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We present a detailed computer simulation study of the phase behavior of the Gay—Berne liquid
crystal model with molecular anisotropy parameter4.4. According to previous investigatior(s)

this model exhibits isotropid), smecticA (Sm-A), and smecti® (Sm-B) phases at low pressures,

with an additional nematitN) phase between tHeand SmA phases at sufficiently high pressures;

(i) the range of stability of the Sm-phase turns out to be essentially constant when varying the
pressure, whereas other investigations seem to suggest a pressure-dependemtnger-andiii )

the range of stability of the Sr8-phase remains unknown, as its stability with respect to the crystal
phase has not been previously considered. The results reported here do show thatAtEh&se-

is stable over a limited pressure range, and so it does not extend to arbitrarily low or high pressures.
This is in keeping with previous investigations of the effect of molecular elongation on the phase
behavior of Gay—Berne models. A detailed study of the melting transition at various pressures
shows that the low-temperature crystalline phase melts into an isotropic liquid at very low pressures,
and into a nematic liquid at very high pressures. At intermediate pressures, the crystal melts into a
Sm-A liquid and no intermediate SiB- phase is observed. On the basis of this and previous
investigations, the reported SBiphase for Gay—Berne models appears to be a molecular solid
rather than a smectic liquid phase. ZD04 American Institute of Physics.

[DOI: 10.1063/1.1810472

I. INTRODUCTION build models that provide a realistic account of the molecular
interactions. Although progress has been made in the field of
It is well known that when a crystalline solid is heated atrealistic modeling of liquid crystal$’ the computer imple-
constant pressure, the thermal motion of the molecules inmentation of these models is highly demanding, and so their
creases and the solid expands up to a characteristic tempeigpplicability is limited to the study of specific properties un-
ture beyond which the solid looses its identity and transformsler very specific, and necessarily limited, thermodynamic
into a liquid. For many simple materials, this melting transi- conditions. Alternatively, the use of simpler models allows
tion implies the onset of full three-dimensional translationalfor a more systematic investigation of the role played by
invariance: in the liquid phase, the average density is spgparticular features of the interactions on the system proper-
tially uniform whereas it is periodic in the solid phase. Forties. Among others, the Gay—Ber(®B) model is one of the
complex materials consisting of anisotropic molecules, thenost widely used in computer simulation of thermotropic
presence of orientational degrees of freedom may chandejuid crystals.
drastically this scenario. In addition to the positional order,  In the GB interaction mod&Imolecules are considered
the solid haglong-rangg orientational order, and both types as rigid units with axial symmetry. Moleculih is repre-
of order are not necessarily lost simultaneously at the meltsented by the position vectoy of its center of mass and a
ing transition. Instead, the solid may melt into a fluid phaseunit vector (; along its symmetry axis with respect to an
that preserves the orientational order while the translationarbitrary (fixed) reference frame. The intermolecular poten-
order is either fully or partially absent. Among the materialstial energy between two arbitrary moleculeandj is given
that exhibit one or more of these intermediate phases, they
most extensively studied are liquid crystafS.(There are
molecular crystals in which a rotational transition precedes ( 0o )12
the melting transition, giving rise to what is callecpkastic d(rij Ui, 0;p)
crystal phasesee, for instance, Chandrasekbar. 6
The structure of the molecules that form liquid crystals _( 90 __ ) } 1)
may be quite complex. As a result, it is not straightforward to d(rij,u,up)) |

Ui(st(rij ,f]i ,GJ):4E(F|] ,f]i ,GJ)
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where d(rij,ﬁi,ﬂj)=rij—a'(fij,ﬁi,ﬂj)+ao. Here (o) de- P (@) P (b)
fines the smallest molecular diametey, is the distance be-

tween the centers of mass of moleculeand j, and Fi,- Cr N Cr N
=rj;/rij is a unit vector along the intermolecular vectgr

=r;—r;. The ranger and the strengtl of the GB intermo- I SmA 1

lecular potential depend aR, ;, andr;;, as well as on two
anisotropy parameters, the ratio of molecular length to
breadth,«, and the ratio of the potential well depths for the
side-by-side and end-to-end configuratioti, In addition,
the anisotropy of the well deptais also controlled by two T T

other parametgrsc and V_' EXplICIt expressions four aegd € FIG. 1. Topology of the phase diagram@«T plane of GB fluids in terms of
may be foun_d n thg 0”9|r.‘a| paper by Ga}y and B . NB.  the molecular elongatior as deduced from the simulations of Broehal.
fact, the GB interactions given in E(L) define a family of  (Ref. 16 showing isotropid]), nematic(N), smecticA (Sm-A), and crystal
potential models each characterized by the particular choict@f) ngiées(i) OM%EEU'afhe_'tongaﬁonS 3t-<°é<<3-63 (béﬂngaO'eéU'af e'?”?a-
’ . 1ons 3.6sk<=4.0. ougn It was reported as sme y Brown et al,
of p?rameterSK’ K and v. Note that for the choice the low-temperature phase is denoted here as criggal the main text
k=k'=1, the GB potential reduces to the well-known
Lennard-Jones potential witti= o and e= ¢, irrespective

of the valges fOW andv. _ (Sm-B) phases. In the order of decreasing temperature, they
In their seminal work Gay and Berne considered the report a phase sequencé |-N—Sm-A at pressureP

anisotropy parameters=3, «'=5, along with the values —_30 (no SmB phase is reported at this pressuréo)
wn=2 andv=1. This parametrization has been widely used inj_N_SsmA-SmB at pressure P=2.0; and (c)

computer simulation studies of the phase behalibrin | _smA_SmB at pressureP=1.0. All transitions were

addition, it has been the basis of different theoreticakound to be first order, although the entropy, enthalpy, and
investigations>'* For this choice of parameters, the GB gensity changes at tHg—Sm-A transition were very small
fluid exhibits a weak first-order isotropic-nematle ) tran-  and difficult to measure, and so the possibility of a continu-
sition for temperatures abov&=0.85 (expressed in the ousN—Sm-A transition was not ruled out. In keeping with
usual reduced units of/kg, with kg being Boltzmann's previous simulation results for smaller molecular
ConStan). At SUfﬁCiently hlgh densities, the nematic fluid e|0ngation§-’6 the nematic phase is not stable at low pres-
freezes into a crystalCr) phase. For temperatures beldw  sures. Fork=4.4, the nematic phase enters the phase dia-
=0.85, nematic ordering is no longer stable and the isotropigram above a Sri—N—I triple point, which is estimated to
fluid directly freezes into the solid phase. This temperatureyccur atP~1.25.

