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Relationships between the optical third-harmonic-generation susceptibility g,'jkI( —3','co, ~,~) and
the nonvanishing order parameters (Pq ) and (Pq ) for a nematic-liquid-crystal phase are presented.
Third-harmonic-generation experiments vere performed on the nematic S-(p-methoxybenzyhdene)-
p-butylaniline (MBSA) using the wedge-maker fringe method as a function of polarization and tem-

perature to demonstrate the simultaneous determination of (PI ) and (Pq). The results are in

agreement arith previous experijnental results from nuclear magnetic resonance and Raman scatter-

ing studies. I.ocal-field corrections are considered, and based on the data, local-field factors do not

appear to depend on the long-range anisotropy of the macroscopic medium.

I. INTRODUCTION

Considerable progress has been achieved in understand-
ing the nature of orientational order in liquid-crystal
phases. ' For the simplest case of a nematic phase, orien-
tational ordering has born measured for the two nonvan-
ishing lowest-order parameters (PI ) and (P4). Whereas
the relationships between (Pz) and a variety of experi-
mental spectroscopic quantities have been consistently es-
tablished, only a few importIIIIt ones have been examined
for (P4), notably P~an scattering, two-photon absorp-
tion, and dc-induced steond-halmonic generation. s At
the same time, continuing studies of the nonlinear optical
properties of Ir-electron conjugated organic and polymer
structures have demonstrated large nonlinear electronic
susceptibilities for a large number of structures, phases,
and states, including mesogenic structures and liquid-
crystal phases. Such large higher-order electronic
responses potentially allow independent detei~inations of
&Pz & and &Pq & by a variety of nonlinear optical process.
In this paper, we examine relationships between orienta-
tloilal order alld optical third-harmomc generation. Ana-
lytic expressions are derived that allow the simultaneous
determination of the order parameters (Pz) and (Pq)
based on optical third-harmonic-generation studies.
Loctd-field corrections are considered, and several con-
clusions are drawn based on experimental measurements.

The nematic-liquid-crystal phase displays long-range
orientational order while possessing short-range positional
order. ' The constituent molecules usually have an
elongated planar structure consisting of a rigid central
"backbone" and a somewhat fiexible hydrocarbon "tail."
The bulk nematic phase, however, is uniaxial and has an
infinite rotational symmetry along this axis. The director
n is defined as the unit vector along this axis of symme-
try. The absence of piezoelectricity in this phase demon-
strates that n and —n are equivalent. If we assume the
molecule to be strictly rigid, the long-range orientational
order can be described by an orientational distribution
function F($,8,$) (Ref. 2), which is the probability that a
molecule hss an orientation with Euler angles ($,8,$)

with respect to the laboratory frame (x,y, )z, where the z
axis is defined to be parallel to the director 11. The as-
sumed rigidity of the molecules is often justified by the
fact that it is the central rigid backbone that contributes
almost all of the magnetic and dielectric anisotropy.
A similar argument also applies in the case of nonlinear
optics, since the Ir-electron system of the central aromatic
rings possess unusually large nonlinear optical susceptibili-

The orientational distribution function can be simpli-
fied by imposing the symmetry of the macroscopic
liquid-crystal phase. For a uniaxial macroscopic phase
with the unique axis parallel to the z axis, the orientation-
al distribution function is independent of P. A commonly
adopted simplification is to assume the molecule to be
cylindrically symmetric along its long axis. z Under this
assumption, F($,8,$) is independent of g, and we are left
with a single variable function F(8). F(8) can be expand-
ed in terms of Legendre polynomials

F(8)= g AIPt(cos8)
" 21+1

I=o

At ——f d8sin8[F(8)Pt(cos8)] —= (Pt ) .

The equivalence of n and —n in a nematic phase implies
that only (Pt ) with 1 even are nonzero. Since (Pc ) is re-
lated only to the normalization of the distribution func-
tion, the lowest-order nonvanishing order parameters are
thus &PI & and &P~ &.

