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Schematice diagram of a basic MD code
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Calculos de primeiros principios

Resolve numericamente a equacao de Schrodinger
Teoria do Funcional da Densidade (DFT)

Pseudopotenciais
Quantum-Espresso, SIESTA, VASP and Gaussian

Kohn - Nobel Prize 99
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Lennard-Jones:
modelo simples com 2 parametros
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Potencial LLennard-Jones
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Potencial Lennard-Jones

O Potencial LJ € uma aproximacao. A forma do termo de repulsao nao tem
justificativa tedrica.

A forca de repulsao deve depender EXPONENCIALMENTE com a distancia,

Mas o termo de repulséo da formula de LJ é mais conveniente pela facilidade e
eficiéncia no célculo do termo

r'2 sendo o quadrado de r®.

O Potencial atrativo de longo alcance, contudo, é derivado das interacOes de
DISPERSAO (London).




Potenciais para moléculas complexas
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Michael Levitt, Nature Structural Biology 8, 392 - 393 (2001)
The birth of computational structural biology



Schematice diagram of a basic MD code
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Parte 2 - Subrotina Init

O que é necessario ?
Definir: CondicOes: Temperatura, volume, nimero de atomos, ensemble

Coordenadas atomicas: Rede cristalina, minimizacao da energia, distribui¢cao randomica,
Informacao experimental, ...

Velocidades: Distribuicao de Maxwell-Boltzmann das velocidades
Fornece a temperatura media do sistema

AceleracoOes: das forcas das coordenadas atdomicas iniciais




Posigoes 1niciais




Posic¢oes 1niciais

Simple cubic Body-centered cubic Face-centered cubic




Posicoes 1niciais

Coordination number = 6 Coordination number = 8 Coordination number = 12

1
% atom % atom gatom
at 8 cormers at 8 corners at 8 corners
1
1 atom 3 atom
at center at 6 faces

Atoms/unit cell = 3 X 8 = 1 Atoms/unit cell = (Fx 8) + 1 =2 Atoms/unit cell = (5 8) + (3x 6) = 4




Limitacoes da Dinamica Molecular (I11)

3) LimitacOes nas escalas de tempo e espaco

As limitacOes no tamanho da célula computacional de Dinamica Molecular

Limitacao do tempo de simulacao




Limitacoes da Dinamica Molecular (I11)

3) Escala temporal

O passo maximo de integracdo em simulacdes e Dinamica Molecular é definido pelo
movimento mais rapido do sistema.

Freguéncias vibracionais em um sistema molecular sdo da ordem de 3000cm-1 (~10
femtosegundos)

Frequéncias opticas sao da ordem de 10THz (periodo de 100fs)

Um tipico passo de integracao em Dinamica Molecular € da ordem de
FEMTONSEGUNDOS (107-15s)




lL.ength-scale:

The size of the computational cell 1s hmited by the number of atoms that can be included n the
simulation. tvpically 104 — 107, This corresponds to the size of the computational cell on the
order of tens of nm. Any structural features ol mterest and spatial correlation lengths n the
simulation should be smaller than the size of the computational cell.

To make sure that the finite size of the computational cell does not imtroduce anv artifacts into the
simulation results. one can perform simulations for syvstems ol different size and compare the
measured properties.

10 nm+
. e ord MD simulations

1 pm+ *
100 mmn

10 rmm + *

Classical MD
1 nm 1
JMD
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f=s P= ns LLS



Condicoes de contorno

A escala espacial em Dinamica Molecular tambem é limitada:
Maior parte dos atomos que estdo na superficie “sentem” a presenca da superficie.

Como reproduzir as interagcOes atomicas em uma celula computacional em Materiais ?




Condicoes de contorno (Livre)

1. Free boundaries (or no boundaries). This works for
a malecule, a clusicr or an acrosol parmicle i vacoum.
Free boondary condifion can be alse appropnate for MD
ultrafast processcs when the effect of boundancs 15 mol
important doe to the shon time-scale of the nvolved

processes, ¢og fast wonfatom bombardment, eic,

on-sulface Infarachicn

Examples of free boundary conditrons 1 MDY

Lilirafast process of sputicring

Free clusicr

ke partwole bombardment, by Barbara Gamison
hvtp:gnliber chem pso oedw Eesearch benb bl



Condicoes de contorno - Rigidas

2. Rignd boundanrmes (atoms af the boundarnies are fixed ).
In most cases the ngid boumdanes are unphysical and can

Inirodduce artfacis 1o the simulation resulis.  Somechimes
wscd 1 combimaiion with giher conditions (stochasisc amd
penodic condimons, as discussed below )

