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Liquid crystal phases of dipolar discotic particles
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Fluids of dipolar oblate ellipsoids of revolution are investigated in detail employing molecular dynamics
simulations. For aspect ratidbeight-to-breadthbetween~1.2 and~3, it is shown that these systems may
form two liquid crystal phases. These are a ferroelectric phase which is stable at higher temperatures and an
antiferroelectric columnar phase which is stable at lower temperatures. A partial phase diagram is given and the
important structural features of these phases are determined and dis¢G4€68-651X96)12412-0

PACS numbgs): 64.70.Md, 77.80-e, 82.20.Wt

. INTRODUCTION U(12)=Uyef(12) + upp(12), (60

It is known both from experimenfl,2] and computer whereu,12) represents a repulsiveep Gaussian ellip-
simulations[3—6] that disk-shaped or discotic particles form soid interaction and
liquid crystal phases. In particular, nematic a}nd columnar 5 5
phases have been observed. The nematic diret;tis,asso- Upp(12)= =3(ps 1) (pa-DIT7+ py- o I 2)
ciated with the alignment of the symmetry axes of the par-
ticles. In the columnar phase the particles are arranged
columns creating long-range spatial order.

Iﬁ. the dipole-dipoleDD) potential. In Eq.(2), g is the di-
pole associated with particle r=r,—rq, andr=|r|. The

Fluids of discotic particles with a point dipole embeddedGaUSS'an ellipsoid interaction or Gaussian overlap potential

along the symmetry axis have also been investigated witlf/as introduced by Berne and Pechukas] for ellipsoids of
computer simulationf7,8]. In these simulations the particles revolution and we have smcg extended the method to the
were modeled as cut spheres with lengtland diameteD general ca§é14]. In the notation of{14], ur(12) can be
chosen such thdd/L=10. Two columnar phases were ob- expressed in the general form
served. At low dipole moments unpolarized columns were ;2
found. At higher dipole moments, completely polarized col- urep(12)248/exl{ s( 1— ” (33
umns were observed but equal numbers were polarized in

opposite directions such that the total polarization of the sys-

tem was zero. The columns were arranged with hexagondyhere

symmetry but the “up” and “down” columns were not ar-

ranged in any well defined manner. No ferroelectric phases e =& V| by +by| (3b)
were observed for this model. This behavior is consistent UT1+T,

with that of fluids of dipolar prolate ellipsoid§9] and

spherocylinder$7,10] which also do not form any ferroelec- r2

tric liquid phase. However, it contrasts with that of strongly P —(BB/4A—-C):rr (30

interacting dipolar spheres which have a well defined ferro-
electric nematic phagd 1,12

It is evident that particle shape has a significant role in A
determining the stability of ferroelectric liquid phases. How-
ever, the influence of particle shape has not been systemati-
cally investigated and understood. The present paper is a step A
in that direction. We use molecular dynami®sD) simula-
tions to investigate the phase behavior of fluids of dipolar
oblate ellipsoids of varying aspect ratio. A partial phase dia- a
gram is presented and discussed. It is shown that interesting
ferroelectric behavior exists at intermediate aspect ratios.

II. MODEL AND SIMULATION DETAILS

4
We consider oblate ellipsoids of revolution with point di- b
poles embedded at the center as shown in Fifndte that
o,=0, in the present applicationThe pair potential is of FIG. 1. A sketch of the dipolar ellipsoid model. All relevant
the form labels are explained in the text.
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and explicit expressions for the matridesT, C, as well as  system is ferroelectric, both order parameters will be non-
the vectorB and the scalaA are given in the appendix. In zero. It is also possible to have systems which are ordered
Eq. (3a), s can be regarded as a “hardness” parameter whictbut antiferroelectric(e.g., polarized columns with equal
determines the strength and range of the repulsive potentiahumbers up and downlIn this casgP;) will be near zero

As s becomes larger the potential becomes sharper and tHaut (P,) will be nonzero.