locates the isotropic-nematic-solid triple point, characterized  The phase diagram emerging from the numerical simu-
by a pressureP=2.70 in conventional reduced units of |ations of BL raises several questions, which are as follows:
60/08. At an even lower temperaturd £0.47) there exists (1) The slopes of the StB—Sm-A and SmA—N phase

a critical point below which vapolisotropig fluid separa-  boundaries are found to be similar, and so the Smange
tion takes place over a rather small range of temperatureseems to be fairly constant. It would be of interest to know
Further details may be found in de Miguel and VégaVe  whether for this elongation the Sé-phase remains un-
recall thatno stable smectic phasegere found for this set of bounded at higher and lower pressures, thus not following

parameters. the general trend seen earlier by Browhall® [see Fig.
In fact, the valuex=3 for the molecular elongation pa- 1(b)].
rameter seems to be close to {th@wer) limit of stability of (2) The low-temperature phase for tke=4.4 GB fluid

the smecticA (Sm-A) phase>'® As shown by Brown is identified as a hexatic (SiB) phase(that is, a smectic
et al,’® there is a growth of a stable S-island in the liquid with short-range in-layer positional order and long-
phase diagram at elongations slightly abave3. It was ob-  range bond orientational ordeiAs no crystalline phase is
served that the range of stability of the Simphase extends reported for this molecular elongation, it would be of interest
to both higher and lower temperaturessais increased. The to explore whether the StA—Sm-B transition is followed
phase diagram topology compatible with the simulation reby a SmB—Cr transition at lower temperatures.
sults reported by Browst al!®is depicted in Fig. 1. Particu- According to previous simulation investigations, the an-
larly, for elongations 3.€x<3.6, the SmA phase is isotropic interactions in GB models promote the formation of
bounded both above and below by nematic and solid phaseslayered structure at low temperatet fixed pressuneor
[Fig. 1(a@)]. On the other hand, for molecular elongationsat high densityat fixed temperatujewith nearly hexagonal
3.6<«<4.0, the SmA phase is bounded above by nematicdistribution of the molecular centers of mass within the lay-
and solid phases and below by isotropic and solid phasesrs. Although typically reported as SBy- whether this struc-
[Fig. 1(b)]. ture is smecticlike (SnB) or crystalline has been always
Bates and Luckhurst (hereafter, referred to as Bhave recognized as a subtle problem. As noted by Abieml *° for
reported a constant-pressure Monte Carlo simulation study d&B models with 3<x<4, no transition to a solid phase could
the phase behavior of GB fluids with parameters4.4, be identified on cooling the SiB; indeed, the reported
«'=20, with u=v=1. Varying the temperature along three Sm-B phase was found to exhibit well-defined correlations
isobars, these authors identify N, Sm-A and smecti®  characteristic of solidlike packing. Further evidence of the
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(possible crystalline nature of the SrB-phase was given by agonal arrangement of the molecular centers of mass. The
Brown et all® On the basis of these results, it seems that théayers are stacked following ahBC structure analogous to
Sm-B phases reported by Alleat al'® and Brownet al!®  that of the fcc lattice and stretched alomgAll molecules
for GB molecular systems with<3«<4 have in fact a crys- were initially oriented perpendicular to the layers, thus point-
talline structure and that it might be more appropriate to refeing alongz. Six layers were considered, each layer consisting
to them as solids rather than SBaphases. We recall that in  of 15X18 molecules. This arrangement yields a totalNof
a more recent investigation of the=3 GB model'? the =~ =1620 molecules.
previously designated Si- phase seems to be a crystal The simulations were organized in cycles, each cycle
phase and not a smectic liquid crystal. For the4.4 GB  consisting ofN attempts to displace or rotate the molecules
fluid BL also report no solid but S8 phase at low and two or three trial volume fluctuations, as explained be-
temperature$’ In a subsequent paper Bates and LuckHéirst low. At each input temperature, the system was typically
report a simulation investigation of the x-ray scattering pat-equilibrated for 75 000 cycles; thermodynamic properties, or-
tern formed by thec=4.4 GB fluid. The results indicate that der parameters, and appropriate distribution functions were
there are correlations in bond orientational order between thaveraged over 25000 additional cycles. Near a transition,
layers of the low-temperature phase. This phase was charaltewever, runs at least twice as long were performed in order
terized as a SnB phase, although its crystalline nature wasto ensure proper equilibration.
not ruled out. Therefore, it remains to be checked whether or  Depending on the nature of the simulated state point, we
not for sufficiently elongated molecules, the GB interactionsconsidered three different algorithms to keep the pressure
stabilize a SmB phase before full crystallization. constant. In all cases, the box was kept orthorhombic during
The simulation work reported here concentrates on theéhe simulation and therefore, the box sidgs L, L, were
phase behavior of the GB fluid witk=4.4 using the same constrained to be mutually orthogonal throughout the simu-
set of anisotropy parameters as that used previously by BL. lation. For phases with no translational ordisotropic and
We first compare our simulation results with those reportechematig, volume changes were made isotropically and
by BL along two isobars in théarbitrarily termed interme-  therefore the box lengths kept the safimpul) ratio. In such
diate pressure region where the Smphase has been re- cases, two trial changes were attempted per cycle. This
ported. We then proceed to investigate whether Swrder-  scheme is certainly not appropriate for phases with transla-
ing shows up at lower and higher pressures. The whole phasgnal order(smectic or solig because the system has to fit
sequence at each pressure is studied andapproximat¢  an ordered structure into a box of fixed shape and this may
transition temperatures are obtained. The possible occurrengesult in unbalanced strain on the system. For the smectic
of a Cr—SmB transition at low temperatures is also investi- phase, two independent types of volume changes were con-
gated. All these results are summarized in a phase diagragidered per cycle: one in which the box lendth is at-
showing the regions of stability of all phases found for thetempted to vary, and the other one in which the transverse
k=4.4 GB fluid. section of the simulation box is attempted to vary while
Details of the simulation techniques are given in Sec. Il,keeping the box-length ratib, /L, constant. The latter im-
which also includes details on the calculation of the ordelies trial (isotropig changes of the area of the smectic lay-
parameters and distribution functions used to probe the naers. For the low-temperature solid phase, volume fluctuations
ture of the various phases. The simulation results concerningere performed by allowing all three box lengths to vary
the phase behavior are presented in Sec. Ill, where they ajgdependently. In such cases, three trial changes were per-
compared(when appropriatewith the results reported by formed per cycle. When a volume change implied ttfar
BL. The analysis of the order parameters and structural fun%e smectic phase)r three(for the solid phaskindependent
tions is presentEd in Sec. IV. Fina”y, we summarize our mairthanges in box |engthS, they were performed Sequentia”y.

