors to assist and optimize solar cells.

Numerical results

The systems under investigation, sketched in Figure 1, are 1D and 
2D periodic arrangements of gold/silver stripes/patches. Gold and 
silver permittivity εm(λ) (2) have been fitted using a Drude dispersive 
model (for free electrons) and two Lorentz-like oscillators (for bound 
electrons). The gold and silver model in the wavelength range 
between 400 and 1000 nm is reported in Ref. (3). In order to excite 
the SPP waves, we consider a TM-polarized field orthogonally inci-
dent on the structures. 

Referring to configurations in Figure 1a and b, our numerical si-
mulations demonstrated that the enhancement of scattering phe-
nomena of arrays of small Ag nanoparticles having different shapes 
and placed over a Si layer with finite thickness varies in dependence 
of different parameters (geometrical) and physical effects (localized 
surface plasmons, Fabry-Perot resonant modes arising in the finite 
semiconductor layers). When arrays of nano-strips having a period 
value far below the impinging wavelength (visible range) are consi-
dered on a Si finite layer, a huge increase in both forward and back 
scattering can be observed, whereas less intense effects can be 
checked as nanospheres are considered. The enhancement in the 
light transmission through the substrate can be thus imputed to the 
reduced contact surface between metal and semiconductor and 
to the possibility of exciting strong LRSPs. These results can lead to the 
design of optimized thin solar cells featuring enhanced transmission 
band matched to the solar spectrum peaks.

When the two-dimensional array of metal patches is considered 
and the period values approach that of the impinging wavelengths, 
other physical phenomena must be carefully considered.

Generally, a metal grating surrounded by a dielectric medium 
having refractive index nd can support three different resonant states 
that concur to generate a unique reflection response: (a) a broa-

dband resonance state (H state), generated by the presence of 
a metal-insulator-metal (MIM) waveguide (constituted by two adja-
cent metal strips separated by a dielectric medium), which can be 
assimilated to a Fabry–Pérot (FP) cavity for the transverse-electroma-
gnetic TEM guided mode excited in the slits. These resonances are 
not always available and are strictly dependent on the geometrical 
parameters of the single slit system; (b) a narrow band resonant sta-
te (V state) involving the whole grating, where a highly resonating 
mode bounded at the surface of the grating can eventually couple 
through the slits generating a leaky mode; (c) a plasmonic mode 
(M state) generated when the impinging parallel wave vector, ad-
ded to the grating wave vector, matches the surface plasmon wave 
vector associated with a certain metal/dielectric interface (namely, 
plasmonic band gap).

Figure 2 shows the transmission and reflection spectra of an array 
of (a) gold spheres and (b) semi-spheres, deposited on a infinite Si 
substrate, characterized by a diameter d = 550 nm and periodici-
ties px = 600 nm, py = 600 nm. In the case of array of spheres, the 
spectra show the absence of the H state while the minimum of the 
transmission (M state) begins to appear, while for the array of semi-
spheres, the M and V are well defined and localized at the interface 
air/gold and there is no evidence of the H state. In both cases, it is 
evident a high absorption of gold for λ < 550 nm. 

Fig. 3a displays the spectrum of a single bow tie nanostructure 
(Fig.1e) of Au over a GaN substrate. In this case, the resonance ap-
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Fig. 1. – Sketches of few examined structures: (a) metallic rectangular stripes, (b) 
metallic circular stripes, (c) array of metallic patches, (d) array of metallic spheres 
or semispheres, (e) bow tie nanostructure deposited on a semiconductor substrate.

Fig. 2. – Transmission and reflection spectra of an array of (a) gold spheres and (b) 
gold semi-spheres, deposited on a Si substrate characterized by a diameter d = 550 
nm and periodicities px = 600 nm, py = 600 nm.

Fig. 3. – Gold bow tie structure on a GaN substrate: (a) transmission and reflection 
spectra; (b) E-field mapping at a half of the bow tie thickness.
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pears at a wavelength equal to λ = 849.7 nm, where the electric 
field at a half of the bow tie thickness is characterized by the profile 
in Figure 3b. This profile clearly shows a maximum field focalization 
in the gap between the metal elements. Further analyses also pro-
ve that the maximum enhancement of the E field, which happens 
at the interface Au-GaN, is close to 3500 even if more realistic 
rounded-tips structures are considered. Although these coupled 
structures can be efficiently implemented for a broad band light 
enhancement, useful in photovoltaics, the presence of highly loca-
lized modes demonstrates also the capability of such systems to be 
used for the detection and spectroscopy of single molecules, thus 
extending the concepts of optical nanoantennas to the nanoworld. 

In (4) we reported the results of the numerical analysis regarding 
the spectral response of 2D arrays of gold patches as a function of 
the surrounding media: air, SiO2 and a semi-infinite substrate of SiO2. 
The spectral response shows forbidden bands whenever the effec-
tive wavelength of the unperturbed SPP of the air–metal or dielec-
tric–metal interface matches the periodicity of the structure. Position, 
extension and sharpness of such bands depend on the geometrical 
parameters of metal patches and on the optical properties of the 
surrounding media. Moreover, we demonstrated that squared arrays 
of gold patches are polarization insensitive, whereas transmission 
and reflection profiles for rectangular arrays of gold patches are 
strongly dependent on the polarization of the exciting field. Finally, 
the positions of the bands of inhibited transmission for array of gold 
patches over a SiO2 substrate covered by air are close to those ob-
tained when the array is embedded in each constitutive medium of 

the complete system, i.e., air or SiO2. These unique aspects can be 
used in several applications where specific polarization behaviour is 
required. For instance, patterned metal reflectors for thin film solar 
cells can be designed following the principles described in (4), thus 
achieving reflectivity values almost equal to 100%. 

In (5) we considered a plasmonic heterostructure constituted by 
two arrays of gold strips with different lattice constants to reach the 
formation of allowed and localized electromagnetic modes in a fi-
nite spatial region. The numerical analysis demonstrates that the ca-
vity is characterized by a high efficiency in terms of energy flowing 
through the whole structure and a huge enhancement of transmis-
sion due to the collective cooperation of SPs propagating over the 
input and output surfaces of the plasmonic crystal. 

In (6) we described the analysis of a periodic arrangement of 
gold patches made of a complex elementary cell, composed by 
two or three strips having different sizes, same thickness and different 
gaps. We proved that, assuming a P-sized elementary cell compo-
sed by N different strips, the minimum of transmission always occurs 
at a wavelength equal to λM

overall/N, where λM
overall is the wavelength 

at which an equivalent system made of a P-periodic array of single 
strips shows its minimum of transmission. 
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Introduction

Large permittivity (high-k) dielectric materials are particu-
larly interesting for microelectronic applications not only to enable fur-
ther scaling of the MOS transistor but also in view of possible exploitation 
in innovative non-volatile memory (NVM) devices. Indeed, charge-trap 
NVM cells store the charge associated to the bit in a thin layer of high-k 
material rich of atomic scale defects that act as traps for the electrons 
(2). Silicon nitride (SiN) based charge trap NVM cells are good candi-
dates to extend the current floating-gate technology beyond the 22-
nm node (1). The trapping properties of the trapping layer material are 
thus fundamental for the device operation as demonstrated by the ex-
perimental observation that the stoichiometry of the SiN films used for 
the metal gate/Al2O3/nitride/oxide/silicon (MANOS) and NROM devices 
has a strong impact on the device performance (1-5).

In this framework, the in-depth understanding of the physical mecha-
nisms involved in the electron trapping, of the trap properties and of 
their dependence on the material composition and atomistic structure 
is fundamental for the development of efficient memory cells with op-
timized performance. Therefore, in this work we developed atomistic 
models for high-k materials of interest for the integration in charge-trap 
memories (e.g. Si3N4, HfO2 and Al2O3), in order to investigate the origin 
and the nature of the defects responsible for the electron trapping and 
to interpret the experimental findings on MANOS and NROM devices 
(2-5).

Atomistic models

The material structure of the silicon nitride has been calculated by 
means of the Density Functional Theory (DFT) and by using the SIESTA 
and ABINIT simulators (6,7). The developed atomistic model has been 
calibrated on the experimental results of an in-depth physical-chemical 
characterization (2,4). In particular, as for the crystal structure, the β-
phase of the Si3N4 crystal has been chosen to simulate the SiN layers 
integrated in the devices, since its mass density and thermal stability is 
close to the experiments.

Figure1 (left) reports the band structure of the simulated β-Si3N4 crystal 
calculated by means of the SIESTA code. For this simulation the spin-po-
larized DFT and the local spin density approximation have been adopt-
ed. The simulated super cell is of 224 atoms, and the Troullier–Martin 
pseudopotentials have been used to represent the core electrons. We 
used the DZP basis with an energy shift of 50 meV for each species 
and a mesh cutoff of 100 Ha (2,5). This band structure has been com-
pared to calculations performed with the ABINIT code, obtaining a fairly 
good agreement between the results (not shown). Figure 1 (right) also 
reports the calculated Density of States (DOS) of the material. To make 
the plot more readable, each of the discrete one-electron energies 
forming the energy spectrum was broadened by a Gaussian function 
with a smearing factor equal to 0.15 eV. In the figure, it is possible to 
evaluate the bandgap energy (EG≈4.1 eV) between the bottom of the 
conduction band and the top of the valence band, which agrees with 
the literature (5) and is lower than the experimental value, as expected.

Atomistic quantum mechanical calculations of defects in SiN layers

Starting from the crystalline structure of the β-Si3N4, we developed 
an atomistic model for the defective SiN layer. Material analysis and 
previous atomistic calculations showed that the most probable defects 
responsible for trapping in the SiN films integrated in the gate stack of 
MANOS and NROM devices are nitrogen vacancies in the reticule filled 
with hydrogen atoms (5) that give rise to Si-H bonds (Figure 2 (left)). We 
reproduced the presence of this type of defects in the material struc-
ture. Figure 2 (left) reports the simulated supercell structure in which a 
N atom (red balls) has been replaced with a H atom (yellow ball). The 
Si atom positions are visible as well (blue balls). After the substitution of 
N with H the structure has been relaxed and Figure 2 (left) reports the 
atomic positions after the minimization of the forces between the atoms 
of the reticule. 

We then calculated the DOS of the relaxed structure, in order to hi-
ghlight possible states in the bandgap of the material. Indeed deep 
states in the bandgap can act as electron traps and thus explain the 
memory behavior of MANOS and NROM devices (1). As it can be seen 
in Figure 2 (right), with respect to the DOS of the crystalline β-Si3N4 (red 
curve), the defective SiN structures show available states in the upper 
and lower part of the bandgap, irrespectively of the position of the de-
fect inside the supercell. In particular, we simulated different defective 
SiN supercells (black, green and blue curves), where the position of the 
Si-H bond has been changed. However, the chemical and electrical 
characteristics of the simulated defects do not change qualitatively. In 
particular, the lower states in the bandgap are filled in neutral conditions 

(uncharged material), since they are below the Fermi level. The high-
energy states, instead, are empty, because they lay at higher energy 
with respect to the Fermi level (Figure 3a). This means, that these states 
are available to host additional electrons, thus making possible the trap-
ping of extra charge and, hence, the memory behavior of the device.

Charging of the SiN defects

In order to verify that the simulated defects are able to trap charge, 
we charged the SiN structure with an additional electron and recalcu-
lated the DOS curves. As it can be seen in Figure 3, the charging of the 
material modifies both the DOS and the Fermi level position. In particu-
lar, the additional electron present in the structure moves the Fermi level 
towards the bottom of the conduction band and it splits the contribu-
tions of the electrons with spin up (Figure 3b, black line) and spin down 
(green line). In this respect, as illustrated by Figure 3b, one of the high-
energy states in the bandgap is now below the Fermi level, indicating 
that it has been filled by the additional electron inserted in the structure. 
This confirms, that the simulated defect is able to trap the electrons 
and, therefore, to store the bit of the memory cell. The energy level of 
the trapped electron is about 1 eV below the bottom of the conduction 
band. This result is in agreement with reports in the literature (2,5).

Discussion and conclusions

The results in Figure 3 demonstrate that the atomistic quantum me-
chanical calculations can provide useful information for characterizing 
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Fig. 1. – Band structure (left) and density of states (DOS) of the β-Si3N4. In the graph it 
is possible to see the energy gap (EG≈4.1 eV) between the bottom of the conduction 
band and the top of the valence band of the material.

Fig. 2. – Left: simulated SiN supercell (Si = blue, N = red and H = yellow). The structure 
has a N vacancy filled with a H atom. Right: simulated DOS of the β-Si3N4 crystal (red) 
and of the SiN with a defect (N vacancy plus the H atom) in different positions of the 
supercell. The defects introduce available states for trapping inside the bandgap of 
the material.
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the defects responsible for the charge trapping in high-k materials ex-
ploited in charge-trap memory cells. In particular, the DOS curves 
allowed us to confirm that the Si-H defects generate states in the 
band gap which can be filled by electrons. The position in energy 
of the trapped electrons falls inside the bandgap of the material. 
This last information is of crucial importance in the viewpoint of the 
memory operation. In fact, the retention of the stored charge is 

strongly dependent on the energy depth of the trapped electrons, 
and the larger this depth is, the lower is the probability to detrap 
(hence, loose) the charge during the retention time. Therefore, 
starting from the study of the defects responsible for trapping, the 
atomistic calculations allow predict the retention capability of the 
fabricated memory devices. This is very important also from the 
viewpoint of selecting the most promising materials to replace the 
silicon nitride as trapping layer and providing improved performan-
ce of the memory cells.

Concerning this last point, our work is now focused in obtaining a 
reliable atomistic model of HfO2, that is a promising material for inte-
gration in many nanoelectronic devices. A simulation methodology 
similar to that adopted for the SiN is being followed. Preliminary results 
are encouragingly comparable with those reported in the literature (not 
shown) (8). 
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Fig. 3. – (a) DOS for the neutral defect (q=0). The position of the Fermi level indicates 
that the states in the upper part of the bandgap are empty and can trap electrons. 
(b) Simulated DOS of the defect charged with an electron (q=-e). The Fermi level 
increses and the spin up and spin down states split, indicating that the electron has 
been trapped in the high energy bandgap state.
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In this project we have addressed, by means of an 
accurate quantum chemical approach, the structural 
and electron properties of nanosheets of anatase and 

related TiO2 structures and nanotubes formed from these sheets, in-
cluding hydrated forms. 

All calculations were performed with the periodic ab initio CRY-
STAL09 (1) code, using the hybrid PBE0 (2) DFT functional. This functio-
nal was reported to give accurate structural and electronic properties 
for TiO2 crystals (3). All calculations have been performed using an 
all-electron 8-411G (d) gaussian-type basis set (4) for O, and a Hay-
Wadt small core ECP (5) with a 411-31 [3sp2d] basis set for valence 
electrons (4) for Ti atoms. These basis sets were proved to give results 
of acceptable accuracy with moderate computational cost (6).

The computation of nanotubes having large unit cells (540 atoms 
in case of the largest nanotube) was made possible by the exploi-
tation of the helix roto-translational symmetry of these structures. This 
symmetry is used for the automatic generation of the structures, for 
the calculation of one and two-electron integrals (only the irreduci-
ble part of the Fock matrix is calculated then rotated by the symme-
try operators of the point group to generate the full Fock matrix), and 
for the diagonalization of the Fock matrix where each irreducible 
representation is treated separately (7) .

The properties of nanosheets and nanotubes have been charac-
terized by four parameters:

1. The stability of the film:

that is difference between the energy of one formula unit (TiO2) in 
a fully optimized film and in the bulk.

2. The strain energy

related to the ability of the structure to sustain the strain arising 
from the different surface tensions existing at the two sides of the 
rolled sheet. The strain energies ES are the difference between the 
energy of one formula unit (TiO2) in the fully optimized nanotube and 
in the corresponding optimized flat layer having the same structure, 
divided by the number of Ti atoms in the unit. 

3. Geometry strain parameter δTi-O

where                is a significant Ti-O distance of the nanotube 

and                  is the corresponding one in the flat slab and the sum-
mation of the absolute differences extends to n selected values.  
δTi-O describes the percentage of geometry deformation sustained by 
the nanotube with respect to the reference slab and provides indeed 
a measure that is transferable between different rollup structures. 

4. The relative strain, ERS

the relative energy of one TiO2 unit in a hydrated nanotube com-
pared to the similar unit in the flat lepidocrocite-like layer. 

1 ML thick nanotubes

They have been constructed from fluorite-like titania (exposing 
(111) planes of a TiO2 cubic phase and found stable at the Cu(100) 
surface and from anatase (101) nanosheets. For fluorite nanotubes 
the (n, 0) – equivalent to (0, m)- and the chiral (n, n) rollup have been 
considered. For the construction of anatase (101) nanotubes three 
rolling up vectors have been considered: (0, m) and (2n, n), Figure 1.

Strain energies decrease smoothly with the nanotube diameter, 
and almost vanish (ES < 0.05 eV/TiO2) for D ~ 25 Å; similarly the geo-
metry deformation is already less than 1% for D ~ 30 Å.

2 ML thick nanotubes

TiO2 bilayers can be derived from the anatase (001) and (100) 
bulk-like terminations. The bilayer derived from the (100) surface ho-
wever is not stable, since upon geometry relaxation it spontaneou-
sly transforms into the (101) termination. The (001) bilayer (primitive 
rectangular bi-dimensional cell with a=3.83 and b=3.24 Å), after 
geometry relaxation keeping the original symmetry preserves its pe-
culiar surface features; notwithstanding, the anatase (001) bulk-like 
structure is not the most stable TiO2 bilayer. The film undergoes a 
spontaneous transformation, which consists of a gliding of the upper 
part of the film over the lower part along the direction of the surface 
two-coordinated oxygen chains. The resulting lepidocrocite structu-
re is more stable than the starting one by 0.21 eV per TiO2 unit and is 
characterized by a more contracted primitive rectangular unit cell 
(a=3.77 and b=3.01 Å) in agreement with previous calculations 
(2), Figure 1. The higher stability of lepidocrocite films is related to 
the presence of six-coordinated Ti –similarly to the bulk- compared 
with the five-coordinated Ti atoms present in the (001) bilayer. Na-
notubes have been constructed starting from both types of TiO2 
bilayers. 

