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Generalized mean-field potential description for ferroelectric ordering in nematic liquid crystals
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Ferroelectric ordering in a nematic liquid crystal system is described using a generalized mean-field potential
including effective potentials for both axial and polar interactions. From a self-consistent numerical analysis, a
complete phase diagram is obtained as a function of the axial and polar interaction potential strengths. The
obtained phase diagram exhibits not only the usual isotropic-nematic phase transition but also nematic-
ferroelectric nematic and direct isotropic-ferroelectric nematic phase transitions with a tricritical point among
the phases. The phase transition behaviors and the angular orientational distribution function of the molecules
were investigated by studying the dependence of the polar and the axial order parameters on the reduced
temperature. Moreover, the other polar order parameters responsible for second-harmonic ge&¢t&ion
were also investigated in the generalized mean-field potential description. As a concrete example, we per-
formed a quantitative analysis of the SHG signal reported previously in a lyotropid_pglytamate system,
detailing the relationship between the angular distribution function and the order parameters based on our
potential model. This clarifies the nature of the ferroelectric phase responsible for SHG in nematics.

DOI: 10.1103/PhysRevE.63.021707 PACS nunier61.30.Eb, 61.30.Gd, 68.08p

[. INTRODUCTION molecular dynamic simulations. In their simulations, the
angle-dependent pair distribution of the axially symmetric
Ferroelectricity and antiferroelectricity in liquid crystals dipolar particles was expanded in terms of the radial distri-
(LC’s) were respectively discovered in 19[/H and 1989 2] bution function with the parameters of the reduced density,
in chiral smectic phases. In both cases, polar structure in the reduced temperature, and the reduced dipole moment.
layer is realized by reducing symmetries through the introBaus and Colof7] introduced an angular distribution func-
duction of chiral carbons into achiral systems. The secondion with two order parameters—the usual nematic axial or-
example of ferroelectric switching in liquid crystals was dis-der parameter and the ferroelectric polar order parameter
covered in bent-core molecular systefid, in which the along the director ), where nonspherical polar molecules
characteristic packing of these molecules induces polar ordavere treated as hard ellipsoids af/(). Minimizing the free
in the layers. Thus these ferroelectric and antiferroelectrienergy per molecule, they plotted the isotropic, usual nem-
structures in LC’s are improper, in the sense that dipoleatic, and ferroelectric nematic phase diagrams as functions of
dipole interaction does not play a major role in realizing thethe reduced dipole moment and the packing fraction for the
ferroelectric and antiferroelectric structurigd. In contrast, given aspect ratios. The authors of R investigated the
the possibility for proper ferroelectricity in nematic LC’s has possibility of a ferroelectric phase transition in nematic poly-
been discussed because it attracted great interest both frommers from the density functional approach. They introduced
fundamental and practical viewpoirts—13]. a Landau-type expansion of the corresponding free energy in
Several theoretical studies of ferroelectricity in a nematicpowers of the macroscopic polarizati®nand discussed the
liquid crystal system were reportd®—9]. The authors of ferroelectric instability which manifested in the sign inver-
Ref.[5] theoretically examined the possibility that moleculession of the familiar quadratic termT(— T,) P?. They showed
with permanent dipole moments can form a ferroelectricthat the ferroelectric instability temperatuiie is roughly
nematic phase. They showed that electric dipolar interactiongroportional to the persistence length of the polymer. From
between disk-shaped molecules may lead to a ferroelectrian estimation of the instability temperature for the realistic
phase in a mean-field theory, where the aspect ratid) ( values of the dipole strength, they explained why dipolar
dependent molecular interaction is introduced, withe di-  nematic polymers seem more likely to be ferroelectric than
ameter along the cylindrical symmetry axis atthe diam-  low molecular-weight nematic liquid crystals. Another inter-
eter in a direction perpendicular to the axis. Wei and Pateysting theoretical prediction was made by Lee and [S§e
[6] showed theoretically that dipolar forces can create amBy considering the dipole-dipole interaction and the hard-
orientationally ordered liquid crystalline state, and that thecore repulsion in a mean-field model within the Onsager for-
existence of a ferroelectric nematic phase can be establishedlalism, they showed that rodlike molecules can exhibit con-
in a strongly interacting dipolar spheres system using the&entional isotropic-nematic, nematic-ferroelectric nematic,
and direct isotropic-ferroelectric nematic transitions as scaled
parameters such as the dipolar strength, density, and pressure
* Author to whom correspondence should be addressed. Electronare varied.
address: bcpark@mm.ewha.ac.kr On the other hand, the ferroelectric behavior and the polar
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structure characteristics in nematic liquid crystals were obstrengths. The polar order parametéPs) and (P3) were
served experimentally in a few polymeric systems, namelyalso obtained to relate the phases of a liquid crystalline mo-
the aromatic copolyester and tlaehelical polypeptide. Fu- lecular system with the SHG response. As an application of
rukawa and co-workergl0,11] and Watanabet al. [12] re- the mean-field potential analysis, we performed a quantita-
ported second-harmonic generati@®HG) experimental ob- tive analysis of the SHG signal reported previoydg] in a
servations where the polar ordering characteristics emerge &4otropic poly L-glutamate system, detailing the relationship
the degree of polymerization increases in the polar rodlikd€tween the angular distribution function and the order pa-
aromatic copolyester, consisting of 4-hydroxybenzoic acid@meters based on our potential model. The generalized
and 6-hydroxy-2-naphthoic acid. Furthermore, in the SHGMean-field theory is introduced in Sec. Il. Based on the
interferometry and the switching current measurements, Parknalysis developed in Sec. Il the phase diagram, the phase
etal. [13] reported a characteristic polar ferroelectric re-transition behavior, and the SHG characteristics in the
sponse upon the application of the electric field in a nematiéerroeIeptrlc—nematlc phase are presented in Sec. Ill. Finally,
liquid crystal, namely, a polas-helix poly L-glutamate in a  concluding remarks are made in Sec. IV.

