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N-Casticovy systém

zadano  « geometrie
» interakce (potencial)

V(R) i=1..N

dulezité pojmy
e PES - potential energy surface

e MEP — minimum energy path \éIL,ZqJEZ
e  energeticky profil Pt/Pt(lflr())

e sedlovy bod

HLEDA SE:

i) draha s minimalni energii
(MEP) minimum energy path) |/
i) sedlovy bod




Molekularni statika

napr. uréovani difuznich barier pro pohyb adatomu na povrchu krystalu

rovny povrch E,=E,- E, obecne
Eq = Esea - Emin

zavisi na
konkrétni geometrii
napr. ruzné shody
na povrchu fcc(111)

foonsce viz blany




® 0 nejhorejSi
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vrstvy:

U (eV)

priklady difuze na povrchu fcc(111)

rovny schod

schod se zlomem

—— RGL step
—— RGL kink

- LJ kink




Vlastnosti rozhrani
Rozhrani je obecne hrubé:

Hrubost se popisuje zavislosti velikosti
fluktuace W(L) na delce vzorku L.

ruzné situace:

s+ v termalni rovnovaze nebo blizko

rovhnovahy

- Jev adsorpce-desorpce
- jev hrubnuti, T->T,, W ->

*» daleko od rovhovahy W(L 1)

- tzv. kinetické hrubnuti




Simulace v ruznych souborech

MC simulace

v grandkanonickém souboru

pro menici se pocet castic




Modelovani rozhrani

Mrizovy plyn previs Solid on solid




Vypocet energie v solid-on-solid
modelu

Solid on solid



Standardni termodynamické MC

znamo: configurace g — {A}

, jejich pravdépodobnosti P {A}

generujeme realizaci Markovovskeho retezce A, k=1,...,.M

pomoci matic pfechodu W,_,; =W (A —> Aj)
cil: co nejrychlejsi vypoget (X )=> X (A)P(A)
A

pouzivany matice:
. mﬂM):<
Metropolis i— | 1

exp(—BAE)

AE >0
0 AE <0

nebo Glauber ~ W.'®) = %(1—th (BAE/ 2))

i—j

ruzné matice = ruzné sekvence stavu,
tj. odpovidaji rtzné dynamice, ale
stredni hodnota stejna

AE =E(A;)-E(A)



Kinetické MC (KMC)

Viz napr. M. Kotrla, Comp. Phys. Comm. 97, 82 (1996)

stale Markovovska aproximace:
- VYVOj popsan fridici rovnici

- ale obecné velka libovule
ve volbé matice prechodu

Wi, =W ('Aﬁ — Aj)

Spravna volba je takova, aby simulacni proces odpovidal
skuteCnemu fyzikalnimu procesu.



Kinetické MC (KMC)

Viz napr. M. Kotrla, Comp. Phys. Comm. 97, 82 (1996)

stale Markovovska aproximace:
- VYVOj popsan fridici rovnici

- ale obecné velka libovule
ve volbé matice prechodu

Wi, =W ('Aﬁ — AJ)

Spravna volba je takova, aby simulacni proces odpovidal
skuteCnemu fyzikalnimu procesu.

dan kineticky model:
- N moznych procesu p =1, ..., N
- a jejich pravdepodobnosti R,

matice prechodu

W(A > A)=F(R,)




KMC algoritmus I

- Méjme v konfiguraci A urcity po¢et moznych procesdu.

- Kazdy proces je realizovan rtznymi

elementarni udalostmi a.

- PoCet elementarnich udalosti je konecCny, a =1, ..., N(A)

- a jejich pravdepodobnosti jsou R, (obecné nenormovane)
- normovana pravdépodobnost:

N(A)
7,=R,IR(A), R(A)=> R,

Pocet elementarnich udalosti N
a jejich pravdepodobnosti R, zavisi na konfiguraci A.

Matice prechodu W je dana souctem pres procesy.

