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Multiscale approach to nematic liquid crystals via statistical field theory
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We propose an approach to a multiscale problem in the theory of thermotropic uniaxial nematics based on the
method of statistical field theory. This approach enables us to relate the coefficients A, B, C, L, and L, of the
Landau-de Gennes free energy for the isotropic-nematic phase transition to the parameters of a molecular model of
uniaxial nematics, which we take to be a lattice gas model of nematogenic molecules interacting via a short-ranged
potential. We obtain general constraints on the temperature and volume fraction of nematogens for the Landau-de
Gennes theory to be stable against molecular orientation fluctuations at quartic order. In particular, for the case
of a fully occupied lattice, we compute the values of the isotropic-nematic transition temperature and the order
parameter discontinuity predicted by (i) a continuum approximation of the nearest-neighbor Lebwohl-Lasher
model and (ii) a Lebwohl-Lasher-type model with a nematogenic interaction of finite range. We find that the
predictions of (i) are in reasonably good agreement with known results of Monte Carlo simulation.
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I. INTRODUCTION

The modeling of liquid crystals is a rich and fascinating
subject [1-34]. The models span a hierarchy of levels of
coarse-graining approximation and attention to the details
of interactions. At the upper end of the hierarchy is the
phenomenological approach of the Landau-de Gennes type
[1,5-9], which involves the construction of a free energy
using invariant combinations of an order parameter and its
gradients, the order parameter being a coarse-grained quantity
that reflects the amount of liquid crystalline order there is at
the mesoscopic level. Such a free energy also involves several
adjustable coefficients that have to be fitted to experiment,
whose values are not known a priori. The Landau-de Gennes
free energy can be expressed as [5]
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where Q is a second-rank, traceless, and symmetric tensor,
directly related to the degree of alignment of liquid crystal
nematics, and a is a microscopic length scale related to the
dimensions of the molecule.

Atthe other end of the hierarchy are the molecular models of
liquid crystals (LCs), such as the Onsager model [13,14] for
lyotropic LCs or the Maier-Saupe [15-17], Lebwohl-Lasher
[19-21] and Gay-Berne models [22-24] for thermotropic LCs.
These models have for their parameters certain details of the
interacting molecules, which can include the aspect ratio, the
orientations and positions of the molecules, and the form
of the interaction potential between each pair of molecules.
In choosing the interaction potential, there is consensus that
the relevant factors giving rise to nematic liquid crystalline
ordering involve suitably anisotropic generalizations of the
excluded-volume interaction and/or the van der Waals inter-
action [33,34]. On the other hand, models also differ in the
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scale of the relative importance of anisotropy they assign to
excluded-volume and van der Waals interactions. For example,
the theory of Onsager [13] assumes that nematic ordering
is driven by the anisotropy of hard rods’ excluded volumes,
whereas the model of Maier and Saupe [15-17] assumes that
the driving agent is the anisotropy in the van der Waals inter-
action. Between these two extremes, there is also the so-called
generalized van der Waals theory, which takes the anisotropies
present in both the excluded volumes of the molecules and the
van der Waals interaction into consideration [33,34].

Beyond the individual modeling of liquid crystals, one can
also study the relations between different theories of LCs,
especially theories on different levels of the coarse-graining
hierarchy [2,14,35], and our paper aims to address such a
problem. This problem appears not to have received as much
attention as the modeling of LCs. An example of such a
problem would be to establish quantitative relations between
the coefficients of the Landau-de Gennes (LdG) theory and the
parameters of a molecular model. Establishing such relations
is of relevance to the LC community, one of the motivations
being that it would make the LdG theory more predictive.
There are different ways by which such relations can be
established, the differences being primarily differences of the
molecular model and approximation scheme adopted. One
approximation scheme is to begin with a certain molecular
model of LCs and apply the mean-field approximation at the
level of the interaction Hamiltonian [2]. One then computes
the corresponding partition function and free energy, matching
the coefficients of the free energy to those of the LdG free
energy. Such an approach has been applied, for example, to
a molecular model of biaxial bricks [35]. A variant of the
mean-field approach is to express the entropy of the molecules
and their average pairwise interaction energy in terms of
the distribution function for the molecular positions and
orientations, determining this function self-consistently via
some form of closure at the mean-field level. Such an approach
has been applied, for example, to relate the Onsager theory [13]
to the LdG theory [14]. In mean-field approaches the mean-
field approximation is typically applied to the Hamiltonian,
i.e., replacing a Hamiltonian of the form g2, where ¢ is a
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fluctuating field variable, with a Hamiltonian of the form
q f({q)), where {q) is the mean field and f is some function
of the mean field, so that the ordeal of summing over ¢ in the
partition function is much simplified as one is now dealing
with a term that is linear rather than quadratic in ¢. This also
implies that the corresponding LdG coefficients obtained by
the molecular calculation are given by their mean-field values
and neglect corrections from the correlations of fluctuations. In
addition to mean-field approaches, there is also the approach of
density functional theory, which views the free energy as being
recoverable if all its direct correlation functions (which are the
moments of the free energy with respect to particle density)
are known [36]. Such an approach was used to relate the elastic
constants of the Frank-Oseen theory to the single-nematogen
orientation distribution function [37-39] and has also been
used to establish formal relations between the LdG theory
of the isotropic-nematic transition and the single-nematogen
orientation distribution function [40].