Of the calculated (n, 0), and (0, m) lepidocrocite nanotubes, the 
(n, 0) rollup has been found to be the most stable in the whole inve-
stigated diameter range. At the largest calculated diameters both 

geometries and strain energies were approaching the values corre-
sponding to the infinite flat layer. These results indicate that while at 
low diameters (~5 nm, like in case of the inner walls of multi-walled 
nanotubes) the (0, m) rollup is preferred over the other structures, at 
higher diameters (approaching 10 nm) the (n, 0) structure is feasible 
as well. In case of the (n, n) nanotubes a large surface reconstruc-
tion has been observed in the whole calculated diameter range, 
and the strain energy has be found to be relatively high even at 
the largest investigated diameter. However the definition of (n, n) 
nanotubes starting from sheets characterized by bidimensional rec-
tangular cell is not unambiguous: periodic boundary conditions can 
be matched only in the case of specific ratio between the vectors 
of the cell and this ratio governs the pitch of the helical symmetry 
of the tube and the dimension of the periodic cell (see Ref. 41 for 
an accurate description). The most stable (n, n) tube among several 
explored structure has been sketched in Figure 1. At D ~ 30Å, ES is 
less than 0.1 eV/TiO2 and δTi-O close to 2%, values comparable with 
the most stable (0, m) lepidocrocite nanotubes. 

Lepidocrocite structures of nanotubes are of considerable inte-
rest since they have been found as the most probable structure 
of TiO2 nanotubes by several experimental studies (3). In addi-
tion this wall structure provides the base of the wall segments of  
(H2O)x(TiO2)y titania nanotubes.

3 ML thick nanotubes. Hydrated forms: the case of H2Ti2O5

A H2Ti2O5 film can be conceived as formed by hydroxylation of 
anatase (001) or lepidocrocite bilayers when heterolytic water split-
ting occurs at one Ti-O couple out of two. Two different processes 
have been considered: in the former water dissociates at both side 
of the slab forming a dititanate of type 1 (DT1); in the latter disso-
ciation occurs only at one side of the sheet whereas at the other 
border, water is molecularly weakly bound at the surface: this struc-
ture has been denominated dititanate of type 2 (DT2), see Figure 
2. Irrespective of which is the starting dry nanosheet (anatase 001 
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Fig. 1. – Nanotubes derived from TiO2 nanosheets.
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or lepidocrocite) the hydration process yields to the same product, 
namely a stepped lepidocrocite characterized by the presence of 
bi-coordinated bridging oxygens connecting lepidocrocite blocks. 

The hydration process is slightly exothermic by 0.31 and 0.098 eV 
per water molecule for DT1 and DT2 slabs, respectively. Nanotubes 
have been constructed from both DT1 and DT2 nanosheets. The ener-
gy strain of DT2 nanotubes are in general smaller than those of DT1 
and exhibit a minimum value indicating that asymmetric slab prefer 
to adopt a curved shape. However, the lower strain of the DT2 structu-
re is overcompensated by the higher thermodynamic stability of the 
DT1 nanotubes.

The stability of the dititanate tubes have been compared to the 
lepidocrocite-like and to trititanate tubes, (4) and the DT1 structure 
has been found to be more stable at all investigated diameters, 
indicating that i) the lepidocrocite TiO2 nanotubes are susceptible 
to hydration, ii) the hydration ratio1:2 of dititanates is favored with 
respect to 1:3 of trititanates). However it can be noticed that the 
energy difference are rather small and could be easily overcome 
by entropy effects.

3 ML thick nanotubes: the 001 case

TiO2 trilayers can be derived from the anatase (001) and (100) 
bulk-like terminations, Figure 1. The (001) 3ML thick slab (bond 
lengths were optimized, but the original symmetry of the bulk was 
preserved) is characterized by a square cell (a=b=3.59 Å) and 
a film energy with respect to bulk anatase (ΔEfilm) of 0.70 eV/TiO2. 
The main features of the surface of these slabs are rows of bi-co-
ordinated oxygens, running perpendicularly to each other on the 
two opposite sides of the slab. Upon releasing the constraints on 
cell symmetry the trilayer undergoes spectacular reconstructions. 
Unlike the bilayer, the rearrangement to the thermodynamically 
more stable lepidocrocite is hindered and the film undergoes a 
transition that involves the shift of the upper and the lower part of 
the film perpendicularly to each other (5), resulting in a structure 
halfway between anatase and lepidocrocite, structure (001)-A of 
Figure 2. The (001) to (001)-A transformation can be conceived as 
a two-step process. Shifting the top layer in the direction of the top 
bi-coordinated oxygen rows we get a structure (001)-B characteri-
zed by a rectangular unit cell (a=3.60 b=3.48 Å) and ΔEfilm=0.65 
eV/TiO2. Shifting the bottom layer as well perpendicularly to the pre-

vious direction results in (001)-A, the favored structure of anatase 
flat trilayers. (001)-A is characterized by a squared cell considera-
bly shrunk with respect to the unreconstructed film (a=b=3.41 Å) 
and ΔEfilm= 0.56 eV/TiO2. The energy gain connected to the overall 
process is 0.14 eV/TiO2.  

(6) (n, 0) nanotubes in the 30-50 Å diameter range have been 
constructed from the anatase (001) 3ML slab, Figure 1. At D<38 
Å diameters, the structure of the nanotube walls proved to be dif-
ferent from that of the flat sheet: while the external and internal 
layers are shifted from their bulk positions in the circumferential di-
rection, they remain unshifted in the axial direction. At diameters 
larger than 38 Å the conversion of the nanotube wall from structure 
(001)-B to (001)-A occurs as it is documented by the change in the 
steepness of the ES, Figure 2. At all considered diameters the na-
notubes display negative strain energies indicating that the nano-
tubes are more stable than the reference flat sheet. The geometry 
deformation δTi-O never exceeds 0.3%. The exceptional stability of 
curved structures is usually explained by the different spatial re-
quirements of the top and bottom layers. Since the bidimensional 
lepidocrocite cell has significantly different unit cell parameters in 
the two directions (a=2.980 Å, b=3.740 Å), the two perpendicu-
lar lepidocrocite -like layers that build up the anatase (001) 3ML 
slab create a strain that causes the rolling-up of the nanotube. 
Although the strain can not be relieved by the conversion to the 
thermodynamically more stable lepidocrocite structure, the cur-
vature of the nanotube walls allows the recovery of 0.16 eV/TiO2, 
a significant part of the Efilm difference (0.28 eV/TiO2) between the 

two flat structures. In addition, the curvature of the lepidocrocite 
nanotubes further reduces the stability of the tubes with respect to 
the anatase (001) structure: at diameters of ~50Å the energy differ-
ence is less than 0.1 eV/TiO2. The small energy difference is consist-
ent with the following experimental observations: i) the relevance 
of (001) terminations in nanostructured anatase (8,9); ii) the ana-
tase structure indicated by X ray diffraction XRD experiments (10); 
iii) the dominance of five coordinated Ti also indicated by XRD (7); 
iv) the size of the nanotubes also fits with the experimentally obser-
ved nanotube diameters measured as 4-5 nm on the internal and 
9-10 nm on the external nanotube surfaces (8). Anatase (001)-3ML 
nanotubes could be the first example of synthetic materials (not 
natural minerals) characterized by negative strain energy. 

Strain energies and relative strain energies of all the investigated 
tubes are summarized in Figure 3. The general trend of strain ener-
gy is an increase of its value with the increase of the thickness of 
the tube walls. Notwithstanding there are two exceptions: the (001) 
trilayer characterized by an asymmetric surface that prefers a bent 
shape and the (100) trilayer displaying 1 ML tick connecting sec-
tions in the tube walls that give a considerable degree of flexibility, 
thus providing small strains. By inspecting the graph we see that the 
most stable nanotubes are in the region of D>50 Å in agreement 
with experimental observations of tubes that have a size that range 
between 50 and 100 Å (22). 
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Fig. 2. – Schematic view of hydrated nanotubed nanotubes.

Fig. 3. – Es and ERS of selected nanotubes.
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The work realized within the ISCRA project “FermiCam” by 
the condensed-matter group in Camerino aimed at im-
proving the theoretical understanding of a strongly-interac-

ting system of ultracold fermions for which the Hamiltonian is known. 
The strength of the attractive pairing between opposite-spin fermions 
can be tuned across a Fano-Feshbach resonance in the two-particle 
scattering processes, thus exploring the crossover between the BCS 
superfluidity of extended Cooper pairs and the BEC condensation of 
molecular-like pairs (BCS-BEC crossover in the following). The physical 
quantities relevant for our project have been numerically evaluated by 
means of a diagrammatic approach, which in the crossover regime 
of the BCS-BEC crossover can be tested against experimental data 
and Quantum Montecarlo (QMC) simulations. The rationale has been 
to improve the theory which is commonly used in this framework as to 
include relevant diagrams of increasing complexity, thus reducing the 
width of the crossover region in which the theory cannot be controlled 
in terms of a small parameter.

In particular, in the course of the project we decided to focus our 
numerical analysis to ultracold Fermi gas with balanced spins and a 
contact attraction, while in the submitted project we planned to con-
sider both cases of balanced and imbalanced spin populations to ex-
plore new quantum phases of ultracold fermionic systems. This decision 
was forced by the numerical complexity and CPU time requirement to 
accomplish just the first part of the project, that is focused on the sim-
pler fermionic system with balanced spins. Therefore, here and in the 
following our discussion of the results and achievements of this one-year 
work with the CINECA facilities will be devoted to a system of balanced 
fermions, while the other part of the project on imbalanced fermionic 
systems has been conducted by means of local computer resources 
available to our group in the Physics section of the University of Came-
rino. 

The resourse allocation of the ISCRA-CINECA, consisting of 120.000 
hours of CPU time, was used by our group to evaluate numerically the 
coupling-vs-Tc phase diagram. Here, the coupling quantifies the streng-
th of the pairing between fermions, while Tc is the critical temperature 
of the transition between a Fermi gas in the normal state and a Fermi 
gas in the superfluid state. The critical temperature has been evalua-
ted using a t-matrix diagrammatic approach which is improved with 
respect to that usually adopted for the BCS-BEC crossover. This requires 
heavy numerical calculations to solve the self-consistent equations for 
the critical temperature, as illustrated in detail below.

In the course of the “FermiCam” project the most important achieve-
ment has been the numerical solution of the self-consistent equations 
for the calculation of the critical temperature and chemical potential at 
fixed density of fermions as a function of coupling for the transition to the 
superfluid phase of a system of balanced fermions in the three-dimen-
sional homogenous space, using a diagrammatic approach which 
improves the usual t-matrix scheme to include non trivial particle-hole 
polarization effects. The set of equations have been solved by means 
of a numerical code written in the Fortran language. The set up and test 
of the code, prepared in two versions to be run in a serial or in a parallel 
way in order to use the power of the CINECA resources, is itself an impor-

tant achievement of the project. The parallel version is written by using 
the MPI package and the parallelization is included in a simple way 
starting from the serial code. The realization of the code has been the 
central part of the doctorate thesis in Physics of the student Serena Gi-
rotti, which is going to be submitted for discussion in a few months. After 
a detailed testing procedure of the outputs of the numerical code, as 
well of the numerical results against analytic results for the critical tem-
perature which are known in the BCS regime (3) and which we obtained 
in the BEC regime, and of checking the stability of the calculations with 
different choices of the parameters that control the numerical sums 
and integrations, the code has been used eventually to evaluate the 
phase diagram in the coupling vs critical temperature plane. The results 
obtained in this way have been compared with the critical temperature 
obtained by the simpler t-matrix approach used previously by our group 
and in the literature (1,2 and references therein). 

The physical content of our results, which are reported in Figures 1 
and 2, can be summarized as follows. The inclusion of particle-hole po-
larization corrections to the t-matrix approach for the calculation of the 
critical temperature (Tc) are mostly effective in the BCS regime, where 
Tc results suppressed by a factor of order 2 with respect to its weak-
coupling value, in agreement with the early prediction by Gorkov and 
Melik-Barkhudarov given in Ref. 3. It becomes less effective in the cros-
sover regime, where the suppression of Tc with respect to the simpler 
prediction (without polarization corrections) is by a factor of about 1.2. 
It finally disappears in the BEC regime because the fermionic character 
of the systems is completely washed out by the formation of molecular 
pairs with bosonic character. This non-trivial behavior of the polarization 
corrections in the BCS-BEC crossover has been investigated by means 

of numerical “experiments” using our code, and the results are that the 
momentum and frequency dependence of the particle-particle (pair) 
propagator entering in our improved diagrammatic approach play an 
important role in reducing the otherwise large suppression of the pola-
rization corrections to Tc in the regime between BCS and the crossover 
regime. In the regime between the crossover and the BEC regime, on 
the other hand, the main effect of the disappearance of polarization 
corrections can be attributed to the chemical potential that becomes 
negative in the BEC regime, with the consequent disappearance of the 
Fermi surface of the system.

An additional important outcome of our work has been the setting up 
of a partial self-consistency in the set of equations for Tc and chemical 
potential, which permits one to include in the improved diagrammatic 
approach a renormalized pair propagator, which diverges at low ener-
gy and long wave length in correspondence of the new renormalized 
critical temperature. Our results, obtained by including polarization cor-
rections to Tc, improve the comparison with the QMC results for Tc of Ref. 
5 in the crossover regime (Figure 1) with respect to the simpler t-matrix 
approach of Refs. 1 and 2. The flexibility of our numerical code leads to 
a deeper physical understanding than the interpretation available up 
to now in the literature (see, e.g., the one reported in Ref. 4) concerning 
the evolution of the effects of the polarization corrections throughout 
the BCS-BEC crossover.

Diagrammatic approach and numerical method

The Gorkov-Melik-Barkhudarov (GMB) correction to the pair propaga-
tor is obtained by a convolution of six single-particle fermionic Green’s 
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Fig. 1. – Critical temperature (Tc) in units of the Fermi temperature (TF) as a function 
of the coupling parameter (kFaF)-1 evaluated within the usual t-matrix approach (black 
line, see Ref.1 and 2) and within the improved t-matrix approach of this work (blu line). 
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Fig. 2. – Suppression coefficient of the critical temperature throughout the BCS-BEC 
crossover, defined as the renormalized critical temperature calculated in this work 
divided by the critical temperature without polarization corrections, as a function of 
the coupling parameter (kFaF)-1.
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functions and two particle-particle (pair) propagators. The variables en-
tering the Green’s functions and the particle-particle propagators can-
not be separated. For this reason, the problem cannot be factorized as 
a product of simpler independent integrals and sums.

In particular the GMB correction depends on:
•  Three physical parameters, namely, coupling, temperature, and 

chemical potential;
•  Eight internal variables, over which integrations and sums are car-

ried over, that is sto say:
– three angles, for which the region of integration is bounded;
– three magnitudes of wave-vectors, for which the integration re-

gions extend between 0 and infinity;
– two discrete frequencies, which extend from minus infinity to plus 

infinity.

These eight non-separable variables derive from three wave vectors 
(k, p, and q) and three corresponding Matzubara frequencies (OmP, 
OmQ). The angles (teta, alpha, phi) connect the magnitudes of the 
three wave vectors. According to our detailed analysis, the integrand 
presents structures with peaks. The positions of these peaks depend on 
the external physical parameters. For these reasons, we have set up a 
numerical code that reduces the number of integration points in ranges 
where the integrand is smooth, but at the same time places a large 

number of integration points where the integrand has peaks. 
After integrating over the angles, we have integrated over the ma-

gnitude of the wave vector (k), and finally we have performed the sums 
over the frequencies. At this point, the resulting integrand is multiplied by 
the two particle-particle propagators. Each of these propagators is a 
function of (p, OmP) or (q, OmQ) and must be integrated only over the 
magnitude of the wave vector. We have decided to insert the parallel 
loop at this stage of the calculation. We have inserted the parallel loop 
after the first of four internal loops and before the remaining four loops.

In this way, each CPU evaluates the integrand at fixed (p, OmP) and 
(q, OmQ) and performs the integration over k, teta, alpha, and phi. As 
a next step, we calculated the sums. The function to be summed is 
evaluated with high accuracy only when:
•  one or both frequencies are equal to zero;
•  the absolute values of the frequencies are equal.
In the other cases we have used a linear interpolation. After these fre-

quency sums are performed, the final integrand is symmetric under the 
interchange of the final variables p and q. At this point, we have inserted 
a “reduce-barrier” command (of the MPI package) and obtained the 
final integrand as a function of (p, q). The main parallel performance 
we have considered for our problem is the strong scaling, because we 
have a constant size of the numerical problem that is defined by the 
temperature, which determines the frequency cut-off for the two sums.
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In this work we consider a collection of Si nanoclusters 
(NCs) of different size and interface configuration. We 
consider three different conditions of NCs ensamble: 

ensamble of non-interacting NCs (sparse NCs), NC-NC interaction 
pairs, and dense NCs ensables simulated through a reduced simu-
lation supercell. All the calculations are performed in the DFT-LDA 
framework, and the optical properties are evaluated in the random-
phase approximation (RPA).

In previous works we evidenced the importance of the interfa-
ce in Si/SiO2 NCs, demonstrating that the NC+interface system is 
practically not interacting with the surrounding matrix. An hydrogenic 
passivation of the NC+interface system provides a simplified model 
with optical absorption properties matching those of the full em-
bedded system in the 0--6 eV range when the strain induced by 
the hosting matrix is preserved. Furthermore, for NCs with diameters 
smaller than about 2 nm we evidenced a strong correlation of the 
NC energy gap with the average oxidation of the interface silicons, 
Ω. At these sizes, the energy gap gets strongly modulated by Ω, 
producing sensitive deviations from the pure quantum confinement 
(QC) trend.

Relying on the above considerations we consider at first a set of 
suspended NCs passivated by OH. In the non-interacting picture, an 
hypotetical sample formed by the NCs set can be described as a 
simple superposition of the responses of the single NCs. Interestingly, 
for three particular pair of NCs the band alignment does not follow 
the expected monotonous trend of the valence and conduction 
bands with the fundamental gap (the tree pairs are marked by the 
black arrows of Figure 1). Instead, we observe the localization of the 
highest occupoed molecular orbital (HOMO) on one NC and the 
lowest unoccupied molecular orbital (LUMO) on the other one. This 
condition is favorable for attaining a charge separation after the 
excitation by an external driving field. Besides, this may not be true 
for a general pair of NCs, but only for certain NCs configurations.

As first step towards a system of interacting NCs we conveniently 
consider a pair of NCs that satisfies the charge-separation condi-
tions discussed above, e.g. the Si17+Si32 system.

At this point we investigated the role of the NC-NC separation on 
the spatial localization of  the band-edge states and on the optical 
absorption spectrum. We evidenced no significative modification of 
the observed quantities when passing from a separation d=0.8 nm 
between the NC surfaces, to 0.2 nm (NCs almost in contact). This re-
sult, in agreement with other theoretical and experimental works, re-
veals a poor level of interaction of the passivated, defect-free, NCs.

