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Foreword

During the year 2014 CRESCO high performance computing clusters have provided more
than 47 million hours of core computing time, at a high availability rate, to more than one
hundred users, supporting ENEA research and development activities in many relevant
scienti ¢ and technological domains. In the framework of joint programs with ENEA
researchers and technologists, computational services have been provided also to academic
and industrial communities.

This report, the sixth of a series started in 2008, is a collection of 28 papers illustrating
the main results obtained during 2014 using CRESCO HPC facilities in various elds
such as material science, e cient combustion, climate research, nuclear technology, plasma
physics, biotechnology, aerospace, complex system physics. The report shows the variety of
the applications of high performance computing, which has become an enabling technology
for science and engineering.

ENEA Portici Research Centre near Naples is the location hosting the main ENEA com-
putational resources since 2008. This is a result of the CRESCO Project (Computational
Centre for Research on Complex Systems), co-funded, in the framework of the 2001-2006
European Regional Development Funds Program by the Italian Ministry of Education,
University and Research (MIUR).

In 2014 the ENEAGRID computational resources attained the level of about 9000 com-
puting cores (in production) and a raw data storage of 900 TB. Those values have been
reached thanks to the availability of the new cluster CRESCO4 (4864 core Intel, 100 T ops,
QDR In niband network) installed within the TEDAT project funded by MIUR in the
framework of the 2007-2013 European Regional Development Funds Program. At the end
of 2014 are also been shut-down the rst two CRESCO clusters installed in 2008 namely
CRESCOL1 (Tigertown CPU) and 256 nodes of CRESCO2 (Clovertown CPU); those sys-
tems in the years became obsolete for being used in HPC, therefore part of them have
been reused in various not CPU-intensive tasks such as general ENEA ICT applications.
The Project CRESCO provided the resources to set up the rst HPC x86_64 Linux cluster
in ENEA, achieving a computing power relevant on Italian national scale (it ranked 126
in the HPC Top 500 June 2008 world list, with 17.1 TFlops and 2504 cpu cores). It was
later decided to keep CRESCO as the signature name for all the Linux clusters in the
ENEAGRID infrastructure which integrates all ENEA scienti ¢ computing systems, and
is currently distributed in six Italian sites.

The success and the quality of the results produced by CRESCO stress the role that HPC
facilities can play in supporting science and technology for all ENEA activities, national
and international collaborations, and the ongoing renewal of the infrastructure provides
the basis for a similar role in the forthcoming years.

Dipartimento Tecnologie Enegretiche, Divisione per lo Sviluppo Sistemi per I'Informatica
e I'ICT, CRESCO Team



CRESCO Team and people involved in the management of ENEA-GRID infrastructure
in 2014 were:

Dante Abate, Fiorenzo Ambrosino, Giuseppe Aprea, Tiziano Bastianelli, Francesco Beone,
Riccardo Bertini, Giovanni Bracco, Marco Caporicci, Beatrice Calosso, Marta Chinnici,
Roberto Ciavarella, Antonio Colavincenzo, Aniello Cucurullo, Pietro D’Angelo, Matteo
De Rosa, Pasquale De Michele, Agostino Funel, Graziano Furini, Dante Giammattei, Si-
mone Giusepponi, Roberto Guadagni, Guido Guarnieri, Alessandro Italiano, Simone Ma-
gagnino, Angelo Mariano, Giorgio Mencuccini, Carlo Mercuri, Silvio Migliori, Patrizia
Ornelli, Filippo Palombi, Salvatore Pecoraro, Antonio Perozziello, Samuele Pierattini, Sal-
vatore Podda, Fabrizio Poggi, Giovanni Ponti, Andrea Quintiliani, Alessio Rocchi, Carlo
Scio, Fabio Simoni



LES study of a blu -body burner uid dynamics

I. Cornacchia, E. Giacomazzi!, F.R. Picchial, D. Cecere! and N. Arcidiacono?!

L IPSE, Casaccia Research Center, ENEA - Rome, ITALY

The blu -body burner provides a ame suitable for the study of turbulence-
chemistry interactions. Blu -body burners also bear a great similarity to practical com-
bustors used in many industrial applications. This geometry is, therefore, a suitable
compromise as a model problem because it has some of the complications associated with
practical combustors while preserving relatively simple and well-de ned boundary condi-
tions. A blu -body burner is simulated at two di erent conditions: a non-reactive and a
reactive one. LES numerical simulations were performed by means of the in-house code
HeaRT (Heat Release and Turbulence) using parallel computers available at CRESCOA4.
In the non-reactive case, two simulations of two di erent turbulent subgrid scale models
were performed: the Dynamic Smagorinsky model and the Transported SGS Kinetic en-
ergy (K39%) non-dynamic model. The reactive case simulation, instead, is characterized by
a non-premixed ame of CH4=H, and air and it is simulated using the k9% non-dynamic
turbulent subgrid model. The e ects of two di erent chemical kinetic mechanism were
analysed: the fast chemistry and the detailed chemical mechanism of Law. The results of
these simulations are compared to data available in literature.

1 Test - cases description

The burner is centred in a co owing stream of air and consists of a circular blu -body of 50
mm diameter with an ori ce at its centre for the main fuel with a diameter of 3.6 mm. A
complex ow pattern forms downstream of the face of the blu -body where a recirculation
zone is formed to produce enough hot gases to stabilise the ame to the burner. At
su ciently high fuel velocity, the jet ow penetrates through the recirculation zone and
forms a jet-like ame further downstream. The jet ame can be extinguished in a region
downstream of the recirculation zone where turbulence is well developed and the nite
rate chemistry e ects are signi cant. The ame may also reignite further downstream
where turbulent mixing rates are relaxed.

1.1 Computational domain and grid set-up

The blu -body burner is simulated at two di erent conditions: a non-reactive and a
reactive one. The grid and computational domain are the same in both cases. The
computational domain is 0.30 m in the axial direction downstream and 0.020 m upstream

Corresponding author. E-mail: isabella.cornacchia@hotmail.com.



of the blu -body. It has a radius of 0.075 m. As the image on the left of Figure 3 shown,
the domain is axially symmetric and it is divided into three zones:

ZONE 0 is the main zone downstream of the blu -body;
ZONE 1 is the internal zone of the jet duct;

ZONE 2 is the zone of co owing air upstream of the blu -body.

A two-dimensional, structured, stretched grid has been created: it is characterized by
600 nodes in axial and 200 nodes in radial direction. Then, it has been extruded, from
2D domain, by a rotation of an angle of 120 around the z axis (the image on the left
of Figure 3). The computational accuracy, in general, is strongly sensitive to boundary
conditions. An inlet condition has been used for the inlet uxes in ZONE 1 and 2. On the
duct walls and on the ceramic blu -body a viscous, adiabatic, non porous wall condition
is implemented. At the exits, a partially non-re ecting NSCBC outlet condition (with a
re ecting coe cient of 0.5) is implemented.

ZONE O

ZONE 1 \\‘\:_‘—ZONE >

Figure 1: 2D and 3D domain

2 LES approach

Turbulent combustion is governed by a set of transport equations expressing the transport
of mass, momentum, energy, species mass fraction and by a thermodynamic equation of
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state describing the gas behaviour: the Navier-Stokes equations. In principle, there is
no di culty in solving these equations, but to reduce computational costs modelling is
necessary: LES approach is used. In LES, Navier-Stokes equations are ltered in space,
hence, scales larger than the Iter size are resolved, while the smaller ones are modelled.
For turbulence, the dissipative e ects of subgrid scales can be explicitly modelled by
means of a SubGrid Scale (SGS) model, i.e. by introducing a subgrid eddy viscosity,
Eddy Viscosity Model, that links subgrid stresses ;°%° to strain rate jj. In this work,
two SGS models have been taken into account: the Dynamic Smagorinsky model [1] and
the Trasported SGS kinetic energy (k9°) model [2]. For combustion, the EDC (Eddy
Dissipation Concept) model proposed by Magnussen [3] is implemented. According to
this model, the total space is subdivided into a reaction space, called " ne structures”,
and "surrounding uid". All reactions of the gas phase components are assumed to take
place within this space which represents the smallest turbulence scales where all turbulent
energy is dissipated into heat. All reactions in the surrounding uid are neglected. Two
di erent approaches to estimate the volume fraction  occupied by the small reactive ne
structures in each computational cell are implemented: the Localized Turbulent Scales
Model (LTSM) [4] and the Fractal model [2]. These two models have been used respectively
in the detailed chemical kinetic model of Law [5] and in the fast chemistry kinetic model

[6].

3 Results

In the non-reactive case, two 3D simulations with two di erent turbulent subgrid scale
models were performed: the Dynamic Smagorinsky model and the Transported SGS Ki-
netic energy (k3%%) non-dynamic model. Two vortices are found in the recirculation zone,
characteristic of a "jet-dominant™ ow. The outer vortex is stable and extends up to 1
blu -body diameter axially and 80 % blu -body diameter radially. The inner vortex is
adjacent to the jet and it is narrower than the outer one. Three mixing layers are identi-

ed inside the recirculation zone: between the outer vortex and the co ow air, the outer
vortex and the inner vortex and the inner vortex and the jet.

Numerical results are compared with experimental data collected, for the same ow and
boundary conditions, by the Sandia National Laboratories and the University of Sydney
[7]. Since in some cases there were disagreements between measured and computed quan-
tities, results of the same test-case LES simulation carried out by Tomasz G. Drozda of
the Pittsburgh University [8] are also taken into account.

Radial pro les of the axial and radial mean velocity and their RMS were analysed. Mean
axial velocity radial plots show that in axial locations in the vicinity of the jet exit, the k595
non-dynamic model simulation has a good agreement with the experimental data especially
in the zone of the blu -body. Downstream, the centreline velocity is overpredicted by both
the Dynamic Smagorinsky model and the k3% model. It can be due to the fact that the
computational domain is a slice of a cylinder and the velocity on the axis is imposed
equal to zero; as a consequence along the axis there are not enough uctuations and the
momentum does not decay as fast as in the experiment. The mean radial velocity plots
show that all numerical results underpredict the measured data. It can be due to the fact

11
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Figure 2: Mean axial velocity eld and recirculation zone

that no conditioning was used for the radial velocity measurements and it may lead to
a higher error for this component. However, all the numerical simulations show similar
trends. Finally, the computed and measured RMS uctuations of mean axial and radial
velocity plots show a low peak in the outer shear layer between the co ow and the outer
vortex and an high peak in the shear layer between the jet and the inner vortex. In the axial
location in the vicinity of the jet exit, the Smagorinky dynamic predictions of both RMS

uctuations of axial and radial velocity show a good agreement with the experimental data.
However, because of the previously mentioned boundary condition, in correspondence
of the axis, in that zone RMS uctuations predictions are underpredicted by the ks9°
and the Smagorinsky dynamic simulations. Downstream, all simulations predictions have
similar trends, but there is not an agreement with the measured data as good as in the
previous axial locations. In the k9% subgrid model simulation, three sampling points were
introduced to carry out the uctuating kinetic energy spectrum (Figure 3): ml on the
axis at the jet exit, m2 downstream ml and m3 on the axis downstream m2. The m2
and m3 spectrum plots show two of the characteristic slopes of the energy spectrum: the
k 573 law, typical trend of the inertial subrange and the k? slope, typical of the forced
turbulence. The m1l kinetic energy spectrum plot shows a trend that does not decrease as
the other two. It is due to the location of this sample: it is on the axis immediately after
the jet outlet in a zone of uid expansion where there is the e ect of the edge that does
not lead to an energy transfer to small scales.