W(A —>AJ.)=N§)R&V“(A —>Aj)



KMC algoritmus I- pokracovani

Princip KMC:  algoritmus - v k-tém kroku

1. Z mnoziny N(A®) moznych el. udalosti vybereme
udalost o s pravdepodobnosti danou rozlozenim 7,

2. Prejdeme do nové konfigurace Ak+D
3. Mohou se zmenit mozné udalosti, prepocitame
N(Ak*D)a R _, (viz. pfiklad) a pokracujeme budem 1.

Takovyto algoritmus vsak nefektivni — prakticky neuzivan.



N-fold way, BKL algoritmus

Bortz, Kalos, Lebowitz , J. Comp. Phys. 17, 10 (1975)

v konfiguraci A® el. udalosti o =1, ..., N(A®) N(A")

a jejich pravdépodobnosti R (AX) R(A(k)) = 2. R,

algoritmus - v k-tém kroku
1. generuj nahod. Cislo r z intervalu [0, R(A®) )
2. urcCi udalost oo pomoci nejmensiho S
indexu s pro, ktery plati Z R, =>r

a=1

3. provedenim udalosti o prejdi do nové konfigurace Ak+D
4. prepocitej R(Ak*)) a zménéné R,

Je to algoritmus BEZ neuspésnych pokusu,
tj. v kazdem kroku se systéem vyuviji.




Zavislost vypocetniho casu

Zavislost na celkovém poctu procesu N
souvisi s zavislosti na velikosti systemu.

v v

je radu O(N) ostatni kroky jsou nizsiho nebo maximalné
stejného radu.

Prakticky je BKL uzivan v jiné formé&, v rychlejsi varianté
pro skupiny procesu - P. A. Maksym semicon. sci. Technol. 3, 594 (1988)

Procesy spojime do skupin
a vybirame nejprve skupinu procesu
a pak konkrétni proces.



Zavislost vypocetniho casu - pokracovani

Je-li ve skupiné m procesu: pak naro¢nost algoritmu ma dvé
slozky: vyber skupiny radu O(N/m) a vyber ve skupiné radu
O(m). P¥i optimalizaci volime m umérné N2,

pak naro¢nost algoritmu bude Fadu O(N?'2).

Prakticky je BKL uzivan v jiné forme, v rychlejsi varianté
pro Skupiny prOCeSlil - P.A. I\/Iaksym Semicon. Sci. Technol. 3, 594 (1988)

Lze hierachicky pokracovat tak, ze tvorime
podskupiny skupin.

Pouzijeme-li K-urovnove hledani: pak narocnost
algoritmu bude fadu O(K nt/K),



cas v MC & KMC

V MC obvykle uzit prosty pocet kroku na ¢astici resp. na uzel.

V realité, ale ruzné procesy probihaji ruzné rychle! Proto je
treba aproximativni popis vztahu k realnému fyzikalnimu Casu.

Predpokladame:
1) rozdéleni Casu na intervaly, tak ze v kazdem intervalu
probiha jen jeden proces ii) udalosti tvofi Poissonuv proces.

Pravdepodobnost m Ud_élOStI' behem Casu t je:

m!

nahodny interval T mezi dvema udalostmi ma rozdeleni

P(T)ZRE_Rt, <7>=1/R

PPoiss (m) _ (Rt) e—Rt




cas v KMC

Algoritmu KMC doplnime tak, ze v k-tém kroku spocCteme

_ _ (k)
At, =-1/ R(A )In u(0,1)<\né\hodné Cislo

Prirustek Casu zavisi na okamzité konfiguraci !

Cas pak je

t = Zn:Atk
k=1

a casova stredni hodnota

<X >= 1Zn:x (A%)AL,
Ui



priklad single step model

Popis pomoci mnoziny rustovych mist
a jejich poctu NR

Vyvoj konfiguraci pro single step model a update NR



Dvou slozkovy single step model

ruzné topologie single step modelu

pravidla modelu:

probability

exp{—AE(i,0)/kyT}

AE(i,o)
kgT

=—Ko[o(i—1)+ao(i)+o(i+1)]—Ho.