Beside the significative results obtained with the hydroxidized NCs, 
these systems differs from the full Si/SiO2 structures due to the strain 
exerted on the NC by the surrounding matrix (the strained structures, 
extracted from the matrix toghether with the first shell of oxygens and 
subsequenty passivated by H, are marked by triangles in Figure 1). 
Such strain may, in principle, frustrate the charge-separation condi-
tions by modifying the electronic structure of the neighboring NCs. 
Therefore we performed calculations of the embedded Si17+Si32 
NCs at d=0.8 nm and at d=0.2 nm (Figure 2). These systems, for-

med by a total of 1484 atoms, have been obtained by a full ab 
initio DFT relaxation, using the SIESTA code. In this way we verified that 
the structural modification (due to the additional strain with respect 
to the suspended NCs) and the presence of the SiO2 between the 
NCs does not essentially modify the charge-separation offect outli-
ned above. In addition, we observed interaction effects emerging 
at the smaller NC-NC separation (d=0.2 nm), that enhanced the 
optical absorpion.

Finally, we explored the condition of densely packed NCs. We 
simulated this condition for the Si32 case by reducing the supercell 
size from betacristobalite (BC) 3x3x3 to 2x2x2. In this way the NC 
interacts with its own replicas, due to the reduced thickness (a single 
shell of oxide at least) of the insulating medium. The resulting band-
structure for the Si32-2x2x2 presents a clear dispersion in energy, 
and the conduction gap assumes now a strongly indirect charac-
ter, contrary to the truly isolated case. Despite the simplicity of the 
model and the approximation adopted (in this case the interacting 
NCs are identical), this result clearly indicates that for densely pa-
cked NCs the momentum conserving phonon-assisted processes 
could become dominant, limiting the radiative recombination of 
the samples, as observed experimentally. The value of the indirect 
gap is now 2.55 eV, to be compared with the 2.62 eV of the truly 
isolated case, indicating that a single shell of oxygens between the 
NCs replica is able to provide the same confinement energy of the 
full silica matrix, as also emerged from the previous analysis of the 
hydroxidized cases.

In summary, the transition between independent to interacting 
NCs occurs at very small interspacing, near to the percolation th-
reshold. The closely-spaced NCs mantains the QC effect while 

presenting minibands with indirect gap, it allows charge transfer, 
enhanced absorption, and charge separation. All the enumerated 
conditions suit well with efficient photovoltaic application, in which 
slow recombination times and low resistivity are required.
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Introduction

The ASTIC project (ISCRA-B: HP10BWKN81) aimed to ap-
ply common theoretical spectroscopic simulation tools to the analy-
sis of large or complex surfaces which offer well-defined potential in 
advanced technologies. In a first objective (A), we aimed to dedu-
ce the microscopic origins of experimental measurements on two 
types of silicon surface that are suitable for self-organized growth of 
1-D nanostructures. These comprise flat and stepped Si(111) surfa-
ces, on which deposited Au form arrays of single or double chains; 
and the striped (16 x 2) reconstruction of Si(110), on which regular 
grids of Au and Ag have been shown to form. In a second objective 
(C), we characterized the electronic and excitonic (excited state) 
properties of several surface reconstructions of TiO2, which is im-
portant for photovoltaic and photocatalytic applications. A third 
objective (B) dealing with surface plasmon dispersion on gold surfa-
ces was deferred to a later call following the reduced allocation of 
resources with respect to those requested. It is one of the subjects of 
the 2011 ISCRA B grant, “SIMPLEX”.

All computations are based on DFT-LDA or DFT-GGA simulations 
(1) of surface structure (structural optimization) using the quantum-
ESPRESSO code (2), followed by optical calculations at the inde-
pendent particle level (A1), using a simple TDDFT kernel (A2), or with 
more advanced GW+BSE many body theory (B), using the Yambo 
code (3). Much of the CPU time was utilized in carrying out the ca-
reful convergence tests necessary to provide quantitative compari-
son with experiment, which are demanding for the large supercells 
being employed.

A1 Gold chains on Si(111) surfaces

When deposited on vicinal Si(111), gold tends to self-assemble 
into quasi 1-D chains aligned parallel to the step edges (4). In order 
to characterize their structure and growth mechanisms, experimen-
talists need to understand (i) the factors that determine the type of 
chain that forms, and (ii) how to monitor—in a non-destructive man-
ner—their formation during growth. McGilp and McAlinden (TCD)(5) 
have used the reflectance anisotropy spectroscopy (RAS) techni-
que to deduce that step morphology determines the chain type (6). 
However, a theoretical study is necessary to confirm these pheno-
menological studies. A collaboration was established within the fra-
mework of a User Project of the European Theoretical Spectroscopy 
Facility (http://www.etsf.eu) to carry out the computational work.

We computed RAS data for vicinal Si(111) surfaces as well as 
for the Si(111)-(5 x 2)-Au, Si(557)-(5 x 1)-Au and Si(775)-(5 x 2)-Au re-
constructions. Important technical or physical features, including 
spin-orbit coupling and inclusion of non-local corrections to the 
momentum matrix elements, were accounted for. The computed 
spectrum for single step models of Si(557) and Si(557)-(5 x 1)-Au (7) 
yielded excellent agreement with experiment, considering the rigid 

“scissors” shift approach used (Figure 1). This enabled us to identify 
spectroscopic “fingerprints” related to the gold chains and other di-
stinctive structural motifs, such as Si honeycomb step edges, step 
edge buckling, adatoms and chain dimerization. The effect of 
spin-orbit coupling was investigated and found to have negligible 
influence on the optical anisotropy, even though the effect on the 
band structure is considerable. Reasonable agreement was found 
with experiment for a Si(111)-(5 x 2)-Au surface model and provi-
des independent confirmation of the recently proposed triple chain 
structure for this surface (8). Nevertheless, it is expected that a full 
(5 x 4) cell is necessary to fully explain the data. Last, several new 
structures for Si(775) were investigated, and total energies and RAS 
data computed, but a stable structure that explains the experimen-
tal data was not found.

In summary, we confirmed the proposed structures of the Si(557)-
(5 x 1)-Au and Si(111)-(5 x 2)-Au models and confirmed some, but 
not all, of the previous phenomenological conclusions that had 
been made about the measured spectra. The scientific results of 
this project have been presented at international conferences (9), 
and will be published elsewhere.

A2 The Si(110)-(16 x 2) long range reconstruction

Si(110) reconstructs in a complicated long-range (16 x 2) recon-
struction, composed of upper and lower terraces (stripes) having 
pentamer-like motifs, as deduced from STM studies. The structure of 
the proposed adatom-tetramer-interstitial (ATI) model (10) is shown 
in Figure 2. Within a supercell approach, a typical slab contains 500 
atoms, and hence requires a substantial computational effort to 
calculate the optical properties.

We performed detailed analysis of the geometric, electronic and 
excited state properties of the ATI model and of its constituent struc-
tural units, including careful convergence tests with respect to slab 
thickness and k-point sampling. The computed DOS, bandstructure 
and surface differential reflectance (SDR) spectra were compared 
with experimental spectra and photoemission data (11, 12). Both an 
independent particle approach and a time-dependent DFT appro-
ach (using the simplified α/q2 kernel) (13) were used in computing 
the optics.

Peaks in the SDR were consistent with structures in the computed 
surface dielectric function (14). In contrast, the DOS and surface 
bandstructure results are somewhat inconclusive. Hence we also 
considered a recently proposed model based on adatoms (12) 
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and carried out further structural relaxations. The proposed model 
results to be structurally and energetically unstable, and therefore 
more work – specifically, new structural models – is needed to resol-
ve the mystery of this complicated reconstruction. Complete results 
can be found in Ref. (14).

B Computation of surface plasmon dispersion at gold surfaces

Deferred until 2011–2012 (see Introduction).

C Excitonic effects in TiO2 surfaces

Several experimental and theoretical studies have shown in the 
last years that the photo-reactivity of TiO2 nanoparticles in the ana-
tase phase is influenced by the presence of the (001) minority sur-
face (15). Nevertheless, debate is ongoing concerning the role of 
the specific surface reconstruction (1 x 1 or 1 x 4) in relation to the 
photocatalytic properties (16).

As exciton formation is the first step of any photo-catalytic pro-
cess, our aim was to investigate by reliable and predictive ab-initio 
approaches the following questions: (i) if and how the electron and 
hole distribute at the (001) surface; (ii) how the spatial exciton loca-
lization depends on the (1 x 1) or (1 x 4) reconstruction; and (iii) how 

it depends on the optical excitation energy. Our work moreover ai-
med to simulate the optical response of the two surfaces in order to 
see if the two reconstructions show specific optical signatures to be 
measured, in a near future, by surface sensitive optical techniques.

Following these motivations we calculated, for the first-time, the 
electronic band-structures of the (001) (1 x 1) and (1 x 4) recon-
structions of anatase including self-energy corrections to the DFT-
GGA electronic states. The G0W0 correction results slightly bigger (1.8 
eV) than that calculated in the bulk (1.7 eV) (17). Furthermore, the 
optical spectra of the two reconstructions have been calculated 
including local-fields and excitonic effects via the solution of the 
Bethe-Salpeter equation. Our study has shown that specific optical 
anisotropies not present in the bulk compound appear for the (1 x 
1) and (1 x 4) reconstructions and this could allow the identification 
of the reconstruction present in the experimental samples. Finally, 
as shown in Figure 3, the calculated spatial behaviour of the surfa-
ce excitons suggests a bigger photo-catalytic activity at the (1 x 1) 
reconstruction with respect to the (1 x 4), in agreement with some 
experimental observations.

From this study we can conclude that: (i) for the (1 x 4) geometry 
and at all photoexcitation energies investigated here, we find com-
plete exciton delocalization in the subsurface and bulk part of the 
slab (see panel (d) of Figure 3). This indicates a small probability that 
both electron and hole are immediately available at surface sites 
and then involved in subsequent chemical reactions. (ii) For the (1 x 
1) model instead we have found that two fundamental characteri-
stics of photocatalytic processes are fulfilled: i.e. the spatial separa-
tion of electron and hole and their immediate co-presence at the 
surface, like in the photo-induced splitting of water molecules for H2 

production (18) (see panels (a),(b),(c) of Figure 3). This is predicted 
primarily for excitation energies below 3.6 eV, where both the elec-
tron and hole are mainly located at the surface and is consistent 
with the fact that the optical region between 2.7 eV and 3.6 eV 
presents a spectral irradiance enhancement for the anatase phase 
that is about 16 times larger than that of the rutile phase, for [001]–
oriented films (19). The results of this work have been published (17) 
and presented at several international conference (20).
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and (1 x 4)–(001) (panel (d)) reconstructions. Large yellow (small, blue) spheres 
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It is well known that in several 3d and 4d transition metal 
oxides, as well as in alkali-doped fullerides (1), a consi-
stent description of the experimental observations can-

not be performed within single-band correlated electron models, 
but rather requires the use of more realistic models including orbital 
degrees of freedom. Such systems show a huge variety in physical 
properties, ranging from strongly correlated Fermi liquids, Mott-Hub-
bard metal-insulator transition (MIT) over several types of magnetic 
and orbital order to superconductivity encompassing also high-Tc 
materials. Examples of this kind of systems are, among others, the 
widely studied V2O3, whose properties are essentially determined by 
the electrons in a doubly degenerate d-band, and LaTiO3 (2), which 
exhibits d-bands with triple degeneracy.

A scenario of orbital-selective Mott transition (OSMT) was propo-
sed in the Ref. (3) for two-orbital systems, where the occurrence of 
the MIT is successive at Uc1 and Uc2 (Uc1 < Uc2) in two different orbitals. 
Such an orbital-selective Mott phase (OSMP) have been found in the 
two-orbital Hubbard model (TOHM) by the Dynamical Mean-Field 
Theory (DMFT) and some other theories. Recently, there has been 
pointed out a possibility of an OSMT in the one-dimensional (1D) 
TOHM (4) at commensurate fillings (quarter- and half-filling) and for 
unequal bandwidths of the two orbitals. It is interesting to investigate 
in most details such transitions both at T=0 and finite temperature 
and their interplay with the 1D character of the problem.

Within the project “Band suppression in a multi-orbital strongly 
correlated electron system” the work has been done along the fol-
lowing four research lines:
•  study of  the band suppression  in a multi-band strongly corre-

lated system;
•  study the relative populations of p- and d- electrons in the 2D 

three-band Hubbard model;
•  study of the single-particle dispersion of the 2D p-d model;
•  study of  the  filling and  temperature dependence of  the spin 

susceptibility in the cuprates high-Tc superconductors.
In following we briefly illustrate the achievements made along 

each line.

Band suppression in a multi-band strongly correlated system (5)

The crucial role of the orbital degrees of freedom in explaining 
several intriguing phenomena such as MIT and magnetism in do-
ped phthalocyanines as well as the superconductivity in heavy-fer-
mion compounds has been recently recognized. On the theoreti-
cal side, the study of multi-orbital systems is extremely complicated 
and has been mainly accomplished in the infinite-dimension limit 
by means of the Dynamical Mean-Field Theory, although, in these 
systems, the spatial correlations are essential. Another fascinating 
phenomenon inherent to the multi-orbital systems is the OSMT. In 
such a transition, by tuning the strength of the Coulomb repul-
sion, it is possible to open a gap in some band(s), while leaving 
the other(s) gapless. It is thought that OSMT occurs in materials as  
Ca2−xSrxRuO4 and Lan+1NinO3n+1.

By using finite-system DMRG, we have studied the influence of 
the inter-orbital hopping t12 on narrow orbital suppression (NOS) in 
quarter-filled two-orbital Hubbard model. We have found that t12 
prevents the narrow orbital from complete suppression (Figure 1), 
by providing an additional contribution to the intra-orbital hopping. 
We have found that at t12=0, a complete NOS occurs at U’c(t11) for 
t11<0.6, while for greater values of t11 NOS is incomplete for all values 
of of U′ [0, 20]. On the contrary, our data suggest that a finite t12 pre-
vents complete NOS even in case of very narrow band (t11=0.1). In 
the regime with U’ < U’c we find a strong enhancement of staggered 
charge correlations, while in the case when U′> U′c the staggered 
spin correlations are favored.

Single-particle dispersion in 2D p–d model (6)

A series of experimental results points at the p–d model as a rea-
listic candidate to describe the electronic state of oxide cuprates. 
Recently, LDA-DFT calculations have been used to consistently ob-
tain the model parameters for several single-layer cuprates, sug-
gesting that the p–d Hamiltonian can be a valid model since Fermi 
surfaces and Fermi velocities are given correctly. The p–d model 
describes a CuO2 layer, characterized by a strong intra-atomic 
Coulomb repulsion at Copper sites and by a very high degree of 
correlation between the 3d electrons of copper in the atomic orbital  
3dx2-y2 and the 2p electrons of oxygen in the atomic orbitals 2px 
and 2py.

By using a four-pole approximation, in the framework of the Com-
posite Operator Method, we have studied the single-particle disper-
sion in 2D p–d model. The relevant excitations have been descri-
bed in terms of composite operators. We have analyzed how the 
band structure and the Fermi surface are influenced by variations 
in the hopping integral between the bonding p-orbital tpp, and in 
the charge-transfer energy Δ. We have inferred the existence of a 
critical value of Δ, at which the shape of the bands and of the cor-
responding Fermi surface radically changes with relevant effects on 
several experimentally measurable quantities.

Relative populations of p- and d- electrons in the 2D three-band 
Hubbard model (7)

As a continuation of the work reported in the previous chapter, 
here, we have studied the 2D three-band Hubbard model. We used 
a four-pole approximation, within the Composite Operator Method. 
In particular, we have investigated how the relative populations of 
p- and d- electrons change on varying all model parameters (U, Δ 
and tpp) and total filling nT . The interplay between on-site d-electron 
repulsion U and the charge-transfer gap Δ can lead to very anoma-
lous behaviors, often very counter-intuitive, that can be understood 
on the basis of the relative populations of the single-particle bands 
of the system.

Static and uniform spin susceptibility of the 2D Hubbard model (8)

Finally, in order to test the quality of our method, we have studied 
the filling and temperature dependence of the static and uniform 
spin susceptibility of the two-dimensional Hubbard model in the  
d-wave superconducting phase. We used the Composite Ope-
rator Method within the two-pole approximation. Three regions of 
filling have been identified: 0.74< n < 0.82, where, in qualitative 
agreement with experimental findings for YBCO, on decreasing do-
ping, the maximum of the susceptibility appears at lower and lower 
temperatures, anyway larger than the superconducting critical one; 
0.83 < n <0.89, where, in agreement with the proposal of Barzykin 
and Pines (9) for LSCO and YBCO, it is possible to exactly scale the 
susceptibility for any doping in the range with respect to its maxi-
mum height and position; 0.90 < n < 0.93, where pseudogap ef-
fects seem to become dominant.
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In the discipline of spintronics, the spin degree of fre-
edom of mobile charge carriers is exploited, in addition 
to their charge, to carry information as well as to realize 

different interactions with magnetic materials (1). Recent research 
efforts in this field have been directed toward organic materials, in 
particular, toward the properties of single metallo-organic molecu-
les (MOMs), like phthalocyanines (Pcs), which can be seen as single 
magnetic atoms, e.g., a central transition metal (TM), dressed with 
an organic macrocycle (2,3). In this regard, several studies have in-
vestigated electron and spin injection as well as magnetic coupling 
and switching in MOMs adsorbed on magnetic or nonmagnetic 
metals and semiconductors (see, e.g., Refs. 4-6). A major goal of all 
of these investigations is to control and manipulate individual spins in 
a single molecule by exploiting their coupling to the environment. In 
this context, we focus here on the paramagnetic vanadyl-phthaloc-
yanine (VOPc), where the central metal is replaced by a metal-non 
metal (V-O) group, and  propose a TM-substrate coupling mediated 
by the central O atom. Moreover, we consider the Ga-rich GaAs 
(001) z(4x2)/c(8x2) surface as a semiconductor substrate. The pro-
perties of the VOPc/GaAs system have been investigated by using 
first-principles DFT methods in the U-corrected local spin density 
generalized gradient approximation (LSD-GGA+U) and a supercell 
approach (7,8). The CuPc/GaAs system has been also considered 
for comparison. Further details on the methods are given in Ref. 9. 
The electronic structure of the first component of the VOPc/GaAs 
system, the magnetic VOPc, is characterized by a HOMO(p) (highest 
occupied molecular orbital) and a doubly degenerate LUMO(p*) 
(lowest unoccupied molecular orbital) highly delocalized on the or-
ganic macrocycle. Moreover, the VOPc presents two frontier orbitals 
involving the central V atom and responsible for its magnetic pro-
perties: a single-occupied MO composed of a V 3d atomic orbital, 
HOMO(V), and an unoccupied MO composed of a different V 3d 
atomic orbital and an O 2p atomic orbital, referred to as LUMO(V). 