ML




Condicoes de contorno periddicas

J. Periodic boundary condition (eliminates surfaces — the most popualar choice of

boundary conditions). This boundary condifions are uwsed (o simulaie processes a small
part of a large sysicm.
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AL atorns an the compuiatiomnal cell (green box) are replhicated throughont the space o fornm
an infinite lamice. Than is, af atoms in the compatational cell have positions r, the periedic
onndary comdiiton also produces maumer timages of the atoms gt posiiions delined as
J';"m'?: - I:I +la + mb + nc  where a, b, ¢ arc vectors that correspond o the edees of the
box, I m, nare amy inteeers fromn -0 (o 4o,




Condicoes de contorno periddicas
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FIGURE 2.13 Pecriodic boundary conditions in two dimensions. The primary cell is
surrounded by eight image cells and each cell is identified by a cell translation vector
. Each cell has a reference frame whose origin is the lower left corner of the ccll.
Each image frame is located wrt the primary frame by a vector R, such as the one
shown here for cell a=(—1, —1).
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Condicoes de contorno periddicas

box type image box box vectors box vector angles
distance volume a b c Zbc Zac Zab
d 0 0
cubic d d 0 d 0 90° 90° g0°
0 0 d
rhombic d 0 i
dodecahedron d +v/2d3 0 d zd 60° 60° 90°
0.707d* | O 0 =v2d
truncated d Ld _ 1d
octahedron d =v3d3 | 0 2v2d 3+/2d | 71.53° 109.47°  71.53°
0.770d3® | © 0 1v6d




Condicoes de contorno periddicas

Calculation of distances between atoms with periodic boundary conditions:

W hen the mimimum image criienon 15 satishicd, a parbcle can mieract only with the closcs
image ol any other particle.
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The closest image may or may not belong (o the computational cell. Therelore, in the code, if

a parnticle j 15 bevond the ange of imeraciion with paricle 1 I:F.IJ = R_,}, we have to check the
closest images. For example, in M5SES24-MD code, an algornthm for checking the closes

IS 15
IF{LIDX EQ 13 THEN where DX = IJ - X
IFIDX. GT. XLHALF) DX=DX-XL XLHALF = XL./2

IFIDX.LT.-XLHALF) DX=DX+XL
EMNDIF




Critério da imagem minima
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Condicdes Periddicas de Contorno Critério da imagem minima




Tamanho do sistema e condi¢cdes de contorno

Sistema finito (ex. molécula ou cluster)
Sem problemas; -> simplesmente use todos 0s atomos

Sistema infinito (ex. sélidos/liquidos)

Nao podemos aproximar como sistema finito -> uso das Condic¢oes
Periddicas de Contorno

BaTiO,




Como tratar defeitos ?




Velocidades iniciais

100K Maxwell-Boltzmann distribution
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Schematice diagram of a basic MD code
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FEscolhendo o integrador e codificando-o

O Que é importante ?
1) TrajetoOrias exatas
2) Satisfazer as conservacOes de momento e energia

Seria também bom que ...
Computacionalmente rapido
Requer pouca memaria

Reversivel no tempo e permite usar valores grandes para dt

Opcoes:
Verlet,Velocity-Verlet, Leapfrog, Predictor Corrector, ...




Parte 3 - Vamos pegar o caso mais simples

Expansao em Taylor

< (=1)"d"f(xo0) \ ,
'f(mﬂ —Az) = ngg‘ n!  dz" A




Parte 3 - Vamos pegar o caso mais simples

Futuro
F,(t
T;(t + dt) = r;(t) + v;(t)dt ( )dt2 + ...
| _ 2m
Passado
F;(t
ri(t —dt) = ri(t) — vi(t)dt 1 ()dt2 — ...

2m




Parte 3 - Vamos pegar o caso mais simples

F;(t
it 4 dt) = i) + vi(t)dt + g 4
‘ _ 2m
+
ri(t — dt) = 1;(t) — vi(t)dt Fill) g2 _ .

