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H INFN
Aims and Scopes (- tttoNinse

 Main theme. Out-of-equilibrium, non adiabatic and excited-state features
of interacting many fermion and boson systems confined to low-
dimensions
— electrons in honeycomb-like lattice potentials,
— ensembles of ultra-cold atomic gases,
— magnetic and spin systems.

 Program. Massive simulations of

— spectral features, dielectric screening, conductivity response and electro-mechanical
properties of graphene-related and beyond-graphene materials, including their
interfaces and contacts with supporting substrates

— irreversible properties and quantum thermodynamics of ultra cold Fermi and Bose
gases, following a change of their trapping potentials
« Computational methods.
— Density Functional Theory (DFT) and Time Dependent (TD) extensions
— Many Body Perturbation Theory
— Topological quantum field theory on space-time (2+1) and (1+1) manifolds
— Quantum Montecarlo
— Semi classical Multiscale Approaches
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Motivations (s

« Fundamental properties

Dirac nature of the charge-carriers in honeycomb-like structures (massless
electrons/positrons with energy e=xvg|k|, ve~c/300)

Quantum Spin Hall Effect
Calibration for universal constants (e.g., fine structure constant)
Coherent charge-density fluctuations (plasmons)

Nature of the many-body interaction in correlated many fermion systems (excitons,
trions, biexcitons)

Quantum phase transitions

Entanglement content of many fermion and boson states

Quantum thermodynamic transformations/cycles

Bose—Einstein condensation (BEC)

Bardeen-Cooper-Schrieffer (BCS) super fluidity and the BEC-BCS crossover
Quantum magnetism and many-body spin dynamics

e Systems

Graphene related nanostructures (natotubes, nanoribbons, fullerenes)
Beyond graphene meterials (silicene, germanene, transition metal dichalcogenides)
Atomic gases in mono(bi)-chromatic traps
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« Technological Interests

— Graphene, Graphyne, Borophene, Germanene, Silicene, Stanene, Phosphorene,
Molybdenite, Graphane, Hexagonal Boron Nitride, Germanane, Transition Metal Di-
chalcogenides, MXenes, 3D-topological Structures are under close consideration for a
number of industries, in areas including electronics, optoelectronics, sensors,
biological engineering, filtration, photovoltaics, medicine, thermal management, energy
storage

— Ultra cold atoms have been proposed as a platform for quantum computation and
guantum simulation

e Hugelnvestments

— Graphene Flagship (Future and Emerging Technology Flagship by the European
Commission, with a budget of €1 billion)

— Quantum technology Flagship (Future and Emerging Technology Flagship by the
European Commission, with a budget of €1 hillion)

« Heavy Computational Demands
— ~10°-10% Core Hours per Simulation (DFT+TDDFT or DFT+GW)
— Big Data (0.1-1 TB per output file)
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What are we good at... L’ﬁ”

INFN Referee Reports (2)
Quality and relevance of the proposed

* Parameter-free Density Functional Theory (DFT) . .archactivit:a A
e Time Dependent DFT (TDDFT) Project feasibility, including methodology,
. research plan and strategy: A A
e Many Body Perturbation Theory (MBPT) Project impact: A A
. . R h lificati d role withi
* Green's Function (GF) techniques the motvork. a g icationand fole within
Selected Publications (2016-beginning 2017) Global evaluation: A A

Y. Pavlyukh, A. M. Uimonen, G. Stefanucci, R. van Leeuwen, "Vertex Corrections for Positive-Definite Spectral
Functions of Simple Metals", Physical Review Letters 117, 206402 (2016)

C. Vacacela Gomez, M. Pisarra, M. Gravina, J. M. Pitarke and A. Sindona, "Plasmon Modes of Graphene
Nanoribbons with Periodic Planar Arrangements", Physical Review Letters 117,116801(2016)

A. Michele, K. Thanayut, A. Zobelli, M. Palummo, R. Rurali, "Crystal Phase Effects in Si Nanowire Polytypes and
Their Homojunctions", Nano Letters 16, 5694 (2016)

G. Francica, J. Goold, M. Paternostro, F. Plastina, "Daemonic Ergotropy: Enhanced Work Extraction from
Quantum Correlations', Nature Quantum Informationin Press (2017).

