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OUTLINE: 

•  Some reflexions on atomistic simulations and HPC: What are the limits? 

•  SIESTA: a DFT code 

•  Transport from DFT: TranSIESTA 

•  One example of DFT (including transport): CNT-linked graphene layers 

•  Going to larger systems:  
• Transport in the meso-scale:  O-functionalized graphene 
• QM/MM for MD simulations: Proteins, Au nanoparticles and graphite 
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The relation between computing time T (CPU)  
and degrees of freedom N (number of atoms, electrons, length…) 
     

 T ∝ O(N)  in the best (simplest) cases - linear scaling  
   (classical force fields) 

 T ∝ O(N3)  quantum mechanics - DFT 
   (Matrix diagonalisation and inversion) 

  T ∝ eN   complex problems   
   (Quantum chemistry; multiple minima problems, etc) 
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•  Supercomputer with performance:    F   Flops (floating point operations per second) 

•  One week of CPU of the whole computer:    TCPU ̃  6 x 105 seconds 

•  Number of operations in one week:       Nops  ̃ 6 x 105  x F 

•  Operations in a simulation:   #ops ∝ C × Nat
s × nt 

 (Typicall, C ̃ 103 --106 floating point operation per MD step) 

•  Nat ∝ Volume ∝ LD     (L = typical length scale, in units of atomic distances) 
    
             D = dimension of the system (1,2,3). 

•  Time (nt) scales, at least, as L  (for information to propagate across the system)    
    nt ̃ 100 L 

Nat ̃ FD/(sD+1) 

nt ̃ L ̃ F1/(sD+1) 
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Protein: 10 nm -  105 atoms 
Virus:  100 nm -  108 atoms 
Cell: 5 µm -  1014 atoms 
Grain of salt:  0.5 mm  -  1020 atoms 

Empirical potentials - O(N) 

DFT - O(N3) 

-  Bridging length scales - Multiscale approaches 
-  Data analysis and handling becomes a hard 

problem! 
-  Time scales: often too short for relevant issues             

(new methods needed) 

1012       1015          1018 
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A DFT code 

•  Self-consistent DFT code (LDA, GGA, new VdW functionals...) 

•  Pseudopotentials (Kleinman-Bylander) 

•  LCAO approximation:  
 Basis set:   
   Confined Numerical Atomic Orbitals 
   (Sankey’s  “fireballs”) 
 As complete as needed 

•  Order-N methodology (in the calculation of the DFT Hamiltonian and  
 --if required-- in the solution of the eigenvalue equation to obtain the WFs) 

http://www.uam.es/siesta  

Soler, Artacho, Gale, García, Junquera, Ordejón and Sánchez-Portal 
J. Phys.: Cond. Matt. 14, 2745 (2002) 
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•  DZP Basis 
•  Eshift = 50 meV 
•  rc of TM increased to obtain 

converged EB (variationally)  
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Atomistic; first-principles: 
DFT + NEGF’s  --  TranSIESTA 
Brandbyge, Mozos, Ordejón, Taylor, Stokbro,  
PRB 65, 165401 (2002) 

Electronic Transport from Scattering Theory (Buttiker-Landauer) 

I 
eV	



(Other similar packages like SMEAGOL can 
also be linked to SIESTA) 
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An example:  Graphene layers bridged by CNTs 

Novaes, Rurali, Ordejón, ACS Nano 4, 7596 (2010) 
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Carbon “Nanobuds” 
(nanotubes with fullerenes covalently attached) 

Nanotube/Graphite composite 
D. Kondo et al., Appl. Phys. Express 1, 074003 (2008) 

Related structures 
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Covalent link of CNT’s to graphene 

Baowan, Cox and Hill, Carbon 45, 2972 (2007) 

#6 #3 

#9 #3 

(8,0) 

(4,4) 

#3  
10.68 eV  

#6 
11.05 eV 

GGA (PBE);     DZP Basis set 

#3  
8.13 eV  

#9 
9.77 eV 
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Covalent link of CNT’s to graphene 

Metallic tubes:  Extended states   G is roughly independent of tube length 

Semiconducting tubes:  No states in the gap. Conduction by tunneling                
 G decreases exponentially with tube length 
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(k-resolved) Transmission Curves - Eigenchannel analisys 

(8,0) CNT 

•  CNT π and π* states couple 
differently to graphene 

•  Large (0.2 eV) band offset 
between CNT and graphene 

•  Influence of link structure on 
the band offset (specially for 
semiconducting CNTs). 
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Pt / Graphene /CNT contacts 