In view of the limited number of methods of relating the
mesoscopic (or continuum, i.e., LdG) and the microscopic
(or molecular) levels of description in LC theory, and the
limitations of the mean-field approximation, it may be of
interest to explore a third approach, namely, that of field
theory [41-47], which leads to the inclusion of the effects of
molecular fluctuation correlations in the computed values of
the LdG coefficients. The present paper explores this approach,
applying it to a molecular lattice model of Lebwohl-Lasher
type [19]. Such an approach would also be a step towards the
realization of a program of calculation envisioned in Ref. [1],
whereby “one should start from a microscopic Hamiltonian”
and “calculate whatever thermodynamic quantity is needed
from the partition function Z,” and that it should be “possible
to construct a free energy F({Q)), the minima of which
do rigorously define equilibrium states,” where F({Q)) =
—kT log Z({Q)), and the integrations in Z “are performed
with a constant average order parameter (Q).”

Another motivation for using the field-theoretic approach
(in particular, the Hubbard-Stratonovich transformation
[48-50], which we will describe shortly) to study the
microscopic-mesoscopic relation comes from the fact that it
appears to be better known in other domains of physics, but
seems much less studied in the domain of liquid crystals.
For example, in the theory of magnetism, field theory is
used to relate the mesoscopic coefficients of the ¢* theory
to the molecular parameters of the Ising model [44,45]. In
the theory of electrolytes, field theory is used to relate a
microscopic Coulomb model of interacting ions to Poisson-
Boltzmann (PB) theory, which is a continuum description
[51-55]. In the domain of liquid crystals, we are only aware
of a couple of works [56,57], which adopt a field-theoretic
approach. In Ref. [56] the authors apply the field-theoretic
approach to study the phase behavior of semiflexible polymer
solutions and blends, starting from a model that includes
both an anisotropic interaction that favors the alignment
of polymer segments and an isotropic interaction that can
drive the demixing of polymer and solvent. In Ref. [57] the
authors analyze the phenomenological theory for smectics in
terms of the molecular parameters of the Ronis-Rosenblatt
model [29], neglecting, however, to obtain the full coefficients
of the nematic theory. Our paper endeavors to relate the
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phenomenological coefficients of the theory of thermotropic
uniaxial nematics to a Lebwohl-Lasher-type lattice model
[58], and can be regarded as being complementary to the
aforementioned work.

In what follows, we qualitatively describe the field-theoretic
method that we use, relegating the mathematical details to
subsequent sections. This method begins by specifying a
microscopic Hamiltonian that can be expressed in terms
of a quadrature of some collective field. One then per-
forms a Hubbard-Stratonovich (HS) transformation [48-50]
on the partition function, which is an exact transformation
that introduces an auxiliary field conjugate to the original
collective field, and causes the collective field to appear
in a linearly coupled form, rendering tractable the task of
ensemble averaging over the original fluctuating degrees of
freedom (which are the molecular orientation and lattice
site occupation number). We then show that performing an
ensemble average of the collective field over the original
degrees of freedom is equivalent to computing the expectation
value of the auxiliary field, which corresponds to the (Q) of
the LdG theory. The resulting free energy with the log trace
term can be systematically expanded as a power series of
0, the coefficients of the terms being combinations of the
parameters of the microscopic model and the concentration
of nematogens. Identifying this series (which we truncate
at quartic order) with the LdG free energy then enables the
determination of the coefficients A, B, and C as well as
the elastic constants L; and L, in terms of the molecular
parameters. Via such a procedure, we will also discover that a
certain condition has to hold in order to ensure the positivity
of the quartic term (and hence the stability of the LdG theory),
namely, that the volume fraction of nematogens has to be
sufficiently large.

The plan of our paper is as follows. In Sec. II, we explicate
the model that we adopt, which is a modified version of the
Lebwohl-Lasher model. In Sec. III, we construct the partition
function and effect the Hubbard-Stratonovich transformation,
which enables us to transition from a picture of fluctuating
molecular orientations and lattice site occupation to a picture
of fluctuating order parameter field. In Sec. IV, we derive
the effective Hamiltonian and show that its quartic expansion
can be identified with the Landau-de Gennes free energy.
This paves the way to our results in Sec. V, where we
identify the phenomenological coefficients of the Landau-de
Gennes theory in terms of the molecular parameters of our
modified Lebwohl-Lasher model. In Sec. VI, we look at
the case of a fully occupied lattice, and obtain values for
the isotropic-nematic transition temperature and the order
parameter discontinuity that are predicted by the two following
models: (i) a continuum approximation of the nearest-neighbor
Lebwohl-Lasher model and (ii) a model of Lebwohl-Lasher
type that involves nematogenic interactions of finite range.