particles behave essentially as hard ellipsoids. In this case, In order to investigate the development of spatial struc-
o' is approximately the distance of closest approach for twdure, it is useful to calculate parallel| and perpendicular
particles at their respective orientations. In the present calcy-L) correlation functionsg;(r) andg, (r,), respectively.
lations s=20 was used. This gives a very sharp and rapidiyif the instantaneous director is given dythenr || andr, are
decaying potential. Calculations with larger valuesgfave  the vectorg| = (r-d)d andr, =r—r,. The correlation func-

very similar results. tions are defined as
The properties of the system were explored by carrying
out constant temperature MD simulatidd$] employing pe- <”(rH NIRs 5r|\)>
riodic boundary conditions and the Ewald summation gH(rH)=<no(f|| TEE (6)

method[16]. Most calculations were carried out with 256
particles but some runs witN=500 were done to ensure (N(r, 4 0r,)
that the results obtained were not significantly dependent on 9,(r,)= Lot TA
system size. The dielectric constant of the surrounding con- (No(ry Fi+ar,))
tinuum[16] €' was taken to bec in most simulations. Tests ) ) )
with €’ =1 gave similar results in isotropic systems and the!" the parallel casgn) is the average number of particles in
expected domain structure was observed in ferroelectri@ disk-shape shell perpendiculardatr| of width ér) and
phaseq11]. All simulations were carried out using the re- radius[(L/2)~r{]*2 whereL is the length of the simula-
duced time stepgt* = st\yma?/e=0.0012 f is the mass, tion cell. In the perpendicular cas@) is the average num-
a=203 is the particle “height’). All simulations were ini- ber of particles in a cylindrical shell abodtof radiusr, ,
tiated with oblate particles on a face-centered-cubic latticewidth &r, , and height 2(L/2)>—r27*2 In both casegn,)

The system was then equilibrated for 20 000 time steps witlis the average number of particles one would expect in the
no dipolar interactions at the density and temperature of inrelevant shell calculated using the angle-averaged pair distri-
terest. A configuration was then chosen from the equilibratedution function. In an isotropic or nematic fluid, both
isotropic systeninote that without dipolar forces all systems g (r;;) andg, (r,) will be one everywhere. Positional order
considered here would be isotropiand the dipolar forces parallel and/or perpendicular to the director will appear as
were switched on. Equilibration runs of 100 000 time stepspeaks in these correlation functions. For example, columnar
were then followed with production runs of 200 000 time ordering results in a large peak @ (r,) atr, =0 and in
steps over which the averages of interest were taken. Stapeaks ing(r) at multiples of the particle height. Some
dard deviations were estimated by dividing the productionstructural and orientational information can also be obtained
runs into ten equal blocks and assuming that the block aveby calculating projections of the pair correlation function
ages were independent measurements. [11] and this was also done in the present simulations.

We are mainly interested in orientational order and this In addition to collecting structural information, we also
was detected by calculating the first- and second-rank ordeshecked for solidification by monitoring the mean square
parameters(P;) and(P,), respectively. In our model the displacement|r;(t)—r;(0)|?), wherer; is the position vec-
dipole is along the molecular symmetry axis. Therefore, thaor of particlei at timet. Of course, in fluids this function
instantaneous value d?, is taken to be the largest eigen- will increase linearly in time at long times in accord with the
value of the ordering matrixQ, with elements defined by Einstein relationshig15]; for solids it will rapidly become
[15] constant as increases.

(7)

n

1 1 o

Q”‘B:NEl E(sﬂlcvﬂlﬂ_ 5043)- (4) lll. RESULTS AND DISCUSSION
1= . . . .

It is usual to characterize hard oblate ellipsoids of revolu-

tion by specifying the breadth-to-height ratida. For the
lpresent “soft” repulsive model we follow the same conven-
tion and seb/a=20,/205 (see Fig. 1; note that; =0, in

where ,u'a is the a« component of the unit vector
= () tui. The eigenvector corresponding to the larges

e@genvalue is the instantaneous direcrﬂorAgain, since_ the the present cageThe thermodynamic state of a system of
dipole moment is along the symmetry axis of the particle, Weyjyo1ar oplate ellipsoids is then completely determined by
can define the instantaneous first-rank order parameter Zfi?(ing b/a, the reduced dipole momept* = (1 %/sa%)2 the
[11.17 reduced temperatufe* =k T/e (k is the Boltzmann constant

andT is the absolute temperatyiyeand the reduced density
(5) p* =pab?. In the present paper we examine systems of di-

polar oblate particles with aspect ratios ranging from

1.2<b/a<3 at various reduced temperatures and densities.
If the system considered is isotropic, both order parameterA partial phase diagram is obtained and the phase behavior
will have small, near-zero valuésear zero rather than zero observed is rationalized by examining the local structure of
because we are considering systems of finite)sifethe  the fluid.