In the reactive case, a Transported SGS Kinetic energy (k3%%) non-dynamic turbulent
model and a fast chemistry chemical model simulation was implemented. As in the non-
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Figure 3: Kinetic energy, Ek, spectra of the three samples m1, m2, m3

reactive case, the main features of a "jet-dominant” ow are found in the recirculation
zone. However, the big disagreement between the measured and computed radial plots led
to a more detailed analysis. Two 2D LES simulations with two di erent chemical Kinetics
were implemented to study the ow eld development and the validity of the chemical
kinetic model implemented. Indeed, in addition to the fast chemistry model simulation,
a 2D simulation with the detailed chemical kinetic mechanism of Law is carried out. The
analysis of the recirculation zone dynamics shows that the two 2D simulations provide the
same behaviour: there is a shedding of irregular eddies from the inner edge of the blu -
body and an intense mixing inside the recirculation zone. Otherwise, the inner vortex is
narrower than in the previous 3D analysis.

This leads to the conclusion that the disagreements in the computed radial plots were
due to the ow eld that was not fully developed. From the chemistry point of view, the
detailed chemical kinetic model produces temperature distribution in better agreement
with the experimental data than the fast chemistry. Hence, a 3D simulation with the
detailed chemistry kinetic model is carried out. Numerical results of the 2D fast chemistry
and both the 2D and 3D detailed chemical kinetic models are compared with the HM1,
HM1E-s2 and B4F3-A experimental data set. The total sampling time is a little more
than one recirculation zone dynamics cycle. Mean axial velocity plots show that the 3D
simulation predictions are very close to the experimental data in the vicinity of the jet exit,
but downstream, the centerline velocity is overpredicted. Also in this case, it is likely due
to the computational domain that is a slice of a cylinder and then the momentum does not
decay along the axis. Another consequence of this boundary condition is that the length
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Figure 4: Recirculation zone dynamics in the fast chemistry mechanism simulation

Figure 5. Recirculation zone dynamics in the detailed chemical kinetic mechanism simu-
lation
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of the recirculation zone is underpredicted. In fact, because the mean velocity decay rate
does not decrease along the centreline, the transfer of momentum from the axial to radial
direction is underpredicted. The mean radial velocity plots shows that in axial locations
in the vicinity of the jet exit, computed and measured data have the same trends, but
their values are in disagreement. It can be a consequence that no conditioning was used
for the radial velocity measurements and it leads to a higher error for this component.
The RMS uctuations of axial and radial velocity components show the e ects of a 3D
LES simulations. Indeed, the uctuations level of the 3D simulation is higher than the 2D
one. In all plots, but especially for the radial uctuations, the peak of the 3D simulation is
quite similar to the peak of the measured data. However, in the zone of the axis, because
a boundary condition imposes a radial velocity equal to zero, the RMS uctuations are
underpredicted by all the simulations. Finally, the temperature plots of the 3D simulation
show a good agreement with the experimental data. The disagreement in the other axial
locations can be due to lower turbulence predicted in a slice domain.

4 Conclusions

Both non-reactive and reactive simulations results show disagreement in the centreline
velocity. Since it occurs independently from the subgrid model implemented, it is prob-
ably due to the computational domain itself. In particular, the fact that the domain is
characterized by a slice of 120 of a cylinder has, as a consequence, that along the axis, the
momentum does not decay as quickly as in the experiments. In this way also the transport
of the axial momentum to the radial one is reduced. In particular, in the reactive case, it
leads to strong e ects on turbulence-chemistry interactions in the zone of the ame neck
that a ect the ow also downstream.

In the future, for both the non-reactive and reactive case, a 3D simulation with the com-
plete cylinder will be implemented in order to avoid the boundary conditions along the
axis. In particular, for the reactive case, the detailed chemical kinetic model will be im-
plemented. Considering the high computational costs of these simulations, in the new
ones, Navier-Stokes equations preconditioning or a pseudo compressible formulation will
be implemented in order to have a time-step of almost two order of magnitude larger.

5 Cresco4 Performance

5.1 Non-reactive case

Cresco4 performance was almost the same for both the 3D non-reactive simulations stud-
ied. An example of processors scalability is shown in the table below:

Number of Processors t
144 0.22s
192 0.12s
240 0.13s

15



5.2 Reactive case

Cresco4 processors scalability of the nal 3D detailed chemical kinetic model simulation
is shown in the table below:

Number of Processors t
64 0.23s
128 0.12s
192 0.3s
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A rst principles study on the Fe(1 0 0)/Pb
corrosion phenomena

Simone Giusepponi, Massimo Celino

ENEA, C. R. Casaccia, via Anguillarese 301, 00123 Rome, Italy

The corrosions of structure materials such as stainless steel in liquid Pb metal
are a big obstacles for the application of the liquid Pb into the fast breeder reactors as
the coolants. The present work is trying to seek the atomic mechanism of the corrosion
phenomena from the point-of-view of the ab-initio framework.

1 Introduction

The ferritic/martensitic steels will be widely used in the next generation of nuclear reac-
tors due to their high thermal conductivities, high resistance to swelling, low expansion
coe cients, and so on. In accelerator driven systems (ADS), they are chosen as the struc-
tural materials and the containers for liquid heavy metals and alloys, which are selected
as the spallation target and the coolant. However, steels can be severely corroded if they
are exposed to liquid metals and alloys directly at high temperatures. The so called lig-
uid metal corrosion problem has been recognized as one of the most critical issues in the
development of ADS. So far, very few theoretical researches have been carried out on this
problem, then, the corrosion phenomena lacks in the theoretical explanation and in the
detailed knowledge of the atomic processes. To satisfy these de ciencies, it is necessary
to explore the interaction details of atoms at the interface of the corrosive environment
and the vessel. Speci cally, how the liquid atoms deposit onto the surface, and how the
deposited liquid atoms a ect the escape of Fe atoms from the steel surface. For these
reasons, in this work, we focus our attention on the interaction between liquid Pb atom
and the Fe surface, in the framework of the ab-initio computations.

2 Computational details

The rst-principles PWscf (Plane-Wave Self-Consistent Field) code of the Quantum ES-
PRESSO has been used [1, 2] to accurately characterize Iron and Iron surface properties.
PWscf performs many di erent kinds of self-consistent calculations of electronic-structure
properties within Density-Functional Theory (DFT), using a Plane-Wave (PW) basis set
and Pseudo-Potentials (PP) [3, 4].

Corresponding author. E-mail: simone.giusepponi@enea.it.
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The Fe.pbe-sp-van_ak.UPF Vanderbilt ultrasoft pseudopotential [5,
6, 7] with generalized gradient spin approximation (GGSA) and
Perdew-Burke-Ernzerhof (PBE) [8] approximant GGA exchange{
correlation potential, available in the Quantum ESPRESSO library
was employed. All the calculations are performed in the supercell
approximation with periodic boundary conditions (PBC) meant to
mimic an in nitely extended system. We considered a cubic super-
cell composedbya2 2 2 array of bce conventional cells and 16 Fe
atoms. The electronic wave functions were expanded in a plane-wave
basis set with a kinetic energy cut-o equal to 540 eV and 8 8 8
Monkhorst-Pack k{point mesh is employed [9]. The energy minimiza-
tion is performed by using conjugate gradient (CG) minimization
energy method, with the convergence threshold for self consistency
equal to 10 7 Ry. Broyden-Fletcher-Goldfarb-Shanno (BFGS) quasi-
newton algorithm is used to perform geometry optimization. lonic
relaxation is stopped when both the following conditions are satis ed:
energy changes less than 10 # Ry between two consecutive self con-
sistent eld (SCF) steps and all components of all forces are smaller
than 5 10 4 Ry/Bohr.

By total energy calculations we derived lattice parameters a, bulk
modulus B and elastic constants Cjj. Moreover, to characterize the

Figure 1:

a) Top

and b) side view of
the simulated sys-

tem. Top (),
bridge (B), hol-

iron surface, the surface energy per unitarea and the percent change
of the surface relaxation j; = (dijj do)=do were calculated, where
dij is the spacing between layers i and j and do is the equilibrium
layer spacing [10, 11]. To quanti es the interation of an added atom
(adatom) on the surface, the binding energy (E,) was calculated as:

low (H) and substi-
tuted (S) sites are
in red, green, blue
and black, respec-
tively.

E, = E(slab+ada) E(slah) E’(ada) (@)

where E(slab+ada) is the total energy of the relaxed surface+adatom
system, E(slab) is the total energy of the relaxed clean surface and
E’(ada) is the total energy of an isolated adatom. A more negative
binding energy indicates a more favourable structure.

3 Bulk iron and iron surface

Considering the curve trends of the total energy with respect to the side dimension and
to the volume of the supercell we derived for equilibrium lattice parameters ag and bulk
modulus B the following values: ag = 2.866 A and B = 166 GPa. Moreover the elastic
constants were calculated and attainig the subsequent values: C1; = 224 GPa, Cy, = 137
GPa, and C44 = 89 GPa. These values are in agreement with experimental and theoretical
results.

