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Continuous demixing at liquid-vapor coexistence in a symmetrical binary fluid mixture
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We report a Monte Carlo finite-size scaling study of the demixing transition of a symmetrical Lennard-Jones
binary fluid mixture. For equal concentration of species, and for a choice of the unlike-to-like interaction ratio
6=0.7, this transition is found to be continuous at liquid-vapor coexistence. The associated critical end point
exhibits an Ising-like universality. These findings confirm those of earlier smaller scale simulation studies of
the same model, but contradict the findings of recent integral equation and hierarchical reference theory

investigations.
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[. INTRODUCTION AND BACKGROUND havior outlined above for the square-well mixture might, in

fact, be generic to all symmetrical fluids. On the theoretical

Symmetrical binary fluid mixtures are two-componentside, support for this proposal has come from studies of a
fluid models in which the configurational energy is invariantvariety of model systems, including mean field studies of a
with respect to the interchange of the particle species. Onkttice fluid model[6] and integral equation theori¢g—10]
example is the symmetrical Lennard-Jories) mixture in  of the hard core Yukawa fluid mixturgiCYFM). The same
which the interactions between particles of species 1 and 8verall scenario was initially reported for the hard core plus
are controlled by an LJ potential with scale parameteys  Lennard-Jones mixture by Piet al.[11] in a study employ-
= 0,,= 01,= 0 and interaction strengths;;= €;,=€# €45. ing the hierarchical reference theoffHRT)—a powerful
In common with all other symmetrical mixtures, the phasefluctuation-inclusive approach based on renormalization
diagram of the LJ mixture is uniquely specified by the ratiogroup technique$l12]. In contrast, the available simulation
of interaction strengths between the unlike and like speciedata for models other than the square-well fluid is less com-
0=¢€pole. prehensive and has, in the main part, concentrated on the

Symmetrical mixtures have been the subject of considerregime of larges. Specifically, MC simulations of the sym-
able recent attention on account of their surprisingly richmetrical LJ fluid[4] found evidence for a CERnd associ-
phase behaviofl-5]. The phase diagram of the mixture is ated coexistence curve singularifier the particular case
typically represented in terms of the temperaflir¢he over-  §=0.7. Similarly, a CEP has been reported in simulation
all number densityp=p;+p,, and the concentratiom  studies of the HCYFM fors=0.9[10].
=p->/(p1+p,). Most attention has been focused on the case Very recently, however, the situation with specific regard
of equal species concentratians 0.5. Within this particular  to the CEP regime has become less clear following two the-
symmetry plane of the full phase diagram, ¢ depen-  oretical studies that question its existence in the expected
dence of the phase behavior on the valuesohas been range ofé. In the first of these, Antonevycét al. [13] ap-
systematically studied using simulation and mean fieldplied the modified hypernetted chaiMHNC) integral equa-
theory for the case of a symmetrical square-well mixféle  tion theory to the symmetrical LJ fluid, but found no evi-
The findings of that work are summarized in Fig. 1. of Ref.dence for a CEP at=0.5. Instead, they reported that the
[5]. Three distinct classes of phase diagram were found dentermediate regimgFig. 1(b) of Ref.[5]] persists right up to
pending on the choice of the parameterSpecifically, for  §=0.81(the limit of their study. This value of§ is consid-
large 6<1 [Fig. 1(a) of Ref.[5]] there occurs aX line” of erably greater than thatE 0.7) at which CEP behavior was
critical demixing transitions, which intersectand is trun-  originally found in the simulations of the same model. On
cated by the liquid-vapor line at a critical end poiG€CEP. this basis, Antonevyclet al. suggested that the demixing
For small §>0, on the other hand, the line of demixing transition could always be of first order at liquid-vapor co-
transitions intersects the liquid-vapor line at the liquid-vaporexistence, although they speculated that it might be only
critical point, forming a tricritical poinfFig. 1(c) of Ref.  weakly so. Furthermore, they questioned the ability of simu-
[5]]. Intermediate between these two regimes, one observéation to distinguish this possibility from a true CEP.
both the liquid-vapor critical point an@t higher densitiesa In a separate study, Piet al.[14] have applied the HRT
tricritical point [Fig. 1(b) of Ref. [5]]. The tricritical point approach to the HCYFM. They too observed no CEP, instead
terminates a first-order line in which either of the demixedreporting (in accord with the finding of Antonevycht al.
liguids coexists with a mixed liquid of lower density. This [13]) that the intermediate regime persigtbeit weakly to
line intersects the liquid-gas line at a triple point in which the 5=0.8, the limit of their study. Moreover, these authors re-
demixed liquid, the mixed liquid, and the gas all coexist. Inport[15] that in their previous study of the LJ mixtuf&1],
the simulations the intermediate regime was observed to o¢he apparent observation of a CEP was, in fact, an artifact
cur for 0.65< 6=<0.68, while within the particular mean field stemming from the low resolution of the grid in thec
theory employed it occurred for 0.6855<0.708. plane on which the HRT equations were solved.