N ~
2 f-dl.
i=1

1
P]_:N



55 LIQUID CRYSTAL PHASES OF DIPOLAR DISCOTCT . . . 449

_23 S T — T ].:IIII T T T T T T ||||:
F . 08 [ =
w —RAFE e 4 - (a) .
3 C e ] - E
e T ] 0.6 |- ]
o TROLE X - B ]
g - X ] 0.4 F -
5 26 = - g
R . 0.2 F =
i | | | | . - il §
_2.7 S L S Lt L -I 111 Ly v b v o by |—
1 12 14 16 1.8 2 OO 5 0.6 0.7 0.8 0.9
b/a o
FIG. 2. The reduced dipolar energy per partidliypa®/Nu?, 1l
for different lattices of oblate dipolar particles. The triangles are for - P
the antiferroelectric columnar lattice and the squares are for the 0.8 (b) e
ferroelectric tetragonal | lattice. C I 7
0.6 |- N
2} C A
A. Dipolar lattice calculations Vo4l J—
As a preliminary investigation, it is interesting to calcu- 0.2 = B
late the energy of two dipolar lattices chosen to be consistent T .
with the observedbcal structure in ferroelectric nematic and Covs (PR B
antiferroelectric columnar phases. For dipolar spheres in the 05 06 07 08 09
ferroelectric nematic phase the local structure resembles a P
tetragonal | crystal11]. The tetragonal | structure is also the .
ground state of solids composed of dipolar sphét& The FIG. 3. The order paramete(®,) (a) and(P) (b) as functions

raet pare . :
antiferroelectric columnar phase has polarized columns aff reduced density ar* =1.9. The squares, circles, and triangles
are forb/a=1.5, 1.3, and 1.2, respectively.

ranged with hexagonal symmetry. The up or down arrange-
ment of polarized columns is completely random and the net ) _

polarization of the system is zef@,8]. Both lattices can be B. MD simulations

constructed by arranging columns of dipoles in an appropri- It is useful to begin by considering some MD results at
ate manner. In the antiferroelectric case the columns werg*=1.9 and u* =3.0. The average order parameters ob-
first arranged on a hexagonal lattice and then equal numbetained forb/a=1.2, 1.3, and 1.5 are shown as a function of
of columns were randomly oriented up or down. The dipole-density in Fig. 3. It must be emphasized that in the absence
dipole distance in the column was fixedaaaind the reduced of dipolar interactions all three systems would be isotropic.
density atp* =1. Lattices corresponding to different values Indeed, it is well knowr{3,4] that hard oblate ellipsoids do

of b/a were then generated by expanding the system in dinot have a liquid crystal phase for aspect ratio8. There-
rections perpendicular to the dipoles. The total dipole-dipold0re any orientational order observed here arises mainly from
energy was calculated by employing the Ewald method. the dipolar interactions. From Fig. 3, we see that all three

The dimensionless dipole-dipole energy per particIeSyStemS undergo an orientational ordering transition near

Uso/Ny % obfained for both atices is shown n Fig. 2. 7078, Futhermore the orderd phase i eroeectc
For reference, it is useful to note that for a single, isolated, d ' d bta is i d. This behavi
infinite column of dipolar particledUppa®/Nu2=—2.40, rderng more pronounced asa IS Increased. 1nis behavior