Having checked the reliablility of our numerical model for the iron bulk sistem, we consid-
ered an iron surface. Surface was cleaved from a crystal structure of bce iron corresponding
to the (100) Miller plane: Fe(100). Experiments have shown that this is the most likely

18



cleavage plane of iron [12]. A vacuum space of 15 A was inserted in the z-direction
to mimic a two dimensional surface. This has been shown to be su cient to eliminate
interations between mirror images in z-direction due to the PBC (see Fig. 1). Surfaces
with increased number of slabs were examined to evaluate the optimal number of slab
to take in consideration. Each slab is composed with 2 2 crystal unit cell with lattice
parameters calculated from the bulk system (Lx = Ly =2 ap) and a8 8 1 k{point
mesh is employed. The linear growth of the total energy EL., with respect of the number
of the slabs N, permits to calculate the surface energy  of Fe(100) using the following
equation [10, 11]:

Eday 2 + NEpu @)

where Epyk is the bulk total energy. Calculations for the surface energy per unit area

= =Awhere A=L, Ly, gave = 23J/m? The obtained result is comparable to
other numerical calculations [13, 14, 15], and to the available experimental values of 2.41
and 2.55 J/m?, although the latter values were measured for the polycrystalline surface
[16, 17].

The surface relaxation of the Fe(100) were also analysed. Surface relaxation is character-
ized as the percent change i = (djj do)=do of the spacing dj; between layers i and j
versus the equilibrium layer spacing dg. For the Fe(100) surface dg is apg=2. A positive
value indicates expansion, whereas a negative one indicates a contraction of the spacing.
Analyzing the surface relaxation of the system we measured that 1, = -3.5%, 23 =
+2.1%, 34 = +0.44% and 45 = -0.28% (see the second column of Tab. 1). Relaxations
of inner layers are neglible. In panel al) of Fig. 2 are shown the relaxed top four layers of
Fe(100) surface.

4 Defective iron surface

To have a primary insight into the corrosion process of liquid lead on solid iron, we
started considering the system in which a Pb adatom is absorbed on the Fe(100) surface.
Three di erent positions were considered (see Fig. 1): top site (T), bridge site (B) and
hollow site (H). For each absorption site the binding energy (E,) was calculated; a more
negative binding energy indicates a more favourable structure. Results for Pb adatoms
are reported in the Tab. 1. The E, energies are all negative, then this result indicates
that the absorption of a Pb atom is a energetically favourable process. Moreover, we
observe that the hollow site is the most stable site (-3.73 eV), followed by the bridge site
(-3.14 eV) and then by the top site (-2.83 eV), which is the last stable. Others numerical
works have highlighted same conclusions [18, 19]. To have a better understanding of
the event we considerated also the interaction of the Fe(100) surface with an isolated Fe
adatom. The binding energy were calculated and results are reported on the Tab. 1. As
before, also for Fe adatom the hollow site is the most stable site (-3.61 eV), followed by
the bridge site (-2.51 eV) and then by the top site (-1.68 eV). Moreover, it is worth to
note that con gurations with Pb adatom are more stable than the corresponding ones
with Fe adatom. This indicates that is more energetically favourable to have a Pb atom
on the iron slab rather than continue the iron surface with a Fe atom. In panels bl)
and cl) of Fig. 2 are shown the completely relaxed surfaces relative to the hollow sites,
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respectively. With regard of the structural analysis of these six con gurations, for Pb
adatom, there still is a contraction of the spacing between the rst and the second layer
(12 are all negative) and an expansion of the the spacing between the second and the
third layer ( ,3 are all positive). On the contrary, we observe that for Fe adatom, we have
an expansion of the spacing between the rst and the second layer for Top ( 12=0.12%)
and Hollow ( 1,=0.59%) sites. Instead, there is a contraction only for Bridge site ( 12=-
2.5%). Values of 3 are similar to those of the Pb adatom cases. Results for surface
relaxations jj are summarized in the rst block of Tab. 1.

To further evaluate the interation be-
tween iron and lead, we considered the

previous systems in which a iron atom
on the surface (position S in Fig. 1) is
e replaced by a lead atom. In panel a2) of

Fig. 2 is shown the completely relaxed
Fe(100)py surface. We observe that the
larger dimension of the Pb atom com-
pared to the Fe atom entails a change in
the shape of the outer layer, this induces

c4) a sharp variation in the percent change
’ - of the surface relaxation, now we have a
expansion of the outer layer 1> = 7.9%.

Then, energetical and structural consid-
erations are taken into account with re-
gard to the addition of a Pb(Fe) adatom
in the Hollow site. The E, of a Pb atom
and of a Fe atom in H site are -3.19 eV
and -2.99 eV, respectively. In panel b2)
and c2) of Fig. 2 are depicted the corre-
sponding two relaxed con gurations. The bonding energies are weakened compared to the
clean Fe(100) with Pb or Fe adatoms, though, it is more important to highlight that the
con guration with a Pb adatom on the Fe(100)p, surface it is more stable than that in
which there is the Fe adatom. Moreover, we have 12 = 9.2% and .3 = 2.3% for the
former case and 12 = 11.8% and 3 = 1.5% for the latter case. The large dimension of
Pb atom causes a great expansion of the outer layer. Results for E, and  j; for Fe(100)pp
surface with/without Pb/Fe adatom in H site, are summarized in the second block of
Tab. 1.

ai

=4

€

b1 b2) _

=

C1,

=4

ol

Figure 2: Relaxed Fe(1 0 0) surfaces
with/without substituted atom and
with/without adatom in hollow site (see
text).

Finally, we examined the role of two of the major alloying elements in steel. We considered
the two systems in wich a surface iron atom (position S in Fig. 1) is replaced with a
chromium/nickel atom. In panels a3) and a4) of Fig. 2 are shown the completely relaxed
Fe(100)c, and Fe(100)n; surfaces, respectively. Concerning the surface relaxations, great
di erence is not perceived, in fact 1o =-4.5% and 3 = 1.9% for Cr alloying and 1>
= -4.6% and .3 = 2.1% for Ni alloying. The presence of the alloying element causes
an increase in the contraction of the outer layer compared to the clean Fe(100) surface
which is -3.5%. As done before we investigate the di erent behaviour of these two doped
iron surfaces with an extra Pb/Fe atom in H site. The binding energies of an adatom on
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Table 1: Binding energy E, (eV) for the Pb/Fe adatom in the top (T), bridge (B) and

hollow (H) sites. Percent change (%) of the surface relaxation/contraction

ij-

Fe(100)
adatom Pb Fe
site T B H T B H
E, (eV) -2.83 -3.14 -3.73|-1.68 -2.51 -3.61
sur. rel.
12(@%) | 35| -1.8 -28 -13| 012 -25 0.59
23 (%) 2.0 15 2.1 1.6 1.2 2.0 15
34 (%) | 0.44 | 0.70 0.96 1.1 1.1 0.78 0.96
45 (%) | -0.25 | 036 038 055| 054 044 0.95
Fe(100)pp Fe(100)cr Fe(100)ni
adatom Pb Fe Pb Fe Pb Fe
site H H H H H H
E, (eV) -3.19 -2.99 -3.69 -3.63 -3.46 -3.68
sur. rel.
12 (%) | 7.9 9.2 118| -45 -27 -13| -46 -3.0 -0.89
23 (%) | 1.9 2.3 1.5 1.9 15 042 | 21 0.39 1.4
34 (%) | 0.52 0.68 0.38| 0.26 0.78 0.07|0.31 -0.68 0.50
45 (%) | 046 0.82 044 |-0.05 044 -0.07|0.03 -093 0.61

the Fe(100)¢, are similar: Ey, = -3.69 eV for Pd and E, = -3.63 eV for Fe, respectively.
However, the surface relaxations are di erent for the two cases. A Pb adatom in Hollow
site (panel b3) of Fig. 2) gives rise to a contraction of the distance between the rst and the
second layer 1, = -2.7% and a expansion of the distance between the second and third
layer 23 = 1.5%. A Fe adatom in hollow site (panel ¢3) of Fig. 2) causes less pronounced
changes: 1o =-1.3% and 3 = 0.42% (see the third block of Tab. 1). Regarding the
Fe(100); surface we calculated the binding energies of an adatom on the Hollow site: we
have E, = -3.46 eV for Pd and E, = -3.68 eV for Fe, respectively. In the fourth block
of Tab. 1 are also reported the percent change of the surface relaxations. We computed

12 = -3.0% and 3 = 0.39% for Pb adatom, and 1, = -0.89% and ,3 = 1.4% for
Fe adatom, respectively. In panel b4) of Fig. 2 is shown the relaxed con guration of the
Fe(100)n; surface with Pb adatom, whereas, in panel c4) of Fig. 2 is shown the same
surface with Fe adatom.
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A numerical technique for mesh re nement in the HeaRT (Heat Release and
Transfer) numerical code is presented. In the CFD framework, Large Eddy Simulation
(LES) approach is gaining in importance as a tool for simulating turbulent combustion
processes, also if this approach has a high computational cost due to the complexity
of the turbulent modeling and the high number of grid points necessary to obtain a
good numerical solution. In particular, when a numerical simulation of a big domain is
performed with a structured grid, the number of grid points can increase so much that the
simulation becomes impossible: this problem can be overcomed with a mesh re nement
technique. Mesh re nement technique developed for HeaRT numerical code (a staggered
nite di erence code) is based on a high order reconstruction of the variables at the grid
interfaces by means of a least square quasi-eno interpolation: numerical code is written in
modern Fortran (2003 standard o r newer) and is parallelized using domain decomposition
and message passing interface (MPI) standard. The mesh-re nement algorithm is fully
validated by means of a CHy4-H,-Air slot ame numerical simulation.

1 Introduction

In the Large Eddy Simulation framework, a numerical grid with high spatial resolution
is mandatory to obtain a satisfactory numerical solution of the ow eld with turbulent
combustion: with multi-block structured grids, both in Cartesian and cylindrical coordi-
nates, this goal isn’'t always possible to achieve, especially when the numerical simulation
is performed on a domain with big dimension and very small elements (like blu bodies
and fuel injectors).

The numerical simulation of the \Sandia Flame A" jet performed by the mean of HeaRT
numerical code [3] can be chosen as example: this test case is a CO/H2/N, (percentage
40/30/30 in volume) non-premixed, uncon ned, turbulent jet ame. The fuel is injected

Corresponding author. E-mail: giacomo.rossi@uniromal.it.
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at 292K from a straight circular tube with squared-o ends (inner diameter 4.58mm, outer
diameter 6.34mm), with a bulk velocity of 76ms 1; the air at 290K and wet (molar fraction
of water 0.012) co ows at 0.75ms 1.

The geometrical features don’t allow to produce a structured cylindrical mesh with a high

spatial resolution on the wall duct and concurrently with a manageable number of grid

nodes: in the rst numerical simulation of the test case entire domain, performed on a

computational grid with 63452 nodes, the ame blows 0 because at the inlet way out the
ow eld isn’t well predicted.