II. MODIFIED LEBWOHL-LASHER MODEL

We consider a lattice gas model of liquid crystal nematics,
in which the nematogens reside on a three-dimensional cubic
lattice (see Fig. 1). Each lattice cell has a volume a3, where a
is the length of each side of the cell. We assume that each
nematogen has a volume a®, so each cell can at most be

022709-2



MULTISCALE APPROACH TO NEMATIC LIQUID ...

bl \\rj

O

FIG. 1. Modified Lebwohl-Lasher model: a two-dimensional
slice of the three-dimensional cubic lattice on which nematogens
(represented by orange-colored rods) reside. The jth rod has a
direction parallel to n; and a position vector r;, inhabiting a cell
that has a linear dimension a. A cell can either be occupied by
a nematogen, or unoccupied. The circle (colored blue, radius b)
indicates the effective range of the nematogen-nematogen interaction
potential v(r).

occupied by one nematogen. We denote the occupation number
of the jth cell by s;, where s; = 0,1, its position vector by r;,
and the orientation of the nematogen in the cell is represented
by a unit vector n;. The nematogen-nematogen interaction is
described by a Lebwohl-Lasher-type model [19], which has a
Hamiltonian given in dimensionless form by

1 & 1
BHLL =5 ) vl — r,~>(<ni n;)” - 5), @2.1)
i,j=1

where v(r; —r;) = BJ;;, and J;; is the interaction between
nematogens at positions r; and r;. Here the latin indices i, j =
1, ...,N label nematogens. Our model is thus a modification
of the original Lebwohl-Lasher (LL) model in two respects,
viz., in the allowance we make for partial occupation of the
lattice, and in that the nematogen interaction is not restricted
solely to nearest-neighbor interactions.

III. PARTITION FUNCTION

The partition function is given by

N
7 = 1_[ Z eﬁﬂz,'sj(e%Zi,fv(ri*rj)((ni'n/)zf_%)fixf>ni7 (31)
j=15;=0,1

where w is the chemical potential of each nematogen. The
chemical potential can be regarded as a Lagrange multiplier
that enforces the conservation of the average number of
nematogens, so the partition function represents a trace over all
possible configurations of {s; }?’:1 subject to the constraint that
the average number of nematogens is conserved. The symbol
(.. .)a; denotes the average over all possible directions of the
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unit vector nj, viz.,
d;
(coihn, =
4
where d€2; is an infinitesimal element of solid angle

associated with the jth nematogen. By defining a collective
field g, (1), viz.,

8(Inj|* — 1), (3.2)

N

1
Qab(r) = Z (njanj;, — §8ab>sja38(r — I‘j), (33)

j=1
where g,,(r) has the meaning of the local liquid crystalline
order, we can rewrite the partition function as

N
— BuYisil, 5/ & S/ & Gab (O (r—1")qap (')
Z= l_[ Z e ! /<eZ « « )nj' (34)

j=15;=0,1

We now make wuse of the Hubbard-Stratonovich
transformation, which is based on the matrix integral identity

exp(3x; Kijx;) o /dyexp(_%yiKijyj + Kijxiyj). (3.5)
We can therefore express the partition function as

7 / DO et T Ot 0u)

3

N
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nj

(3.6)

Here the integral measure [ D Q is a shorthand for the product

]_[{r} dQ(r) = limy_ o ]_[7=1 dQ(ry), where for the purpose
of calculation we regard the volume as being a cubic lattice
with N cells. We rewrite the product on the right-hand side
(RHS) as

N
13 e Ee IE= f%qam)v(r—r’)Qw(r’))

j=15;=0,1

nj

N
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3
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J

= nj

’

where A = ef* is the fugacity of a nematogen. Next, for a
dense lattice we can adopt a coarse-graining approximation
in which we replace the sum over lattice cells by an integral
over the entire volume enclosed by the lattice. We then obtain

7 / DQ et T CwEnt ) 0u )

a3
[ 4 [1+/\<e-/ o “""”Qab"”“"a“b-%Snb)) ]
3

Jd. 37

X e

IV. EFFECTIVE HAMILTONIAN

We can formally define an effective Hamiltonian H.¢ via

7 = /DQ e PHer 4.1
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and we shall posit that Hg is equivalent to the Landau-de
Gennes (LdG) free energy. Indeed, we will see shortly that the
auxiliary field Q has the meaning of the order parameter in the
LdG theory. Through this identification, the coefficients of the
LdG theory can be determined in terms of the parameters of the
microscopic model—an objective that we set out to achieve.
Up to some constant, we can write the effective Hamiltonian as

d3/
ﬂHeﬁ—/ f Qs (EWO(r — ) Q0 ()

_ f C{._ln[l—i-)»( S on) ] )

where t,;, = nyn; — 8ab The fugacity A is related to the
total number of nematogens Npem, 0on the lattice, which we
can see as follows. Making use of Egs. (4.1) and (4.2) and the
thermodynamic relation

Niem = L 9z 4.3)
T Z A’ ‘
which (as mentioned earlier) reflects the fact that p is a
Lagrange multiplier that ensures that the average number of
nematogens is conserved, we have

N Pr Mefvraanh>n ‘s
nema = ]_i_)L(erTz:th:h)n Qa ( . )

where [(...) is our shorthand for [ d°r/a’(...),and (...)p =
[DO(..)e /27 [DQe /272 s the Gaussian
weighted average over Q. The left-hand side (LHS) of the
above equation depends on how the system is prepared, and
once prepared, is assumed to remain constant for the entire
duration, while the temperature (and correspondingly the
expectation value of Q) can change. The fugacity A of each ne-
matogen is also assumed to be constant. Thus, to determine A,
let us consider the regime of high temperature, for which 7 —
oo (or equivalently, v — 0). The above equation then becomes

VA
Nnema3 -
14+ A

where V is the volume of the system. Further denoting
the fraction of lattice cells occupied by nematogens by
¢ = Nnema3/V = Npem/N, we find that

a2

1—¢

As we shall see soon (i.e., end of this section and Appendix

B), O has the meaning of the Landau-de Gennes order

parameter. Anticipating this result, and observing that the

LdG free energy is formulated near the isotropic-nematic

phase transition, we can thus carry out an expansion of the

effective Hamiltonian in powers of Q. We carry out this

expansion in Appendix A. To quartic order in Q, we have the
result that the effective Hamiltonian is given by

A I_fdir{ 43 e

T s 2 & 35030 e

}x“(Ter)z},
4.7

4.5)

(4.6)
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where we have defined

d3 /
= / / Qup(Mv(r — 1) Qp(r)

d3 d3 / d3 /!
= / / f V=~ 1) (1) Qs (t)

(4.8b)
[ dr
K :f?v(r)

In obtaining Eq. (4.7), we have made use of the fact that
for symmetric, traceless 3 x 3 matrices, Tr Q* = (Tr 0*)?/2
[61]. In carrying out the orientation averages, we have made
use of certain tensor results that we derived in Appendix C.

