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Fluids of dipolar hard spheres are thought to have rather unusual phase behavior in that liquid-vapor
equilibrium has not been observed in computer simulations. Recently, McGrother and JeekgsnRev.
Lett. 76, 4183(1996] have reported Gibbs ensemble Monte CafB&EMC) results for dipolar hard sphero-
cylinders. At the reduced temperatufé =0.12 they report liquid-vapor coexistence for aspect raltitid
=0.19, but no coexistence was found for smaller values. In the present paper we investigate the phase behavior
of dipolar hard dumbbells and dipolar hard spherocylinders using both GEMC and grand canonical Monte
Carlo methods. For both models at the same reduced temperature we find liquid-vapor coexistence for aspect
ratios as low as 0.1. For aspect rati®§.1, the strong dipolar interactions create severe sampling problems and
reliable results cannot be obtained. This is particularly true for the GEMC method and possibly accounts for
the disagreement we find with the earlier simulatidig063-651X99)08502-3

PACS numbsefs): 64.70.Fx, 05.70.Fh, 75.50.Mm, 82.20.Wt

. INTRODUCTION ample, for the reduced temperaturd@* =kTD% u?
=0.12 (u is the dipole moment the Boltzmann constant,
Computer simulations have shown that fluids of dipolarandT the absolute temperatyrehey find liquid-vapor coex-
spheres have rather unusual and interesting phase behavistence for aspect ratios betweet®.19 and~ 0.28, but only
[1-5]. For example, such models form both isotropic anda single fluid phase for values bf D smaller or larger than
ferroelectric fluid phasdd,2]. However, for dipolar hardor  these limits. McGrother and Jackson conclude that their cal-
soft) spheres, where dispersion interactions are absent armmllations confirm that dipolar hard spherds=0) do not
the only attractive interactions are due to the dipole-dipolehave liquid-vapor coexistence, at least for temperatures as
potential, no liquid-vapor coexistence has been folBeb]. low asT*=0.1.
Thus, rather than the three fluid phases one would expect The work discussed in the present paper was begun as a
(i.e., vapor, isotropic liquid, ferroelectric liquidonly two  study of dipolar hard dumbbells, which are of interest for
have been observed. various reason$7]. This model is similar to dipolar hard
In recent simulations, McGrother and Jackg@h have  spherocyclinders in that dipolar hard spheres are recovered at
examined liquid-vapor coexistence in fluids of dipolar hardzero aspect ratio. Further, for small aspect ratios we would
spherocylinders of varying aspect ratidD. Since the di- expect the phase behavior of this model to closely resemble
poles are embedded at the center of the spherocylinders atigat of the dipolar hard spherocylinders. However, employ-
are directed along the long axis, in the limit=0 these par- ing both GEMC [8] and grand canonical Monte Carlo
ticles become dipolar hard spheres. Employing Gibbs en(GCMC) [9] methods, we observed coexistence behavior,
semble Monte CarldGEMC) calculations these authors re- which differed from that reported by McGrother and Jackson
port liquid-vapor coexistence for certain values lofD. [6]. Also, we were unable to completely reproduce their re-
More precisely, for a fixed temperature and dipole momensults for dipolar hard spherocylinders. In particular, Tdt
they find an “island” of liquid-vapor coexistence. For ex- =0.12 we agree with McGrother and Jackson for larger as-
pect ratios, but we find evidence of liquid-vapor coexistence
for aspect ratios as low as 0.1, which disagrees with their
*Laboratoire associau Centre National de la Recherche Scienti- observations. We argue that the discrepancies between our
fique, URA 63. results and those of McGrother and Jackson arise because the
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TABLE |I. GEMC coexistence results for dipolar hard dumbbells and spherocylindeissthe number of particles) is the average
configurational energy, angdy and u, are the chemical potentials of the gas and liquid phases, respectively. The packing fraefion is
=pVyc, WhereV, is the particle volume.