lyotropic cholesteric phase with the helical pitch ofuin,

which was the first demonstration of the existence of ferro- Il. GENERALIZED MEAN-FIELD POTENTIAL

electric cholesteric liquid crystalline phase. Takezoe and Wa- . . -
tanabe[4] observed enhanced SHG from the helical state, Most Qf the, previous theoretical works on ferroelectricity
when the SHG wavelength agrees with the optical pitcHn nematic LC's[5-9)] are based on models o_f the_ molt_acular
without applying an electric field. system such as hard spherocylinders or ellipsoids with per-

The theoretical analyses introduced above are based onrganent diPO'eS with the mea_n—field p.otential._ Instegd of the
simplified microscopic model of liquid crystalline molecule, MICroscopic molecylar relpulsw(er sterig and Q|polar Inter-
and hence are not readily applicable to the explanation of thB¢tions[5—9], we simply introduce the effective mean-field
observed ferroelectric response in the complex liquid Cryspotentlal for the ferroelectric nematic phase as follows:
talline systems employed in experiments. In other words,
most theoretical works introduce model molecular param-
eters such as the aspect ratifi, the reduced density, the
reduced dipole moment, the packing fraction, the persistence
length, etc. In fact, it is very hard to determine which param-
eters are important in describing the macroscopic liquid crys- Vpola= —v1{P1(c0s6))P,(cos),
tal phase responsible for the ferroelectric nematic behavior, ) o
theoretical analysis cannot be unambiguously defined in @veraged molecular directioiirector directionfl), v, and
real complex liquid crystalline system. More importantly, in v1 are the strength of the axial and the polar intermolecular
a theoretical analysis incorporating the model molecular palnteractions, respectively, ang means the thermodynamic
rameters, the importance of the higher polar orders, related tefientational average. HerBi(cos¢) represents the Leg-
the SHG response, has not been addressed. It is well knov@dre polynomial of theith order, i.e., P;=P;(cos6)
that SHG is a powerful tool to monitor the noncentrosym-=C0s6,  P,=P,(cosf)=(3cos §—1)/2, P3=P;(cos6)
metric structure of the sample system and is related to botkr (5 cos 6—3 cos6)/2, and so on. In Eq(1), we assumed
(P;) and (P3) through the molecular hyperpolarizability that both mesophase and 'individual molecu!es possess cylin-
Bij« - Here(P;) represents the thermodynamic orientationaldrical symmetry in dgscnblng the molecular interactions, and
average of the Legendre polynomial of e order(see Sec. Nneglected the potential terms related to the higher order Leg-
Il for details). endre polynomial$14,15 for simplicity. We would like to