What is the meaning of Q? In Appendix B, we show that
O has the meaning of the order parameter field in the LdG
theory. We demonstrate this by showing that the expectation
value of Q, obtained by averaging over Q with a Boltzmann
weight e Pt coincides with the ensemble average of g, i.e.,

(qap(r)) = (Qap(r)). (4.9)

Here the angle brackets have somewhat distinct meanings on
the left and right sides of the equation; on the left side they
denote averaging with respect to the ensemble variables s;
and n; using the partition function in Eq. (3.1), whereas on
the right the averaging is performed over Q using the partition
function in Eq. (4.1).

(4.8a)

(4.8¢)

V. MATCHING COEFFICIENTS

The first two terms (i.e., the ones involving /; and I,) in
Eq. (4.7) are nonlocal. To make contact with LdG theory, we
perform a gradient expansion on those terms, whereupon we
obtain (see Appendix D for details)

/3Heff=l<<l i >/d3 Tr Q*
2 0+
s d’r
+n<m_z>/a_3acQubacQab

/d3 [ 4ic3 0 3
— ——TrQ
315(1 + 1)

. o 4Tr 02)?
" 567(1+K)_450(1+A)2 k" (Tr Q)" |.
5.1

The coefficient of the cubic term in the Landau expansion is
negative, which is in accord with expectations for elongated
nematogens. In the above expression, we have also defined

d’R
N0ap = | —5 ReRav(R), (5.2)

where a Kronecker § appears because v is isotropic. If we
assume that v has the form of Eq. (6.2) then
n=Qn)>?BIb’Ja’. (5.3)

Our expansion for H.s in Eq. (5.1) coincides with the
Landau-de Gennes free energy, Fi qg, if we make the following
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identification:
2,
A=(1- -5 VT, (5.42)
15(1 4+ 1)
43 kg T
_ KAl (5.4b)
105(1 + 1)
222 4 T (540)
= — , Ac
250+ 12 567 +n) )¢ "B
L =2 rK L P (5.4d)
1 =27 151+ ) 4 B, .
L, =0. (5.4¢)

From these equations, we can make the following deductions.
We first note that A becomes negative for k > 15(1 + 1)/2A,
which allows us to write A = Ao(T — T*), where Ag = kkg.
Here T* corresponds to the critical temperature, which has the
physical meaning of the limit of supercooling of the isotropic
state. Using the matched coefficients above, we can express
T* in terms of the molecular parameters:

T* = 2 T/[15(1 + A)]. (5.5)

Here T* is actually independent of T as « contains a factor
1/T. From Landau-de Gennes theory, we have that 7,; =
T* 4+ B?/(27C Ay), and the discontinuity in the nematic order
is S = B/3C. For the case of a fully occupied lattice (A — 00)
and using the matched coefficients in Egs. (5.4), we find that

T 74 5670

’ ni = —=kT, S =——. (5.6)
15 455 1079«

The coefficient L, is zero, implying that our expansion is
equivalent to the one-constant approximation [1], which is a
consequence of adopting an isotropic form for the nematogen
interaction potential v.

We also see that besides the possibility of A becoming
negative, L also becomes negative for « > 15(1 + A)/4A.
The sign changes of the quadratic term and quadratic gradient
are well known from field-theoretic expansions (see, e.g.,
Ref. [45]), and describe the limits at which the expansion
to quadratic order is stable against the effects of fluctuation.

In Egs. (5.4), we observe that the parameter C, correspond-
ing to the coefficient of the quartic term, is positive for A >
50/13 (i.e., ¢ > 50/63), but then changes sign and becomes
negative for 0 < A < 50/13 (i.e., 0 < ¢ < 50/63). Similar to
the sign changes of the quadratic coefficients, the sign change
of the quartic coefficient is also generic to field-theoretic
expansions [45], arising simply from the competition of
the second and fourth moments of the fluctuation correlation
function of molecular orientation in the cumulant expansion
[cf. Eq. (A1)]. Such a possibility of a change in the sign of
the quartic coefficient is absent in the more conventional,
mean-field approximation applied at the Hamiltonian level.
For a given volume fraction of nematogens, the sign provides
an indication of whether the truncation of the LdG theory to
quartic order is stable against fluctuations. As we see from
Fig. 2, such a truncation is stable only if the volume fraction
of nematogens is sufficiently large.