findings and conclusions in Sec. V. The maximum translational/rotational displacements and
box-length fluctuations were adjusted in each case so as to

II. SIMULATION DETAILS obtain an average acceptance of about 30%—35% and 25%,
respectively.

A. General features The exact location of the various transitions is a problem

We have used constant-pressure Monte Carlo simulafar from being trivial. In particular, first-order transitions
tions to investigate the behavior of GB systems with molecucommonly exhibit hysteresis and so the phase transformation
lar elongationk=4.4. The values of the other anisotropy pa- proceeds irreversibly beyond the coexistence point. A rigor-
rameters that define the intermolecular interactions are setus location of the various transition temperatures would re-
equal to those used by BI’ namely,x’'=20 andu=v=1.In  quire the computation of the free energy of all phaSekhis
order to be able to compare with previous results, the interis however a fairly demanding task, particularly when phases
molecular interactions were truncatedrat=5.50, and no  with translational ordefsuch as the solid or the smegtare
long-range corrections were applied. Standard periodiinvolved?®?°and has not been attempted here. Alterna-
boundary conditions were used. tively, whenever a transition takes place, we have determined

We have obtained the equation of state for different valthe temperature limits of stability of each phase by slowly
ues of the pressure. In all cases, simulations were started héating and cooling the system through the transition. The
low temperature from a crystalline solid structure consistingactual transition temperature should be bracketed by these
on a set of layers parallel to they plane with in-layer hex- temperature values. If upon heating the system jumps from
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phaseA to phaseB at temperature3, and Tg (Tg>T,), tensor! defined in terms of the components of the unit vec-
respectively, the limit of stability of phas® T,g, is simply  tors along the principal axis of the molecules,
estimated ad ,g=(Tg+Ta)/2, with an associated error of N

N . . 1
(TB—TI'A)IZ.. The Ilmlt of gtqbll|ty of phas& upon cooling, Qaﬁzﬁz 5(3Uiauiﬁ— Sap)- (4
Tga, IS estimated in a similar way. According to our com- i=1
ments abqye, one §h0u|d expaG>Tea if the (first-orde)  Sis a measure of the degree of orientational order and may
A-B transition exhibits hysteresis. take on values between @ully orientationally disordered

_In addition, estimates of the values of any propekty fluid) and 1(perfectly oriented systemThe director of the
(either thermodynamic average or order paramedéreach phase is associated to the corresponding eigenvector.

side of, say, the\-B transition are obtained as We have also calculated the translational order parameter
Ap=A(Trg)= lim A(T), ) 7 defined from
T=Tag () = [{expliqr))|. 5
and similarly In Eq. (5), the wave vectoq is defined agj=2/d, with d
. ) being related to théas yet unknowhlayer spacing. Note
Ag=A(Tpp)= lim A(T). (3)  that the definition given in Eq) is closely related to the
T—Ths longitudinal part(along the directorof the static structure

In practice these limiting values were obtained by using dactor. In practice, we calculatedq) for a grid of values of
second-order polynomial extrapolation scheme. Typically, 4 and determined the valug as§OC|i1ted to the first maxi-
set of four values of properti (those closest to the transi- MUM in 7(q). The layer spacingd® follows from d

tion temperaturewere considered at each side of the transi-— 27/d* and the corresponding value= 7(q*) is identified
tion. with the translational order parameter. From its definition,

All quantities given below are expressed in conventional & measure of the degree of positional order along the di-
reduced units, withoy and €y being the units of length and rector. Thus, layering in the system will be manifested by
energy, respectively. Thus, the temperature is given in unit§onzero values for the translational order parameter.
of €y/Kg, the pressure is in units @fo/tfg, and the number Translational m-p_lane _order was monltored_ by calculat-
density is in units ofoy 3. Occasionally, the density is ex- N9 the local bond orientational ord€rFor a particle at po-
pressed ap/pe,, Where po,=+2/x represents the density SIONTi, this is defined as
that an equivalent system of hard ellipsoids of elongaton 2 W(Rjj)exp(i6a;;)
would have at regular close packing. For the present choice pe(ri)= S W(Ri) ' ©
of molecular elongatiorik=4.4), pe,=0.32111. J '

where the summation is extended over jheearest neigh-
bors of particle, and 6;; is the angle between the vectey;
B. Structural properties and order parameters (projection of the intermolecular vectas; onto the layer

) plane and a fixed(arbitrary axis. The weighting function
The structure of the different phases was probed by caI\-N(Rij) appearing in Eq(6) provides a criterium for selecting

culating the(orientationally averagecpair distribution func-  {he nearest neighbors of each partfid&ollowing Bates and
tiong(r), as well as the pair distributioms(r) andg. (r1),  Luckhurst!’ this function was defined as unity foR;
which provide information on the distribution of molecules <1.4, zero forR;;>1.8 and through a linear interpolation in
separated by a distanag (pair separation parallel to the petween 1.4 and 1.8. As claimed by Blthe behavior of the
director Qf the phasean(_zlrL (pair separation perpendl_c_ular local bond orientational order was essentially insensitive to
to the directoy, respectively. In the absence of positional e particular choice of weighting function. From E6) one

correlationg(isotropic or nematic phaseg(r) tends to unity 5y calculate théaverage bond orientational order in each
and g,(r,) is uniform. Smectic layering generates a One-jayer as

dimensional density wave along the directarhich for or- 1

thogongl smectics pomudeg with the Igye.r nqrhmhd SO YI=R N_z BTt @)
oscillations appear ig(r;). Finally, the distributiorg, (r ) m i

probes the in-plane positional correlations within the 'ayerswhereNm is the number of molecules in layarand the sum
discriminating between smectic and solid phases. To analyzg restricted to those molecules belonging to layea bulk

positional correlations between molecules located in eithepong orientational order parametgg was calculated by av-
the same or adjacent layers, we calculated a family of funcéragingljze(ri) over the whole system as

