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On the relationship between two-body and three-body interactions
from nonequilibrium molecular dynamics simulation
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Nonequilibrium molecular dynamic€EMD) simulations are performed for argon at different
strain rates using accurate two-body and three-body intermolecular potentials. The contributions of
two- and three-body interactions to the configurational energy of argon at different strain rates are
reported. The NEMD data indicate that there is the same simple relationship between two- and
three-body interactions as reported previoug¥arcelli and Sadus, J. Chem. Phykl2 6382
(2000 ] from equilibrium Monte Carlo simulations. The relationship is largely independent of strain
rate. NEMD calculations using this relationship for shear viscosity at different strain rates indicate
good agreement with full two-bodythree-body calculations. This means that the effect of
three-body interactions on transport properties might be achieved in a conventional two-body
NEMD simulation without incurring the computational penalty of three-body calculations20@1
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I. INTRODUCTION wherev is the nonadditive coefficiefite is the characteristic

) ) ) ] ] depth of the pair-potentialy is the characteristic molecular
Despite the considerable increase in computing perforgiameter used in the pair-potential, apet N/V is the num-

mance and improvements in algorithms in recent decadegye; gensity obtained by dividing the number of molecules
molec_ular simulatiohis 'pr|cally confined to calculating N~ (N) by the volume ¥/). The significance of this relationship
teractions between pairs of molecules. However, genuing ya¢ it allows us to obtain an accurate overall intermolecu-

pair-potentials such as the BFWr Aziz—SIamaﬁ potentials |5 potential(u) solely in terms of pair contributionsig) and
are used only rarely. Instead, common practice is to Use aRg|l-known intermolecular parameters:

effective many-body potential such as the Lennard-Jones po-
tential. Effective potentials are very useful for coarse grain 2vp
simulations but their use can hide subtle intermolecular in- U=U2< 1- 3605>'
fluences. For example, it was recently repottethat the
vapor—liquid equilibria of fluids are significantly influenced Therefore, the effect of three-body interactions can be incor-
by three-body interactions. These important three-body efporated into a simulation involving pair-interactions without
fects have previously remained undetected because earlighy additional computational cost. CompariSai this ap-
work was confined to effective potentials. It has also beerproach with a full two-body plus three-body calculation in-
establishetl® that pair-potentials alone are insufficient for dicates that there is no significant loss of accuracy.
quantitatively accurate calculations. Instead, to obtain quan- The transport properties of fluids, such as shear viscos-
titative agreement with experiment, pair-potentials must béty, is an aspect of fluid behavior that could potentially ben-
used in conjunction with three-body interactions. efit from the use of accurate pair-potentials and three-body
There are many contributions to three-body interactionsgnteractions. In common with other applications of molecular
but the available evidentdndicates that the triple-dipole simulation, the transport properties of fluids have largely
term of Axilrod and Tellet alone is an excellent approxima- been investigated using effective potentials, although some
tion. Nonetheless, the need for three-body calculations invork involving three-body potentials has been repcti&d
addition to pair calculations represents a considerable confor shear viscosity. The aim of this work is to determine
putational impediment. Recently, Monte Carlo simulationswhether Eq/(1) is also valid for fluids far from equilibrium.
have been reportéavhich indicate that there is a simple and In particular, it is of interest to determine the effect of dif-
accurate relationship between the two-bod)( and three-  ferent strain rates on the validity of E({).
body (E;) configurational energies of a fluid:

@

2vpE,
3= W, (1) Il. SIMULATION DETAILS
The details of the simulation have been discussed exten-
. ’11 . .
3Author to whom correspondence should be addressed. Electronic maifiVely elsewheré! Therefore, only an outline of the main

RSadus@swin.edu.au details is given here.
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A. Intermolecular potentials -032

For the pair-interactions of argon, we used the Barker—
Fisher—Watts(BFW)? potential, which has the following 1 T - v *
functional form: T ' (p*=0.513, T*= 1.0)

5 2 C )
Un(F)=e Zﬁ Ax—1) exfa(1-x)]- >, —ls

=) 5+x270| €6 ’Bs - -

J 3 VE(2)40 T * * (p* = 0.592, T*= 0.95)
In Eq. (3), x=r/r, wherer, is the intermolecular separation ‘
at which the potential has a minimum value and the other + - * - *
parameters are obtained by fitting the potential to experimen- (0 =0.639.77=050)
tal data for molecular beam scattering, second virial coeffi- =~ |
cients, and long-range interaction coefficients. The contribu- T > - - -
tion from repulsion has an exponential-dependence on (p = 0.685, 7 = 0.825)
intermolecular separation and the contribution to dispersion
of the Cg, Cg, andCq coefficients are included. The values o
of these parameters were taken from the literatarel they ' ' ' ' ' ' !
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have also been recently summarized elsewhere.
The contribution from three-body interactions was

evaluated from the triple—dipole potential proposed by Axil- FIG. 1. The ratig of three-body'and two-pody energigs of argon obtained
rod and Tellef from NEMD at different state points and different strain rates.

