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Freezing transition of a strongly dipolar simple fluid
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(Received 20 September 1999

The freezing transition of a strongly dipolar Lennard-Jones fluid is investigated using Monte Carlo simula-
tion. It is found that the system undergoes a ferroelectric liquid-to-solid transition when cooled under a
constant pressure. Near the triple point the stable solid phase is a body-centered orthorhombic ferroelectric
crystal; a metastable ferroelectric solid phase with distorted hexagonal lattice structure is also discovered. To
locate the freezing point, Gibbs free energies of the solid and liquid phase are determined using a thermody-
namic integration method.

PACS numbsd(s): 61.20.Ja, 61.20.Ne, 64.70p, 77.80—e

The crystallization of liquid is a universal phenomenon, o\12 [ 5\6
yet a central characteristic of crystallization is that it is u(r;)=4e (r_) _(F> 3 : ,
highly nonuniversa[1]; that is, the location of the freezing g 1 rij rij
point and the stable crystalline lattice selected upon freezing @

depend sensitively on the underlying molecular interactionswhere o and e are the Lennard-Jones diameter and well
Computer simulation$2,3] have shed much light on the depth parameterﬁ,i is the dipole moment of thih particle,

crystallization of a prototype nonpolar liquid—Lennard-Jones™ " . !
[4,5]. The latter is a widely used model of noble gases. It ha&nd i denotes the vector connecting thté and jth par-
been found that the stable solid phase of the Lennard-Jond€!es. We are particularly interested in the system with par-

system is a face-centered cuklifcc) close-packed crystal, ti_cles carrying a reduced dipole momept” = u/ e
consistent with that of noble gasésxcept helium How- _*2'_5|; F(;r c%nver)leni:e_, We3W'” lése the redlich tegrlnperature
ever, much less is known about freezing of its simplest polall — KeT/€, densityp™ =po~, and pressur@™ =po-/e to

counterpart, Lennard-Jones particles carrying an embeddé&’?c'z th;rmchdynartnlc S;[ﬁtes of tpefsy_ste:n.t_ Lord
point dipole(or Stockmayer fluid6]). n the dipolar system, the onset of orientational order can

be monitored through two orientational order parameters

Etxampleshof strr(])n(;gly dipolar g)(/jstemz mcludle m;lalg(cj:ular 12,13. (1) The nematic order paramet& defined as an
systems such as hydrogen cyanide and complex Tuld Sy, qemp)e average of the largest eigenvalue of the second-

tems such as ferrofluideolloidal suspensions of magnetic - A= N .
spherical particles[7]. Upon freezing, solid hydrogen cya- rank tensoQ=(1/N) L3 (30U~ 1), \ivhereui is the unit
nide may select the orthorhombic structure, whereas the laiector along the direction of the dipoje;, and(2) the po-
tice structure of ferrofluids is less clef8]. In any event, larization order parameté®=(1/N|=N.,u;-d|), whered is
common to all strongly dipolar systems is that the symmetnithe so-called instantaneous director, which is the unit eigen-
of crystal structure manifests the subtle interplay betweewector associated with the largest eigenvalu®ofNote that
isotropic repulsion plus dispersive van der Waals attractionS>0 indicates the appearance of the nematic order, whereas
which promotes cubic lattice structures, and anisotropid®>0 signifies the onset of ferroelectric order. We also moni-
dipole-dipole interaction, which promotes orientational or-tored the positional order of the system through the pair cor-
der. relation functionsg(r), g(r;), andg,(r,) [13-15. The
The freezing transition of dipolar Lennard-Jones fluid hadatter two are the longitudinal and transverse pair correlation
been studied by density-functional thed§,10], the best functions which measure positional correlations in directions
analytic theory of freezing to dafd 1]. Only fcc and body- parallel and perpendicular to the directhr
centered tetragondbct) structures were examined. Two is- Two series of isothermal-isobaric Monte CarlC)
sues remain under debat&) which lattice structure is se- simulations were performed, after the manner of Weis and
lected upon freezing other than the fcc lattice structure_evesqudl13]. In the first series a cubic box is chosen as the
(which is selected in high pressure or weak dipole lifhiti) simulation cell, where it contains 500 particles; the initial
Can a stable ferroelectric liquid phase intervene between theonfiguration is an fcc crystal at a high reduced temperature
isotropic liquid phase and the crystal prior to the freezing(2.0—2.5. In the second series, the initial configuration is a
transition[9,10]? In this Rapid Communication we report the crystal but at a low reduced temperate5-0.8. A rect-
results of computer simulations of a strongly dipolarangular parallelepiped is chosen as the simulation cell where
Lennard-Jones system, which demonstrate that near the tripiecontains either 432 or 500 particles, depending on whether
point the stable solid phase is a body-centered orthorhombithe body-centerefincluding bct, bco, and body-centered cu-
(bco ferroelectric crystal and that the melt is a stable ferro-bic bcd, or the fcc and hexagonal close-pacKbdp) lattice