We may also make a qualitative comparison of our
results with those found for semiflexible polymer solutions

*
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FIG. 2. Behavior of the coefficient C of the Landau-de Gennes
theory as a function of ¢, the fraction of lattice cells occupied by
nematogens. C is positive for ¢ > 50/63.

in Ref. [56], where polymer rigidity (besides the alignment
interaction strength of polymer segments) can also drive
nematic ordering. If one assumes the absence of density
fluctuations, the coefficient of the quartic-order term turns
out to be positive for any value of the volume fraction,
which is distinct from the behavior predicted by the modified
LL model, in which C can become negative. This suggests
that the combination of both polymer rigidity and alignment
interaction stabilizes the LdG theory at quartic order. The
authors also found that the coefficient L, is nonzero, which can
be understood as a consequence of the preference of segments
to align parallel to the semiflexible backbone, whereas for
models I and IT L, vanishes, owing to the assumed isotropy of

v(r).

VI. RESULTS AND DISCUSSION

In this section, we compute the values for 7,; and S,
for two models of Lebwohl-Lasher type, using the formulas
we derived for the matched coefficients. For simplicity, we
assume that the lattice is fully occupied (i.e., A — oo) for
both models. The first model (model I) is a continuum version
of the original model considered by Ref. [19], in which the
sum runs over nearest neighbors. The corresponding contin-
uum representation of the nematogen interaction kernel v is
given by

vr—r)=ya’BJSs(r —r), (6.1)
where y is the coordination number of each nematogen site.
For a cubic lattice, y = 6. A derivation of the above Kernel is
given in Appendix E. The corresponding value of « is given
by k = yBJ.

The second model (model IT) that we consider is a modified
version of the LL model, with allowance being made for
interactions of finite (albeit short) range. In this model v(r)
has a Gaussian decaying form, i.e.,

_r?
v(r) = pBJe 22, (6.2)
where b sets the range of the nematogen interaction. For this
potential, we have that x = (2)*>?8J(b/a)’.
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For model I, the matched coefficients are given by

A= 6(1 — %) J, (6.3a)
B = 86482J3/105, (6.3b)
C = 336968°J4/14175, (6.3¢)
Li=L,=0. (6.3d)

From these values and Eq. (5.5), we find that T* = 12J /15kg,
T, ~ 098.]//(]3, and S, ~ 0.85.

For model II, we consider the case where b = a. The
matched coefficients are then given by

2(2. 3/2
A= (2n)3/2<1 - M)J, (6.42)
15
4Qn°” |
B= 0 g2 6.4b
105 B (6.4b)
16647
=Tt (6.40)
2Y28J 1
L = 2(271)3/2<M - —)Ja2, (6.4d)
15 4
L,=0. (6.4¢)

From these values, we find that 7,,; & 2.6J/kg and S, ~
0.85.

From the results obtained for the two models, we see that
a lower transition temperature is predicted for the case of
continuum nearest-neighbor interactions than for the case of
finite-ranged interactions. This is physically reasonable, as
an interaction of longer range implies that the nematogens
are correlated over larger distances, whose correlations would
require a correspondingly higher temperature to become
disrupted. From the results of previous Monte Carlo (MC)
simulations performed on the discrete, nearest-neighbor LL
model (see, e.g., Ref. [62]), it is known that T,,; = 1.11J/kg,
which is distinct from the two values predicted by models
I and II. The difference arises because the models are not
identical with the (discrete) LL model. The value of T,;
found by MC simulation falls between the values predicted
by models I and II; this is so, because the interaction range
in the discrete, nearest-neighbor LL model is larger than that
in model I (which is a local approximation) but smaller than
that in model II (in which the interaction can also be felt
by next-nearest neighbors). In spite of the distinction, model
I predicts that 7,; ~ 0.98J/kg, which is not very far from
the value found by MC simulation [62]. Interestingly, both
models I and II also predict approximately the same value
for S.. This value (S, ~ 0.85) is larger than the value of 0.43
predicted by the Maier-Saupe theory and smaller than the value
of 0.89 predicted by the Onsager theory [1,2], but close to the
approximate value of 0.82 found by MC simulation [62].

In Egs. (5.4), it may appear that the Landau-de Gennes
terms do not vanish in the formal limit that 7 — O where one
would have expected them to, originating as they do from the
entropy of nematogens [63,64]. To probe the T — O limit,
we would have to go back to Eq. (4.2), which contains the
exact log trace term for the entropic contribution; this term has
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indeed the correct prefactor of 7. The LdG free energy is an
expansion of the log trace term for temperatures near 7,,; (from
the high-temperature side), and correspondingly the values of
T in the matched LdG coefficients have to be approximated to
T,;. On the other hand, if we take the formal limit 7 — oo we
find that the coefficients B and C vanish, leaving us only with
terms of quadratic order, which is physically appropriate for
the isotropic phase.

The original LL model [19] is one in which the translational
degrees of freedom of the nematogens are frozen out. This is
evident in the assumed full occupation of the lattice in which
nematogens are not free to change positions. On the other
hand, by allowing for partial occupation (i.e., ¢ < 1) while
constraining the total number of nematogens to be constant,
the modified Lebwohl-Lasher model can in principle also
account for the translational freedoms of nematogens that were
unaccounted for in the original LL model.

VII. CONCLUSION

In this paper, we have formulated a field-theoretic approach
to determining the coefficients of the Landau-de Gennes theory
for thermotropic uniaxial nematics. As we have shown in our
paper, such an approach offers a systematic and relatively
straightforward recipe for calculating all the phenomenolog-
ical coefficients (including those of the gradient terms). We
have applied this approach to the microscopic, Lebwohl-
Lasher model, approximating the nematogen-nematogen inter-
action v(r) by potentials with two distinct forms: a continuum
version of the nearest-neighbor interaction (model I) and a
Gaussian exponential-decaying form (model II). To carry out
the sum over fluctuations, we have put the nematogens onto a
cubic lattice, with each lattice cell being able to be occupied by
at most one nematogen. Via this model we found that for the
quartic-order truncation of the LdG expansion to be stable, the
fraction of occupied lattice cells has to be greater than 50/63.