The interaction of the VOPc molecule with the GaAs surface leads 
to the formation of a molecule-surface O-Ga bond (Figure 1A), as 
indicated by an O-Ga distance of 1.77 Å, an adsorption energy 
E[ads] of 2.41 eV, and by the difference density map rdiff [VOPc/
GaAs], shown in the same Figure. At the onset of the molecule-sur-
face interactions, this difference density indicates indeed a charge 
displacement toward the O atom and the O-Ga bond region, both 
from the V and surface Ga atoms, thus settling a V-O-Ga bridging 
bond. To clarify the effects of theV-O-Ga bond on the electronic 
and magnetic properties of the VOPc molecule, let us consider 
the electronic levels of the isolated molecule, of the molecule ad-
sorbed on the GaAs surface with the O atom upward, and of the 
molecule bonded to the surface (shown in Figure 1A), schematically 
represented in Figure 2A-C, respectively, together with the valence 
band (VB) and conduction band (CB) edges of GaAs. The compari-
son of Figure 2A with Figure 2B shows that without a bridging bond 
with the substrate, the VOPc electronic structure is unchanged. On 
the contrary, Figure 2C shows that the formation of the V-O-Ga bond 
has impressive effects on the LUMO(V), which decreases about 2 eV 

in energy, locates in the GaAs energy gap and, most interestingly, 
reverses its position with respect to the LUMO(p*). Such changes of 
the VOPc electronic structure can have important effects on the 
magnetic behavior of this molecule. First, because carrier injection 
involves the frontier orbitals, let us note that in isolated molecules 
such orbitals are the macrocycle spin-insensitive HOMO (p) and 
LUMO (p*), whereas in the bonded molecule the carrier injection 
involves the new LUMO(V) which has a majority spin character and 
is strongly localized on the VO central group carrying the VOPc 
magnetic moment. Then, we probed this new LUMO(V) by investi-
gating a charge transfer from a GaAs donor impurity to this orbital.
We have simulated an n-doped GaAs (n-GaAs) by substituting a 
Ga(III) with a Si(IV) atom, which induces a donor level (represented 
by a red line in Figure 2D) near the minimum of the GaAs CB. The 
donor level, higher in energy than the LUMO(V) (now the proper 
lowest unoccupied energy level of the VOPc/GaAs system), in-
duces a charge-transfer process from the semiconductor to the 
molecule, as indicated by the red arrow in Figure 2D, which fills the 
LUMO(V) with one electron. The filled LUMO(V), hereafter referred to 

as LUMO(V†), maintains its location in the GaAs energy gap. These 
results indicate that the new LUMO(V) is potentially available for 
electron injection in the bonded VOPc molecule. A further remark-
able consequence of the VOPc-GaAs bonding is that the filled 
LUMO(V†) is highly spin selective; the triplet configuration (total 
magnetic moment 2 mB), involving the LUMO(V†), is 1.0 eV lower 
in total energy than the singlet one. Finally, it has to be taken into 
account that in the bonded VOPc the LUMO(V) orbital as well as 
the LUMO(V†) are partially overlapped with the LUMO(p*) orbital. 
This suggests the possibility of coupling of electrons injected in the 
LUMO(p*) orbital with the electron occupying the LUMO(V†). It is 
worth stressing that none of the above effects have been found 
with the nonbonded VOPc (O in the upward direction) because 
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Fig. 1. – VOPc molecule interacting with the Ga-rich GaAs (001) surface. (A) Equilib-
rium geometry of the VOPc/GaAs system and isosurface of the difference electron 
density (rdiff). The rdiff map shows the displacements of electronic charge at the mol-
ecule-surface interaction. Red surfaces cover areas where the difference is positive, 
and blue surfaces cover areas where it is negative. (B) Equilibrium geometry of the 
VOPc/(n-doped)GaAs system and |y|2 plot of the LUMO(V†) (see the text). The |y|2 
isosurfaces correspond to the value of 0.005e/(a.u.)3. The green and red full circles 
indicate a correspondence between the equilibrium configurations of the present 
Figure and the electronic levels of Figure 2.

Fig. 2. – Total (spin up+spin down) DOS and electronic levels of the VOPc and CuPc 
molecules, isolated or interacting with the GaAs (001) surface. All of the levels are 
aligned to a common reference. The HOMO(p) and LUMO(p*), related to the mac-
rocyclic ligand, are represented by full and dashed black lines, respectively. The 
HOMO(V) and LUMO(V), (HOMO(Cu) and LUMO(Cu)) related to the central V (Cu) atom, 
are represented by full and dashed orange (green) lines, respectively. The blue color 
background delimits the valence band (VB) and conduction band (CB) regions rela-
tive to the GaAs band structure. A dopant donor level is indicated by a red line. (A) 
Isolated VOPc molecule; (B)VOPc molecule interacting with the GaAs surface (the O 
atom points upward); (C) VOPc molecule bonded to the GaAs surface (the O atom 
points downward); (D) VOPc molecule bonded to an n-type, Si-doped GaAs surface 
(i.e., the case of surface to molecule charge transfer inducing a high-spin configura-
tion). (E) Isolated CuPc molecule; (F) CuPc molecule interacting with the GaAs sur-
face; (G) CuPc molecule interacting with an n-doped GaAs surface. The green and 
red full circles indicate a correspondence between electronic levels of the present 
Figure and the equilibrium configurations of Figure 1.
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no substrate-to-molecule charge transfer is induced by a Si donor 
in the GaAs substrate. In this case, the LUMO(V) and the LUMO(p*) 
are higher in energy than the Si donor level, which rests occupied 
by its exceeding electron. A similar result is found for the CuPc/
GaAs system. The electronic levels of the CuPc molecule when 
isolated, adsorbed on the surface, and adsorbed on the n-type 
surface, are shown in Figure 2E-G, respectively. These panels show 
that such levels are almost unperturbed by the interaction with the 
surface and that no surface-to-molecule charge transfer occurs in 
presence of a Si donor.

As for the non bonded VOPc, the exceeding donor electron oc-
cupies its shallow level close to the CB and located below both 
the LUMO(Cu) and the LUMO(p*). It may be noted that the systems 
considered in the panels A-F of Figure 2 are all characterized by 
a total magnetic moment of 1 mB, except for the system of panel 
D, which presents a total magnetic moment of 2 mB. The result-
ing theoretical picture suggests that the effects of the VOPc-GaAs 
strong coupling on the magnetic behavior of the VOPc molecule 
could be observed in scanning tunneling microscopy (STM) experi-
ments involving a single molecule adsorbed on an n-GaAs surface 
or in electron transport experiments performed in single-molecule 
transistors (10,11), where a GaAs substrate is used as a back gate. 
In the former case, an electron injected in the LUMO(p*) orbital 
is expected to give rise to an appreciable spin coupling to the 

LUMO(V†) electron because of the LUMO(p*)-LUMO(V†) overlap, 
the high spin localization of the latter orbital, and the high stability 
of the triplet spin configuration discussed above. Altogether, these 
conditions should favor the appearance of Kondo-like resonances. 
Similarly, Kondo effects should be observed in single-molecule tran-
sistors where, in addition, the Kondo resonances could be tuned 
reversibly using the gate voltage to change the spin configuration 
of the V atom. Such a kind of experiment should evidentiate the 
key property of the proposed VOPc/GaAs system; that is, the injec-
tion of holes in the GaAs VB can neutralize the effects of the n-type 
doping by removing the electron transferred to the LUMO(V†), thus 
changing the VOPc triplet state to a doublet one. In other words, 
the VOPc triplet state can be switched on/off by injecting carriers 
in the semiconductor. In conclusion, present results show that the 
equipment of a paramagnetic Pc with a central metal-nonmetal 
pair permits us to realize a strong molecule-semiconductor cou-
pling that directly involves the central metal and can be exploited 
to manipulate its magnetic properties. 
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Ab-initio results of the structural, electronic and opti-
cal properties of (1) silicon and germanium nanopar-
ticles embedded in wide band gap materials and  

(2) mixed silicon-germanium nanowires have been obtained. 

We have shown that theory can help in understanding the mi-
croscopic processes important for devices performances. In par-
ticular, we have calculated for embedded Si/Ge nanoparticles the 
dependence of the absorption threshold on size and oxidation, the 
role of crystallinity and, in some cases, the recombination rates, 
and we demonstrated that in the case of mixed nanowires, those 
with a clear interface between Si and Ge show not only a reduced 
quantum confinement effect but display also a natural geometrical 
separation between electron and hole. 

Most of the project activity has been focused on calculations 
about the optical properties of SiGe nanostructures within the GW 
and BSE approaches, which means to include many-body effects. 
We have discovered a very practical and useful tool to evaluate the 
self energy corrections for this kind of wires: in fact we have dem-
onstrated that they, in contrast with the results obtained in the one 
particle approximation, are independent from the specific geom-
etry and can be evaluated as a weighted average, on the relative 
composition of one atomic species with respect to the total number 
of atoms in the unit cell, of the self energy corrections for the pure 
Si and Ge NWs (1). This result represents a very useful tool not only 
for computational scientists, in fact it can really help to circumvent 
cumbersome computations, but also for experimentalists, since it 
gives a practical way for the determination of the electronic band 
gap.

As regards as the absorption spectra of this type of wires, we 
have shown how the creation of an abrupt interface between Si 
and Ge is a very crucial key in order to predict and modulate 
the absorption optical properties, the exciton localization and the 
oscillator strength of SiGe NWs; these wires show an enhanced op-
tical absorption in the near infrared field with respect to the pure 
Si and pure Ge nanowires, which strictly related to their peculiar 
geometry (1); as a consequence of this property, abrupt SiGe NWs 

are ideal candidates for technological applications, such as pho-
tovoltaics.

Moreover, in collaboration with Dr. Riccardo Rurali of the ICMAB 
(Barcelona, Spain) we have analyzed the effect of doping on the 
electronic properties of clean and doped SiGe NWs (2). We have 
analyzed B and P doping into the core and into the shell for both 
the types of core-shell NWs (Si core and Ge core). The results of our 
calculations show how, in contrast with B and P doping of pure Si 
and pure Ge NWs (for which several studies have demonstrated that 
the doping mechanism is inefficient at very small diameters), an 
efficient n-type and p-type doping can be reached in the case 
of core-shell SiGe NWs; this very interesting result is a consequence 
of the type II band offset between Si and Ge, which implies that 
valence states are on the germanium part of the wire while conduc-
tion states are on the silicon one. 

In particular in the case of Ge/Si NW with a P impurity into the 
core the impurity level falls inside the conduction band, yielding an 
electron at its bottom. This result is related to the type II band-offset 
that comes out at Si/Ge interface. In a pure Ge NW of the same size 
of the core, the impurity level would have been deep into the band 
gap and very difficult to activate at typical device temperatures. In 
this case instead, analyzing the wave function localization, we have 
found that the bottom of conduction band is on silicon-shell, which 
are below the impurity and all the germanium-core states; it means 
that the impurity does not need to be thermally activated. This in-
dicates the formation of a one-dimensional electron gas that can 
have relevant importance for device applications. Other interesting 
case is the configuration with a B atom into the silicon shell of a Ge/
Si NW. Again the impurity level is deep into the valence states and 
we have the formation of one-dimensional hole gas. These types of 
results can be easily extended to the case of Si/Ge NWs. 

The demonstration of an efficient doping for these types of wires 
can open substantial opportunities for the understanding doping 
mechanism at nanoscale and for improving its technological ap-
plication.

For what concerns the Si-Ge nanoclusters (NCs) we have evi-
denced a clear dominance of the local field (LF) effects over the 
many body ones. In fact, while we observed a mutual cancellation 
of self-energy and excitonic corrections in agreement other works, 
the inclusion of LF in the calculation of the absorption spectra is of 
great importance for each NC size (3). We revealed that LFs arise 
due to polarization effects at the NC surface, supporting the pos-
sibility of describing such corrections through simplified (classical) 
models, like the effective medium theories.

The calculations of alloyed Si-Ge NCs show an almost-linear de-
pendency with the alloy index, as for the optical (absorption spec-
tra, optical gap) like as for the electronic properties (DOS, electronic 
gap). Furthermore, we evidenced a pronounced spatial separation 
of the band-edge states in the case of half-half alloyed Si-Ge NCs, 
while for pure NCs such separation is reduced. Anyway, the strain 
induced by the alloying may play an important role over the latter 

result, and further investigations my therefore be helpful in order to 
clarify this aspect.
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Method

The code that has been used for QMC calculations is the 
TurboRVB, developed by Sandro Sorella (SISSA of Trieste, Italy) and cowor-
kers, that has been widely tested by the developers and applied in a 
number of interesting systems (1-11). The approach provides excellent 
ab initio results in describing both intra- and inter-molecular interactions, 
and in particular the challenging case of Van der Waals interactions.

TurboRVB is a wave function based method, and the wave function 
that is used to describe the electronic structure of the system is a pro-
duct of an Antisymmetrized Geminal Power (AGP) and a Jastrow factor:

 �J   AGP ( x� ) = � AGP ( x� ) J ( x� ), (1)

where ( x� ) = {(ri 
→, σi)}i = 1...N are the Cartesian and spin coordinates of the 

N electrons in the system. The Jastrow term, typical of QMC approa-
ches, takes into account the dynamical correlation, and satisfies the 
electron-electron and electron-nucleus cusp conditions. We remand 
the reader to the included references for a detailed description of the 
method and wave function.

Detecting d-wave pairing function in CaCuO2 parent compound

The CaCuO2 material is a stoichiometric compound that contains 
the basic ingredient of high-Tc superconductor, namely the Copper-
Oxygen plane. In this system we have been able in a previous grant to 
obtain a rather accurate determination of the antiferromagnetic order 
parameter. In this work, we have explicitly tested the resonating valen-
ce bond (RVB) hypothesis that high-Tc superconductivity just emerges 

by doping an antiferromagnetic Mott insulator, that already contains 
preformed d-wave pairs. Indeed, by optimizing the pairing function with 
an unbiased variational approach, we have been able to stabilize the 
right symmetry of the pairing function, namely the d-wave, as shown 
clearly in Figure1.

The pairing function in graphene

With the same technique we have also studied a material, of recent 
technological interest, that represents also an important playground to 
test the fundamental issue of RVB theory, as it was originally formulated. 
Indeed within this theory, that at the early stages was applied succes-
sfully to the simple benzene molecule, it was immediately realized that 
its predictive power could be extended to a planar collection of benze-
ne molecules, namely the graphene layer. In our variational scheme we 
can actually visualize the electronic resonance by plotting in real space 
the pairing function corresponding to the genuine non-perturbative and 
correlated part of the chemical bond. As it is shown in Figure 2, we cle-
arly see that the resonating valence bond is sizable also in this important 
compound and possesses an unexpected s-wave symmetry (by rota-
ting the pairing function by 60° degrees around an atom one gets the 
same pairing). At variance with d-wave cuprate superconductors, we 
have estimated that the amount of pairing in graphene should be very 
small and should not lead to a sizable critical temperature upon small 
doping. We believe that these results are important as they can be con-
firmed experimentally, and have been recently published in Ref. (12).

Pnictide superconductors

In the last few months we focused on the determination of the 
symmetry of the pairing function in the pnictides superconductors. Of 

course, a clear determination of its symmetry would lead to a much 
better understanding of the mechanism which drives the superconduc-
tivity in this new class of materials. Angle resolved photoelectron spec-
troscopy (ARPES), angle resolved specific heat measurements, and 
weak and strong coupling theoretical calculations lead to very contra-
sting results. In particular, it is of paramount importance to determine 
whether the pairing function which glue the superconducting electron 
pairs has nodes, as this will quantify the correlation level in those mate-
rials and will clarify how their complex fermiology affects the effective 
attraction. From this point of view, a lot has still to be done, as at present 
theories and experiments give multiple contradictory outcomes going 
from a nodless s-wave symmetry to a d-wave one, passing through a 
nodal s-wave, also called s±.

We performed QMC calculations of BaFe2As2 and FeSe. The latter 
compound is very promising for us, as it has a very simple unit cell, 
which allowed us to carry out simulations up to a 4 x 4 Iron supercell, 
therefore probing the symmetry up to the fourth nearest neighbors. We 
are now getting clear evidence of superconducting order parameter 
made of both s-wave and d-wave superconducting order, in the ortho-
rombic FeSe at low pressure.

In Figure 3 and Figure 4, we repor our main outcome, namely the 
pairing function in real and k space, respectively. The broken symmetry 
is particularly apparent in the latter figure. We proved that the symmetry 
breaking is due to the s and d - wave superposition. This possibility is new 
in the field and looks very interesting because it is able to explain in a 
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Fig. 1. – Ratio between the s-wave and the d-wave weight in the JAGP wave function 
for the CaCuO2 parent compound of the high-temperature cuprate superconductor 
(2x2 supercell).

Fig. 3. – Two dimensional contour plot of the real space AGP pairing function for a 4x4 
Iron superlattice in FeSe. The red balls are Iron sites while the yellow ones are Selenium. 
The red areas of the contour plot are positive regions of the pairing function. As one 
can see, there is a non trivial sign change particularly at large distance, while at the 
short distance there is a rotationally invariant s-wave.

Fig. 2. – Two dimensional plot of the AGP pairing function for a graphene layer of 48 C 
atoms restricted to the molecular orbitals above the HOMO (VPPF). The arrow indicates 
the reference atom.
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simple way the observed two-fold symmetry of the order parameter (in-
stead of a 4-fold one in a conventional purely s-wave or d-wave super-
conductor), as reported recently in Can-Li-Seng et al. Science Vol. 332, 
1410 (2011). We are in the process to write a publication in which we will 
report our findings, namely the first reliable microscopic determination 
of the symmetry of the pairing function in pnictides. This work should 
be considered the first theoretical and microscopic prediction, based 
on the assumption that superconductivity can be supported only by 
strong electron correlation. The experimental confirmation of the form 
of our pairing function could be the “smoking gun” of the RVB theory of 
superconductivity.

