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ABSTRACT

Theoretical investigations of the phase diagrams and the structural properties of
various Hamiltonians near their equilibrium phase transitions are presented. First,
a lattice model of polar liquid crystals has been developed to study exotic reentrant
phenomena in mixtures and bicritical phenomena in pure systems.

Following this, a study of first-order phase transitions in simpler fluids composed
of particles interacting only by exclusion interactions is presented. This work treats
the full orientational and translational degrees of freedom of the constituent parti-
cles using the density-functional approach, which allows calculation of the Landau
parameters that couple to combinations of order parameters ab initio. A theory for
the effect of molecular anisotropy on transitions to phases with either of or both posi-
tional and orientational order, and a description the thermodynamics of hard-sphere
solids, including their elastic properties have thus been obtained.

At a tricritical point, properties of interest change from the microscopic to the
macroscopic. A study of a paradigm for the tricritical point, the two-dimensional
Potts model, based on a Monte Carlo renormalization-group approach is presented.
The decrease in irrelevance of the next-to-leading thermal eigenvalue at the Potts
fixed point is demonstrated as @), the number of states, is increased toward Q = 4.

The advent of the characterization of patterns resulting from nonlinear dynami-
cal systems has revealed that an infinite number of observable scaling exponents can
be defined, which are nontrivially related in many cases. A study of the correspon-
dence between simple statistical models and certain multifractal trees indicates that
multifractal measures can be classified according to aspects of their geometry that
correspond to elementary excitations.

Finally, a new type of scaling analysis is presented that reveals some previously
unreported properties of critical phenomena. This idea, which is based on the study
of the scaling of moments of an order parameter distribution, will be compared and
contrasted to multifractal scaling analysis of singular measures.

Thesis Advisor: A. Nihat Berker
Professor, Department of Physics
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Chapter 1

Introduction

"For us, Ph.D. means 'Phase Diagrams™ - J. O. Indekeu, August 1986



1.1 History of the Study of Phase Transitions

Modern condensed matter theory emphasizes the understanding of emergent proper-
ties of physical systems composed of many interacting constituents. These emergent,
generally macroscopic properties, such as the average density of a fluid, the net mag-
netization of a épin system, or the electrical conductivity of a solid are almost always
analytic functions of thermodynamical coordinates such as temperature, pressure, or
electromagnetic fields. The exceptions to this analytic behavior are of crucial impor-
tance: they are the points at which phase transitions occur, and where macroscopic
properties of a physical system change dramatically.

The phase transitions that we encounter most frequently are of course the melting
and vaporization transitions of water. These are examples where the density and
internal energy change discontinuously at the transition, and accordingly these are
termed discontinuous. or first-order phase transitions. If we follow the vaporization
line for a fluid system, we find that the density difference between the coexisting
liquid and gas phases decreases (as pressure and temperature increase, generally) to
zero. Beyond this point, the critical point, there is no phase transition to be found
between the two fluid phases. The nonanalyticity at the critical point is a different
type of phase transition: the first derivatives of the therrnodynarrﬁca.l potential are
continuous, but higher derivatives display divergences. A phase transition of this
type may be termed critical, continuous, or second-order (if the specific heat and
susceptibilities diverge).

The nonanalyticities at continuous phase transitions often are of power-law form.
In a magnetic system, it is found that as a function of distance from the critical point
along the temperature direction t = (T — T¢)/T, the specific heat diverges as |t|~2,
the bulk magnetization rises from zero upon entering the ordered phase as |t|®, and
the susceptibility, the response of the order parameter to a field that linearly couples
to it, diverges as |¢|~”. The indices a, 8, and v are known as critical exponents. Ex-

perimentally, it is found that the critical exponents are the same for many seemingly



unrelated physical systems (eg. certain liquid-gas, binary alloy, and ferromagnetic
transitions share the same critical exponents), suggesting that the understanding of
critical phenomena will lead to an understanding of the relationships between diverse
physical systems. Systems with the same critical exponents are said to belong to the
same universality class.

The theoretical study of critical phenomena began with the identification of the
order parameter as the fundamental object of interest. The expectation value of the
order parameter is typically zero in the high-symmetry disordered phase, and nonzero
in the ordered phase, where the symmetry of the system is broken. Examples of order
parameters are the bulk magnetization and the liquid-gas density difference for the
ferromagnetic and liquid-gas systems mentioned previously.

Landau[l] recognized that by writing a free energy functional analytic in the order
parameter and invariant under the symmetry group of the microscopic Hamiltonian,
the minimization of the resulting functional under the assumption of a uniform value
of the order parameter led to a theory of spontaneous symmetry breaking. The
’Landau parameters’ that appear in front of the various symmetry-invariant order-
parameter combinations are presumed to follow from the Hamiltonian, and often
enough 1s known about them from symmetry considerations alone to describe the
qualitative phase diagram in terms of thermodynamical coordinates. The critical
exponents of Landau theory for all dimensionalities of space, and for all types of
order parameters are a = 0 (specific heat discontinuity), § = 1/2, and v = 1. Too
much universality is thus obtained, in disagreement with experiments and with many
available exact results.

The failure of this ’classical’ theory, equi'valent to the older theories of van der
Waals[2] and of Curie and Weiss[3] for critical behavior in liquid-gas and magnetic
systems, i1s due to the fact that it relies on the assumption of a uniform order pa-
rameter and thus ignores fluctuations that will generaﬂly tend to promote disorder.

Fluctuations become more important in systems of lower dimension, where they can
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more effectively block coherent effects.

The effects of fluctuations were studied by Ginzburg[4], who showed how below a
certain 'upper critical dimension’, they modify the critical behavior. For the liquid-
gas and magnetic critical points, this dimension is d, = 4. For low enough dimensions,
it can be shown that disorder is preferable at all temperatures above zero, suggesting
a ’lower critical dimension’ below which no finite-temperature critical behavior can
be observed. This d; is usually 2 or 1, depending on if the Hamiltonian is invariant
under a continuous or discrete transformation of the order parameter. The goal of the
modern theory of critical phenomena is to identify the order parameter, to thereby
understand the upper and lower critical dimensions, and then to understand the
nature of the phase transitioﬁs between these two limits of space dimension.

The key to the modern understanding of critical phenomena was Kadanoff’s
realization[3] that because the correlation length € diverges at the critical point, a
rescaling of space x’ = x/b, accompanied by a suitable coarse-graining of the mi-
croscopic degrees of freedom, corresponds to a transformation of the underlying free
energy functional to a new functional of the same form. Kadanoff showed how this
picture could explain relations between the critical exponents, and suggested that the
details of the rescaling of the temperature and magnetic interactions near the critical
point would lead to determination of the exponents.

Wilson achieved this goal through the invention of the momentum-space renormal-
ization group[6]. This allows a expansion in powers of the deviation from the upper
critical dimension € = d, —d to be obtained for the critical exponents. This systematic
approach to the problem demonstrated that in principle, critical phenomena could be
understood using the rescaling approach.

Much has been learned about critical phenomena since the development of the
momentum-space RG, both through its extension to different sorts of critical phe-
nomena, and through the use of nonperturbative position-space formulations of the

RG. However, problems remain with the use of the RG for low dimensions: for d = 2, €
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is large, and the expansion appears ill-behaved, while the nonperturbative approaches
can lead to erroneous results due to their uncontrolled nature.

Fortunately, new tools continue to appear such as the generalization of the idea
of scale invariance to invariance under conformal transformations[7] that has led to
a general classification scheme for many two-dimensional critical phenomena. The
study of conformal invariance also has led to much new information about criticality in
higher dimensions. New exact solutions to statistical models and new techniques, such
as mappings to the Coulomb gas[8], have given us other types of exact information
about critical phenomena in d = 2. The study of critical phenomena, particularly in
the presence of disorder, seems to present countless avenues of research.

The study of critical phenomena has led us to develop the renormalization group,
and has taught us to apply it to situations where there are scaling symmetries. This
general utility of the RG has led to applications of it in areas outside of the realm
of equilibrium phase transitions, such as the study of dynamical critical phenom-
ena, many-body quantum mechanics, the transition to chaos in nonlinear dynamical
systems with small numbers of degrees of freedom, and the characterization of scale-
invariant patterns that appear in strongly driven nonequilibrium systems. The ideas
of critical exponents, scaling laws, and universality are thus no longer confined to the

annals of statistical mechanics.
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1.2 Structure and Scaling Near Phase

Transitions

Although critical phenomena can be classified as belonging to one or another of a
small number of universality classes, other aspects of the phase transitions that are
observed in a given physical system depend in a complicated way on the details of the
underlying Hamiltonian. The location of the transitions in terms of thermodynamical
coordinates, the nature of the global phase diagram, and the identification of the
important order parameter for a particular transition are all problems that are related
directly to the interactions and degrees of freedom in the Hamiltonian.

Complex liquid systems such as polymers, micelles, microemulsions, liquid crys-
tals, membranes, colloids, and gels all possess complicated phase diagrams due to the
competition and interaction between different orderings. The number of Landau pa-
rameters necessary to consider even a small set of order parameters seriously impairs
the theoretical understanding of phase transitions in these cases. Thus, it is often
advantageous to consider microscopic models for these systems to build intuition and
provide guidance for more systematic studies.

In Chapter 2, a model for transitions between the smectic A; and Ay and thé
nemétic phases of polar liquid crystals is discussed. The spectacular reentrant phe-
nomena observed experimentally are seen in this model, and in this chapter I describe
the development of a theory of phase transitions in mixtures of these materials[9]. I
obtain an expanded set of possible phase diagrams, which include many correspond-
ing to experimental results. Also discussed will be the inclusion of second-neighbor
intralayer interactions and their effect on the theoretical phase diagram. The addi-
tional interactions cause the transition between the two smectics to become first order
at low temperatures rather than occuring via continu_oué transitions to an .interme-
diate nematic phase. The resulting phase diagram is in qualitative agreement with

experimental results[10].
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A more systematic approach to the development of theories for phase transitions
starting with a true fluid Hamiltonian is outlined in Chapter 3. Using results from the
functional perturbation theory of liquids, a density-functional expansion of the grand
thermodynamical potential can be constructed, where the expansion parameter is
the difference between the expectation values of the one-body density operator in the
isotropic and ordered phases. Minimizing the functional over the one-body density
results in a mean-field theory of phase transitions, and in principle, fluctuations can
be taken into account using standard methods of many-body theory.

I have applied this program to the transitions in fluids composed of hard cores
of anisotropic shape, and I have found that with the use of liquid state information
obtained from a variational study of the Percus-Yevick integral equation, this theory
correctly describes the effect of hard-core anisotropy on crystallization transitions,
and properly describes transitions to the nematic liquid crystal phase[l1, 12]. T also
present some exact results for a one-dimensional fluid that elucidate the problems with
previous approaches by indicating some basic aspects of liquid structure of anisotropic
fluids that have not been widely appreciated[13].

Finally, I present a technique that allows the perturbative density functional ex-
pansion to be summed to all orders. To second order, this approach reproduces the
theory studied previously, and at higher orders, all two-point sum rules are satis-
fled exactly. I have applied this theory to the study of hard-core fluids, with results
in good agreement with available simulation data. Finally, I present a rather com-
plete calculation of thermodynamics of the hard-sphere solid, and discuss the future
developments that seem likely to impact this field.

In Chaptér 4 I discuss the use of a combination of the position-space renormaliza-
tion group and Monte Carlo simulation in a study of the scaling behavior associated
with the tricritical and critical phenomena observed in the two-dimensional Q-state
Potts model. We find that this technique reveals a slightly irrelevant thermal direc-

tion as () = 4 is approached. This presumably corresponds to an additional relevant
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direction leading to flows away from the critical Potts fixed point, and the appearance
of a first-order transition, for Q > 4.

Scale invariant patterns appear in many driven, nonequilibrium dynamical sys-
tems, as well as at critical points of equilibrium statistical systems. Scaling analyses
of attractors of dynamical systems, growth probabilities of diffusion-limited aggre-
gation clusters, and other nonlinear phenomena indicate that there can be infinite,
universal sets of scaling exponents. Chapter 5 first addresses geometrical objects
which possess these multifractal scaling properties in the context of the growth of
"trees’ which develop asymptotically multifractal cross-sections. The computations
of the multifractal spectra for these objects correspond to computations of the free
energy of statistical-mechanical systems. This suggests that there may be 'univer-
sal’ singularities observable in these spectra[l4]. I present some preliminary studies
indicating that these properties are readily observable using analysis of typical ex-
perimental data sets[15]. An application of these ideas linking the zero-temperature
behavior of one-dimensional statistical models to the structure of the period-doubling
attractor is presented, and the role of disorder and possibilities for the observation of
'finite-temperature’ singularities are discussed.

The second half of Chapter 5 reports the result of multiscaling analysis applied to
the study of the geometry of critical phenomena. The application of a scaling analysis
of the gth moments of the spin distribution of a critical d = 2 Ising model shows that
the exponents depend nonlinearly on ¢. This is surprising, since we know thaf the
g-point correlation function scales as b9** under a scaling transformation x’ = x/b,
where 2z, = 7 is the usual two-point correlation function exponent. Perspectives for

this problem are discussed.
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Chapter 2

Mixtures and Bicritical Points in
the Frustrated Spin-Gas Theory of
Reentrant Polar Liquid Crystals
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2.1 Introduction

Based on the study of simple statistical models with only one order parameter, we
in general anticipate that at lower temperatures, more ’ordered’ phases are observed.
However, when there is more than one ordering possible in a system, the competi-
tion between the different orderings can lead to ’reentrance’, the reappearance of a
disordered phase at temperatures below (or pressures above) an ordered phase. First
observed in 1921 in experiments on ferroelectric phase transitions in Rochelle salt[16]
(which is a ferroelectric only between -18 and 24 degrees Celsius at standard pres-
sure), reentrant phase transitions have been seen in liquid crystals[17] and magnetic
superconductors[18], as well as in many other experiments on condensed matter.

From a theoretical perspective, the unifying feature of these diverse reentrant phe-
nomena is the existence of more than a single ordering, and that there is "frustration’[19]
of the order parameters. Frustration of the ordering of a system results from the com-
petition between different possible ’goals’ of a many-body system where the pursuit
of one goal interferes with the successful realization of others. The state that a sys-
tem chooses (at least if it reaches thermodynamical equilibrium) is that with the
lowest Helmholtz potential, F' = E — T'S, where E, S, and T are energy, entropy,
and temperature. Disordered states have higher entropies, thus there may be phase
transitions to a disordered phase from an ordered phase as temperature is lowered if
the energy cost of frustration effects in the ordered states is large. This phenomenon
15 seen most clearly in the theoretical study of phase transitions in magnetic systems
with competing ferromagnetic and antiferromagnetic interactions[20].

Liquid crystal systems have strongly coupled orientational and positional molec-
ular degrees of freedom, and typically display a variety of mesophases between the
isotropic fluid phase and the inevitable low-temperature crystal phases. These are
typically the nematic fluid(with long-range orientational order, but no translational
order), smectic A (in addition to having orientational order, the smectic A phases have

weak translational ordering in the form of a one-dimensional density wave; perpen-
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dicular to this density wave, the phase is liquid-like), and other, more exotic smectic
phases. Since the discovery by Cladis[17] of the reentrant nematic and smectic phases
in mixtures of the liquid crystals HBAB and CBOOA, experiments on polar liquid
crystals have revealed steadily more spectacular phase diagrams, the most involved of
which display multiple reentrances where the nematic and smectic A phases are alter-
nately encountered up to three times as temperature is reduced, both in mixtures[21],
and in pure materials[22].

In these systems, the rather strong dipole-dipole interactions cancel, and frustra-
tion is thus inevitable, under the close-packing conditions of the liquid state. Berker
and Walker introduced a model for the pure materials which included the dipole-dipole
interactions of molecules with positional and orientational degrees of freedom(23] and
discovered that reentrant phenomena appeared quite naturally for values of parame-
ters in the model that were quite physical. The advantage of this microscopic approach
is that the parameters are readily understandable, and allow the effects of details of
molecular structure to be studied.

The price that is paid for this descriptive power is the discretization of the degrees
of freedom of the molecules, and the approximation of studying the statistical me-
chanics via a prefacing transformation to an Ising spin system. An important feature
of this work is the necessity of energetically favorable positions of ’permeation’ (the
motion of the molecules along the director axis), which is taken to be a consequence
of corrugations along the hydrocarbon tails of the molecules.

Further work on this model by Indekeu and Berker revealed the existence of multi-
ple ("quadruple’) reentrances[24] in a restricted range of parameter values. This com-
plex phase diagram is in qualitative agreement with that seen in experiments[21, 33],
and moreover, the structure of the model molecules that lead to these phase diagrams
is similar to that of the experimental materials[25]. Other details of the phase transi-
tions such as relative sizes of specific heat anomalies at different transitions also agree

well with experimental results[26].
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There are many unanswered questions concerning this model, and in this Chap-
ter, I will focus on two of them. One concerns the fact that the model as developed
above applies to pure materials, while experimental results for mixtures are more
numerous. Mixture experiments access a larger space of parameters and hence lead
to even more diverse diagrams than the pressure-temperature experiments on pure
systems. In Section 2.2, mixtures of polar liquid crystals are studied microscopically
via the development of the frustrated spin-gas theory. Phase diagrams are calculated
in the composition and temperature variables, with nematic, smectic A4, and smectic
A; phases joined in a variety of topologies, including multiple reentrances and bub-
bles. Thus, experimentally observed topologies are reproduced and new topologies
are presented. It is found that the doubly and quadruply reentrant phase diagrams,
seen experimentally in mixtures of successive homologs such as DB,ONQO,, are ob-
tained for molecules with steric hindrance increasing with tail length. These model
mixtures also yield reentrant phase diagrams in the pressure- temperature plane that
are similar to those seen experimentally.

One aspect of the spin-gas model as described in Section 2.3, and which is common
to all of the previous calculations is that the smectic Ay4-smectic A;-nematic bicritical
point is observed at zero temperature, while in experiment, the meeting of the two
nematic-smectic transition lines is seen at a finite temperature, below which there can
be a direct A; — A4 phase transition of first order[10]. In Section 2.3, we consider this
quéstion via consideration of the effect of further-neighbor interactions on the phase
diagrams. It will be shown that the inclusion of second-neighbor interactions in the
microscopic Hamiltonian leads to second-neighbor interactions in the resulting effec-
tive spin systém. This causes the bicritical point to move to nonzero temperatures,

below which a first-order transition between the smectic phases is observed.
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2.2 Mixtures in the Frustrated Spin-Gas Theory
of Reentrant Polar Liquid Crystals

by J. F. Marko, J. O. Indekeu and A. Nihat Berker
2.2.1 Introduction

If, in a certain physical system, different types of degrees of freedom fluctuate
with similar energy scales, the phase transition phenomenon of reentrance is possible:
As the system is cooled, one type of degree of freedom may achieve long-range order,
but may disorder upon further cooling. The latter is a reentrant phase transition. It
is due to the interplay of entropy and energy between the different types of degrees
of freedom.

Liquid crystal systems of polar molecules have been observed to exhibit reen-
trant phase transition phenomena, involving nematic, smectic A4, and smectic A;
phases[17, 21]. In recent years, a microscopic theory[23, 24] of these systems has been
developed, addressing the coupled positional and orientational degrees of freedom of
the molecules. This "frustrated spin-gas theory” has produced (23, 24, 25, 26, 27,
28, 29] reentrant phase diagrams and other observed properties, in quite satisfactory
agreement with experiments.

Mixing different liquid crystals greatly increases the range of observed reentrance
phenomena, which motivates the current extension of the theory. The particulate
character of the spin-gas theory microscopically distinguishes molecules of different
structures and interactions, and thus allows extension to mixtures of different species.
We obtain a variety of phase diagrams in the composition and temperature variables,
exhibiting multiple reentrances and bubbles[30], i.e. regions of one phase totally
enclosed by one other phase. Thus, experimentally observed topologies are reproduced

and new topologies are presented.
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2.2.2 The Frustrated Spin-Gas Theory and Liquid Crystal

Mixtures

The molecules that we are concerned with are distinguished by two features: A dipolar
head (typically a ~NO; or —CN group) and a hydrocarbon tail. The statistical
possibility of frustration, namely the cancellation of the dipolar interactions between
a given molecule and many of its neighboring molecules, under certain positional
arrangements, is unavoidable under the close-packing conditions of the liquid state.
Furthermore, via the corrugated architecture of the tails, the neighboring molecules
provide ’substrate fields’ to each others’ positional fluctuations. These effects are at
the heart of the spin-gas theory.

The dipolar interaction between two molecules is

gl ’ §2 - 3(§1 * ?12)(§2 ’ Fl?)
|r1gf3

%(rly§17r2a§2) =B y (21)

where the unit vector §; and the vector r; give the orientation and position of the
dipole of molecule 7, rj; = r; —ry, and F12 = r12/|r12|. For simplicity, we shall use the
same dipole strength B for all components in the mixture (whereas other microscopic
features, the tail lengths and the tail-tail interactions, will be differentiated, as seen

below). The tail-tail interaction between two molecules of species o and 3 is rendered

by

o

‘/t(rl,gl, I'2,§2) = Jaﬁgl ’ §2/|r12l3a (22)

where J,3 < 0 reflects dominant tail-tail van der Waals attraction and J,5 > 0
reflects dominant tail-tail steric hindrance. For the interaction between different

species, o # (3, the arithmetic average is used,

_ Jora + Jﬁﬁ

Jas 5

(2.3)

A more complicated tail-tail interaction can also be used. In the present case, the

21



total interaction is

AapB1 82 — 3B(8; - T15)(8; - T12)

Ir12f?

Via(r1,81,1r2,8;) = Vg + Vi = ) (2.4)

where A,3 = B + Jup.

The calculation proceeds with the consideration of nearest-neighbor triplets of
molecules, which is the smallest cluster to include frustration effects and which al-
lows the accounting of correlated molecular triplets as well as correlated molecu-
lar dimers. Orientational fluctuations are limited to §; = +Z = s,z . Previous
calculations[23] show that positional fluctuations transverse to the molecular axes
do not, by themselves, yield (or remove) reentrance, and therefore are ignored here.
Thus, the molecules positionally fluctuate (permeate) in the z direction at the corners
of an equilateral triangle of side a in the zy plane. This length a, interpreted as the
average molecular separation, would be reduced by application of pressure, and is
thus an inverse measure of the pressure.