It has been suggestd8] that the scenario of phase be-  Clearly, therefore, the evidence emerging from the various
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theoretical and simulation studies is contradictory with re- -3.69 — ———

gard to the existence of a CEP and the range of value® of

for which it occurs. Most significant in our view is the failure -3.6951 o -

of HRT to observe a CEP fo§<0.8. Given the fluctuation-  *z | o

inclusive nature of this approaadland its success in other ,§ 371 CEP °o°°° -

contexts—see, e.g., Refl6]), one cannot simply ascribe § L \ °°°°°

discrepancies between the simulations and the MHNC study 83705 R 4

of the LJ fluid[13] to the neglect of critical fluctuations by b L °°o°°

the latter. XN o i
Questions have been raised, too, regarding the reliability & 00"

of the simulation in distinguishing a CEP from a weak first- 0_3'715_ °°°°° |

order transitiorf13]. While, in our opinion, the original work | °°°°°

[4] doesprovide compelling evidence for CEP behavior, it is apl o o

certainly the case that owing to the prevailing computational 0956 0957 0958 0959 0.96 0.961

constraints, the range of system sizes studied was smaller Temperature T

than one might have wished. This in turn precluded an in-
vestigation of corrections to scaling and the approach to the FIG. 1. The liquid-vapor coexistence curve in the neighborhood
limiting critical behavior. of the demixing transition, obtained for the= 250 system. Statis-

In the light of the above considerations, it would seemtical errors are considerably smaller than the symbol sizes. The
worthwhile to revisit the original system in which a CEP was location of the CEP, as determined in Sec. Il, is also shown.
observed, with a view to performing a more comprehensive
determination of the nature of the demixing transition a|0ngmethod[17]_ To locate the coexistence line, the equa| peak
the liquid-vapor coexistence line. To this end, we have cararea criterion was applied to the measured form of the num-
ried out a detailed MC finite-size SC&'II"(ESS simulation ber density distribution fUﬂCtiOﬂDL(p) []_gqu Histogram
study of the symmetrical LJ fluid witld= 0.7, for which it  reweighting techniques were employed to fine tune this pro-
was previously claimed that a CEP occ[#$ The new study cedure and to facilitate the mapping of a portion of the
has been executed along similar lines to the original one, buiquid-vapor coexistence curve in the neighborhood of the
employed a considerably larger range of systems sizes, thiggemixing transition.
permitting a more sophisticated finite-size scaling analysis. Figure 1 shows the measured form of the liquid-vapor
The results demonstratenambiguously, we belieyéhatthe  coexistence lineuc,(T) [21]. To elucidate the nature of the
model does indeed exhibit a CEP of the expected Ising typejemixing transition along the liquid branch of this tightly
determined coexistence line, we have measured the probabil-
ity distribution functionp, (m) of the demixing order param-
eterm, wherem=(N;—N,)/(N;+N,), with N; andN, the

The simulation methodology employed here is broadlyinstantaneous counts of the respective particle species. The
similar to that described in Reff4], and we refer the reader form of p, (m), for theL =250 system at temperatures span-
to that paper for a detailed description. Briefly, we have perning the demixing transition, is shown in Fig. 2. We find that
formed a MC simulation study of the liquid-vapor coexist- p, (m) evolves smoothly between the strongly double peaked
ence line of the symmetrical LJ fluid mixture with=0.7 in  form (corresponding to a demixed liqyidt low temperature
the neighborhood of the demixing transition. The simulations
were carried out within the grand canonical ensemble and the | 55
chemical potentials of the two species were constrained to be

II. METHOD AND RESULTS

equal (uw,=mu,=pu), implying on symmetry grounds that A $23225 A

(c)=0.5. The system was confined to a cubic box of linear Ir o T'ooson| r 7

dimensionL having periodic boundary conditions. In all, » s 4 T=00581| -

seven system sizes were studied havirg= 100, 075 « % * T=09565| ; . .

12 55, 150, 17.57, 200, 250, and 3@. The largest of ‘& e o

these systems contains someX 8" particles in the liquid = ok i

phase at the demixing point. The range of system sizes stud-

ied here is to be compared with that of the original st{dly

for which the largest size attained wds=12.5r. The 0.251 7

greater range of sizes studied here was partly facilitated by i R st g

the use of high performance parallel computers. Qe " ufll,e; e .:1.5 P
The liquid-vapor coexistence curye.(T) was obtained scaled order parameter m

using multicanonical extended sampling techniq(i2g].