This paper is arranged as follows. In Sec. II we derive
relations between the third-order macroscopic susceptibili-
ty and the microscopic molecular susceptibility in the
nematic phase, and show that measurements of third-
harmonic generation with different polarization can lead
to a determination of (PI ) and (P4). The experimental
design for measurements of the polarization and tempera-
ture dependence of the third-harmonic susceptibility is
described in Sec. III. In Sec. IV the results are presented
and discussed with conclusions drawn.

34 5051 QC1986 The American Physical Society



K. Y. %ONG AND A. F. GARITO 34

P' =r", k.i«i )j«l" )k«i )i (4)

where the primed coordinate designates the molecular
fixed axes, with the z' axis along the molecular long axis.
The local field can be related to the macroscopic field by
the local-field correction tensor f,", which, in general, de-
pends on the properties and orientation of the molecule at
which the local field is considered

«s",i~)'=(f. )'l Ej"' .

In the Lorentz-Lorentz model for an isotropic liquid, f"
is a scalar given by

f/' 2+(li )
(6)

3

where n" is the refractive index at frequency co. The
macroscopic polarization P is a sum over microscopic
polarization, taking account of the local field at frequency
3'

s=l

where the summation is over all X molecules within a
unit volume. Rz is the rotation matrix transforming the
molecular frame to the laboratory frame.

With Eqs. (3), (4), (5), and (7), we can relate the macro-
cop' ~~i&~ to the microscopic yI J k r' and obtain

(3) 3N CO fiP N
Xijkl N & ~im'+jn'~kO'~lp'fm'i'3 ij''k'l'fj'e'fk'Ofl'p' &,

where ( ) represents an average over the orientational dis-
tribution. The local-field correction tensor f in general
involves a complicated expression for anisotropic media. "
We will rely instead on experimental information to sim-
plify the evaluation of Eq. (8)~ For the case of the linear
polarizability, u, it has been experimentally demonstrated
that at all temperatures in the nematic-liquid-crystal
phase, the following expression holds

(~.f)~~ —&iz.f&l &iz&(( —&o;&l, ,

II. THIRD-HARMONIC GENERATION
IN A NEMATIC LIQUID CRYSTAL

Optical third-harmonic generation in a medium is
described by the macroscopic third-order susceptibihty
tensor X,'jkl(-3';co, co,io) which can be related to the
corresponding microscopic molecular susceptibility

yljkl (-3';co,co,co) through orientational averaging. In gen-
eral, the orientational average of an 1th rank tensor in-
volves up to the Ith order of the statistical average of the
Legendre polynomial (Pl). Thus the study of third-
harmonic generation in a nematic-liquid-crystal phase can
reveal information about (P2) and (P4). The polariza-
tion at the third-harmonic frequency P produced by an
applied optical field E at frequency co is given by

(3)

The polarization P" originates from the microscopic
third-harmonic polarization p " of individual molecules
driven by the local field E,~, with p given by

where
~~

and J. correspond to the components parallel and
perpendicular to the nematic director, respectively. For
the proportionality in Eq. (9) to hold for all temperatures,
the local-field correction tensor f must be independent of
the long-range anisotropy of the bulk. It has been suggest-
ed' that the local-field correction tensor f should be diag-
onalized in the same principal axes as a, and is thus mole-
cule fixed. The interaction between molecules which gives
rise to the local-field correction are short-range dipole-
dipole mediated. The local-field correction at a molecule
would then have contributions predominantly from its
nearest neighbors, and thus should be insensitive to the
long-range anisotropy of the medium. Furthermore, these
nearest neighbor correlations are not significantly tem-
perature dependent and probably do not change even
through the nematic to isotropic phase transition.