From these considerations, we introduce a generalizefote that a form of the mean-field potential similar to EQ.
mean-field potentia| incorporating both axial and po|ar effecwas introduced in theoretical descriptions for the fel’romag-
tive interaction potentials, independent of the model molecuhetic(nematig systemg16—18. This means that there exists
lar parameters, to describe the ferroelectric ordering in nem@ physical similarity between the ferroelectricity and ferro-
atic liquid crystals. By employing a self-consistent numericalMagnetism in nematics.
simulation, typical of the mean-field potential scheme, with N Ed. (1), the effective nonpolar mean-field potential bar-
effective interaction potentials as variables, we can examinB€r Vayal iS proportional to the nematic order parametes)
the existence and nature of the stable macroscopic liqui@nd the effective polar mean-field potentig,, is propor-
crystalline phases. The nonvanishing value of the polar ordefonal to the polar order paramet@®,). The polar coupling
parametet P, ) will indicate the existence of the ferroelectric constantv; can be written ag;=Jj=m(d/1)(1—(P,)/2)
nematic phase, while the axial order paraméty) will be for semiflexible liquid crystalline polymersd(l<1) with
nonzero for both the usual nematic and ferroelectric nematithe longitudinal dipole momenn [8]. If the coupling con-
phases. stantv, is zero, thenV(cosé) reduces to the conventional

In this paper, we performed a self-consistent numericahonpolar nematic mean-field potentiad;,). This potential
analysis of the mean-field potential, and obtained a completbas two deep wells around the poles of the unit sphere of the
phase diagram of the liquid crystalline molecular system as arientationu, along the nematic directér=—f, and a bar-
function of the axial and the polar interaction potentialrier of heightv,(P,) on its equator, penalizing the devia-

V(cost) =V qyiart Vpolarv

Vaxia= — U2{P2(c0s6))P,(cosb), (1)
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tions of # from f [19,20. Using Vs, ONe can obtain tra- L L e
ditional first-order isotropidnonpolay nematic phase '
transition behaviors with théP,) order parameter changing
abruptly from 0 to~0.43(a universal valugby the numeri-
cal solution of the self-consistency equatidi®,20. If the
coupling constant ; is negative, thetV(cosé) indicates an-
tiparallel dipolar interactions through the dimerization on the ';m
polar liquid crystals. Several interesting theoretical investi- > L
gation were made to explain the strong dielectric anisotro- ~—
pies[21] or the abnormal phase transition behaviors for a /
given dipole strength of the LC molecul22]. In this paper,
however, we are mainly interested in ferroelectric nematics;
thus we concentrate our attention on the case of positjve
for the formation of parallel dipole alignment in nematic
liquid crystals.

The statistical mechanics gives the orientational distribu-
tion function in terms of the potentidl(cos6) as

Ferro-nematic

vk, T

FIG. 1. The phase diagram in the (/kgT,v,/kgT) plane ob-
tained by solving the self-consistency conditioi&y. (3)]. The
open and filled circles represent the phase transition points moni-
tored by the axial order parametd?,) and the polar order param-

i) eter(P,), respectively. The dotted straight lines show the tempera-

1
Z:f ex — V(cos6)/ksT]d(cos6), ture paths fow,/v,=3.0, 0.5, and 0.165.
0

<P1>?,:0 and <P2>7&0—>FN,

f(cos#)=Z"texd —V(cosh)/kgT],

wherekg is the Boltzmann constant, is the temperature,
andZ is the partition function. With the distribution function wherelso, N, and FN refer to the isotropic, nematic, and

f, one can calculate the average vald€gcos6)) of arbi-  ferroelectric nematic phases, respectively. Figure 1 shows
trary physical parametef)(cosé) of interest pertaining to the phase diagram obtained as a functionvefkgT and
the phase, v1/kgT. As shown in the figure, one can clearly dse, N,