In the spin-gas theory, the permeation degrees of freedom are affected by the
molecular architecture. First, the tail corrugations create n energetically favorable
positions of permeation (”notches”) for each of the molecules in the triplet under
consideration. The notch-to-notch distance is denoted by I'. If molecules mutually
permeate beyond n notches apart, another mOlCCL‘lle will move into the gap thus cre-
ated and replace a member of the nearest-neighbor triplet. Thus, each member of the
nearest-neighbor triplet is limited to the number of notches corresponding to its own
structure. Second, the molecules permeate away from the energy minima afforded
by the notchés, on a length scale § much smaller than I'. Internotch and intranotch
permeation will be referred to as atomic and librational permeation, respectively.
Continuous librations are approximated 11ere by m discrete subnotches. The stabil-
ity of the calculation in the continuous libration limit has been checked in previous
work|[28, 29]. Figure 2.1(a) displays these positional fluctuations for n=5 and m=3.

For mixtures, we simply allow the possibility of occupation of the triplet by dif-
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Figure 2.1: (a) Atomic and librational permeation positions of molecular dipoles in a
triplet, for n = 5 and m = 3. The lengths a, I, and 6 are indicated.

(b) Atomic permeation positions for a mixture of n = 4 and n = 5. Given beneath
each possible triplet composition is the statistical weight due to chemical potentials

and combinatorics.
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ferent species, their overall concentration controlled by chemical potentials. Different
species have different tail-tail interactions, as mentioned above, and different notch
numbers.

The intermolecular interactions are prefaced onto distorted triangular couplings
between the orientational variables s;, by summing over the positional (n;,m;) and
occupational (¢; = a, 3) variables. The strongest (Ks), intermediate (Kr), and weak-
est (Kw) antiferroelectric couplings are projected, in a transformation which for the

case of mixtures takes the form

exp(Kss182+Krsy83+ Kwszs1+G) = Z exp[—B(Vig+ Vaz+ Vay — gy — e, — the5)]5
. {ni’mnti}

(2.5)
where the pairs of molecular labels (12), (23), and (31) span the strongest, interme-
diate, and weakest antiferroelectric bonds respectively, and where g, is the chemical
potential of species t;. Note that the range of n; depends on the molecule species
given by t;. For example, Figure 2.1(b) gives the positional configurations sampled
in the four distinct occupational configurations for a binary mixture with n, = 4 and
ng =95.

The couplings thus obtained are gauged with the ordering condition of the dis-
torted triangular Ising model[31],

sinh(2/K;) sinh(2K;) + sinh(2K;) sinh(2K3) + sinh(2K3) sinh(2K,) > 1,  (2.6)

where K; > K, > |Ks|, as obtained from {Kgs, K1, Kw} by changing, if necessary,
two signs. Order with local antiferroelectric or ferroelectric orientations reflects the
dominance of different permeationally correlated triplets and is associated with the
smectic Ay or A; phase respectively. Conversely, disorder reflects the dominance of

permeationally uncorrelated triplets and is associated ‘with the nematic phase.
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The concentrations are computed as

1 9
3 ‘ ’ ’ . 2.
Ty = 33082 IOg{%:}e‘(p(Kbslsz + K1s283 + Kwsss) + G) (2.7)

This completes the spin-gas theory of mixtures. Phase diagrams can now be
obtained in the dimensionless variables of temperature I'3kT'/ B, concentrations z,,

and inverse pressure a/T'.
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2.2.3 Phase Diagrams for Mixtures

A. Mixing Molecules with Different Tail Lengths but with A,z = A

We first obtain phase diagrams of mixtures of model molecules that microscopically
differ only in notch number, which corresponds to roughly half of the number of
carbons in the molecular tail. (The internotch separation I' is determined by the
carbon-carbon bonding and should not change between species.) Different tail lengths
affect the possible local permeational states, which in turn contribute to different
smectic A phases.

Figures 2.2(a,b) show the permeational states, with the corresponding preferred
orientational arrangement, that dominate the two types of smectics: The locally
antiferroelectric triplet, contributing to the smectic A4 phase, has lowest energy when
formed over a three-notch range (Fig. 2.2(a)), for typical spin-gas model parameters.
The locally ferroelectric triplet, contributing to the smectic A, phase, has lowest
energy when formed over a five-notch range (Fig. 2.2(b)). Thus, if the difference
of the mixture species were reflected only in the notch numbers, then the smectic
A; phase would be more stable for larger (n > 5) notch numbers and the smectic
A, phase would be more stable for smaller notch numbers. For still smaller notch
numbers (n < 3), the smectic A; phase is weakened because atomic permeation
does not relieve frustration (Fig. 2.2(c)). Librational permeation relieves frustration
(Fig. 2.2(d)), at lower temperatures because large inverse temperatures are needed to
emphasize small energy deviations, strengthening the smectic Ay phase. This raises
the possibility of multiply reentrant mixture phase diagrams.

Figure 2.3 demonstrates the appearance of the smectic A, phase as notch number
is increased by mixing molecules with n = 2, 3, and 4. In a pure system of n =
2 molecules, the smectic A; phase occurs only via librational permeation at low
temperatures, as explained above. However, in mixtures of n = 2 and 3, a smectic Ay
phase stabilized by atomic permeations does occur at higher temperatures. The two

smectic A4 regions are separated by a reentrant nematic region. In the right-hand side
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(a) (b) (c) (d)

Figure 2.2: (a) Antiferroelectric low-energy triplet, contributing to smectic A4 order.
The dipoles occupy a three-notch range.

(b) Ferroelectric low-energy triplet, contributing to smectic A; order. The dipoles
occupy a five-notch range.

(c) Frustration of the case n = 2 and m = 1. For any positional configuration of the
low-energy antiparallel dipole pair (e.g. dark arrows), the third dipole (open arrow)
has the same energy in either positional configuration.

(d) The latter frustration can be relieved by libration. At low temperatures, the
n = 2, m = 3 triplet is antiferroelectrically correlated due to these configurations.
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Figure 2.3: Calculated mixture phase diagram in the concentration and temperature
variables. The left panel is the diagram for a binary mixture of molecules with 2 and 3
notches. The right panel is the diagram for a binary mixture of molecules with 3 and
4 notches. The concentration of the 3-notch molecule decreases from 1 to 0 from the
center to the sides of the diagram. For this figure, B/A =1, a/T = 2.2, §/T =0.01,
and m = 2 for all species. A doubly reentrant phase diagram is thus obtained, with
the smectic A; unstable toward the frustrated n = 2, but stable toward n = 4.
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of Fig. 2.3, n = 3 and 4 molecules are mixed, and we see the merging of the smectic
Ay phases stabilized by atomic and librational permeation. This phase diagram is
similar to the reentrant phase diagrams[17] of mixtures of H BAB (6-carbon tail) and
CBOOA (8-carbon tail).

In mixtures of longer molecules, the smectic A; phase appears for cases of B > A,
which grants low energies to ferroelectric triplets via the attractive tail-tail interaction.
Figure 2.4 shows phase diagrams of mixtures of n = 5 with n = 4 or n = 6, for
B/A = 1.48. Similarity with experiment is seen in Figs. 2.5(b) and (c), which
respectively show our calculated a/I'-temperature phase diagram of the 22% n = 4,
78% n = 5 model and the experimental pressure-temperature phase diagram[33] of
the 22% 60ONPBB, 78% 90BCAB system. Recalling that a/T is an inverse-pressure
variable, one notes that compression of the system destabilizes the smectic Ay phase,
both in theory and in experiment.

Other phase diagrams result for different choices of molecular constants. Figure
2.5(a) features a reentrant nematic phase that is stable over a wide range of notch
numbers, spanning mix‘tures ofn =4and 5, n =5 and 6, and n = 6 and 7. Such
isomorphism is observed in some experimental systems of homologous molecules, such
as in the mixture[32] of the 8- and 9-carbon-tail members of the ’1a’ family (Fig.
2.6(b)).

A remarkable aspect of the spin-gas model for single-component systems is that
it includes quadruply reentrant topologies[24] (N — Aq— N — Ay — N — A; as temper-
ature is lowered), similar to those seen in pressure-temperature experiments[22] on
single-component materials and also in concentration-temperature experiments[21] on
mixtures. Figure 2.6 gives a quadruply reentrant phase diagram, calculated at this
juncture, for the mixture of n = 5 molecules with n = 4 or n = 6 molecules. The
smectic Ay phase turns out to be unstable to the admixture of the longer homolog,
whereas experiment[21] shows such behavior with the shorter homolog. This calcula-

tion thus indicates that the difference in tail lengths is not only reflected in the notch
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Figure 2.4: (a) Calculated concentration-temperature phase diagram for mixtures of
long molecules and B/A > 1. Dilution of n = 5 molecules by n = 4 and n = 6
molecules are shown on the left and right panels respectively. The concentration of
n = 5 decreases from 1.0 to 0.6 from the center to the sides of this composite phase
diagram. For this figure, B/A = 1.48, a/T = 2.48, §/T = 0.01, and m = 2 for all
species. The smectic A, is unstable toward the longer homolog.

(b) Calculated a/T'-temperature phase diagram for 22 % of n =4 and 78 % of n =5
molecules. The smectic A, is unstable to a decrease in a/T’, i.e. to a compression of
the system.

(c) Experimental pressure-temperature phase diagram for the 22 % 60N PBB, 78 %
90BCAB system (Ref. 12). Again the smectic Ay is unstable to the application of
pressure.
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Figure 2.5: (a) Isomorphism across a range of n in the theory. For certain values of
the constants (e.g., here, B/A =1.46, o/T = 1.725, §/T = 0.01, and m = 2 for all
species), the reentrant nematic is stable beneath the smectic A, for mixtures of notch
numbers n and n + 1, from 4 and 5 to 6 and 7.

(b) Experimental phase diagram(32] showing the isomorphism of the mesophases of
the la compounds for mixtures of tail lengths of 8 and 9.
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Figure 2.7: (a) Calculated reentrant phase diagram for mixtures of(n =5, B/A=
1.56) with (n = 4, B/A = 1.66) and with (n = 6, B/A = 1.46) molecules. The other
constants are a/I’ = 2.54, §/T = 0.01, and m = 2 for all species. The smectic Aq is
stable toward pure n = 4 and pure n = 6, while the nematic and the smectic A; are
stable toward pure n = 3.

(b) Experimental phase diagram(21], similar to the right panel of (a), for mixtures of
homologs from the series

(jann.HO d CGH4 - COO - CsH4 hand CH = CH - CeH.; - CN

numbers, but also in the tail-tail interactions, which leads us to the calculations in

the next subsection.

B. Mixing Molecules with Different Tail Lengths and Different Tail-Tail

Interactions

In the spin-gas model, the parameters pertaining to the molecular tails are the notch
number n and the tail-tail interaction strength Jos which in this section are both

allowed to vary between different species.
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Figure 2.8: Calculated a/T-temperature phase diagram for 50 % of each of the (n = 5,
B/A = 1.56) and (n = 6, B/A = 1.46) molecules of Fig. 2.7(a). The smectic Ay is
destabilized by compression.

Figure 2.7(a) is the calculated phase diagram for a family of molecules whose
Jap becomes slightly less negative with increasing tail length, corresponding to an
increased steric hindrance effect with increasing tail length. The smectic A4 at n = 4
destabilizes as n = 5 is mixed in, so that a reentrant nematic region is seen. At
pure n = 5, only the nematic and smectic A; phases occur. As n = 6 is mixed in,
the smectic Ay restabilizes, so that another reentrant nematic region is seen. Figure
2.7(b) is an-experimental phase diagram[21] across a homologous series, displaying
the same topology. _

For a 50% n = 5, 50% n = 6 mixture of the system of Fig. 2.7(a), the calculated
phase diagram in a/T and temperature is given in Fig.' 2.8. The smectic A4 is unstable
to the application of pressure, as in the theoretical and experimental phase diagrams

in Figs. 2.4(b,c).
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Figure 2.9: (a) Calculated quadruply reentrant phase diagram in the concentration
and temperature variables, for (n = 5, B/A = 1.461) molecules mixed with (n = 4,
B/A = 1.900), left panel, and with (n = 6, B/A = 1.100), right panel. The other
constants are a/T" = 2.435, §/T = 0.007, and m = 3 for all species.

(b) Experimental quadruply reentrant phase diagram, for DByONO;, mixed with its
8- and 10-carbon homologs[21]. In both theory and experiment, the smectic A4 is
unstable toward the shorter homolog.
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Figure 2.10: 'Bubble phase diagrams’ in the concentration and temperature variables.
(a) The nematic bubble - a nematic region completely surrounded by the smectic 4,4,
in mixtures of (n = 5, B/A = 1.461) with (n = 4, B/A = 1.461), to the left, and
with (n = 6, B/A = 1.100), to the right. The other constants are a/I' = 2.435,
6/T = 0.007,-and m = 3 for all species.

(b) The smectic A4 bubbles - smectic A4 regions, stabilized by atomic or librational
permeation, completely surrounded by the nematic, in mixtures of (n = 5, B/A =
1.461) with (n = 4, B/A = 1.900), to the left, and with (n = 6, B/A = 1.461), to the
right. The other constants are a/T" = 2.435, §/T = 0.007, and m = 3 for all species.
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The quadruple reentrance of Fig. 2.6 is indeed reversed, with a larger change in
Jop across the series, as shown in Fig. 2.9(a). The smectic Ay is here unstable to the
introduction of the shorter n = 4 into the n = 5 system and stable to the introduction
of the longer n = 6. This is the behavior seen experimentally[21] in mixing the
quadruply reentrant DByONQ, with DBgONQO, or DB,,ONQ,, as shown in Fig.
2.9(b). However, note that the calculation has a smectic A4 region bulging in the
neighborhood of the n = 5 axis.

The theory generalized to mixtures contains other types of phase diagrams, two
of which are displayed in Fig. 2.10. Thus, enclosed regions ('bubbles’) of nematic or
smectic A4 are obtained.

This research was suppofted by the National Science Foundation of the U.S.A.
under Contract No. DMR-87-19217 and by the National Fund for Scientific Research
of Belgium. JFM was supported by a Postgraduate Scholarship from the Natural
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This Section has been published[9] as an article in Physical Review A.

37



2.3 Finite-Temperature Bicritical Point in the
Frustrated Spin-Gas Theory of Reentrant
Polar Liquid Crystals
by J. F. Marko, K. Hui, and A. Nihat Berker

2.3.1 Introduction

The spin-gas theory of polar liquid crystals[23, 24, 25, 26, 27, 28, 29] has been a
successful tool for understanding how the dipole-dipole and tail-tail interactions of
polar rods lead to the spectacular reentrant phenomena that have been observed
experimentally[10, 17, 21, 30]. This theory has also been shown to lead to a good
description of layer thicknesses[24], dimer concentrations[25], and relative specific heat
anomalies[26]. In the previous Section, it was shown how the theory can be extended
to describe mixtures, which is a development that allows the direct application of the
theory to many experiments. These types of modifications to the basic theory are
facilitated by the fact that at its base, the spin gas model is microscopic, starting
from a Hamiltonian description employing the orientational and positional degrees of
freedom of individual molecules.

A major qualitative failure of the basic model is its inability to describe the low-
temperature behavior of the phase diagram. The theory as presented above predicts
that the smectic-A;-nematic and smectic-A4-nematic transition lines meet at a bi-
critical point at zero temperature. The question that comes to mind is whether this
is merely an artifact of the prefacing of the molecular model onto a two-dimensional
triangular Ising model with nearest-neighbor interactions (which always has zero-
temperature bicritical behavior), and if this is so, what is the nature of the true
low-temperature theoretical phase diagram? A second issue concerns the truncation
of the interactions after nearest neighbors in the basic theory. What changes, if any,

are made to the phase diagram when further-neighbor interactions are considered?
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Here, by looking at the microscopic second-neighbor in-plane interactions, it is shown
that an extension of the prefacing transformation used in the basic theory leads to a
meeting of the A; — N and N — A, transition lines at finite temperature, below which

there is a direct first-order A; — A4 transition, as observed experimentally[10, 33].
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2.3.2 The Spin-Gas Theory and Its Bicritical Behavior

As in the previous Section, the liquids of interest are composed of molecules with a
dipole at one end, and a corrugated hydrocarbon tail at the other. The dipole-dipole
interactions are frustrated due to the close-packing conditions of the oriented liquid
state (i.e. there is local hexagonal-close-packing of the molecules in planes perpendic-
ular to the director axis in the nematic and smectic phases), and the 'notched’ tails
provide 'substrate fields’ that limit each others’ positional motions along the director.
In addition to the dipole-dipole interaction, a phenomenological tail-tail interaction

1s included so that the total intermolecular potential between molecules 1 and 2 is

As; -85 — 3B(5; - T12)(852 - T12)

r12f?

‘/12(1‘1, §17 ra, §2) =

, (2.8)

where r; and §; are the position and orientation, respectively, of the dipole moment of
molecule 2, ry3 = ry —ry, 12 =ry3/|r12], and A and B are constants determining the
strength and symmetry of the dipole-dipole and tail-tail parts of the potential. For
A = B, interaction of point dipoles of moment /B are described, while for A < B,
there is an additional tail-tail interaction that favors neighboring tails to be together.
For A > B, the molecule tails favor antialignment, thus the ratio B/A describes the
amount and type of tail-tail interaction.

The orientational fluctuations are limited to §; = s;Z, where s; = %1, and posi-
tional fluctuations are considered only in the direction parallel to the director Z. The
positions of molecules in the z — y plane are taken to be locally coordinated on a
triangular lattice of nearest-neighbor spacing a. This lattice spacing is considered to
be the average in-plane molecular spacing, and from stability considerations, is an
inverse measure of the thermodynamical pressure. Positional fluctuations in the z — y
plane have been considered in previous work[23], and do not qualitatively affect the

results.

An important ingredient of the theory is the nature of the out-of-plane positional
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flucuations (’permeations’) that are allowed by the corrugated molecular tails. These
are taken to create n energetically favorable positions for nearest-neighbor perme-
ations. The approach of the spin-gas theory is to focus on the statistical mechanics of
a small cluster of molecules in a single smectic layer. Thus, this number of positions
corresponds to the molecular length (the molecule length is taken to be thus I = nT,
where T' is a length of order the carbon-carbon spacing in the tail), since perme-
ations beyond the molecular length correspond to configurations where the molecule
under consideration has left the layer under study and has been replaced by another
molecule. Further fluctuations around these permeations, either discrete or continu-
ous in nature, and are important for the descriptions of exotic multiple reentrances
seen in some experiments|[21], but for the results of this Section, these additional
fluctuations are not important.

The approach of previous spin-gas calculations is to 'preface’ the intermolecular
interactions onto distorted triangular couplings between the orientational variables by
summing over the permeational variables on a nearest-neighbor triplet. The strongest
(Ks), intermediate (K 1), and weakest (K ) antiferroelectric couplings are computed

using the prefacing transformation

exp[R'ss182 + K1s283 + Kwsasy) = Z exp[—B(Viz + Va3 + Va1)), (2.9)
{ni}

where the pairs of molecule labels (12), (23), and (31) span the strongest, intermedi-
ate, and weakest antiferroelectric couplings respectively. In past work, the couplings
thus obtained have been gauged using the ordering condition of the two-dimensional

distorted triangular lattice Ising model[31)
sinh(2K, ) sinh(2K>) + sinh(2K;) sinh(2K3) + sinh(2K3) sinh(2K,) > 1,  (2.10)

where K; > K, > |Ks| are obtained from {Ks, K;, Kw} by changing, if neces-

sary, two signs. Order with locally antiferroelectric or ferroelectric correlations re-
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CkT/B

Figure 2.11: The basic smectic A; - smectic A4 - nematic (N) phase diagram of the
frustrated spin-gas theory, using the triangular lattice criticality condition. Here,
n =5, and B/A = 1.75. Important features are the reentrant nematic phase, and the
zero-temperature bicritical point B where the three phases meet.

flects the dominance of different positionally correlated triplets, which from structural
considerations[24] allow the identification of smectic A4 or A, ordering, respectively.
The paramagnetic phase is identified as the positionally uncorrelated phase, the ne-
matic (N) liquid.

The triangular Ising model has phases which meet at zero-temperature bicritical
points, thus it is no surprise that the spin-gas model as described above leads to phase
diagrams in terms of temperature 13kT/B and inverse pressure a/T" as displayed in

Figure 2.11. The interesting features of this phase diagram are first, the reentrant
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nematic, which for a range of a/T’, appears at temperatures below the A; phase and
above the A; phase. The second important feature is the zero-temperature bicritical
point where the three phases meet, which reflects the behavior of the Houtappel
condition (2.10) for large values of the couplings. This last feature is at odds with
the results of some experiments on mixtures and pure materials: the smectic A; —
A4 evolution can occur via a direct first-order transition instead of by continuous
transitions to an intermediate reentrant nematic[10].

Figure 2.12(a) illustrates the zero-temperature bicritical behavior in the triangular
lattice d = 2 Ising model with couplings J;, J;, and J3. Here the phase diagram
1s considered in terms of the Ising couplings: the relation to the temperature and
pressure-like parameters of the microscopic model is given through the nonlinear
(but smooth!) transformation (2.9). The graph in (a) is the subspace J, = J, = J,
but the property that between any two ordered regions (such as FAM and AFM)
corresponding to the two smectics there will be a nematic (paramagnetic, denoted
PAI in the Figure) region, is generic in the space of couplings. The bicritical behavior
occurs at infinite coupling, or zero temperature.

In part (b) of Figure 2.12, the phase diagram for the same subspace of a model
with an additional interaction is shown. This addifional interaction is a second-
neighbor interaction that crosses one of the nearest-neighbor bonds of Figure 2.12(a).
These crossing interactions are, for illustration, taken to be equal, and are denoted
K. In the space J; = J; = J, this model is the well-known d = 2 square lattice Ising
model with crossing second-neighbor bonds on every elementary plaquette. This
model has been extensively studied, and its phase diagram is well understood[34].
The qualitatiAve difference introduced by the second-neighbor bond is displayed in
(b): at K equal to the critical coupling of the d = 2 square lattice Ising model
(which is J. = log(1 + v/2)/2 = 0.4407...) and J = 0, the critical loci for transitions
from the paramagnetic phase to the ordered phases .meet at a bicritical point B.