Assuming that the local-field correction tensor is mole-
cule fixed, we can extend this idea to our discussion in
nonlinear optics and define a "dressed" molecular suscep-
tibility y', which has the same principle axes as the
"bare" susceptibility y, by

Y 'j 'k'r' J "Jjj''J k'k'J r'r' V j'k'r'

(no summation implied) (10)

so that Eq. (8) assumes a more simple form

(3)
Xijkl N ~ ~ii'~jj '~kk'~ll'Yij ''k'I' &

The measurement of the third-harmonic susceptibility is
performed on those components along the principal axis
of the bulk phase. We are thus interested in the depen-
dence of the macroscopic tensors X~ and X~ on the
microscopic tensor y;l k l. Here z is chosen to be along
the nematic director. The evaluation of Eq. (11) for these
two tensors is given in the Appendix. The results are

X~=N(5+2$(P2)+Sq(P4) ), (12a)

X~=N(5 g(P2)+3'(—P4) ),
(12c)

(12b)

The dependence of the parameters 5, g, and il on the
dressed molecular susceptibilities is given in Eqs.
(A4)—(A6) of the Appendix. X,'„'is the susceptibility for
the isotropic phase where (P2) and (P4) vanish. We as-
sume that the change in density as a function of tempera-
ture and over the phase transition is negligible. We see
from Eq. (12) that the third-order susceptibilities X~ and
X~, are functions of temperature in the nematie phase as
a result of the temperature dependence of (Pz ) and (P4).
They baume temperature independent after the phase
transition to the isotropic phase.

The order parameters (P2) and (P4) could be deter-
mined from the experimental results of 7' ', X~, and
X„"if the parameters 5, g, and rj are known. The bare
molecular suscePtibility y,jkr could in PrinciPle be calcu-
lated by perturbation theory using a scheme similar to
that developed by Lalama and Garito ' ' for the second-
order susceptibility. However, since the parameters 5, g,
and g are dependent on the dressed susceptibility instead,
to calculate these parameters would require that the
local-field correction factor be known a priori. Thus, it
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would appear that Eqs. (12) are not sufficient for the cal-
culation of the order parameter due to the lack of infor-
mation regarding the local-fleld correction.

For rodlike molecules such as those comprising the
nematic phase, the third-order susceptibility has its largest
component along the long molecular axis due to the delo-
calization of m. electrons along the conjugated central
backbone. ' ' To a first approximation, we can then as-
sume y to be the only nonvanishing component. From
Eq. (12) we have

X(3) +2X(3)
=3+F4(P4), (13)

ISO

where K4 ——14(r1/5). If we assume that only y~ is
nonzero, we obtain E4 —2 from—Eqs. (A4)—(A6). We no-
tice that the constant K4 is not very sensitive to the in-
clusion to a reasonable magnitude of the other com-
ponents of y;;ki. For example, if we assume the second
contributing component of the molecular susceptibility to
be y, we get E4 —1.75 fo—r y....=0 25y. Th. is
would amount to a 12% difference in the detinnination
of the value of (P4 ), which is much smaller than the un-

certainty of the reported value of (P4 ) determined by the
Raman scattering method.

Similarly, from Eq. (12) we have

3X~—8X~„
=E2 (P2 ) —5 (14)

~ISO

where 1(.2 ——14(g/5). The magnitude and temperature
dependence of (Pi ) have been measured previously with
very good precision. Using the reported values of (Pi)
to~ether with the experimentally determined values of

, and X; we can fix the parameter Ki. The
parameter K2, however, depends only upon the relative
magnitudes af the molecular susceptibilities and should
not have any temperature dependence. Thus, if we fix the
parameter E2 at one temperature, then based on the value
of K2, the values of (Pz) at other temperatures can be
determined experimentally. Comparison of the values of
(P2) obtained in this way with the reported values of
(P2 ) should provide a test of the overall reliability of the
experimental data. Furthermore, it would also provide
more information for the estimation of parameter E4 and
thus for the determination of (P4).

III. EXPERIMENTS

Measurements of the temperature dependence of the
third-harmonic susceptibi1itp parallel and perpendicular
to the nematic director X~ and X~ in the nematic
phase and X,'„'in the isotropic phase were performed. The
experimental design was based on the wedged maker
fringe method. ' The liquid-crystal sample was formed
into a wedged shape to allow variation of the sample
thickness. The third harmonic generated from the sample
was measured as a function of the sample thickness. The
third-harmonic susceptibility is determined by calibrating
with the result obtained from an identical experiment per-
formed on a material with known third-harmonic suscep-
tibility.