A. Karlsson, F. Francica, J. Piilo, F. Plastina, "Quantum Zeno effect and non-Markovianity in a three-level
system", Scientific Reports 6,39061 (2016).

L. A. Chernozatonskii, V. A. Demin, S. Bellucci, "Bilayered graphene/h-BN with folded holes as new
nanoelectronic materials: modeling of structures and electronic properties", Scientifc Reports 6, 38029
(2016)

Y.B. Zhou, D.S. Fox, P. Maguire, R. O'Connell, R. Masters, C. Rodenburg, H.C. Wu, M. Dapor, Y. Chen, H. Z.
Zhang, "Quantitative secondary electron imaging for work function extraction at atomic level and layer
identification of graphene", Scientific Reports 6, 21045 (2016)

M. Pisarra, A. Sindona, M. Gravina, V. M. Silkin and J. M. Pitarke, "Dielectric screening and plasmon
resonances in bilayer graphene", Physical Review B 93,035440(2016)
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INFN Referee Reports (2)
Quality and relevance of the proposed

Parameter-free Density Functional Theory (DFT) . carchactivity: A A

Time Depe ndent DFT (TD D FT) Project feasibility, including methodology,
. research plan and strategy: A A
Many Body Perturbation Theory (MBPT) Project impact: A A
. . Research team qualification and role within
Green's Function (GF) techniques the network: A A

Global evaluation: A A

Selected Publications (2016- beginning 2017)

S. Kurth, G. Stefanucci, "Nonequilibrium Anderson model made simple with density functional theory",
Physical Review B 94(24), 241103 (2016)

E. Perfetto, D. Sangalli, A. Marini, G. Stefanucci, "First-principles approach to excitons in time-resolved and
angle-resolved photoemission spectra”, Physical Review B 94(24), 245303 (2016)

R. Tuovinen, N. Sakkinen, D. Karlsson, G. Stefanucci, R. van Leeuwen, "Phononic heat transportin the
transient regime: An analytic solution", Physical Review B 93(21),214301(2016)

K.Yang, E. Perfetto, S. Kurth, G. Stefanucci, R. D'Agosta, "Density functional theory of the Seebeck coefficient
in the Coulomb blockade regime", Physical Review B 94(8),081410(2016)

P. Riccardi, A. Sindona, C. A. Dukes, "Double electron excitation in He ions interacting with an aluminum
surface", Physical Review A 93,042710(2016)

S. Bellucci, A. A. Saharian, A. Kh. Grigoryan, "Induced fermionic charge and current densities in two-
dimensional rings", Physical Review D 94, 105007 (2016)

D. Mencarelli, L. Pierantoni, M. Stocchi, S. Bellucci,"Efficient and versatile graphene-based multilayers for EM
field absorption", Applied Physics Letters 109(9), 093103 (2016)

S. Bellucci, A. A. Saharian, V. Vardanyan, "Hadamard function and the vacuum currents in braneworlds with
compact dimensions: Two-brane geometry", Physical Review D 93,084011 (2016)
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What are we good at... L’ﬁ”

INFN Referee Reports (2)
Quality and relevance of the proposed

Parameter-free Density Functional Theory (DFT) . carchactivity: A A

Time Depe ndent DFT (TD D FT) Project feasibility, including methodology,
. research plan and strategy: A A
Many Body Perturbation Theory (MBPT) Project impact: A A
. . Research team qualification and role within
Green's Function (GF) techniques the network: A A

Global evaluation: A A

Selected Publications (2016- beginning 2017)

G. Francica, T.J. G. Apollaro, N. Lo Gullo, F. Plastina, "Local Quench, Majorana Zero Modes, and Disturbance
Propagation in the Ising chain", Physical Review B 94, 245103 (2016).

A. Molina-Sanchez, M. Palummo, A. Marini, L. Wirtz, "Temperature-dependent excitonic effects in the optical
properties of single-layer MoS2", Physical Review B 93(15), 155435(2016)

N. Lo Gullo, L. Dell'Anna, "Self-consistent Keldysh approach to quenches in the weakly interacting Bose-
Hubbard model"”, Physical Review B 94, 184308 (2016).