Beyond this critical value of K, there is a direct, first-order phase transition between

43



K
'

AFM M >
(Ay) (A,)
A C J
) PM - (N)

(a) (o)

Figure 2.12: Basic mechanism generating zero-temperature and finite-temperature
bicritical phenomena in the spin-gas theory.

(a) Triangular lattice theory. Transitions from the A4 to the A; phase must always in-
volve an intermediate reentrant nematic (V) phase (dashed line). The phase diagram
is the subspace J = J; = Jp, K = Js.

(b) Triangular lattice theory with one additional second-neighbor interaction. There
are A; — N — A, transitions (dashed line), but now there is a Ay — N — A, bicritical
point B at finite values of the couplings, and thus there now is a line of direct, first-
order Ay — A, transitions, one of which is traversed by the dashed-dotted line. The
phase diagram is the subspace J = J; = Jp, i = K; = K,.
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the two ordered phases. Thus there are paths from one ordered phase to another
involving an intermediate disordered phase, or for larger crossing couplings (i.e. lower
temperature!), there are paths through a direct transition, as indicated by the dashed-
dotted line in (b). A last, important feature of this model is that in the J = 0
subspace, there are critical points for X' = +J. (points B and B’ in Figure 2.12(b) ),
and in fact there is a locus of critical points bordering a ’superantiferromagnetic’ or
layered antiferromagnetic phase (the region SAF in Figure 2.12(b)).

This suggests a mechanism to generate a finite-temperature bicritical point. If an
additional second-neighbor bond strength is computed from the microscopic Hamilto-
nian, it can then be used as a interaction to cross K as obtained from the triangular
lattice prefacing transformation (2.9). The bond crossing Ky is the most important
second-neighbor interaction, as it will compete with the combined effect of K; and
Ks. At low temperatures, it is possible that the large crossing interactions obtained
will cause the transitions between the smectics to become first order, while at higher
temperatures, the second-neighbor interaction will be relatively unimportant, and the
phase diagram will be determined by the underlying triangular lattice interactions.

The computation of this additional interaction Ky, is through the additional pref-

acing transformation

Kpsiso+ G =log > exp[—BViy({ni,si})] (2.11)
{n1,n2}

where the potential V}, is Vi, of (2.8) with a replaced by v/3a to give the poten-
tial between second neighbors on a triangular lattice. Thus, the interactions of the
triangulaf lattice Ising model with one second neighbor interaction (or equivalently,
the fully anisotropic square lattice model with both second-neighbor couplings) are

obtained as {J1, J2, K1, K2} = {Ks, K1, Kw, KL}
This fully anisotropic model has a complicated phase diagram in the four- dimen-

sional coupling constant space, but fortunately, it reduces to exactly soluble models
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Ji

Figure 2.13: Phase boundaries for the square lattice Ising model with equal second
neighbor interactions I{. Note that the upper sheets are mapped onto the lower by
a rotation about the K axis by /2 and a reflection through the J; — J; plane. The
white surfaces are critical phase transitions, while the shaded surfaces extending from
the 'peaks’ of the critical manifolds are first-order surfaces.
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for the limits K; = 0 or K; = 0 (triangular Ising model) and J;, = J, = 0 (anisotropic
square Ising model). In addition, the general model is invariant under the transforma-
tions where one of the J’s and both of the K’s are changed in sign, and independently
under either of the interchanges J; « J; or K; « K,. This is interesting because
it tells us that in the case If; = K, = K, the phase diagram is invariant under the
transformation J; — Jp,J; — —=Ji, K — — K, which is a rotation through /2 in the
Ji — J; plane and a reflection through the same plane. Thus, not only is B’ mapped
to B in Figure 2.12(b), but in the more general J;-J,-K model, the line bordering the
SAF phase is mapped to an equivalent line running through B. The resulting three-
dimensional phase diagram, showing the critical and first-order surfaces is shown in
Figure 2.13. -

In order to gauge the ordering of the thus obtained four-interaction magnetic
model, we have proposed an approximate ordering condition that reproduces the
exact d = 2 critical behavior in the limits observed above, and also is an accurate
representation of the results for the uniform model with second-neighbor interactions.

The critical ordering condition is

sinh 2J; sinh 2J; + [sinh 2J; + sinh 2J,)
[sinh 2( K, + K,) + sinh 2K, sinh 2K, | sinh 2K, sinh 2/, — cosh J; cosh J,|~%/7
A exp(—|sinh 2K, sinh 2K, — 1|/7)] > 1, (2.12)

where A = 2.558 and 7 = 1.889 are numerical constants determined via a fit of the
SAF line to the series approximation[34] and the interactions {J;, K} are obtained
from {J;, K} by one of the transformations described above. The exponent 4/7 allows
the phase diagram in the vicinity of B and B’ (i.e. the sharpness of the cusp) in Figure
2.12 to be described by the correct power law, as determined by renormalization
group analysis using the exactly known critical exponénts at these points (it should

be noted that along SAF the critical exponents slowly vary[34]). This condition is
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in good quantitative agreement with all exact and numerical information concerning
the general model in the regions where the crossing interactions have the same sign.
The model with opposite-sign crossing interactions has quite different behavior, and
fortunately is irrelevant to this study.

The first-order transitions must be a subspace of the hypersurface J; = —J, for
K; >0, and of J; = J; for K; < 0, from the exact information and from symmetry
considerations. An approximate expression completely defining the half-infinite first-
order surfaces that is consistent with the SAF boundary of the above expression
is

sinh 24y sinh 2/, — cosh J; cosh J; > 0. (2.13)

In addition to reducing to the exact result when the J; vanish, the global behavior
inside the subspace of Figure 2.12(b) is in excellent agreement with the available series
results[34].

These conditions, along with the fact that the symmetry of the magnetic phase
corresponds to the symmetry operations necessary to obtain the interactions {J;, K}
allow the phase to be obtained for couplings given by the prefacing transformations
(2.9) and (2.11) subject to the condition that the K; are the same sign. As always
in these types of calculations, the aim is to obtain the qualitative phase diagram in
terms of the microscopic parameters, not to compute universality-class dependent

details such as exponents at the critical phase transitions.
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2.3.3 Theoretical Results and Comparison to Experiments

As remarked previously, gauging ordering with the triangular lattice Ising model
ordering condition (2.10) leads to a A4-A;-N phase diagram with a zero-temperature
bicritical point, and a typical reentrant phase diagram is shown in Figure 2.11. In
this case, the reentrant phenomena are caused by the crossing of the absolute value
of Kg, the most antiferroelectric projected coupling, and Ky, which is the most
ferroelectric (least antiferroelectric) coupling, as shown in Table 2.1. Because of
the zero-temperature bicritical phenomena in the triangular Ising model, there is a
reentrant nematic phase separating the smectics at all finite temperatures. As can be
seen from Table 2.1, the projected couplings evolve smoothly, changing from favoring
local ferroelectric configurations in the A; phase to favoring local antiferroelectric
configurations in the Ay phase.

Table 2.1 also contains the second-neighbor coupling as prefaced by (2.11), and it
is also smoothly behaved. It is weakly ferroelectric throughout the region of interest
of the phase diagram, and rapidly becomes negligible as temperature increases. At
low temperatures (I°kT/B < 0.3) K1 becomes comparable to the other interactions
1n size.

Figure 2.14 displays a phase diagram for the same set of spin-gas model con-
stants as that of Figure 2.11 (namely B/A = 1.75, n = 5 ), using the additional
prefacing transformation (2.11) and the ordering conditions (2.12) and (2.13). The
zero-temperature bicritical point of Figure 2.11 is lifted to finite temperature, and
leaves behind in its path a locus of first-order transitions between the two smectic
phases. At high temperatures, the phase diagram is qualitatively unaffected. This .
should be compared to the experimental phase diagram shown in Figure 2.15(a) which
shows a similar phase diagram for a binary mixture.

For pure materials, fewer experimental results are available, but one recent study([35]
by Raja et al of the pressure-temperature phase diagram of the triply reentrant mate-

rial DB1oONQ,, as shown in Figure 2.16, displays the topology of Figure 2.14. This
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aT  I’KT/B I, 3L, K K phase
2500 0286 0385 1.668 1.719 0.481 Al
0572 -0442 0841 0921 0213 Al
0.858  -0.683 0.601 0.696 0.152 N
2750 0.286  -0.374 0.909 1.167 0.273 Al
0429  -0.670 0.613 0818 0.174 N
0572 -0.804 0480 0.664 0.128 Ad
1.144  -0.884 0354 0.514 0.063 Ad
1429 -0.840 0.330 0.483 0.050 N
2875 0.143  -0.170 1.113 1.895 0.468 Al
0429 -0.864 0419 0678 0.127 Ad
3100 0.143  -1.052 0.230 1275 0.258 Ad
1.144  -0.880 0.177 0370 0.023 Ad
1429  -0.778 0.158 0331 0.019 N

Table 2.1: Interactions obtained with the prefacing transformations described in the
text. All calculations were for B/A = 1.75 and n = 5. The second neighbor interac-
tion K, is always ferroelectric, and rapidly becomes less important as temperature is
raised. At low temperatures however, it becomes comparable to the triangular lattice

couplings.
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1.5

Figure 2.14: Spin-gas theory phase diagram for parameters of Figure 2.11, with
second-neighbor interaction included using the additional prefacing transformation
and ordering condition described in the text. Now, the bicritical point B is seen at fi-
nite temperatures, below which a first-order smectic-A4-smectic-A; transition occurs.
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Figure 2.15: Mixture phase diagrams showing A4-A;-N bicritical behavior reported
by Hardouin[10]. Below the N — A; — A, point, the transition between smectics is first
order. The sequence (a)-(b)-(c) indicates the result of increasing the concentration of
the longer homologue in the D Bs-D By component. In each frame, the z-axis indicates
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Figure 2.16: Experimental pressure-temperature phase diagram for the pure material
DB,,0ONO;[35]. As pressure is increased, the transition between A; and A4 changes
from being a-direct first-order transition to two continuous transitions involving an
intermediate reentrant nematic phase.
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is the only pressure-temperature pure material phase diagram with a N — A; — A4
point known to us: it seems that usually the two A — N lines do not meet before zero
pressure.

It should be noted that recent experiments on mixtures[36] and on the DB1;ON O,
pure system[37] indicate that there is a tricritical point along the A; — N line, and
that the NV — A; — Ay point is not a bicritical point, but is actually a critical end point
terminating the line of Ay — N transitions. This detail, although important from the
point of view of critical phenomena, does not affect the global topology of the phase
diagram, as the tricritical and critical end points are very close together. Recalling
that the prefacing approach as used here connects models in different universality
classes, we do not expect the critical phenomena to be preserved.

The results shown in Figure 2.14 are stable over a range of B/A extending from at
least 1.5 to 2.0, and as B/A is made larger (corresponding to an increase in effective
tail-tail interaction) the smectic A; phase becomes more stable. From the comparisons
of the spin-gas theory of mixtures to experiments of Section 2.2, it has been concluded
that B/A increases with increasing tail length. Thus, the behavior of the bicritical
theory is in qualitative agreement with the experimental phase diagrams of Figure
2.15(a) and (b), which indicate that the A; phase in fact becomes dominant as a
longer homolog is added to the mixture. However, a complete explanation of the
intriguing features of this ternary phase diagram, namely the reappearance of the A4,
phase at temperatures above the A; — N transition and the merging of the smectic
phases shown in part (c) of the figure, awaits a study of bicritical phenomena in
mixtures.

Helpful conversations with C. Garland and R. Shashidhar are acknowledged. This
research was supported by the National Science Foundation under Grant No. DMR-

87-19217.
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Chapter 3

Density-Functional Theory of

Freezing in Molecular Fluids
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3.1 Introduction

The modern version of the density-functional method[38] offers an accurate descrip-
tion of freezing via functional expansion of the grand canonical potential in powers
of the one-body density about the isotropic fluid phase. This constructive approach
should be viewed as the natural route to a free energy functional that can be min-
imized over one-body distributions p(.X) to obtain the equilibrium state. The exis-
tence of such a functional is of course guaranteed by the density-functional theorem
of Mermin[39]. The expansion coefficients are the direct correlation functions (DCFs)
of equilibrium liquid theory[40], and in the case of spherically symmetric interactions
such as those for the hard-sphere fluid, enough is known about the pair DCF[41] to
describe the freezing transition accurately[42, 43, 44].

Little is known about the DCFs of the isotropic fluid phases of nonspherical
molecules, and previous attempts to describe phase transitions in dense fluids com-
posed of them have employed guesses about liquid structure[45, 46], using only the
thermodynamics of the liquid obtained from simulations as a guide. In addition to not
examining the validity of the proposed DCF's, the previous density functional studies
of systems of anisotropic particles have not been suitably parametrized to describe
the rather narrow distributions that occur in the crystallization of hard-core fluids,
or to take into account the possibility that orientational and translational orders can
appear simultaneously as well as separately. These shortcomings must be overcome
if such theories are to provide useful information.

Section 2 addresses these issues. Density functional theory and background on
the hard-ellipsoid model will be presented, and then a new variational approach to
obtaining liquid structure information will be described. The results are the first
that directly examine the Pynn-Wulf approximation, which is used as the starting
point of the optimization. Once this improved DCF is obtained, it is employed in the
mean field theory for phase transitions in the fluid. Isotropic to crystal transitions

are described, which include the first computations of this type for the oriented solid
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phase. As in Monte Carlo simulations of this system, it is found that for small
anisotropy, the plastic (orientationally disordered crystal) phase is stable at lower
densities than the oriented solid, while at medium anisotropies, the oriented solid
becomes the stable ordered phase. Isotropic to nematic transitions are also studied
at high anisotropy, and are shown to be strongly affected by optimization of the DCF.

Section 3 examines the static structure of liquids composed of anisotropic par-
ticles in a different light than the numerical optimization described above. Exact
direct and conventional pair correlations for a one-dimensional fluid of anisotropic
hard cores with orientational as well as translational degrees of freedom are obtained.
These results indicate that the direct correlation function depends not on interparticle
separation (as assumed by the Pynn-Wulf approximation) but on hard-core overlap.
This behavior can also be understood from examination of the density expansion
for the direct correlation function, which allows the extension of the phenomena to
dimensions d > 1. For strongly anisotropic particles, this leads to the general con-
clusion that nonparallel configurations of particles have much less negative direct
correlations in the core overlap region than do the interparticle distance-dependent
approximations. This is consistent with the trend seen in the numerical work in-
troduced above, and the overlap-volume dependence is consistent to a remarkable
degree with the behavior of numerical solutions of nonlinear integral equations for
the correlation functions[47]. In addition, this identification of the effect of molecular
topology on direct correlations allows the complicated problem of liquid structure in
molecular fluids to be more readily understood.

Section 4 examines the possibility of improving the density functional. The results
above were obtained from a functional Taylor expansion in powers of the difference
between the one-body density expectation value p(.X ) and the uniform liquid state
of density po. As a result, the form of the density functional obtained is mathe-
matically rigorous only for small deviations away from the disordered state. In this

Section, an alternate, nonperturbative approach will be presented that is equivalent
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to a summation to all orders of the density-functional expansion. This method devel-
ops further the ideas of Curtin and Ashcroft [48] and of Denton and Ashcroft[49, 50].
This theory is applied to the phase transitions considered in Section 2, and in the
case of the isotropic to nematic transition, results are obtained incorporating liquid
structure information due to the numerical solution of nonlinear integral closures of
the Ornstein-Zernicke equation[52].

Finally, in Section 5, application of the density-functional\ methods presented in
Sections 2 and 4 to the hard-sphere liquid will be presented. Recent improvements[51]
in our knowledge of the liquid structure of the hard-sphere liquid allow a very accurate
model of the hard-sphere solid phases to be constructed, and in addition to the
usual thermodynamic and structural properties, solid phase elastic constants can be
obtained. An Einstein-like model of lattice vibrations can thus be formulated, and
used to indicate what type of corrections one can expect to the free energy due to
elastic fluctuations.

The results for these studies all indicate that the combination of the inclusion of
higher-order terms in the density-functional expansion and the use of accurate liquid
structure allow the ab initio construction of accurate theories for phase transitions
in fluids. Section 6 summarizes the results of this Chapter, and discusses future

perspectives for the density-functional approach.
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3.2 First-Order Phase Transitions in the
Hard-Ellipsoid Fluid

3.2.1 Model and General Theory

The hard ellipsoid model is a simple model for liquid crystal systems and has been the
subject of some study. The Hamiltonian is that of point masses which in addition to a
translational degree of freedom r possess orientational degrees of freedom € which are
vectors of unit length. Throughout this work, the combination of vectors (r,€) will
be referred to with the notation X. Axially symmetric molecules can be described
by these degrees of freedom, and for two axially symmetric hard cores, there is a
function D(X, X’) that describes the distance of closest approach for two hard cores

at coordinates X and X’. For hard cores, the intermolecular potential is thus

UX,X)= 0, |r=r'|> D(X,X) (3.1)
oo, |r—r'| < D(X,X").

For almost any shape other than spheres (where the function D is just a constant,
the sphere diameter), closed-form expressions for the distance of closest approach are
unavailable. In this work, an approximate explicit form for the function D(X, X)
is used (due to Berne and Pechukas[53]) that accurately describes the distance of
closest approach of ellipsoids of revolution with axial symmetry diameter 24 and

minor diameters 2B5:

(3.2)

D(X,X')=2B (1 _ X(F. e)*(r- é,)z - 2x(F- é)(i &)(a- é‘,))—l/z'

= x}(e- )

The unit vectors & and e’ point along the the axis of rotational symmetry, the unit
vector T is in the direction of |r — r’|, and x = (A? — B?)/(A? — B?). This expression

is obtained by considering the integral of the product of two ellipsoidal, Gaussian
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distribution functions, and is a good approximation to the actual closest approach
distance.
The grand canonical partition function, including a one-body potential v(X) that

will be used only to generate correlation functions, is

- > 1 & dp:dX; P? -
e =3 MH[./ Texp(—ﬁ[% +u(Xi) —p+ E U(X:,, X)) (3.3)
N=0 i=1 i<j<N

where 3 = (kT)~!, u is the chemical potential, p; are the momenta conjugate to r;,
m is the molecular mass, dX; = dr;dé€;/(47), and —W = SpV, p being the pressure.
The momentum integration is unrestricted, while the spatial integration over r; is
over the system volume V and the orientation integration is over the surface of the
unit sphere. Due to the fact that the potential is either zero or infinity, a change
in the particle mass or temperature is equivalent to a change in chemical potential
(and hence in pressure or average density). In this work, all results will be in terms
of the particle density p in units of (8 AB%)~!, which along with the anisotropy A/B,
completely describe the system.

This system (using a slightly different D(X, X’)) has been studied by Frenkel,
Mulder and McTague using constant-pressure Monte Carlo simulation[54], yielding
the phase diagram of Figure 3.1. This phase diagram is in terms of the variables
A/B and p, and has a variety of phases. For A/B = 1, the case of hard spheres,
a transition is seen from an isotropic liquid to a close-packed solid near the fluid
density p = 0.95. For small prolate or oblate anisotropy, this phase is seen to be
the orientationally disordered (plastic) crystalline phase. At high enough pressure a
transition is expected to an oriented solid phase, which eventually will close-pack to
achieve the maximum possible density (p = v/2, for all A/B).

At medium anisotropy (A/B = 1.5), the isotropic phase directly crystallizes to the
oriented solid without an intermediate orientationally disordered crystalline phase. At

large anisotropy, an oriented (nematic) liquid phase appears at densities below where
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Figure 3.1: Phase diagram of hard ellipsoids of aspect ratio A/ B and density p, taken
from Reference [54]. Shaded regions indicate coexistence regions, and points are from
Monte Carlo calculations.

the oriented solid is stable, and as one goes toward either hard needles (A/B > 1)
or hard platelets (A/B <« 1), the isotropic to nematic transition density goes to
zero. As can be seen from Figure 3.1, the phase diagram is essentially symmetric
under A/B — B/A, or equivalently under Y — —x. All the transitions reported in
Monte Carlo simulation are first-order except that from the plastic to the oriented
solid, which is reported to be second order or possibly weakly first order, with the
orientational order parameter tending toward zero as the plastic phase is approached
from within the solid phase.

An alternate, analytical approach to understanding the hard ellipsoid system is
through a functional expansion of the thermodynamical potential about the isotropic
liquid state, in powers of the deviation of the one-body density from its isotropic state.
This yields a mean-field description of ordering in the system that uses the one-body
density as a functional variational parameter. Below, the basic theory, originally due

to Ramakrishnan and Yussouff{38], and later developed by others [42, 43, 44, 45] is

61



briefly summarized.

If the momentum integration is carried out in equation (3.3), a simpler form is

obtained:

eV = S (N / dX;expl-u(X) -8 ¥ UX:, X, (3.4)

N i i<j<N
where the effective one-body potential is u(X) = B(v(X) — p) + 3log A for a thermal
wavelength A = [h?/(2rmkT)]'/2. The field u(X) is easily seen to generate the
distribution functions of the system: if the one-body density operator is p(X) =

Z:;Zl 6(X — X;), then

p(X) =< p(X) >= 35(% (3.5)
< p(X) ><p(X') > [o( X, X) = 1] =
< AX)P(XY) > — < p(X) >< p(X') >= —5—@%-,-(—)

etc.
The potential associated with W that is an intrinsic functional of the one-body

density p(X) is obtained by Legendre transformation,
BF = max[W — / u(X)p(X)], (3.6)

and in the case v(X) = 0 (no external spatially dependent chemical potential), F is
the plain old extensive Helmholtz free energy of the system. The functional derivatives
of this object with respect to the density are[40]

68
6p(X1) -+ - 8p(X,)

(] p(X)llog p(X) - 1)dX — BF) = CO(X, -+ X,),  (3.7)

where C() denote the direct correlation functions. For the isotropic liquid with v = 0,

C® = log(p)+u, and C? is the familiar Ornstein-Zernicke[55] direct pair correlation
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function.

