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SUMMARY OF THE ACTIVITIES DURING THE WORKSHQP

e following topics, related to the general subjects of
s

the workshop, were tackled in small subgroups {iwo or three

1) The nature of ensembles corresponding to the dynamic simu-
a n of constrained systems. Case studied: consirained

ol
-
[&]

o
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etic energy.
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Extension of the Rahman-Parrinellc method to molecular crystals
made of rigid molecules. Case studied: orthorombic monocliinic
transition in solid benzene.

3) Solution of the "closest image problem" for molecules in a peri-
odic parallelepiped box of arbitrary shape, using the Wigner-
Seitz cell construction.

4) Simulation of a Couette flow by the "Doll tensor" perturbation
of Hoover and Evans; the perturbation is very weak and the vis-
cosity coefficient is obtained from the difference between per-
turbed and non-perturbed trajectories in phase space. Case

studied: Lennard=-dJdones molecules.
5) Simulation of an osciliating Couette flow for polvatomic systems

by means of a strong perturbation (requiring a continuous
cooling of the system).

The evaluation of the free energy of a sclid phase along a

o
L

reversible path, starting from an Einstein solid. Application
to hard spheres.

In spite of the rather larage number of topics covered, a

continuous and fruitful interaction between all participants was

oy

maintained during the full duration of the Workshop and various
works which were initiated at that time, were carried out fur-
ther. In the following pages, a certain number o7 reports cencerning

some of these topics may be found.
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Equiliorium statistical mechanics of constant kinetic
energy molecular dynamics: H.C. Andersen.

Constant temperature - constant pressure molecular dynamics

L

of rigid molecules: M. Ferrario, M. HMeyer and J-P. Ryckaert.
aw for simple fluids by non-equilibrium mcolecular
dynamics (NEMD): G. Ciccotti and J-P. Ryckaert.

Equations of motion for non-equiiibrium molecular dynamics,
simulaticns of viscous flow in molecular fluids: A.J.C. Ladd.
Non-equilibrium molecular dynamics of molecules with bond
Tength constraints: M.P. Allen and G. Maréchal.

New method to determine the absolute free energy of arbitrary
solid pnases: D, Frenkel and 7. Ladd.
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Ia this publication we prasent & camputar simuelation method to
datermine the domain of thermodynamic stabilicy of solid phases in
model systems. The recent development by Parinello and Rahman (1)
of a new Molecular Dymamics simulation technique has graatly

srimulated the use of computer simulacions to imvesti

solid phase transitions in model systems. The basic idea upon wnich

rhe Parinello—Rahman method is based is that the fixed Teriocdic
Boundary Conditions (P3C's) employed in conventiomal MD simulations

all but exclude the direct observation of solid—-solid phase transitiocms,

as boundary conditions chosen tcﬂbe‘compa:ible with one solid phase

are in gemeral incompatible with the other. Hence fixed 2BC's tend

to stabilize one solid phase well beyond its range of thermodynamic
stability. Simulations iavolving fixed PBC's may easily overlook the
axiscence of other, more stable phases altogether. In the Parinello—

Rahman methed the shape of the periodic box is no longer fixed; shape
and siza of the periodic box ars expressad in terms of variables which

lay the role of generalized coordinates in an extended Hamiltenian.
The resulsing 2quations of moticn describe the "patural" time evoluzicm
of the shape znd size of the periodic box under constant applied exzer-
nal pressure and z2ro applied stress. Note that if only the size of the
Yox is teared as 2 variable the Parinello-Rahman method reducas ©o Andersen'’s
constant prassurz ¥D(2). The P-R method provides an easy, narural
route for 2 model system to go frcm ome solid phase to the other as

che boundarv conditions adjust themselves to the favorad solid structure.
For this reason the P-R method is now widely used Zor mapping phass

diagrams iavelving several solid phases (3). Lt should be noted, howaver ,
thar the P-R method does noc provide a reversible routes from coe phase

to the other: the solid—-solid phase transformatiom takes place when th
initial solid phase beccmes mechanically unstable. The actuzl thermedynamic
phasa transition is bracketed by the width of the aysteresis regicn. In
order to locata the thermodymamic phase transiticn one needs information

on the free =nergy of both solid phases.

Two methods have traditionally been used to obtain such information. 3Both

methods rzly on coustructhg a reversible path from a state of kaoown fTee

gnergy to zhe solid phase under consideration. The first method is the so-—

atomic positioms in the uncomstrained sclid. Zxpancing tiis laztice uni-

formly one approaches a dilure gas which has the same pressure s an idezl
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gas at the same density, and & free energy that can be evaluated exactly. The
free energy of the lattice zas at high densities coincides with the free

eperzy of the corresponding unconstrained solid (if the density is suf-

ficiently high o snsurs that che ar icial cell walls have negligible
effact on :fhs particle placements). The frese zpmergy of the solid is

This method was used by HooverdRee to obtzin the free emerzy of the nard-sphers

(and 2D nard—-disk) sclid (3,4). The actual aumerical i

13

tegration of eqn.l

rt

e
may require evaluacing the pressurs at quice a few state points bescauss the

P~V realrion of z lattice gas exhibits a cusp zt the point where aoearest—~
neighbor interactions take over frem the cell walls iz comsitTaining the
particles. Thers is even some evidence that a weak first order tramsiticn
takes place =zt this point (6 ), im which case the supposedly revarsibla
path linking the solid to the dilute lattice gas may,afcer all, be not qui:za
revarsible.