C. Vacacela Gomez, M. Pisarra, M. Gravina, P. Riccardiand A. Sindona, "Plasmon properties and hybridization
effects in silicene", Physical Review B In Press, 005400 (2017)

J. Settino, N. Lo Gullo, A. Sindona, J. Goold and F. Plastina, "Signatures of the ground state properties of
Tonks-Girardeau and non-interacting Fermi gases in a bichromatic potential”, Physical Review A in press
(2017)

A. Pedrielli, S. Taioli, G. Garberoglio, N. M. Pugno, "Designing graphene based nanofoams with nonlinear
auxetic and anisotropic mechanical properties under tension or compression", Carbon 111, 796 (2017)

L. Matthes, O. Pulci, B. Friedhelm, "Influence of out-of-plane response on optical properties of two-
dimensional materials: First principles approach", Physical Review B 94(20), 205408 (2016)

(More to come...)
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Prof. Cornelia Rodenburg, Department of Materials Science and Engineering, University of Sheffield (UK)
Prof. KarlJohnson, Department of Chemical Engineering, University of Pittsburgh (USA)
Prof. Dario Alfe’, Department of Physics, University College of London (UK)

Prof. Isabel Abril Sanchez, Department of Applied Physics, University of Alicante (ES)

Dr. Allan H. Harvey, National Institute of Standards and Technology (NIST, USA)

Prof. Alfredo lorio, Institute of Nuclear and Particle Physics, Charles University in Prague, Prague (CZ)
Dr. Stefano Simonucci, Department of Physics, University of Camerino (Italy)

Prof. Maurizio Busso, Department of Physics, University of Perugia (Italy)

Prof. Franco Camera, Department of Physics, University of Milano (Italy)

Dr Sergei Fanchenko, Kurchatov Institute, Moscow (RU)

Prof. Marco Garavelli, Department of Chemistry, Ecole Normale de Lyon (FR)

P. J. Safarik, University Kosice, Slovacchia

Prof. F. Bechsted&Prof. S. Botti, Friedrich Schiller University, Jena, Germany

Prof. S. Ossicini, University of Modena e Reggio Emilia, Italy

Dr A. Cricenti, ISM-CNR, Rome, Italy

Dr A. Seitsonen, Ecole Normale Supérieure (ENS), Département de Chimie, Paris

Dr. L. Reining, Ecole Polytechnique, Palaiseau, France

Prof J.C. Grossman, Massachusetts Institute of Technology (MIT, USA)

Prof. M. Bernardi, California Institute of Technology (Caltech, USA)

Prof. A. Rubio, Max Planck Institute, Hamburg (GER) & Universidad del Pais Vasco (Spa)
Prof. R. Rurali, Instituto de Ciencia de Materiales de Barcelona (ICMAB, Spa)

Dr G. Cicero, PoliTO lItaly

Prof. S. Kurth, Donostia International Physics Center (Spa)

Prof. R. van Leeuwen, University of Jyvaskyla (Fin)

Prof. Javier Garcia de Abajo, Instutute of Photonic Sciences of Barcelona (1FCO, Spa)
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Prof. C. Verdozzi, University of Lund, Sweden

Dr A. Marini, ISMN-CNR, Montelibretti, Roma

Prof. P. Savi, Politecnico di Torino

D. Giuliano, D. Pacilé, M. Papagno, UNICAL

Prof. J. M. Pitrake, CIC nanoGUNE, Donostia - San Sebastian, Basque Country (Spa)

Dr V. M. Silkin, Departamento de Fisica de Materiales, Donostia - San Sebastian, Basque Country (Spa)
Prof. YuriSHUNIN, Department of Natural Sciences and Computer Technologies, Riga (Let)

Dr C. A. DUKES, Laboratory for Atomic and Surface Physics, University of Virginia (USA)

Prof. Emilio Artacho, Cavendish Laboratory, University of Cambridge (UK)

Dr S. Facsko, Head of lon Induced Nanostructures, Helmholtz Zentrum, Drensden (GER)