I3„(l)=A(48m/c ) co (X' ') l,I sini(nl/21, ), (15)

2

I+no

6"

2'g

Ply + lf6

62'6
n&+no 1

co+ 3'
36)+ 3'

'2

Cd+ 3N

3fil + 30)

'2

(16)

The subscripts S and 6 label the refractive indices corre-
sponding to the liquid crystal and glass, respectively. I
is the fundamental beam intensity, 1 is the sample thick-
ness, and 1, is the coherence length of the liquid-crystal
sample given by

I, = (17)
6(n "—n")

The third-harmonic generation from the glass plate was
shown to be negligible in this case.

The optical design for the third-harmonic-generation
experiment is shown in Fig. 1. A Q-switched Nd:YAG
(where YAG represents yttrium aluminum garnet) laser
(Quanta Ray) was used as a pump beam into a compressed
hydrogen gas cell, generating a first Stokes line from
stimulated Raman scattering with wavelength A, =1.91
I4m. The Stokes line, after separation fram the pump
beam using a dispersive prism, was split into a reference
beam and a pump beam. The reference beam passed
through a BK-7 glass plate R to provide a reference
third-hartnonic signal that was detected by the photomul-
tiplier tube PMTl. The purpose of the reference was to
account for the effects due to laser-power fluctuations.
The sample beam acted as the input beam for third-
harmonic generation in the liquid-crystal sample S.

The liquid-crystal sample was contained between two
surface-treated glass plates spaced by a glass fiber, form-
ing a wedged shape. The glass plate was coated with
polyvinylalcohol (PVA) followed by a unidirectional rub-
bing for the desired uniaxial homogeneous alignment. '

The liquid crystal S-(p -methoxybenzylidene)-p-
butylaniline (MBBA) (Aldrich Chemical Company, Inc.)
was chosen as the material for investigation so that direct
comparison could be made with the Raman scattering re-
sults. z's The wedge shape sample had thickness varying
from -0 pm to 50 pm. The sample was mounted on a
temperature stabilized heating cell which was in turn
mounted inside a vacuum chamber. ' ' The sample as-
sembly was positioned on a stepper motor driven transla-
tion stage, so that translation across the laser beam result-
ed in the variation of the sample thickness. The sample
third-harmonic signal was detected by PMT2. The ratio
of the two outputs from PMTI and PMT2 was indepen-
dent of the input beam power, and therefore effects
caused by fluctuations in beam power were minimized.
Control of data acquisition and signal averaging were per-
formed through an interface to a PDP 11/23 microcom-
puter.

The intensity of the generated third-harmonic signal
from the sample in our configuration can be derived to
obtain
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FIG. 1. Optical design for the third-harmonic-generation experiment. L1—L4, focusing lenses; BS1 and BS2, beam splitters;
F1—F4, LF1, and LF2, optical fdters; E., reference BK-7 glass wedge; S, liquid-crystal sample; PMT1 and PMT2, photomultiplier
tubes.

The average input power levels were approximately 0.5
mJ per pulse of 10 ns duration, focused to a spot of ap-
proximately 10 i cm2. The third-harmonic power gen-
erated from a fixed spot in the sample was continuously
monitored for a few minutes with no significant change of
power level observed, showing that the effects of heating
and optical field induced director reorientation were negli-
gible. The maker interference patterns were obtained by
recording the third-harinonic power as the sample was
translating across the beam. Typical output fringes are
shown in Fig. 2, where adjacent data points are connected
by straight lines. A measurement typically spanned a
translation distance of 1 cm over the sample. The sample
uniformity is clearly reflected in the quality of the fringes.
The uniform height of the maker fringe peaks also shows

tI(

2
TRANSVERSE OI SPLACEMENT (arbitrary untt)

FIG. 2. Typical output fringes in the third-harmonic-
generation measurements of MBBA.