tionsgmn(r,), wherem andn are integers labeling the lay-

ers.gq4(r, ), for example, is a distribution function averaged Ye= Re[iz %(r_)] _ (®)
over pairs of molecules in the first layag;,(r,) is defined N4 '

for pairs in which one molecule is in the first layer and the  Einally we have also computed the in-layer bond orien-

other one in the second layer. . tational order correlation functions
To facilitate the identification of the different phases, we m B N
have calculated a number of order parameters. The orienta- 9 (r)=(s(ri) ¥ (ry)) ©)

tional order paramete® was calculated in the simulations as for molecules belonging to the same layer For a crystal
the average of the largest eigenvalue of the orde@ng (or a SmB) phase, with hexagonal in-layer packing, these
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functions should be long range and decay to a nonzero valur  0.26

at long distances. For a Sf-phase, on the other hand, they (a)
should be short ranged and decay to zero. 0.24 L o ]
\0\0“0‘,, Cr P=2.0
I1l. PHASE BEHAVIOR oo | 0.2, |
Here we present our constant-pressure MC simulation
results. We first discuss in some detail the phase behavioo_ 050 |

observed at intermediate pressurd3=2.0 and P=1.0)

from the analysis of the equation of state and order param-
eters; then we present the results obtained both at loRer (018 |
=0.4 andP=0.2) and higher P=3.0 andP=15.0) pres-
sures. 016 F

A. Intermediate pressures (P=2.0 and P=1.0)

At P=2.0 the simulations were started from a defect- ', 05 17 13 15 17 19
free crystal configuration consisting on six molecular layers T
with in-layer hexagonal packing. This initial configuration 1.0

was well equilibrated at a reduced temperaflire0.80. The

final (equilibrated configuration corresponded to a solid
structure with a number densip=0.240 829), which cor- _ g5 |
responds t/p,=0.75. The orientational order parameter

was S=0.98752), the translational order parameter g
7=0.9502), and the bulk bond orientational order parameter @ 0.6
6=0.9261). Thespacing between adjacent crystal layers g
was found to bed* =3.78. The system was subsequently §
heated in small temperature steps. We show in Fig. 2 the g 0.4 1
variation with temperature of the average number density al 5

P=2.0 as well as the values of the different order parameters
along the isobar. According to the figure, the system under- 02 ¢
goes a number of transitions on heating. The crystal phast
experiences a first-order transitionTat 1.33(1) with a rela- . ’ (
tive density change of 5.3%. As shown in Fig. 2, Bt 0‘00_7 0.9 1.1 1.3
=1.34 (high-temperature side of the transitjcinere exists T

significant translational order alorg 7=0.69620), the layer FIG. 2. Simulation results for the=4.4 GB model along the isobd?

spacing beingl* =3.92] and a substantial degree of orienta- _5 o () variation with temperaturd of the average number density
tional order[S=0.909(2)); furthermore, the value offg Circles, increasing temperature; squares, decreasing tempetajuvaria-
drops to zero at this temperatursee Fig. 2b)]. It follows tion with temperature of the order parameters along the heating series.
that the crystal phase melts into a Slmphase. This was Clrcle.s, _orlentatlonal order pargme&rsquares, translational c_)rder param-
. S eter r; diamonds, bulk bond orientational order paramefgr Filled sym-
further corroborated by the behavior of the distribution func-pos correspond to approximate values at the various transitions.
tions: the layering in the system shows up as oscillations in
g,(r,) with a periodicity equal to the calculated valuedsf,
and the in-layer distribution functiorgs,,(r ;) are liquidlike  the low-temperature phase was identified as aESiphase.
(no positional order of the molecular centers of mass withinThe (approximatg¢ transition temperatures reported by BL
the layers. In the low-temperature side of the transition thefor the sequence SmB—Sm-A-N-1 are 1.22825),
functionsg,,,(r ;) exhibit considerable structure and are defi-1.47525), and 1.67825), respectively’ Both sets of tem-
nitely not liquidlike. No intermediate SrB- phase was ob- peratures are in agreement with the notable exception of the
served between the Cr and the $mphases. This will be temperature corresponding to the ®BrSm-A (or
discussed in more detail in Sec. IV. Cr—Sm-A) transition. Although this difference may be sim-
Upon increasing the temperature, the dmmdergoes a ply understood in terms of hysteresis at the transition, one
transition to a nematic phase &t 1.4655). This is con-  should bear in mind that BL explicitly states that no hyster-
firmed by the values of the translational order parameteesis was found across this transition. We decided to investi-
[=0.37%7) at T=1.46 andr=0.093) at T=1.47]. The rela- gate this point further.
tive density change at the transition is rather snfabout In order to check for possible hysteresis effects(ian
0.9%. On increasing the temperature, the nematic phasdependentisotropic fluid configuration was generated and
melts into an isotropic fluid at higher temperatuie  well equilibrated at high temperatufie=1.90 well beyond
=1.690(5) via a weak first-order transition, the observedhe I-N transition. This configuration was slowly cooled in
relative density change at the transition being of about 2.3%small temperature steps. The transition to the nematic phase
A similar phase sequence is observed bydter cool- was observed to take place at a slightly lower temperature
ing the system from the isotropic phaseP =2.0, although T=1.665(5) when compared to the value obtained on heat-

1.9
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ing. As expected, hysteresis effects, albeit small, are preser 0.24 o
at thel -N transition. As the temperature was further lowered, O, (a)
the system developed a layered @ustructure afl=1.47. 020 |
No density change was found at tNe- Sm-A transition and
hysteresis effects, if present, were negligible. Within the ac-
curacy of the simulation results, it appears that khgrans-
forms continuously into the Sm-phase. The director of the
Sm-A phase pointed closelgbut not exactly along thez a 018 t
direction. In order to facilitate the calculation of the distribu-
tion functions, the director of the phase was reoriented along
the z axis by applying an aligning external field &t 1.47.
After running for 1000 cycles, the director was effectively
pointing alongz. The external field was then switched off 0.14
and the system was allowed to equilibrate for a further period
of 75000 cycles. The thermodynamic properties were found g2 . - : . s
to be identical(within statistical uncertainti¢sto those ob- 0.5 0.7 0.9 1.1 1.8 1.5
tained before reorienting the director. Along the rest of the
cooling series, the orientation of the director did not change. 1.0
Finally, the SmA phase exhibited a further transition at