We have also derived formulas that express the coefficients
A, B,C, Ly, and L, in terms of the parameters of the modified
Lebwohl-Lasher model. By working with the two model
potentials and assuming that the lattice is fully packed, we have
obtained explicit values for the coefficients, and used them to
deduce values for the isotropic-nematic transition temperature
and the order parameter discontinuity. We found that for
model I, 7,; ~# 0.98J/kg and S. ~ 0.85, while for model
I, T,; = 2.6J/kg and S, =~ 0.85. These predictions (coming
from a continuum approximation) can be compared with the
values for the nearest-neighbor Lebwohl-Lasher model found
by MC simulations, viz., T,,; & 1.11J/kg and S, =~ 0.82.

The systematic character of our field-theoretic approach
implies that it can be straightforwardly extended to other
liquid crystal systems, such as biaxial nematics, discoids,
cholesterics, and cholesteric blue phases. For biaxial nematics,
one would have to expand the log trace term in the effective
Hamiltonian to sixth order in Q [65]. This can be used to
study the possibility of fluctuation-induced biaxial nematics,
for negative values of C. Our approach can in principle also
be generalized to more complicated interaction potentials,
for example, those involving electrostatic and Kirkwood-
Shumaker interactions (for stiff rodlike peptides).
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APPENDIX A: EXPANSION OF THE LOG TRACE TERM IN THE EFFECTIVE HAMILTONIAN

In this appendix, we perform an expansion of the log trace term in Hg in powers of Q, assuming that Q is small. Using the
shorthand notation Y ver = [ d°r'v(r’ —r)/a’, we expand the logarithm to quartic order in Q:

, A )
In [1 4 Ao e @) T In [14 A+ Aza)n ) ver Qun) + 2 (T Tealn Y ververs Qap(@) Qea(x”)
-

r,r’

_I_

AN >

<Tabtcdfef>n Z UrlrvrzrvrgrQab(rl)ch(rZ)Qef(rS)

ry,r,r;

+ = {TabTeaTef Tgh)n Z UryrVrr Ve Vrer Qb (1) Qea (12) Qe (13) Qg (1) |

ry,Irp,r3,ry

R| >

~ )‘-(Tabfcd>n
2(14+ 1)

<Tab Ted ref)n

A
D e Qun(r) Qea (") + S D VeV Qan(11) Qea(r2) Qer (r3)

r.r’ rp,ry,r3

A (Tab TedTef Tgh )n )\2 <Tub 7:cd>n <Tef Tgh)n
241 + 1) 8(1 +1)?

X Z Ur;rUryr Ursr Uryr Qab(rl)ch(rZ)Qef(rB)Qgh(rét) + const. (A1)

r,r,r3,rg

In the above, a term linear in Q vanishes as (t,;), = 0. To make further progress, we make a local approximation to the cubic
and quartic terms, which consists of expressing r, (where ¢ = 1,2,3 in the cubic term and @ = 1,2,3,4 in the quartic term) in
Eq. (A1) in terms of a center coordinate r and relative coordinates R, viz., r, = r + R, and taking r, = r. Taking the local
approximation is reasonable considering that near the transition, Q would be small, and nonlocal variations of Q introduce
higher-order corrections that can be disregarded in terms of order higher than quadratic.

APPENDIX B: EQUIVALENCE OF THE EXPECTATION VALUE OF THE AUXILIARY FIELD
(Q) AND THE ENSEMBLE-AVERAGED COLLECTIVE FIELD (q)

Here we show that the expectation value of Q, obtained by averaging over Q with a Boltzmann weight e A% coincides with
the ensemble average of ¢. To see their equivalence, let us append an external source term to Z in Eq. (3.4), viz.,

N
L d a3 ; 7 - d3r
Z[h] — 1_[ Z eﬁ/,L Zj Sj(ef f 3 J 3 Gap@(r—1")gap (*')+ [ 3 hab%b) (Bl)

nj
j=1s5;=0,1

whence the ensemble average of g is given by

o) = = 2| ®2)
Z 0hap(r) |0
To make a connection to the expectation value of Q, we perform a HS transformation on Z[A] in Eq. (B1):
Zlh] = ﬁ 3 efnTiniil Sy a0 ) | L [ L Gt [ v hao oG+ v tha)
nj
j=1s;=0,1
3 3 N 3 3 3
— / DO o2 /5 T Qu0ur—r) Q) 1—[ Z IOy <ef 5 =) Qu (1) , %hubgub>n/_ (B3)
j=1s5;=0,1
From this equation, we obtain the relation
1 0Z
Zha® |, o (Qap(r)). (B4)
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Comparing Egs. (B2) and (B4), we have the equality
(qap(r)) = (Qap(r)). (BS)

APPENDIX C: CONSTRAINED AVERAGES OVER §?

