MD tutorial 3: Ar atoms

| found that the MD simulation using DL-POLY is not the hands-
off calculation like a gaussian GO3 program.You should make
something before and after the simulation. But | like it because it

is not blackbox simulation.
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Ar atom:

atomic number 18
electron 1s? 2s? 2p® 3s? 3p°
== neutral 1nert gas

atomic weight 39.948

[f there 1s no interaction between Ar atoms,
they are always in the gas state?

But

from experimental data
Melting point: 83.8 K, Boiling point 87.3 K
Critical tfemperature 150.8 K
Enthalpy of vaporization 6.5 kJ mol™
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What'’s the origin of the interatomic force!

® attractive force: van der Waals force from instantaneous
dipole-dipole interaction

C
O( —_—
70
* inthe following you can see the origin of vdW interaction and c is given

- — § 109 11]2
- 2 (4me)2 Iy + I

® repulsive force : overlapping of wavefunctions
One can assume that

rl2
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Origin of the atttractive part of Lennard-Jones potential

Masahiro Yamamoto
Department of Energy and Hydrocarbon Chemastry,
Graduate School of Engineering, Kyoto University, Kyoto 606-8501, Japan
(Dated: March 4, 2008)

Now we condsider two hydrogen atoms. If the two atoms are located far away, the Hamiltonian Hy and the
wavefunction ¥ of the system is given by two independent H atoms,

(,‘2 ('2

h? 2 2
Ho _%(Vl * V2) a 471’60"1 ; 47\'60"1 (l)
¥ = ¥i(ry)ve(re) = Rur(r1)Yim(r1) Rui(r2)Yim(r2) = [nlm)|nim) (2)
The ground state Wg is given by |100)|100). If the two H atoms get closer, they interact each other and the potential

€ e
I'1 r.
+ U
r

FIG. 1: van der Waals interaction between two hydrogen atom
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V' (perturbation) is given by

e2 e2 1 e2 1 e2 1

V = - -
dmegr 4meg | — 11+ 1| 4mep |r + raf N dweg | —ry + 1+ 1o

(3)

If we assume r >> ry,r9, and vector r is in the z direction. r = (0,0,2). If we consider the order up to r‘l(r%/r2)
because the (1/r)(21/r) order terms are cancelled out. If we use (1 +z)~ /2 ~ 1 — z/2 + 32%/8...

-1/2
Y - [z’~’ — 222 +z$+y’;’+z§] /

Ir—ri|™! = [(z—21)*+ (y—y1)* + (z — 21)

2
-1/2
-1 ~2zm +aei+ 3 +23)7 | 1 —Zem+a}++af | 3
= ¢ 1 + ) ~r (1 — 3 + 5
r 2r 2r

2220 + T2+ Y3 +25 323
Ir+ra|~! ~ r1(1- 2 221'2 % 2 4+ 2_1'3)
I —ry+rg|! ~ r‘l[l _ —2z2z1 + 222 + 27 — 2z170 + T3 + Y5 — 2y1y0 + Y3 + 27 — 22129 + 23 + 2(22 —z1)2]
e = 272 2 2
V ~ e2 -1+ —2zz1+ 71 +yi +27 327 _1+2z22+:1:%+y§+z§ 323
T Amweyr 2r2 2 2r2 2
- —2z21 + 2220 + 77 — 27170 + 23 + Y7 — 25190 + 43 + 27 — 22129 + 23 + Ez? + 23 —22122)
27‘2 2 r2
2 2
= 41;01'3 (z120 + Y10 + 2122 — 32129) = 47;0'_3 (z172 + y1y2 — 22129) (4)

This is the instantaneous dipole-dipole interaction 1/(4wegr®)[jiy -fia —3(ji1 -t)(jia-T)]. Here ji; = e(—r1), fia = e(—r2).
Using perturbation theory the energy change is given by

E, = EQQ + AP + AP + ... (5)

Ag) = (n|V|n) = Van (6)
@ _ Vo |?

AY =) —o @ ™
kzn En’ — By
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For ground state n = 0, Eé,o) = ¢p(atom1) + ¢p(atom2) and

2
€
A - (Olﬁ-(:nzg + yy2 — 22122)|0)

el

pr— (l 0,0(atom1)|{1,0,0(atom2)|(xy 72 + yyy2 — 22122)|1,0,0(atom1))|1,0,0(atom2))

- #(l,(). O(atom1)|x|1,0,0(atom1))(1,0,0(atom2)|x2|1,0,0(atom2)) + ...

-0 (8)
In the last equation the integral of the product of even, odd, even functions becomes zero. and the second order

AP - % Vo [*

rerrd co(atoml) + ¢g(atom2) — ex(atoml) + ex(atom2)

z (0|zy1 22 + y1ya — 22120\ k) (k|z1 20 + y1yo — 22120/0)
41rco) eo(atoml) + eg(atom2) — ex(atoml) + ex(atom?2)

(9)
Using the relation }°, [k)(k] = 1 = |0){0] + }~, .o |k)(k|, and we assume that the denominator is constant and
ep(atoml) + ep(atom?2) — ck(atoml) + ex(atom2) ~ —(Iy + I3), here I}, I5 is the ionization energy of atoml1 and 2.

et

(2) _
8" = (Ameg)?r® I| + I
e‘
 (Aweg)?r® I, +
+(0(atom1) |y} |0(atom1))(0(atom2) |43 |0(atom?2)) + 4(0(atom1)|z}|0(atom1))(0(atom2) >3 |0(atom2))]

(0|(z172 + y1y2 — 22122)%/0)

I [{0(atom1) |:1‘1 |0(atom1))(0(atom2) |1-2 |0(atom2))

In the same perturbation theory the atomic polarizability is given by

(0]z]k) (k|z10) 2¢*
a = kaz E((,o) £D o= T(Oln’.’lO) (10)
Here the electric field is in z-direction. Then we can get (0/z2]0) = (0|z2|0) = (0]2|0) = —(al)/(2¢*) With this
relation
4
@ _ ¢ 1 aydy als oyl asly aly aqgly
A7 = (47en)?rf Iy + I | 262 22 T 32 22 T3 22
3 oy Ll (11)
2 (dmeg)ir® Iy + Iy
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This equation was derived by F. London (Z. Phys. 63, 245-279 ,1930). Since the vdW interaction can not be estimated
from usual density functional theory( because we should consider excitation and dynamical dipole-dipole interaction),
some semiempirical correction based on Eq.(11) is reported. (e.g. F. Ortmann et al. PRB, 73, 205101, 2006)