Noting the inverse of the transformation (3.6)

W = min[8F + Ju(X0p(x)), (3.8)

and assuming that the direct correlation functions are known in the isotropic state
where p(X) = po, the potential W can be functionally expanded around the isotropic
state. In this expansion, both p(X) and u are treated as independent functional pa-
rameters: they are later linked through the functional minimization in (3.8). For the
purposes of this work, there will be no external potential and equal chemical poten-
tials for all configurations of the one-body distribution. This leads to the expansion
for the dimensionless grand potential

p(X)

W — W, 1
= ——=14+ — [ dXp(X)[log —= — 1 3.9
7 ~ [ dXp(X)flog -1 (3.9)

/ dXdX'CO(X, X" po)[p(X) = pollo(X") = pol,

Aw

1
onv

which has been truncated at second order in the deviations from the isotropic state
where the potential takes on the value Wy. The p(X) that minimizes this expression
is the stable equilibrium configuration of the system, and when two local minima
switch global stability, there is a phase transition. Fluctuations about these solutions
are ignored in this theory, but should not be of great importance in the completely
entropy-driven first-order transitions that will be later studied. It should be noted
that this theory is strictly valid only when the isotropic liquid is the stable thermo-
dynamical state, since the existence of isotropic liquid direct correlations is assumed.

The physical interpretation of the terms in this expansion is straightforward. The
term which consists of a single integral (sometimes called the ’local’ term) is essentially
the difference in Helmholtz potential between the inhomogeneous and homogeneous
states for an ideal gas (U = 0). Thus this term is often referred to as the 'ideal

gas’ term. The remaining, nonlocal terms thus take into account the interactions U
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between the particles, and the sum of these terms is often referred to as the 'excess’
Helmholtz potential difference between the homogeneous and inhomogeneous states.

The usual approach to such a theory is to first obtain some approximation to the
function C® for the liquid state, and then to choose a parametrization of the one-body
density that is appropriate for the type of phase transitions that are expected. With
these two objects specified, the functional (3.9) is completely defined and calculation
proceeds by numerical minimization of Aw with respect to the parameters in p(X).
When a configuration other than the isotropic liquid satisfies Aw = 0, this ordered
and the isotropic phases are in coexistence. All the properties of ordered phases at
the transition can thus be identified.

This type of theory has been successfully applied to the study of crystallization of
particles interacting via spherical pair potentials including the case of hard spheres[38,
42, 43, 44}, using the large amount of knowledge that has been collected about the
liquid state of this system. Singh and Singh[45] have pioneered the study of transitions
to the plastic and nematic states in the hard-ellipsoid system using this theory. There
are uncertainties in their work, the most important of which is the lack of information
about the function C®, which even in the case of the isotropic state, is a function
of four independent variables, forcing the use of what is essentially a guess for C?).’
Other problems with the initial study are that the oriented crystal phase was not
considered, and that the parametrization of the plastic phase was done so that the
rather narrow real-space lattice peaks associated with hard-core crystallization could
not be generated. In the remainder of this work, efforts to remedy these problems

are described.

3.2.2 A Numerical Optimization Study of Two-Body
Direct Correlations of Hard Ellipsoids |

As can be seen from its functional definition (3.7), the pair direct correlation function

(DCF,C@(X, X'), denoted C(X, X') for the remainder of this paper) of a homoge-

64



neous isotropic fluid of density po satisfies the Ornstein-Zernicke relation[55]
g(X, X) =1 =C(X, X") + po / dX"(g(X, X") - 1)C(X", X'), (3.10)

where g(X, X') is the dimensionless pair distribution of (3.5). This equation indicates
that C is a short-ranged object that through the nonlinear integral equation above,
generates the possibly long-ranged correlations in g. In fact, C has a range comparable
to that of the interparticle potential. For the hard-sphere fluid, C has been shown
numerically[56] to rapidly drop to zero outside the region |r — r'| < D. The main
property of g(X, X') is that for any hard core system it vanishes inside the hard core
region |r — r'| < D(X, X').

This suggests an approximation for C for a hard-core system. If it is assumed that
C = 0 outside the hard core region, then equation (3.10) becomes closed once the
boundary D(X, X’) is specified, since C and g will be nonzero on disjoint domains.
If the integral equation is written in terms of a single function 7 = g — C, then it
is clear that ¢ = —C at the boundary, since 7 must be a continuous function. This
approximation, due to Percus and Yevick (PY)[57] can be derived as a low-order
truncation of a systematic functional expansion[40].

The PY equation has been an important tool in the study of hard-core fluids due
to the fact that it is exactly soluble for the case of hard spheres[58]. The PY DCF is

extremely simple in structure:

C(X,X")=Co(z)= a+bz+mnaz®/2, <1 (3.11)
0, z>1

:I:=|I'—I‘IVD ’

with a = —(1 +29)(1 — )74, b = 6p(1 + n/2)(1 —5)~*, and n = wpeD3/6, for
spheres of diameter D. This DCF gives good account of the behavior of the isotropic

phase of the hard-sphere system and has been the basis of the successful efforts to
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study the crystallization of hard spheres via the density-functional expansion (3.9).
Unfortunately, no solutions for anisotropic hard cores exist, so one is forced to guess
a suitable DCF for such systems.

For the case of hard ellipsoids, the DCF has been assumed to resemble the hard
sphere DCF with the sphere diameter replaced with the orientation-dependent dis-
tance of closest approach of the molecules, and with the packing fraction 5 replaced
with the corresponding ellipsoid fluid packing fraction 4w AB?p,/3. This approxima-
tion, due to Pynn and Wulf[59, 60], is known to be asymptotically correct for either
low anisotropy or low density, but little is known about its validity at densities near
freezing and for strong molecular anisotropy where strong orientational correlations
are expected. The possibility that the overall strength of the direct correlations as
a function of relative orientation is incorrectly accounted for by this approximation
seems likely considering the much lower transition densities obtained for the isotropic
to nematic fluid transition in the ellipsoid fluid by density functional calculations
using this DCF[45] than by Monte Carlo computations[54].

Here the approach is taken of choosing trial correlation functions and then using
the Percus-Yevick equation to identify an optimal solution. Here, the one-parameter

trial solutions are

C(X,X") = Co(lr—r'|/D(X,X")[1 + aPy(&- &) (3.12)
9(X,X) = go(lr =r')/D(X, X")[1 + aPy(&- &), |

where Py(u) = (3u® — 1)/2, and go is the PY correlation function[61]. These trial
correlations allow the relative strength and anisotropy of direct correlations for par-
allel and perpendicular molecular configurations to be adjusted, and also satisfy the
requirement that g = —C on the surface of the hard core region |r — r'| = D(X, X’).
Integration of the PY equation squared over the hard core region yields a functional

that quantifies the accuracy of the trial solution, and thus should be minimized with
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respect to « to obtain the best solution. Integration over only the core region em-
phasizes the DCF rather than the pair distribution, and limits the integration to a

finite region, which is important numerically. The error functional is thus explicitly
I(a) = / dX[1 + C(X,0) + p / dX'C(X',0)(g(X, X"y = 1)2.  (3.13)

I(a) has been computed numerically for prolate ellipsoids with anisotropies A/ B =
1.00, 1.22, 1.53, 2.00, and 3.00 (corresponding to x =0.0, 0.2, 0.4, 0.6, and 0.8) and
for packing fractions n = 0.1,0.2,0.3,---,0.7 (n = 0.7405 is the close packing density)
over appropriate ranges of @. The inner integral in in (3.13) was computed using adap-
tive integration with 80000 points in the five-dimensional region |r'| < D(X’,0) , while
the outer integration was done by Monte Carlo sampling of the region |r| < D(X,0).
Computation of each value I(«a) required 800 seconds on a Cyber 205 computer.
For A/B = 1.0 {spheres) the minimum of I{«) is at a* = 0.0 for all n , while for
A/B = 1.22, the minima are shifted to slightly positive o* for large n . This shift
becomes much larger for larger A/B, confirming that the Pynn-Wulf approximation
is inaccurate for large anisotropy and density. The trial function is found to greatly
improve the error in the solution for large n and A/B: for = 0.4 and A/B=2, I(a")
is approximately one-third of the value taken at a = 0.

This correction makes the DCF more negative, corresponding to a larger free
energy cost, for parallel ellipsoid configurations. For perpendicular configurations,
the correction makes the DCF less negative, corresponding to a smaller free energy
cost for these configurations. This is consistent with the fact that the Pynn-Wulf
DCF overestimates the stability of the large-anisotropy nematic fluid. For all the
anisotropies studied, a* is zero within the resolution of the calculation for densities
7 < 0.1. The numerical results are displayed in Figure 3.2: linear fits through 5 = 0,
a® = 0 were done for each A/B, and are summarized in Table 3.1. The errors shown
in Figure 3.2 are due to uncertainties in estimating the location of the minima, which

are due to the approximately 10 % errors in the values of the error integral. There is
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Figure 3.2: Numerical results and linear fits for o™ vs . 7,0, 4, O represent the
positions of minima for.a for A/B = 1.22, 1.53, 2.00, and 3.00, respectively.

A/B fit m N X2 of fit QX2 N-1)
1.22 0.007£0.003 8 6.9 0.44
1.53 0.19 £0.01 8 6.6 0.48
2.00 0.46 £0.02 8 6.9 0.44
3.00 1.04 £0.05 7 11.6 0.07

Table 3.1: Summary of fits of a* = mn. The errors in m reflect Ax? = 1, corre-
sponding to the boundaries of the 68% confidence region. @ is the probability of x?
exceeding the quoted value. N is the number of data points per fit.
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no reason to expect a® = mmn, but this form fits the data well using one parameter,
and satisfies @ = 0 when n = 0 and da*/dn > 0, which are the main features of
the existing results. Until higher-precision calculations are done, it is difficult to say
whether a more complicated function (e.g. @* = mnP) is more appropriate to describe

the data.

3.2.3 Transitions to Crystalline Phases

A. Calculation of Grand Potential

The calculation that has been done is a direct calculation of the excess grand po-
tential for the crystalline phases, followed by numerical minimization of the resulting
nonlinear functional. The first step is to specify the one-body distribution in terms
of as few parameters as possible that still allow a reasonable description of the or-
dered phase. Past studies of freezing of hard cores have indicated that the positional
distribution consists of rather narrow peaks centered at the real-space lattice sites of
a close-packed lattice. This suggests a positional distribution of Gaussian functions
centered on FCC lattice sites, requiring three parameters, the average solid density,
the real-space lattice constant, and the real-space Gaussian width.

So far, this is suitable to describe the plastic phase, but not the oriented solid.
The only practical way to model this additional phase is to assume azimuthal orien-
tational symmetry (invariance of the orientational distribution under rotations about
the 3-axis), and to then multiply the positional distribution described above by a ori-
entational distribution that depends only on the polar orientational degree of freedom.
This procedure adds at least one more parameter to the distribution describing the
degree of orientational symmetry-breaking. In addition, from the Monte Carlo results
it is expected that the solid phase real-space lattice will be tetragonally distorted, re-
quiring another parameter. In this work, the tetragonal distortion is introduced by
rescaling the 3-component of the positional degree of freedom, turning the spherically

symmetric lattice site distributions on a cubic lattice into ellipsoidal distributions
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centered on a tetragonally distorted lattice.
Thus, the one-body distribution is written as p(X) = p(r)p(€), with the normal-
ization conditions V=1 f, drp(r) = p; and [ dép(€) = 1. Explicitly, these distributions

are

pr) = pAr™267%271 N exp(—o7[(r1 — 51)° + (12 — 52)° + 27°(73 — $3)%])
seT

= p Z 6_(0k/2)2eik'r =p Z akeik'r, (3.14)
keU keU

where the direct FCC and inverse BCC lattices are

T = {(¢/2)[n1(0,1,1) + ny(1,0,1) + z7ns(1, 1.0},
n;=0,£1,£2,.---,

U = {(25/0)lmi(~1,1,1) + ma(l,~1,1) + 25 mo(1, 1, ~1)]}
m; =0,+1,£2,-- -,

and the orientational distribution is

p(8) =1+ byPy(u). (3.15)

¢ is the cosine of the polar orientational angle, measured from the 3-axis, and P,(p) =
(3u® —1)/2. A is the volume per lattice site, and is A = c3z/4 for the FCC lattice.

This choice of distribution has five parameters: the ordered phase density p;,
the real-space lattice peak width o and lattice constant ¢, the tetragonal distortion
zr, and the amount of orientational ordering b,. These are sufficient parameters to
characterize the structural properties of the two expected crystalline phases. These
parameters will be determined for different values of the liquid density po by mini-
mization of the grand potential functional.

The first, local term in the functional (3.9) is easily computed because it additively
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separates into contributions due to the orientational and positional distributions, and
also because the parameter x7 can be scaled out of the calculation. The ideal gas

term thus becomes

(oV) " [ dXp(X)og %‘—) _1)= (3.16)
d d
=l S 10g 282+ ! Lot log ol + logr — 1],

where r; = p;/po is the solid density relative to the liquid density. The orientational

integral can be done exactly in terms of b;:

/_11 fl,)ﬁp(u) log p(u) (3.17)

) 428 2—byn o 3b by
() e () 1) -

= log(1 + b2) + ( 5 b 3

for =1 < by < 2. The positional integral can be accurately obtained numerically

using the separation
drp(r) ,p(r) _ L

== —logl 3.18
v Vp P1 L & ( )
where
I = /’ 6_0—2(1._3)2,
Sy P>
! -2 2 -2 2
I, = /Ze"” (r-s) log(ze‘” (r-s)%)
8 8
! !
= _/(r/a)2e-(r/v)’+/ e—(¥/0)? 1Og(1+Ze~(a"l(r-3)2-r’]))
8#0
+ [T e (/) + log(1 + T el
8#£0 8#0
where

/ "= 3¢ /0 " g, /0 7 iy /0 7 iy (3.19)
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In these integrals, the parameter 7 has been rescaled to 1: the fact that the integrals
are volume-normalized allows this to be done. The s = 0 term in I, is a product of
three error functions, while the remaining terms decrease rapidly as e~(8/2)* and
can be easily approximated with Gaussian numerical integration. The first term
of I, is reducible to incomplete gamma functions, and again, the other terms are
easily approximated by Gaussian integration. For the o that will be obtained, the
summations over s can be truncated at first nearest neighbors.

The second, nonlocal term in (3.9) is somewhat harder to calculate. It is first

reduced to the form

(200V)7 [ dXdX'C(X, X5 po)lo(X) = pallo(X")  pa] |
= —n(4a+3b+an)(1 — xR (x)(1 - 2my) (3.20)

_12grf i |’>Bk|2" “a_ . b an/?2
A/B Z 2n+3 2n+4 2n+6
didéde’ ~ _, (D(X, X))\ o ) ,
/W(k'r) (——273———) [1 4+ aPy(€- &)][1 + 26, Py(p) + b3 Py(p) Pa (1)),
where
dedede’ (D(X,X")\® 1 sin™(x)
A = (1 — y2)1/2 ) — = o 2\1/2 St X))

Due to all the integrals in (3.20), this is a difficult expression to evaluate. However,

it can be computed if the approximation

£ oaan 1 on 2 2 _
B = T Y sEmr e 73y ok ~ VB 1) (3.22)

is made, which is the truncation of an expansion in spherical harmonics (ignoring
the terms with azimuthal dependence that vanish when the integrals in (3.20) are
done). This controls the proliferation of powers of the 3-components of the various

unit vectors (all terms have at most squares of them) which is important in reducing



the calculation to a reasonable level. It should be noted that this approximation is
unneccesary when the order parameter b, = 0, when only the 1/(2n + 1) part of the

expansion can contribute, and thus will only affect the computations of the oriented

solid phase.
The next step is to expand the powers of D(X, X’) in terms of the dot products
(r-e),(r-e&)(e-e):

(D(X, X,)>2n+3 ~

55 (3.23)
N ik (204 3)(2n 4 5)(-- )20 + 34 2(k = D](k)(k + 1)(---)(j — 1

1+]Z=:lk§=_:1x2 k ( (-)2n e IRk +1)(-)G—1)

k k p p

Z(—nk-w-”( )Z( )(é Ol A R L

p=0 P J9=0}\ ¢q

and to do the integrals over the solid angles. These integrals are all of the form

I{{n};{m}) =
de,de,de S \M(a LA \m2(a. . 4. \n
/ 247r2) U T TR (8 &)™ (8, - 83)™ (85 - &)™, (3.24)

n; € {031723"'}77774 € {032}3

and vanish unless the n; are either all even or all odd. These can be expressed in terms
of the constants dff = d"ji(z)/dz|.=0 where the j, are spherical Bessel functions. In
the following, the notation 3_' is a summation over either all even or all odd positive

integers ! up to the number min{n;} :

/

I({n};0,0,0) = Y2(21+ 1)(=1)F-m=na=ms)/2gp gragps
I({n};2,0,0) = I({n};0,0,0)/3

I({n};2,2,0) = 3 (—1)&-mmrammli2 (3.25)
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(20 + 1)(812 + 81 — 5)
Bl - 12 +3)
2l(l - 1) ny gn. n

—mdl di2,d12,

21+ 1) + 2)
T 15(20+3) @ difadi3s)

( & dpedye

I({n};2,2,2) = > (=1)@F-m-na=ns)/2
(20 + 1)(35 — 1081 — 1212 + 19213 + 9614)
( 105(21 — 1)2(21 + 3)?
200+ 1)1 +2)(61+17)
T 105(20 + 3)?

21(1—1)(61—1) ny Jno Jna ny jne2 Jns3 qni n2 yna
~ Gl (P dprd2, + dirdi2,di + di2ydi2d)e)

n1 _ynz Jns3
didi*d;

(4" di*digs + 4] difadl® + di3,dd°)

Once the expansions of (3.23) are done, the summations over the index n in
expression (3.20) can be exactly done by noting that they can all be rewritten as
finite combinations of sines, cosines, and integer powers of the variable z = |2Bk].

The first few relevant functions are:

{2 (=1)z2" _ g8z sin z
=0 ( 2n+1 N(2n+3)! 22 23’
ad (=1)nz2m cosz _sinz _cosz _sinz

= - 2 - L) .
:4;,9“1 e O Tt 2t -2 (3.26)
> (=1)"2% cosz  sinz cos z sin z

= - 4 12 —-24
,;, 2n 4+ 1)Y(2n + 6)! 2?2 + 23 + 24 z4’

_24cosz +24sntz,
z

(3.27)

etc. ‘

Doing these summations is crucial to being able to obtain high enough momen-
tum components of D(X, X’) to calculate the grand potential for the crystallization
transitions. The rather slowly decaying and oscillating functions that are obtained by

combining these summations cannot be treated properly by series expansion in z be-
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cause of the fact that for large values of z, the terms in the series become much larger
than the sum, but they very nearly cancel out, making the numerical summation
impossible. The resummations above require only the solution of linear equations,
and the resulting terms appear to always have integer coefficients.

These expressions have been combined into a computer subroutine that computes
the excess free energy of a state described by the parameters (p;, 0, ¢, zT, b;) for given
values of (pg, A/B). This is done by truncating the various infinite sums in the above
expression appropriately to achieve a particular numerical accuracy. In the results for
crystallization, the k-vector sums were done over the first 1000 symmetry-unrelated
inverse lattice vectors (for the tetragonally distorted FCC lattice), and the sum in
(3.23) was done up to j = 20. This includes all terms in the expansion of the
nonlocal term in powers of x up to x?°, and is suitable for this range of k-vectors for
anisotropies up to about xy = 0.15, with total accuracy in the excess dimensionless
potential of about 10~* (the excess potential is typically of order unity away from the
transitions). Larger anisotropies can be reached by increasing the limit on the j-sum,
or by reducing the cutoff on the k-sum.

This scheme to compute the nonlocal term has one difficulty. The truncation of
the expansion of the (f{-f)zn is hard to extend due to the complexity of the remaining
integrals (the functions analogous to (3.25) become excessively complicated for larger
powers of the z-axis projections of the solid angles), but in principle this could be
done. On the other hand, the current form is (within the numerical accuracy due to
the truncations of the j and k sums) correct for the plastic phase, and probably close
to correct for the solid, since it is seen numerically that the important terms are the

terms that are due to the constant term in the expansion of (k - F)?",

B. Results

The calculations of crystallization were carried out first with z7 = 1,b; =0 to find a

stable plastic phase, and then with all five parameters in an attempt to find a stable
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Figure 3.3: FCC oriented solid crystal structure for hard ellipsoids showing structural
parameters used in text. In this diagram there is perfect orientational order, which
only occurs at close packing. The plastic FCC structure has no tetragonal distortion,
and random orientation of molecules.

solid phase. At all times, the parameter b, was constrained to be between -1 and 2,'
which is the region where the corresponding orientational distribution is greater than
zero for all values of the polar angle. The minimization was done with a quasi-Newton
method that evaluates both first and second derivatives of the potential function with
respect to the variational parameters numerically. Values of x from 0.0 to 0.1 were
used. Computation of the expansions of the previous section (to order x?° ) takes
about 300 sec;onds on a Cyber 205 computer, but once that is done, calculation of a
single value of the grand potential (as a function of the variational parameters and
the liquid density) takes about 0.2 seconds on the Cyber, or about 10 seconds on a
MicroVAX. |

Figure 3.3 shows a section of the solid crystal to illustrate the structural parame-
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A/B Po (P1-PoYPy  cl/(2V2B) o/(2B) o

1.000 0.9461 0.1124 1.065 0.0415 -0.118
1.010 0.9466 0.1119 1.068 0.0417 -0.120
1.020 0.9483 0.1104 1.072 0.0422 -0.118
1.025 0.9497 0.1087 1.075 0.0429 -0.114
1.036 0.9531 0.1060 1.079 -0.0434 -0.110
1.041 0.9554 0.1049 1.081 0.0436 -0.108
1.046 0.9580 0.1026 1.083 0.0439 -0.103
1.057 0.9646 0.0965 1.088 0.0450 -0.103
1.067 0.9731 0.0921 1.092 0.0459 -0.096
1.078 0.9843 0.0859 1.095 0.0464 -0.092
1.100 1.0276 0.0677 1.099 0.0451 -0.075

Table 3.2: Properties of plastic phase at the isotropic-to-plastic transition. Listed
are aspect ratio, transition density, density difference between coexisting plastic and
isotropic phases, lattice constant, lattice site peak width, and the density of defects

ters that are used. The lattice constant ¢ is reported in units of 2\/§B, which is the
lattice constant of the close-packed oriented crystalline structure. The peak width o
is given in units of 2B, which is the distance between the centers of nearest neighbor
close-packed ellipsoids in the plane perpendicular to the tetragonal distortion as well
as being their minor diameter. The parameters zr and b; are dimensionless.