. ) . is apparent both i{fP,) [Fig. 3@] and (P,) [Fig. 3b)].
From Fig. 2 we see that for spherical particles the ferroelecs . : : : i
tric lattice has the | " This i istent with th Thus based on these particular simulations one might con
ric lattice has the lowest energy. This 1S consistent wi %lude that, at least for intermediate values, increasife
observed local structure in ferroelectric fluids of dlpolarf vors ferroelectric ordering. However, the situation is not so
spheres. As the aspect ratio is increased, the energies of bog ple. If, for b/a=1.5, the density écan is repeated at a
lattices approach the single infinite chain result and, in factio\yer temperature, one again finds orientational ordering as
for values ofb/a= 1.5 the differences are insignificant. Thus ,gicated by(P,) but no ferroelectric ordering is observed.
the antiferroelectric behavior observed in fluids of dipolarggr example, fop* —0.792,(P;)~0.15 atT* =1.35 com-

cut spheres wittD/L =10 [7,8] can be explained simply in  pared with~0.75 atT* =1.9.

terms of entropy. The column-column interactions in the Thjs effect is clearly shown in Fig. 4 where the order
fluid are so weak that entropy ensures that equal numbegsarameters are plotted as a functionTéf for a system with
will be polarized in different directions. Finally, for small to b/a=1.45 andp* =0.792. There is nothing special about
intermediate aspect ratigse., =1.5) the suggested ground these values db/a andp* and other systems exhibit similar
state is a ferroelectric tetragonal | lattice. However, the bebehavior. From the plot we see that the system is polarized
havior of the finite temperature fluids is not obvious from (i.e.,{P,) is not zerg for a narrow temperature range around
these lattice considerations and detailed simulations are r@&*~1.9. Both above and below this temperature range
quired. (Py) is near zero. At higher temperaturéB,) is also~0
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FIG. 4. The order paramete{®,) (triangleg and(P,) (circles
as functions ofT* atb/a=1.45 andp* =0.792.

indicating that the system is simply isotropic. However, be-
low T* ~1.9,(P,) remains large despite the fact tH&,) is

near zero. This indicates that at lower temperatures the sys-
tem is orientationally ordered but unpolarized. This strongly
suggests that at the lower temperatures strong columnar cor-
relations develop resulting in an antiferroelectric columnar
phase similar to that previously observieyg] for fluids of
dipolar cut spheres with a much larger aspect ratio.

Evidence for this conclusion is provided in Fig. 5 where
we show configurational ‘“snapshots” for systems with
b/a=1.45,p* =0.792 afT* =1.35, 1.9, and 2.5. We see that
at T*=1.35[Fig. 5a)] there is antiferroelectric columnar
order. The columns are not very rigid and there is no obvious
hexagonal order as one finds for larger aspect ratios. Never-
theless, the columns are polarized and approximately equal
numbers are oriented in opposite directions such that there is
no net polarization. As the temperature is increased to
T*=1.9[Fig. 5b)], the columnar structure weakens further
and a ferroelectric phase is formed. A&t =2.5 [Fig. 5(c)]
the system is clearly isotropic and there is no orientational
order of any kind.

The mean square displacements obtained for all three sys-
tems are shown as functions of the reduced titfiejn Fig.

6. We note that for all three phaséf;(t)—r;(0)|?) in-
creases continually witti* indicating that all three are fluid.
The diffusion becomes slower at lower temperatuies, in
the liquid crystal phasedut certainly remains finite.

It is interesting to consideg(r) andg, (r ) for the
same systems. These functions are plotted in Fig. 7. We note
that they exhibit no structural featuresTat= 2.5, indicating
that as expected the isotropic system has no long-range spa-
tial correlations. AtT*=1.9 and 1.35, the peaks i (r))
andg, (r,) indicate that columnar correlations are present.
The strong peak i, (r,) [Fig. 7(@)] atr] =0 arises from
particles in the same column. The peaks at-1.5 and 3
result from near-neighbor and next-near-neighbor columns
(recall thatb/a=1.45). The sharp peaks gy (r)) [Fig. 7(b)]
at rﬁ =1, 2, and 3 result from particles in the same column.
The absence of peaks atl.5 and~ 2.5 indicates that there
is no signification interdigition of the columns as one would
expect with tetragonal-1-like correlations. As the temperature
is decreased and the system passes from the ferroelectric
phase T*=1.9) to the antiferroelectric phasdf{=1.35)