and broad=N phases with the tricritical point amorigo, N,
and FN phases atu,/kgT,v,/kgT)=(4.5,1.5), indicating
that the generalized potential predicts the existence Eila
phase for the high longitudinal dipole interaction over
v,/kgT~1. When the longitudinal dipole interaction is
smaller thanv,/kgT~1, the normallso-N phase transition
, occurs atv,/kgT~4.54, which is the same result as that
d(cosé) obtained through the conventional mean-field theory for
Vaial- Within the investigated region ofvg /kgT,v1/KgT)
3) in this study, the phase sequences can be distinguished for
the ratio of ¢,/v,) as follows:
wherei=1 and 2. Using Eq(3), one can describe the equi-
librium orientational order parameters for the ensemble of 0.00<v4/v,<0.10, Iso-N, ()
Pldz?ndl;z (Py) andéPza)-hThle? thedordehr r;]araénetde(@ﬁf A 0.10<v,/v,<0.33, Iso-N-FN, (Il
and(P,) appear on both the left and right hand sides of the
equations, i.e., self-consistency conditions. Thus, for a given 0.33<v1/v2<1.65, Iso-FN, (1sh (lll)

<Q(cos€)>=folﬂ(cose)f(cosa)d(cose)

d(cosb)

flﬂ(cose)exp{ > (ilkgT)(P)P,
0 I

folexp[E (0, ke T)(P)P,

temperatureT, one can obtain the values OP;) and(P,) 1.65<v,/vy<e, Iso-FN, (2nd (IV)
satisfying the self-consistency conditions by numerical cal- , )
culation. Except for in region I, the phase sequences all shaw

phase transitions. It is interesting to note that phase diagram

is similar to that reported in ferromagnetic nematfit6,17).

Here, we would like to focus our attention on tRBl phases
First we calculated the polar order paraméty) and the  related to the SHG response in regions Il, Ill, and IV.

axial order parametefP,) as functions ofv,/kgT and Now let us examine the phase transition behaviors as a

v,/kgT by using the self-consistency conditiofiqg. (3)].  function of reduced temperatur&gT/v,) for the given ra-

From the obtained values ¢P;) and(P,), we assigned the tios of v,/v,=0.165, 0.5, and 3. As shown by the dotted

Ill. RESULTS AND DISCUSSION

phase ati¢,/kgT,v,/kgT) as follows straight lines in Fig. 1, these values are representatives of
regions I, Il and 1V, respectively. Figure(@ shows the

(P1)=0 and (P,)=0—1lso, investigated phase transition behaviors as a function of re-
duced temperaturkgT/v,) for v, /v,=0.165. In the figure,
(Py)=0 and (P,)#0—N, the obtained order parametéi3;) and(P,) were plotted as
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L L L L where all of the phase transitions are of the first order.

1.0F 33, (a) i In the FN phase, the ferroelectricity of LC molecules can
- o8l A‘“\A\A‘ﬁ“\’wa\. induce the second-order nonlinear opti€¢dlLO) processes
o ' A \ e, | due to its noncentrosymmetric nature. Now, let us look at the
“E" 06l 0\ Y | second-order NLO coefficiengg?, which is responsible for
© A\' " | SHG response| x(?|?) [23]. The macroscopic NLO coef-
S o4} A * ] ficients x(?) are related to the microscopic molecular contri-
. \: i ] butions B as follows[23]
S o2} i -
© 0.0F ;---n-u.n-n-o-o-é-a-g=a—o-n-o-a-1 Xf?f)(: 2 NIBijk«l A)(J- (K- k)>, (4)

0600 005 010 015 020 025 030 where N is the number density of moleculé,j,k) are the
ko T/v, microscopic molecular coordinatef,J,K) are the macro-
scopic sample coordinates, aggy is the molecular hyper-
polarizability tensor. When the molecular chiral effect is ne-
0 glected, theFN phase belongs to th€., point group

1.2 symmetry, and the nonzerp®® components arg{2} and
1.0 x$3}, where 3is the director directior. When the LC mol-
0.8 ecule is viewed as a one-dimensional molecule with the
0.6 dominant molecular hyperpolarizabilit§,,, along the long
0.4 molecular axisz, the nonzero NLO coefficients are simply
0.2 written as[24]
0.0 2

X535= $N(3(P1) + 2(P3)) B2,
0.2 ®)
0.4 Xézl)lzéN(<Pl>_<P3>)Bzzz-
0.6
0.8 From the above relations, one can see that the another polar
10 order parametgP5) in addition to the polar order parameter

(P,) is responsible for SHG response. The dependence of
180 (P3) obtained by the generalized mean-field description is
also shown in Fig. @) (open trianglesagainst reduced tem-