lower temperature accompanied by an increase in the aver

age number densit{see Fig. 2at T=1.22. At this tempera- 0.8
ture there were six layers in the simulation box. The value of
the bond orientational order parameter in the two central lay-
ers of the simulation box was found to be about 0.80, and
between 0.32 and 0.44 in the oth@our) layers. These val-
ues were found to remain essentially unchanged after run
ning over a further period of 400000 cycles. This low-
temperature phase seems to be an imperfect solid. Ol
cooling from the SmA phase, the system seems to quench
defects in the crystalline structure and this results in a largel
available volume per particlélower average densityin
comparison to the values expected in a crystal structure witt 0.0 . , 4
no defects. This would explain why the average densities 0.5 0.7 0.9 1.1 1.3 1.5
obtained on cooling are slightly, but systematically, lower T

than those obtained in the heating series in the loWgg, 3. simulation results for the=4.4 GB model along the isoba®
temperature regiofsee Fig. 2 In principle, one might an- =1.0. (a) Variation with temperaturd of the average number density
ticipate that the growth of a perfect, defect-free crystallineCircles, increasing temperature; squares, decreasing tempetajuvaria-
solid on cooling from a fluid phase must be a process diffi-t'(.)n with temperature of the order parameters along the heating series.

. . . . . Circles, orientational order parame®&rsquares, translational order param-
cult to achieve in simulation even for the simpler modeleter;; diamonds, bulk bond orientational order paramefgr Filled sym-
fluids. Besides, this process is expected to strongly dependols correspond to approximate values at the various transitions.
among other factors, on the particular history of the cooling
process. In any event, this temperatuiie=(1.22) provides
an indication of the lower limit of stability of the SmA-  order parameters along=1.0 in terms of temperature are
phase. This temperature should be compared with the abovpresented in Fig. 3. The observed phase sequence along the
mentioned valuél = 1.33(1) for the upper limit of stability heating and cooling series along this pressure is
of the crystal phase.

P=1.0

0.20 r

0.16

P=1.0

0.6 +

0.4

order parameters

0.2 r

§§ggg""§w-§m§m-o

L . 1.071) 1.171)
Summarizing, the phase sequence observdt=a2.0 is Cr = SmA = I,
1.00§5) 1.1355)
1.331 1.4655) 1.6905 . . . .
i ) j ) _(3 ) where the numbers indicate tfepproximate transition tem-
Cr=2 SmA =2 N & |, . . .
1.231) 1.4795) 1.6655) peratures. In agreement with previous restfitap nematic

phase is observed at this pressure. This points to the exis-
where the togbottom) values are the approximate transition tence of a SmA—N-I triple point at some intermediate
temperatures for the heatin@ooling series. The corre- pressure value between 1.0 and 2.0. The triple point tempera-
sponding values obtained by BL along this isobar are in fullture must lie somewhere between 1.00 and 1.45. We do find
agreement with our findingfer the cooling seriesalthough  hysteresis at both transitions, the effect being particularly
the low-temperature phase is identified there as aBSm- noticeable at the Cr—SrA-transition. Once smectié-layer-
phase. ing showed up in the cooling serie$ €£1.13), the director
A similar procedure was followed for the simulations at was reoriented along applying an external orienting field.
lower pressures. The resulting average number density anis before, no effect on the thermodynamic properties were
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observed after switching the field off and equilibrating the  0.25
system; therefore, the external field did have no side effects

on the structure of the SrA- other than reorienting the di- ——
rector. The transition temperatures reported by Bates ant o
Luckhurst’ for the sequence SB—Sm-A—I are 0.9%5) 020 1
and 1.1%5) (no hysteresis is reported therevhich are in
agreement with the values found here for the transition tem- Cr
peratures along the cooling series. As 2.0, the low- < 015 |
temperature phase seems to be crystalline and no CrBSm-
transition is observed. P=0.2

010
B. Low pressures (P=0.4 and P=0.2)

The above results seem to indicate that the range of tem
peratures over which the system exhibits 8nphase gets . . . . . ‘
smaller as the pressure is decreased. This is further illustrate 0.05 0.5 0.6 0.7 0.8 0.9 1.0
in Fig. 4, where the simulation results for the average num- T
ber density in terms of temperature Rt 0.4 are presented 1.0
along with the corresponding values of the order parameters
On heating from low temperature, the crystal is observed ta N
melt into a SmA liquid at T=0.88, although the layering . 0.8} g, °"<>-Q i 8
gets rapidly destabilized at a slightly higher temperaflire Bi ’%g 1 P=04
=0.91: at this temperature, the Sthphase melts into an
isotropic liquid. This temperature range is rather narrow and
it may well occur that the Sn& phase is metastable at this
pressure. We note that no Sfnphase was found when cool-
ing an isotropic liquid atP= 0.4, the fluid transforming di-
rectly into an imperfect crystal structure. From these simula-
tions, the approximate transition temperatures alBrg0.4 o2 |
are

06T P=0.2

0.4 1

order parameters

0.87(1) 0.905(5) s L BT omn.
Cr — Sm-A — 1. 00 | ﬁ;ﬁ;ﬁ.ﬁ:@:@:@ i
T T ! !

0.815(5) 0.5 0.6 0.7 0.8 0.9 1.0
T

At even lower pressure, the absence of 8rordering is

clearly manifested. The simulations carried outPat 0.2 FIG. 4. Simulation results for the=4.4 GB model along the isobaf
N . . . . . =0.4 and 0.2(a) Variation with temperatur@ of the average number den-
mqlcat?d tha’F the SO“‘?' phase melts dlrec’_tly_lnto an ISOtI‘Oplcsity p. Circles and squares, increasing and decreasing temperature, respec-
f!UId with no 'nte_rmed|at_e Smi\.ph_ase-. This IS further con- tjvely, for P=0.4: diamonds and triangles, increasing and decreasing tem-
firmed after cooling an isotropic liquid at this pressure: theperature, respectively, foP=0.2. (b) Variation with temperature of the
isotropic liquid transforms directly into an imperfect crystal- o_rder parameters along the heating series. Circles an_d up-triangles, orienta-
line structure. The Corresponding results are shown in Fig. Ajnonal order parameter foP=0.4 andP=0.2, respectively; squares and

h . . eft-pointing triangles, translational order parameter fo=0.4 and P
The approximate transition temperatures are =0.2, respectively; diamonds and down-triangles, bulk bond orientational

order parameter foP=0.4 andP=0.2, respectively. Filled symbols corre-

0.791) . . .
spond to approximate values at the various transitions.