A second numerical simulation, performed only on the anchoring zone (a domain with
Nmax =1.5cm and zmax =2cm), with a computational grid of 206349 nodes (that permit
to obtain a 1.0 10 °m spatial resolution close to the nozzle), allows to underline the
vortex shedding phenomena that occur on the duct wall and that permit a stable ame
anchoring.

So it is clear that in this test case, where there’s a big di erence between the total length
of the domain and the wall thickness, with a structured grid it is impossible to obtain a
satisfactory compromise between total number of nodes and adequate spatial resolution:
a mesh re nement technique can overcome this limitation, because it makes possible to
use a grid with a high spatial resolution in a well enclosed zone and to restrict the number
of grid nodes in the remaining part of the domain. A mesh re nement technique, is
also very useful in combination with Immersed Volume Method (IVM) technique, already
implemented in the HeaRT numerical code and successfully validated [1].

2 Multi-Resolution Algorithm

The multi-resolution algorithm developed for the HeaRT code is based on the joined-grids
approach. With the joined-grids approach, on the computational domain, multiblock grids
with di erent spatial resolution can be placed side by side. The resolution of the block
is identi ed from a parameter, named level: a grid block of level 1 is the coarsest, a grid
block of level n is the nest (where n is the maximum number of levels that are present
in the computational grid). There’s no limit to grid block junction: a grid block of level
n can be adjacent to a grid block of level n + 2.

If only one grid level is present (no mesh re nement adopted), variable values on ghost
cells are obtained from a simple copy of the corresponding \real™ cells of the neighboring
grid block.

With the joined-grids approach, copy isn’t the appropriate operation for the communica-
tion between grid blocks with di erent spatial resolution, so two new reliable procedures
have been developed: the rst, that transfers variable values from ne to coarse grid is
called restriction and the second, that makes the opposite operation, is called prolongation.
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2.1 Communication Procedures
2.1.1 Restriction

Restriction procedure is used for communication of numerical solution from level | to level
I 1. For scalar variables (collocated at the center of the cell), coarse value (I;J;K) is
obtained from ne values (i; J; k) by means of a weighted sum of ne values, where the
weights are the volume fractions of each ne cell contained in the coarse one.

For momentum U, collocated at the positive faces of a cell, coarse grid value (I;J; K)
is obtained from ne values (in;J; k) by means of a weighted sum of ne values, where
the weights are the area fractions of each ne cell contained in the coarse one.

2.1.2 Prolongation

For prolongation, an accurate interpolation algorithm was chosen, and therefore the com-
munication \operator" has a big complexity.

The selected algorithm is the same for both scalar and momentum prolongation: ne
value is obtained by the solution, via least-square method, of an overdeterminated system
of equations; these equations originate from the Taylor series expansion of the variable
values for any coarse point that belongs to the interpolation stencil.

3 Validation

In this section the numerical simulations of a signi cant test case, obtained with the
joined-grids technique, are presented: two Large Eddy Simulations of a lean premixed
CHa/Hx{Air slot ame.

3.1 Problem Con guration and Simulation Setup

The simulations were performed in a slot-burner Bunsen ame: the domain con guration
and the boundary conditions are described in [2].

The two-level grid (JG2) has been created starting from the grid already used in a previous
LES performed (SL) on the same test case by means of HeaRT code [2]: in the central
reaction zone, the new grid is the same of the grid used in the previous simulation; the side
and the upper zones (where ow eld is calm), are obtained from the \old" grid keeping
one node and deleting its next one, in each direction.

The computational grid of the second numerical simulation with joined grid approach
(JG3) is obtained from the JG2 grid: the nest zone (level 3) has the same resolution of
the level 2 of JG2 simulation, but its smaller in y and in z direction; outside this zone,
the grid is obtained from the JG2 grid keeping one node and deleting its next one, in each
direction.
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Figure 2: Streamwise Velocity Mean (blue) and rms (red) pro les at two heights above
injection (left: z = 1:25 mm; right: z = 7:00 mm): comparisons between SL (dashed
lines), JG2 (solid lines) and JG3 (solid lines with crosses)

4 Concluding Remarks

By mean of this technique, based on the joined-grids approach, is possible to obtain some
important targets.

First, it is possible to reduce, in a considerable way, the total number of grid points
without any signi cant loss of accuracy: the 3 levels computational grid used in the
numerical simulation of the slot ame has about one third, in terms of computing nodes,
with respect to the single level grid; this permits to obtain smaller output les (the size
is reduced from  800MB to 270MB) and therefore an important saving of disk space,
post-processing times and computational resources.

The computational nodes number reduction has furthermore a positive e ect on single
iteration (or time step) computing times: for a few number of cores (up to 16), the joined-
grids numerical simulations has a computing time shorter than the single level simulation;
for a higher number of cores, the advantage of joined-grids algorithm is not so clear. One
the reasons is the domain decomposition algorithm adopted in the HeaRT code, that
makes impossible a concentration of CPUs on the nest zone, because it is limited on
a \structured"™ decomposition of the numerical grid; another reason is more likely the
poor e ciency of the joined-grids procedures, that have to be analyzed to discover all the
possible bottlenecks, cache misses and every other problems in memory management.
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Many nano-material systems are currently under consideration as possible can-
didates for gate dielectric insulators in both metal-oxide-semiconductor (MOSFET) and
organic (OFET) eld-e ect transistors. In this contribution, the possibility of employing
self-assembled monolayers (SAMs) of hydroxylated octadecyltrichlorosilane (OTS) chains
on a (111) Si substrate as gate dielectrics is discussed; in particular ab initio theoret-
ical simulations have been employed to study the structural properties, work function
modi cations, and the insulating properties of OTS thin Im coatings on Si substrates.

The process of miniaturization of micro-electronic components (i.e. reducing the size of
a device smaller and make it work faster) is one of the main goals of modern technol-
ogy; as the total transistor size comes down to few nm, only few atoms would work as
a transistor; organic molecules, thanks to the size, are expected to play a key role in
molecular electronics[24]. Self-assembled monolayers (SAMs) have been recently studied
and reviewed in detail[12, 11, 13, 22], because of their possible use in low cost devices
for applications in many elds. Among the possible choices for the chemical species in-
volved in the formation of SAM Ims, alkyl-silanes exhibit appealing properties, such as
low mechanical friction[13] or high level of hydrophobicity[2, 3], when employed in the
functionalization of silicon surfaces. Alkyl chains deposited on Si or SiO, exhibit high
insulating properties, thus being excellent candidates for gate dielectrics in low-voltage
OTFTs, suppressing carrier tunneling thanks to their highly ordered aliphatic chains,
even though they are only a few nanometer in thickness, provided that a good control
of Im quality is achieved[l, 21, 4], making this system highly appealing for the fabri-
cation of e cient organic thin Im transistors (OTFTs) at the nanoscale, where silicon
dioxide (SiO;) behaves as a poor insulator with high leakage currents. In addition it is
possible to modify the surface terminating group of the SAM by exploiting compatible
organic/inorganic interactions resulting in improved device performances[18].

Generally speaking, an organic monolayer formed through self-assembling should be a
close-packed and highly ordered structure as schematically sketched in Fig.1; however,
defects or incomplete domain boundaries may occur during the SAM formation[23, 20];
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Figure 1: (Color online) Close-packed and highly ordered organic monolayer of alkyl chains
on a substrate formed through self-assembling.

hence, SAM coatings are quite often non uniform being characterized by neighbouring,
small sized, ordered domains [23] with di erent orientations and disordered domain bound-
aries; in a eld emitting transistor (FET) this would be catastrophic, as semiconductor
molecules may penetrate the SAM Im, reducing the e ective dielectric thickness and cre-
ating low-resistence current paths trough the SAM Im; thus a key challenge for realizing
ane cient OTFT lies in developing gate dielectrics with low leakage current, low interface
trap density, and high capacitance for low-voltage OTFTs. Our previous calculations[7]
have shown that SAM coatings made of octadecylthrichlorosilane ((CH3z(CH,),,Si(OH)s,
OTS in the following) shows many appealing properties for a gate dielectric material; hy-
droxylated OTS molecules adsorbed on the hydrogenated (111) Si surface, in fact, show a
negative adsorption energy; that is lower, however, than the adsorption energy of a pure
alkyl chain. Despite this fact, the ground-state con guration of both the isolated and
two adjacent OTS chain exhibit some favorable properties that make OTS particularly
suitable for Si functionalization with homogeneous, uniform, and stable hydrophobic self-
assembled monolayers. Indeed, the ground-state adsorption geometry shown in Fig.2(a),
is almost orthogonal to the (111) surface, with a low value of the tilt angle that, contrarily
to the pure alkyl chain case , prevents the steric hindrance of the neighbouring surface
adsorption sites by the deposited molecule (see the inset of Fig. (2)(a)).
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Figure 2: (Color online) Fully relaxed con gurations of the (1:1) (a), (1:2) (b), and (1:3)
(c) OTS adhesion on the hydrogenated (111) Si surface.

The interaction between two hydroxylated OTS polymers adsorbed at adjacent sites on
the (111) Si surface depends on the local dipole eld in the vicinity of the polymer chain
that, unlike the pure alkyl chain case, is strongly a ected by the presence of the hydroxyl
polar groups. The OH groups, in fact, favour the interaction, via an H bond, of the OTS
with the positive charges of the unscreened in Fig.(3), drawn in the plane containing the
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O-H-O atoms, evidences the existence of a signi cant potential energy region connecting
the two adjacent polymers that is the result of the H bond between the O lone pair (that
is located below the plane where the density map is considered) and the positive H (see
Fig.3).
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Figure 3: (Color online) Density map of the electrostatic potential for the ground-state
con gurations of two OTS polymers adsorbed at adjacent sites on the hydrogenated (111)
Si surface. The density maps has been drawn on the plane parallel to the (111) Si surface,
namely the one that in the OTS case contains the (almost) linear H bond between the OH
radicals of the two molecules.

The adsorption of OTS at adjacent sites is, therefore, not only allowed but energetically
favoured because the interaction energy between two adjacent molecules is driven by the
H bond formed between two hydroxyl groups belonging to the di erent molecules.