L/D T N cycles g Mg 7l M (U/NKkT)q (U/NKT),
Dumbbells
0.20 0.111 400 177000 0.08%.002 -0.82 0.24-0.02 -0.70 —-6.7 -10.1
0.20 0.120 400 130000 0.034.003 -0.78 0.21-0.03 -0.92 -6.7 -85
0.20 0.122 400 135000 0.012.005 —0.82 0.19:0.04 —0.80 -6.3 -8.4
0.20 0.125 400 300000 0.013.005 —0.75 0.18-0.04 -0.75 -5.8 -7.9
0.26 0.100 400 105000 0.06:0.002 -0.74 0.27:0.02 -0.92 -6.9 -10.4
0.26 0.111 400 108000 0.01®.003 -0.72 0.26:0.02 —0.88 -5.2 -84
0.26 0.120 400 108000 0.022.004 -0.74 0.14:0.03 -0.70 -4.9 -6.9
0.50 0.075 364 90000 0.0870.002 -0.57 0.29:£0.01 —-0.54 -6.3 —10.3
0.50 0.085 364 50000 0.0¥0.004 —0.53 0.22£0.02 —0.53 —-4.9 —8.0
0.50 0.089 364 90000 0.039.005 —0.54 0.22-0.03 -0.52 —-4.4 -6.9
0.75 0.060 364 130000 0.023.006 —0.48 0.27-0.03 -0.41 -8.7 —-11.3
0.75 0.065 364 110000 0.028.006 —0.46 0.210.03 —0.45 -7.7 -9.4
0.75 0.068 364 70000 0.032.006 -0.43 0.26:0.03 -0.43 -6.8 -85
0.75 0.070 364 80000 0.03%.008 —0.43 0.16-0.03 -0.43 -6.1 -7.9
Spherocylinders
0.10% 0.12 512 260000 0.020.01 -0.91 0.13:0.01 -0.98 -111 -11.4
0.15° 0.12 512 386000 0.0630.0015 —0.86 0.26:0.02 -1.01 -5.2 -9.9
0.18°¢ 0.12 512 306000 0.00250.001 -0.81 0.18-0.015 —0.98 —4.6 -9.0
0.20¢ 0.12 512 500000 0.0040.001 —0.78 0.170.02 —1.01 —4.8 -84
0.24° 0.12 512 300000 0.0140.014 —0.76 0.16-0.01 -0.88 —-4.5 -75

nitial conditionsN; = 256,57, =0.036N,= 256,=0.090.
PInitial conditionsN; =256 7, =0.032N,= 25677,=0.096.
“Initial conditions from last configuration of run &fD =0.20N; =122, =0.0047N,=390,7,=0.1634.
dinitial conditionsN,; =256, =0.010N,= 256 5,=0.102.
€Initial conditionsN; = 256,77, =0.093N,=256,=0.093.

Monte Carlo sampling becomes extremely poor for smalwhereu,c(12) is the hard-core interactiop, is the dipole
aspect ratio$10]. Reliable GEMC and GCMC calculations moment,u; is a unit vector along the dipole of partidler is
appear to be all but impossible for dipolar hard spheres a§ unit vector associated with the interparticle veataand
temperatures and densities where condensation might be ex=|r|. A thermodynamic state of a system of dipolar hard
pected to occur. The problem is particularly severe for thedlumbbells or spherocylinders can be completely determined
GEMC method because head-to-tail association of the dipasy specifying the reduced temperatufé =kTD% u? and

lar particles greatly restricts volume fluctuations and rendershe packing fractiony=pVc, wherep=N/V is the number
the method very unreliable at low temperatures. If one iglensity andVy is the volume of a hard dumbbe(V,p
unaware that the method is failing, incorrect conclusions=(7D?3/6)[1+ (3/2)(L/D)—(1/2)(L/D)3]) or spherocylin-
about the phase behavior at low aspect ratios may be drawder (Vysc= (wD36)[1+ (3/2)(L/D)]).

Our experience suggests that better simulation methods may The GEMC and GCMC calculations were carried out in
be necessary before any final conclusion can be reachdte conventional mann¢8,9]. Periodic boundary conditions

about whether or not liquid-vapor coexistence exists for diwere applied and the Ewald summation mettidd| was
polar hard spheres. employed to take account of the long-range dipolar interac-

tions. The dielectric constant of the surrounding continuum
was taken to be infinity. GEMC results for both dipolar hard
IIl. MODEL AND SIMULATION RESULTS dumbbells and dipolar hard spherocylinders are given in
The hard dumbbell model we consider consists of two! aPle I. Some simulation details are also included. Note that