The results for isotropic to plastic transiti.ons are shown in Table 3.2. These solu-
tions correspond to global minima of the grand potential functional, and an extensive
search has been performed over the three-dimensional variational parameter space:
for the FCC case, these appear to be the only minima. In fact, to find these solutions
was quite difficult because the dependence of the grand potential on the parameter o
is quite strong, and the second derivative matrix ceases to be positive definite outside

of the immediate neighborhood of the solutions.
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The results shown are for the case @ = 0. Calculations with a* as determined in
Section III have been done for a few cases over the range 0.0 < x < 0.15, but o* is
so small in this range that the results are not affected quantitatively in comparison
to the =~ 0.01% error introduced by truncating the various sums in the potential
functional. If extension of these calculations is done to larger x, then the results will
begin to be affected: it will later be seen that the isotropic to nematic transitions will
be strongly altered by the rather large corrections necessary for A/B > 2.

For A/B = 1, the calculation reduces to that of Jones and Mohanty[43]. and their
results are reproduced for FCC freezing of hard spheres. These transition properties
are in good agreement with molecular dynamics simulations[62] with the exception
of the value of o, which is a factor of about three too small in these calculations.
As the anisotropy is increased from zero, the transition density is seen to increase.
This is also in agreement with the Monte Carlo data[54] and with recent density-
functional results of Smithline, Rick and Haymet[46], but in disagreement with the
density functional results of Singh and Singh[45]. As the transition density increases,
the density discontinuity appears to decrease, until, near A/B = 1.1, the transition
density begins to rapidly increase toward the close-packing value.

As this is done, the lattice constant is seen to rise as one would expect for the
plastic phase. In Figure 3.4, the dependence of this parameter at the transition on
anisotropy is shown: it appears to be almost linear in the variable A/ B, although it
appears to begin to saturate where the transition density starts to increase rapidly.
This makes sense, since the plastic phase must on average place the ellipsoid cen-
ters farther apart (in units 2B) as they are made more anisotropic, and for large
anisotropies, it is believable that it should become difficult to stabilize the plastic
phase due to this effect which tends to expand the crystal. Along with the lattice
constant, the peak width o also increases with anisotropy, although at A/B = 1.1, it
slightly decreases. |

In this work, since all the parameters of the plastic are derived from the functional
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Figure 3.4: Lattice constant of plastic crystal phase at transition from isotropic liquid
vs ellipsoid aspect ratio.

79



A/B Po (Py-po)py c/(2VIB) GI(2B)  x; Pp

1.041 0.9604 0.1477 1.034 0.0213 1.0590 -0.155
1.046 0.9556 0.1530 1.032 0.0223 1.0645 -0.163
1.051 0.9492 0.1593 1.030 0.0189 1.0701 -0.171
1.057 0.9449 0.1620 1.029 0.0178 1.0766 -0.176
1.062 0.9419 0.1641 1.030 0.0184 1.0818 -0.174
1.067 0.9394 0.1643 1.036 0.0227 1.0876 -0.154
1.078 0.9341 0.1664 1.037 0.0238 1.1022 -0.151
1.100 0.9244 0.1644 1.043 0.0279 1.1223 -0.145

Table 3.3: Properties of oriented solid phase at the isotropic-to-solid transition. Listed
are aspect ratio, transition density, density difference between coexisting solid and
isotropic phases, lattice constant, lattice site peak width, tetragonal distortion, and
the density of defects. The parameter b, = 2 at all of the transitions listed.

minimization, the solid that is derived may not have one particle in each real-space
FCC unit cell, and hence may have on average a net defect density. This density,
first computed for density-functional results by Jones and Mohanty[43], is defined as
the difference between the solid density and the inverse volume of a unit cell (both

measured in terms of the inverse volume (84B?)~1)

pD = p1— (3.28)

3
V2A/B (2V/2B
T c

and is positive for the case of interstituals, and negative for the case of vacancies. For
the plastic phase, a negative defect density is seen, but it decreases with anisotropy

as the defects are forced out of the lattice by the hard-core interactions.

80



1 13 T T ' I T T

XT

1.09- .

1.07 - -

Solid Tetragonal Distortion

posbdte——
1.04 .06 1.08 1.10

Aspect Ratio A/g

Figure 3.5: Tetragonal distortion of oriented crystal phase at transition from isotropic
liquid as a function of ellipsoid aspect ratio.
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Table 3.3 shows the results for minimization over all the order parameters for the
cases when stable solid phase minima were found in the same range of anisotropies.
No stable minima were found for anisotropies below A/ B = 1.041, while the minima
found above that were all for values of the parameter b, = 2, at the end of its
physically allowed range. The remaining parameters are quite stable over the range
of anisotropies studied, with the transition density slowly decreasing with increasing
anisotropy. The density discontinuity appears to go through a maximum near A/B =
1.06, but also changes slowly. The reduced lattice constant and peak width also vary
slowly, while the tetragonal distortion (shown in Figure 3.5) increases linearly with
A/B, indicating that there is not a large change in the properties of the solid phase
apart from a change in the aspect ratio of the crystal unit cell as the anisotropy
increases.

As in the Monte Carlo data, the plastic and solid are seen to switch stability as
the phases that the isotropic phase first makes a transition to as the anisotropy is
increased, although in the theory, this switch is seen at smaller values of A/B than in
the Monte Carlo (theory predicts it at 1.045, while the MC results predict it near to
1.2). This theory also can predict the location of the transition from the plastic to the
solid by comparing the grand potentials of the two phases, but as remarked previously,
this is not strictly valid because of the assumption that direct correlations have liquid
symmetry when we in fact are a region of the phase diagram where the plastic phase
is supposedly the stable phase. Figure 3.6 shows the excess grand potentials for the
plastic and solid phases for the cases A/B = 1.041 and A/B = 1.051, between which
the plastic and solid switch stability. The solid phase potential decreases much faster
with increa,siﬁg density than does the plastic potential.

The combined phase diagram for crystallization transitions from the isotropic
liquid is shown in Figure 3.7. The qualitative features of this phase diagram are in
agreement with the Monte Carlo phase diagram of Figufe 3.1. At the point where the
solid and plastic are equally favorable phases, at A/B = 1.040 and p; =~ 0.955, the
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Figure 3.6: Excess grand potential as a function of isotropic fluid density for plastic
and solid phases. (a) A/B = 1.041. The isotropic phase is stable in (i), the plastic
phase is stable in (i) and (iii), and the solid phase is stable in (iv). In (iii), the solid
has become more stable than the isotropic. (b) A/B = 1.051. The isotropic phase
is stable in (i), while the solid is stable in (ii) and (iii). The plastic is stable with
respect to the isotropic phase only in (iii).
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Figure 3.7: Phase diagram combining isotropic-to-plastic and -solid transitions. Tran-
sitions from isotropic to plastic and solid phases are as described in Tables 3.2 and 3.3,
while the plastic-to-solid transitions shown represent the densities where the plastic
and solid exchange stability. Coexistence regions are shaded, and the line AB is a
line of three-phase coexistence between the isotropi¢, plastic and solid phases.
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density discontinuities are different (about 0.10 for the plastic and 0.15 for the solid),
thus the theory predicts a first-order transition between these phases with a small
(= 0.03) density discontinuity. However, the simulation result that the orientational
order parameter vanishes as one goes toward the solid-plastic phase boundary is
not seen here. This is possibly due to the systematic error introduced in the grand
potential calculation by the truncation of the sum in the expansion of the term (E~?)2".
A more complete treatment might produce a better description of this aspect of the

solid phase.

3.2.4 Transitions to the Nematic Phase
A. Calculation of Grand Potential
As in the calculation of transitions to the crystal phases, the first step in the nematic

calculations is to specify a parametrized density functional. For the uniaxial nematic

that is expected, it is sufficient to use a functional of the form

p(X) = aopo exp(ayp® + agp?), (3.29)

which has the virtues of being positive for all values of the parameters a; and a,, and
being convenient to do calculations with. Thus, the excess grand potential will be
a function of three parameters, (ao, a1, az), as well as the variables (po, A/B). If we

define the one-dimensional integrals

1
Im = /0 dup®™ exp(a1p® + azp®),

which are calculable using a combination of series expansion and straightforward

Gaussian numerical integration, we can express the local term in (3.9) as

AXp(X)  p(X)

—— = -— 1 .
7 0 1] = ao[(log ap — 1)go + a1q1 + a2¢]
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The average density of the ordered phase is thus p; = poaggo. The nonlocal term is

written:

~1 [dXdX' , ,
2p0 77— C (X X5 00)[p(X) = pol[p(X7) = po]

= —'7(4(1 +3b+na)(1 — x*)7?[(1 — «/2)[(1 — 2a090) Fi(x) + (aogo)*
= (20— 3) , & 20 ) (27— 1)
SE SIEEIN ( )u_})_HM.]

(27!

3a 1 & (2n =3y ! 2 ) (25 =)
— -9 -
. (2n=5) Lo 2n | (27 -1
_ 2n H,)l, 3.30
nz=:2 (2n _ 2)” \ pourt 2] (23)” J)] ( )

where

To obtain this form, the integral

JE (D(X,X@)"’ _ (1 —,x(é-é')2)1/2
4r 2B 1—x2
has been expanded in powers of \(€ - &')2.

This calculation is easily implemented as a computer program by truncation of the
infinite sums at n = 20. In contrast to the crystallization case, the expansions involve
much less calculation: all that is being computed is the zero-momentum part of the

Fourier transforms of the previous section. There is no problem with convergence in

this computation for y up to 0.9.

B. Results

The same techniques used for crystallization were used to find minima of the

grand potential with respect to the nematic functional parameters (ao,a;,az) for

86



A/B am fo (P1-PoYPo

q a,
2.000 0.000 0.7983 0.0220 3.774 0.1632
2.500 0.000 0.6704 0.0355 3.696 0.2745
3.000 0.000 0.5863 0.0518 3.802 0.4209
2.000 0.460 1.2134 0.0005 -6.406 7.193
2.250 0.663 1.1155 0.0009 -6.624 7.436
2.500 0.820 1.0437 0.0015 -7.193 8.066
2.750 0.943 0.9877 0.0021 -7.601 8.512
3.000 1.040 0.9417 0.0028 -8.210 9.198

Table 3.4: Properties of nematic phase at the isotropic-nematic fluid transition. Listed
are aspect ratio, value of correction parameter used, transition density, density differ-
ence between the coexisting nematic and isotropic phases, and the two orientational
distribution parameters. The transitions with @ = 0 agree with those reported by
Singh and Singh[45].

different ellipsoid anisotropies and isotropic fluid densities. Since the optimization
of the direct correlation function in Section III was carried out only for ellipsoid
aspect ratios up to A/B = 3, and since extrapolation of the a* beyond that point is
not reasonable, the calculations here are restricted to aspect ratios less than 3. The
values of the correction a* between the calculated points have been obtained by linear
interpolation.

The parameters for the isotropic to nematic transitions are shown in Table 3.4.
The first three rows are results for the case a*, in which case the results are, to four

significant digits, identical to those reported by Singh and Singh[45] for this transition.

Thus the parametrization chosen here can describe the angular distributions of Singh
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Figure 3.8: Phase diagram for isotropic and nematic transitions. The lower transitions
are for a = 0, while the upper set are for a* as determined above. The bars denote the

coexistence densities of the isotropic and nematic phases in the MC work of Frenkel
et all63].
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and Singh (who used a sum of Legendre polynomials as an orientational density
functional). However, there is a problem with the result: the transition densities are
much too low in comparison to both Monte Carlo results[54] and other theoretical
studies[63, 64] of this transition. When the calculations are redone with the correction
o” (bottom of Table 3.4), the transition densities are increased to near those given
by the Monte Carlo calculations (which report transitions for A/B = 2.75 and 3.00
at densities of 1.12 and 1.10, respectively), due to the large decrease in the direct
correlations for parallel molecular configurations. The density difference between
the isotropic and nematic phases at the transition becomes much smaller than for
the case with no correction (typically going from larger than 3% to smaller than
0.3%), which is smaller than that seen in the simulatioﬁs (which report 1% to 2%
discontinuities[63]). However, for densities slightly higher than those at the transition,
the density discontinuity rapidly increases to near the level seen in the simulations:
for example, at A/ B = 3, the fractional change in density for an isotropic density of
0.9417 is 0.3%, while at an isotropic density of 0.9500, the density change is up to
1%. The phase diagram obtained for the uncorrected and corrected transitions, along

with Monte Carlo data[63] is displayed in Figure 3.8.

3.2.5 Summary

Understanding the behavior of anisotropic fluid systems is a continuing theoretical
challenge. However, using the density functional theoretical framework with the in-
formation that is available about the direct correlations in fluids, it has been shown
here that models can be at least qualitatively studied. In addition, the method of
optimizing the DCF has been seen to be a practical method in studying the hard
ellipsoid fluid. Future increases in computational speed will make more sophisticated
variational studies possible. Here, the DCF has been optimized using the Percus-
Yevick integral equation, and has allowed a better characterization of the structure

of the ellipsoid fluid than that possible with guessed DCFs. At large anisotropies, the
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DCFs used in the past appear tb be deficient and require substantial modification,
but for the case of nearly spherical molecules, only small corrections to the Pynn-Wulf
DCF are required.

Crystallization near A/B = 1 has been studied in detail for the first time allowing
orientational as well as positional ordering. The correct topology is seen in the result-
ing phase diagram, although some quantitative details of the computer simulations
are not reproduced. Over the range of anisotropies studied here, the effects of the
DCF corrections are small. However, more work is required to extend the isotropic-
solid phase boundary to the region A/B > 1.5 where the DCF correction will begin
to affect the transition properties: the phase boundary should be driven to higher
fluid densities similar to those seen in the MC phase diagram by the supression of
parallel orientational direct correlations. The transitions to the nematic phase for
A/B > 2 that have been studied here are strongly affected in this way by the rather
large variational corrections to the DCF that are required for these anisotropies.

Immediate improvements and extensions of the work presented here are possible.
The fact that the parameter b, = 2 for all oriented solid solutions indicates that
a density functional capable of having sharper angular peaks than possible with the
function P, and that takes into account higher order terms in the expansion of (f(-?)%
is probably necessary. The orientational contribution to the local term (3.16) (which is
positive) is not enough to offset the negative contribution of the nonlocal term (3.20)
with the parametrization chosen here. A good start would be to use something like the
distribution used to describe the nematic phase. There are technical complications
associated with evaluating the nonlocal term in the density functional with this type
of orientational distribution, but if one assumed both the orientational and positional
distributions to be sharply peaked, it would be possible to approximate the integrals.

The problem of the rapidly increasing freezing density for the isotropic to plastic
transition may also be due to the orientational distribution chosen: in the plastic

phase, the orientational distribution should generally have the cubic symmetry of
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the crystal rather than being uniform. Including these features in the orientational
distribution, plus extending the truncation of equation (3.22) should give a better
description of the solidification transitions, possibly including the feature of the com-
puter experiments that the uniaxial orientational order is reduced as one approaches
the plastic phase from the solid. These improvements, combined with the extension of
the crystallization calculations to A/B > 2 would allow a complete density-functional
phase diagram to be computed for the ellipsoid system.

The author wishes to thank A. N. Berker for encouragement and support, and
also to thank the MIT Gravitational Cosmology Group for the use of one of their
computers for part of this work. This research was supported by the National Science
Foundation under Grant No. DMR-87-19217, by the Joint Services Electronics Pro-
gram under Contract No. DAAL 03-86-K0002, and also by a Natural Sciences and
Engineering Research Council (Canada) Postgraduate Scholarship. Computer facil-
ities at the John von Neumann Supercomputer Center were also used, under Grant
No. NAC-1290.

This Section has been published[12] as an article in Physical Review A.
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3.3 The Liquid Structure of Highly Anisotropic

Molecules

Attention has focused in recent years on the direct correlation functions (DCFs) of
isotropic fluids, which, being the second functional derivatives of the excess Helmholtz
free energy with respect to density, play the central role in density-functional theories
of phase transitions. These types of theories have been much more successful when
applied to systems with spherically symmetric interactions than when applied to fluids
composed of anisotropic molecules. The most successful, unified density-functional
approach to freezing of anisotropic particles to date was presented in the previous
section. In that work, it was seen that the Pynn-Wulf[59, 60] approximation to the
DCF failed to be appropriate even at moderate densities for elongated molecules
(aspect ratio A/B > 2 or so), and strong corrections to it were required. Since it
is known that the Pynn-Wulf DCF gives good account of the thermodynamics (i.e.
the isotherm) of the isotropic liquid phase, there must be some strong orientational
. dependence of the DCF that does not contribute to the compressibility (which is the
zero total angular and linear momentum part of the DCF).

It is natural to ask whether there is a simple, physically motivated way to un-
derstand this discrepancy. Here, an exact solution for the DCF of a one-dimensional
system will be used to argue that a basic physical property has been overlooked in
the construction of theories for phase transitions in systems composed of anisotropic

particles in three dimensions.

3.3.1 A Solvable One-Dimensional Anisotropic Fluid
Model

The N-particle Hamiltonian of the one-dimensional model is that of hard cores that

can translate along a line, but which have additional orientational degrees of freedom
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Figure 3.9: Types of orientational degrees of freedom and hard cores. (a) Two-
level system: cores are allowed to have either § = 0 or 8§ = 1, and do not overlap.
(b) Continuous system I: cores have a continuous range of orientations, and their
projections onto the line of translational motion are not allowed to overlap. Here,
D(6,8") = [I(6) + 1(6")]/2. (c) Continuous system II: cores have a continuous range
of orientations, and their projections onto the line may overlap as long as the cores
themselves de not. In this case, D(8,6’) cannot be written in the form [{(8) +1(8')]/2.
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on which the hard-core radii depend[65]:

Hyl{epbumdl) = Str)+ & w2l g
i=1 1<i<j<N i 05

where z; are the translational degrees of freedom, p; are the momenta conjugate to
z;, 0; are the orientational degrees of freedom, and 7; are their conjugate momenta.
v(s) = 0 for s > 1, while v(s) = oo for s < 1. The function D(6;,8;) thus represents
the distance of closest approach for molecules of orientation §; and 6;: all closer
distances are disallowed by the exclusion potential v. Note that D =constant is the
case of a fluid of hard cores of length D, first treated exactly by Tonks[66]. Here the

cases

D(8:,8;) = [1(8:) +1(8,))/2 (3.32)

are considered. This includes hard cores that interact as shown in Figure 3.9. Figure
3.9(a) shows the geometry for a system with two allowed orientations, while Figure
3.9(b) shows a system with continuous orientational degrees of freedom: note that
in order to satisfy the condition (3.32), the hard cores interact so that their vertical
projections onto the translational axis do not overlap. The case where the projec-
tions may overlap but the hard-core regions themselves do not (Fig 3.9(c)) has more
complicated structure than (3.32), and will not be considered here.

Systems of particles with orientational degrees of freedom can be considered as
mixtures of many ’pure’ species each constrained to have a particular value of ori-
entation all at equal chemical potential[67]. The approach to doing the statistical
mechanics of (3.31) taken here will to first study a generalized system with different
chemical potentials u(6) for each orientation and to then impose that they are all
equal. |

The pair correlation function for the fluid is defined as

9(z,2',0,0") =< > 6(z — z,)6(z' — z;)6(6 — 6:)6(6 — 6;) > [p(8)p(8") (3.33)
i#)
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where the average <> is taken in the grand canonical ensemble and where p(6)
is the number density of particles with orientations between 6 and 8 + d§. This
object is related to c(x,z’,8,8’), the generalization of the single-component pair direct

correlation function of Ornstein and Zernicke[55] by the integral equation[68]

g9(z,2',6,6") — 1 = c(z,2',0,0") + /dx"d@” [9(z,2",0,0") — 1]p(6")c(z",2',6",6").
(3.34)
Stell[69] has shown that for hard-core interactions with ranges of the form considered
here, the direct correlation function ¢(z,2’,,8’) vanishes for |z — 2’|/ D(8,6’) > 1.
Lebowitz[68] and Wertheim[70] have solved this equation for arbitrary density distri-

butions, obtaining

— ez, 70,0 = b(8,0) —dA(8,8") 0< |z —<'| < AO,8),
b(6,0') — dN(8,8)) A(8,6) < |z —'| < D(6,8), (3.35)
0 |z — 2’| > D(6,8",

where A\(6,6") = |I(6)—-1(8')|/2, b(6,8') = 1— R+pD(8,8)](1-R)~%,d = p(1-R)"%,
p= [dOp(8),and R = [dOp(6)I(f). p is the total number density and R is the packing
fraction, or length fraction of the system occupied by hard cores.

The density derivatives of the chemical potentials can be obtained from the direct

correlations[68], and the case of interest u(6) = p can then be expressed as

[ d01R ~ pi(®)] expl-pl(6)(1 ~ B)™Y) (3.36)

which establishes the relationship between p and R. For a system with two orienta-
tions § = 0 and 6 = 1, with [(0) = I, < I(1) = [;, the integrals over 8 are replaced
with summations, and equation (3.36) becomes

R'—plo
pll—R

= exp[—p(h = bo)(1 — R)7"], (3.37)
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which always has exactly one solution in the physical range 0 < R < 1. In the
limit of low density ply ~ 0, the solution is R = p(I; + l5)/2, while at high density
pli =& 1 and R ~ ply. The equation of state can be easily computed using the
Gibbs-Duhem relation between the pressure and chemical potentials, and as close-
packing is approached, the singularity of the pressure is p & (1 — ply)~!, as for the
olne-componenf hard-rod fluid[66]. This singular behavior is the only nonanalyticity
encountered in the thermodynamics of this sytem, as one would expect from a system
in one dimension with short-ranged interactions. It can be easily shown that the
structure factor S(k) develops Bragg peaks of height and inverse width proportional
to (1 — ply)™! as ply — 1. The same analysis has been applied to a continuous
distribution of orientations, and leads to similar results.

The most interesting property of this model, in the context of three-dimensional
systems, is the singular behavior of the direct correlations (3.35) at finite densities.
For orientational configurations such as those shown in Figure 3.10, as the parti-
cle separation is reduced beyond the point of contact (Figure 3.10(a)), the direct
correlations begin to increase in strength (Figure 3.10(b)). However, when the posi-
tion shown in Figure 3.10(c) is reached, the direct correlations stop increasing with
decreasing particle separation at some orientation-dependent value. All smaller in-
terparticle spacings for these orientations (as in Figure 3.10(d)) have the same direct

correlation.

