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and from 1 to ¥~ for the anions, One way of achieving this
would be to assign those labals to ihe particles, at random
after each attempted addltion or deletlon. We could then '
impute, for the labeled states [of, Eqs. (3) and (4]
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1. One other paper in the series has so far appeared (Valleau et al,, J. Chem. Phys. 72 (1980)
5942). The methods described in the present paper can also be applied to the inhomogeneous case;
see, for example (van Megen and Snook, J. Chem, Phys. 73 (1980) 4656; Torrie and Valleau J’
Chem. Phys. 73 (1980) 5807; Torrie and Valleau, J. Phys. Chem. 86 (1982) 3251). o

2, The quafltilies v’ and »_ in eqs. (3) and {4) and in Note 15 should appear in the numerator
and not, as printed, in the denominator. Because of cancellation in the final expressions, the error

does not affect any of the results.

il is. important that a random choice be made at each step between particle moves, additions
alnd deletions. If, for example, moves were to be strictly alternated with additions /delections, a
single step in the Markov chain would consist of an attempied move followed by an attemp(ed
addition /deletion. For a Markov chain constructed in this way, it is easy to think of pairs of states
for }v}.xich the principle of microscopic reversibility is violated. Microscopic reversibility is only a
sufficient, not a necessary condition, bui it is not cbvious that such a procedure would satisfy the
more general requirement that T, u, p;; = u,; (see Reprint 1.2, eq. (8)).
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1a the molecular dynamics simulation method for fluids, the equations of motion for a cull=ution of
particles in 3 fixed volume are solved numetically. The energy, volume, and number of particles are

constanl for a particular simulation, and it is d that time

of properties of the simulated

fluid are equal 10 microcanonical ensemble Avernges of the same properties. In some situations. it 15
desirable to perform simulations of a fluid for particular values of temperature and/or pressure of under
conditions in which the energy and volume of the fAuid can fluctuate. This paper proposes and discusses

three methods for performing maolecular dy imnlations under conditions of constant lemperature
and/or pressure, rather than constant encrgy and volume. For these three methods, it i shown that tme
averages of properties of the simulated fluid are cqual 1o averages aver the iscenthalpic—isebaric,
canonical, and isothermal-isobaric ensembles. Each methed is a way of describing the dynamics of a
certain number of particles i a volume element of a fluid while taking into account the influence of
AT ing paricles in changing the energy and/or density of the simulated velume element. The
iniluence of the swroundings is taken into account without introducing unwanted surface effects.
Examples of siwations where thest tnethods may be useful are discussed.

1. INTRODUCTION

Malecular dynamics and Monte Carlo methods have
become important tools for the study of § luids. V'* They
have been used ta study the equilibriam and transport
properties of maodel atomle liquids, such as the hard-
sphere fluid,” the Lennard-Jones fluid, ¥ and medeks for
molecular liguids. ¥

The Monte Carlo methed, as developed by Metropolis
et al.® and extended in various ways, > is a proce-
dure tor evaluating configuration space equilibriom
averages for canstant temperature ensembles, such as -
the cancnical ensemble and the isgthermal-isobaric
ensetyible. [n the canonical ensemble, the temperature
7, volume V; and number of particles N are specified
in advance, and an algorithm is used to generate a se-
quence of configurations, The average of any property
over this sequence is an approximation to the measured
value of that property for the thermodynamic state with
the specified values of N, V, and T. Similarly, for the
jsothermal-isobaric ensemble, N, the pressure P, and
T are specified in advance, and properties are aver-
aged over a sequence of generated configurations.

In the molecular dynamics method, the Newtonian
equations of motion of a set of N particles in vplume ¥
are solved numerically. The total energy E of the 9¥5-
tem is conserved as the system moves along its tra-
jectory. The average of any property over the tra-
jectory is an approximation to the ragasared valve of
that property for the thermodynamic state with the spe-
cified values of N, ¥V, and . Such an average is
equivalent to ar average over a microcanonical ensem-
ble if the trajectory passes through all parts of phase
space that have the specified energy.

0 Thia work was supported by the NSF-MRL Program through
the Cemter [or Materials Research at Stanford Universlty and
Ly the National Science Foundation through grant CHET8-
09317,
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1n some situations it 15 desirable to perform simula-
fions at constant temperature and/or pressure. For
example, in studying dilute solutions, it is worthwhile
to slmulate both the pure solvent and the dilute solution
at the same temperature and pressure. This corre-
sponds to the usual experimental situation in which par-
tinl molar quantities of the solute are measured, and
the comparison of caleulated results with experiment is
facilitated. ™" Also, in studies of the glass transition
in atomic fluids, il is helpful to be able to manipulate
the pressure and temperature of the surroundings af the
fiuid being simulated. **®' To achieve isothermal and/or
isobaric conditions, with the appropriate energy and/or
volume fluptuations, it has heen necessary to use Monte
Carlo methods, rather than molecular dynamics. An
advantage of the molecular dynamics method, over the
Mobte Carlo method, is that molecular dynamics gives
information about the time dependence and magnitude of
flactuations of position and moemenium variables away
from their equilibrium values, while Monte Catlo deals
only with position variables and gives no information
about the time dependence of fluctuations. Thus, 10
order to be able to specify the temperature and/or pres-
sure of 2 simulation, it has been necessary to use the
Monte Carle method and thereby forgo the possibllity of
cbtaining dynamical information from the same simula-
tion.

The object of this paper is ta pregent and discuss mo-
lecular dynamics methods for simulating a fluid sub-
ject to 8 constant pressure, constant temperature, 47
constant temperature and pressure. The trajectory
averages Tor these three types of simulations corre-
spond to averages over the isoenthalpic-isobaric,
canonical, and jsnthermal—ischaric ensembles, respec-
tively, These methods have the advantages of isother-
mal and/or isobaric simulation without sacrificing a
dynamical description of the fluid.

A molecular dynamics caleniation can simulate the
motion of only a small pumber of particles {typically,
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