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0(1000 m) Macroscale structural engineering

. o(0.1 m)

0(100 nm) ; O(1E-6 m) )
wwﬁﬂi R A R e
PP PR X S S
> 4 EARAINE . ol SRR A )
""-fiir i ; -bF‘-" ﬁ"“ﬁ X il =

R REATT e O it W :
e : e aag o a o o
- gﬁg"ﬁw}:fﬁ‘ﬁ‘m e, A
e " o bt sk s ale ek ’
e =3 SRR ok
i mG AT \‘: -55 }ﬁ@i@%h’-‘;"g‘"ﬁ .
T .i‘ﬂ"_'_ S . =

0(0.01 m)

10

4 Ultrascale structural engineering
Buehler and Ackbarow, Materials Today, 2007
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mesoscale continuum
O Monte Carlo ﬁ
Y
S i
m A
O 1 0-6 S molecular
E dynamics domain
.'g
quantum
1 0-8 S chemistry exp(- AE/KT)
[
102 S ® F=MA
10°M 10M 10°M 104 M
Length Scale
Taken from Grant D. Smith
Department of Materials Science and Engineering 11
Department of Chemical and Fuels Engineering

University of Utah
http://www.che.utah.edu/~gdsmith/tutorials/tutorial1.ppt
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Given (7 (1), 7;(1))

1. Compute a(r) as a function of {7;(?)}
v (2 + é)*:— v (1) + %a (1)

r(t+A) —r()+v,(t+ )A

Compute g (t+ A) as a funct10n of {r:(t+A)}

b B~ W N

Vi(t+ A)<—v.(t+ =)+ —a.(t+ A
Vi ( )<= v;( 2) 261;( )
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Set particle Assign particle
positions velocities

Analyze data
print results

Stop simulation
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Figure by MIT OpenCourse'Ware.
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Parameter Values and Scales for the Lennard-Jones Potential

h ——

Quantity Mass Length Energy Time Temperature
Unit m o € vmo?[e ¢/kp
Value 6.7x107*°kg 34x107""m 1.65x107*'] 45x107"s 119K
Property Reduced Form U (T) = 12 6
Length r¢= tlo - r r _
Time th = tlr=t(emo)"”
Temperature T*=  [gTle 4 i 1 1 i}
O F) =
Energy o= g r |ri2 26
Pressure P¥= pgle - -
Number density N*= Ng
Density p¥= opm
Surface tension  y*=  jyole

. T -
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Figure: Truncated Lennard-Jones potential.
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for j=1.N (i #))

fori=1..Iv:

for j=1.N (i #)):
determine distance between i and

calculate force and energy (if

Iy < Teunr CUtoff radius)

add to total force vector / energy 21
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3
<KE>:N§I‘CBT old s sl solod apad
T—l 1 <im§2> Vi=v, -y
3Nk, S ' oo
1 Al ~
P:§< (mjﬁf -|-?;’__' . I._)> Lol JU g aniad
i=l “d
‘ Kinetic Distance vector multiplied
contribution by force vector (scalar product)
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Energy vs Time
for 36 particles in a 2D box, initialy at 150 K

vs Time
for 300 particles 2D box, initialy at 150 k

180E-18
1.00E-18
5 00E-20 WNWWM
) CLO0E+DO i ; '
E L] ZE=17 =12 BE=12 BE=12 1E=11 1.2F=11
|§ -8 C0E-210 |
—1.00E-10 | B.00E-1Y
B.O0E-10
B 4.00E-19
200E-19 -
—2.00E-10
Time (sec) (5000 steps) - nm;--
e
=, ~200E-19 -
g -} DDE-15 4
']
—a E-18
~£.00E-14
-1,00E-18
=1, 20E=18 -
~1.40E-18

TN gttt

2E=-12 4E=13 BE=13 BE-13 1E=12 12E=-12

e

14E-12

Time (sec) (568 steps)

25




T e—
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) j Aexp(-fBE) didp
B I exp(—LE)drdp

(4)

Mar 17 2005 3320 Atomistic Modeling of Materials -- Gerbrand Ceder and Nicola Marzari
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Time
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1D=1, 2D=2, 3D=3
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g(r)27r dr =0l aiwgy > Rradial Distribution Function (RDF)