spheres of diametdd with a distancd. separating their cen- n G'_EMC cycles consis;ed OhN/2 trial translationgl plus
ters. Hard spherocylinders consist of a cylinder of lerigth "otational movesnN/2 trial box exchange moves\(is the
with hemispherical caps of diametBrat each end. In both otal number of particles in the simulatipand n volume

cases, point dipoles are placed at the particle centers and dfd2nges. We remark that in the GEMC simulations the num-
directed along the long axis. Thus the pair potentig2) ber of particles in the gas box is generally small and different

are of the form from t_he_number in the liquid box. This could influen_ce the
quantitative result§12], but here we are only attempting to
2 get the correct qualitative picture.
U(12) =upc(12) = —=[3(py- 1) (o 1) — py- o] , (1) GCMC calculations were carried out only for dipolar hard
He r3 Fatiike Fa ke dumbbells. These employed a cubical cell and each GCMC
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(b) ;ggmg gg polar hard spherocylinders as a function of the aspect ratid for
: : *GEMC 0.75 =0.12. The open circles and open triangles are, respectively,
008 L OGCOMC 0.75 | GEMC and GCMC results for dipolar dumbbells. The solid squares
’ are the present GEMC results for dipolar spherocylinders and the
] o= L .
* . o solid circles are the previous results of McGrother and Jacl@bn
= s ’, u] Note that GCMC vapor densities were not obtained EgD
0.06 & o =0.20 and 0.10.
might expect the liquid to remain metastable at lower densi-
¢ O ties for larger systems and this could be the main contribu-
0.08 . . . . tion to the observed system size dependence. On the gas
0.0 0.1 0.2 0.3 04 0.5 side, the densities are low and often far fewer particles were
n present. Thus, the gas densities must be regarded as very

FIG. 1. Liquid-vapor coexistence points for dipolar hard dumb-uncebrta.m' Also(,j due_ o t?ese difficulties, we pnly attﬁmpted
bells as determined by GEMC and GCMC simulations. Results fmIO obtain gas densities or some aspect ratios at the more
L/D values up to 0.26 are shown (&) and forL/D=0.5 and 0.75 elevated '_[E_:mperature_s using the GCMC method. Thus, some
in (b). For L/D=0.1, GCMC points are shown foi=155 andN gas densities are “missing” from the GCMC results plotted
=289 atT* =0.12 and forN=90 andN=192 atT*=0.14. Note " Fi9S. 1 and 2.

; " .
that GCMC vapor densities were not obtained for all temperatures . CoeX'Stence_T VS 7 plots for dipolar hard dumbb_ells_
and aspect ratios. with aspect ratios ranging from 0.1 to 0.75 are shown in Fig.

1. ForL/D=0.2, 0.26, 0.5, and 0.75, results obtained using
cycle consisted of-N translational plus rotational moves, Poth GEMC and GCMC methods are shown, although both

~4N particle insertions, ane-N/2 particle deletionga cor- ~ Methods have not been applied for all valuesTdf. For
rection was applied for this biasThe location of the phase L/D=0.1, the GEMC methodstarting with equal densities
transition(signaled by an abrupt change in densitas first N ach box did not achieve phase separation 16r=0.14

; ; : ; d 0.12 and calculations at lower temperatures were not
roughly determined by scanning the chemical potential up ofN . : X
down depending on whether the starting point was a vapor d ttempted. We believe that the GEMC method is less reliable

a liquid. Then several much longer ruigpically 20000 than the GCMC method at small aspect ratios and this is

cycled at fixed chemical potential in the vicinity of the tran- discussed in detail below. We note that for aspect ratios be-

7 ; . o tween 0.2 and 0.75, the GEMC and GCMC results are in fair
sition were used to refine our estimate of the transition den;