3.3.2 Structure of Three-Dimensional Fluids

The same behavior as described above is seen in the Percus-Yevick approximation for
the direct correlation function matrix for mixtures of hard spheres of different radi:
all configurations of two spheres where one is entirely inside the other have the same
direct correlation[68]. Unfortunately, analytic solutions to the d = 3 Percus-Yevick
equation are not available for systems of anisotropic molecules, but examination of

the DCF density expansion[71] is useful. The first few terms of this series are shown
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Figure 3.10: Regimes of different direct-correlation function behavior for fixed orien-
tation. (a) Point of contact. Direct correlations jump from zero to a finite (negative)
value. (b) Particles are partially overlapped. Absolute value of direct correlation is
decreasing linearly with increasing particle separation. (c¢) Maximum overlap con-
figuration. All particle separations smaller than this [e.g. (d)] have the same direct
correlation. .
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Figure 3.11: Density expansion for the direct correlation function, ¢(1,2). A bond
between vertices ¢ and j represents a term exp(—v(z,)/kT) — 1, where v is the pair
interaction potential. Filled vertices are integrated over all configurations, and each
graph also is multiplied by a factor p for each filled vertex.
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in Figure 3.11. The lowest-order term in this series for c(1,2) is -1 if the hard cores
at coordinates 1 and 2 overlap and 0 otherwise, and thus generates the lowest-order
contribution to the jump’ in the DCF at hard-core contact. The first-order term
1s an integral over one field point where the integrand takes on the value —p for
configurations where the particles with coordinates 1 and 2 overlap with each other
as well as with the field particle. The integrand is zero for other configurations. For
elongated particles, most of these configurations will be ones where the integrated
particle axis is out of the plane containing the particle axes of the two external
points, and only field particle positions that are near to the overlap of the external
particles will contribute. Therefore the absolute value of this term will be roughly the
product of the density and the volume of overlap of the external particles. Similar
arguments can be applied to the higher-order terms in the series, which lead one to
the conclusion that the direct correlations should grow in strength roughly according
to the hard-core overlap[72]. Even more compelling evidence of this behavior has
recently been provided by Lago and Sevilla in a numerical solution of the Percus-
Yevick closure for spherocylinders in three dimensions[73], where it is explicitly seen
that there is a ’'plateau’ in the direct correlation function as a function of particle
separation for the 'T’-orientations analogous to those of Figure 3.10.

Thus, direct correlations of elongated molecules should not continue to increase
quickly past points where molecules interpenetrate or ’punch through’ one another,
as in Figure 3.10(c) and (d). However, in almost all of the existing density-functional
work on the isotropic-nematic transition that has been done to date, the direct corre-
lations have been assumed to depend on the center-of-mass separation[45, 74] rather
than the overiap volume, and the strength of direct correlations for orientationally dis-
ordered configurations has therefore been overestimated. It is no surprise that these
theories all underestimate the isotropic-to-nematic transition density. The previous
section described the one approach to this problem where an attempt was made to

calculate the DCF[11]. That work indicated that the center-of-mass dependent DCF
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approximations overestimate the strength of direct correlations for nonparallel molec-
ular configurations. Taking this into account led to a large improvement in prediction
of the transition density.

The additional insight provided by this model suggests a better approximation to
the direct correlation function for anisotropic particles. The commonly used approxi-
mation of Pynn and Wulf[59, 60] which obtains direct correlations for anisotropic hard
cores from the Percus-Yevick hard-sphere direct correlation function Cj, evaluated at
the equivalent packing fraction 7 (density in units of inverse hard-core volume) and
with the particle separation (in sphere diameters) replaced by the particle separation
scaled by the orientation-dependent distance of closest approach D(X, X’) (X rep-
resents the position and orientation degrees of freedom for a molecule) can be easily

modified to include a dependence on molecular overlap:

C(X,X"sn) = Cr(lr=r'|/D(X,X";n),|r —1'| > d(X, X),
Chs(d(X, X")/D(X,X";9),Ir —r'| < d(X,X'),  (3.38)

where d(.X, X’) is the distance at which molecular interpenetration begins. This
modification is based on the idea that beyond the punch-through point, the volume
of overlap of elongated molecules is roughly constant. This result still reduces to
the known Percus-Yevick results for the hard spl;ere fluid and for the fully aligned
hard-ellipsoid fluid, since for these systems, the punch-through point always occurs
at zero particle separation.

For hard prolate ellipsoids of revolution of major semiaxis A and minor semiaxis

B in three dimensions, an approximate d is:

40X, x) = D(x,X) (5 @

) + (& 7))ll - (& - &)°] (3.39)

1)

where €, €2, and T are unit vectors in the directions of the orientation of the major

axes of molecules 1 and 2, and of the interparticle separation. The modified direct
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Figure 3.12: Pressure vs density for hard ellipsoids with A/B = 3 in three dimen-
sions. Pressure is in units of temperature divided by ellipsoid volume, while density
(packing fraction) is in units of inverse ellipsoid volume. Circles indicate Monte Carlo
results of Mulder et al[63], the dashed curve is the Pynn-Wulf result, and the solid
curve is the result of this paper with direct correlations constant beyond the point of
interpenetration of the ellipsoids.
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correlations reduce the isotropic phase pressure below the value obtained via the
Pynn-Wulf direct correlation function, closer to Monte Carlo simulation results[63], as
shown for A/B = 3 in Figure 3.12. In addition to leading to an improved description
of thermodynamic properties, the orientational dependence that this effect generates
will strongly affect density-functional theories of liquid ordering that require direct
correlations of fluids composed of highly anisotropic molecules, and a study of this is
in progress for the isotropic to nematic transition for hard elongated particles.

The author wishes to thank A. N. Berker for support and encouragement. This
research was supported by the National Science Foundation under Grant No. DMR-
§7-19217, by the Joint Services Electronics Program under Contract No. DAAL
03-86-K0002, and also by a NSERC (Canada) Postgraduate Scholarship.

This Section has been published[13] as an article in Physical Review Letters.
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3.4 A Nonperturbative Density-Functional
Theory of Freezing of Anisotropic Particles

by J. F. Marko and W. A. Curtin

The previous sections have dealt with the treatment of freezing in molecular systems
via functional expansion of the grand potential about the homogenous state, an ap-
proach due to Ramakrishnan and Yussouff[38]. This approach, although successful,
is not really a systematic approach to the freezing problem because of the fact that
the expansion parameter p(X) — po is not small for all X. Because we possess limited
information about C® and higher direct correlation functions, it is thus difficult to es-
timate the contributions of higher-order terms in the density-functional expansion. In
this section, a nonperturbative density-functional theory of freezing, based on recent

work by Curtin and Ashcroft[48], and Denton and Ashcroft[49, 50] is presented.

3.4.1 General Approach

A nonperturbative alternative to the RY approach has been developed by Curtin
and Ashcroft[48] which sheds some light onto the behavior of the complete density-
functional expansion. This approach begins with the partition of the density func-

tional for the Helmholtz free energy into ideal gas and excess portions

Flp] = Fialp] + Fes[p]. (3.40)

F4lp) is precisely the Helmholtz potential of the inhomogeneous fluid, ignoring the

effect of intermolecular interactions:

Fulpl = [ dXp(X)llog A%(X) - 1]. (3.41)
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The thermal wavelength is defined through

_ [ d%pdr

N = [ =ogme P, (3.42)

(p, =) are the momenta and other degrees of freedom (e.g. angular momentum) that
can be integrated out trivially. This leaves the excess Helmholtz free energy, which

can be quite generally be written in the form of a local excess free energy density

Fealp) = [ dXp(X)f(X; [o)) (3.43)

where the integrations represent integration of the translational coordinate r over
system volume V, and integration of remaining orientational or internal degrees of
freedom, normalized so that [dX = V.

In analogy to the local-density approximation used in the theory of electronic

structure, the local-density approximation (LDA) for f is

f(X;[p)) = fo(X; p(X)) (3.44)

where fo is the (assumed known) excess Helmholtz free energy per particle of the fluid
state. While this approximation may be suitable to study inhomogeneities induced
in a fluid by a weak external potential, the LDA obviously cannot lead to a theory
for ordering in a fluid due to intermolecular interactions.

If we introduce a new ’effective density’ p(X), we can rewrite (3.43) as

Fi¥PAlp) = [ dXp(X) ol 5(X). (3.45)

In principle, the right choice of p will recover the exact excess potential (3.43). In

practice, Curtin and Ashcroft{48] studied the case where the effective density is writ-
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ten as a weighted average:
p(X) = [dXp(X (X, X'; (X)) (3.46)

This theory is generally referred to as the 'weighted-density approximation’ or WDA.

The form of w is set by requiring that in the homogeneous limit p(X) — p, the
known properties of the uniform liquid of density p are recovered. This limit applied
to (3.46) reveals that

/ dX"w(X, X" 5(X)) = 1. (3.47)

Imposing that the second functional derivative of the excess potential with respect to
the density p(X) in the homogeneous limit gives the second direct correlation function
of the liquid, i.e.

. &2 Fez([p])
@(X X" p)=—8 lim —— 3.48
CH(X, X' p) 5p(;}§’lp 5 (X)X (3.48)

leads to a set of integro-differential equations that determine w uniquely.

This approach has been extremely successful in the study of a variety of phase
transitions[48, 75, 76, 77] in fluid systems where the particles interact via spherically
symmetric interactions. The WDA outperforms the RY theory significantly in pre-
dicting the localization of particles near lattice sites at the freezing transition (the RY
theory typically predicts Lindemann ratios that are a factor of four too small for hard
spheres) and gives a better account of the entropy difference between the coexisting
liquid and solid phases at the freezing point. The WDA also has the virtue of being
a suitable technique to study the ordered phase past the freezing transition[77]. In
addition, the-practical implementation is aided by the fact that the effective density
(3.46) is everywhere significantly lower (typically > 30%) than that of the average
ordered phase density, which are densities where liquid structure is well understood.
The RY theory requires knowledge of liquid structure at the density of the liquid that
has the same chemical potential as the solid, which is typically a density only 10% or

so below that of the solid.
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The secret to the success of the WDA in a variety of arenas is due to the fact
that actually it is an approximate summation to all orders of the density-functional
expansion. This comes about due to the feedback’ of p in the definition of the
weighted density (3.46). In the homogeneous limit, p(X) — p, which leads to p(X) —
p, the WDA satisfies the following infinite set of sum rules:

(5"FWDA [P])
—B[dX;s --dX, li
5/ 3 o(X)=p 5p(X;) - - 8p(Xs)
052

- 0(2) Xla X?a /dX dY S)(‘Xl?'.'Xa;p) (349)
T 9p?

for s = 0,1,2,---. In addition, Curtin[76] has shown that the WDA gives good
account of the three-body D.CF C® at high densities for cases that do not follow
directly from this sum rule. This probably is due to the fact that the sum rules so
constrain the behavior of the WDA C® that it is forced to be near the correct result
for many values of the three coordinates.

One way to interpret this situation is that for small inhomogeneities, the WDA
has as its limiting form the RY theory to second order in p(X) — p, plus higher-order
terms which use liquid structure information which satisfy all of the sum rules (3.49).
This situation contrasts markedly with the situation for the RY theory truncated
at second order, where after two functional differentiations, the remaining excess free
energy clearly is independent of the ordered phase density, and vanishes under further
functional differentiation.

Unfortunately, the generalization of the WDA to nonspherical particles involves a
large computational effort, due to the necessity of solving five-dimensional nonlinear
integro-differential equations. However, Denton and Ashcroft[49, 50] have recently
proposed a theory which retains many of the desirable features of the WDA which does
not lead to a large numerical calculation. This 'modified WDA’ (MWDA) considers
the excess Helmholtz free energy to be derived from 'that of the liquid at a single
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effective density:

FMWPAL) = [dXp(X)folp) = Nfolp)- (3.50)

This effective density is written as a complete contraction of the physical density over

a weighting operator w:
p= N [dXp(X) [ dX'p(X (X, X's5), (3.51)

where N is the number of particles in the system.
The imposition of the same conditions as used in the WDA in the homogeneous
limit of the MWDA leads to the same normalization condition (3.47), but now the

weight function w is determined by equation (3.48) without any trouble as

pf"(p) _ CH(X, X';p)

WX = R T 28

(3.52)

where the primes represent differentiation with respect to the density argument, and

B = (kT)™'. The effective density is thus

p= 20 L [axax'p(x)e(x)CO(X, X5, (3.53)
) 28pf'(p)

Clearly, the form of the MWDA is much simpler than that of the WDA, but
again, due to the feedback of p in the definition of the effective density, all the sum
rules (3.49) are exactly satisfied. For the freezing of hard spheres, the MWDA gives
results that are essentially identical to those obtained by the WDA with a large
reduction in the complexity of the numerical calculations[49, 50]. This agreement is
due to the fact that in addition to having the same second-order density-functional
expansion and satisfying the same infinite s;et of sum rules, the MWDA and WDA
are identical in two limits - the homogeneous limit and the limit of infinitely localized
particles (delta-function distributions). Since the solid phase distributions at freezing

are quite localized, this is not too far from the delta-function limit, and thus it is not
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unreasonable to expect that the WDA and MWDA will give nearly the same results.

The theory of Denton and Ashcroft[50] generalized to the case of anisotropic
molecules as presented above can be readily applied to problems such as those consid-
ered in Section 3.2. We now move on to some illustrative applications of the MWDA

to freezing in molecular systems.

3.4.2 Isotropic-Plastic Transition of Hard Ellipsoids

The calculation of transitions to the plastic crystal phase described in Section 3.2 for
slightly prolate ellipsoids using the MWDA is straightforward. The two-body DCF
used in these calculations is the Pynn-Wulf form (i.e. the DCF of Section 3.2 with
a = 0). which was found to be a good approximation in the case of small anisotropy.
[t should be remembered that the Pynn-Wulf DCF becomes exact in the limit of
low density, and that the MWDA requires liquid state information at relatively low
densities, which make this approximation suitable.

The integral in (3.51) is almost identical to the second-order contribution to the
excess energy of Section 3.2, and the only additional piece of information required is
the excess potential per particle of the ellipsoid liquid. Recalling that the two-body
DCF is exactly the second functional derivative of the excess free energy, the volume
integral of the DCF can be integrated with respect to density twice to yield the excess

potential:

or=3 (14 2200 (Ba-n-S-lsa-m). @59

where x = (A? — B?)/(A? + B?) and n = TAB?p/6 for prolate ellipsoids of long axis
A and short axes B.

The final note about the calculations is that following the work of Curtin and
Ashcroft[48], the calculations have been done in the so-called perfect crystal approxi-

mation, where the structure of the ordered phase is restricted to have a density of one
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particle per lattice site. There has been much debate over the interpretation of the
defect densities obtained from calculations such as those in Section 3.2, but this point
is moot in the case of the WDA and MWDA, which appear to predict very low defect
densities compared to the rather high vacancy concentrations predicted by the RY
theory[77]. The perfect crystal approach thus is suitable for the MWDA calculations,
as well as expédient, as it reduces the number of free parameters in the Gaussian
crystal parametrization. For an FCC crystal with lattice constant ¢ as described in

Section 3.2, this condition is simply

1/3
c= (f) , (3.55)
p

where p is the overall solid phase density. This follows from the fact that the FCC
crystal contains four particles per cube of edge c.

Given the solid density, there is only one parameter to minimize over in the struc-
ture as parametrized in Section 3.2, namely the localization parameter D/o. Minima
in the Helmholtz potential are sought for given solid phase density, which determine
the structural properties and Helmholtz potential of the plastic phase. The melt-
ing point and coexisting liquid properties can be determined by finding the point at-
which the liquid and solid of the same chemical potential have the same thermody-
namical pressure (i.e. grand canonical potential). Thus, the same calculations as in
the RY case are done in the end to locate the freezing line, but the density-functional
minimization is done in the canonical ensemble.

Table 3.5 lists the coexistence properties of the isotropic liquid and the plastic
solid as a function of anisotropy. As can be seen from comparison with Table 3.2, the
transition properties are similar to those obtained with the RY theory except that the
transition is seen at a slightly lower liquid density, and also that the localization at
the transition is a much more reasonable value (simulations of the hard sphere solid
near melting typically yield values of D/o of 8 or so[48]). The chemical potential

has been computed using units where the cube of the thermal wavelength is equal to
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A/B Py P Bp Bu o/2B c/2B
1.000 0.8770 1.0189  9.2626 13.027  0.0951 1.577
1.025 0.8970 1.0209 10.168 14.048  0.0917 1.577
1.050 0.9242 1.0269 11.564 15.584  0.0867 1.573
1.075 0.9642 1.0412  14.003 18.170  0.0789  1.566
1.100 1.0408 1.0761 20.401 24546  0.0642  1.549
1.105 1.0785 1.0962  24.712 28.613  0.0569 1.540

Table 3.5: Stucture and thermodynamics of isotropic to plastic transtions for slightly
anisotropic ellipsoids in MWDA theory. A/B is the aspect ratio of the ellipsoids, p;
and p, are the densities of the coexisiting liquid and solid phases, p is the pressure,
f is the chemical potential, /2B is the localization parameter and ¢/2B is the FCC

lattice constant. The unit of volume is taken to be 8AB2.
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Figure 3.13: Phase diagram for isotropic to plastic transitions for ellipsoids in MWDA

theory. Upper and lower loci denote the coexisting solid and liquid densities at

freezing, as a function of anisotropy A/B.
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the molecular volume. As in the RY case, it is found that as anisotropy is increased,
the transition density (in units of molecular volume) increases. The resulting phase
diagram for isotropic-plastic transitions is shown in Figure 3.13. Also as seen in
the RY theory, there is a rapid increase in transition density beyond A/B = 1.05.
This suggests that this feature is an artifact not of the structure of the theories, but
rather is probably due to the parametrization of the plastic solid phase, which has no

dependence on the orientational degree of freedom.

3.4.3 Isotropic-Nematic Transition of Hard Ellipsoids

As seen in Section 3.2, at high anisotropy, the first transition seen as density is
increased is a first-order transition to the oriented nematic liquid phase. Here, we
describe the application of the MWDA to this problem, which includes a reformulation
of the RY theory that yields more insight into its structure. This reformulation was
done to use the recently obtained liquid structure information of Perera et al[52] for
hard ellipsoids.

As in the previous subsection, the Pynn-Wulf result for the excess potential (3.54)
will be used, as it is well known that this expression gives an accurate account
of the thermodynamics of the isotropic phase over a wide range of densities and
anisotropies[45]. However, as was found in Section 3.2, and explained in Section 3.3,
the Pynn-Wulf approach fails rather badly in predicting the orientational dependence
of the DCF. Here, an expansion in rotational invariants allows liquid structure data
to be directly used to correct the Pynn-Wulf results.

As in Section 3.2, the one-body density is taken to depend on only the angle

between the orientational degree of freedom and the z-axis:

1 -1
p(X) = p(&) = pexp(a;(€-2)* + az(€-2)*) [_/(; dz exp(a,z? + a2x4)] (3.56)
where p is the average ordered phase density. Expansion of the density in spherical
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harmonics allows the equation for the effective density (3.51) to be written as

p= —LELR) L SNop g 1)an? (3.57)
=0

2f(p)  20f'(p)
where the angular momentum components of p and C? are:

de =
o= [ SRE-2)0@)

dade’ dfd?
_ 5.8 (2 :
o = /(47r)2131(e e)/ —CAX, X p). (3.58)

P,(x) are the usual Legendre polynomials, and the angular integrations are over the
surface of the unit sphere.

The physical interpretation of the ¢ is clear. ¢y is simply the compressibility of
the isotropic phase:

ﬂ(g—i) =1- pco(p) (3.59)

while higher | components represent the second-order response of the excess Helmholtz
potential to a density perturbation of the form of a {th order Legendre polynomial of
angle. k = (1—pcy)~! is, the Kerr constant[78], which describes the second order free
energy response to a field that couples weakly to the orientational degree of freedom.

The RY theory can be compactly written in terms of these integrals: the excess
Helmbholtz potential difference to second order from equation (3.30) can be rewritten

as

1 b
Aw, = -3 >o2l+ l)poq(po)(p—;- — 610)%, (3.60)
]

where we recall that pg is the density of the liquid phase that the functional expansion
is being carried out around. When added to the ideal gas part of the grand potential,

the grand potential difference between the nematic and isotropic phases can be written

as

Aw=1= e+ l)(kz(po))_l(-/% — 502+ O(c). (3.61)

112



I T | I T
1.0 -
T 08 -
a4
IS
206 ~ —
c
o
[
204 - —
£02 -
or 7
! L 1 L | L
0 0.2 0.4 0.6 0.8 1.0
Density p

Figure 3.14: Inverse Kerr constant as a function of isotropic phase density for prolate
hard ellipsoids of aspect ratio A/B = 3 obtained from numerical solution of the
hypernetted-chain closure of the Ornstein-Zernicke equation by Perera et al[52]. The
filled squares indicate the integral equation data[80], while the curve indicates the
Pynn-Wulf expression scaled to the zero-crossing points of k=1, as described in the
text. The zero-crossing density extracted from Patey’s data is indicated by an open
square.

This formulation indicates the role of the ;' = 1— p¢; as the Landau coefficients cor-
responding to the order parameters b;. The existence of cubic terms in this expansion
(there are cubic terms in both the ideal gas Helmholtz potential, and of course in the
third-order DCF term) indicate that generally the phase transitions will be first order
in the mean field theory. When any of the k;' approach zero, the isotropic phase
becomes unstable, and we can expect a phaée transition to a state with nonzero .
This formulation of the density-wave instability theory was worked out using Mayer
graphs in a remarkable paper several years ago[79].

The expression of the theory in terms of these objects allows the use of liquid
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structure information recently calculated by Perera et al[52], who report the Kerr
constants as a function of density as shown in Figure 3.14. What has been done
with these data points is that the Pynn-Wulf ¢, integral has been multiplied by a
constant so that the k™! = 1 — upc, thus obtained vanishes at the point where the
integral equation results predict. This constant is u = 0.0927, 0.3002, and 0.4173 for
A/B = 2,3, aﬂd 5, respectively. The resulting inverse Kerr constant for A/B = 3
is also shown in Figure 3.14. Clearly these expressions do not asymptotically agree
at low densities, but this is not really important, as it is necessary for them to agree
well only at densities slightly below the transition to the nematic phase. For the
purposes of this work, it is important that we have a smooth function representing %
for densities near freezing, and this approach is convenient and effective.

