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The first molecular dynamics (MD) simulations

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 31,

Studies in Molecular Dynamics. I. General Method*

B. ]. AoEr axp T. E. Wamkwricur
Laurence Radiation Laboralory, Universily of California, Livermore, California
(Received February 19, 1959)

A method is outlined by which it is possible to calculate exactly the behavior of several hundred inter-
acting classical particles. The study of this many-body problem is carried out by an electronic computer
which solves numerically the simultaneous equations of motion. The limitations of this numerical scheme
are enumerated and the important steps in making the program efficient on the computers are indicated.
The applicability of this method to the solution of many problems in both equilibrium and nonequilibrium

statistical mechanics is discussed.

Study of micro-dynamics of liquids and solids (32 atoms)
using the hard-sphere potential.
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The first molecular dynamics (MD) simulations

Simulation approach:
1. Identify next pair of spheres to collide and calculate when the collision will occur.

2. Calculate the positions of all the spheres at the collision time.
3. Determine the new velocities of the two colliding spheres after the collision.
4. Repeat from (1) until finished.

PO W Y
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Solid phase (3000 collisions). Fluid phase (3000 collisions).

Alder and Wainwright, J Chem. Phys. 31, 459 (1959)
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GOAL: To obtain the trajectories r(f) of all of the N particles as a
function of time {, in a specific time interval. And naturally we will

obtain their velocities.

These trajectories are solutions to classical equations of motion

dﬁ}ﬁ(!) il f ()

dr’ m,

Analytic solutions are not possible in general, so we turn to numerical
solutions.

In MD, beginning with the initial condition (r(0), v(0)), one recursively
generates the positions and velocities at successive times.

{r, (1),v, (r)} — {l} (14A2),v,(1+ m)}
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}3}‘ o) 2% The Lennard-Jones potential
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Atom Source e/kg(K) a(nm)
H [Murad and Gubbins 1978] 8.6 0.281
He [Maitland et al. 1981] 10.2 0.228
C [Tildesley and Madden 1981] 512 0.335
N [Cheung and Powles 1975] 373 0.331
0 [English and Venables 1974] 61.6 0.295
F [Singer et al. 1977] 52.8 0.283
Ne [Maitland et al. 1981] 470 0272
- [Tildesley and Madden, 1981] 183.0 0.352
a [Singer et al. 1977] 173.5 0.335
Ar [Maitland et al. 1981] 119.8 0.341
Br [Singer et al. 1977] 257.2 0.354
Kr 164.0 0.383

[Maitland et al. 1981]

The two-parameter function
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Lorentz-Berthelot mixing rules
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Potential functions for metal, semi-conductor and polymers

EAM potential: in addition to pairs of atoms have
1. Metals contribution due to environment of atoms, expressed

through electron densny (which is a pair potential)

depends on
¢ = Z _"f’( ,,) all neighbors of i
j=1..N,, (multi-body)

2. Semi-conductors 3. Polymers
Tersoff potential CHARMM/DREIDING potential (forcefield
=%[ 2.4 |= [ PIWAC l(rﬁg{: }+h”¢ (7 l)] DA AP 5 p)
“\ijiz 2\,7. az;; ‘ |I \ 3 @ w U//u“ P i
;’F | | \
Repulsive Attractive r _
;::.Il:'ltf:ntfifﬂn pair ' pair {j{_'m'zllcu[ i ('I:uw:lch + {fhr:mi + ert
(beyond potential potential
immediate | Charge on atoms
bonding Bond environment
neighbor) term



Common forcefields in molecular dynamics simulations

 AMBER (Peter Kollman, UCSF; David Case, Scripps)
 CHARMM (Martin Karplus, Harvard)

« OPLS (Bill Jorgensen, Yale)

« MM2/MM3/MM4 (Norman Allinger, U. Georgia)

« GROMOS (Van Gunsteren, ETH, Zurich)

« GROMACS

 CVFF, PCFF, COMPASS (for polymers)

 MARTINI (coarse-grained force fields)



Algorithm of (pair) force calculation

for i=1..N
for j=1.N (i #))

[add force
contributions]




Cutoff and shift

Potential functions are commonly cut over a certain range to
reduce the computation to evaluate the interatomic forces.