The final result give the attractive part of the Lennard-Jones potential, ¢(r) = 4¢[(o/r)'? — (o /r)°]. In the mixed
system one can use the following convention(Lorentz-Berthelot mixing rule)

o; + a;
: (12)

€ij = \f€i€j (13)

In the case of 0i; we can understand the rule from the view point of hard-sphere. In the case of ¢;; we should consider

Eq.(11)

dij =

3 a2 | 3 o |,
—4ei07 = A —461'0’?:———‘1 ’

2 (47eg)? 2° 2 (4meo)? 2

3 may LI (14)

~ 16 (47€o)2 ojo3}

€ij = €i€j
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From the final equation the approximation of Eq.(13) may be not bad. If one consider the deviation form the standard
mixing rule, the modified Lorentz-Berthelot mixing rule can be used. £ is the deviation parameter.

0'1+0'J

€1g =€‘/€;€], Ty = 2 (15)

1 em Lamelia—

FIG. 2: from http://socrates.berkeley.edu/ peattiea/research_main.html

The Gecko (5% D) can stick to the wall. (both on the hydrophilic and hydrophobic surace and even dead gacko
can stick!!) They have 1 billion contacting point per foot and interact via van der Waals force!!. The total
adhesive stress from Autumn’s force measurements is 576 kPa (5.68 atm).
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vdW interaction (or Lennard-
Jones) is the one of the most
Important intermolecular
interaction and it’s always
used in MD calculation.
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Lennard-JonesPotential
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If there are two Ar atoms
in the system, the equation of
motion becomes

O
_ oV oV oV
. p— —V . = — . = — i)y = — , p— ,2
F; V;V, [means (F};), . (Fi)y o5 (F3) 62’1-] i=1
Vo= V(i —ral), Jr—rel = V(@ —22)? + (51— y2)? + (21 — 22)2
for example
oV oV (9‘7"1 —7“2‘ dV 1 / r1 — I2
_— = — 2 — o —
Oxy  O|ri —re| Oxq dr |,y ) 2lr1 — 12 (r1 — w2) = V' (|r1 — r2) 1 — 79
Then, equation of motion become
d? B , Ty — X2, / Y1 — Yo . / 21 — 22
mioaTL = —V'(|ry — ra|) - 7a2‘1 —V'(|r1 — r2]) - 742’t] —V'(|r1 — r2]) —
= —V'(Jr1 —r2|)t12, T12= S
1 — 72
2 , )
m2ﬁ1‘2 = V'(|r1 —ra|)T12
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Lennard-Jones n-I Potential
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In the case of many Ar atoms:

If the interaction between ¢ and j is pairwise, the potential energy is given by

1
V=g 26— ri = 2ol - xi) D (

1<j

The force acting on the atom k£ can be written as

Tij lr; —rj] ‘
A=l Sl = w201 = )00 — )
o= -5 Yl (1) 3 () )
‘|’k¢/(7am)% Zj](éki Okj) ‘
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Periodic Boundary Condition

Allen and Tildesley, Computer simulation of liquids, Oxford

C

axh=ax/2.0d0
ayh=ay/2.0d0
azh=az/2.0d0

do i=1, natom

if (x(i) > axh) x(i)=x(i)-ax
if (x(i) < -axh) x(i)=x(i)+ax
it (y(i) > ayh) y(i)=y(i)-ay
if (y(i) < -ayh) y(i)=y(i)+ay
if (z(i) > azh) z(i)=z(i)-az
if (z(i) < -azh) z(i)=z(i)+az
enddo

To neglect the effect of wall, PBC is used.

20134 78 2H NEH
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When the PBC is set up, the potential should be cut-off,

because a molecule in the center cell can interact with the self-image in the
neighboring image cell.

To avoid that the total energy is not conserved by introduction of the
cutoff, the potential is shifted

v (r) = { v(r) —v(re) r<re

0 r > T,

To avoid the discontinuity of the force at the cutoff, the force-shifted potential
is sometimes introduced

—ulry) — RO ey <y
USF(T) _ { v(r) (rc) ar 7 c) < Te

0 r>Tre.

The correction by the introduction of cutoff should be done.

20134 78 2H NEH
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Minimum image convention

Cutoff
rcutoff <L72

L:PBC box length

Allen and Tildesley, Computer simulation of liquids, Oxford

Should consider the interaction between 1(central cell) and 4 (cell E)

20134 78 2H NEH
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minimum image convention in the program (by MY)
For fortran study | strongly recommend |) “JIS FORTRANAFMI (L) FZOFE— HKHHR”

and 2) F90 http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/fortran90/secO.html by EHEZ.

C - calculate potential ----------------
C  ---i-j pair include minimum image --
do i=1,natom-1
do j=i+1, natom

Xij=x(i)-x(j)

yi=y(i)-y()

zij=z(i)-z(j)

if (abs(xij) > rcut) 'when |x_i-x_j|>r_cut
xij=xiJ-sign(1.0,xij)*ax ! | check the image cell x_i- x_j - sign(xij)*ax

if (abs(xij) > rcut) cycle I sign(1.0,x ) =1.0whenx>0, =-1.0whenx<0

if (abs(yij) > rcut)
yij=yij-sign(1.0,yij)*ay
if (abs(yij) > rcut) cycle
if (abs(zij) > rcut)
& zij=zij-sign(1.0,zij)*az
if (abs(zij) > rcut) cycle I cycle means skip this do-loop
r2ij=xij*xij+yij*yij+zij*zij
if (r2ij > r2cut) cycle
rij=sqrt(r2ij)
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http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/fortran90/sec0.html
http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/fortran90/sec0.html

2 D8 Programming D& 9 9 & again

(ICSETRUE T 2 AICIImiEN B |

For Fortran study | strongly recommend

1) “JIS FORTRANAFY (L) HROE— EKRKHR”

(It takes just one day) and in the second step

2) F90 http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/
fortran90/sec0.html by EMEEZ. (this is a kind of dictionary.)