With this, the theory is complete, and transitions to the nematic phase can be
computed: both RY results and MWDA results using the liquid structure informa-
tion described above are shown in Table 3.6. The MWDA and RY result in very
similar results, which are in good agreement with the simulation results of Frenkel et
al[63], including the values for the density discontinuity at the transition, which was
predicted in Section 3.2 to be much smaller than that observed in simulations. The
similarity in the RY and MWDA results indicates that for the isotropic to nematic
transition, the differences in density (as a function of angular variable) are globally
small enough that the RY theory gives a good account of the grand potential dif-
ference, even without the inclusion of higher-order DCF contributions. It should be
noted that due to the lack of the sharp structure in p(X) seen in the crystallization
problem, the MWDA effective density p is quite close to the coexisting isotropic liquid

density at the transition.

3.4.4 Summary

The work presented here indicates that the MWDA is a powerful tool for the study the

statistical mechanics of inhomogeneous phases of fluids using the density-functional
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2 1.2172 1.2302  60.821 61.295 2.945 0.099
1.2171 1.2186  60.803 61.279 2912 0.097

3 0.8430  0.8752 11.209 17.181 2.848 0.230
0.8418 0.8503 11.139 17.098 3.038 0.264
0.968 0.987 18.70 25.7

5 0.6018 0.6392 5.0163 10.657 2.797 0.453

0.5988 0.6154 4.9424 10.532 3.146 0.314

Table 3.6: MWDA isotropic-nematic transition parameters for aspect ratio A/B =
2,3,5. Reported are the densities of the coexisting isotropic and nematic phases (p;
and p,), the pressure p and chemical potential i, and the order parameters a; and a,
at the transition. For each anisotropy, the first line indicates the MWDA result, the
second the RY result, and in the case A/B = 3, the third line indicates values from
constant-pressure MC simulations[63].
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approach. For crystallization, the MWDA gives good account of all aspects of the
structure and thermodynamics near first-order transitions, and has the virtues that it
can be used to study the ordered phase (due to its nonperturbative nature), and that
it requires liquid structure information at rather low densities. The MWDA appears
to repair the defect of the RY expansion that 'too localized’ structures are predicted
at freezing.

In the case of orientational ordering, the differences between the RY and MWDA
theories are less, due to the less dramatic variation in p(X) — p. A more important
ingredient to the theory of isotropic-nematic transitions in the hard core system stud-
ied here is the liquid structure information, and it is found that the recent results of

Perera et al[52] greatly improve the predictions of both density-functional theories.
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3.5 Thermodynamics of Hard-Sphere Solids

3.5.1 Introduction

The hard-sphere system is of fundamental importance in the study of first-order crys-
tallization transitions. Since the 1940’s it has been known that there is a liquid to
close-packed solid transition in a fluid of hard spheres[81, 82], but which close-packed
structure is stable at the freezing point is still unknown. Since its introduction to the
study of freezing[38], the density-functional approach has offered an accurate struc-
tural and thermodynamical description of the crystallization of simple liquids[83].

Molecular dynamics (MD) studies indicate that the face-centered-cubic (FCC)
crystal is slightly more stable than the hexagonal-close-packed (HCP) structure near
close-packing[84, 85], but the only simulation study of this question near the melting
point, a Monte Carlo (MC) study, is inconclusive[86]. Simulation studies are difficult
near the melting point, because the free energy differences between different close-
packed states are small, and appear to be strongly affected by finite-size effects.
Existing density-functional work on this problem(89, 91] has been done using liquid
structure information which, as explained below, is unsuitable for the study of the
FCC/HCP question.

In this Section, the FCC, HCP, and BCC hard-sphere crystal states are studied
using a density-functional approach which combines two recent theoretical develop-
ments. The first is recent work by Groot et al[51], who have provided a parametriza-
tion of the two-body direct correlation function (DCF) based on accurate MC sim-
ulations of the hard-sphere liquid. The use of this data in a new weighted-density-
functional theory which satisfies all sum rules for the two-body direct correlation
function[48, 49, 50] exactly (assuming that the exact two-body DCF is known) re-
sults in a highly predictive theory for hard-sphere solids.

Using this theory, the Helmholtz free energy of the FCC crystal is calculated to
be slightly below that of the HCP crystal at densities near the melting point, due
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to the different third- and further-neighbor coordination shells of the two lattices.
The behavior of the hard-sphere liquid direct correlation function is such that this
small structural difference causes the FCC state to have a lower excess Helmholtz
potential. However, although this free energy difference is in agreement with the
limits set by simulations, it is so small that further improvements in the theory may
change it significantly. The BCC state is found to always be higher in Helmbholtz free
energy than the two close-packed states studied, and the free energy difference is in
good agreement with recent Monte Carlo and density-functional studies[77]. Using
this density-functional approach, the elastic constants of the solid considered can be

computed, and they are in good agreement with all Monte Carlo information.

3.5.2 Theory and Calculation

The density-functional theory used in this study was recently developed by Denton
and Ashcroft[49, 50] and is closely related in structure to the weighted-density ap-
proximation developed by Curtin and Ashcroft{48]. The numerical results obtained
by the two theories are numerically nearly identical[50], and agree well with simula-
tion results for freezing of hard spheres. The approach begins with the usual partition
of the Helmholtz potential of an inhomogeneous liquid with spatially varying density

p(r) into 'ideal gas’ and ’excess’ parts:
F=Fqy+F, (3.62)

where the ideal gas portion is

Fu= [ drp(r)llog A%(r) - 1] (3.63)

and where the excess potential is expressed in terms of the liquid excess Helmholtz
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potential per particle f, evaluated at an effective density p:

This effective density is defined in terms of an weight function w:

5= N1 /V drdr’p(r)p(r")w(r,r'; 5) (3.65)

This weight function is chosen so that the second functional derivative of the excess
free energy F., = N fo(p) with respect to p(r) yields the two-body direct correlation
function C® of the uniform liquid in the homogeneous limit p(r) — p. This leads to

the simple equation for the effective density:

_ __Pﬁf"(f’)_“ 1 drdr’ NA@ (e Wl 7
P = TSm0 2pﬂf,(ﬁ)/v 7 P()p(r)C (Ir — x5 2),

ppf"(p) 1 22 (1L =

where the crystal symmetry of the ordered phase, and the isotropic symmetry of the

liquid phase have been anticipated in the use of the Fourier transforms

_ dr ik-r
ak - v Ve p(r)
@ (k) = 2SI0RT o)
C\¥(k; p) 47r/udrr - CY¥(r; p). (3.67)

The feedback of p in (3.65) leads to the exact satisfaction of all two-point sum rules
that relate higher order direct correlation functions to C(®[50].

This density-functional theory requires the two-body direct correlation function
and the excess Helmholtz potential of the isotropic liquid, for values of p about 30%

below the freezing density. In this region of densities, both of these quantities are
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extremely well known. The excess Helmholtz potential per particle used here,
Bfo=(1-n"+2(1-n)" -3, (3.68)

is that obtained from the Carnahan-Starling[87] equation of state, which is known to
be accurate to within 0.3% at densities of interest here. The variable 5 is the fluid
density in units of the sphere volume 7D3/6, where D is the sphere diameter. As
mentioned above, the DCF used is a parametrization of MC results duc to Groot et
al[51].

The final ingredient of the theory is a choice of parametrization of the solid density
p(r), which will be minimized over (for given average solid density p,) to obtain
the stable structure. Simulations[82] and experiments[88] indicate roughly Gaussian
distributions of particles about lattice sites near the crystallization transition. Thus,

we choose a lattice of gaussian distributions which can be written as

p(r) = pl(wo?)™2 7 em(lEmslier

seT
n
= p, Z e—(a|k|/2)2nb-1 Xb:eik(r-b,)
keU Jj=1
= py Y age'®T, (3.69)
keU

for a set of real-space lattice sites T with a possible basis {b;}7%, and an associated
Bravais inverse lattice U. The real-space, inverse-space, and basis vectors for the
FCC, BCC and HCP lattices are summarized in the Appendix. Thus, the structural
parameters describing these lattices are the average solid density p,, the peak width
of the Gaussian site distributions o, and the lattice constant ¢, which appears as a
prefactor of the real-space lattice vectors.

The calculations presented in this section have been done with the intention of
comparing them to hard-sphere solid simulation results. These simulations are done

in the canonical ensemble, i.e. with the number of particles fixed. In addition, the
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singular hard sphere potential, the boundary conditions, as well as the lack of particle
number fluctuations preclude the possibility of the observation of any appreciable
density of either vacancies or interstituals. To properly take this into account, these
density-functional calculations have been done with the 'perfect crystal’ assumption,
namely that p(r) be constrained to have precisely one particle per lattice site. This
constraint is most easily incorporated as a relationship between the lattice constant
¢, and the solid density p,: p,c® =4, 2, or V2 for the FCC, BCC, and HCP lattices,
respectively, as defined in the Appendix. This leaves only the localization ¢ as a free
variational parameter.

The previous studies of the relative stability of close-packed hard-sphere crystals[89,
90, 91] have all used the exact solution[58] of the Percus-Yevick (PY) equation for
the correlation functions of hard spheres[57]. Although convenient, the PY DCF is
exactly zero at distances beyond the sphere diameter D, as opposed to simulation
results that indicate an initially positive, then rapidly decaying, oscillating tail out-
side the hard core region[51, 92]. This is an important factor for the study of the
relative stability of FCC and HCP crystals since the excess free energy involves the
convolution of the density with the DCF, as in (3.66), which is a general feature of
density-functional theories. '

As remarked by Colot and Baus[89], this expression cannot distinguish between
FCC, HCP, or even randomly stacked close-packed planes if C cuts off at the sphere
diameter, since the distance to, and number of first- and second-neighbor sites of these
structures are the same, and the Gaussian lattice site distribution widths seen in sim-
ulations are typically 0.12 to 0.15 in units of nearest-neighbor distances, at densities
near melting.' For this type of DCF, only the ideal gas part of the Helmholtz potential
will break the degeneracy of the different close-packed structures, and probably only
very weakly, again due to the expected narrowness of the site distributions.

This degeneracy of FCC and HCP structures resﬁlting from the use of the PY
DCF has been reported by a variety of workers[89, 90, 91], indicating that indeed,
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the ideal gas contribution does not break the degeneracy of the grand potential per
particle of FCC and HCP crystals by more than 1073 near the melting point, using
the Gaussian lattice parametrization. Thus, any significant difference in FCC and
HCP free energies will be due to the contribution to the excess free energy from the

tail region of the DCF.

3.5.3 Thermodynamics and Structure of Hard-Sphere
Solids

Minima for the free energy functional exist over a range of densities from approxi-
mately pD3 = 0.92 to 1.33 for the FCC, HCP and BCC solids studied here. From
the Helmholtz potential, the pressure and chemical potential can be extracted, and
using the Carnahan-Starling free energy (3.68) and the coexistence condition that the
pressures of the solid and liquid phases be equal point (for a liquid and solid with the
same chemical potential), the freezing point can be located.

The results for the Helmholtz free energies of FCC, HCP, and BCC crystals are
summarized for two densities in Table 3.7, and displayed for a range of densities,
along with the liquid free energy in Figure 3.15. The free energies quoted are the
absolute Helmholtz free energy per particle minus the kinetic contribution log A3p,—1,
as is conventionally reported. The difference in the FCC and HCP free energies
is extremely small (Af < 0.0020 for densities near melting), but the FCC state
systematically has a lower free energy. By comparison, the FCC-BCC free energy
difference is much larger.

Comparison with the MC results[77, 86] indicates that this theory systematically
underestimates the Helmholtz free energy. This has been reported by Curtin and
Ashcroft[48] and by Denton and Ashcroft[50] for the WDA and MWDA theories using
the Percus-Yevick C(®. However, the free energy differences between the FCC and
BCC states are in better agreement with the corresponding Monte Carlo results, as

reported by Curtin and Runge[77] for WDA calculations. The FCC state Helmholtz
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Crystal Density Bf +1-1log 1\3pS

Type p,D? DFT MC

fcc 1.0409 5.5730 5.9222(10)
1.1000 6.0582 6.5397(09)

hcp 1.0409 5.5751 5.9234(10)
1.1000 6.0610 6.5404(11)

bee 1.0409 5.8697 6.094
1.1000 6.5825 6.878

Table 3.7: Helmholtz potential for FCC, HCP and BCC solids. Results of the cal-
culations of the text, and of Monte Carlo simulations [77, 86] are shown. The values

shown are for the potential 3F/N — log A%p, + 1.
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Figure 3.15: Helmholtz free energy per particle for hard-sphere liquid, and the FCC
and BCC solids. The liquid free energy shown is due to equation (3.68). The FCC
and BCC curves indicate the results of the calculations described in the text, while
the points represent the FCC and BCC MC results described in Table 3.7.

free energy crosses that of the liquid before either the HCP or BCC states, indicating
that in the canonical ensemble it is the stable ordered phase at freezing. At higher
densities, the FCC phase continues to have the lowest Helmholtz potential.

The pressure of the FCC solid is in fairly good agréement with simulation results,
as shown in Table 3.8, although again it is somewhat underestimated by the density-
functional calculations. The mean-square deviation of particles from their lattice
positions for the FCC solid, which in terms of the localization is < r? >= 30%/2 ,
as a function of density is shown in Table 3.9, along with MD[93] results. Finally,
the freezing parameters, which for the FCC solid indicate the true freezing point,
while for the HCP and BCC solids indicate where they are in coexistence with the
metastable liquid state, are shown in Table 3.10. As in the case of the Helmholtz
potential, the grand potential of the solids appear to be underestimated, resulting in
a prediction of freezing at lower densities than that observed in the simulations.

The question of the relative stability of the FCC and HCP phases is addressed
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Densi?/ Pressure  fpD>
pD DFT MC

0.9899 7.880 9.904(7)
1.0409 9.331 11.672(6)
1.1314 13.504 16.64 (2)
1.1785 17.076 20.79 (3)
1.2728 31.949 37.69 (8)

Table 3.8: Pressure of the FCC solid. Density-functional and Monte Carlo[86] results
are given.

Densi?' MS Deviation <r?>/D?

pSD DFT MD
0.9959 0.01882 0.03120(60)
1.0516 0.01338 0.01860(30)
1.1314 0.008093 0.00920(13)
1.1785 0.005842 0.00573(14)
1.2298 0.003857 0.00312(03)

Table 3.9: Mean distance squared of particles from lattice sites. Density functional
results, and MD results of Young and Adler[93] are given.
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Calen  pD3  pD3  pD3-pD3 AS/Nk L=<«?12a

MC fec 094 1.04 0.10 1.16 0.126
DF fcc 08854 10318 01464 13013 0.1105
DF hep 08857 10318 01461  1.3004 0.1103
DF bec 09292 10141 00849 09111 0.1712

Table 3.10: Freezing parameters for hard spheres. Density-functional (DF) calculation
results and MC results[50] are given. Densities of coexisting liquid and solid, as well as
the entropy per particle difference between the coexisting phases and the Lindemann
ratio L are given. L = (3/2)Y20/ann, where a,, is the nearest-neighbor lattice
distance.

in Figure 3.16, which shows the free energy difference as a function of density. The
free energy difference (which is also the entropy difference, since the internal energy
is always zero for the hard-sphere fluid) is consistent with the results of Frenkel and
Ladd(86], who have estimated the entropy difference per particle of these phases near
melting to be between —0.001% and 0.002k. Thus, the small free energy difference
in these calculations is consistent with the MC results, and suggests that the FCC

phase is slightly more stable than the HCP phase.

3.5.4 Elastic Constants for the FCC Hard-Sphere Solid

Another set of quantities that can be computed using the type of theory presented
here are the static elastic constants, which describe the second-order response of the
solid to an externally imposed strain. Here the calculation of elastic constants follows
as described by Runge and Chester[94].

For an elastic deformation r — r + u, Lagrangian strain parameters are defined
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as

1 {0u; | Ou; | Oug Ouy

Ti= g 57‘7 + or; = Or; Or; ]’ (3.70)
and the Helmholtz potential is expanded as
F‘[/n] = F[nvz J + Timi; + ‘;'Cijkmij"?kl + O(n%). (3.71)
The stress tensor of the unstrained solid is simply
T;; = —pbey (3.72)

where p is the thermodynamical pressure.

The Cjx; are the isothermal elastic constants. and for a system with cubic sym-
metry, many of them are zero. Of the 21 nonzero ones, only three are independent,
Ciinn = Ci, Ciizz = Cia, and Cy212 = Cy44. The remaining 18 can be recovered
by observing that C;; is invariant under all one-to-one mappings of the coordinate
axis labels onto themselves (i.e. invariance under the cubic group), as well as more
generally under any composition of the operations ¢jkl — jikl, ikl — ijlk, and
ijkl — klij. This allows the free energy response in terms of actual elastic transfor-
mations to be directly calculated.

One transformation used was

T =z
y = Y
2 — z4ez (3.73)
to which there is a response
AF 1 '
—‘-/— = —p¢€ + 5(0]1 - p)€2. (374)
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Another transformation is

T — T+ e€x

y & ytey
z - z (3.75)
to which there is a response
AF 1 |
= TIpet 5(2011 +2C12 — 2p)é’. (3.76)

Finally,

r — T+e€y
y — y+ex
z — z (3.77)

was used, to which there is a response

—A‘-/,E = +%(4C44 - 2p)é’. (3.78)

Accompanying these transformations are dual transformations of the inverse lattice,
which allow the free energy response to be easily calculated. Computations for er =0,
0.0001, and 0.0002 were done, with minimization of the free energy with respect to
the structural parameter ¢ in the strained configurations, which of course affects the
second order response. As a check of the computations, it was verified that the linear
response was the appropriate multiple of the pressure of the solid, which was also
obtained from the density derivative of the Helmholtz potential of the unstrained
system.

The results of elastic constant calculations using this method are shown in Table
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Calculation Densi?/ Elastic Constants (BD3=1)
Type psD Cit Cr2 Cas
DF 0.9899 26.635 2.460 29.288
MC 46(2) 11.8(3.0) 33.5(1.0)
DF 1.0409 38.694 8.044 37.171
MC 68(3) 18.2(2.0) 46(1)
DF 1.1314 80.942 27.555 61.402
MC 133(3) 34.6(2.0) 94(2)
DF 1.1786 109.17 41.756 80.631
MC 207(8) 56.8(6.0) 150(2)
DF 1.2727 364.97 217.68 164.74
MC 627(12) - 149(11)  478(10)

Table 3.11: FCC hard-sphere solid elastic constants. Along with the calculations
described in the text are shown MC results[95].
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3.11, along with MC results, also for hard-sphere FCC solids. The agreement near the

melting point is reasonably good, compared to WDA treatments using the Percus-

Yevick DCF[96].

3.5.5 Elastic Fluctuations

One interesting aspect of density-functional theories such as the one presented here is
that they are bridges from the description of a fluid in térms the microscopic degrees
of freedom of the constituent particles to a description in terms of the one-body
field p(r). The fluctuations in individual particle positions are completely taken into
account (assuming perfect inclusion of all liquid structure information) subject to the
constraint on the one-body density. The fact that the saddle-point approximation is
used makes it clear that the minimization calculations such as those presented above
are the 'mean-field’ descriptions of the ordered phase.

This suggests that one should consider fluctuations of the one-body density about
its mean-field value, and the first family of fluctuations to consider in the case of three
dimensional crystalline solids are elastic fluctuations. The elastic constants computed
above are the masses’ of elastic waves in a general Landau expansion of —8F about

the mean-field free energy:

B(F~Fo) = ~Bp [ dérni(e) + 56Csu [ dhrms(r)nu(r)
+/BDijklmn/ddramnij(r)anﬂkl(r) e, (3.79)

Computation of the elastic wave dispersion tensor D requires a supercell approxima-
tion and is a calculation easily within the range of current supercomputers. However,
even with just the mass terms C' we can say something about the size of corrections
to the free energy that arise from elastic fluctuations.. For D = 0, the Hamiltonian
(3.79) is completely decoupled, and represents independent elastic oscillators. Clearly,

these oscillators cannot be smaller than the volume per lattice site since fluctuations
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at smaller than that scale cannot be elastic, and are presumably taken into account
by the liquid structure used in the construction of the density functional. Physically,
we expect that to regard different regions of the lattice to be independently strained,
they must be somewhat larger, say n sites in size (which can be made precise by com-
puting the tensor D and higher-order versions of it, which will cut off the fluctuations
below some characteristic length (D/C)'? = n'/3),

Thus we consider the statistical mechanics of the N-particle solid, focusing on the
elastic fluctuations of N/n regions of volume n/p. The free energy of these fluctuations

takes the harmonic oscillator form

N pn
AF ~3 log [/{dr],-j} exp(—'é;'Cijkl’?ijnkl)]

N BnCj ki)

For a crystal with full cubic symmetry, this can be reduced to

F 1
2 (8 = ZeatZyciicucct - ch (351

which for elastic constants as determined above (either the MC or DF results at
ps = 1.0409) produces the difference AGF/N = 0.5 seen between MC and density-
functional results for n &~ 30. This corresponds to the free energy contribution of
regions of a few lattice sites across undergoing independent elastic fluctuations, which
is physically very reasonable. Whether or not the free energy difference is dominated
by this contribution, or whether non-elastic fluctuations are important, is an open

question.

3.5.6 Summary

In this section, the problem that has been used as a benchmark for density-functional

theories of freezing, that of the crystallization of hard spheres, has been reconsid-
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ered using a weighted-density approximation recently introduced by Denton and
Ashcroft[50]. The use of this theory, in combination with a recently published([51]
parametrization of MC results for C® results in a highly predictive theory of freez-
ing. The general characteristics of WDA theories, namely, structural properties of the
ordered phase in good agreement with simulation results, a BCC phase with slightly
higher free energy than the close-packed phases, and a slight underestimate of the ab-
solute free energy of the ordered phases are seen in this approach. This underestimate
of the free energy leads to a slight underestimate of the isotherm of the solid and the
liquid-solid coexistence properties, as has been reported by Curtin and Runge[77].

Here, the additional step of the calculation of the elastic constants of the FCC
solid has been taken, and their size and dependence on density are in rough agreement
with simulation results. The indicated approach is to use the WDA theory to try to
obtain results in better agreement with the simulation results for the elastic constants.
If the_y can be computed reliably, computations of the dispersion tensor D would be
more believable.