FIG. 5. Configurational snapshots of systems witla=1.45

the columnar correlations become stronger but there is nandp* =0.792 atT*=1.35(a), T*=1.9 (b) andT* =2.5(c). The

sudden qualitative change. This suggests that as the ferrght and dark particles are oriented in opposite directions.
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FIG. 6. Mean square displacements as functions of the reduced, FIG. 8. The projectiony’*(r) for systems witrb/a=1.45 and

time t*. The solid, dashed, and long-dashed lines are for'_'i_*z(i'ggz'l Jhsndsgléd’regogsg\’/eland dashed “curves are for
T*=1.35, 1.9, and 2.5, respectively. T = fesp y:

fact, in a ferroelectric phase without long-range spatial order,
119r) becomes constant and proportional ¢(®,) as
— [11]. In Fig. 8, g*'r) is plotted for the isotropic,

electric phase is cooled the columnar correlations grow i
length and strength until some critical condition is reache

and the ferroelectric-antiferroelectric transition occurs. It iSferroeIectric and antiferroelectric systems discussed above
likely that this occurs when the columns are sufﬁcientlyIt can be se,en that in the isotropic phagh(r) has a rela- '
“f”F“_" and .We" enough deflned_ to be reg_arded as S.e.parat%vely weak peak ar*=1 and decays rr;lpidly to zero at

entities which can be moved or inverted WlthoutS|gn|f|cantIyIarger separations as expected. In the ferroelectric phase
increasing the energy of the system. In other words, in the 11o, .\ ek ’
ferroelectric phase the fluid still behaves essentially as asy%— (r) is more strongly peaked at' =1 and peaks also

tem of independent particles; whereas, in the antiferroelectrig - - atr* ~1.5, 2, and 3. The peak at1.5 is associated
inaep P ' ! With particles in neighboring “columns.” The peak at2 is
phase it behaves more as a collection of columns.

It is also instructive to examingt¥r), which is the pro- due to next-near neighbors in the same column and that at

L . : . : ~ 3 includes contributions from both the same and neighbor-
jection of the pair correlation function proportional to .

; : 11 )
R e o st e o g 19 e A i e frodecnc e ) <
evaluated at the separatiofil1]. It is obvious thag''%r) is P gen

2 direct measure of the tendency of the diooles to align Ir'%hat the value of this constant is consistent with the directly
y P gn. measured P;). In the antiferroelectric phase the peaks at

r*~1 and 2 are sharper indicating increased columnar order.

3 ——————T———11 Furthermore, the peak af~1.5 has essentially vanished
- ] indicating that it is equally likely to find the dipoles in neigh-
2.5 & - boring columns in parallel or antiparallel orientations. This,
SN Y 3 together with the fact thag*%r) decays rapidly to zero, is
2 2 E = strong evidence that in the low temperature phase columns
o 15 E E polarized up or down occur more or less randomly and no
= ] domain structure exists.
T = A N = It is also useful to consider the behavior of the average
E reduced energy,(U*)/N=(U)/Ne, and heat capacity,
(05 ) SRR S R R S Cy/N=Cy/Nk, as functions of T* and results for
0 1 riz 3 b/a=1.45 andp*=0.792 are shown in Fig. 9. The heat
1.3 :l LI T T T | T T T |: — —— T " ——
1.2 B - -6 s E B
g . Z -8 Fe T -
/:11 = — > oy % e A
£ F . 510 ok ER B
€1 = v o e/ ]
= 7 —12 |- =
0.9 ] E bk B o E
080 | v b L B :T """ | | """" | '.T L L |:
0 LI 3 165 15 , 2 2.5
Il T
FIG. 7. The functiongy, (r,) (@ andgy(r)) (b) for systems FIG. 9. The reduced configurational energy per particle as a

with b/a=1.45 and p*=0.792. The solid, dotted, and dashed function of T*. The inset is the reduced excess heat capacity per
curves are foff*=1.35, 1.9, and 2.5, respectively. particle.
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shown are foru* =3 andp* =0.792. This reduced density