From the electrostatic point view a modi cation of the substrate work function induced
by SAM deposition has to be expected to occur in the case of OTS on Si surfaces[8],
a ecting, as a consequence, the properties of devices based on this technology. As pointed
out previously, a self-assembled thin Im monolayer should be a close-packed and highly
ordered structure; however, defects or incomplete domain boundaries may occur during
the SAM formation[20]. Hence, SAM coatings are quite often nonuniform, being charac-
terized by neighbouring, small sized, ordered domains[23] with di erent orientations and
disordered domain boundaries. Moreover, the coating properties can be deeply a ected
by the deposition parameters and methods used, favouring, for instance, multiple covalent
attachments with the surface, which has been referred to as "poor self-assembly"'[5] be-
cause of the signi cant lowering of the bonding density. Indeed, according to NMR and IR
measurements performed on methyl-n-alkylsilanes, there is evidence that such polymeric
structures, which are quite similar to OTSs, can bind the Si surface through either a single
covalent bond (referred to as (1:1) structures) or two covalent bonds ((1:2) structures)[17].
Each of the previously mentioned defects, discontinuities, or poor "self-assembly" features
in the OTS SAM, dramatically a ect the coating properties of the functionalized Si surface,
resulting in poor device performance when employed in FET technology; especially those
exploiting the work function modi cation of the Si substrate induced by the deposited
layer. Work function changes have been recently computed[8] through the "'Z-potential"
obtained by solving the Poisson equation (given the total charge density) and then by
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averaging the electrostatic potential Vg (r) in the xy plane:
VA

1 _ e L S N S
V(z) = A AdxdyVe|(r)— 2A ) jz'  zj (z)dz’' = 20A d(0) 2d(2) D)
where z
d@2) = @ 2) (&HdZ &)
z
and resulting in = OTs/Hsi HSi— @ V(1), with ¢ being the supercell size along

z, A the surface area, z the coordinate of an arbitrary plane parallel to the surface, (z)
the xy average of the total charge, evaluated from rst-principles calculations.

Table 1: Adsoprtion energies, tilt Angles, work function changes, and surface dipole mo-
ment changes with respect to the bulk Si:H case for single molecule adhesion con gurations
involving n bonds with1 n 3

Con guration Egags (V) e (rad) (eV) ds (D)
(1:1) -0.64 0.19 -170 1.95
(1:2) -0.90 0.58 -87 1.17
(1:3) -1.30 0.58 {50 0.57

The d(z) partial dipole moment (referred to the vacuum region) along the z direction
should be ideally calculated as the partial dipole at a reference z plane deep in the Si
bulk, dividing it into two neutral subunits[14]. Eq. (1), together with the assumption that

Vv H(Si) = 0, implies dH:?O) = 0. Therefore, the work function di erence with respect to
the hydrogenated Si surface is:

e OTS/H:Si
= ;a0 O ®)

The fully relaxed structures of the (1:1), (1:2), and (1:3) OTS ground-state adsorption
con gurations on the (111) Si surface are drawn in Fig. 2; the adsorption energy values
calculated on the basis of the eq. (3) are listed, together with the relevant tilt angles, in
Table 1 and reveal that all the adsorption reactions are exothermic with larger adsorption
energy for multiple covalent bonds per molecule, ranging from 0.64 eV per bond for the
(1:1) case to 0.43 eV per bond for (1:3). The work function di erences with respect to
the bare H:Si surface have been calculated with eq. (3) where d(0) has been considered at
the central Si layer of the three-layer slab and the work function of the H:Si slab has been
estimated to be 6.46 eV. values are listed in the third column of Table 1 and demon-
strate that the molecular dipole for all the ground-state con gurations studied lowers the
work function with respect to the hydrogenated (111) Si surface, thus reducing the energy
needed to extract an electron from the bulk Si and increasing the hole isolation properties.
This is consistent with the observed reduction of the negative partial dipole moment at
the topmost Si layer for the functionalized surface with respect to the hydrogenated one.

Under some a few general assumptions the work function change referring to the hydro-
genated Si surface can be cast into:
e

[n] = A ds[n] 4)
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where n is the number of SAM molecules adsorbed on the surface and dg[n] is the
corresponding surface dipole change (projected on the surface normal) with respect to the
H:Si case. The relationship between the work function and the surface dipole is drawn
in Figure 4, demonstrating a clear linear dependence of the work function on the surface
dipole for the various con gurations studied. At full coverage, it is expected that, for
each OTS molecule adsorbed with the (1:1) stoichiometry, one of the two free hydroxyl
groups binds the adjacent adsorbed molecule through a planar H-bond carrying no dipole
moment in the z direction, while the other is, in principle, free to point up or down with
respect to the normal direction of the surface; a schematic picture of such self-assemblyng
is depicted in Fig.(4(a). By using the above-discussed linear dependence between and

ds, the calculated value of di" can be used to extrapolate the work function di erence
with respect to the hydrogenated (111) Si surface, which results in full = 2:04 0:04
eV.

Figure 4: (Color online) Schematic representation of OTS full coverage in both the (1:1)
and (1:2) case ((a) and (b) respectively). The blue and yellow lines in (a) represents
the hydroxyl groups of OTS adjacent molecules (red circles) forming a H-bond; while in
(b) the (1:2) OTS adhesion con guration is sketched in green together with the only free
hydroxyl group in yellow.

In the present work, the dielectric properties of OTS-SAMs on the (111) Si surface have
been studied by rst-principles calculations based on density functional theory (DFT)?.
When an external electric eld E is applied, the partial dipole depends on it in the following
way:
Z C
de@)= (@ 2) e(2)d’ (%)
z
( =(2) now is the xy average of the total charge in presence of a static external electric
eld E) and permits to evaluate the macroscopic electrostatic potential as a function of z,
thus allowing to calculate the averaged internal electric eld inside the slab. Using eq. (1)

1A generalized gradient approximation (GGA), using the Perdew-Burke-Ernzerhof formula[15](PBE)
for the electron exchange and correlation energy have been employed, and norm-conserving pseudopo-
tentials have been constructed with the Troullier-Martins scheme[19] in the framework of a plane-wave
basis set expansion. All the rst-principles calculations have been performed using the parallel version of
QUANTUM-ESPRESSO package[9], with a plane-wave energy cuto of 150 Ry for the wave functions. A
six-layer slab of 48 atoms having 8 Si atoms per layer and a vacuum region of 43 A have been employed,
together with (4x4x1) Mokhorst-Pack k-point grid for the Brillouin zone sampling, while relaxation pat-
terns have been obtained with a Broyden-Fletcher-Goldfarb-Shanno (BFGS) method[6] plus semi-empirical
long range corrections[10] and an external electric eld of 0.002 a.u. of amplitude. The ionic minimization
was done until the convergence threshold of 0.001 a.u. of the total force was achieved.
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it is possible to write the electrostatic potential in presence of an external static electric
eld of absolute value E as:

de(2) ZzE (6)
being A the xy surface area. Di erentiation of Eq. (6) leads to the total electric eld:

e
E® = ¥Ve(2) = ﬁo|°E(z) +E K=ER+E (7
where K is the unit vector along the z direction. As we are interested in the macroscopic
dielectric function, the internal eld has to be averaged between two reference points (say
z; and zp with z,  z7) to eliminate local eld e ects, giving:

Z, o z

z2 e de(z2) de(z1)
E.(z)dz= —— dl(z)dzk = — == k (8
Z 71 4 @ 0A(Z2 71) 4 =(2) oA I 71 ®

hESi =

On the other hand, for a polarized dielectric linear slab in presence of an external electric
eld, the macroscopic polarization Pz between two reference points z; and z, can be
obtained as:

PE + OhEi(IEt)i =0 (9)

provided that both z; and z, in hEX)i satisfy the neutrality condition d’(zj) = 0 8i =
f1;29. Eqg. (9) permits to evaluate the static linear susceptibility as the polarization
response of the system to the total electric eld:

P=o ES (10)
where P isthe di erence between the macroscopic polarization with and without external
electric eld. Then the static dielectric constant can be easily obtained in connection with
eq.(8) as:

E!
P= 1+ 2 (11)

where E is the di erence between the average internal electric eld with and without
a static external eld E. The above sketched method has been tested on a perfect hydro-
genated (111) Si surface by varying the external eld and letting the supercell to relax,
and the results obtained for partial dipoles evaluated through Eq. (5) are shown in Fig. 5,
with z; and z, values chosen at the local maxima in the bulk (see Fig. 5); our calculated
values for the dielectric constant §' through eq. (11) gives the value of 11.8 in very good
agreement with the experimental value of 11.9.

Next we have addressed the problem of evaluating the polarization of the various blocks
forming the OTS molecule adsorbed on the surface, in the spirit of applying the same de-
composition of partial dipoles previously used[8] to evaluate work function changes. The
idea is to obtain a reliable value of the surface dipole to be employed in estimating the in-
ternal macroscopic electric eld with and without an external eld, and the corresponding
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Figure 5. (Color online) Partial dipoles inside the hydrogenated (111) Si surface for dif-
ferent applied external electric eld.

dielectric constant §™>"**'. Due to numerical stability, we have found convenient to split

the integral in Eqg. (5) as it is shown in Fig. 6 where the various partial dipole contribu-
tions are evidenced, namely the one belonging to the bonding group of the OTS molecule
(dsi-o-si + dow), the partial dipole of the alkyl chain (dy),), and nally the methyl group

(d(CH)g)'
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Figure 6: (Color online) Partial dipole as a function of z, for the OTS adsorbed on the
Si surface (black line) and for the H:Si slab (red line). Partial dipoles of the sub-units
speci ed in Table 2 are evidenced, together with the special points dividing the structure
into two neutral sub-units, where partial dipoles evaluated through Eg. (2) agree with the
usual de nition.

Except for the orientation of the hydroxyl groups, the ionic relaxation of the OTS molecule
in presence of an external electric eld, a ects only slightly the relaxed atomic positions
of the con guration with no external eld. On the contrary, the two free OH groups have
rotated their angles with respect the z direction of (7 65 and ®  2:3 | where

Y ) is referred the the hydroxyl groups pointing up (down). The new polarization
values of the di erent contributions are reported in Table 2. The values reported in Table
2 for the partial dipole of the CHj3 radical are those obtained for an isolated OTS molecule,
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while in presence of an adjacent molecule repulsive e ects between the alkyl chains have
to be considered. Thus the dc, term has been revised in a system mimicking the full
coverage of the Si surface; in particular, we have taken the dipole moment of the methyl
groups of a full coverage system consisting of a densely packed array of CH3(CH,),,CH3
molecules that resembles what we would have in a typical full coverage of the H:Si slab,
provided the PBCs are applied.