W 2 oo ool

g = p)/ p

Reference
atom

Number of atoms in the interval » = %
A

<N(r+4)> 1
QrEy) p .
Volume of this shell (dr)

g(r)=




o
Q(r+ %) considered volume
o
. A
. . o(r)= N(ir=5)
Q(r=5)p
® Ar
2 Density
. . p=NIV
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shear viscosity

l velocity gradient
dv, o

Resistance to shearing F'=An

/"
velocity profile v _(y)
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t'=o
Diffusivity [ = ; [ <vOw(r) >dt

t'=0

1 o)

Shear viscosit = <o. (Mo (1) >df
S j 200, (1)
1 1 0
Ow =+~ Z my, Uy, + Z ¢(r) . 7 ‘r:r
" QU S T 2y gef or r -
1 an
Thermal conductivit A= <qg(0)g(t") >dt’
y e I g(0)q(t")

—i ilmv2+iU(r)
q dt i=1 2 o i=1 Y

———— e —
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Property Definition Application
11 X o .
Temperature | 7 =— <Smyl> =7, -7 Direct
3Nk, 5 P
1 & y i
Pressure P=—c< (mjz +7 ;)} Direct
R
1 1 Od(r) r; .
Stress =5 < ( Zﬁ: M, U,  + 2. ,;;&ﬁ?_ r ﬁ) Direct
, 1 2
MSD <Ar(D)>= =2 (n() -1t = 0)) Diffusivity
. Atomic structure
N(r+4
RDF g(r)=< £ %) > (signature)
Q(r+=3)p
B Diffusivity,
VAF <v(0O)W(t) >= —Z —Z v.(t, v, (t, +1) phase state,
N 3N, io transport
properties

S s S,
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IMorse Potential Parameters for 16 Metals

Metal oAy i Lx1032(eV) | a(A~l) 15 (A) D (V)
Fb 2921 2302 7073 1.1836 3.733 0.2348
Ag 2788 71.17 10012 1.3690 3115 03323
Mi 2.500 5178 12.667 1.4199 2,780 0.4205
Cu 2.450 2011 10.330 1.3588 2,866 0.3429
Al 2347 4417 8.144 1.1646 3253 0.2703
Ca 2238 3063 4333 0.80535 4560 0.1623
St 2238 3963 4 557 0.73778 4038 0.1513
Mo 2368 2201 24197 1.5079 2976 0.8032
W 2225 72.19 29 843 14116 3032 09908
Cr 2260 7592 13.297 1.5721 2754 D.4414
Fe 1983 5197 12.573 1.3885 2845 0.4174
Ba 1.650 3412 4266 0.65608 53713 0.141a
K 1.203 23.80 1.634 0.49767 6.360 0.05424
Ma 1.267 2328 1.908 0.58003 5336 0.06334
Cs 1.260 23.14 1351 0.41569 1557 0.04485
Fb 1.206 17215 1.309 0.42081 71207 0.04644

Adapted from Table I in Gofalco, L. A and V. G Weizer. "Applic aticn of the Morse Potentia]l Fimetion
to Cubic Metals.” Physical Review 114 (May 1,19597: 657-690.

Figure by BT OpenCours e are.

¢(1,) = Dexp(-2a(z, — 1)) 2D exp(- a(z, — 1)) "
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Large—scale Atomic/Molecular Massively Parallel Simulator
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American Physical Society physics Volume 104, Number 23

Spontan‘eous Asymmetry of Coated Spherical
Nanoparticles in Solution and at Liquid-Vapor
Interfaces, J. M. D. Lane and G. S. Grest,
Phys Rev Lett, 104, 235501 (2010)

Water interacting with self- R e S H e
assembled monolayers

ol e
Large-Scale Molecular Dynamics Simulations of Self-

Assembling Systems, M. L. Klein and W. Shinoda,
Science, 321, 798-800 (2008).
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LAMMPS L.




lamp: a device that generates light, heat, or therapeutic radiation; something that illumines the mind or soul -- www.dictionary.com
hover to animate -- input script

LAMMPS Molecular Dynamics Simulator

----------------

physical analog (start at 3:25) & explanation

Piflflsllre Code Documentation Results Related Tools Context User Support
Features Download Manual Publications Offsite LAMMPS Authors Mail list
packages
e SourceForge Commands Pictures Pizza.py Toolkit History MD to LAMMPS
features glossary
lLatest Features & : : <
FAQ Haa b s Movies Other codes Funding User Scripts
Unfixed bugs Benchmarks Open User HowTos
source N
: i Citing
Coming attractions LAMMPS Workshops
Contribute to
LAMMPS
—m=-
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run thru a GUI
build molecular systems
assign force-field coefficients automagically

perform sophisticated analyses of your MD
simulation

visualize your MD simulation
plot your output data

50



o Slos sos
runs on a single processor or in parallel
distributed-memory message-passing parallelism (MPI)
spatial-decomposition of simulation domain for parallelism
open-source distribution
highly portable C++
optional libraries used: MPI and single-processor FFT
easy to extend with new features and functionality
runs from an input script
syntax for defining and using variables and formulas
syntax for looping over runs and breaking out of loops
run one or multiple simulations simultaneously (in parallel) from one script
build as library, invoke LAMMPS thru library interface or provided Python wrapper

couple with other codes: LAMMPS calls other code, other code calls LAMMPS,
umbrella code calls both