FORTRANSAEZEZ->TIW\SDIZIIEEA D DD, FHHIEFE D EF
http://www.komoto.org/fortran/
http://members.at.infoseek.co.jp/kitaurawa/fortran.html

*%QEE"]fJ(:%%E—C:E)J:L\O http://www?9.plala.or.jp/sgwr-t/index.html
or ZEHCEZBAF—MICEETSIHAYVY RKTRAHITEICDL (BITE) =5m7 =
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http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/fortran90/sec0.html
http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/fortran90/sec0.html
http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/fortran90/sec0.html
http://ace.phys.h.kyoto-u.ac.jp/~tomita/education/fortran90/sec0.html
http://www.komoto.org/fortran/
http://www.komoto.org/fortran/
http://members.at.infoseek.co.jp/kitaurawa/fortran.html
http://members.at.infoseek.co.jp/kitaurawa/fortran.html
http://www9.plala.or.jp/sgwr-t/index.html
http://www9.plala.or.jp/sgwr-t/index.html
http://www.amazon.co.jp/exec/obidos/search-handle-url/250-1237305-0078669?%5Fencoding=UTF8&search-type=ss&index=books-jp&field-author=%E8%8F%85%E5%8E%9F%20%E6%9C%8B%E5%AD%90
http://www.amazon.co.jp/exec/obidos/search-handle-url/250-1237305-0078669?%5Fencoding=UTF8&search-type=ss&index=books-jp&field-author=%E8%8F%85%E5%8E%9F%20%E6%9C%8B%E5%AD%90

« http://www.komoto.org/fortran/ KW

FortranZz{#E& >

TWE X SFortran!?; BREESELNFSTID, BEZEBNTIC. HATECLES, BAEXRULTWSEREEDHT
Fortran(d &6 S0 EMNREETI (oS UBUEESTE R EFICEE D),

B ([CFortranDEEZEVNTHEE T,

FortranDAE £ ld® <. 19574, IBMDJohn Backuslc K DR DEHREEE UTHRFEINE L, FORmula
TRANslator Z N RT LK ST, FortranlE LM SEESFEZBNE LTWE U,

ZD#%. FORTRAN66. FORTRAN77# IEMNTE. FORTRAN77IZHESTEREEE U TEZKDAREICERHINTEX
Ufco ZFDTcth, BUEBSHEREEDEE L1 7 7Y Tld. FORTRAN77 TENMNIZYNEEZ < HD T,

U, FORTRAN77OMBERZHEL. & S5ICHERTERNE DHEEZ 8L U fc Fortran90X% U'Fortran95M TE £ U foo
5&>EERNENTVWSENLET T E,

FORTRAN77

Fortran&E S5 &, KRIIEICFORTRAN77DEIRMEWK S TY, UL, T TRE2EDEEVWTEZT XY, FORTRAN77
IFBEICRHRENTT, HoEV0ELKEDIRS. THHEE EE>TULERL>TEULXZARBRWTUL & S,

RAEWIC, BEKTOTZIVT 2 Ui THETERVWEHFAKRICEENHD XTI, EFNICEHERZEREISE. T
DESHBENESNDERBWVETD,

*TESRLUTIOY I VT TERL
=770y U EZIMRTERN(goto TIL—TE1ED LHEW)
M-St % VANVANA

WO FA. FORTRAN77IEY & T, Fortran90Z{HEWE U & 5.

20134 78 2H NEH
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http://www.komoto.org/fortran/
http://www.komoto.org/fortran/

Fortran90/Fortran95

Fortran90Cld. LD LS5 HBFORTRAN7T7OXRENZFIFETEESINTWET, FNICINA T, #EET
BRI MNUEPILEFEICE U B XHENESNTWET, EAREENH DDH. C/C++& LHEU
THEU &£ Do

BRFEEZEZEE=PI L
feRh, MDOEEEHNTEED., FortranDERHRELFHTL & S5, Fic. ZXRTEINZIFREDS &
g5E&E MOEZBZEFESONIENS UL D ET,

WHHEZBERPICES CENTES
Fortran D ForAlISC Y. ERFEENZES &, AV JIXBEEICTIIENGH D LA BEICEITTE
£9, D=, AV ZIXBEINRNY MU P BEEIEIEZITWY I <D £9,

AT (CIHEBICHEMAICK WO TIOXAY M &% L MYE)

"FORmula TRANslator"& E5<5WTI DT, stOHAICEWETTOV I LZEITET, £
EIEEBXZHES & T, AEHEDI—TZ2E WD ITIZRNENEL KD, IL—TES5FTRZY -5
TWVWBDN KL M5 RWL, EWwofed &ElcHEDERBA,

BREEAAERZ1 TV
aﬁﬂ_nJr% ICES S 75 YR, KiEFortran&ECRIFICESNTWE T, Netlib REZR B &, L
BEWBEHBRTATTUNRHEINTVET,

A7V MERIFEZEINTLEL

C++Tld. ATV UV MEAIMEZ D LSICHE>TWET, —A. FortranTl& Fortran2000 A 7
YV MERAZEELLS EVWSEIENH D XIH TLEEESNTVLWEREAL, IAV/IAZH
HDFEE A

ATV MNMERAZEZILGVDIFEMNCTAY Y R TIH, ZHZHHEFEDHEREIATI I L
EAZES AU Y IDBERDBZVWDT, HEDRUCERD I EIFENLSICEVNXT,

20134 78 2H NEH
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AHUIS, f(x,y,2) =2 g2(x,y,2) - 39(x,y,2) + 4 = FortranECTEWTHEU & S,
Fortran

f(:,:,;) =2.0*g(;,:,:)*"2 - 3.0*g(:,:,:) + 4.0

C

for(z=0; z<N; z++)X
for(y=0; y<N; y++)X
for(x=0; x<N; x++)X
\ flz]lylix]=2.0"g[Z]lylIx]*glz]lyl[X] - 3.0%g[z]lyl[x] + 4.0;
}
¥

Fortran Cld. ECAEE X Z DM > THEICEITX I, COXLSBRHELGRTIE
Fortran® X U vw MR UCICK WHhE UNEBAD., ADNEMICHRBIC U
T. FortranO ANEEZPI KA XTI,

e, FortranDECFEEX TlE. BEINERZWIITERRETHDIEZRU
9, FEEDFITIE. TVINA TIENSDOXFMENH D EEBHEICHBRITTEX
ER

20134 78 2H NEH
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« http://members.at.infoseek.co.jp/kitaurawa/fortran.html &V

FORTRAN®EESE

1950451

FORTRANI(E, K| BM#t® John. W. Backus KA PiILNETRDT, 195 4FENST1957FICHIT I B
M#®D | BM7 0 45t8E# (T UCHAEEINTE. FORTRANEWSA(E, FORmula TRANslating system

BAZLHRY R T L) OBIIHOS[IFoNn. BRUOKIILICSREBLESHONTLDS.