n Mit B(mi-rip)(pj-rij)

electric liquid. is selected as the initial structure. All three lengths of the
The dipolar Lennard-Jones model is described by the pairparallelepiped are allowed to change independently so that
wise interparticle potential the solid is allowed to adapt a favorable lattice structure at
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FIG. 1. (a) Radial distribution functiorg(r); (b) longitudinal
correlation functiongy(ry); (c) transverse correlation function

g,(r,). The dotted-dashed lines are for the isotropic liquidrat and (c) polarization order parameté for liquid phase(open sym-

=2.5 andp*=5.0; the dashed lines are for the bco solidTat 19 and beo solid phastelosed symbolsat three isobaric condi-
=1.2 andp* =5.0, resulting from the first series of isothermal- tions: p* =0.0 (circle), 3.0 (squarg, and 5.0(diamond.

isobaric MC simulations; the solid lines are for the bco solid at
T*=0.7 andp* =5.0, resulting from the second series of simula- ] ] ) .
tions. To further validate this observation, the second series of

simulations was performed starting respectively with three
the low temperature. The long-range dipolar interactions ar@ody-centered lattice structures: bcc, bct, and bco, and with
calculated using the Ewald sum method with the “tin-foil” two close-packed lattice structures, fcc or hcp. Both random
boundary[16,17. Periodical boundary conditions are im- and ordered initial orientations of dipoles are used. For the
posed in all simulations. ordered one, the orientation of all dipoles either is along the

We consider three isobaric conditiors®=0.0, 3.0, and  [001] (for bcce, bet, and bcoor the [110] direction (for fcc

5.0. At each pressure and a given temperature, 30 000 Mgnd hcp because these directions are parallel to the close-
cycles were used for equilibration, followed by anotherpacked planes of the crystal. After equilibration at a low
30000 or more MC cycles for calculation. Starting the firsttemperaturer* = 0.5-0.8, the systems with bce or bet struc-
simulation atp* =5.0 andT*=2.5 with the orientation of yres all quickly transform into the bco structure with a high
d|poles_ set rar_ldo_mly on the lattice sites, the fcc lattice transdegree of orientational order alof@01] direction[Fig. 3a)]
forms into a liquid after several thousand MC cycles. Theyng the system with fcc structure also slowly evolves into the
correlation functions of the liquid g* =5.0 andT*=2.5 g |attice structure. This indicates thatTt=0.5-0.8 the

are shown in Figs. (B—1(c) (dotted-dashed lingsSubse-  hec pet, and fee solid phases are unstable relative to the bco
guent runs at a lower temperature always start from the final

configuration of the preceding run at a higher temperature.
Figures 2a)—2(c) display the temperature dependence of the ®
reduced potential energy per parti¢l& /N and the two or-

der parameter§ and P, respectively. At high temperatures
bothSandP are close to 0, indicating that the liquid phase is
isotropic with no orientational order. As the temperature is
lowered,U*/N decreases gradually whil®andP increase

first slowly and then rapidly, indicating the appearance of

both nematic and ferroelectric orders in the sysfé®,19.