{/*

v(1+ 3 cost; cose; cosb) ) ) .
U= (AT , (4)  quire typically 20 and 12 CPU hours on the.Fuutsu VPP300
ik jk and NEC SX-4/32 supercomputers, respectively. In contrast,
where v is the nonadditive coefficient, and the angles andwo-body only simulations under the same conditions, run at
intermolecular separations refer to a triangular configuratiorieast an order of magnitude faster.
of atoms. The nonadditive coefficient for arg(bi8.3 a.u.
was taken from the literatufe. IIl. RESULTS AND DISCUSSION

Equation(1) is a remarkably simple result that allows us
to incorporate the effect of three-body interactions during a

The NEMD simulations were performed by applying the pairwise additive simulation. Equatidi) can be applied to
standard SLLOD equations of motion for planar shear ffdw, both Monte Carlo and molecular dynamics simulations. In
using a Gaussian thermostat multiplier to keep the kineti¢he latter case, the forces between molecules can be evalu-
temperature of the fluid constant. In previous wtrk?such  ated from the overall intermolecular potential defined by Eq.
simulations have been used to report the energy, pressure). However, prior to this work, the validity of such a simple
and shear viscosity. The focus of this work is to determinegrelationship for NEMD was uncertain because of the added
the relative contributions to energy of two-bodi,) and influence of factors such as variation in the strain rate.
three-body Ej) interactions at different strain rates)(, and The ratio of three-body to two-body energies for argon at
to show if this relationship is useful for NEMD simulations. different reduced densitiept = po®) and reduced tempera-

A total system size of 500 atoms was used. The simulatures(T* =kT/e, kis Boltzmann’s constajts shown in Fig.
tions were performed in a cubic box and the conventionall as a function of reduced strain ratg*(= yom/€). The
periodic boundary conditiohsvere applied. For pair interac- temperatures and densities represent different state points on
tions, long-range corrections were used to recover the fulthe liquid-phase branch of the vapor-liquid coexistence
contribution to the intermolecular potential whereas threecurve of pure argon. Irrespective of the state point, it is ap-
body interactions were assumed to be zero at separatiopgrent that the ratio of the energies is largely independent of
greater than a quarter of the box lengtlihe equations of the strain rate. The dependence of the energy ratio on density
motion are integrated by a fourth order Gear predictords illustrated in Fig. 2. The values predicted by Eij) are
corrector scherté with a reduced integration time stég" also illustrated for comparison. This simple relationship fits
=t\e/ma?, mis the massof 0.001. A single nonequilib- the NEMD simulation data with an average absolute devia-
rium simulation trajectory is typically run for 250 000 time tion of 2.3%. This is close to the same quality of agreement
steps. Averages are taken over five independent trajectorie€%) that was obtain€dfor the Monte Carlo study of equi-
each starting at a new configuration. To equilibrate the syshbrium properties.
tem, each trajectory is first run without a shearing field. After ~ To test the usefulness of this result, we performed
the shearing field is switched on, the first 50 000 time step®NEMD simulations for the shear viscosity of argon using Eq.
of each trajectory are ignored, and the fluid is allowed to(2) in conjunction with the BFW two-body potential. The
relax to a nonequilibrium steady-state. Therefore, every enreduced shear viscosityyt = na?/ Jme), reduced configu-
ergy datum point represents a total run length of S5rational energy ;.= Econi/€) and reduced configurational
X 200000=1C° time steps. The three-body simulations re- pressure P, = P/ €) predicted by this relationship at

B. NEMD simulation details
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FIG. 2. The ratio of three-body and two body energies for argon obtained
from NEMD at different strain ratelsy* =0(0O), 0.702(A), 1.428(0J)] as
a function of density. The line through the points was obtained from{Hg. 3.44 -
E*(conf)
different strain rates are illustrated in Fig. 3. In Fig. 3, a
comparison is also made with calculations using the 3487
BFW+Axilrod—Teller potentiaf! It is apparent that, irre-
spective of strain rate, both the shear viscosity and configu- 3.5
rational energy obtained from the simulations using &.
agree very well with the BFW Axilrod—Teller calculations. 4
Because the simulations using Eg) do not involve explic- 2356 | | | 1
itly evaluating three-body interactions, they only require the 0.0 0.4 0.8 12 1.6 20
same amount of computer time as conventional two-body *
simulations. -0.2
In contrast to the accurate results for shear viscosity and .
configurational energy, calculations using E2). underesti-
mated the two-bodythree-body configurational pressure by
typically 10%. To investigate the source of this discrepancy, 037
we examined the effect of Eq2) on the pair-distribution
function of the fluid. It is apparent from Fig. 4 that E®) P*(conf)
only has a negligible effect on the pair-distribution function .04 -
of the fluid, even at moderate to high strain rates. The two-
body potential contribution to the pressure may be calculated
from g(r) as
-0.5 -
® (2)
32>=(2/3)wp2f g(r)r3—aua D, (5)
0 r
-0.6 T I I
0.0 0.5 1.0 1.5 2.0

A comparison of Eq(5) with the directly calculated pressure
via the standard Irving—Kirkwood expresstorior both the
BFW+Axilrod—Teller potential and Eq(2) yields excellent
agreement to within the fourth decimal place. Equati@n
does not adversely affect the pair fluid structure normally ) _ _ S _
expected from the full BFWAxilrod—Teller potential. FIQ. 3. Comparison of N_EMDIS|muIat|ons for the shear v_|scosny, configu-

. . rational energy and configurational pressure of argon usingZBd—)
Therefor'e, the dlﬁgrences in the press',ur(_a re_SU|tS Can. only B&ih data from simulations(Ref. 11 involving a full evaluation of
due to differences in the three-body distribution functions arFw-+Axilrod—Teller interactiond®) (T* =0.95, p* =0.592. Long-range
well as thespatial derivative®f the Axilrod—Teller potential ~ corrections have not been included.
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24 different strain rates. Therefore, E@) is a reasonable ap-
proximation to a full two-body-three-body potential and
could be used in NEMD simulations to incorporate the effect
of three-body interactions without the computational cost of
a full three-body calculation.
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