B, SREBEVSODICEAUTERNLGREANRLS, ZOLOBHDFFFRENNBZHDEZZ 5N TLY
o, ZORMELT, 1) DVINASBENEELHERERZEEI DL, 2) EHENDII— FORMIRUN
PEIYTUSBICELDODEFERFTERVC E, BRELBIFoNTWLE. LHAMLEGBHLS, FORTRANMEIN
SORBEZRRL, TEP<HRVLBEITI—RZERT DI EICHINLIE. ORI, SRSBICHT DIE
RIFBEZA, BELZOSMEENEHZITDIEICKRD. BRCOBOLH1 95 0FAKRICEEHZBL, Biw!'BEL I SP
HERICEEFORTRANICK>TEINT.

196 0&FMK

FORTRANKEWPITWEBTOH >LILDHIBECIHFEN, | BMHUNDHEHICHLLERL, &1
BEDFORTRANDEILIBICEDZ. ZDRR, 196 0FRICTEOM—FBOHENKDSDLSIC
iBofc. ¥R 1 BMHOFORTRAN | VZTIC, 197 2%, HRYOFEKSERIEFORTRANGG
MEIEENE. CORBR, FORTRANDERIEIW>ZIEATL.

19708

ULHAULEBHS, COCAEE#ZRIAENS, FORTRANODEZE UTORMBICKTTBDIHENIUEXSD. 1
90 6 84FICIF, BR5mX GO TO Statement Considered Harmful (GO TO X(XBEXLD) 1 RN, K
EMNESZHID. £UT Fstructured programming (&L 00 >V D) 1 N—HZRET DRITEER
5. £fe, CNLE TGO TO Xy ZBEULPASCALZHNEIT B E TBARBDRMBHNEIRZIT .

Znlicxdl, FORTRANEZ(E, GO TO dHhobDO(C TCOME FROM Xy ZIREULTHIED, TTIHXTXH
L7z, 198 0FICHIESNIEFORTRANT 781X, TOISLFMEICBALTIE BLOCK IF X3 ih5E

FIF...THEN...ELSE...END IF3 & WSHBELRTEFTZED ANTETLERD K SIRBETH D, INEEFTIE TGO
TO Xy ZHEBRTERULDT, INLBED TGO TO Xy =BT 2E(CKINT 2.

20134 78 2H NEH
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http://members.at.infoseek.co.jp/kitaurawa/fortran.html
http://members.at.infoseek.co.jp/kitaurawa/fortran.html

198 0FMK

ETBAN, ESIS5TBDOEHEHRERITEPASCALECORT/IIAHELUEL>TED, FORTRANED IReal
Programmers Don't Use PASCAL (KD T0T >V —(EPASCALZEDIEWN) 5 BREELEFITVWTWBSE(C, LWDDREIC
MFORTRANIEEFICENBWVWKSICEDOTLEZ, 198 1FICIFCSEBDBrian W. Kernighan A% TWhy Pascal is Not My
Favorite Programming Language (I8P ASCALEHO/ZULDFERTOISIVISELCLRBRLOD) 3 28T, U
CiRN O —FH—CHHL, BRENAUN I X WS (D—ORF7—Y3V) ECEAINICHBO>TITK ZEMNEGD TSNS,

LHALEDAS, FORTRANEZZIHEDORNICHERINY, IWNEFZEBUDDODXAAMYIL—ALALETORUWERICSDD%IR
MhLTWWe, 51198 0FKDR—/\—IVE2—FIEINRIKNIHEETHD, COHRICEEIT DN NUEIVINACS—EF
ORTRANEFTH DT, IDARLZHHBRLBESHEDSELTRETRICESLTLSNE,

—A, TOZBAFORTRAN7 70h@¥imsEEL), FTULLWSERBEFORTRAN S8 xFHIECEIFTOERZEHNEAHINDID,
FIEFREEFR, | BMWDE C, ZOMEL DI THOHICHSD, T3 BEEEHN, LWODREICH T 98 0FRIFKRD-
TUZES. #B, 1991 F(ChH>TERENLERRLBRECI>THABFORTRANIOAXEDH LIFENBZ &(CHB.
IiRHE, EFEFRICULEN DT, BELTOVSIIVIDORBERZINTWMD AND EERIC, FIERICLEN DT, SNETO
FORTRAN7 7HBEINTEIET I EICHO.

199 0FMRK

FORTRANIEFORTRANO9O&%>T Module 82D ANTERBELSEBNEENLL 1 97 0FRDSEKEICEEL
7e. FORTRANO9O (&, BEIWEo7ZHHIDOBELEFLERRD, HRABEMRRCEDVWTRIESN, FORTRANFIA
FDRRBRNEDFEREND K S ICHhResnc. SEOBMRER LMD, B2z I —NMEIT2ONLHEIKDBG(CKR . LHL

U, FIBROZWFORTRANEBEETIIRIEZFORTRANGGICENIDHDWT, EBELXELTEREERGH 7. (BL
FORTRANGG6I(E, FEEFFORTRAN77(CAEEN, FORTRAN77@FERICFORTRAN9OICEEENDD

T, FORTRANG670U3AF, IHBHOLEIFIEFORTRANIOTOISATHSH. ) 1997FI(C(F, FORTRA
N 9 O DIRIEDRNwZiBH S Bug Fix BIRBIEE LTFORTRAN9 SHIEHFIEESN, KDTEREZSHTLS.