FIG. 2. (8 The order parameteréP;) (filled squarel (P,)  perature fow,/v,=0.165. As shown in the figuréPs) be-
(filled circles, and{P3) (open trianglesas functions of reduced gins to increase just when entering tR#&l phase. As the
temperature Kz T/v,) for v,/v,=0.165.(b) The polar plots of the temperature decreases to zero{Rg +2(P5))/5 increases
molecular distributions fokgT/v,=0.3 (open squargs0.2 (open g unity continuously, but({P,)—(P3))/5 increases slightly
circles, and 0.1(filled circles. 0° is defined as the-f director and reaches a maximum followed by a significant decrease.
direction. TheFN phase(filled circles shows a larger probability Thus the dominant NLO coefficient iﬁ(gz) in the low tem-
toward parallel than antiparallel alignment. . 33

perature regime.

. . ) ) . In order to see the changes in the molecular distributions,
filled squares and filled circles, respectively. As shown in the, ¢ 5150 investigated the molecul@ipolan distributionf as

figure, .for reduced temperaturégT/v, above~0.22, the 5 function of the angl@ as shown in Fig. @), where the
isotropic phase becomes stable wif,)=(P1)=0. Atthe istribution functions were normalized and polar plotted for
clearing reduced temperatukgT/v,~0.22, one can see a conyenience. FoksT/v,=0.3 (1s0), f(§) clearly shows an
first-order phase transition with the order paramé&®g)  jsotropic distribution(open squaréswhile for kgT/v,=0.2
changing abruptly from 0 t0~0.43. In this region(P1)  (N), f(g) shows an anisotropic non-polar distributiéspen
=0, indicating that it is thdso-N phase transition, which is circles, in which the orientational density in thef direc-
the same feature as seen in the conventional mean-fielgh, is exactly the same as that in thef direction, i.e.,
model. At the reduced temperature lg§T/v,~0.14, how- f(9)=f(7— 6). On the other hand, fokgT/v,=0.1 (FN),
ever, one can clearly see another first-order phase transitiqr( 9) shows an anisotropic polar distributidgfilled circles,
with the order paramete(P;) changing discontinuously j, which the orientational density in the A direction is
from 0 to~0.33, while(P5) increases continuously, namely m,ch higher than that in the A direction. In this distribu-
the N-FN phase transition. As the reduced temperaturgjqp, ‘it is noted that the statdsand — are not equivalent,
kgT/v, decreases from-0.14 to 0, the ferroelectric nematic indicating the net dipole moment lies alorgh.
phase is stable witiP;) and(P,) continuously increasing Next the phase transition behaviors fof/v,=0.5 are
to unity. The phase sequence in this system can be written by, 5\vn in Fig. 8a) as a function of reduced temperature. For
reduced temperaturelssT/v, above ~0.25, the isotropic
Iso(kgT/v,~0.22N(kgT/v,~0.14FN, phase becomes stable witP,)=(P,)=0. At the clearing

1.2
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0

1.2 1.2

1.0 1.0

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2

0.0 0.01

0.2 0.2

0.4 0.4

0.6 0.6

0.8 0.8

1.0 1.0

12 12

180
FIG. 3. (@ The order parameter&,) (filled squares (P,) FIG. 4. (a) The order parameter&P,) (filled squares (P,)

(filled circles, and(P3) (open trianglesas functions of reduced (filled circles, and (P3) (open trianglesas functions of reduced
temperature KgT/v,) for v,/v,=0.5. (b) The polar plots of the temperatureKzT/v,) for v, /v,=3. (b) The polar plots of the mo-
molecular distributions fokgT/v,=0.3 (open squargs0.2 (open lecular distributions forkgT/v,=1.2 (open squargs 0.99 (open
circles, and 0.1(filled circles. triangles, 0.9 (open circley and 0.6(filled circles.

reduced templera';]grlesﬁlvpo.zsl, .argrst-orgelraphaks]e ran- \ T/v,=0.3 (Iso), f(¢) shows the isotropic distribution,
o o o e b e Yl o KyTIva=0.2 (N, () shows @ plar nemat
y y 09, TSP y: distribution, indicating that the net dipole moment lies along

s obviously the directso N phase ransiion. AS the re- 30"y 'y, “decreases to 0.1, the width of the polar
P B!/U2 : ' distribution also decreases.