Conclusion

After long work on this subject we are finally in the process to make 
clear predictions on material properties, based on an RVB variational 
ansatz that extends in a non trivial way our current understanding of 
electron correlation, mainly based on mean field approaches such 
as Hartree-Fock, density functional theory, and Green’s function de-
velopments as GW and dynamical mean field theory. The RVB ansatz 
we implemented in our QMC framework, inspired by P. W. Anderson’s 
idea on high-Tc superconductivity, is extremely flexible and capable 
to describe not only uncorrelated systems, (as it reduces to the Har-
tree-Fock wave function in a particular limit), but also genuinely new 
phases of matter, such as insulators with odd number of atoms per 
unit cells (such as Mott insulators), strongly correlated superconductors 
where the electron-phonon coupling plays no role, and non-Fermi li-
quid metals.

In the last year we obtained publishable (and already published) 
results, and this encourages us to continue in this kind of research.
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Objectives

The objectives of the TopFLOW project is to exploit our present 
modelling capability to contribute to the assessment of the PDC hazard at 
Campi Flegrei (I), by simulating their propagation in the complex 3D topo-
graphic setting of the caldera. In particular, the ability of PDC to overcome 
the main topographic barriers (Posillipo and Camaldoli Hills to the East and 
North) and the influence of the morphology of the nested craters, calderas 
and tuff rings (e.g., Monte Spina, Gauro and Astroni) will be analyzed. By 
exploiting the improvement of the computational power, we also plan to 
overcome the previous resolution limits by decreasing the grid size, espe-
cially in the vertical direction.

Computational tool

The adopted physical model for simulating column collapse and pyro-
clastic density current propagation in the caldera setting is based on the 
transport theory of multiphase flows. According to this theory, the eruptive 
mixture (gas and pyroclasts of different size and density) is described by a 
finite number of discrete classes (see, e.g., Table 3) and the corresponding 
mass, momentum and energy balance equations are solved. 

The PDAC code, developed at INGV in collaboration with CINECA, descri-
bes the fluid dynamics of the process and the volcano topography in three 
Cartesian dimensions. Parallelization is achieved by adopting a domain 
decomposition approach.

Milestones

M0: Porting of the application to the SP6 architecture. Application profiling.

Optimization of the PDAC code on SP6 architecture was achieved by 
exploiting some specific options of the xlf compiler for Power 6 architectu-
re and automatic loop unrolling (“-O3 -qstrict -qarch=pwr6 -qtune=pwr6 
-qunroll=auto”).

A rough profiling has been performed on the largest target application 
(14 million of cells) by assessing the number of time-step executed on a fixed 
time-window. Efficiency has been estimated on intensive MPI computation 
(with less than 5% of I/O - which is serial in the present version of the code) on 
the basis of the average execution time of one time step on 192 processors. 
Efficiency as a function of the number of processors is reported in Table 1.

This result confirms previous studies carried out on the SP5 architecture, 
suggesting that the minimum number of cells assigned to each proces-
sor (second column in Table 1) by the domain decomposition procedure 
should exceed about 20,000 to guarantee a parallel efficiency larger than 
0.75. This criterion has been adopted for all simulation runs performed and 
listed in Table 2.

M1: Numerical simulation of a Plinian scenario (including PDC formation 
and propagation).

– M1.1: Set up of the simulation conditions for Plinian eruptions.

We have simulated a Plinian eruption at Campi Flegrei with eruptive con-
ditions similar to those of the Agnano Monte Spina eruption (4100 b.p.). 
Such eruptive scenario is the most intense in the last eruptive period, with a 
mass eruption rate of about 1x108 kg/s.

Numerical simulations have been performed by discretizing the total 
grain size distribution into 3 particulate classes, representative of ash, lithics 
and pumices, reported in Table 3. Initial conditions are reported in Table 4.

The current work completes the work started in the context of previous 
collaborative projects, including project SPEED carried out in partnership 
with CINECA.

The 3D dynamics of a Plinian eruption is represented along a NW-SE sli-
ce in Figure 1, where the complex collapse dynamics and the interaction 
with the proximal caldera topography are visualized (graphical processing 
performed with Paraview). The simulation is characterized by about 50% of 
the erupted mass collapsing to the ground and forming pyroclastic density 
currents.

– M1.2: 3D numerical simulation of a Plinian scenario with vent located in 
the San Vito area.

The area selected for investigation of the influence of vent position is the 
Fossa Lupara crater, located near the San Vito area. The vent is displaced 
about 4 km from the reference vent position (in the center of the Agnano 
plane). UTM coordinates are reported in Table 5.

Simulation results demonstrate that the column dynamics is just slightly 
influenced by the vent position (some effect induced by the proximal ter-
rain morphology can be noticed). However, the terrain morphology strongly 
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TABLE 2 • Report of performed parallel runs. Total CPU time is indicative.

Number of cells Simulation time Total CPU time

Run1 (dz=10m)
Run2 (dz=5m)
CF_FL-1 (dz=20m)
CF_FL-2 (dz=10m)

8,000,000
14,000,000
5,600,000
9,600,000

300 s
150 s
600 s
600 s

~12500 hours
~15000 hours
~10000 hours
~14000 hours

TABLE 3 • Grain size distribution for the multiphase numerical simulation 
of a Plinian eruption at Campi Flegrei.

Class Pumices Ash Lithics

Diameter
Density
Concentration

43
340

0.0117

8
2430

0. 0019

188
3010

0.0007

TABLE 4 • Vent conditions for reference Plinian simulations at Campi Flegrei.

3D 
runs

%H2O R [m] W [m/s] ρm [kg/m3] Collapse 
regime

thrust/
collapse 
height 

(max) [m]

AMS2.1 3 134 167 10.8 50% 2500 

TABLE 5 • UTM coordinates of vent locations for two simulation of Plinian 
scenarios at Campi Flegrei.

Vent positions Vent position (UTM) [m]

Agnano (reference vent position) [ 430017; 4520773 ]

Fossa Lupara [ 427267; 4523557 ]

Fig. 1. – SE-NW section of a Plinian collapsing column at 600 s. Color contours repre-
sent the mixture temperature, whereas arrows represent mixture velocity vector field. 
The rim of the Agnano caldera is visible on the foreground.

TABLE 1 • Efficiency of the MPI code on a reference numerical test with 
14 millions cells.

Number 
of processors

Number 
of cells/proc

Seconds/time-step Parallel 
efficiency

192
224
320
352

~ 73000
~ 63000
~ 44000
~ 40000

3.89
3.08
2.80
2.57

1.0
1.08
0.83
0.82
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influences both the proximal and distal propagation of pyroclastic density 
currents. In the near-vent region, topographic obstacle contribute to the flow 
unloading and strongly reduce their runout by blocking and diverting the flow.

Figure 1 displays the invaded area for the two different vent locations 
reported in Table 5. The proximal morphology of the caldera has a strong 
effect on the PDC propagation. In particular, when the vent is located in 
the Agnano plane, the Astroni crater is able to prevent PDC propagation 
towards the Western sector of the caldera and PDC are not able to overco-
me the Northern caldera rim. The Posillipo hill, on the other hand, prevents 
PDC propagation towards the city of Naples. With vent in Fossa Lupara, the 
city of Naples is also protected from PDC invasion but the Northern sector of 
Campi Flegrei (the town of Quarto) is strongly affected by pyroclastic flows.

– M1.3: Analysis of the effect of grid resolution on a Plinian scenario

A simulation with double vertical resolution at ground has been perfor-
med in order to assess the sensitivity of the results to the grid size. Some 
preliminary results are displayed in Figure 2.

Although the vertical grid resolution has a significant influence on the 
total particle concentration at ground (and thus on the values of dynamic 
pressure, i.e., the kinetic energy per unit volume of the flow), the large-scale 
dynamics is very similar and, in particular, the extensions of the invaded 
area closely match.

– M1.4: 3D numerical simulation of a Plinian scenario with vent located in 
the Averno area.

This task has not been envisaged, because a more thorough review of 
the geological literature on the CF volcanic complex revealed that the po-
tential occurrence of a Plinian eruption on the Western sector of the caldera 
is still debated.

M2: Numerical simulation of a Vulcanian scenario (including PDC propagation).

– M2.1: Set up of Vulcanian to Sub-Plinian eruptive conditions.
– M2.2: 3D numerical simulation of a Vulcanian eruption with vent in Averno
– M2.3: 3D numerical simulation of a Vulcanian eruption with vent in Agnano

Deliverables M2.1-2-3 have been modified in the course of the project, 
since the setting up of initial and boundary conditions for Vulcanian/Sub 
Plinian eruption at Campi Flegrei was not clearly defined on the basis of the 
geological knowledge of the volcano.

We have thus simulated a sub-Plinian eruptive scenario at La Soufrière de 
Guadeloupe, which presents many dynamical aspects similar to the Averno 
eruption at Campi Flegrei. Sensitivity of pyroclastic density current propagation 
paths to the proximal volcano morphology in such small-scale explosive events 
has been evaluated.

We assumed a circular volcanic crater of 37.8 m external radius located on 
the present summit of the La Soufrière dome. The selected reference eruptive 
scenario is similar to that hypothesized for the 1530 a.D. eruption, for which a 
mass flow rate up to about 7×107 kg s−1 has been estimated (Komorowski et 
al., 2008). An inlet velocity of 128 m/s and mixture density of 11.9 kg/m3 have 
been imposed to achieve the maximum eruption rate within that range. Water 
content was set to 2% and temperature to 1050K.

The granulometric spectrum of juvenile particles was schematized by adop-
ting 3 particle classes with diameters of 1,000 μm (50 wt.%), 250 μm (24 wt.%) 
and 30 μm (26 wt.%) μm, and densities of 1,200, 2,000 and 2,600 kg/m3, re-
spectively. Although this is much finer than the actual deposit of the 1530 a.D. 
eruption of La Soufrière, this represented a compromise between the need of 
accounting for a relatively coarse component of the pyroclastic phase and the 
capability of our numerical model to treat coarse-grained phases. The three 
particulate phases are characterized by different degrees of coupling with the 
carrier fluid flow, so that non-equilibrium phenomena (between gas and parti-
cles and between different particles) can be investigated.

Our initial study is focused on the proximal dynamics of pyroclastic density 
currents generation and propagation, and the effects of the near-vent mor-
phology on the channelling of collapsing streams. To this aim, we adopted a 
relatively small computational domain in order to achieve higher numerical 
resolution while maintaining the computational cost of each simulation affor-
dable (see Table 2). The 3D runs were applied over the 6×6 km2 digital eleva-
tion model of the region. We used a non-uniform rectilinear grid with resolution 
of 10 m at the vent and 50 m at the boundaries along the x and y axes, and 
20 m vertical grid size on the topography, increasing up to 200 m at the top of 
the domain (12 km). The position of the vent is [642985;1774280] in UTM WGS84 
Cartesian projection.

Numerical simulations describe in 3D the formation of the volcanic jet, its 
instability and partial collapse, characterized by the simultaneous formation 
of a sustained plume and pyroclastic density currents. Partial collapse starts at 
about 35 s, while the collapsing stream reaches the foot of the eruptive co-
lumn at about 50 s (Figure 4, left panel). At 150 s (central panel), the turbulent, 
convective part of the plume has reached an height of about 8 km, while py-
roclastic density currents start to propagate radially into channels. At 300 s (final 
simulation time; right panel) the plume has reached the top of the domain at 
12 km while pyroclastic density currents are propagating into lateral channels.

Influence of the vertical grid resolution on the numerical results has been 
evaluated, with specific attention to the influence of numerical parameters on 
the flow stratification behavior near the ground and on the channeling effects. 

This work is necessary and preliminary to the simulation of the propaga-
tion of pyroclastic density currents to more distal, inhabited regions around 
the volcano, to the purpose of evaluating their related hazards. In particular, 
the preliminary results show that in the numerical of small-scale PDC-forming 
Subplinian eruptions, the numerical mesh should be refined in order to be 
able to describe the formation of a stratified density currents, with a relatively 
thin boundary layer. Numerical simulations with 5 m vertical grid size (Run2, 
Table 2) demonstrated to be effective to this aim but extremely costly from 
a computational point of view. Such analysis will be completed in the next 
months.

Conclusions

The main objective of the project, i.e., the evaluation of the sensitivity of 
numerical results to the vertical mesh size in presence of a complex 3D terrain 
morphology, has been met. Although the study has just begun, the preliminary 
results are encouraging and evidence that, in the range explored in the present 
project, the main, large-scale features of the simulated eruptive scenarios are 
not strongly influenced by the vertical grid size. Nonetheless, some dynamical 
properties in the basal layer of the pyroclastic density currents (including 
their density, velocity and dynamic pressure) are extremely sensitive to the 
vertical resolution: this uncertainty should be quantified and accounted for 
in future hazard assessment studies.

Fig. 2. – Invasion maps at 400 s with vent in Agnano area (left) and Fossa Lupara (right). 
See table 5 for vent coordinates. See Table 4 for vent conditions. Maps are centered 
on the vent position.

Fig. 3. – Comparison of the result of numerical simulation of a Plinian eruption with vent 
in Fossa Lupara with 20 m (left) and 10 m (right) vertical resolution at ground.

Fig. 4. – SubPlinian eruption at La Soufrière, Guadeloupe (FR).



Life Science - Bioinformatics



Life Science - Bioinformatics

94

Amyloidoses are a class of diseases, including Type 
II Diabetes Mellitus (T2DM), Alzheimer’s (AD) and 
Parkinson’s Diseases (PD), characterized by the 

conversion of peptides or proteins from their soluble functional 
states into fibrillar aggregates showing a cross-beta super-se-
condary structure termed “amyloid” [1]. Investigations looking 
to explain the observed correlation of amyloid plaques and 
disease have led to what is known as the “amyloid hypothe-
sis”. Nonetheless, more recently it has become evident that 
the amyloid hypothesis must be amended. This adjustment 
stems from indications that amyloid fibers themselves are not 
causal to disease pathology. For example, the correlation of 
the extent of the Amyloid β peptide (Aβ) deposits with de-
mentia in AD patients is poor [2]. Similarly, amyloid deposition 
in type II diabetes is evident in >90% of patients [3,4]. Howe-
ver, this fails to explain the fact that the remaining 10% of pa-
tients do not present significant amyloid deposition [5]. Such 
observations suggest that intermediate structures of amyloid 
formation could be more relevant to pathology. To date, 
the mechanism by which these amyloid intermediates cau-
se cytotoxicity and disease is not clarified. One of the major 
hypotheses is that amyloid peptides cause membrane pertur-
bation through changes in membrane fluidity, amyloid pep-
tide-induced channel formation, or free radical production 
and concomitant lipid peroxidation [6-8]. They may affect 
the plasma membrane as well as internal membranes such 
as the mitochondrial membranes. Many amyloid-forming 
peptides are generally amphipathic structures. As such, they 
may have the capacity to insert into membranes where they 
may eventually generate protein-stabilized pores (poration), 
lay on one leaflet of membranes (carpeting), or remove lipid 
components from the bilayer by a detergent-like mechanism 
[9]. There is as yet no consensus on which perturbations are 
relevant to disease. 

Islet Amyloid Polypeptide (IAPP) is the primary component 
of the islet amyloid deposits observed in the pancreas of type 
2 diabetics [10]. It is a 37 amino acid residue peptide and is 
produced in the islet β-cells and co-secreted with insulin. Like 
other amyloid-forming peptides, IAPP has been observed to 
permeabilize lipid membranes [11-15]. The non-amyloidoge-
nic rat derivative (rIAPP) and mature IAPP fibrils, however, do 
not significantly affect the lipid bilayers . Many attempts have 
been made to determine the nature of the IAPP-induced de-
fects in membrane integrity. Ion channels produced in planar 
lipid bilayer conductance experiments upon addition of IAPP, 
had a clearly detectable conductance but pores were poor-
ly selective. This suggests, in accordance to time-lapse AFM 
experiments, that the IAPP-induced transmembrane ion per-
meability may not be mediated by the formation of channels 

with a defined molecular structure and that the instability of 
the lipid bilayer cannot be explained simply by the formation 
of discrete isolated pores. On the other hand, some studies 
point to a critical role of hIAPP monomers in membrane in-
teractions suggesting that the nature of the very initial steps 
of IAPP-membrane interactions should be found in a casca-
de of self-assembly mechanisms of membrane-bound IAPP 
monomers. To date, early and intermediate lipid membrane 
interaction events of monomeric IAPP, are difficult to access 
either experimentally or computationally. Experimentally, the 
major challenge lies in the preparation of structurally homo-
geneous, monomeric IAPP samples in solution or in lipid mem-
branes. This difficulty stems from the peptide’s propensity to 
spontaneously form mesoscopic oligomers. Computationally, 
only the NMR-structure of IAPP in micelles, a lipid membrane-
mimicking system, is currently available for in silico studies [16]. 

Furthermore, full atomistic Molecular Dynamics are compu-
tationally challenging and existing simulation studies have 
been limited to a small portion of the bilayer with one peptide 
and short time duration (5-20 ns). Therefore, it is necessary to 
adopt computational methods, which can simulate bigger 
sized bilayers with many peptides for a sufficiently large time 
period. 

In this paper, we use a Coarse-Grained Molecular Dynam-
ics (CG-MD) simulation method to study the self-assembling 
between IAPP peptides (up to 36 replicas) embedded in a 
relatively large piece of a palmitoy-oleyl-phosphatidylcoline 
(POPC) lipid bilayer membrane in equilibrium with an electro-
lyte-containing box for a very long time period (70 µs, Figure 1). 
In order to overcome limitations inherent to the poor descrip-
tion of structural details in CG protocols we have periodically 
performed full-atomistic simulations of reverse-mapped CG 
frames along all the whole simulation time. The outcome of MD 
simulations has allowed us to unveil the effects of IAPP-mem-
brane interaction on properties such as different kind of inter-
action between peptides, internal conformation of peptides 
and membrane curvature, parameters which are all relevant 
for the poration/leakage of membranes (Figure 2). Finally, the 
MD results on the protein aggregation within lipid bilayers have 
enabled us to develop a general thermodynamic model ai-
med at describing much larger equilibrium systems lying out-
side the present available computational tools for what con-
cerns both the number of monomers and the computation 
time.
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Fig. 1. – Simulations’ strategy used in the current work and schematized in the upper 
part for the hIAPP and in the lower part for rIAPP- Both peptides were embedded in 
a POPC bilayer and simulated at different temperatures (300, 350 and 400 K). the 
red arrows indicate the coarse grained (CG) representation and the blue arrows the 
atomistic one (AA).