FIG. 2. Temperature dependence (af the reduced potential
energy per particlel{*/N=U/Ne), (b) nematic order paramet&

(b)

At T*~1.0, U*/N exhibits a sudden drop while bothand *
P show a sudden jump, manifesting a strong first-order tran- 2150 a=b=1.03G
sition. Graphical analysis of a typical configuration of the =0.980 =185¢

simulation reveals that the post-transition phase exhibits a e

bco lattice structure. An example of the pair correlation func-  FIG. 3. (a) Unit cell of the bco solid afi* =0.7 andp* =5.0;
tions for the post-transition state &t =1.2 andp*=5.0is  (b) A unit cell of the distorted hexagonal solid @ =0.8 and
displayed in Figs. (g)—1(c) (dashed lines p*=0.0.
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solid, regardless of the initial orientation of dipoles. How- 3.0
ever, the system starting with the hcp structure and with

random dipole orientation does not transform to a bco struc- -5 /ﬁg ]
ture but to a glassylike phase with pair correlation functions 25 -10 ¢ %ﬂ,}, 1 4
similar to those of liquid at high temperaturgsg. 1). In this -15 //

case the system is trapped in a metastable liquid state. More _20
interestingly, the system starting with hcp structure and or- " 05 1.0 1.5 2.0 25
dered dipole orientation ends up with a distorted hexagonal T

lattice structure, where the distortion is a contraction along
the direction of the directofthe [110] direction so that the

G*'N

isotropic
vapor + liquid liquid

angley betweena andb axes is greater than 120%ee Fig. 1'5* b.c.o.
3(b)]. We will later show from free energy calculations that T""'""""""”"f' 7777 solid
near the triple point the distorted hexagonal solid is a meta- . "ap°”s‘?"d .
stable phase, whereas the bco solid is the stable one. s 0.7 0.9 1.1
Figures 1a)—1(c) also display the correlation functions p* °

for the bco solid state at* =0.7 andp* =5.0 (solid lines.
Note that the solid and dashed lines in Fig. 1 show similar
featu.res' From the !Ongltudlna! and transverse CorrEIatlorglectric liquid andT}, denotes the reduced temperature of triple
functlons we q§term|ne the Iattllce Csnstarmsb(,c)* of the point. Inset: Temperature dependence of the reduced Gibbs free
unit cell. Specifically, for the solid af* =0.7 andp* =5.0,  gnergy per particle for the bco solidolid line9 and ferroelectric

the peak separation in tlg(r) curve is 0.98. This gives the |iquid (dotted lines at three isobaric conditions. The crossing point

lattice constant=0.98[see Fig. 89]. In theg, (r,) curve  of the liquid and solid free energy curves gives the freezing tem-
the position of the first peak is, ~0.93, consistent with the perature at the corresponding pressure.

length \a?+b?/2; the second and third peaks occurrat
~1.1 and 1.5, consistent with the lattice constaatsl.5
andb=1.1; the position of the fourth peak is at ~1.86,
consistent with the distance between atoms aldrid]| di-

rection, \JaZ+ bZ.

FIG. 4. Density-temperature phase diagram of the strongly di-
olar Lennard-Jones system wijitf =2.5. FL stands for the ferro-

For the solid, the reference system is chosen to be an
Einstein crystal[21] with a constraint on the direction of
dipoles. The particle positions and dipole orientations

When the temperature is raised from 0.5 to 0.8 we fino(Fg'ﬁg) of_the reference system are obtained by minimi;ing
U*/N exhibits an abrupt jump fof* > 1.5, an indicator of a the potential energy22]; the (loca)) potential energy mini-

melting transition, an&andP also show an abrupt drggee ~ Mum is denoted byo(ry ,up). Note again that for the beo
Fig. 2. Indeed, the hysteresis behavior manifests a stron§olid the orientation of all dipoles is parallel to theo1]
first-order phase transition. direction (c axis), whereas for the distorted hexagonal solid
Why is the bco lattice structure selected over the fccthe orientation is parallel to tHe 10] direction. The potential
structure upon freezing? This is due to the strong attractivenergy of the reference system can then be writtetd as
interactions between dipolar particles along [881] direc-  =Uq(ry,ub) + =N ja(ri—rio)?+ =N, y(1—p;-d), where
tion. As a result, the lattice constambecomes the smallest the second term is the harmonic potential with a spring con-
amonga, b, andc. In fact, ¢ is nearly a constant, insensitive stanta and the third term constrains the system to maintain
to the decrease of temperature, wheraaand b can vary ferroelectric ordef23]. The free energy difference between
considerably. Then, why is the bco lattice structure selecte¢he solid and the reference system can be obtained from the
over the bct structure? Namely, why &snot equal tob?  simulations[20].
Careful analysis of the data indicates that althoagind b Gibbs free energies per particle for both the bco and the
varies considerably as the temperature decreases, the diistorted hexagonal solids were computed for the three iso-