After the cutoff (f = 0 beyond r_,) operation, discontinuity appears
In the potential profile, that could lead to energy shift for a long-

time run.

v(r) or f(r)




Strategies for more efficient computation

Two approaches

1.  Neighbor lists: Store information about atoms in vicinity,
calculated in an N2 effort, and keep information for 10..20 steps

Concept: Store information of neighbors of each atom within
vicinity of cutoff radius (e.qg. list in a vector),; update list only every
10..20 steps

2. Domain decomposition into bins: Decompose system into
small bins; force calculation only between atoms in local
neighboring bins

Concept: Even overall system grows, calculation is done only in a

local environment (have two nested loops but # of atoms does not
increase locally)



Domain decomposition into bins
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Each piece worked on by one of the computers in the supercomputer
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units metal
boundary p p p

atom_ style atomic ]ﬁ] $ é{] /\%79’} j] == 7"I——ﬁ‘ | ni'ftl:'

neighbor 2.0 bin
neigh_ modify every 1 delay 5 check yes
timestep 0.001

lattice fcc 4.05 orient x 1 1 0 orient yOO 1 orientz1-10
region AA block 0 86 0 120 0 2 units box

create _box 1 AA

create_ atoms 1 region AA

#read data data.xyz / data.lammps /data.cfg

pair_style eam/alloy
pair_coeff * * AICu.eam. alloy Al

thermo 100
thermo_style custom step temp ke pe etotal Ix ly Iz vol pxx pyy pzz press

velocity all create 300 64938

fix 2 all npt temp 300 300 1.0 iso 0.0 0.0 10.0

fix 3 all print 100 file AlVoid_equi. txt screen no

dump 1 all cfg 100000 AlVoid_equi_*.cfg mass type xs ys zs type
restart 100000 run_equi_restart.*

run 100000

RO

1. in3 fH-------

2. BRBXHF

--ERl B E

AKT, BRH—

3. (5, MRAK, MBHRK)

X




units (lj) ** B A%
boundary (ppp) ** HHFZF ppp/spp/sss
atom_style (atomic) ** [ FL4

atom_modify * ¥ FREFE, , , NEEHE — T modifyRy, EEX ki S HI#FEBER
newton (on)
processors

dimension (3) * ZE#K

lattice ** FIE S %K

region ** VLEE— XI5
create_box ** GIE—1&
create_atoms ** G| 2R ¥
group, ** 5RF4H
delete_atoms,** fiftlBRF LR F

delete_bonds,

displace_atoms,* FZ o F LR T

replicate* W EALMENRETE=ZHEEEHK
read_data*** X L B2 AR IEENE MG EZRIEE W
read_restart* LA Z BIEITHEE RIEAX R IT BBV B85



pair_style* * 3 pR £ L Y

pair_coeff, ** FBRHBXH A ( — XM XHEBRESLinXXFHNE—TMERT)

pair_modify* *

neighbor, ** EHTFZHEHXIKE
neigh_modify, **
timestep, ** 1RIUBI T K

compute, *** | ENXITE, —RF(NEENWEHBIEMFTEX oL RKE
uncompute * HUE X Ncomputel B

variable** X Mg S R LI Z R A,

reset_timestep, ** T K IiT# 8 5=
run_style, BEEErundy, F—TFEE

compute_ modify * fid & compute B

—= 0\ 7Tk =
EX—1"NT &

, BZ PN runtiSHEFEXD

---------------------------------------- Minimize---------==-==mmm oo

e, FEMAIFE M
minimize, * *

min_style, **

min_modify **

X 53 7F 5%



fix¥** XN SMHEIBEE LR, EF#M
unfix BUERE M E

fix_modify,

dump, ** B EIE, WERNARENRFER, AR A

undump, * Hy/ﬁ% Ndumpik &

thermo, ** I £ F/EIE, LLWEE, E£5E, KE, SEEFH

thermo_style, * Fid & thermoHY

thermo_ modify, *

([EEEER N —E2HIEXE, R—RRKELR, BEAFENAIUERE S TH#H)
dump image,

dump_ modify,

dump movie,

restart, *48 Hrestart> {4, XJN/B]HEread-restart , dataX R BRFALAR, restart2H
HoITEER