Cr = |.
0.715)

Again, the solid-to-fluid transition exhibits hysteresis. Thesm-A phase on cooling, this transition was not investigated;
results of the simulations performed in the low-pressure renence, the temperature range over which the ASis-stable
gion indicate that the range of stability of the Sindoes not gt this pressure is unknown.

extend to arbitrarily low pressurgsr temperaturesbut is The phase sequence, including the approximate transi-

definitely bounded from below by a Cr—Sk-I triple  tion temperatures, obtained here aldpg 3.0 is
point. This scenario is consistent with the predictions emerg-

ing from previous simulation results of the GB fIU#l. 1.541) 1.662525 2.181)
9 P Cr2 SmA =2 N &2 |.
1.41(1) 1661) 2.171)

C. High-pressure region For comparison, théapproximatg transition tempera-

It remains to check the behavior of the=4.4 GB fluid  tures reported by Bates and Luckhdfsare 1.7010) and
at higher pressures. We recall that Smbehavior was ob- 2.17525) for the SmA—N andN-I transitions, respectively,
served aP=3.0 by BL(Ref. 17 (in addition to nematic and these values being fully consistent with our approximate val-
isotropic phases at sufficiently high temperaturddthough  ues. Unfortunately, our results aloRg= 3.0 did not allow us
it is claimed there that a SiB- phase should follow the to draw any conclusion about the behavior of the 8m-
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0.28 , ‘ ; ; . 5
(a)
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C.
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O"’O‘_‘ 3 L
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15.0 °
P=15. s |
0.26
o.. N 1
"O...
O..
o
0.25 L L L ! L 0 ; . .
2.4 2.6 2.8 3.0 3.2 3.4 3.6 0.5 1.0 1.5 20 2.5
T T
1.0 FIG. 6. Approximate phase diagram for tke=4.4 GB model in theP-T
plane showing isotropi¢l), nematic(N), smecticA (Sm-A), and crystal
(Cr) phases. Filled circles correspond to tf@@proximatg transition tem-
08 | peratures obtained on heating; open circles correspond to those obtained on
' cooling. Discontinuous lines are extrapolations of the simulation results.
@
2
OE) 0.6 1 Mesomorphism is induced in the system with increasing ap-
g P=15.0 plied pressure. Above a pressure vaRe 0.4, the crystal
a 04 | melts into an intermediate Sw-liquid, and the SmA phase
g ' melts at higher temperatures into an isotropic liquid. All
° these transitions involve both a density and enthalpy change
02 | | and are therefore first order. At higher applied pressure, nem-
atic ordering is developed in between the 3nandl phases.
[ S This occurs for pressures aboRe=1.25. Small density and
0.0 : ; : ‘ Sk S enthalpy changes are observed at the &N transition and
2.4 26 2.8 3.0 3.2 3.4 3.6

so the transition is either very weakly first order or even
continuous. TheN-I transition occurring at higher tempera-
FIG. 5. Simulation results for the=4.4 GB model along the isobd? tures is definitely(weakly) first order. The nematic range
=15.0.(a) Variation with temperaturd of the average number densiy  jcregses with pressure. On the other hand, theASie-
along the heating seriefh) Variation with temperature of the order param-
eters along the heating series. Circles, orientational order parar8eter found to be stable over a small range of temperatures. Ac-
squares, translational order parametediamonds, bulk bond orientational cording to our results, the S-phase does not extend to
order parameteg. Filled symbols correspond to approximate values at thearbitrarily high pressure, and so the S®-N line should
Cr-N transition. intersect the Cr—Sma line at a well-defined value of the
pressure. This value has not been calculated but we give an
_ ) . estimate in the following section. Note that the continuation
range with increasing pressure: this range was found to be the N—Sm-A transition line at high pressures in Fig. 6
almost insensitive to an increase in pressure fRm2.0 to (drawn there as a dotted linés merely a guide to the eye.
a valueP=3.0. _ We emphasize that the lines in Fig. 6 do not represent coex-
At substantially higher pressures, however, there wergsionce jines, as no free-energy calculation has been per-
clear indications that the SmA-phase was absent. This iS ¢, med whatsoever. As most transitions do show hysteresis
;hown in F|g'. 5, where simulation results obtained on heat(particularly those involving the crystal phagée limits of
ing a crystalline solid an 15.0 are presgnted. AF tempera- stability of each phase upon heating and cooling do not co-
ture T=3.275(25) the solid phase melts into a highly densgjge- the actual transition temperatuie a thermodynamic
liquid (p/pey~0.80). The fluid phase is orientationally or- gongp should be bracketed by these limits. The topology of
dered §~0.920) but translational order is fully absent: both the phase diagram of the=4.4 GB model is therefore in

7and ¢ drop to zero at the transition. According to this, the agreement with the predictions of Browenal® (see Fig. 1
crystal phase melts into a nematic, the transition not being

mediated by any smectic phase. V. ORDER PARAMETERS AND STRUCTURAL
The pressure-temperature projection of the phase dig-~
. . - ROPERTIES
gram emerging from the present work is presented in Fig. 6.
The low-temperature phase corresponds to a crystalline We now turn to examine the behavior of the various
solid. At low pressures, no liquid crystal phases are observedrder parameters defined in Sec. 11B in the range of pres-
and the crystal phase directly melts into an isotropic liquid.sures considered in this work. The variation with temperature

T
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FIG. 7. Variation with temperatur€ of the orientational order paramet8r  FIG. 8. Variation with temperatur€ of the translational order parameter
along the isobarsP=3.0 (down-triangle§ P=2.0 (circles, P=1.0 along the isobarsP=3.0 (down-triangley P=2.0 (circles, P=1.0

(squarey P=0.4 (diamond$, and P=0.2 (up-triangle$. Filled symbols (squares P=0.4 (diamond$, and P=0.2 (up-triangle$. Filled symbols
correspond to approximate values at the various transitions. correspond to approximate values at the various transitions.

of the orientational order paramet8iis presented in Fig. 7. rough estimate of the value of the pressure at which the
In the crystal phase, this order parameter is close to 1 an8M-A is no longer stable.