200 0F

FORTRANIX, SERHEUIEKLEETEDIERESNTVWD, ZDEBHEF, FORTRANERAEDOETEITOISYHEIZDT
OJ5LD1—YTHDIENE, HEHIEDFNUNGEL, BIHRELCROITNS, 195 0FRDI—RHRKRECHEDF
EYMRBEHARL, I—YICTFIBRBENBMBOSELTOISIVIBMRZANSBVLABESEH LR, BREARBIFSNTL
.

IBEFORTRANIZE, ATV O EROMSZRDANTEFORTRANZ2O0O ORBIEZERIEPTHS.
20134 78 2H XEEH
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ESEEYYN=H
L] systems

For Ar atoms, m = 6.63x10%° kg, € / ks = 119.8 K, and o = 3.405x10°1° m,

For Ne atoms, m = 3.35x10°%° kg, € / ks = 47.0 K, and o = 2.72x1071% m,

For Kr atoms, m = 13.92x10%° kg, € / ks = 164.0 K, and o = 3.83x10°1° nm,

ke = 1.3806503x10-23 ] K1

In the usual L] systems, one can use the reduced units,
because the system is universal.
In the DL-POLY the following units are used.
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1.3.10 Units

Internally all DL_POLY _2 subroutines and functions assume the use of the following defined
molecular units:

1. The unit of time (¢,) is 1 x 1072 seconds (i.e. picoseconds).

1o

The unit of length (£,) is 1 x 107! metres (i.e. Angstroms).

The unit of mass (m,) is 1.6605402 x 10~?7 kilograms (i.e. atomic mass units).

i

The unit of charge (g,) is 1.60217733 x 10-19 coulombs (i.e. unit of proton charge).

-

The unit of energy (E, = my(£,/t5)?) is 1.6605402 x 10~ Joules (10 J mol™!).
6. The unit of pressure (P, = E,£;?) is 1.6605402 x 107 Pascal (163.882576 atm).
7. Planck’s constant () which 1s 6.350780668 x E,t,.

In addition the following conversion factors are used:
The coulombic conversion factor (4,) 1s:

1 [ 4 .
Yo = — = 138935.4835
o | d4meol,
such that:
Unmks = EoYoUrnternal

Where U represents the configuration energy.
The Boltzmann factor (kg) is 0.831451115 E,K !, such that:

T = Egin/ks

represents the conversion from kinetic energy (in internal units) to temperature (in Kelvin).

Note: In the DL_POLY_2 CONTROL and OUTPUT files, the pressure i1s given in
units of kilo-atmospheres (katm) at all times. The umt of energy 1s either DL_POLY_2
units specified above, or in other units specified by the user at run time. The default 1s

DL_POLY units.
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FIGURE 5.7 Temperature—density phase diagram for the pure Lennard-Jones (12, 6)
substance. The vapor-liquid saturation curve was computed using the Nicolas et al.
[3] equation of state. The melting lines were taken from Hansen and McDonald [10].

Molecular Dynamics Simulation, ]. M. Haile, John-Wiley 1992
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gas

po® =0.01, kgT/e = 1.0

20134 78 2H NEH

L] system is universal:
two parameters

po® kpT/e
‘.Q."
e @®
a0 e®
'. O po® =1.1, kpT/e = 1.0
o 00 solid
liquid f
po® = 0.8, kgT/e = 1.0 .::::‘.
96800
00000
200086 @
900000




initial positions of Ar atoms

® First we should determine the numbers of atoms
in the cell. (e.g. 864 atoms in liquid and solid
phase.)

® |n gas phase the density is low, you can put the Ar
atoms randomly using random number

generator.* (* The routine is very important, you should use
good one in Wall-Street if you don’t want to lose your money.)

® |n solid phase it is known that they make a face
centered cubic(fcc) lattice. So we should put Ar
atoms on the fcc lattice points. It is easy to do
that with your own program.

® |n liquid phase we can start from the fcc solid.
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fcc lattice generation Fortran program

by MY (1 hope you can understand the language.)

Of course you can make it by hand if

ou like.(laughter)

--- fcc lattice generation Fortran program by MY
# of atoms:natom

NX=6

ny=6

nz=6

natom=nx*ny*nz*4

write (6,*) 'natom=', natom

--- volume

sigma=3.405d0

rho_real= 1.1d0/sigma/sigma/sigma
volume_real=real(natom)/rho_real
pow=1.0d0/3.0d0
box_real=volume_real**pow
ax=box_real

ay=box_real

az=box_real

volume=ax*ay*az

write (6,*) 'ax,ay,az,volume=',ax,ay,az,volume
half of box size

axh=ax/2.0d0

ayh=ay/2.0d0

azh=az/2.0d0

primitive cubic cell
box_nx=box_real/real(nx)
box_ny=Dbox_real/real(ny)
box_nz=box_real/real(nz)

20134 78 2H NEH

¢ ---- 4 atoms in cubic cell: fcc
c (0,0,0),(1/2,1/2,0), (1/2,0,1/2), (0,1/2,1/2,1/2)
do i=1l, nx
do j=I, ny
do k=1, nz
icount=icount+|
x(icount)=real(i-1)
y(icount)=real(j-1)
z(icount)=real(k-1)
write (6,*) icount,x(icount),y(icount),z(icount)
icount=icount+|
X(icount)=real(i-1)+0.5d0
y(icount)=real(j-1)+0.5d0
z(icount)=real(k-1)
write (6,*) icount,x(icount),y(icount),z(icount)
icount=icount+|
x(icount)=real(i-1)+0.5d0
y(icount)=real(j-1)
z(icount)=real(k-1)+0.5d0
write (6,*) icount,x(icount),y(icount),z(icount)
icount=icount+|
x(icount)=real(i-1)
y(icount)=real(j-1)+0.5d0
z(icount)=real(k-1)+0.5d0
write (6,*) icount,x(icount),y(icount),z(icount)
enddo
enddo
enddo
if (icount .ne. natom) stop 999
C - fcc lattice ---
¢ box shift to -axh to axh and so on.
do i=I, natom
x(i)=x(i)*box_nx-axh
y())=y(i)*box_ny-ayh
z(i)=z(i)*box_nz-azh
write (6,'(3f15.7)") x(i),y(i),z(i)
enddo

?