write_data, *F H iR A HH N —NdataX 4, YT Z BIRYread-data ,

write_dump,

write restart*

run, ***XPay I ZE, BT FIe#HTITE, ENESEEREITEURE



AR

JRF 1
JRFHhZE
EEPSS CIPELES

R

il

JRF 4T

# Fcc Ni oriented X=[100] Y=[010] Z=[001].

400000 atoms

5 atom types
352.00000000 xlo xhi
353.26659733 ylo yhi

0.00000000
0.00000000
0.00000000

35.200000

Masses
1

vk wN

55.84500000
58.93319500
54.93804500

51.99610000
58.69340000

# Fe
# Co
# Mn

# Cr
# Ni

Atoms # atomic

1

No o bk wnN

1

R W W w ek, N

0.85758968
2.61375492
0.85319334
2.61814404
4.37867211
6. 13479812
4.37428979

00 zlo zhi

-1.01613907
0.75673180

0.74735301
-1.00681369
-0.99752754
0.77536903

0.76607103

0.00000000
0.00000000
1.76000000
1.76000000
0.00000000
0.00000000
1.76000000

LInX B INEERS
2. RIEE T B 2miE 3.
HMHF, Wstomsk




REAXFF

pair_style reax/c NULL
pair_coeff * * m.ffield.reax.Si Li Si Li

Reactive MD-force field: Li/Si force field Ostadhossein et al. PCCP 2015

39 ! Number of general parameters 2 | Nr of atoms; cov.r; valency;a.m;Rvdw; Evdw;gammaEEM;cov.r2;#
50.0000 !Overcoordination parameter alfa; gammavdW; valency; Eunder; Eover; chiEEM; etaEEM; n. u.
9.5469 !Overcoordination parameter cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.

26.5405 !Valency angle conjugation parameter ov/un;val 1;n.u.;val3,vval4

1.7224 !Triple bond stabilisation parameter Si 2.1932 4.0000 28.0600 1.8951 0.1737 0.5947 1.2962 4.0000

6.8702 !Triple bond stabilisation parameter e
. Li 1.6908 1.0000 6.9410 1.6121 0.2459 1.0000 -0.1000 1.0000
60.4850 !C2-correction

1.0588 ! Undercoordination parameter 3 I Nr of bonds; Edis1;LPpen;n.u.;pbel;pbo5;13corr;pbo6

4.6000 !Triple bond stabilisation parameter pbe2:pbo3;pbod;n.u.; pbol;pbo2 ;ovcorr

12. 1176 ! Undercoordination parameter 1 1 70.9120 54.0531 30.0000 0.4931 -0.3000 1.0000 16.0000 0.0392
13.3056 !Undercoordination parameter 0.2476 -0.8055 7.1248 1.0000 -0.1009 8.7229 0.0000 0.0000
-70.5044 !Triple bond stabilization energy 1 2 0.0000 0.0000 0.0000 1.0000 0.3000 0.0000 26.0000 1.0000

0.5000 0.0000 12.0000 1.0000 -0.2000 10.0000 0.0000 0.0000

0.0000 !Lower Taper-radius
2 2 429780 0.0000 0.0000 0.3228 0.3000 0.0000 26.0000 0.6003

10.0000 ! Upper Taper-radius 1.7161 0.0000 12.0000 1.0000 -0.1015 4.0000 0.0000 0.0000
2.8793 ! Not used 1 I Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2
33.8667 !Valency undercoordination 1 2 0.0200 1.5000 10.0529 -1.0000 1.0000 1.0000

6.0891 !Valency angle/lone pair parameter 1 ! Nrof angles;atl;at2;at3;Thetao,o;ka;kb;pv1;pv2;val(bo)

1.0563 !Valency angle 11 1 78.5339 36.4328 1.0067 0.0000 0.1694 0.0000 1.6608

0 ! Nr of torsions;atl;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n

2.0384 !Valency angle parameter
0 ! Nrof hydrogen bonds;atl;at2;at3;Rhb;Dehb;vhb1l



MEAM
hea. meam

pair_style meam rc=4.5

pair_coeff * * librarhea.meam Fe Co Mn Cr Ni hea.meam Fe Co Mn Cr Ni delr=0.1
augt1=0

_ erose form = 2

librarhea. meam ialloy = 2

'Co' 'hep! 12 1 58.933

5.2356147485 3.50 0.00 0.00 4.00 2.5000000000 4.41 0.90

1 3.00 5.00 -1.00 1.00 3

'Ni' 'fec' 12 1 58.690

5.0842175782 2.56 1.50 6.00 1.50 3.5213917703 4.45 0.94

1 3.10 1.80 4.36 1.00 3

'Cr' 'bec’ 8 1 51.960

5.5800716432 6.49 1.00 6.00 1.00 2.8809778433 4.10 0.52

1 2.00 6.80 -8.00 1.00 3

'Fe' 'bec! 8 1 55.847

5.1571615396 4.15 1.00 1.00 1.00 2.8636573352 4.29 0.56 zbl(2,2) =0

'1|v| | '256(? 81.80 i7.20 ;210840 3 nn2(2,2) = 1

n ccC .
5.7345791984 4.30 1.00 2.00 6.50 2.9213923621 2.90 0.70 attrac(2,2) = 0.05
1 4.00 -3.00 -4.00 1.00 3 repuls(2,2) = 0.05