decreases smoothly as the temperature is increased. At its The (bulk) bond orientational order parametgg is dis-

limit of stability, the solid is characterized by values®bf  played in Fig. 9. On heating from the solid phage, de-
about 0.950, the actual value being rather insensitive to pregreases with increasing reaching values between 0.70 and
sure. As can be observed in Fig. 7, the Cr—8nransitionis  0.76 at the limit of stability of the crystal phase, the lower
always accompanied by a small but measurable jump in th¥alues being observed at the higher pressures. On cooling
orientational order parametéof about 0.04 on heating and from the fluid phases to the solid, the expected high values of
0.03 on cooling at all pressures. This increase in orienta- s are only attained if a defect-free crystalline structure is
tional disorder seems to be associated to the increase in tiggown from the fluid. This process is difficult to achieve
available volume per particle at the melting transition. Along(even for the simpler model fluigland is expected to depend
the SmA phase, the orientational order decreases with instrongly, among other factors, on the particular history of the
creasing temperature. At the Stside of the transition to  cooling process. In the present study an almost perfect crys-
the nematic phase, we four=0.876(5) (at P=3.0) and tal structure was achieved on cooling Rt1 (4~0.75).
S=0.835(10)(at P=2.0). Again, there appears to be a smallOn the other hand, the incomplete crystallizatiorPat2 is
discontinuity ofS at the SmA—N transition. At the nematic

side of theN-| transition we foundS=0.50(4) (at P=3.0)

andS=0.40(4) (at P=2.0). 10F

In Fig. 8 we show the dependence of the translational °’<>*-§._‘.§p~ﬂ_0~o,oono -
order parameter along the directoon temperature along the "7:5&6%%%;:0-0:2 ------ T
different isobars considered in the present work. In the low- 0.8 5 2 Ty n“”yzg
temperature crystal phase, this parameter takes on values % ¥ [ 1

close to 1 and smoothly decreases with increasing tempera-
ture. Typically, the value of- at the limit of stability of the

solid phase is larger the smaller the pressure. A noticeable 5°
decrease in the value oftakes place at the transition to the
Sm-A phase(as large aa=0.19 atP=3.0 andA=0.12 at
P=2.0). This shows that, as expected, the Cr—&nransi-

tion not only involves a two-dimensional in-plane melting 02| .

0.6 | b

0.4 b

but also a lower resolution of the smectic layers when com- |

pared to the solid layers. According to our results, the values ﬁé % @gﬁ%ﬁ@
of 7in the SmA side of the Cr—SnA transition are seen to 0.0 0.5 1.0 15
decrease almost linearly with increasing pressure. A linear T

extrapolation tor=0.10 (typical value of = found in our FIG. 9. Variation with t {urE of the (bulk) bond orientational ord
I~ . . . . . 9. variation wi emperature o e (ou ona orientational oraer
finite-size simulations of phases with no translational ()rderpararmetema along the isobar®=3.0 (down-triangless P—2.0 (circles,

_yields the Va!ue?:9-3 andP:_ 13.9 when using the_heat' P=1.0 (squares P=0.4 (diamond$, and P=0.2 (up-triangle$. Filled
ing and cooling data, respectively. These values give us symbols correspond to approximate values at the various transitions.
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FIG. 10. Variation with temperatur€ of the layer spacingl* in the crystal

(low temperaturpand smecticA (high temperaturephases obtained in the FIG. 11. In-layer positional distribution functiogn,(r,) obtained at differ-

heating series. Results correspond to different pressimbeled on the ent temperature$ along the isobaP =2.0. Continuous lines are for tem-

plot). Filled symbols correspond to approximate values at the CrASm- peraturesT=1.0 and 1.2(Cr phasg and T=1.4 (SmA phasg along the

transition. heating series; discontinuous line is f6=1.2 along the cooling run. The
inset showsg,(r,) at P=2.0, T=1.2 for two system sizesd=1640 mol-
ecules(continuous ling and N=4000 (dotted ling.

manifested by the rather low value ¢f (about 0.4% and a

larger volume per particlésee Fig. 2.

The variation of the layer spacindf with temperature limit our discussion to phases with either filtrysta) or
along the different isobars is presented in Fig. 10. For alpartial (smectic liquid translational order. We show in Fig.
pressures investigated het¥, is observed to increase with 11 the in-plane distributiog,,,(r,) (for n=1) atP=2.0 and
increasing temperature along the solid phase. This is the exat several representative temperatures obtained along the
pected mechanical response associated to thermal expansiogating series. At each thermodynamic condition, all layers
at constant pressure. At any given temperature, the value afisplayed the same structure and the corresporglipdunc-

d* is increasingly higher as the pressure is lowered. Typitions were found to be indistinguishable. We recall that the
cally, d* <k, and this indicates some degree of interdigita-functions g,,(r,) measure positional correlations of the
tion between adjacent layefsotice, however, that for the molecules within layen and so should allow to distinguish
smallest pressure considered here, a vdlue « is found at  between a smectic phaéexpected in-plane liquidlike behav-
the Crd melting transitiof. In the SmA phase, the layer ior with no long-range structuye@nd a true crystal phase. At
spacing exhibits a weak temperature dependence: althoudh= 1.0, this function is highly structured and indicates the
the SmA phase extends over a narrow range of temperaexistence of positional correlations within the layers. The
tures,d* appears to increase with increasifig The most corresponding function obtained on heatingTat 1.20 is
striking feature is that the layer spacing clearly decreases atlso presented in the same figure. The peaks are slightly less
the Cr—SmA transition. Recall that the volume of the sys- well resolved and broader as a result of thermal motion;
tem increases at the melting transition. In principle, this isnonetheless, the function still shows considerable crystalline
due to a nontrivial combination of expansion or compressiorstructure and definitely does not correspond to a two-
of the layers and expansion or compression of the systemimensional liquid layer. The same features were observed
along z. For the present case, the observed compression afpon slowly increasing the temperature upTie 1.32. Be-

the system along necessarily implies an expansion of the yond this temperature, the structure changes dramatically, as
layers at the melting transition. A similar behavior has beerillustrated in Fig. 11 fofT=1.40. The structure of the higher
reported on theoretical grounds by Velasco and Med&ros temperature phase is that of a system of liquid layers.
(although the theoretical analysis was performed there atvhether the structure of this smectic liquid corresponds to a
fixed density and explained in terms of a nontrivial compe- Sm-A or Sm-B phase will become clear shortly.

tition effect between the different contributions to the free ~ We recall that BL, simulating large systems, claim that
energy. the structure at low temperatufgarticularly, atT=1.20)