fer(rjoel:lectnc ”?ma“c phase IIS _?';]ableh with mcreasmg) hi The phase transition behaviors were also investigated as a
and(P,) to unity continuously. The phase sequence in t 'Sunction of reduced temperature foy /v,=3, as shown in
system can be written Fig. 4@). For reduced temperaturkgT/v, above~0.99, the
isotropic phase becomes stable wif,)=(P,)=0. At the
clearing reduced temperatukgT/v,~0.99, one can see a
hase transition{P,) changes continuously from 0, while
P1) changes discontinuously from 0 t80.21. Thus, one
can identify that it is another diretso-FN phase transition.

s the reduced temperatukgT/v, decreases from-0.99 to

, the ferroelectric nematic phase is stable with increasing
e<P1> and(P,) to unity continuously. The phase sequence in
this system can be written

Iso(kgT/v,~0.25FN,

where the phase transition is of the first order. The reduce
temperature dependence (®5) is also shown forv, /v,
=0.5in Fig. 3a). (P3) begins to increase just when entering
the FN phase. As the temperature decreases to zer
(3(P1)+2(P3))/5 increases to unity continuously, but
((Py)—(P3))/5 decreases continuously to zero. Thus, th
dominant NLO coefficient isy'3} in the low temperature
regime. The obtained molecular distribution functions for

kgT/v,=0.3, 0.2, and 0.1 are shown in Fig(b3 For Iso(kgT/v,~0.99FN,
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where the(P,) phase transition is of the first order and the 1o 0
(P,) phase transition is of second order. The reduced tem- '

perature dependence (®5) for v,/v,=3 is also shown in 1.0
Fig. 4@). As shown in the figure,P3) begins to increase just 08
when entering th&N phase. As the temperature decreases to 0.6
zero, (3P,)+2(P3))/5 increases to unity continuously, but 0.4
((P1)—(P3))/5 increases slightly and reaches a maximum 0.2
followed by a significant decrease. Thus the dominant NLO 0.0
coefficient isy'% in the low temperature regime for all the 0.2
ratios ofv,/v,. These characteristics are useful for analyz- 0.4
ing the SHG results in th&N liquid crystals consisting of 08

molecules whose dominant hyperpolarizability is oply,,. 08 N

The obtained molecular distribution functions fegT/v, 1.0 ";//150

=1.2, 099, 0.9, and 0.6 are shown in Figb¥ For 12 180

kgT/v,=1.2 (Iso), f(#) shows the isotropic distribution

(open squardsForkgT/v,=0.99 at theFN phase transition, FIG. 5. The polar plot of the molecular distribution function

f(6) shows a special distribution with zero value @,)  f(6) (open circles obtained fromy{3¥ x7;= —0.875 for the PB-
and nonzero value afP,), indicating a net dipole moment MLG LC system in Ref[13].
along director+f (open triangles For the reduced tempera- . .
ture kg T/v,=0.9, f(6) shows the trend of a polar nematic :(%98(22) and A,=0.353 to the experimental ratio of
orientation of theFN phase(open circles As kgT/v, de-  X33d x3117= — 0.875 for the PBMLG LC system. With these
creases to 0.6, the orientational distribution along de-  \i values, we obtainedP;)=0.71, (P,)=0.40, and(P3)
creases, and the width of the distributions also decreases0-19 with the distributiorf of PBMLG LC molecules, as
(filled circles. shown in Fig. 5. The obtained order parameters and the polar
Next let us analyze the experimental SHG results for thedrientation of PBMLG molecules shown in the figure clearly
cholesteric LC of polyL-glutamatg PBMLG, poly(y-benzyl-  indicate that the PBMLG LC system h&i characteristics.
L_g|utamate_co-y_methy| L_g|utamat§ reported previous|y We also estimated the hyperpolarizabilities for a PBMLG
[13], whose nonzero second-order NLO coefficients arénolecule by using Eq(6) together with the molecular
Y@=2.1x10 Pesu and Y@= —2.4x10 Pesu, giving weight of ~200 000 (degree of polymerizatiorD,~800)
X2 x 2= —0.875. The hyperpolarizability measurement of&nd__ the -~ number  density = of = molecules~1.8
the poly L-glutamate molecul¢25] suggests there exists a 10" mole_czléles/crﬁ .'BZZZZS'SZX 10 esu and S
considerable contribution fronB,,, as well as B,,, (r s =2.82<10 ““esu. It_|s noteditzr;at thoese values are very
= Bl Bryim —0.8); thus Eq/5) should be modified as ~ Cl05€ 10D pX Bmonomer= 1.6X 10° %+ 50% esu[27] for the
poly (L-glutamat¢ molecule reported in dilute solution.