2m




Parte 3 - Vamos pegar o caso mais simples

vt + dt) = ri(t) + w(t)dt

| F*'(t)dﬁ oL

2m




Parte 3 - Vamos pegar o caso mais simples

it +dt) + ri(t —dt) ~ 2r;(t) A dt*

Otimo !! Temos tudo que precisamos :

*I'Jg(t + dt) = 21‘1;(?5) — I'g(t — dt) | (t) dt®

I'E*(t + dt) — I‘E'(t — dt) |
2dt

vilt) =




Parte 3 - Vamos pegar o caso mais simples

Subroutine Integrator

Doi=1, N particles

fm = fx(1) *dt**2/m
X_New = 2 * x_now(i) - x_old(i) + fm
velx(i) = (x_new - x_old(1)) / (2*dt)
x_old(i) = X_now(i)
X_now(l) = X_Nnew

Enddo

return

end




Outros métodos de integracao

Leapfrog (pulo da ra)

vx,n-&-% — .T - 1 -+ At (1, (-L'n Un, t)
Tntl = Tyt At Untd
At At\2 Oa
‘UI'_;_ Vo + 7 a.r(-EO Yo, 0) ( 9 ) a::'(l‘o yo.0)
X, Xy e
| | | | : I
5 Y1tz E /"’3.'2 f /5'2
L, Bt L, L, L, L5




Outros métodos de integracao

Leapfrog

F(r+0t)y=#(t)+ v(r + %ﬁr) Ot

2 2

w(t) = . -v(r — 1@:) + v(r +16r)-
2 2 2 7/




Outros métodos de integracao

Leapirog
R ﬁDEHPDFmFDFrﬁlrmF IFF
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Outros métodos de integracao

Leapfrog

Esse método requer apenas um grau de custo computacional adicional que o
metodo de Euler, mas o ERRO é de terceira ordem.

Esse método utiliza derivada no ponto medio de cada passo
(Velocidades sao obtidas no mesmo tempo que 0 pPasso)

ISSO requer apenas um passo adicional para mover a velocidade meio-passo
adiante da posicao.

Devido a sua melhor acuracia enqguanto mantém o custo computacional baixo, o
metodo de “Leapfrog” € normalmente o metodo padrao em Dinamica Molecular
(default)




Outros métodos de integracao

Predicao-correcao

Let us take the often used 6-value predictor-corrector algorithm [10] as
an example. We start out with 6 x 3N storage: x*¥ O (zy), x*¥ D (y,), x3V)
(t), ..., x°VO) (1), where x*N ¥ (¢) is defined by,

kg (1) k
x(r) = (“dj; ) ((i? ) 29)

The iteration consists of prediction, evaluation, and correction steps:




Outros métodos de integracao

Etapa de Predicao

XEB) _ XEU) Xgl} XEZ} XE3}

X 4+,

xgl) = xgl) — 21:?) - BK?) - 41@{?43l — SXEE),

x?) = x?) + 31:.53) + 6x§4) + 10x®

xf’) = xz@ + 4x§4) -+ 101:!@,,
xf” = x?') + SXEE).

L

b

The general formula for the above 1s

W _x~[__K! (k)
) = : : k =
e é [(kf-k)!k!}x* ’

0,...

:M_Z:

(31)

with M = 6 here. The evaluation must proceed from 0 to M — 2 sequentially.




Outros métodos de integracao

Avaliacao

Célcula as forgas f3N usando as novas posi¢des x3NO)

Correcao

o =x - (2) (4%),

Aplica-se as correcoes,

xP =x% _ cyre;, k=0,...,M —1,

R R




Outros métodos de integracao

Gear Predictor-Corrector Coefficients

Table 2. Gear predictor-corrector coefficients

Cye k=0 k=1 k=2 k=3 k=4 k=5 k=6 k=7
M=4  1/6 5/6 1 1/3

M=5  19/120 3/4 1 12 1

M=6  3/20 251360 1 11/18  1/6  1/60

M=7 863/6048  665/1008 1  25/36 35/144 1/24 1/360

M=8 1925/14112 19087/30240 1 137/180 5/16 17/240 1/120 1/2520




Dinamica de Nosé-Hoover

Sistema
Fisico

Banho termico
(Reservatorio de
Calor)

Nosé JCP 1984 and Hoover PRA 1985




Massive Nosé-Hoover Chain Dynamics

Sistema
Fisico
4 ( ) ZN: p 2 i pn 2
H=V(T,T,,...,Ty )+ L+ L+
reservatorio 1 o 2M; o ZQJ
M
NkgTn, + > kgTn,
j=2

reservatorio 2

reservatorio M Martyna, Klein, and Tuckerman, JCP 1992




Oscilador Harmonico unidimensional

Massive Nosé-Hoover Chain, TEw
Usando 2 reservatorios

d

P(X)
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Schematice diagram of a basic MD code

Defhemmtuapositioms—amd-vetovitieshy Jamd g

1

Calculate forces at current time t;

r
-
4

1

Solve equations of motion for all particles in
the system over a short timestep At.