L FrrTTTrTTTT TR was chosen to emphasize the ferroelectric liquid region. For
08 L i lower densities the isotropic phase would be stable at lower
- : . temperatures, while at higher densities the solid would oc-
N 0.6 —_<13_,3.i«-1 ...... ¥ /o 7] cupy a larger region of the phase diagram. The phase bound-
n.'.io 4 I_I } - E ary lines were obtained by examining the order parameters
v C<P,> f oy ] and the mean square displacement for selected systems. We
02 F % ] emphasize that these lines were not obtained from rigorous
B ] thermodynamic calculations and are therefore approximate.

obolea b boa b 1 Also, it must be noted that we do not know the ground state
1 1.2 1"{) 16 1.8 2 (zero temperatujecrystal structures. The solids we refer to
/a are those obtained simply by cooling the liquid until there
was no significant diffusion. However, for larger aspect ra-
tios where the particles do not freeze into a well defined
lattice, it is not really possible to determine if a system has
truly frozen or merely become a very viscous glass. For these
systems the diffusion constant decreases essentially continu-
capacity(insey was obtained by numerical differentiation of ously as the system is cooled and does not provide a distinct
the average energy. The sudden drop in energy and the cafansition temperature. To emphasize this uncertainty the es-
respondingly sharp peak in heat capacity indicate theimated solid-liquid boundary in Fig. 11 is shown as a dashed
isotropic-ferroelectric transition ak* ~1.9. There is also a line for b/a>1.2. We make no estimate at all of the solidi-
small bump in the heat capacity &t ~1.65 which appears fication temperature fob/a>1.5.
to be associated with the ferroelectric-antiferroelectric tran- |n the near spherical regim@e., b/a<1.2) we see be-
sition evident in the order parameter pl&ig. 4). havior familiar from earlier work{11]. Upon cooling the
The influence of particle anisotropy on ferroelectric orderisotropic phase a ferroelectric fluid is obtained which upon
at fixed temperature and density is shown in Fig. 10. Here Weyrther cooling freezes to a ferroelectric solid. The structure
have plotted the order parameters as a functiom/af at  of the solid is tetragonal | and the ferroelectric liquid crystal
*=1.9 andp*=0.792. We see thatP,) increases with has local structure reminiscent of this.
increasingb/a, reaches a maximum #&/a~1.6, and then At some aspect ratio abou#’a~1.2 two liquid crystal
decreases slightly for larger aspect ratios. The polarizatiophases exist. When the isotropic system is cooled a ferroelec-
increases wittb/a for values=<1.45; atb/a=1.45 the sys- tric phase is formed. In this phase the local structure is not
tem is strongly ferroelectric. For larger values lofa, the  tetragonal-I-like as in the spherical case, but there are short-
polarization declines quite rapidly as columnar correlationgange columnar correlations. Upon further cooling, the co-
grow and the antiferroelectric behavior discussed above baumnar order increases and what we may loosely call an

FIG. 10. The order parameter&,) (triangles and (P,)
(circles as functions of the aspect ratio af*=1.9 and
p*=0.792.

comes established. antiferroelectric columnar fluid phase is formed. Thus the
ferroelectric fluid is stable in a rather narrow temperature
C. Simple phase diagram range between the isotropic and antiferroelectric fluids. As

We have carried out a number of further simulations forb/a is increased, the isotropic-ferroelectric and ferroelectric-

different systems and the results are conveniently summazzgntiferroelectric transition temperatures increase and move
rized in the partial “phase diagram” given in Fig. 11. Here closer together. Thus, &8a increases the temperature range

we have plotted phase boundaries onb&a( T*) diagram of the ferroelectric phase decreases and eventually vanishes.

and the stable phase in each region is indicated. The resuIFsor ‘?%‘am_p'e’ forb/a=2 the ferroelectric-antiferroelectric
P g transition is aflT* ~2.3 and the reduced temperature range of

the ferroelectric is~0.2. Forb/a=3 we find no ferroelectric
phase at all. These observations are not surprising. Particles
3 with larger aspect ratios have a stronger tendency to form
columns and eventually the system transforms directly from
the isotropic to the antiferroelectric columnar phase without
passing through a ferroelectric state.