J
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® After the atomic fcc lattice that
positions are given, you contains 864 atoms
can calculate the forces
if you know the inter-
atomic potential.

® And if you can integrate
the equation of motion
numerically, you can
calculate the trajectory.

® But we should define

the velocity (If we select
an option, we do not need
velocity and force. But | think
it is better to prepare them
in this simplest case.)
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velocity (momentum)
&

temperature of the system

N 5 N

2
m;; D; SNEkpT
T = (YA =

1=1 1=1

Maxwell-Boltzmann distribution

—

Uy = (Uimv Uiya U’iz)
1/2

pViz) = ks T ) X

Viy, Viz 18 the same

momentum of the system — 0

N N
E D; = E m;v; =0
i—1 i—1
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- 2%kpT

------ MD simulation parameter ----

temp=300.0d0 1300 K

bk=1.3806503d-23 kb J K-1

war= 6.63d-26 Im_Ar kg
------ initial velocity -----------

M.B. Distrubution function
gasdev is random number generator
Normal distribution:mean=0,dispersion=1
1/(sigma)/(2pi)**0.5 exp(-(x-<x>)**2/2/sigma**2)
cc=sqrt(bk * temp / war)
sumx=0.0d0
sumy=0.0d0
sumz=0.0d0
do i=1, natom
vxx=gasdev(idum)
vyy=gasdev(idum)
vzz=gasdev(idum)
vXx(i)=vxx*cc
vy(i)=vyy*cc
vz(i)=vzz*cc
write (6,*) vx(i),vy(i),vz(i)
sumx=sumx+vx(i)
sumy=sumy+vy(i)
sumz=sumz+vz(i)
enddo

--- total momentum => zero-----------

psum is kinetic energy of the system
psum=0.0d0
sumx=sumx/real(natom)
sumy=sumy/real(natom)
sumz=sumz/real(natom)
do i=1, natom
vXx(i)=vx(i)-sumx
vy(i)=vy(i)-sumy
vz(i)=vz(i)-sumz
psum=psum-+war*(vx(i)**2+vy(i)**2+vz(i)**2)/2.0d0
enddo
tempinst=2.0d0*psum/3.0d0/real(natom)/bk
write (6,*) psum,tempinst

write (6,%) itime
write (6,*) psum,tempinst
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Cmmmm e e ¢ ran2 is uniform randum number generator
c gasdev is random number generator c between 0 and |.
¢ Normal distribution:mean=0,dispersion=| c ran2 random deviate by L'Ecuyer long period plus shuffle
Cmmmm e e o e
FUNCTION gasdev(idum) FUNCTION ran2(idum)
INTEGER idum INTEGER idum,IM[,IM2,IMMI,IAL,IA2,1Q1,IQ2,IRI,IR2,NTAB,NDIV
REAL*8 gasdev REAL*8 ran2,AM,EPS,RNMX
CU  USES ranl PARAMETER (IM1=2147483563,IM2=2147483399,AM=1./IMI,IMMI|=IMI-1,
Cran2 use ran2 *IA1=40014,1A2=40692,1Q1=53668,1Q2=52774,IR1=12211,IR2=3791,
INTEGER iset *NTAB=32,NDIV=1+IMMI|/NTAB,EPS=1.2e-7,RNMX=1 .-EPS)
Cran2  REAL*8 fac,gset,rsq,vl,v2,ranl INTEGER idum2,j,k,iv(NTAB),iy
REAL*8 fac,gset,rsq,v1,v2,ran2 SAVE iv,iy,idum2
SAVE iset,gset DATA idum?2/123456789/, ivINTAB*0/, iy/0/
DATA iset/0/ if (idum.le.0) then
if (iset.eq.0) then idum=max(-idum, 1)
Cran2 | vI=2*ran| (idum)-I. idum2=idum
Cran2 v2=2*ran|(idum)-1. do Il =NTAB+8,1,-1
I vI=2*ran2(idum)-I. k=idum/IQI
v2=2*ran2(idum)-1. idum=IA1*(idum-k*IQ1)-k*IR
rsq=v | **2+v2++2 if (idum.lt.0) idum=idum+IM|
if(rsq.ge.l..or.rsq.eq.0.)goto | if (j.le.NTAB) iv(j)=idum
fac=sqrt(-2.*log(rsq)/rsq) I continue
gset=v|*fac iy=iv(l)
gasdev=v2*fac endif
iset=| k=idum/IQI
else idum=IAT*(idum-k*IQ1I)-k*IR1
gasdev=gset if (idum.lt.0) idum=idum+IM|
iset=0 k=idum2/1Q2
endif idum2=1A2*(idum2-k*1Q2)-k*IR2
return if (idum2.1t.0) idum2=idum2+IM2
END j=1+iy/NDIV
iy=iv(j)-idum?2
iv(j)=idum
You can get these codes if(iy.It. iy=iy+IMM|
from “Numerical recipe” by Press et al. ran2=min(AM*iy, RNMX)
http://www.nr.com/ E?\tlgn

The above codes are modified by MY.
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random number generator check: ran2

50

40 — —

I(x)

30
20
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1000 samples

0.0 0.1

0.2

0.3
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04 05 06 07 08 09 1.0

X 5004 — [ | ] |
400 |
S 300 10000 samples
200 —
100 —
0
0.0 0.2 0.4 0.6 0.8
5000 ——— 1 ]
4000 —
__ 3000
z
2000
1000 —
0
0.0 0.2

1.0

100000 samp
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frequency

1ms ! =10YA x 107 2ps™ =0.01 A ps

20134 78 2H NEH

1

fequency

50—

comparison between the
velocity distribution
from random number
generator and
M-B distribution

p(0)dvgdv,dv, — 4mv?p(v)du

-3
— 3.0x10

velocity distribution (MD)
—— MB distribution 300 K

uoniquasip g
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Equation of motion: how to solve it
Now we know{#}, {7}, {F;} at time ¢.
How can we know{7;}, {7;}, {F,;} at time ¢ + dt.