Tvorfime seznam rustovych (desorpcénich) uzlu a
provadime KMC simulace.



Vyvo] konfiguraci TCSS modelu

t=409¢

t=3072
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1 TCSS modelu
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KMC simulace ukazuji soutez hrubnut



Off lattice

Dale jen pro informaci o moznych
KMC simulacich



Limitation of lattice KMC

Applicable only for systems/models
with a regular geometrical structure
Approximative for systems with:

» strain

» extended defects

» amorphous materials

» alloys

But these situations are important
for today’s material science!

1/1/2018 off-lattice 24



Droplets & stripes

Pb deposited on Cu(111) R.v. Gastel et al. PRL 91 (2003) 055503

Observation:
Variation of the coverage of Pb results in different patterns:

droplets strips Inverted droplets

1/1/2018 off-lattice 25




Modelling of systems in
the continuos space

®* Molecular dynamics
» used for finding parameters and study of equilibrium
— limitation: time evolution only for short times

¢ Off-lattice kinetic Monte Carlo (OLKMC)

= a combination of energy barrier calculation and
the method of KMC

= relatively new several ways of implementation

= demanding on the computer time

= possible in equilibrium as well as in the case of
growth

» allows simulation for realistic time scales but only
for relatively small systems

1/1/2018 off-lattice 26



Limiting demanding steps of
off-lattice kinetic Monte Carlo

a) Particles are in a continum space of the given
dimension (2,3).

b) N-partice system is interacting with given
continuous potential(s).

c) Local minima in the energy landscape of the
full N-particle configuration space are
Identified.

d) Transition rates between local minima are
estimated - saddle points have to be found.

e) An elementary move is selected and performed.

f) Changed system is relaxed (equilibrated).

1/1/2018 off-lattice 27




Implementations of off-lattice
kinetic Monte Carlo

*H. Jonsson et al. J. Chem. Phys.115 (2001) 6957

Full complexity — no assumptions about the
approximative location of the saddle points
separating two energy minima is made.

°F. Much et al. J. Comp. Phys. Comm. 147 (2002) 226

Transition points sought in a "frozen crystal”
approximation, only a single particle is moved
within the configuration space.

1/1/2018 off-lattice 28



‘ Hetero-epitaxy

different materials involved in the growth process, simplest case:
substrate and adsorbate with identical crystal structure, but

O, adsorbate o, -0

lattice constants mismatch € =
Og substrate O

initial coherent growth undisturbed adsorbate
enforced in first layers — far from the substrate

strain relaxation:

dislocations, and/or island and mound formation
lattice defects hindered layered growth

AR S

o A PO 000 self-assembled 3d structures

oh &
vvvvv
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‘ A simple lattice mismatched system

continuous particle positions, without pre-defined lattice
simplest case: (1+1)-dimensional growth

example: Lennard-Jones system —qualitative features of hetero-epitaxy,
investigation of strain effects

1

12 6 | —mos
U, U,,0,)=4U, (00) - (00] oo |

equilibrium distance = G,

.short range”:  U; =0 for r; > 3 o, :
substrate-substrate Us, O
adsorbate-adsorbate Up, Oa

substrate- adsorbate, e.g. Uge=UU,, 0, =(0;+0,)2

lattice mismatch €= (0'A — 0'5)/0'5



‘ KMC simulations of the LJ-system

- preparation of (here: one-dimensional) substrate with fixed bottom layer

- deposition of adsorbate particles with rate Ry  [ML/s]

_ AE
kgT

— diffusion of mobile atoms with Arrhenius rate R. =v_ €

simplification: v, =10'*s™" for all diffusion events

31



‘ Evaluation of activation energies by Molecular Statics

virtual moves of a particle, e.g. along x
minimization of potential energy w.r.t. all other coordinates
(including all other particles!)