The new dcn, values obtained in this way are -1.34 D and -1.25 D for E = 0:000 a.u. and
E = 0:002 a.u. respectively. At full coverage, we expect that of the two hydroxyl groups
of each OTS molecule, one forms an H-bond with and adjacent molecule, while the other
points downard as schematically shown in Fig.4; in this case the data reported predict a
variation in the surface partial dipole moment, due to the applied external electric eld,
of ds 4:6 D, corresponding to a static relative dielectric constant of P™>"*%"  5:1. In

terms of equivalent SiO; thickness our prediction brings to:

OTS/H:Si
r

leg = lors——so5—  36:6 A (12)
r

(with $©2  3:9) that is a very good result in terms of insulating properties when alkyl
chains are employed ad gate dielectrics in Si-based FET devices. The above result, how-
ever, is based on some approximations and hypotheses assumed concerning the alkyl chain
and the orientation of the hydroxyl groups that are still under consideration for robustness.

Table 2: Partial dipole with and without an applied external electric eld for various
elements of the OTS molecule needed to evaluate surface partial dipoles at full coverage.

E = 0:000 a.u. | E=0:002 a.u
oS 2371D -23.45 D
dsi-osi 2.22D 2.40 D
do, -1.015 D -0.92 D
ds) 1.015 D 111D
dechy 0.65 D 151D
dens -2.18 D -2.03 D

In conclusion, using rst-principles calculations based on the density functional theory,
we have studied the ground state con gurations and the energetics of hydroxylated OTS
polymers adsorbed on the (111) H:Si surface and the interaction between two polymeric
chains adsorbed at adjacent sites. Our study has been focused on those aspects, such
as con gurational properties and dipolar interactions, playing a crucial role for the on-
set of self-assembling phenomena that are bene cial for uniform and stable hydrophobic
functionalization of Si. It has also been demonstrated that, in the case of perfect OTS-
SAM adhering to the Si surface with one covalent bond per molecule, the self-assembly
mechanism involves H-bonds between hydroxyl groups of neighbouring of OTS molecules
while multiple covalent bonding between a (111) Si surface and a OTS molecule has been
explored as a possible source of irregularities and disorder.

The Z-potential and the partial dipoles have been calculated and decomposed in parts that
have been employed as the building blocks of a simple superposition toy model that has
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been validated for the various con gurations considered, showing that it is appropriate
to predict the surface dipole and the work function. The usage of such a model has
allowed to extrapolate the surface dipole and the work function to full coverage, giving

of uniform coatings in the (1:1) and (1:2) adsorption motifs. In particular we have
found that the (111) Si surface coated with a uniform and regular OTS SAM exhibits
a lower electron work function by nearly 2 eV with respect to the hydrogenated surface
thus enhancing the hole con nement of such coated surface. Next, we have calculated the
static dielectric constant of a regular and uniform OTS SAM coating by assuming some
approximations. The obtained value of """ 5:1, that, however, should be considered
as a rst approximation of the actual value due to the assumptions employed, is enough
robust to show that, compared to silica insulators, the OTS-SAM coatings are attractive

candidates as gate dielectrics in FET technology because of better isolation properties.

The computing resources for this work have been provided by the CRESCO3 and CRESCO4
section of ENEAGRID High Performance Computing infrastructure and its sta [16].
CRESCO/ENEAGRID High Performance Computing infrastructure is funded by ENEA,
the Italian National Agency for New Technologies, Energy and Sustainable Economic De-
velopment and by Italian and European research programmes, see
http://www.cresco.enea.it/english for information.
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A High Resolution Numerical Model to Study the
Coastal Processes in the Adriatic Sea

G. Sannino!, W. J. McKiver? and D. Bella ore?
1 ENEA Centro Ricerche Casaccia, Via Anguillarese 301, 00123 Roma, Italy

2 ISMAR-CNR, Arsenale { Tesa 104, Castello 2737/F, 30122 Venice, ltaly

A high resolution implementation of MITgcm for the Adriatic Sea is presented.
The model has been developed in the framework of the Italian national agship project
RITMARE, and in particular it has been devoted to investigate the ocean model capability
in capturing vertical hydrodynamic coastal processes in the North Adriatic Sea. The
model run on CRESCOA.

1 Introduction

In the framework of the Italian national agship project RITMARE has been conducted
a speci c study [1] to investigate the actual ocean model capability in capturing vertical
hydrodynamic coastal processes in the North Adriatic Sea. The Adriatic Sea has been
chosen because it is a typical example of a water body that is strongly linked to its coastal
system, being a semi-enclosed basin with a particular topography, having a very shal-
low northern area becoming deeper towards the south, and a large number of fresh-water
sources. This makes it prone to Deep Water (DW) events, when cold north-easterly winter
winds induce water sinking in the shallow Northern Adriatic. These extreme DW events
have many complex in uences and thus are particularly challenging to understand and
model, though their impact on the general circulation has made them an important topic
of research. In [1] the authors focused their attention on one particularly strong DW for-
mation event that occurred in the beginning of 2012. In particular they implemented two
very di erent numerical models, SHYFEM (Shallow water HYdrodynamic Finite Element
Model) and MITgcm (Massachusetts Institute of Technology general circulation model),
in order to compare their strengths and weaknesses in representing these DW formation
processes. In order to speedup the research, the two models have been run in parallel on
di erent clusters. In particular MITgcm has been run on the ENEA cluster CRESCO4. In
the following the MITgcm model implementation and setup as well as a validation analysis
will be shown.

Corresponding author. E-mail: gianmaria.sannino@enea.it.
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Figure 1. (left) Model bathymetry and computation domain. (right) Map showing location of data
sources used for validating the model : CTD data (red dots), Acqua Alta CNR Platform (yellow dot),
Vida buoy (green dot). Purple dots show the location of river inputs.

2 Model implementation and simulation setup

The model implemented in this study is the MITgcm. The MITgcm solves both the hy-
drostatic and nonhydrostatic Navier-Stokes equations under the Boussinesq approximation
for an incompressible uid with a spatial nite-volume discretization on a curvilinear com-
putational grid. The model formulation, which includes implicit free surface and partial
step topography, is described in detail by [2] and [3]. The model domain, that covers the
entire Adriatic Sea, is discretized by a non-uniform curvilinear orthogonal grid of 4321296
points. The 2D domain has been decomposed in order to use 1728 cores of CRESCOA.
However the model showed a very good scalability up to 3888 cores. Model horizontal
resolution Dx (Dy) smoothly increase from about 400m (700m) at the southern bound-
ary up to 200m (400m) at the northern coasts. The model has 100 vertical z levels with
a thickness of 1m in the upper 23m gradually increasing to a maximum of 17m for the
remaining 64 levels. As in [4] and [5], an implicit linear formulation of the free surface
is used. The model uses constant horizontal eddy coe cients for momentum (viscosity:
10m?s 1), temperature, and salinity (di usivity: 2m?s ). Vertical eddy viscosity and
di usivity coe cients are computed in the MITgecm using the turbulence closure model
developed by [6] for the atmosphere and adapted for the oceanic case by [7]. The river
runo is considered explicitly and modeled as a lateral open-boundary condition. As in [8]
the rivers are included by introducing small channels in the bathymetry that simulate the
river bed close to the coast. Velocity is imposed at the upstream end of each channel, and
when the velocity is multiplied by the cross-sectional area of the channel, the prescribed
discharge rate is quanti ed. No ux conditions for either momentum or tracers and no
slip conditions for momentum are imposed at the solid boundaries. Bottom drag is ex-
pressed as a quadratic function of the mean ow in the bottom layer: the (dimensionless)
guadratic drag coe cient is set equal to 0.002. The net transport through the southern
open boundary is corrected during run{time at each time step to balance the e ects of
river discharge and of the evaporation minus precipitation budget on the surface level.
This solution prevents any unrealistic drift in the sea surface elevation. Tides are imposed
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as a barotropic velocity at the southern boundary. At the surface, the wind drag coe cient
is computed following the default MITgcm formulation:

_0:0027
10

Cd

+0:000142 + 0:0000764 Uy ; (1)

where U is the wind speed at 10m. To reproduce the surface heat uxes, shortwave radia-
tion from the atmospheric model is imposed, whereas the longwave radiation is computed
according to the [9] formula. Bulk formulas are computed considering the sea surface
temperature, the winds at 10m height, the dry air temperature and the air pressure at
2m, and the relative humidity as inputs. The latent heat ux and the sensible heat ux
are computed according to the [10] and [11] formulation. The model simulation begins in
December 2011 and is run until the end of April 2012. This period covers the DW event
in the beginning of 2012. The time steps used was 10s. Output elds and diagnostics
are produced every three simulated hours. Temperature and salinity are initialized, inter-
polating 3{D values on the two grids, and forced at the open boundary at the Otranto
Strait, from AFS (Adriatic Forecasting System) data. AFS data are provided with 2km
horizontal resolution, 3{dimensional elds on a sigma level system, daily means. Tidal
water level and surge data are provided from the OTIS tidal model and AFS sea{surface
height data. River inputs have been explicitly included for the Po, Adige, Brenta, Livenza,
Piave, Tagliamento and Isonzo rivers. The Po river discharge is provided by ARPA Emilia
Romagna (ARPA-SIMC), daily values. The Tagliamento and Isonzo river discharge are
provided by Regione Friuli Venezia Giulia (Servizio Idrogra co) with a frequency of 30min
and are measured by two tide gauges in front of the river mouths. The period chosen for
the present run is not covered by measured discharge data for the other rivers, therefore
climatological values computed on a large daily dataset covering the period 2005{2010
are used. All the river boundaries are forced with measured water temperature timeseries
from the year 2007, collected on the Tagliamento, except the Isonzo river that uses its
own measured timeseries, available for the same year. Where data are missing in the
Tagliamento and Isonzo measured timeseries, gaps are lled with climatological data. In
Fig. 1 we show the map of the model bathymetry used in MITgcm, and the location of
data sources used for validating the model and the river inputs.

3 Model validation

In order to validate the hydrostatic model simulation, a number of observational data sets
are used:

CTD transects of temperature and salinity are provided from a cruise with the R/V
DallaPorta, along the Senigallia Transect (Fig. 1 right panel), where temperature
and salinity pro les were acquired for the 27 March 2012.

Sea surface temperature (SST) from satellite data obtained using Moderate Resolu-
tion Imaging Spectroradiometer (MODIS). We selected the MODIS-Aqua SST for
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Figure 2: Timeseries of surface (solid) and bottom (dashed) temperature (left) and surface salinity (right)
for MITgcem (red) and the Vida buoy observations (black).

Location Variable ‘ Bias ‘ RMSE ‘ Correlation
Temperature 2m) [ C] | 0.19 1.11 0.88
Vida Buoy | Temperature (22m) [ C] | -0.04 1.12 0.94
Salinity (2m) [psu] 0.31 0.37 0.73

Table 1: statistical analysis of simulated water temperature and salinity timeseries computed at the
Vida Buoy. Analyses provided are the di erence between mean of observations and simulations (BIAS),
the root mean square error (RMSE) and the correlation.

the Adriatic Sea, acquired during daytime on the 26 January, 5 and 16 February
2012.