tance a2+ b2+ c? remains more or less a constant, reflect-baric conditions. It turns out that the Gibbs free energy per
ing strong attractive interactions between the body-centeregarticle for the bco solid is typically a few tenths kET
particle with its nearest neighbors alofigl1] directions. In  lower than that for the distorted hexagonal solid; that is, the
addition, the solid prefers to hold a smaller volutaich is  distorted hexagonal solid is metastable at least for@d
proportional toabc) as the temperature decreases. As a re<5.0. In the inset of Fig. 4 we plot the reduced Gibbs free
sult, a large difference betwearandb is preferred provided energy per particles*/N=G/Ne as a function ofT* for
thatc remains a constant. both liquid and bco solid, where the crossing point of the
In order to determine the exact location of the transitionfree energy curves gives rise to the freezing temperatire
points we evaluate the Gibbs free enefgy: A+pV of both  which is about 1.31, 1.50, and 1.56 for three isobaric condi-
liguid and solid bco and distorted hexagonghases, where tionsp* =0.0, 3.0, and 5.0, respectively. Note that the freez-
A is the Helmholtz free energy and is the volume of the ing temperaturd} =1.31 atp* =0.0 can be considered ap-
system. To this end, we adopted a thermodynamic integrgproximately as the triple point temperatufg because near
tion method 20]. For the liquid, the ideal gas was chosen asthe triple point the vapor pressure is almost zero. We also
the reference system. Simulations were carried out first on afeexamined the ferroelectric fcc, bet, and bec solid phases
isotherm (T} =3.0) fromp* ~0 (ideal gag to a desired den- near the triple point and found all of them are unstable rela-
sity p* and then on an isochore{) from T to a desired tive to the bco phase.
temperaturel *. In Fig. 4, we show the density-temperature phase dia-
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gram. We note that using a density functional theory Klappsolid is also discovered. In passing, we note that for the
and Forstmanri10] predicted that the ferroelectric liqguid nonpolar Lennard-Jones system recent studies using com-
phase is metastable and it is surpassed by a ferroelectric bputer simulation and density functional thedb,26 have
phase. Our simulations show that the ferroelectric liquid carshown that the isotropic liquid-to-fcc solid transition likely
be a stable phase and upon freezing it transforms into a bc@P through two steps: a homogeneous nucleation of bce nu-
ferroelectric solid phase rather than a bct ferroelectric soliflei followed by a structural transformation to fcc crystal-
phase. As we are mainly interested in the existence of ferrdites. The reason for thls behavior is that 'ghe _barrler to the
electric liquid phase, no attempt has been made to determifffPmogeneous nucleation of the fcc phase is higher than that
the order of isotropic-to-ferroelectric liquid phase transition.f the bcc metastable phase. As a result, nuclei of crystal

It seems the transition could be either second order or weak!{J'®Y exhibit bpth bee and fce characteristics. In contrast, for
first order (see Fig. 2 A dotted line, which denotes the e strongly dipolar Lennard-Jones the stable lattice structure

. . .
liquid states with a polarizatioP=0.5, is used in Fig. 4 to is neither fcc nor bce but be@t least for 0.6p™ <5.0). It

show schematically the existence of a transition from theis possible thaF the barrier.to the homogeneous nucleation of
isotropic to ferroelectric liquid phage4]. a bco crystal is very low(if not the lowest compared to

In summary, we studied the freezing transition of aother metastable or unstable phases so that homogeneous

strongly dipolar Lennard-Jones system using Monte Carl(?}ucleatlon of the bco crystal can be observed directly from

simulation methods. We find that the system undergoes e computer simulation.

ferroelectric liquid-to-bco ferroelectric solid first-order phase  We thank Professor D. J. Diestler and Mr. K. J. Oh for
transition when cooled at constant pressure in the range Os&luable discussions. X.C.Z. thanks the NSF and ONR for
<p*=<5.0. A metastable ferroelectric distorted hexagonalsupport of this work.
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