•  Resonant transmission through the electronic states of the (short) CNT 

•  The presence of graphene does not seem to improve the coupling between 
CNT and Pt 
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Graphene 

•  One-atom thick sp2 carbon material 
•  Many interesting physical properties (electronic, optical, mechanical, etc) 
•  Linear dispersion relations (electrons behave as massless Dirac Fermions) 
•  Zero-gap semiconductor 
•  Very large mobility (excellent for electronic devices) 
•  Modifiying the properties via chemical functionalization? 
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•  Experimentally: Ozone exposure (J. Moser, H. Tao, S. Roche, F. Alzina, C. M. Sotomayor Torres, 
and A. Bachtold, PRB 81, 205445 (2010)) 

•  Exploring the possibility of driving a strong localization regime by introducing Oxygen impurities 



From DFT to the mesoscale:  “Poor-man’s” multiscale approach: 
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Kubo-Greenwood calculation for transport  
(Linear response;  Fluctuation-dissipation) 

S. Roche, PRB’99 



Kubo-Greenwood calculation for transport  
(S. Roche, CIN2) 



Kubo-Greenwood calculation for transport  

Scattering (defects,...) Strong scattering 
& Disorder 

Quantum interference 
Anderson Localization 



Epoxide - Functionalized graphene  --  “Poor-man’s” multiscale approach: 
Combining approaches to reach relevant sizes and properties 

1.  DFT for small systems 

2.  Tight-Biding model that reproduces      
 the DFT results 

3.  Kubo approach: conductance for mesoscopic systems (106 atoms) 
(within the TB model) 

 Based on wave-packet propagation 



Kubo results from TB model derived from ab-initio 
 N. Leconte, A. Lherbier, J.C. Charlier - U.C. Louvain 
 S. Roche, CIN2 

Leconte et al., ACS Nano, 4, 4033 (2010) 

Diffusion coefficient at the Fermi level 



Evidence for localization, for relatively small concentration 

Diffusive 
(but Mean Free Path similar 
to simulation cell size) 

Localization  

Leconte et al., ACS Nano, 4, 4033 (2010) 

Diffusion coefficient at the Fermi level 



Comparison with experiments 
(A. Bachtold, C. Sotomayor  -  CIN2) 

PRB 81, 205445 (2010) 



Beyond First-Principles for structure/dynamics: 
Hybrid QM-MM schemes for local reactivity in complex systems 

Issues: 

●  Reactions in active sites of proteins 
●  Effects of solvents 
●  Long dynamics for floppy modes (MM) 
●  Similar methods for non-bio systems 

Reactive subsystem: QM 

Environment: MM  (AMBER) 

Crespo, Martí, Scherlis, Ordejón Roitberg and Estrín 
J. Phys. Chem. B, 107, 13728 (2003) 

Sanz et al., Theor Chem Acc 128, 825 (2011)  
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Protein inmovilization on Graphite by Gold Nanoclusters 
(Carlos Sanz, in collaboration with Richard Palmer, Birmingham) 

GFP 
(Green 
fluorescent 
protein) 

OSM 
(Human 
oncostatin M) 
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Gold nanoclusters on Graphite: QM/MM Simulations (Carlos Sanz) 
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What is the structure of the free clusters? 
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Gold nanoclusters on Graphite: QM/MM Simulations (Carlos Sanz) 

Au75 
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•  Strong rearrangement upon adsorption on the graphite surface 
•  Energetic ordering of the structures changes on the surface with 

respect to the free cluster 
•  ‘Soft modes’ present (rotations, shear, ...) which make the relaxations 

very time-consuming 



Protein - Gold interaction through Cys residues     (Carlos Sanz) 
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Protein - Gold interaction through Cys residues     (Carlos Sanz) 

Au75 Au55 

MultEuSim Workshop  -  TNT2011 
Tenerife, 21-25 Nov., 2011 



• HPC and atomistic simulations:    
•  Large sizes are under our reach, but only for simple methods -  

Multiscale needed to bridge the size gap. 
• Time scale is still a problem that must be solved (multiscale methods 

only helps to some extent).  New methods (accelerated dynamics, 
etc) needed. 

• A simple ‘multi-scale’ approach, combining DFT, Tight-Binding and Kubo, 
allows us to study transport in large samples 

•  Localization due to chemical functionalization of graphene with Epoxide 
• Metal to insulator crossover upon increasing impurity concentration  
• Strong localization for relatively small amounts of adsorbed Oxygen 

• Hybrid QM/MM methods to explore structure and dynamical properties of 
nanostructures - organic-inorganic interfaces. 

Graphene Roadmap Consultation Workshop 
Lancaster, 14-16 Sept., 2011 
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