that there is no thickness dependence of X' ', and thus of
(Pi) and (P&) in the sample. The maker fringe data are
analyzed using a least-squares procedure for the fitting
function

ml ~4
y =A csin + +32,

3

where (A~+Hi) and A2 are, respectively, the maximum
and minimum of each measured fringe, A& is the coher-
ence length I, of the sample, and A4 is the phase offset.
The measurement was repeated with a BK-7 glass wedge
in place of the sample, which allowed the g' ' of the
liquid-crystal sample to be determined relative to the re-
ported value of 4.67 X 10 ' esu for the BK-7 glass. "

Measurements of X' ' were performed on the two prin-
cipal components X~ and X~ in the nematic phase for
different temperatures. For an input beam polarized
along the z axis (x axis), the symmetry of the bulk nemat-
ic phase implies that the output third-harmonic beam
should be linearly polarized along the z axis (x axis) and
coupled only to the X~ (X' ' ) component of the suscep-
tiMity. Deviation of the input beam polarization from
the principal axis would result in a rotated elliptical polar-
ization of the output third-harmonic beam. By monitor-
ing the polarization properties of the output beam, the in-
put polarization was adjusted to ensure best coincidence
with the princi al axis of the liquid-crystal sample. The
susceptibility X;„'in the isotropic phase was also measured
for different temperatures. The input polarization in-
dependence of 7 ' was established, which ensures that
there was no instrumental anisotropy. Measurements
were performed on four different samples, and, within ex-
perimental error, there was no sample dependence.
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The results of the measurement of the third-order non-
linear susceptibility X' ' for the MBBA in the nematic
phase and in the isotmpic phase are given in Fig. 3. Be-
fore we proceed to calculate the order parameters (P2)
and (P4), we will first examine the results for the coher-
ence length which are given in Fig. 4. Since the coherence
length is related only to the linear refractive index, which
has been studied previously, ' ' this could serve as a con-
sistency check of our data. Earlier studies' show that the
quantity n /p [where n =( nil+2 ni)~3' nil and ni are
the refractive indices parallel and perpendicular to the
nematic director, respectively, and p is the density of the
liquid crystal] is temperature independent throughout the
nematic and isotropic phases. With this assumption and
using Eq. (17), we can derive a relation between the coher-
ence lengths lll, li, and /;, Ill and Ii are the coherence
lengths measured parallel and perpendicular to the direc-
tor in the nematic phase, respectively, and I;„is the
coherence length measured in the isotropic phase. We get

Iiso
+30& OP 3' co3 lll n,.so+n, li

(19)

where we consider negligible the smail variation of p with
temperature. Using the experimental values for Ill and Ii
at different temperatures, we have calculated the expected
values for I; . The results are also shown in Fig. 4. We
see that the predicted values of I;„calculated from /ll and
/i at different temperatures in the nematic phase closely
correspond to the actual value of /; measured in the iso-
tropic phase. The slight discrepancy is probably due to
the small variation of the density with temperature which
we have neglected. In fact, the predicted values of I;~ fit
very weil on a straight line with the measured value of I;~
in the isotropic phase with no apparent discontinuity at
the phase transition temperature. Our data thus show
very good agreement with previous studies of the linear
refractive index in the liquid-crystal phase.

The order parameter (P2 ) is calculated from the exper-
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FIG. 4. Coherence length of MBBA as function of tempera-
ture. , experimental results for the coherence length parallel
( I~~ },perpendicular ( 1~ ) to the director and in the isotropic phase
( 1; ); o, predicted value of I; calculated from Eq. (19).

imental results of the third-order susceptibility using Eq.
(14). We determined the parameter E2 in Eq. (14) by the
reported value of (Pz ) at one temperature, and deduce in-
dependently the values of (P2) at other temperatures.
From NMR results, 2o the value of (P& ) at
T —T~l ———21'C is 0.6. Using this value of (P2) with
our results, we get Ei 14.7. T——he values of (P2 ) at other
temperatures calculated with our data are shown in Fig. 5.
Also shown in the figure are the results obtained by NMR
(Ref. 20) and diamagnetic anisotropy. ' Our results agree
very well with previously reported values. Thus, the opti-
cal third-harmonic-generation method provides a correct
determination of the order parameter (Pz). This also
strongly supports the reliability of the value of the order
parameter (P4) determined within the same framework
of analysis using the same set of data.