As we see from Eq. (4.2), the effective Hamiltonian contains terms of the form (e™# 2«#®) where (...), is an average over the
unit two-sphere S? (i.e., the set of points mapped out by all possible orientations of a unit vector, n). Close to the isotropic-nematic
transition point, we expect Q to be small, and thus an expansion in powers of Q can be performed. To match our effective
Hamiltonian to the Landau-de Gennes free energy, we have to carry out the expansion to quartic order in Q. Such terms involve
orientation averages over products of 7, and the highest order of such products in the quartic-order expansion is obviously of quartic
order. The evaluation of such orientation averages is equivalent to the evaluation of orientation averages over products of n. To
quartic order in Q, we find that the orientation averages yield isotropic tensors of order 2, 4, 6, and 8. The results are given below:

(In =1 (C1)
1
(”anﬁ>n = gaaﬂ (C2)
1
<nanﬂnyn8)n = E(Saﬁsyzs + 80(]/6/38 + Saéaﬁy) (C3)

1
(ngnpnenghen fy = R(aab(scd(sef + 8cebar + 8cfbae) + 8ac(Bpader + Spedar + Spfdae) + Saa(Bpcder + Speder + Sppdee)
+ Sae(abcgdf + deacf + Sbf(scd) + Saf(gbc(sde + abdsce + ‘sbeacd))' (C4)

The second equation above implies that (7g)n = 0. In the free-energy expansion, when we contract 7,;, with tensors Q,y, in the
free-energy expansion, only traceless contributions will be picked up, and thus we can ignore terms involving (n,np)y, and we
effectively have that

1
<nanbncnd>n - E((Su("sbd + Sadabc)a (CS)

1
<”anbncndnenf>n e ﬁ(‘sac(&)eadf + Bbfade) + ‘Sad(abe(scf + (Sbf‘sce) + Sae(sbcadf + deacf) + 3a,}"(8b68de + 8padee))- (Co)

Using the above results, we calculate the following quantity, which is relevant for the coefficient of the quadratic term in the
free energy expansion of Q:

1 1 1 1 1
(Tubtcd>n = <(nanb - §(Sab> <ncnd - §8L'd>>n = <nunbncnd - gsabncnd - gscdnanb + §8ab8cd>n

2 1
— —E(Sahscd + E((SM(SM + 84ad8pe)s ©

For the cubic-order term in the free-energy expansion, we need the value of (7,4 TcqTef)n:

1
(TabTedTef)n = R(aac(‘sbesdf + 8pr08de) + 8ad(8peber + Sprdce) + 8ue(Spcbay + Spader) + 8af(Bpedae + Spadee)).  (C8)

The quartic term in the free-energy expansion is a connected cumulant term consisting of two contributions. The first contribution
is straightforward to calculate:

4 2
(Tabfcd)n<feftgh>n = m‘sabgcdaefagh - ﬁ((sabscd(segafh + ‘sabacd(seh(sfg + 8ac5bd8ef8gh + Sadabc(sefggh)

1
+ E (aac‘sbd Seg th + 8ac8hd‘3€h Bfg + 8ad5bc(3eg8fh + Sad abcfseh ng)

= %((Sac&)d(seg(s i+ 8ac8pabend g + 8aadbcbegd i + SaadbcBend ro)- (C9)
To obtain the second contribution, we have to consider the following rank-eight isotropic tensor:
(nanpncngnen fighy )y
= %{&;b[&d(&ﬁgk + 8eg8 rn + 8endrg) + Sce(Bardon + 8agdn + 8and r¢) + Scf (8aeSgn + SagSen + Sandeg)
+ 84 (8aeb 4 Bapden + Sanbes) + 8cn(8aed rg + Supdeg + Sagbes)]
+ 8ac[8pa(BefBgn 4 8egS ri + 8end rg) 4 8pe(8arSgn + 8aglpn + 8and o) + Spr(8aebohn + SagSen + Sanbeg)

022709-8



MULTISCALE APPROACH TO NEMATIC LIQUID ... PHYSICAL REVIEW E 96, 022709 (2017)

+ 8bg(8aeb f1n + 8apden + Sanber) + 8pn(8aed g + 8apdeg + Sagder)]

+ 84 8pc(BefBgn + 8egd rn + 8end rg) 4 8pe(ScpSgn + 8cgd i + 8enbpg) + Spf(SceSgh + Scgden + Scnbeg)
+ 8bg(8ceS ph + Scpden + Scnber) + Spn(8ced rg + 8cpdeg + Segber)]

+ 8ael8pe(BarBgn + 8agd ri + 8and rg) + Sba(BerSgn 4 8eg8 s + Scnd o) + Spr(8cadgn + Scgban + Scndag)
+ 8bg(8cad fn + 8cpdan + Scnday) + 8pn(8cad pg + 8cpdag + Scgbar)]

+ 8ar[86c(8aebgn + Saglen + 8dnbeg) + Sba(8ceSgn + Scgden + 8cnbeg) + Ope(8caden + SceSan + 8cndag)
+ 8bg(8caben + 8ceban + Scndae) + Opn(8cadeg + dceSag + Scgbae))

+ 8ag[8pc(8aed rn + 8afden + Sander) + Spa(8ced i 4 Scpden + Scnber) + Spe(8cad rn + depdan + Scndar)
+ 8pr(8caden + Sceban + Scndae) + Spn(8cader + Scedap + Scpdae)l

+ 8anl6pc(8debfg + 8dfbeg + 8agbef) + Spa(8ceb g + 8cfbeg + Scgber) + 8be(8cad rg + 8cfSag + Scebar)
+ 0 (8cabeg + 8cebag + 8cgbae) + Opg(8cades + 8cebay + 8crdae)]} (C10)