If the classical trajectory is continuous, the estimate of the positions at t + 6t may be
given by

2 3
r;(t+0t) = 71r;(t)+ dtvi(t) + (5? a;(t) + <5é) b;(t)
2 3
r;(t —dt) = Ti(t) —otvi(t) + (5;) a;(t) — (52) b; (1)
By adding and subtracting, we can get
T (L +0t) +T(t — 6t) = 25;(t) + (61)%a;(t) + O[(5t)%]
3
r;(t+0t) —r;(t —dt) = 20tv,(t) + (5? b;(t)

Verlet equtation (not recommended)
F(t+6t) = 2r5(t) — Tt — 6t) + (6t)%a;(t) + O[(6t)4]

— 2wy(e) — (e — ot) + 6025 4 o0

m;
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The velocities do not appear in the above formula. The velocities are not needed to compute
the trajectories, but they are useful for estimating kinetic energy. They may be obtained by

oty = Til+ 575)2;:@.(75 ), o

LeanrOg (LF) also used in the electromagnetic wave simulation FDTD Yee algorithm
In this method the mid-step velocity and the positions are updated separately. Using the Taylor

expansions
G- %) = i) - Yan + 20 + ol
G+ 9) = i+ Y + 2B 0 - ol
Gilt+9) — Vit = 5) = () + O[(30))
il + )+l - 9) = 2w+ OB
Fi(LL0t) = F(t)+ 6tv(t) + (5?25}(15) + (5?3&(75).
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Then we have

v;(t %) = Vit — %) + 6ta; (t) + O[(6t)°] = v (t — %) + 5tf;§) + O[(6t)°]
r;(t+6t) = r;(t)+ ot (Gi(t) -+ %é’i(t) -+ (5?2&(75)) +0[(8t)*]

A\ 4
"~

~ i (4 5L ) =, (£)+ 8L &, (£)+ P2 B, (1)
S 5 0t
= T;(t) + 0t (t + 5) + O[(6t)4]

Vi(t + %) + Vi (t — %)
2

The calculation procedure is

vilt —at/2) \ o Fi (1) B Ht—6/2) 1
{ E(t) }:>Vi(t‘|‘5t/2)7 { Vz'(t—F(S/Q) }:>I'7;(t—|—(5t), { \—/')i(t—l—5/2) }:>Vz'(t)
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Velocity Velret!!

The velocity Velret method is recommended because of the memory storage, its numerical stability.

First, the new velocities at mid-step time t + Ot/2 are calculated in the following way.

ot ot 5t i (t
Vit + =) :‘77;(?5)+§§7;(t) = v, (t) + (t)

+ O[(6t)?]

§mi

The new positions are calculated using these velocities at the mid-time-step.

= Ti(t) + otvi(t + %)

vi(t) + LW

— () + ot
ri(t) + >

+ O[(6t)°]

The forces and accelerations (f; = m;&;) at time t + 8t are then computed from r;(t + dt), and

the velocity at time t + Ot is estimated by

Vit +0t) = Vi(t+ %) + %&(t + t)

5t 6t £t + 6t)
PRI I
O (£ (1 + 6t) + E(0)] + O[(00)?]

Zmi

—

= Vz‘(t +

= V(1) +
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The calculation procedure is

To avoid the round off error , small number amounts
should be added separately.

r;(t+ndt) = 7Ti(t)+ 5tkz:x7’i(t + (k—1)dt) + (252; kz:ﬁ-(t + (k —1)6t)
Vi(t+not) = v;(t)+ 27;' i [E(t + kot) + i (t + (k — 1)5t)]
" k=1

20134 78 2H NEH
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Ar atoms MD simulation input files
® The foIIowings are the examples. microcanonical ensemble NVE

® | think it is very important to “do it yourself”

TABLE I: Translation of reduced units to real units for Lennard-Jones Argon. m = 6.63 x 1072 kg, ¢/kg

1198 K. and
oc=3405 x 107" m.

Quantity Reduced units Real units

length r=1 - r=c=3405x 10-° m
Cnergy E=1 - E=€¢=1634x10"2']

tims 1 6 x 10712
velocity 1 157.95 m
temperature T =1 — T=¢/kg =1198 K
density p =1 3 — 2533 x 10°
Pressure ] 1 I 11.9 MP
fores f=1 1.858 pN

XVI. REDUCED UNITS IN THE L-J POTENTIAL

Now the Lennard-Jones pair potential is described as

We define the ‘hl:le"lﬂi- nless r and ¢ in the 1H|1~'\'\Tl',' wav
| d
=i
0 &l
[‘ t 'n' { v' l‘."
e
Ao .
—_— ! =Y
ar n

20134 78 2H AFEH 40



1.0 -

potential min./100
=> r =10 Angstrom o
potential min./1000 .
=> r =15 Angstrom
=> rcut '

rcut = 8 A is enough

20134 7H 28 XFEH




CONTROL

20134 78 2H NEH

L) Argon

integrator velocity verlet
temperature 120.00
ensemble nve

steps 5000
equilibration 1000
multiple step I

scale 10
print 50
stack 100
stats 10
rdf I

timestep 0.004312
cutoff 8.00

delr width 0.5000

rvdw cutoff  8.00

no electrostatics

shake tolerance |.0E-5
quaternion tolerance |.0E-5
print rdf

job time 600.00
close time 100.00
finish

42



FIELD

20134 78 2H NEH

LJ Ar
units kJ
molecular types 1
Argon
nummols 864
atoms 1
Ar  39.948 0.0
finish
vdw 1
Ar  Ar | 0.99607
close

3.405
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CONFIG

20134 78 2H NEH

2 |
31.4164760186
0.0000000000
0.0000000000
Ar |
-15.7082380093
-1.4841599823
0.0000000000
Ar 2
-13.090198341 |
-1.1985052697
0.0000000000
Ar 3
-13.090198341 |
-0.2902447339
0.0000000000
Ar 4
-15.7082380093
0.2025070266
0.0000000000
Ar 5
-15.7082380093
1.6752475218
0.0000000000
Ar 6
-13.090198341 |
-1.8792819470
0.0000000000
Ar 7
-13.090198341 |
-1.9572185128
0.0000000000
Ar 8
-15.7082380093
-3.0249123171
0.0000000000
Ar 9
-15.7082380093
-1.1606271365
0.0000000000
Ar 10
-13.090198341 |
1.2247598317
0.0000000000