Thus far, the nature of the different phases has beenorresponds to a SrB-phase. We therefore decided to fur-
inferred from the behavior of the order parameters. We havéher investigate the structural propertiesTat 1.20 (and P
found that(a) the low-temperature phase shows crystalline=2.0) considering larger systems. An initial configuration
structure;(b) the crystal phase melts into either a $m-an  was prepared with four hexagonally ordered layers arranged
isotropic, or a nematic liquid depending on pressure; @phd perpendicular taz with AB packing. The total number of
no intermediate Sn phase is observed. The above conclu-molecules wasN=4000 and the initial density was/pc,
sions were further corroborated after analyzing the various=0.76. With this choice of molecular arrangement, the cal-
structural distribution functions defined in Sec. Il B. Here weculation of the in-layer correlation functions can be extended
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FIG. 13. In-layer bond orientational correlation function for layermat P

FIG. 12. Interlayer distribution functiong,,, between layers 1 anth at =2.0 and different temperatures. The long-dashed line corresponas to
pressureP=2.0 and temperatur€=1.20 (crystal phasg Continuous line, =1 in the crystal phase dt=1.20 along the heating series; the dotted line
m=2; long-dashed linen=3; dotted linem=4. The inset shows the same corresponds ton=1 in the SmA phase afl = 1.40 along the heating series;

functions in the SmA phase P=2.0, T=1.40). continuous lines are for layers=1,2,...,6 in the(imperfec} crystal atT

=1.20 along the cooling series.

up to larger distances. After a sufficiently long equilibration, ions decaying to zero within few oscillations. This behavior
the relevant structural distribution functions were measured$ ilustrated in Fig. 13 for a representative temperature (
The corresponding in-plane distribution function is shown in=1-40). In agreement with our findings obtained by analyz-
Fig. 11 for a given(arbitrary layer and compared with that INd the behavior of the orde_r parameters, we cqnclude that
obtained under the same thermodynamic conditions fof€ low-temperature phase is crystalline. In addition, when
smaller systemsN=1620). Both distribution functions ex- the crystal melts upon heatlng into a smectic liguid, the
hibit the same structural features and are not consistent withigher temperature phase is Sh-Although illustrated here
smecticlike behavior. Therefore, our assignment of this phastor @ single pressureR=2.0), the same structural investiga-
as a crystaland not as a SnB) appears to have nothing to tion was carried out at all pressures considered here and the
do with system-size effects. No dependence of the thermd=onclusions were the same. L
dynamic averages on the particular choice of initial structure ~ Although no SmB phase was found on heating, it still

was seen. This was checked for a number of thermodynami@mains to be investigated whether or not a Brphase is
conditions in the solid and smectic regions. developed before crystallizatioon cooling a fluid phase.

Further evidence of the crystalline nature of the low-Again, we consider the case=2.0. Recall that at this pres-

temperature phase were found after analyzing correlationgU"®, the SmA was found to be stable on lowering the tem-
between layers. For a smectic phasither SmA or Sm-B) pera_ture up tor=1.24. The in-plane d|s_tr|but|on f_unct_lon
there should be no long-range positional correlations beobPtained at a lower temperaturg< 1.20) is shown in Fig.
tween the layer& On the other side, a crystal structure 11 for one of the layergall other layers exhibited the same
should display three-dimensional long-range positional ordefeatures. This function almost commdes_wnh th_at obtained
and so interlayer correlations are expected to be significanfil the same temperature along the heating series and clearly
The interlayer distribution functiong,(r,) (for m=2, 3 indicates positional correlations within the layers. This phase
and 4 obtained aff = 1.20 are shown in Fig. 12. According exhibits crystalline features and is not a 8nphase. The
to the figure, there are significant positional correlations bedegree of crystallization, however, was found to vary from
tween layers, and therefore the phase under consideratid@ver to layer. This is illustrated in Fig. 13, where the in-layer
cannot be considered smecticlike. For comparison, we inbond orientational correlation function is shown for each in-
clude in Fig. 12 the correspondig,, functions obtained in  dividual layer atT=1.20. The hexagonal order is signifi-
the smectic side of the transitioll € 1.40). cantly high and long range within two of the layers but low
As argued before, @=2.0 the crystal phase melts into (although still long rangewithin the rest of the layers. As
a smecticlike phase af=1.331). The nature of these argued before, this is the result of the formation of a distorted
phases was further probed by computing the in-layer bondgattice structure due to the cooling process. Similar impgrfgct
orientational correlation functiorg(r ) defined in Eq(9). crystalline structures were found on cooling from a liquid
Along the heating series, these functions were clearly longh@se at all pressures considered here.
range before melting. This is shown in Fig. 13 for one of the
(crysta) layers atT=1.20 (the same behavior was observed V. CONCLUSIONS
for the rest of the layejsIn the smectic side of the transi- In this paper, we have investigated the phase behavior
tion, however, these functions were short range, the correland structural properties of the GB model by using constant-
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pressure Monte Carlo simulation. Although the interactiondntermediate pressures, the crystal melts into a smectic lig-
depend on four parameters, it seems that the gross featureswtl. Analyzing a variety of structural distribution functions,
the phase behavior largely depend on the molecular anisoit is concluded that this smectic phase is of the so-called
ropy . For small values ok, the only stable mesophase is Sm-A type. In addition, no intermediate SBi-phase was
nematic, whereas for larger molecular elongations, the interever observed. We arrive at the same conclusions after ana-
actions stabilize, in addition, smectic phases. The samlyzing the behavior of the system along cooling runs. At
qualitative behavior is found for other moddfsr instance, sufficiently low temperature, the fluid phagsotropic, nem-
hard spherocylinder®) atic, or SmA, depending on pressyréreezes into a solid
An interesting feature of the GB model is that it exhibits structure with lattice defects. On the basis of this and previ-
pressure-induced mesomorphiit.For many liquid crystal  ous investigations, the reported Snphase for Gay—Berne
compounds, the range of stability of the mesophases mawyodels appears to be a molecular solid rather than a smectic
increase or decrease under the application of hydrostatiquid phase.
pressure. In addition, mesophases can be induced or even
suppressed by the effect of the applied pressure. This is insCKNOWLEDGMENTS
deed what is observed for the GB model. For #we3 GB ] . ] ) .
model, nematic behavior is only found above a certain value ~ Financial support of the Spanish DGICY(Direccion
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