The parameters K2 and E4 in Eqs. (13) and (14), in
general, depend on many components of the dressed
molecular susceptibility y,'Jk~. As discussed in Sec. II, the
component along the molecule long axis y usually
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FIG. 3. Measured third-harmonic susceptibility of MBBA as
function of temperature; z axis and x axis are parallel and per-
pendicular to the director, respectively.

FIG. 5. (P2) of MBBA as function of temperature. ~, from
third-harmonic-generation measurement; H, from NMR mea-
surement (Ref. 20}; 4, from diamagnetic anisotropy measure-
ment (Ref. 21).
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(20b)

where M~~ and MI are the eigenvalues of the diagonal
matrix parallel and perpendicular to the nematic director.
Wc llltrodllcc a corresponding qualltlty M;~& for thc lso-
trople pllasc, wltll Miso glvcll by

M;~=(M((+2M')/3 .

Equation (13}is then rewritten as

(21)

O.S -

l

0.7—

0.3—

0.2—

Ql

h
h

g~h
h

dominates due to the extended delocalization of Ir elec-
trons along the conjugated backbone. However, due to the
difference in the contribution of the local-field correction
along the molecular z and x axis (much larger along the x
axis), ' considerable enhancement would result in the
dressed susceptibility y' . It is thus reasonable to retain
only y' and y.'... in Eqs. (A4)—(A6). With the number
of variables very much reduced, we can calculate K4 from
the value of KI ——14.7 obtained above. We get
y.'...=0.22 y~ and K4 ——1.78. As discussed in Sec. II,
the dominance of y~ over the other components restricts
the value of K4 to be close to 2. Thus the choice of the
value for y' does not considerably affect our result for
(P4). Using this value of K4, we obtain the value of
(P4) for various temperatures as shown in Fig. 6. Also
shown in the figure are the reported values for (P4) in
neat MBBA from the Raman scattering method. l Within
experimental error, the two results agree fairly well.

The third-harmonic-generation results allow considera-
tion of whether or not the local-field tensor depends on
the long-range anisotropy of the bulk medium as previ-
ously proposed in two-photon dichroism studies of the
nematie phase. A tensor M is defined which describes
the dependence of the local-field factor on the anisotropy
of the bulk phase and is diagonalized in the laboratory
coordinates along the axes parallel and perpendicular to
the director. Then Eq. (12}can be rewritten as

X' ' =(5+2((P )+8I}(P ))M (20a)

X"..j..=(S—g(P, )+3q(P4) }M', ,

(20c)

X"' /M~~+2X"' /M',
(I) 4

——3+K4 P4 (22)

Usin~ the value of MI/M~ ——1.075 previously as-
sumed, the order parameter (P4 can be calculated using
Eq. (22). The result is shown in Fig. 6. The resulting
(P4) values are much larger than the values obtained
froin Raman scattering measurements and from the
present study where no long-range dependence of the
local-field correction is assumed. Moreover, the (P4)
values from Eq. (22) are much higher than values predict-
ed by the Maier-Saupe mean-field theory. Thus, the ex-
perimentil results from optical third-harmonic-generation
measurements suggest that the local-field correction fac-
tor does not depend on the long-range anisotropy of the
bulk medium. In the previous analysis, the molecule
fixed local-field correction factor parallel and perpendicu-
lar to the molecule long axis is assumed to be the same.
While it is apparent that the bare two-photon absorption
tensor is dominated in effect by one principal component,
the situation would be quite different in the dressed two-
photon absorption tensor where the molecule fixed local
fields are included. The present data show that the
dressed susceptibility y.'... is as much as 0.22 times that
of y~, while we believe this number would be much
smaller for the bare susceptibility. Thus, one can con-
clude that it is unlikely that the local-field correction ten-
sor in the nematic phase depends on the long-range aniso-

tropy of the bulk phase.
The role of the local-field correction factor in the

nematic phase would be further elucidated if a compar-
ison of the experimentally determined dressed susceptibili-
ty was made with a theoretically calculated bare suscepti-
bility. This kind of investigation is in progress and will be
the subject of future reports. Finally, we remark that the
basis of this report could be extended to measurements of
the fifth harmonic for the determination of the next
higher-order parameter (P6). This, however, would be
limited by the very weak response in fifth harmonic gen-
eration, and considerable resonance enhancement would
be required.