- =
— == —_— - -
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- atoms

» coarse-grained particles (e.g. bead-spring polymers)
* united-atom polymers or organic molecules

- all-atom polymers, organic molecules, proteins, DNA
* metals

« granular materials

» coarse-grained mesoscale models

« extended spherical and ellipsoidal particles

» point dipolar particles

* rigid collections of particles

* hybrid combinations of these

N

52
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pairwise potentials: Lennard-Jones, Buckingham, Morse, Born-Mayer-Huggins,
Yukawa, soft, class 2 (COMPASS), hydrogen bond, tabulated

charged pairwise potentials: Coulombic, point-dipole

manybody potentials: EAM, Finnis/Sinclair EAM, modified EAM (MEAM),
embedded ion method (EIM), Stillinger-Weber, Tersoff, AI-REBO, ReaxFF,
COMB

electron force field (eFF)

coarse-grained potentials: DPD, GayBerne, REsquared, colloidal, DLVO
mesoscopic potentials: granular, Peridynamics

bond potentials: harmonic, FENE, Morse, nonlinear, class 2, quartic (breakable)

angle potentials: harmonic, CHARMM, cosine, cosine/squared, cosine/periodic,
class 2 (COMPASS)

dihedral potentials: harmonic, CHARMM, multi-harmonic, helix, class 2
(COMPASS), OPLS 53
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improper potentials: harmonic, cvff, umbrella, class 2
(COMPASS)

polymer potentials: all-atom, united-atom, bead-spring,
breakable

water potentials: TIP3P, TIP4P, SPC
implicit solvent potentials: hydrodynamic lubrication, Debye

long-range Coulombics and dispersion: Ewald, PPPM (similar
to particle-mesh Ewald), Ewald/N for long-range Lennard-
Jones

force-field compatibility with common CHARMM, AMBER,
DREIDING, OPLS, GROMACS, COMPASS options

handful of GPU-enabled pair styles 54
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* hybrid potentials: multiple pair, bond, angle,
dihedral, improper potentials can be used in
one simulation overlaid potentials:
superposition of multiple pair potentials

55



g A 5

Sandia

: : National
* read in atom coords from files @ Laboratories

» create atoms on one or more lattices (e.qg.
grain boundaries)

» delete geometric or logical groups of atoms
(e.g. voids)

* replicate existing atoms multiple times

» displace atoms

e e —— e —
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2d or 3d systems

orthogonal or non-orthogonal (triclinic symmetry) simulation domains
constant NVE, NVT, NPT, NPH, Parinello/Rahman integrators
thermostatting options for groups and geometric regions of atoms

pressure control via Nose/Hoover or Berendsen barostatting in 1 to 3
dimensions

simulation box deformation (tensile and shear)
harmonic (umbrella) constraint forces

rigid body constraints

SHAKE bond and angle constraints

bond breaking, formation, swapping

walls of various kinds

non-equilibrium molecular dynamics (NEMD)

variety of additional boundary conditions and constraints

57
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velocity-Verlet integrator
Brownian dynamics
rigid body integration

energy minimization via conjugate gradient or
steepest descent relaxation

rRESPA hierarchical timestepping

58
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log file of thermodynamic info

text dump files of atom coords, velocities, other per-atom
guantities

binary restart files
parallel I/0 of dump and restart files

per-atom quantities (energy, stress, centro-symmetry
parameter, CNA, etc)

user-defined system-wide (log file) or per-atom (dump file)
calculations

spatial and time averaging of per-atom quantities
time averaging of system-wide quantities
atom snapshots in native, XYZ, XTC, DCD, CFG formats

59
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stochastic rotation dynamics (SRD)

real-time visualization and interactive MD
atom-to-continuum coupling with finite elements
coupled rigid body integration via the POEMS library
Direct Simulation Monte Carlo for low-density fluids
Peridynamics mesoscale modeling

targeted and steered molecular dynamics
two-temperature electron model

60
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