A second method to compute the IZree energy of a sollid phase i1s to star

o

Tom the low-temperature harmenic sclid, the free enmergy of which can be com—
puted exactly. This mechod was first used by Hoover,Gray % Johason(7 ). There
are two factors limiting the applicability of the lzttar method. The firsc
is that it only works Zfor solids that are harmomic at lcw temperztures (and/or
high demsitiss). This excludes all systems with discontinucus intermolecular
forces, e.g. the hard—-sphere solid. Morescver, solid phases that ars mechanical-
17 unstabls ar low cemperaturss cannot Se inmvestigatad by this method. & prac-
tical problem wich the harmonmic—lactice method is tha:z for znything but the
simplest sclids, and in particular for melecular solids, avaluarting the har—
monic latzicz frze energy involves scome non—trivizl computation.

<

Below we present a method to compute the free energy of an arbitrary
solid in a way that we belisve is easy, ralizble and efficient. Our ap-—
precach is onee again based on the comstructi
state of known free emergy. Ino this case the resference state Is an Ein~
stein crystzsl with the same structure as the solid
reference stzte can be reached from the rezal scolid by slowly switching on
hnarmonic springs which bind the atoms to thelr lattice sites. As the Ein-

stein solid is very similar to the initial solid, it is very likely that
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could be accuracsly a ximared oy an analytical expression based on a
"wvirial expansion to be described below. Hence the numerical simulazions
o

were limitid to the incerval 08 A< 600. At high values of A , <T » o P
g

whereas £ r™> ¢ as

s
]
sl
(9]

.
(]
E
_
7]
H
[1*]
.
I
o

: is the mean=—squars displacement of
an atom around its lattice site in the normal hard-sphers solid { nota
that in the simulacion we have kept the centsr of mass of the svsten
ixed; we corract for the effsct of this constraint on the free enerzy).
Clearly then the function (Ard/<% 2& varies little over the interwval
0 £ A < 600. Hence to compute the desired free enerzy diffesrencs we
evaluated the integral: Al Avrax Fo]
.

i expan bk i o /f{{&’;ﬂ(/\-?c)) d Lagh+c) " [_5)

o (hec) B e
he integrand is a very smooth function of A , and the inregral

4
i

T

eTa

I

could be evaluated using a [0-point Gauss—Legendre quadrature. t
tests indicated that o significant loss of accuracy resulted if a
5=point quadraturs was used. Each simulation tcok about 2 minurss on

an I3M 192 computar.

H
fu
p]
rt
1
a3

The free energy of the inte g Einstein crystal at A, was evaluatad

in zhe following way. The configuratiomal part of the partition frnction

O
h
[0
[s)
1]

interacting Einstein crystal is of the following form:

~

R(T3A) = fj (-pAZ{AAN) w5 2 U5 A" (3}
-

-
. }L‘a iy L g ,'E»_ . " . y - o iy £ e <
where L% = ;=1 ( . 1s the lattice sita of partizle i}, % =1/kT zand

u(r,.) is che value of the pair potential of particies i and

wnere Q. (T) is the partition function of the non—intarzcting Eiastsin
=
1

(%)

Here the subscript E stands for averaging over all configurations of che
non-interacting Zinstein crystal. This average can of course be carried
ocut by Monts Carlo (umbrella sampling) but in the present case we an

expansion in cluster functions f, J-exp(—au(r =

= ey 4 1“) ALZ <
Note that ~<£,.7 =-4P’%? . » the probability that particles i and
iz E overlap
j in the non—interacting Einstein crystal are separated by a distancefr..|<c.
At hizh values of A all <£,.% for i and j not nearast neighbors be-
4 ' L:lJ-fl i H] L b -
come negligible, while [, "1« (a.n. stands for "nearest neighbor'"). In
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In fact we

i

on the Eimstein crystal side were taken into account {see tzble 1).
find that the MC data £it a [/N dependence far be*:e: than Aw(N)/N. The 2ntropy

differance berween the hard-sphers solid ac ’G' —fokland an ideal gas

=

at the same density was cthus 2stimatad to be:
o £

AS = -&5.932 = -°2°° ;

(1;& axtrapolacien)

Ag = - 5. g4p £ -096 (Am N/N 2xtrapolation)

The arror bars.guotad corresspond tc 2 standard deviations. For the sake
of comparison we give the Hoover—Ree results using the single occupancy

call methed:
AS - 6. 93y + . ol5

Clearly, cur rasults agree very well with the HooveriRee result. In fact,
the present results may sven be marginally mere accurate.

In summary, we have deveioped a simple,zfficient and accurate method’
to obrain absclute Zree energies of arbitrary solid phases. For hard
spheres our results agrese well with the results obtzined by Hoover&Ree
using a different approach. We are currently applying the present tech—
nique to a number of unsclved problems concerning the tharmodymamic
stabilicy of sclid phases in modal systems.
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Mezn square displacement of atoms in an inceracring Einstein crystal

™ *

2s a function of the "spring” comstant A. O ¢ MC data,
:"yizial approximation (egm.l4), ——=—="! Einstein crystal
(N + =) , = — = =3 Einstain crystal (fixed center of mass:N=108).
All resul:is gpply to the case: kmax=632.026 and, unless stated
otherwise, N¥=108. To improve the legibilicy of this figure, all
mean square displacements have been muiciplied by (X-c), with

c=33, .
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ependence of the free energy difference betwesn a nard sphere

[ = P 4]

e

-
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solid at ogd® = 1.041 and an ideal gas at the same demsity. as

can be seen from the figure, the relation between AF and 1/

is very nearly linear. The imtercept at 1/¥=0 yislds an estimata
2 ., FTor the saka of comparisom, the

HooveriRee value AF=5.924 is alsc shown (#). Iz the upper

right hand side of the figure the present value for AF and

the Hoover & Ree result are shown with their respective error
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