A scheme to correct the mean-field density-functional free energies presented here
for the contributions of elastic deformations of the lattice has been suggested. It
has been shown that given the elastic properties and some physical assumptions
about the nature of elastic fluctuations near the first-order phase transition, the
discrepancy between the results of the WDA theories and the simulations can be
attributed to this contribution. However, this question will not be completely settled
by the computation of this correction, as the thermodynamics of other fluctuations
(i.e. defects in the crystal structure) must also eventually be studied.

The question of whether the FCC or HCP structures are stable at freezing has also
been examined, and the current theory shows a free energy difference between these
states that is within the limits set by Monte Carlo simulations. It would be interesting
to find out how much the results here are affected by the general parametrization (the

so-called Fourier parametrization[91]) and in particular to find out whether the free
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Parameter FCC lattice BCC lattice HCP lattice

{z} (0,1/2,1/2) (-1/2,1/2,1/2) (1,0,0)
(1/2,0,1/2) (172,-1/2,1/2) (112,¥3/2,0)
(1/2,1/2,0) (1/2,1/2,-1/2) (0,0,V873)

n, 1 1 2

{b,} (09090) (0,0,0) (0,0,0)

(0,-1/V3,V2/3)

{d;} (-1,1,1) (0,1,1) (1,-1/¥3,0)
(1,-1,1) (1,0,1) (0,2/¥3,0)
(1,1,-1) (1,1,0) (0,0,V3/8)

alc 12 13 1

aIA \2 3V3/4 2

Table 3.12: Vectors and constants defining lattices used in calculations. Lattice data
for the FCC and BCC Bravais lattices and the HCP lattice, which consists of a
hexagonal Bravais lattice with a two-point basis, are given.

energy difference between FCC and HCP is strongly affected.

3.5.7 Appendix: Lattice Vectors and Constants

In this appendix, the various constants and vectors that describe the lattices used in

this work are summarized. The real-space lattice sets are all of the form
T = {c(nic1 + nacy + naca+ by),ni = 0,21, £2,---,j =1,-- -y} (3.82)

where the set {b;} is a n;-vector basis. The inverse lattices are of the form

U= {(27r/c)(m1d1 + m2d2 + m3d3), m; = 0, :tl,:i:Q, . } (383)

134



The lattice constant ¢ has the dimension of length. Table 3.12 lists the vectors
and constants b;, ny,c;,d;, the nearest-neighbor distance @, and A, the volume per

lattice site, for each lattice considered.
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3.6 Perspectives on Freezing in Complex Fluid

Systems

In this Chapter a variety of methods and applications of density-functional theory
to the description of phase transitions in three-dimensional fluid systems have been
presented. By extending the ideas of Ramakrishnan and Yussouff{38] to include ori-
entational as well as translational ordering, it has been shown that one can construct
mean field theories for phase transitions in systems composed of nonspherical parti-
cles. We have also seen that the extension of the RY theory to include contributions
of higher-order direct correlations is a step which leads to a large improvement in the

predictive power of the theory.

Molecular anisotropy destabilizes the plastic crystal phase

In the case of crystallization, the effect of aniostropy of constituent particles has been
studied. In agreement with simulations, it has been found that the plastic phase is
destabilized by increasing anisotropy to the point that the orientationally ordered
crystalline solid becomes always lower in free energy. This effect is overly drama-.
tized in the present theory due to the fact that the possibility of the breaking of
full rotational symmetry down to cubic symmetry before finally realizing the uniaxial
symmetry of the oriented solid is not considered. I suspect that a more general treat-
ment using a full expansion of the orientational distribution in spherical harmonics
will result in a phase diagram in close agreement with the simulation results. In
the case of the study of the oriented solid, this will increase the technical difficulty
of the calculations, but if an expansion in orthogonal functions used, such a calcu-
lation should be possible. The difficult problem with calculations involving many
order parameters is of course the numerical minimization of the resulting free energy

functional: this will require the use of a supercomputer.
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Accurate liquid structure leads to accurate description of phase

transitions at high anisotropy

The formation of a orientationally ordered phase has also been studied with the
same sort of theory, and it has been seen that the important ingredient is reliable
liquid structure information. The misleading results of early efforts[45] have been
demonstrated to be due to the use of bad assumptions about liquid structure, and
through the study of one-dimensional fluid models and comparison with recent studies
of integral equation closures of the Ornstein-Zernicke equation[52, 73], it has been
shown that for prolate, anisotropic hard cores, the relevant quantity that the direct
correlations depend on is not the separation of the hard cores, but rather it is the
overlap volume.

This (in retrospect, obvious) result has serious consequences for the strength of
the component of the direct correlations that couple to the uniaxial order parameter,
shifting the phase transition to up to 50% higher densities. This realization will be
an important factor in the construction of density-functional theories to address the
interesting problem of the effect of molecular symmetry (i.e. hard core shape) on the
symmetry of the observed phases. The type of study presented here probably will be
useful in developing some intuition for the behavior of the DCF for other extended
hard-core objects such as platelets, rods, polymers, models of proteins and enzymes,
and the like.

I would like to stress that such studies should not be attempted without accurate
liquid structure information: in the last two years it has been demonstrated that this
information can be obtained for anisotropic hard cores by numerical solution of the
conventional integral equations. The oft-quoted excuse that the failure of the theory
must be due to the structure of the RY functional appears to be unfounded: liquid

structure is the key ingredient.

137



Higher-order DCF contributions improve the theory

The development of weighted-density approximations has added an important tool to
the density-functional arsenal. Historically, problems with the RY theory have been
blamed on the ’lack of higher-order terms in the functional expansion’. The WDA is
a method of constructing a density functional which augments the RY theory with an
approximate summation to all orders. Many of the most important terms are taken
into account exactly due to the preservation of sum rules related to the pair DCF
(which is presumed known). The problem with the original theory of Ashcroft and
Curtin[48] is its numerical complexity.

The extension of recent work of Ashcroft and Denton[50] has resulted in the
MWDA, which is a workable version of the WDA applicable to phase transitions
involving both orientational and translational degrees of freedom. The resulting the-
ory is no harder to study than the RY theory, and repairs many of the pathologies
of that approach. These problems centered on the excessively narrow real-space one-
body distributions seen in the application of the theory to crystallization, as well
as associated problems such as the behavior of the pressure and entropy at freezing
transitions. It is my feeling that the current MWDA and WDA theories yield good
descriptions of freezing. If accurate liquid structure information is used in them, any
remaining discrepancies between their predictions and simulation and experimental
results are due purely to the parametrization of the one-body distribution function,
and to the mean-field approximation implicit in the variational formulation of the
theory. An interesting note is that in the case of orientational freezing, the RY and
MWDA approaches agree very well, and that the liquid structure information is by

far the dominant factor in the success of calculations.

Fluctuation spectra are calculable

A good question, considering the above comments, is whether it is possible to compute

the free energy of fluctuations around the mean-field solutions studied in this work.
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As a first step, I have considered the computation of elastic constants of the FCC
hard-sphere solid. This has worked out reasonably well, the results near melting
being in reasonable agreement with simulations and recent full WDA work[96]. This
is to be contrasted with the strikingly bad results[97] that follow from the RY theory.
These problems, such as the prediction of elastic instabilities of supposedly ordered
phases, are a consequence of the lack of excess free energy contributions at higher than
second order in the one-body density (elastic properties are due to second derivatives
of the free energy with respect to parameters in the one-body density, and in the RY
theory, the resulting constants really have more to do with the liquid than with the
solid phase). The next step in the consideration of elastic fluctuations is to redo the

present calculations using the full WDA approach.

Building Landau theories from scratch

If the computation of zero-momentum fluctuations are possible, than it seems reason-
able that the full long-wavelength 'phonon’ spectrum for the hard-sphere solid should
be calculable, allowing the determination of the stiffness tensor described in Section
3.5. This would allow the correction of the free energy (and hence all of the thermo-
dynamical potentials) through the integration of the resulting Gaussian phonon free
energy density. The crude arguments of the final subsection of Section 3.5 suggest
that this correction may complete the model of the hard-sphere solid, and lead to an
accurate description of its thermodynamics.

This program is indicative of a method to treat phase transitions in fluids using
an ab initio approach similar to that starting to be applied to solid state systems[98].
The problem with studying fluid systems from the point of view of Landau theory
is of course the many Landau parameters that proliferate, and the large numbér of
phase diagrams that are compatible with the free energy functional. The density-
functional approach to inhomogenous classical fluids, like its namesake applied to the

inhomogeneous electron gas in solid state physics, is a tool which can be applied to
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the computation of Landau parameters. This casts the density-functional approach as
a recipe for coarse-graining the mechanical, many-body Hamiltonian of a liquid, and
for thus arriving at a free energy density compatible with our machinery for studying
the effect of fluctuations of the collective modes consistent with the symmetry of the

phase under our consideration.
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Chapter 4

Monte-Carlo Renormalization
Group Approach to Critical

Phenomena
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4.1 Introduction

Since Ma[99] demonstrated the possibility of uniting the Monte Carlo (MC) and
renormalization-group (RG) techniques, much work has been done on RG analysis of
simulations of lattice systems[100, 101, 102, 103, 104, 105]. Ma’s original study used
a simulation of a several-interaction Hamiltonian, but' the later studies have focused
on the simulation only of the original, extremely short-range Hamiltonian, and have
proceeded via the anlysis of the statistics of the successive Kadanoff blockings of the
lattice. Because of this, these studies (typically of systems of 64 x 64 spins) have been
able to study only the first few (< 5, for a rescaling factor b = 2) iterations of the
rescaling transformation. For systems with relatively simple fixed-point structure,
this technique nonetheless has proven to be a powerful quantitative tool.

However, the full power of the RG technique is realized by the possibility of per-
forming many iterations of a scaling transformation and to thereby explore RG flows
among a variety of competing attracting and repelling fixed points, or to compute ex-
pectation values of operators away from the fixed points. This capability is desirable
for the theoretical study of relatively complicated systems with competing interac-
tions that arise in experimental situations. Often the only suitable tool in these cases.
is the truncated position-space RG technique[106], but because of the difficulty of
redoing these types of calculations with larger and larger clusters (due to the expo-
nential increase in the number of states that must be summed over) the accuracy and
convergence properties of these approximations are usually unknown.

In this chapter, we present an approach to position-space renormalization that
allows the computation of RG flows and corresponding recursion matrices (the deriva-
tives of the recursion relations that relate the interactions before to those after the RG
transformation). The idea centers on the use of the Metropolis MC algorithm[107] to
sirnulate a relatively small (< 16 x 16 spin) section of the system of interest. Using a
majority-rule blocking transformation to define renormalized spins, expectation val-

ues of operators that appear in the Hamiltonian of the renormalized system are thus
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calculated. Following this, the couplings that correspond to these expectation values
are extracted, which yields the renormalized Hamiltonian. This new Hamiltonian is
simulated, and the process is repeated.

The fact that the full renormalized Hamiltonian is used allows the RG flows to be
followed indefinitely. The recursion matrix is known at every step, and as a result,
can be used to compute the expectation value of any operator that appears in the
Hamiltonian, or, if the system renormalizes to a fixed point, its eigenvalues are directly
related to the exponents that describe the singular behavior of the free energy of the
system at the critical point.

Section 4.2 briefly reviews the renormalization group, and its formal application to
the statistical mechanics of lattice systems. In Section 4.3, this approach is applied
to the two-dimensional square lattice Ising model, the critical properties of which
are known in detail. The renormalized interactions are obtained by exploiting the
fact that the number of states of the 16-spin renormalized system is relatively small,
which allows the direct calculation of expectation values of renormalized operators
for particular values of renormalized couplings. Matching this result to the opera-
tor expectations obtained from the MC calculation results in a set of RG equations
which can be solved for the renormalized couplings. Our results are competitive with
traditional MCRG results that use 10 to 100 times as much computer time.

This initial study does not really point out the advantages of our approach due
to the fact that the d = 2 Ising model has a rather large critical scaling region with
a fixed-point Hamiltonian that is not radically different from the nearest-neighbor
'bare’ Hamiltonian. A model which has somewhat different properties results from
generalizing éhe Ising model to the @-state Potts model. In two dimensions, this
model has a tricritical point as a function of @, at @ = 4. This dramatic change
is accompanied by the emergence of an additional relevant thermal eigenvalue corre-
sponding to an operator that measures the ’.vaca,ncy’ .density[108]. These vacancies

are regions where one of the ) order parameters does not dominate over the others.
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These regions become increasingly important as @ increases.

The question of how these vacancies emerge from the nearest-neighbor Potts
Hamiltonian has not been addressed by MCRG methods before, for the reason that
the ’bare’ model is quite far away from the fixed-point Hamiltonian, and as a result is
inaccessible by analysis of the first 2 or 3 blockings of the bare system. Our approach,
described in Section 4.4, avoids this problem, and we observe signs of the appearance
of an additional relevant eigenvalue as @) is increased. We present quite detailed struc-
tural information concerning the Potts fixed point, and find leading critical exponents

in good agreement with the exact results.
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4.2 General Theory

Although the ideas of the renormalization group are applicable to the calculation of
any aspects of statistical-mechanical or quantum-mechanical many-body systems, it
is important to remember that RG techniques were developed to study the problem
of critical phenomena in equilibrium statistical mechanics. A critical point termi-
nates a line of first-order phase transitions, and thus, as one leaves a liquid-gas (or
ferromagnetic) critical point along the first-order line, the difference in density (mag-
netization) of the coexisting ordered phases increases from zero. This indicates that
as one approaches the critical point, the correlation length diverges to infinity. The
consequent failure of conventional perturbative many-body theory to describe critical
phenomena eventually forced Kadanoff, Wilson, and Fisher[5, 6, 109] to think about
the notion that rescaling the spatial coordinates using a homogeneous transformation
x’' = b7!x rescales the correlation length: ¢’ = b71¢.

This purely geometrical process obviously reduces the correlation length at the
expense of increasing the density of the microscopic degrees of freedom (molecules,
or perhaps local moments in a ferromagnet) by a factor 4%, where d is the spatial
dimensionality. Kadanoff recognized that if it were possible to ’thin out’ the degrees
of freedom by this volume-rescaling factor while preserving the value of the total
free energy and the symmetry properties of the Hamiltonian, then a mapping in the
space of all Hamiltonians with the symmetry and dimensionality of the original would
result. Because the new Hamiltonian has a correlation length shorter than the old
one, it would correspond in some sense to a system similar in structure to the original,
but at a higher temperature, or further away from the critical point.

To formalize this procedure, we present here a version of the RG program devel-
oped by Wilson[6], and apply it to lattice systems following the ideas of Swendsen[105].

In order to study Hamiltonian flows, we first express the general Hamiltonian repre-
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senting the interactions between discrete degrees of freedom on a regular lattice:

—BH =) JuSar (4.1)

where the sum over r is over lattice sites, and § = 1/kT. The operators (which
are all ‘classical’, being c-number functions of the spins) S, r({s}) represent different
symmetry-unrelated functions of the underlying set of spins {s}. The parameters
J. are dimensionless constants describing the importance of the operators, and we
anticipate that these will be finite-ranged’, or rapidly decreasing with the range
of the operators. Position-space RG calculations rely on the property that they
converge rather rapidly with the inclusion of an increasing number of increasing-
range interactions. To some extent this has been empirically demonstrated to be
true[6, 105].

In the position-space formulation, the coarse-graining, or reduction in density of
the degrees of freedom, is carried out via the mapping of spins {s} onto 'blocked’ or
coarse-grained spins {s'} using some operator P({s’};{s}), via the renormalization

group transformation

e~ PH'I'H = 3 e PN P({s'}; {s)). (4.2)
{s}
Since the value of the free energy is to be preserved by this RG transformation,

we require the projection operator to satisfy the normalization condition
S P({sli {s}) = 1. (43)
{s}

This is achieved if the projection operator is composed of a product of independent
blocking operators that each map 4% old spins to one spin s', each satisfying the
condition (4.3). In this chapter, all of the problems will use b = 2 on two-dimensional,

square lattices, and will use projection operators that map 4% = 4 neighboring spins
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to one new spin, thus preserving the square lattice.
The transformation equation (4.2) implicitly defines recursion relations relating

the old interactions J, to a new set J[’,:
Jo = RPO({3}), (4.4)

for a length-rescaling factor b. The utility of this approach comes from the realization
that fixed points J* = R(®)(J*) of this transformation must correspond to points
where the correlation length is either zero or infinite. The correlation length is zero
only at infinite temperature, when the degrees of freedom are uncoupled, or at zero
temperature, when there are no fluctuations about an ordered configuration. The
nontrivial case of infinite correlation length corresponds to a critical point. This
point must be unstable to somé perturbations in the couplings, since any nearby
point has a finite correlation length, and will rescale to a point in the Hamiltonian
space with a shorter correlation length.

Expanding around the fixed point (assuming the analyticity of the recursion rela-
tions) we obtain

aJ!

J, — Ji = ==(Jp — Jj) + nonlinear terms. (4.5)
aJs

The recursion matrix 3J'/3J can be diagonalized, and excursions from the fixed point
can be written in terms of linear scaling fields g;, the normalized eigenvectors O;, and

eigenvalues )\Sb) to reexpress (4.5) in diagonal form:
¥ -3 =g0;=2"g0, (4.6)

where J — J* = ¢;0;.

Composition of these rescaling transformations alohg with the fact that rescaling

147



by a factor b =1 is the identity operation indicates that
A® = pu, (4.7)

These eigenvalues must satisfy y; < d since no expectation value can increase with
rescaling faster than the volume of the system. The sign of these eigenvalues in-
dicates the stability of the corresponding direction O;. If y; is less than zero, the
direction is relevant, and under rescaling, perturbations in that direction are ampli-
fied. If the eigenvalue is less than zero, the direction is irrelevant, and perturbations
in its direction are deamplified under RG transformation. If a fixed point has a very
limited number of relevant directions, a mechanism for the experimentally observed
universality of the rescaling behavior[110] exists: many paths through the parame-
ter space will result in critical renormalization-group trajectories that asymptotically
renormalize to the fixed point and then leave along the (one) relevant direction. The
case of marginal relevance of the leading eigenvalue (y = 0) requires consideration
of nonlinear terms in the fixed-point expansion, and although it is interesting, it will
not be discussed here.

Experimentally, it is possible to selectively impose perturbations that break the
symmetry of the Hamiltonian (i.e. magnetic field), and since the symmetry of the
Hamiltonian is preserved under renormalization it is thus physically relevant to par-
tition the eigenvalues into those that correspond to symmetry-breaking (magnetic, or
odd) scaling fields h;, yn, > yn, > yn, > -+ and those corresponding to symmetry
non-breaking (often called thermal, or even) scaling fields ¢;, yn, > yn, > yp, > -+ .
Universality observed experimentally suggests that there will usually be one relevant
magnetic, and one relevant thermal direction.

An important symmetry property of the recursion matrix is that in the absence of
symmetry-breaking fields, it can always be made block diagonal. One block contains
the set of interactions coupling to operators with expectation values invariant under

the symmetry operations of the Hamiltonian that relate the ordered phases, with con-
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sequently nonzero expectation values above and at the critical point. The eigenvalues
of this block are the thermal (’even’) eigenvalues. The other block corresponds to
those interactions that couple to operators whose expectation value is zero above and
at the critical point, but nonzero in the ordered phases, and eigenvalues of this block
are the magnetic ("odd’) eigenvalues.

Again using the fact that the free energy has been preserved by renormalization,

we can write the effect of rescaling on the free energy as.

FU{t}: {RY) = b7 f({b¥t}; {6"R}), (4.8)

and thus rescaling using b = t~'/¥1 indicates the form of the free energy to be the

homogeneous form
f({t}, {h}) —_ td/y‘l f(l. tztl'ytz/ytl yoes hlt;yhl [yt , hgt;yhz/yn Lo .)’ (49)

which indicates the critical exponents 2 — a = d/y;, and A = y3, /yy,. The remaining
critical exponents can be derived from these via straightforward application of their
definitions{110]. This makes clear the connection between the response to the rescal-
ing transformations and the thermodynamics in the critical region, and explains the
experimentally observed universality of the critical exponents in terms of the uni-
versality of the RG flows on the critical manifold. This analysis also applies to the
case where there is more than one relevant thermal direction. Crossover phenomena
resulting from the fact that the asymptotic behavior is controlled by additional fixed
points are described by the ratio of the relevant eigenvalues[109].

Away from the fixed points, the recursion matrix continues to play an important
role. If one wishes to compute the expectation value of some operator S,, it is
computed by differentiation of the partition function with respect to the coupling J,
from the Hamiltonian (4.1) that is conjugate to it. Using the fact that the partition

function is conserved, we can use the chain rule of differentiation to compute the
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expectation value in terms of renormalized couplings J{9:

1 0z 9JY) b 8z
NZdJ, 8J, NWZ gy —
oJ _,0J9 oY _, 1 8Z

< Se> =

where the factors b~¢ arise from the rescaling, which reduces the number of times that
S, appears in the Hamiltonian. After some number (typically n ~ 20 for b=d = 2
) of renormalizations, the renormalized couplings will be close enough to a trivial
(attractive high- or low-temperature) fixed point that the final term in the product
can be simply approximated. Thus any expectation value can be computed to any
desired accuracy, assuming that the global renormalization-group flows are known.

The recursion relations J'(J) must be obtained from the RG transformation (4.2)
by performing a summation over the ’old’ spins {s}. Two problems arise: in a
thermodynamically large system, an infinite number of interactions are required to
close the transformation, and to sum out any finite fraction of the spins (which must
be done for any b > 1), an infinite many-body problem must be solved.

The first problem is dealt with easily: it is expected that along RG flows start-
ing from short-ranged Hamiltonians, interactions will remain relatively short-ranged
(even at the fixed point), making a truncation procedure appropriate. The second
problem is more serious: for Ising systems, the number of spins that one can sum
over using a computer is limited to less than 30 or so. For more complicated degrees
of freedom, this limitation becomes even more severe.

An alternative to the exact calculation of expectations in the canonical ensemble
is the Monte Carlo (MC) method first introduced by Metropolis[107]. This method
is based on the replacement of the summation over all configurations of a system
using the canonical probablility distribution such as that appearing in (4.2) with a
biased random walk through the phase space of the system. This walk is described

by a set of transition probabilities T;; between states ¢ and j with energies E; and E;.
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Consider the case E; > Ej, and let T}; = W;t,; and Tj;; = W;;. If we consider many
independent processes (i.e. many isolated steps far apart in the MC run) then we can
write the number of initial states of type ¢ as N;, and thus the number<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>