Fig. 2. – Side view of the structure of the semi-toroidal aggregate formed by 26 
hIAPP molecules after 20 ns of AA simulation at 300 K.
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The neural mechanisms underlying schizophrenic be-
havior are unknown and very difficult to investigate ex-
perimentally. The brain region most involved in these 

processes seems to be the hippocampus. In particular, a hypo-
function of the N-methyl-D-aspartate (NMDA) component of the 
synaptic input on the distal dendrites of CA1 pyramidal neurons 
has been suggested to play an important role for the emergence 
of schizophrenic behavior. In Migliore et al. (2008) we have shown 
how a single CA1 pyramidal neuron can be used for object rec-
ognition. In this work (already published, Migliore et al., 2011), we 
build up on this model to explore an experimentally testable pre-
diction on how and to what extent a pathological hypofunction of 
the perforant path (PP) input can alter the normal recall of objects 
on which the neuron has been previously tuned. We discuss how 
this effect may result in hallucinations caused by the recognition of 
an object distorted by the association of wrong features.

The model

We have implemented a set of simulations using v.7 of the 
NEURON simulation environment (Hines & Carnevale, 1997). We 
used up to 200 processors on the SP6 CINECA, and the model 
and simulation files are available under the ModelDB section 
of the Senselab database (http://senselab.med.yale.edu). In all 
simulations we used the cell c9068802, originally downloaded 
from the public archive www.neuromorpho.org (Ascoli, 2006). 
The set of passive properties, voltage-dependent ionic chan-
nels, kinetic, and distribution were identical to those in (Migliore 
et al., 2008, ModelDB accession n. 87535). In this model, already 
validated against a number of different experimental findings on 
electrophysiological and synaptic integration properties in CA1 
neurons (e.g. Gasparini et al. 2004), sodium (INa) and delayed 
rectifier potassium (KDR) conductances were uniformly distributed 
throughout the dendrites, whereas KA and Ih conductances were 
linearly increasing with distance from the soma. The c9068802 
neuron has 11 oblique dendrites stemming out directly from the 
main trunk and thus the most likely combination of obliques that 
can be used for object recognition is 5 (Migliore et al., 2008). 
To carry out the analysis here discussed, we thus tested all the 
462 possible combinations of 5 obliques (5-ples) under different 
conditions of background synaptic activity, which was modeled 
using fluctuating, subthreshold, synaptic conductances (Destex-
he et al., 2001) originally derived to model background in vivo 
activity from the entire neuron as observed from the soma. This 
mechanism was inserted in all the compartments of the major 
apical trunk that included a branch point forming an oblique. 
This is equivalent to assuming (Migliore et al., 2008) that synaptic 
background noise arriving from the obliques is uniform throughout 
the main apical trunk, reducing the possible bias caused by the 
specific distribution of branch points.

The main idea

Exploiting the results presented in (Migliore et al., 2008) we hypoth-
esized a mechanism, schematically illustrated in Figure 1, through 
which a reduction in the PP input could result in schizophrenic be-
havior. Under normal circumstances, during the learning phase the 
synapses on each oblique will be potentiated in such a way that 
it will generate a local, dendritic, AP in the presence of a specific 
property and a specific context-dependent input. In the example 
schematically illustrated in Figure 1A, specific ensembles of 5-ples 
are used to recognize different, and in general unrelated, objects 
that may or may not share a common feature. Our hypothesis is that 
a pathological reduction in the context causes the abnormal acti-
vation of an oblique and can result in hallucinations, a hallmark of 
schizophrenic behavior: if a relatively small reduction in the context 
dependent input (Figure 1B) results in an abnormal activation of the 
oblique ‘‘tail’’ (red in Figure 1A-B) the somatic AP would convey to 
the following brain regions a distorted view of the objects ‘‘fly’’ and/
or ‘‘man’’ with a tail.

Context-dependent input and synaptic inputs

To take into account the context-dependent input delivered by 
the Perforant Path to CA1 neurons, rather than explicitly model the 
activation of all the PP synapses we used a subthreshold dendritic 
tonic current injection into the apical trunk at 490 μm from the soma 
(beyond the branch point with the most distal oblique). Our context-
dependent input is expressed in nA, and we used a range of values 
up to 1 nA, which generated a peak somatic depolarization of 1.2 
mV. In order to investigate different contexts, we used 10 levels start-
ing from 1 nA with 20% difference (i.e. 1, 0.8, 0.64, 0.512, 0.41, 0.33, 
0.26. 0.17, 0.13, and 0.11 nA). In each simulation, synaptic pulses 
(80 ns, 0.4 and 1 ms for raise and decay time, respectively) were 
synchronously activated 20 ms after the start of the dendritic current 
modeling the context input, and close to the branch point with the 
main apical trunk to reduce the dampening effects of local active 
properties on signal propagation towards the main trunk (Losonczy 
& Magee, 2006; Migliore et al., 2005).

Analysis

Under each level of context input, all the 462 possible 5-ples were 
tested to see if they generate a somatic spike. The 5-ples ‘‘valid’’ for 
feature binding (a valid 5-ple is one for which a somatic AP is gener-
ated only when all 5 obliques are activated) were then found and 
stored for further analysis. Furthermore, because the somatic spike 
probability depends on the level of synaptic background activity, 
all 5-ples were tested again in the presence of 9 different levels of 
background random noise. In this way, we obtained a number of 
valid 5-ples in the presence of a given context and for wide range 
of background activity. The entire procedure was repeated 10 times 
(trials) with different seeds for the random number generator, and re-
sulted in an average of about 33 valid 5-ples for each context. Over 
the 10 levels of context input used in this paper, 248 (out of 462) 
unique combinations of 5 obliques were found to be valid 5-ples. 
The analysis was then carried out by examining the number of times 
a given oblique was part of a valid 5-ple and how its presence 
changed after a context reduction: only large positive differences 
were studied, i.e. cases in which an oblique increased its presence 
after a context reduction of more than 2 standard deviations from 
the average change calculated over all obliques.

Results

We first analyzed the average presence and distribution of all 
obliques involved in valid 5-ples as a function of the context-depen-
dent input, and then look at those cases that significantly change 
their presence, with respect to the average, following a small reduc-
tion in the context input. As shown in Figure 2, where we plot the 
average distribution for each oblique and context level, obliques 
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closer to the soma, as expected from elementary considerations 
on signal propagation, appear more frequently in valid 5-ples, with 
respect to the more distal ones and their average distribution did not 
significantly change with the level of context-dependent input. In 
other words the presence of each oblique, on average, is relatively 
independent from the context, i.e. each oblique contributes in the 
same way to the binding process needed for object recognition. 
This is a sign of the robustness of the model.

Next, we evaluated the difference in the oblique’s presence 
between two context inputs finding that a small reduction in the 
context-dependent input can (occasionally) cause an oblique 
to greatly increase (or decrease) its presence in the ensemble of 
valid 5-ples. Obliques that increased their presence more than 2 
s.d. for any given 20% context reduction were considered outliers. 
Among the 10 trials for each context difference, we found at most 
one outlier in about half of the trials, independently from the context 
input level (Figure 3A, left). The obliques that more frequently ap-
peared as outliers were in most case those farther from the soma. 
The overall number of outliers of course depends on the threshold 
chosen for their definition in terms of the standard deviation. A more 
detailed distribution with trials and context input is shown in Figure 
3B for changes higher than 2 or 2.5 s.d. (Figure 3B, top and middle, 
respectively). As can be seen, most of the obliques (except 2 and 4) 
were occasionally outliers, although not consistently throughout trials 
and context levels. These results suggest that a relatively small con-
text reduction may greatly increase the probability for an oblique 
to be part of a valid 5-ple, thus increasing the possibility of a wrong 
feature perception.

Conclusions

Using a single realistic CA1 neuron model we investigated the 
emergence of schizophrenic symptoms from single neuron activity. 
The results suggested a possible way in which a reduction of the 
context input on a CA1 neuron can alter objects recognition in such 

a way as to generate hallucinations. The basic mechanism pro-
posed here assumes that associative memories of objects formed 
by specific input features were first coded in the presence of a ‘‘nor-
mal’’ context. At the single neuron level, this corresponds to recruit 
(through associative synaptic plasticity processes) ensembles of 
oblique dendrites that, when activated together in the presence of 
a specific context, generate a recognition signal (a somatic AP) for 
the following brain regions. Our model suggests that a pathological 
reduction in the context input during the recall phase may cause 
an occasional large change (outlier) in one oblique, leading to a 
distorted perception of reality. 
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1. Introduction 

Amyloid fibrils are large protein aggregates characteri-
zed by a high content of beta-sheets. Their presence is a hallmark of 
several neurodegenerative disorders, including Alzheimer, Huntington, 
Parkinson and prion disease (1). The precise pathological role of fibrillar 
species is not completely understood. However, amyloid protofibrils as 
well as oligomers have been suggested to lead to neuronal cell death 
(2). Moreover, interruption of fibril formation prevented cell damage, 
suggesting that the early oligomers in the fibrillation process are proba-
bly toxic (3). Unlike other protein quaternary structures (4), amyloid fibrils 
involve a conformation, known as ’cross-beta structure’, that is basically 
sequence independent (5-7). This structural motif consists of individual 
beta-sheets in a distinctive orientation perpendicular to the major axis 
of the fibril, with the side chains protruding from the sheets on each side 
in the characteristic steric zipper conformation (8,9).

Amyloid structures are large, insoluble in water and difficult to crystal-
lize. Specific experimental strategies have been used to improve our 
understanding of the molecular mechanisms leading to their forma-
tion (1,10). However, the exact molecular assembly of a nascent fibril 
remains a matter of debate, and computer simulations have played 
an important role in addressing this question (11,12,13). Intermediate-
resolution fibril models with coarse grained force-fields or implicit solvent 
have been successfully investigated (14) However, to the best of our 
knowledge, a detailed simulation of the fibril formation process with an 
all-atom force field and reasonable size of the system in explicit solvent 
is still missing even for short peptides.

We here exploited a powerful enhanced sampling technique, Bias-
exchange metadynamics (15), to investigate the conformational free 
energy landscape of a set of 18 chains of Poly-Valine, each 8 residues 
long. The system is descried with an accurate all atom explicit solvent 
force field (16). We perform the simulation on a homo peptide, and not 
on a peptide of primary sequence that favors fibril formation, with the 
scope of optimally capturing sequence-independent features in the 
landscape. Using this approach we are able to compute the free ener-
gy of hundreds of putative aggregate structures, with various content 
of parallel and anti-parallel beta-sheets, and several different packing 
among the different sheets, characterizing in detail a possible nuclea-
tion pathway. Our results provide a strong indication that the first steps 
of the process leading to the formation of ordered aggregates in short 
peptides follow a highly non-trivial pathway that cannot be described 
by classical nucleation or a simple mesoscopic theory.

2. Results

2.1 Bias-exchange metadynamics (BE-META)

We performed a Bias-exchange metadynamics simulation of a sy-
stem of 18 chains. This relatively large system size has been chosen in 

order to have a high chance of observing a critical nucleus: We used 
8 replicas, all at the same temperature (350 K), each biased along a 
different CV (see Methods). The CVs describe the geometrical feature 
of amyloid structures, namely, lateral packing of polypeptide chains in 
a beta-sheet configuration and subsequently frontal packing of beta-
sheets and in multiple layers. The simulation was run for a total time of 
4240ns, 540ns, for each of the eight replicas, starting from a comple-
tely disordered aggregate. Due to the action of the bias, the system 
explores hundreds of structured configurations. 20 of the structures are 
represented in Figure 1 with their corresponding free energies (see be-
low and Methods).

After 300ns, the history-dependent potentials acting on the replicas 
reaches a stationary state. After this time, trajectories were analyzed 
following the procedure (17). This allowed obtaining a converged esti-
mate of the free energy of 500 structures. A representative configuration 
for some of these structures is provided in Figure 1, together with the 
estimated free energy.

2.2 A classical nucleation picture

In the attempt of explaining the formation of an ordered aggregate 
according to classical nucleation theory, we first used the results obtai-
ned in BE-META to compute the free energy profile as a function of a 
single order parameter, namely, the number of beta strands. To do this, 
we first computed the average number of beta strands in each cluster 

(na). The free energy as a function of the number of strands $n$ is then 
given by:
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where Fa is the free energy of cluster a and χn(na) equal to 1 if 
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 and 0 otherwise. The result is shown in Figure 2. No barrier 

in the free energy as a function of the number of beta strands is present. 
The disordered aggregate is the minimum in the free energy. Moving 
towards structures with a higher content of beta-sheet the free energy 
rises to around 5 kcal/mol/chain for n = 6. Afterwards, in spite of the 
fact that the amount of order increases, the free energy grows slowly, 
and no barrier is present. From this graph one would conclude that the 
critical nucleus is even larger than n = 18, or that ordered structures are 
intrinsically metastable and committed to the disordered aggregate.

2.3 A 3-dimensional picture of the nucleation process

Since the free energy profile as a function of a single coordinate me-
asuring the number of beta-sheets is barrierless, we started considering 
the free energy landscape in more dimensions. A completely different 
picture arises if one considers the free energy landscape as a function 
of three variables, quantifying the anti-parallel and parallel packing of 
beta strands inside a layer and the steric zipper packing of the beta 
strands in front of each other. A volumetric representation of free energy 
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Fig. 1. – 20 representative structures obtained from BE-META simulation performed 
on the system of 18 chains of 8VAL in explicit solvent at 350K. The gray layers are 
beta-sheets, the circle with a central dot represents a beta strand pointing outside 
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the disordered aggregate. 

Fig. 2. – Free energy as a function of the number of beta strands.
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with respect to these 3 CVs is presented in Figure 3. The global minimum 
of the system still corresponds to the disordered aggregate. The plateau 
observed in the one-dimensional profile is also present, at a free energy 
of approximately 5.8 kcal/mol/chain (light orange region labeled with 
2 in Figure 3). It mostly consists of structures with a high content of anti-
parallel beta-sheets, that seem to form more easily from the disorde-
red aggregate. At variance with what observed in the one dimensional 
free energy landscape, in three dimensions a well defined free energy 
minimum is present (labeled 3 in Figure 3). The minimum free energy 
in this region is 5.8 kcal/mol/chain, like in the plateau, but this region is 
separated from the rest by a barrier of at least 2 kcal/mol/chain. Only 
a lower bound for this value can be provided, as the free energy of the 
structures close to the transition state is not converged within the 4000ns 
BE-META simulation. Region 3 is characterized by highly ordered structu-
res which are very rich in parallel beta-sheets.

3. Discussion.

The aggregation process of 18 chains of poly-valine has been investi-
gated by molecular dynamics using an all-atom force field in which the 

solvent is modeled explicitly. To enhance the sampling of the configura-
tion space, the BE-META technique has been employed. The dynamics 
of the system has been driven by a set of eight reaction coordinates. 
These have been chosen in an attempt of capturing the most impor-
tant degrees of freedom associated with aggregation, especially the 
parallel and anti-parallel arrangements of strands in a beta-sheet layer 
(lateral packing), and the arrangement of beta strands in layers facing 
each other (frontal packing). Each of the eight reaction coordinates 
has been biased on a different replica of the system, until convergen-
ce in the reconstructed free energy projections has been achieved. 
Using this methodology, we were able to simulate for the first time the 
formation of ordered beta structures from a disordered aggregate. We 
obtained several independent structures, and for each of these struc-
tures we computed the free energy. These data can be used for op-
timizing a coarse grained potential, or as a template for constructing 
possible structures of aggregates of peptides with a different primary 
sequence.

The free energy as a function of three coordinates, shows that whi-
le structures rich in anti-parallel beta-sheets belong to the same free 
energy minimum of the disordered aggregate, structures with an even 
smaller fraction of beta-sheets, but rich in parallel strands form a well 
defined minimum, separated from the disordered aggregate by a rela-
tively high barrier. The comparison of Figures 2 and 3 shows that for this 
system projecting the free energy on a single “natural” reaction coordi-
nate does not capture the qualitative features of the process (18). The 
minimum free energy path is shown in Figure 3 as a red line. Clearly, at 
least in the space of the three variables chosen for the representation, 
the path is highly non trivial: first the system forms anti-parallel beta-she-
ets, that are favored over parallel ones when the structure is highly di-
sordered. Then, within a relatively large ordered nucleus formed mostly 
by anti-parallel beta-sheets, a few parallel beta-sheets start appearing. 
The relevant nucleation process seems to happen at this point: when 
a sufficient number of parallel sheets is formed, the free energy finally 
starts to decrease towards a new minimum, in which parallel sheets 
are predominant. By monitoring the structures close to the barrier we 
found that they contain a similar number of strands as the structures of 
the ordered aggregate. The only qualitative difference is in the number 
of parallel beta-sheets, that is much larger in the structures close to the 
free energy minimum. The structures close to the barrier have only a few 
parallel beta-sheets, surrounded by anti-parallel beta-sheets.

4. Methods

We performed Bias-exchange metadynamics(BE-META) (15) using 
PLUMED (19). The collective variables (CVs) specific to this system were 
coded by us in PLUMED. After 10ns of equilibration, the BEMETA simu-

lation was started. BEMETA is a combination of replica exchange (20) 
and metadynamics (21) that allows reconstructing the free energy as a 
function of a large number of CVs (15).
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Introduction 

In order to determine how collagen-based structures con-
fer mechanical properties to tissues like skin, tendon and bone, and 
to identify how cells interact with the ECM, the understanding of the 
mechanics at different hierarchical levels and their interplay from a 
biochemical and molecular level upwards is essential. Earlier work has 
demonstrated that mechanical strain is distributed over distinct hie-
rarchical levels (molecules, fibrils, fibres) (1-3) and that collagen tissue 
stretching involves concurrent deformation mechanisms. The significan-
ce of defining the material properties of collagenous tissues from the 
biochemistry level upwards is evident when considering the effect of 
mutations in collagen, which can result in incorrectly folded collagen 
protein that cause a variety of severe and sometimes deadly patholo-
gies, such as Ehlers-Danlos syndrome or osteogenesis imperfecta (brittle 
bone disease).   

Results and discussion

Here we use an atomistic collagen microfibril model that includes 
full-length molecules with the actual amino acid sequence defined by 
the collagen gene and that thus completely captures the biochemical 
features of collagen molecules to describe the mechanical behavior at 
the microfibril level. To the best of our knowledge, no such modeling of 
the mechanical properties at this scale has been previously attempted. 
The basis of our microfibril model is the recently reported structure of 
native in situ collagen in rat tail tendon (5, 6). 