IV. CONCLUSIONS

The purpose of this paper has been to explore the influ-
ence of particle shape upon the existence of ferroelectric lig-
0 I I . . uid phases. It is shown that dipolar oblate particles exhibit

1 L2 14 16 18 2 rather interesting phase behavior. For aspect ratios
b/a<1.2 these systems form a single ferroelectric liquid

FIG. 11. An approximate phase diagram for dipolar oblate el-Crystal phase similar to that previously observed for dipolar
lipsoids with x* =3 andp* =0.792. The phases indicated are iso- Sphereg11,12. However, for larger aspect ratios two liquid
tropic (1), ferroelectric liquid(FE L), antiferroelectric liquid AFE ~ crystal phases are found. Cooling of the isotropic phase
L), ferroelectric solid FE S and antiferroelectric solidAFE S). yields a ferroelectric liquid with short-range columnar corre-
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lations but no long-range spatial order. Upon further cooling Employing the notation of Ref.14], the orientation and
the polarization vanishes and an antiferroelectric columnashape of a three dimensional Gaussian ellipsoid can be de-
liquid is formed. Thus the ferroelectric liquid exists over a scribed by the tensof defined as

temperature range between the isotropic and antiferroelectric

columnar phases. As the aspect ratio is increased the tem-

perature range for which the ferroelectric phase is stable be-

comes progressively narrower and eventually vanishes for T=R'R. (Ala)
values ofb/a=3. For aspect ratios= 3, the isotropic fluid

transforms directly to the antiferroelectric columnar state

without passing through the ferroelectric phase. This is con- _

sistent with earlier observations for dipolar cut spheres witH1€reb is the tensor

large aspect ratiof7,8].
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APPENDIX: REPULSIVE GAUSSIAN

OVERLAP POTENTIAL L " . .
whereoq, 05, ando; are the principle radii of the ellipsoid

The Gaussian overlap model provides a continuous repukast in standard forrfsee Fig. 1 R is a rotation matrixits
sive pair potential that is particularly suited for MD simula- transpose is denoteR) which expressed in quaternions has
tions of ellipsoidal particles. the form[15]

3+ai—a3—a3  2(d182+GoGs)  2(4103—oda)
2(910,—Gols)  Go—di+03— 03  2(0z0s+Gods) , (Alc)
2(0103+dod2)  2(dz03—Gol:) 95— a5—a5+03

where |Ti+Tj| A
g g g2
Go=C080 cos}(+ ), (A1d) SySer S
q,=Sint 6 cost (1) (Ale) and the components of the vect®rare
q2=Sin%0 Sin%(d’_ l;b)! (Alf) zjx zjy zjz
-2
B=— | S Sy S» (A5a3)
= ins(p+ ), Al X -S ’
ds CO%@ S|n2(¢ lﬂ) ( g) SnyZZ Syz Szx Szy Szz
and 6, ¢, andy are the Euler angledl5].
The pair interaction is assumed to be proportional to the
overlap integral of two Gaussian ellipsoids. For two identical Tixy ijy szy
ellipsoids at separationand with orientations defined by the -2
quaternion sets; andg;, the interaction energy(r,q; ,q;) By:Sy S %, S Sy S|, (ASb)
is given by[14] y S

u(r,q; q_):48V|bi+bj|es[l+(BB/4A—C):rr]_ (A2) T. T, T.
yM1 M) |T|+T]| 2 ]XZ Jyz lzz

B,=———| S Sy Sz|.  (A50
WSS, s, s,

If we define the tensoB as

then The elements of the symmetric tengorare
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(SyZzjz_ SZZzjy)2 szxz (SszjXZ_ SzszXy)(Sszij_ SZZTJ)’Y) TjXZijZ
=T - - = Cyy=T; — - ,
Cxx TJxx SZZ(SnyZZ_ S)z/z) Szz, (A6a) Xy Ixy Szz(snyZZ_ Ssz) SZZ
(A6d)
T — T 2 T2 (SyZzjz_ SZZzj )(SszjZZ— SZZT]Z ) TjXZTjZZ
Oy e S T gy G T S8y S0 S,
W SA Syyszz_ Syz) S, g (A6e)
T -S,T )S,T —-S,T. ) T, T
C,=T; — = - 22, (A6 vz 73z z
Tl 58,5, %) S, 1% ' (Af)
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