Ar L) system solid 120K rhol.|

0.0000000000
314164760186
0.0000000000

-15.7082380093
-1.3546851956
0.0000000000

-13.090198341 |
1.1185526954
0.0000000000

-15.7082380093
-1.60101 19044
0.0000000000

-13.090198341 |
2.6507153672
0.0000000000

-15.7082380093
3.0135226089
0.0000000000

-13.090198341 |
0.5181167823
0.0000000000

-15.7082380093
-2.5524163519
0.0000000000

-13.090198341 |
0.5990315258
0.0000000000

-15.7082380093
1.9297868123
0.0000000000

-13.090198341 |
1.0607088519
0.0000000000

0.0000000000
0.0000000000
314164760186

-15.7082380093
0.3078685086
0.0000000000

-15.7082380093
-0.1253282262
0.0000000000

-13.090198341 |
-1.5683169323
0.0000000000

-13.090198341 |
-1.8006851740
0.0000000000

-10.4721586729
-2.3565592798
0.0000000000

-10.4721586729
-2.2284424691
0.0000000000

-7.8541190046
-1.6063832355
0.0000000000

-7.8541190046
-1.6698931477
0.0000000000

-5.2360793364
-0.8672368852
0.0000000000

-5.2360793364
0.3416609074
0.0000000000
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Now we can play
around!!
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Exercise

0) The three input files and input-file-make-fortran source

codes DLPOLY _LJinput.f

can be downloaded from
http://www.chem.konan-u.ac.jp/applphys/DL_POLY/

20134 78 2H NEH
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From the phase diagram

1) DO the MD simulation of Ar solid pg3= 1.1

at 120 K and get radial distribution function
(print rdf option in CONTROL file).

2) DO the MD simulation of Ar liquid po3= 0.8
at 120 K and get the radial distribution function.

3) DO the MD simulation of Ar gas po3 = 0.01
at 120 K and get the radial distribution function.

4) DO the MD simulation of Ar super critical

state P03 = 0.3 at 180 K and get the radial
distribution function.

20134 78 2H NEH
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Structure

4- Ar solid 25 Ar liquid
poi=1.1at 120K po3=0.8at 120 K

2.0

g(r

g(r)

0.5

0.0

0 2 0 2
r / Angstrom r / Angstrom
. Ar gas Ar S;,Ipe(l)" ;”tlc-?ggaée
po3=0.01at 120 K . po~="b.oat
2.0 - ' The scs is between
average may not be enough. L
gas and liquid.
= 17 T 1.0
(@)] (@)]
1.0 -
0.5
0.5
0.0 | 0.0 | I I I I I I
0 2 0 2 4 6 8 10 12 14
r /Angstrom r / Angstrom

The pair distribution function g(r ) gives a probability of finding a pair of atoms a distance r apart, relative to the probability
expected for a completely random distribution at the same density.

V
g(r) = m<225(r—rij)>
i i
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Dynamics: root of mean square displacement

The mean-square-displacement(MSD) is defined by
([ri(t+to) = ri(to)]*) = (|rs(t) — r:(0)%)
The MSD may be independent on the fp in the thermal equilibrium condition.
For the short t,

I‘i(t + to) — I‘Z'(to) ~ V(to)t

(Ieatt) —r0)) = (v2(0))12 = 222

In the longer time limit, the MSD becomes
(|r;(t) — r;(0)]?) ~ 6Dt

In the NVE-MD calculation the center of the mass of the system is fixed, so each particles do not diffuse
freely. By this constraint the MSD deviates from the above linear relation at the longer t limit.

The diffusion constant is also given by

1

D = § /OOO dt<Vi(t) . V@(O)>

In practice these averages would be computed for each of the N particles in the simulation,
the results added together, and divided by N. Note that in the computation of MSD, it is
important to use the trajectory which have not been subjected to PBC.
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In the OUTPUT you can find, Be careful that MSD should be

he diffusi .. linear with time!! In these
the dirrusion constant iIs glven. case no checks were done!!

Ar solid po*=1.1ac 120 k
Approximate 3D Diffusion coefficients (104-9 m”2 / s)
0.0000E+00

Ar |IC|UIC| pa3=0.8at 120 K
Approximate 3D Diffusion coefficients (104-9 m”2 / s)
4.0951E+00

Ar gas po*=0.01ac 120K
Approximate 3D Diffusion coefficients (104-9 m”2 / s)
4.2605E+02

Ar supercritial state po*=0.3at 180K
Approximate 3D Diffusion coefficients (104-9 m”2 / s)
3.1635E+01
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structure and dynamics

to see the Movie: | like the sofware such as
Jmol http://jmol.sourceforge.net

and/or
VMD  http://www.ks.uiuc.edu/Research/vmd/

and If we use YVMD, it can read HITORY file
directory.

20134 78 2H NEH
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http://jmol.sourceforge.net/and
http://jmol.sourceforge.net/and
http://www.ks.uiuc.edu/Research/vmd/
http://www.ks.uiuc.edu/Research/vmd/

»®

-

Solid po?=1.1at120 K liquid oo?=084
SnapShOt quid po?=0.8at 120K

as. po3=0.01at 120 K

It is like “Hotaru” firefly supercritical state po*=0.3ac 180«
20134 7R 2H XFEH
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Animations (so what's?)

VMD (visual MD) is used here.
HISTORY file can be easily visualised.

Please visit

http://www.ks.uiuc.edu/Research/vimd/

and can export animated GIF by imagemagik!

20134 78 2H NEH
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animation

20134 78 2H NEH

Gas. po3=0.01at 120 K
It is like “Hotaru” firefly
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Gas. po3=0.01at 120 K

an i m ati O n It is like “Hotaru” firefly
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liquid po*=0.8ac 120k
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liquid po*=0.8ac 120k
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Solid po3=1.1at 120K
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Solid po3=1.1at 120K
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supercritical state po*=03at 180K
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=0.3at 180 K

supercritical state po
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This is the end.

| think it takes time to make a input files if
you make by your-self even in this simple
system.

® |n the next tutorial | will try to include long-
range coulomb interaction. | will do a high-

temperature molten salts (like LiCl and/or
NaCl) MD simulatiuon.
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