These allow both the liquid and the vapor phases to be FIG. 2. The distribution of the order parameter obtained for the
sampled(and thus connectedn a single simulation run. A L =250 system at a number of temperatures along the liquid branch
suitable form for the requisite preweighting function was ob-of the coexistence curve. In each case, the order parameter has been
tained using a variant of the recently proposed Wang-Landascaledm—m to ensure that all distributions have a unit variance.
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FIG. 3. The temperature dependence of the fourth-order cumu- FIG. 5. Order parameter distribution for the=12.5 and L
lant ratio (see text measured along the liquid branch of the coex- =254 system sizes at the extrapolated parameters of the critical
istence curve. end point(cf. Fig. 4. Also shown(solid line) is the limiting uni-
versal fixed point fornp* (m) [22].
and a singly peaked forrftorresponding to a mixed liquid
at higher temperatures. that the cumulant crossings do not occur precisely at a
To quantify this evolution more precisely, we have mea-unique temperature for all system sizes. Such behavior mir-
sured the temperature dependence of the fourth-order cumwers those observed in other contextsee, e.g., Refs.
lant ratio: U, =1—(m*/3(m?)2, which provides a dimen- [19,16]), where it was found to be attributable to the correc-
sionless measure of the shape of a distribution. The resultions to finite-size scaling. Since these corrections have a
(Fig. 3 demonstratdfor all system sizesa smooth evolu- known universal scaling form, one can attempt to fit them,
tion of the concentration distribution from the ordered to thethereby permitting an extrapolation to the thermodynamic
disordered phase. The rate of change increases with the syianit. The procedure involves determining, for each system
tem size, but there is no evidence of a jump discontinuitysize, the coexistence state point for which the fornp,gfm)
More significantly, there is a fairly well-defined crossing on the liquid branch best matches ftiedependently known
point of the curves fotJ, ~0.46 close to the reduced tem- [22]) fixed point order parameter distribution function
perature T*=1/e=0.959. Such an intersection reflects ap*(m) appropriate to the Ising universality class. The match-
scale invariance in the concentration distribution and doegg temperature as a function of the system size is expected
not occur at a first-order phase transition. We note furtheto scale likeT (L) ~L~ ("9 [19], wheref~0.50(2) is the
that the magnitude of the cumulant ratio at the intersectionsing correction-to-scaling exponef3] and v=0.6294(4)
point corresponds closely to the known Ising universal valuejs the correlation length exponef24]. Figure 4 shows the
US"9=0.465[22]. data expressed in this form, which indeed exhibits the antici-
Although the results of Fig. 3 constitute a strong evidencepated scaling behavior. Extrapolation of a linear fitte o
for a critical demixing transition, a close inspection revealsyields an estimate for the critical temperaturg,
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FIG. 6. The measured form @f (p) on the liquid branch for the
FIG. 4. The finite-size scaling behavior of the corrections toL =250 system size for a number of temperatures spanning the
scaling obtained according to the method described in the text andemixing point. The inset shows the corresponding average number
Ref.[19]. The straight line is a linear fit to the data. density as a function of temperature.

052503-3



BRIEF REPORTS PHYSICAL REVIEW B7, 052503 (2003

=0.959§3), which occurs foruee= —3.7042). These co- IIl. DISCUSSION AND CONCLUSIONS

ordinates are marked on the phase diagram of Fig. 1. In summary, we have performed a finite-size scaling
It is instructive to plot the finite-size forms @f.(m) at  apa)ysis of the demixing transition of a symmetrical LJ fluid
the estimated Cm'c"’.“ point In .ordgr to expose t_he scale ar‘Qlong the liquid branch of the liquid-vapor coexistence line.
character of corrections to finite-size scaling. Figure 5 COM-rha results demonstrate that for the case0.7. this transi-
Siirees:s \;[\:teh (1521?%;;’?8?1)&?23]16?)#2.Z:sn(tjhlj':\t: ti\SearZ};itI?smfor tion is continuous and of the expected Ising ty@é]. Ac-
. ' o cordingly, we can conclude that this system does indeed ex-
the larger system size closely match the limiting form. ibit a critical end point, as originally proposed in REf].

Finally, we have considered the behavior of the numbe his clear findi hould ide a benchmark for testing th
density along the liquid branch at coexistence. Were the de- IS clear finding should provide a benchmark for testing the

mixing transition of first order along the coexistence "ne’reliability. of thepretical approaches to the phase behavior of
one would expect that coupling between the concentratiofymmetrical mixtures. o _

and the number density would engender a first-order phase With regard to the original motivation for this study,
transition in the liquid branch number densitf. Fig. 1(b) namely, the failure of both the MHNC integral equation
of Ref. [5]]. This would be manifested as a discontinuity in Study and the HRT to observe a CEP in the expected range of
the density of the coexisting liquid phase and by a splittingd [13,14, it is difficult to comment definitively at this stage

of the liquid-phase peak in the density distributipp(p). on the source of the discrepancies. We note, however, that
Figure 6 shows the measured form of the liquid-phase peaRroblems with the accuracy of the MHNC approach for
for the L=250 system size for several coexistence statestudying the liquid branch of the HCYFM have previously
points spanning the demixing temperature. Also shdiwn  been reported10]. With regard to the HRT, it would cer-
se) is the average liquid phase density. The distribution oftainly be useful if this method could be applied to other
the density in the liquid phase is singly peaked and we findymmetrical fluid models in order to determine whether there
no evidence of a discontinuity in the average density for anys any systematic model dependence on the qualitative fea-
of the system sizes studi¢a5]. tures of the phase behavior.
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