In the Gulf of Trieste, timeseries of surface (2.5m) temperature and salinity and
bottom (22.5m) temperature from the Vida Buoy (Fig. 1 right panel) are used to
validate the models output. Also surface (2m) and bottom (12m) temperature,
salinity and density anomaly from sensors installed at the CNR Platform Acqua
Alta (AA Platform in Fig. 1 right panel) are available for model validation, for the
time window 1 December 2011 to the 31 March 2012.

Due to the limited number of pages the validation shown in the report is limited to the
VIDA buoy comparison. A more complete analysis can be found in [1]. In Fig. 2 the time-
series of surface and bottom temperature as well as surface salinity from the VIDA buoy
is shown. In the lead up to the event, up to the end of January, the models reproduce well
the surface and bottom temperatures. Also it captures the onset of the event, registering
the starting moment of the cold water sinking at the beginning of February. However the
model overestimates the minimum temperature values reached during the event. MITgcm
reproduces the surface temperature before the event, with just a small underestimation
in the rst simulated month. However bottom temperature is closer to the observations
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during the event, and the greater di erence in the temperature values between surface
and bottom, indicates that MITgcm has an unstable strati cation and less mixing during
the DW event. From the statistical analysis of the whole temperature timeseries, which is
shown in Table 1, it is evident that the model well reproduces measurements, with biases
always lower than 0.3C. Correlation is high both for surface and bottom temperature data,
while slightly lower for salinity. The model shows higher errors in reproducing the time-
series variability, as expressed by RMSE values of around 1 C. Considering that the model
does not imply any kind of data assimilation, the results of the validation (included those
not included in this report, but extensively discussed in [1]) can be considered adequate
to perform the comparing study proposed in RITMARE [1].
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We made a series of molecular dynamic simulations to get a representative,
high temperature GeO, system to eventually be quenched down to room temperature so
as to obtain an amorphous system to be studied under pressure for comparison to exper-
imental results. We carefully generated an initial con guration such that all simulations
have entirely been carried out by ab-initio methods in the range 10K-3000K.

1 Introduction

The study of liquid and amorphous GeO, holds a particular interest among material
sciences and physics researchers, due to the fact that GeO, presents many structural
similarities with SiO, - short range order is the same - whilst undergoing phase transitions
at much lower pressures. Moreover the di erences between GeO, and SiO» glasses at the
medium-range scale, allow glass transition temperature of GeO, to be considerably lower
than for SiO». In addition, thanks to its higher electron and hole mobilities and its lower
operating voltages, germanium is gaining increasing consideration for replacing silicon in
solid state devices.

Due to currently available computational powers, molecular dynamics simulations are more
and more often carried out to ank experimental results on Ge compounds.

On the base of the simulations we performed on a numerical sample made of Ge atoms [1,
2], we started a molecular dynamics study of GeO,. As a preliminary step, our rst goal
was to get a representative GeO, system well over its melting temperature as a start-
ing point to eventually obtain liquid and amorphous GeO, to be studied under external
hydrostatic pressures.

In this paper we present the preliminary results obtained in simulating a system of 240
atoms, 160 oxygen and 80 germanium, at 3000K by rst{principles molecular dynamics.
First principles simulations require a suitable initial con guration, virtually at 0K, to be
heated up to a target temperature through a series of equilibrated states at intermediate
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temperatures. It is known that the generation of initial con gurations of GeO, to be
gradually heated up is a delicate process; it is not unlikely to obtain a system for which
the simulations diverge during the very rst steps. This and the fact that rst-principles
simulations take long computation times to reach the temperatures of interest, are the
reasons for which rst-principles simulations are often started at high temperatures on
initial con gurations obtained by classical molecular dynamics methods [3].

Our approach has instead been to perform the entire simulation using ab-initio methods
to get a liquid GeO, system at high temperature to be used as a starting system to obtain
numerical samples of GeO,, liquid and amorphous, to be characterized at the GeO, melting
point (1389K) and at 300K, respectively.

2 Computational details

We considered for our system a density = 3:66 gr/cm?, corresponding to the experimental
density for GeO, in the temperature range of our interest [3], giving a cubic simulation
cell edge of 1.56nm. To ensure that our nal results were independent on the initial atomic
positions, the starting con guration has been generated placing the atoms at random in the
simulation cell imposing that mutual distances Ge-Ge, O-O, Ge-O were larger than certain
suitable thresholds [4] (this procedure designs a highly defective starting con guration, well
apart from the crystalline counterpart).

We further disordered the con guration by constant temperature and constant pressure
MD equilibration at high temperature (T = 3000K), at which atoms covered a distance
as long as about 2nm ensuring the nal con guration retains no memory of the initial
positions.

The software we used is CPMD (Car-Parrinello Molecular Dynamics) [5, 6].

The self consistent evolution of the electronic structure during the motion is described
within density functional theory. A generalized gradient approximation (BLYP-GGA) has
been adopted for the exchange and correlation part of the total energy [7, 8] and norm
conserving pseudo-potentials have been used for the core-valence interactions.

A particular attention was paid to choose the cuto value for plane waves; the electronic
wave functions were expanded in plane waves up to a kinetic energy of 60Ry to get a low
relative error on computed forces - the order of a few percent [9] { and shorter computation
times while retaining a good computational accuracy.

After the initial wave function and geometry optimizations, the system was taken and
equilibrated up to 10K, 50K, 100K,150K, 200K, respectively, and subsequently taken up
to 3000K by steps of 100K. An integration time step of 3a.u. (0.072fs) was used for the
initial optimizations, whereas a time step of 5a.u. (0.12fs) was used at all temperatures
for a total simulation in temperature 50ps long (24ps of which at 3000K).

During the equilibration of the system at each intermediate stage a Nose thermostat
was used for each degree of freedom to control the ions temperature [10, 11, 12]. The
characteristic frequency for the thermostat was 1000cm 1. A second Nose thermostat
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was used to control the ctitious electronic kinetic energy. This thermostat prevents the
electronic wave functions from drifting away from the instantaneous ground state (the
Born-Oppenheimer surface), by removing excess ctitious kinetic energy. This drift is
particularly large for metals. The characteristic frequency for the electrons thermostat
was 10000cm?! and the target kinetic energy was chosen according to [13]. The Nose
thermostat on the electrons was used throughout the simulation and proved to be an
e ective way of keeping the electrons on the Born-Oppenheimer surface.

3 Computational resources

Fig. 1 shows the pair distribution function for the nal GeO, system at 3000K after a 24ps
long equilibration. As expected, the atoms has undergone relatively large displacements
and the new con guration is well apart from the initial one: the nal geometry correctly
shows the typical mutual distances O-O, Ge-Ge, Ge-O reported for GeO, systems at the
same temperature [4].

— Ge-Ge
— Ge-0
8- 0-0

Pair correlation functions
T
1

™)
I

Figure 1: Radial distribution function from the simulated GeO, system at 3000K.

We can then conclude that we actually have obtained a reliable GeO, system at high
temperature by rst-principles molecular dynamics. Starting from this very result, the
evolution of our system when taken down to 1389K is currently being computed; the
additional results will hopefully be object of future communications.
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Ab Initio Molecular Dynamics of the uoride riboswitch center, taking in
account esplicit solvent, requires huge amount of computational resources. Using the
Cresco4 HPC resource, we are able to demonstrate that riboswitch center is stable by
its own and, once assembled, does not rely on any additional factor from the overall
RNA fold[1]. Further, we are able to predict the pKj, of the water molecule bridging two
Mg cations. We also demonstrate that the halide selectivity of the uoride riboswitch is
determined by the stronger MgF bond, which is capable of keeping together the cluster.
Replacing F  with ClI results in a cluster that is unstable under dynamic conditions.

1 Introduction

Riboswitches are short mRNA segments in the 5’-untranslated region, deputed to control
gene expression by their expression platform, in response to the selective binding of a
metabolite to their aptamer region. Fluoride sensing riboswitches, common to bacterial
and archaeal species, have been shown to regulate the expression of genes that encode

uoride exporters [2]. Beside their capability to target the small uoride anion with good
e ciency, they remarkably reject other small anions, including chloride. A crystallographic
structure has been recently solved for the uoride-bound form of riboswitch from Thermo-
toga petrophila [3]. This structure evidenced that, in the middle of a pseudoknot sca old,
the uoride is the central unit keeping together a small cluster of three Mg?* cations, see
Fig. 1, whose coordination sphere is completed by oxygen atoms of ve inwardly pointing
backbone phosphate groups (some of them bridging two Mg?* ions) from two distinct
segments of the riboswitch sequence, and by water molecules, one of them bridging two of
the Mg?™* ions.

The high uoride selectivity and the structure of the recognition site in the uoride ri-
boswitch raises a series of questions. Among them are the following: i) Is the small
Mg?*/F/phosphate/water cluster at the center of the riboswitch a stable entity on its

Corresponding author. E-mail: rcredendino@unisa.it.
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Figure 1: Schematic representation of the uoride riboswitch in a rainbow spectrum, from 5’ end (blue)
to 3’ end (red). Yellow and purple spheres, Mg?* and F ions of the central cluster. Pink sphere, the K*
ion.

own? ii) Considering that water molecules bridging metal cations are known to be quite
acidic, what is the acidity of the water molecule bridging two Mg?* cations in the F-cluster
at the center of the uoride riboswitch? iii) What is the origin of the halide selectivity?

Naturally, to provide a clear answer to three fundamental questions based on static and
dynamic density functional theory (DFT) calculations, is necessary to choose well per-
forming software and hardware resources. A good combination of these two items results
CP2K software [4] on Cresco4 hardware.

Indeed, CP2K, a freely available (GPL) program, written in Fortran 95, allows to perform
atomistic and molecular simulations of solid state, liquid, molecular and biological systems
and recently it was implemented linear scaling Kohn-Sham Density Functional Theory
(KS-DFT) calculations. This method achieves linear scaling (in the number of atoms) by
the use of a massively parallel sparse matrix library DBCSR, which has been designed
by the CP2K developers speci cally for atomistic simulation. Using DBCSR, all O(N?3)
dense linear algebra operations are replaced with sparse O(N) counterparts, thus avoiding
expensive matrix diagonalisation, the bottleneck of traditional DFT calculations. These
developments will allow the simulation of very large systems of the order of 1,000,000
atoms to be simulated e ciently, given enough CPU resources.