(nanpnengnen fngny )y

1
— %{Bac[abd(a(zgafh + 8end7g) + Ope(8agd rn + Sand rg) + Spf(Sagden + Sandeg) + Spg(8aed i + Sarden)

+ 8bn(8aed rg + Sardeg)] + 8aalOpc(8egd rn + 8end rg) + Spe(8cg rn + Scndrg) + dpp(Begen + Scndeg)

+ 8bg(8ceS pin + Scpden) + Spn(8ced rg + 8cr8eg)] + SaelOpe(8agd i + 8and rg) + 8pa(8cgd pn + Scnd rg)

+ 8 (Beg8an + Scnbag) + Spg(Scrdan + Scndar) + Spn(Scpdag + Scgbar)]

+ 8af[8pc(BagBen + Sandeg) + 0pa(Scgen + Scndeg) + 8be(Scgan + Scnbag) + Spg(8cedan + Scndae) + Spn(8cedag + Scgbae)]

+ 8ag[86c(8aed s + Safden) + 8ba(8ced fn + Scrben) + Spe(Serdan + Senday) + Spp(SceSan + Scndae) + Spn(8cedar + 8cpdae)l

+ 8anl8pc(8ued g + 8apdeg) + 8pa(8ced fg + Scfdeg) + Spe(Sepdag + Scgar) + Spp(Scebag + Segbae) + Opg(Scebar + dcfdae)l}-
(C11)

The above leads to the following useful result:
<Tahfcdfeffgh )n — <”anbncndnenfngnh)m (C12)

SO (TapTcaTef Tgn)n effectively has only one contribution, the other contributions vanishing on account of the tracelessness of the
Q.» tensors that are coupled to the 7, tensors.

APPENDIX D: CALCULATION OF I, AND I,

Here we calculate the functions I; and I, defined in Eqgs. (4.8a) and (4.8b). The calculation can be facilitated by expressing
r =c+ R/2,r = ¢ — R/2 for the first quadratic term and r' = r 4+ Ry, r” = r + R; for the second, and we expand to quadratic
order in the relative displacements R, R; and R;. I} becomes

P 1 [d° [d°F , ,
= if?/?wr—r)Qab(r)Qab(r)

1 [d° d°R
3 f = / — VR Qu(c + 3R) Qu(c + 1R)

%

1 (d% [d°R | . . |
5 / ? / Cl_3 U(R)[Qab(c) + ERcacQah(c) + §R0Rdacad Qab(c)][Qab(c) - §RcacQab(c) + §R6Rfaeaf Qab(c)]

1 [d* [d°R 1 [d* [d°R
~5 [ G [ v ®0um00um@+ g [ [ IR R8:0,(@10u00) ~ ReRad Qo@D

On integrating the last term by parts, we obtain

1 (d? [d°R 1 [d’ [d°R
I = —/T/TU(R)Qab(C)Qab(C)— —/_3/_3[RcRd V(R)10c Qan(€)3s Qai(c) + surface term.  (D1)
2 a a’ 4 a a-
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d d3l‘” / 7/ / /!
I E/T/T/Tv(r — v’ —1) Q) Qup(r”)
a a-

dRz

/d /'d3R]
[

+ 1 Roe Ro 3.0 7 Qup ()]

VRDV(R2) Qup(r + Rp)Qup(r + Ry)

2VRDVR)[Qup(X) + Ri1e8. Qun(T) + IR1cR149:04 Qap(®)][ Qap(r) + Raede Qap(r)

We note that terms linear in R integrated over the isotropic potential v(R) vanish, which leads to

d°R d*r d°R, d°R,
L~ (/ a—3U(R)> / Qab(r)Qub(r)+f U(RI)/ 2 Rye Rog U(Rz)/ [0:04 Qup(X)] Qup(r)

dSR 2 d3l' d3R1
~ (/ a—3v(R)) /a—3Qab(r)Qab(r)—/ p U(RI)/

d’R,

d3
RoeRog U(Ry) / 0. Qun(r)4 Qup(x) + surface term,
a

On going to the last equality, we have performed a partial integration.

APPENDIX E: CONTINUUM VERSION OF NEAREST-NEIGHBOR LL MODEL

Here we derive the continuum version of the nearest-neighbor LL model [i.e., Eq. (6.1)]. We consider a cubic lattice where the

ith nematogen (i = 1,

Npem) occupies a site that has a position vector r; = x;e, + y;e, + z;e,. Here e,, e,, and e, are unit

vectors directed along the three mutually orthogonal axes of the cubic lattice. Let us consider a nematogen j, and the quantity
Z v(r;,r;)Q(r;), where Z denotes the sum over the nearest neighbors of j:

Ziv(rivrj)Q(ri) = ﬂJ Zi [8x_/-x;8y_/-y; (azj,z,+a + (Szj.z;—a) + 5y/y,5z,-z, (8x_/-,)c,-+a + ax_,-,x,-—a) + (Szjz,-(sxjx,-((syj,y;+a + 5y/,y,-—a)]Q(ri)’

(EL)

The sum on the right-hand side now runs over all values of i. In the continuum limit, the sites neighboring j collapse onto the

site j, which leads to

—

d3
> vrr)Oa) — / @By =)0, (E2)

where y = 6 is the coordination number for a cubic lattice. We can thus extract the continuum limit of v, viz.,

vr—r) = yBJa’s(r — ). (E3)
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