2 —LINM(3=2r P V+2(1—1 )P , Moreover, we also obtained additional important information
Xas3— sNL( p)(PY+21715)(P3) 1Bz, ()  about the ratio of the polar and the axial interaction poten-
X(321)]_:%N[(1+4rﬁ)<Pl>_(1_rﬁ)<P3>]ﬁzzz tials: Ul/U2:()\l/<Pl>)/()\2/<P2>):473 ThUS the PB-

MLG LC system has &N phase in phase region IV. For

In order to analyze the NLO coefficients, we usedVi/v2=4.73,(P1) and(P;) were estimated as a function of
Lagrange’s undetermined multipliedss as ¢;/kgT(P;))s  teémperature. From the estimation, it was found that

f(0)=

with the constraint functions d?;s, wherei=1 and 2. Then (v2/KeT,v1/kgT)=(0.887,4.167) gives(P;)=0.71 and
the distribution functiorf(6) can be rewritten by (P5)=0.40, which are exactly the same as the values of
((P1)=0.71 and{P,)=0.40) for the PBMLG LC system.
Thus one can estimate the axial and polar potentials of the
eXF{Z \iPi PBMLG LC system aw,=0.88%kgT and v;=4.16KkgT,
' . (7) respectively, at a temperatufe= 300 K.
f exr{E \;P:|d(cos6) Finally, we make a few comments on the above analy5|s
i for the PBMLG LC system. First, in the above analysis, the
polar interaction potential may be overestimated, because we
With the distributionf for given values ofz;s, one can cal- neglected the effect of the electric field applied to the system
culate(P,;) and(P3) using Eq.(3) and then, one can also for investigating the field induced ferroelectric switching be-
calculate the NLO coefficients using E(f). Thus, if one  haviors. The applied electric field may enhance the polar
uses the\;s as fitting parameters to the experimental resultrdering. If one considers the electric field contribution to
of x®)’s, then one can obtain the distribution functibwith  the generalized potential, then a more realistic analysis could
polar and axial order parameters. This process is similar the made. Second, the monitored SHG signals showed a long-
the maximum entropy method for obtaining the orientationalterm stability over 24 h with fairly large intensities 6f40%,
distribution of adsorbed molecules from the experimentakven after the electric field was turned off. The long-term
surface SHG resultg26]. Following the analysis mentioned stability of the polar order cannot be explained by the relax-
above, we obtained the best fit values\gfparametersa;  ation behavior of the field induced polar order because the
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temperature region of the LC phase is much higher than thtéhe polar and axial order parameters on the reduced tempera-
glass transition temperatuig, (or the relaxation tempera- ture. The polar order parameteiB;) and(P3) responsible
tures;T, s ,) for the poly (L-glutamatg systemg28|. Thus  for SHG were also investigated in the generalized mean-field
we can safely conclude that the SHG results for a PBMLGpotential description. For a concrete example, we performed
LC system can be explained only by using our mean-fielda quantitative analysis of the SHG signal reported previously
theory for theFN phase. In this way, we have shown that thein a lyotropic polyL-glutamate system, detailing the relation-
effective generalized mean-field theory can describe thship between the angular distribution function and the order
ferroelectric nematic system, and suggested a way to analyzgrameters based on our potential model. This clarifies the

the experimental SHG results from the real system. nature of the ferroelectric phase responsible for SHG in nem-
atics.
IV. CONCLUSION This study can be easily generalized to the studies of vari-

. ) ] ous ferroelectric structures appearing in polymeric liquid

We performed'a seIf—conS|§tent numelrlcall analy_S|s of Fh%rystal systems such as the thermotropic polglutamate
effective generalized mean-field potential, including axial| ¢ system and the aromatic copolyester LC system. More-
and polar interaction potentials, and obtained a completgyer, this study can provide basic information to further de-

phase diagram of a liquid crystalline molecular system as gjled theoretical studies of molecular interactions.
function of the axial and polar interaction potential strengths.
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