Dr E. N. Voloshina, Physikalische und Theoretische Chemie, Freie Universitat Berlin, 14195 Berlin, Germany
Yu. S. Dedkov, SPECS Surface Nano Analysis GmbH, Voltastrafle 5, 13355 Berlin (Ger)

DrJonathan Barrett, Dr Nathan Walk, Dr Matty Hoban, University of Oxford (UK)

Dr Thomas Busch, DrY. Zhang, Okinawa Institute of Science and Technology (Jap)

Prof. S. Maniscalco, Turku Centre for Quantum Physics, University of Turku (Fin)

Prof. Nerses Ananikyan, Yerevan Physics Institute, Armenia

Prof. Paolo Lugli, Institute for Nanoelectronics - Technical University of Munich (Ger)

Prof. G. Slepyan, Faculty of Engineering, Tel-Aviv University (Israel)

P.J. Safarik University Kosice, Slovacchia

Prof. Sergey A. Maksimenko, Prof. Polina Kuzhir, NanoElectroMagnetics Laboratory, Belarus State University, Minsk
Prof. Philippe Lambin, University of Namur (Bel)

Prof. Z. Sroubek, Institute of Radio Engineering and Electronics, Czech Academy of Sciences
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Kohn-Sham Density Functional Theory (- sttuto Nazionale

di Fisica Nucleare

N-Particle
Wave
Function

Stationary

SRRV Schrodinger
Equation

Many Electrons in the
attractive field of some
structure less atomic Nuclei

Cold Atoms V;~ Vgsin?(k, z) U;~ Ug6 (r; — 1)

F. Malet et al, PRL 115, 033006 (2015)
KS-DFT for Electrons

A. Sindonaet al, PRL 111, 165303 (2013)
Variational . —~ Self-Consistent h2172
min (WYIHIVY) = E = ..
Principle L4 (PIH|¥) = Ey KS Equations [ + Vis |1 = &b

The ground state properties are Electron-Nuclear
uniquely determined from the Interaction n(r") SE
electron density Vies = Voot (1) + J d3r’ — + X¢
lr—7r'|  on(r)
_ 2 Exch d
n(r) = Z |l/)l(1‘)| Independent quasi COrreT:tii:g(iSR GGA)

i occ —p (KS) electrons
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Reciprocal Space (G)

. The NEMESYS Project
Eigenvalues n UNICAL-LNF-ToV-TIFFPA

SVk L/ Istituto Nazionale
di Fisica Nucleare
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Optimization Density Wave functions
(SCRun) (SCRun) (Non SC Run)
<50 Coreh <10 Coreh 102-103 Coreh
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~10-60 bands
Output file ~ 50 Gb

Modules....

intel/cs-xe-2015--binary
intelmpi/5.0.3--binary
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Output file ~ 100 Gb

Real Space (R)

C. Vacacela Gomez, M. Pisarra, M. Gravina, J. M.
Pitarke, and A.Sindona, Phys. Rev. Lett. 117, 116801
: (2016)
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k wave vectorin IrrBZ
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~104 coefficients c, . per wavefunction ¥,
~10%-10° k-points in the IrrBZ

~50-100 bands
Output file ~ 100 Gb
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KS-Electron WFs Band Energies ) he NEMESYS Project

PW-DFT W () = Z Cvk+6 o Uk+G)T - INEN

vk itu zi
>10kCoreh = V0 e s,
Transition Metal Dichalcogenides (TMDC): Molybdenum disulfide
novel 2D materials beyond graphene \
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Semiconductors - Insulators - Metals and
Topological Insulators!!

PV solar cells
Britnell et al Science 2013

Gas _sensors Bernardi Palummo Grossman NL 2013 |
Perkins et al Nanoletter 2013 . . VORI

I'\ ."rl\\f( \=s |
e p ” t% 3

et (& Yo
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/ = |
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Top-gate modulated Photo-transistor
H.S .Lee et al. Nano Lett. 2012, 12, 3695
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2/13/2017