The resulting atomistic model features full ≈300 nm long collagen 
molecules including the telopeptide domains attached at the ends 
of each molecule, and incorporates the complete three-dimension-
al arrangement of collagen molecules arranged in a periodic unit 
cell. The unit cell dimension in the Z-axis corresponds to the length 
of the characteristic D-period observed for collagen fibrils. Thus, a 
full length collagen molecule spans five periodic cells in the Z-axis 
direction. Since the model uses periodic boundary conditions it re-
sembles infinitely large collagen microfibrils in each dimension. The 
staggering of the molecules along the molecular axis leads to the 
well-known D-banding periodicity, while the molecules are arranged 
in a quasi-hexagonal pattern in the orthogonal direction where five 
molecules form the characteristic microfibril structure. Within each 
periodic cell, collagen molecules interdigitate with neighboring mol-
ecules to form a supertwisted right-handed microfibril. The charac-
teristic banded structure of the equilibrated atomistic model of the 
collagen microfibril emerges naturally due to the three-dimensional 
structure of both single molecules and their assembly in the longi-
tudinal and axial directions, and is found to be stable in our mo-
lecular model. The obtained D-banding reproduces experimental 
microscopy images of collagen fibrils well, owing to the fact that our 

molecular model is based on x-ray diffraction data and stable after 
molecular equilibration (7). 

We first report an account of the structural features of a fully equili-
brated full-atomistic collagen microfibril in both hydrated (wet) and 
dehydrated (dry) conditions. In our study the dehydrated (dry) colla-
gen microfibril model is used to assess the effect of hydration on the 
mechanical properties of collagen fibrils, which has been shown ex-
perimentally to be an important factor. The equilibration of the hydrated 
(wet) collagen microfibril leads to a density of ≈1.19 g/cm3, a value 
that is halfway between the density of water and the density of dehy-
drated (dry) collagen, which has been estimated at 1.34 g/cm3 (8). A 
Ramachandran analysis of the solvated system shows that the collagen 
microfibril lies in a region of the diagram (Psi ≈150°, Phi ≈ -75°) that is 
characteristic of the polyproline II chain and thus of collagen-like pep-
tides, in good agreement with earlier experimental structural studies (9). 
The density of the dehydrated (dry) collagen microfibril reaches a larger 
density, with a value of ≈1.29 g/cm3. A Ramachandran analysis of the 
dehydrated (dry) collagen microfibril shows that it also lies in a region of 

the diagram that is characteristic of collagen-like peptides (Psi ≈150°, 
Phi ≈ -75°); however, a broader range of dihedral angles is found in-
dicating some level of molecular unfolding. Overall our model shows 
good quantitative agreement with available experimental structural 
data of collagen microfibrils. This confirms that the molecular represen-
tation based on x-ray data is a reasonable starting point for the analysis 
of its mechanical properties. 

We now test the mechanical properties of a hydrated (wet) and 
dehydrated (dry) collagen microfibril by applying constant stress 
boundary conditions along the fibril axis and monitoring the resulting 
strain at equilibrium. We find that hydrated (wet) collagen microfibrils 
feature two distinct deformation regimes. In the small-strain regime 
(<10%) the predicted Young’s modulus is ≈300 MPa, while in the 
large-strain regime (>10%) the microfibril shows a severely increased 
tangent stiffness, with a Young’s modulus of ≈1.2 GPa. The results of 
nanomechanical testing of hydrated (wet) collagen microfibril are 
in good agreement with available experimental results obtained for 
the small strain regime based on several techniques such as x-ray 
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Fig. 1. – Atomistic model of the collagen microfibril. a) Homology modeling is used 
to obtain the full-atom structure of the human collagen type I molecule. The collagen 
supramolecular model of the microfibril is generated by the periodic repetition of the 
unit cell. Panel b) shows a portion of the original collagen molecule in red, while four 
periodic images of the molecule are represented in gray. The molecular packing 
topology obtained by the periodic repetition of the unit cell lead to the well known 
D-banding periodicity seen in AFM images of collagen microfibrils as shown in panel 
c) (in red the original molecule, in blue the periodic images). d) Quasi-hexagonally 
packing of collagen molecules. e) This image is obtained wrapping all collagen at-
oms (which spans several periodic units, see panel a) into a unit cell in order to visual-
ize the microfibril periodic unit. 

Fig. 2. – Collagen microfibril stress-strain behavior, comparison with single mole-
cule mechanics, and quantitative comparison with experimental results. Mechani-
cal testing yields a fibrillar small-strain Young’s modulus of ≈300 MPa and a large-strain 
modulus of ≈1.2 GPa for the hydrated (wet) model, whilst an almost linear behavior 
and an elastic modulus of ≈1.8 GPa (approaching 2 GPa for larger strains) is found for 
the dehydrated (dry) model (panel a). b) Direct comparison of the Young’s modulus 
obtained for solvated single molecules and microfibrils, featuring various experimental 
results and the predictions from our microfibril mechanics model. c) Direct compari-
son of stress-strain curves obtained in this work and those obtained with experimental 
techniques. d) Young’s modulus over strain (obtained from the gradient of stress-strain 
curves), comparing experiment and simulation for hydrated (wet) microfibrils. 
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diffraction (12), Atomic Force Microscopy (AFM) (13, 14) and the use 
of micro-electro-mechanical systems (MEMS) (15-17). It is noted that 
for the larger-strain regime there exists less experimental information 
and available results tend to be more scattered. For example in re-
cent work, Shen et al. (17) showed a relatively large variability of 
collagen fibril behaviors at large deformation, which suggested ei-
ther strain-hardening or strain-softening depending on the fibril inves-
tigated. A direct comparison of the mechanical properties of single 
collagen molecules versus that of collagen microfibrils suggests that 
the mechanical properties are strongly scale dependent. We find 
a severe change of the modulus when comparing a single colla-
gen molecule to a collagen fibril. A direct numerical comparison 
suggests a factor of 10-20 difference in the Young’s modulus from 
several GPa for a single molecule to a few hundred MPa for collagen 
microfibrils, presenting a striking change of mechanical properties at 
different hierarchical levels. This finding agrees well with experimen-
tal data as is confirmed in Table 1. We also study the mechanical 
properties of dehydrated (dry) collagen fibrils to test the effect of 
water solvent on the collagen mechanical properties at the fibril le-
vel, which allows us to explore an effect that had earlier been investi-
gated in experimental AFM studies (13). Our simulations suggest that 
dehydrated (dry) collagen microfibrils show an almost perfect linear 
elastic behavior, albeit with a much greater Young’s modulus of ≈1.8 
GPa (approaching ≈2.25 GPa for larger strains), or a striking factor of 
6.75 larger than the modulus of hydrated (wet) collagen microfibril. 
A similar ratio of the moduli in dehydrated (dry) vs. hydrated (wet) 
states has been observed in experiment (13), where a modulus ratio 
of 9 between the dehydrated (dry) vs. hydrated (wet) states of the 
has been identified (see Table 1). These findings point to the great 
importance of water for the mechanics of collagen microfibrils, and 
raise an issue that should be further investigated using experimental 
and theoretical methods. 

Conclusion

In summary, here we used a three-dimensional full-atomistic 
collagen microfibril model to describe the mechanics of collagen 
microfibrils from a bottom-up perspective. Our model includes full-

length collagen molecules with a complete representation of the 
entire amino acid sequence, full atomistic details, as well as explicit 
water solvent. All structural and mechanical data agrees well with 
experimental results from various sources. Our results suggest that de-
formation of collagen microfibrils is mediated through mechanisms 
that operate at different hierarchical levels, involving straightening of 
disordered and helically twisted molecules at small strains, first in the 
gap regions and then in the entire fibril, followed by axial stretching 
of molecules, and eventual molecular uncoiling. 
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Introduction

Metalloproteases (1) represent a family of enzymes invol-
ved in protein degradation, where the catalytic activity is exerted by 
the metal center.

Within the class of metalloproteases, much interest in the Insulin 
Degrading Enzyme (IDE) was stimulated by the discovery that it can 
degrade Amyloid β (2) (Aβ), a peptide involved in the pathogenesis of 
Alzheimer’s disease (3), one of the leading cause of senile dementia 
affecting more than 15 million people worldwide (4). As a highly con-
served and ubiquitous Zn2+ metalloprotease expressed predominantly 
in the cytosol, IDE has a high affinity for various different substrates and 
it cleaves selectively specific hormones without degrading similar family 
members (5).

Structural insights were given from Xray crystallography on IDE homo-
dimer in complex with more substrates (6). Each IDE monomer compri-
ses four structurally homologues domains (domain 1, residues 43-285; 
domain 2, residues 286-515; domain 3, residues 542-768; and domain 
4, residues 769-1016). The N- and C-terminal domains (1,2 and 3,4 re-
spectively) are linked by an extended loop 28-residue long, forming an 
enclosed chamber with a triangular prism shape, having a total volume 
of 1.3x104Å3. The surface charge is mostly positive for the C-terminal 
domains, while slightly negative for the N-terminal ones. The catalytic 
site is found in the domain 1 showing the HXXEH motif of some other 
Zinc metalloproteases (inverzincins) (7). In the IDE catalytic site,  the Zn2+ 
is coordinated by histidines 108 and 112 and and glutamates 189 and 
111. Moreover, Arg 824 and Tyr 831 belonging to domain 4 assist the 
entrance of the substrate upon forming hydrogen bonds. IDE undergo-
es a significant conformational change from the open state, where it 
can accept the substrate, to a closed isoform for substrate recognition 
and catalysis (6). Fine equilibria regulate the stability of the open and 
closed states. In particular, environmental effects, such as the oxidation 
of particular cysteine residues, can control the enzyme activity (8,9). 
Redox active metals, such as copper ions, may also interact with the 
enzyme. Copper(I), which is a soft metal, can bind to thiol-containing 
cysteines, thereby influencing the enzyme’s activity. In these regards, 
among the 13 cysteines present in IDE sequence, Cys 819 was iden-
tified as the primarily responsible residue for the loss of activity (10-12). 
Alkylation of Cys 812 and Cys 819 are deemed to disrupt substrate bin-
ding (12). Cys 812 and Cys 819 are close to three residues (Phe 820, Arg 
824, Tyr 831) that are known to play key roles in substrate binding and 
catalysis (11). In these respects, Tyr 831 and Arg 824 directly participate 
in substrate binding, while Phe 820 is located in a hydrophobic region 
that may facilitate the substrate binding in the active site. This region is 
also part of the interface between the N- and C-terminal domains, near 
the Glu 819, which is coordinated to Zinc. Oxidative damage of IDE 
could hinder degradation of Aβ, and therefore could be responsible for 
Aβ deposition. This is reinforced by the fact that IDE activity is reduced 
from tissue samples of patients with Alzheimer’s disease (13). In this rich 
vein of molecular neuroscience, we aim at providing an extensive inve-
stigation on the role of copper(I) in regulating the IDE’s activity. This has 
been carried out by investigating via molecular simulations the effects 

of the modifications of Cysteines 812 and 819 by the direct binding 
with copper(I). We have found that Copper(I) covalently bound to Cys 
812 and Cys 819 stabilizes a locked conformation of IDE that hinder the 
entrance of the substrate in the catalytic chamber. These results are 
consistent with ESI-mass measurements indicating that IDE’s activity is 
totally inhibited in the presence of copper(I) (14). The results here pre-
sented have been published in (14).

Methods

Molecular Dynamics

Molecular Dynamics (MD) simulations were performed at 300 K and 
P=1,013 bar starting from the Xray structure of IDE (pdb code 2JG4) 
(15), in which the engineered mutation of Phenylalanine 831 was cor-
rected with the Tyrosine. A selected portion of the protein containing 
the binding site (residues 100-122; 172-195; 811-855) was solvated in a 
cubic box containing 3272 water molecules. In addition, the Cysteines 
812 and 819 of the same portion were coordinated to copper(I) (IDE-
Cu+) and then solvated with the same number of water molecules of 
the IDE system. Choride ions were added in order to neutralize the two 
systems (2 for IDE and 1 for IDE-Cu+).

Two MD simulations of IDE and IDE-Cu+ were run, using the NAMD 
code (16), with the amber99SB force field (17) for the protein and the ch-
loride ions and TIP3P model for water (18). The Copper(I)-sulfur potential of 
(19) was used to treat the binding of copper(I) to cysteines 812 and 819.

In order to assess the trustworthiness of the Cu+-sulfur potential in 
combination with Amber99SB force field, an additional control simula-

tion 20 ns long (2 ns of equilibration followed by 18 ns of production) was 
carried out on the structure of ATX1, the yeast Copper(I) metallochape-
rone (20). These sets of parameters are fully suitable with the Amber99SB 
force field, as shown from the values of Cu–S coordination distance 
and the S-Cu-S angle, both of them fluctuating around their equilibrium 
values (2.14 ± 0.06) Å and (171.1 ± 0.68) degrees, respectively (see Fi-
gure 1). The temperature of the systems was enforced using a Langevin 
thermostat (21) with a coupling coefficient of 5 ps−1. The Nosé-Hoover 
Langevin barostat (22) implemented in NAMD was used, equilibrating 
the systems for 5 ns, with subsequent 125 ns in the NpT ensemble. Pe-
riodic boundary conditions were applied. The Particle Mesh Ewald me-
thod was used for treating long-range electrostatic interactions (23). The 
time-step was set to 2 fs. The SHAKE algorithm (22) was applied to fix all 
bond lengths. The root-mean-square deviations from the selected X-ray 
structure are reported in Figure 2 for the two dynamics.

Results

Structural rearrangement of IDE in absence and in presence of 
copper(I)

The binding site of IDE involves a fine network of hydrophobic interac-
tions, which regulate its shape. In particular, Phe 848, Leu 846, belon-
ging to the β-sheet and Ile 814 and Ile 815, which are part of the short 
β-helix, stabilize the interface between the β-sheet and its facial short 
β-helix. Cys 812 and Cys 819, belonging to the former facial β-helix 
are mobile and tend to assist the hydrophobic network. Upon such two 
cysteines are blocked with copper (I) (IDE-Cu+), the hydrophobic core is 
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Fig. 1. – Time evolution of Cu-S coordination distance (rCuS) and SCuS coordination 
angle (θSCuS) concerning the copper(I) coordination site of ATX1 protein. During MD 
simulation, the coordination parameters fluctuate around the average values of (2.14 
± 0.06) Å and (171.1 ± 0.6) degrees, for the coordination distance and angle re-
spectively.

Fig. 2. – Root mean square deviation from the starting structure excluding the first four 
residues of N- and C-terminal loops of a) IDE and b) IDE-Cu+. The minimum RMSD 
values in the IDE lowers to 2.5 Å, which is close to the structure resolution of 2.8 Å, 
underlined by a red line.
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destabilized, since the β-helix, where the two cysteines lay, results more 
rigid. Consequently to the closure of the binding site, the β-sheet tends 
to rearrange itself, forming a new network of hydrophobic interactions 
by approaching Val 194, which is close to the zinc coordination site. In 
these regards, Tyr 831, deemed to assist the entrance of the IDE sub-
strate, moves far away from the zinc coordination site, resulting in the 
protein activity inhibition. Figure 3 show this conformational transition, 
which leads IDE-Cu+ to be inactive. The distance between the CH side 
chain of Val 194 and the CH2 group of Phe 848, as well as the distance 
between Zinc and Tyr 831 and the number of hydrophobic contacts 
increase in the Copper(I) bound state (Figure 4). This may cause the 
protein inactivation that is encouraged from the higher distance of Tyr 
831 from the coordination site and from the decrease of hydrophobic 
contacts. All these structural factors destabilize the opening of the acti-
ve cavity, determining the observed protein inactivation.
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Fig. 3. – Structure of the IDE binding site obtained from MD, for IDE and IDE-Cu+, re-
spectively active and locked inactive site.  The hydrophobic core of Phe 848, Leu 846, 
Ile 814 and Ile 815 is circled in blue. Tyr 831 and Arg 824 are circled in red. Val 194 and 
Phe 848 are also shown, as well as Zinc ion shown by a gray sphere.

Fig. 4. – Val 194–Phe848 (CH–CH2) distance distribution, which shows the shift towards 
a tight structure adopted by IDE–Cu+. b) Distance distribution involving zinc and Tyr 
831, higher in IDE–Cu+ than in IDE, due to the destabilization of the hydrophobic core 
caused by the coordination of Cys 812 and Cys 819 with Cu+. c) Number of hydro-
phobic contact distribution in IDE and IDE–Cu+. In the latter, hydrophobic contacts 
are decreased of 15%.
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It is now widely accepted that myoglobin is not simply 
an O2 storage/delivery system but, depending on oxygen 
concentration, it exerts other fundamental physiological 

roles, as in response to hypoxia in tumor cells. In Humans the two 
most expressed myoglobins differ by a single aminoacid (Lysine to 
Glutammate, or ISO1 and ISO2). Since natives from Tibet are charac-
terized by an overexpression of the “Glutammate” isoform, started to 
emerge the idea of a response to high altitude evolutionary adap-
tation. However, this is not yet supported by any structure/function 
investigation. 

Recently, we enlighten small but important differences between 
the two isoforms using NMR. The equilibrium constant for Xe129 is 

different and the value for 54E (ISO2) is similar to that of Pig myo-
globin (54 E as well). (Gussoni et al., Accepted, BBA-Proteins and 
Proteomics).

It is our opinion that MD simulations represent the best technique 
to find and analyse structural/dynamical differences potentially 
related to a single substitution (Lys to Asp) in myoglobin isoforms 
and expected to explain the small NMR differences. Using the Am-
ber99SB-ILDN force field, we performed with the program NAMD 
several MD simulations of the two isoforms in different conditions 
(meta and oxy, with and without water in the apical site) for a total 
of a few microseconds.
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Fig. 1. – Structural determinants for myoglobins extracted from two 270 ns MD simulations. ISO2 (54E) seems more compact, the distal histidine is closer to the iron (left), the 
apical site is larger (more propensity for water) (center, black circle) and the histidine gate is more closed (right, red circle).

Fig. 2. – Interestingly, the dynamics of surface water is different for the two isoforms 
in the region near the substitution, the CD region. On the left we reported the survival 
probability for water molecules, slower for ISO2 (54E form). Furthermore, the network of 
internal cavities differ in the volume and occurrence of internal voids (right).
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Introduction

In the last decades, a large number of antimicrobial pep-
tides (AMPs) have been isolated and characterized from many classes 
of organisms, where they play an important role in the defense against 
microbial and viral infections [Hertog 2004]. Their characterization has 
revealed a wide diversity in primary sequences and secondary structu-
res, yet with shared features: they are usually polycationic and amphi-
pathic, meaning that they have both a hydrophilic and a hydrophobic 
face, which explains their high affinity for lipid membranes [Van’t Hof 
2001]. This feature promotes the initial binding to and insertion into the 
target cell membrane [Hertog 2004]. Thus, to understand the mode of 
action of AMPs, it is important to examine their structure and association 
with lipid bilayers at a molecular and atomic level, in order to identify 
the key features to be used in de-novo drug design.