.F’;.- (jn) — ‘Fr (‘FHH ;f ('IF.'J' ) — 1';1' (‘rn+l )

=1, + i

1

Calculate desired physical quantities. write
data to trajectory file

1+

l

Write to the disc final atomic configuration & finish




Part 4 - Subrotina Sample

O que “sample” faz ?

Acumula os parametros relevantes durante a simulacao (energias total, cinética
e potencial, posicoes, velocidades, pressao, densidade, ...)

Valor de equilibrio é a media temporal




Propriedades no equilibrio

Variaveis termodinamicas
Seja: a variavel dinamica A(t)

At) = f (r1(t), ..., en(2),vi(2),. .., vN(2))

Precisdo: aimagem microscopica de A(r,p) (energia potencial, cinética, temperatura e pressao)
Para casa passo de integracao temporal, nés calculamos A

Experimento

Experimento: observacao (medida) de valores médios

(propriedade macroscopica € a média da microscopica)

Valor médio

O Valor médio é a média temporal !! 1 N




Part 4 - Subrotina Sample

subroutine sample

somupot = somupot + upot
somecin = somecin + ecin
sometot = sometot + etotal
somtemp = somtemp + temp
sompres = sompres + press
nsim = nsim + 1

medupot = somupot/nsim
medecin = somecin/nsim
medetot = sometot/nsim
medtemp = somtemp/nsim
medpres = sompres/nsim
return

end




Propriedades de equilibrio

-1175,25

-1175,50

175,75

-1176,00

Energy (eV)




Propriedades do equilibrio

Energia Potencial

V()= > ¢(ri(t) —r;®)])

i J>1

Energia Cinética

K(t) = 5 3 milvi (1))

Temperatura

Pressao




Difusao

Relacao de Einstein (t longo)

| (Ar(t)”) _ 6Dt I

Deslocamento Quadratico medio

(Ar(0F) = % 3 (1) — 10"

1=‘1




Metano - liguido 150K e 1000bar
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Molecular Dynamics

( Structural and thermodynamic ]
L

properties ) /
-I Radial distribution | g9ij(r) = N”(T’; + A7) .
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Funcao de correlacao

Definition Scalar product average of a dynamical variable A(0) in the
time origin t=0 with the dynamical variable B(r) at time t.

C(t) = (A0) - B(?))

C(0) =2.4+ 3.2 + 1.3+5.5=42 nc=4

Correlations at same time

C(1) =34+ 1.2+ 5.3 =29 nc=3

Correlations at dt
C(2) = 1.4 + 5.2 =14nc=2

Correlations at 2dt

S
C.J'(I—‘CO[*O/;:\
O‘(CDDOH“—‘"-S

a8

W N M O

.C(0)=42/4; C(1)=29/3; C(2)=14/2




Velocity-Velocity autocorrelation function

Calculates the correlation function with Velocity

ﬁm‘\
lﬁ{ﬂ]}—\
1mm-\

5043043—‘




Vel-vel correlation function

< vy () vy(D) >

F.T. < v (0)vyt) >

-
S

2

-

(b)

Frequency / cm™!

150

58



Transport properties

Diffusion coefficient D = 1 [OO (V'(O) . V'(t» dt
0 i 0

o Viscosity

1= oz (00 on(t) dt

N-1 N

E MUYy + 2 XY TiaFiy
1=1 =1 j=1+1

TEgE b U0 a(0)) dt
d N
Jz = E z Vi (E’% — (E’-’r})
=1

0.17?}

O Heat Transport

AT =




Equacao de Hagen—Poiseuille

39 [(d/2)* — (x — Zmaz)?]
2(r —1/2)

u(z) =

LRI AvAPCL IR S PR IR BN

Velocity (m/s)

< > 0 5 10 I5 20 25 30
L Radius (A)

Applied acceleration D — ﬂlﬂ //' Density, constant region has to be taken

» Second derivative of the parabolic velocity profile

|




Interfaces fluido-fluido e fluido-solido

Laplace’s Law: AP =P, -P
Dy

AP ==

R ' 0.0008 ¢ simuation
i Theoretical
, T 0.0006
The Laplace’s law Indicates | *
that dP is linear with respect , 004! y
to the curvature of bubbles = c
o
or drops 0.0002
0.0000 ' ' : L
0.00 0.05 0.10

1/R

0.15



Que tipo de informacgao podemos obter ?
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Water - o1l interface

Kyoto University — JAPEX Energy Res. Eng. Group — 2007
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Schematice diagram of a basic MD code
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