Excited State Properties: <) UNcALINRToTIFRA
. . . INFN
Time Dependent Density Functional Theory (st Nazionale

di Fisica Nucleare

Self-Consistent KS Potential

Eigenvectors Vs (1) = Vet () + Vi [n](1r) + Vye [n] (1)
_ CVE+G  j(k+G)r KS
PW-DFT Pukr) = 2 We e Electron Density occ

v band index G

k wave vectorin IrrBZ Eigenvalues Evk n(r) = Wkllpvk(r)lz
] vkelrrBZ
Linear Response Theory
Small perturbation Unperturbed density-density response ot
_ 1l wnt
OVext = 0Vks = On = xo0Vks )((J)_F(T» r’;t) = +ﬁlirr(1)([n1 (r, ), n(r)]ye™n,
n-

Extra electron - fevr k+q
or incident
photon (q, w)

¢ k I *
) Py (6 )y (G

Full Polarizability Xg¢' = Yo' + (ovX) e = xo(1 —vxo) ge

= Dynamically
1 =
Screening (€™ Dge'=€0(1 + vX)ge screened

(Plasmon Properties) | = €o[(1 — vxo) ™ 'lge’ interaction
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Macroscopchverage €aa (CI,CU) 1= [EGG’ (quarw) 1]G:G’:0 /7 UNeICAL-LNF-ToV-TIrISI!Ie;cA

INFN
= Istituto Nazional
Rel[eqqn(q,v)] =0 Plasmon Resonances (__~ stito Nazionale
Im[EOCCZ (q' V)] Absorptlon SpeCtrum M. Pisarra, A. Sindona, P. Riccardi, V. M. Silkin, J. M, Pitarke, New Journal

~100 Coreh per q point!!!
of Physics 16, 083003 (2014); M. Pisarra, A. Sindona, M. Gravina, V. M.

Silkin, J. M. Pitarke, Physical Review B 93, 035440 (2016); C. Vacacela

I -1 LOSS Fu nCtlon Gomez, M. Pisarra, M. Gravina, J. M. Pitarke and A. Sindona, Physical
- m[Eaa (CI; V) ] (Plasmon Spectrum) Review Letters 117, 116801; (2016); C. Vacacela Gomez, M. Pisarra, M.
p Gravina and A. Sindona, Physical Review B 00, 005400 (2017)
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MacroscopicAverage €,,(q,w)™ = [ege (qU4 ©) Mg/ =
~100 Coreh per q point!!!

= Plasmon Resonan
Re [Eaa (q' V)] O S SHelnrEligss M. Pisarra, A. Sindona, P. Riccardi, V. M. Silkin, J. M, Pitarke, New Journal

of Physics 16, 083003 (2014); M. Pisarra, A. Sindona, M. Gravina, V. M.
H Silkin, J. M. Pitarke, Physical Review B 93, 035440 (2016); C. Vacacela
mle V Absorption Spectrum : : ' ;
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Self-Consistent KS Potential
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Ground State Properties: Poor predictions for electronic band gaps!!

- 2 VZ / I/ ! /
o Ve () + V(1) + [ /501,200 [ Wi = 2Ll
.7@.7,. quasi-particles excitations (bands,
@ (QP equation) bandoffsets..)
___________________________ O O

1S5S0 TVNOILVLNdINOI ONISVIHINI

XO - Y=iGW
! GW self- .
RPA polarisa- ! correction Neutral electronic

calculated /
t BSE excitations (Optical
spectra, excitons..)

Yok evk | gy Ol T =
g N -4 R N - |
S S Y E

Propagation of Interacting e-h couples
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Transition Metal Dichalcogenides
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/) The NE_MEStYS _Project
INFN
H P C R eS O u r C eS L/ Istituto Nazionale

di Fisica Nucleare
Requirements:
Large cells (>50 atoms) or supercells (4x4 or more!)
Large k-space grids (up to 2400x2400!) to properly sample the Dirac cones features
Multiple-Step simulations: DFT-SCR-GW-BSE&post-processing (DOS,PDOS ect)

Average Core h per simulations on a case study:
-5000 Core h for a typical relaxation run + scf + nscf
(x # systems) = 100.000 Core h for all DFT runs
-6000 Core h for a typical GW run
(x # systems x convergence tests ) = 300.000 Core h for GW runs
-4000 Core h for a typical BSE run
(x # systems x convergence tests ) = 200.000 Core h for BSE runs
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