In summary, we have developed a new method based on
the measurement of optical third-harmonic generation for
the determination of the orientational order parameters
(PI ) and (P4) of a nematic liquid crystal. The results
obtained with this method are consistent with results re-
ported based on NMR and Raman scattering measure-
ments. Our results also show that it is unlikely that the
local-field correction factor depends on the macroscopic
anisotropy of the bulk.
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APPENDIX

Evaluation of the Macroscopic Susceptibility

The third-order susceptibility along the director axis of
the bulk phase X~ is given by Eq. (11)

X~=N & R 'R,J R,k R,i Y; i k t &
(3)

=N sin I'

&~n ~Zg ~Sk ~ZI X') k I

(Al)

where F($,8,$) is the orientational distribution function
at the Euler angles ($,8, tj't). Here the microscopic suscep-
tibility y is understood to be the dressed susceptibility Y',
we have dropped the asterisk for simplicity. The explicit
form for the component of the rotation matrix R ($,8,$)
is jven in Ref. 22. The nonvanishing contributions to
Xzzzz are

&(R )'Y.,„.}= """
(56+40&P, }+9&P,}),

&(R )'Y„,„„.&= '"""(56+40&P, }+9&P,}),
I I I I

)'(R .)'Y, ,„., &= '*"(14—5&P, &
—9&P, &),

2aO

&(R )'(R )'Y;,, &= "' (14—5&P & 9&P—&),XSSZ

& (R )'(R )'Y,.,„,& = "'"(14—5&P, &
—9&P, & ),yy 210

4
2~0

&(R .)'(R,„)'Y,„„„&=""'(56+40&P, &+9&P,&),x xyy 840

&(R~)'(Rxy )'Yyxxy &= "'""
(56+40&Ps&+9&P4&) .yx xy

%e obtain

&(R. )'Y....&=
* '

(7+20&P, &+«P.}),SSZZ

&(R )'Y„„„,.&=
""'"

(7—10&P, &+3&P,&),
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&(R )'Y, ,„,&= '""(7—10&P, &+3&P,&),

I z I I

&(R )'(r )'Y„..&= ' '" (7+5&P, &
—12&P, &),Z

)'(R )'Y, ,„}=""'(7+5&P }—12&P &),
105

&(R )'(R )'Y, , ~ & = (7+5&P &
—12&P„&),yy )05

I05
t I I I

&(R ) (R ) Y„„~&= (7—10&P2&+3&P &),ZX Zy g gyy

r"' =N(S+2g&P, }+Sq&P,}),
X"' =X(5—g &P, }+3q&P4}),

where

1~=7(
Y

z'z'z'z'+ Yx 'x'x'x '+ Yy 'y 'y'y'+ Yz 'z'x'x'

+VX S S X +pS S y y +py Z S y +pZ'Z'y'y'

+ 'Yy'x'x'y')

I0= )4 (4Yzz' zz' 2Yx'x'x'x' 2Yy'y'y y'+ Y '' z zx x''

+ VX S Z X +pZ Syy +py S S'y 2pZ'Z'y'y'

2'Yy'x'x'y') ~

1

7 280 (gYz'z'z'z'+3Yx'x'x'x'+3Yy'y'y'y' 12Yz';x'x'

—12'VX ZSX j2VSZ'yy ~2~yZZy +3/X Xyy'

+3'Yy'x'x'y')

(A2)

(A3)

(A5)

(A6)

&(R )'(R )'Y „„&=" " (7—10&P }+3&P &) .sy yxzy ~05

Similarly the nonvanishing contributions to X~ are

&(R )'Y..., &= "
(7—10&P, &+3&P,&),S Z 35

In the isotropic phase, both &Pz }and &Ps }vanish. If we
neglect the small variation of the particle density through
the phase transition, we have

(A7)
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