Cresco4 results the best choice due to possibility to use medium size cluster. In fact, the
scalability of cp2k software gives the best performance until 256 core for system considered,
as shown in Fig. 2.
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Figure 2: Speedup for CP2K AIMD simulation of three di erent size box of water molecules.
2 Computational methods

All the molecular dynamics DFT calculations (referred are DFT-MD in the following) were
performed using the BornOppenheimer scheme as implemented in the CP2K Quickstep
code. The electronic structure calculations were carried out using the PerdewBurkeErnzer-
hof exchange and correlation functional [5] with the addition of the D3 empirical dispersion
term [6]. The CP2K program employs a mixed basis set approach with Gaussian-type or-
bitals (GTO) and plane waves (PWs). GTO functions are used to expand the molecular
orbitals and the charge density in real space, whereas PWSs are used for the representa-
tion of the charge density in reciprocal space. An energy cuto of 300 Ry is used for
the plane-waves basis set. The GTH-DZVP double- basis set with a polarization func-
tion, in conjunction with the Goedecker TeterHutter pseudopotentials, was used for all the
atoms [7]. The systems were rst equilibrated at 300 K for 1 ps in the NVT ensemble, by

xing the heavy atoms of the cluster, followed by another 1 ps equilibration by relaxing also
the position of the heavy atoms of the cluster. A production run was then carried out for
10 ps in the NVT ensemble. The equations of motion were integrated using a time step of
0.5 fs. Temperature was controlled using a canonical-sampling- through-velocity-rescaling
thermostat.

3 Conclusions

In conclusion, thanks to HPC resource available on ENEAGRID platform, we are able
to perform analysis of the core Mg?*/halide/phosphate/water cluster of the uoride ri-
boswitch from T. petrophila allowed to clearly explain the following:

i) The core cluster is a stable entity on its own, under both static and dynamic condi-

tions. Once assembled, this structure does not need any additional stabilizing factor
from the overall RNA molecule.
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i) Replacing the Mg-bridging water molecule with a hydroxyl group results in a struc-
ture perfectly consistent with the experimental data, although it should be consid-
ered that this requires having an overall negatively charged cluster, in the negatively
charged environment provided by the RNA skeleton.

iii) The Mg-bridging water molecule is quite acidic, with a predicted pKa around 8.4.

iv) Replacing the uoride with a chloride in the DFT geometry optimization leads to
minor structural changes, which indicates that binding of heavier halides could be
structurally feasible. However, the DFT-MD simulations indicated that the CI-
cluster is unstable under dynamic conditions, with the substantial rupture of MgCl
and Mg-water bonds.

v) Binding of a wuoride in the core cluster of the riboswitch is clearly stronger than
binding of a chloride, and this di erence can be mainly ascribed to the di erence in
the MgF and MgCl bonds strength.

vi) Calculations on the F- centered cluster of uoride-inhibited pyrophosphatase show
that also in this case uoride has a much better ability than chloride to hold together
the cluster, both from a structural and energetic point of view.
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Amorphous CugsZrsg Was studied using Molecular Dynamics simulations. An
annealing treatment for 1000ns at 800K, i.e. slightly above the glass transition tempera-
ture of 745K, was applied and the formation of small Cu,Zr nanocrystallites was observed.
The structure of the nanocrystallites is similar to the MgZn, Laves phase, which consists
of icosahedra and CN16 Frank-Kasper polyhedra. Thus, the increasing fraction of icosa-
hedra during annealing is not indicative of relaxation of the glass, but due to early stages
of crystallization.

1 Introduction

Icosahedral order is, due to the incompatibility with long-range translational order, com-
monly attributed to the structure of liquids and glasses. In fact, many metallic glasses
(MGs) contain a high fraction of icosahedra, especially in the Cu-Zr series [1]. As a re-
sult, the number of icosahedra that are present in a given atomic con guration is taken
as a measure for the degree of relaxation [2]. Such a view, however, is problematic as
the incompatibility of icosahedra with long-range order does no longer hold for systems
with more than one atomic species. For example, the structure of the MgZn,-type Laves
phase is entirely made up of Zn-centered icosahedra and Mg-centered CN16 Frank-Kasper
polyhedra. Metallic glasses often crystallize into Laves phases, e.g., Cu-Zr-Ti MGs [3] or
the bulk glass-former Vitl [4]. Although the Cu,Zr (MgZn,-type) Laves phase has not yet
been observed experimentally, the MD-interaction potential by Mendelev et al. [5] gives
a low potential energy for this phase [6]. Furthermore, the experimental phase diagram
is not well understood at high temperatures close to the liquidus temperature. Actu-
ally, Kneller et al. [7] suggested the presence of a high-temperature Cu,Zr phase based
on thermal di erential analysis data. With this in mind, the concurrent increase in the
fraction of Cu-centered icosahedra and Zr-centered CN16 Frank-Kasper polyhedra as ob-
served by Ding et al. [2] might not indicate structural relaxation of the glass, but rather
the formation of a Cu,Zr Laves phase.

Corresponding author. E-mail: jerome.zemp@mat.ethz._ch.
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This report covers the continuation of the work described in Refs. [8, 9, 10]. A long-
time annealing for 1000ns at 800K was applied to CugsZrss to track the evolution of the
icosahedral short-range order and its role in the possible formation of the Cu,Zr Laves
phase.

2 Method

Molecular Dynamics (MD) simulations of CugsZr3s were carried out using the LAMMPS
simulation package [11] and the interaction potential by Mendelev et al. [5]. Samples were
initially produced as described in Refs. [8, 9]. In addition, the annealing treatment at
800K was extended to 1000ns. After annealing, the sample was cooled to 50K at a rate
of 0.01K/ps. The atomic con gurations were characterized using the Voronoi tessellation
method: a Voronoi index (V1) is assigned to every atom given by hnzns ns ngi, where
n; is the number of i-edged faces of the corresponding Voronoi polyhedron (VP). In the
case where two center atoms of Cu-centered icosahedra (having a VI of h00120i) are
nearest neighbors, a cap-sharing bond is formed leading to the formation of icosahedral
superclusters (SCs) as described in Ref. [12]. The orientation of cap-sharing bonds is
investigated by the (cumulative) bond-angle distribution, where the bond-angle is given
d 2 2 2 !

_ 1 Ttk T
ijk = COS 2T D
with rj; being the distance between atoms i and j. For a regular icosahedron in a
monoatomic system three bond angles, namely 60 , 120 and 180 , are observed with

a probability of 0.45 for the 60 and 120 bond angles and 0.1 for the 180 bond angle.

To achieve reasonable simulation times, 64 processors were generally su cient for the
present system size. The simulations were carried out in parallel using open MPI as
implemented in LAMMPS [11] on the CRESCO infrastructure. All atomic visualization
in this work was done using the software OVITO [8].

3 Results and discussion

After cooling the sample from 2000K to 800K the fraction of Cu atoms with icosahedral
symmetry is about 19%. Fig. 1 shows the evolution during annealing at 800K of the VP
fraction of Cu-centered icosahedra in comparison with Cu atoms having a VI of h0282i
and h0364\, as well as Zr-centered CN16 Frank-Kasper polyhedra. The fractions of
icosahedra and CN16 Frank-Kasper polyhedra increase approximately linearly with time
up to nearly 50% and 25%, respectively. In contrast, the VP fractions of Cu-centered
h0282i and h0364i VP slightly decrease. This result agrees nicely with the simulations
by Ding et al. [2], who, however, annealed for 300ns and used a di erent interaction
potential (see Ref. [13]).

We have previously reported that the increase in the icosahedra and CN16 Frank-Kasper
polyhedra is spatially correlated [10, 12]. Fig. 2 shows the Cu-center atoms of icosahedra
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Figure 1. Development of the VP fractions of various Cu-centered VP and Zr-centered CN16 Frank-
Kasper polyhedra upon annealing at 800K.
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Figure 2: Cu-center atoms of icosahedra (red) and Zr-center atoms of CN16 Frank-Kasper polyhedra
(blue) in a slice of 2nm thickness for CuesZrss in the (a) as-cast state and after annealing for 300ns (b)
and 1000ns (c) at 800K. The side length of the box is 4.7nm.

and Zr-center atoms of CN16 Frank-Kasper polyhedra in a slice, 2nm in thickness, of the
atomic con gurations in the as-cast state (i.e. without annealing at 800K) and after an-
nealing for 300 and 1000ns at 800K. While in the as-cast state the Cu-centered icosahedra
are non-uniformly distributed resulting in a network-like (but still non-periodic) struc-
ture, one can clearly identify a spatial correlation of the Cu- and Zr-center atoms and
the formation of periodic arrangements, which indicate the presence of nanocrystallites in
Figs. 2 (b,c). Because the nanocrystallites present in Fig. 2 are formed from Cu-centered
icosahedra and Zr-centered Frank-Kasper polyhedra it seems reasonable to assume that
crystallization occurs into the Cu,Zr Laves phase. To underline this assumption the (cu-
mulative) bond-angle distribution among cap-sharing icosahedra was calculated as shown
in Fig. 3. From Fig. 3(a) one notes that the bond angles are getting better de ned during
cooling and annealing. A splitting of the peak at 120 becomes visible, which is due to an
asymmetry in the bond angles as can be seen in Fig. 4, which shows the Cu,Zr unit cell
and the two types of 120 -type bond angles. From the cumulative bond-angle distribution
in Fig. 3 (b) the similarity of the simulated structures after annealing and the bond-angle
distribution of the ideal Cu,Zr structure become apparent, while in the as-cast state the
fraction of 60 , 120 , and 180 -type bond angles is close to statistical expectation.
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Figure 3. (a) Bond-angle distribution and (b) cumulative bond-angle distribution among icosahedra in
the undercooled liquid, as-cast state and after annealing for 300ns and 1000ns at 800K. The dashed black
lines in (b) show the statistical expectation value as described in the method section. The solid black line
in (b) represents the distribution in the ideal CuxZr Laves phase.

Figure 4: Unit cell of the CupZr Laves phase (Orange: Cu; Blue: Zr) and an example of the two types
of 120 -type bond angles.

4 Conclusion and outlook

Long-time annealing above the glass-transition temperature of Cu64Zr36 leads to the
formation of a CuyZr (MgZn,-type) Laves phase. The nanocrystallites can be observed by
directly looking at the atomic con gurations or - more quantitatively - by the bond-angle
distribution among icosahedra, which for the Laves phase shows two types of 120 -type
bond angles. Our results demonstrate that it is