The general model of how AMPs interact with lipid bilayers includes 
several successive steps [Strandberg 2004], leading to different postu-
lated mechanisms. Most of the known AMPs have a high solubility in 
water, hence they can freely approach the target cell from the external 
solution. Upon approaching the lipid membrane, the disordered pep-
tide folds into an amphiphilic structure that can favorably bind to the 
bilayer. This first step of binding is dominated electrostatically by the 
lipid composition of the target membrane, as the positively charged 
peptides will bind strongly to negatively charged lipids, which are com-
mon in bacterial but not in eukaryotic membranes [Devaux 1985]. Then, 
different model have been proposed in the litterature to describe AMPs 
killing mechanism [Matsuzaki 1999; Shai 1999; Sitaram 1999; Huang 
2000], namely, the barrel-stave model (peptides assemble side-by-side 
to form a pore in the membrane), the toroidal wormhole model (the 
inside of the pore is lined not only by peptides but also by lipid head 
groups) and the carpet model (there is no distinct pore, but the high 
peptide density causes so much local disorder in the membrane that 
it leads to disruption).

However, most of the literature in this field, focus on the behavior of 
peptides after they have already bound on the membrane and assu-
ming that their functional folding is almost completely due to the pre-
sence of the membrane, while in aqueous media they are supposed 
to be totally unfolded (random-coiled). Indeed, since the binding is the 
very first step of the antimicrobial action in all of the proposed models, 
we believe that it could be the selective and differentiating stage in 
peptides behavior toward bacteria or host-cells. Therefore we think it is 
fundamental to characterize peptides folding propensity, if any, even in 
the absence of a membrane in order to clarify what is actally due to 
the interaction with the bilayer and what is due to the intrinsic peptide 
behaviour in aqueous media.

With this aim, we decided to study two rather different peptides. The 
first one, Esculentin-1b (1-18), whose sequence is GIFSKLAGKKLKNLLISG-
NH2, is expected to be α-helical, on the basis of some circular dichroi-
sm experiments [Marcellini 2009], but the actual 3D structure has not 

been resolved yet, neither in aqueous environments nor in association 
with membranes. It was derived from a natural source, i.e. secreted by 
the skin of Pelophylax lessonae ridibundus, a common European frog 
previously classified as Rana esculenta. The second peptide, SB056, is 
a novel synthetic peptide, classified as dendrimeric and lipidated. Deri-
ved from a tetra-branched precursor [Bruschi 2010], this new molecule 
carries two copies of the same functional unit around a central core, i.e. 
the amino acid lysine. Two identical deca-peptides (WKKIRVRLSA) are 
bound via their C-term to the α- and ε- amino groups of the lysine linker, 
while a 8-amino-octanamide is attached to the -carbonyl one through 
its amino group. The incorporation of this lipid like tail is aimed to further 
increase membrane affinity.

Taking the advantage of experimental derived nuclear magnetic 
resonance (NMR) restraints, all-atom classic molecular dynamics (MD) 
simulations have been performed both in water and in different water/
trifluoroethanol (TFE) mixtures, often used experimentally to mimic an 
increasing hydrophobic environment [Strandberg 2004], allowing inve-
stigations about peptides plasticity and folding propensity.

Computational methods

As described in detail elsewhere [Scorciapino 2011], peptide struc-
tures were obtained via a simulated annealing protocol using experi-
mental NMR parameters as restraints and then chosen as the starting 
ones for MD simulations. The latter were performed with GROMACS [Hess 
2008] both in water and in different H2O/TFE mixtures. The GROMOS-53A6 
force field [Oostenbrink 2004] was used for the peptides, TFE and ions, 
and the SCP model [Berendsen 1981] for water. No NMR experimental 
parameters were introduced in the MD simulations. Force-field parame-
ters for the lysine linker and the 8-aminooctanamide tail of dendrimeric 
SB056 were obtained with PRODRG [Schuettelkopf 2004], except for the 
charges. These were evaluated according to the RESP approach as de-
scribed in deteils elsewhere [Scorciapino2011]. Peptides were solvated 
in a cubic box of 8 nm long edges. Chloride ions were added to the 
simulation boxes in order to neutralize the total charge of the system.

Before running MD simulations, 1000 steps of energy minimization 
were performed using the steepest descent algorithm. First, positional 
restraints were applied on the heavy atoms of the peptide in order to 
allow relaxation of the solvent molecules. Then, simulated annealing 
followed (2 fs time-step), with a linear increase of the temperature from 
0 to 300 K in 100 steps of 10 ps each. The temperature was then main-
tained around 300 K for an additional 100 ps. Bonds with hydrogen 
atoms were constrained using the LINCS algorithm [Hess 1997]. Finally, 
a 1 ns equilibration was performed. The production runs, after equilibra-
tion, were 100 ns long. System coordinates were recorded every 4 ps. 
All simulations were carried out in the NPT ensemble at 300 K and 1 bar. 
The velocity-rescale algorithm [Bussi 2007] with τT=1.0 ps was used for 
temperature coupling. The Berendsen [Berendsen 1984] and Parrinello-
Rahman algorithms [Parrinello 1981] with τP=1 ps were used for pressu-

re coupling during equilibration and the production run, respectively. 
A twin-range cut-off (1.0 and 1.4 nm) was used to calculate Lennard-
Jones non-bonded interactions. Particle Mesh Ewald summation was 
used for the electrostatics with 1.0 nm cut-off.

Results and Discussion

SB056

Backbone RMSD from the initial structure were higher, on average, in 
water than in H2O/TFE mixtures both for the dendrimeric peptide and the 
linear peptidic unit. Moreover, the residue RMSFs indicated a lower con-
formational flexibility for both peptides in the H2O/TFE compared to pure 
water. In particular, it is interesting to note that the fluctuations of the two 
peptidic branches of the dendrimeric SB056 become comparable in 
30% TFE, i.e. the essentially same results are obtained for homologous 
residues located in the two branches, in contrast to the situation obser-
ved in pure water. The MD results on the backbone Φ and Ψ angles are 
consistent with these observations and with the NMR results. The Φ/Ψ 
distributions obtained for SB056 in water and in 30% TFE are shown in 
Figure 1 as Ramachandran plots.

In water, all four quadrants are significantly populated for each of 
the two peptides, which is indicative of a random-coiled structure. Even 
though the region is most populated, both backbone angles show con-
siderable fluctuations, ranging from about -60° to -130° in Φ, and from 
about 90° to 160° in Ψ. All residues exhibit a kind of bimodal distribution 
in these two ranges with maximum probabilities around -70° and -120°, 
and around 100° and 140°, respectively. This finding results in four com-
binations, which are almost equally populated (Figure 1a). Interestingly, 
upon moving to 30% TFE, both positive Φ and negative Ψ contributions 
decreased. Moreover, backbone angles distributions in the β region 
changed dramatically and retain only two significant maxima in the 
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Fig. 1. – Ramachandran plot of SB056 in (a) water and (b) in 30% TFE. The color bar 
from white to blue represents the probability increasing from 0 to 1.
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Ramachandran plot at about -120°/150° and -80°/90°. From residues 
K3 to R7 (and K13 to R17), both backbone Φ and Ψ angles follow a sort 
of alternating pattern whose maxima were already observable in pure 
water, while the distributions of K2, L8 and S9 turn out to be comparable 
in the two solvents investigated. This suggests that the addition of TFE 
does indeed act in the context of a pre-existing equilibrium, leading 
the peptide towards a preferred smaller set of conformations. Moreo-
ver, while the backbone angle distributions for homologous residues in 
the two peptidic chains of the dendrimeric SB056 are remarkably diffe-

rent in pure water, in TFE they are almost identical to one another and 
comparable to the linear monomer. Overall, we have collected multi-
ple pieces of evidence that the linear monomer and the dendrimeric 
SB056 have a strong tendency to fold as β-structures, as predicted from 
the primary amino acid sequence with alternating hydrophobic and 
hydrophilic residues.

ESCULENTIN-1b(1-18)

Esculentin-1b(1-18) was found to be completely unfolded in pure 
water, with all of the backbone dihedrals exploring the allowed regions 
of the Ramachandran plot. On the basis of a circular dichroism investi-
gation, a simple helical wheel plot has been proposed in the literature 
to represent a straight α helical conformation, which is believed to be 
adopted by the peptide when it is bound on a lipid bilayer. Our combi-
ned experimental and computational investigation has, indeed, impro-
ved this model, revealing a more flexible kinked structure. Going from 
pure water to a more hydrophobic environment such as H2O/TFE 50/50 
V/V, Esculentin-1b (1-18) seems to fold as two helical segments with a 
kink at the level of the residue G8. However, we cannot exclude that a 
straight helix is formed upon binding or during the insertion in a real lipid 
bilayer, and further studies are needed to shed light on this point. Figure 
2 shows the average structure computed in H2O/TFE 70/30 V/V.
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In this work we unveil the molecular mechanism behind 
increased resistance in the multi-drug transporter AcrB of 
the bacterium Escherichia Coli conferred by the natural 

substitution F610A (1,2). AcrB is a constituent of the tripartite efflux pump 
AcrAB-TolC, responsible for the intrinsic and acquired multi-drug resistan-
ce (MDR) in E. coli (3-5). Its structure has been solved as an asymmetric 
homotrimer (6-9) in which each monomer adopts a different confor-
mation (hereafter Loose (Access), Tight (Binding), and Open (Extrusion), 
or L, T, and O, respectively). Furthermore, Murakami et al. solved the 
structures of AcrB with a doxorubicin or a minocyclin molecule located 
in a particular binding pocket in the porter domain of the T monomer 
(8). A functional rotation mechanism has been proposed where each 
monomer neatly assumes the conformations L, T, or O. The L and/or T 
monomer allow the entrance of the substrate, which is accommoda-
ted in the binding pocket when the monomer is in the T conformation. 
Subsequently, the transition from T to O should pump the substrate from 
the binding pocket toward the TolC-docking domain. In Ref. (10) a full 
atomistic model of AcrB in complex with doxorubicin was used in con-
junction with targeted molecular dynamics (TMD) simulations to mimic 
the conformational changes occurring on the protein along the T→O 
step of the functional rotation. Using a similar approach and additional 
docking tools, we compare the binding pose and the displacement of 
doxorubicin along (several TMD simulations of) the T→O transition in the 
AcrB F610A variant with previous data on the wild-type protein.

Hereafter, we refer to the wild-type and F610A mutated AcrB in com-
plex with doxorubicin as WT and MUTANT, respectively. For the sake of 
clarity, we mainly discuss here two representative TMD trajectories that 
highlight different outcomes of the simulations, the remaining ones 
showing very similar trends. The comparison will be done in terms of 
displacements from the binding pocket and interactions with it and 
with the gate leading toward the central funnel (residues Q124, Q125 
and T758, hereafter Gate) (9), as well as the hydration of doxorubicin. 
In addition, we evaluated the interaction of the drug with the following 
residues: F664, F666, L668, R717, and L828 (Cleft); D566, E673 and 
T676 (bottom of the Cleft, hereafter denoted as Cleftb); S134, F136, 
Q176, F178, E273, N274, D276, I277, Y327, and F617 (extended bin-
ding pocket); Q124 and T758 (reduced Gate). These regions have been 
recently proposed to be part of the drug uptake and extrusion pathways 
(11). All of those selections are indicated in Figure 1A.

The first remarkable difference is found in the stable position of the 
drug within the binding pockets of WT and MUTANT. In MUTANT doxoru-
bicin slid down by ~4.5 Å in the binding pocket between subdomains 
PC1 and PN2 (Figure 1B), getting closer to the Cleft than in WT. Docking 

calculations using the ATTRACT (12) package, which includes ligand 
and receptor flexibility, have further validated these findings. As shown 
in Figure 2, a similar pose (RMSD of 2.4 Å with respect to the afore-
mentioned one) resulted from the docking procedure. In addition, this 
position also yields the highest score in terms of binding energy and 
cluster population (data not shown). The interaction energy of the drug 
with residues of the binding pocket in MUTANT is larger by ~10 kcal/mol 
as compared to WT (-23 vs. -13 kcal/mol), and is essentially due to the 
van der Waals interaction. This indicates a closer packing of the drug 
within the binding pocket of MUTANT with respect to WT, which is also 
consistent with the smaller number of water molecules within 3.5 Å of 
the drug (22 vs. 30). 

Figure 2A collects the displacements of the drug along T→O step in 
MUTANT (representative of one group of trajectories) and WT, relative to 
the binding pocket and to the Gate. In MUTANT the ligand moves in a 

direction almost perpendicular to the one found in WT and does not ap-
proach the Gate, but slightly retrogrades toward the Cleft (Figure 2B). Do-
xorubicin was located 3-4 Å closer to these regions than in WT already in 
the initial structures, and the difference increases up to ~10 Å at the end 
of the simulation. This behavior was reproduced in additional simulations. 
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by Natural Mutations in Bacterial Efflux Transporters
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transporter

Fig. 1. – A) AcrB residues examined in this work in relation to the interaction with do-
xorubicin. The Tight (T) monomer of the protein is shown in cartoon representation 
and transparent grey with domains PC1 and PC2 in green and yellow, respectively. 
Doxorubicin (initial position in MUTANT) is depicted using sticks and colored accordingly 
to atom types (grey, red and blue for carbon, oxygen and nitrogen, respectively). The 
selections of the residues belonging to the putative extrusion pathway are colored 
according to Ref. 39, i.e., the orange, magenta, cyan, and violet beads refer to the 
Cleft, Cleftb, the extended binding pocket and the Gate, respectively. In addition, 
residues of the binding pocket interacting with doxorubicin as described in Ref. 33, 
are also shown as cyan spheres with a larger radius. B1) Configurations of the drug 
within the binding pocket in WT and MUTANT after 5 ns MD equilibration. The ligand 
(colored cyan and magenta in MUTANT and WT, respectively) and residues of the 
binding pocket (colored blue and red in MUTANT and WT, respectively) are shown in 
sticks while the T monomer is shown in the background in grey cartoon representation. 
Thicker sticks highlight the residue 610 in both systems. B2) Superimposition of doxoru-
bicin molecules at the positions found at the end of the MD equilibration (blue sticks) 
or via docking calculations (green). The residues of the binding pocket are shown as 
transparent grey sticks.

Fig. 2. – (A) The position of doxorubicin and the residues of the binding pocket for WT 
and MUTANT at the end of the T→O simulated functional rotation step. The color code 
is the same as in Figure 1. The colored transparent beads represent the positions of 
the center of mass of the ligand from the beginning (blue) to the end (red) of the 
simulation; (B) Plot of the distances between the centers of mass of the ligand and the 
relevant selections of the protein vs. simulation time.
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In a second group of simulations the displacement of the drug was less 
pronounced. Thus, different events are possible during the T→O transition, 
but importantly, we never observed doxorubicin moving toward the Gate 

in MUTANT: either the ligand does not experience a large displacement 
or it moves in a direction almost perpendicular to the one detected in WT.

A molecular mechanism can be proposed from our results for the 
observed stagnation of doxorubicin transport in the mutant. The long 
dwelling period of the substrate in the binding pocket of MUTANT, due 
to an enhanced interaction with its residues, could either block the 
binding of a second molecule during the next cycles of the functional 
rotation or it could hinder crucial conformational changes of the pro-
tein. Consistent with this hypothesis is the persistence of doxorubicin at 
the binding pocket in 5 of the 7 simulations carried out for the T→O 
transition. Even in the case of a successful detachment from the bin-
ding pocket, doxorubicin moves in a direction almost perpendicular to 
that toward the Gate (Figure 2A). Furthermore the ligand, which stays 
between the Cleft and the binding pocket, could interfere with the 
uptake of additional substrates by the L monomer (Figure 3). 

Summarizing, we investigated the molecular mechanism behind the 
occurrence of reduced functionality due to the F610A substitution in the 
AcrB multi-drug transporter, using a doxorubicin molecule as a probe. 
Our docking and MD simulations of the AcrB F610A variant in the LTO 
state show the presence of a slightly different binding pose of the ligand 
as compared to the wild-type protein. We found a stronger interaction 
of the ligand with the binding pocket in the mutated protein, resulting in 
significant differences in the dynamics of the substrate along the T→O 
step of the functional rotation. The analysis of these differences suggests 
a molecular-level picture of the mechanism of impaired drug export, 
which does not contrast with the data available in the literature and 
adds a piece of information about the functioning of AcrB transporter.

In terms of perspective, we note that our results on the F610A muta-
tion suggest a general mechanism of AcrB inactivation, as the mutation 
has shown to affect a large number of substrates of AcrB. Preliminary 
results (data not shown) support our picture indicating that the F610A 
mutation largely affects even the binding pose of minocycline, while 
other mutations (e.g. F136A) do not induce a tight fit of doxorubicin 
within the pocket. Further TMD simulations with doxorubicin and mino-
cycline in complex with the AcrB variants are being setup and will be 
reported elsewhere. In conclusion, findings presented here could be a 

useful starting point to investigate the interaction of wild-type or mutant 
transporters at a molecular level with additional compounds belonging 
to different classes.
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Fig. 3. – Displacement of doxorubicin compared to the morphology of the channels 
that are present in the three states (L, T or O) of the doxorubicin-bound monomer. The 
upper and lower images (enclosed by blue and red boxes, respectively) represent 
conformations of MUTANT and WT, respectively, with panels from the left to the right 
referring to the conformations T, O, and L of the monomer. Protein and ligand are 
represented as in Figure 1, and channels determined with the CHUNNEL package 
are shown by transparent surfaces (azure, red and green refer to T, O, and L confor-
mations, respectively). The calculation with CHUNNEL has been performed on the 
structures of the protein without ligand. In the initial conformation (left column), the 
ligand is located aside of a channel ending at the periplasmic entrance cleft. During 
the transition T→O in WT, doxorubicin reaches the upper part of the channel leading 
through the gate to the TolC-docking domain. In contrast, the ligand is found close 
to the Cleft leading to the periplasm in MUTANT (central column). In this position it will 
most likely interfere with the uptake of additional substrates when the monomer will 
assume the L conformation along the functional rotation cycle (right column).
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