. ina the chemical ol | imulati agreement and indicate that the critical temperature de-
sity. Scanning the chemical potential in GCMC simulations e ases with increasing aspect ratio. Some of the discrepancy

is a good way to detect the existence of phase transitiongeyeen the GEMC and GCMC resuilts likely reflects sam-
However, the method does not necessarily locate the coe¥jing problems, which become severe as the aspect ratio is
isting densities. In practice, there is always some hysteresisduced. It should also be kept in mind that the GEMC
observed for upward and downward scans, and, while thenethod gives, at least in principle, the coexistence curve
“apparent transition” must surely occur at a density some-whereas this is not necessarily true of the GCMC method as
where between the spinodal and coexistence values, the repplied here. In GCMC calculations the liquid or vapor state
sults determined by this method should not be regarded asraay remain metastable as one scans the chemical potential,
precise determination of the coexistence curve. In the GCM@nd it is possible that the GCMC results more closely follow
calculations the number of particles present at the transitiothe spinodal rather than the coexistence curve. This could
varied quite widely for the different systems and state paramaccount for some of the difference between the GEMC and
eters. Typically, 100—200 particles were present on the ligGCMC results at temperatures significantly below the critical
uid side. For theL/D=0.1 case, where the sampling was temperature.

most difficult, two test runs approximately doubling the In order to compare with the earlier results of McGrother
sample volume were performed and the results are includeand Jacksori6], in Fig. 2 we have plotted the coexisting

in Fig. 1(a). We note that the apparent transition occurs atdensities as a function d&f/D for T* =0.12[this is compa-
somewhat lower densities for the larger systems but that theable with Fig. 4b) of [6]) ]. Both GEMC and GCMC results
qualitative behavior is unchanged. In GCMC calculations weare given for dipolar hard dumbbells and GEMC results are
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plotted for dipolar hard spherocylinders. The results of Mc-changing the volume of both simulation cells while main-
Grother and Jackson are also included. Considering first th&ining the total volume fixed are necessary in order to
spherocylinder case, we note thatlaD =0.24 our results achieve mechanical equilibrium. The formation of associated
agree(within combined uncertainties; +0.03) with those species greatly restricts the volume fluctuations. Physically,
of McGrother and Jackson. However,laD =0.2 there is a  this is not difficult to understand. Particle association intro-
serious discrepancy in the densities of the liquid phase. Fuduces & very short length scale into the system and from a
thermore, for aspect ratios0.19, McGrother and Jackson Simulation viewpoint, it behaves as though it were much
report no phase separation whatsoever, whereas we obsedgnSer than it actually is. In practice, we find that even di-
phase separation fdr/D values as small as 0.1. At/D polar pairing grgatly re_duce_s the _probablllty o_f successful
=0.1 our GEMC results also appear to be tending towards yolume contractions. It is this additional sampling problem

“closed loop” with the phase transition disappearing for coupled with the requirement for simultaneous insertions and
smaller values ol /D. However. as discussed below. for d€letions that greatly restricts the usefulness of the GEMC

small aspect ratios the sampling is very poor and the GEMc¢Nethod for these systems. _ .
method is unreliable. In all likelihood, the large and signifi- __From a practical standpoint, sampling problems in the
cant discrepancies between our results and those of MEEMC method become evident mainly because the results
Grother and Jackson far/D <0.20 arise because as the aS_obtalned begin to depend stron.gly on the initial conditions.
pect ratio is reduced, the sampling becomes so poor that Moreoyer, to confuse matttirs still further:,eveqfor very long
very difficult to achieve anything close to converged equilib-Simulation runs, apparent “convergence” to different states
fium stateg10]. can be observed. As an example, in Fig. 3 we have plotted

For dipolar hard dumbbells, the GCMC and GEMC re-the densities in each cell as a function of the _num_ber of
sults are in good agreement flofD=0.20 and also lie quite !\/Ip_nte Car[q cycles for the same system begun with d|fferent
close to the dipolar hard spherocylinder curve as we woulditial conditions. The run shown in Fig(& was begun with
expect because the models are physically similar for smaﬁhe same number of particles in each ce_II. We see that for
aspect ratios. Fdr/D =0.1 the GCMC calculations indicate ~200000 cycles the system does very little and one could
phase separatidisee Fig. 12)] in an apparently smooth con- easily conclude that no phase change occurs at these state
tinuation of the results for higher aspect ratios. HoweverParameters. However, at-200000 cycles the system

starting with equal densities in each bsee discussion be- ach_ieves a _clear phase separati_on, the (_Jlensities appear to
low), the GEMC method did not achieve phase separatio apidly gthbrate, and then remain essentially unchanged as
even after very long run@00 000 cycles For dipolar hard the run is extended to nearly 600 000 cycles. However, this
dumbbells GEMC calculations were not carried out for as0° IS misleading. Figure (8) shows another run for the

pect ratios between 0.1 and 0.2. For aspect ratios small§@Me System begun with unequal numbers of particles in

than 0.1, the GCMC sampling was not good enough to pro-eaCh cell. We see that as this run converges, the vapor phase
ol tained is significantly less dense than that achieved in Fig.