e.d. hopping diffusion

binding energy E, (minimum)

transition state energy E;  (saddle)

diffusion barrier =~ AE = E, - E,
ol |
m@@@m Schwoebel barrier  E,

Y Y Y Y Y Y AV V" A VLV VR VA v

important simplifications: neglect concerted moves, exchange processes

cut off potential at 3 G,

frozen crystal approximation

32



‘ KMC simulations of the LJ-system

- preparation of (here: one-dimensional) substrate with fixed bottom layer

- deposition of adsorbate particles with rate Ry  [ML/s]

_ AE
kgT

— diffusion of mobile atoms with Arrhenius rate R. =v_ €

simplification: v, =10'*s™" for all diffusion events

— avoid accumulation of artificial strain energy (inaccuracies, frozen crystal)

n n
by (local) minimization of total potential energy E. = Z Z U,

i=1  j=i+]
all particles after each microscopic event (global)
w.r.t.
particles in a 3 6, neighborhood of latest event (local)

33



Simulation of dislocations
interactions Us=U,=U,; — diffusion barrier AE~ 1 eV for £€=0

lattice mismatch -15% <€ < +11%
depositionrate Ry =1ML /s - substrate temperature T = 450 K

system sizes L=100, ..., 800 (# of particles per substrate layer)

large misfits:
dislocations at the
substrate/adsorbate
interface

dislokationen I

(grey level: deviation from OAS » light: compression)



Pozadavky k zkousce MC

1. Integrace metodou MC — prosté a preferencCni vzorkovani,
chyba MC integrace vs. numericke integrace.

2. Stochastické procesy, Markovovy rfetézce, metody
generovani pseudonahodnych Cisel.

3. Realizace Monte Carlo kroku pfi kanonickeém rozdéleni
(zkusebni konfigurace, detailni rovnovaha, Metropolisova a Bakerova
metoda).

4, Uziti MC pro geometrické problémy (nahodné prochazky,
urcovani prahu perkolace), celularni automaty (typy, pocCet, uziti).

5. Uziti MC pro studium fazovych prechodu (Isinguv model,
vypocCet merneho tepla a susceptibility).

6. Modely vyvoje rozhrani, kinetické simulace, solid on solid
modely, simulace v grandkanonickém souboru.

7. Energetickeé bariéry pro termalné aktivované procesy, draha

s minimalni energii a molekularni statika, k inetické Monte Carlo,
méreni ¢asu v MC a v KMC

Nutneé vyreseni 4 uloh

termin 1.1. 2018



Pozadavky k zkousce MD

8. Verletliv a Gearovy integratory MD, volba integratoru a
integraCniho kroku.
9. Radialni distribu¢ni funkce, vyjadreni stfedni hodnoty

veliCiny (napf. energie) pomoci integralu parove funkce (napf.
potencialu) a RDF, dlouhodosahova korekce energie.

10. Teplota v MD, termostaty (preSkalovani rychlosti,
Berendsenuv frikéni, Andersenuv (Maxwellav-Boltzmannuv).

11. Méreni tlaku v MD a MC, MD simulace pfi konstantnim
tlaku; NPT soubor v MC, Gibbstv soubor, reakéni soubor.

12. Technické detaily MC — algoritmus pro vypocCet zmény
energie, generovani zkusebniho posunuti, zlomek pfijeti, dosah
potencialu vs. velikost systému, okrajové podminky.

13. Neboltzmannovské vzorkovani konfiguracniho prostoru,
urcovani chemického potencialu virtualnim vkladanim c¢astice.
14. Molekularni potencialy (intermolekularni a

intramolekularni). Gromacs — vyznam soubort (.mdp, .top, .gro, .itp,
.edr, .xtc, .tpr, .ndx, .log), pfiprava konfigurace, simulace a
postprocesing (zaklady), tok informaci.