duce reliable results, but it is possible that coexistence do€ X " . o
exist for aspect ratios all the way down to the dipolar hard- (a). We could give additional examples but this is sufficient

sphere limit. If this were true, assuming a smooth extrapolaz0 demonstrate that there are serious sqmpling problems with
tion, one would expect a reduced critical temperature the GEMC method for S”.‘a” aspect ra'tlos.and low tempera-
~0.18 and a very low critical density for dipolar hard wres. Furthermore, as evidenced by Fig) it would not be

spheres. However, current Monte Carlo methods may not pdifficult to be “fooled” Into incorrect conclusions by appar-
capable of producing reliable results for the phase behavioZont convergence v_vhe_n in fact the GEMC method has not
of dipolar hard spheres in the relevant region of temperatur und the true equilibrium states.
and density.

We now discuss the sampling problems .in more detalil. IIl. SUMMARY AND CONCLUSIONS
Both the GEMC and GCMC methods require moves that
involve particle insertions and deletions. If the aspect ratio is  In this paper we have investigated the liquid-vapor phase
sufficiently small, then at low temperatures and densities th&ehavior of fluids of dipolar hard dumbbells and dipolar hard
dipolar particles tend to “associate” into “chains.” This spherocylinders. Employing both GEMC and GCMC meth-
tendency may well be artificially enhanced by the periodicods we report liquid-vapor coexistence for aspect ratios rang-
boundary conditions applied in the simulations. In any caseing between 0.1 and 0.75. It is observed that the critical
the dipole-dipole interactions within these chains are verytemperature drops as the aspect ratio is increased.
strong and as the temperature or aspect ratio is lowered, the In contrast with earlier GEMC calculations of McGrother
probability of achieving successful deletion or insertionand Jacksor(6] for dipolar hard spherocylinders, at*
moves becomes very small. It is this problem alone, which=0.12 we find evidence for liquid-vapor coexistence for as-
eventually kills the GCMC method for small aspect ratiospect ratios as small as 0.1. At this reduced temperature, Mc-
and low temperatures. In the GEMC case this problem igGrother and Jackson found no liquid-vapor coexistence for
even more severe because a deletion and an insertion mustb&>=<0.19. Our results agree with those of McGrother and
achieved simultaneously, hence lowering the probability of alackson for larger aspect ratios but not for the smaller values.
successful move still further. We believe that the disagreement between our calculations

In addition to this problem, which occurs for both simu- and those of McGrother and Jackson is due to the fact that
lation methods, the GEMC method has an additional seriouthe GEMC sampling becomes very poor for small aspect
sampling problem also associated with the dipolar associaatios at the temperatures and densities where condensation
tion or chaining. In the GEMC method, moves that involve occurs. The results obtained are unreliable and one can be
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FIG. 3. Instantaneous densities for dipolar hard spherocylindetgt=0.10 andT* =0.12 from GEMC simulations with different
initial conditions. The initial conditions ar@) N,=256,,=0.090N,=256,,=0.090; (b) N;= 256,77, =0.036N,= 256,77,=0.090.

easily mislead into incorrect conclusions by apparent converdipolar systems does not appear to have been fully appreci-

gence even though true equilibrium has not been reached. ated in earlier work3,6], and it is possible that a liquid-
The origin of the convergence problems lies with the ten-vapor transition has not been observed for dipolar Hard

dency of dipolar particles with small aspect ratio to associatesoft) spheres simply because the sampling is extremely poor.

into chainlike structures at low temperatures and densitieQur calculations suggest that the possibility of liquid-vapor

These chains are energetically very stable and their presenceexistence for dipolar hard spheres should be left open, at

greatly reduces the probability of successful insertion andeast until the question is further explored with more reliable

deletion moves in both the GEMC and GCMC methods, busampling methods.

the problem is more severe in the GEMC method where
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